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Summary

The human mitochondrial genome comprises a distinct genetic system transcribed as precursor
polycistronic transcripts that are subsequently cleaved to generate individual mMRNAs, tRNAs and
rRNAs. Here we provide a comprehensive analysis of the human mitochondrial transcriptome
across multiple cell lines and tissues. Using directional deep sequencing and parallel analysis of
RNA ends, we demonstrate wide variation in mitochondrial transcript abundance and precisely
resolve transcript processing and maturation events. We identify previously undescribed
transcripts, including small RNAs, and observe the enrichment of several nuclear RNAs in
mitochondria. Using high-throughput in vivo DNasel footprinting, we establish the global profile
of DNA-binding protein occupancy across the mitochondrial genome at single nucleotide
resolution, revealing regulatory features at mitochondrial transcription initiation sites and
functional insights into disease-associated variants. This integrated analysis of the mitochondrial
transcriptome reveals unexpected complexity in the regulation, expression, and processing of
mitochondrial RNA, and provides a resource for future studies of mitochondrial function
(accessed at mitochondria.matticklab.com).

Introduction

Following its endosymbiosis from an a-protecobacterial ancestor, the mitochondrial genome
has been streamlined into a small, high copy, bioenergetically specialized genetic system
that allows individual mitochondria to respond, by gene expression, to changes in membrane
potential and maintain oxidative phosphorylation (Lane and Martin, 2010). Given this
dedicated role, it is not surprising that the mitochondrial genome is regulated and expressed
in a unique manner.
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Human mitochondria contain a compact circular genome that is 16,569 bp in length
(Anderson et al., 1981). Replication and transcription of mitochondrial DNA (mtDNA) is
initiated from a small noncoding region, the D-loop, and is regulated by nuclear-encoded
proteins that are post-translationally imported into mitochondria. Mitochondrial RNAs are
transcribed as long polycistronic precursor transcripts from both strands (historically termed
‘heavy’ and ‘light’) that are processed according to the “tRNA punctuation model” whereby
22 interspersed tRNAs are excised to concomitantly release individual rRNAs and mMRNAS
(Ojala et al., 1981). The liberated RNAs then undergo maturation that involves
polyadenylation of the 3’ ends of mMRNAs and rRNAs, and specific nucleotide modifications
and addition of CCA trinucleotides to the 3’ ends of tRNAs (Nagaike et al., 2005). Together,
this comprises a unique genetic system that is able to translate the mitochondria-encoded
genes into 13 protein subunits of the electron transport chain.

Little is known about the fine features of the mitochondrial transcriptome, in particular
about the regulation of transcript abundance, sites of RNA processing and modification, and
the possible presence of noncoding RNAs. The recent advent of deep sequencing has
provided a global profile of the nuclear transcriptome, revealing unforeseen transcriptional
complexity that includes prevalent post-transcriptional processing and abundant noncoding
RNAs (Jacquier, 2009). We have taken a similar approach to investigate the mitochondrial
transcriptome. Although the atypical features of mitochondrial gene expression require
special considerations in sequencing and analysis, the small size of the genome affords a
depth of coverage that provides unprecedented opportunities to sample the total RNA
population and characterize even rare and transient events.

Here we provide the first comprehensive map of the human mitochondrial transcriptome by
near-exhaustive deep sequencing of long and short RNA fractions from purified
mitochondria. Despite their common polycistronic origin, we observe wide variation
between individual tRNAs, mRNAs and rRNA amounts, attesting to the importance of post-
transcriptional cleavage and processing mechanisms in the regulation of mitochondrial gene
expression. By parallel analysis of RNA ends (PARE) sequencing, we provide a global
profile that precisely resolves these cleavage processes, as well as indicating further
unexpected non-canonical cleavage events. During this analysis we were also able to discern
the contribution of nuclear RNAs to the mitochondrial transcriptome, accounting for co-
purifying contaminants by a two-phase sequencing approach.

Finally, we have analyzed in vivo DNasel protection patterns by massively parallel
sequencing to generate a profile of protein-DNA interactions across the entire mitochondrial
genome at single nucleotide resolution. Analysis of these sites of DNA-protein interaction,
in combination with transcriptional profiling, provides novel regulatory insight into
mitochondrial genome dynamics. The integration of these maps reveals unexpected
complexity of the regulation, expression and processing of the mitochondrial transcriptome,
and comprises an important resource for the future study of mitochondrial function and
disease. This resource comprises 10 new datasets that, combined with meta-analyses of 20
publicly available sets (Figure 1; Table S1), are accessible within the mitochondria-specific
genome browser hosted at mitochondria.matticklab.com.

Mitochondrial gene expression

To capture the distinct features of the mitochondrial transcriptome we first performed RNA
sequencing (RNAseq) on purified human 143B cell mitochondria. Mitochondrial
preparations from human 143B cells were initially pre-treated with RNaseA to reduce
contaminating RNA, and a clean separation of mitochondria from cytoplasmic and nuclear
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contaminants was confirmed by immunoblotting and gRT-PCR assessment of known
compartment-specific proteins and RNAs (Figure S1A,B). We then employed a strand-
specific RNA sequencing approach with random hexamer priming, no rRNA or tRNA
depletion, and smaller cDONA fragmentation size to provide an expression profile that
encompassed all annotated MRNAS, tRNAs and rRNAs (Figure 2). In total, we aligned 1.4
million sequenced reads uniquely to the human mitochondrial genome, finding almost the
entire mitochondrial genome to be transcribed (99.9% heavy and 97.6% light strands; Figure
S1C). Furthermore, less than 3.8% of the mitochondrial genome sequence was represented
singly within the sequenced libraries, indicating the near-exhaustive depth of this
sequencing.

Mitochondrial RNAs are derived from precursor transcripts that traverse almost the entire
heavy and light mtDNA strands. These precursor transcripts are subsequently processed into
individual mRNAs that exhibit considerable variation in steady-state expression levels
(Figure 2B,C; Table S2A; Figure S1D,E). A similarly wide variation in the abundance of
different mitochondrial tRNAs was also observed (Figure 1; Table S2A). Given their
common source, the wide variation in steady-state levels of mature RNASs indicates the
importance of post-transcriptional mechanisms, including those affecting transcript stability,
in regulating tRNA and mRNA abundance (Piechota et al., 2006).

The strand-specific sequencing of the mitochondrial transcriptome also provided an
opportunity to detect stable antisense transcripts. We distinguished several highly expressed,
stable antisense RNASs against the background of unprocessed polycistronic transcripts
(Figure 2C; Table S2A). Like their mRNA counterparts, these antisense RNAs exhibit
considerable variation in gene expression. A notable example is the antisense transcript
associated with the ND5 and ND6 genes, which are organized tail-to-tail, where strand-
specific sequencing, confirmed by qRT-PCR (Figure S1E), showed a highly expressed RNA
antisense to the length of the ND5 gene, mirroring the ND5 3'UTR that is antisense to the
ND6 gene (Figure 2D).

We next examined mitochondrial gene expression across 16 human tissues sequenced as
part of the lllumina Body Tissue Atlas (Supplementary Methods). We performed
hierarchical clustering to identify tissue-specific differences (Figure 2E; Table S2B), noting
some differences in mitochondrial transcript abundance in samples from human tissue and
143B cells due to the alternative use of polyadenylated or total RNA during library
preparation (see below). We found that the variation in mitochondrial gene expression was
consistent between tissues, with the analysis segregating two distinct gene clusters, and that
mitochondrial transcript abundance is higher in tissues with high-energy demands, such as
heart and muscle. Because RNA libraries are derived from whole tissues, we could also
determine the proportion of the tissue mMRNA content derived from mitochondria. Since both
mitochondrial genome copy number and transcriptional activity contribute to this content,
this analysis provides an indirect metric of the demand each tissue places upon the
mitochondria (Figure 2F). In the heart, mitochondrial transcripts comprise almost 30% of
total MRNA, whereas mitochondria contribute a lower bound of ~5% to the total MRNA of
tissues with lower energy demands (adrenal, ovary, thyroid, prostate, testes, lung, lymph and
white blood cells).

To determine if tissue-specific differences in mitochondrial expression are coordinated with
changes in nuclear gene expression, we added 1,013 nuclear-encoded genes implicated in
mitochondrial function to our gene expression analysis (Pagliarini et al., 2008) (Table S2C).
Hierarchical clustering of nuclear gene expression showed a significant correlation to
mitochondrial gene expression (r2 = 0.78, p-value < 0.01), resolving two distinct gene sets
that correspond to the pair of mitochondrial gene clusters (Figure S1F) that segregate
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according to tissue energy demand, reflecting a close coordination between nuclear and
mitochondrial genomes in relation to the energy requirements of each tissue.

Nuclear-encoded RNAs in mitochondria

The sequencing of purified mitochondrial RNA returned a surprisingly large number of
reads that uniquely aligned to the nuclear genome (Figure 3A). Although it has been shown
that nuclear RNAs may be imported into human mitochondria (Entelis et al., 2001), the
strong enrichment for genes associated with protein translation (p-value < 1078) suggests
that cytosolic ribosomes closely associated with the mitochondrial outer membrane co-
purify with mitochondria and confound efforts to identify bona-fide imported transcripts
(Sylvestre et al., 2003). Therefore, to distinguish RNA within mitochondria from co-
purifying contaminants, we employed a subtractive approach that compared the RNA
content of whole mitochondria to that of mitochondrial preparations stripped of their outer
membrane (mitoplasts). This two-phase approach is analogous to that successfully employed
to characterize the mitochondrial proteome (Pagliarini et al., 2008) and is based on the
observation that RNAs within the mitochondrial matrix are enriched, whereas RNAs that co-
purify with the outer membrane are depleted, during mitoplast preparation.

We performed matched sequencing of RNA isolated from mitoplasts and aligned a total of
4.7 million sequenced reads to the genome, representing a 5.9-fold enrichment relative to
whole mitochondrial preparations (Figure 3B; Figure S2A,B). While the expression of
mitochondrial genes was closely correlated between whole mitochondrial and mitoplast
libraries (r2 = 0.98, p-value < 0.001; Figure S2C), there was a selective depletion of nuclear-
encoded mRNAs and rRNAs, indicating that these transcripts are associated with the
mitochondrial outer membrane (Figure 3C). Furthermore, there was no enrichment of
cytoplasmic mRNAs encoding mitochondrial proteins in mitoplasts, consistent with their
proteins being post-translationally imported into mitochondria. We confirmed by gRT-PCR
the strong depletion in mitoplasts for 6 MRNASs and 3 miRNAs that showed the greatest
enrichment in mitochondrial preparations (Figure 3D,E).

We next compared matched mitochondrial and mitoplast libraries to determine whether
other nuclear transcripts are enriched in mitoplasts (Supplemental Experimental
Procedures). Firstly, to validate the two-phase sequencing approach, we considered three
noncoding RNAs (ncRNAs), 5S rRNA, MRP and RNase P, that have been previously shown
to be present in the mitochondrial matrix (Wang et al., 2010), finding all transcripts, though
lowly expressed, enriched in mitoplasts (Figure S2D). We also investigated whether other
nuclear-encoded ncRNAs, including snoRNAs, scRNAs and novel ncRNAs predicted by
Evofold (Pedersen et al., 2006) or RNAz (Washietl et al., 2005), were present within
mitoplasts. Although the vast majority of such ncRNAs are either absent or depleted from
mitoplasts, several novel ncRNAs were enriched in mitoplasts, although the relative amount
of these ncRNAs was a fraction of that observed for mitochondria-encoded RNAs (Figure
S2E-G).

Lower eukaryotes, such as trypanosomes and yeast, require the import of tRNAs into
mitochondria (Entelis et al., 1998; Hancock et al., 1992) and tRNA-GIn was recently shown
to be naturally imported into human mitochondria (Rubio et al., 2008). We compared the
expression of nuclear tRNAs between mitochondria and mitoplasts to identify additional
candidate tRNAs present within mitochondria (Supplemental Experimental Procedures). We
found several nuclear-encoded tRNA species to be enriched within mitoplasts relative to
mitochondrial preparations, including the previously detected tRNA-GInyyg, an enrichment
that was confirmed by qRT-PCR (Figure 3F,G). Furthermore, we noted a prevalence of
sequencing mismatches at known modified nucleotide positions indicating that these tRNAs
were present in a mature processed form.
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Processing of primary mitochondrial polycistronic transcripts

Next we investigated the processing of polycistronic precursor transcripts into individual
functional RNAs (Temperley et al., 2010b). To profile the opening stage of polycistronic
processing, the RNase P-dependent cleavage of tRNA 5’ ends (Rossmanith and Holzmann,
2009), we performed parallel analysis of RNA ends (PARE) (German et al., 2008) on
purified human 143B mitochondria to capture the exposed 5-monophosphate residue of
cleaved transcripts. Despite this methodology being originally developed for identification
of miRNA-directed cleavage sites in mMRNAS, sequenced PARE reads exhibit a distinct
enrichment at the 5’ end of tRNAs, confirming the ability of this technique to detect
polycistronic processing sites (Figure 4A,B). In total, using PARE, we identified 80 high-
confidence cleavage sites across the mitochondrial transcriptome, of which 51.6%
corresponded to 5’ tRNA cleavage events (Table S3A). To provide a complementary profile
of 3’ tRNA cleavage events, we ‘rescued’ sequenced reads from our directional sequencing
of purified 143B mitochondria that contain non-templated 3'-CCA nucleotides added during
tRNA maturation. The majority of rescued reads (77.8%) were associated with tRNA 3’
termini (Figure 4C; Table S3B), providing a quantitative indication of tRNA 3’ cleavage
frequency, which exhibited high correlation with total tRNA expression (r2 = 0.94, p-value
< 0.001) and 5' processing (r2 = 0.74, p-value < 0.001). In combination, these two
techniques provided a global profile of tRNA processing from precursor transcripts (Figure
1). We did, however, note a number of cases, such as the adjacent tRNA-Ala and —Asn loci,
where 5’ and 3’ processing do not correlate, suggesting incomplete or aberrant processing of
tRNAs and the existence of stable conjoined tRNA transcripts (Figure S3A,B).

Next, we examined the cleavage of mitochondrial mMRNAs. We supplemented our analysis
with publicly available PARE libraries generated from human Hek, HeLa cells and brain
(Karginov et al., 2010; Shin et al., 2010) that, despite being generated from whole cell
preparations, provided better coverage of mitochondrial mMRNAs as a result of greater
sequencing depth and the use of polyA+ RNA to generate these libraries. For example, in
PARE libraries from Hek cells, 15.4 million (34% of total) PARE sequenced reads aligned
to the mitochondrial genome. We found cleavage occurred at a single dominant 5
nucleotide in the majority of mMRNAs (Figure 4D) and, in some cases, we noted a divergence
from the predicted cleavage sites in current gene annotations (Table S4A). Moreover, we did
not observe a cleavage site associated with the CO3 gene, suggesting the absence of a 5’
terminal mono-phosphate residue. In addition to canonical cleavage sites, we also found
evidence of intra-exonic cleavage sites within mRNAs. We focused on events that, similar to
canonical sites, are characterised by a distinct single nucleotide peak that is positionally
conserved in all three samples (Figure S3C,D). However, these events occur at a lower
frequency (161-fold lower than canonical cleavage events associated with the 5’ ends of
mRNAS) indicating that, though present, non-canonical cleavage events are relatively rare.
Similar truncated mMRNAS have been detected in mitochondria with aberrant RNA
surveillance pathways (Szczesny et al., 2010).

A concluding stage in precursor processing involves 3’ polyadenylation of mMRNAs and
rRNAs. We identified mitochondrial polyadenylation events by rescuing unmapped
sequenced reads from our directional sequencing of 143B mitochondria after removing non-
templated 3" adenine nucleotides and realigning the reads to the mitochondrial genome
(Figure S3E). To increase the sensitivity of this approach, we also undertook a
complementary analysis of directional read sequenced as part of the Illumina Body Tissue
Atlas that, due to greater sequencing depth and polyA priming, allowed us to detect even
rare polyadenylation sites. The majority (64.5%) of sites corresponded to the annotated 3’
ends of MRNAS, rRNAs and, surprisingly, some tRNAs (Figure 4E; Figure S3E-G; Table
S4B), with the exception of ND6 mRNA, for which we observed no polyadenylation, as
previously reported (Temperley et al., 2003). To identify the 3’ terminus of the ND6
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transcript, we used 3' rapid amplification of cDNA ends (RACE), and found a 33/34 nt
untranslated region following the AGG stop codon (Figure 4F) that would completely
encompass the stable secondary structure predicted to promote -1 frameshifting in
mitochondrial ribosomes (Temperley et al., 2010a). In addition to ND6, the variation
between RNA polyadenylation frequencies that did not correlate with gene expression (r2 =
-0.14, p-value = 0.64) suggests other mitochondrial RNAs are also present in a non-
polyadenylated form (Slomovic et al., 2005). To identify non-polyadenylated mRNAs, we
compared gene expression between matched polyA+ and polyA- RNAseq libraries (Morin et
al., 2008). We found the relative abundance of mMRNAs varies between polyA+ and polyA-
libraries suggesting the differential existence of non-polyadenylated isoforms (Figure
S3H,1). For example, some mRNAS, such as CO1, are enriched in the polyA- fraction,
whereas MRNAS that require polyadenylation to complete an in-frame stop codon (Ojala et
al., 1981), such as ND4L/4, are diminished in the polyA- fraction (1.7-fold, p-value =
0.060). The differential polyadenylation frequencies also resolved differences between gene
expression observed earlier in polyA+ and total RNA sequencing libraries (see above).

The previous identification of non-canonical transcriptional units has implied the existence
of cleavage events not accounted for by the tRNA punctuation model (Guan et al., 1998;
Ojala et al., 1981; Shisa et al., 1992). At every stage of polycistronic precursor transcript
cleavage, our analysis also uncovered non-canonical processing events. Given canonical
processing requires the precursor transcript to locally fold into a tRNA structure, we
considered whether non-canonical events identified within our analysis also associate with
novel RNA secondary structures. We surveyed the mitochondrial transcriptome for evidence
of evolutionary selection for RNA secondary structures using SISSlz (Gesell and Washietl,
2008), predicting 173 RNA secondary structures (Z-score > 2, Pgs) (Figure 1; Table S4C) of
which 85 correspond to tRNAs and 82 to rRNA substructures, which include all previously
annotated RNA structures in the mitochondrial genome. We identified 14 new structural
clusters within the ND1, ND2, CO3 and ND5 genes, the majority of which were associated
with cleavage sites, albeit at lower frequency (Figure S4A-F).

in mitochondria

A diversity of small RNAs (SRNASs) that regulate a range of cellular processes have been
characterized in viral, bacterial and nuclear genomes (Zhang, 2009). To determine whether
SRNAs are encoded within the human mitochondrial genome, we sequenced sSRNAs (size
range 15-30 nt) isolated from purified 143B mitochondria. We obtained 575,553 sSRNA
reads that mapped uniquely to the mitochondrial genome (Figure 5A). Of these, only 0.6%
were represented as single reads (compared to 14.1% of SRNAs from 143B whole cell
preparations being singletons) indicating that our sequencing of mitochondrial SRNAs is
almost exhaustive (Mayr and Bartel, 2009). In total, this mitochondrial SRNA population
comprised 3.1% of the whole cell SRNA population.

The sRNA sequencing yielded an unexpectedly large number of SRNAs that mapped to the
mitochondrial genome. To distinguish SRNAs from potential fragmented intermediates of
RNA degradation, we considered only SRNAs that were expressed at greater than 1,048
reads per million, the median level of miRNA expression within 143B cells. This filtering
step omitted most SRNAs between 15-18 nt in size, and revealed two distinct 21 nt and 26 nt
SRNA size classes (Figure 5B). We then compared the expression of SRNA sequences
between long and small RNA sequencing libraries to determine whether SRNA expression is
a function of overlapping gene expression, as might be expected from transitory
intermediates of RNA degradation. We found highly expressed SRNA expression was not
significantly correlated (r2 = 0.2, p = 0.243) with overlapping gene expression, in contrast to
the omitted SRNAs (r2 = 0.61, p = 0.003). Furthermore, we observed a large and dynamic
range of expression of the highly expressed mitochondrial SRNAs within whole cell SRNA
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libraries derived from eight different cell types (Figure S5A-F). Together, this process
annotated 31 novel SRNAs expressed from 17 distinct loci (Table S5A).

When mapped to the mitochondrial genome, we found that the majority (84%) of these
abundant sSRNAs were derived from tRNA genes (Figure 5A). It was recently shown that
nuclear tRNAs are processed by both Dicer- and RNaseZ-dependent pathways into a range
of small RNA species that are subsequently incorporated into RNA silencing pathways
(Haussecker et al., 2010; Lee et al., 2009). Like nuclear tRNAs, we observed two distinct
species of SRNAs associated with mitochondrial tRNA genes, one immediately downstream
of the 5’ cleavage site and a second less abundant species immediately downstream of the 3’
cleavage site (Figure 5C; Figure S5A-F). However, unlike nuclear tRNAs, we did not
observe a Dicer-dependent SRNA species cleaved from the 3’ stem loop of nuclear tRNAs
(Pagliarini et al., 2008) (Figure S5H,1). Furthermore, we did not observe a significant
correlation in the expression of the two mt-tRNA sRNA species. To investigate whether 5'
associated SRNAs are derived from mature tRNAs, we looked for sequencing mismatches as
an indication of host tRNA nucleotide modifications. We found overwhelming enrichment
of sequencing mismatches at known modified nucleotide positions, such as the methylated
N1-A9 residue, indicating that the 5’ SRNA species was derived from the tRNA stem (Figure
S5G).

Although, during this analysis, we filtered out lowly expressed SRNAS, we expect this
omitted fraction to contain additional SRNAs encoded in the mitochondrial genome. For
example, we observed lowly expressed SRNAs whose 5’ termini align with the origin of
light strand replication (O)) and 3’ termini map to downstream sites where RNA to DNA
transition occurs, likely reflecting primers utilized by POLG during replication initiation
(Fuste et al., 2010) (Figure S5J). Therefore, we anticipate the mitochondrial transcriptome
includes additional SRNAs other than those annotated within this study.

Identification of DNA-binding protein occupancy by analysis of in vivo DNasel protection

patterns

Transcription initiation and termination are mediated by a suite of proteins that bind directly
to sites within the mitochondrial genome (Scarpulla, 2008). Deep analysis of in vivo DNasel
cleavage sites by massively parallel sequencing enables systematic identification of DNasel
footprints and hence regulatory factor occupancy on genomic DNA (Hesselberth et al.,
2009). We performed a DNasel protection assay, whereby DNasel-cleaved fragments are
sequenced to sufficient depth to allow identification of sites protected by proteins. We
sequenced DNasel-cleaved fragments of total DNA from seven human cell lines, following
which, given the abundant and exposed nature of mtDNA, we were able to align an average
~71 million reads to the mitochondrial genome to achieve greater than 4,000-fold coverage
(Figure 6A).

We observed considerable variation in DNasel sensitivity across the genome that included
numerous short stretches of protected nucleotides (‘footprints”) that marked putative sites of
protein-DNA interactions. The DNasel cleavage patterns were highly reproducible between
two biological replicates (r2 = 0.86, p < 0.0001). We identified DNasel footprints
systematically by requiring 8 or more contiguous nucleotides to exhibit a depressed cleavage
frequency relative to flanking regions. The contrast between internal to flanking DNasel
cleavage frequency was used to ascribe each footprint a sensitivity score (F-score). By these
criteria, we identified an average of 159 putative footprints across the mitochondria genome
of each cell line that collectively encompass ~8.4% of the mitochondrial genome (Table
S6A). As expected, we observed the highest density of footprints in the regulatory D-loop
region where a number of footprints corresponded to sites previously identified by
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traditional Southern-based DNasel footprinting assays (Fisher et al., 1992; Ghivizzani et al.,
1994), confirming the validity of the footprints gleaned from the deep sequencing data.

We next performed hierarchical clustering of footprints according to DNasel sensitivity
(Figure 7A). This approach identified a core set of footprints present in all cell lines,
including sites overlapping the origin of light strand replication (Figure S6A), termination
sites at the D-loop, and previously described mitochondrial transcription factor A (TFAM)
and mitochondrial transcription termination factor 1 (MTERF1) binding sites (Figure 7B).
This approach also revealed several novel cell-specific sites (Figure 7C; Figure S6B,C).

To gain insight into the identity of the regulatory factors occupying mitochondrial DNasel
footprints, we performed de novo motif discovery on protected regions, and aligned the
results with known transcription factor recognition sequences from public databases (Table
S6B). This analysis returned motifs matching the consensus recognition sequences for
CREB, STAT3 and T3R transcription factors, all of which have previously been identified
within mitochondria, as well as numerous other transcription factors (Cannino et al., 2007)
(Figure S6C; Table S6A,B). This analysis also identified several novel motifs that recur
prevalently within mitochondrial DNasel footprints, suggesting the existence of additional
unidentified proteins that regulate the mitochondrial genome and its expression (Figure 7C).

Protein-DNA interactions at single-nucleotide resolution

In addition to providing a global map of DNasel footprints, DNasel sensitivity mapping has
the potential to reveal fine scale DNA-protein interactions within DNasel footprints at
single-nucleotide resolution (Hesselberth et al., 2009). To verify the reproducibility of the
nucleotide-resolution DNasel cleavage patterns within identified footprints, we compared
two HeLa cell biological replicates, finding 86% of internal footprint patterns to be
significantly correlated (mean r2=0.88, p < 0.05). To illustrate the single nucleotide
resolution of DNasel cleavage patterns relative to protein structural features, we considered
the binding of MTERFL1 to the tRNA-Leuyyg termination DNA sequence, the structure of
which was recently solved by X-ray crystallography (Yakubovskaya et al., 2010). Aligning
the nucleotide-level DNasel cleavage profile with this resolved structure showed sharply
delineated DNasel protection corresponding to the MTERF1 DNA recognition region and
additional internal low frequency cleavage events corresponding to phosphodiester bonds
selectively occluded by the MTERF1 DNA-protein interface (Figure 7B; Figure S6D).

Transcription termination within the D-loop

The D-loop, where mitochondrial replication and transcription initiates, is the major site of
transcriptional regulation (Scarpulla, 2008), reflected in the complex DNasel footprint
profiles observed within this region (Figure 6B). These complex profiles include footprints
associated with TFAM binding sites (Fisher et al., 1992), light strand transcription initiation,
transcription termination and sites of RNA to DNA transitions. In HeLa cells, we integrated
the DNasel cleavage data with transcriptomic maps to provide insight into regulation within
the D-loop. Firstly, using PARE sequencing, we identified reads from HeLa cells that
aligned to the light (4.0 x 10° reads) and minor heavy strand (1.4 x 10° reads) promoters.
The similarly high number of PARE reads aligning to both the light and heavy strand
promoters supports the bidirectional nature of mitochondrial transcription initiation (Fisher
et al., 1987) but contrasts with the dominant expression of the heavy strand relative to the
light strand as indicated by RNAseq. Given that transcription termination is the key
mechanism that determines the ratio of mitochondrial rRNA to mRNA expression
(Scarpulla, 2008), we next considered whether termination also modulates light strand
expression stoichiometry. We found the largest component of light strand polyadenylation
events (35.5% of total) occurs just ~160-185 nt downstream of the light-strand promoter,
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coincident with the abortion of transcription observed in RNAseq (Figure S6E) (Suissa et
al., 2009). The strong DNasel footprints at this site, encompassing several recurrent novel
motifs, suggest the involvement of DNA-binding proteins in this termination event that, like
MTERF1, contribute to the ratio of asymmetric polycistronic precursor expression (Figure
6B).

Identification of functional sequence variants within DNasel footprints

The accurate alignment of sequence reads from DNasel mapping experiments required us to
firstly genotype the mitochondrial genome of each cell line and identify sequence variation.
This allowed us to consider whether the identified sequence variation occurred within
footprints and could potentially interfere with protein-DNA interactions. For this analysis,
we extended the sample set to include DNasel hypersensitivity mapping data from an
additional 8 less deeply sampled ENCODE cell types, thereby increasing our sample size to
15 cell types derived from different individuals (Consortium, 2011). In total we identified
215 mtDNA variants relative to the hg18 reference human sequence (Table S6C), 50 of
which occurred within DNasel footprints. Of these, 4 have previously been associated with
disease (Crimi et al., 2003; Hauswirth and Clayton, 1985; Khogali et al., 2001; Lu et al.,
2010). Of note, an additional 49 disease-associated mitochondrial variants that were not
present in the cell lines examined also localize within DNasel footprint regions.

We next analyzed the consequence of sequence variation on protein-DNA interactions by
quantifying DNasel protection at the variant position in affected cell types and comparing
this with cell types containing the reference sequence. By this approach we identified a
T16189C sequence variation that lies adjacent to a previously defined control element
(Suissa et al., 2009) and associates with significant differences in DNasel footprint
occupancy (Figure 7E). We found the DNasel cleavage profile over this variant position to
be significantly distorted (p < 0.001) in the 3 cell lines containing the C allele compared
with all 12 cell lines harboring the T allele (Figure 7D,E). Previously, the T16189C variant
has been associated with an increased risk of dilated cardiomyopathy and type 2 diabetes
(Khogali et al., 2001; Bhat et al., 2007). These results suggest a mechanistic basis for the
contribution of the T16189C variant to human disease, and demonstrate the potential for
mitochondrial DNasel footprinting to simultaneously identify sequence variation and its
functional consequences.

Higher-order mitochondrial genome organisation

Little is known about the higher order structure of the mitochondrial genome in vivo.
Periodic trends in DNasel cleavage patterns sites provide information on higher order DNA
structure, such as the 10bp periodicity of minor groove DNasel cleavages characteristic of
DNA apposed to nucleosomes or other surfaces (Noll, 1974). We therefore considered
whether periodic trends within DNasel cleavage profiles might similarly provide insight into
the higher order organization of the mitochondrial genome. We firstly identified periodicity
of DNasel cleavage by WOSA (Welch's Overlapped Segment Averaging) estimators. This
revealed reproducible peaks at ~10 nt phasing that deviate from random expectations
(Figure S7A-G) (Percival D.B., 1993), suggesting that mitochondrial DNA is tightly
apposed to a surface in vivo (Noll, 1974). The existence of additional higher order
organization of mtDNA is also suggested by an enrichment for DNase cleavage at ~80 nt
periodicity, although the significance of this pattern within the structural model of the
mitochondrial nucleoid (Holt et al., 2007) is unknown.
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Discussion

The application of DNA and RNA sequencing technologies has transformed our
understanding of the nuclear genome and revealed many novel features to a highly complex
human transcriptome. In comparison to the nuclear genome, the mitochondrial genome has
evolved its own unique solutions to regulate gene expression. The streamlined mitochondrial
genome is initially transcribed in its entirety before a variety of post-transcriptional
mechanisms act to liberate individual gene products and regulate their expression. We
reasoned that these same approaches would be similarly well suited to profile the
mitochondrial transcriptome at single-nucleotide resolution and at genome-wide scale.

Sequencing of the mitochondrial transcriptome revealed wide variation in gene expression
which, given their common source, indicates the existence of complex post-transcriptional
regulatory mechanisms. Analysis of the data also identified novel mitochondrial small
RNAs, including small RNAs derived from tRNAs, as well as previously unknown antisense
RNAs. The existence of these novel RNAs is demonstrated by PARE sequencing, which, in
combination with other signatures of RNA processing, resolves the precise sites and
frequencies by which individual gene products are fashioned from a common substrate to
assemble a complete genetic system. This process is fundamental to the coordination of
mitochondrial individual gene expression, and underscores the complexity of the
mitochondrial transcriptome. Our analysis also revealed numerous non-canonical processing
sites, including transient or rare un- or mis-processed intermediate events. This technique, in
combination with the reference maps provided within this study, provides a powerful tool to
investigate the hierarchy of cleaved intermediates and the proteins responsible for these
processes (Temperley et al., 2010b).

Our analysis also adds to our growing understanding of the regulatory protein factors that
bind to the mitochondrial genome. Recent chlP-seq studies have revealed that regulatory
factors bind at many sites across the nuclear genome, often remotely to gene promoters. The
small size of the mitochondrial genome permitted us to conduct a DNasel protection
analysis at unprecedented depth and resolution, and thereby identify regions of the genome
protected by proteins. This revealed many novel binding motifs, for which the majority of
interacting proteins remain to be discovered. Strong protein footprints are also associated
with a major site of transcript termination and cleavage (as shown by RNaseA and PARE
data) immediately downstream of the light strand promoter, which likely controls the
asymmetric strand expression of the mitochondrial genome.

A broad spectrum of degenerative diseases has been associated with mtDNA mutations.
Mitochondrial mutations can result in defective oxidative phosphorylation and energy
metabolism, and may affect numerous downstream pathological effects, such as changes in
apoptosis and DNA repair (Taylor and Turnbull, 2005). The maps collated within this
resource, particularly the protein-binding profiles, provide a ready context in which to
interpret the functional consequence of such genetic variation. Whether mediated at the level
of protein-DNA interactions, post-transcriptional processing or gene expression, our data
will provide a richer framework to understand the mechanisms by which these mutations
mediate their phenotypic effects.

During our survey of the mitochondrial transcriptome, we were greeted at all levels with
unanticipated novelty and complexity. We anticipate the continued interrogation of the
datasets presented herein to reveal many previously unknown features of mitochondrial gene
expression, function and regulation. As previously for the nuclear transcriptome, we expect
that the application of sequencing approaches will transform our understanding of the
distinct genetic system contained within human mitochondria.
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Figure 1.

Map of the human mitochondrial genome indicating the following features (from centre with
outer tracks corresponding to heavy strand and inner track corresponding to light strand);
DNase sensitivity profile (central black track, opacity indicates strength according to central
key), RNA secondary structures predicted by SISSIz (green track), annotated gene features
(blue/red gradient indicates fraction of total mitochondrial gene expression according to
central key), RNA sequencing (black histogram on grey background, scale
0-900000[log10]), 5" RNA cleavage sites determined by PARE (black histogram on pink
background, scale 0-8000), 3' cleavage sites determined by non-template polyadenylation
RNAseq reads (black histogram on purple background, scale 0-8000) and small RNA profile
(black histogram on blue background, scale 0-2500).
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Figure 2.

(A) Mitochondrial gene expression. Proportion of RNAseq reads aligning to three primary
polycistronic transcripts transcribed for the heavy major (HSP; light blue), heavy minor
(HSP; dark blue) and light strand promoters (LSP; grey). (B) Proportion of RNAseq reads
mapping to rRNA, tRNA, mRNA and intergenic or antisense regions of the mitochondrial
genome. (C) Mitochondrial gene expression (blue) determined by RNAseq in human 143B
mitochondria (mitoplast) preparations (error bars indicate 95%CI). Antisense transcription
(green) to each gene is also shown with notable antisense transcription to ND5 indicated
(asterisk). (D) Genome browser illustration of heavy and light strand showing ND5 and ND6
mRNAs (blue) and complementary antisense regions. Black histogram indicates RNAseq
read distribution across browser view, including extended region of high transcription
antisense to ND5 mRNA, PARE (red) and poly-A (blue) histogram indicate transcript 5’ and
3’ ends, respectively. (E) Hierarchical clustering of mitochondrial gene expression across 16
human tissues. (Pearson's correlation [r?] indicated. Rpbm; sequenced reads per base per
million) (F) Histogram indicates the proportion of total polyA+ RNA mapping uniquely and
exactly to the mitochondrial genome across 16 human tissues.
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Figure 3.

(A,B) Relative enrichment of nuclear-encoded RNAs in mitochondria or mitoplast
preparations. Proportion of sequenced reads aligning to nuclear (red) and mitochondrial
(blue) genomes in libraries derived from mitochondria (A) and mitoplast (B) preparations.
Comparison between libraries indicates the depletion of co-purifying contaminant transcripts
in mitoplast preparations. (C) Box whisker plot indicates enrichment for mitochondrial
encoded (blue) mRNAs, rRNA and tRNA in mitoplast relative to whole mitochondrial RNA
preparations. While the majority of nuclear-encoded (red) mRNAs and rRNAs are depleted
in mitoplast preparations, nuclear tRNAs are enriched in mitoplasts. (D,E) gqRT-PCR
confirmation for mitoplast depletion of MRNASs (D) and miRNAs (E) for which we
observed the highest expression in whole mitochondrial preparations. (F) Scatter-plot
indicating the normalised expression for nuclear (red) and mitochondrial (blue) tRNAs,
showing the enrichment of several nuclear tRNAs, including tRNA-Leugyana (p-value<0.001)
and tRNA-GlInyyg (p-value=0.003) in mitoplasts. (G) gRT-PCR shows the depletion of
nuclear tRNA-Alaagc and tRNA-Lysyyy in mitoplasts, and enrichment of tRNA-Gluyyg (p-
value=0.025) and presence of tRNA-Leuyaa Within mitoplasts. 12S rRNA included as
positive control (all error bars indicate SEM).
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Figure 4.

(A) Mitochondrial position of 5’ cleavage sites. Cleavage sites determined by PARE with
total (green) and polyA+ (blue) human RNA and 3’ cleavage sites determined by RNAseq
reads containing non-template —CCA (purple) and polyA additions (orange) are indicated.
(B-E). Frequency distribution of (B) PARE reads from total RNA across window centred on
annotated tRNA 5’ end, (C) non-template —CCA sites across window centred on annotated
tRNA 3’ end. (D) Frequency distribution of PARE reads from poly-A+ RNA across window
centred on annotated mRNA 5’ end, (E) non-template poly-A sites across window centred
on annotated mRNA 3’ end. (F) Annotation of ND6 3'UTR by 3’ RACE. The 3'UTR
sequence with stop codon (black) and -1 shifted codon (red) is indicated (top panel). Gel
electrophoresis of product retrieved from ND6 3'RACE shown in lower panel.
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(A) Mitochondrial positions of small RNAs (red). Internal pie-graph indicates majority of
highly expressed small RNAs primarily associated with tRNAs (dark blue). (B) Size
distribution for small RNAs derived from human 143B whole cells (green), mitochondria
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3’ end
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(blue) and highly expressed (>1,048 reads; red). (C) Small RNA frequency distribution
associated with mitochondria tRNA genes indicates two distinct species immediately
downstream of 5’ and 3' processing sites.
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Figure 6.

(A) DNasel footprinting across the mitochondrial genome provides global profile of
protein-DNA interactions at single nucleotide resolution. Cleavage tracks indicate
normalised percentile DNasel cleavage frequency relative to the mtDNA (0-75%).
Annotated genomic features including mRNA (light blue), tRNA (dark blue) and rRNA
(green) with D-loop and MTERF1 binding site are indicated. (B) Detailed view of D-loop
region. Top panel histogram showing PARE (red) and polyA+ (blue) read frequency
distribution, indicating transcription initiation and termination events. Previously identified
conserved elements (CS; green bars) and replication primer site (blue bars; retrieved from
www.mitomap.org) and novel motif (#59; grey bar) also indicated. DNasel cleavage profile
indicates the normalised percentile DNasel cleavage frequency (0-25%).
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Figure 7.

(A) Hierarchical cluster diagram indicating the sensitivity of top 100 indentified
DNasel footprints. Footprints corresponding to TFAM and MTERFL1 biding sites are
indicated. (B) DNasel footprint at mTERF binding site. Cleavage events associated with
transcription termination are indicated by PARE (blue histogram) and non-template
polyadenylation RNAseq reads (red histogram). DNasel cleavage frequency in HeLa cells
indicated by black histogram and frequency in other cell lines indicated by density plot.
Underlined green nucleotides indicate MTERF1 binding. (C) Commonly recurring novel
sequence motif #59 (top panel; error bars show twice sample correction according to
WebLogo; Crooks et al., 2004) and example of novel cell-specific footprint (bottom panel)
(D) Association of T16189C SNP variant with distorted footprint. An extended footprint
(blue bar) is present in 3 cell lines with C variant (green) but absent in cell lines with T
variant (blue). (E) Histogram indicates significant increase in DNasel cleavage frequency in
cell lines containing variant 16189T allele as compared to 16189C allele (error bars indicate
SEM).
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