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A significant advancement in understanding mitochondrial gene expression is the recent identification of two
new human mitochondrial transcription factors, h-mtTFB1 and h-mtTFB2. Both proteins stimulate transcrip-
tion in collaboration with the high-mobility group box transcription factor, h-mtTFA, and are homologous to
rRNA methyltransferases. In fact, the dual-function nature of h-mtTFB1 was recently demonstrated by its
ability to methylate a conserved rRNA substrate. Here, we demonstrate that h-mtTFB1 binds h-mtTFA both in
HeLa cell mitochondrial extracts and in direct-binding assays via an interaction that requires the C-terminal
tail of h-mtTFA, a region necessary for transcriptional activation. In addition, point mutations in conserved
methyltransferase motifs of h-mtTFB1 revealed that it stimulates transcription in vitro independently of
S-adenosylmethionine binding and rRNA methyltransferase activity. Furthermore, one mutation (G65A) elim-
inated the ability of h-mtTFB1 to bind DNA yet did not affect transcriptional activation. These results, coupled
with the observation that h-mtTFB1 and human mitochondrial RNA (h-mtRNA) polymerase can also be
coimmunoprecipitated, lead us to propose a model in which h-mtTFA demarcates mitochondrial promoter
locations and where h-mtTFB proteins bridge an interaction between the C-terminal tail of h-mtTFA and
mtRNA polymerase to facilitate specific initiation of transcription. Altogether, these data provide important
new insight into the mechanism of transcription initiation in human mitochondria and indicate that the dual

functions of h-mtTFB1 can be separated.

Expression of the human mitochondrial genome is initiated
with transcription at promoters in the D-loop regulatory region
of the mitochondrial DNA (mtDNA) molecule (28). Mito-
chondrial transcription requires a relatively small set of or-
ganelle-dedicated regulatory proteins, which are encoded by
nuclear genes and imported into the mitochondrial matrix,
where they orchestrate the initial stages of mitochondrial gene
expression (26). The basic transcription machinery consists of
a single-subunit, mitochondrial RNA (mtRNA) polymerase
molecule that is homologous to the bacteriophage T7 family of
RNA polymerases (18, 30), the DNA-binding transcription
factor h-mtTFA (10), and two related transcription factors, h-
mtTFB1 (19) and h-mtTFB2 (9). In the presence of human
mtRNA (h-mtRNA) polymerase, h-mtTFB1 and h-mtTFB2
can each activate transcription from the human light-strand
promoter (LSP) and heavy-strand promoter (HSP) in vitro in
a manner that requires h-mtTFA (9, 19). These data indicate
that transcription initiation requires critical interactions be-
tween these basic protein components and the promoter DNA;
however, the mechanism underlying transcriptional initiation
has yet to be determined in this system. An understanding of
the mechanism of mitochondrial gene expression is required to
uncover, and perhaps develop methods to counteract, the del-
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eterious effects of loss of mitochondrial function encountered
in numerous disease states and the aging process (8, 29, 32).
In a series of seminal experiments, Clayton and colleagues
defined two essential components required for transcription
initiation in human mitochondria, an h-mtRNA polymerase
activity and a DNA-binding protein that engages the LSP and
HSP directly upstream of the initiation site to stimulate tran-
scription (10, 11, 13). The ability of this protein, now known as
h-mtTFA, to activate transcription is presumably linked in
some manner to its ability to bend and/or contort the DNA
near the initiation site (12). The sequence and spacing of the h-
mtTFA binding site relative to the transcription initiation site
are also critical (6, 31), suggesting that h-mtTFA must be in
proximity to the incoming mtRNA polymerase during initia-
tion. Cloning of the cDNA encoding h-mtTFA revealed that it
contains a mitochondrial matrix-localization signal at its amino
terminus, two high-mobility group (HMG) box DNA-binding
domains that are separated by a short linker region, and a
C-terminal tail that is relatively rich in basic amino acids (21).
Mutagenesis and domain-swapping experiments subsequently
revealed that, while the HMG boxes are required for nonspe-
cific DNA binding properties, the C-terminal tail is absolutely
required for specific DNA binding and transcriptional activa-
tion (7), indicating that h-mtTFA may make contacts with
other factors involved in initiation through this domain.
Studies of Saccharomyces cerevisiae (15, 16, 27, 33) and Xe-
nopus laevis (1, 2) model systems revealed the requirement for
a mitochondrial transcription factor (mtTFB) that is distinct
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from mtTFA, suggesting the existence of a second mitochon-
drial transcription factor in vertebrates. This prediction was
recently realized with the cloning of a cDNA encoding the first
human homolog of yeast mtTFB (sc-mtTFB/Mtflp), which
also revealed that this transcription factor is related in primary
sequence to a large family of RNA methyltransferases and
binds the requisite S-adenosylmethionine (SAM) cofactor used
by this class of enzymes (19). Recently, we reported that h-
mtTFB1 can indeed methylate tandem adenine residues lo-
cated within a conserved stem-loop in the small rRNA subunit
of ribosomes, demonstrating that it is likely a dual-function
protein, acting as both an rRNA methyltransferase and a tran-
scription factor (24). Consistent with these findings is the
three-dimensional structure of sc-mtTFB, which reveals strik-
ing similarity to the bacterial ErmC’ rRNA methyltransferase
(23). Isolation of a second human homolog of sc-mtTFB, h-
mtTFB2, revealed that it is also related to rRNA methyltrans-
ferases and possesses marked transcriptional activation prop-
erties in vitro (9).

How the RNA methyltransferase structural features and/or
enzymatic activity of h-mtTFB1 impinges on the function of
the protein as a transcription factor is unknown. In particular,
whether SAM binding and/or RNA methyltransferase activity
is associated with the transcriptional activation properties of h-
mtTFB1 has not been addressed. Here we report that h-mt-
TFB1 interacts directly with h-mtTFA and, despite the fact
that this protein is also a SAM-dependent rRNA methyltrans-
ferase (24), can activate transcription independently of SAM
binding and RNA methyltransferase activity. These data sup-
port a new model for transcription initiation in human mito-
chondria in which h-mtTFB proteins act to bridge an interac-
tion between h-mtRNA polymerase and a promoter-bound h-
mtTFA complex.

MATERIALS AND METHODS

Plasmids and site-directed mutagenesis. The plasmid pGST-CGI75 used to
express wild-type and mutant forms of h-mtTFB1 in Escherichia coli is a deriv-
ative of pGEX4T (Promega, Inc.) and has been described previously (19). Site-
directed mutagenesis was accomplished using the following PCR-based protocol.
Pairs of overlapping oligonucleotides that contained the desired nucleotide
changes were added together with pGEMT plasmid (Promega, Inc.) harboring
the h-mtTFB1 open reading frame (ORF) to a PCR that amplified the entire
plasmid sequence (PCR conditions were optimized for each oligonucleotide
pair). After confirmation that PCR was successful, a sample of the PCR mix was
digested to completion with Dpnl to restrict the methylated parental plasmid
DNA containing the wild-type sequence, leaving only the unmethylated ampli-
fied DNA containing the desired point mutations. The Dpnl-digested sample was
then used to transform E. coli, which enabled retrieval of the corresponding
mutated pGEMT plasmid. The mutagenic oligonucleotides used were as follows:
G65A mutation, oligonucleotide 1, 5'-GTTTACGAAGTGGCCCCTGGGCCA
GGGG-3', and oligonucleotide 2, 5'-CCCCTGGCCCAGGGGCCACTTCGTA
AAC-3'; N141A mutation, oligonucleotide 1, 5'-GTACATATTATTGGAGCT
CTGCCTTTTAGTGTTTCAACTCC-3, and oligonucleotide 2, 5'-GGAGTTG
AAACACTAAAAGGCAGAGCTCCAATAATATGTAC-3'; K220A mutation,
oligonucleotide 1, 5'-CAAGCTTTTGTCCCCGCGCCAGAGGTGGACGTG-
3’, and oligonucleotide 2, 5'-CACGTCCACCTCTGGCGCGGGGACAAAAG
CTTG-3'. Site-directed mutations were confirmed by sequencing the isolated
plasmids. Once confirmed, the mutant alleles were subcloned into the plasmid
pGEX-CGI75 on a BamHI-Not] restriction fragment, allowing expression of the
corresponding glutathione S-transferase (GST):h-mtTFB1 fusion proteins in
E. coli.

The h-mtTFB2 ORF was isolated by PCR amplification of a human fetal brain
c¢DNA library with the primers 5'-ATGTGGATCCCAGTGGTCGGGCTTC
C-3" and 5'-CTACCTATCTTCCAGGGTTTCATC-3’ and cloned into the plas-
mid pGEMT to create the plasmid pGEMT-HB2. This plasmid was subsequently
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used as a template for PCR with oligonucleotides 5'-TCCCCCCGGGTCATG
TGGATCCCAGTGGTCGGG-3" and 5'-ACGCGTCGACCTACCTATCTTC
CAGGGTTTC-3’, which introduced a Smal site at the 5’ end and a Sall site
at the 3’ end to facilitate cloning of the h-mtTFB2 ORF into pGEX4T. The
resulting plasmid (pGST-HB2) directs expression of the ORF as a fusion protein
with GST in E. coli. T4 DNA ligase and restriction enzymes were obtained from
either New England Biolabs or Promega.

Purification of recombinant proteins. GST-tagged and untagged (thrombin-
cleaved) h-mtTFB1 and h-mtTFB2 and the h-mtTFBI1 site-directed variants were
each produced in bacteria and purified by glutathione-Sepharose chromatogra-
phy as described previously (19). Full-length and C-terminally truncated recom-
binant h-mtTFA proteins were expressed in E. coli, gel purified, and renatured
as described previously (7).

Antibody production. GST-tagged h-mtTFB1 was produced in bacteria, puri-
fied by glutathione-Sepharose chromatography, and cleaved with thrombin as
previously described (19). The recombinant, untagged protein was resolved by
sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis after which the
gel was stained with 0.25 M KCI and the h-mtTFBI1 protein was excised and
eluted into dilution buffer (0.1% SDS, 50 mM Tris [pH 7.9], 0.1 mM EDTA, 150
mM NaCl, 5 mM dithiothreitol) as described (14). The eluted protein was sent
to Rockland Immunochemicals for the production of rabbit polyclonal antibod-
ies. Antibodies were affinity purified from the provided rabbit crude serum by
protein A-Sepharose (Amersham Pharmacia Biotech, Inc.) chromatography.
The protein A-purified antibody was then affinity purified on an Aminolink
column (Pierce, Inc.) that had recombinant untagged h-mtTFBI1 cross-linked to
it as described by the manufacturer.

Immunodepletion of mitochondrial extracts and mitochondrial transcription
assays. Mitochondrial protein extracts were prepared as described previously
(20) from ~3 X 10° HeLa cells grown in Joklik’s modified minimal essential
medium (Sigma Chemical, Inc.) plus 10% fetal calf serum. Protein A-purified h-
mtTFB1 antibodies or the corresponding preimmune serum was bound to pro-
tein A-Sepharose in mitochondrial lysis buffer (MLB; 25 mM HEPES-KOH [pH
7.6], 5 mM MgCl,, 10% glycerol, 0.125% Tween 20, 0.125 M KCl, 1 mM
dithiothreitol, 0.2 mM phenylmethylsulfonyl fluoride). Unbound antibodies were
removed by sequential washes with MLB after incubation. Mitochondrial ex-
tracts were diluted 1:4 with MLB to a final volume of 200 pl and incubated with
50 pl of antibody-bound beads for 1 h at 4°C with rotation. The beads were
removed by centrifugation at 2,000 X g for 2 min at room temperature. The
singly depleted extract was subjected to a second depletion with a new batch of
beads under conditions identical to those for the first depletion. The resulting h-
mtTFB1 immunodepleted extract was used in the transcription assays and for
Western blot analysis (Fig. 1).

All transcription reactions were performed using a linearized mtDNA tem-
plate containing the human LSP as described previously (19). Each extract was
first tested empirically for dependence on addition of recombinant h-mtTFA
protein to achieve a minimal amount of specific transcription initiation and then
subsequently for stimulation of this level by addition of recombinant wild-type h-
mtTFB1. This procedure was carried out for each extract and preparation of
recombinant h-mtTFA before the effects of the h-mtTFB1 mutants were as-
sessed. In all of the transcription assays, additions of identical amounts (50 or 250
ng) of wild-type and mutant h-mtTFB1 were always used for comparison.

The conditions used for the detection of h-mtRNA polymerase by coimmu-
noprecipitation with h-mtTFB1 were similar to those used above, except that the
soluble HeLa cell mitochondrial extracts were diluted 1:8 in MLB to a final
concentration of 62.5 mM KCI and 0.06% Tween 20. The extract was then
precleared by incubation with rabbit preimmune serum, which was bound to
protein A-Sepharose beads (Amersham Pharmacia) at 4°C for 1 h with rotation.
The extract was then centrifuged at 3,000 X g for 2 min to pellet the beads, and
the supernatant was transferred to new 1.5-ml tubes. A portion of this precleared
soluble mitochondrial protein extract (75 pg of total protein) was incubated with
protein A-Sepharose bound to either rabbit preimmune serum or anti-h-mtTFB1
antibody at 4°C for 2 h with rotation. The preimmune serum and h-mtTFB1
antibody used at this step in the experiment were purified over a protein A-
Sepharose column and then cross-linked to the protein A-Sepharose beads with
dimethyl pimelimidate (Pierce) according to the manufacturer’s instructions.
The beads were then centrifuged at 3,000 X g for 2 min, and the supernatant was
removed. The beads were then washed five times with 1 ml of MLB (with 62.5
mM KCI and 0.0625% Tween 20). Finally, an equal volume of 2X Laemmli gel
loading buffer was added to the beads. The eluted proteins corresponding to the
immunoprecipitate were separated by electrophoresis on an 8% polyacrylamide
gel and subjected to Western analysis with an anti-h-mtRNA polymerase peptide
antibody (25).
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FIG. 1. Coimmunoprecipitation of h-mtTFB1 and h-mtTFA from a
transcriptionally active mitochondrial lysate from HeLa cells. A solu-
ble HeLa cell mitochondrial extract was prepared that efficiently ini-
tiated transcription from a linear DNA template containing the human
LSP (top panel). The lysate (undepleted, lane 1) produced a specific
radiolabeled runoff transcript (labeled LSP) that was visualized by
autoradiography. Transcription activity was also assayed from lysates
that were immunodepleted with affinity-purified h-mtTFB1 antibody
(h-mtTFB1 depleted, lane 3) or a control affinity-purified preimmune
serum (pre-immune depleted, lane 2). Western immunoblot analysis of
the corresponding extracts with an antibody to h-mtTFB1 (middle
panel) or h-mtTFA (bottom panel) is also shown.

Direct protein-protein interaction assays. Recombinant wild-type or mutant
GST::h-mtTFBI1 fusion proteins were isolated from soluble crude E. coli extracts
and bound to glutathione-Sepharose beads as described previously (19). The
protein-bound beads were then incubated with full-length protein or each of the
C-terminal deletion mutants of h-mtTFA in MLB with rocking at 4°C for 2 h.
The samples were then washed five times with 1 ml of MLB. After washing, an
equal volume of gel loading buffer was added to the beads and the eluted
proteins were separated by SDS-polyacrylamide gel electrophoresis and analyzed
by Western blotting with an antibody directed against h-mtTFA. When the h-
mtTFB1 mutants were tested for h-mtTFA binding (see Fig. 5C), the amounts of
each h-mtTFB1 variant bound to the beads were checked by Western blotting to
ensure that similar amounts of protein were analyzed.

Other assays. The solid-phase SAM-binding assay was performed as described
previously (19). Electrophoretic mobility shift assays were performed essentially
as described previously (19), except that a final concentration of 10 nM end-
labeled LSP-containing DNA fragment was incubated with 250 ng of recombi-
nant wild-type or mutant GST::h-mtTFB1. Where indicated 45 nM poly(dI-dC)
(Amersham Pharmacia Biotech, Inc.) was also added to the reaction mixture.

RESULTS

Antibodies to h-mtTFB1 coimmunoprecipitate h-mtTFB1
and h-mtTFA from a transcription-competent soluble mito-
chondrial extract. A rabbit polyclonal antibody was generated
against recombinant h-mtTFB1 and affinity purified (see Ma-
terials and Methods). This preparation was used to immunode-
plete a soluble mitochondrial extract derived from HeLa cells
that was capable of supporting robust transcription from the
human mitochondrial LSP in vitro (Fig. 1, lane 1). Depletion
with affinity-purified preimmune serum did not result in any
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loss of transcription activity compared to an untreated control
extract (Fig. 1, lane 2), while treatment with the h-mtTFB1
antibody resulted in complete inhibition of transcription (Fig.
1, lane 3). Western analysis revealed that h-mtTFB1 was in fact
largely, if not completely, depleted from the extract in this
experiment (Fig. 1, lane 3). These results are entirely consis-
tent with our previously published data showing that h-
mtTFB1 functions in mitochondrial transcription (19). How-
ever, repeated attempts to reconstitute transcription activity by
adding recombinant h-mtTFB1 back to the depleted extract
were unsuccessful (data not shown), suggesting that other re-
quired factors were being coimmunoprecipitated along with h-
mtTFBI in this experiment.

We reported previously that h-mtTFB1 activates transcrip-
tion only in collaboration with h-mtTFA (19), suggesting to us
that loss of transcription in the h-mtTFB1 immunodepletion
experiment described above could be explained by coimmuno-
precipitation of h-mtTFA from the extract. Indeed, Western
analysis revealed that treatment with h-mtTFB1 antibody also
resulted in severe depletion of h-mtTFA from the extract that
was not observed in the preimmune control depletion (Fig. 1,
compare lane 3 to lane 2). Thus, h-mtTFB1 and h-mtTFA
appear to be present in a complex in this transcriptionally
active mitochondrial extract.

h-mtTFB1 and h-mtTFB2 interact with the C-terminal ac-
tivation region of h-mtTFA. Given that h-mtTFB1 is capable of
forming an immunoprecipitable complex containing h-mtTFA,
we next determined whether the two proteins interact directly
in an in vitro protein-binding assay. Recombinant GST::h-
mtTFBI1 fusion protein was produced in E. coli and bound to
glutathione-Sepharose beads (see Materials and Methods).
When gel-purified, renatured recombinant h-mtTFA protein
was incubated with the h-mtTFB1-bound beads, a significant
fraction remained bound to the beads after several stringency
washes (Fig. 2A).

The ability of h-mtTFA to activate transcription in vitro has
been attributed to the presence of a 25-amino-acid C-terminal
tail domain (7). In that study, it was demonstrated that incre-
mental 5-amino-acid deletions in the tail correspondingly de-
crease the ability of h-mtTFA to activate transcription from the
LSP, while complete removal of the tail (deleting the C-termi-
nal 25 amino acids) results in a protein that binds DNA only
nonspecifically and is incapable of activating transcription in
vitro. To test the hypothesis that the C-terminal tail of h-
mtTFA is required for transcriptional activation because it is
an interaction point for h-mtTFB1, we performed direct-bind-
ing assays with h-mtTFA C-terminal deletion mutants de-
scribed by Dairaghi et al. (7). As was the case for full-length h-
mtTFA (1-204), a protein missing the C-terminal 5 amino acids
(1-199) was still capable of interacting with h-mtTFA (Fig.
2A), while those missing the C-terminal 10 amino acids (1-194)
or the entire C-terminal tail (1-179) resulted in severe, if not
complete, loss of the interaction with h-mtTFBL1 in vitro (Fig.
2A). Virtually identical results were obtained with h-mtTFB2
(Fig. 2B). As reported by Dairaghi et al. (7), all of the h-
mtTFA mutant proteins were still capable of binding DNA in
an electrophoretic mobility shift assay (data not shown), indi-
cating that the inability of the 1-194 and 1-179 proteins to bind
h-mtTFBI1 is not a consequence of improper folding or insta-
bility of the renatured protein. In addition, the lack of inter-
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FIG. 2. Direct interaction between h-mtTFB1 or h-mtTFB2 and h-
mtTFA requires the C-terminal activation domain of h-mtTFA. The
results of solid-phase protein-protein interaction assays are shown.
(A) The amount of recombinant gel-purified h-mtTFA that remained
stably associated with a GST::h-mtTFB1 fusion protein that was bound
to glutathione-Sepharose beads was visualized by Western immuno-
blotting with an antibody to h-mtTFA (lanes labeled as “bound h-
mtTFA”). Full-length h-mtTFA (indicated as such) as well as the
following three C-terminal deletion mutants was analyzed: 1-199 (miss-
ing C-terminal 5 amino acids), 1-194 (missing C-terminal 10 amino
acids), and 1-179 (missing entire C-terminal 25-amino-acid tail). Twen-
ty-five percent of the total amount of protein initially incubated with
the beads in each assay is also shown (indicated as “input h-mtTFA”).
(B) The results of a direct protein-binding assay between h-mtTFB2
and h-mtTFA C-terminal deletion mutants are shown in the same
manner as described for panel A above.

action observed with the 1-194 and 1-179 proteins demon-
strates that the observed interaction with the wild-type and
1-199 proteins is not due to nonspecific binding of h-mtTFA to
the beads or the GST peptide in the fusion protein. Altogether,
these binding data mirror the transcriptional activation prop-
erties of the h-mtTFA mutants (see Discussion) and demon-
strate that the C-terminal tail of h-mtTFA is an important
physical and likely functional interaction point for h-mtTFB1
and h-mtTFB2. In addition, these data strongly suggest that h-
mtTFB1 and h-mtTFB2 interact directly with h-mtTFA and
that this interaction is responsible for the coimmunoprecipita-
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tion of these two proteins from mitochondrial extracts with h-
mtTFB1 antibodies (Fig. 1).

Antibodies to h-mtTFB1 also coimmunoprecipitate h-mtRNA
polymerase. Given that h-mtTFB1 and h-mtTFA were coim-
munoprecipitated from our transcriptionally active mitochon-
drial extract (Fig. 1), we attempted to reconstitute transcrip-
tion activity in the depleted extract by adding back both
recombinant h-mtTFB1 and h-mtTFA. However, we were still
unable to reconstitute transcription activity in the extract in
this manner (data not shown). This suggested to us that, in
addition to h-mtTFA, h-mtRNA polymerase may also be co-
immunoprecipitated from the extract with h-mtTFB1 antisera.
Unfortunately, we were unable to confidently detect the h-
mtRNA polymerase polypeptide in the immunoprecipitate
from this experiment (data not shown). Therefore, to address
this possibility, we prepared a new mitochondrial extract that
contained amounts of h-mtRNA polymerase detectable by
Western analysis (Fig. 3, lane 1) and repeated the immuno-
precipitation with h-mtTFB1 antibodies under conditions bet-
ter optimized for detecting h-mtRNA polymerase in the im-
munoprecipitate (see Materials and Methods). Under these
conditions, we were able to demonstrate that h-mtRNA poly-
merase can be coimmunoprecipitated with h-mtTFB1 (Fig. 3,
lane 2). This interaction was specific for h-mtTFB1 in that no
coimmunoprecipitation of h-mtRNA polymerase was observed
with the corresponding control preimmune serum (Fig. 3, lane
3). These data demonstrate that h-mtTFB1 and h-mtRNA
polymerase can exist as a part of a complex in the soluble
mitochondrial extract and also likely explain our inability to
reconstitute transcription activity by adding back recombinant
h-mtTFB1 and h-mtTFA to the original h-mtTFB1 immunode-
pleted extract.
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FIG. 3. Coimmunoprecipitation of human mtRNA polymerase
with h-mtTFB1. A soluble HeLa cell mitochondrial extract was pre-
pared as described in Materials and Methods. This extract was probed
for the presence of h-mtRNA polymerase by Western analysis (lane 1).
The same extract was immunodepleted with a polyclonal h-mtTFB1
antibody (lane 2) or the control preimmune serum (lane 3) and probed
for the presence of the h-mtRNA polymerase polypeptide (~139 kDa)
in the corresponding immunoprecipitates (IP) by Western analysis.
Positions of migration of molecular weight standards (in kilodaltons)
are shown to the right of the figure.
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FIG. 4. Effects of h-mtTFB1 RNA methyltransferase motif point mutations on SAM binding. A schematic diagram of the 346-amino-acid h-
mtTFB1 protein is shown at the top of the figure with its RNA methyltransferase motifs I to VIII (17, 19) indicated by the black boxes. The
positions of the three point mutations characterized in this study (G65A, motif I; N141A, motif IV; and K220A, motif VIII) are indicated by the
arrows. The results of a solid-phase SAM-binding assay that involves the binding of radiolabeled ligand to immobilized GST::h-mtTFB1 proteins
are shown in the bar graph. The ordinate represents the amount of labeled SAM (in counts per minute) bound to beads containing GST peptide
alone (GST), GST::h-mtTFB1 (h-mtTFB1), and each mutated GST::h-mtTFB1 fusion protein (G65A, N141A, and K220A). That similar amounts
of control and h-mtTFB1 proteins were loaded onto the beads was confirmed by Western analysis prior to each assay (data not shown).

Mutational analysis of h-mtTFB1 reveals that transcrip-
tional activation in vitro is independent of SAM and DNA
binding. Our previous analysis of h-mtTFB1 revealed that it is
homologous to a family of rRNA methyltransferases, binds the
requisite SAM cofactor used by this class of enzymes (19), and
methylates a conserved rRNA stem-loop substrate in vivo (24).
Sequence comparisons and structural analysis of methyltrans-
ferases in general have revealed the presence of eight con-
served motifs, designated I to VIII (17, 22) (Fig. 4). In the
rRNA methyltransferases, motifs I to III comprise a major
portion of the SAM-binding site, with specific residues within
these motifs apparently providing direct bonding interactions
with this cofactor (3). Motif IV may have a role in SAM
binding as well, but it also contains conserved residues that are
believed to be important for catalysis for other reasons (17).
Many of these essential residues in motifs I to VIII are con-
served in h-mtTFB1 (19); however, the role of the rRNA
methyltransferase motifs in transcription factor function has
not been determined.

In order to address this issue, we analyzed the effects of
point mutations in three specific rRNA methyltransferase mo-
tifs in h-mtTFB1 on SAM binding, DNA binding, and tran-
scriptional activation functions of h-mtTFB1 in vitro. The first
mutation changes glycine 65 to an alanine (G65A) in motif I,

which we showed previously abolishes TRNA methyltrans-
ferase activity in vivo (24). The second mutation changes the
asparagine residue at position 141 to alanine (N141A) in motif
IV, which is highly conserved in rRNA methyltransferases. In
the crystal structure of the ErmC’ rRNA methyltransferase,
this amino acid appears to form hydrogen bonds with SAM (3,
22). It is also conserved in all of the mtTFB homologs identi-
fied thus far (9, 19, 23). The third mutation changes the lysine
residue at 220 to alanine (K220A) in motif VIII. Based on the
crystal structure of sc-mtTFB, this amino acid is predicted to
be located in a region of the protein that forms a highly
charged groove that has been hypothesized to bind RNA (23).
We have shown that the K220A mutation markedly decreases
the RNA methyltransferase activity of h-mtTFB1 (24).

By the use of a solid-phase SAM-binding assay described
previously (19), the ability of the three mutated h-mtTFB1
proteins to bind the cofactor was assessed. In accordance with
previous results, wild-type GST::h-mtTFB1 fusion protein
bound approximately fivefold-more SAM than did a GST pep-
tide used as a negative control (Fig. 4). Similar results were
obtained with the N141A and K220A mutant proteins (Fig. 4).
In contrast, the G65A mutant in motif I resulted in no detect-
able SAM-binding activity in this assay. The inability of this
mutant to bind SAM provides a logical explanation for the
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FIG. 5. Effects of h-mtTFB1 RNA methyltransferase motif point mutations on DNA binding, h-mtTFA binding, and transcriptional stimulation
from the human LSP. (A) Electrophoretic mobility shift assays. Recombinant wild-type GST::h-mtTFB1 (B1, lanes 1 and 2) and the indicated point
mutants (G65A, lanes 3 and 4; N141A, lanes 5 and 6; and K220A, lanes 7 and 8) were tested for their ability to bind to a radiolabeled linear DNA
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is commonly observed with this probe under these conditions. The physical nature of this species that causes its altered mobility is unknown. (B)
Transcription assays. Wild-type GST::h-mtTFB1 (B1) and the indicated mutated proteins (G65A, N141A, and K220A) were tested in a tran-
scription factor-dependent transcription assay that measures specific initiation from the LSP. The assay results in the production of a specific
radiolabeled transcript from the LSP (arrowhead). A human HeLa cell mitochondrial extract deficient in specific LSP activity was used as a source
of human mtRNA polymerase (assayed in lane 1). The addition of recombinant GST::h-mtTFB1 alone and recombinant h-mtTFA alone to the
extract is indicated in lanes 2 and 3, respectively. The ability of GST::h-mtTFB1 (B1, lanes 4 and 5) and the indicated mutants (lanes 6 to 11) to
stimulate LSP transcription was assessed in the presence of h-mtTFA (indicated by the bracket labeled +h-mtTFA). Two amounts (50 ng, lanes
4,6, 8, and 10, and 250 ng, lanes 5, 7, 9, and 11) of each h-mTFB1 protein were tested. (C) h-mtTFA binding assays. The indicated amount of re-
combinant h-mtTFA (input h-mtTFA) was incubated with equal amounts of GST::mtTFB1 (B1) or the indicated mutated proteins bound to
glutathione-agarose beads. The amount of h-mtTFA bound (bound h-mtTFA) by each was assessed by Western blotting with an antibody to h-mtTFA.

1 2 345 67 89

previously reported loss of RNA methyltransferase activity as a
result of this substitution (24). Lastly, h-mtTFB2 was found to
bind SAM in a similar manner as h-mtTFB1 in this assay (data
not shown).

Using an electrophoretic mobility shift assay, we showed
previously that wild-type h-mtTFB1 binds to an LSP-contain-
ing DNA fragment in an apparently nucleotide sequence-in-
dependent manner (19). Using this same assay, we next deter-
mined the ability of the three mutated h-mtTFB1 proteins to
bind DNA. The results of this analysis were similar to that of
the SAM-binding experiment. That is, when added at equal
concentrations, the N141A and K220A mutants bound DNA in
a similar manner as the wild-type GST::h-mtTFBI1 fusion pro-
tein (Fig. 5SA), while the G65A protein was deficient in DNA
binding (Fig. 5A, lane 3). Notably, the G65A protein was
unable to significantly bind the probe even when substantially

higher protein concentrations were tested (data not shown).
These data indicate that, in addition to eliminating SAM bind-
ing, the G65A mutation in h-mtTFB1 also eliminated its dou-
ble-stranded DNA-binding activity.

Next, we tested the ability of mutant h-mtTFB1 proteins to
activate transcription from the mitochondrial LSP in a tran-
scription factor-dependent transcription assay. In this assay,
recombinant h-mtTFA and h-mtTFB1 were added to a soluble
mitochondrial extract from HeLa cells that served as a source
of human mtRNA polymerase (see Materials and Methods).
As described previously (19), addition of recombinant GST::
h-mtTFB1 protein alone to the extract did not result in stim-
ulation of transcription initiation (Fig. 5B, compare lane 2 with
lane 1), while addition of recombinant h-mtTFA alone resulted
in a minimal, yet significant, amount of specific transcription
initiation (Fig. 5B, compare lane 3 with lane 1). When wild-
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type protein or any one of the mutant GST::h-mtTFB1 fusion
proteins was added in addition to recombinant h-mtTFA, tran-
scription initiation was significantly increased above that seen
with h-mtTFA alone (Fig. 5B, lanes 4 to 11). In addition,
stimulation by all the mutant h-mtTFB1 proteins was dose
dependent, similar to that observed with the wild-type protein
(Fig. 5B, lanes 4 to 11). Finally, consistent with their ability to
activate transcription, all of the mutant h-mtTFB1 proteins
retained the ability to bind h-mtTFA in vitro in a manner
similar to the wild-type protein (Fig. 5C). Altogether, these
data indicate that mutations in three conserved RNA methyl-
transferase motifs do not affect the transcriptional activation
properties of h-mtTFB1, despite the facts that a mutation in
motif I (G65A) resulted in loss of SAM binding and the ability
to interact with DNA and that the G65A and K220A mutations
both resulted in lack of significant RNA methyltransferase
activity (24).

DISCUSSION

The recent identification of two human homologs of yeast
mitochondrial transcription factor B, h-mtTFB1 (19) and h-
mtTFB2 (9), has provided the opportunity to gain a more
complete understanding of the mechanism of transcriptional
regulation in human mitochondria and its influence on human
disease and aging. In our initial characterization of h-mtTFB1
we noted its remarkable primary sequence similarity to a class
of rRNA methyltransferase enzymes and demonstrated that it
binds the requisite SAM cofactor used by this class of enzymes
(19). We went on to show that this protein actually possesses
rRNA methyltransferase activity and is capable of methylating
two adjacent adenine residues in a stem-loop structure that is
conserved in bacterial 16S and human mitochondrial 12S
rRNA molecules (24). Thus, h-mtTFB1 is apparently a dual-
function protein capable of activating transcription and mod-
ifying rRNA. The goal of this study was to determine the extent
to which these two activities are linked: that is, to determine
whether the methyltransferase structural features and/or activ-
ity is required for the transcription factor function of h-
mtTFB1. In addition, our initial characterizations also revealed
a weak and apparently sequence-nonspecific DNA-binding ac-
tivity of h-mtTFB1 (19). The relevance of this activity to the
ability of h-mtTFB1 to activate transcription was also ad-
dressed in this study.

The first main conclusion from this work is that the ability of
h-mtTFBI1 to activate transcription in collaboration with h-
mtTFA is largely, if not completely, independent of its activity
as an TRNA methyltransferase. The data supporting this con-
clusion are as follows. First, point mutations in three sequence
motifs that are conserved between rRNA methyltransferases
and h-mtTFB1 had no effect on the ability of h-mtTFB1 to
activate transcription from the mitochondrial LSP in vitro (Fig.
5B). Two of these, K220A and G65A, were shown previously to
greatly reduce and eliminate RNA methyltransferase activity,
respectively (24). The G65A mutation is in conserved motif I,
which is implicated in binding SAM directly (3, 17), and re-
sulted in the predicted defect in cofactor binding (Fig. 4), thus
providing a logical explanation for why this mutation results in
loss of RNA methyltransferase activity. We conclude from
these data that the ability of h-mtTFB1 to activate transcrip-
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tion does not require RNA methyltransferase activity, SAM
binding, or an intact SAM-binding pocket.

The second main conclusion from this work is that the C-
terminal domain of h-mtTFA is a physical and likely functional
interaction point for h-mtTFB1 and h-mtTFB2. The data sup-
porting this conclusion are as follows. First, immunodepletion
of h-mtTFB1 from a transcription-competent HeLa cell mito-
chondrial extract not only immunoprecipitates h-mtTFB1 but
also coimmunoprecipitates most of the h-mtTFA as well (Fig.
1). The resulting depleted extract is incapable of transcription
initiation from the human LSP (Fig. 1). The coimmunoprecipi-
tation of these two factors was confirmed by our demonstration
that they also interact directly in vitro (Fig. 2). Of particular
significance is the fact that at least one important interaction
point for h-mtTFB1 is the C-terminal tail of h-mtTFA that has
been implicated previously in the transcriptional activation
function of this HMG box, mtDNA-binding protein (7). When
we tested a series of h-mtTFA C-terminal tail deletion muta-
tions for their interaction with h-mtTFBI1 in vitro, the results
were in remarkable correspondence with the ability of these
mutant proteins to activate transcription in vitro reported by
Dairaghi et al. (7). That is, a deletion of 5 amino acids (h-
mtTFA 1-199) was still capable of interacting with h-mtTFB1
(Fig. 2) and maintained wild-type transcriptional activation
function (7). Deletion of 10 (h-mtTFA 1-194) or 25 (h-mtTFA
1-179) C-terminal residues resulted in a severe reduction, if
not complete loss, of interaction with h-mtTFB1 in vitro (Fig.
2) that correlates with the reported loss of transcriptional ac-
tivation function (7). These data strongly suggest that the di-
rect interaction between h-mtTFA and h-mtTFB1 reported
here is an important determinant of the ability of these two
proteins to cooperate during transcription initiation in human
mitochondria.

Finally, we found that the G65A mutation also resulted in
dramatic loss of DNA-binding activity in an electrophoretic
mobility shift assay (Fig. SA), leading us to conclude that the
transcription factor function of h-mtTFB1 is independent of
not only RNA methyltransferase activity but also its double-
stranded DNA-binding ability. This suggests that the forma-
tion of a closed transcription complex at the mitochondrial
LSP can occur without a DNA binding contribution from
h-mtTFB1. However, we do acknowledge that we have not
eliminated the possibility that h-mtTFB1 may contribute to
activation of initiation through binding of single-stranded
DNA during initiation (e.g., during open complex formation).
A potential function involving single-stranded DNA binding is
perhaps more likely for a transcription factor that binds RNA,
a nucleic acid substrate with at least some single-stranded
character. If such an interaction is occurring, it is possible that
the G65A mutation has differentially affected single-stranded
and double-stranded DNA binding of h-mtTFB1, perhaps in-
dicating the existence of two separate nucleic acid binding sites
on the molecule. In the absence of this speculation, however,
the simplest explanation of our results is that transcriptional
activation by h-mtTFB1 is independent of its only documented
DNA-binding activity.

Based on the data presented in this report and the present
state of knowledge, we propose the following model describing
the fundamental interactions required for transcription initia-
tion at a human mitochondrial promoter (Fig. 6). The basic
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FIG. 6. Proposed model of the interactions between human mitochondrial transcription proteins during initiation of transcription at the human
LSP. Human mtTFA (black) is shown bound to the LSP upstream of the site of transcription initiation (bent arrow). It is shown bending the DNA
(parallel lines) at the promoter as part of its ability to activate transcription initiation as proposed by Fisher et al. (12). The C-terminal activation
region of h-mtTFA (-C) is shown binding to h-mtTFB1 (or h-mtTFB2) based on the results of this study. In this model, h-mtTFB1 serves an adapter
function to bridge an interaction between h-mtTFA and h-mtRNA polymerase at the promoter, which is demarcated by a specific h-mtTFA/DNA
complex. The 1:1 complex shown between h-mtTFB1 (or h-mtTFB2) and h-mtRNA polymerase is drawn based on our ability to coimmunopre-
cipitate these proteins (Fig. 3), the report of Falkenberg et al. (9) that these proteins interact in vitro during copurification, and on the reports of
Cliften et al. that sc-mtTFB physically interacts with mtRNA polymerase in S. cerevisiae (4, 5).

premise of this model is that h-mtTFB1 (and by analogy h-
mtTFB2) functions to bridge an interaction between h-mtTFA
and h-mtRNA polymerase at the promoter to facilitate tran-
scription initiation. We propose that the interaction between
h-mtTFB1 and h-mtTFA is mediated in large part by the C-
terminal tail of h-mtTFA based on the data presented herein
and on the documented strict requirement for this domain in
transcriptional activation (7). The proposed direct interaction
between h-mtTFB1 and mtRNA polymerase is supported by
our data showing that antibodies to h-mtTFB1 coimmuno-
precipitate h-mtRNA polmerase (Fig. 3) and on the indirect,
yet compelling, evidence reported by others that a one-to-one
complex can form between h-mtTFB1 or h-mtTFB2 and h-
mtRNA polymerase (9). Such a complex is also consistent with
the fact that the S. cerevisiae homologs of these proteins, sc-
mtTFB (Mtflp) and mtRNA polymerase (Rpo41p), have been
shown to interact (4, 5). A final aspect of this model is based on
our observation that activation of transcription by h-mtTFB1 is
independent of its normal double-stranded DNA-binding ac-
tivity. This suggests that promoter recognition by h-mtRNA
polymerase (i.e., closed complex formation) per se is facilitated
not by h-mtTFB1 DNA-binding activity but rather by the se-
quence-specific DNA binding of h-mtTFA at the promoter
and/or its generation of a specific protein-DNA conformation
that is accomplished at that site through its ability to bend and
wrap DNA (12). According to this model, h-mtTFB1 has an
“adapter” function that facilitates delivery of mtRNA polymer-
ase to the promoter, which is demarcated by a specific config-
uration of the C-terminal domain of h-mtTFA bound at the

promoter. The ability of h-mtTFBI1 to activate transcription
independently of its RNA methyltransferase activity is consis-
tent with the proposed adapter function in that it suggests that
this function involves the regions of the protein that are unique
to this class of transcription factors and absent in the related
RNA methyltransferase proteins (23). While this model di-
rectly implicates h-mtTFA as an important player in the pro-
moter recognition process, our data do not discount the pos-
sibility that h-mtRNA polymerase and/or h-mtTFB1 and h-
mtTFB2 also contribute to promoter specificity in some man-
ner. Additional experiments are needed to determine precisely
how these four factors cooperate to achieve promoter-specific
transcription initiation from the LSP and HSP.

While this report provides important new information re-
garding the mechanism of transcription in human mitochon-
dria, many questions remain unanswered. For example, our
data indicate that, in terms of SAM binding and its interaction
with h-mtTFA (Fig. 2B), h-mtTFB2 behaves in a manner in-
distinguishable from h-mtTFB1 in the assays used. Thus, we
have not provided an explanation for the observation that h-
mtTFB2 activates transcription more efficiently in vitro with a
fully recombinant transcription system (9). Nor have we yet
uncovered why the system has evolved a requirement for two
h-mtTFB homologs. We would argue that both h-mtTFB1 and
h-mtTFB2 are involved directly in transcription and are pres-
ent to provide a yet-to-be-elucidated mechanism for differen-
tial regulation of mitochondrial gene expression. However, it
remains a formal possibility that h-mtTFB1 is primarily an
rRNA methyltransferase in vivo (24) and that h-mtTFB2 is



5824 McCULLOCH AND SHADEL

primarily a transcription factor in vivo, or vice versa. More
detailed studies are needed in the future to decipher the indi-
vidual or dual roles of these two important factors in mito-
chondrial gene expression. Clearly, much remains to be
learned regarding the regulation of human mitochondrial tran-
scription and its impact on human aging and disease.
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