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ABSTRACT

In vitro studies of mitochondrial transcription often use linear templates that fail to replicate key
features of transcription on a circular genome. We developed a plasmid-based system for the
analysis of heavy-strand promoters that recapitulates key features of native mtDNA to study
topological and protein requirements of promoter activation. The heavy-strand promoters (HSP1
and HSP2) are simultaneously active on a circular template. HSP2 requires supercoiling for maximal
activation. Increasing TFAM concentrations suppress HSP2 at levels that result in HSP1 stimulation.
This study shows distinct modes of promoter activation, providing opportunities for the regulation

of mitochondrial gene expression by promoter selection.

Introduction

The mitochondrial genome is strikingly efficient in its
organization, encoding both mitochondrial mRNAs
and the tRNAs and rRNAs used in their translation.
Transcription is bidirectional with most of the
mRNAs and all of the rRNAs transcribed from the
heavy-strand.! Metabolic labeling studies of human
mitochondrial RNA were initially used to identify two
overlapping promoters on the heavy-strand.”> The
proximal promoter (HSP1) is responsible for the syn-
thesis of the rRNAs and the distal promoter is drives
transcription of heavy-strand mRNAs (HSP2). Our
group and others have previously shown that the iso-
lation of HSP2 from HSP1 is required to examine the
specific requirements for HSP2 activity in vitro.”* The
failure to utilize HSP2 in the presence of HSP1 is strik-
ing, as both promoters must be active for the expres-
sion of all genes.

mtDNA exists in many distinct physical structures
within the cell and these structural differences may
determine whether mtDNA is participating in tran-
scription, replication or is quiescent.” The activities of
mitochondrial-resident topoisomerases may alter the
transcription and replication of mtDNA, and a recent
study showed that mitochondrial topoisomerase I
(TOP1IMT) acts as a negative regulator for mRNA-
productive mitochondrial transcription.® In this study,
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we have examined the role DNA topology in the regu-
lation of the mitochondrial promoters using a novel
template system.

Results
Mitochondrial transcription on circular templates

Prior studies of mitochondrial heavy-strand transcrip-
tion used linear templates for convenient monitoring
of run-off transcription. The use of a circular template
overcomes two disadvantages of linear systems. First,
the mitochondrial RNA polymerase (POLRMT) ini-
tiates transcription from the ends of linearized DNA
non-specifically, obscuring promoter-specific interac-
tions. Second, linear templates cannot be used to study
topological requirements.

The challenge with the use of circular templates is
the monitoring of transcription. To solve this, we
inserted the complement of the conserved sequence
box 2 (CSB2) DNA sequence downstream from the
heavy-strand promoters (Fig. 1A). CSB2 terminates
transcription from the light-strand promoter (LSP) in a
factor-independent but orientation-specific fashion by
forming a G-quadruplex.” We reasoned that cloning
the complement of this sequence following the heavy-
strand promoter would allow us to observe products
with sizes specific to HSP1 and HSP2 activation.
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Figure 1. Circular templates allow activation of both heavy-
strand promoters. (A) Circular heavy-strand promoter constructs
were created by insertion of the CSB2 sequence in its active ori-
entation following the heavy-strand promoters. A schematic of
the six templates used in the study is shown. (B) Templates
(25 nM) were transcribed with 50 nM POLRMT, TFB2M and
POLRMT. The radiolabeled transcription products were isolated
and resolved in the presence of a 25-base pair ladder. The
expected lengths of the linear run-off products (r/o) are indicated
at left and the expected lengths of the CSB-terminated products
are indicated at right. (C) S1 analysis was performed on the prod-
uct of unlabeled transcription reactions from the circular tem-
plates using single strand 5’ labeled DNA probes to identify the
5" ends of RNA. Untreated full-length probe was loaded as con-
trol. +RNA lanes were treated with S1 following hybridization.
—RNA lanes are a control for complete S1 digestion of unhybri-
dized probe. For the pHSP1/HSP2 S1 reaction an HSP1-specific
probe was used.

To confirm the utility of this system we compared
in vitro transcription using circular and linear tem-
plates containing the mitochondrial promoters. Linear
LSP-containing templates (with sequences previously
described in Ref. [3]) were incubated with equimolar
POLRMT, TFB2M and TFAM to produce robust tran-
scripts which can be visualized as radiolabeled products
that either terminate at CSB2 or run off the linearized
DNA (Fig. 1B). In agreement with our prior work,’
linear templates containing both HSP1 and HSP2
produce a run-off transcript initiating at HSP1, but no
HSP2-initiated transcript. Only after the isolation of
HSP2 is this activity observed and it is considerably less
robust than transcription from HSP1 or LSP.

We first tested transcription from a circular tem-
plate using a plasmid (pLSP) containing LSP followed
by CSB2 in its native relationship. This drove the syn-
thesis of a product corresponding to CSB2-dependent
termination, identical in length to the product from the
linear template as expected. S1 analysis of the RNA val-
idated that LSP was the point of initiation ( Fig. 1C). A
circular template containing HSP2 alone followed by
CSB2 in the active orientation (pHSP2) produced a
band corresponding to initiation from HSP2 with fac-
tor-independent termination at CSB2. The 5" end of
this product was confirmed to be the HSP2 initiation
site by the use of S1 analysis. Remarkably, a template
containing both the heavy-strand promoters (pHSP1/
HSP2) was capable of producing products correspond-
ing to HSP1 and HSP2-dependent transcription. Thus,
the use of a circular template allows the recapitulation
of mitochondrial transcriptional activity at both heavy-
strand promoters simultaneously.

The effect of supercoiling of the mitochondrial
promoters

We next used circular templates to examine the rela-
tionship between a promoter’s activation and its
topology. Plasmids prepared from Escherichia coli are
negatively supercoiled, as is the major topoisoform of
mtDNA.® The linked heavy-strand promoters were
used to simultaneously evaluate HSP1 and HSP2
(Fig. 2A - left). The supercoiled template produced
both HSP1 and HSP2 products. Both promoters had
improved activation in the presence of 50 nM TFAM,
but were active in its absence. Next the template was



A pHSP1/HSP2 pHSP2 pLsp
TEAM + - o+ - E‘ + + - E‘ + - +
TOPO o e + ¥ 8 < + +
HSP1- _ : !

-
HSP2- -
2 B -
- -
- -
1R @ -
- -
LSP-
load- '.-"’-. .. 4
B p:ssggr pHSP2  pLSP
TOPO: - + - + - +
relaxed
S.C.

Figure 2. TFAM and DNA topology have distinct effects upon the
different mitochondrial promoters. (A) Transcription was evalu-
ated from circular templates with or without relaxation by topo-
isomerase | and in the presence or absence of TFAM. Added TFAM
was equimolar (50 nM) to POLRMT and TFB2M. A loading refer-
ence oligonucleotide is shown at the bottom of the gel. (B) Topol-
ogy of the plasmid templates after treatment with topoisomerase
| or mock-treatment was confirmed by agarose gel electrophoresis.

relaxed with topoisomerase I, which was confirmed by
monitoring the template’s mobility through an aga-
rose gel (Fig. 2B). Surprisingly, there was no visible
transcription from HSP2 on a template that was
relaxed by treatment with topoisomerase I. Relaxation
of the template with topoisomerase also increased the
sensitivity of HSP1 to TFAM, but HSP1 activity was
robust under all conditions.

We next evaluated the activity of HSP2 and LSP in
isolation. We observed modest activation of isolated
HSP2 by equimolar TFAM on the supercoiled template
and again saw a requirement for supercoiled template
(Fig. 3A - center). Transcription from LSP was entirely
dependent upon the presence of TFAM and was unaf-
fected by the topological state ( Fig. 3A - right side).

TFAM dosage balances heavy-strand promoter
selection

Previous studies by our group and others have shown
that elevated ratios of TFAM to POLRMT reduce the
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Figure 3. TFAM dosage restricts HSP2 activity while activating
HSP1. Transcription reactions were performed using supercoiled
pHSP1 (A) or pHSP1/HSP2 (B). POLRMT, TFB2M and template con-
centrations were held constant with increasing ratios of TFAM (as
compared to POLRMT) added to the reaction.

activity of HSP2.>* We were interested in repeating
this study using a circular template where both HSP1
and HSP were active. We first confirmed that isolated
HSP2 was inhibited by the presence of high stoichio-
metric multiples of TFAM compared to POLRMT
and TFB2M using transcription from a supercoiled,
circular template ( Fig. 3). When the experiment was
repeated with pHSP1/HSP2, we observed the progres-
sive inactivation of HSP2 at higher molar ratios of
TFAM. By contrast, HSP1 was activated by higher
ratios. This suggests that the suppression of HSP2 by
TFAM is independent of the presence or activity of
HSP1 when the two promoters are in their native rela-
tionship. One important possibility is that nonspecific
interactions of TFAM with the template repress HSP2
by preventing POLRMT interaction, while the specific
interaction with HSP1
concentrations.

is enhanced at higher

Discussion

In this study, we introduce the use of circular tem-
plates for simplified analysis of in vitro mitochondrial
transcription. The templates are easy to produce, can
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be readily modified by site-directed mutagenesis to
study point mutations and are simple to monitor.
Nonspecific, competitive initiation from blunt or over-
hanging ends of template is eliminated. In this study,
we have observed that the templates recapitulate the
circular nature of mtDNA to allow the simultaneous
evaluation of HSP1 and HSP2 activity that had previ-
ously been impossible using linearized templates.

We found that TFAM was not absolutely required
for the transcription of either HSP1 or HSP2 on circular
templates in vitro, but that both promoters were sensi-
tive to TFAM dosage. For HSP1, activation by TFAM
was apparent whether the template was supercoiled or
relaxed. TFAM was not required for HSP2 activation
and high levels of TFAM inhibit HSP2 activity.

In vitro systems may make it difficult to establish
consensus about the activities of mitochondrial tran-
scription factors. Conflicting conclusions have been
reached about the role of TFAM. There is a good
agreement on a requirement for TFAM for effective
transcription from LSP.”'" The role of TFAM at the
heavy-strand promoters is more complex. One group
showed TFAM-independent HSP1 transcription using
a linear template with HSP1 and LSP in their native
orientation with modulation by different TFAM/
POLRMT ratios.'” Other studies have not identified
HSP1 activation in the absence of TFAM."" Studies of
HSP2 have both shown that TFAM is not required for
activation and represses HSP2 at high concentra-
tions.>* It is likely that the loss of HSP2 activity with
higher concentrations of TFAM is due to nonspecific
interactions of TFAM with the template,12 which ren-
der it inaccessible to POLRMT.

We have also identified a novel HSP2-specific
requirement with DNA supercoiling. After relaxation
of the template by topoisomerase I, transcription
failed to initiate. The requirement for supercoiling at
HSP2 existed regardless of the presence of the HSP1
promoter. One plausible explanation for these obser-
vations is that while HSP2 lacks high-affinity binding
sites for TFAM that are used to alter LSP and HSP1,
POLRMT and TFB2M may still require local modifi-
cation of DNA in order to initiate transcription. At
HSP2, this role may be served by changes in DNA
topology, rather than the TFAM-mediated DNA
bending seen at LSP.'*'* The differential regulation of
very nearby promoters by is unusual, although there
are precedents seen in the use of ATP-dependent
supercoiling of DNA as a signal for increasing

transcription by prokaryotic RNA polymerases.'’
Supercoiling has previously been shown to produce
promoter-independent activation of transcription by
POLRMT,? but our S1 analysis of transcription dem-
onstrates that transcription initiated at the mitochon-
drial promoters.

The impact of mtDNA topology on transcription
was considered in a study that looked at the effects of
depletion or forced expression of the mitochondria-
resident class IB topoisomerase Toplmt.® Here, the
overexpression of TOP1IMT (which should relax mito-
chondrial DNA) inhibited mitochondrial gene expres-
sion. Although the authors found that Toplmt
generally antagonized mitochondrial transcription, the
effect appeared less pronounced on mRNA synthesized
from the light strand (ND6) when compared to mRNA
synthesized from heavy-strand transcription. This
finding is consistent with our observation that LSP acti-
vation in vitro is independent of supercoiling and sug-
gests that topology may be important for regulating the
expression of mitochondrial genes in the cell.

We conclude from our data that the fundamental
requirements of the mitochondrial promoters are dif-
ferent. At LSP, TFAM bends the mtDNA and its pres-
ence is mandatory for initiation. At HSP1, TFAM is
strongly stimulatory under all conditions. At HSP2,
TFAM is largely dispensable and inhibitory at high
concentration and DNA topology is a major activating
feature. Thus, the promoters may use different means
to allow partially unwind the promoter sites and allow
access to the transcriptional machinery.

Studies of in vitro transcriptional system are limited
by their inability to observe the full complement of pro-
teins that interact with POLRMT. Although the circular
system better approximates the physical state of
mtDNA, it still may have limitations because it fails to
recapitulate the complex interactions between poten-
tially modified bases in mtDNA or very local changes
in DNA topology. A further understanding of the bal-
ancing of mitochondrial transcription may show how
mitochondrial gene expression is integrated with
nuclear expression to maintain mitochondrial function.

Materials and methods

In vitro transcription

Linear templates for mitochondrial transcription
have been previously described.” Circular templates
were generated in pCR2.1 (LifeTech). For the light-



strand promoter, the CSB2 sequence was amplified
in its natural relationship with the promoter. For
heavy-strand templates, a fragment containing the
CSB2 site was amplified as a Notl-Apal fragment
and inserted downstream of mt.460-801 (for
pHSP1/HSP2) or mt.583-801 (for pHSP2). Recom-
binant proteins were produced as described previ-
ously described.'® Plasmids were relaxed by
treatment with 10U topoisomerase I (NEB-0301)
according to the manufacturer’s instructions or were
mock treated. Topological changes were confirmed
by agarose gel electrophoresis with post-run staining
by ethidium bromide.

Except where noted, transcription was performed
using 25 nM circular or linear template, 50 nM recom-
binant proteins, 400 M GTP, CTP and ATP, 40 uM
UTP, 14Ci («-32P) UTP, 10 mM HEPES (pH 7.4),
1 mM DTT, 10 mM MgCI2, 100 png/mL BSA, 40 mM
NaCl, 40 mM KCl as previously described.” As a con-
trol for equal loading, a 120-nt fragment was end
labeled and added during sample processing.

S1 analysis of transcription

S1 analysis of HSP2-dependent transcription was
performed as described previously using products
generated from unlabeled transcription reactions.’
The probe for HSP1-dependent transcription was
complimentary to mt.554-607. The LSP probe was
mt.364-411.

Abbreviations

HSP heavy-strand promoter

LSP light-strand promoter

mtDNA  mitochondrial DNA

POLRMT mitochondrial RNA polymerase
TFAM mitochondrial transcription factor A
TFB2M  mitochondrial transcription factor B2
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