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Mitochondrial transcription factor A (TFAM), a transcription factor for mitochondrial DNA (mtDNA) that
also possesses the property of nonspecific DNA binding, is essential for maintenance of mtDNA. To clarify the
role of TFAM, we repressed the expression of endogenous TFAM in HeLa cells by RNA interference. The
amount of TFAM decreased maximally to about 15% of the normal level at day 3 after RNA interference and
then recovered gradually. The amount of mtDNA changed closely in parallel with the daily change in TFAM
while in organello transcription of mtDNA at day 3 was maintained at about 50% of the normal level. TFAM
lacking its C-terminal 25 amino acids (TFAM-AC) marginally activated transcription in vitro. When
TFAM-AC was expressed at levels comparable to those of endogenous TFAM in HeLa cells, mtDNA increased
twofold, suggesting that TFAM-AC is as competent in maintaining mtDNA as endogenous TFAM under these
conditions. The in organello transcription of TFAM-AC-expressing cells was no more than that in the control.
Thus, the mtDNA amount is finely correlated with the amount of TFAM but not with the transcription level.
We discuss an architectural role for TFAM in the maintenance of mtDNA in addition to its role in transcription

activation.

Human mitochondrial DNA (mtDNA) is a 16.5-kb double-
stranded circular molecule that encodes 13 essential protein
components of the mitochondrial oxidative phosphorylation
complexes. The maintenance of mtDNA integrity is essential
for normal function of the respiratory chain that is responsible
for aerobic ATP production. There are hundreds to thousands
of copies of mtDNA in one cell. Because the level of mtDNA
transcripts largely depends on the copy number of mtDNA, the
regulation of its copy number is important for maintaining
mitochondrial ATP production. However, the regulation of
mtDNA copy number is still poorly understood.

Mitochondrial transcription factor A (TFAM) (11, 30), a
transcription factor for mtDNA, enhances mtDNA transcrip-
tion in a promoter-specific fashion in the presence of mito-
chondrial RNA polymerase and transcription factor B (TFB1
M or TFB2 M) (10, 23). TFAM is a member of the high-
mobility group (HMG) proteins because it contains two HMG
boxes. TFAM possesses DNA-binding properties regardless of
sequence specificity, although it shows a higher affinity for the
light- and heavy-strand promoters (LSP and HSP, respectively)
(11, 30). In addition to these two HMG boxes, human TFAM
has a linker region between the two HMG boxes and a car-
boxyl-terminal tail region (C-tail) composed of 27 and 25 res-
idues, respectively (6).
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According to the strand-coupled model (4, 16, 38), replica-
tion of the L-strand, i.e., lagging-strand replication, occurs
simultaneously with that of the H-strand. On the other hand, in
another mtDNA replication model, the strand displacement
model (34), replication of the nascent H-strand proceeds and
displaces the parental H-strand until a replication origin of the
L-strand, Oy, is exposed on a single strand. The process of
mtDNA replication begins with the initiation of transcription
at LSP. The transcript initiated from LSP forms an RNA-DNA
hybrid at a replication origin for the H-strand, Oy;. The RNA-
DNA hybrid is processed to generate an RNA primer utilized
by mitochondrial DNA polymerase vy (20). Thus, in the latter
model, the replication of mammalian mtDNA is proposed to
be coupled with transcription, and therefore TFAM is thought
to be essential for replication of mtDNA (34). The role of
transcription in the former model has not yet been clarified.

Abf2p, a TFAM homolog in Saccharomyces cerevisiae, has
two HMG boxes and a short linker region between them, but
unlike TFAM, it does not have a C-tail (12). Abf2p is abundant
in mitochondria, with one Abf2p polypeptide present for every
15 bp of mtDNA (8). Disruption of the ABF2 gene leads to a
loss of mtDNA and a resultant loss of respiratory competence
when cells are grown in the presence of glucose. Expression of
human TFAM in the S. cerevisiae abf2 strain rescued the phe-
notype, implying a potential functional homology between hu-
man TFAM and Abf2p (30). However, unlike mammalian
TFAM, Abf2p is not required for the initiation of transcription
in yeast mtDNA (8). An in vitro transcription assay demon-
strated that Abf2p or C-tail-deleted TFAM does not activate
transcription, whereas a chimeric Abf2p containing the C-tail
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does (6), suggesting that the C-tail of TFAM is necessary for
transcriptional activation. This notion is also supported by a
recent report that the C-tail of TFAM is necessary to bind
mitochondrial transcription factor B (TFBM) and that this
binding is required for transcription activation (24). In agree-
ment with this, the import of full-length TFAM into isolated
mitochondria increases transcription, but import of TFAM
lacking the C-tail does not (14). Thus, the C-tail of TFAM is
considered essential for the activation of transcription.

The mitochondrial nucleoids, protein-mtDNA complexes,
have been studied extensively in the lower eukaryotes S. cer-
evisiae (17, 26) and Physarum polycephalum (32). In S. cerevi-
siae Abf2p is detected as a main component of the nucleoid
and appears to function to maintain mtDNA and the nucleoid
structure (17). In P. polycephalum, Glom, which also has two
HMG boxes, shows a strong DNA-packaging activity (32).
Both of these HMG family proteins can be functionally re-
placed by an Escherichia coli histone-like protein, HU (25, 32),
implying that Abf2p and Glom package mtDNA.

There are several reports that mtDNA in higher eukaryotes
is somewhat naked except for the D-loop region (2, 7, 29, 31),
while the mtDNA of Xenopus laevis is reported to be packaged
into regular beaded structures (3). These conflicting results on
whether animal mtDNA takes on a higher nucleosome- or
chromatin-like structure (mitochondrial nucleoid or mitochro-
matin/mitochondrial chromosome) are not fully resolved. Re-
cent reports also suggest the existence of such a higher mtDNA
structure in mammals (1, 13, 35). Because the amount of hu-
man TFAM is sufficient to cover the entire region of mtDNA
(36) and because most TFAM molecules indeed bind to
mtDNA (1), TFAM has been proposed to be one of the main
components of the human mtDNA higher structure.

Homozygous gene disruption of Tfam is lethal in both
mouse and chicken cells, at least in part due to mtDNA de-
pletion and resultant loss of oxidative phosphorylation capacity
(19, 22). In heterozygous cells, the expression of mouse and
chicken TFAM was reduced by about 50% and the amount of
mtDNA also decreased by about half (19, 22). These results
suggest that TFAM is necessary to maintain mtDNA. There
are two possibilities to explain mtDNA maintenance by
TFAM. One is that, given that the replication of mtDNA is
coupled to transcription (34), TFAM affects the replication of
mtDNA directly. The other is that TFAM binds and stabilizes
mtDNA, as do other HMG family proteins (5, 8, 12, 32, 39).

There have been no reports demonstrating overexpression
of TFAM in mammalian cells. We established stable and in-
ducible human cell lines overexpressing TFAM for the first
time with a tetracycline-regulated gene expression system. In
this study, with these TFAM-overexpressing cell lines and
RNA interference (RNAi), we manipulated the amount of
human TFAM in human HeLa cell lines and then analyzed
mtDNA and mitochondrial transcription. We found that the
amount of TFAM but not the transcription level is correlated
to the amount of mtDNA.

MATERIALS AND METHODS

Antibodies. Antibodies to human TFAM, prohibitin, and BAP37 were pro-
duced by immunizing rabbits with recombinant glutathione S-transferase-human
TFAM (28), glutathione S-transferase—prohibitin, and glutathione S-trans-
ferase-BAP37 proteins, respectively. Antibodies to cytochrome b and complex II
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were produced by immunizing rabbits with peptides of the C-terminal eight
amino acids of cytochrome b and the C-terminal nine amino acids of the complex
II iron sulfur protein, respectively (1). An antibody to human mitochondrial
single-stranded DNA-binding protein (mtSSB) was described previously (36) as
was an antibody to P32 (27). Antibodies against the hemagglutinin (HA) HA.11
epitope tag, cytochrome ¢, and calnexin were obtained from Covance, Stressgen,
and Santa Cruz Biotechnology, respectively.

Preparation of tetracycline-regulated TFAM-overexpressing cell lines. To
avoid suppression by RNAI, we introduced silent mutations in a human TFAM
c¢DNA corresponding to the RNAI target in advance (from GTCTTGGCAAGT
TGTCCAAAGAAACCTGTAAGTTCT to GTCTTAGCAAGTTGCCCTA
AAAAGCCTGTAAGCTCT; the encoded amino acid sequence for both is
VLASCPKKPVSS [amino acids 45 to 56]; sites where silent mutations have been
introduced are in boldface) and named it pmod-TFAM. A DNA fragment
encoding human TFAM lacking the C-terminal 25 amino acids (human TFAM-
AC), i.e., it retained amino acids 1 to 221, was amplified with pMod-TFAM as a
template. The sense primer contained a BamHI site, the Kozak sequence (18),
and ATG for a first methionine in that order; the antisense primer contained an
Spel site. A DNA fragment specifying an HA tag was prepared by annealing the
complementary synthesized oligonucleotides, which included, in order, the se-
quences for an Spel restriction site, an HA epitope tag (11 amino acids), a stop
codon, and an Nhel site.

The DNA fragments for human TFAM and the HA tag were digested with
appropriate restriction enzymes and inserted between the BamHI and Nhel sites
of vector pTRE2hyg (Clontech). This vector encodes the precursor human
TFAM-AC with the HA tag at its C terminus and was named ph-TFAM-AC-HA.
We also amplified a DNA fragment encoding precursor mouse TFAM (amino
acids 1 to 243) by PCR, with a mouse cDNA library as a template with a sense
primer (containing, in order, a BamHI site, the Kozak sequence [18], and ATG
for a first methionine) and an antisense primer (containing an Spel site). The
mouse TFAM DNA fragment and the HA tag DNA fragment were inserted into
the pTREZ2hyg vector in the same way as the human construct (pm-TFAM-HA).

A HeLa Tet-Off cell line was obtained from Clontech. The cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum
(Gibco) and 100 wg of G418 per ml (Sigma). We transfected HeLa Tet-Off cells
with our plasmids with the FuGene 6 reagent (Roche Molecular Biochemicals)
and selected cells bearing the transgenes in the presence of G418 (400 pg/ml)
(Wako), hygromycin B (200 pg/ml) (Wako), and doxycycline, a tetracycline
derivative (1 pg/ml) (ICN Biomedicals). We isolated hygromycin-resistant
clones, cultured them with or without doxycycline for about 10 days, and then
examined the expression of recombinant proteins by Western blotting. These
mouse and human TFAM-overexpressing cell lines were designated MTF
(mouse TFAM full-length) and HAC (human C-tail-deleted TFAM), respec-
tively.

Suppression of human TFAM by RNAi. HeLa cells were grown in DMEM
with 10% fetal bovine serum and antibiotics (100 g of G418 per ml for control
HeLa Tet-Off cells; 100 pg of G418 and 100 pg of hygromycin B per ml for MTF
and HAC cells) in 3.5-cm dishes. When the cells were about 50% confluent, the
culture medium was replaced by 2 ml of DMEM containing 10% fetal bovine
serum with and without doxycycline (1 pg/ml). The sequences of short interfering
RNA (siRNA) duplexes were 5-GUUGUCCAAAGAAACCUGUATAT-3’
(sense siRNA) and 5'-ACAGGUUUCUUUGGACAACATAT-3' (antisense
siRNA) (obtained from Qiagen); 12 pl of 20 uM siRNA duplexes was mixed with
200 pl of Opti-MEM (Gibco) in one tube; 12 pl of Oligofectamine (Invitrogen)
was mixed with 48 pl of Opti-MEM in the other tube. The two mixtures were
incubated for 10 min at room temperature and then combined and mixed gently
by pipetting. The combined mixture was allowed to stand for another 20 min at
room temperature. The siRNA-Oligofectamine mixture was then added to the
cultured cells. After 24 h, the culture medium was replaced by new DMEM with
10% fetal bovine serum and appropriate antibiotics. When the cells were almost
confluent, they were reseeded in two 3.5-cm dishes.

Western blotting. The cells from a 3.5-cm dish were collected in 1 ml of
phosphate-buffered saline (PBS), and half of them were solubilized with 100 jl
of sodium dodecyl sulfate (SDS) denaturing buffer consisting of 0.5% SDS and
1% 2-mercaptoethanol (the other half was used for mtDNA quantification [see
below]). The mixture was briefly sonicated immediately after solubilization. Pro-
teins were separated on an SDS-12% polyacrylamide gel by polyacrylamide gel
electrophoresis (PAGE) and subsequently detected by immunoblotting. The
signals were visualized with horseradish peroxidase-labeled anti-rabbit immuno-
globulin G (Biosource) and ECL reagents (Amersham Biosciences). The chemi-
luminescence was recorded and quantified with a chilled charge-coupled device
camera, LAS1000plus (Fuji).
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FIG. 1. Immunofluorescent images of HeLa cells treated by RNAi. Human TFAM in HeLa cells was identified with anti-human TFAM
antibodies (B and E). Mitochondria were stained with MitoTracker Red (A and D). Panels C and F are merged images of panels A plus B and

D plus E, respectively.
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FIG. 2. Parallel decreases and increases in human TFAM and
mtDNA after RNAi. (A) Calnexin (as a standard of cell amount),
cytochrome b, human TFAM, and cytochrome ¢ in HeLa cells were
analyzed by Western blotting 2 to 7 days after RNAi. The relative
amount of mtDNA was measured by quantitative PCR. (B) Represen-
tative daily changes in the relative amounts of human TFAM (¢ ) and
mtDNA (A).

Quantification of mtDNA. From the remaining half of the cells, total DNA was
extracted with a DNeasy tissue kit (Qiagen). The total DNA was quantified with
a PicoGreen double-stranded DNA quantitation kit (Molecular Probes). The
relative amount of mtDNA was quantified by quantitative PCR with a LightCy-
cler (Roche). The PCR mixture contained 2 ng of the total DNA (for a standard
curve, 8,4, 2, 1, and 0.5 ng of the total DNA were used), 10 pmol each of primers
(5'-CCACCCAAGTATTGACTCACCC-3' [nucleotides 16052 to 16073] and
5'-CGAGAAGGGATTTGACTGTAATG-3' [nucleotides 16339 to 16361]) and
3 mM MgCl, in 20 pl. To estimate the amount of genomic DNA as an internal
standard, a genomic beta-globin gene was amplified in a 20-pl reaction mixture
containing 16 ng of the total DNA (for a standard curve, 64, 32, 16, 8, and 4 ng
of the total DNA were used), 10 pmol each of primers (5'-CTGCCCTGTGGG
GCAAGGTGAACGTGGATG-3" and 5'-CAGGTGAGCCAGGCCATCACT
AAAGGCACC-3'), and 3 mM MgCl,. The amount of mtDNA was adjusted to
the amount of genomic DNA.

Immunofluorescent imaging of HeLa cells. Cells were incubated in the pres-
ence of 100 nM MitoTracker Red CMXRos (Molecular Probes) for 20 min.
After washing with PBS three times, the cells were fixed with acetone-methanol
(50:50, vol/vol) for 5 min. After washing with PBS three times, the fixed cells were
blocked with bovine serum albumin-PBS (1% bovine serum albumin in PBS) for
30 min, then incubated with 250-fold-diluted anti-human TFAM antiserum or
anti-HA antibody in bovine serum albumin-PBS for 1 h. After washing the cells
with wash buffer (0.1% Tween 20 in PBS) three times, cells were incubated with
250-fold-diluted Alexa Fluor 488 goat anti-rabbit immunoglobulin G (Molecular
Probes) for 30 min. Fluorescence images were taken with a confocal laser
microscope (Bio-Rad Laboratories).

Isolation of mitochondria from HeLa cells. All procedures were done at 4°C.
HeLa cells cultured in 10-cm dishes were scraped with a cell lifter (Costar) into
3 ml of PBS, pelleted by centrifugation, and washed with homogenization buffer
(10 mM HEPES-KOH, pH 7.4, and 0.25 M sucrose). The cells were suspended
in 4 volumes of the buffer and homogenized with a Potter-Elvehjem homoge-
nizer. The homogenate was centrifuged at 900 X g for 10 min to remove the
unbroken cells and nuclei. The supernatant was centrifuged at 10,000 X g for 6
min. The pellet was collected as a crude mitochondrial fraction and used for in
organello transcription assays or for preparing Nonidet P-40-insoluble fractions.

In vitro transcription assay. The cDNA coding for mature human TFAM
(amino acid residues 42 to 246) and mature human TFAM-AC-HA (amino acid
residues 42 to 221 and C-terminal HA tag) were inserted into the pProEXHTb
vector (Gibco). The recombinant His-human TFAM and His-human TFAM-
AC-HA were expressed in Escherichia coli BL21 cells and purified Ni?*-bound
chelating Sepharose resin (Amersham Biosciences) as described previously (28,
36). In vitro transcription reactions were performed with a cloned DNA frag-
ments corresponding to nucleotides 1 to 477 of human mtDNA as previously
described (10).
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In organello transcription assay. In organello transcription was measured by
the method of Enriquez et al. with slight modifications (9). The mitochondrial
fraction was resuspended in transcription buffer (10 mM Tris-HCI [pH 7.4], 25
mM sucrose, 75 mM sorbitol, 100 mM KCI, 10 mM K,HPO,, 50 uM EDTA, 5
mM MgCl,, 1 mM ATP, 1 mg of bovine serum albumin per ml). Mitochondria
(200 pg of protein) were incubated in 300 pl of the transcription buffer contain-
ing 10 wCi of [a-**PJUTP (Amersham Biosciences) at 37°C for 30 min. After the
incubation, the mitochondria were pelleted at 15,000 X g for 1 min and then
washed with nuclease buffer (0.25 M sucrose, 10 mM Tris-HCI [pH 8.0], 1 mM
CaCl,). The mitochondria were resuspended in 400 wl of nuclease buffer with
100 units of nuclease S7 (Roche Molecular Biochemicals) and incubated at room
temperature for 20 min. The mitochondria were then pelleted at 15,000 X g for
1 min and washed with TES buffer (10 mM Tris-HCI [pH 7.4], 1 mM EDTA, 0.25
M sucrose). The mitochondrial pellet was solubilized in 100 wl of lysis buffer (50
mM Tris-HCI [pH 8.0], 20 mM NaCl, 1 mM EDTA, 1% SDS) containing 20 u.g
of protease K (Gibco) and incubated at room temperature for 15 min. After
addition of 100 wl of a phenol-chloroform-isoamyl alcohol mixture (25:25:1,
vol/vol/vol) and vortexing for 1 min, the mixture was centrifuged at 20,000 X g for
5 min, and 80 ! of the aqueous phase was transferred to a clean tube. Then 1
wl of Pellet Paint (Novagen), 80 wl of 3 M sodium acetate (pH 5.2), and 300 pl
of ethanol were added, and the mitochondrial nucleic acids were precipitated.
The pellets were solubilized with sample buffer (99% formamide, 1 mM EDTA,
and bromphenol blue) and incubated at 95°C for 3 min. DNA size makers
(100-bp DNA ladder and 1-kb DNA ladder, New England BioLabs) were
[y->*P]ATP labeled with Ready-To-Go T4 polynucleotide kinase (Amersham
Biosciences). Samples were separated on an 8 M urea—4% polyacrylamide gel by
electrophoresis and analyzed with a BAS-2500 (Fuji). The isolated mitochondria
(5 pg) were analyzed by Western blotting to check the amount of mitochondria
and efficiency of RNAI.

Separation of mitochondrial NP-40-soluble and -insoluble fractions. The mi-
tochondria were resuspended in TES buffer containing 0.5% NP-40 and 1 mM
dithiothreitol (0.5 mg of protein/ml) and incubated for 30 min on ice with
intermittent mixing. The mitochondria were centrifuged at 20,000 X g for 30 min
and separated into a pellet (P1) and a supernatant (S1). The P1 fraction (10 g
of protein) was resuspended with 20 pl of nuclease buffer (10 mM Tris-HCI [pH
7.4], 0.25 M sucrose, 1 mM dithiothreitol, 2.5 mM CaCl,, and 0.5% NP-40) and
incubated for 30 min on ice with 2.5 U of nuclease S7 or 0.5 pg of RNase A
(DNase free; Wako). After centrifugation at 20,000 X g for 30 min, the sample
was separated into a pellet (P2) and a supernatant (S2). Proteins from each
fraction were separated by SDS-PAGE and subsequently analyzed by Western
blotting with appropriate primary antibodies.

mtDNA in the P1 and S1 fractions was detected by PCR as described previ-
ously (1). Briefly, total mitochondria, P1, and S1 (from 10 pg of mitochondria)
were incubated at 95°C for 30 min with 0.5 pg of protease K (Gibco) and diluted
in 200 pl of distilled water. With 1 pl each of the diluted samples, a fragment of
mtDNA was amplified with PCR primers (nucleotides 16052 to 16073 and nu-
cleotides 16339 to 16361) and Ex-taq DNA polymerase (Takara). The number of
amplification cycles was 25, and the PCR products were separated on a 1%
agarose gel.

RESULTS

Reduced expression of human TFAM by RNAi. To observe
a dose effect of TFAM, we downregulated the expression of
human TFAM by RNAi in HeLa cells. Three days after RNAI
treatment, human TFAM was barely detectable on immuno-
fluorescent images with anti-human TFAM antibodies (com-
pare Fig. 1B and E). To monitor the change in the levels of
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human TFAM and other mitochondrial proteins, cells were
collected daily between days 2 and 7 and analyzed by Western
blotting (Fig. 2A). The amount of human TFAM was de-
creased maximally at days 3 and 4 and then gradually increased
again (Fig. 2A, third panel). The amounts of calnexin, a mi-
crosomal protein, and cytochrome ¢, a nucleus-encoded mito-
chondrial protein, did not change (Fig. 2A, top and bottom
panels). The amounts of several other nucleus-encoded mito-
chondrial proteins (prohibitin, BAP37, and VDAC) were not
affected by this RNAIi (data not shown), confirming the spec-
ificity of the RNAI treatment. The reduction in cytochrome b,
an mtDNA-encoded protein (Fig. 2A, second panel), probably
resulted from a decrease in mtDNA (Fig. 2B). We measured
the relative amount of mtDNA by quantitative PCR and found
that the amount fell and rose in parallel with that of human
TFAM (Fig. 2B). The levels of human TFAM and mtDNA
were 0.141 = 0.052 and 0.132 = 0.061 (n = 4) of those of
control cells at day 3. Thus, the amount of mtDNA was
strongly correlated with the amount of TFAM in vivo.

Preparation of tetracycline-regulated TFAM-overexpressing
cell lines. Conversely, to see whether an increase in TFAM
would affect the amount of mtDNA, we created TFAM-over-
expressing cell lines. We made two kinds of Tet-Off gene ex-
pression vectors, ph-TFAM-AC-HA and pm-TFAM-HA, in
order to express C-tail-deleted human TFAM with an HA tag
and mouse full-length TFAM with an HA tag, respectively
(Fig. 3A). To produce the stable TFAM-expressing cell lines,
we transfected HeLa Tet-Off cells with each vector and cul-
tured them with hygromycin for selection and with doxycycline
to suppress expression. We isolated hygromycin-resistant col-
onies and checked the expression of TFAM by Western blot-
ting after culturing for 10 days without doxycycline. Fourteen
of 24 hygromycin-resistant ph-TFAM-AC-HA-transfected
clones expressed high levels of human TFAM-AC-HA (about
50 to 120% compared with the amount of endogenous human
TFAM). Thirteen of 24 hygromycin-resistant pm-TFAM-HA-
transfected clones expressed high levels of mouse TFAM-HA
(about 50 to 140% compared with the amount of endogenous
human TFAM). These mouse TFAM- and human TFAM-AC-
overexpressing cell lines were designated MTF (mouse TFAM
full-length) and HAC (human C-tail-deleted TFAM), respec-
tively.

When cultured without doxycycline, immunofluorescent im-
aging of MTF cells with anti-HA antibodies showed granular
fluorescence. This pattern colocalized with that of Mito-
Tracker Red, a mitochondrion-staining fluorescent dye (Fig.
3B, panels d to f), indicating that the expressed exogenous
TFAM localized to mitochondria, while the cells cultured with
doxycycline showed almost no fluorescence with anti-HA an-

FIG. 3. Tetracycline-regulated expression of TFAM. (A) The scheme of recombinant TFAM molecules. Human and mouse TFAM have two
HMG boxes (white square) and a C-tail region (gray bar). An HA.11 epitope tag is indicated by a gray square. The position of the RNAI target
is indicated by a dotted line. (B) MTF cells and HAC cells were cultured with doxycycline [tet (+)] or without doxycycline [tet (—)]. Mitochondria
were stained with MitoTracker Red (panels a, d, and g), and recombinant TFAM was stained with anti-HA antibodies (panels b, e, and h). The
merged images are shown in panels ¢, f, and i. (C) Western blotting analysis of TFAM molecules. Total cell lysates were used for Western blotting.
BAP37 (arrow) is shown as an internal standard for the amount of protein applied in the samples. Antibodies for BAP-37 and human TFAM were
added together for detecting the two proteins (upper panel). Then the membrane was reprobed with anti-HA antibody (lower panel). Endogenous
human TFAM (arrowhead), exogenous mouse TFAM-HA (double arrowheads), and exogenous human TFAM-AC-HA (triple arrowheads) are

indicated.
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tibodies (Fig. 3B, panel b). HAC cells showed the same pattern
as the MTF cells (Fig. 3B, panels g to i). With Western blots,
mouse TFAM-HA was detected by anti-HA antibodies in me-
dium without doxycycline (double arrowheads), whereas there
was no signal in medium containing doxycycline (Fig. 3C, com-
pare lanes 2 and 3 in the lower panel). Anti-human TFAM did
not react with mouse TFAM (Fig. 3C, lane 3; notice their
molecular sizes). Similarly, human TFAM-AC-HA (triple ar-
rowheads) was detected by both anti-human TFAM and an-
ti-HA antibodies only in medium without doxycycline (Fig. 3C,
lanes 4 and 5 in the upper and lower panels). Thus, expression
of the recombinant proteins was completely regulated by doxy-
cycline. Endogenous human TFAM (single arrowhead) was
not affected by the overexpression of exogenous TFAM (Fig.
3C, upper panel). The amount of BAP37 (arrow), an inner
membrane protein, was not altered (Fig. 3C, upper panel),
indicating that the amount applied was essentially the same
among all samples.

Overexpression of mouse TFAM-HA or human TFAM-
AC-HA increases the amount of mtDNA. Because it takes
about 10 days to stably express exogenous mouse TFAM-HA
or human TFAM-AC-HA after removal of doxycycline (data
not shown), we did experiments at least 14 days after removal
of doxycycline. In medium without doxycycline, the amounts of
mouse TFAM-HA and human TFAM-AC-HA were 0.77 =
0.17 (mean = standard deviation) and 1.05 = 0.11, respec-
tively, of that of endogenous human TFAM; i.e., the total
amount of TFAM was 1.77 and 2.05, respectively, that of cells
grown in medium with doxycycline (Fig. 4B). Overexpression
of total TFAM by a factor of 1.77 (in MTF cells) and 2.05 (in
HAC cells) increased the amount of mtDNA by a factor of 1.89
+0.22 and 1.99 * 0.18, respectively (Fig. 4B). Neither nucleus-
encoded mitochondrial proteins (prohibitin and cytochrome ¢)
nor an mtDNA-encoded protein, cytochrome b, was affected
by the overexpression of TFAM (Fig. 4A). Thus, the amount of
TFAM led the change in mtDNA levels in parallel.

Both mouse TFAM-HA and human TFAM-AC-HA can
maintain the amount of mtDNA. mtDNA was increased by the
overexpression of C-tail-deleted human TFAM, which is con-
sidered not to activate transcription (6), raising the possibility
that the increase in mtDNA does not require the upregulation
of transcription. In order to clarify this point, we performed
RNAI in the TFAM-overexpressing cells. To avoid suppression
of recombinant human TFAM by the RNAI treatment, silent
mutations were introduced into a cDNA of human TFAM (see
Methods). In medium with doxycycline, MTF cells and HAC
cells expressed little or no mouse TFAM-HA (Fig. SA, double
arrowheads; lanes 1 and 2) and human TFAM-AC-HA (Fig.
SA, triple arrowheads; lanes 5 and 6), respectively. However,
In medium without doxycycline, the exogenous TFAM pro-
teins were overexpressed (Fig. 5A, bottom panel, lanes 3, 4, 7,
and 8). The RNAI treatment (i.e., 3 days after RNAi) sup-
pressed the endogenous TFAM (Fig. SA, fourth panel, lanes 2,
4, 6, and 8), but exogenous TFAMs were not affected (Fig. SA,
bottom panel, lanes 4 and 8; double and triple arrowheads),
showing selective downregulation of endogenous human
TFAM.

In MTF cells in which mouse TFAM is not yet expressed but
endogenous TFAM is repressed by RNAi (Fig. 5B), mtDNA
was reduced compared to that in the MTF cells in which
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FIG. 4. Amount of mitochondrial proteins and mtDNA in MTF
and HAC cells. (A) Total cell lysates of cells cultured with doxycycline
[tet (+)] or without doxycycline [tet (—)] were used for Western
blotting. Prohibitin and cytochrome ¢ are mitochondrial proteins en-
coded by the nuclear genome. Cytochrome b is a mitochondrial protein
encoded by mtDNA. Endogenous human TFAM (arrowhead), mouse
TFAM-HA (double arrowheads), and human TFAM-AC-HA (triple
arrowheads) are indicated. Calnexin, a microsomal protein, is shown as
an internal standard. (B) Quantification of relative amounts of TFAM
(black bar) and mtDNA (gray bar). Signal intensities on the Western
blots were measured for estimating the number of TFAM molecules,
endogenous TFAM, and exogenous TFAM. The amount of mtDNA
was measured by quantitative PCR. Error bars indicate =1 standard
deviation from the mean of three independent experiments.

endogenous TFAM is not repressed (Fig. 5B). In MTF cells in
which mouse TFAM is expressed but endogenous TFAM is
not repressed (Fig. 5B), mtDNA was almost doubled with the
twofold increase in total TFAM. mtDNA was reduced to the
control level by the RNAI treatment in the mouse TFAM-
expressing cells (Fig. 5B). The reduced amount of mtDNA by
RNAI in medium without doxycycline roughly equaled that in
medium with doxycycline (compare the difference between
RNAI with and without doxycycline) (Fig. 5B). A similar pat-
tern was observed in HAC cells (Fig. 5C). These results suggest
that both exogenous TFAMs are as competent in the mainte-
nance of mtDNA as endogenous human TFAM under condi-
tions in which endogenous human TFAM remains at about
15% of the control level.
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FIG. 5. (A) MTF and HAC cells were cultured with doxycycline [tet (+)] or without doxycycline [tet (—)]. Three days after RNAI treatment
(RNAIi +) or without RNAI treatment (RNAi —), the cells were collected and analyzed. The expression of proteins in MTF and HAC cells was
analyzed by Western blotting. Endogenous human TFAM (arrowhead), exogenous mouse TFAM-HA (double arrowheads), and exogenous human
TFAM-AC-HA (triple arrowheads) are indicated. (B and C) The amount of mtDNA was measured in cells with and without doxycycline and RNAi
treatments, as indicated. Error bars indicate = 1 standard deviation from the mean of three independent experiments.

In vitro and in organello transcription. The C-tail of TFAM
is considered essential for initiation of transcription from LSP
(6). To confirm that the HA tag does not function like the
C-tail, we performed an in vitro transcription assay for human
LSP. Human TFAM-AC without an HA tag was about 100-fold
less active than full-length human TFAM (unpublished data).
As expected, a transcript from LSP in the presence of His-
human TFAM-AC-HA was about 100-fold less than that in the
presence of His-human TFAM (Fig. 6A), indicating that LSP-
dependent transcription is not increased by adding the HA tag
to human TFAM-AC.

With the isolated mitochondria from HAC cells cultured
with and without doxycycline and with and without RNAIi
treatment, we measured transcription in organello by measur-
ing newly synthesized transcripts. The newly synthesized tran-
scripts were labeled with [**PJUTP for 30 min in mitochondria
and analyzed by urea-polyacrylamide gel electrophoresis (Fig.
6B). The transcripts were not detected in mitochondria from

Rho” 206 cells (data not shown), excluding any background
contribution from genomic transcription. Between the 3,000-
and 700-base size markers, the signals for transcription were
seen as bands, although the bands were not identified (right
panel). In addition to these bands, a smearing background was
seen. When human TFAM-AC-HA was overexpressed, this
smearing background was about 1.6-fold higher (left panel,
lane 3) than in the control (lane 1). This nonspecific back-
ground was reduced by RNAI treatment (lane 2; by about
60%) and returned to the control level with expression of
human TFAM-AC-HA (lane 4). The level of the nonspecific
smear appeared to be correlated with the amount of mtDNA.
The background might reflect nonspecific LSP/HSP-indepen-
dent transcription or highly heterogeneous RNA processing of
LSP/HSP-specific transcription. Another possibility may be
RNA primers remaining in nascent mtDNA strands that initi-
ated at diverse sites according to the strand-coupled replica-
tion model.
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FIG. 6. Invitro and in organello transcription assays. (A) TFAM lacking its C-terminal tail only supports low levels of transcription from LSP.
A template containing the light-strand promoter (LSP, 85 fmol) of human mtDNA was used for in vitro runoff transcription assays. The reactions
were performed with the following pure recombinant proteins: human mitochondrial RNA polymerase (250 fmol), human TFB2 M (500 fmol),
and wild-type human TFAM with an N-terminal His tag or human AC-tail TFAM with an N-terminal His tag and C-terminal HA tag (human
TFAM-AC-HA) in increasing amounts (0.02, 0.05, 0.2, 0.5, 1.6, 5, and 15 pmol). (B) A representative image of five independent experiments is
shown. The HAC cells were cultured with and without doxycycline and treated or not by RNAI, and mitochondria were isolated from these cells
3 days after RNAI treatment. The newly synthesized transcripts were labeled with [a->*P]JUTP for 30 min in mitochondria and analyzed by
urea-polyacrylamide gel electrophoresis. The approximate size of nucleotides is shown based on the [y-**P]ATP-labeled DNA size markers (left
panel). The part showing bands larger than 600 bases was enlarged (right upper panel). The asterisks indicate measured bands used for estimation.
The isolated mitochondria (5 pg of protein) were analyzed by Western blotting to check the protein amount (anti-BAP37 antibody, right lower
panel) and the efficiency of RNAI (anti-human TFAM antibody, right middle panel).

Because processed transcripts of mtDNA are distributed
mainly between bases 2000 and 700 according to their expected
lengths, we hypothesized that the bands found between bases
2000 and 700 are promoter-dependent transcripts (bands
marked by asterisks, right panel). The signal intensities were
corrected by subtracting the background. When human
TFAM-AC-HA was overexpressed (lane 3), the specific signals
were not changed or somewhat decreased (61 to 113%; aver-
age, 77%) in spite of the twofold increase in the amount of
mtDNA. This inhibition may be caused by competition be-
tween TFAM-AC-HA and endogenous TFAM for the promot-
ers. When wild-type human TFAM was reduced by RNAI, the
specific signals were reduced to about 46% (41 to 53%) and
49% (44 to 74%) of the control in control and human TFAM-
AC-HA-overexpressing cells, respectively (lanes 2 and 4), while
the amount of mtDNA was about 0.2 and 1 times that of the
control cells, respectively (Fig. 5C). Compensatory upregula-
tion of the transcription seems to occur in the former situation.
The decrease in the latter may also be due to the competition.
Thus, the amount of mtDNA was not correlated with the
transcription level.

Both mouse TFAM-HA and TFAM-AC-HA are components
of the mitochondrial nucleoid. We have previously demon-
strated that mtDNA and human TFAM were mostly included
in the NP-40-insoluble fraction but that other mitochondrial
matrix proteins, P32 and mtSSB, were mostly recovered from
the soluble fraction, while part of mtSSB was bound to mtDNA
as a component of the mitochondrial nucleoid (1). To examine
whether overexpressed TFAM is bound to mtDNA, we pre-
pared mitochondria from MTF and HAC cells cultured with-
out doxycycline and then separated them into NP-40-insoluble
(P1) and -soluble (S1) fractions (Fig. 7, lanes 2 to 3 and 11 to
12). As reported previously (1), most of the endogenous hu-
man TFAM (arrowhead) was recovered from the P1 fraction
(Fig. 7, lanes 2 and 11), whereas most of the p32 and mtSSB

were recovered from the S1 fraction (Fig. 7, lanes 3 and 12).
Mitochondrial DNA was detected only in the P1 fraction by
PCR (lanes 2 and 11). Both mouse TFAM-HA (double arrow-
heads) and human TFAM-AC-HA (triple arrowheads) were
also mostly recovered from the P1 fraction (Fig. 7, compare
lane 2 with 3 and lane 11 with 12).

The P1 fractions were treated with nuclease S7 or DNase-
free RNase A and then separated into insoluble (P2) and
soluble (S2) fractions. After treatment with nuclease S7, most
of the endogenous human TFAM, exogenous mouse TFAM-
HA, and human TFAM-AC-HA were recovered from the sol-
uble fractions (S2) (lanes 7 and 16). However, after the RNase
A treatment, the TFAMs were recovered from insoluble frac-
tions (P2) (lanes 8 and 17). These findings suggest that both
endogenous and exogenous TFAM molecules are bound to
mtDNA as mitochondrial nucleoid components.

DISCUSSION

We showed that the amounts of TFAM and mtDNA were
reduced in parallel (Fig. 2B). There are already two reports on
suppression of TFAM in vertebrate cells: heterozygous tar-
geted disruption of the Tfam gene in mice (19) and in chicken
DT40 cells (22). In both cases, both TFAM and mtDNA were
decreased by about 50%. These reports, however, showed only
steady-state values a long time after the 50% decrease in
TFAM, whereas we measured the daily change in the amount
of TFAM and mtDNA after the start of RNAI treatment. In
the present study, we first showed that the amount of mtDNA
was strongly correlated to that of TFAM on a time scale that
appears to be less than 1 day. Taking into account that the
changes in TFAM and mtDNA were nearly the same at each
day, mtDNA levels may reach the corresponding levels of
TFAM within hours.
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FIG. 7. Mitochondria were prepared from MTF (A) and HAC (B) cells cultured without doxycycline. The mitochondria were solubilized with
0.5% NP-40 (total) and separated into pellet (P1) and supernatant (S1). The P1 fractions were treated with nuclease S7 or DNase-free RNase A
and then separated again into pellet (P2) and supernatant (S2). Each sample was analyzed by Western blotting with anti-human TFAM, anti-P32,
anti-mtSSB, and anti-HA antibodies. mtDNA in total, P1, and S1 were detected by PCR. Human TFAM (arrowhead), mouse TFAM-HA (double
arrowheads), and human TFAM-AC-HA (triple arrowheads) are indicated.

The replication of mammalian mtDNA is coupled with tran-
scription according to the strand displacement model (34).
Thus, one possible mechanism by which mtDNA decreases or
increases with the decrease or increase in TFAM is that rep-
lication of mtDNA is down- or upregulated due to the down-
or upregulation of TFAM-activated transcription. However,
we found that the transcription level was not correlated with
the amount of mtDNA (Fig. 5C and 6B). On the other hand,
we noticed a striking correlation between the levels of TFAM
and mtDNA. TFAM is a transcription factor (10, 11, 23, 30),
but it is also an HMG protein having DNA-binding properties
regardless of DNA sequence (11, 30). TFAM molecules are

abundant enough to cover mtDNA entirely, and indeed most
of them bind mtDNA, suggesting that mtDNA is packaged
with TFAM (1, 36) and TFAM is in functional excess (33).
Such a nucleoid structure may also be required for the sta-
bility of mtDNA. In agreement with this notion, mouse TFAM
and human TFAM-AC were as active in the maintenance of
mtDNA as wild-type TFAM, at least under conditions in which
promoter-specific transcription was maintained at a certain
level (Fig. 5C and 6B). About 85% of full-length TFAM could
be replaced without reduction in mtDNA by TFAM-AC-HA,
which has only 1% of the LSP-dependent transcription activity
of full-length TFAM (Fig. 5A and C). If the majority of TFAM



VoL. 24, 2004

molecules maintained mtDNA through transcription-coupled
replication, the amount of mtDNA would decrease. Therefore,
this result raises the possibility that the majority of TFAM
molecules participate architecturally in maintenance.

The overexpressed recombinant TFAM was mostly recov-
ered from the insoluble fraction together with mtDNA (Fig. 7,
lanes 2 and 11). Nuclease S7 treatment but not RNase A
treatment released recombinant TFAM as well as endogenous
TFAM to the soluble fraction (Fig. 7, lanes 6 to 9 and 15 to 18),
supporting the idea of TFAM-mtDNA binding. Taken to-
gether with the fact that the level of mtDNA rapidly and finely
corresponds to the level of TFAM (Fig. 2), one likely expla-
nation is that the vast majority of TFAM molecules are bound
to mtDNA and that only mtDNA covered with TFAM can be
maintained. According to this model, the mass but not the copy
number of mtDNA would be titrated by TFAM, consistent
with a finding by Tang et al. that the total mass but not the copy
number of mtDNA is constant among cells harboring wild-
type, deleted, and partially duplicated mtDNAs (37). Con-
versely, when mtDNA was depleted with ethidium bromide in
HelLa cells, TFAM was reduced to the same extent as mtDNA
(33). TFAM and mtDNA may thus stabilize each other when
bound together.

We presume that TFAM exists abundantly and that the ma-
jority of TFAM molecules are bound to sites other than the
promoter regions for packaging mtDNA. Goto et al. reported
that TFAM levels can be substantially reduced by RNAi without
significant inhibition of transcription per mtDNA in insect cells
(15). Here we also showed that transcription per mtDNA was not
decreased but rather upregulated by RNAi-induced suppression
of TFAM (see Fig. 5C and Fig. 6B, lane 2). These observations
suggest that the amount of TFAM can be reduced without low-
ering the transcription level per mtDNA if the amount of TFAM
is manipulated within a cell. In contrast, Garstka et al. reported
that import of TFAM into isolated mitochondria significantly
enhances transcription in organello (14).

The reason for these apparently contradictory observations
is currently unknown. However, the differences may reflect
differences in the experimental systems. Garstka et al. manip-
ulated the amount of TFAM with isolated mitochondria, while
we in the present study and Goto et al. did so in living cells. A
possible but hypothetical explanation is to assume that TFAM
preferentially binds to promoters with a higher affinity but can
also be preferentially displaced from the promoters by an un-
known mechanism. In a cell, continuous input of TFAM would
compensate for this selective displacement. However, in iso-
lated mitochondria, there is no input of TFAM unless TFAM
is imported artificially, as done by Garstka et al. When the
promoter regions are selectively vacant at a certain level, a
small amount of TFAM could enhance transcription because
TFAM has a higher affinity for the promoters. A human Lon
protease homologue is one candidate for such selective dis-
placement, because the homologue was recently reported to
bind preferentially to the GT-rich sequence overlapping the
LSP of human mtDNA (21).

TFAM is essential for transcription of mtDNA, and TFAM-
enabled transcription may be involved in the replication of
mtDNA. However, we propose that TFAM may have a dual
role in the maintenance of mtDNA, transcription and nucleoid
formation. It is probable that the majority of TFAM molecules
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are involved in architecturally maintaining the higher structure
of mtDNA, because at any time most TFAM molecules should
be bound to nonpromoter regions. The higher structure is
called nucleoid in general. However, it might be more appro-
priately described as a mitochondrial chromosome or mito-
chromosome when based on the whole structure of mtDNA.
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