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Abstract Mass spectrometry matrix-assisted laser desorption
ionization (MALDI) analysis and N-terminus sequencing as well
as immunoblotting experiments using human and mouse anti-
bodies have allowed us to identify the 25 kDa protein, previously
isolated from rat liver using magnetic beads coated with a rat
liver mitochondrial (mt) DNA region upstream of the Ori-L, as
the homologue of human mt transcription factor A (mtTFA). We
can therefore identify this DNA binding protein as the rat
mtTFA. Furthermore, since we previously showed that the
25 kDa protein purified from rat liver was able to bind the curved
mtDNA region upstream of the Ori-L as well as the curved
mtDNA in the D-loop region, the results here reported lead us to
state, for the first time, that mtTFA binds both the curved
regions of mtDNA upstream of the two replication origins.
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1. Introduction

In mammals, the mitochondrial (mt) genome exists as a
closed circular, double-stranded DNA molecule of about 16
kb in length whose compact gene organization is highly con-
served [1^5]. The majority of regulatory sequences responsible
for controlling expression of mammalian mtDNA are located
in the D-loop containing region. This region contains the
origin of heavy strand replication (Ori-H) and the promoters
for the transcription of the two strands (HSP and LSP). An-
other very small non-coding tract consisting of only 30 nu-
cleotides is located 10 kb clockwise from the ¢rst and contains
the replication origin of the light strand (Ori-L). Communica-
tion between the nuclear and mt genetic systems in response
to cellular metabolism and energetic requirements regulates
the mt biogenesis [6]. Mammalian mt promoters have a bipar-
tite structure consisting of a small initiation site [7,8] and a
recognition domain for mt transcription factor A (mtTFA)
located approximately 310 to 340 bp upstream from the
RNA start site [9,10]. mtTFA is a key activator of mt tran-
scription in mammals but is also implicated in mtDNA repli-
cation, since transcription from the major mt promoter gen-
erates a RNA primer necessary for initiation of mtDNA
replication [11^12]. In mammals, this factor has been isolated
from human (h-mtTFA) [13] and mouse (m-mtTFA) [14]. In
mouse, Larsson and co-workers [14] have reported that a

single gene encodes two isoforms, one of which is imported
into the nucleus rather than into mitochondria. The nuclear
m-mtTFA isoform, known as `tsHMG protein' is absent from
somatic cells, whereas it is the predominant form in male
germ cells functioning as a testis-speci¢c transcription activa-
tor or participating in nuclear chromatin condensation. The
involvement of m-mtTFA (also called Tfam by the authors) in
regulation of the mtDNA copy number and its requirement
for mt biogenesis and embryonic development have been dem-
onstrated in knockout mice [15]. h-mtTFA has been shown to
contain two high-mobility group (HMG)-like domains, simi-
lar to those found in yeast mtDNA binding factor ABF2 (also
termed sc-mtTFA), presumably involved through DNA pack-
aging in mt replication and transcription [7,16,17]. In vitro
DNA binding studies have demonstrated that h-mtTFA is
£exible in its recognition of DNA sequences since, at saturat-
ing concentrations, it binds multiple sites within the D-loop
region. These observations, together with the ¢nding that h-
mtTFA can bend and wrap the D-loop region of mtDNA
[13,18], have led to the proposal that the binding of mtTFA
to the mtDNA may be of use to organize or package the
major regulatory region of mtDNA in a way necessary for
mtDNA replication and transcription [19]. No information
has been reported until now about the binding of mtTFA to
regions of mtDNA outside of the D-loop region. Ghivizzani
et al. [20] used in organello footprinting experiments in bovine
to assay the Ori-L region of mtDNA and the surrounding
tRNA genes for protein binding, but they were unable to
detect any signi¢cant alteration indicative of protein binding
in these mtDNA regions.

As far as rat is concerned, DNA-protein interactions to
multiple sites within the D-loop region, presumably due to
the analogue of h-mtTFA, as well as the existence of a
DNA-protein interaction at the ND2 region of rat mtDNA
have been demonstrated by in organello footprinting [21^22].
We previously puri¢ed a 25 kDa mtDNA binding protein
from rat liver using magnetic beads coated with a rat mtDNA
curved region within the ND2 gene upstream of Ori-l [23].
Furthermore, we showed that this protein was also able to
bind the rat curved mtDNA region close to Ori-H in vitro
and the curved h-mtDNA within the ND2 gene upstream of
Ori-L [23]. In order to identify this rat 25 kDa mtDNA bind-
ing protein, we performed matrix-assisted laser desorption
ionization (MALDI) analysis of its tryptic peptides, sequenc-
ing of the N-terminus of the protein and immunoblotting
experiments with mouse and human antibodies for mtTFA.
In this paper, we report the results of these analyses which
allow us to identify this protein as the rat homologue of h-
mtTFA. Furthermore, since we have previously demonstrated
that this rat 25 kDa protein binds the curved mtDNA region
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upstream of Ori-L [23], the data here reported are the ¢rst
demonstration that mtTFA binds the curved region of
mtDNA upstream of Ori-L as well as the curved region in
the D-loop [23].

2. Materials and methods

2.1. Puri¢cation of the rat mt 25 kDa protein
The isolation and puri¢cation of this protein was carried out by

Sepharose CL-6B chromatography followed by magnetic DNA a¤n-
ity chromatography as described in [23].

2.2. Sequencing and MALDI analysis
Sequencing of the N-terminus of the rat 25 kDa mtDNA binding

protein and MALDI analysis were carried out by the Mass Spec
service of the Protein and Peptide group in EMBL (Heidelberg, Ger-
many). Several runs of MALDI analysis were performed. The tryptic
fragments characterized using MALDI in each run were compared
with the `NRDB' database that is available at http://www.embl-hei-
delberg.de/srs5bin.

2.3. Sodium dodecyl sulfate-polyacrylammide gel electrophoresis
(SDS-PAGE) and Western blotting

Gel electrophoresis was carried out as described by Laemmli [24] on
a 13% SDS-PAGE slab gel. The transfer procedure on a Immobilon
P-membrane has been adapted from Burnette [25] using a MULTI-
PHOR II NovaBlot (2177-250). The membrane was brie£y stained for

2 min with Coomassie brilliant blue R-250 as described [26,27] to
check the e¤ciency of the transfer. Immediately following transfer,
nitrocellulose sheets were immersed in blotting bu¡er containing 5%
non-fat dry milk, 250 mM NaCl, 1% Triton X-100 and 20 mM Tris-
HCl, pH 7.5, for 60 min on a rocking platform. Then, the reaction
with the appropriate immune serum diluted from 1:1000 to 1:3000 in
blotting bu¡er was carried out for 2 h or overnight at 4³C. Mem-
branes were then incubated for 60 min with alkaline phosphatase-
conjugated goat anti-rabbit antibody (Sigma) diluted 1:5000 in blot-
ting bu¡er and revealed for alkaline phosphatase using 0.56 mM
5-bromo-4-chloro-3-indolyl phosphate, 0.48 mM nitro blue tetra-
zolium in 10 mM Tris-HCl, pH 9.5 (Jansen Pharmaceutica).

2.4. Polyclonal antibodies
Anti-h-mtTFA antibodies were kindly provided by Dr Rudolf J.

Wiesner (Ko«ln, Germany) and anti-rat mtTFA antibodies were kindly
provided by Dr Nils-Go«ran Larsson (Stockholm, Sweden).

3. Results and discussion

The regulation of mtDNA expression is crucial for mt bio-
genesis. Speci¢c DNA binding proteins are known to be im-
portant regulators of mtDNA transcription and replication.
In particular, mtTFA is the ¢rst identi¢ed mammalian tran-
scription factor of mtDNA [10]. Furthermore, it regulates the
mtDNA copy number in vivo and it is essential for mt bio-
genesis and embryonic development [15]. mtTFA has been

Fig. 1. Comparison of the tryptic fragments characterized by MALDI versus the `NRDB' database. The ¢gure shows a representative run of
MALDI analysis of tryptic fragments of the rat 25 kDa mtDNA binding protein compared with the tryptic fragments of tsHMG.
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isolated from mouse and human as a 25 kDa protein interact-
ing with the D-loop control region [13,14].

previously, we reported the isolation from rat liver mito-
chondria of a 25 kDa mtDNA binding protein with the capa-
bility to bind the curved regions present in the rat mt genome
upstream of Ori-L and Ori-H [23].

To identify this nuclear-encoded mt protein, we carried out
several runs of tryptic digestions of the rat 25 kDa mtDNA
binding protein that were analyzed using the mass spectrom-
etry MALDI technique and compared, on the basis of their
molecular weight, with the `NRDB' database. The compari-
son of the tryptic fragments characterized by MALDI with
the `NRDB' database indicated that the identi¢ed tryptic frag-
ments of this 25 kDa rat mtDNA binding protein identi¢ed in
each run were always identical with those of nuclear and
mature forms of m-mtTFA and of the tsHMG protein iso-
lated from mouse spermatids. In fact, the two mouse proteins,
mtTFA and tsHMG, are encoded by the same gene. The m-
mtTFA gene consists of seven exons (I^VII) plus a short
alternative ¢rst exon [14]. In Fig. 1, we report the results of
a representative MALDI analysis in which the tryptic frag-
ments of the rat protein have been compared with the tsHMG
fragments. The underlined fragments are those identi¢ed in
the run reported in Fig. 1 as the same in our protein and in
tsHMG.

Thereafter, we carried out sequencing of the N-terminus of
the rat liver protein eluted using magnetic beads and com-
pared the sequence of the ¢rst 17 amino acids identi¢ed
with the complete protein database using the BLAST program
[28]. We aligned the 17 N-terminus residues of the rat 25 kDa
protein with the sequence of tsHMG and h- and m-mtTFA
reported in the literature. The analysis revealed (Fig. 2) a
signi¢cant similarity between the N-terminal 17 amino acid
residues identi¢ed with the second exon of tsHMG protein
and the mature form of m- and h-mtTFA, showing a high
degree of conservation. These results reinforced the results of
the MALDI analysis, suggesting that the mtDNA 25 kDa
binding protein might be the rat homologue of h- and m-
mtTFA.

To identify the 25 kDa rat mtDNA binding protein as the
rat mtTFA, we assayed the 25 kDa protein by Western blot,
before and after magnetic bioseparation, with polyclonal anti-
mtTFA antibodies from two di¡erent species. The Coomassie
blue-stained Western blots of molecular weight markers, the
protein puri¢ed by magnetic bioseparation and the heparin
fraction containing the 25 kDa protein are reported in Fig.

3 (lanes 1, 2 and 3, respectively). The corresponding immuno-
blots at a 1:3000 dilution of mouse and human antibodies are
reported, respectively, in the subsequent slots. Western blot
analysis revealed that antibodies against m- and h-mtTFA
detected a single protein band of 25 kDa both before and
after the puri¢cation of the heparin extract.

In conclusion, on the basis of the data here reported, we
can say that the 25 kDa mtDNA binding protein, isolated by
using the curved region in the ND2 gene upstream of the
regulatory region containing the Ori-L of rat mtDNA as a
ligand, is mtTFA and we have named it r-mtTFA.

Furthermore, since we previously reported that the 25 kDa
protein, now identi¢ed as r-mtTFA, was able to bind a curved
region upstream of Ori-L as well as the curved mtDNA in the
D-loop containing region [26], the data reported here allow us
to state, for the ¢rst time, that r-mtTFA interacts with both
the curved regions of mtDNA upstream of the two replication
origins. Whether the binding of r-mtTFA to the curved
mtDNA region near Ori-L has a regulatory signi¢cance or
is just one of the several sequences bound by r-mtTFA de-
serves further analysis.
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