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Footprinting studies with the purine-modifying rea-
gent dimethyl sulfate and with the single-stranded DNA
probing reagent potassium permanganate were carried
out in isolated mitochondria from rat liver. Dimethyl
sulfate footprinting allowed the detection of protein-
DNA interactions within the rat analogues of the human
binding sites for the transcription termination factor
MTERF and for the transcription activating factor mt-
TFA. Although mTERF contacts were localized only at
the boundary between the 16S rRNA/tRNA®" - genes,
multiple mtTFA contacts were detected. Contact sites
were located in the light and the heavy strand promot-
ers and, in agreement with in vitro footprinting data on
human mitochondria, between the conserved sequence
blocks (CSB) 1 and 2 and inside CSB-1. Potassium per-
manganate footprinting allowed detection of a 25-base
pair region entirely contained in CSB-1 in which both
strands were permanganate-reactive. No permanganate
reactivity was associated with the other regions of the
D-loop, including CSB-2 and -3, and with the mTERF
contact site. We hypothesize that the single-stranded
DNA at CSB-1 may be due to a profound helix distortion
induced by mtTFA binding or be associated with a RNA
polymerase pause site. In any case the location in CSB-1
of the 3’ end of the most abundant replication primer
and of the 5’ end of the prominent p-loop DNA suggests
that protein-induced DNA conformational changes play
an important role in directing the transition from tran-
scription to replication in mammalian mitochondria.

The majority of mammalian mitochondrial (mt)* DNA mole-
cules possess a triple helix structure called D-loop due to the
displacement of the parental H-strand by short nascent H-
strand chains. The D-loop region, that is the main noncoding
region and the most variable part of vertebrate mt genomes,
contains the origin of H-strand DNA replication (O.) and the
promoters for H and L-strand transcription (for review see
Refs. 1-3). The two promoters (HSP and LSP) hold the binding
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sites for the transcription factor mtTFA (4), which activates H-
and L-strand in vitro transcription. The H-strand transcripts
initiate in two points. One, I, located few bases upstream of
the tRNAP"® gene, is responsible for the synthesis of the two
rRNAs 16S and 12S and of 2 tRNAs; the other, I,,;, located
near the 5’ end of the 12S rRNA gene, directs the synthesis of
12 mRNAs and of 12 tRNAs (5-7). The L-strand is entirely
transcribed as a single transcription unit, starting from a point
that in humans is located 216 bp upstream of O,,. It has a low
informational content, because it directs only the synthesis of
the primer for H-strand replication, of 1 mMRNA and of 8 tRNAs.
The contrast between the complete L-strand transcription and
its low informational content is not yet fully understood. More-
over, despite many studies in different laboratories, the molec-
ular mechanisms that regulate the production of the mature H-
and L-strand transcripts are not yet completely known. They
likely involve protein factors and nucleolytic enzymes. In par-
ticular, the termination of the H-strand ribosomal transcrip-
tion unit depends on a mt termination factor, mTERF, that
binds to a sequence located few bases downstream of the 5’ end
of the tRNA-® s gene (8), whereas the primary transcript
processing seems to be mediated by a RNase P-like endonucle-
ase, which should recognize the cloverleaf structure of the
tRNA genes that separate most of the rRNA and mRNA genes
(9). Furthermore, the mapping of the nascent human mt tran-
scripts had suggested that also transcriptional pausing plays a
role in regulating the expression of mt genes (5).

As far as L-transcripts are concerned, studies on the biosyn-
thetic mechanism of human and mouse H-strand replication
primers (10, 11) showed the existence of several L-strand tran-
scripts initiating from the L-strand promoter and terminating
in the D-loop region at three conserved sequence blocks (CSB),*
CSB-1, CSB-2, and CSB-3. The 3’ termini of these three RNA
species were joined with the 5’ termini of nascent H-strand
DNA chains, and the prominent replication initiation site was
located at the 5’ end of CSB-1. Clayton’s group (10) hypothe-
sized that the 3’ ends of the RNA primers were generated by
post-transcriptional processing of the primary transcript. Later
it was found that a nuclear RNA-containing endonuclease
(RNase MRP), presumably involved in the maturation of cyto-
plasmic rRNA (12, 13) and likely also present at a low concen-
tration in mitochondria (14-16), was able to cleave in vitro the
L-strand primary transcript at some of the sites found in vivo
(17-20).

Here, in order to elucidate some of the aspects concerning the
regulation of mt transcription and replication, we used an
experimental approach aiming to obtain evidence about the
physiological role of some of these protein factors. In particular
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we used an in vivo-like environment, made by rat liver isolated
mitochondria, to investigate by means of in organello footprint-
ing with dimethyl sulfate (DMS) and potassium permanganate
(KMnO,) the occurrence of protein binding sites and of single-
stranded DNA structures in the regulatory region and in the
transcription termination region of rat mt DNA. By these tech-
niques we were able to detect, within the mitochondrion, mul-
tiple protein-DNA interactions and, for the first time, a single-
stranded-DNA region located within CSB-1. The data obtained
with this approach suggest that protein-induced mt DNA con-
formational changes play an important role in defining the 5’
ends of the prominent H-DNA nascent chains.

MATERIALS AND METHODS

In Organello Footprinting with Dimethyl Sulfate—Rat liver mito-
chondria were prepared by differential centrifugation (21). Mitochon-
drial pellets (4 mg of proteins) were suspended in 500 ul of 25 mm
sucrose, 75 mm sorbitol, 100 mm KCI, 10 mm K,HPO,, 0.05 mm EDTA,
5 mm MgCl,, 1 mm ADP, 10 mm glutammate, 2.5 mm malate, 10 mm
Tris-HCI, pH 7.4, and 1 mg/ml bovine serum albumin. In these condi-
tions the integrity of mt membranes was preserved, as shown by the
observation that mitochondria supported RNA and DNA synthesis for a
long time (22—-24). Mitochondria were preincubated for 20 min at 37 °C
and then DMS was added to a final concentration of 0.1% for 2 min at
37 °C. Immediately after the incubation the samples were placed on ice
and 900 ul of phosphate-buffered saline (137 mm NacCl, 2.7 mm KCI, 4.3
mm Na(PO,) pH 7.4, and 1.4 mm K(PO,), pH 7.4) were added. The
mitochondria were pelleted by centrifuging for 1 min at 12,000 X g.
After two additional washes with phosphate-buffered saline, the pellets
were suspended in 400 ul of lysis buffer (200 mm NaCl, 0.1% SDS, 10
mwm Tris-HCI, pH 7.4, 1 mm EDTA, and 0.2 mg/ml proteinase K) and
incubated for 30 min at 37 °C. DNA was isolated by two extractions
with phenol, two with phenol/chloroform/isoamyl alcohol (25:24:1) and
one with chloroform, and then DNA was ethanol precipitated. The
pellets were dried, suspended in 100 ul of 1 m piperidine, and incubated
for 30 min at 90 °C. Then they were chilled on ice and passed through
a Sephadex G-50 (Pharmacia LKB) spin column; the column eluates
were lyophilized, washed twice with water, and finally suspended in 35
wnl of water.

Control samples of naked DNA (protein-free) were obtained extract-
ing the nucleic acids from the same amount of mitochondria as above.
Then the DNA pellets were suspended in 100 ul of TE buffer (10 mm
Tris-HCI, pH 7.4, 1 mm EDTA), preheated for 2 min at 37 °C, and
treated with 0.1% DMS for 2 min at 37 °C. The reaction was blocked by
adding 25 ul of 1.5 m sodium acetate, pH 7.4, 1 m 2-mercaptoethanol,
and then the DNA was ethanol precipitated. The pellets were lyophi-
lized and treated with 100 ul of 1 m piperidine for 30 min at 90 °C.
Sephadex separation was performed as above, and the final samples
were recovered in 35 ul of water. In most experiments the piperidine
treatment of samples and controls was omitted because preliminary
tests showed that the primer extension effectively terminated in corre-
spondence of modified bases; in this case the DNA pellets were sus-
pended in 100 ul of TE buffer, purified by spin column chromatography,
and recovered in 35 ul of water. To set up the footprinting conditions
and to check the fidelity of mt DNA methylation pattern, preliminary
control experiments, using as template a recombinant plasmid contain-
ing the DNA region under investigation, were carried out. 2 ug of the
pFF28 plasmid containing a rat mt DNA insert of 712 bp from position
15719 to position 132 (21) were combined in a final volume of 100 ul
with 3 mm MgCl,, 100 mm KCI, 0.2 mm dithiothreitol, 30 mm Tris-HCI,
pH 8.0, and 0.1 mm EDTA. After preheating for 2 min at 37 °C, DMS
was added to a final concentration of 0.1%, and the samples were
incubated for 5 min at 37 °C. The reactions were blocked by adding 200
wl of cold 3 M ammonium acetate, 1 m 2-mercaptoethanol, 20 mm EDTA,
and 250 pg/ml tRNA. The DNA was recovered by ethanol precipitation
and processed as for DMS-treated mt DNA.

In Organello Footprinting with Potassium Permanganate—Mito-
chondrial pellets (2 mg of proteins) were suspended in 200 ul of 1 mm
ATP, 10 mg/ml bovine serum albumin, 20 mm NaH,PO,, 25 mm pyru-
vate, and 10% glycerol and incubated for 20 min at 37 °C. Following
this, permanganate was added to mitochondria at 37 °C to a concentra-
tion of 10 mm for 4 min. The mitochondria were immediately trans-
ferred to ice-chilled Eppendorf tubes and spun for 5 min at 12,000 X g.
The pellets were suspended in 400 ul of lysis buffer (200 mm NacCl, 0.1%
SDS, 10 mm Tris-HCI, pH 7.4, 1 mm EDTA, and 0.2 mg/ml proteinase K)
and incubated for 30 min at 37 °C. The nucleic acids, extracted as

described above, were suspended in 55 ul of water and passed through
a 1-ml Sephadex G-50 spin column. Column eluates were lyophilized
twice and collected in 35 ul of water. Control samples were obtained by
extracting the nucleic acids from the same amount of mitochondria as
above. The DNA pellets were suspended in 17.5 ul of 3 mm MgCl,, 100
mm KCI, 0.2 mwm dithiothreitol, 30 mm Tris-HCI, pH 8.0, and 0.1 mm
EDTA, preheated for 2 min at 37 °C, and then permanganate was added
to a final concentration of 10 mm for 4 min. The reaction was blocked by
adding 2 ul of 14.7 m 2-mercaptoethanol, chilling on ice, and then
adding 6 wl of 0.2 m EDTA and 27 ul of water. The samples were passed
through a 1-ml Sephadex G-50 spin column, lyophilized twice, and
finally collected in 35 ul of water. Also in this case preliminary exper-
iments were carried out with 2 ug of pFF28 DNA,; the plasmid DNA was
treated with permanganate following the same protocol reported for
controls. In most experiments, before carrying out the primer extension,
mt DNAs from test and control samples were digested with the restric-
tion enzyme Bgll, which cuts at positions 15932 and 12650, allowing the
primers to anneal to a linear template of 13,017 bp (25).

Primer Extension Analysis of DMS and KMnO,-treated Samples—
The entire 35-ul sample was used for primer extension analysis. The
reaction mixture contained also 10 ul of 10 X Taqg polymerase buffer
(2100 mm Tris-HCI, pH 8.3, 15 mm MgCl,, and 500 mm KCI), 4 ul of 5 mm
dNTP mix, 1 pmol of 2P 5’ end-labeled primer (see figure legends for
primer identification), 2.5 units of Tag DNA polymerase (Boehringer
Mannheim), and water to a final volume of 100 ul. Samples were
covered with mineral oil and first heated in a DNA Thermal Cycler
(Perkin-Elmer) for 2 min at 94 °C; then 15 cycles followed (1 min at
94 °C, 2 min at the primer hybridization temperature, and 3 min at
72 °C). The reactions were ended by denaturing for 2 min at 94 °C,
annealing for 2 min, and final extension for 10 min at 72 °C. Reaction
products were separated from mineral oil, and DNA was extracted with
phenol/chloroform/isoamyl alcohol and precipitated with ethanol in the
presence of 1 M ammonium acetate and 5 mm EDTA. The pellets were
washed with 70% ethanol, dried down, suspended in 6 ul of 98% form-
amide, 10 mm EDTA, 0.1% xylene cyanol, and 0.1% bromphenol blue,
and resolved in a 6% polyacrylamide/7 m urea sequencing gel (0.2 mm X
40 cm). Probe labeling was carried out with [y-*?P]JATP and polynucle-
otide kinase as reported by Sambrook et al. (26).

Footprint Quantitation—The gels were exposed with intensifying
screens for different lengths of time. The desired lanes were scanned
densitometrically by using a LKB Pharmacia Ultroscan-XL Laser den-
sitometer equipped with Gel-Scan-XL Evaluation software. In some
experiments, to account for any loading difference, control and test
scans were normalized using bands, located in regions lacking any
observable footprints, and placed just above or just below the reactive
areas. When the intensities of the bands in the open complexes were
much higher than those in the reference bands, light and dark expo-
sures of the same gel were scanned. Relative levels of protection or
hypersensitivity were then determined using the normalized values.
Mean differences between control and test greater than 30% (twice the
standard deviation of the mean difference among unaffected nucleo-
tides) were reported as being footprinted.

RESULTS

Several reports have shown that isolated mitochondria from
different mammalian sources are able to synthesize and proc-
ess mt RNA in a way that closely resembles the in vivo process
(21-24, 27-29). Here, in order to detect within the mitochon-
dria protein binding sites and single-stranded DNA regions, we
carried out DNA footprinting in an in vivo-like environment
made of isolated mitochondria from rat liver. In a typical ex-
periment, freshly purified rat liver mitochondria were treated
with the modifying agent, and the mt DNA was isolated. Con-
trol samples were obtained by a similar treatment of naked mt
DNA (protein-free) purified from the same amount of mitochon-
dria used for in organello footprinting. Mitochondrial DNA,
isolated from test and control samples, was subjected to primer
extension with Taq DNA polymerase in the presence of a 5’
end-labeled oligonucleotide, and the reaction products were
resolved on a polyacrylamide sequencing gel. The sites of DMS-
altered reactivity or permanganate sensitivity were dependent
on the organelle integrity, because they were not detected
either in mitochondria stored at —80 °C, or in organelles whose
permeability was altered by incubation in hypotonic media
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(experiments not shown). The results here reported were ob-
tained in at least five different independent experiments on
different individuals; each different sample of mitochondria
displayed the same in organello footprinting pattern.

DMS Footprinting in Isolated Rat Liver Mitochondria—Di-
methyl sulfate, a molecule that acts methylating DNA at N7
and N3 guanine and adenine residues, respectively (30), has
been used to map contact sites between proteins and DNA.
When bound to specific DNA residues, proteins can decrease or
intensify purine reactivity to methylation with respect to naked
DNA (31). DMS readily permeates cellular and nuclear mem-
branes, allowing the analysis of in vivo protein-DNA interac-
tions. Recently Ghivizzani et al. (32, 33) have used DMS foot-
printing to detect mt DNA-protein interactions in isolated
bovine and human mitochondria, thus showing that DMS may
cross also mt membranes. To set up the footprinting conditions
in isolated rat liver mitochondria, the first experiment was
carried out to detect the bases that contact the rat analogue of
the human mt termination factor (INTERF). Such region was
located by in vitro DNasel footprinting a few bases downstream
of the 5’ end of the tRNA™®Y,, gene (8). Fig. 1 shows that the
L-strand and H-strand primers ND1 (position 2761-2740) and
16S (position 2542—-2563) detected a region of 15 bp (position
2659-2673) containing hypermethylated and undermethylated
bases; almost all the involved residues (7 on the L-strand and
3 on the H-strand) were comprised in the conserved tridecamer
sequence block (8, 34), which contains the binding site for
mMTERF. To estimate the protein occupancy at each region of
DMS-altered reactivity, the relative level of methylation pro-
tection was measured; it can be considered equivalent to the
percentage of the sites bound continuously by the protein or to
the percentage of the time in which all the available sites were
bound. Within the mTERF binding domain, the level of DMS
protection on the L-strand was about 82%, a value that sug-
gested that in organello as in vitro (8) mTERF binds the mt
DNA with high affinity.

The analyses of protein-DNA contacts in the regulatory re-
gion are reported in Figs. 2 and 3. The L-strand and the
H-strand probes P-REV1 (position 51-30) and D-rat-viv2 (po-
sition 16108-16129) detected two regions of altered DMS re-
activity. The first region contained hypermethylated or under-
methylated bases from 16197 to 16211; nine of the modified
residues were located on the L-strand, and three were on the
H-strand. The second region displayed a lower level of altered
DMS reactivity; it encompassed 29 bp, from position 16252 to
16280. Also in this case both strands were involved, but the
H-strand was slightly more affected than the other. Two more
regions of altered DMS reactivity (Figs. 2 and 4) were detected
with the probes D-REV2 (position 16107-15986) and D-rat-
vivl (position 15955-15976). They comprise bases contained
between CSB-1 and CSB-2 (from 16042 to 16064) and bases
contained within CSB-1 (from 16018 to 16034). DMS-altered
activity was not detected in the bases located in CSB-2 and
downstream of CSB-1 (results not shown). The region com-
prised between CSB-1 and CSB-2 showed a level of occupancy
of at least 40%, with nucleotides 16050 and 16051 showing a
DMS protection of about 90%, whereas CSB-1 was associated
with a DMS protection level of about 50%. Although in most of
the cases the altered methylation pattern concerned the pu-
rines, in some cases pyrimidine residues were also affected. In
particular two T residues at positions 16018 and 16019 showed
DMS hyper-reactivity (Fig. 4). It has been reported (35, 36) that
DMS may methylate cytosine and to a minor extent thymidine
when these bases are in a single-stranded DNA. This is the
case for T-16018 and T-16019 that, as shown by permanganate
footprinting reported below (see Fig. 6), are in a single-
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Fic. 1. In organello DMS footprinting at the termination site
of ribosomal gene transcription unit. A, DNA from DMS-treated
(D) and untreated (C) mitochondria was prepared as described in the
text. L-strand and H-strand probes were the oligos ND1 (position 2761
2740) and 16S (position 2542-2563), respectively. Probe sequences
were: ND1, 5 GATTAGGAGTGTTAGGATATTA 3’, and 16S, 5’
CCCAGTTACGAAAGGACAAGAG 3'. Rat mt DNA positions (25) were
deduced from control G-ladder and by sequencing reactions run in
preliminary experiments (not shown). Sites of in organello methylation
hypersensitivity are indicated by open triangles, and filled triangles
indicate sites of methylation protection. The size of the triangles is
roughly proportional to the amount of modification; larger triangles
indicate at least a 3-fold difference between normalized values of test
and control samples. The bands R,, R,, and R; in each panel serve as
reference for normalization. The position of the 16S rRNA/tRNA-®", &
boundary is shown. B, sequence positions of the footprinted bases. The
triangles indicate the sites of altered DMS reactivity as deduced from A.
The rat analogue of the human tridecamer transcription termination
site (34) is boxed. The junction between 16S rRNA and tRNA-*"_ .
genes is indicated. H-strand transcription proceeds from left to right.

stranded DNA.

To obtain information relative to the significance of these
DNA-protein interactions in rat liver, sequence homology stud-
ies were performed. Fig. 5A shows that Rat I, a sequence of 21
bp (from 16196 to 16216) containing the first block of reactive
bases, was homologous to the mtTFA binding site of human,
mouse, and bovine LSP (4, 32, 33, 37), whereas (Fig. 5B) the
second block of reactive bases contained a region, Rat Il (ex-
tending from 16247 to 16268), displaying a significative homol-
ogy with the mtTFA binding site of HSP. Therefore the DMS-
modified bases of Rat | and Rat Il are probably due to contacts
with the rat analogue of human factor mtTFA, which stimu-
lates mt transcription interacting with DNA sequences located
upstream of the transcription initiation sites (4). The similarity
of the sequence Rat Ill, located between CSB-1 and CSB-2
(from 16041 to 16064) with the mtTFA-footprinted regions in
LSP and HSP, shown in Fig. 5C, suggests that the altered
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Fic. 2. Schematic diagram summarizing the results obtained by DMS and KMnO, in organello footprinting in the regulatory
region of rat mt DNA. The positions and the orientation of the oligonucleotide probes are shown at the top of the figure; their precise positions
are reported in the legends of the following figures. Hatched boxes (I, 11, 111 and 1V) indicate the protein contact sites as deduced from the DMS
footprinting experiments reported in Figs. 3 and 4. Permanganate reactivity at CSB-1 (see Fig. 6) is indicated by displacing both strands. In the
case of DMS footprinting, probes PREV-1 and D-rat-viv-2 were used to detect regions | and 11 (see Fig. 3). Regions 111 and IV (see Fig. 4) were found
with probes D-REV2 and D-rat-viv-1. The permanganate reactive region in CSB-1 (see Fig. 6) was detected with the probes P-REV1, D-REV2, and
D-rat-viv-1. The bottom part of the diagram shows the presumptive approximate positions of primer RNAs and of the H-DNAs in rat as deduced
from the mapping of such species in human and mouse (10, 11). Wavy and solid lines indicate the primer RNAs and the H-DNAs, respectively. Bold
lines show the most prominent primer and H-DNA species. The numbers refer to the genomic position of rat mt DNA (25). H, H-strand; L, L-strand;
CSB, conserved sequence block; CSB-1, 16012-16037; CSB-2, 16068—-16084; CSB-3, 16101-16118. O,, is the main H-strand replication origin,
which in rat is located at position 16011 (63). I, and I, are the L and H-strand initiation sites that in rat are located around position 16178 and
16183, respectively (63).2
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were the oligos P-REV1 (position 51-30)
and D-rat-viv-2 (position 16108-16129),
respectively. Primer sequences were: P-
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AG 3’, and D-rat-viv-2, 5 CCCCAAAAA- >
CATTAAAGCAAGA 3'. The bands R, and
R, in each panel serve as reference for
normalization. Symbols indicating the RO
site and the extent of altered methylation
reactivity are the same as in Fig. 1. For
each primer a short (S) and a long (L) gel
run are shown. D, DMS treated mitochon- s
dria; C, control. B, genomic position of the
bases with altered methylation. The tri- B
angles indicate the sites of altered DMS
reactivity as deduced from A. I_ and I 4x
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reactivity of this region is due to contacts with the same pro-
tein. This hypothesis is supported by the capacity of mtTFA to
bind in vitro an analogous region of human mt DNA (4, 33). The

2 p. Cantatore, L. Daddabbo, F. Fracasso, and M. N. Gadaleta, un-
published observations.

bases located within CSB-1 (Fig. 2, block 1V, and Fig. 3B) do not
share significative homology with the other footprinted regions.
However footprinting analysis in human mt DNA (33) showed
that mtTFA was able to bind nonhomologous sequences in
vitro, including those contained in CSB-1. These data, which
were confirmed by in organello footprinting (33), let us to
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ATTTTATTCATGTTTGTAAGACATAAATATTTATAAATA

TAAAATAAGTACAAACATTCTGTATTTATAAATATTTAT

16051 A 4 4 . v

CTGAAAACTCT

GACTTTTGAGACAGTTGTTTGGGGGGGCGTGGGGEGA

A A

ascribe also the DMS-altered reactivity of CSB-1 to the rat
analogue of human mtTFA.

Permanganate Footprinting in Rat Liver Mitochondria—Al-
though DMS is extremely useful in detecting the occupancy of
DNA sites by proteins, it is less valuable as a probe for detect-
ing the structural changes associated with the various steps of
transcription. Potassium permanganate, a small molecule that
preferentially oxidizes single-stranded pyrimidine residues at
their 5=6 double bond, (38) has been used in vitro and in vivo
to detect distortions in double-stranded DNA (39) and to iden-
tify single-stranded DNA regions associated with open com-
plexes with RNA polymerase (40—43) or with RNA polymerase
pause sites (44, 45). The reagent is able to penetrate bacterial
cells and eukaryotic nuclei (44, 46, 47), thus suggesting that it
may also cross mt membranes. Figs. 2 and 6 report the results
of permanganate footprinting in isolated rat liver mitochondria
using probes encompassing the mt DNA regulatory region.

A A A

GTCAACAAACCCCCCCACCCCCTECACCT
GTGGA

A
C8B-2

Panel | shows that the L-strand probe P-REV1 identified a
region, contained in CSB-1, that has a strong permanganate
hyper-reactivity. No signals were detected in CSB-2 and
CSB-3. To carefully map the hyper-reactive bases, the D-REV2
probe closer to CSB-1 was used. Panel Il shows that on the
L-strand the reactive region extends from position 16013 to
16035, which comprise bases all contained in CSB-1. The H-
strand probe D-rat-vivl detected hyper-reactive bases situated
in the same region (from 16016 to 16037), indicating that
almost all the Ts contained in both strands of CSB-1 are per-
manganate-sensitive and that in isolated rat mitochondria,
this 25-bp block has a single-stranded configuration. Two bases
different from pyrimidines (A-16034 on the L-strand and
A-16016 on the H-strand) also showed permanganate hyper-
reactivity; this was probably due to their 5’ position with re-
spect to reactive T residues (46, 48).

To test the presence of single-stranded DNA regions in other
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A Rat I (16196)
Mouse LSP (16201)
Cow LSP (261)
Human LSP  (424)
B Rat 1l (16247) A A C TN
Mouse HSP  (16249) [l G4 C -
Cow HSP (312) C - PN THER T
Human HSP (531) [l - ENEMEEIC C
C Rat 1 (16196)
Rat II (16247)
Rar I (16041) TTA

25025

cc T

Fic. 5. Sequence alignment of DMS footprinted regions. A, alignment of rat footprinted region near I,_ with the mtTFA binding sites at the
LSP of human, mouse, and bovine mt DNA (33, 35). B, alignment of rat footprinted region near I,z with mtTFA binding sites at the HSP of human,
mouse, and bovine mt DNAs. C, alignment of DMS footprinted bases in the noncoding region of rat mt DNA. The numbers in parentheses (human,
bovine, and mouse genomic positions are according to Anderson et al. (70, 71) and Bibb et al. (72)) refer to the position of the first nucleotide of the

sequence.

A L-strand

16013 P 1601
KC 12
- F—moe? Dcss-1
."- 16059
16035 - [Jess-2
— : _‘—15091
= Dcss—s
16120 “"._16124
16136— “i
5149 - 116147
16160+ -L“ p-1603

H

B C8B-1

16001 ) ywww-

3

vy

vy
HPAPAPFHOERBAANOHEPRRAA

5]

H-strand

16012

L
}iCSB—l—;
=5
G

B 16037 - - 716037 <
16630 E -’:’15036{
160297 "
8
P 16021 - = 3]
. 16017 =
& 60167 | 0 ‘

IT

H - GAGCTTTCTGATAAAATAAGTACAAACATTCTCTATNTATAAATATTTATGACTTPTGAGACAGTT

hassad w . .
L - CTCGABAGACjATTTTATTCA‘l‘GTTTGTAAGACATAjATATTTATAAATACTGAAAACTCTG'I‘CAA
A A Ab FYy

C8B-2
16067 .

CSB-3

AARCCCCCCCACCCCCTACACCTGRAAACT TCAATRCCARACCCCALARAACAITTARAGCAAGAATT

ki fefelelelefefedifetelele]e} TGTGGACTTTGAAGTA’I‘TTCGTTCTTAA
Fic. 6. In organello permanganate footprinting near the replication origin of rat mt DNA. A, L-strand probes were the oligos P-REV1
and D-REV2; H-strand probe was the oligo D-rat-vivl. Panel | shows the P-REV1 extension products of undigested mt DNA extracted from
KMnO,-treated (K) and untreated(C) mitochondria. In lanes 1 and 2 are reported the extension products of the plasmid pFF28 (21). The plasmid
was first treated with DMS (lane 1) and KMnO, (lane 2) as described under “Materials and Methods,” digested with Bgll, and then subjected to
primer extension with Tag DNA polymerase and labeled P-REV1 primer. Mitochondrial genomic positions refer to bands in lanes 1 (underlined)
and 2 (not underlined). In the other two panels mt DNA from test (K) and control (C) was first digested with Bgll and then subjected to primer
extension with D-REV2 and D-rat-viv1, respectively. Sites of in organello permanganate hyper-reactivity are indicated by triangles. The positions
of CSB-1 (16012-16037), CSB-2 (16068-16084), and CSB-3 (16101-16118) are indicated. B, sequence positions of the permanganate reactive bases.
The triangles indicate the sites of hyper-reactivity as deduced from A. The positions of CSB-1 to CSB-3) and of H-strand replication origin (O,,) are

indicated.

locations and in particular at a site where protein-dependent
transcription termination takes place, we tested the perman-
ganate hypersensitivity of the region containing the 16S rRNA/
tRNAMY s boundary. This is the site where the ribosomal
transcription unit ends due to the interaction with the termi-
nation factor mTERF (8). Fig. 7 shows the absence of any
significative signal due to permanganate hyper-reactive bases.
These data were quite surprising in the light of a recent report
(49) showing that mTERF binding induced DNA bending. The
lack of permanganate sensitivity in the presence of DNA bend-
ing might be explained by hypothesizing that the mt DNA
complexed with mTERF assumes a stacked configuration that
prevents the thymidine oxidation by permanganate (50). More-
over, this result implies that the single-stranded DNA regions
functioning as pause sites are not required for termination, so
that mTERF alone is able to generate, probably by a physical
blockage mechanism, the end of transcription.

DISCUSSION

In Organello DMS Footprinting Reveals the Contact Sites for
DNA-binding Proteins—The dimethyl sulfate footprinting ex-
periments in isolated rat liver mitochondria, reported in Figs.
1-5, enabled the detection of multiple protein-DNA interac-
tions. The bases with altered methylation at the 16S rRNA/
tRNA-®" g boundary are involved in the binding with the
termination factor mTERF, whereas the altered methylation
observed at multiple sites of the D-loop region depends on the
binding with a single protein factor: the transcription activat-
ing factor mtTFA. This is the first time that the contact sites
with these DNA-binding proteins have been identified in the
rat.

The mtTFA binding to the different portions of the D-loop is
related to the multiple roles of this factor in mt transcription
and replication. The binding that takes place at LSP and HSP
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Fic. 7. In organello permanganate footprinting at the bound-
ary between 16S rRNA/tRNA-*"UUR genes. Probes used were the
oligos ND1 and 16S (see Fig. 1). The position of the gene boundary is
indicated. C, control; K, permanganate-treated mitochondria. The num-
bers at the left of each lane indicate the genomic positions of some
bands, as deduced by control T+C ladder (not shown).

serves for stimulating mt transcription (4, 51). It occurs with
different efficiencies ranging from 82% in LSP (Fig. 2, block I)
to 45-50% in HSP (Fig. 2, block I1); this is in agreement with
both in vitro binding experiments with human mtTFA (4) and
with the higher rate of in vivo mt transcription of the L-strand
compared with that of H (3, 5). It is likely that variations in the
level of mtTFA within the mitochondria may regulate promoter
selection such that at low concentrations L-strand transcrip-
tion, which is linked to H-DNA replication, would predominate,
whereas at higher mtTFA levels HSP transcription would also
take place. The recent finding of a NRF-1 binding site in the
human mtTFA gene (52) is a first evidence of the modulation of
mtTFA gene expression. The mtTFA contacts with LSP and
HSP are quite asymmetric; at LSP most of the purines located
on the L-strand contact mtTFA, whereas on the H-strand only
3 purine residues exhibit DMS hyper-reactivity. Although both
H- and L-strand promoters may function bidirectionally in
vitro and in vivo (53), the transcription of the respective main
coding strand largely predominates. The substantial asymmet-
ric binding of mtTFA to LSP and HSP found in organello and in
vitro (4) may represent the mechanism used for the substantial
unidirectionality of the two promoters.

Recent in organello and in vitro footprinting experiments of
Ghivizzani et al. (33) showed that human mtTFA, in addition to
binding LSP and HSP, is able to bind the entire regulatory
region of mt DNA in a phased arrangement, contributing to
specific packaging of mt DNA control region in vivo. It has been
suggested that phased mtTFA binding might be required for
facilitating mt transcription (33, 54) or RNA processing (17).
The data reported in this paper confirm this view because
DMS-altered reactivity, presumably due to the rat analogue of

human mtTFA, was found in the region between CSB-1 and
CSB-2 and within CSB-1.

The binding of mtTFA to CSB-1 probably underlies a further
function of this factor. In fact, contrary to the rest of the other
binding sites whose sequence among mammalian species is
highly diverging (37, 55), CSB-1 is universally conserved
among vertebrates (55-57). Moreover, it contains the transi-
tion site between the most abundant replication primer and the
prominent D-loop DNA (55, 58, 59). Therefore, it is likely that
the binding of mtTFA to CSB-1 might have a rather different
role with respect to that hypothesized for the other regions of
the D-loop. The most likely possibility is that the mtTFA-CSB-1
complex may be part of a recognition signal for the transition
from L-RNA to H-DNA chains. The presence of a single-
stranded DNA in this region (see below) reinforces the hypoth-
esis of a peculiar role for the mtTFA-CSB-1 complex.

The Significance of the CSB-1 Permanganate-reactive Re-
gion—In the experiments reported here, the permanganate
footprinting technique was applied for the first time to isolated
mitochondria. By using two probes spanning the control region
from tRNAPM® to downstream of CSB-1, a very strong signal
associated with a sequence entirely contained in CSB-1 was
detected on both strands. No significative reactivity was found
in the other CSBs or in the bases contained between them
(Figs. 3 and 6). The permanganate reactivity of CSB-1 could be
due to DNA distortions or be associated with a single-stranded
structure possibly functioning as RNA-polymerase pause site.
The first hypothesis is based on the binding of mtTFA to CSB-1
(Figs. 2 and 4) (33) and on the observation that mtTFA is able
to induce wrapping and bending (54) of human mt DNA. The
lack of permanganate sensitivity of CSB-2 and CSB-3 and in
the bases between them exclude the possibility that the per-
manganate sensitivity of CSB-1 may be due to generalized
mtTFA-induced distortions that in such a case should have
been present also at other sites ot mtTFA binding. The per-
manganate sensitivity of CSB-1 might be then associated with
a peculiar mtTFA binding, and this, as underlined above,
might have a specific role in directing the RNA-DNA transition
at the prominent replication origin.

Few cases of DNA distortions induced by DNA-binding pro-
teins have been reported. They include the RAP-1 protein,
whose binding to Saccharomyces cerevisiae telomers induces an
unusual permanganate reactivity of the C-rich strand (60), the
Epstein-Barr virus DNA replication origin binding protein
EBNAL (61), and the TATA box-binding protein, whose binding
in vivo to the coding strand of the promoter of the phosphoenol-
pyruvate carboxykinase gene produces an altered permanga-
nate activity on the opposite strand (62). It is interesting to
observe that although the distortions induced by these proteins
(60—62) concern a limited stretch of DNA, the extended per-
manganate reactivity of CSB-1 (13 reactive bases on the L-
strand and 7 on the H-strand in a stretch of 25 bp) would create
a profound structural change that should involve more than
one helical turn.

An alternative explanation of the permanganate reactivity at
CSB-1 is based on the presence among nascent human tran-
scripts of many paused RNA molecules (5) and based on the
location within CSB-1 of the multiple 3’ ends of RNAs origi-
nating from the L-strand initiation site (10-11, 21, 63). These
data suggest that the single-stranded DNA at CSB-1 may be
associated with a RNA-polymerase pause site. The existence of
a transcription pause site in CSB-1 might have implications for
the mechanism of replication primer formation. It could be
hypothesized that the formation of the 3’ end of the longest and
presumably more active replication primer (7S RNA), which
terminates in CSB-1, might take place by transcriptional paus-
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ing and would not necessarily require the action of a nuclease
activity. On the contrary, the lack of permanganate-reactive
bases at CSB-2 and CSB-3 would require the presence of one or
more nuclease activities needed to create the 3’ ends of the
primers terminating at these sites. The existence of a tran-
scription pause site at CSB-1 might also help to explain the
regulation mechanism of L-strand transcription. Although the
L-strand is transcribed at a higher rate than the H-strand (5),
its products are not more abundant than the H-strand coded
RNAs (64). This could depend either on a lower stability of the
L-strand polycistronic transcript (65) or on the existence of a
pause site at CSB-1. According to the latter hypothesis the
L-strand transcription would start at a high rate, producing the
replication primer; then the RNA-polymerase should meet the
pause site from where only a minority of the polymerase mol-
ecules should escape to synthesize the L-strand coded products.
Transcriptional regulation at steps following the initiation is a
well established mode of controlling gene expression, not only
in prokaryotes (66) but also in eukaryotes. Recently, Giardina
et al. (44) showed by in vivo permanganate footprinting that
pausing occurred after few bases from the transcription initi-
ation site of two Drosophyla heat shock genes. Krumm et al.
(45) reported that the block to transcriptional elongation of the
human c-myc gene, which occurs near the end of the first exon,
was determined by promoter proximal pausing.

The two explanations of permanganate reactivity at CSB-1
are not necessarily in contrast with each other because both
envisage a role for single-stranded DNA at CSB-1 in the tran-
sition from transcription to replication. The overall data sug-
gest that the mtTFA binding at CSB-1 and the strong and
specific permanganate sensitivity of this region are probably
both part of the same signal that regulates the transition from
RNA primers to nascent H-DNA chains. Moreover the results
reported in this paper emphasize the potential of in organello
footprinting with chemical reagents in analyzing at a molecu-
lar level the changes in mt DNA structure that are linked to
transcriptional or replicative activity of the organelle. This
technique will represent a useful approach for studying the
changes in mt structure and expression observed in different
physiological and pathological conditions in an in vivo-like
environment, such as during aging or in mitochondrial diseases
(67—69).
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