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FIG. 5. Effect of 5' flanking sequences in template competition. 5' deletion mutants were linearized at the Hindlll site (232 nt from the
initiation site) and tested in runoff transcription assays in the absence (-competitor DNA) and in the presence (+competitor DNA) of a
wild-type template. The wild-type template was linearized at the XbaI site (210 nt from the initiation site) and produced correspondingly
smaller transcripts. The concentration of each template was 10 ,ug/ml. The wild-type template was pMHX406 which contained flanking
sequences from -195 to +210 relative to the start site of the LSP. Bottom panel: the levels of transcription from 5' deletion mutants in the
absence of competitor DNA (0) and in the presence of competitor DNA (0) were quantitated as described in Materials and Methods and
compared with the wild-type level. Exposure was for 12 h.

experiments a saturating amount (approximately 20 ,ug/ml)
of one template was incubated with the mtRNA polymerase
fraction in the absence of any exogenous ribonucleoside
triphosphate. Following a 10-min incubation, an equal
amount of a second template, derived from the same deletion
clone but producing a different-sized runoff transcript com-
pared with the initial template, was added together with all
four ribonucleoside triphosphates. If formation of a preiniti-
ation complex occurs, the first template will be transcribed
preferentially without any lag period. Furthermore, since a
saturating amount of template DNA is used, the preincu-
bated template would sequester most of the transcriptional
component(s) in the mtRNA polymerase fraction. There-
fore, the level of transcription from the second template
provides information regarding the turnover rate of the
sequestered components, which in turn reflects the stability
of the preinitiation complex directed by added 5' deletion
templates.
The preincubated templates were linearized by XbaI

cleavage and produced runoff transcripts 210 nt in length (Ti
in Fig. 6). The second templates were linearized by HindIII
cleavage and produced a longer, 232-nt, transcript (T2). It
should be noted that both XbaI- and HindIlI-cleaved tem-

plates were generated from the same deletion clone. When
the wild-type templates (pMHX406) were analyzed in this
assay, the preincubated templates were preferentially tran-
scribed without any lag period. Longer, 232-nt, transcripts
from the second template were not detectable until 4 min
(lane 3). Furthermore, even at 10 min, the level of T2
amounted to less than 5% of the level of Ti (lane 5),
indicating that at a DNA concentration of 20 ,ug/ml the
wild-type template can quantitatively sequester most tran-
scriptional components present in the reaction mixture dur-
ing a 10-min incubation period. A mutant clone that was
truncated to -36 nt from the start site (A5'-36) was also
capable of forming a preinitiation complex as judged by a
reduction in the lag period before Ti is detectable. However,
there was a quantitative difference in the amount of T2; by 10
min the T2 was present at 30% of the level of Ti. The mutant
clone A5'-29 gave a similar result. The preincubated tem-
plate was preferentially transcribed without a significant lag
period, but the second template was almost as efficiently
transcribed following a short lag period. At 10 min the level
of T2 was almost 50% of the level of Ti. The mutant clone
A5'-10, however, gave a result that was qualitatively dif-
ferent from that of the other 5' deletion clones. Both the
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FIG. 6. Template preincubation assays. The wild-type (pMHX406) and 5' deletion mutants were linearized by XbaI or HindlIl cleavage

and used as templates in runoff transcription assays. The XbaI-cleaved templates were preincubated with mtRNA polymerase as described
in Materials and Methods. The positions of runoff transcripts from the XbaI-cleaved templates (T1) and from the Hindlll-cleaved templates
(T2) are indicated. Deletion mutants A5'-36, A5'-29, and A5'-10 lack sequences upstream of -36, -29, and -10, respectively. Lanes 1 through
5 are time points at 1, 2, 4, 7, and 10 min, respectively. In lane 6, both the XbaI-cleaved and HindlIl-cleaved templates were transcribed
together for 20 min without any preincubation. Exposure was for 1 day (pMHX406, A5'-36, and A5'-29) or 3 days (A5'-10).

preincubated and the second template were transcribed with
similar kinetics following a short lag period, suggesting that
the preincubation had no effect on the template selection.
The above series of experiments indicated that the 5'

flanking sequences affect the efficiency of transcription by at
least two different mechanisms. One is by facilitating a

preinitiation complex, information for which seemed to lie in
a small region within -29 nt of the transcriptional start site.
Further upstream, sequences seemed to affect the stability of
the preinitiation complex, as indicated by the relative
amount of T2 present in different 5' deletion clones.

Disruption of 5' upstream sequences by linker insertion. At
least two different functions can be assigned to the 5' region,
as determined above. To provide some physical evidence for
the presence of multiple functional upstream domains, we
disrupted the upstream sequences by linker replacement or
linker insertion. The objective of these experiments was to
determine whether the joining of upstream sequences to a
given 5' deletion mutant can have a positive effect on
transcription. Therefore, the levels of transcription from
each linker mutant were compared with that of the parental
5' deletion clone as well as with that of the wild type (Fig. 7).
In the left panel (Deletion Mutants) three linker replacement
mutants are shown adjacent to the three parental 5' deletion
clones used to construct these mutants. Although all three 5'
deletion clones were capable of directing specific transcrip-
tion, only A5'-23 demonstrated a detectable species at the
autoradiographic exposure time used here. Of three linker
mutants, only one, which has the nucleotide sequences
between -23 and -29 replaced with the linker DNA se-

quence, was capable of restoring the efficiency of transcrip-
tion (compare A29-23 with A5'-23).

In the right panel (Insertion Mutants), three linker-
insertion mutants that were similarly tested are shown. The
levels of transcription from IS-31 and IS-22 were almost
identical to the levels of transcription from the parental 5'
deletion clones A5'-31 and A5'-22. The IS-11 mutant signif-
icantly restored the level of transcription (compare IS-11
with A5'-11), although the level of transcription was still
below the wild-type level. This mutant contains an 11-bp
insertion at position -11, which limits the boundary of the
specificity domain defined by the above template preincuba-
tion assays. These experiments indicated that the three
functional elements, the specificity region and the two up-
stream domains, are not continuous in sequence. Moreover,
the fact that a somewhat imprecise linker replacement (in
clone A23-29, 7 bp of mtDNA sequence were replaced with
10-bp linker DNA sequence) and a linker insertion can
partially restore promoter function indicated that the dif-
ferent functional elements of the LSP may not require a fixed
spatial relationship with each other.

DISCUSSION

Each strand of animal mtDNA is transcribed from individ-
ual strand-specific promoters located in the D-loop region of
the genome. The regulatory sequences necessary for faithful
transcription from the LSP were defined by assaying in vitro
a series of truncated templates generated by Bal 31 deletion
mutagenesis. Owing to the close proximity of the HPS to the
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FIG. 7. Transcription of linker mutants. Mutants containing decadeoxynucleotide BamnHl linkers were used as templates in runoff

transcription assays. The parental 5' deletion mutants from which the linker mutants were derived were also assayed. The precise nucleotide
changes in each linker mutant are shown in the bottom diagram. The locations of the two inverted repeats are indicated with arrows under
the nucleotide sequence. In three linker replacement mutants, A29-23, Av21-14, and A16-10, nucleotide sequences between -29 and -23, -21
and -14, and -16 and -10, respectively, were replaced with BamHI linker sequence (CCGGATCCGG). The three linker insertion mutants
contained a 12-bp insertion at -31 (IS-31), a 14-bp insertion at -22 (IS-22), and an 11-bp insertion at -11 (IS-11). The level of transcription
from each linker and 5' deletion mutant was quantitated as described in Materials and Methods. Exposure was for 1 day.

LSP, some of the deletion clones used in the analysis of the
LSP also contained the HSP. The in vitro transcription
reactions, however, strongly favored L-strand transcription
over H-strand transcription, and, in general, the deletion
analysis of the LSP was not affected by the presence of the
HSP. The maximum boundary of the LSP was localized to a

97-bp region from -88 to +9 nt of the transcriptional start
site at nucleotide 16184. That the 97-bp region delimiting the
LSP consists of multiple functional domains was supported
by three lines of evidence. First, the accuracy of transcrip-
tion was maintained even when most of the 5' flanking
sequence was replaced with foreign DNA sequence (Fig. 8).
It appeared that a small, 19-bp, region from -10 to +9 acted
as a specificity domain and directed a proper transcriptional
initiation in the absence of any upstream sequences. Second,
we demonstrated the formation of a preinitiation complex
between the added template and mtRNA polymerase in the
absence of rNTP. The DNA sequence information necessary
for this complex formation resided in a small region up-
stream of the specificity domain. Third, by combined tem-
plate competition assays and preincubation experiments, we
showed that additional 5' sequence elements were required
for the stability of the preinitiation complex and for efficient
transcription.
Both human and yeast mtRNA polymerase can be frac-

tionated chromatographically into two functionally inert
components which, upon recombining, become active RNA
polymerase capable of transcribing cognate promoters (15,

26). Since we used an unfractionated mtRNA polymerase
preparation in this study, we cannot directly address the
question of the number of protein components required for a
wild-type level of transcription. However, by drawing an
analogy to other known transcriptional systems, we can
envision at least two proteins. One component certainly
would be an RNA polymerase capable of polymerizing
ribonucleoside triphosphates. In addition, the formation of a
preinitiation complex and template selection in the absence
of transcription are quite reminiscent of the interaction
between TFIIIs and the 5S rRNA gene (3, 6, 14) and suggest
the presence of a specific DNA-binding protein in the
mtRNA polymerase preparation. Interestingly, the nucleo-
tide sequence between positions -11 and -29 contains a
palindrome (straight arrows, Fig. 8) a structure frequently
found at the recognition sites of procaryotic DNA-binding
proteins (see reference 21 for a review). The significance of
this palindrome is not clear, since a linker replacement
mutant (A29-23) which has only a half of the palindrome was
effective in restoring the efficiency of transcription (Fig. 7).
Additional sequence elements upstream of the region re-
quired for preinitiation complex formation seemed to affect
the efficiency of transcription by stabilizing the preinitiation
complex. Furthermore, deletion mutants lacking this second
upstream region supported transcription poorly in template
competition assays, suggesting the presence of yet other
component(s) that are involved in transcription.
The small size of the specificity region and the fact that the
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FIG. 8. Transcription control region of the LSP. A map of the D-loop region where L-strand transcription initiates is diagrammed with the
extent of mtDNA sequence remaining in the 5' (above) and 3' (below) deletion mutants. The position of the deletion endpoint is relative to
the L-strand transcriptional start site (+ 1, nucleotide 16184). The efficiency of transcription in each template is also indicated: +++,
wild-type level; + +, reduced only when competitor DNA is present; + and +/-, reduced to a variable degree in the absence of competitor
DNA; -, not detectable. The 3' deletion clones were tested only for the ability of a given template to support transcription in standard runoff
assays (Fig. 3). Three domains of the LSP are distinguished as follows: _, specificity domain; l, sequences required for preinitiation
complex formation; 1111, sequences that influence the efficiency of transcription. Nucleotide sequence between positions -88 and +9 is
shown below. The specificity domain is boxed.

initiation site is an integral part of it make this domain
somewhat analogous to the proximal sequences of the nu-
clear polymerase I promoter (22). In both, a region of less
than 20 nt surrounding the initiation site constitutes a mini-
mal core promoter that can support specific transcription.
Although the specificity region can function in the absence of
other upstream domains, the converse does not hold. A
mutant template that was deleted at the 3' side to nucleotide
position -4 and therefore retained all the 5' flanking se-
quences was incapable of supporting any transcription above
the background level. Furthermore, this clone behaved like
a nonspecific DNA in a template competition experiment
(data not shown), suggesting that the upstream sequences
cannot function independently of the specificity region. A
plausible explanation for such an observation is that the
three functional domains are under a hierarchial organization
in which the specificity region plays a dominant role. An
intriguing observation was that in the preincubation experi-
ments the deletion clone which contains only the specificity
region (A5'-10) was transcribed without any template selec-
tion. Therefore, the formation of a preinitiation complex is
not a prerequisite for a specific transcription event. It
remains to be determined how a proper recognition of the
specificity region and subsequent initiation are carried out.
We have tried to determine whether the three functional

domains of the LSP can be distinguished physically by
disrupting the upstream regions by linker insertion. Al-
though none of the six linker mutants was able to support
transcription at a wild-type level, two clones, A29-23 and
IS-11, restored a significant level of transcription compared
with their parental clones, A5'-23 and A5'-11, respectively.
This finding indicates that the continuity of nucleotide se-
quence in the upstream region and the spatial relationship of
three promoter elements with each other can tolerate some

physical perturbation. Two previously characterized mam-
malian mitochondrial promoters (the human LSP and HSP
[7]) are quite different in nucleotide sequence from the
mouse LSP. Nevertheless, the functional organization of the
two human promoters and the mouse LSP is quite similar in
that 5' flanking sequences upstream of a small specificity
region, which includes the transcriptional start sites, are
required for efficient transcription. It will be of interest to
test whether the respective domains from different mito-
chondrial promoters can be interchanged.
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