
The EMBO Journal Vol.16 No.11 pp.3198–3206, 1997

The HMG-box mitochondrial transcription factor
xl-mtTFA binds DNA as a tetramer to activate
bidirectional transcription

Xenopusmitochondrial control region has shown that aIgor Antoshechkin, Daniel F.Bogenhagen1

single binding site located between two major bidirectionaland Iris A.Mastrangelo2

promoters is sufficient for activation of divergent transcrip-
Department of Pharmacological Sciences, State University of tion from heavy strand promoter 1 (HSP1) and light strand
New York at Stony Brook, Stony Brook, NY 11794-8651 and promoter 2 (LSP2) (Antoshechkin and Bogenhagen, 1995).2Department of Biology, Brookhaven National Laboratory, Upton,

This rules out the possibility that formation of a largeNY 11973-5000, USA
nucleoprotein array with xl-mtTFA bound at several sites1Corresponding author surrounding the promoters is necessary for transcription
stimulation.The mitochondrial HMG-box transcription factor

The mechanism by which xl-mtTFA activates transcrip-xl-mtTFA activates bidirectional transcription by bind-
tion is not well understood. The amphibian factor ising to a site separating two core promoters inXenopus
closely related to human and yeast mtTFA proteins. Alllaevismitochondrial DNA (mtDNA). Three independ-
three are abundant mitochondrial proteins with two HMGent approaches were used to study the higher order
boxes and similar ability to bind to non-specific DNAstructure of xl-mtTFA binding to this site. First, co-
(Diffley and Stillman, 1992; Fisheret al., 1992;immunoprecipitation of differentially tagged recombin-
Antoshechkin and Bogenhagen, 1995). It is likely that allant mtTFA derivatives established that the protein
three are involved in packaging and maintaining theirexists as a multimer. Second,in vitro chemical cross-
respective mitochondrial genomes, although a geneticlinking experiments provided evidence of cross-linked
demonstration that mtTFA is required for mtDNA mainten-dimers, trimers and tetramers of xl-mtTFA. Finally,
ance has only been possible inSaccharomyces cerevisiaehigh resolution scanning transmission electron micro-
(Diffley and Stillman, 1991). The yeast mtTFA lacks ascopy (STEM) established that xl-mtTFA binds to the
C-terminal tail found in vertebrate mtTFA proteins andspecific promoter-proximal site predominantly as a
does not efficiently stimulate transcription (Xu andtetramer. Computer analysis of several previously
Clayton, 1992). This C-terminal tail is required for thecharacterized binding sites for xl-mtTFA revealed a fine
transcription stimulation activity of human (Dairaghiet al.,structure consisting of two half-sites in a symmetrical
1995) andXenopusmtTFA (I.Antoshechkin, unpublishedorientation. The predominant sequence of this dyad
observation). Dairaghiet al. (1995) used recombinantsymmetry motif shows homology to binding sites of
DNA methodology to transfer the C-terminal tail of humansequence-specific HMG-box-containing proteins such
mtTFA to yeast mtTFA, producing a chimeric protein withas Sry and Lef-1. We suggest that bidirectional activ-
the ability to stimulate transcription. These experimentsation of transcription results from the fact that binding
suggest that the C-terminal tail of mtTFA interacts withof a tetramer of xl-mtTFA permits symmetrical inter-
the basal transcription machinery to activate transcription.actions with other components of the transcription

Bidirectional transcription activation by xl-mtTFA ismachinery at the adjacent core promoters.
consistent with the observation that the human homolog,Keywords: HMG box/mitochondria/mtTFA/STEM/
h-mtTFA, can activate transcription when the orientationtranscription
of its binding site is reversed (Fisheret al., 1987). We
envisage two alternative models to explain how xl-mtTFA
may be able to activate transcription in a bidirectional

Introduction manner. One possibility is that a single xl-mtTFA molecule
may be able to bind the promoter activation site inTranscription of Xenopus laevismitochondrial DNA
two orientations to interact with the basal transcriptionrequires two factors for efficient promoter utilization
apparatus at either one or the other promoter. Alternatively,in vitro in addition to mitochondrial RNA polymerase
mtTFA may bind as a symmetrical multimer to DNA to(Antoshechkin and Bogenhagen, 1995). One of them, xl-
interact with the basal transcription machinery on bothmtTFB, is necessary for basal transcription. It acts as a
sides. Previous physical studies of mtTFA reported aspecificity factor, which allows RNA polymerase to locate
sedimentation coefficient of 2S for bothXenopusandand initiate transcription from a minimal octanucleotide
human mtTFAs, suggesting that both proteins were mono-promoter encompassing the transcriptional start site
mers (Mignotte and Barat, 1986; Fisher and Clayton,(Bogenhagen and Insdorf, 1988; Bogenhagen and
1988). However, we found that xl-mtTFA had anomalousRomanelli, 1988; Bogenhagen, 1996). The second protein,
sedimentation behavior and found it necessary to employan HMG box-containing transcription factor xl-mtTFA, is
other methods to study its quaternary structure. In thisresponsible for activated transcription. Xl-mtTFA interacts
paper, we use high resolution scanning transmissionwith multiple DNA sequences surroundingXenopusmito-
electron microscopy (STEM) and complementary bio-chondrial promoters and causes up to a 10-fold stimulation

of promoter utilizationin vitro. Deletion analysis of the chemical analyses to elucidate the structure of xl-mtTFA
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bound to mitochondrial DNA. Our results demonstrate
that xl-mtTFA binds to the promoter activation site prefer-
entially as a tetramer. We have also identified a bipartite
motif with partial homology to binding sites of such
sequence-specific HMG-box proteins as Sry and Lef-1
that may be a preferred recognition sequence for the xl-
mtTFA tetramer.

Results

Co-immunoprecipitation of epitope-tagged
xl-mtTFA
To test whether xl-mtTFA forms a dimer or a higher order
structure, we co-expressed two mtTFA derivatives with
different peptide tags to determine whether both derivat-
ives would co-precipitate with an antiserum directed
against one of the two epitopes. Xl-mtTFA was cloned
into two expression vectors which allow production of
the protein in soluble form fused at the N-terminus to
either T7-Tag or S-Tag peptides (Figure 1A). T7-Tag is an
11 amino acid peptide representing the natural N-terminal
end of the T7 major capsid protein. A mouse monoclonal
antibody directed against this peptide is commercially
available. S-Tag is a 15 amino acid peptide derived from
pancreatic ribonuclease A. It is able to associate with a
104 amino acid S-protein to form an enzymatically active
complex. This interaction makes it possible to detect
recombinant proteins carrying the S-Tag using the
S-protein (Kim and Raines, 1993).

The two expression vectors carrying different selectable
markers for ampicillin and kanamycin resistance were co-
transfected intoEscherichia coliBL21 cells and bacterial
colonies harboring both plasmids were selected. Cells
carrying both constructs were treated with IPTG to induce
protein expression and lysed. Protein complexes were
precipitated with the antibody directed against the T7-
Tag, as described in Materials and methods. Proteins were
fractionated by SDS–PAGE, transferred onto a membrane,
and S-Tag fusion proteins were visualized with alkaline

Fig. 1. Co-immunoprecipitation of differentially tagged xl-mtTFAphosphatase-conjugated S-protein. As shown in Figure
proteins. (A) Scheme of the experiment (details in text). (B) Western1B, S-tagged xl-mtTFA was detected in the precipitate
blot analysis of the protein precipitated with anti-T7-Tag antibody. The(lane 1). No S-tagged protein was precipitated in control blot was probed for xl-mtTFA labeled with the S tag using alkaline

experiments when the T7 antibody was omitted (lane 2) phosphatase-conjugated S protein. Reactive species were detected with
colorimetric reagents, as described in Materials and methods.or when the cells expressed only the S-Tag construct (lane

3). This shows that precipitation is dependent on the
presence of both the anti-T7-Tag antibody and the epitope
tag. These results argue that xl-mtTFA associates into mtTFA sedimented with a coefficient of ~2S, expected

for a globular protein with a molecular weight of ~30 kDa.multimers under physiological conditions. However, they
do not address the question of the number of subunits in To explore the possibility that a multimeric form of

xl-mtTFA might dissociate to smaller subunits duringthe native molecule.
To study the quaternary structure of xl-mtTFA, we first sedimentation, we also subjected cross-linked xl-mtTFA

to sedimentation analysis. Cross-linking did not affect theused gel filtration and glycerol gradient centrifugation. Gel
filtration analysis performed at various salt concentrations, sedimentation properties of xl-mtTFA but did show that

complexes as large as tetramers sedimented at 2S. Thisusing both Superdex 75 and Superose 6 matrices
(Pharmacia), showed that xl-mtTFA interacted strongly suggested that the apparent slow sedimentation is caused

by the irregularity of the protein shape (data not shown).with the column resins, preventing unambiguous deter-
mination of the Stokes’ radius. Glycerol gradient sedi- We concluded that the anomalous behavior of xl-mtTFA

does not permit a rigorous determination of the quaternarymentation was also used, since this is a conventional
method that has been used to suggest that HMG1 proteins structure of xl-mtTFA using these techniques.
can associate as tetramers under some conditions
(Alexandrova and Beltchev, 1987). We performed sedi- In vitro cross-linking of xl-mtTFA

Chemical cross-linking is a widely used technique formentation experiments with xl-mtTFA at salt concentra-
tions ranging from 50 to 500 mM NaCl. In all cases, xl- protein structural studies. One of the most common
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experiments we never observed complete cross-linking of
protein to a single multimeric species (e.g. to a tetramer).
It is frequently difficult to drive chemical cross-linking
reactions to completion, since accessible amino groups on
the protein may form mono-adducts with cross-linker
molecules that are unable to react with a second amino
group in the protein. We have observed a similar pattern
of partially cross-linked forms of mitochondrial SSB,
which is known to be a stable tetramer (Mikhailov and
Bogenhagen, 1996; other unpublished data). However, the
apparent incomplete cross-linking may also reflect an
equilibrium distribution of xl-mtTFA in tetramers and
smaller oligomeric species. In summary, these cross-
linking experiments do not provide a clear model for the
quaternary structure of xl-mtTFA but do show that the
protein exists in complexes as large as tetramers in the
absence of DNA.

EM and STEM show xl-mtTFA forms a specific
complex at the promoter activation site
STEM allows direct visualization and molecular mass
measurement of free proteins and protein–DNA complexes

Fig. 2. In vitro cross-linking reveals xl-mtTFA multimers. Purified (Mastrangeloet al., 1989; Stengeret al., 1994; Blackwell
xl-mtTFA (mol. wt 28.1 kDa) was treated with either DSP (lane 2) or et al., 1996). Unlike conventional transmission EM (TEM),
glutaraldehyde (lane 3), run on an SDS protein gel, and analyzed by

which relies on heavy metal shadowing to provide contrast,Western blotting, as described in Materials and methods. Untreated
STEM employs highly efficient detectors operating inxl-mtTFA is shown in lane 1. Positions of molecular weight markers

(kDa) are indicated on the right. Bands produced by cross-linked dark field mode to provide high resolution images of bare
species are not as distinct as the band of untreated xl-mtTFA due to molecules scanned at 2.5 Å intervals (Wall, 1979). This
heterogeneous intra- and intermolecular cross-linking. method provides a direct measurement of the mass of

macromolecules. We employed STEM to study xl-mtTFA
binding to a site referred to as the promoter activationcross-linking reagents is dithiobis(succinimidylpropionate)

(DSP), also known as Lomant’s reagent (Parket al., site, which is located between the two major mitochondrial
promoters HSP1 and LSP2 in the control region of1986; Tarverset al., 1982). DSP is a homobifunctional

N-hydroxysuccinimidyl ester which reacts with primary XenopusmtDNA. Binding of xl-mtTFA to this site was
identified previously by DNase I footprinting and shownamines commonly found in proteins at physiological pH.

It has a relatively short spacer arm that positions the two to stimulate transcription from HSP1 and LSP2 promoters
in vitro (Antoshechkin and Bogenhagen, 1995).reactive groups 12 Å apart and minimizes non-specific

cross-linking of proteins. We used this reagent to study To devise conditions under which the specific binding
of xl-mtTFA to the promoter activation site was preservedthe multimeric structure of xl-mtTFAin vitro.

Purified recombinant xl-mtTFA was treated with DSP, during EM, we carried out preliminary experiments using
TEM. A pUC9 plasmid carrying the XLMT 895/988run on an SDS–polyacrylamide gel, and detected by

Western blotting, as described in Materials and methods. construct, which contains both mitochondrial promoter
regions separated by the single xl-mtTFA binding site,The gel analysis of DSP-treated xl-mtTFA revealed a

ladder of cross-linked species with apparent gel mobilities was cut withAflIII and NdeI to produce a 682-bp DNA
fragment (Figure 3A). In preliminary experiments, weconsistent with dimers, trimers and tetramers (lane 2 of

Figure 2). The putative multimers as well as monomeric found that glutaraldehyde cross-linking was required to
keep xl-mtTFA complexed with DNA. The reaction condi-mtTFA migrated as diffuse bands presumably due to

intramolecular cross-linking and formation of mono- tions were otherwise similar to those used in DNase I
footprinting experiments. After 10 min incubation, reactionadducts by DSP. Longer incubation times or higher concen-

trations of DSP did not significantly increase the efficiency mixtures were treated with 0.1% glutaraldehyde for 2 min
and aliquots were deposited on EM grids. Position histo-of the reaction. As shown in lane 3 of Figure 2, the cross-

linking pattern is not specific for DSP, since treatment with grams of xl-mtTFA bound to the 682-bp DNA fragment
obtained by TEM and STEM are shown in Figure 3B andglutaraldehyde, another bifunctional cross-linker, yields a

similar oligomeric ladder. Comparable results (data not C respectively. The histograms demonstrate that, under
the experimental conditions used in both TEM and STEMshown) were obtained with other cross-linkers such as

disuccinimidyl suberate (DSS) andN-succinimidyl-6(49- experiments, xl-mtTFA binds predominantly at the specific
promoter activation site.azido-29-nitrophenyl-amino)hexanoate (SANPAH). DSP

treatment at salt concentrations as high as 1 M KCl
did not change the relative abundance of cross-linked STEM identifies xl-mtTFA tetramers at the

promoter activation siteoligomers. The proportion of cross- linked tetramers was
not increased when cross-linking was performed in the STEM mass histograms of free and DNA-bound xl-mtTFA

are shown in Figure 4A and B respectively. Free xl-presence of a DNA fragment containing a binding site for
xl-mtTFA (data not shown). In all of our cross-linking mtTFA is distributed in prominent peaks corresponding
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Fig. 4. Tetramers preferentially bind at the promoter activation site.
Histograms show STEM mass measurements of (A) free protein
deposited on EM grids and (B) xl-mtTFA bound to the promoter
activation site. Mean masses and standard deviations of Gaussian
curves fitted to peaks and the number of molecules are indicated. The
inset in (A) plots mean mass versus the oligomer number and defines
a mass ladder (Mastrangeloet al., 1989). The slope of the regression
line, 28.56 1.1 kDa, is the monomer unit mass.

to monomers, dimers and tetramers, with minor peaks
representing trimers, hexamers and octamers. In the insetFig. 3. EM analyses show binding specificity of xl-mtTFA.
of Figure 4A, the slope of the mass ladder is 28.56(A) Diagram (not drawn to scale) of the 682-bp L895/R988 DNA

fragment, used in EM experiments, which contains two mitochondrial 1.1 kDa, the monomer unit mass. This value coincides
promoter regions separated by the promoter activation site that binds closely with the 28.1 kDa mass of xl-mtTFA predicted
xl-mtTFA. Shaded regions outside the deletion end points depict from the amino acid sequence. The mass ladder, there-
vector DNA sequences. The dark oval represents mtTFA bound to the

fore, confirms the identification of xl-mtTFA oligomerspromoter activation site. (B) and (C) Histograms of the distributions of
by STEM. The higher frequency of dimers, tetramersxl-mtTFA binding positions along the DNA fragment obtained in TEM

and STEM experiments respectively. Binding positions were and octamers, compared with monomers, trimers and
determined by measuring distances from the end of the short DNA hexamers, suggests that xl-mtTFA dimers assemble
arm to the center of the protein. Complexes in which DNA ends could into tetramers, and that tetramers can interact to formnot be unambiguously identified, as well as ones formed at

octamers.intersections of DNA molecules and DNA ends, were not included in
this analysis. Mean binding positions, standard deviations and numbers STEM analysis of mtTFA bound at the promoter activ-
of complexes included in the calculations are indicated. ation site is shown in Figure 4B. Protein mass was derived
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Fig. 5. Representative STEM images of xl-mtTFA tetramers bound to DNA. Differences in the mass density are visualized by color changes
representing mass increases of 500 D/1.00 nm2. As depicted, binding of xl-mtTFA tetramers to the promoter activation site in linear DNA induced a
sharp bend in the DNA duplex in most (A, B andC), but not all (D) complexes. Arrows mark proximal ends of DNA fragments. The white bar in
(A) represents 10 nm.

from the total complex mass by subtracting the DNA mass, This bending is consistent with the known DNA-binding
properties of human and yeast mtTFA (Diffley andassuming a direct DNA pathway through the complex. The

mass of protein complexes was not changed significantly Stillman, 1992; Fisheret al., 1992), as well as with the
general model of interaction between HMG-box proteinsby tracing a curved path for the DNA through the complex.

Furthermore, the length of DNA covered by mtTFA and DNA (Haqqet al., 1994; Love et al., 1995). Xl-
mtTFA molecules bound to DNA ends in 10 out of 138tetramers averaged 416 8 bp, in good agreement with

the 35 bp DNase I footprint of mtTFA bound to this complexes. Binding to intersections of two DNA molecules
outside the promoter activation site was seen in five cases.site. The distribution presents a striking contrast to that

observed for free xl-mtTFA in that it is dominated by a These observations are in agreement with findings that
HMG-box proteins bind to irregular structures such as123 kDa peak, which corresponds to an xl-mtTFA tetramer.

Three other peaks can be discerned with mean masses of four-way junctions, kinked DNA and broken DNA with
high affinity regardless of sequence (Grosschedlet al.,60, 85 and 217 kDa. These data indicate that xl-mtTFA

binds to the promoter activation site primarily as a tetramer. 1994; Baxevanis and Landsman, 1995; Churchillet al.,
1995; Peterset al., 1995; Teoet al., 1995). This bindingSTEM micrographs show in the majority of cases that

binding of xl-mtTFA at the promoter activation site represented a minor fraction of all complexes and was not
included in the histogram in Figure 3C.produces a sharp bend of the DNA duplex (Figure 5).
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Discussion

We used three different approaches to resolve the quatern-
ary structure of xl-mtTFA. First, immunoprecipitation
experiments with two differentially tagged xl-mtTFA vari-
ants showed that the protein molecules interacted with
each other in solution under physiological conditions.
Second, chemical cross-linking with various reagents iden-
tified multimeric forms of xl-mtTFA, with a significant
fraction of cross-linked species having a gel mobility
expected for a tetramer. Third, STEM mass measurements
demonstrated that the protein binds to the promoter activ-
ation site predominantly as a tetramer. We propose that
binding of the xl-mtTFA tetramer to the promoter activ-
ation site presents identical surfaces for interactions with
the basal mitochondrial transcription machinery on both
sides. Bidirectional transcription activation would be pro-
vided equally well by either a stable xl-mtTFA tetramer
or a combination of two dimers. It is likely that bending

Fig. 6. Protein–DNA complexes fixed with glutaraldehyde retain of DNA induced by binding of xl-mtTFA tetramers may
native structure. (A) A 32P-labeled duplex oligonucleotide containing also contribute to promoter activation.
the xl-mtTFA promoter activation site was incubated with xl-mtTFA.
The sample in lane 2 was treated with 0.1% glutaraldehyde, while the
sample in lane 1 was not. Both were run on a native polyacrylamide Structure of mtDNA nucleoprotein complexes
gel, as described in Materials and methods. Positions of free and

The unexpected finding that native mtTFA binds DNA ascomplexed DNA are indicated on the left. (B) Western blot analysis of
a tetramer has important implications for the structure ofprotein–DNA complexes excised from the gel shown in (A) after

electrophoresis on an SDS–polyacrylamide gel. Positions of molecular mtDNA nucleoprotein complexes. We reported previously
weight markers (kDa) are indicated on the right. that X.laevisovary mitochondria contain ~200 molecules

of xl-mtTFA per molecule of mtDNA. This corresponds
to ~90 bp of DNA per mtTFA monomer. If mtTFA bound
as a monomer with ~35 bp for each binding site, more

The native structure of the protein–DNA complex than one-third of mtDNA would be covered by mtTFA.
is preserved in fixed complexes The observation that mtTFA actually binds as a tetramer
Treatment of protein–DNA complexes with glutaraldehyde permits a more accurate calculation of the fraction of
is frequently necessary to preserve them during harshmtDNA covered by mtTFA. With the tetramer model, 200
preparation procedures for EM (Mastrangeloet al., 1989, molecules of mtTFA would bind as ~50 complexes, each
1991, 1993; Stengeret al., 1994). However, it is conceiv- occupying ~35 bp. This arrangement leaves a much larger
able that fixed complexes differ from the native ones. To fraction of mtDNA free of mtTFA. It is interesting to note
address this possibility, we compared structures of xl- that this number of mtTFA complexes agrees well with the
mtTFA–DNA complexes in the presence and absence of results of EM studies of mtDNA nucleoprotein complexes
glutaraldehyde using a gel mobility shift assay. isolated fromXenopusoocytes, in which an average of

A 32P-labeled 42-bp duplex oligonucleotide containing 48 globular particles interconnected by bare DNA were
the promoter activation site was incubated with xl-mtTFA found per mtDNA molecule (Pinonet al., 1978). It remains
in two identical reactions. Glutaraldehyde was added to to be established whether these complexes represent
one reaction at a final concentration of 0.1%. Both binding mtTFA tetramers. It is possible that vertebrate mitochon-
reactions were subjected to electrophoresis on a nativedria contain other DNA binding proteins similar in abund-
polyacrylamide gel. Free DNA and DNA–protein com- ance to mtTFA, as has been reported for yeast mitochondria
plexes were detected by autoradiography (Figure 6A). The (Newmanet al., 1996).
electrophoretic mobility of protein–DNA complexes was Binding of mtTFA may be important for specific struc-
not altered by glutaraldehyde treatment. This strongly turing of regulatory regions of mtDNA. A 500 bp segment
argues that the structure of the complexes is not perturbedof the D-loop region, containing major promoters for
by the fixation procedure. The bands that correspond to transcription of both light and heavy mtDNA strands, as
the protein–DNA complexes were excised, and their well as the heavy strand origin of replication and conserved
protein content was analyzed by SDS gel electrophoresissequence blocks 2 and 3, has at least six binding sites for
followed by Western blotting, as described in Materials xl-mtTFA (Antoshechkin and Bogenhagen, 1995). Two of
and methods. The complexes formed in the presencethese documented binding sites provide DNase I footprints
of glutaraldehyde contain cross-linked xl-mtTFA species twice as large as the ~35 bp footprint of a single xl-
consistent with dimers and tetramers of xl-mtTFA (Figure mtTFA tetramer and presumably result from binding of
6B). Given the preponderance of tetramers observed bytwo tetramers. The clustering of as many as eight xl-
STEM at the same binding site, we conclude that xl- mtTFA binding sites in the control region suggests that
mtTFA binds to this site as a tetramer which is incompletely xl-mtTFA may regulate other processes involved in expres-
cross-linked by glutaraldehyde. However, we cannot rule sion and replication of the mitochondrial genome. This is
out the possibility that the tetramer has a substructure consistent with the observation that deletion of the mtTFA

gene inS.cerevisiaecauses loss of mtDNA, even thoughconsisting of two dimers of xl-mtTFA.
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motif. The half-sites are separated by approximately three
to seven base pairs and are inverted with respect to one
another, thus forming a binding site with dyad symmetry.
Both motifs are not always present and their combination
may differ in any particular binding site, consistent with
the hypothesis that each of these elements is recognized
separately by an individual HMG box, or pair of boxes,
and that not all HMG boxes make specific DNA contacts.

The degenerate A:T or T:A base pairs included as W
residues in the motif sequences present similar interacting
surfaces in the minor groove of the DNA helix. Methyl-
ation interference analysis of the promoter activation
site shows that minor groove modification of practically
all adenines affects xl-mtTFA binding affinity
(I.Antoshechkin, data not shown), as expected since HMG-
box proteins are known to interact with the minor groove
(van de Wetering and Clevers, 1992; Werneret al., 1995).
Further experiments will be required to determine the
contribution of individual base pairs and the spatial
relationship of motif sequences to the relative strength of
interaction of xl-mtTFA with DNA. It is unlikely that all
eight HMG boxes present in a tetramer of xl-mtTFA will
make similar contacts to the DNA. In this respect, xl-
mtTFA may resemble the RNA polymerase I transcription
factor UBF, in which some HMG boxes do not appear to
contact DNA (Jantzenet al., 1992).

It is interesting to note that one of the proposedFig. 7. Analysis of xl-mtTFA binding site sequences. (A) Diagram of
the control region ofXenopusmtDNA. Bidirectional promoters 1 and recognition sequence elements, WTGTW, is almost
2, conserved sequence blocks 2 and 3, and the origin of heavy strand identical to the recognition sequences of human Sry,
replication are indicated. Binding sites for xl-mtTFA are represented LEF-1 and TCF-1 (van de Wetering and Clevers, 1992;by shaded numbered ovals. (B) The dyad orientation of the half-sites

Harley et al., 1994; Loveet al., 1995). The presence of ais illustrated for site #6, the promoter activation site. (C) Alignment of
half-sites of xl-mtTFA. Seven of eight mapped binding sites were TTG motif has been demonstrated in binding sites of
considered in the analysis. Site #8 and half-site #21 represent poor Rox1, Ste11, Sox-5 and some other proteins of this family
matches possibly due to co-operative interactions with adjacent sites (Landsman and Bustin, 1993; Grosschedlet al., 1994).and are excluded from the alignment. Numbers of the half-sites are

Studies ofDrosophila HMG-D protein argue that easilyshown on the left with the first digit corresponding to the binding site
number as defined in (A) followed by the half-site number. Identical deformable or stably bent sequences such as a TG dinucleo-
residues are printed in white on a black background, similar ones are tide embedded in A/T-rich regions constitute a common
highlighted with gray. The consensus sequence for the half-site is core element of sequence-specific HMG-box proteins
indicated. W stands for A or T degenerate positions. Numbers on the

(Churchillet al., 1995). These data argue that at least somebottom show how many residues out of 13 match the consensus
proteins with multiple HMG-box domains are capable ofsequence.
sequence-specific binding, and that the mechanism of
sequence recognition is similar to that of the single HMG-

sc-mtTFA does not appear to function as a transcription box-containing proteins. For some proteins, the combined
factor (Diffley and Stillman, 1991). interaction energy of several HMG boxes with non-specific

DNA may be sufficient to permit stable binding. For
Dyad symmetry in xl-mtTFA binding sites others, a single HMG box may provide a strong enough
Previous analysis of the binding specificity of xl-mtTFA interaction with specific DNA to permit sequence-
did not identify a clear consensus sequence for protein specific binding.
recognition. Our observation of the tetrameric nature of
xl-mtTFA led us to re-examine the structure of its binding
sites for the presence of symmetrical sequence motifs.

Materials and methodsThe tetrameric nature of xl-mtTFA suggests that a binding
site might be composed of short repetitive sequencesPlasmids and constructs

The DNA fragment used in EM studies was derived from a plasmidwhich are recognized by individual HMG boxes, or pairs
generated during deletion analysis of the promoter region ofXenopusof boxes, arranged in a symmetrical fashion. Since binding
mtDNA, designated pXLMT∆L895∆R988 (Antoshechkin andof mtTFA results in bidirectional activation of transcrip- Bogenhagen, 1995). The plasmid was cut withAflIII and NdeI and the

tion, it is reasonable to expect dyad symmetry within 682-bp fragment containing the mtDNA sequences flanked by vector
the binding site. Therefore, we divided each previously sequences was fractionated by PAGE and recovered by electroelution

on an IBI model UEA electrophoresis apparatus. Two complementaryidentified binding site in the control region of mtDNA
42mer oligonucleotides that contain the promoter activation site sequenceinto two half-sites and attempted to align the opposite
(the xl-MTPR fragment) were synthesized using a Beckman automaticstrands. The analysis in Figure 7 shows that each half- DNA synthesizer, gel purified, and annealed for use in cross-linking

site consists of a WAWTAG (W5 A or T) motif separated experiments. The sequence of the top strand oligonucleotide is 59-
GATCAAAACTATATTAGTCTTTCCACTAGCACAACACTATTT-39.by two to three bases (at most, five bases) from a WTGTW
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