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ABSTRACT

Mitochondrial transcription factor A (TFAM) has
been shown to stimulate transcription from
mitochondrial DNA promoters in vitro. In order to
determine whether changes in TFAM levels also
regulate RNA synthesis in situ, recombinant human
precursor proteins were imported into the matrix of
rat liver mitochondria. After uptake of wt-TFAM,
incorporation of [a-32P]UTP into mitochondrial
mRNAs as well as rRNAs was increased 2-fold
(P < 0.05), whereas import of truncated TFAM lack-
ing 25 amino acids at the C-terminus had no effect.
Import of wt-TFAM into liver mitochondria from
hypothyroid rats stimulated RNA synthesis up to
4-fold. We conclude that the rate of transcription is
submaximal in freshly isolated rat liver mito-
chondria and that increasing intra-mitochondrial
TFAM levels is suf®cient for stimulation. The low
transcription rate associated with the hypothyroid
state observed in vivo as well as in organello seems
to be a result of low TFAM levels, which can be
recovered by treating animals with T3 in vivo or by
importing TFAM in organello. Thus, this protein
meets the criteria for being a key factor in regulating
mitochondrial gene expression in vivo.

INTRODUCTION

Mitochondria are the major sites of energy production in
almost all eukaryotic cells, using oxidative phosphorylation
(OXPHOS) to convert redox energy of substrates into ATP.
The organelles contain a small genome which, in animals,
encodes 13 essential subunits of the respiratory chain com-
plexes as well as all the rRNAs and tRNAs necessary for their
translation (1,2). Mitochondrial biogenesis is regulated, which

becomes most obvious during embryonic development, lead-
ing to cells with a wide range of OXPHOS capacity, but also
during adaptational processes. In yeast, for example, oxygen
and glucose availability regulate mitochondrial content (1,3).
In mammals, on the other hand, several hormones have a
profound stimulatory effect on mitochondrial biogenesis (4±
6), and other examples are endurance training of muscle (7) or
cold adaptation in brown fat tissue (8). Steady-state levels of
mitochondrial transcripts vary over the same wide range in
various rat tissues and correlate well with OXPHOS capacity
(9). Early studies have already demonstrated that these levels
are predominantly regulated by modulating transcriptional
activity (10) and, furthermore, thyroid hormone as well as
dexamethasone treatment have been shown to increase
mitochondrial transcript levels by stimulating transcription
rate (11±13). In summary, regulation of mtDNA transcription
seems to be an essential step in the regulation of mitochondrial
biogenesis.

It has long been known that in vitro a partially puri®ed
mitochondrial RNA polymerase preparation and a single
additional protein, mitochondrial transcription factor A
(TFAM), are necessary and suf®cient for ef®cient and correct
initiation of transcription from mammalian mtDNA promoters
(14). Recently, two other factors necessary for mtDNA
transcription have been cloned, TFB1M and TFB2M, which,
together with TFAM and mitochondrial RNA polymerase
(POLRMT), eventually allowed reconstitution of a faithful
in vitro mtDNA transcription system with pure recombinant
proteins (15,16). In these in vitro systems, elevating the
concentration of the DNA-binding protein TFAM increases
the yield of run-off transcripts, and there seems to exist an
optimal stoichiometry between the protein and template DNA,
since high concentrations of TFAM have an inhibitory effect
(17,18). The TFBM proteins, on the other hand, bind with high
af®nity directly to the polymerase, with the maximal tran-
scription rate being obtained at a 1:1 stoichiometry, while
adding more of the TFBM proteins has no effect (15). Thus,
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in vitro the levels of TFAM regulate the rate of mtDNA
transcription.

Indeed, disruption of the tfam gene in the mouse resulted in
early death in homozygous embryos, while heterozygous mice
showed reduced TFAM levels and decreased mtDNA copy
number in several tissues, emphasizing its central role in
mtDNA maintenance (19). However, mitochondrial tran-
scripts were only reduced by 20% in heart and kidney of
these mice and not at all in liver and muscle, and OXPHOS
capacity was only marginally decreased in heart muscle.
Recently, TFAM was also ablated speci®cally in skeletal
muscle and in this case, both mtDNA as well as mitochondrial
transcripts were reduced dramatically (20). These ®ndings
clearly show that levels of TFAM strongly in¯uence copy
number of mtDNA, but the actual role played by TFAM in the
process of transcription regulation still remains unclear, since
copy number control and transcription regulation cannot be
dissected from each other in vivo.

In order to approach this question in an alternative way,
TFAM was imported into isolated rat liver mitochondria,
which faithfully synthesize RNA for several hours (21). The
effect of increased intra-mitochondrial levels of TFAM on the
transcription rate in organello was subsequently analyzed. The
experiments were performed with mitochondria from normal
and also from hypothyroid rats in order to test whether reduced
TFAM availability in the matrix may be responsible for the
reduced mitochondrial transcript levels observed in hypothy-
roid liver in vivo (22) and the low rate of mtDNA transcription
in mitochondria isolated from such tissue (23).

MATERIALS AND METHODS

Cloning and subcloning of human TFAM and a
truncated version

The full-length human TFAM coding sequence including the
mitochondrial targeting sequence (24) was ampli®ed by
reverse transcription±PCR using total human RNA as tem-
plate. The PCR product was cloned into the XbaI and ClaI
sites downstream of the HCMV-IE promoter in the expression
vector pKEX-2-XR (25), yielding pKEX-TFAM; restriction
sites had been introduced by the forward (CCTCTAGAGC-
GATGGCGTTTCTCCGAA) and reverse (CCATCGATC-
CATTGTGAACACATCTC) primers. The correct sequence
was con®rmed by dideoxy sequencing of both strands. The
TFAM insert was then subcloned into the XbaI and XhoI sites
of pBS-II-KS (Stratagene), yielding pBS-TFAM used for
in vitro transcription/translation analyses. A truncated version
of TFAM (DC-25-TFAM) was produced lacking 25 amino
acids at the C-terminal end. The PCR product was cloned into
the XbaI and XhoI sites of pKEX-2-XR using pBS-TFAM
as template and appropriate primers containg XbaI and
XhoI restrictions sites. (forward, CCTCTAGAGCGATGG-
CGTTTCTCCGAA; DC-25-reverse, CCGGCTCGAGTTA-
TTGTTCTTCCCAAGACTTCA). The insert was also
subcloned into pBS-II-KS, yielding pBS-DC-TFAM.

Animal treatment

Female Sprague±Dawley rats (~120 g) were made hypo-
thyroid by adding 6-propyl-2-thiouracil to the drinking water
(0.05% w/v) for 5 weeks. To induce hyperthyroidism, animals

received daily i.p. injections of 125 mg/kg body wt thyroid
hormone (triiodothyronine, T3) for ®ve consecutive days (22).
Animals were killed after carbon dioxide anesthesia by
cervical dislocation.

In vitro synthesis of TFAM and import into isolated rat
liver mitochondria

Labeled TFAM proteins were synthesized in a coupled
transcription/translation rabbit reticulocyte lysate system
(Promega) in the presence of [a-35S]methionine by addition
of pBS-TFAM or pBS-DC-25-TFAM and T7 polymerase. Rat
liver mitochondria were prepared as described in detail
previously (26). Import was studied in 100 ml of the in
organello transcription buffer system containing ATP (1 mM)
in the presence of mitochondrial protein (2 mg/ml) and rabbit
reticulocyte lysate (10% v/v) containing the radiolabeled
proteins. After incubation at 30°C for the indicated periods of
time, the incubation mixture was divided into aliquots and
further incubated for 15 min at 0°C with proteinase K
(0.25 mg/ml), proteinase K plus Triton X-100 (1% v/v, ®nal
concentration) or no further additions. Where indicated,
carbonyl cyanide m-chlorophenylhydrazone (CCCP), an
uncoupler of the mitochondrial inner membrane potential,
was added during the incubation at 30°C (2 mM).
Subsequently, mitochondria were sedimented by centrifuga-
tion, dissolved in SDS sample buffer and analyzed by SDS±
PAGE. Gels were treated for ¯uorography, dried and exposed
to X-ray ®lm.

In organello transcription

Incorporation of [a-32P]UMP into mitochondrial transcripts
was studied as previously described in detail (21). Brie¯y,
mitochondria (2 mg of mitochondrial protein) were incubated
in 500 ml of transcription buffer, containing malate (2.5 mM)
and glutamate (10 mM) as substrates, ADP at 1 mM and 20 mCi
[a-32P]UTP (400±600 Ci/mmol), for 1 h at 37°C on a rotating
wheel. Reticulocyte lysate (typically 35 ml) was added to the
incubation medium, which had been preincubated for 1 h with
T7 polymerase and pBS-II-KS (control), pBS-TFAM or pBS-
DC-25-TFAM, respectively (see above). Unlabeled methio-
nine (20 mM ®nal concentration) was also added.
Mitochondria were sedimented by centrifugation, washed
twice in transcription buffer, dissolved in lysis buffer and total
nucleic acids were extracted and loaded in a single gel lane
(21). The labeled RNA was analyzed by vertical methylmer-
cury hydroxide±agarose gel electrophoresis; prior to use the
methylmercury hydroxide was deionized with Amberlite
MB-1A (16±50 mesh; Sigma). Gels were dried and exposed
to X-ray ®lm. Autoradiograms were analyzed with a video
camera-based gel analysis system (AIDA software; Raytest)
and arbitrary values were obtained for some selected
mitochondrial transcripts which were well separated in this
gel system.

Immunoblotting

Small pieces of frozen liver were homogenized in hot (95°C)
50 mM Tris (pH 6.8), 4 M urea, 10% SDS, 15% glycerol
and 20 mM dithiotreitol in a small Potter homogenizer at
~10 mg/100 ml. Equal amounts of protein, measured by
the method of Bradford (27), were loaded on 12.5%
polyacrylamide/SDS gels prepared according to Laemmli
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(28) and run at 60 V and 15 mA at room temperature. Proteins
were transferred to nitrocellulose in 154 mM glycine, 20 mM
Tris (pH 8.3) and 20% methanol at 12 V and 100 mA for
75 min at room temperature. Blots were blocked in TBST
(200 mM NaCl, 50 mM Tris, 0.5% Tween, pH 7.5) and 2%
bovine serum albumin for 2 h. The 24 kDa mtTFA subunit was
visualized with a polyclonal antibody raised against mouse
mtTFA (kindly donated by Dr D. A. Clayton, Stanford
University School of Medicine, Stanford, CA). The antiserum
was diluted 1:5000 in TBST containing 2% bovine serum
albumin. Goat anti-rabbit immunoglobulin G (diluted
1:10 000 in TBST and containing 2% bovine serum albumin)
was used as the secondary antibody coupled to horseradish
peroxidase and was visualized with an ECL chemolumines-
cence system (Amersham) by exposure to X-ray ®lm. Lanes
were scanned by densitometry.

Extraction and blotting of DNA for hybridization

To estimate the relative abundance of mtDNA, 20±50 mg
tissue were thawed, minced on ice with 500 ml lysis buffer
(10 mM Tris, 100 mM NaCl, 25 mM EDTA, 1% SDS and
10 mg/ml proteinase K, pH 8.0) and incubated in a gyratory
water bath shaker at 48°C overnight. RNase A (50 mg/ml) was
added and the incubation was continued for 30 min at 37°C.
The mixture was extracted twice with phenol/chloroform/
isoamyl alcohol (24:24:1) and once with chloroform/isoamyl
alcohol (24:1) and the DNA was precipitated at ±20°C,
centrifuged and dissolved in 10 mM Tris, 1 mM EDTA (29).
To linearize the closed circular mtDNA molecule, 2.5 mg
DNA were digested with BamHI and XbaI under conditions
recommended by the manufacturer. DNA was denatured by
acid treatment, neutralized and blotted in three amounts (1.25,
0.63 and 0.31 mg) on nitrocellulose membranes using a slot
blot apparatus.

Extraction and blotting of RNA for hybridization

For estimation of mitochondrial RNA content, total RNA was
extracted by the acid guanidinium isothiocyanate procedure
(30) with 100±200 mg of tissue pulverized under liquid
nitrogen and analyzed by slot blots, loading RNA in a serial
dilution, blotting 2.5, 1.25 and 0.635 mg (29).

Hybridization of blots

Blots were prehybridized for 2 h and hybridized overnight at
42°C (prehybridization: 40% formamide, 53 SSC, 50 mmol/l
phosphate buffer, pH 7.4, 103 Denhardts solution, 0.2% SDS,
500 mg/ml salmon sperm DNA; hybridization: 50% forma-
mide, 33 SSC, 10 mmol/l phosphate buffer, pH 7.4, 23
Denhardts solution, 0.2% SDS, 170 mg/ml salmon sperm
DNA). Probes were labeled to high speci®c radioactivity by
the random priming method. DNA blots were probed with a
cloned cDNA probe for cytochrome c oxidase (COX)
subunit I. RNA blots were probed with cloned cDNA probes
for COX subunits I and II and 12S rRNA. After hybridization,
blots were washed at 42°C (2 3 15 min in 23 SSC, 0.1% SDS,
followed by 2 3 15 min in 0.13 SSC, 0.1% SDS). After
exposure, the previous probe was stripped from the blots (4 3
5 min incubations in boiling 0.013 SSC, 0.01% SDS) and they
were hybridized to a probe for cytosolic 28S rRNA. For this
probe, hybridization temperature was 44°C and the last two
washing steps were performed at 50°C. Blots were exposed to

X-ray ®lms, the absorbance of the autoradiograms was
measured with a scanning densitometer and arbitrary numbers
for mtDNA levels were used only from the densitometric
values of those dilutions which were in the linear range. For
normalization, densitometric data for mtDNA were normal-
ized to the 28S rRNA signal, also taking care that the signal
was in the linear range.

Statistical analysis

Data were compared by a two-tailed Student's t-test. A
con®dence level of P < 0.05 was considered indicative of a
statistically signi®cant difference between groups.

RESULTS

Import of TFAM into isolated rat liver mitochondria

In order to show successful uptake into the mitochondrial
matrix, rat liver mitochondria were incubated with labeled
recombinant wt-TFAM and DC-25-TFAM proteins, sedimen-
ted, lysed and subjected to SDS±PAGE and ¯uorography
(Fig. 1A and B). This truncated version of TFAM was chosen
as a control for any non-speci®c effects of protein import
because it was shown to have considerable DNA binding but
no transactivation activity in vitro among a series of truncated
proteins (18). The reticulocyte lysate exclusively contained
the precursors, and they were produced in approximately
similar amounts judged by band intensity when loaded on the
same gel (not shown). By comparison of lysate and super-
natant after incubation with mitochondria, it could be
estimated that more than 90% of both TFAM precursors
were sedimented together with the organelles. It should be
noted that both TFAM proteins migrate slower than expected
from their predicted molecular masses. As already shown
previously (31), at 30°C only a part of the 29 kDa wt-TFAM
precursor pool was converted into a 24 kDa protein within 1 h
(Fig. 1A). This process was completely inhibited by the
uncoupler CCCP. The 24 kDa protein was resistant to
proteinase K treatment, while the 29 kDa precursor was
accessible. Lysis of mitochondrial membranes by Triton
X-100 made both proteins digestable (Fig. 1A). Likewise, the
26 kDa DC-25-TFAM was converted into a mature protein,
which was resistant to proteinase K digestion (Fig. 1B).
Interestingly, in this case an intermediate sized protein was
also produced (~25 kDa), which was not accessible to
digestion. At 37°C, the temperature of the in organello
transcription assay (see below), all of the wt-TFAM as well as
the DC-25-TFAM had been imported after 1 h of incubation
(data not shown).

Thus, both TFAM precursor proteins were imported into the
mitochondrial matrix to about the same extent and processed
to the mature forms.

Effect of TFAM import on mitochondrial transcription
rates in organello

In order to study the effect of imported TFAM on
mitochondrial transcription rate, isolated rat liver mitochon-
dria were incubated in the presence of reticulocyte lysate
containing TFAM proteins and [a-32P]UTP. The radiolabeled
RNA was analyzed by methylmercury±agarose gel electro-
phoresis. Ethidium bromide staining was routinely used to

Nucleic Acids Research, 2003, Vol. 31, No. 17 5041



con®rm that equivalent quantities of nucleic acids had been
extracted from individual reactions and loaded onto the gel.
This is best seen by similar amounts of mtDNA, present in
multiple conformations, or 16S and 12S mitochondrial
rRNAs, respectively (Fig. 2A). In this gel system, it is
possible to identify the characteristic set of transcripts derived
from the heavy strand of mtDNA, as previously described in
HeLa cells (32), as well as rat liver and brain mitochondria
(26). In preliminary experiments, we found that 50 ml of
reticulocyte lysate decreased the rate of [a-32P]UTP incorp-
oration compared to control (Fig. 2B), probably due to the
inhibition of mitochondrial transcription by high levels of
ATP (21), which is generated by the creatine kinase±
phosphocreatine ATP back-up system in the lysate.
Consequently, different concentrations were tested, and we
found that 50 ml of lysate containing TFAM stimulated
incorporation of radioactivity into mitochondrial transcripts
compared to 25 ml, while no further stimulation was seen when
75 ml of lysate were added (Fig. 2B). Thus, routinely, 35 ml of
lysate were added to the reactions in all further experiments
(Fig. 2C) as a compromise between inhibition of trancription
by lysate versus stimulation by TFAM. It is evident from a ®rst
inspection that incorporation of radioactivity was higher after
import of wt-TFAM and that this increase affected precursor
RNAs, mRNAs and rRNAs equally. Bands that were
especially well separated from others and could be reliably

analyzed were selected for quanti®cation (Table 1).
Densitometric analysis showed that in this experimental
series, incorporation of [a-32P]UTP had increased by an
average factor of two (P < 0.05) and that there was no
preferential stimulation of transcription of any mRNA or
rRNA species. After import of DC-25-TFAM, no signi®cant
stimulation of nucleotide incorporation into mitochondrial
transcripts was observed (Fig. 2D and Table 1). A different lot
of methylmercury hydroxide used for these gels resulted in
some loss of resolution. However, identi®cation of the
transcripts was easily possible and quantitation was performed
using a phosphorimager.

In conclusion, freshly isolated rat liver mitochondria
transcribe at a submaximal rate and import of wt-TFAM
stimulates transcription up to 2-fold, while the isoform lacking
25 amino acids at the C-terminus is ineffective.

TFAM expression and mtDNA levels in rat liver in
different thyroid states

Thyroid hormone is a potent regulator of mitochondrial
transcription. It has been shown before that TFAM mRNA is
up-regulated by thyroid hormone in the liver together with
mitochondrial transcripts after giving a high dose of the
hormone when compared to hypothyroid rats (33,34). It was
con®rmed in the present experiments that mitochondrial
transcripts (mRNAs for COX subunits I and II and 12S
rRNA) as well as the TFAM mRNA were reduced in the
hypothyroid and increased in the hyperthyroid state (data not
shown). However, although we found a slight decrease in
TFAM protein in hypothyroid and an increase in hyperthyroid
liver on western blots (Fig. 3A), similar small changes in
mtDNA content were observed (Fig. 3B). Thus, it is clear that
by this approach it cannot be demonstrated that TFAM is
indeed responsible for the T3-mediated regulation of mito-
chondrial DNA transcription observed in vivo.

Effect of TFAM import on mitochondrial transcription
rates in mitochondria from hypothyroid livers

In organello transcription experiments were performed using
liver mitochondria from hypothyroid rats. In this series of
experiments, stimulation of transcription rate after import of
TFAM into euthyroid mitochondria was less pronounced
compared to the series described above, i.e. albeit it was
consistently increased compared to control lysate, this was
only by ~20±30% (data not shown). However, in experiments
with hypothyroid animals, incorporation of [a-32P]UTP into
mitochondrial transcripts after import of TFAM increased by
factors ranging from 1.5 to 4 compared to control lysate
(Fig. 4). Again, synthesis of all transcript species was
stimulated, irrespective of whether they were precursors
RNAs, mRNAs or rRNAs.

Thus, we conclude that liver mitochondria from hypo-
thyroid animals are subsaturated with TFAM protein in vivo
when compared to mitochondria from euthyroid rats, resulting
in greater accessibilty of binding sites to the imported protein.

DISCUSSION

In reconstituted systems, TFAM is absolutely required for
ef®cient and correct initiation of transcription, however, it is
still unclear whether it regulates mtDNA transcription in vivo.

Figure 1. Import of TFAM into rat liver mitochondria. Mitochondria were
incubated for 1 h (A) with 35S-labeled wt-TFAM or (B) with 35S-labeled
DC-25-TFAM for the indicated times. Import was studied by SDS±PAGE
and ¯uorography. Where indicated, CCCP was added during the incubation,
or proteinase K and Triton-X-100, respectively, were added after the
incubation. In the ®rst lanes, aliquots of reticulocyte lysate are shown, while
the other lanes contain protein from sedimented mitochondria. p, precursor
protein; i, import intermediate protein; m, mature protein.
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These in vitro systems are composed of template DNA with a
mtDNA promoter sequence and, initially, contained a partially
puri®ed mitochondrial polymerase. About one molecule of
TFAM per template DNA was needed to stimulate transcrip-
tion from the light strand promoter (LSP) above basal levels;
further increases in TFAM up to a molar ratio of about 5:1 led
to further stimulation, but transcription ef®ciency decreased
and even completely ceased when TFAM concentration

exceeded DNA concentration by more than 10-fold
(17,18,35). Recently, such a system was even reconstituted
from pure human recombinant proteins including POLRMT
and the MTFB1/TFB2 proteins. In this case, measurable
transcription activity from an LSP template was observed,
again at a molar ratio of about 1, which increased up to a molar
ratio of about 10, remained fairly constant up to a molar ratio
of about 100 and then decreased (15). The heavy strand
promoter (HSP) was activated only at much higher concen-
trations, with maximal rates reached at a stoichiometry of
about 100 mol TFAM/mol template, and again, further
increasing the concentration decreased transcription rate.
These results suggest that the matrix concentration of TFAM
may control the activity of mitochondrial promoters in vivo, as
was proposed previously (36)

However, some properties of TFAM have always cast some
doubt on its function as a physiologically relevant regulator.
The yeast homolog, the 19 kDa high mobility group Abf2
protein, does not affect transcription ef®ciency in reconsti-
tuted systems (17). Also, this class of proteins was originally
described as histone-like proteins involved in nucleosome
formation, and only some members, like the UBF protein
necessary for transcription of rRNA genes, were demonstrated
to function as true activators (37). In addition, the low
sequence speci®city for DNA binding might indicate that the
major function of TFAM and Abf2p is DNA packaging. This
would also explain its high abundance, with initial reports of
about 15 molecules per mitochondrial genome copy in human
KB cells (38), 200±2500 molecules per mtDNA in Xenopus
oocytes, depending on the maturation stage (35,39), and even
enough molecules to completely cover the entire mitochon-
drial genome in yeast (40). Surprisingly, Kang and colleagues
reported very recently that there may also be suf®cient TFAM
to entirely cover the mtDNA in HeLa cells as well as in human
placental mitochondria (41).

In addition, although they consistently proved that TFAM is
absolutely necessary for mitochondrial function, the TFAM
knockout mice produced by Larsson and co-workers did not
allow discrimination between TFAM function in transcription
versus copy number control. When the gene encoding mouse
TFAM was ubiquitously disrupted, heterozygous mice
showed reduced TFAM levels and concommittently reduced

Figure 2. Effect of import of TFAM on mitochondrial transcription rate in
isolated rat liver mitochondria. Radiolabeled mitochondrial transcripts were
separated on vertical methylmercury±agarose gels. (A) Representative gel
stained with ethidium bromide showing equal loading of lanes with
mitochondrial nucleic acids. (B) Mitochondrial transcripts were labeled with
[a-32P]UTP in organello in the absence or presence of mock reticulocyte
lysate without template (±) or with different amounts of lysate containing
wt-TFAM (+). (C) In further experiments, mitochondrial transcripts were
labeled with [a-32P]UTP in organello in the presence of 35 ml of reticulo-
cyte lysate containing wt-TFAM (+) or lysate preincubated without template
(±). The autoradiogram that is shown is derived from the dried gel presented
in (A). (D) Mitochondrial transcripts were labeled in the presence of 35 ml
of reticulocyte lysate containing DC-25-TFAM (+) or lysate preincubated
without template (±). The positions of mtDNA present in multiple conform-
ations and a small amount of contamination with cytosolic 28S and 18S
rRNA (A), as well as of several mitochondrial transcripts, are indicated (B±
D). (C) and (D) are representative for ®ve independent experiments with mi-
tochondria from ®ve different rats (wt-TFAM) or six independent experi-
ments with mitochondria from three different rats (DC-25-TFAM).
Quantitative data are given in Table 1.
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mtDNA copy number, while homozygous mutants died very
early in utero. These homozygous embroys did not reveal any
mtDNA in Southern blot analyses, con®rming that TFAM is
absolutely essential for the maintenance of mtDNA in vivo
(19). However, it remained to be proven whether TFAM acts
as a transcription factor, since in heterozygous mice
mitochondrial transcripts were only marginally reduced, and
only in heart and kidney and not at all in liver and muscle.
Even more puzzling, muscle-speci®c disruption of the TFAM
gene led to severe myopathy with an onset at 3±4 months,
however, with virtually no TFAM protein visible on western
blots in 1-month-old animals. At that stage, mitochondrial
transcripts were reduced to 70% and gradually decreased to
30% at 4 months, while mtDNA was reduced to 30% and
stayed at that level for up to 4 months (20). Stabilization of
mitochondrial transcripts and mtDNA could explain these
results, although the half-life of transcripts has been shown to
be in the range of several hours, and an extension to several
months is hard to envisage. Another possibility would be that
different populations of mtDNA molecules may be present in
the mitochondrial nucleoid (42) and TFAM may serve as a
packaging factor for the majority of molecules, which become
degraded upon TFAM depletion, while a mtDNA subpopula-
tion may remain transcriptionally active with stably bound
TFAM which is below detectable levels. Indeed, Shadel and
co-workers recently showed that recovery of mitochondrial
transcription after the release of mtDNA depletion by
ethidium bromide occurred before there was any signi®cant
recovery of mtDNA or TFAM protein (43). They also showed
that recovery of mtDNA after removal of the chemical was
faster than recovery of TFAM levels, which may again be
explained by two populations of mtDNA with different TFAM
occupancy or, alternatively, by TFAM binding consecutively
to different binding sites in all mtDNA molecules.

Thus, we felt that more experiments and alternative
approaches are necessary to help further reveal the complex
function of this protein for mitochondrial DNA and RNA
synthesis and maintanance. In the present paper, we have
investigated whether increasing the concentration of TFAM in
the matrix of rat liver mitochondria is suf®cient to stimulate
mitochondrial transcription from the HSP promotor in situ. In
a preliminary study, we reported that incubation of mitochon-
dria with reticulocyte lysate containing TFAM increased
incorporation of [a-32P]UTP into mitochondrial RNA, how-

ever, quantitative data and differentiation between light and
heavy strand transcripts as well as mRNAs and rRNAs were
not provided at that time (44). Recently, however, we have
unequivocally shown that TFAM is imported into the matrix
of isolated rat liver mitochondria and that it stimulates the
synthesis rate of 7S DNA (31). From this result, one could
anticipate that it is indeed a transcription regulator in situ,
since this process is thought to be trancription primed from the
LSP (14). In this in organello system it was possible to
determine the stoichiometry between mtDNA and newly
imported TFAM, and we calculated that each copy of mtDNA
present in the assay within the matrix of the mitochondria had
been challenged with between two and four additional TFAM
molecules (31).

Here we show that after import of these amounts of wt-
TFAM, a 2-fold stimulation of the transcription rate of
mitochondrial RNAs transcribed from the HSP(s) occurred
(Fig. 2C and Table 1). The synthesis of mRNAs as well as
rRNAs was equally affected, indicating that TFAM is not
involved in direction of the transcription machinery to the
alternative transcription start sites at HSP I versus HSP II (32),
reviewed recently in Fernandez-Silva et al. (45). Import of
DC-25-TFAM had no signi®cant effect on transcription rate
(Fig. 2D and Table 1), although about the same amount of
protein had been synthesized in the reticulocyte lysate and
imported, emphasizing the importance of a full-length
C-terminus distal to the HMG box region for binding to the
promoter sequence and also transcription activation function
in situ (18). These ®ndings would be hard to reconcile with
occupancy of the entire mtDNA molecule by the endogenous
protein (41,46), although there are no stringent arguments
against the coexistence of both functions, mtDNA packaging
as well as regulated binding to promoter sequences. However,
by footprinting techniques it had consistently been found that
binding sites for TFAM are not fully occupied in vivo. It was
demonstrated repeatedly that only about 75% of mtDNA
molecules are protected at the TFAM binding site near the
LSP and that a consistently lower fraction (30±50%) of the
binding site close to HSP is occupied, due to its lower af®nity
for the protein (15,47). This had been shown for mitochondria
from bovine brain (48), human placenta (49), HeLa cells (50)
and rat liver (51). Thus, even if enough TFAM was present to
cover the entire genome in mammalian cells (41,46), binding
sites proximal to the promoters are obviously still accessible to

Table 1. Effect of import of TFAM on incorporation of radioactivity into mitochondrial transcripts in
isolated rat liver mitochondria

Control (n = 4) + wt-TFAM (n = 4) + DC-25-TFAM (n = 3)

Precursor rRNAs 100 232 6 49 97 6 15
ND 5 100 202 6 15 101 6 20
RNA 6 100 209 6 16 101 6 25
ND 4 + ND 4L + CO I 100 187 6 29 101 6 24
16S 100 166 6 39 109 6 22
Cyt b 100 206 6 40 99 6 4
12S + ND 1 100 157 6 28 97 6 8
ATPase6/8 + CO III 100 163 6 18 129 6 30

Values are densitometric units obtained from autoradiograms as shown in Figure 2C (TFAM) or
phosphorimager values as shown in Figure 2D (DC-25-TFAM). Band intensities after import of TFAM
proteins were compared to the same bands in control lanes; intensities of the bands in control lanes were
arbitrarily set to 100 units. Data are means 6 SD.
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additional molecules, which upon import stimulate synthesis
of the primer for 7S DNA from LSP (31) or HSP transcripts
(this study). It should be noted that the human TFAM protein
and rat liver mitochondria were used here, again emphasizing
the promiscuous properties of this protein, which can also
replace the mouse (52) and even the yeast homolog (17).

In liver mitochondria isolated from hypothyroid rats, the
TFAM footprints at HSP and LSP were clearly weakened,
showing that both binding sites seem to be even more
subsaturated with TFAM in vivo (23), resulting in a lowered
transcription activity compared to the euthyroid state (10,23).
While addition of T3 to hypothyroid mitochondria could
reverse the decreased mRNA/rRNA ratio towards the
euthyroid state, it could not increase the general transcription
rate; this could only be done by treating animals with the
hormone, probably by charging them with TFAM in vivo.
Alternatively, loading hypothyroid mitochondria with TFAM
in organello resulted in a clearly greater stimulation of
transcription compared to euthyroid mitochondria, thus also
rescuing a high transcriptional activity (Fig. 4).

In conclusion, we show here that in freshly isolated
mitochondria, the matrix concentration of TFAM indeed
regulates the rate of transcription from the mitochondrial HSP
promoter. We conclude that regulation of matrix TFAM levels
by T3 via the nucleus is probably responsible for the different
TFAM occupancy of promoter sites and, consequently,
different mitochondrial transcription rates observed in differ-
ent thyroid states in vivo. Not surprisingly, the 5¢-region of the
human (53) and rat (GenBank accession no. AF264733,
nt 42±46) TFAM genes contain a putative thyroid hormone
response element (TGACC). We postulate that other factors,
like the truncated c-ErbAa1 mitochondrial thyroid hormone
receptor p43 (54), would modulate the basal transcription
machinery consisting of TFAM, TFBM and POLRMT, e.g. by
directing it to different promoter sites (HSP I and II,

respectively), leading to altered ratios of initiation from
these sites. This would result in the peculiar shift between
mRNA/rRNA transcription rates modulated by thyroid hor-
mone (23). Modi®cation of the binding activity of pre-existing
TFAM to mitochondrial promoters, as recently shown for
diabetic rat hearts, may be an additional mode of control (55).
Since transcription of mtDNA is certainly an important step in
the biogenesis of the whole organelle, regulation of TFAM
levels and its promoter binding is indeed a key event in
regulation of the OXPHOS capacity of cells.
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