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Abstract
GTPBP3 is an evolutionary conserved protein presumably involved in mitochondrial tRNA

(mt-tRNA) modification. In humans,GTPBP3mutations cause hypertrophic cardiomyopa-

thy with lactic acidosis, and have been associated with a defect in mitochondrial translation,

yet the pathomechanism remains unclear. Here we use aGTPBP3 stable-silencing model

(shGTPBP3 cells) for a further characterization of the phenotype conferred by the GTPBP3
defect. We experimentally show for the first time that GTPBP3 depletion is associated with

an mt-tRNA hypomodification status, as mt-tRNAs from shGTPBP3 cells were more sensi-

tive to digestion by angiogenin than tRNAs from control cells. Despite the effect of stable

silencing ofGTPBP3 on global mitochondrial translation being rather mild, the steady-state

levels and activity of Complex I, and cellular ATP levels were 50% of those found in the con-

trols. Notably, the ATPase activity of Complex V increased by about 40% in GTPBP3

depleted cells suggesting that mitochondria consume ATP to maintain the membrane

potential. Moreover, shGTPBP3 cells exhibited enhanced antioxidant capacity and a nearly

2-fold increase in the uncoupling protein UCP2 levels. Our data indicate that stable silenc-

ing ofGTPBP3 triggers an AMPK-dependent retrograde signaling pathway that down-regu-

lates the expression of the NDUFAF3 and NDUFAF4 Complex I assembly factors and the

mitochondrial pyruvate carrier (MPC), while up-regulating the expression of UCP2. We also
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found that genes involved in glycolysis and oxidation of fatty acids are up-regulated. These

data are compatible with a model in which high UCP2 levels, together with a reduction in

pyruvate transport due to the down-regulation of MPC, promote a shift from pyruvate to fatty

acid oxidation, and to an uncoupling of glycolysis and oxidative phosphorylation. These

metabolic alterations, and the low ATP levels, may negatively affect heart function.

Introduction
Oxidative phosphorylation (OXPHOS) diseases are a group of multi-systemic and often pro-
gressive or fatal disorders that are defined by defects in the OXPHOS system, which affect the
cellular ATP supply [1]. The OXPHOS system produces most cellular ATP and consists of
�85 proteins organized into five multiheteromeric complexes (CI to CV), all of which are
immersed in the inner mitochondrial membrane, and two mobile electron shuttles, Coenzyme
Q (CoQ) and cytochrome c. Complexes CI to CIV (respiratory complexes) are responsible for
the oxidation of reducing equivalents (in the form of NADH or FADH2) produced by different
metabolic pathways, including glycolysis, tricarboxylic acid cycle (TCAC), and oxidation of
fatty acids and glutamine. Oxidation of the reducing equivalents is coupled to the pumping of
protons (from Complex I, III and IV) into the intermembrane space, and the resulting proton
gradient is used by Complex V to synthesize ATP. NADH reducing equivalents are funneled
into the mitochondrial electron transport chain through Complex I, whereas FADH2 reducing
equivalents are incorporated through Complex II or diverse electron transfer flavoproteins
(ETFs) such as glycerol-3-phosphate dehydrogenase and ETF-ubiquinone oxidoreductase.
Complex II and ETFs transfer electrons to CoQ without creating a transmembrane proton gra-
dient. Respiratory complexes, CoQ, cytochome c and ETFs can associate in superstructures
with a functional role [2, 3].

Mitochondrial DNA (mtDNA) encodes 13 key OXPHOS proteins (seven of CI, one of CIII,
three of CIV, and two of CV) together with the 22 tRNAs and 2 rRNAs required for mitochon-
drial translation, whereas the nuclear genome encodes the rest of the OXPHOS proteins, as
well as more than 30 ancillary factors required for the proper assembly and stability of the
OXPHOS complexes [4]. The nuclear genome also provides all the proteins required for the
proper functioning of the mitochondrial translation machinery, including proteins responsible
for the post-transcriptional modification of mitochondrial tRNAs (mt-tRNAs) and rRNAs [5–
7]. Hence, OXPHOS diseases can be due to mutations in either mtDNA or nuclear DNA and a
relevant group of these diseases is related to mitochondrial translation defects [5].

Several OXPHOS diseases have been associated with alterations in the post-transcriptional
modification of the uridine located at the wobble position of certain mt-tRNAs. They include
MELAS (mitochondrial encephalomyopathy and lactic acidosis with stroke-like episodes),
MERRF (myoclonic epilepsy and ragged-red fiber), TRMU-dependent acute infantile liver fail-
ure and hypertrophic cardiomyopathies dependent on MTO1 and GTPBP3. MELAS and
MERRF are due mostly to mutations in the mt-tRNALeu(UUR) and mt-tRNALys genes, respec-
tively [8]. These mutations apparently act as negative identity determinants for the nuclear-
encoded enzymes involved in the wobble uridine (U34) modification since mutant tRNAs lack
the U34 modifications normally present in their wild-type counterparts [7]. Those enzymes are
conserved from bacteria to human. Thus GTPBP3 and MTO1 are the homologs of Escherichia
coli proteins MnmE and MnmG, respectively, and are thought to be jointly responsible for the
synthesis of the taurinomethyl group at position 5 of U34 (τm5U) in mt-tRNAs for Leu, Lys,
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Glu, Gln and Trp, whereas TRMU (also named MTU1) is the homolog of the bacterial MnmA
protein and introduces the thiol group at position 2 of U34 (s2U) in mt-tRNALys, mt-tRNAGlu,
and mt-tRNAGln [7, 9, 10]. Considering that modifications at U34 optimize the function of mt-
tRNAs in mitochondrial translation, it has been proposed that the loss of these modifications
in MELAS and MERRF cells is responsible for the onset of the disease [11, 12], although other
mechanisms may also be involved [6, 13–16].

TRMU (MIM #610230) mutations are associated with reversible infantile respiratory chain
deficiency, which is usually accompanied by acute liver failure and, in some cases, with myopa-
thy and neurological symptoms [17–22]. These phenotypes have been ascribed to a mitochon-
drial translation defect that could be compensated during the first months of life with dietary
supplementations [17, 21, 23]. Strikingly, mitochondrial translation in immortalized fibroblasts
from one patient and in TRMU knocked-down HEK 293 cells has been described to appear
normal, despite the drastic drop in the 2-thiouridylation levels of mt-tRNAs [24]. Therefore,
the pathomechanism of the TRMUmutations remains to be clarified.

Mutations ofMTO1 (MIM #614667) cause infantile hypertrophic cardiomyopathy, lactic
acidosis and, in some patients, neurological features [22, 25, 26]. These mutations are usually
associated with diminished activities of Complexes I and IV, which could be ascribed to mito-
chondrial translation impairment after considering the tRNA modifying function of theMTO1
homologs in yeast and bacteria [9]. However, translation has been reported as being normal in
fibroblasts from two affected siblings, despite an approximate 50% reduction in the activity of
Complex I or IV [26]. Both patients died early from sudden bradycardia. In contrast, affecta-
tion of mitochondrial translation has been recently reported in fibroblasts from one patient
who carried a differentMTO1mutation in homozygosis [27]. The clinical presentation in
someMTO1 patients seemed to depend on the severity of the mutation(s) [25]. However, the
disease course was very different for the patients of two families carrying the same mutant
genotype, suggesting that protection/risk genetic factors and environmental variations (includ-
ing pharmacological intervention) may modulate the phenotype [25].

An international collaborative study has recently described the first group of patients (11
individuals from 9 families) with a mitochondrial disorder due to a GTPBP3 defect [28]. Like
MTO1mutations, GTPBP3mutations (MIM 608536) are mostly associated with hypertrophic
cardiomyopathy, lactic acidosis, and combined respiratory chain deficiency. About 50% of
identified carriers also exhibited neurological symptoms. One case of atypical presentation
with normal respiratory complex activity in muscle was also reported. Analysis of mitochon-
drial translation in fibroblasts of four affected individuals revealed a severe decrease in three
cases, but no detectable effect in a fourth patient who, however, died at 7 months of age from
cardiac failure. Therefore, as in the TRMU- and MTO1-dependent diseases, variability in the
degree of impairment of the mitochondrial translation has been found among carriers of
GTPBP3mutations and no unequivocal correlation between the mitochondrial translation
defect and the outcome of the disease can be established.

Causes for the inter-individual variability within a specific mt-tRNA modification disease
may be, in addition to the mtDNA haplotype, the nuclear background and epigenetic factors,
which may modulate the cell response to changes in the functional state of mitochondria. How-
ever, this issue has been poorly investigated. Another conundrum with this kind of diseases is
how mt-tRNA hypomodification and the subsequent translational stress can cause so different
clinical symptoms. These unresolved aspects urge to investigate the signals generated as a result
of mt-tRNA hypomodification and the downstream signaling pathways that can modulate the
phenotype of the disease.

Here we use a GTPBP3 stable-silencing cell model (shGTPBP3 cells) to further characterize
the phenotype associated with a GTPBP3 defect. We demonstrate for the first time that the
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GTPBP3 defect is associated with an mt-tRNA hypomodification status, as revealed by the
greater sensitivity of mt-tRNAs purified from shGTPBP3 cells to digestion by angiogenin. We
do not find a consistent general reduction of mitochondrial translation in shGTPBP3 cells,
although the ATP content and Complex I activity are reduced to 50% of the control levels. Our
data also indicate that stable silencing of GTPBP3 triggers an AMPK-dependent retrograde sig-
naling pathway that up-regulates the expression of uncoupling protein 2 (UCP2), while down-
regulating the expression of both the mitochondrial pyruvate carrier and Complex I assembly
factors NDUFAF3 and NDUFAF4. We suggest that altered regulation of fatty acid and glucose
metabolism associated with reduced ATP levels contributes to the pathomechanism of the
GTPBP3 defect.

Results

Down-regulation ofGTPBP3 alters the angiogenin digestion pattern of
substrate mt-tRNAs without affecting the 2-thiolation level
To explore the consequences of a GTPBP3 defect we specifically knocked down the GTPBP3
expression in HEK-293 cells by RNA interference under stable transfection conditions with
short hairpin RNA (shRNA) plasmids. GTPBP3 silencing in two selected cell lines
(shGTPBP3-1 and -2, with each one carrying a different shRNA sequence against GTPBP3)
was verified at both the RNA and protein levels by quantitative real-time PCR and Western
blotting, respectively (Fig 1). The steady-state levels of the GTPBP3 protein in shGTPBP3 cells
decreased to about 75% compared with those of the negative control (NC). This decrease was
somewhat larger than that found in mRNA levels (about 60%). The difference could probably
be due to the activity of a translational regulatory mechanism that is affected in shGTPBP3
cells. However, its specific nature is at present unknown since the available information on the
regulation of GTPBP3 expression is scarce [16].

Next, we decided to study the effect of the GTPBP3 depletion on mt-tRNA modification.
Unfortunately, a direct analysis of the τm5 modification of U34 is a very difficult task because
of the low abundance of mt-tRNAs relative to their cytosolic homologues, which limits their
availability from biological samples [7, 29]. In fact, the taurine modification deficiency has not
been evaluated in carriers of GTPBP3mutations [28]. We thus addressed this issue by analyz-
ing the sensitivity of substrate and non-substrate mt-tRNAs of GTPBP3 to digestion with

Fig 1. Expression ofGTPBP3 is down regulated in shGTPBP3 cells. (A) qRT-PCR analysis ofGTPBP3mRNA expression in shGTPBP3-1, shGTPBP3-
2 and negative control (NC) cells. (B)Western blot analysis of GTPBP3 protein in shGTPBP3-1, shGTPBP3-2 and NC cells, using porin as a loading control.
Positions of molecular-mass markers (in kDa) are indicated on the left. The arrow denotes a non-specific band. (C) Densitometric analysis of GTPBP3
protein normalized to loading control and represented as % of NC. In A and C, mean ± SEM of at least three independent biological replicates. Differences
from NC values were found to be statistically significant at ***p<0.001. A.U.: arbitrary units.

doi:10.1371/journal.pone.0144273.g001
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angiogenin, a tRNA-specific enzyme of the RNase A superfamily [30–35]. This approach was
based on previous findings indicating that loss of certain tRNA modifications increases the
angiogenin-mediated cleavage of cytosolic tRNAs in Drosophila, mouse and human [30, 34].
After in vitro angiogenin digestion of small RNA obtained from shGTPBP3-1 and NC cells, fol-
lowed by Northern blot analysis (Fig 2A), we found that the GTPBP3-substrates mt-tRNALys

and mt-tRNALeu(UUR) were more sensitive to angiogenin when purified from shGTPBP3 cells
than when obtained from the control cells (Fig 2A and 2B). In contrast, we found no differ-
ences in the digestion patterns of a non-substrate tRNA of GTPBP3 (mt-tRNAVal). These
results suggest that the higher susceptibility towards cleavage by angiogenin of mt-tRNALys

and mt-tRNALeu(UUR) obtained from stable GTPBP3 knocked-down cells is due to the deficit of
the τm5 group.

Notably, mt-tRNALys purified from shGTPBP3 cells showed normal 2-thiolation levels at
U34, according to the migration pattern observed on [(N-acryloylamino)phenyl]mercuric
chloride (APM)-Northern blots (Fig 2C), in which the APM polymerized in the gel causes a
specific retardation of thio-modified tRNAs through its binding to the sulfur in the tRNA. The

Fig 2. Altered angiogenin digestion pattern of mt-tRNALys andmt-tRNALeu(UUR) purified from shGTPBP3 cells. (A) Northern analysis of mt-tRNALys

(upper panel), mt-tRNALeu(UUR) (middle panel) and mt-tRNAVal (lower panel) molecules after in vitro angiogenin (ANG) digestion of small RNAs purified from
shGTPBP3-1 and negative control (NC) cells for 1, 2 and 3 h. Similar results were obtained with shGTPBP3-2. (B) Relative abundance of intact mt-tRNAs
after angiogenin treatment. The amount of intact mt-tRNA after 0, 1, 2 and 3 h of incubation with angiogenin was quantified from blots similar to those shown
in panel A and is represented as percentage of the undigested NC sample (0 h). Data are the mean ± SEM of at least three independent biological replicates.
Differences were found to be statistically significant at *p<0.05. (C) APM-Northern analysis of the 2-thiolation status of mt-tRNALys molecules from NC,
shGTPBP3-1 and shGTPBP3-2 cells. The same amount of total RNA (7.5 μg) was run in a denaturing polyacrylamide-urea gel in the presence (+) or
absence (-) of APM. The thiolated tRNAs were detected as retarded bands in the presence of APM. Experiments were performed with RNAs purified from at
least three independent cultures of each cell line, with similar results to those shown in the panel.

doi:10.1371/journal.pone.0144273.g002
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modification status of mt-tRNALys in shGTPBP3 cells suggests that thiolation at position 2 of
mt-tRNALys occurs independently of the presence of a modification at position 5, similarly to
that observed in E. coli tRNAs and S. cerevisiaemt-tRNAs [10, 36].

To verify the suitability of the angiogenin-based approach, we used native tRNALys
mnm5-

s2UUU purified from E. coli strains as a substrate for the enzyme since, in this case, it is possible
to compare the results of the angiogenin assay with those of a direct analysis of the tRNA
nucleoside composition by HPLC after digesting tRNA with nuclease P1 and bacterial alkaline
phosphatase [37]. We found that digestion of the E. coli tRNALys

mnm5s2UUU purified from a
nullmnmEmutant strain (which lacks the MnmE protein; i.e., the GTPBP3 homologue) was
more sensitive to angiogenin cleavage than when obtained from a wild-type E. coli strain (S1A
Fig). These data perfectly fit with the presence (in the wild-type strain) or the absence (in the
mnmEmutant strain) of the MnmE-dependent modification at position 5 of U34, as deter-
mined by HPLC analysis of tRNALys

mnm5s2UUU hydrolysates (S1B Fig). It should be noted that
a 2-thiolated U34 was present in the tRNA purified from themnmEmutant, indicating that
modification at position 2 is independent of modification at position 5. The results obtained
with the bacterial system support the notion that sensitivity towards angiogenin depends on
the MnmE-mediated modification. It is then reasonable to assume that the greater angiogenin
sensitivity of mt-tRNALys and mt-tRNALeu(UUR) purified from shGTPBP3 cells is due to the
absence of the GTPBP3-dependent modification. Therefore, the angiogenin-based experimen-
tal approach used herein appears as an effective and affordable strategy to evaluate the modifi-
cation status of U34 at position 5. Thus our data offer the first experimental evidence for a role
of human GTPBP3 in modification of mt-tRNAs.

Characterization of mitochondrial dysfunction in shGTPBP3 cells
To assess the effect of GTPBP3 down-regulation on mitochondrial physiology, we firstly evalu-
ated the mitochondrial membrane potential and oxygen consumption by MitoTracker Red
tracked by flow cytometry and polarography with a Clark-type electrode, respectively.
shGTPBP3 cells exhibited a decrease in both parameters (Fig 3A and 3B).

Next we evaluated the oxidative stress in shGTPBP3 cells and found that the levels of two
different ROS markers did not significantly change compared to NC cells (Fig 3C and 3D).
These data differed from those previously reported after transiently knocking down GTPBP3
in the same cell line, where an important increase (28%) in superoxide anion levels was
observed [38]. This finding suggests that in a long-term process like the stable knockdown
expression of GTPBP3, the cell has time to mount an adaptive response, which results in an
increased antioxidant capacity. In agreement with this hypothesis, exposure to 0.3 mMH2O2

for 2 h resulted in increased intracellular levels of H2O2 in NC cells, but not in shGTPBP3 cells
(Fig 3D).

We then looked at the activity or expression of antioxidant systems. No consistent increase
in the activity of catalase, superoxide dismutase and glutathione peroxidase was observed in
shGTPBP3 cells (Fig 3E). We analyzed the transcription levels of some components of the
thioredoxin system, a major antioxidant system that maintains redox balance through the
action of thioredoxin and thioredoxin reductase, and regulates the activity of peroxiredoxins
[39, 40]. We observed a tendency towards an increased expression of thioredoxin-2, peroxire-
doxin-3 and peroxiredoxin-5 (Fig 3F), all of them with a mitochondrial localization [39, 41].
Most important was the increase in both mRNA and protein levels of UCP2 (Fig 3F–3H),
whose regulation is known to occur at several levels. Uncoupling protein 2 (UCP2) has been
associated with protective functions against excessive ROS production, but its precise function
is still a matter of debate [42–49]. Several recent reports support the view that UCP2 promotes

GTPBP3 Defect and (Mal)Adaptive Responses

PLOS ONE | DOI:10.1371/journal.pone.0144273 December 7, 2015 6 / 33



Fig 3. shGTPBP3 cells show increased antioxidant capacity. (A) Determination of the mitochondrial membrane potential by flow cytometry in
shGTPBP3-1, shGTPBP3-2 and negative control (NC) cells with the fluorescent probe MitoTracker Red. NC cells treated for 30 min with sodium azide (SA)
at 25 mM were included in the analysis as a positive control for the membrane potential drop. (B) Determination of oxygen consumption rate with a Clark-type
oxygen electrode in shGTPBP3-1, shGTPBP3-2 and NC cells. (C) Determination of ROS by flow cytometry in shGTPBP3-1, shGTPBP3-2 and NC cells with
hydroethidine. (D) Determination of ROS by flow cytometry in shGTPBP3-1, shGTPBP3-2 and NC cells treated (+) or not (-) for 2 h with 0.3 mM H2O2 with
dihydrorhodamine 123. (E)Measurements of antioxidant enzyme activities: Catalase, SOD (superoxide dismutase) and GSH-Px (glutathione peroxidase).
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a metabolic shift from pyruvate to glutamine and fatty acid oxidation as a means to provide
FADH2 reducing equivalents to the respiratory chain [42, 44, 46, 47, 49], thus lowering ROS
production as a secondary effect of its metabolic control rather than by directly uncoupling
mitochondrial respiration from ATP synthesis. Whatever the precise function of UCP2 is, the
nearly 2-fold increase of this protein in shGTPBP3 cells suggests that it contributes to the
increased antioxidant capacity of these cells.

Interestingly, the ATP levels in shGTPBP3 cells were notably lowered (�50%) compared to
the control cells (Fig 4A), which suggests an impairment of oxidative phosphorylation. Indeed,
the activity of Complex I, but not of Complex IV, was found to be drastically reduced in
GTPBP3 depleted cells (Fig 4B). We also observed a tendency towards an increase in Complex
II activity and a significant increase in ATPase activity of Complex V (Fig 4B), which could
compensate for some effects of Complex I deficiency. On the one hand, an increase in Complex

Data in A, C, D and E are expressed as % of NC. (F) qRT-PCR analysis of Thioredoxin-1, Thioredoxin-2, Peroxiredoxin-3, Peroxiredoxin-5 andUncoupling
protein-2 (UCP2) mRNA expression in shGTPBP3-1, shGTPBP3-2 and NC cells. (G)Western blot analysis of UCP2 in shGTPBP3-1, shGTPBP3-2 and NC
cells. The filter was also probed with porin as a loading control. (H) Densitometric analysis of UCP2 normalized to loading control and represented as % of
NC. All data are the mean ± SEM of at least three independent biological replicates. Differences from NC values were found to be statistically significant at
*p<0.05, **p<0.01 and ***p<0.001. A.U.: arbitrary units.

doi:10.1371/journal.pone.0144273.g003

Fig 4. ATP levels and Complex I activity are reduced in shGTPBP3 cells whereas AMPK is activated. (A) ATP levels in shGTPBP3-1, shGTPBP3-2
and negative control (NC) cells. (B)Measurement of mitochondrial Complex I, II, IV and V activities. All activities are expressed as citrate synthase ratios
((nmol/min/mg protein)/(citrate synthase-specific activity) x 100). (C)Western blot analysis of phospho-Thr172-AMPKα in shGTPBP3-1, shGTPBP3-2 and
NC cells. The filter was also probed with AMPKα as a loading control. (D) Densitometric analysis of phospho-Thr172-AMPKα normalized to the loading
control and represented as % of NC. All data are the mean ± SEM of at least three independent biological replicates. Differences from NC values were found
to be statistically significant at *p<0.05, **p<0.01 and ***p<0.001.

doi:10.1371/journal.pone.0144273.g004
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II activity might boost the delivery of reducing equivalents to the OXPHOS system from succi-
nate. On the other hand, a reverse operation of Complex V could help to prevent a drastic drop
of the membrane potential in shGTPBP3 cells. In this respect, it has been previously shown
that when Complex I is inhibited, the membrane potential may be maintained by the reversal
of the F0F1-ATPase, although the mechanisms by which F0F1-ATPase operates and reverses
are not fully understood [50].

One key cellular sensor of the metabolic status is the AMP-activated protein kinase
(AMPK), which is activated by a number of mechanisms when the AMP:ATP ratio increases
[51–54]. Since ATP levels are reduced in shGTPBP3 cells, we evaluated AMPK activation by
Western blot analysis and found that phosphorylation of AMPKα at Thr172 was indeed stimu-
lated in these cells (Fig 4C and 4D).

Mitochondria are intimately involved in cell signaling pathways, and thus participate in the
regulation of key processes, including cell growth and macroautophagy, hereafter simply called
autophagy [53, 55, 56]. OXPHOS dysfunction has been shown to affect these processes to some
extent [57–61]. In this respect, we found that cell growth was reduced in shGTPBP3 cells (Fig
5A and 5B), while autophagic activity, measured both under low (Fig 5C) and high (Fig 5D)
proteolysis conditions and in the presence of lysosomal inhibitors, appeared to be increased, as
we observed accumulation of LC3-II (microtubule-associated light-chain 3), a hallmark of
autophagy.

Interestingly, mitochondria were smaller and somewhat more abundant in shGTPBP3 cells
(Fig 5E–5G). Mitochondrial fragmentation, due to a fission-fusion imbalance, is a common
stress response that is required principally to segregate and eliminate dysfunctional mitochon-
dria via a process of selective autophagy called mitophagy [55, 62–64]. Depletion of ATP is
known to trigger general fragmentation of the mitochondrial web due to cleavage of Opa1, a
protein involved in mitochondrial fusion [62]. Notably, the mitochondrial fractional volume
was found to be reduced in shGTPBP3 cells (Fig 5H), which could be related to increased
autophagy aimed at removing damaged mitochondria. It is noteworthy that the mtDNA copy
number did not lower (Fig 5I), a feature which, in this context, could be associated with the
activation of an mtDNA maintenance program given that the mtDNA copy number can be
modulated according to the energy requirements of the cell [65]. It is known that AMPK acti-
vation can enhance mtDNA biogenesis, promoting at the same time the clearance of defective
mitochondria while suppressing cell growth [52, 64, 66]. Therefore, activation of AMPK might
contribute to the slower growth, the increased autophagy and the maintenance of the relative
mtDNA copy number exhibited by shGTPBP3 cells.

GTPBP3 knockdown causes a mild deficiency in mitochondrial
translation
To study the effect of stable knock down of GTPBP3 on mitochondrial translation, shGTPBP3
and NC cells were pulse-labeled with a mixture of [35S]-methionine and [35S]-cysteine in the
presence of emetine, a cytoplasmic translation inhibitor, and mitochondrial translation prod-
ucts were analyzed by SDS-PAGE. No changes were observed in shGTPBP3 cells in either the
overall protein synthesis or migration of any polypeptide, although in both shGTPBP3 clones,
specific decreases in labeling of the Complex I ND1 and ND3 subunits in relation to either sub-
unit A6 (Complex V) or cytochrome b (Complex III) were significant (Fig 6A and 6B; data not
shown).

Puzzling observations for the effect of mutations in genes encoding components of the
mitochondrial translation apparatus have been frequently reported [18, 23, 24, 26–28, 67]. This
suggests that either a drop in mitochondrial translation should be severe if it is to be revealed
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Fig 5. Stable knocking-down ofGTPBP3 expression alters cell growth, autophagy, and the mitochondrial size and fractional volume, yet the
relative mtDNA copy number is maintained. (A)Growth curves of negative control (NC) (black square), shGTPBP3-1 (grey triangle) and shGTPBP3-2
(grey circle) cells. (B) Doubling time (h) of shGTPBP3-1, shGTPBP3-2 and NC cells. (C, D) Representative immunoblots, using antibodies which recognize
LC3 or, as a loading control, actin, with extracts of shGTPBP3-1, shGTPBP3-2 and NC cells. The cells were incubated for 1 h with (+) or without (-) lysosomal
(Lys) inhibitors and under conditions of low (full medium,C) or high (phosphate buffered saline,D) proteolysis. The positions of LC3-I and LC3-II bands are
indicated on the left. The histograms below show the densitometric measurements of LC3-II normalized to loading control and represented as % of NC from
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by certain methodologies, or compensatory mechanisms, whose expression may depend on the
genetic background and cell type, help improve mitochondrial translation efficiency. There-
fore, in order to get a more sensitive approach, we decided to treat cells with chloramphenicol,
a mitochondrial translation inhibitor, reasoning that if mitochondrial protein synthesis was
affected to some extent in shGTPBP3 cells, they could be more sensitive to the drug. We found
that the LD50 for chloramphenicol was significantly lower for these cells than for the control
cells, whereas the LD50 for cicloheximide, a specific inhibitor of the cytoplasmic ribosomes,
was similar for both cell types (Fig 6C and 6D). These results suggest that mitochondrial

three independent experiments. (E)Representative electron micrographs of NC, shGTPBP3-1 and shGTPBP3-2 cells (left, middle and right panel,
respectively). Nuclei (nc) and somemitochondria (mit) are indicated. Bar: 1 μm. (F-H)Mean mitochondrial area (F), mitochondrial number per μm2 of
cytoplasm (G) and mitochondrial fractional volume expressed as μm3 mitochondria/100 μm3 cytoplasm (H) in shGTPBP3-1, shGTPBP3-2 and NC cells. (I)
Quantification of the mitochondrial-encodedCOX2 gene relative to the nuclear-encoded SDH gene in shGTPBP3-1, shGTPBP3-2 and NC cells by qPCR. All
data are the mean ± SEM of at least three independent biological replicates. Differences from NC values were found to be statistically significant at *p<0.05
and ***p<0.001.

doi:10.1371/journal.pone.0144273.g005

Fig 6. Mitochondrial translation is mildly affected by GTPBP3 knockdown. (A) Analysis of de novomitochondrial translation in shGTPBP3-1,
shGTPBP3-2 and negative control (NC) cells, pulse-labeled with [35S]-methionine for 1 h in the presence of emetine (ND1 to ND6: NADH dehydrogenase
subunits 1 to 6; CYTB: Cytochrome b; COXI, II and III: Cytochrome C oxidase subunits I to III; A6 and A8: ATP synthase subunits 6 and 8). #shGTPBP3-3 cell
line was excluded from further analysis due to instable down-regulation. (B) Densitometric analysis of radiolabeled OXPHOS subunits normalized to subunit
A6 of Complex V and represented as % of NC. Data are mean ± SEM of three independent biological replicates. (C and D) Differential influence of
chloramphenicol (D) and cycloheximide (E) on the viability of NC versus shGTPBP3-1 and shGTPBP3-2 cells. Boxes represent the interquartile range. The
middle line represents the median and the whisker-box plots represent minimum and maximum observations *p<0.05, **p<0.01 and ***p<0.001.

doi:10.1371/journal.pone.0144273.g006
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translation stress exists in shGTPBP3 cells, which is increased or synergized by the binding of
chloramphenicol to the A site of the mitoribosome.

Impairment ofGTPBP3 expression causes down-regulation of Complex-
I assembly factors NDUFAF3 and NDUFAF4
One possible explanation for the reduced activity of Complex I in shGTPBP3 cells, despite the
relatively unaffected levels of de novo synthesis of mitochondrial proteins, may be that post-
translational processing is altered. Therefore, we analyzed the steady-state levels of some
nuclear- and mitochondrial-encoded subunits of Complexes I and IV, the main affected com-
plexes in patients carrying GTPBP3mutations [28], and also of some nuclear-encoded subunits
of Complex II and V (Fig 7A and 7B). We observed a decrease in the levels of proteins from
Complex I (the mtDNA-encoded ND1 protein and the nuclear-encoded NDUFS3 and
NDUFB8 proteins) in both shGTPBP3 cell lines, and a decrease in the nuclear-encoded subunit
of Complex IV COX IV in only one shGTPBP3 cell line (shGTPBP3-2). No significant effect
on the steady-state levels was detected for Complex-II SDHA subunit, Complex-IV COX II
subunit, and Complex-V β-subunit. It is stressed that the decrease of proteins NDUFS3 and
NDUFB8 was not consistently accompanied by a similar decline in the respective mRNA levels
(S2 Fig), which suggests that translation and/or stability of both proteins is altered in
shGTPBP3 cells.

Then we assessed the steady-state levels of fully assembled complexes by blue native poly-
acrylamide gel electrophoresis (BN-PAGE) analysis followed by Western blotting. The analysis
revealed a marked decrease in the Complex I levels in shGTPBP3 cells, whereas the other com-
plexes remained unchanged (Fig 7C and 7D). Longer exposure of blots did not reveal any accu-
mulation of Complex I assembly intermediates (data not shown), suggesting that the
impairment of Complex I assembly occurs early in shGTPBP3 cells.

The ND1 subunit participates in the early formation of a*400 kDa subcomplex which
nucleates the assembly process of Complex I [4, 68]. Therefore, a defect in ND1 synthesis could
be responsible for the small amounts of this complex in shGTPBP3 cells. Notwithstanding, the
effect of the stable knocking-down of GTPBP3 expression on the steady-state levels of the ND1
subunit and Complex I (Fig 7B and 7D) appeared to be somewhat more severe than the effect
on ND1 synthesis (Fig 6B). This hints at a perturbation of the stability/assembly of ND1 and
Complex I that could be independent of ND1 translation. It has been shown that siRNA-medi-
ated knock-down of early Complex I assembly factors abrogated the assembly of this complex,
and resulted in the rapid proteolysis of newly synthesized ND1 [69]. Considering these data, we
decided to analyze the expression of such assembly factors and found that theNDUFAF3 and
NDUFAF4mRNA levels were significantly reduced in shGTPBP3 cells (Fig 7E).

It is noteworthy that in mitochondria derived from patients carrying mutations in the NDU-
FAF3 gene, Complex I assembly was disrupted without accumulation of assembly intermedi-
ates [70], which is reminiscent of what we observed in shGTPBP3 cells. Proteins NDUFAF3
and NDUFAF4 are codependent as knocking down the expression of one of them leads to a
simultaneous decrease in the level of both proteins [70]. This suggests that the decrease in
NDUFAF3 and NDUFAF4mRNA expression found in shGTPBP3 cells (Fig 7E) may have a
significant impact on the protein levels of both factors and, consequently, on Complex I assem-
bly. Therefore, we propose that the stable knocking down of GTPBP3 triggers a retrograde sig-
naling pathway that down-regulates the expression of NDUFAF3 and NDUFAF4 and this, in
turn, affects Complex I assembly and contributes to a rapid turnover of the ND1 subunit.
According to this proposal, the ND1 decrease observed in the pulse-labeling experiments (Fig
6B) may be due, at least in part, to rapid proteolysis of the newly synthesized protein.
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Fig 7. Stable knock-down of GTPBP3 disturbs Complex I assembly and reduces the expression of Complex I assembly factors NDUFAF3 and
NDUFAF4 (A)Western blot analysis of OXPHOS subunits ND1, NDUFS3 and NDUFB8 (Complex I), SDHA (Complex II), COXII and COXIV (Complex IV),
and β-subunit (Complex V) in shGTPBP3-1, shGTPBP3-2 and negative control (NC) cells. The filter was also probed with porin as a loading control. (B)
Densitometric analysis of OXPHOS subunits normalized to porin and represented as % of NC. (C) Representative Blue Native-PAGE of OXPHOS
complexes in shGTPBP3-1, shGTPBP3-2 and NC cells. (D) Densitometric analysis of OXPHOS Complexes normalized to Complex-II (loading control) and
represented as % of NC. (E) qRT-PCR analysis of C20ORF7, NUBPL, NDUFAF3 andNDUFAF4mRNA expression in shGTPBP3 and NC cells. All data are
the mean ± SEM of at least three independent biological replicates. Differences from NC values were found to be statistically significant at *p<0.05, **p<0.01
and ***p<0.001. A.U.: arbitrary units.

doi:10.1371/journal.pone.0144273.g007
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AMPK signaling results in down-regulation of Complex I assembly
factors and mitochondrial pyruvate carrier, while up-regulating UCP2
expression
AMPK regulates almost all aspects of cellular function and mediates adaptive responses of cells
with mitochondrial dysfunction [51, 52, 54, 61]. Therefore, we wondered whether the observed
down-regulation of NDUFAF3 and NDUFAF4 in shGTPBP3 cells could be related to AMPK
activation. To address this question, we first treated shGTPBP3 and NC cells for 48 h with 1
mM 5-aminoimidazole-4-carboxamide-1-β-D-ribofuranoside (AICAR), a widely used AMPK
activator. This treatment led to a significantly increased AMPK phosphorylation in all cases
(Fig 8A), and to a concomitant reduction of the NDUFAF4 mRNA levels (Fig 8B) in NC cells
and also, but to a lesser extent, in shGTPBP3 cells. When cells were treated for 1 h with 5 μM
of the AMPK inhibitor compound C, which strongly inhibited AMPK phosphorylation in both
NC and shGTPBP3 cells (Fig 8A), the NDUFAF4 mRNA levels in shGTPBP3 cells increased to
reach the values of NC cells (Fig 8B). Altogether, these results suggest that AMPK activation
mediates down-regulation of the NDUFAF4 gene.

A decrease in the amount of the assembly factor NDUFAF4 is expected to lower the levels
of NDUFAF3 (and vice versa), and to affect biogenesis of Complex I [69, 70]. In agreement
with this notion, we found that the steady-state levels of Complex I lowered after treating NC
and shGTPBP3 cells with AICAR (Fig 8C and 8E). In contrast, treatment of cells with the
AMPK inhibitor compound C led to the stabilization, and therefore, accumulation of Complex
I (Fig 8D and 8E).

Activation of AMPK has been involved in the up-regulation of UCP2 expression [71–73].
Therefore, we analyzed the relationships between AMPK activation and UCP2mRNA induc-
tion in shGTPBP3 and NC cells. We found that treatment with AICAR (1 mM) for 1 h, which
led to AMPK activation (Fig 9A), increased the UCP2 mRNA levels in NC cells, but not in
shGTPBP3 cells (Fig 9B). It is possible that either exacerbated AMPK activation in shGTPBP3
cells or the activation of AMPK-independent pathways by AICAR [74] interfered in some way
with UCP2 induction in our cell lines. In fact, a longer treatment with AICAR (1 mM, 48 h),
which also increased AMPK phosphorylation (see Fig 8A), did not affect the UCP2 levels in
NC cells and reduced the UCP2 expression in shGTPBP3 cells to similar levels as NC cells (Fig
9B). Notably, treatment with the AMPK inhibitor compound C significantly decreased the
UCP2 mRNA levels in shGTPBP3 cells (Fig 9B), suggesting that the UCP2 induction observed
in these cells is mediated by AMPK.

It has been recently proposed that UCP2 is a metabolite transporter that, by exporting
malate, oxalacetate and aspartate out of mitochondria, limits mitochondrial catabolism of
pyruvate originating from glucose, while promoting the oxidation of alternative substrates
such as glutamine and fatty acids [44, 49]. According to this idea, UCP2 induction in
shGTPBP3 cells might be a compensatory mechanism for the Complex I defect exhibited by
these cells, favoring the electron flow from Complex II and ETFs.

Pyruvate is a key molecule that lies at the intersection of multiple pathways, including gly-
colysis and TCAC; as such, its transport into the mitochondrial matrix, which is facilitated by
the mitochondrial pyruvate carrier (MPC), influences ATP production by oxidative phosphor-
ylation and multiple metabolic pathways connected with the TCAC. Thus aberrant pyruvate
metabolism plays a prominent role in numerous diseases, including cardiac failure [75]. It has
been shown that the suppression of pyruvate transport by a transcriptional or pharmacological
inhibition of the MPC induces a form of metabolic flexibility associated with the use of lipids
and glutamine to maintain the tricarboxylic acid cycle [76, 77], which is reminiscent to the
metabolic shift promoted by UCP2 [44, 47, 49]. These data, together with the fact that GTPBP3
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patients usually present hypertrophic cardiomyopathy and lactic acidosis [28], led us to
hypothesize that the down-regulation of MPC could be part of an adaptive response of the
GTPBP3-defective cells. Thus we analyzed the expression of MPC1, one of the two paralogous
subunits that form the human MPC [78], in shGTPBP3 cells and found a decrease of about

Fig 8. AMPK contributes to the down regulation of NDUFAF4. (A)Western blot analysis of phospho-Thr172-AMPKα in shGTPBP3-1, shGTPBP3-2 and
negative control (NC) cells treated (+) or not (-) with AMPKα activator AICAR (1 mM) for 48 h or with AMPKα inhibitor Compound C (5 μM) for 1 h. The filter
was also probed with AMPKα. (B) qRT-PCR analysis ofNDUFAF4mRNA expression in shGTPBP3-1, shGTPBP3-2 and NC cells treated or not with AICAR
or with Compound C (CC) as in (A). (C and D) Blue Native-PAGE analysis of Complex I in shGTPBP3-1, shGTPBP3-2 and NC cells treated (+) or not (-) with
AICAR (C) or with Compound C (D) as in (A). (E) Densitometric analysis of Complex I normalized to the loading control and represented as % of NC. All data
are the mean ± SEM of at least three independent biological replicates. Differences were found to be statistically significant at *p<0.05, **p<0.01,
***p<0.001. n.s.: non-significant differences. A.U.: arbitrary units.

doi:10.1371/journal.pone.0144273.g008
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Fig 9. AMPK activation contributes to the induction of UCP2 and the down-regulation of MPC1. (A)
Western blot analysis of phospho-Thr172-AMPKα in shGTPBP3-1, shGTPBP3-2 and negative control (NC)
cells treated (+) or not (-) with AMPKα activator AICAR (1 mM) for 1 h or with AMPKα inhibitor Compound C
(5 μM) for 1 h. The filter was also probed with AMPKα. (B) qRT-PCR analysis of UCP2mRNA expression in
shGTPBP3-1, shGTPBP3-2 and NC cells treated or not with AICAR (1 mM) for 1 and 48 h or with Compound
C (CC, 5 μM) for 1 h. (C) qRT-PCR analysis ofMPC1mRNA expression in shGTPBP3-1, shGTPBP3-2 and
NC cells treated or not with AICAR (1 mM) or with Compound C (CC, 5 μM), both for 1 h. All data are the
mean ± SEM of at least three independent biological replicates. Differences were found to be statistically
significant at *p<0.05, **p<0.01, ***p<0.001. n.s.: non-significant differences, A.U.: arbitrary units.

doi:10.1371/journal.pone.0144273.g009
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40–50% in both the mRNA and protein levels (Fig 9C and S3 Fig). Then, we wondered whether
AMPK activation could play some role in this effect. We found that incubation with AICAR
for 1 h markedly lowered the expression ofMPC1 in NC cells (50%), but had no additional
effect in shGTPBP3 cells (Fig 9C). Notably, treatment with the AMPK inhibitor compound C
significantly increased theMPC1mRNA levels in shGTPBP3 cells to those observed in
untreated NC cells (Fig 9C). This finding suggests thatMPC1 expression is down-regulated by
AMPK activation in shGTPBP3 cells.

As far as we know, the data presented here provide the first evidence of a link between
AMPK activation and regulation of MPC and Complex I assembly factors.

Expression of genes involved in glycolysis and fatty acid oxidation is
induced in shGTPBP3 cells
Activation of AMPKmobilizes glucose into ATP-generating processes, including glycolysis and
fatty acid oxidation [51, 52, 79]. Moreover, both the up-regulation of UCP2 as well as the down-
regulation of MPC have been associated with a metabolic shift from pyruvate to glutamine and
fatty acid oxidation as a means to provide reducing equivalents to the OXPHOS system [42, 44,
46, 47, 76]. Therefore, we examined the expression of genes involved in these pathways (glycoly-
sis, fatty acid oxidation, and glutamine oxidation) to gain further insight into the metabolic
changes that occur upon stable GTPBP3 depletion. We found that the mRNA levels of GLUT1,
a glucose transporter that has been shown to be transcriptionally and post-translationally acti-
vated via AMPK [80, 81], and lactate dehydrogenase B (LDHB, the main isoenzyme in the heart
that catalyzes the interconversion of pyruvate and lactate with the concomitant interconversion
of NADH and NAD+) significantly increased in shGTPBP3 cells (Fig 10). These data suggest
that glycolysis and production of lactate are activated in shGTPBP3 cells. No changes were
observed in lactate dehydrogenase A, the major isoenzyme in liver and skeletal muscle, and
phosphofructokinase (PFK1), the first regulatory site that commits glucose to catabolism by

Fig 10. IncreasedmRNA expression in shGTPBP3 cells of genes involved in glycolysis and fatty acid oxidation. qRT-PCR analysis of mRNA
expression of genes related to: 1) glycolysis (GLUT1: glucose transporter 1, PKF1: phosphofructokinase, and LDHA and LDHB: lactate dehydrogenase A
and B, respectively), 2) fatty acid oxidation (CPT1: carnitine palmitoyltransferase I, LCAD: long-chain acyl-CoA dehydrogenase, andMCAD: medium-chain
acyl-CoA dehydrogenase), and 3) glutaminolysis (ASCT2: glutamine/amino acid transporter 2, SN2: glutamine/amino acid transporter system N, andGLS:
glutaminase) in shGTPBP3-1, shGTPBP3-2 and NC cells. Data are the mean ± SEM of at least three independent biological replicates. Differences from NC
values were found to be statistically significant at *p<0.05, p<0.01 and ***p<0.001. A.U.: arbitrary units.

doi:10.1371/journal.pone.0144273.g010
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glycolysis (Fig 10). Notwithstanding, PFK1 is known to be indirectly activated by AMPK
through phosphorylation of phosphofructokinase 2 (PFK2), which converts fructose 6 phos-
phate into fructose-2,6-bisphosphate, an allosteric stimulator of PFK1 [82]. Therefore, the possi-
bility that PFK1 becomes activated in shGTPBP3 cells as an indirect consequence of AMPK
activation cannot be excluded.

With respect to fatty acid oxidation, we studied the expression of CPT1 (the enzyme that
mediates the transport of long-chain fatty acids across the outer mitochondrial membrane,
leading to increased fatty acid flux into the mitochondria for β-oxidation), and long-chain
acyl-CoA dehydrogenase (LCAD) and medium-chain acyl-CoA dehydrogenase (MCAD),
which catalyze the initial step of β-oxidation of long- and medium-chain acyl-CoA substrates,
respectively, using FAD as a cofactor [75]. As shown in Fig 10, we found a 2-fold increase in
the mRNA levels of CPT1 and a significant increase in the mRNA expression of LCAD. These
data suggest that stable down-regulation of GTPBP3 increases fatty acid oxidation.

Finally, we explored the expression of some genes related to glutaminolysis; specifically, the
genes that encode glutaminase and glutamine transporters ASCT2 and SN2. We found that
while mRNA expression of the transporters was uneven, the mRNA levels of glutaminase
(GLS-1), the enzyme that initiates the conversion pathway of glutamine to α-ketoglutarate,
were significantly lowered in shGTPBP3 cells (Fig 10), pointing to glutaminolysis does not
increase in these cells.

Altogether, our findings suggest that the inhibition of pyruvate oxidation due to the up-reg-
ulation of UCP2 and the down-regulation of MPC can rewire cellular metabolism to stimulate
fatty acid oxidation as the main pathway to supply reducing equivalents to the OXPHOS sys-
tem in shGTPBP3 cells.

Discussion
Mutations in GTPBP3 cause hypertrophic cardiomyopathy, lactic acidosis and encephalopathy,
and they have been associated with a defect in mitochondrial translation [28], although the
pathomechanism remains unclear. Here we show that defective GTPBP3 expression affects the
modification status of mt-tRNAs and triggers AMPK signaling, which leads to adaptive/mal-
adaptive responses via the induction of UCP2 and the down-regulation of MPC and Complex I
assembly factors.

GTPBP3 is homologous of proteins MnmE and MSS1 of E. coli and yeast, respectively;
hence it is thought to be directly involved in the post-transcriptional modification of human
mt-tRNAs, although no experimental evidence in support of this prediction has been published
so far [7, 9, 28]. Due to the difficulty of directly analyzing the presence of τm5 in human mt-
tRNAs, here we adopted an indirect method based on the higher sensitivity of hypomodified
tRNAs towards digestion by angiogenin. Our results revealed that the defective expression of
GTPBP3 altered the composition of mt-tRNALys and mt-tRNALeu(UUR) as they were found to
be more sensitive to angiogenin digestion than mt-tRNAs obtained from the control cells (Fig
2A). This represents the first experimental evidence of a role for GTPBP3 in mt-tRNA modifi-
cation. In addition, we used APM-northern blotting analysis to demonstrate that thiolation at
position 2 of U34, which is catalyzed by TRMU [21, 24], was not affected by the GTPBP3 defect
(Fig 2C). This finding supports the idea that TRMU functions independently of the τm group
being present at position 5.

It is noteworthy that the stable knocking down of GTPBP3 expression left a remnant (about
25%) of the GTPBP3 protein (Fig 1B and 1C) and, accordingly, we assumed that a fraction of
substrate tRNAs may contain a modified U34. Notwithstanding, the angiogenin assay showed
a differential digestion pattern between the mt-tRNAs purified from shGTPBP3 and NC cells
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(Fig 2A). Therefore, we believe that this assay may be a useful qualitative approach to estimate
the impairment of mt-tRNA modification in patient cells, even for the case of partial loss-of-
function mutations.

tRNA modifications jointly introduced by the GTPBP3- and MTO1-family proteins are
important for translational fidelity and an optimal translation rate [83–88]. Therefore,
GTPBP3 defects are expected to result in some mitochondrial translation impairment. Indeed,
a reduction in mitochondrial translation has been reported from the transient knocking down
of GTPBP3 with siRNAs and in cells from some, but not all, of the patients carrying GTPBP3
mutations [28, 38]. In this work, we found that the stable knocking down of GTPBP3 did not
cause consistent changes in overall protein synthesis, but a specific decrease in the labeling of
Complex I subunits ND1 and ND3 was found to be significant (Fig 6B). Compensatory mecha-
nisms might contribute to improve mitochondrial translation efficiency in shGTPBP3 cells.
Nonetheless, the greater sensitivity of these cells to chloramphenicol (Fig 6C) suggests that
mitochondrial translation could still be affected to some extent. The point is then why the
apparently mild affectation of this process in shGTPBP3 cells resulted in such a marked drop
in the levels and activity of Complex I and, in contrast, did not affect the levels and activity of
Complex IV, which also includes mtDNA-encoded subunits (Figs 4B and 7D).

It is possible that translation of ND1 and ND3 mRNAs is especially dependent on properly
modified mt-tRNAs and, in this manner, become more affected by the GTPBP3 defect. Struc-
tural and in vivo data support the notion that the xm5U-type modifications (where xm5U
stands for diverse 5-methyluridine derivatives including carboxymethyluridine, methylamino-
methyluridine and taurinomethyluridine) are important for modulating the geometry of the
codon:anticodon pairs at the wobble position and, thus, the relative efficiency of anticodons in
reading cognate codons [85, 89, 90]. Lack of xm5U-type modifications causes translational fra-
meshifting in vivo [83, 84], which may be favored by the concurrence of several factors, includ-
ing translational pausing and the presence of sequences in the mRNA predisposing to slippage
[83, 84, 91], which are poorly defined in human mt-mRNAs [92]. Accordingly, we speculate
that mt-tRNA hypomodification due to the down-regulation of GTPBP3 affects the translation
of ND1 and ND3 to a greater extent, thus leading to a certain impairment of Complex I, an
alteration of the AMP/ATP ratio, the activation of AMPK-dependent retrograde signaling
pathways and, finally, to down-regulation of the assembly factors NDUFAF3 and NDUFAF4,
which, in turn, aggravates Complex I dysfunction. Another, not necessarily alternative, possi-
bility is that mt-tRNA hypomodification promotes misincorporation of amino acids during
translation so that qualitative alterations of mtDNA-encoded subunits (mainly of Complex I
subunits) play a pathogenic role in shGTPBP3 cells. Structural data indicate that the xm5U-
type modifications are not required to prevent the codon-anticodon U3•U34 wobbling when
the tRNA anticodon is pyrimidine-rich, as occurs in tRNAs decoding Lys, but could be neces-
sary in other cases [89]. Accordingly, loss of the U34 modification could promote the mispair-
ing of certain hypomodified mt-tRNAs with near-cognate codons. Misincorporation may also
be determined by tRNA competition between cognate and near-cognate tRNAs as higher error
frequencies result from lower competition from low-abundance tRNAs [93]. The relative abun-
dance of mt-tRNAs could be modulated, for instance, by the particular stability of each hypo-
modified mt-tRNA species.

Other mechanisms might also contribute to the phenotype of shGTPBP3 cells. Thus hypo-
modified mt-tRNAs might directly perform a signaling function and participate in mitochon-
dria-nucleus cross-talk. This hypothesis is based on the finding that loss of the wobble uridine
modification in yeast cytosolic tRNAs has been found to affect gene expression by perturbing
cell signaling in a translation-independent manner [94]. Moreover, some reports describe that
mt-tRNAs may be exported to the cytoplasm and subsequently associate with argonauta
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(AGO) proteins, suggesting a role for mt-tRNAs in gene silencing [95, 96]. Whether this pro-
cess is favored by mt-tRNA hypomodification remains to be explored. A different possibility is
that GTPBP3 has an additional function to mt-tRNAmodification, which may also contribute
to the functional state of mitochondria. Particularly interesting is the recent finding that its
partner protein MTO1 interacts with mitoribosomal proteins in an RNA-independent manner,
which suggests that MTO1 helps in the assembly or stability of mitoribosomes [27].

GTPBP3 andMTO1mutations are associated with combined Complex I and IV deficiency,
although affectation of these respiratory complexes is dependent on the cell type [25–27]. In
our cell model of the GTPBP3 defect (HEK293-derivative cells), we found only a consistent
affectation of Complex I (Figs 4B and 7D). Nonetheless, it is possible that a greater inactivation
of the GTPBP3 function could lead to the impairment of Complex IV in this cell type since we
have occasionally observed a drop in the steady-state levels of the COX IV subunit (Fig 7B).

AMPK is activated in shGTPBP3 cells, which is probably the result of the relatively low
ATP levels (Fig 4A and 4D). It is known that AMPK activation promotes the inhibition of
energy-consuming biosynthesis pathways and stimulates ATP-producing catabolic pathways,
like glycolysis and fatty acid oxidation, but AMPK activation also participates in the regulation
of many other functions, including regulation of mitochondrial biogenesis and disposal, autop-
hagy and cell growth [51, 52, 54, 61, 79]. Therefore in shGTPBP3 cells, AMPK activation could
be responsible for the observed reduced cell growth (Fig 5A and 5B), activation of autophagy
(Fig 5C and 5D) and the maintenance of the relative mtDNA copy number (Fig 5I).

AMPK activation also appears to be related to the UCP2 induction and the down-regulation
of NDUFAF3, NDUFAF4, andMPC1 expression in shGTPBP3 cells (Figs 3F, 3H, 7E and 9C;
S3 Fig). It has been shown that UCP2 reconstituted in lipid vesicles catalyzes the exchange of
malate, oxalacetate and aspartate for phosphate plus a proton from opposite sides of the mem-
brane [49]. Thus it is thought that, by exporting C4 compounds out of mitochondria, UCP2
brakes the entry of glucose into the oxidation pathway while promoting oxidation of alternative
substrates like fatty acids and glutamine [42, 44, 46, 47, 49]. Interestingly, we detected an
increase of the CPT1 and LCADmRNA levels in shGTPBP3 cells (Fig 10), which points to
increased fatty acid oxidation in these cells as a means to provide FADH2 to the respiratory
chain via ETF-ubiquinone oxidoreductase (Fig 11). Given that UCP2 promotes the transport
of C4 metabolites, including oxalacetate, out of mitochondria, and fatty acid oxidation pro-
duces acetyl-CoA but not oxalacetate, some anaplerotic reaction may act to replenish TCA
cycle (TCAC) intermediates that have presumably been extracted by UCP2 in shGTPBP3 cells.
The increased Complex II activity in these cells (Fig 4B) led us to suspect that glutaminolysis
could play a role in maintaining homeostasis of TCAC by increasing the anaplerotic flux via
glutamate and α-ketoglutarate, and, in this way, the levels of the Complex II substrate succi-
nate. However, we found that the mRNA levels of glutaminase, the enzyme responsible for the
transformation of glutamine into glutamate diminished in shGTPBP3 cells (Fig 10), suggesting
that glutaminolysis is not stimulated in these cells.

The delivery of reducing equivalents to the OXPHOS system from ETF-ubiquinone oxido-
reductase as a result of fatty acid oxidation (FAO) promoted by UCP2 may be a compensatory
mechanism for the defect of Complex I in shGTPBP3 cells. The slightly better maintenance of
oxygen consumption (Fig 3B) and lower ROS production (Fig 3C and 3D) compared to those
observed in transiently knocked-down cells [38] would be in line with this hypothesis as: 1)
there are data that document a physical association of FAO proteins with OXPHOS supercom-
plexes [97], which may improve electron transport efficiency and, therefore, respiration; 2) the
oxidation of fatty acids, despite being a powerful source of FADH2, does not lead to high ROS
generation [98]. Moreover, considering that the inhibition of the MPC activity has been shown
to induce a reprogramming of mitochondrial metabolism to use lipids and amino acids as
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catabolic and anabolic fuels [76, 77], we think that theMPC1 down-regulation in shGTPBP3
cells is part of an adaptive response that invokes the use of fatty acids and, perhaps, branched-
chain amino acids to provide reduced equivalents to the respiratory chain. Branched-chain
amino acids can be converted, after several reactions, either into acetyl-CoA or succinyl-CoA
that enter the TCAC. The increased activity of Complex II observed in shGTPBP3 cells (Fig
4B) may be then aimed at maximally exploiting the existing succinate levels to fuel FADH2

reducing equivalents to the OXPHOS system.
It is striking that, despite the several mechanisms apparently evolved by shGTPBP3 cells to

compensate the Complex I deficiency, their ATP levels remain low. Reasons for this can be,
among others, a reverse operation of Complex V (Fig 4B), which could help to prevent a drastic
drop of the membrane potential due to both Complex I deficiency and UCP2 activity, and an
insufficient recycling of NADH to NAD+, due to the low Complex I activity, which may limit

Fig 11. Proposed scheme of glucose and fatty acid metabolic pathways in shGTPBP3 cells.Glucose uptake is regulated by the translocation of the
glucose transporters (e.g., GLUT1) to the cell membrane. In glycolysis, the first regulatory step that commits glucose to catabolism is controlled by
phosphofructokinase (PFK1), whereas the last step is catalyzed by pyruvate kinase to produce pyruvate and ATP. Pyruvate is either oxidized (glucose
oxidation) or converted to lactate by lactate dehydrogenase (LDH). When glycolysis is coupled to glucose oxidation, pyruvate enters the mitochondria by
means of the mitochondrial pyruvate carrier (MPC) and is converted into acetyl CoA by pyruvate dehydrogenase (PDH), which is regulated by the action of
pyruvate kinase (PDK) and pyruvate phosphatase. Finally, acetyl CoA incorporates into the tricarboxylic acid cycle (TCAC). NADH and FADH2 generated by
TCAC enzymes are funneled into the mitochondrial electron transport chain through Complex I and Complex II, respectively. Long chain fatty acids use the
carnitine shuttle, which includes carnitine palmitoyltransferase I (CPTI), to cross the mitochondrial membranes. Fatty acid oxidation (FAO) produces acetyl-
CoA, which incorporates to the TCAC, and NADH and FADH2, which are used in the electron transport chain via Complex I and ETF-ubiquinone
oxidoreductase, respectively. Fatty acid and glucose metabolism can regulate each other by the Randle Cycle [75, 117]. In shGTPBP3 cells, where Complex
I is impaired, AMPK activation results in down-regulation of MPC1 (one of the two subunits that form MPC) and up-regulation of UCP2. The increase of UCP2
in shGTPBP3 cells could favor the export of malate and oxaloacetate (OAA) out of mitochondria and promote FAO. The decrease of MPCmay also be part of
an adaptive response that invokes FAO and oxidation of branched-chain amino acids to provide reducing equivalents to the OXPHOS system. However,
insufficient recycling of NADH to NAD+, due to the low activity of Complex I, may limit the effects of the metabolic reprogramming on the OXPHOS capacity.
This situation, together with a reverse operation of Complex V aimed to prevent a drastic drop of the membrane potential, could explain the low ATP levels in
shGTPBP3 cells. These reduced ATP levels and the uncoupling of glycolysis from pyruvate oxidation, which can l increase proton and lactate production
could be detrimental for tissues like the heart. In the figure, red and green lines indicate regulatory actions.

doi:10.1371/journal.pone.0144273.g011
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the β-oxidation of fatty acids and mitochondrial degradation of branched-chain amino acids
[99, 100].

A consequence of the metabolic shift promoted by the increase of UCP2 and the decrease of
MPC1 would be that despite glycolysis (from glucose to pyruvate) could take place inside
shGTPBP3 cells, as suggested by our data (Fig 10), most of the pyruvate would not be used by
mitochondria and would be converted into lactate by lactate dehydrogenase (Fig 11). This step
is important because it converts cytosolic NADH back to NAD+ so that it is available for glycol-
ysis to continue. The uncoupling between glycolysis and oxidative phosphorylation has been
shown to increase proton and lactate production in the heart, which can potentially be detri-
mental to this organ [75]. It is possible that an uncoupling between glycolysis and oxidative
phosphorylation may contribute to hypertrophic cardiomyopathy and lactic acidosis in
GTPBP3 patients. Moreover, the reduced ATP levels exhibited by shGTPBP3 cells indicate that
the compensatory response promoted by AMPK activation, up-regulation of UCP2 and down-
regulation of MPC does not lead to a recovery of the ATP control levels, which may be detri-
mental for tissues with high energy demand like the heart [75].

In brief, we propose that the hypomodification of mt-tRNAs associated with GTPBP3
defects promotes a cell-type dependent activation of the AMPK signalling pathway, which
leads to a metabolic shift from glucose to fatty acid oxidation via the up-regulation of UCP2
and the down-regulation of MPC. This response contributes to maintain ROS, oxygen con-
sumption, and membrane-potential levels relatively close to the wild-type levels, although it
can also lead to an altered regulation of fatty acid and glucose metabolism, which could be
responsible for the high lactate levels and heart damage that occur in GTPBP3 patients.

Materials and Methods

Bacterial strains, plasmids and microbiological media
Two predesigned plasmids, each containing a specific shRNA against human GTPBP3, and a
negative control shRNA plasmid (carrying a scrambled artificial sequence that did not match
any human gene), were used for the stable knockdown of GTPBP3 (SABioscience SureSilen-
cing shRNA plasmids catalog ID # KH17194H). E. coli DH5α cells were used for the overpro-
duction and purification of shRNA plasmids. E. coli native tRNALys was purified from strains
BW25113 and BW25113mnmE::kan. Bacterial strains were grown in LBT (Luria-Bertani-
broth containing 40 μg/ml thymine). Antibiotics were added when required (ampicillin at
100 μg/ml; kanamycin at 80 μg/ml).

Cell culture and plasmid transfections
Human HEK-293 cells (ATCC CRL 1573) were grown in full medium: Minimum Essential
Medium (Sigma) supplemented with 10% heat-inactivated fetal bovine serum (Gibco) and 100
units/ml penicillin G (Sigma). This cell line was used for stable transfections. Cells were trans-
fected with shRNA plasmids (final concentration: 0.5 μg/ml) using FuGene 6 transfection
reagent (Roche) according to the manufacturer's specifications. Antibiotic selection (hygromy-
cin B, 200 μg/ml) was started 24 h after transfection.

RNA isolation and qRT-PCR
Total and small RNA were isolated using TRIzol reagent (Invitrogen) and NucleoSpin miRNA
kit (Macherey-Nagel), respectively, following the manufacturer's instructions. To quantify
mRNA levels, one-step qRT-PCRs were performed in an Applied Biosystems Step-One Real-
Time PCR System. 50–300 ng of total RNA were reverse-transcribed and amplified by qPCR in
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20 μl of total volume reaction containing specific primers (Sigma), Power SYBR Green PCR
Master Mix, MultiScribe Reverse Transcriptase, and RNase Inhibitor (all from Applied Biosys-
tems), according to the manufacturer’s instructions. Relative quantitation of mRNA levels was
calculated using the comparative Ct method. ACTB gene was used as endogenous control. A
list of the primers used in this work is provided in S1 Table.

Isolation of native tRNALys from E. coli and reverse-phase HPLC
analysis of nucleosides
E.coli native tRNALys molecules were purified from bulk tRNA by the Chaplet Column Chro-
matography method [101] using a biotinylated DNA probe complementary to a specific
sequence of tRNALys (S1 Table). Ethanol-precipitated tRNA was subsequently treated with
nuclease P1 and E. coli alkaline phosphatase, and the resulting nucleosides were analyzed by
high performance liquid chromatography (HPLC), as previously described [102]. HPLC analy-
sis was monitored at 314 nm to achieve optimal absorption of thiolated nucleosides. Nucleo-
sides were identified according to their UV spectra [103] and by comparison with appropriate
controls.

APM-Northern blotting analysis
The procedure was performed as previously described to assess the thiolation status of mito-
chondrial tRNAs [16]. Essentially, total RNA (7.5 μg) was run on a 15% polyacrylamide gel
containing 7 M urea and 10 μg/ml APM and then transferred to positively charged nylon mem-
branes (Roche). Pre-hybridization and hybridization steps were performed with Dig Easy Hyb
(Roche) according to the manufacturer’s instructions. mt-tRNALys was detected with a specific
DIG-labeled synthetic oligodeoxynucleotide (S1 Table).

In vitro cleavage reaction of human total small RNA and E. coli native
tRNALys

For the cleavage reaction of human total small RNA, mixtures contained 1 μg of purified
human total small RNA, 2.5 μg/ml recombinant angiogenin (rANG), 30 mMHEPES pH 7.4,
30 mMNaCl and 0.01% bovine serum albumin. Cleavage reactions of E. coli native tRNALys

contained 0.6 μg of purified native tRNALys, 12.5 μg/ml rANG, 30 mMHEPES pH 7.4, 30 mM
NaCl, and 0.01% bovine serum albumin. Mixtures were incubated at 37°C for the indicated
times and quenched by adding 5 μl of Gel Loading Buffer II (Life Technologies). Cleavage
products from human and E. coli RNA samples were respectively resolved in 15% and 10%
denaturating polyacrilamide gels with 7 M urea, and then transferred to positively charged
nylon membranes (Mannheim Boehringer). Human mt-tRNALys, mt-tRNALeu(UUR) and mt-
tRNAVal, and E. coli tRNALys were detected with specific DIG-labeled synthetic oligodeoxynu-
cleotides (see S1 Table).

Measurement of intracellular ATP and oxygen consumption
The amount of ATP was measured with the ATP Bioluminescence Kit Assay Kit HSII (Roche),
according to the manufacturer’s instructions. Luminescence was determined using the Spectra
Max M5 (Molecular Devices). Endogenous respiration rate was measured as described previ-
ously [104]. Briefly, cells were collected by tripsinization and resuspended in culture media.
Cells were transferred to a chamber equipped with a Clark-type oxygen electrode (YSI 5331A
Oxygen Probe), pre-calibrated with air-saturated culture media, assuming 200 μM of O2 con-
centration. Measurements were collected using a data acquisition device (5300A monitor, YSI).
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Flow cytometry studies
Cells were detached at 37°C with trypsin-EDTA and resuspended in culture media. Mitochon-
drial membrane potential was measured by incubating cells in suspension (106 cells/ml) with
100 nMMitoTracker Red CMXRos for 30 min at 37°C, and the emitted fluorescence (620 ± 20
nm band-pass filter) was recorded [105]. For ROS studies, cells were incubated for 30 min at
37°C with 5 μM hydroethidine or 5 μM dihydrorhodamine 123, washed twice with phosphate
buffered saline (PBS), trypsinized, and the emitted fluorescences, red (filter as above) or green
(525 ± 20 nm band-pass filter) for hydroethidine or dihydrorhodamine 123, respectively, were
measured [106]. For cells subjected to extracellular oxidative stress, cells were incubated with
0.3 mMH2O2 for 2 h. After oxidant exposure, the medium was removed and intracellular
H2O2 levels were detected as described above. For all the measurements, 10,000 cells were ana-
lysed and collected using a Cytomics FC 500 flow cytometer (Beckman Coulter).

Antioxidant enzyme activities
To assay the activity of antioxidant enzymes, cells were collected by trypsinization and resus-
pended in PBS. Samples were homogenized by sonication, centrifuged for 10 min (12,000 g at
4°C) and supernatants were isolated. Catalase activity was estimated according to the spectro-
photometric assay of Aebi [107], monitoring H2O2 consumption at 240 nm. SOD was mea-
sured spectrophotometrically at 550 nm by assessing the inhibition of cytochrome c reduction
by O2

- generated by the xanthine/xanthine oxidase system [108]. Glutathione peroxidase
(GSH-Px) was measured following the oxidation of NADPH by glutathione reductase moni-
tored at 340 nm using cumene hydroperoxide as a substrate [109].

Determination of activities of OXPHOS complexes
To assay the activity of OXPHOS complexes, we previously isolated an enriched mitochondrial
fraction from negative control and shGTPBP3 cells by mechanical homogenization in hypo-
tonic buffer as described [110]. The activities of the OXPHOS Complexes I, II, IV and V and of
citrate synthase were measured in a Varian Cary 300 Conc spectrophotometer with a tempera-
ture controller. Essentialy, Complex I was measured by following the rate of NADH oxidation
at 340 nm, incubating the mitochondrial homogenate at 30°C in 20 mM phosphate buffer
(potassium phosphate, pH 8.0), 200 μMNADH, 0.1% bovine serum albumin (BSA)-EDTA,
1mMNaN3, 100 μM ubiquinone-1. To calculate the rotenone-sensitive rate of NADH oxida-
tion, the inhibitor of Complex I rotenone was added to a final concentration of 5 μM [111].
Complex II was assessed by measuring the reduction of 2,6-dichlorophenolindophenol
(DCPIP) at 600 nm in 50 mM Tris-phosphate buffer (pH 7.0), 1.5 mM potassium cyanide
(KCN), 32 mM succinate and 100 mMDCPIP [111]. Complex IV activity was analyzed by
monitoring the oxidation rate of reduced cytochrome c at 550 nm, incubating the mitochon-
drial homogenate at 25°C in 10 mM potassium phosphate buffer, pH 7.0, and 80 μM reduced
cytochrome c [111]. Determination of the ATPase activity of Complex V was assayed by an
ATPase coupled reaction, measuring the oxidation of NADH at 340 nm at 30°C in the presence
and absence of oligomycin [112, 113]. The reaction mixture contained 50 mMHEPES-Mg
buffer at pH 8.0, 0.2 mM NADH, 2.5 mM phosphoenolpyruvate, 5 μl of pyruvate-kinase (10
mg/ml) and 10 μl of lactate dehydrogenase (5 mg/ml) in the presence of 10 μl of antimycin A
(0.2 mg/ml in 50% ethanol). The oligomycin-sensitive fraction was measured by adding 10 μl
of oligomycin (0.2 mg/ml in 50% ethanol). Citrate synthase activity was determined by spec-
troscopy at 420 nm by incubating the mitochondrial homogenate at 30°C in 75 mM Tris-HCl,
pH 8.0, 100 μM 5,5´-dithiobis-(2-nitrobenzoic) acid, 0.5 mM oxaloacetate, 350 μg/ml acetyl-
coenzyme A and 0.1% Triton X-100 [111]. Specific activities were expressed as nmol x min-1 x
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mg protein-1, and referred to the specific activity of citrate synthase to correct for mitochon-
drial volume.

Pulse-labeling of mitochondrial translation products
Labeling of mitochondrial translation products was performed using [35S]-methionine and
[35S]-cysteine (EasyTag EXPRESS 35S Protein Labeling Mix, PerkinElmer) in intact cells for 1
h, as described previously [114]. Emetine (100 μg/ml) was used to inhibit cytoplasmic protein
synthesis. Samples were loaded onto 15–20% polyacrylamide gradient gels and run at 10 mA
for 16 h or until 1 h after the dye front ran out of gel [114]. Gels were fixed in a methanol-acetic
acid solution, treated 30 min with Amplify (GE Healthcare), dried and exposed to Amersham
Hyperfilm MP film with Hyperscreen intensifying screens (GE Healthcare) at -80°C for several
days.

Cell viability assays
Effects of chloramphenicol and cycloheximide inhibitors on the viability of cells was evaluated
as described previously [67] using the CellTiter 96 AQueous One Solution Cell Proliferation
Assay (Promega).

Blue-Native PAGE andWestern blot
BN-PAGE was performed similarly as described in detail elsewhere [24, 115]. Briefly, mito-
plasts were prepared by treatment with 1.2 mg digitonin per mg of protein, and were then solu-
bilized with 1% lauryl maltoside, which is a mild non-ionic detergent that promotes
dissociation of the OXPHOS supercomplexes while complexes I-V are usually solubilized as
individual membrane protein complexes. Samples containing 15 μg of protein were separated
on 3–12% Bis-Tris Novex NativePAGE gel (Life Technologies). Estimation of the relative level
of the assembled respiratory complexes I-IV was assessed by Western blot with commercially
antibodies: mouse monoclonal anti-NDUFB8 antibody (sc-65237, Santa Cruz Biotechnology),
mouse monoclonal anti-SDHA antibody (A11142, Molecular Probes), mouse monoclonal
anti-Complex III subunit Core 1 antibody (459140, Invitrogen) and rabbit polyclonal anti-
COX IV antibody (4850, Cell Signaling.). Complex V was detected with a rabbit polyclonal
antibody [116].

For Western blot, cell extracts were prepared in lysis buffer (150 mMNaCl, 1% Nonidet
P40, 0.5% sodium deoxycholate, 0.1% SDS and 50 mM Tris-HCl pH 8.0), containing 0.1 mM
leupeptin and 1 mM phenylmethanesulphonyl fluoride. Proteins (100 μg) from the various
lysates were separated by SDS/PAGE (10 or 15% acrylamide) and transferred to PVDF mem-
branes (GE Healthcare, Amersham Biosciences). For immunodetection, the same aforemen-
tioned antibodies were used along with others: anti-GTPBP3 antibody purified from
GTPBP3-His-inoculated rabbit serum [38], rabbit polyclonal anti-porin antibody (ab15895,
Abcam), mouse monoclonal anti-ND1 antibody (H00004535-A01, Abnova), mouse monoclo-
nal anti-NDUFS3 antibody (sc-58393, Santa Cruz Biotechnology), mouse monoclonal anti-
COX II antibody (A6404, Molecular probes), rabbit monoclonal anti-phospho-AMPKα
(Thr172) antibody (2535, Cell Signaling), rabbit polyclonal anti-AMPKα antibody (2532, Cell
Signaling), rabbit polyclonal anti-LC3B antibody (3868, Cell Signaling), goat polyclonal anti-
UCP2 (Santa Cruz Biotechnology, sc-6525), rabbit polyclonal anti-MPC1 (Abcam, ab74871)
and rabbit polyclonal anti-actin antibody (A2066, Sigma). The anti-goat (A5420), anti-rabbit
(A6154) and anti-mouse (A4416) IgG-horseradish peroxidase-conjugated secondary antibod-
ies were obtained from Sigma. Protein bands were quantified by densitometric analysis with an
Image Quant ECL (GE Healthcare).
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Mitochondrial DNA copy number quantification
Mitochondrial DNA quantification was performed by real-time PCR as previously described [67].

Electron microscopy and morphometry
Cells were seeded on Lab-Tek chamber slides (Nunc), washed and fixed with 3% glutaralde-
hyde. Then, they were post-fixed in 1% osmium tetroxide for 1 h, rinsed, dehydrated, incubated
for 2 h with 2% of uranyl acetate and embedded in Araldite (Sigma-Aldrich). Ultrathin sections
were cut, stained with lead citrate, and examined under a Philips CM10 transmission electron
microscope. For the morphometric study of each sample, 24 electron micrographs from two
different experiments were randomly selected, which represented more than 500 μm2 cyto-
plasm area. The volume density of mitochondria was estimated by point counting, using a dou-
ble-lattice test system with a 1.5 cm spacing. The volume density of mitochondria (Vv) was
expressed as percent volume: Vv = (Pi/Pt) x 100 (%), where Pi is the number of points failing
on each mitochondrial structure and Pt is the number of points failing on the cytoplasm. We
estimated the mitochondrial number by counting mitochondrial profiles in the micrographs
and referring to the area of cytoplasm. Mitochondrial size was determined by using the formula
of the ellipse area = π x semi-major axis x semi-minor axis.

Growth measurements
Cells were seeded at 1.5 x 105 cells/well in five 6-well plates and were grown for one to five days
in MEMmedium supplemented with 10% heat-inactivated fetal bovine serum and 100 units/
ml penicillin G. Cells corresponding to each day were detached with trypsin-EDTA, resus-
pended in culture media and proliferation was monitored by counting cell number using a Bür-
ker chamber. The population doubling time in the exponential phase was obtained by
exponential regression (http://www.doubling-time.com/compute.php).

Autophagy analysis
To assess autophagy by LC3-II levels, cells were incubated for 1h under conditions of low (full
medium) and high (phosphate buffered saline, PBS) proteolysis in the presence or not of lyso-
somal inhibitors (20 mM ClNH4 plus 0.1 mM leupeptin). Cell lysates were processed as
described above for Western blot.

Statistical analysis
Statistical analysis was performed using Student’s t test. The statistically significant differences
between the means were indicated by asterisks (�p< 0.05, ��p< 0.01 or ���p< 0.001), and
non-significant differences by n.s.

Supporting Information
S1 Fig. Escherichia coli tRNALys lacking the MnmE-dependent modification exhibits higher
sensitivity to cleavage by angiogenin. (A)Northern analysis of E. coli tRNALys purified from
wild-type (wt) and ΔmnmE strains after in vitro angiogenin digestion for 1, 2 and 3 h. (B)
HPLC analysis of E. coli native tRNALys purified from the wild-type (wt) and ΔmnmE strains.
Note that the final modification mnm5s2U was present only in the wild-type strain, whereas
tRNA purified from themnmEmutant strain carried s2U at position 34. Nucleoside s4U at
position 8 was used as an internal control (its level did not change in both bacterial strains).
Absorbance was monitored at 314 nm to maximize the detection of thiolated nucleosides.
(TIF)
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S2 Fig. qRT-PCR analysis of NDUFS3 and NDUFB8mRNA expression in shGTPBP3-1,
shGTPBP3-2 and negative control (NC) cells. Data are the mean ± SEM of at least three inde-
pendent biological replicates. Differences from NC values were found to be statistically signifi-
cant at �p<0.05 and ��p<0.01. A.U.: arbitrary units.
(TIF)

S3 Fig. (A)Western blot analysis of MPC1 in shGTPBP3-1, shGTPBP3-2 and NC cells. The fil-
ter was also probed with porin, as a loading control. (B) Densitometric analysis of MPC1 nor-
malized to the loading control and represented as % of NC. Data are the mean ± SEM of at
least three independent biological replicates. Differences from NC values were found to be sta-
tistically significant at �p<0.05 and ��p<0.01.
(TIF)

S1 Table. List of the oligonucleotide sequences used in this work. “Fw” indicates forward
primer and “Rv” denotes reverse primer.
(DOCX)

Acknowledgments
We thank Dr. Ester Perales-Clemente for help with mitochondrial translation procedures.

Author Contributions
Conceived and designed the experiments: AMZ SM JMEMV CA JAE EKMEA. Performed the
experiments: AMZ SM JMEMV CA. Analyzed the data: AMZ SM JMEMV CA JAE EKMEA.
Wrote the paper: AMZ SM JME EKMEA.

References
1. DiMauro S, Schon EA. Mitochondrial disorders in the nervous system. Annu Rev Neurosci. 2008;

31:91–123. doi: 10.1146/annurev.neuro.30.051606.094302 PMID: 18333761

2. Acin-Perez R, Enriquez JA. The function of the respiratory supercomplexes: the plasticity model. Bio-
chim Biophys Acta. 2014; 1837(4):444–50. doi: 10.1016/j.bbabio.2013.12.009 PMID: 24368156

3. Enriquez JA, Lenaz G. Coenzyme q and the respiratory chain: coenzyme q pool and mitochondrial
supercomplexes. Mol Syndromol. 2014; 5(3–4):119–40. doi: 10.1159/000363364 PMID: 25126045

4. Ghezzi D, Zeviani M. Assembly factors of humanmitochondrial respiratory chain complexes: physiol-
ogy and pathophysiology. Adv Exp Med Biol. 2012; 748:65–106. doi: 10.1007/978-1-4614-3573-0_4
PMID: 22729855

5. Boczonadi V, Horvath R. Mitochondria: impaired mitochondrial translation in human disease. Int J Bio-
chem Cell Biol. 2014; 48:77–84. doi: 10.1016/j.biocel.2013.12.011 PMID: 24412566

6. Smits P, Smeitink J, van den Heuvel L. Mitochondrial translation and beyond: processes implicated in
combined oxidative phosphorylation deficiencies. J Biomed Biotechnol. 2010; 2010:737385. doi: 10.
1155/2010/737385 PMID: 20396601

7. Suzuki T, Suzuki T. A complete landscape of post-transcriptional modifications in mammalian mito-
chondrial tRNAs. Nucleic Acids Res. 2014; 42(11):7346–57. doi: 10.1093/nar/gku390 PMID:
24831542

8. Finsterer J, Harbo HF, Baets J, Van Broeckhoven C, Di Donato S, Fontaine B, et al. EFNS guidelines
on the molecular diagnosis of mitochondrial disorders. Eur J Neurol. 2009; 16(12):1255–64. PMID:
19950421

9. Armengod ME, Meseguer S, Villarroya M, Prado S, Moukadiri I, Ruiz-Partida R, et al. Modification of
the wobble uridine in bacterial and mitochondrial tRNAs reading NNA/NNG triplets of 2-codon boxes.
RNA Biol. 2014; 11(12):1495–507. doi: 10.4161/15476286.2014.992269 PMID: 25607529

10. Armengod ME, Moukadiri I, Prado S, Ruiz-Partida R, Benitez-Paez A, Villarroya M, et al. Enzymology
of tRNAmodification in the bacterial MnmEG pathway. Biochimie. 2012; 94(7):1510–20. doi: 10.1016/
j.biochi.2012.02.019 PMID: 22386868

GTPBP3 Defect and (Mal)Adaptive Responses

PLOS ONE | DOI:10.1371/journal.pone.0144273 December 7, 2015 27 / 33

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144273.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144273.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144273.s004
http://dx.doi.org/10.1146/annurev.neuro.30.051606.094302
http://www.ncbi.nlm.nih.gov/pubmed/18333761
http://dx.doi.org/10.1016/j.bbabio.2013.12.009
http://www.ncbi.nlm.nih.gov/pubmed/24368156
http://dx.doi.org/10.1159/000363364
http://www.ncbi.nlm.nih.gov/pubmed/25126045
http://dx.doi.org/10.1007/978-1-4614-3573-0_4
http://www.ncbi.nlm.nih.gov/pubmed/22729855
http://dx.doi.org/10.1016/j.biocel.2013.12.011
http://www.ncbi.nlm.nih.gov/pubmed/24412566
http://dx.doi.org/10.1155/2010/737385
http://dx.doi.org/10.1155/2010/737385
http://www.ncbi.nlm.nih.gov/pubmed/20396601
http://dx.doi.org/10.1093/nar/gku390
http://www.ncbi.nlm.nih.gov/pubmed/24831542
http://www.ncbi.nlm.nih.gov/pubmed/19950421
http://dx.doi.org/10.4161/15476286.2014.992269
http://www.ncbi.nlm.nih.gov/pubmed/25607529
http://dx.doi.org/10.1016/j.biochi.2012.02.019
http://dx.doi.org/10.1016/j.biochi.2012.02.019
http://www.ncbi.nlm.nih.gov/pubmed/22386868


11. Suzuki T, Nagao A. Human mitochondrial diseases caused by lack of taurine modification in mito-
chondrial tRNAs. Wiley Interdiscip Rev RNA. 2011; 2(3):376–86. doi: 10.1002/wrna.65 PMID:
21957023

12. Suzuki T, Nagao A, Suzuki T. Human mitochondrial tRNAs: biogenesis, function, structural aspects,
and diseases. Annu Rev Genet. 2011; 45:299–329. doi: 10.1146/annurev-genet-110410-132531
PMID: 21910628

13. Enriquez JA, Chomyn A, Attardi G. MtDNAmutation in MERRF syndrome causes defective aminoa-
cylation of tRNA(Lys) and premature translation termination. Nat Genet. 1995; 10(1):47–55. doi: 10.
1038/ng0595-47 PMID: 7647790

14. Chomyn A, Enriquez JA, Micol V, Fernandez-Silva P, Attardi G. The mitochondrial myopathy, enceph-
alopathy, lactic acidosis, and stroke-like episode syndrome-associated humanmitochondrial tRNA-
Leu(UUR) mutation causes aminoacylation deficiency and concomitant reduced association of
mRNA with ribosomes. J Biol Chem. 2000; 275(25):19198–209. doi: 10.1074/jbc.M908734199 PMID:
10858457

15. Chae S, Ahn BY, Byun K, Cho YM, Yu MH, Lee B, et al. A systems approach for decoding mitochon-
drial retrograde signaling pathways. Sci Signal. 2013; 6(264):rs4. doi: 10.1126/scisignal.2003266
PMID: 23443683

16. Meseguer S, Martinez-Zamora A, Garcia-Arumi E, Andreu AL, Armengod ME. The ROS-sensitive
microRNA-9/9* controls the expression of mitochondrial tRNA-modifying enzymes and is involved in
the molecular mechanism of MELAS syndrome. HumMol Genet. 2015; 24(1):167–84. doi: 10.1093/
hmg/ddu427 PMID: 25149473

17. Gaignard P, Gonzales E, Ackermann O, Labrune P, Correia I, Therond P, et al. Mitochondrial Infantile
Liver Disease due to TRMUGene Mutations: Three New Cases. JIMD Rep. 2013; 11:117–23. doi: 10.
1007/8904_2013_230 PMID: 23625533

18. Kemp JP, Smith PM, Pyle A, Neeve VC, Tuppen HA, Schara U, et al. Nuclear factors involved in mito-
chondrial translation cause a subgroup of combined respiratory chain deficiency. Brain. 2011; 134(Pt
1):183–95. doi: 10.1093/brain/awq320 PMID: 21169334

19. Schara U, von Kleist-Retzow JC, Lainka E, Gerner P, Pyle A, Smith PM, et al. Acute liver failure with
subsequent cirrhosis as the primary manifestation of TRMUmutations. J Inherit Metab Dis. 2011; 34
(1):197–201. doi: 10.1007/s10545-010-9250-z PMID: 21153446

20. Uusimaa J, Jungbluth H, Fratter C, Crisponi G, Feng L, Zeviani M, et al. Reversible infantile respira-
tory chain deficiency is a unique, genetically heterogenous mitochondrial disease. J Med Genet.
2011; 48(10):660–8. doi: 10.1136/jmg.2011.089995 PMID: 21931168

21. Zeharia A, Shaag A, Pappo O, Mager-Heckel AM, Saada A, Beinat M, et al. Acute infantile liver failure
due to mutations in the TRMU gene. Am J HumGenet. 2009; 85(3):401–7. doi: 10.1016/j.ajhg.2009.
08.004 PMID: 19732863

22. Taylor RW, Pyle A, Griffin H, Blakely EL, Duff J, He L, et al. Use of whole-exome sequencing to deter-
mine the genetic basis of multiple mitochondrial respiratory chain complex deficiencies. JAMA. 2014;
312(1):68–77. doi: 10.1001/jama.2014.7184 PMID: 25058219

23. Boczonadi V, Smith PM, Pyle A, Gomez-Duran A, Schara U, Tulinius M, et al. Altered 2-thiouridylation
impairs mitochondrial translation in reversible infantile respiratory chain deficiency. HumMol Genet.
2013; 22(22):4602–15. doi: 10.1093/hmg/ddt309 PMID: 23814040

24. Sasarman F, Antonicka H, Horvath R, Shoubridge EA. The 2-thiouridylase function of the human
MTU1 (TRMU) enzyme is dispensable for mitochondrial translation. HumMol Genet. 2011; 20
(23):4634–43. doi: 10.1093/hmg/ddr397 PMID: 21890497

25. Baruffini E, Dallabona C, Invernizzi F, Yarham JW, Melchionda L, Blakely EL, et al. MTO1mutations
are associated with hypertrophic cardiomyopathy and lactic acidosis and cause respiratory chain defi-
ciency in humans and yeast. HumMutat. 2013; 34(11):1501–9. doi: 10.1002/humu.22393 PMID:
23929671

26. Ghezzi D, Baruffini E, Haack TB, Invernizzi F, Melchionda L, Dallabona C, et al. Mutations of the mito-
chondrial-tRNA modifier MTO1 cause hypertrophic cardiomyopathy and lactic acidosis. Am J Hum
Genet. 2012; 90(6):1079–87. doi: 10.1016/j.ajhg.2012.04.011 PMID: 22608499

27. Tischner C, Hofer A, Wulff V, Stepek J, Dumitru I, Becker L, et al. MTO1mediates tissue specificity of
OXPHOS defects via tRNA modification and translation optimization, which can be bypassed by die-
tary intervention. HumMol Genet. 2015; 24(8):2247–66. doi: 10.1093/hmg/ddu743 PMID: 25552653

28. Kopajtich R, Nicholls TJ, Rorbach J, Metodiev MD, Freisinger P, Mandel H, et al. Mutations in
GTPBP3 Cause a Mitochondrial Translation Defect Associated with Hypertrophic Cardiomyopathy,
Lactic Acidosis, and Encephalopathy. Am J HumGenet. 2014; 95(6):708–20. doi: 10.1016/j.ajhg.
2014.10.017 PMID: 25434004

GTPBP3 Defect and (Mal)Adaptive Responses

PLOS ONE | DOI:10.1371/journal.pone.0144273 December 7, 2015 28 / 33

http://dx.doi.org/10.1002/wrna.65
http://www.ncbi.nlm.nih.gov/pubmed/21957023
http://dx.doi.org/10.1146/annurev-genet-110410-132531
http://www.ncbi.nlm.nih.gov/pubmed/21910628
http://dx.doi.org/10.1038/ng0595-47
http://dx.doi.org/10.1038/ng0595-47
http://www.ncbi.nlm.nih.gov/pubmed/7647790
http://dx.doi.org/10.1074/jbc.M908734199
http://www.ncbi.nlm.nih.gov/pubmed/10858457
http://dx.doi.org/10.1126/scisignal.2003266
http://www.ncbi.nlm.nih.gov/pubmed/23443683
http://dx.doi.org/10.1093/hmg/ddu427
http://dx.doi.org/10.1093/hmg/ddu427
http://www.ncbi.nlm.nih.gov/pubmed/25149473
http://dx.doi.org/10.1007/8904_2013_230
http://dx.doi.org/10.1007/8904_2013_230
http://www.ncbi.nlm.nih.gov/pubmed/23625533
http://dx.doi.org/10.1093/brain/awq320
http://www.ncbi.nlm.nih.gov/pubmed/21169334
http://dx.doi.org/10.1007/s10545-010-9250-z
http://www.ncbi.nlm.nih.gov/pubmed/21153446
http://dx.doi.org/10.1136/jmg.2011.089995
http://www.ncbi.nlm.nih.gov/pubmed/21931168
http://dx.doi.org/10.1016/j.ajhg.2009.08.004
http://dx.doi.org/10.1016/j.ajhg.2009.08.004
http://www.ncbi.nlm.nih.gov/pubmed/19732863
http://dx.doi.org/10.1001/jama.2014.7184
http://www.ncbi.nlm.nih.gov/pubmed/25058219
http://dx.doi.org/10.1093/hmg/ddt309
http://www.ncbi.nlm.nih.gov/pubmed/23814040
http://dx.doi.org/10.1093/hmg/ddr397
http://www.ncbi.nlm.nih.gov/pubmed/21890497
http://dx.doi.org/10.1002/humu.22393
http://www.ncbi.nlm.nih.gov/pubmed/23929671
http://dx.doi.org/10.1016/j.ajhg.2012.04.011
http://www.ncbi.nlm.nih.gov/pubmed/22608499
http://dx.doi.org/10.1093/hmg/ddu743
http://www.ncbi.nlm.nih.gov/pubmed/25552653
http://dx.doi.org/10.1016/j.ajhg.2014.10.017
http://dx.doi.org/10.1016/j.ajhg.2014.10.017
http://www.ncbi.nlm.nih.gov/pubmed/25434004


29. Sissler M, Lorber B, Messmer M, Schaller A, Putz J, Florentz C. Handling mammalian mitochondrial
tRNAs and aminoacyl-tRNA synthetases for functional and structural characterization. Methods.
2008; 44(2):176–89. doi: 10.1016/j.ymeth.2007.11.002 PMID: 18241799

30. Blanco S, Dietmann S, Flores JV, Hussain S, Kutter C, Humphreys P, et al. Aberrant methylation of
tRNAs links cellular stress to neuro-developmental disorders. EMBO J. 2014; 33(18):2020–39. doi:
10.15252/embj.201489282 PMID: 25063673

31. Fu H, Feng J, Liu Q, Sun F, Tie Y, Zhu J, et al. Stress induces tRNA cleavage by angiogenin in mam-
malian cells. FEBS Lett. 2009; 583(2):437–42. doi: 10.1016/j.febslet.2008.12.043 PMID: 19114040

32. Li S, Hu GF. Emerging role of angiogenin in stress response and cell survival under adverse condi-
tions. J Cell Physiol. 2012; 227(7):2822–6. doi: 10.1002/jcp.23051 PMID: 22021078

33. Saxena SK, Rybak SM, Davey RT Jr., Youle RJ, Ackerman EJ. Angiogenin is a cytotoxic, tRNA-spe-
cific ribonuclease in the RNase A superfamily. J Biol Chem. 1992; 267(30):21982–6. PMID: 1400510

34. Schaefer M, Pollex T, Hanna K, Tuorto F, Meusburger M, HelmM, et al. RNAmethylation by Dnmt2
protects transfer RNAs against stress-induced cleavage. Genes Dev. 2010; 24(15):1590–5. doi: 10.
1101/gad.586710 PMID: 20679393

35. Yamasaki S, Ivanov P, Hu GF, Anderson P. Angiogenin cleaves tRNA and promotes stress-induced
translational repression. J Cell Biol. 2009; 185(1):35–42. doi: 10.1083/jcb.200811106 PMID:
19332886

36. Umeda N, Suzuki T, YukawaM, Ohya Y, Shindo H, Watanabe K, et al. Mitochondria-specific RNA-
modifying enzymes responsible for the biosynthesis of the wobble base in mitochondrial tRNAs. Impli-
cations for the molecular pathogenesis of humanmitochondrial diseases. J Biol Chem. 2005; 280
(2):1613–24. PMID: 15509579

37. Moukadiri I, Garzon MJ, Bjork GR, Armengod ME. The output of the tRNAmodification pathways con-
trolled by the Escherichia coli MnmEG and MnmC enzymes depends on the growth conditions and
the tRNA species. Nucleic Acids Res. 2014; 42(4):2602–23. doi: 10.1093/nar/gkt1228 PMID:
24293650

38. Villarroya M, Prado S, Esteve JM, Soriano MA, Aguado C, Perez-Martinez D, et al. Characterization
of human GTPBP3, a GTP-binding protein involved in mitochondrial tRNAmodification. Mol Cell Biol.
2008; 28(24):7514–31. doi: 10.1128/MCB.00946-08 PMID: 18852288

39. Cox AG, Winterbourn CC, Hampton MB. Mitochondrial peroxiredoxin involvement in antioxidant
defence and redox signalling. Biochem J. 2010; 425(2):313–25. doi: 10.1042/BJ20091541

40. Sies H. Role of metabolic H2O2 generation: redox signaling and oxidative stress. J Biol Chem. 2014;
289(13):8735–41. doi: 10.1074/jbc.R113.544635 PMID: 24515117

41. Lowes DA, Galley HF. Mitochondrial protection by the thioredoxin-2 and glutathione systems in an in
vitro endothelial model of sepsis. Biochem J. 2011; 436(1):123–32. doi: 10.1042/BJ20102135 PMID:
21355852

42. Bouillaud F. UCP2, not a physiologically relevant uncoupler but a glucose sparing switch impacting
ROS production and glucose sensing. Biochim Biophys Acta. 2009; 1787(5):377–83. doi: 10.1016/j.
bbabio.2009.01.003 PMID: 19413946

43. Jezek P, Olejar T, Smolkova K, Jezek J, Dlaskova A, Plecita-Hlavata L, et al. Antioxidant and regula-
tory role of mitochondrial uncoupling protein UCP2 in pancreatic beta-cells. Physiol Res. 2014; 63
Suppl 1:S73–91. PMID: 24564667

44. Kukat A, Dogan SA, Edgar D, Mourier A, Jacoby C, Maiti P, et al. Loss of UCP2 attenuates mitochon-
drial dysfunction without altering ROS production and uncoupling activity. PLoS Genet. 2014; 10(6):
e1004385. doi: 10.1371/journal.pgen.1004385 PMID: 24945157

45. Li N, Stojanovski S, Maechler P. Mitochondrial hormesis in pancreatic beta cells: does uncoupling pro-
tein 2 play a role? Oxid Med Cell Longev. 2012; 2012:740849. doi: 10.1155/2012/740849 PMID:
23029600

46. Pecqueur C, Alves-Guerra C, Ricquier D, Bouillaud F. UCP2, a metabolic sensor coupling glucose
oxidation to mitochondrial metabolism? IUBMB Life. 2009; 61(7):762–7. doi: 10.1002/iub.188 PMID:
19514063

47. Pecqueur C, Bui T, Gelly C, Hauchard J, Barbot C, Bouillaud F, et al. Uncoupling protein-2 controls
proliferation by promoting fatty acid oxidation and limiting glycolysis-derived pyruvate utilization.
FASEB J. 2008; 22(1):9–18. doi: 10.1096/fj.07-8945com PMID: 17855623

48. Shabalina IG, Nedergaard J. Mitochondrial ('mild') uncoupling and ROS production: physiologically
relevant or not? Biochem Soc Trans. 2011; 39(5):1305–9. doi: 10.1042/BST0391305 PMID:
21936806

GTPBP3 Defect and (Mal)Adaptive Responses

PLOS ONE | DOI:10.1371/journal.pone.0144273 December 7, 2015 29 / 33

http://dx.doi.org/10.1016/j.ymeth.2007.11.002
http://www.ncbi.nlm.nih.gov/pubmed/18241799
http://dx.doi.org/10.15252/embj.201489282
http://www.ncbi.nlm.nih.gov/pubmed/25063673
http://dx.doi.org/10.1016/j.febslet.2008.12.043
http://www.ncbi.nlm.nih.gov/pubmed/19114040
http://dx.doi.org/10.1002/jcp.23051
http://www.ncbi.nlm.nih.gov/pubmed/22021078
http://www.ncbi.nlm.nih.gov/pubmed/1400510
http://dx.doi.org/10.1101/gad.586710
http://dx.doi.org/10.1101/gad.586710
http://www.ncbi.nlm.nih.gov/pubmed/20679393
http://dx.doi.org/10.1083/jcb.200811106
http://www.ncbi.nlm.nih.gov/pubmed/19332886
http://www.ncbi.nlm.nih.gov/pubmed/15509579
http://dx.doi.org/10.1093/nar/gkt1228
http://www.ncbi.nlm.nih.gov/pubmed/24293650
http://dx.doi.org/10.1128/MCB.00946-08
http://www.ncbi.nlm.nih.gov/pubmed/18852288
http://dx.doi.org/10.1042/BJ20091541
http://dx.doi.org/10.1074/jbc.R113.544635
http://www.ncbi.nlm.nih.gov/pubmed/24515117
http://dx.doi.org/10.1042/BJ20102135
http://www.ncbi.nlm.nih.gov/pubmed/21355852
http://dx.doi.org/10.1016/j.bbabio.2009.01.003
http://dx.doi.org/10.1016/j.bbabio.2009.01.003
http://www.ncbi.nlm.nih.gov/pubmed/19413946
http://www.ncbi.nlm.nih.gov/pubmed/24564667
http://dx.doi.org/10.1371/journal.pgen.1004385
http://www.ncbi.nlm.nih.gov/pubmed/24945157
http://dx.doi.org/10.1155/2012/740849
http://www.ncbi.nlm.nih.gov/pubmed/23029600
http://dx.doi.org/10.1002/iub.188
http://www.ncbi.nlm.nih.gov/pubmed/19514063
http://dx.doi.org/10.1096/fj.07-8945com
http://www.ncbi.nlm.nih.gov/pubmed/17855623
http://dx.doi.org/10.1042/BST0391305
http://www.ncbi.nlm.nih.gov/pubmed/21936806


49. Vozza A, Parisi G, De Leonardis F, Lasorsa FM, Castegna A, Amorese D, et al. UCP2 transports C4
metabolites out of mitochondria, regulating glucose and glutamine oxidation. Proc Natl Acad Sci U S
A. 2014; 111(3):960–5. doi: 10.1073/pnas.1317400111 PMID: 24395786

50. Chinopoulos C, Adam-Vizi V. Mitochondria as ATP consumers in cellular pathology. Biochim Biophys
Acta. 2010; 1802(1):221–7. doi: 10.1016/j.bbadis.2009.08.008 PMID: 19715757

51. Canto C, Auwerx J. AMP-activated protein kinase and its downstream transcriptional pathways. Cell
Mol Life Sci. 2010; 67(20):3407–23. doi: 10.1007/s00018-010-0454-z PMID: 20640476

52. Hardie DG. AMP-activated protein kinase: an energy sensor that regulates all aspects of cell function.
Genes Dev. 2011; 25(18):1895–908. doi: 10.1101/gad.17420111 PMID: 21937710

53. Nunnari J, Suomalainen A. Mitochondria: in sickness and in health. Cell. 2012; 148(6):1145–59. doi:
10.1016/j.cell.2012.02.035 PMID: 22424226

54. Viollet B, Horman S, Leclerc J, Lantier L, Foretz M, Billaud M, et al. AMPK inhibition in health and dis-
ease. Crit Rev BiochemMol Biol. 2010; 45(4):276–95. doi: 10.3109/10409238.2010.488215 PMID:
20522000

55. Ding WX, Yin XM. Mitophagy: mechanisms, pathophysiological roles, and analysis. Biol Chem. 2012;
393(7):547–64. doi: 10.1515/hsz-2012-0119 PMID: 22944659

56. Tait SW, Green DR. Mitochondria and cell signalling. J Cell Sci. 2012; 125(Pt 4):807–15. doi: 10.
1242/jcs.099234 PMID: 22448037

57. Cotan D, Cordero MD, Garrido-Maraver J, Oropesa-Avila M, Rodriguez-Hernandez A, Gomez
Izquierdo L, et al. Secondary coenzyme Q10 deficiency triggers mitochondria degradation by mito-
phagy in MELAS fibroblasts. FASEB J. 2011; 25(8):2669–87. doi: 10.1096/fj.10-165340 PMID:
21551238

58. Dodson M, Darley-Usmar V, Zhang J. Cellular metabolic and autophagic pathways: traffic control by
redox signaling. Free Radic Biol Med. 2013; 63:207–21. doi: 10.1016/j.freeradbiomed.2013.05.014
PMID: 23702245

59. Hamalainen RH, Manninen T, Koivumaki H, Kislin M, Otonkoski T, Suomalainen A. Tissue- and cell-
type-specific manifestations of heteroplasmic mtDNA 3243A>Gmutation in human induced pluripo-
tent stem cell-derived disease model. Proc Natl Acad Sci U S A. 2013; 110(38):E3622–30. doi: 10.
1073/pnas.1311660110 PMID: 24003133

60. Moran M, Rivera H, Sanchez-Arago M, Blazquez A, Merinero B, Ugalde C, et al. Mitochondrial bioen-
ergetics and dynamics interplay in complex I-deficient fibroblasts. Biochim Biophys Acta. 2010; 1802
(5):443–53. doi: 10.1016/j.bbadis.2010.02.001 PMID: 20153825

61. Wu SB, Wu YT, Wu TP, Wei YH. Role of AMPK-mediated adaptive responses in human cells with
mitochondrial dysfunction to oxidative stress. Biochim Biophys Acta. 2014; 1840(4):1331–44. doi: 10.
1016/j.bbagen.2013.10.034 PMID: 24513455

62. Twig G, Shirihai OS. The interplay between mitochondrial dynamics and mitophagy. Antioxid Redox
Signal. 2011; 14(10):1939–51. doi: 10.1089/ars.2010.3779 PMID: 21128700

63. Gao AW, Canto C, Houtkooper RH. Mitochondrial response to nutrient availability and its role in meta-
bolic disease. EMBOMol Med. 2014; 6(5):580–9. doi: 10.1002/emmm.201303782 PMID: 24623376

64. Dominy JE, Puigserver P. Mitochondrial biogenesis through activation of nuclear signaling proteins.
Cold Spring Harb Perspect Biol. 2013; 5(7). doi: 10.1101/cshperspect.a015008

65. Lee HC, Wei YH. Mitochondrial biogenesis and mitochondrial DNAmaintenance of mammalian cells
under oxidative stress. Int J Biochem Cell Biol. 2005; 37(4):822–34. doi: 10.1016/j.biocel.2004.09.010
PMID: 15694841

66. Scarpulla RC, Vega RB, Kelly DP. Transcriptional integration of mitochondrial biogenesis. Trends
Endocrinol Metab. 2012; 23(9):459–66. doi: 10.1016/j.tem.2012.06.006 PMID: 22817841

67. Moreno-Loshuertos R, Ferrin G, Acin-Perez R, Gallardo ME, Viscomi C, Perez-Martos A, et al. Evolu-
tion meets disease: penetrance and functional epistasis of mitochondrial tRNAmutations. PLoS
Genet. 2011; 7(4):e1001379. doi: 10.1371/journal.pgen.1001379 PMID: 21533077

68. Mimaki M, Wang X, McKenzie M, Thorburn DR, Ryan MT. Understanding mitochondrial complex I
assembly in health and disease. Biochim Biophys Acta. 2012; 1817(6):851–62. doi: 10.1016/j.bbabio.
2011.08.010 PMID: 21924235

69. Zurita Rendon O, Shoubridge EA. Early complex I assembly defects result in rapid turnover of the
ND1 subunit. HumMol Genet. 2012; 21(17):3815–24. doi: 10.1093/hmg/dds209 PMID: 22653752

70. Saada A, Vogel RO, Hoefs SJ, van den Brand MA, Wessels HJ, Willems PH, et al. Mutations in NDU-
FAF3 (C3ORF60), encoding an NDUFAF4 (C6ORF66)-interacting complex I assembly protein, cause
fatal neonatal mitochondrial disease. Am J HumGenet. 2009; 84(6):718–27. doi: 10.1016/j.ajhg.
2009.04.020 PMID: 19463981

GTPBP3 Defect and (Mal)Adaptive Responses

PLOS ONE | DOI:10.1371/journal.pone.0144273 December 7, 2015 30 / 33

http://dx.doi.org/10.1073/pnas.1317400111
http://www.ncbi.nlm.nih.gov/pubmed/24395786
http://dx.doi.org/10.1016/j.bbadis.2009.08.008
http://www.ncbi.nlm.nih.gov/pubmed/19715757
http://dx.doi.org/10.1007/s00018-010-0454-z
http://www.ncbi.nlm.nih.gov/pubmed/20640476
http://dx.doi.org/10.1101/gad.17420111
http://www.ncbi.nlm.nih.gov/pubmed/21937710
http://dx.doi.org/10.1016/j.cell.2012.02.035
http://www.ncbi.nlm.nih.gov/pubmed/22424226
http://dx.doi.org/10.3109/10409238.2010.488215
http://www.ncbi.nlm.nih.gov/pubmed/20522000
http://dx.doi.org/10.1515/hsz-2012-0119
http://www.ncbi.nlm.nih.gov/pubmed/22944659
http://dx.doi.org/10.1242/jcs.099234
http://dx.doi.org/10.1242/jcs.099234
http://www.ncbi.nlm.nih.gov/pubmed/22448037
http://dx.doi.org/10.1096/fj.10-165340
http://www.ncbi.nlm.nih.gov/pubmed/21551238
http://dx.doi.org/10.1016/j.freeradbiomed.2013.05.014
http://www.ncbi.nlm.nih.gov/pubmed/23702245
http://dx.doi.org/10.1073/pnas.1311660110
http://dx.doi.org/10.1073/pnas.1311660110
http://www.ncbi.nlm.nih.gov/pubmed/24003133
http://dx.doi.org/10.1016/j.bbadis.2010.02.001
http://www.ncbi.nlm.nih.gov/pubmed/20153825
http://dx.doi.org/10.1016/j.bbagen.2013.10.034
http://dx.doi.org/10.1016/j.bbagen.2013.10.034
http://www.ncbi.nlm.nih.gov/pubmed/24513455
http://dx.doi.org/10.1089/ars.2010.3779
http://www.ncbi.nlm.nih.gov/pubmed/21128700
http://dx.doi.org/10.1002/emmm.201303782
http://www.ncbi.nlm.nih.gov/pubmed/24623376
http://dx.doi.org/10.1101/cshperspect.a015008
http://dx.doi.org/10.1016/j.biocel.2004.09.010
http://www.ncbi.nlm.nih.gov/pubmed/15694841
http://dx.doi.org/10.1016/j.tem.2012.06.006
http://www.ncbi.nlm.nih.gov/pubmed/22817841
http://dx.doi.org/10.1371/journal.pgen.1001379
http://www.ncbi.nlm.nih.gov/pubmed/21533077
http://dx.doi.org/10.1016/j.bbabio.2011.08.010
http://dx.doi.org/10.1016/j.bbabio.2011.08.010
http://www.ncbi.nlm.nih.gov/pubmed/21924235
http://dx.doi.org/10.1093/hmg/dds209
http://www.ncbi.nlm.nih.gov/pubmed/22653752
http://dx.doi.org/10.1016/j.ajhg.2009.04.020
http://dx.doi.org/10.1016/j.ajhg.2009.04.020
http://www.ncbi.nlm.nih.gov/pubmed/19463981


71. Calegari VC, Zoppi CC, Rezende LF, Silveira LR, Carneiro EM, Boschero AC. Endurance training
activates AMP-activated protein kinase, increases expression of uncoupling protein 2 and reduces
insulin secretion from rat pancreatic islets. J Endocrinol. 2011; 208(3):257–64. doi: 10.1530/JOE-10-
0450 PMID: 21212094

72. Foretz M, Ancellin N, Andreelli F, Saintillan Y, Grondin P, Kahn A, et al. Short-term overexpression of
a constitutively active form of AMP-activated protein kinase in the liver leads to mild hypoglycemia
and fatty liver. Diabetes. 2005; 54(5):1331–9. PMID: 15855317

73. Xie Z, Zhang J, Wu J, Viollet B, Zou MH. Upregulation of mitochondrial uncoupling protein-2 by the
AMP-activated protein kinase in endothelial cells attenuates oxidative stress in diabetes. Diabetes.
2008; 57(12):3222–30. doi: 10.2337/db08-0610 PMID: 18835932

74. Corton JM, Gillespie JG, Hawley SA, Hardie DG. 5-aminoimidazole-4-carboxamide ribonucleoside. A
specific method for activating AMP-activated protein kinase in intact cells? Eur J Biochem. 1995; 229
(2):558–65. PMID: 7744080

75. Fillmore N, Lopaschuk GD. Targeting mitochondrial oxidative metabolism as an approach to treat
heart failure. Biochim Biophys Acta. 2013; 1833(4):857–65. doi: 10.1016/j.bbamcr.2012.08.014
PMID: 22960640

76. Vacanti NM, Divakaruni AS, Green CR, Parker SJ, Henry RR, Ciaraldi TP, et al. Regulation of sub-
strate utilization by the mitochondrial pyruvate carrier. Mol Cell. 2014; 56(3):425–35. doi: 10.1016/j.
molcel.2014.09.024 PMID: 25458843

77. Yang C, Ko B, Hensley CT, Jiang L, Wasti AT, Kim J, et al. Glutamine oxidation maintains the TCA
cycle and cell survival during impaired mitochondrial pyruvate transport. Mol Cell. 2014; 56(3):414–
24. doi: 10.1016/j.molcel.2014.09.025 PMID: 25458842

78. Gray LR, Tompkins SC, Taylor EB. Regulation of pyruvate metabolism and human disease. Cell Mol
Life Sci. 2014; 71(14):2577–604. doi: 10.1007/s00018-013-1539-2 PMID: 24363178

79. Mihaylova MM, Shaw RJ. The AMPK signalling pathway coordinates cell growth, autophagy and
metabolism. Nat Cell Biol. 2011; 13(9):1016–23. doi: 10.1038/ncb2329 PMID: 21892142

80. Barnes K, Ingram JC, Porras OH, Barros LF, Hudson ER, Fryer LG, et al. Activation of GLUT1 by met-
abolic and osmotic stress: potential involvement of AMP-activated protein kinase (AMPK). J Cell Sci.
2002; 115(Pt 11):2433–42. PMID: 12006627

81. WuN, Zheng B, Shaywitz A, Dagon Y, Tower C, Bellinger G, et al. AMPK-dependent degradation of
TXNIP upon energy stress leads to enhanced glucose uptake via GLUT1. Mol Cell. 2013; 49
(6):1167–75. doi: 10.1016/j.molcel.2013.01.035 PMID: 23453806

82. Marsin AS, Bertrand L, Rider MH, Deprez J, Beauloye C, Vincent MF, et al. Phosphorylation and acti-
vation of heart PFK-2 by AMPK has a role in the stimulation of glycolysis during ischaemia. Curr Biol.
2000; 10(20):1247–55. PMID: 11069105

83. Urbonavicius J, Qian Q, Durand JM, Hagervall TG, Bjork GR. Improvement of reading frame mainte-
nance is a common function for several tRNAmodifications. EMBO J. 2001; 20(17):4863–73. doi: 10.
1093/emboj/20.17.4863 PMID: 11532950

84. Bregeon D, Colot V, Radman M, Taddei F. Translational misreading: a tRNAmodification counteracts
a +2 ribosomal frameshift. Genes Dev. 2001; 15(17):2295–306. PMID: 11544186

85. Kruger MK, Pedersen S, Hagervall TG, Sorensen MA. The modification of the wobble base of tRNA-
Glu modulates the translation rate of glutamic acid codons in vivo. J Mol Biol. 1998; 284(3):621–31.
doi: 10.1006/jmbi.1998.2196 PMID: 9826503

86. Elseviers D, Petrullo LA, Gallagher PJ. Novel E. coli mutants deficient in biosynthesis of 5-methylami-
nomethyl-2-thiouridine. Nucleic Acids Res. 1984; 12(8):3521–34. PMID: 6427754

87. Moukadiri I, Prado S, Piera J, Velazquez-Campoy A, Bjork GR, ArmengodME. Evolutionarily con-
served proteins MnmE and GidA catalyze the formation of two methyluridine derivatives at tRNA wob-
ble positions. Nucleic Acids Res. 2009; 37(21):7177–93. doi: 10.1093/nar/gkp762 PMID: 19767610

88. Yim L, Moukadiri I, Bjork GR, ArmengodME. Further insights into the tRNAmodification process con-
trolled by proteins MnmE and GidA of Escherichia coli. Nucleic Acids Res. 2006; 34(20):5892–905.
doi: 10.1093/nar/gkl752 PMID: 17062623

89. Murphy FVt, Ramakrishnan V, Malkiewicz A, Agris PF. The role of modifications in codon discrimina-
tion by tRNA(Lys)UUU. Nat Struct Mol Biol. 2004; 11(12):1186–91. doi: 10.1038/nsmb861 PMID:
15558052

90. Westhof E, Yusupov M, Yusupova G. Recognition of Watson-Crick base pairs: constraints and limits
due to geometric selection and tautomerism. F1000Prime Rep. 2014; 6:19. doi: 10.12703/P6-19
PMID: 24765524

GTPBP3 Defect and (Mal)Adaptive Responses

PLOS ONE | DOI:10.1371/journal.pone.0144273 December 7, 2015 31 / 33

http://dx.doi.org/10.1530/JOE-10-0450
http://dx.doi.org/10.1530/JOE-10-0450
http://www.ncbi.nlm.nih.gov/pubmed/21212094
http://www.ncbi.nlm.nih.gov/pubmed/15855317
http://dx.doi.org/10.2337/db08-0610
http://www.ncbi.nlm.nih.gov/pubmed/18835932
http://www.ncbi.nlm.nih.gov/pubmed/7744080
http://dx.doi.org/10.1016/j.bbamcr.2012.08.014
http://www.ncbi.nlm.nih.gov/pubmed/22960640
http://dx.doi.org/10.1016/j.molcel.2014.09.024
http://dx.doi.org/10.1016/j.molcel.2014.09.024
http://www.ncbi.nlm.nih.gov/pubmed/25458843
http://dx.doi.org/10.1016/j.molcel.2014.09.025
http://www.ncbi.nlm.nih.gov/pubmed/25458842
http://dx.doi.org/10.1007/s00018-013-1539-2
http://www.ncbi.nlm.nih.gov/pubmed/24363178
http://dx.doi.org/10.1038/ncb2329
http://www.ncbi.nlm.nih.gov/pubmed/21892142
http://www.ncbi.nlm.nih.gov/pubmed/12006627
http://dx.doi.org/10.1016/j.molcel.2013.01.035
http://www.ncbi.nlm.nih.gov/pubmed/23453806
http://www.ncbi.nlm.nih.gov/pubmed/11069105
http://dx.doi.org/10.1093/emboj/20.17.4863
http://dx.doi.org/10.1093/emboj/20.17.4863
http://www.ncbi.nlm.nih.gov/pubmed/11532950
http://www.ncbi.nlm.nih.gov/pubmed/11544186
http://dx.doi.org/10.1006/jmbi.1998.2196
http://www.ncbi.nlm.nih.gov/pubmed/9826503
http://www.ncbi.nlm.nih.gov/pubmed/6427754
http://dx.doi.org/10.1093/nar/gkp762
http://www.ncbi.nlm.nih.gov/pubmed/19767610
http://dx.doi.org/10.1093/nar/gkl752
http://www.ncbi.nlm.nih.gov/pubmed/17062623
http://dx.doi.org/10.1038/nsmb861
http://www.ncbi.nlm.nih.gov/pubmed/15558052
http://dx.doi.org/10.12703/P6-19
http://www.ncbi.nlm.nih.gov/pubmed/24765524


91. Jager G, Nilsson K, Bjork GR. The phenotype of many independently isolated +1 frameshift suppres-
sor mutants supports a pivotal role of the P-site in reading framemaintenance. PLoS One. 2013; 8(4):
e60246. doi: 10.1371/journal.pone.0060246 PMID: 23593181

92. Temperley R, Richter R, Dennerlein S, Lightowlers RN, Chrzanowska-Lightowlers ZM. Hungry
codons promote frameshifting in humanmitochondrial ribosomes. Science. 2010; 327(5963):301. doi:
10.1126/science.1180674 PMID: 20075246

93. Kramer EB, Farabaugh PJ. The frequency of translational misreading errors in E. coli is largely deter-
mined by tRNA competition. RNA. 2007; 13(1):87–96. doi: 10.1261/rna.294907 PMID: 17095544

94. Zinshteyn B, Gilbert WV. Loss of a conserved tRNA anticodon modification perturbs cellular signaling.
PLoS Genet. 2013; 9(8):e1003675. doi: 10.1371/journal.pgen.1003675 PMID: 23935536

95. Burroughs AM, Ando Y, de Hoon MJ, Tomaru Y, Suzuki H, Hayashizaki Y, et al. Deep-sequencing of
human Argonaute-associated small RNAs provides insight into miRNA sorting and reveals Argonaute
association with RNA fragments of diverse origin. RNA Biol. 2011; 8(1):158–77. PMID: 21282978

96. Maniataki E, Mourelatos Z. Humanmitochondrial tRNAMet is exported to the cytoplasm and associ-
ates with the Argonaute 2 protein. RNA. 2005; 11(6):849–52. doi: 10.1261/rna.2210805 PMID:
15872185

97. Wang Y, Mohsen AW, Mihalik SJ, Goetzman ES, Vockley J. Evidence for physical association of mito-
chondrial fatty acid oxidation and oxidative phosphorylation complexes. J Biol Chem. 2010; 285
(39):29834–41. doi: 10.1074/jbc.M110.139493 PMID: 20663895

98. Schonfeld P, Wieckowski MR, Lebiedzinska M, Wojtczak L. Mitochondrial fatty acid oxidation and oxi-
dative stress: lack of reverse electron transfer-associated production of reactive oxygen species. Bio-
chim Biophys Acta. 2010; 1797(6–7):929–38. doi: 10.1016/j.bbabio.2010.01.010 PMID: 20085746

99. Bartlett K, Eaton S. Mitochondrial beta-oxidation. Eur J Biochem. 2004; 271(3):462–9. PMID:
14728673

100. Islam MM, Wallin R, Wynn RM, Conway M, Fujii H, Mobley JA, et al. A novel branched-chain amino
acid metabolon. Protein-protein interactions in a supramolecular complex. J Biol Chem. 2007; 282
(16):11893–903. doi: 10.1074/jbc.M700198200 PMID: 17314104

101. Suzuki T, Suzuki T. Chaplet column chromatography: isolation of a large set of individual RNAs in a
single step. Methods Enzymol. 2007; 425:231–9. PMID: 17673086

102. Martinez-Vicente M, Yim L, Villarroya M, Mellado M, Perez-Paya E, Bjork GR, et al. Effects of muta-
genesis in the switch I region and conserved arginines of Escherichia coli MnmE protein, a GTPase
involved in tRNAmodification. J Biol Chem. 2005; 280(35):30660–70. doi: 10.1074/jbc.M503223200
PMID: 15983041

103. Gehrke CW, Kuo KC. Ribonucleoside analysis by reversed-phase high-performance liquid chroma-
tography. J Chromatogr. 1989; 471:3–36. PMID: 2670985

104. Nuñez C, Victor VM, Tur R, Alvarez-Barrientos A, Moncada S, Esplugues JV, et al. Discrepancies
between nitroglycerin and NO-releasing drugs on mitochondrial oxygen consumption, vasoactivity,
and the release of NO. Circ Res. 2005; 97(10):1063–9. PMID: 16224067

105. Martin D, Salinas M, Fujita N, Tsuruo T, Cuadrado A. Ceramide and reactive oxygen species gener-
ated by H2O2 induce caspase-3-independent degradation of Akt/protein kinase B. J Biol Chem. 2002;
277(45):42943–52. PMID: 12213802

106. Capella MA, Capella LS, Valente RC, Gefe M, Lopes AG. Vanadate-induced cell death is dissociated
from H2O2 generation. Cell Biol Toxicol. 2007; 23(6):413–20. PMID: 17457679

107. Aebi H. Catalase in vitro. Methods Enzymol. 1984; 105:121–6. PMID: 6727660

108. McCord JM, Fridovich I. The utility of superoxide dismutase in studying free radical reactions. I. Radi-
cals generated by the interaction of sulfite, dimethyl sulfoxide, and oxygen. J Biol Chem. 1969; 244
(22):6056–63. PMID: 4981789

109. Lawrence RA, Burk RF. Glutathione peroxidase activity in selenium-deficient rat liver. Biochem Bio-
phys Res Commun. 1976; 71(4):952–8. PMID: 971321

110. Kirby DM, Thorburn DR, Turnbull DM, Taylor RW. Biochemical assays of respiratory chain complex
activity. Methods Cell Biol. 2007; 80:93–119. PMID: 17445690

111. Lopez-Armada MJ, Carames B, Martin MA, Cillero-Pastor B, Lires-DeanM, Fuentes-Boquete I, et al.
Mitochondrial activity is modulated by TNFalpha and IL-1beta in normal human chondrocyte cells.
Osteoarthritis Cartilage. 2006; 14(10):1011–22. PMID: 16679036

112. Del Hoyo PM, Garcia-Redondo AMP, de Bustos FB, Molina JAMP, Sayed YM, Alonso-Navarro HMP,
et al. Oxidative stress in skin fibroblasts cultures from patients with Parkinson's disease. BMCNeurol.
2010; 10(1):95. doi: 10.1186/1471-2377-10-95

GTPBP3 Defect and (Mal)Adaptive Responses

PLOS ONE | DOI:10.1371/journal.pone.0144273 December 7, 2015 32 / 33

http://dx.doi.org/10.1371/journal.pone.0060246
http://www.ncbi.nlm.nih.gov/pubmed/23593181
http://dx.doi.org/10.1126/science.1180674
http://www.ncbi.nlm.nih.gov/pubmed/20075246
http://dx.doi.org/10.1261/rna.294907
http://www.ncbi.nlm.nih.gov/pubmed/17095544
http://dx.doi.org/10.1371/journal.pgen.1003675
http://www.ncbi.nlm.nih.gov/pubmed/23935536
http://www.ncbi.nlm.nih.gov/pubmed/21282978
http://dx.doi.org/10.1261/rna.2210805
http://www.ncbi.nlm.nih.gov/pubmed/15872185
http://dx.doi.org/10.1074/jbc.M110.139493
http://www.ncbi.nlm.nih.gov/pubmed/20663895
http://dx.doi.org/10.1016/j.bbabio.2010.01.010
http://www.ncbi.nlm.nih.gov/pubmed/20085746
http://www.ncbi.nlm.nih.gov/pubmed/14728673
http://dx.doi.org/10.1074/jbc.M700198200
http://www.ncbi.nlm.nih.gov/pubmed/17314104
http://www.ncbi.nlm.nih.gov/pubmed/17673086
http://dx.doi.org/10.1074/jbc.M503223200
http://www.ncbi.nlm.nih.gov/pubmed/15983041
http://www.ncbi.nlm.nih.gov/pubmed/2670985
http://www.ncbi.nlm.nih.gov/pubmed/16224067
http://www.ncbi.nlm.nih.gov/pubmed/12213802
http://www.ncbi.nlm.nih.gov/pubmed/17457679
http://www.ncbi.nlm.nih.gov/pubmed/6727660
http://www.ncbi.nlm.nih.gov/pubmed/4981789
http://www.ncbi.nlm.nih.gov/pubmed/971321
http://www.ncbi.nlm.nih.gov/pubmed/17445690
http://www.ncbi.nlm.nih.gov/pubmed/16679036
http://dx.doi.org/10.1186/1471-2377-10-95


113. Soper JW, Pedersen PL. Isolation of an oligomycin-sensitive ATPase complex from rat liver mitochon-
dria. Methods Enzymol. 1979; 55:328–33. PMID: 156839

114. Chomyn A. In vivo labeling and analysis of human mitochondrial translation products. Methods Enzy-
mol. 1996; 264:197–211. PMID: 8965693

115. Schagger H, Cramer WA, von Jagow G. Analysis of molecular masses and oligomeric states of pro-
tein complexes by blue native electrophoresis and isolation of membrane protein complexes by two-
dimensional native electrophoresis. Anal Biochem. 1994; 217(2):220–30. PMID: 8203750

116. Knecht E, Hernandez-Yago J, Grisolia S. Homogeneity among mitochondria revealed by a constant
proportion of their enzymes. Histochemistry. 1984; 80(4):359–62. PMID: 6234264

117. Jaswal JS, KeungW, WangW, Ussher JR, Lopaschuk GD. Targeting fatty acid and carbohydrate oxi-
dation—a novel therapeutic intervention in the ischemic and failing heart. Biochim Biophys Acta.
2011; 1813(7):1333–50. doi: 10.1016/j.bbamcr.2011.01.015 PMID: 21256164

GTPBP3 Defect and (Mal)Adaptive Responses

PLOS ONE | DOI:10.1371/journal.pone.0144273 December 7, 2015 33 / 33

http://www.ncbi.nlm.nih.gov/pubmed/156839
http://www.ncbi.nlm.nih.gov/pubmed/8965693
http://www.ncbi.nlm.nih.gov/pubmed/8203750
http://www.ncbi.nlm.nih.gov/pubmed/6234264
http://dx.doi.org/10.1016/j.bbamcr.2011.01.015
http://www.ncbi.nlm.nih.gov/pubmed/21256164

