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Humanmitochondrial transcription is driven by a single sub-
unit RNA polymerase and a set of basal transcription factors.
The development of a recombinant in vitro transcription system
has allowed for a detailed molecular characterization of the
individual components and their contribution to transcription
initiation. We found that TFAM and TFB2M act synergistically
and increase transcription efficiency 100–200-fold as compared
with RNA polymerase alone. Both the light-strand promoter
(LSP) and the HSP1 promoters displayed maximal levels of in
vitro transcription when TFAM was present in an amount
equimolar to the DNA template. Importantly, we did not detect
any significant transcription activity in the presence of the
TFB2M paralog, TFB1M, or when templates containing the
putative HSP2 promoter were used. These data confirm previ-
ous observations that TFB1M does not function as a bona fide
transcription factor and raise questions as to whether HSP2
serves as a functional promoter in vivo. In addition, we did not
detect transcription stimulation by the ribosomal protein
MRPL12. Thus, only two essential initiation factors, TFAM and
TFB2M, and two promoters, LSP and HSP1, are required to
drive transcription of the mitochondrial genome.

Transcription of the human mitochondrial genome is gov-
erned by a nuclear-encoded single-subunit RNA polymerase
(POLRMT) that is assisted by two transcription initiation fac-

tors, TFAM and TFB2M (see Refs. 1 and 2 and references
therein). POLRMT possesses promoter recognition functions
but depends on TFAM and TFB2M for promoter melting (3).
TFAM, a highmobility group class protein, binds tomitochon-
drial DNA, protects a region 14–35 bp upstream of the light-
strand promoter (LSP)4 transcription start site, and assists in
assembly of the initiation complex by attracting POLRMT-
TFB2M and/or by causing initial melting of the promoter (4).
The primary role of TFB2M is to melt the promoter and to
stabilize the open promoter complex by simultaneous binding
of the priming substrate and the templating DNA base (5).
Although the basic requirements for mitochondrial tran-
scription have been established, a number of existing con-
troversial observations preclude a comprehensive view of
gene transcription and its regulation in mitochondria. For
example, in addition to TFB2M, human mitochondria also
contain a homologous factor TFB1M that was reported to
stimulate transcription initiation in vitro with 10–100-fold
lower efficiency (6, 7). However, in vivo studies demon-
strated that although TFB1M is an essential methyltrans-
ferase required to methylate 12 S ribosomal RNA, it plays no
role in transcription (8).
Another paradox in the field of mitochondrial transcription

concerns the existence of an additional promoter in the heavy
strand of mtDNA. Transcription initiated at the LSP results in
synthesis of a single mRNA that encodes subunit 6 of the
NADH dehydrogenase and eight tRNAs (9). The heavy strand
ofmtDNA encodes 12 polypeptides, two rRNAs, and the rest of
the tRNAs; transcription of this strand appears to involve two
promoters (10–13). The transcription start site of the HSP1
promoter was shown to be at position 561, whereas HSP2-ini-
tiated transcripts were found to originate within tRNAPhe at
position 646, 2 nt upstream of the 12 S rRNA 5�-end (10). How-
ever, although in vitro transcription using HSP1 and LSP pro-
moters is well documented, no experimental data for HSP2-
driven transcription have been reported.Mapping experiments
using guanylyltransferase, an enzyme that has specificity
toward 5�-end tri- or diphosphates of the RNA, suggest that the
identified labeled RNA products are the RNA transcripts and
not the products of RNA processing or degradation (10, 12).
Notwithstanding these data, in this work, we demonstrate that
HSP2 cannot be transcribed in vitro using purified components
of the transcription system and is not recognized by POLRMT
in a factor-independent assay. We also demonstrate that
TFB1M has no transcription activity in vitro, supporting
reports that it lacks in vivo activity. Our data suggest that tran-
scription of mitochondrial genes involves only two promoters
and depends upon only two absolutely essential factors, TFAM
and TFB2M. Our findings underline the importance of corrob-
orating data obtained in vivo by in vitro studies and vice versa.
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EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification of the Components of
Mitochondrial Transcription—HumanPOLRMT,TFB2M, and
TFAMwere expressed and purified from Escherichia coli (5) or
insect cells (2) as described previously. Human mitochondrial
TFB1Mhaving aC-terminalHis6 tagwas cloned and purified as
described previously (6). TFB1M lacking 27 N-terminal amino
acids (presumptive mitochondrial localization signal) was
cloned as an N-terminal intein fusion using the pTYB11 vec-

tor (New England Biolabs) and
purified using the TFB2M proto-
col described in Ref. 5 (supple-
mental Fig. S1).
The coding sequence of human

MRPL12without themitochondrial
targeting signal, residues 46–198
(14, 15), was amplified by PCR from
human heart cells cDNA (Panom-
ics) and cloned using the pTYB11
vector as an N-terminal intein
fusion. MRPL12 was expressed in
BL21 RIPL (DE3) cells (Stratagene)
using the TFB2M protocol (5).
MRPL12 was purified using chitin-
agarose (New England Biolabs) fol-
lowed by anion exchange chroma-
tography on a MonoQ column (GE
Healthcare) in 50–400 mM NaCl
gradient (supplemental Fig. S3).
Cloning and purification of yeast

(Saccharomyces cerevisiae) Rpo41
and Mtf1 was described previously
(16). The budding yeast analog of
MRPL12, Mnp1 (residues 35–194),
was cloned into the pTrcHisC
expression vector (Invitrogen) using
NcoI and XhoI restriction sites and
expressed and purified as described
previously (17).
Transcription Assays—Standard

transcription reactions were carried
out as described (5). TheHSP1 tem-
plates contained 83 bp of wild-type
human mitochondrial DNA (posi-
tions 501–583), 62 bp of LSP DNA
(positions 386–447), and 90 bp of
HSP2 DNA (positions 605–694).
Reactions were carried out at 35 °C
using an ApA primer and NTPmix-
tures, as indicated in the figure leg-
ends, for 30 min and stopped by the
addition of an equal volume of 95%
formamide, 0.05 M EDTA. The prod-
ucts were resolved by 20% PAGE in
the presence of 6 M urea and visual-
ized by PhosphorImagerTM (GE
Healthcare). In vitro transcription
using recombinant proteins and

plasmid DNA fragments was performed as reported previously
(3). Transcription activity in mitochondrial lysates was moni-
tored as described in Ref. 18. Transcription assays involving
yeast mitochondrial proteins were performed as in Ref. 19.
Cross-linking of the Priming Nucleotide by Catalytic Auto-

labeling—Crosslinking using 2-hydroxybenzaldehyde AMP
was performed as described previously (5). The cross-linking
was activated by the addition of 0.1 mM NaBH4 for 15 min at
room temperature. Autolabeling was carried out by the addi-

FIGURE 1. TFB2M but not TFB1M is required to stimulate human mitochondrial transcription initiation.
A, sequences of LSP and HSP1 aligned at their transcription start sites. Shaded boxes indicate transcripts
obtained in reaction having limited sets of the substrate NTPs. B, transcription of HSP1 and LSP in the presence
of POLRMT, TFAM, and TFB2M. The reactions were carried out as described under “Experimental Procedures”
using ApA primer and limited NTP mixtures, and the products were resolved by 20% PAGE containing 6 M urea.
C, transcription of HSP1 and LSP in the presence of POLRMT, TFAM, and TFB1M. The reactions were carried out
as described above. Note that the image is overexposed (6-fold) as compared with the experiment shown in
panel B to demonstrate TFAM effect on transcription by POLRMT. D, transcription of LSP and HSP1 depends on
TFAM stimulation. The reactions were carried out as described above using POLRMT, TFB2M (all 50 nM), and
TFAM concentrations as indicated (0 –200 nM). E, single-round transcription using catalytic autolabeling. Reac-
tions containing POLRMT (150 nM), TFB2M (150 nM), and TFAM (0 –500 nM) were performed as described under
“Experimental Procedures” and resolved using 4 –12% Bis-Tris NuPAGE.
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tion of 1 �l of [�-32P]ATP (800 Ci/mmol) followed by incuba-
tion of the reaction for 45 min at 35 °C. The reaction was
stopped by the addition of SDS loading buffer, and the products
were resolved using a 4–12%Bis-TrisNuPAGE gel (Invitrogen)
and visualized by PhosphorImager (GE Healthcare).

RESULTS AND DISCUSSION

To monitor transcription initiation, we used synthetic tem-
plates containing LSP andHSP1 promoters that allow synthesis
of 17–18-mer transcripts when one of the NTPs is omitted
from the transcription reaction (Fig. 1A). Consistentwith a pre-
vious report (3), we found that efficient transcription initiation
fromLSP andHSP1 required bothTFAMandTFB2M (Fig. 1B).

A faint RNA product was observed
when only POLRMT was present in
the transcription reaction (Fig. 1B,
lane 1, and 1C, lane 1); however, the
efficiency of transcription was
�0.01–1% of that in the presence of
both TFB2M and TFAM and varied
from one template preparation to
another, possibly reflecting the
presence of a small amount of a sin-
gle-stranded template strand. Nev-
ertheless, the addition of TFAM to
POLRMT caused a 3-fold stimula-
tion of RNA synthesis, whereas the
addition of TFB2M resulted in a
6–10-fold stimulation of tran-
scription of both LSP and HSP1. In
either case, transcription was still
well below the levels seen when
POLRMT, TFAM, and TFB2M
were used in combination. The syn-
ergistic action of TFB2M and
TFAM added together resulted in
more than 100–200-fold stimula-
tion of transcription from LSP and
HSP1. At the same time, no stimu-
lation of transcription activity on
either LSP or HSP1 was observed
when TFB1M or TFB1M together
with TFAM were added to
POLRMT, suggesting that this pro-
tein lacks transcription stimulation
activity (Fig. 1C). Similar results
were also obtained in abortive initi-
ation assays (supplemental Fig. S2A)
or when a longer DNA template and
the full-length TFB1M (containing
the N-terminal, mitochondrial-
targeting sequence) were used
(supplemental Fig. S2B). We specu-
late that the previously observed in
vitro transcription activity in the
presence of TFB1M was due to
stimulation of the transcription on
the LSP promoter by TFAM. Alter-

natively, it is possible that co-purification of TFB1M with
RNAP resulted in stabilization of RNAP, thus causing the
observed differences in activity between RNAP and the RNAP-
TFB1M complex (6). Our findings, together with the data of in
vivo experiments (8, 20), demonstrate that TFB1M plays no role
inmitochondrial transcription. Unlike TFB2M, TFB1M is a func-
tional methyltransferase that dimethylates a conserved region of
the rRNA of the small mitochondrial ribosomal subunit in most
eukaryotic organisms (8, 21, 22). A notable exception of this con-
served function is yeast cells, in whichmitochondrial rRNA is not
methylated at this position. Accordingly, yeast mitochondrial
transcription relies on a single TFB2M-like factor (Mtf1) (19, 23).
AlthoughMtf1 is also related to the family of methyltransferases,

FIGURE 2. Basal transcription system requires only TFAM, TFB2M, and two promoters, LSP and HSP1.
A, MRPL12 does not stimulate mitochondrial transcription in vitro in the presence of the purified recombinant
proteins. Reactions containing synthetic HSP1 template were performed as in Fig. 1B except that ATP, GTP, and
CTP (all 0.3 mM) were used. B, MRPL12 does not stimulate transcription in the presence of mitochondrial
extracts. For experiments with recombinant proteins (lanes 1– 6), the individual transcription reaction mixtures
contained POLRMT (400 fmol), TFB2M (400 fmol), TFAM (2.5 pmol), and the indicated mtDNA template (85
fmol). An S-100 mitochondrial lysate was used for transcription with the extracts (lanes 7–12). C, sequence of
the HSP2 region. Shaded boxes indicate the 3�-terminal end of the tRNAPhe gene and the 5�-end of 12 S RNA
gene. D, run-off transcription assay using promoter templates containing LSP1, HSP1, and HSP2. Transcription
was carried out in the presence of TFAM, TFB2M, and POLRMT for 40 min at 35 °C using 0.5 mM substrate NTPs.
E, run-off transcription assay using plasmid templates containing LSP and HSP1/HSP2. Transcription reactions
were performed as indicated in panel B. HSP1/HSP2 template was obtained by linearization of a human mtDNA
fragment at position 741. Transcription of HSP1 transcription generated a 181-nt product, but no 96-nt product
expected for initiation at HSP2 was observed. LSP transcription using an mtDNA fragment corresponding to
positions 1– 477 generated run-off and prematurely terminated (PT) products. F, transcription is initiated from
HSP1, but not from HSP2, in the presence of an S-100 mitochondrial lysate. A transcription reaction using
HSP1/HSP2 template (lanes 1 and 2) described above was performed in the presence of the mitochondrial
extracts supplemented with TFAM (1 pmol) and TFB2M (0.25 pmol). The positions of size markers (SM) are given
to the left.
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its other function (besides transcription initiation) is not known. It
is therefore likely that transcription and methyltransferase func-
tions in human and yeast mitochondria are performed by strictly
dedicated enzymes and not by the bifunctional proteins.
We next investigated the response of transcription initiation

to increasing TFAMconcentrations (Fig. 1D). The highest level
of transcription initiation by POLRMT-TFB2M on either pro-
moter was observed at around 50 nM TFAM (i.e. at a 1:1 tem-
plate:TFAM ratio), which, considering TFB2M binding to
POLRMT, suggests equimolar stoichiometry for the initiation
complex (1:1:1:1 template:TFAM:POLRMT:TFB2M). In-
creased concentrations of TFAM had an inhibitory effect on
transcription, probably due to nonspecific binding of this factor
to the DNA template. These data indicate that HSP1 and LSP
respond to TFAM in a similar fashion. Interestingly, when the
two promoters are present on the same template, as is the case
in vivo, there is a distinct difference in the TFAM dependence,
with LSP being active at much lower TFAM concentrations (2).
This difference could be due to a number of factors that include
differences in the length and sequence of LSP and HSP1 tran-
scripts, rates of POLRMT release at the end of the template
(“turnover” rates), and interference between two closely located
promoters, etc. To clarify this issue, we performed a single-
round transcription assay based on catalytic autolabeling (5)
and monitored formation of the first phosphodiester bond
between the cross-linked AMP derivative and [�-32P]ATP (Fig.
1E). The resulting 32P-labeled dinucleotide product (pApA) can
be resolved by SDS-PAGE because it is covalently attached to
TFB2M. As in the experiment described above, we observed
similar response of LSP and HSP1 promoters to TFAM stimu-
lation, suggesting identical mechanisms of transcription initia-
tion at these promoters.
Changes in TFAM concentration seem to be important for

regulating rates of mitochondrial transcription in vitro and in
vivo, as demonstrated by studies on transcription in organello
and cell lines (24, 25). However, besides being a transcription
factor, TFAMis also an important component ofmitochondrial
nucleoids and is essential for the maintenance of mtDNA (26–
28). This suggests that a situation where TFAM is absent from

mitochondria is not physiologically
relevant, and therefore transcrip-
tion of the mitochondrial genes by
the POLRMT-TFB2M complex
does not play any significant role.
However, it is possible that when
the TFB2M concentration in mito-
chondria is low, transcription by
RNAP-TFAM may contribute to
the synthesis of the RNA primers
necessary for mtDNA replication
(29). In this scenario, although
mRNA synthesis on both LSP and
HSP1 would be significantly
decreased, RNA primers generated
from LSP (i.e. oriH) and oriL could
be at a level sufficient to support
replication. Indeed, it has been
recently demonstrated that primer

generation at oriL is TFB2M-independent (29).
Ribosomal proteinMRPL12 was recently shown to stimulate

mitochondrial transcription (14). We failed to observe any
stimulatory effect of MRPL12 during transcription initiation in
vitro using the LSP andHSP1 promoters (Fig. 2A).MRPL12 had
no effect on transcription elongation when tested in the factor-
independent assay performed on “bubble” promoter template
(supplemental Fig. S4A) or in an abortive initiation assay
(supplemental Fig. S4B). Identical results were obtained when
the experiments were repeated using recombinant proteins
purified from another source (insect cells) and using a longer
DNA template (about 400 nt) (Fig. 2B). Furthermore, we could
not observe any stimulatory effect of MRPL12 on transcription
activity in mitochondrial extracts (Fig. 2B), arguing against the
existence of an additional factor required for the stimulatory
activity of MRPL12. We also cloned and isolated the yeast
homolog ofMRPL12, Mnp1. Similarly toMRPL12, this protein
had no effect on transcription initiation in the yeast mitochon-
drial system (supplemental Fig. S4C). This is consistent with a
previous study that did not detect Mnp1 among yeast proteins
that interact with Rpo41 (16). Both Mnp1 and MRPL12 pro-
teins failed to stimulate transcription in heterological systems
(data not shown and supplemental Fig. S4C). We conclude that
MRPL12 does not stimulate mitochondrial transcription in vitro.

The results of the above experiments are in contrast to the
data reported by Shadel and colleagues (14), who observed
stimulation of LSP transcription in an in vitro system using
recombinant TFAM, MRPL12, and partially purified
POLRMT-containing mitochondrial extracts. It should be
noted that the transcription conditions used in these experi-
ments were not optimal as both LSP and HSP1 transcription
showed no response to TFAM, and the TFB2M concentration
in partially purified mitochondrial extracts could not be deter-
mined. Although overexpression of MRPL12 results in 1.5–2-
fold stimulation of mRNA synthesis (14), additional experi-
ments will be required to clarify the effect of this protein on
transcription in vivo.

Transcription using the HSP2 promoter has never been
reported. Although efficient run-off transcriptionwas observed

FIGURE 3. Schematics of the basal transcription initiation machinery in human mitochondria. Human
mitochondrial genome contains two promoters located in the opposing DNA strands. The HSP1 promoter is
responsible for synthesis of most mitochondrial genes and is activated by POLRMT-TFAM-TFB2M complex.
During replication, when DNA region near oriL becomes single-stranded and forms stem-loop structure, tran-
scription by POLRMT generates short RNA primers. This initiation event is TFAM- and TFB2M-independent.
Transcription from the LSP promoter generates primers for replication at oriH as well as the rest of the tRNAs
and mRNA. This initiation event, similar to HSP1, requires cooperative action of POLRMT, TFAM, and TFB2M for
efficient transcription and replication.
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on LSP and HSP1, we observed no specific HSP2 transcripts,
indicating that it is not an active promoter in vitro (Fig. 2,C and
D). We also repeated the experiments using a longer template
containing both HSP1 and HSP2. On this template, we could
only observe HSP1 transcription initiation (Fig. 2E). Similar
results were obtained in an abortive initiation assay (sup-
plemental Fig. S5A), in which RNA synthesis was observed only
using LSP- and HSP1-containing templates.
The absence of specific transcription from the HSP2 pro-

moter could hypothetically be explained by the existence of
other, currently unknown, transcription initiation factor(s) that
are used exclusively to activate this otherwise dormant pro-
moter. This would be reminiscent of the situation where tran-
scription of different promoters by a bacterial core RNAP
requires different specificity subunits:� factors. However, tran-
scription using mitochondrial extracts (Fig. 2, B and F) pro-
duced RNA transcripts only from LSP and HSP1, and we
observed no distinct HSP2 transcript. To test this further, we
took advantage of a factor-independent assay based on the abil-
ity of POLRMT to transcribe premelted promoter templates in
the absence of TFAM and TFB2M (supplemental Fig. S5,
B and C) (5). As in the experiments shown above, specific RNA
synthesis was observed only for templates containing the LSP
and HSP1 promoters, suggesting that HSP2 does not contain
specific recognition determinants required for promoter func-
tion (supplemental Fig. S5C).
The start site of HSP2 is located only 63 bp downstream of

HSP1, and thus, the HSP2 region was included in a number of
the template constructs used for in vitro transcription (30, 31);
however, no data are available that demonstrate synthesis of
HSP2-specific transcripts. Moreover, the identified HSP2 start
site is located in the immediate proximity of the main process-
ing RNA point, between tRNAPhe and 12 S rRNA. Transcrip-
tion initiation at this site would result in synthesis of 12 S rRNA
with two additional nt at its 5�-end as opposed to the transcript
generated from the HSP1 promoter and processed with RNase
Z (32). It should be feasible to address experimentally the ques-
tion of whether 12 S rRNA is heterogeneous at its 5�-end.

To conclude, the biochemical data obtained in in vitro tran-
scription experiments using highly purified recombinant proteins
allow us to simplify the currentmodel ofmitochondrial transcrip-
tion initiation in humans (Fig. 3). Transcription of all mitochon-
drial genes appears to require only two promoters, LSP andHSP1.
Efficient initiation on these promoters requires only TFAM and
TFB2M;however, generationof a primer at oriL canbeperformed
by POLRMT on its own. Other recently identified transcription
factors such as MTERFs 2 and 3 were shown to affect transcrip-
tion, but unlike TFAM and TFB2M, they are not essential for ini-
tiation (18, 33). Although it is likely that there are other, as yet
unidentified, transcription factors in human mitochondria, we
favor the view that the basal transcriptionmachinery essential for
initiation of transcription has been already defined (6, 21).
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