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POLRMT regulates the switch between
replication primer formation and gene
expression of mammalian mtDNA
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Mitochondria are vital in providing cellular energy via their oxidative phosphorylation system, which requires the
coordinated expression of genes encoded by both the nuclear and mitochondrial genomes (mtDNA). Transcription
of the circular mammalian mtDNA depends on a single mitochondrial RNA polymerase (POLRMT). Although the
transcription initiation process is well understood, it is debated whether POLRMT also serves as the primase for
the initiation of mtDNA replication. In the nucleus, the RNA polymerases needed for gene expression have no such
role. Conditional knockout of Polrmt in the heart results in severe mitochondrial dysfunction causing dilated car-
diomyopathy in young mice. We further studied the molecular consequences of different expression levels of
POLRMT and found that POLRMT is essential for primer synthesis to initiate mtDNA replication in vivo. Furthermore,
transcription initiation for primer formation has priority over gene expression. Surprisingly, mitochondrial
transcription factor A (TFAM) exists in an mtDNA-free pool in the Polrmt knockout mice. TFAM levels remain un-
changed despite strong mtDNA depletion, and TFAM is thus protected from degradation of the AAA+ Lon protease
in the absence of POLRMT. Last, we report that mitochondrial transcription elongation factor may compensate for a
partial depletion of POLRMT in heterozygous Polrmt knockout mice, indicating a direct regulatory role of this factor
in transcription. In conclusion, we present in vivo evidence that POLRMT has a key regulatory role in the replication
of mammalian mtDNA and is part of a transcriptional mechanism that provides a switch between primer formation
for mtDNA replication and mitochondrial gene expression.
INTRODUCTION
Mitochondria are essential for a variety of metabolic processes, includ-
ing oxidative phosphorylation (OXPHOS), whereby energy is harvested
from food nutrients to synthesize adenosine 5′-triphosphate (ATP).
Mitochondrial dysfunction is associated with a number of genetic
diseases and is heavily implicated in age-associated diseases, as well as
in the aging process itself (1, 2). The regulation of mitochondrial
function is complex because the biogenesis of the OXPHOS system
is under dual genetic control and requires the concerted expression
of both nuclear and mitochondrial genes (mtDNA) (3). Mammalian
cells contain thousands of copies of a compact double-stranded circu-
lar DNA molecule of ~16.6 kb, and the two strands of mtDNA can be
separated on denaturing cesium chloride gradients to a heavy (H) and
light (L) strand. The mtDNA encodes 13 essential subunits of the
OXPHOS complexes, 2 ribosomal RNAs (mt-rRNAs), and 22 transfer
RNAs (mt-tRNAs) (3–5). The intron-freemammalianmtDNAcontains
one longer noncoding region of ~1 kb, where the H-strand origin of
replication (OH), as well as the promoters for transcription of the H
and L strands (HSP and LSP, respectively), are located (6, 7). Tran-
scription initiated atHSP andLSP yields near genome-size polycistronic
mitochondrial transcripts (8), which are processed to release the
individual mt-mRNA, mt-rRNA, and mt-tRNA molecules (9).
Transcription from LSP produces the mRNA encoding NADH de-
hydrogenase subunit 6 (mt-Nd6) and 8 mt-tRNAs, whereas the re-
maining 10 mt-mRNAs (translated to 12 proteins), 14 mt-tRNAs,
and 2 mt-rRNAs are produced by transcription from HSP (3, 5).
All proteins involved in mammalian mtDNA maintenance and ex-
pression are encoded in the nuclear genome, synthesized in the cy-
tosol, and imported into the mitochondrial network. Transcription
of the mtDNA is carried out by a single-subunit DNA-dependent
RNA polymerase (POLRMT) that is structurally related to bacterio-
phage T7 RNA polymerase (T7 RNAP) (10, 11). Although the mech-
anisms of substrate selection and binding as well as catalytic
nucleotide incorporation seem to be conserved, the mechanisms of
promoter recognition, transcription initiation, transition to elonga-
tion, and transcription termination are very different, because
POLRMT, in contrast to T7 RNAP, depends on auxiliary factors
to perform these processes (4–8, 11–15). According to in vitro studies,
initiation of mitochondrial transcription requires three proteins,
namely, POLRMT, the mitochondrial transcription factor B2 (TFB2M),
and the mitochondrial transcription factor A (TFAM) (9, 10, 12).
First, sequence-specific binding of TFAM to regions upstream of
the transcription start position induces drastic bending of the
mtDNA (4, 15–17). Second, POLRMT is recruited to HSP and LSP
by concerted binding to TFAM and mtDNA sequences in the pro-
moters, as well as sequences upstream of the promoters (18, 19). For-
mation of this transcription preinitation complex (pre-IC) leads to
the recruitment of TFB2M to accomplish promoter melting and ini-
tiation of mitochondrial RNA synthesis. Once transcription enters
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the elongation step, TFB2M disassociates from the complex (11, 13).
The formation of the pre-IC has been suggested to serve as an im-
portant point of regulation of transcription in mitochondria (19).
Several in vitro studies suggest a difference in activity between
HSP and LSP, but this question has never been addressed in vivo.
In addition to its role in transcription initiation, TFAM is also a
DNA packaging factor that coats the entire mtDNA in a sequence-
independent manner and wraps it into compacted nucleoid struc-
tures (20, 21). TFAM is essential for mtDNA maintenance and is a
key factor involved in directly regulating mtDNA copy number in
mammals (22). Small variations in the TFAM-to-mtDNA ratio
can regulate the number of genomes available for mitochondrial
gene transcription and mtDNA replication (23). TFAM levels and
turnover are reported to be regulated by the AAA+ Lon protease
(LONP), which degrades TFAM not bound to mtDNA (24, 25).
In vitro studies have suggested that POLRMT plays an essential role
in mtDNA replication and acts together with critical nuclear-encoded
factors of the mitochondrial replication machinery, that is, mito-
chondrial DNA polymerase g (POLg) (26, 27), the mitochondrial
DNA helicase TWINKLE (28), and mitochondrial single-stranded
DNA binding protein 1 (SSBP1). It is hypothesized that transcrip-
tion is preterminated in close proximity to the OH, which is located
about 100 base pairs (bp) downstream of LSP. The RNA primer gen-
erated in this way is used by the mitochondrial replication machinery
to initiate mtDNA replication at OH (29–34). However, the in vivo
importance of POLRMT in replication primer formation is debated,
because the mammalian mitochondrial primase/polymerase (PrimPol)
is reported to play a role in mtDNA replication (35). Several models
have been proposed to explain how mtDNA is primed and replicated
(34, 36, 37). According to the strand displacement model, replication
of the H strand is initiated at OH and continues to displace the pa-
rental H strand. The replication machinery reaches the L-strand ori-
gin of replication (OL) after synthesis of two-thirds of the H strand
(38). When this region of the L strand becomes single-stranded, it
forms a stem-loop structure to which POLRMT can bind to produce
the RNA primer necessary for initiation of mtDNA replication at OL

(39, 40). Most mammalian mtDNA replication events initiated at the
leading strand are abortive and lead to the formation of a triple-
stranded structure containing a prematurely terminated nascent
H-strand DNA fragment of 650 nucleotides (nt), which is called
the displacement (D) loop (41). The abortive mtDNA replication
product is denoted 7S DNA and remains bound to the parental L
strand, thereby displacing the H strand. Mitochondrial transcrip-
tion elongation factor (TEFM) was found to increase the processiv-
ity of POLRMT, thus facilitating the synthesis of long polycistronic
RNAs (42–44). Interaction between TEFM and POLRMT was re-
ported to prevent the generation of replication primers and was
thus suggested to serve as a molecular switch between replication
and transcription (44). Further in vivo analysis is required to investi-
gate how such a switch could be regulated in the mitochondria of
actively metabolizing cells. The in vivo regulation of coordinated ex-
pression and replication of mtDNA still remains one of the most sig-
nificant gaps in our understanding of mitochondrial function.
POLRMT was suggested as a key factor in both of these processes.
The role of POLRMT as a primase for mtDNA replication is debated,
because nuclear DNA replication is dependent on specific primases
distinct from the RNA polymerases needed for transcription of nu-
clear genes. To address this question, we generated a Polrmt knock-
Kühl et al. Sci. Adv. 2016; 2 : e1600963 5 August 2016
out mouse model to elucidate the in vivo role of POLRMT in
mtDNA replication.
RESULTS

Polrmt is essential for embryo development
We generated a conditional knockout allele for Polrmt by targeting
exon 3 to disrupt the expression of POLRMT (fig. S1). Germline het-
erozygous knockout (Polrmt+/−) animals were obtained by breeding
mice with a heterozygous floxed Polrmt allele (+/PolrmtloxP) to mice
with ubiquitous expression of cre recombinase (+/b-actin–cre). Sub-
sequent intercrosses of Polrmt+/− mice produced no viable homozy-
gous knockouts (genotyped offspring, n = 56; Polrmt+/−, 66%;
Polrmt+/+, 34%;Polrmt−/−, 0%).We therefore proceeded to analyze staged
embryos at embryonic day (E) 8.5 (n = 47) and found that 23% of
embryos with a mutant appearance all had the genotype Polrmt−/−,
whereas the normally appearing embryos were either Polrmt+/+ (28%)
or Polrmt+/− (49%). Loss of POLRMT thus leads to a severely mutant
appearance and embryonic lethality at E8.5, similar to the phenotype of
other mouse knockouts with germline disruption of genes essential for
maintenance or expression of mtDNA (28, 45).

Disruption of Polrmt in heart causes dilated cardiomyopathy
To gain further in vivo insights into the role of Polrmt, we studied con-
ditional knockout mice (genotype, PolrmtloxP/loxP, +/Ckmm-cre) with
disruption of Polrmt in heart and skeletal muscle (46). Analysis of
complementary DNA (cDNA) by reverse transcription polymerase
chain reaction (RT-PCR) verified that sequences corresponding to
exon 3 of the Polrmt mRNA were lacking in the knockout tissues
(Fig. 1A). The conditional knockoutmice had a drastically shortened
life span, and all of them died before 6 weeks of age (Fig. 1B).We found
a progressive enlargement of the heart with dilation of the left ventric-
ular chamberwithout any apparent increase in the left ventricular wall
thickness (Fig. 1C). The ratio of heart to body weight progressively in-
creased during the first weeks of postnatal life (Fig. 1D). Electrocardio-
graphy (ECG) showed 40% reduction of the heart rate variability,
defined as the variation in the time interval between successive heart
beats in late-stage conditional knockout mice, whereas the average
heart rate was not different from controls (fig. S2).

Loss of POLRMT causes severe mitochondrial dysfunction
in heart
Transmission electron microscopy of terminal-stage knockout hearts
showed disruption of the tissue organization and abnormally appearing
mitochondria with disorganized cristae (Fig. 2A) consistent with mito-
chondrial dysfunction. Analysis of OXPHOS capacity in Polrmt knock-
out hearts showed that the enzyme activities of complexes I, IV, and V
were deficient, whereas the activity of the exclusively nucleus-encoded
complex II was normal (Fig. 2B). Consistently, analysis of the levels of
assembled OXPHOS complexes by blue native polyacrylamide gel elec-
trophoresis (BN-PAGE) showed reduced levels of complexes I, IV, andV,
whereas complex II was unchanged in the Polrmt conditional knockout
hearts (Fig. 2C). In addition to a reduction of assembled complex V, in-
creased levels of a subcomplex containing the F1 portion of ATP synthase
was found (Fig. 2C). The observed pattern of deficient OXPHOS sparing
complex II (Fig. 2B) is typically caused by reduced mtDNA expression.
Therefore, we proceeded to analyze mitochondrial transcript levels.
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POLRMT synthesizes primers for mtDNA replication
initiation
We did not detect the 7S RNA transcript in Polrmt knockout hearts
(Fig. 3A). The 7S RNA is the most promoter-proximal transcript
formed by transcription initiation at the LSP of mtDNA (47). In vitro
studies have suggested that transcription fromLSPmay also formprim-
ers for initiation of mtDNA replication. To further elucidate this possi-
bility, we studied levels of D-loop strands referred to as 7S DNA (Fig.
3B). The levels of 7SDNA were profoundly reduced in relation to total
mtDNA levels in Polrmt knockout hearts. The steady-state levels of
mtDNA were also reduced in hearts lacking POLRMT expression
(Fig. 3, C and D). Finally, we determined whether the reduced levels
of 7S DNA and mtDNA molecules were due to decreased formation
or increased degradation by performing in organello mtDNA replica-
tion experiments (Fig. 3, E andF). The de novo formation of 7SDNA, as
well as mtDNA, was much reduced in the absence of POLRMT, con-
sistent with an essential role of this protein in initiation of leading-
strand mtDNA replication.
Kühl et al. Sci. Adv. 2016; 2 : e1600963 5 August 2016
Loss of POLRMT leads to up-regulation of TWINKLE
protein levels
To further characterize molecular changes associated with the mtDNA
depletion phenotype caused by the absence of POLRMT,we studied the
expression of known nuclear-encoded transcription and replication
factors, as well as their intramitochondrial interactions. We followed
the levels of TFB2M during the progressive depletion of POLRMT in
heart and found a parallel decrease in both factors (Fig. 4A and figs. S3,
A and B, and S4A), consistent with a previously reported direct molec-
ular interaction between TFB2Mand POLRMT (12, 19, 48). It is impor-
tant to note that the decrease in TFB2M protein levels occurred despite
normal expression of theTfb2mmRNA (Fig. 4B), showing that TFB2M
is dependent onPOLRMT for its stability. In contrast, TEFM is stable or
even slightly increased in the absence of POLRMT (fig. S4, B andC).We
further assessed the levels of some important factors involved in mito-
chondrial RNA metabolism and translation. Both the zinc phosphodi-
esterase ELAC protein 2 (ELAC2) and the G-rich sequence factor
1 (GRSF1) were strongly increased in Polrmt knockout hearts (fig. S4,
Fig. 1. Knockout of Polrmt in germline and heart. (A) RT-PCR analysis of Polrmt transcripts from control (L/L) and tissue-specific knockout mice (L/L, cre).
Different primer sets were used as indicated; exon 3, 551 bp. UTR, untranslated region. (B) Survival curve of control (n = 60) and tissue-specific knockout (n =
37)mice. (C) Cardiac phenotype: Vertical (upper panels) and transverse (lower panels) sections through themidportion of hearts of control and tissue-specific
knockout mouse hearts at 4 weeks of age. Scale bars, 2 mm. (D) Heart–to–body weight ratio of control (n = 62) and tissue-specific knockout mice (n = 57) at
different time points. Error bars indicate ±SEM (***P < 0.001; two-tailed Student’s t test).
3 of 14



R E S EARCH ART I C L E
BandC). ELAC2 is important forRNAprocessing at the 3′ endof tRNAs
(49, 50), and GRSF1 interacts specifically with ribonuclease (RNase) P
and is suggested to be involved in early RNA processing events (51, 52).
The levels of the leucine-rich pentatricopeptide repeat-containing
(LRPPRC) protein (53, 54) were much reduced (Fig. 4A and figs. S3, A
and C, and S4A) despite normal levels of Lrpprc transcripts (Fig. 4B).
Next, we found that the levels of mitochondrial ribosomal proteins of
the small and large ribosomal subunits (MRPS35 andMRPL37) were se-
verely reduced in the absence of POLRMT (Fig. 4C and fig. S4, B and C).
Noteworthy, the steady-state levels of the 39S ribosomal protein L12
(MRPL12), suggested to play a role in regulation of mitochondrial tran-
scription (55), were not changed inPolrmt knockout hearts (fig. S4, B and
C).We found significantly increased protein levels of TWINKLE (Fig. 4A
and figs. S3, A and C, and S4A), despite normal levels of Twinkle tran-
scripts in Polrmt knockout hearts (Fig. 4B), showing that this replicative
helicase is stabilized when mtDNA replication is compromised.
Kühl et al. Sci. Adv. 2016; 2 : e1600963 5 August 2016
An mtDNA-free pool of TFAM appears in absence of POLRMT
Despite severely reduced mtDNA levels, the protein levels of TFAM
were unchanged in the absence of POLRMT (Fig. 4A and figs. S3, A
and B, and S4A). Furthermore, the steady-state levels of Tfam tran-
scripts were increased by ~50% in the knockout hearts, whereas the
mRNA expression of the other nucleus-encoded factors was not signif-
icantly altered (Tfb2m, Tefm, PolgA, Ssbp1,Mterf2,Mterf3,Mterf4, and
Lrpprc) (Fig. 4B). The AAA+ LONP, which has been reported to de-
grade TFAM if not bound tomtDNA (25), showed an increased expres-
sion (Fig. 4A and figs. S3A and S4A). The finding that TFAM protein
levels do not follow the decreased mtDNA levels is very surprising be-
cause there are numerous reports of costabilization between TFAMand
mtDNA (56). We therefore performed linear density glycerol gradient
experiments to determine the pools of TFAM that were unbound or
present together with mtDNA in the nucleoid (21, 57). The fractions of
the gradient containing the nucleoid were determined by the presence
Fig. 2. ReducedOXPHOS capacity in Polrmt knockoutmouse heart. (A) Transmission electronmicrographs ofmyocardium of 5-week-old control (n = 2)
and tissue-specific knockoutmice (n= 2). Scale bars, 2 mm (upper panel) and 0.5 mm (lower panel). (B) Relative enzyme activities of respiratory chain enzymes
measured in mitochondria isolated from hearts of control and tissue-specific knockout mice at different ages. Citrate synthase (CS) was used as an internal
control for normalization of the samples. The enzymes measured are citrate synthase; complex II, succinate dehydrogenase; complex I, NADH ubiquinone
oxidoreductase; complex IV, cytochrome c oxidase; complex V, adenosine triphosphatase (ATPase) oligomycin-sensitive. All error bars indicate ±SEM (**P <
0.01 and ***P < 0.001; n = 4; two-tailed Student’s t test). (C) BN-PAGE analyses of mitochondria isolated from 5-week-old control and tissue-specific knockout
hearts. OXPHOS complexes were detected with subunit-specific antibodies or Coomassie Brilliant Blue staining. NDUFA9, complex I; SDHA, 70 kD subunit of
complex II; COX2, complex IV; sub a F1, complex V; respiratory supercomplexes, InIIInIVn and InIIIn.
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ofmtDNA, verified by Southern blotting and deoxyribonuclease (DNase)
treatment, and by the presence of replication factors, such as TWINKLE
and POLgA (Fig. 4C and fig. S5A). In mitochondria isolated from
Polrmt knockout hearts, there was a clear increase in TFAM protein
levels in the mtDNA-free fractions (Fig. 4, D and E, and fig. S6A).
The mtDNA depletion that results from deficient replication primer
formation in the absence of POLRMT thus leads to an increased pool
of mtDNA-free TFAM that is not degraded despite increased LONP
protein levels.

LSP-initiated transcription is favored at low POLRMT levels
Consistent with the previously observed profound reduction in de novo
transcription of mtDNA in the absence of POLRMT (46), we found a
global severe decrease in the steady-state levels of all analyzed mito-
chondrial mRNAs, rRNAs, and tRNAs (Fig. 5, A to C). Northern blot
analysis showed that, in the absence of POLRMT, the levels of several
transcripts encoded on the L strand, that is,mt-Nd6,mt-Tp,mt-Te,mt-
Ts2,mt-Tc,mt-Tn, andmt-Tq, were less decreased than transcripts en-
coded on theH strand (Fig. 5, A and B). Next, we used RNA sequencing
(RNA-Seq) to quantify the reduction in steady-state levels of the mito-
Kühl et al. Sci. Adv. 2016; 2 : e1600963 5 August 2016
chondrial transcriptome and found that themt-Nd6 transcript showed
a much higher relative abundance than mitochondrial rRNAs or the
other mt-mRNAs in Polrmt knockout hearts from 4-week-old mice
(Fig. 5C). To determine whether this difference in mitochondrial
transcript steady-state levels was due to promoter-specific transcription
initiation effects in heart mitochondria with low POLRMT levels, we
performed in vitro transcription assays (Fig. 5, D and E). At low
POLRMT concentrations (32 to 0.5 nM), we detected a strong reduc-
tion of transcription initiation from HSP in comparison with LSP (Fig.
5, D and E), showing that transcription initiation at LSP is better main-
tained at low POLRMT levels.

Heterozygous Polrmt knockouts increase TEFM levels and
maintain transcription
To determine how a moderate reduction of POLRMT levels affects
mtDNA expression, we studied Polrmt+/− mice. The Polrmt+/− mice
showed decreased POLRMT protein levels in heart, skeletal muscle,
and liver in accordance with a 50% reduction in Polrmt gene dosage
(Fig. 6A and fig. S7, A and B). A global reduction of POLRMT expres-
sion does not cause any phenotype, and the heterozygous knockout
Fig. 3. Decreased mtDNA replication in Polrmt knockout mice. (A) 7S RNA levels in control and tissue-specific knockout hearts at different ages by
Northern blot on total RNA; loading, 18S rRNA. RNAs from hearts of Mterf4 conditional knockout mice (72) with increased 7S RNA levels were loaded as
controls. (B) Southern blot analyses onmtDNA to assess 7SDNA levels of 4-week-old control and tissue-specific knockoutmice. To allow relative comparison,
the loaded amount of mtDNA from knockouts was higher than the amount loaded from control samples. (C) Southern blot analyses on total DNA to assess
mtDNA levels of control and tissue-specific knockout mice at different ages; loading, 18S rDNA. (D) Quantification of Southern blots: mtDNA levels were
normalized to 18S rDNA and presented as the percentage of controls. Error bars indicate ±SEM (*P < 0.05; two-tailed Student’s t test). (E) Levels of de novo–
synthesized DNA of isolated heart mitochondria of 4-week-old tissue-specific knockout and control mice. Equal input was ensured by Western blot analysis
[voltage-dependent anion channel (VDAC)] on isolated mitochondria after labeling before mtDNA extraction. (F) Quantification of the results from (E).
5 of 14
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Fig. 4. Loss of POLRMT results in an increased mtDNA-free pool of TFAM. (A) Steady-state protein levels of nuclear-encoded factors of mtDNA expres-
sion analyzed byWestern blotting onmitochondrial extracts from hearts of control and tissue-specific knockoutmice; loading, VDAC; asterisk, cross-reacting
band (28); for quantification, see fig. S4A. (B) Quantitative RT-PCR (qRT-PCR) of transcript levels of nuclear-encoded mitochondrial proteins. Normalization,
b2M (b2-microglobulin). Error bars indicate±SEM (*P<0.05 and ***P<0.001; two-tailed Student’s t test; see table S1). (C andD) Linear glycerol density gradient
fractionations ofmitochondrial lysates from tissue-specific knockout and controlmice followedbyWestern blot analysis; for quantification, see figs. S5 (A to C)
and S6. Samples taken from fractions 1 to 16 are of increasing density (that is, from top to bottom of the tube after separation by ultracentrifugation; as
indicated by the schematic representation of the centrifuge tube to the left). Fractions were loaded from left to right on the gels as indicated by the lane
numbering; input, aliquots of unfractionated lysates. The mtDNA content of the fractions was determined by Southern blotting. (E) Relative TFAM and
POLRMT protein distribution across the gradient from control and knockout heart mitochondria.
Kühl et al. Sci. Adv. 2016; 2 : e1600963 5 August 2016 6 of 14
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Fig. 5. LSP and HSP show different sensitivities at low POLRMT concentrations. (A and B) Northern blot analyses of mitochondrial mRNAs, rRNAs, and
tRNAs fromhearts of 4-week-old control and tissue-specific knockoutmice; loading, 18S rRNA. (C) Relativemitochondrial RNA abundance ofmRNA and rRNA
levels in hearts of 4-week-old tissue-specific knockout and controlmice normalized to theupper quartile of the gene count distribution. Thedata analyzed are
from three independent RNA-Seq experiments; all RNAs have ***P ≤ 0.0001. Error bars indicate ±SEM. (D) In vitro transcription assay at different POLRMT
levels. All reactions contained a cut plasmid template (containing the human LSP andHSPpromoters giving a run-off product of 101 and 180nt, respectively).
POLRMT was added at 128, 32, 8, 2, and 0.5 nM in lanes 1 to 5, respectively; lane 6, control without POLRMT; lane 7, molecular weight marker (New England
Biolabs). (E) Quantification of the results from (D). The experiment was performed in triplicates, and HSP transcription levels were normalized to LSP for each
POLRMT concentration; bars, mean value. Error bars indicate ±SD (n = 3).
Kühl et al. Sci. Adv. 2016; 2 : e1600963 5 August 2016 7 of 14
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mice are apparently viable, fertile, and healthy at 1 year of age. We
proceeded to determine whether the moderately altered POLRMT
levels have an effect on the steady-state levels of OXPHOS enzyme
complexes. Western blot analysis of respiratory chain subunits showed
normal levels of NDUFB8 (complex I), SDHA (complex II), UQCRC2
(complex III), COX1 andCOX2 (complex IV), andATP5A1 (complexV)
in hearts from 26- and 52-week-old Polrmt+/−mice (Fig. 6A and fig. S7,
C and D). Both Northern blot analysis of steady-state levels of mito-
chondrial rRNAs, tRNAs, andmRNAs, and RNA-Seq analysis of the
mitochondrial transcriptome of Polrmt+/−mice in heart showed a nor-
mal mitochondrial transcript abundance despite reduced POLRMT
levels (Fig. 6B and fig. S8, A and B). Consistent with the normal
Kühl et al. Sci. Adv. 2016; 2 : e1600963 5 August 2016
mt-mRNA levels, the levels of LRPPRC were not changed in Polrmt+/−

mice (Fig. 6C and fig. S9A). Noteworthy, RNA-Seq data showed that
themt-Nd6 transcript encoded on the L strand was slightly reduced,
whereas all other mitochondrial rRNAs and mRNAs encoded on the
H strand showed a tendency to be increased in Polrmt+/− hearts at
26 weeks of age (fig. S8B). We observed a strong increase in TEFM
protein levels (Fig. 6C and fig. S9A), which may provide a compensa-
tory response to reduced transcription initiation in Polrmt+/− mice.
This suggestion is supported by the finding of slightly increased de novo
transcription in heartmitochondria fromPolrmt+/−mice (Fig. 6D). Fur-
thermore, the levels of 7S RNA are normal in Polrmt+/−mice (Fig. 6E),
thus showing that promoter proximal transcription at LSP is sufficient
Fig. 6. Characterization of heterozygous Polrmt knockout mice. (A) POLRMT steady-state protein levels in heart fromwild-type (+/+) and heterozygous
Polrmt knockout (+/−) mice; loading, VDAC; for quantification, see fig. S7C. (B) Steady-state levels of mitochondrial mRNAs, rRNAs, and tRNAs; loading, 18S
rRNA; for quantification, see fig. S8A. (C) Steady-state protein levels of nuclear-encoded factors of mtDNA expression analyzed by Western blotting on mito-
chondrial heart extracts; loading, VDAC; for quantification, see fig. S9A; asterisk, cross-reacting band (28). (D) De novo–synthesized mitochondrial transcripts
from hearts of 52-week-oldmice. Steady-state levels of individual mitochondrial transcripts were verifiedwith a radiolabeled probe (mt-Co1); input, Western
blot analysis (POLRMT and VDAC) after labeling. (E) 7S RNA levels in mouse hearts by Northern blotting on total RNA; loading, 18S rRNA. (F) Quanti-
fication of mtDNA by quantitative PCR (qPCR) withmt-Co1,mt-Nd1, andmt-Nd5 probes on mouse heart. Signals were normalized to the 18S signal; n = 3.
Error bars indicate ±SEM. (G) De novo–synthesized DNA of isolatedmitochondria from hearts of 12-week-oldmice. The mtDNAwas radioactively labeled
in organello, isolated andboiled to release newly synthesized 7SDNAbefore Southernblotting; input,Westernblotting (POLRMTandVDAC) after labeling;
for quantification, see fig. S10B.
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to maintain mtDNA replication and levels (Fig. 6F and fig. S10A).
Consistent with the normal mtDNA levels, the levels of TFAM were
not changed in Polrmt+/− mice (Fig. 6C and fig. S9A). Also, de novo
formation of 7S DNA was not decreased when POLRMT was reduced
(Fig. 6G and fig. S10B), and the normal levels of TWINKLE, POLgA,
and SSBP1 proteins (Fig. 6C and fig. S9, A and B) provide further
support for normal mtDNA replication in Polrmt+/− mice. Thus, a
moderate reduction of POLRMT expression in Polrmt+/− mice does
not affect overall mtDNA transcription or maintenance.
DISCUSSION

Here, we show that POLRMT, in addition to its essential role in gene
expression, is required for primer formation for initiation of mtDNA
replication in vivo. Our data show that primer synthesis and initiation
ofmtDNAreplication are prioritized over gene transcription because (i)
there is a differential effect of POLRMT at the mtDNA promoters as
illustrated in Fig. 7. At lower POLRMT levels, transcription is primarily
initiated at LSP, which helps to ensure that primer synthesis can be
maintained. (ii) Under normal conditions, about 95% of all replication
initiation events at OH are prematurely terminated, forming the 7S
DNA. When POLRMT is depleted, 7S DNA is no longer formed, sug-
gesting that all residual replicative events continue to full-length repli-
cation. (iii) The increase in TWINKLE protein levels is likely a
compensatory response aimed to promote productive mtDNA replica-
tion. The increased TWINKLE protein levels are most likely due to
posttranscriptional regulation because the Twinkle mRNA levels re-
main unchanged. Although the exact mechanisms of TWINKLE stabi-
lization and regulatory role in mtDNA replication remain unknown,
TWINKLE can be loaded at the 3′ end of 7S DNA to promote full-
length genomic replication (58). It is possible that abortivemtDNA rep-
lication is favored by an antihelicase activity at the end of the D loop
(58, 59) and that increased TWINKLE levels will overcome this block.
The increase in TWINKLE as a compensatory mechanism agrees with
results from other mouse models with severe mtDNA depletion, sug-
gesting an involvement of TWINKLE in the regulation of mtDNA rep-
lication in mammals. Surprisingly, the TFAM protein levels remain
normal in the absence of POLRMT despite profound mtDNA deple-
tion. The inability of this excess TFAM to bind mtDNA to form nu-
cleoids results in an increased free pool of TFAM. There is strong
experimental evidence that the amount of TFAM directly regulates
mtDNA copy number and that mtDNA levels also reciprocally affect
TFAM levels (21, 56, 60). Disruption of Tfam in mouse leads to loss
of mtDNA, and overexpression of TFAM leads to increased mtDNA
copy number (22, 45). Our data show that TFAM can be stable in the
absence of mtDNA. The normal TFAM protein levels observed here
could be a part of a compensatory response that attempts to maintain
mtDNA. It has been suggested that TFAM turnover involves LONP,
which degrades TFAMwhen it is not bound to mtDNA (24, 25). Over-
expression of LONP was reported to result in reduced TFAM and
mtDNA levels, whereas LONP depletion was found to increase TFAM
and mtDNA levels. The TFAM protein levels are normal despite
increased LONP levels in the absence of POLRMT. TFAM is thus
protected from LONP degradation. Moreover, the levels of Tfam tran-
scripts were increased in the Polrmt knockout hearts, whereas all other
investigated transcripts of nuclear genes involved inmtDNA expression
were unaltered. These findings argue for a compensatory regulatory
Kühl et al. Sci. Adv. 2016; 2 : e1600963 5 August 2016
mechanism that controls TFAM levels in mitochondria. To our knowl-
edge, this discrepancy between mtDNA and TFAM levels has not been
found in other knockout mouse models with reduced mtDNA levels
(28), and it remains to be clarified whether this is specifically linked
to the loss of POLRMT. LONP is known to play a role in degrading
misfolded, unassembled, or oxidatively damaged proteins. Thus, the
highly induced levels of LONP in the Polrmt knockouts are likely due
to an imbalance between mtDNA- and nucleus-encoded OXPHOS
subunits, as already described in previous studies (61). Themechanisms
that regulate transcription levels in mammalian mitochondria remain
to be clarified, and our study of the heterozygous Polrmt knockoutmice
provides important insights. Despite a drop in POLRMT levels, the
steady-state mitochondrial transcript levels in these mice are un-
changed. We also observed increased TEFM protein levels, whereas
all other nuclear-encoded factors involved in mtDNA expression, for
example, LRPPRC, TFAM, and TWINKLE, were normal. This could
be a compensatory response to ensure a normal transcription rate
and mitochondrial steady-state transcript levels even when the ratio
of POLRMT protein per mtDNA molecule is reduced in the heterozy-
gous Polrmt knockouts. In vitro studies recently reported that TEFM
increases transcription processivity to allow mitochondria to increase
transcription rates (43, 44). In contrast to TEFM, neither TFAM nor
TFB2M levels were affected in the heterozygous Polrmt knockout mice.
Both of these factors are directly involved in the transcription initiation
mechanism, but apparently, their levels are not limiting in promoting
increased levels of transcription. In the nucleus, differential activation of
the large number of protein-coding genes is not controlled by varying
the amount of RNA polymerase II but is instead based on specific com-
binations of bound transcription factors that regulate promoter speci-
ficity. In contrast to the nucleus, where protein-coding genes typically
are present only in two copies per cell, there are thousands of copies of
mtDNA per cell. This means that increased transcription of mtDNA
does not necessarily require increased transcription from each promoter,
but it can instead be achieved by engaging more mtDNA templates in
Fig. 7. Model of POLRMT regulating replication primer formation
and expression of mtDNA. At high POLRMT levels, mitochondrial
transcription initiation is activated from both the HSP and LSP resulting
in mtDNA gene expression. At low POLRMT levels, only LSP is active and
an RNA primer for replication of mtDNA is synthesized.
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transcription. This mode of regulation will only be an efficient regula-
tory system if the number of target promoters is low, such as is the case
formtDNA that only has twopromoters per genome.How the presence
of TEFM may prevent early transcription termination and promote
transcription beyond the immediate promoter region remains to be
discovered. The genetic data we present here resolve the controversy
concerning the role of POLRMT as a primase for mammalian mtDNA
replication. This issue has been widely debated because nuclear DNA
replication is dependent on specific primases, which are distinct from
the RNA polymerases needed for transcription of nuclear genes. Our
mouse knockout data show that in the absence of POLRMT, 7S
DNA is no longer formed, and there is a severe reduction of mtDNA
levels. In vitro data have shown that POLRMT can generate the RNA
primers needed formtDNAsynthesis at bothOHandOL (40), but the in
vivo importance of these findings has not been established (62). The 7S
RNA, a polyadenylated transcript that is terminated near the 5′ end of
the nascent D loop strand, is undetectable in the absence of POLRMT.
The function of the 7SRNA is not clear, but it has been suggested that it
is involved in primer formation for initiation of mtDNA synthesis at OH

(36, 58). In mammalian mitochondria, PrimPol was reported to have
DNA and RNA primase activities and play a role in mtDNA replication
(35). Our knockout data show that PrimPol or any other primase cannot
complement for the absence of POLRMTwhen it comes tomtDNA rep-
lication initiation. Together, our study provides clear evidence that
POLRMT functions as the primase for mtDNA replication in mamma-
lian mitochondria in vivo. Deletion of Polrmt in heart results in a severe
decrease in allmitochondrial transcripts, butwe also report that themito-
chondrial transcripts derived from the L strand, in particular themt-Nd6
mRNA, are less reduced than those transcripts encoded on the H strand.
This could be explainedbydifferent stabilities of the individualmitochon-
drial transcripts due to up-regulation/down-regulationof factors involved
inmitochondrial transcript processing/stability. Previous studies reported
that most L-strand transcripts, includingmt-Nd6, were unaffected when
silencing or knocking out the Lrpprc gene (54, 63). LRPPRC levels de-
crease markedly once POLRMT levels drop below 50% of control levels
to cause markedly decreased mitochondrial transcription. This finding is
consistent with the previously observed reciprocal interdependency be-
tween levels of LRPPRC protein and mitochondrial mRNAs (64). The
strongly increased GRSF1 levels in Polrmt knockouts are in line with
the less reduced amounts of mt-Nd6 mRNA in comparison with levels
ofH-strand transcripts, becauseGRSF1has been suggested to be involved
in regulating and interacting with mt-Nd6 mRNA and its precursor
strand (51, 52). However, these circumstances cannot explainwhy tRNAs
from the L strand are present at higher levels than tRNAs of theH strand.
Hence, a likely explanation for the difference in transcript steady-state
levels is the observed promoter-specific transcription initiation effects
in heart mitochondria with low POLRMT levels. This is underscored
by our in vitro findings that transcription initiation at LSP is bettermain-
tained than at HSP at low POLRMT levels. This difference in the
strengths of the two promoters is in line with previous in vitro studies
(15). In conclusion, we found that POLRMT is essential for embryonic
development, and that whole-body knockout results in embryonic lethal-
ity duringmidgestation, whereas amoderate reduction of Polrmt expres-
sion does not cause any phenotype. We further provide the first in vivo
evidence that POLRMT functions as the primase for mtDNA replication
inmammalianmitochondria. At low POLRMT levels, we observed a sig-
nificant discrepancy in the initiation of mitochondrial transcription be-
tween theHSPandLSP, suggesting that POLRMT is part of amechanism
Kühl et al. Sci. Adv. 2016; 2 : e1600963 5 August 2016
that provides a switch between RNA primer formation for mtDNA rep-
lication andmtDNA expression. Coordinated replication and expression
of the mitochondrial genome are essential for metabolically active mam-
malian cells. By using several mousemodels, we characterized themolec-
ular consequences of different expression levels of POLRMT, a key player
in those processes and thus a good target for therapeutic strategies.
MATERIALS AND METHODS

Generation and handling of Polrmt knockout mice
The targeting vector for disrupting Polrmt in embryonic stem cells
(derived from C57BL/6N mice) was generated using the bacterial arti-
ficial chromosome (BAC) clones from the RPC19-731 BAC library by
TaconicArtemisGmbH.To generate knockoutPolrmtmice exon 3 of the
Polrmt, locus was flanked by loxP sites, and a positive selection marker,
PuroR, was flanked by F3 sites and inserted into intron 2. The puromy-
cin resistance cassette was removed by mating of Polrmt+/loxP-pur mice
with transgenic mice ubiquitously expressing flp recombinase. Result-
ing Polrmt+/loxP mice weremated withmice ubiquitously expressing cre
recombinase to generate heterozygous knockout Polrmt+/−mice (fig. S1).
Heart- and skeletal muscle–specific Polrmt knockout mice were gener-
ated as previously described (46). All animal procedures were conducted
in accordance with European, national, and institutional guidelines and
protocols, and were approved by local government authorities.

DNA isolation, Southern blot analysis, and
mtDNA quantification
Total DNA was isolated from heart tissue using the DNeasy Blood &
Tissue Kit (Qiagen) and subjected to Southern blot analysis as previously
described (28). DNA (3 to 10 mg) was digested with Sac I endonuclease,
and fragments were separated by agarose gel electrophoresis, transferred
to nitrocellulose membranes (Hybond-N+ membranes; GE Healthcare),
and hybridized with [a-32P]dCTP (2′-deoxycytidine 5′-triphosphate)–
labeled probes to detect total mtDNA (pAM1), the D loop, or nuclear
DNA (18S rDNA) as loading control. mtDNA was isolated by phenol/
chloroform extraction from purified mitochondria for the detection of
theD loopby Southernblotting. Sampleswereheated for 10minat 100°C
before loading. mtDNA measured by semiquantitative RT-PCR was
carried out on 4 ng of total DNA in a 7900HT Real-Time PCR System
(Applied Biosystems) usingTaqManprobes specific for themt-Co1,mt-
Nd1, mt-Nd5, and 18S genes (Applied Biosystems).

RT-PCR, qRT-PCR, and Northern blot analysis
RNA was isolated by either using the ToTALLY RNA Isolation Kit
(Ambion) or usingTRIzol Reagent (Invitrogen) and subjected toDNase
treatment (TURBODNA-free; Ambion). RT-PCRwas carried out after
cDNA synthesis (High-Capacity cDNA Reverse Transcription Kit; Ap-
pliedBiosystems). Primers used for theRT-PCR (Fig. 1A)were as follows:
Polrmt-E1_forward (a), 5′-CGGCGCTCCGGTGGACCCGAAGCG-3′;
Polrmt-E4_forward (b), 5′-GTGGCTTCTGCAGCTCAAGA-3′;
Polrmt-E3_reverse (c), 5′-GCATCACGGTGTTGTACATGTGC-3′;
Polrmt-E4_reverse (d), 5′-TCTTGAGCTGCAGAAGCCAC-3′;
Polrmt-E5_reverse (e), 5′-CGACGAGAAGTGACTGGACCAG-3′;
Polrmt-E2_reverse, 5′-TCCAGCAGTTCAGCATGGCC-3′. Real-time
qRT-PCR was performed using the TaqMan 2× Universal PCRMaster
Mix, No AmpErase UNG (Applied Biosystems). The quantity of tran-
scripts was normalized to b2M as a reference gene transcript. For Northern
10 of 14



R E S EARCH ART I C L E
blotting, 1 to 2 mg of total RNA were denatured in RNA Sample
Loading Buffer (Sigma-Aldrich), separated on 1 or 1.8% formaldehyde-
MOPS [3-(N-morpholino) propanesulfonic acid] agarose gels before
transfer onto Hybond-N+ membranes (GE Healthcare) overnight. After
ultraviolet (UV) crosslinking, the blots were hybridized with various
probes at 65°C in Rapid-hyb buffer (Amersham) and then washed in
2×and0.2×SSC/0.1%SDSbefore exposure to film.Mitochondrial probes
used for visualization of mt-mRNA and mt-rRNA levels were restric-
tion fragments labeled with [a-32P]dCTP and a random priming kit
(Agilent). Different mitochondrial tRNAs and 7S RNA were detected
using specific oligonucleotides labeled with [g-32P]ATP. Radioactive
signals were detected by autoradiography.

In organello transcription and replication assays
In organello transcription and replication assays were performed on
mitochondria isolated frommouse hearts by differential centrifugation
as previously described (28). In organello transcription assays were
carried out as previously reported (64). For each in organello replication
assay [modified from (65)], 1 mg of purified mitochondria was washed
in 1mlof incubationbuffer [10mMtris (pH7.4), 25mMsucrose, 75mM
sorbitol, 100 mM KCl, 10 mM K2HPO4, 50 mM EDTA, 5 mMMgCl2,
10mMglutamate, 2.5mMmalate, bovine serumalbumin (BSA; 1mg/ml),
and 1 mM adenosine 5′-diphosphate]; resuspended in 500 ml of incu-
bation buffer supplementedwith 50 mMdCTP, dTTP (2′-deoxythymidine
5′-triphosphate), dGTP (2′-deoxyguanosine 5′-triphosphate), and 20 mCi
of [a-32P]dATP (PerkinElmer); and incubated for 2 hours at 37°C.After
incubation,mitochondriawerewashed three times in 10mMtris (pH6.8),
0.15 mM MgCl2, and 10% glycerol. An aliquot of mitochondria was
collected for immunoblotting with the VDAC antibody (Millipore) as
a loading control. mtDNA was isolated by phenol/chloroform extrac-
tions or by Puregene Core Kit A (Qiagen), and radiolabeled replicated
DNA was analyzed by D-loop Southern blotting (as described earlier)
and visualized by autoradiography. Quantifications of transcript levels
were performed using the programMultiGauge with images generated
from a PhosphorImager instrument.

RNA sequencing
RNA was isolated from crude heart mitochondria using the miRNeasy
Mini Kit (Qiagen), and the concentration, purity, and integrity were
confirmed using a Bioanalyzer. RNA-Seq libraries were constructed
using the Illumina TruSeq Sample Prep Kit. Paired-end deep sequencing
of the mitochondrial RNAs was performed on an Illumina MiSeq
according to the manufacturer’s instructions. RNA-Seq was performed
on mitochondrial RNA from three different control and POLRMT
tissue-specific knockout mice aged 3 to 4 weeks. Sequenced reads were
aligned to the mouse genome (GRCm38) with HISAT 0.1.6 (66) (–fr
–rna-strandness RF; total RNA library). Reads that aligned to the
mitochondria were extracted and subsequently realigned with spliced
alignment disabled to reflect the unspliced nature of the mitochondrial
transcriptome andprevent the introduction of spurious splice junctions.
Gene-specific counts were summarized with featureCounts 1.3.5-p4
(67) (-p -s 2 -Q 10; total RNA library) using the Ensembl 75 gene an-
notation for nuclear-encoded genes and a modified annotation for
mitochondrial genes. The modified annotation contains merged mt-
Atp8/mt-Atp6 and mt-Nd4l/mt-Nd4 annotations to reflect their bicis-
tronic nature. Initially, genes with a zero count in any sample were
filtered from the count table (in addition to mt-tRNAs), followed by
loess and upper quartile normalization for guanine/cytosine content
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and sequencing depth, performed with EDASeq 2.3.2 (68). Differential
expression analysis was performed in R 3.2.0 with edgeR 3.11.2 using a
generalized linear model approach with tagwise dispersion estimates,
and the offsets were generated by EDASeq (69).

In vitro transcription assay
Transcription reactions were in 25 ml total volume containing 25 mM
tris-HCl (pH 8.0), 10 mM MgCl2, 64 mM NaCl, BSA (100 mg/ml),
1 mM dithiothreitol (DTT), 400 mM ATP, 150 mM guanosine-5′-
triphosphate (GTP), 150 mM cytidine-5′-triphosphate (CTP), 10 mM
uridine 5′-triphosphate (UTP), 0.02 mM [a-32P]UTP, and 4 U RNase
Inhibitor Murine (New England Biolabs). The transcription template
was added at 4 nM and consisted of a restriction cut (Hind III/Eco RI),
purified (QIAquick PCR Purification Kit) human LSP/HSP plasmid,
where a fragment consisting of positions 325 to 742 of humanmtDNA
was cloned between the Sma I and Hind III sites of pUC18 (23). To
each reaction, 128nMhumanTFB2Mand 320nMhumanTFAM(cor-
responding to 1 TFAM per 40 bp) were added. Human POLRMT was
added at five different concentrations: 128, 32, 8, 2, and 0.5 nM, respec-
tively. The reactions were incubated at 32°C for 30 min and stopped by
the addition of stop buffer [10 mM tris-HCl (pH 8.0), 0.2 MNaCl, 1 mM
EDTA, and proteinase K (100 mg/ml)] followed by incubation at 42°C
for 45 min. The transcription products were ethanol-precipitated, dis-
solved in 20 ml loading buffer (98% formamide, 10 mM EDTA, 0.025%
xylene cyanol FF, and 0.025% bromophenol blue), and analyzed on
4%denaturing polyacrylamide gels (1× tris-borate EDTAand 7Murea).
Quantifications of transcript levels were performed using the program
MultiGauge with images generated from a PhosphorImager instrument.

Western blots, BN-PAGE, antisera, and enzymatic activity
Mitochondria were isolated frommouse heart using differential centrif-
ugation as previously reported (28). Proteins were separated by SDS-
PAGE(using4 to12%bis-trisproteingels; Invitrogen)and then transferred
onto polyvinylidene difluoride membranes (GE Healthcare). Immuno-
blotting was performed according to standard techniques using
enhanced chemiluminescence (Immun-Star Horseradish Peroxidase
Luminol/Enhancer from Bio-Rad). BN electrophoresis was carried
out on 100 mg of mitochondria solubilized with digitonin as previously
described (28). BN gels were further subjected to immunoblotting or
Coomassie Brilliant Blue R staining as indicated. The following anti-
bodies were used: NDUFA9 (complex I) and SDHA (complex II) from
Invitrogen; ATP5A1 (complex V), TFAM, MFN2, and POLgA from
Abcam; VDAC (porin) and COX1 (complex IV) from MitoSciences;
and GRSF1, SSBP1, TEFM, MRPL12, MRPS35, MRPL37, ELAC2,
and tubulin from Sigma-Aldrich. Further, polyclonal antisera were used
to detect COX2, TFAM, TFB2M, LRPPRC, TWINKLE, LONP, and
POLRMT proteins (25, 28, 46, 54, 70). The rabbit polyclonal antisera
against recombinant mouse TWINKLE, POLRMT, and TFB2M pro-
tein that lack themitochondrial targeting signal were generated byAgri-
sera and subsequently affinity-purified using the corresponding
recombinant protein. To measure mitochondrial respiratory chain
complex activities, 15 to 50 mg of mitochondria were diluted in
phosphate buffer [50 mM KH2PO4 (pH 7.4)], followed by spectro-
photometric analysis of isolated respiratory chain complex activities
at 37°C, using a Hitachi UV-3600 spectrophotometer. To follow citrate
synthase activity, increase in absorbance at 412 nm was recorded after
the addition of 0.1 mM acetyl–coenzyme A, 0.5 mM oxaloacetate, and
0.1 mM 5,5′-dithiobis-2-nitrobenzoic acid. SDH activity was measured
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at 600 nm after the addition of 10 mM succinate, 35 mM dichlorphe-
nolindophenol, and 1 mMKCN. NADH dehydrogenase activity was
determined at 340 nm after the addition of 0.25 mMNADH, 0.25 mM
decylubiquinone, and 1 mM KCN and controlling for rotenone
sensitivity. Cytochrome c oxidase activity was measured by standard
tetramethyl-p-phenylenediamine ascorbate/KCN-sensitive assays. To
assess the ATPase activity, frozen isolated mitochondria (65 mg/ml)
were incubated at 37°C with 75mM triethanolamine and 2mMMgCl2
(pH 8.9). Mitochondria were preincubated for 2 min with alamethicin
(10 mg/ml) before addition of 2mMATP. Samples were removed every
2 min and precipitated in 7% HClO4 and 25 mM EDTA (50 ml). Phos-
phate was quantified by incubating an aliquot with 5.34mMmolybdate
(1 ml), 28.8 mM ferrous sulfate, and 0.75 N H2SO4 for 2 min. The ab-
sorbance was assessed at 600 nm. In parallel, oligomycin (2.5 mg per ml
protein) was added to the mitochondrial suspension to determine the
oligomycin-insensitive ATPase activity. Each activity was normalized to
milligramprotein by using the Lowry-based Bio-Rad protein detergent-
compatible kit. All chemicals were obtained from Sigma-Aldrich.

Linear density glycerol gradients
The mtDNA bound and unbound TFAM pools were assayed using
ultracentrifugation through a 10 to 45% linear density glycerol gradient
modified from previous studies (71). Crude mitochondria (1 to 3 mg)
from 4- to 5-week-old mouse hearts were isolated by differential cen-
trifugation as described earlier (28), pelleted by centrifugation (15 min,
9300g/4°C), and then lysed in buffer containing 5% glycerol, 20 mM
NaCl, 30 mM Hepes (pH 8.0), 1 mM EDTA, 2 mM DTT, and 1.2%
Triton X-100 supplemented with EDTA-free complete protease inhib-
itor cocktail and PhosSTOP Tablets (Roche) with 10 strokes in a glass
potter on ice. After 10 min of incubation, lysates were cleared by cen-
trifugation (5 min, 800g/4°C); overlaid on top of a 10 to 45% linear
glycerol gradient prepared in 20 mM NaCl, 25 mM Hepes (pH 8.0),
1 mM EDTA, 1 mM DTT, 0.2% Triton X-100, and EDTA-free
complete protease inhibitor cocktail (Roche); and centrifuged in an
SW 41 rotor at 210,000g/4°C for 3 hours in a Beckman Coulter Optima
L-100 XP ultracentrifuge. Gradients were prepared using Gradient
Master (Biocomp Instruments Inc) in 14 mm × 89 mm Ultra-Clear
Centrifuge Tubes (Beckman Instruments Inc.). Fractions (750 ml) were
collected from the top of the gradients, and 20 ml of each fraction was
analyzed by SDS-PAGE (Invitrogen) and Western blotting. For analy-
sis of mtDNA sedimentation profiles, mtDNA was isolated from two-
thirds of each fraction using phenol/chloroform extraction digested
with Sac I and subjected to Southern blotting.

Morphological analysis (heart sections)
Hematoxylin and eosin stainingswere performed on paraformaldehyde
(PFA)–fixed cryosections from 4-week-old mouse hearts that were im-
mediately embedded in OCT Tissue-Tek in cooled methyl-butan.
Images of heart sections were generated by stitching of several images
taken with the Nikon Eclipse Ci microscope. For transmission electron
microscopy, pieces of the mouse heart apex were fixed in 2% glutar-
aldehyde and 2% PFA in 0.1 M sodium cacodylate buffer (pH 7.4).
Specimens were postfixed in 1% osmium tetroxide [in 0.1 M sodium
cacodylate buffer (pH 7.4)]. After thorough washing with water, speci-
menswere dehydrated in ethanol followed by acetone and embedded in
medium-grade Agar Low Viscosity Resin (Plano). Ultrathin sections
(70 to 80 nm) were cut with a Reichert-Jung Ultracut E Ultramicrotome,
stained with 2% uranyl acetate in 70% ethanol, followed by lead citrate,
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and examined with a Hitachi H-7650 transmission electron microscope
operating at 100 kV fitted with a midmounted AMT XR41-M digital
camera (Advanced Microscopy Techniques).

Statistical analysis
Experiments were performed at least in triplicates, and results are rep-
resentative of n = 3 independent biological experiments. All values are
expressed as means ± SEM, unless indicated differently. Statistical sig-
nificance was assessed by using two-tailed unpaired Student’s t test.
Differences were considered statistically significant at a value of P <
0.05 (*P < 0.05, **P < 0.01, and ***P < 0.001).
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