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ABSTRACT

GTPBP3 and MTO1 cooperatively catalyze 5-
taurinomethyluridine (+ m°U) biosynthesis at the 34"
wobble position of mitochondrial tRNAs. Mutations
in tRNAs, GTPBP3 or MTO1, causing tm°U hypomod-
ification, lead to various diseases. However, efficient
in vitro reconstitution and mechanistic study of rm°U
modification have been challenging, in part due to
the lack of pure and active enzymes. A previous study
reported that purified human GTPBP3 (hGTPBP3) is
inactive in GTP hydrolysis. Here, we identified the
mature form of hGTPBP3 and showed that hGTPBP3
is an active GTPase in vitro that is critical for tRNA
modification in vivo. Unexpectedly, the isolated G do-
main and a mutant with the N-terminal domain trun-
cated catalyzed GTP hydrolysis to only a limited ex-
tent, exhibiting high K, values compared with that of
the mature enzyme. We further described several im-
portant pathogenic mutations of hGTPBP3, associ-
ated with alterations in hGTPBP3 localization, struc-
ture and/or function in vitro and in vivo. Moreover,
we discovered a novel cytoplasm-localized isoform
of hGTPBP3, indicating an unknown potential non-
canonical function of hGTPBP3. Together, our find-
ings established, for the first time, the GTP hydrolysis
mechanism of hGTPBP3 and laid a solid foundation
for clarifying the r m®U modification mechanism and
etiology of rm°U deficiency-related diseases.

INTRODUCTION

Mitochondria generate most of their cellular energy via
oxidative phosphorylation (OXPHOS) and control vari-
ous pivotal cellular functions (1,2). One particular feature
of mitochondria in eukaryotes is that they harbor their
own genome. Mammalian mitochondrial DNA (mtDNA)
contains 37 genes, including genes of 2 rRNAs (12S and
16S) and 22 tRNAs, which are the minimal set of tRNAs
for a decoding system, to decode 11 mtDNA-encoded mR-
NAs, the products (13 proteins) of which are essential for
the assembly and function of respiratory chain complexes
(3). Accordingly, mitochondrial protein synthesis is one of
the most important processes and is of great significance for
mitochondrial homeostasis and cellular functions. Notably,
all the RNA components (4,5) of the mitochondrial trans-
lation system are encoded by mtDNA, while all the protein
components, including aminoacyl-tRNA synthetases (6-9)
and tRNA modification enzymes (10,11), are encoded by
the nuclear genome.

Mitochondrial tRNA must undergo extensive posttran-
scriptional maturation, and one of the key processes is
chemical nucleotide modification. Fifteen types of modi-
fications at 118 positions in bovine mitochondrial tRNAs
and 18 kinds of modifications at 137 positions in 22 hu-
man tRNAs have been identified (12,13). Most tRNA mod-
ifications occur at the anticodon loop, especially at the
wobble position 34, which plays a crucial role in regulat-
ing the precision and efficiency of codon-anticodon inter-
actions and expanding the decoding capability of a tRNA
(10,14,15).
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The taurine modification (tm’s’U and tm’U) (Sup-
plementary Figure S1), present at wobble position U34
of the anticodon of five human mitochondrial tRNAs
(tm°U in hmtRNAX" (UUR), hmtRNATP; 1m3s’U in
hmtRNAMS hmtRNAS™ and hmtRNASY), is one of
the few modification types that exists in only mito-
chondrial tRNAs, not cytosolic tRNAs (12). In fact,
tm’U is structurally similar to 5-carboxymethylamino-
methyluridine (cmnm>U) and occurs in tRNAMS (UUU),
tRNACH (UUC), tRNAS™ (UUG), tRNAMU (UAA),
tRNAA (UCU) and tRNASY (UCC) in bacteria and
in mitochondrial tRNALMS, tRNASM and tRNAC® in
yeast, which are jointly catalyzed by MnmE and MnmG
or MSS1 and MTOI, respectively (16-18). In humans,
GTP binding protein 3 (GTPBP3, MnmE/MSS1 ho-
molog) and mitochondrial tRNA translation optimization
1 (MTOI, bacterial MnmG homolog) are two highly con-
served tRNA-modifying enzymes involved in the forma-
tion of Tm°U (19). MTUI catalyzes the 2-thiol group of
tm°U, generating Tm>s?U, which seems to occur indepen-
dent of taurine modification (19,20). In vitro cmnm> U mod-
ification activity has been successfully reconstituted with
MnmE and MnmG, which form an a2B2 heterotetrameric
complex that uses glycine, methylene-THF (tetrahydrofo-
late), FAD (flavin adenine dinucleotide), NADH (nicoti-
namide adenine dinucleotide) and other cofactors as sub-
strates (16,17). However, efficient tm> U modification activ-
ity has never been realized in vitro, although overexpressed
GTPBP3/MTOI complexes precipitated from human cells
are able to utilize similar substrates, using taurine in place
of glycine, to produce limited amounts of Tm>U in vitro
with the efficiency of 3.3% (19). It has been shown that
tm’s”U and tm’U modifications promote accurate decod-
ing of NNR codons (N = U, C, A or G; R = A or G)
and prevents misreading of NNY codons (Y = U or C)
(4). For instance, Tm>U modification plays a pivotal role
in efficient decoding of the UUG codon by stabilizing U:G
wobble pairing at the ribosomal A site during the decoding
process in translation (21,22).

Due to the critical role of Tm’U modification in mito-
chondrial mRNA decoding, it is not unexpected that de-
fective Tm°U formation, due to either mtDNA-encoded
tRNA mutation or nuclear genome-encoded tRNA modifi-
cation enzyme mutations, would lead to mitochondrial mal-
function and human disorders (21,23,24). For instance, the
A3243G mutation in hmtRNA" (UUR) leads to tm’U
modification defects, severely reduced UUG codon trans-
lation efficiency, and complex I and complex IV deficiency,
thus causing MELAS (mitochondrial encephalomyopathy,
lactic acidosis, and stroke-like episodes) (21,25). In paral-
lel, the A8344G mutation in hmtRNAMS similarly leads
to Tm>(s?)U formation deficiency and impairment in AAA
and AAG codon decoding and thus causes MERRF (my-
oclonic epilepsy with ragged red fibers) (23,25). Notably,
the hmtRNAM" (UUR) A3243G and hmtRNAY™ A8344G
mutations are the first described disease-causing genetic
mutations in the mRNA translation pathway (26,27). How-
ever, the molecular basis for Tm>(s?>)U modification de-
fects induced by both A8344G and A3243G mutations
has remained unclear for more than two decades. On the
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other hand, the deficient Tm>U modification caused by
mutations in the genes encoding MTOI and GTPBP3
was responsible for mitochondrial dysfunction (24,28,29).
Mutations in MTOI are associated with infantile hyper-
trophic cardiomyopathy, lactic acidosis, cognitive disabil-
ity and seizures (24,30,31), while GTPBP3 mutations are
implicated in hypertrophic cardiomyopathy, lactic acido-
sis, and encephalopathy (28). In human cell lines, deple-
tion of GTPBPS3 results in deficient Tm>U modification, re-
duced efficiency of mitochondrial translation and deficiency
of OXPHOS (19). Furthermore, gtpbp3 knockdown and
knockout zebrafish displayed a marked decrease in mito-
chondrial ATP generation, instability of OXPHOS, impair-
ment of mitochondrial translation and defective develop-
ment (32).

As one of the two enzymes involved in Tm°U modifica-
tion, human GTPBP3 (hGTPBP3) itself, based on primary
sequence alignment and crystal structures of its homologs
(such as Thermotoga maritima MnmE (TmMnmE) (PDB:
1XZP) and Escherichia coli MnmE (EcMnmE) (PDB:
2GJ8)), has an N-terminal domain, a GTPase domain (G
domain) and a helical domain (33-35). The G domain com-
prises the typical G1, G2, G3, and G4 motifs involved in
the binding and hydrolysis of GTP (36). GTP hydrolysis
has been shown to be essential for cmnm’>U formation in
bacteria (16,17). However, a previous study showed that
hGTPBP3 could not be expressed in E. coli; both the full-
length GTPBP3 fused with an N-terminal GST tag (GST-
GTPBP3 precursor) and the isolated G domain are nearly
inactive GTPases, eliciting a potentially unknown mecha-
nism of human tm>U modification. The inability to ob-
tain active hGTPBP3 also suggests the low possibility or
great difficulty of reconstituting human 7m>U modification
in vitro (37). Despite the above evidence pinpointing the
critical importance of Tm>U modification in mitochondrial
translation, homeostasis, and organismal fitness and health,
due to a lack of active enzymes and efficient in vitro Tm>U
modification activity, the detailed basic molecular mecha-
nism of Tm>U formation was hitherto unexplored. Further-
more, little is known about the detailed molecular mecha-
nisms (defects in tRNA /enzyme structure, function, inter-
action etc.) underlying the pathogenesis linked with either
tRNA or enzyme mutations.

To understand the biochemical mechanism of tm°U
modification of human mitochondrial tRNA, it is necessary
to obtain either enzyme with high purity and activity. In the
present work, we identified the mature form of hGTPBP3
and showed, for the first time, that hGTPBP3 possesses
high intrinsic GTPase activity. However, the isolated G
domain and an N-terminal domain truncated hGTPBP3
(AN-hGTPBP3) exhibited a very low GTPase catalytic ef-
ficiency and a high K, value compared with the mature en-
zyme. Based on our established GTPase activity determi-
nation system, we further investigated the effect of a series
of pathogenic hGTPBP3 mutations on mitochondrial tar-
geting, protein stability and GTPase activity. We identified
several key intramolecular interactions for GTPase in vitro
and tRNA modification activity in vivo. Last, we identified
anovel splicing variant of hGTPBP3 mRNA, which was ex-
pressed and exclusively distributed in the cytoplasm, imply-
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ing an unexplored noncanonical function of the hGTPBP3
gene. In conclusion, we purified active hGTPBP3 and sys-
tematically investigated its GTPase in vitro and tRNA mod-
ification activity in vivo. Our results lay a solid foundation
for in vitro activity reconstitution of rm>U modification and
for elucidation of the underlying mechanism in the future.

MATERIALS AND METHODS
Materials

Dithiothreitol (DTT), nucleoside triphosphates (NTPs),
Tris-HCI, MgCl,, NaCl, KCI, B-mercaptoethanol (B-
ME), phenyl methylsulfonyl fluoride (PMSF), isopropyl
B-D-1-thiogalactopyranoside (IPTG), and ethylene di-
amine tetraacetic acid (EDTA) were purchased from San-
gon (Shanghai, China). The KOD-Plus Mutagenesis Kit
and KOD-Plus-Neo Kit were from TOYOBO (Osaka,
Japan). Ni>*-NTA Superflow resin was purchased from
Qiagen Inc. (Hilden, Germany). [a->*P]JGTP (BLU506H)
was obtained from Perkin Elmer Inc. (Waltham, MA,
USA). Protein standard markers, T4 DNA ligase, re-
striction endonucleases, T4 polynucleotide kinase, Dyn-
abeads Protein G, Lipofectamine 2000, Lipofectamine
RNAIMAX, 4',6-diamidino-2-phenylindole (DAPI), Mito-
Tracker, Alexa Fluor 488-conjugated secondary antibody,
Sf-900™ IT SFM, TRIzol Reagent, Grace’s Insect Medium
(unsupplemented), and Cellfectin™ II Reagent were ob-
tained from Thermo Scientific (Waltham, MA, USA). Am-
icon Ultra 15 ml centrifugal concentrators (cutoff 30 kDa)
and polyethyleneimine cellulose plates were purchased from
Merck (Germany). PrimeScript RT Master Mix, TALON
metal affinity resin and Yeastmaker Yeast Transforma-
tion System 2 were obtained from Takara (Japan). The
DNA fragment rapid purification kit and a plasmid extrac-
tion kit were obtained from Magen (Shanghai, China). 2
x TS5 Fast qPCR Mix and oligonucleotide primers were
obtained from Tsingke (Shanghai, China). Competent E.
coli DH10Bac was purchased from Weidi Biotechnology
(Shanghai, China).

Antibodies

The N-terminal region of hGTPBP3-Iso7 (S'3-V3%) was
used as an epitope to raise rabbit polyclonal antibod-
ies against hGTPBP3-Iso7. The recombinant hGTPBP3
protein (T?!'-K*?) purified from E. coli was used as an
antigen to generate anti-hGTPBP3 antibody (Abclonal,
China). Anti-Myc (M4439), anti-FLAG (F1804), anti-
GAPDH (G9295), HRP-labeled anti-mouse and anti-rabbit
secondary antibodies were obtained from Sigma-Aldrich
(St. Louis, MO, USA). Anti-MTO1 (15650-1-AP), anti-
HA (66006-2-Ig), anti-Hisg (66005-1-Ig) and anti-VDACI1
(55259-1-AP) antibodies were obtained from Proteintech
(Rosemont, IL, USA). Anti-E. colileucyl-tRNA synthetase
(EcLeuRS) was described in a previous study (38).

Gene cloning, mutagenesis, expression and protein purifica-
tion

Genes encoding the hGTPBP3 precursor were amplified
from cDNA obtained from human embryonic kidney 293T

(HEK293T) cells and inserted between the Ndel and Xhol
sites of pET28a with an N-terminal Hisg tag to form the
pET28a-hGTPBP3 precursor. The recombinant plasmid
was used as the template to construct the N-terminal trun-
cated mutant pET28a-hGTPBP3-AN20, which encodes the
mature form of hGTPBP3 with the mitochondrial target-
ing sequence (MTS) deleted. Gene mutagenesis was per-
formed according to the protocol provided with the KOD-
Plus Mutagenesis Kit. The definition of the G domain and
N-terminal domain of hGTPBP3 was based on the crystal
structure of TmMnmE (PDB: 1XZP) and sequence align-
ment. The genes encoding the \hGTPBP3 G domain (G**-
P*?%) and AN-hGTPBP3 (N'**-K#?) were amplified by
PCR using the pET28a-hGTPBP3 precursor as a template
and ligated into pET28a via the restriction enzymes Ndel
and Xhol. The primer sequences are listed in Supplemen-
tary Table S1.

All constructs were transformed into E. coli Rosetta
(DE3) cells for gene expression, which was induced with a
final concentration of 100 uM IPTG at 18°C for 10 h. Pro-
teins were purified by TALON metal affinity resin according
to the manufacturer’s protocol. The purified proteins were
dialyzed against storage buffer (50 mM Tris-HCI (pH 8.5),
50 mM NaCl, 100 mM KCI, 5 mM B-ME) and stored at
—20°C after mixing with an equal volume of glycerol. The
protein concentrations were determined by using the BCA
kit.

Insect cell culture, transfection and protein expression

Sf9 and High Five cells were cultured in Sf-900™ II SFM
medium at 27°C. The pFastBac-hGTPBP3 precursor was
constructed with a C-terminal Hise tag for gene expression
in insect cells. Recombinant baculovirus was generated fol-
lowing the Bac-to-Bac baculovirus expression system (In-
vitrogen). Recombinant baculoviruses were generated by
transfecting the bacmid in Sf9 cells using Cellfectin™ II
Reagent according to the manufacturer’s protocol. P1 virus
stock was harvested from cell culture medium and used to
amplify a higher titer P2 virus stock by infecting Sf9 cells
and incubating for 5-6 days at 27°C. The same procedure
was used to produce P2 virus stock, which was stored at 4°C,
protected from light. Gene expression was performed using
High Five cells in Sf-900™ IT SFM medium by infecting with
P3 virus stock at a 1:200 ratio. Cells were harvested by cen-
trifugation (500 x g, 5 min) 60 h after infection, washed in
PBS and stored at —80°C.

Determination of the N-terminal sequence of hGTPBP3

High Five cells were disrupted by sonication on ice, and
then, the whole lysate was applied to Ni-NTA Superflow
resin for hGTPBP3 purification according to the manufac-
turer’s protocol. Proteins were separated by electrophore-
sis by 10% sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred to polyvinylidene
fluoride (PVDF) membranes in CAPS transfer buffer (10
mM CAPS, 10% methanol), stained with Ponceau red for
25 min and washed with ultrapure water. The washing
steps were repeated several times until the band of in-
terest was clearly visible. This band was cut and sent to



Applied Protein Technology (Shanghai, China) to identify
the N-terminal sequence through the Edman degradation
method.

Measurement of kinetic parameters

The kinetic parameters of hGTPBP3 and its various mu-
tants were measured in a reaction mixture containing 50
mM Tris—HCI (pH 8.0), 300 mM KCI, various concentra-
tions of [a->*P]JGTP, and 15 mM MgCl, at 37°C. Reactions
were initiated by the addition of 5 puM hGTPBP3. Two-
microliter aliquots at specific time points were quenched in
4 wl of stop solution containing 20 mM GTP, 20 mM EDTA
and 1% SDS, and then, 1.5 pl of the quenched aliquots
was spotted onto polyethyleneimine cellulose plates pre-
washed with water. Thin-layer chromatography (TLC) was
performed in 0.5 M formic acid and 0.5 M LiCl to separate
[a-*P]GTP and [a-**P]GDP. The plates were visualized by
phosphorimaging, and the data were analyzed using Multi
Gauge Version 3.0 software (FUJIFILM). Quantification
of [a-*?P]GDP in comparison with [a-**P]GTP samples of
known concentrations was achieved by densitometry.

Cell transfection, immunoprecipitation (IP) and western blot

The coding sequence of the hGTPBP3 precursor was in-
serted into pCM V-3Tag-3A with a C-terminal 3*FLAG tag
and pCMV-3Tag-4A with a C-terminal 3*c-Myc tag. The
gene encoding human MTO1 (hMTO1) was recombined
into pcDNA3.1 with a C-terminal FLAG tag. HEK293T
cells were transfected by using the Lipofectamine 2000
transfection reagent according to the manufacturer’s pro-
tocol. After transfection for 24 h, the cells were lysed in
500 pl of RIPA buffer (50 mM Tris—HCI (pH 7.5), 150 mM
NacCl, 0.5% sodium deoxycholate, 1% Triton X-100, 0.1%
SDS) supplemented with a protease inhibitor cocktail for
45 min. The supernatant was collected using centrifugation
at 12 000 x g for 10 min. All procedures were performed
in an ice bath. The supernatant was incubated with the cor-
responding primary antibody overnight at 4°C, and then,
the mixture was incubated with Dynabeads Protein G for
2 h. The beads were washed with PBST (PBS with 0.05%
Tween-20) three times. Proteins were eluted in 2x SDS load-
ing buffer [100 mM Tris—HCI (pH 6.8), 4% sodium dodecyl
sulfate, 0.2% bromophenol blue, 50% glycerol and 5 mM
B-ME] and then subjected to western blot analysis.

Proteins were separated by 10% SDS-PAGE and then
transferred onto a PVDF membrane. The PVDF mem-
brane was blocked with 5% (w/v) nonfat dried milk for 1
h at room temperature and incubated with the correspond-
ing primary antibodies overnight at 4°C. Membranes were
incubated with HRP (horseradish peroxidase)-conjugated
secondary antibody at room temperature for 1 h. The im-
age was obtained using an Amersham Imager 680 (GE, CA,
USA).

Immunofluorescence

HEK?293T cells were transfected with specific plasmids. Af-
ter 24 h, cells were stained with MitoTracker for 25 min and
then fixed in 4% paraformaldehyde containing PBS for 30
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min at room temperature. Fixed cells were blocked in PBS
plus 0.1% Triton X-100 buffer containing 5% BSA and incu-
bated with the primary antibody overnight at 4°C. The cells
were immunostained with Alexa Fluor 488-conjugated sec-
ondary antibody in PBS for 2 h and the nuclear counterstain
DAPI for 5 min at room temperature. Fluorescence images
were captured with a Leica TCS SP8 STED confocal micro-
scope.

Gel filtration chromatography

Purified mature hGTPBP3 from E. coli was analyzed us-
ing a Superdex 200 10/300 GL column in running buffer
containing 50 mM Tris—HCI (pH 8.5), 50 mM NacCl, 100
mM KCI, and 5 mM B-ME. For dimerization analysis,
the EcMnmE G domain, hGTPBP3 G domain and AN-
hGTPBP3 were preincubated with 100 mM KCI and 200
pM GDP, 200 puM GDP or 1 mM GDP + 1 mM AIF, (1
mM AICl; and 10 mM NaF) for 30 min on ice. EcMnmE G
domain and hGTPBP3 G domain were applied on Superdex
7510/300 GL column; while AN-hGTPBP3 was applied on
Superdex 200 10/300 GL column in the same running buffer
as mature hGTPBP3, respectively.

Mitochondria isolation

Mitochondria were isolated according to protocols that
have been previously described (39). The isolated mitochon-
dria were lysed in RIPA buffer supplemented with a pro-
tease inhibitor cocktail. The supernatant was collected and
centrifuged at 12 000 x g for 10 min, treated with 5x SDS
loading buffer and boiled for 10 min at 99°C. The prepared
samples were used for Western blot.

Yeast complementation

Genes encoding the hGTPBP3 precursor and its mutants
were ligated into p425TEF (40). All constructs were trans-
formed into the Saccharomyces cerevisiae MSSI knockout
strain (ScAMSSI) by using the Yeastmaker Yeast Trans-
formation System 2 according to the manufacturer’s proto-
col. Transformants were selected on SD/Leu™ plates, and
a single clone was cultured in liquid SD/Leu™ medium at
30°C. The culture was diluted to a concentration equiva-
lent to 1 ODygq, and a 10-fold dilution series of the yeasts
were plated onto YPG [1% yeast extract, 2% peptone, 3%
(v/v) glycerol] plates. Complementation was observed by
comparing the growth rates of ScAMSS1 expressing native
hGTPBP3 and its mutants. Yeast transformants were grown
in liquid SD/Leu~ at 30°C and lysed following a previously
described method (41).

Reverse transcription (RT)-PCR and quantitative real-time
PCR (qPCR)

Total RNA was extracted from HEK293T cells using TRI-
zol Reagent. cDNAs were reverse-transcribed using Prime-
Script RT Master Mix according to the manufacturer’s pro-
tocol. qPCR was carried out using 2 x T5 Fast gPCR Mix
kits on a LightCycler 96 (Roche Diagnostics) instrument.
The data were normalized against GAPDH expression, and
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relative expression was calculated using the AACT method
(42) to compare the expression of hGTPBP3 (isoform 4 and
isoform 5) and hGTPBP3-Iso7. qPCR primer sequences are
listed in Supplementary Table S1.

siRNA knockdown

siRNA against hGTPBP3-Iso7 and scramble control were
obtained from GenePharma (Shanghai, China). siRNA
knockdown experiments were carried out using Lipofec-
tamine RNAIMAX (Invitrogen) according to the man-
ufacturer’s instructions. HEK293T cells were transfected
with the individual siRNA at 20 wM using Lipofectamine
RNAIMAX at a 1:2 ratio. After 72 h, transfected cells
were validated for knockdown by western blot and qPCR.
siRNA sequences are listed in Supplementary Table S1.

RESULT
Identification of the mature form of hGTPBP3

Most nuclear gene-encoded mitochondrial proteins harbor
an N-terminal MTS (43). Full-length hGTPBP3 consists
of 492 amino acid residues (37). Primary sequence anal-
ysis with various eukaryotic GTPBP3/MSSI1 proteins or
bacterial MnmEs showed that, in comparison with bac-
terial MnmEs (e.g. EcMnmE, TimMnmE), hGTPBP3 in-
deed contains an N-terminal extension (Supplementary
Figure S2). Considering the localization of hGTPBP3 in
mitochondria (34), we suggested that full-length hGTPBP3
likely harbors an N-terminal MTS in the extension, sim-
ilar to mitochondrial aminoacyl-tRNA synthetases (44).
To identify the potential MTS, the hGTPBP3 gene was
expressed with a C-terminal Hisg tag using a Bac-to-Bac
baculovirus expression system. The protein was purified
by Ni-NTA affinity chromatography (Supplementary Fig-
ure S3A), and the band separated by SDS-PAGE was
transferred onto a PVDF membrane, stained with Pon-
ceau S, excised and subjected directly to automatic Edman
degradation in a gas-phase protein sequencer (Supplemen-
tary Figure S3B). Protein sequencing analysis showed that
the N-terminal sequence of mitochondrial h\GTPBP3 was
TRRSS, clearly establishing that full-length hGTPBP3 was
likely cleaved between C? and T?! (Supplementary Fig-
ure S2) when it was imported into mitochondria. There-
fore, full-length hGTPBP3 and hGTPBP3 with the 20 N-
terminal amino acid residues truncated represented the pre-
cursor and mature forms of hGTPBP3, designated here-
after as the hGTPBP3 precursor and hGTPBP3, respec-
tively. Then, the gene encoding hGTPBP3 was expressed in
E. coli and successfully purified to high homogeneity (Fig-
ure 1A).

EcMnmE and 7imMnmE are homodimers (33). To study
the quaternary structure of hGTPBP3, it was subjected to
gel filtration analysis. The results showed that hGTPBP3
eluted with a single peak (Figure 1B), corresponding to
an observed molecular mass of 151 kDa (Figure 1C).
The theoretical molecular mass of purified hGTPBP3
with an N-terminal Hisg tag is 52 kDa, indicating that
hGTPBP3 exists as a dimer in solution. Notably, the ob-
served molecular mass of hGTPBP3 is larger than ex-
pected, likely due to the elongated shape of the dimer, which

has been suggested for 7mMnmE, which also exhibits a
larger-than-expected observed molecular mass (35). In ad-
dition, coimmunoprecipitation (Co-IP) was performed in
HEK?293T cells. The genes encoding the hGTPBP3 pre-
cursor with a C-terminal Myc tag (\GTPBP3-Myc) and
with a C-terminal FLAG tag (WGTPBP3-FLAG) were co-
expressed in HEK293T cells, and then, cell lysates were im-
munoprecipitated with anti-FLAG antibodies. Western blot
analysis showed that hGTPBP3-Myc coprecipitated with
hGTPBP3-FLAG (Figure 1D), suggesting that hGTPBP3
is a homodimer in vivo.

MnmG and MnmE form an o232 heterotetrameric com-
plex in E. coli (17). Similarly, MTOI1 and MSS1 form a
stable complex in the mitochondria of S. cerevisiae (45).
Overexpressed hGTPBP3 has been copurified with overex-
pressed FLAG-tagged hMTO1 (hAMTOI1-FLAG) (19). To
explore whether endogenous hGTPBP3 and hMTOI in-
teract with each other in vivo, we prepared an hGTPBP3
antibody (anti-hGTPBP3) using purified hGTPBP3 as an
antigen, which was able to specifically recognize exoge-
nously expressed hGTPBP3 in E. coli (Supplementary Fig-
ure S3C) and endogenous hGTPBP3 in HEK293T cells
(Supplementary Figure S3D). Using an anti-hGTPBP3 an-
tibody in Co-IP, we confirmed that endogenous hMTO1
was indeed coprecipitated (Figure 1E). Accordingly, genes
encoding hGTPBP3-Myc and hMTO1-FLAG were co-
expressed in HEK293T cells, and Co-IP results showed
that hGTPBP3-Myc was pulled down by hMTO-FLAG
(Figure 1F).

Collectively, we defined MTS of the hGTPBP3 precur-
sor, purified hGTPBP3 with high purity and revealed that
hGTPBP3 is dimeric and interacts with hMTO1 in vivo.

hGTPBP3 has intrinsic GTPase activity

A previous study reported that the hGTPBP3 precursor
fused with GST (GST-hGTPBP3 precursor) has nearly
no GTPase activity (37). To determine the GTP hydrol-
ysis activity of our purified hGTPBP3, we initially opti-
mized the reaction conditions for GTP hydrolysis by this
enzyme based on TLC using [a-*?P]GTP. Other factors re-
mained constant as the concentration of one component
was changed. The pH values ranged from pH 7.0-9.0 with
intervals of 0.5, and we found that the observed k., value
peaked at pH 8.0 (Supplementary Figure S4A). In paral-
lel, in the presence of 300 mM KCI or 15 mM MgCl,, the
maximal observed k., value was observed (Supplementary
Figure S4B). Thus, the optimal reaction was carried out in
buffer containing 50 mM Tris—HCI (pH 8.0), 300 mM KClI,
and 15 mM MgCl, at 37°C for subsequent hGTPBP3 activ-
ity determination. The GTPase kinetic parameters showed
that the kcy value (1.49 +0.06 min—') of hGTPBP3 for GTP
was nearly 20-fold higher than that (0.076 & 0.008 min~')
of the GST-hGTPBP3 precursor (37) (Table 1), while its Ky,
value (9.5+1.5 pM) was approximately 26-fold lower than
that (250 wM) of the GST-hGTPBP3 precursor (37). There-
fore, the catalytic efficiency (kcyi/Kin) of hGTPBP3 (156.84
min~! mM~!) was more than 500-fold higher than that of
the GST-hGTPBP3 precursor (0.30 min~! mM~!).

Our data clearly revealed that hGTPBP3 possesses intrin-
sic GTP hydrolysis activity and is a GTPase.
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Figure 1. hGTPBP3 is a dimer and interacts with hMTOI1. (A) SDS-PAGE analysis of purified mature hGTPBP3 from E. coli. The protein was stained
with Coomassie blue. (B) Gel filtration analysis of purified mature hGTPBP3, with the elution volumes of standard proteins of known molecular weight
indicated. The three standard proteins were apoferritin (443 kDa), yeast alcohol dehydrogenase (150 kDa) and bovine serum albumin (66 kDa). (C) Deter-
mination of the molecular mass of mature hGTPBP3 based on the elution volumes of the abovementioned standard proteins. (D) The hGTPBP3-FLAG
and hGTPBP3-Myc genes were coexpressed in HEK293T cells. hGTPBP3-FLAG was precipitated by hGTPBP3-Myc in a Co-IP assay. (E) Endogenous
hMTOI1 was coprecipitated with endogenous hGTPBP3 by anti-hGTPBP3 but not rabbit IgG. (F) The hGTPBP3-Myc and hMTO1-FLAG genes were
coexpressed in HEK293T cells. h\GTPBP3-Myc was coprecipitated with hMTO1-FLAG in a Co-IP assay. The black arrow indicated hMTO1-FLAG.

The isolated G domain and hGTPBP3 with the N-terminal
domain truncated (AN-hGTPBP3) exhibited very low cat-
alytic efficiency due to high K, values

The isolated G domain (G?'®~G3#, calculated molecular
weight 18.3 kDa) from EcMnmE exhibits potassium ion-
dependent GTPase activity that is nearly identical to the
GTPase activity of full-length EcMnmE (33). Similarly,
EcMnmE with the N-terminal domain truncated (AN-
EcMnmE) also retained full potassium ion-dependent GT-
Pase activity (33). However, the isolated G domain of
hGTPBP3 has been shown to be inactive (37). We puri-
fied the isolated G domain (G***—P*°, calculated molecu-
lar weight 18.3 kDa) and AN-hGTPBP3 (N'3*-K#?, cal-
culated molecular weight 36.1 kDa) (Figure 2A), and then,
their GTPase activity was assayed. Kinetics analysis showed
that the K, values of the G domain or AN-hGTPBP3 were
significantly elevated to 216.7 £ 15.2 or 262.2 £+ 17.3 pM,
respectively, in comparison with that (9.5 &+ 1.5 pM) of

hGTPBP3. Moreover, the k. value of the G domain or
AN-hGTPBP3 decreased significantly to 0.40 + 0.06 or
0.76 4+ 0.01 min~', respectively, in comparison with that
(1.49 £0.06 min~! mM~!) of hGTPBP3. Thus, the catalytic
efficiency of the G domain or AN-hGTPBP3 was only 2.9%
or 4.6% that of hGTPBP3 (Table 1).

For a more direct comparison, we selected two abso-
lutely conserved amino acid residues in the active sites
of hGTPBP3 based on the EcMnmE G domain struc-
ture (PDB: 2GJ8) (33). EcMnmE N226 (hGTPBP3 N259
counterpart) is a completely conserved site (Figure 2B) in
the G domain that binds directly with potassium (Figure
2C), which is essential for catalytic function (33). The ab-
solutely conserved residue E282 of EcMnmE (hGTPBP3
E315 counterpart) (Figure 2B) is considered to be im-
portant for GTP hydrolysis by stabilizing the attack-
ing water in the G domain (33). Mutation of N226
or E282 to Ala drastically reduced the GTP hydrolysis
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Table 1. Kinetic parameters of the GTPase activity of hGTPBP3, G domain, AN-hGTPBP3 and the hGTPBP3 mutants for GTP

Enzyme Ky (pM) keat (min~1) keat/Km (min~'mM~1) Relative kcat/Km (%0)
Wild type hGTPBP3 95+1.5 1.49+0.06 156.84 100
G domain 216.7+15.2 0.40+0.06 1.85 2.9
AN-hGTPBP3 262.2+17.3 0.76+0.01 2.90 4.6
N259A 11.4+3.6 0.07+0.01 6.51 4.2
E315A 11.9+3.1 0.07£0.02 5.58 3.6
N-terminal domain E142K/R136E 15.1+£0.6 0.52+0.03 34.44 21.9
Helical domain E159V 26.1+2.7 0.75+0.14 28.87 18.4
E159R/R431E 12.1+1.9 1.554+0.04 128.11 81.7
A162P 91.0+10.5 0.93+0.12 10.19 8.9
E225K/A322P 37.8+12.5 0.79+0.12 21.00 134
E459K 12.0+2.2 1.69 +0.24 140.62 89.7
G domain P257H 101.54+27.5 0.49+0.07 4.81 3.1
AG312-V319 50.5+£5.6 0.50+0.05 9.99 6.4
A322P 91.3+59 0.45+0.05 4.90 3.1

The results are the averages of three independent measurements with the standard deviations indicated.

rate of EcMnmE (33). Hence, we constructed hGTPBP3-
N259A and hGTPBP3-E315A mutants, and kinetics anal-
ysis of these mutants showed that they exhibited 3.6%
and 4.2% catalytic efficiency, respectively, compared with
that of hGTPBP3, mainly resulting from the strong de-
crease in k¢ and a small increase in K, (Table 1).
These data clearly showed that the G domain and AN-
hGTPBP3 exhibited very low GTPase catalytic efficiency,
which was comparable to those of two inactive hGTPBP3
mutants.

Dimerization is a prerequisite for active GTP hydroly-
sis by the isolated G domain of EcMnmE (33). Consider-
ing the very low GTPase activity of the isolated hGTPBP3
G domain, we explored whether the inactive hGTPBP3
G domain forms a dimer in the presence of potassium
and the transition state mimic GDP-AIF ., which has been
observed for the EcMnmE G domain or AN-EcMnmE
(33). For a direct comparison, we purified the EcMnmE
G domain (G?'*~-G3%). Indeed, the EcMnmE G domain
formed a dimer (38.7 kDa) in the presence of potassium
and 200 .M GDP-AIFy in the gel filtration analysis, con-
sistent with previous results (Figure 2D) (33). We subse-
quently analyzed the dimerization of the hGTPBP3 G do-
main and AN-hGTPBP3. In the presence of potassium and
200 wM GDP, the isolated G domain of hGTPBP3 eluted
as a slightly elongated monomer (24.7 kDa) (Figure 2E),
and AN-hGTPBP3 also eluted as an elongated monomer
(67 kDa) (Figure 2F). However, both hGTPBP3 G do-
main (25.6 kDa) and AN-hGTPBP3 (65 kDa) failed in ef-
ficient dimerization in the presence of potassium and 200
wM GDP-AIF, (Figure 2E, F), in contrast to the EcMnmE
G domain (Figure 2D). We subsequently elevated the con-
centration of GDP-AIF to 1 mM. Indeed, hGTPBP3 G
domain (39 kDa) or AN-hGTPBP3 (119 kDa) obviously
formed a dimer under such condition (Figure 2E, F). The
molecular weight of dimeric AN-hGTPBP3 (119 kDa) was
nearly the same with the dimeric AN-EcMnmE (115 kDa)
(33). These results indicated that low concentration of GTP
is less efficient at inducing dimerization of the hGTPBP3
G domain or AN-hGTPBP3, which likely explains the low
GTPase activity of the isolated hGTPBP3 G domain or
AN-hGTPBP3.

Multiple structural and/or functional defects due to
pathogenic mutations of hGTPBP3

Previously, several homozygous or compound heterozy-
gous single-point (R3L, E142K, E159V, A162P, P257H,
A322P, D337H and E459K), double-point (E225K /A322P)
or deletion (AG312-V319) mutations were linked to mi-
tochondrial disorders with a phenotype of hypertrophic
cardiomyopathy, lactic acidosis, and encephalopathy, with
unclear mechanisms (28). Purification of active hGTPBP3
provides a solid foundation for elucidation of its potential
molecular defect in GTPase activity. Among the above sites,
R3islocated in the MTS; E142 is in the N-terminal domain;
E159, A162, E225 and E459 are situated in the helical do-
main, which is proposed to interact with hMTO1 based on
the SAXS model (46); and the remaining residues, namely,
P257, G312-V319, A322 and D337, are in the G domain
(Figure 3A).

Genes encoding the hGTPBP3 precursor and the above
mutants were initially expressed in HEK293T cells with a C-
terminal FLAG tag. Western blot analysis using the whole
cell lysate (WCL) showed that the steady-state protein levels
of hGTPBP3-R3L, hGTPBP3-E142K, hGTPBP3-E159V,
hGTPBP3-P257H and hGTPBP3-D337H decreased sig-
nificantly, while those of other mutants were compara-
ble with that of wild-type hGTPBP3 (Figure 3B). Mito-
chondria were then isolated from the cells, and the abun-
dance of the above five mutants was also found to be de-
creased (Figure 3C). Decreased amounts of hGTPBP3-
R3L, hGTPBP3-E142K, hGTPBP3-E159V, hGTPBP3-
P257H and hGTPBP3-D337H in WCL and mitochon-
drial fractions suggested that these mutants impaired
protein structure and/or stability. To determine whether
these proteins were subsequently degraded in vivo and
the potential degradation pathway, hGTPBP3 precur-
sor, \GTPBP3-R3L, hGTPBP3-E142K, hGTPBP3-E159V,
hGTPBP3-P257H and hGTPBP3-D337H were overex-
pressed in HEK293T cells, which were treated with
MGI132, a proteasome inhibitor (47), and leupeptin, a
lysosomal inhibitor (48), respectively. The results showed
that the abundance of all the mutants increased signif-
icantly with MG132 treatment (Figure 3D), while that
of hGTPBP3 precursor increased only slightly (Figure
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Figure 2. The hGTPBP3 G domain and AN-hGTPBP3 exhibited very low GTPase activity. (A) Schematic diagram showing the domain compositions
of hGTPBP3 and EcMnmE based on the crystal structure of 7mMnmE (PDB: 1XZP). The N-terminal domain (gray), helical domain (green), and G
domain (cyan) were indicated. (B) Primary sequence alignment of MnmE/MSS1/GTPBP3 in different species. The amino acid residues N259 and E315
of hGTPBP3 and N226 and E282 of EcMnmE were indicated by black arrows. Mm, Mus musculus; Rn, Rattus norvegicus; Hs, Homo sapiens; Dr, Danio
rerio; Tm, Thermotoga maritima; No, Nostoc sp.; Ct, Chlorobaculum tepidum; Ec, Escherichia coli; Sc, Saccharomyces cerevisiae; Sp, Schizosaccharomyces
pombe. (C) 3D model of the hGTPBP3 G domain based on the EcMnmE G domain structure (PDB: 2GJ8). N259 (red) and E315 (red) are essential
for GTPase activity. GDP-AIF, (orange), K* (pink), and Mg?* (gray) were displayed. Note that EcMnmE counterparts (N226 and E282) were shown
in black. (D-F) Gel filtration analysis of the multimerization behavior of the EcMnmE G domain (D), hGTPBP3 G domain (E) and AN-hGTPBP3 (F).
Purified protein was preincubated with 100 mM KCl and 200 puM GDP or 200 uM GDP-AIF,, | mM GDP-AIFj for 30 min on ice. Apparent molecular
masses corresponding to elution volumes were indicated.

3D); however, leupeptin treatment had no obvious influ- To understand the biochemical effects of the mutations,
ence on the steady-state protein levels of these mutants we expressed genes encoding these mutants that excluding
and hGTPBP3 precursor (Figure 3D). These results sug- MTS (except R3L in the MTS) in E. coli to purify them.
gested that the decrease in the amounts of the above mu- However, hGTPBP3-E142K and hGTPBP3-D337H could

tants was likely due to proteasome-dependent degrada- not be obtained because inclusion bodies formed during
tion. To further confirm that these mutants were ubiq- gene expression in E. coli, which is in accordance with their
uitylated, each of the five mutants was coexpressed with decreased amount in human cells, further confirming their

HA-tagged ubiquitin (HA-Ub) and enriched by immuno- detrimental effect on protein structure. The GTPase activi-
precipitation. Indeed, compared with wild-type hGTPBP3, ties of the other seven mutants were assayed (Table 1). Anal-
these mutants were obviously and extensively ubiquitylated ysis of the kinetic parameters of GTP hydrolysis showed
(Figure 3E). that the K, values of all mutants, except h\GTPBP3-E459K,
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Figure 3. Multiple structural and/or functional defects due to pathogenic mutations of hGTPBP3. (A). Localization of pathogenic mutations in hGTPBP3
domains (upper panel) or in the dimeric structure of 7mMnmE (PDB: 1XZP) (lower panel) was observed. Mutant residues and the G312-V319 region
were indicated in red. Gray, the N-terminal domain; green, the helical domain; cyan, the G domain. (B) Detection of the steady-state protein level after
overexpression of genes encoding hGTPBP3 and ten mutants using an anti-FLAG antibody in WCL of HEK293T cells. GAPDH was detected as a
loading control. The black arrow indicated overexpressed hGTPBP3 precursor and mutants. (C) Protein level of hGTPBP3 and mutants in mitochondria
(Mito) of HEK293T cells expressing each mutant. VDAC]1 was used as a loading control. The black arrow indicated overexpressed hGTPBP3 precursor
and mutants. (D) Protein levels of hGTPBP3 precursor, \GTPBP3-R3L, hGTPBP3-E142K, hGTPBP3-E159V, hGTPBP3-P257H and hGTPBP3-D337H
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precursor. (E) hGTPBP3-R3L, hGTPBP3-E142K, hGTPBP3-E159V, hGTPBP3-P257H and hGTPBP3-D337H were extensively ubiquitylated. h\GTPBP3
mutants and HA-Ub were coexpressed in HEK293T cells and immunoprecipitated with an anti-FLAG antibody. The ubiquitylation level of each protein

was detected using an anti-HA antibody. WT represented the hGTPBP3 precursor.



for GTP were significantly elevated (~3- to 11-fold), while
their k., values decreased modestly (~2- to 3-fold), leading
to significantly decreased catalytic efficiency values (3—18%
that of wild-type hGTPBP3), most of which were compara-
ble with those of the catalysis-defective hGTPBP3-N259A
and hGTPBP3-E315A mutants. However, both the K;, and
keat values of hGTPBP3-E459K were only slightly altered.
Therefore, the above data clearly showed that the E159V,
A162P, P257H, A322P, E225K/A322P and AG312-V319
mutations impaired or abolished the GTPase activity of
hGTPBP3, while E459K had little effect on GTP hydrol-
ysis.

To more directly monitor the in vivo tRNA modification
activity of all mutants, we used a yeast MSSI gene knock-
out strain, ScAMSSIR (ScAMSSI for short hereafter) (34),
which exhibits a growth defect in respiratory medium us-
ing glycerol as a carbon source, suggesting a critical role
for the equivalent cmnm>U of yeast mitochondrial tRNAs
in mitochondrial translation and homeostasis. We initially
confirmed that deletion of MSSI caused growth arrest in
YPG medium and that overexpression of native hGTPBP3
rescued yeast growth (Figure 4A). However, the type of
modification (cmnm’U or tm>U) in yeast mitochondrial
tRNAs expressing native hGTPBP3 was currently unclear.
Subsequently, all genes encoding the hGTPBP3 precur-
sor, pathogenic mutants, and two inactive hGTPBP3 mu-
tants (h\GTPBP3-N259A and hGTPBP3-E315A) were ex-
pressed in ScAMSSI. Western blot analysis showed that
all proteins had similar abundances (Figure 4B), in con-
trast to the differential levels in HEK293T cells (Figure
3B), suggesting that unstable mutants in HEK293T cells,
including hGTPBP3-R3L, hGTPBP3-E142K, hGTPBP3-
E159V, hGTPBP3-P257H and hGTPBP3-D337H, were not
degraded efficiently in yeasts (Figure 4B). The growth of
the transformants was observed in both SD/Leu™ and YPG
media. The data showed that the hGTPBP3 precursor was
able to complement the loss of MSS1 (Figure 4A), suggest-
ing that native hGTPBP3 is able to mediate GTP hydrolysis
and tRNA modification in vivo in yeasts, in line with previ-
ous results (13,34). As expected, catalysis-defective N259A
and E315A mutants failed to support yeast growth in YPG
medium (Figure 4C), suggesting a crucial role of GTP hy-
drolysis in tRNA modification in vivo.

Among all the mutants, only hGTPBP3-D337H could
rescue the growth defect, despite having obviously reduced
efficiency compared with that of hGTPBP3 (Figure 4C).
Notably, hGTPBP3-D337H was unstable in both human
and E. coli cells, and its kinetics were not determined be-
cause it could not be purified. This result suggested that
once stably expressed (Figure 4B), hGTPBP3-D337H likely
had the ability to catalyze GTP hydrolysis and mediate
tRNA modification in vivo. In contrast, all other mutants
were unable to support yeast growth, although the pro-
tein levels of all the mutants were similar (Figure 4B).
Subsequently, we explored whether the mutations modu-
lated the interaction of hGTPBP3 and hMTO1. Genes en-
coding wild-type hMTOI and each wild-type hGTPBP3
precursor and its mutants were coexpressed in HEK293T
cells. Co-IP analysis showed that the level of coprecipi-
tated hMTOI1-Myc was obviously reduced by hGTPBP3-
R3L, hGTPBP3-A162P and hGTPBP3-AG312-V319 (Fig-
ure 4D). Based on E. coli MnmE/MnmG SAXS model-
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ing (46), EcMnmE A130 (A162 in hGTPBP3) and D279-
1286 (G312-V319 in hGTPBP3) are indeed located close
to the MnmE/MnmG interaction interface, suggesting re-
gions containing A162 and G312-V319 are important for
the interaction of hGTPBP3 with hMTOI.

We further selected three mutations in the G domain
(P257H, AG312-V319 and A322P) to explore whether their
low GTPase activities were due to impaired dimerization.
The isolated G domain containing each of the mutations
was purified. Gel filtration analysis showed that the G do-
main with P257H (Figure 4 E), AG312-V319 (Figure 4F)
or A322P (Figure 4G) eluted as a monomer (25 kDa) in
the presence of potassium and 200 wM GDP. However, they
all formed a dimer in the presence of potassium and 1 mM
GDP-AIF, (Figure 4E-G). These results suggested that the
low GTPase activities of these mutants were not due to the
deficient dimerization ability of G domain.

The R3L mutation blocks hGTPBP3 import into mitochon-
dria

Considering that R3 was located in the MTS, the above re-
sults suggested that R3 is likely a critical determinant of
the localization of hGTPBP3 into mitochondria. To deter-
mine the potential detrimental effect of R3L on mitochon-
drial targeting, we fused the MTS (M!-C?°) of hGTPBP3
at the N-terminus of EGFP to form MTS;gtpep;-EGFP.
Free EGFP was distributed in both the cytoplasm and
nucleus (Figure 5A). Indeed, MTSgrpep3-EGFP was dis-
tributed in the mitochondria (Figure 5A), suggesting a
high mitochondrial targeting efficiency of hGTPBP3 MTS.
However, after introducing the R3L mutation, the resul-
tant MTSpgrpep3-R3L-EGFP was not targeted into mi-
tochondria and was instead located in both the cyto-
plasm and nucleus (Figure 5A). We further used a yeast
model to investigate the effect of R3L on mitochondrial
targeting. Previously, we established a 5-fluoroorotic acid
(5-FOA)-sensitive Saccharomyces cerevisiae chromosomal
MSTI gene (encoding mitochondrial threonyl-tRNA syn-
thetase, SemtThrRS) knockout strain (ScAMST1I), the sur-
vival of which under respiratory conditions critically relies
on an MTS (M'-S3!) for targeting SemtThrRS, which is ex-
pressed from a rescue plasmid, into mitochondria (49) (Fig-
ure 5B). We replaced the MTS of SemtThrRS with that of
hGTPBP3. As expected, the yeast expressing MTS,Grppp3-
SemtThrRS grew readily on respiratory medium (YPG/5-
FOA) (Figure 5B), again suggesting efficient import of ma-
ture SemtThrRS by the hGTPBP3 MTS. After introducing
the R3L mutation, the yeasts expressing MTSyGTppp3-R3L-
SemtThrRS were able to survive but with a lower efficiency
(Figure 5B). The time-course growth curve showed that the
growth of yeasts expressing MTSygrpep3-R3L-SemtThrRS
was lower than that of yeasts expressing MTS,Grpep3-
SemtThrRS (Figure 5C). Taken together, the above results
clearly showed that R3L impaired mitochondrial localiza-
tion in both HEK293T and yeast cells.

The E142-R136 and E159-R431 interactions are critical for
hGTPBP3 structure and function

We next focused on four other unstable mutants, in-
cluding hGTPBP3-E142K, hGTPBP3-E159V, hGTPBP3-
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P257H and hGTPBP3-D337H. E142 is a highly con-
served site (Figure 6A) in the N-terminal domain in
the MnmE/MSS1/GTPBP3 protein family (only D163 in
ScMSS1). Based on the crystal structure of 7mMnmE
(PDB: 1XZP), R101 of TmMnmE (R136 in hGTPBP3) has
direct interdomain contact with E107 (E142 in hGTPBP3)
(Figure 6B, middle panel) via side-chain electrostatic in-
teractions in the N-terminal domain. Notably, R136 of
hGTPBP3 is an absolutely conserved residue in all three
kingdoms of life (Figure 6A). Based on these observations,
we proposed that the hGTPBP3 E142K mutation likely
leads to mutual repulsion between K142 and R136 and thus
to structural instability (Figure 6B, lower part in left panel).
To test this possibility, in the context of hGTPBP3-E142K,
we mutated R136 to E to form the double-point mutant
hGTPBP3-E142K /R 136E. We overexpressed genes encod-
ing the hGTPBP3 precursor and hGTPBP3-E142K /R136E
in HEK293T cells. In contrast to the obviously decreased
level of hGTPBP3-E142K (Figure 3B), the amount of
hGTPBP3-E142K /R136E was restored to nearly the same
level as that of the wild type in the WCL and mitochondrial
fraction (Figure 6C). In parallel, despite full formation of
aggregates in the expression of the hGTPBP3-E142K gene
in E. coli, the hGTPBP3-E142K /R136E gene was success-
fully expressed, and the double-point mutant could be puri-
fied with a yield similar to that of wild-type hGTPBP3. The
kinetic parameters of hGTPBP3-E142K/R136E in GTP
hydrolysis were measured, and the results showed that the
K, value was 1.6-fold higher than that of hGTPBP3, while
the kcq value decreased 2.8-fold, leading to a catalytic effi-
ciency (keat/Km) that was 21.9% that of the native enzyme
(Table 1). The yeast complementation assay further con-
firmed that hGTPBP3-E142K/R136E regained the capac-
ity to complement loss of M'SS! in vivo, albeit with a lower
efficiency (Figure 6D), and the protein level in yeast was al-
most the same as that of the wild type (Figure 6E).

With regard to the E159V mutation, we analyzed the lo-
cation of E159 in the primary sequence of hGTPBP3 and its
spatial position based on the tertiary structure of 7imMnmE
(PDB: 1XZP). Similarly, E159 of hGTPBP3 is analogous
to TmMnmE E124, an absolutely conserved amino acid
residue (Figure 6A). E159 of hGTPBP3 directly interacts
with the side-chain guanidinium group of another highly
conserved residue, R431 in the helical domain, and accord-
ingly, there is an electrostatic interaction between E124 and
R387in TmMnmE (Figure 6B, middle panel), implying that
this interaction is pivotal to protein structure and function.
In hGTPBP3-E159V, the interaction is disrupted by a hy-
drophobic Val. To understand the importance of the in-
teraction, the hGTPBP3-E159R single-point mutant and
hGTPBP3-E159R /R431E double-point mutant were con-
structed. The protein level of hGTPBP3-E159R was signif-
icantly decreased, while that of hGTPBP3-E159R /R431E
was restored to half of that of the wild type (Figure 6F).
We successfully obtained hGTPBP3-E159R /R431E using
an E. coli expression system; however, hGTPBP3-E159R
formed inclusion bodies during expression in E. coli, sug-
gesting a detrimental effect on protein structure in E. coli.
The GTPase activity of hGTPBP3-E159R /R431E was as-
sayed, and the parameters showed that the Ky, value was
1.3-fold higher than that of hGTPBP3, while the k¢, value

increased slightly. Consequently, the catalytic efficiency was
81.7% that of the native enzyme (Table 1). hGTPBP3-
E159R/R431E, but not hGTPBP3-E159R, was able to sup-
port yeast growth (Figure 6G), although the abundances of
these proteins were similar in yeast (Figure 6H). Together,
the above data showed that the interaction between the con-
served E142 and R136 and that between E159 and R431
are critical for maintaining local protein structure in differ-
ent domains and thus contribute to GTPase activity in vitro
and tRNA modification in vivo.

The other two mutations, namely, P257H and D337H,
are located in the G domain. P257 is partially conserved,
and its counterpart in bacterial MnmE is a basic residue
(Lys or Arg) (Figure 6A). In the TmMnmE structure, K219
(P257 in hGTPBP3) is located in a linker connecting two
neighboring a-helices and interacts with the side-chain car-
boxyl group E308 (S345 in hGTPBP3) (Figure 6B), imply-
ing an important role of this residue in maintaining protein
structure. The results suggested that mutation of such a key
residue disturbs the local conformation of the G domain.
Indeed, the K, value of hGTPBP3-P257H increased nearly
11-fold, representing the greatest value among all the mu-
tants tested. D337 is also a conserved site (Figure 6A), and
its counterpart in 7mMnmE (D300) is immediately down-
stream of an «-helix and is surface exposed without any in-
teraction with other residues (Figure 6B). The D337H mu-
tation probably leads to subtle alterations in the conforma-
tion of the enzyme and to subsequent protein instability in
E. coli and human cells.

The above analyses determined the various effects of
the pathogenic mutations on structure and/or function of
hGTPBP3, which were integrated into a comprehensive Ta-
ble (Table 2) for clarity.

Identification of a new cytoplasm-localized isoform of
hGTPBP3

Both the NCBI and UniProt databases suggest the exis-
tence of four isoforms of hGTPBP3: isoform 3 with 471
amino acid residues, isoform 4 with 524 residues, isoform
5 (regarded as the canonical wild-type hGTPBP3 precur-
sor) with 492 residues, and isoform 7 with 514 residues (Fig-
ure 7A). Isoform 7 (designated hGTPBP3-Iso7 hereafter)
was the most unique because it harbors a completely dis-
tinct N-terminus (M'-A%") compared to that of the other
three isoforms (M!-R'®) (Figure 7A). Notably, the frag-
ment encompassing M'-C?° functions as the MTS for the
hGTPBP3 precursor. Indeed, Mitoprot (https://ihg.gsf.de/
ihg/mitoprot.html) predicts no mitochondrial localization
of hGTPBP3-Iso7. This observation suggested that the cel-
lular localization of hGTPBP3-Iso7 (if expressed) may be
distinct from that of the hGTPBP3 precursor.

Two primers (Iso7-F and Iso7-R), encompassing the
whole open reading frame (ORF) of database-reported
hGTPBP3-Iso7 (514 aa), were designed to amplify
hGTPBP3-Iso7 from HEK293T ¢cDNA, which was indeed
amplified and then inserted into pET28a (Supplementary
Figure S5A). DNA sequences from 10 selected clones
showed that all the amplified ORFs contained 1482 bp,
encoding a 493-aa protein. These data clearly showed
that hGTPBP3-Iso7 mRNA existed in vivo, despite being
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Figure 6. The E142-R136 and E159-R431 interactions are critical for hGTPBP3 structure and function. (A) Primary sequence alignment of
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Table 2. The effect of mutations of hGTPBP3 to structure and/or
function

Relative The
hGTPBP3 GTPase Yeast interaction
mutants Stability activity (%) complementation with hMTOI
R3L + nm No +
El142K + nm No ++
E142K/R136E ++ 21.9 Yes nm
E159V + 18.4 No ++
EI59R + nm No nm
E159R/R431E ++ 81.7 Yes nm
A162P ++ 8.9 No +
E225K/A322P ++ 13.4 No ++
P257H + 3.1 No ++
AG312-V319 ++ 6.4 No +
A322P ++ 3.1 No ++
D337H + nm Yes ++
E459K ++ 89.7 No ++

‘+’, decreased protein level or reduced interaction compared with wild-type
hGTPBP3.

‘++’, unchanged protein level or unaffected interaction compared with wild-type
hGTPBP3.

nm, not measured.

shorter than the sequence in the NCBI database (514 aa),
which lacks exon 8A with 21 amino acids (Figure 7A).
To demonstrate whether hGTPBP3-Iso7 was present in
other cell lines, we performed RT-PCR analyses using
cDNA from various human cell lines, including HEK293T,
HeLa, HepG2, AsPC-1, A549, NCI-H446 and NCI-H661.
The results showed that hGTPBP3-Iso7 mRNA readily
existed in these cell lines (Supplementary Figure S5B).
We subsequently designed a pair of primers (Iso7-qp-F
and Iso7-qp-R) in the hGTPBP3-Iso7 exon 1A and exon
2 (Figure 7A) and another pair of primers (Iso5-qp-F
and Iso5-qp-R) in the hGTPBP3 isoform 5 exon §A and
8B (Figure 7A) (Supplementary Table S1) to perform
real-time quantitative PCR (qPCR). The data revealed
that the relative abundance of hGTPBP3-Iso7 mRNA was
approximately 12% that of the hGTPBP3 isoforms 4 and 5
in HEK293T cells (Figure 7B).

To further understand whether its mRNA was trans-
lated, we raised an anti-hGTPBP3-Iso7 antibody using the
SEPQFPHLQTPDPGDAV?* peptide in the hGTPBP3-
Iso7 specific N-terminus as an antigen. We expressed genes
encoding hGTPBP3 and hGTPBP3-Iso7 with a C-terminal
Hisg tag in E. coli (Supplementary Figure S5C). The re-
sults showed that the anti-hGTPBP3 antibody could si-
multaneously recognize both proteins (Supplementary Fig-
ure S5D); however, overexpressed hGTPBP3-Iso7 but not
hGTPBP3 was readily detected using the anti-hGTPBP3-
Iso7 antibody (Supplementary Figure SSE), showing its
excellent selectivity. In parallel, overexpressed hGTPBP3-
Iso7 with a C-terminal FLAG tag (hnGTPBP3-Iso7-FLAG)
in HEK293T cells could be recognized by the anti-
hGTPBP3-Iso7 antibody (Figure 7C, left panel). Then, us-
ing HEK293T WCL, we were able to detect a band at
the corresponding position, which was not obtained from
the mouse C2C12 cell line (Figure 7C, middle and right
panels) (note that mouse Gtpbp3 does not encode a sim-
ilar isoform). To further confirm that the observed band
in HEK293T WCL was endogenous hGTPBP3-Iso7, its

mRNA was knocked down by siRNA-104 (Supplementary
Figure S5F) (Supplementary Table S1), which specifically
targets the mRNA region encoding the hGTPBP3-Iso7 spe-
cific N-terminus (Figure 7A). Western blot analysis showed
that the corresponding band disappeared (Figure 7D). In
addition, endogenous hGTPBP3-Iso7 was pulled down us-
ing an anti-hGTPBP3-Iso7 antibody, and the band was ex-
cised for mass spectrometry (MS), which detected six frag-
ments of hGTPBP3 despite the unique N-terminus not be-
ing captured (Supplementary Figure S5G).

To further understand the cellular localization of
hGTPBP3-Iso7, we performed immunofluorescence (IF)
analysis of HEK293T cells expressing either hGTPBP3-
FLAG or hGTPBP3-Iso7-FLAG. hGTPBP3-Iso7 was in-
deed distributed in the cytoplasm but not mitochondria,
in contrast to mitochondria-localized hGTPBP3 (Figure
7E). The mitochondria and cytoplasm were then separated,
and the results confirmed the distribution of hGTPBP3-
Iso7 in the cytoplasm (Figure 7F). By expressing the
hGTPBP3-Iso7 gene in the ScAMSSI strain, we found
that although the protein level of hGTPBP3-Iso7 was much
higher than that of hGTPBP3 (Figure 7G), it was un-
able to supplement the loss of MSS1 in vivo (Figure 7H),
likely due to its cytoplasmic but not mitochondrial localiza-
tion. We performed Co-IP assays in HEK293T cells to ex-
plore whether hGTPBP3-Iso7 could form a dimer by over-
expressing FLAG- and Myc-tagged hGTPBP3-Iso7. The
results showed that hGTPBP3-Iso7-Myc interacted with
hGTPBP3-1s07-FLAG in Co-IP assays using either anti-
FLAG antibody (Figure 7I) or anti-Myc antibody (Fig-
ure 7)), indicating that hGTPBP3-Iso7 was a homodimer
in vivo. Taken together, this evidence suggests that a new
cytoplasm-localized hGTPBP3-Iso7 was present in vivo,
and this isoform is not involved in mitochondrial tRNA
modification.

DISCUSSION

In E. coli, MnmE exhibits high intrinsic GTPase activ-
ity, which is essential for its tRNA modification function
(50). However, purified human GST-GTPBP3 precursor hy-
drolyzes GTP at a 100-fold lower rate than EcMnmE and
exhibits very low GTPase activity (37). hGTPBP3 localizes
in mitochondria (34), and our data clearly showed that it
contains an N-terminal extension similar to MTS, which
is cleaved after mitochondrial import. In fact, most mito-
chondrial proteins need to precisely excise MTS in the mi-
tochondrial matrix (43), which is a prerequisite for an active
and functional form, such as aminoacyl-tRNA synthetases
(e.g. AARS2 (7) and TARS2 (51)) and tRNA modifica-
tion enzymes (e.g. OSGEPL) (11). Therefore, we suggest
the full-length GST-GTPBP3 precursor is inactive in effi-
ciently hydrolyzing GTP in vitro because it is not a mature
form. In addition, GST appended at the N-terminus may
also inhibit its activity. In the present study, we identified
the MTS of the hGTPBP3 precursor and determined its ma-
ture form. In addition, we successfully established a system
to measure the GTPase kinetic parameters of hGTPBP3 in
vitro, showing that the GTP hydrolysis rate of hGTPBP3
was 20-fold higher than that of the GST-GTPBP3 precur-
sor. In comparison, the k., value (1.49+£0.06 min~') of
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(red) and nuclei (blue) were obtained by confocal microscopy. Scale bar: 10 wm. (F) Protein level of overexpressed hGTPBP3-Iso7-FLAG in cytoplasm
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plate. p425TEF or the hGTPBP3 precursor was introduced as a negative or positive control, respectively. (I, J) Genes encoding hGTPBP3-Iso7-Myc and
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hGTPBP3 was 7-fold lower than that of EcMnmE (10.2
min~') (50), and its Ky, value (9.5+1.5 uM) was 54-fold
higher than that of EcMnmE (511453 wM). Therefore, the
catalytic efficiency (kcai/Km) of hGTPBP3 (156.84 min~!
mM ') was 8-fold higher than that of EcMnmE (20 min~!
mM ). Considering the sharp difference in K, values be-
tween the two enzymes, we checked their GTP binding sites.
The residues for binding GTP were completely conserved in
hGTPBP3, including N259, A260, G261, S263, S264, N374,
D377 and S397. It was unclear which elements determined
the distinct GTP binding affinities. Mitochondrial proteins
are frequently found to be less active than their bacterial
homologs. For example, using the same E. coli tRNAet
as a substrate, the catalytic efficiency of human mitochon-
drial leucyl-tRNA synthetase (hmtLeuRS) (52) was 176-
fold lower than that of E. coli LeuRS (53). In a parallel
report, the catalytic efficiency of hmtLeuRS for mitochon-
drial tRNAMY(UUR) was reported to be 1500-fold lower
than that of E. coli LeuRS for E. coli tRNAY(CUN) (54).
Our data clearly showed that hGTPBP3 is indeed an ac-
tive GTPase and exhibits a higher catalytic efficiency than
EcMnmeE. It has been shown that the EceMnmE G domain
exhibits high GTPase activity similar to that of the full-
length protein, which needs potassium-dependent dimer-
ization to stimulate GTP hydrolysis (33). We found that
the h\GTPBP3 G domain and AN-hGTPBP3 exhibited very
low GTPase activity because of their very high Ky, values.
Furthermore, potassium and low concentration GDP-AIF,
were unable to induce hGTPBP3 G domain dimerization, in
contrast to the EcMnmE G domain, under the same condi-
tions. However, hGTPBP3 G domain and AN-hGTPBP3
formed dimers under high GDP-AIF, concentration.

hGTPBP3 has been identified as a tRNA-modifying
enzyme, and its GTPase activity is fundamental for
wm°U modification; however, the biochemical properties of
hGTPBP3 have never been characterized. Previous stud-
ies have revealed that EcMnmE G domain dimerization
and GTP hydrolysis are required for orchestration of the
tRNA modification reaction (55). Moreover, EcMnmE in-
teracts with EcMnmG, forming a dynamic complex (a232)
when GTP is bound (17,46). Our data clearly showed that
hGTPBP3 exists as a dimer in vitro and in vivo, consis-
tent with the EcMnmE conformation. Additionally, we con-
firmed that hGTPBP3 interacts with hMTOI1. Our data
clearly showed that GTP hydrolysis by hGTPBP3 is neces-
sary for modification in vivo, as evidenced by the fact that
two inactive mutants, hGTPBP3-N259A and hGTPBP3-
E315A, were unable to support yeast growth in vivo under
respiratory conditions. Purification of active hGTPBP3 at
high purity laid a solid foundation for efficient reconstitu-
tion of 7m°> U modification in vitro. However, the interaction
pattern between hGTPBP3 and hMTOI, the mechanism by
which the hGTPBP3-hMTO1 complex distinguishes tRNA
substrates, and the precise modification mechanism still
need to be further explored.

Genetic studies have revealed that mutations in
hGTPBP3 lead to mitochondrial dysfunction and hu-
man diseases (28). However, the underlying molecular
mechanism has not yet been elucidated. In this work, using
biochemical, genetic and cell biological methodologies, we
systematically elucidated the putative molecular defects

of these mutations in vitro and in vivo. The steady-state
protein levels of hGTPBP3-R3L, hGTPBP3-E142K,
hGTPBP3-E159V, hGTPBP3-P257H and hGTPBP3-
D337H markedly decreased in both WCL and mitochon-
dria, suggesting that these residue sites are important for
protein structure and stability. Indeed, the R3L mutation
in the MTS of hGTPBP3 impaired mitochondrial import
and subsequently led to protein instability. We proposed
that R3 is a crucial determinant of hGTPBP3 localization.
Subsequently, assays showed that these mutants were
clearly ubiquitylated, indicating that they were degraded
through the ubiquitin-proteasome pathway. Furthermore,
biochemical data showed that the hGTPBP3-E159V,
hGTPBP3-A162P, hGTPBP3-P257H, hGTPBP3-A322P,
hGTPBP3-E225K/A322P and hGTPBP3-AG312-V319
mutants obviously impaired GTPase activity in vitro, in line
with the fact that they were unable to supplement loss of
ScMSSI in vivo, again highlighting the crucial role of GTP
hydrolysis in modification in vivo. Based on the structure
of TmMnmE (PDB: 1XZP), we identified two intrado-
main interactions, namely, E142-R136 and E159-R431. In
vitro GTP hydrolysis and in vivo complementation assays
clearly showed that these two interactions were crucial for
maintaining proper structure and function, as evidenced
by the restored phenotypes observed upon expression
in both yeast and human cells, GTPase activity in vitro,
steady-state protein level in both WCL and mitochondria
and modification activity in vivo. Four conserved motifs
(G1, G2, G3 and G4) are involved in the binding of guanine
nucleotides and Mg?*, regulating the functional state of
GTPase (37,50). P257 is located in the G1 motif, and
mutation at this key structural site was predicted to disturb
binding with GTP and/or disrupt conformational changes
in the G domain. Indeed, in vitro GTPase kinetics analysis
revealed that the K, value of hGTPBP3-P257H showed
the greatest increase among the values for all the mutants.
Interestingly, although the hGTPBP3-D337H mutant was
unstable in E. coli and human cells, it could rescue growth
deficiency in yeasts, suggesting that the hGTPBP3-D337H
mutant likely had the ability to perform GTP hydrolysis
and catalyze tRNA modification in vivo if stably expressed.
Specifically, hGTPBP3-E459K with full GTPase activity
failed to complement the loss of MSS1, and the interaction
with hMTOI1 was unaffected. We propose that the E459K
mutation may influence other processes in tRNA modifica-
tion, such as tRNA or cofactor binding. Collectively, our
data allow direct elucidation of the potential molecular
mechanism of the pathogenic mutations of hGTPBP3.
Five splicing variants of hGTPBP3 have been reported
(34), but only four isoforms could be translated to pro-
teins, among which isoform 5 was firmly established (37).
Herein, we experimentally confirmed a novel hGTPBP3
isoform named hGTPBP3-Iso7 in human cells; this iso-
form harbors a unique N-terminus, different from those of
other isoforms. Our results clearly showed that h\GTPBP3-
Iso7 mRNA was indeed translated to protein and could be
detected by an antibody, although the mRNA abundance
was much lower than that of other hGTPBP3 precursors,
suggesting that h\GTPBP3-Iso7 was stable in vivo. Interest-
ingly, hGTPBP3-Iso7 localizes in the cytoplasm but not
mitochondria due to its distinct N-terminus. As expected,



hGTPBP3-Iso7 failed to rescue yeast growth, likely because
it could not be imported into mitochondria. These findings
hint that hGTPBP3-Iso7 has unidentified novel functions,
possibly performing GTP hydrolysis in cellular pathways
other than tRNA modification. The physiological role of
hGTPBP3-Iso7 needs to be further explored.
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