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A hypertension-associated mitochondrial DNA mutation
introduces an m'G37 modification into tRNAM', altering its
structure and function
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Defective nucleotide modifications of mitochondrial tRNAs
have been associated with several human diseases, but their
pathophysiology remains poorly understood. In this report, we
investigated the pathogenic molecular mechanism underlying a
hypertension-associated 4435A— G mutation in mitochondrial
tRNAM®', The m.4435A—G mutation affected a highly con-
served adenosine at position 37, 3’ adjacent to the tRNA’s anti-
codon, which is important for the fidelity of codon recognition
and stabilization. We hypothesized that the m.4435A— G muta-
tion introduced an m'G37 modification of tRNAM®, altering its
structure and function. Primer extension and methylation activ-
ity assays indeed confirmed that the m.4435A— G mutation cre-
ated a tRNA methyltransferase 5 (TRMT5)- catalyzed m'G37
modification of tRNAM**, We found that this mutation altered
the tRNAMet structure, indicated by an increased melting tem-
perature and electrophoretic mobility of the mutated tRNA
compared with the wildtype molecule. We demonstrated that
cybrid cell lines carrying the m.4435A— G mutation exhibited
significantly decreased efficiency in aminoacylation and steady-
state levels of tRNAM®, as compared with those of control
cybrids. The aberrant tRNAM¢* metabolism resulted in variable
decreases in mitochondrial DNA (mtDNA)-encoded polypep-
tides in the mutant cybrids. Furthermore, we found that the
m.4435A— G mutation caused respiratory deficiency, markedly
diminished mitochondrial ATP levels and membrane potential,
and increased the production of reactive oxygen species in
mutant cybrids. These results demonstrated that an aberrant
m'G37 modification of mitochondrial tRNAM®* affected the
structure and function of its tRNA and consequently altered mito-
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chondrial function. Our findings provide critical insights into the
pathophysiology of maternally inherited hypertension, which is
manifested by the deficient tRNA nucleotide modification.

Defects in nucleotide modifications of mitochondrial tRNAs
have been associated with several clinical abnormalities includ-
ing cancer, diabetes, neurological disorders, deafness, and
hypertension (1-4). These nucleotide modifications of human
22 mitochondrial tRNAs encoded by its own genome were cat-
alyzed by tRNA-modifying enzymes encoded by nuclear
genome (5-8). To date, 15 types of modifications have been
identified in 118 positions in different mammalian mitochon-
drial tRNAs (9, 10). These nucleotide modifications play a vital
role in the structure and function of tRNAs (11-14). Core
modifications including pseudouridinylation at position 55 at
the TWC loop primarily contributed to structural stability of
tRNAs and in some cases, may affect the aminoacylation (2, 3).
These were exemplified by our recent discovery that the loss of
pseudouridinylation at position 55 at the TWC loop of tRNAS™
caused the maternally inherited deafness and diabetes (4).
Indeed, the anticodon loop modifications including nucleotides
at positions 34 and 37 regulate the stabilization of anticodon
structure, fidelity, and efficiency of translation (2, 3, 11, 15-17).
The defective 5-taurinomethyluridine (rm°U) at U34 of
tRNAMUUUR) yas associated with mitochondrial encephalop-
athy lactic acidosis and stroke-like episodes, whereas the lack of
5-taurinomethyl-2-thiouridine (Tm°®s*U) at U34 of tRNA™*
was responsible for myoclonus epilepsy associated with ragged
red fibers (MERRF) (18 —20). Furthermore, mutations in tRNA
modifying enzymes TRMU, MTO1, GTPBP3, and NSUN3
involved in nucleotide modifications at position 34 of mito-
chondrial tRNAs have been associated several clinical pheno-
types including deafness (21-25).

The nucleotides at position 37 (A or G) of 17 mammalian
mitochondrial tRNAs carry the diverse species of modifica-
tions, whereas no nucleotide modification at this position was
detected in 5 tRNAs, such as tRNAM®t and tRNA%P (9). In fact,
modifications of nucleotides A37 and G37 in human mitochon-
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drial tRNAs were catalyzed by the modifying enzymes TRIT1
and TRMTS5 encoded by nuclear genes, respectively (8, 26, 27).
The modifications at position 37 contributed to the high fidelity
of codon recognition and to the structural formation and stabi-
lization of functional tRNAs (11, 15, 26, 27). The defective
i°A37 or m'G37 modifications caused by mutations in the
TRIT1 or TRMTS5 were responsible for mitochondrial dysfunc-
tion leading to clinical phenotypes (26, 27). Mutations in the
nucleotides at position 37 including the tRNA"® 4295A—G,
tRNAA*P 7551A— G, and tRNAM** 4435A—G mutations were
associated with hypertension, diabetes, visual loss, and deafness
(28-33). In particular, the tRNAM®* 4435A— G mutation was
identified in four genetically unrelated Chinese families with
maternal transmission of hypertension (31-33). Therefore, it
was hypothesized that the substitution of A with G at position
37 of the tRNAM®* may introduce the m'G37 modification
catalyzed by TRMTS5, thereby altering the structure and
function of tRNAM®t, In particular, the m.4435A— G muta-
tion may affect the aminoacylation capacity and stability of
tRNAM®t and then impair mitochondrial translation. It
was also anticipated that defective mitochondrial translation
caused by the m.4435A— G mutation alters the respiration,
production of ATP and reactive oxygen species (ROS). To fur-
ther investigate the pathogenic mechanism of the m.4435A—G
mutation, cybrid cell lines were generated by transferring mito-
chondria from lymphoblastoid cell lines derived from an hyper-
tensive matrilineal relative carrying the mutation and from a
control subject lacking the mtDNA mutation but belonging to
the same mtDNA haplogroup, into human mtDNA-less (p°)
cells (34, 35). Using these cell lines, we investigated if the
m.4435A— G mutation introduced the m'G37 modification of
tRNAM®! by primer extension and methylation activity assays.
These cell lines were then assessed for the effects of the
m.4435A—G mutation on the stability and aminoacylation
capacity of tRNAM¢, mitochondrial translation, enzymatic
activities of electron transport chain complexes, the rate of O,
consumption, ATP, and oxidative reactive species (ROS) as well
as mitochondrial membrane potential.

Results

The m.4435A— G mutation created the m'G37 modification of
tRNAMet

Neither i®A37 nor t°A37 modification was detected in the
mammalian mitochondrial tRNAM®* (9). To investigate if the
m.4435A— G mutation introduced the m"'G37 modification of
tRNAMet, we subjected mitochondrial RNAs from mutant and
control cybrid cell lines to the reverse transcription with a
digoxigenin (DIG)-labeled oligonucleotide probe specific for
tRNAM¢t (Fig. 14). This resulted in a stop band one residue 3’ to
the methylation on 15% polyacrylamide gel. As shown in Fig.
1B, the m'G37 modification was present in tRNAM®* derived
from three mutant cell lines. However, the m'G37 modification
was not detected in the tRNAM®* derived from three control cell
lines.

3 The abbreviations used are: ROS, reactive oxygen species; DIG, digoxigenin;
OCR, oxygen consumption rate; FCCP, carbonyl cyanide p-trifluorome-
thoxyphenylhydrazone; AWm, mitochondrial membrane potentials.
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Figure 1. The m.4435A— G mutation created the m'G37 modification of
tRNAM<t, A, cloverleaf structure of human mitochondrial tRNAM<t, Arrows
indicate the location of the m.4435A— G mutation. Solid lines represent the
DIG-labeled oligonucleotide probe specific for tRNAMSt, Broken lines repre-
sented the potential stops of primer extension caused by the m'G37 modifi-
cation. B, primer extension demonstrated the creation of m'G37 in the
tRNAM®t carrying the m.4435A— G mutation. The primer extension termina-
tion products caused by m'G37 modification are showed.

Methanocaldococcus jannaschii Trm5 (Mj-Trm5) catalyzed the
m'G37 modification in mutant tRNAV transcripts

Trmb5 is one of the tRNA (m'G37)-methyltransferases that
catalyzes the identical tRNA modification, m'G37 (36, 37). To
further examine if the m.4435A— G mutation introduced the
m'G37 modification of tRNAM', we prepared wildtype and
mutant tRNAs by in vitro transcription and evaluated the meth-
ylation activity catalyzed by the recombinant M. jannaschii
Trm5 (Mj-Trmb5) (36, 37). As shown in Fig. 24, the mutant
tRNAM® transcripts (G37) were modified with m"'G37 modifi-
cation by the Mj-Trmb5 but as less efficiently as cytoplasmic
tRNAMUCAS) transcripts (G37) (10). In contrast, the modifica-
tion was not detected in the wildtype tRNAM®* transcripts
(A37) in the presence of Mj-Trm5. As controls, the human
cytoplasmic tRNAM*“AS) transcripts (G37) were modified by
the Mj-Trm5, whereas human cytoplasmic tRNA™ tran-
scripts (A37) were not modified in the presence of Mj-Trmb5.
These results indicated that the substation of A to G at position
37 introduced the m'G37 modification of tRNAM®",

We then analyzed the binding affinities of tRNA™M®* with Mj-
Trmb5 using an electrophoretic mobility shift assay. The shift
representing the Trm5—tRNA complex occurred at an enzyme
concentration of 0.25 uM. As shown in Fig. 2B, the mutant
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Figure 2. Methylation activity assays. The unmodified human mitochondrial wildtype (A37) and mutant (G37) tRNAM®t, cytosolic tRNA-SU“A%) and tRNAT
were generated from in vitro transcription. A, analysis for the m'G37 modification of tRNAM®t, The unmodified tRNA transcripts were incubated with M. jann-
aschii (Mj-Trm5) in the presence of S-adenosyl-L-methionine. Samples were withdrawn and stopped after 2,4, 6, or 8 min, respectively. The relative modification
efficiency was calculated from the initial phase of the reaction. The calculations were based on three independent determinations. Graph shows the results of
a representative experiment. B, electrophoretic mobility shift assay. The unmodified mitochondrial wildtype (A37) and mutant (G37) tRNAM* were incubated
with various concentrations of enzymes Mj-Trm5. These samples were electrophoresed through 6% polyacrylamide gel and stained with ethidium bromide.

and wildtype tRNAM®* transcripts were fully shifted to the
Mj-Trm5-tRNA complex at enzyme concentrations of 1.5 and
4.0 um, with the calculated K, value of 1.105 *= 0.028 and
1.822 £ 0.025 M, respectively. These data provided further
evidence that the m.4435A—G mutation introduced the
m'G37 modification of tRNAM®,

Altered conformation and stability of tRNAV!

It was anticipated that the m.44535A— G mutation caused
structural alteration and the instability of tRNAM®, To test
if the m.4435A—G mutation affected the conformation of
tRNAM®!, total RNAs from mitochondria isolated from mutant
and control cell lines were electrophoresed through a 10%
native gel and then electroblotted onto a positively charged
nylon membrane for hybridization analysis with oligodeoxy-
nucleotide probes for tRNAM® and tRNA™", tRNALe(CUN)
and tRNASAGY) respectively. As shown in Fig. 34, electro-
phoretic patterns showed that the tRNAM* in three mutant
cybrid cell lines carrying the m.4435A— G mutation migrated
faster than those of control cybrid cell lines lacking this
mutation.

We then examined the stability of the wildtype and mutant
tRNAM®* transcripts through the measurement of the melting
temperatures (7',,) by calculating the derivatives of the absor-
bance against a temperature curve. As shown in Fig. 3B, the T,
values for wildtype (A37) and mutant (G37) transcripts were
43.52 = 0.71 and 46.02 = 0.41 °C, respectively. These results
suggested that the m.4435A— G mutation affected the stability
of tRNAM¢",

Marked decrease in the steady-state levels of tRNAY*

To assess if the m.4435A— G mutation ablated the metabo-
lism of tRNAM®, we subjected mitochondrial RNAs from
mutant and control cybrid cell lines to Northern blots and
hybridized them with DIG-labeled oligodeoxynucleotide
probes for tRNAMe, tRNA™®, tRNA™", and tRNAM*(CUN)
derived from the heavy (H)-strand transcription unit and
tRNAS VN and tRNAS™ derived from the light (L)-strand
transcription unit (38, 39). As shown in Fig. 44, the steady-state
level of tRNAM¢" in the mutant cells was markedly decreased
compared with those in control cells. For comparison, the aver-
age levels of tRNAM*' in the mutant cybrid cell lines were
among ~74.4, 69.5, 73.3, 64.9, and 75.3% of average values of
three control cybrids after normalization to tRNA™*, tRNA™,
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tRNALCHCEUN HRNASCHVEN) and tRNAS™ (p = 0.0001 to
0.0003), respectively.

Deficient aminoacylation of tRNAMe!

To evaluate if the m.4435A— G mutation affects aminoacy-
lation of tRNA, we examined the aminoacylation level of
tRNAM as well as tRNA VR (RNALCUN, (RNA", and
tRNA™ by the use of electrophoresis in an acidic urea PAGE
system to separate uncharged tRNA species from the corre-
sponding charged tRNA, electroblotting and hybridizing with
the tRNA probes described above. As shown in Fig. 54, the
upper band represents the charged tRNA, and the lower band
represents uncharged tRNA. There were no obvious differ-
ences in electrophoretic mobility between the control and
mutant cell lines. To further distinguish nonaminoacylated
tRNA from aminoacylated tRNA, samples of tRNAs were deac-
ylated by being heated for 10 min at 60 °C (pH 8.3) and then run
in parallel. As shown in Fig. 5B, only one band (uncharged
tRNA) was present in both mutant and control cell lines
after deacylating. However, the efficiencies of aminoacylated
tRNAM¢tin the mutant cell lines varied from 61.6 to 83.2%, with
the average of 69%, relative to the average values of control cell
lines (p = 0.034) (Fig. 5C). However, the levels of aminoacylation in
tRNA VYR, (RNAMHCEUN, (RNA™, and tRNA™* in mutant
cell lines were comparable with those in the control cell lines.

Decreases in the levels of mitochondrial proteins

To investigate whether the aberrant tRNA metabolism
caused by the m.4435A— G mutation impaired mitochondrial
translation, a Western blot analysis was carried out to examine
the steady-state levels of seven oxidative phosphorylation sub-
units of (encoded by mtDNA) in mutant (5) and control cells
lines, whereas Tom20 (encoded by nuclear gene) as a loading
control. As shown in Fig. 64, the overall levels of seven mito-
chondrial translation products in the mutant cell lines ranged
from ~29.6 to 97.5%, with an average of 67.2% (p < 0.0001),
relative to the mean value measured in the control cell lines.
However, there were variable reductions in levels of ND3, ND4,
and ND5, subunits 3, 4, and 5 of NADH dehydrogenase; ATP6,
ATPS, subunits 6 and 8 of the H"-ATPase; CYTB, apocyto-
chrome b; CO,, subunit II of cytochrome ¢ oxidase in mutant
cell lines. In particular, mutant cell lines exhibited marked
reductions (49.4 to 70.4%) in the levels of ND3, ATP6, and
CYTB harboring 3.9 to 7.0% methionine codons, whereas rela-
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ATP8in three mutant cell lines and three control cell lines were determined as described elsewhere (53, 54). Graph details and symbols are explained in

the legend to Fig. 4.

three mutant and three control cell lines. The activity of Com-
plex I (NADH ubiquinone oxidoreductase) was determined
through the oxidation of NADH with ubiquinone as the elec-
tron acceptor (40-42). Complex II (succinate ubiquinone
oxidoreductase) was the only respiratory complex that was
encoded by the nuclear DNA, so we examined the activity of
complex II through the artificial electron acceptor dichloro-
phenolindophenol (41, 42). The activity of complex III (ubiqui-
none cytochrome c oxidoreductase) was measured through the
reduction of cytochrome ¢ (III) by using p-ubiquinol-2 as the
electron donor. The activity of complex IV (cytochrome ¢ oxi-
dase) was monitored through the oxidation of cytochrome ¢
(I). The activity of complex V (F1-ATP synthase) was explored
through the NADH oxidation via conversion of phosphoenol-
pyruvate to lactate by a two-step reaction (41). As shown in Fig.
7, the activity of complexes I, III, IV, and V in the mutant cells
carrying the m.4435A— G mutation were 78.8 (p = 0.013), 71.6
(» <0.001), 81.1 (p = 0.003), and 73.0% (p = 0.018) of the mean
value measured in three control cell lines, respectively, whereas
the activity of complex II in the mutant cells carrying the
m.4435A— G mutation was 99.5% of the mean value measured
in three control cell lines (p = 0.868), which was similar to the
activity of complex II in the wildtype cell lines as expected.

Respiration deficiency

To evaluate if the m.4435A— G mutation alters cellular bio-
energetics, we examined the oxygen consumption rates (OCR)
of three mutant cell lines carrying the m.4435A— G mutation
and three control cell lines (43). As shown in Fig. 8, the basal
OCR in mutant cell lines was 57.8% (p < 0.001) relative to the
mean value measured in the control cell lines. To investigate

SASBMB

which of the enzyme complexes of the respiratory chain were
affected in the mutant cell lines, oligomycin (to inhibit the ATP
synthase), carbonyl cyanide p-trifluoromethoxyphenylhydra-
zone (FCCP) (to uncouple the mitochondrial inner membrane
and allow for maximum electron flux through the ETC), rote-
none (to inhibit complex I), and antimycin A (to inhibit com-
plex III) were added sequentially while measuring OCR. The
difference between the basal OCR and the drug-insensitive
OCR yields the amount of ATP-linked OCR, proton leak OCR,
maximal OCR, reserve capacity, and non-mitochondrial OCR.
As shown in Fig. 8, the ATP-linked OCR, proton leak
OCR, maximal OCR, reserve capacity, and non-mitochondrial
OCR in mutant cell lines were ~53.1 (p < 0.001), 79.7 (p =
0.122),48.6 (p < 0.001),40.1 (p < 0.001), and 99.5% (p = 0.880),
relative to the mean value measured in the control cell lines,
respectively.

Reduced level in mitochondrial ATP production

We used the luciferin/luciferase assay to examine the capac-
ity of oxidative phosphorylation in mutant and wildtype cell
lines. Populations of cells were incubated in the media in the
presence of glucose, and 2-deoxy-D-glucose with pyruvate (44).
Asshownin Fig. 94, the levels of ATP production in mutant cell
lines in the presence of glucose (total cellular levels of ATP)
were comparable with those measured in control cell lines. In
contrast, as shown in Fig. 9B, the levels of ATP production in
mutant cell lines, in the presence of 2-deoxy-D-glucose and
pyruvate to inhibit the glycolysis (mitochondrial levels of ATP),
varied from 66.0 to 73.1%, with an average of 69.8% relative to
the mean value measured in the control cell lines (p < 0.001).

J. Biol. Chem. (2018) 293(4) 1425-1438 1429
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Decrease in mitochondrial membrane potential

The mitochondrial membrane potentials (AWm) were mea-
sured through the fluorescence probe JC-10 assay system in
three mutant and three control cell lines (45). The ratio of fluo-
rescence intensities excitation/emission = 490/590 and 490/
530 nm (FL590/FL530) were recorded to delineate the AWm of
each sample. The relative ratios of FL590/FL530 geometric
mean between mutant and control cell lines were calculated to
represent the level of AWm, as described elsewhere (44). As
shown in Fig. 10, the AWm of three mutant cell lines carrying
the m.4435A— G mutation ranged from 62.8 to 64.0%, with an
average 63.4% (p < 0.001) of the mean value measured in three
control cell lines. In contrast, the levels of AY'm in mutant cell
lines in the presence of FCCP were comparable with those of
control cell lines (p = 0.290).

The increase of ROS production

The levels of mitochondrial ROS among the cybrids derived
from three mutant cybrid cell lines carrying the m.4435A—G
mutation and three control cybrid cell lines lacking the muta-
tion were determined using MitoSOX assay via flow cytometry
under normal conditions and then following H,O, stimulation
(46 —48). Geometric mean intensity was recorded to measure
the production rate of ROS of each sample. As shown in Fig. 11,
A and B, the levels of ROS generation in the mutant cell lines
carrying the m.4435A—G mutation ranged from 140.0 to
157.4%, with an average 147.5% (p < 0.001) of the mean value
measured in three control cell lines under unstimulated condi-
tions. As illustrated in Fig. 11, C and D, the levels of ROS gen-
eration in the mutant cell lines varied from 157.1 to 170.9%,
with an average 165.6% (p < 0.001) of the mean value measured
in the control cell lines under stimulation conditions.

Discussion

In the present study, we investigated the pathogenic mecha-
nism of the hypertension-associated m.4435A— G mutation in
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the tRNA™M®* gene. The occurrences of the m.4435A— G muta-
tion in four genetically unrelated Chinese families affected by
hypertension strongly indicate that this mutation is involved in
the pathogenesis of this disease (31-33). The m.4435A—G
mutation affected a highly conserved adenosine (A37), adjacent
to the 3’ end of the anticodon of tRNAM¢* (3, 7). The nucleo-
tides at position 37 (A or G) of tRNAs are often modified, by
such processes as thiolation and methylthiolation (3, 15). How-
ever, nucleotides at this position in 5 of 22 mammalian mito-
chondrial tRNAs including tRNAM¢* and tRNA**P were not
modified (9, 28). In particular, neither i°A37 nor t°A37 modifi-
cation was detected in the mammalian mitochondrial tRNAM¢*
(9). Therefore, it was hypothesized that the substitution of A37
with G37 caused by the m.4435A— G mutation created the
m'G37 modification of tRNAM®, catalyzed by TRMTS5. In vitro
assays showed that the m.4435A—G mutation impaired the
f5C formation mediated by NSUN3 (49). In this study, the
primer extension experiment revealed that the m.4435A—G
mutation introduced the m*G37 modification of tRNAM®*, This
hypothesis was further supported by the fact that an archaea
M. jannaschii Trm5 catalyzed the m'G37 modification in the
unmodified mutant (G37) but not wildtype (A37) tRNAM¢
transcripts. Furthermore, an electrophoretic mobility shift
assay showed that M. jannaschii Trm5 had higher affinity with
the mutant tRNAMe* transcripts (G37) than the wildtype
tRNAM®! transcript (A37). These data demonstrated that the
m.4435A—G mutation created the m'G37 modification of
tRNAM®!, catalyzed by TRMTS5.

Modification at position 37 contributes to the high fidelity of
codon recognition and the structural formation and stabiliza-
tion of functional tRNAs (3, 15, 50, 51). In Escherichia coli, the
deficient modification of A37 decreased the activity of the cor-
responding tRNA (52) and increased +1 frameshifts for
tRNAPPe (53), whereas the A to G substitution at position 37
led to a 10-fold reduction in the section of tRNAs at the
A-site (54). Therefore, the m'G37 modification introduced
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by the m.4435A— G mutation altered the structure and func-
tion of tRNAM®", as in the case of m.7551A— G mutation in the
tRNAA*P (28). Here, the altered structure of tRNAM®* caused by
the m.4435A— G mutation was evidenced by the increased
melting temperature and electrophoretic mobility of mutated
tRNA with respect to the wildtype molecule. Furthermore, the
m.4435A— G mutation caused 31% reduction in aminoacy-
lated efficiency of tRNAM®t in mutant cell lines, in contrast to
the increasing efficiency of aminoacylation in several tRNAs
caused by TRMU mutation (22). Both altered structure and
improper aminoacylation of tRNAM¢' made the mutant
tRNAM®* to be metabolically less stable and more subject to
degradation, thereby lowering the level of this tRNA, as in the
case of tRNA**P 7551 A— G mutation (28). In the present study,
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40% reductions in the steady-state level of tRNA™** observed in
mutant cell lines were consistent with the previous observa-
tions in the lymphoblastoid cell lines bearing the m.4435A—G
mutation (30, 31). However, the reduced levels of tRNAM®* in
mutant cells harboring the m.4435A— G mutation were indeed
above the proposed threshold, which is 30% of the control levels
of tRNA, to support the normal rate of mitochondrial transla-
tion (39, 44, 55, 56), indicating that the m.4435A— G mutation
itself is insufficient to produce a clinical phenotype.

The inefficient aminoacylation and shortage of tRNAM*, or
the faulty interaction between mutant tRNA™M* and the trans-
lational machinery, contributed to the defective mitochondrial
translation (57, 58). In the present study, reduced levels of mito-
chondrial proteins (an average decrease of ~33%) were compa-
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rable with the reduced rate of mitochondrial translation
observed in cell lines carrying the tRNA*P 7551 A— G, tRNA"®
4263A—G, tRNAS"™ 14692A—G, and tRNA™® 5655A—G
mutations (4, 28, 35, 56). The variable decreases in the levels of
7 mtDNA-encoded polypeptides were observed in the mutant
cell lines. As shown in Table S2, mutant cell lines carrying the
m.4435A— G mutation exhibited marked reductions (49.4 to
70.4%) in the levels of 3 polypeptides (ND3, ATP6, and CYTB),
and relative mild reductions (2.5 to 23%) in the levels of ND4,
ND5, CO,, and ATP8. In contrast to what was previously
shown in cells carrying the tRNA™* 8344A—G and tRNA"
(ucN) 7445A— G mutations (39, 58), the reduced levels of these
polypeptides in mutant cell lines did not significantly correlate
with the number or proportion of methionine codons. The
impaired synthesis of these polypeptides was responsible for
the reduced activities of complexes I, III, IV, and complex V.
Furthermore, the impairment of mitochondrial translation
resulted in the reduced rates in the basal OCR, or ATP-linked
OCR, reserve capacity, and maximal OCR in the mutant cell
lines. These observations highlighted an important role of
tRNAM® metabolic failure in producing their respiratory phe-
notypes, as in the cases of cell lines harboring the tRNA”*P
7551A—G and tRNA®™ 14692T— C mutations (4, 28).

The respiratory deficiency caused by the m.4435A—G
mutation may cause uncoupling of the oxidative pathway for
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ATP synthesis, oxidative stress, and subsequent failure of the
cellular energetic process (59). In this investigation, 32%
decreases in mitochondrial ATP production in the cell lines
carrying the m.4435A— G mutation, which may be caused by
the defective activity of complexes L, IIL, IV, and V, was compa-
rable with those in cell lines carrying the tRNAS™ 14692T—C,
tRNAP 7551A— G, and tRNA*'* 5655A— G mutations (4, 28,
35). Furthermore, the deficient oxidative phosphorylation
often affected mitochondrial membrane potentials, which
reflect the pumping of hydrogen ions across the inner mem-
brane during the process of electron transport and oxidative
phosphorylation (44, 46). In this study, 37% reduction in mito-
chondrial membrane potential in cybrid cell lines carrying the
m.4435A— G mutation was comparable with those in cell lines
carrying the tRNAS™ 14692T— C and tRNA**P 7551A—G (4,
28). The abnormal oxidative phosphorylation and mitochon-
drial membrane potential enhanced the production of reactive
oxygen species and the subsequent failure of cellular energetic
processes in mutant cells carrying the m.4435A— G mutation.
In particular, the overproduction of ROS can establish a
vicious cycle of oxidative stress in the mitochondria, thereby
damaging mitochondrial and cellular proteins, lipids, and
nucleic acids and increasing apoptotic signaling (60, 61). The
skeletal and vascular smooth muscles may be preferentially
involved because they were exquisitely sensitive to ineffi-
cient metabolism, subtle imbalance in cellular redox state,
and increased level of free radicals (62, 63). An inefficient
metabolism caused by the mitochondrial dysfunction in
skeletal and vascular smooth muscles may lead to the eleva-
tion of systolic blood pressure and therefore be involved in
hypertension. The relative mild mitochondrial dysfunction
caused by the m.4435A— G mutation suggested that the muta-
tion is an inherited risk factor necessary for the development of
hypertension but may by itself be insufficient to produce a clin-
ical phenotype. The nuclear genetic or epigenetic factors and
lifestyles may contribute to the development of clinical pheno-
types in subjects bearing the m.4435A— G mutation (64, 65). In
particular, the tissue-specific effect of this tRNA mutation may
be attributed to the tissue-specific RNA metabolism or the
involvement of nuclear modifier genes (66 —69).

In summary, our findings suggested the pathogenic mecha-
nism leading to an impaired oxidative phosphorylation in cells
carrying the hypertension-associated m.4435A— G mutation
in the tRNAM** gene. The m.4435A— G mutation altered the
structure and function of tRNAM®. The aberrant tRNA
metabolism resulted in the defects in mitochondrial transla-
tion, respiratory deficiency, decreasing membrane poten-
tials and ATP production, and finally increasing ROS pro-
duction. As a result, mitochondrial dysfunction caused by
the m.4435A— G mutation manifests hypertension. How-
ever, the tissue specificity of this pathogenic mtDNA muta-
tion is likely due to the involvement of nuclear modifier
genes or tissue-specific differences in tRNA metabolism.
Thus, our findings may provide new insights into the patho-
physiology of hypertension, which was manifested by the
deficient modification of mitochondrial tRNAM¢*,
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Experimental procedures
Cell lines and culture conditions

Immortalized lymphoblastoid cell lines were generated from
one hypertensive matrilineal relative (II-9) of a Chinese family
carrying the m.4435A— G mutation (33) and one genetically
unrelated Chinese control individual (C59) belonging to the
same mtDNA haplogroup B5 but lacking the mutation (Table
S2) (70). These cell lines were grown in RPMI 1640 medium
with 10% fetal bovine serum (FBS). The bromodeoxyuridine
(BrdU)-resistant 143B.TK™ cell line was grown in Dulbecco’s
modified Eagle’s medium (DMEM) (Life Technologies) (con-
taining 4.5 mg of glucose and 0.11 mg of pyruvate/ml), supple-
mented with 100 ug of BrdU/ml and 5% FBS. The mtDNA-less
p°206 cell line, derived from 143B.TK™ (34, 35, 71) was grown
under the same conditions as the parental line, except for the
addition of 50 ug of uridine/ml. Transformation by cytoplasts
of mtDNA-less po206 cells using one affected subject (I11-9) car-
rying the m.4435A— G mutation and one control individual
(C59) was performed as described elsewhere (34, 35, 71). All
cybrid cell lines constructed with enucleated lymphoblastoid
cell lines were maintained in the same medium as the
143B.TK™ cellline. An analysis for the presence and level of the
m.4435A— G mutation was carried out as described previously
(Fig. S1) (31). Quantification of the mtDNA copy number from
different cybrids was performed as detailed elsewhere (47).
Three mutant cybrids (II-9.2, 1I-9.4, and I1-9.5) carrying the
m.4435A—G mutation and three control cybrids (C59.8,
C59.10, and C59.12) lacking the mutation with similar mtDNA
copy numbers and the same karyotype were used for the bio-
chemical characterization described below.

Primer extension assay

A primer extension experiment to analyze the m'G37 mod-
ification of tRNAM®* was carried out by a modified procedure,
as described elsewhere (72, 73). Total mitochondrial RNAs
were obtained from mitochondria isolated from mutant and
control cell lines (~2.0 X 10® cells) using the TOTALLY
RNATM kit (Ambion), as described previously (74). A DNA
primer (5'-TGGTAGTACGGGAAGGGTATAACCAACATT-
3’) complementary to the 3’ end of the tRNAM** was 5’ end
labeled with DIG. Two ug of total mitochondrial RNA as tem-
plates and 1 uMm DIG-labeled oligodeoxynucleotide probe spe-
cific for the tRNAM® were used in the PrimeScript I 1st Strand
¢DNA Synthesis Kit (TAKARA) for reverse transcription.
Extension reactions were carried out as detailed previously (72,
73). The samples were applied onto 15% PAGE with 8 M urea in
Tris borate-EDTA buffer and electroblotted onto a positively
charged nylon membrane (Roche).

Methylation activity assays

The fragments spanning tRNA™®' (corresponding to
mtDNA at positions 4402—-4469) were PCR-amplified genomic
DNAs from one hypertensive subject (II-9) carrying the
m.4435A— G mutation and control subject (C59) and cloned
into the HindIII/BamHI sites of pUC19. The plasmid carrying
the human cytoplasmic tRNA™*“A9 and tRNA ™ genes were
the gifts from Dr. En-Duo Wang (75, 76). The unmodified
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tRNAs were generated by in vitro transcription using T7 RNA
polymerase, as detailed elsewhere (77). The purifications of
archaeal Trm5 (aTrmb5) from M. jannaschii (Mj-Trm5) was
performed as detailed previously (36, 37). The methylation
reaction contained 200 um [*H]SAM, 50 mM Tris-HCI (pH 7.0),
100 mm KCI, 10 mm MgCl,, 100 ug/ml of bovine serum albu-
min (BSA), 5 mm DTT, and 5 um transcribed wildtype or
mutant tRNAM®". The reaction was initiated by the addition of
2 uMm Mj-Trmb5. Reactions were performed under identical con-
ditions at 37 °C, at time intervals ranging between 2 and 8 min,
aliquots of 5 ul were removed, absorbed on paper discs, and
precipitated in trichloroacetic acid.

Electrophoretic mobility shift assay

Electrophoretic mobility shift assay (EMSA) was performed
as described elsewhere (78, 79). A range of 0.25— 8 um Mj-Trm5
was incubated with 100 nM tRNA in the presence of a 30-ul
reaction volume including 50 mm Tris-HCI (pH 8.0), 100 mm
KCl, 5 mm MgCl,, and 20% glycerol at 37 °C for 10 min. After
incubation, each sample was loaded onto a 6% polyacrylamide
native gel immediately after adding loading buffer. The gel was
stained with ethidium bromide.

UV melting assays

UV melting assays were carried out as previously described
(4, 80). The wildtype and mutant tRNAM®" transcripts were
generated as described above. The tRNAM®* transcripts were
diluted in the buffer including 50 mm sodium phosphate (pH
7.0), 50 mm NaCl, 5 mm MgCl,, and 0.1 mm EDTA. Absorbance
against temperature melting curves were measured at 260 nm
with a heating rate of 0.5 °C/min from 25 to 95 °C through Agi-
lent Cary 100 UV Spectrophotometer.

Mitochondrial tRNA analysis

For the tRNA Northern blot analysis, 2 ug of total mitochon-
drial RNAs were electrophoresed through a 10% polyacryl-
amide gel without (native gel) or with (denature gel) 8 M urea.
The gels were then electroblotted onto a positively charged
nylon membrane (Roche) for the hybridization analysis with
specific DIG-labeled oligodeoxynucleotide tRNA™M®* probe (21,
31, 81). After stripping, the same blots were hybridized with five
DIG-labeled oligodeoxynucleotide tRNA probes in the follow-
ing order: tRNA™, tRNAS VN {RNAT tRNAM*(CUN) and
tRNAS", respectively. After hybridization, the membranes
were washed with Washing buffer (0.1 M maleic acid, 0.15 m
NaCl, 0.3% (v/v) Tween 20 (pH 7.5)), incubated for 30 min in
Blocking solution (dilute blocking reagent (Roche) in 0.1 M
maleic acid, 0.15 M NaCl (pH 7.5)), and then incubated for 30
min in Antibody solution (dilute anti-digoxigenin-AP Fab frag-
ments (Roche), 1:10,000, in blocking solution). Anti-digoxige-
nin-AP Fab fragments for binding to the hybridized probes
were used for the immunological detection. After incubation,
the membranes were washed with 20 ml of washing buffer twice
and equilibrated with detection buffer (0.1 M Tris-HCI, 0.1 m
NaCl (pH 9.5)). CDP-Star, ready-to-use solution (Roche) was
used to soak the membrane evenly before exposure and signals
were detected using the ECL system (CWBIO). After exposure,
the membranes were washed with sterile diethyl pyrocarbon-
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ate-treated distilled water, incubated for 2 X 60 min at 80 °C in
stripping buffer (50 mm Tris-HCI (pH 7.5), 50% formamide, 5%
SDS), then washed for 2 X 5 min in 2 X SSC (300 mm NacCl, 30
mMm sodium citrate (pH 7.0)) before prehybridization and
hybridization with the next probe. To reduce the loss of tRNA
during stripping, fresh stripping buffers were used for each time
under sterile RNase-free conditions. The DIG-labeled oligode-
oxynucleotides were generated by using a DIG oligonucleotide
tailing kit (Roche). The hybridization and quantification of den-
sity in each band were performed as detailed previously (21, 31).

Oligodeoxynucleotides specific for tRNAM®, tRNA",
tRNAS VN, RNA™, (RNAMCUN, and tRNAS™ were as
follows: 5'-TGGTAGTACGGGAAGGGTATAACCAACAT-
T-3" (tRNAMY), 5'-AAAGAGGTGTTGGTTCTCTTAATC-
TTTAAC-3' (tRNA™*), 5'-AAAGGAAGGAATCGAACCCC-
CCAAAGCTGG-3' (tRNASUN) 5" TGTCCTTGGAAAA-
AGGTTTTCATCTCCGG-3' (tRNA™), 5" ACTTTTATTT-
GGAGTTGCACCAAAATTTTT-3" (tRNAXWCYN) and 5'-
ATTCTCGCACGGACTACAACCACGACCAAT-3’ (tRNAS™)
(GenBank™ accession no. NC_001807) (5).

For the aminoacylation assays, total mitochondrial RNAs
were isolated under acid conditions, and 2 ug of total mito-
chondrial RNAs was electrophoresed at 4 °C through an acid
(pH 5.0) 10% PAGE with 8 m urea in 100 mm sodium acetate
buffer to separate the charged and uncharged tRNA as detailed
elsewhere (82, 83). To further distinguish nonaminoacylated
tRNA from aminoacylated tRNA, total RNAs were treated with
being heated for 10 min at 60 °C (pH 8.3) and then run in par-
allel (82, 83). The gels were then electroblotted as described
above. Quantification of density in each band was performed as
detailed previously (82, 83).

Western blot analysis

Western blotting analysis was performed as detailed else-
where (44, 46). Antibodies were obtained from different
companies including ND4 (sc-20499-R) from Santa Cruz Bio-
technology, ATP6 (55313-1-AP), ATP8 (26723-1-AP), and
CYTB (55090-1-AP) from Proteintech, CO, (ab110258),
ND5 (ab92624), ND3 (ab170681), and Tom20 (ab56783)
from Abcam. Peroxidase Affini Pure goat anti-mouse IgG and
goat anti-rabbit IgG (Jackson) were used as a secondary anti-
body and protein signals were detected using the ECL system
(CWBIO). Quantification of density in each band was per-
formed as detailed previously (44, 46).

Assays of activities of respiratory complexes

The enzymatic activities of complexes I, II, II, IV, and V were
assayed as detailed before (40, 41).

Measurements of oxygen consumption

The OCR in cybrid cell lines were measured with a Seahorse
Bioscience XF-96 extracellular flux analyzer (Seahorse Biosci-
ence), as detailed previously (43, 44).

ATP measurements

The Cell Titer-Glo® Luminescent Cell Viability Assay kit
(Promega) was used for the measurement of cellular and mito-
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chondrial ATP levels, following the modified manufacturer’s
instructions (44, 46).

Assessment of mitochondrial membrane potential

Mitochondrial membrane potential was assessed with a
JC-10 Assay Kit-Microplate (Abcam) according to the general
manufacturer’s recommendations with some modifications, as
detailed elsewhere (44, 45).

Measurement of ROS production

ROS measurements were performed as detailed previously
(29, 35,47, 48).

Computer analysis

Statistical analysis was carried out using the unpaired, two-
tailed Student’s ¢ test contained in the Microsoft-Excel program
or Macintosh (version 2007). Differences were considered sig-
nificant at p < 0.05.
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