Vol. 268. No. 11,Issue of April 15, pp. 8123-8130,1993
Printed in U.S.A.

THEJOURNAL
OF BIOLOGICAL
CHEMISTRY

B 1993by The American Society for Biochemistry and Molecular Biology. Inc.

Molecular Characterization of the Transcription Termination Factor
from Human Mitochondria*
(Received for publication, September 10, 1992)

Andrea Daga, Vicente MicolS, Daniel HessQ, Ruedi AebersoldQT,and Giuseppe Attardi
From the Division of Biology, California Institute of Technology, Pasadena, California 91125

A central control mechanism of gene expression operating
in mammalian mitochondria is that which determines that
the rRNA gene and adjacent tRNA genes are transcribed at
a 15-50-times higher rate than the
downstream protein coding
and tRNA genes (Gelfand and Attardi, 1981). A kinetic and
mapping analysis of in vivo synthesized H-strand transcripts
(CantatoreandAttardi, 1980; Montoya et al., 1982,1983;
Yoza and Bogenhagen, 1984) and studies on the sensitivity to
intercalating drugs, low temperature(Gaines and Attardi,
1984a), and Ca2+and Mg2+ ions (Gaines and Attardi, 198413)
and on the ATP requirements of RNA synthesis in isolated
organelles (Gaines et al., 1987) have indicated that themechanism mentioned above involves the activity of two independently controlled overlapping transcription units starting at
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two closelylocated initiation sites inthe D-loop region (Montoya et al., 1983). Of these transcription units,the more active
one, starting at the upstream initiation site (HR in Fig. l ) ,
covers the rRNA region and is responsible for the synthesis
of the bulk of the rRNA species, whereas the other one extends
over the whole H-strand.
Besides being regulated at thelevel of transcription initiation, differential expression of the rRNA genes and adjacent
tRNA genes relative to therest of the genes transcribed from
the H-strand is regulated at the level of termination of transcription at the 3'-end of the 16 S rRNA gene. A crucial role
in this termination is played by the recently discovered transcription termination factor (mTERF'), a DNA-binding protein(s)that
protectsa
%-base pair region within the
tRNAL"(UUR)
gene at a position immediately adjacent and
downstream of the 16 S rRNA gene (Fig. 1) (Kruse et al.,
1989). A tridecamer sequence entirely contained within the
region protected by mTERFhas been shown by deletion
mutagenesis experiments to be essential for in vitro termination of transcription at the 16 S rRNA/tRNAL"'UUR)gene
boundary (Christianson and Clayton, 1988). Furthermore, an
A to G transition in the middle of the mTERF-protected
region, which has been associated with the MELAS encephalomyopathy in man (Goto et al., 1990; Kobayashi et al.,
1990; Tanaka et al., 1991) drastically reduces the binding
affinity of mTERF for its target sequence (Hess et al., 1991;
Chomyn et al., 1992). In an in vitro transcription system
utilizing a mitochondrial lysate (Shuey and Attardi, 1985),
mTERF has been found to promote termination at the 16 S
rRNA/tRNAL"'UUR'gene boundary of theH-strandtranscripts, starting at the rRNA-specific initiation site (Fig. 1).
In the present work, the nature of the polypeptides associated with the specific footprinting activity and termination
promoting activity of mTERF has been investigated by correlating protein pattern with functional properties of DNA
affinity chromatography fractions, by direct DNA binding
assays, and by structural analysis of isolated polypeptides. It
has been found that the footprinting capacity is specifically
associated with three sequence-related polypeptides, i.e. two
polypeptides of -34 kDa anda polypeptide of -31 kDa,
possibly derived from degradation of the 34-kDa polypeptide(s1, whereas the termination promoting activity appears
to reside only in the 34-kDa component(s).
MATERIALS AND METHODS

Plasmids and Oligonucleotides-The pTER plasmid used as a template for transcriptionterminationhas
been previously described
(Kruse et al., 1989). The clone BSAND, utilized to synthesize the

The abbreviations used are: mTERF, mitochondrial transcription
termination factor; MELAS, mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-like episodes; PAGE, polyacrylamide
gel electrophoresis; HPLC, high performance liquid chromatography;
MES, 2(N-morpholino)ethanesulfonic acid.
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The transcription termination factor (mTERF),
which plays a central role in the control of mitochondrial rRNA and mRNA synthesis in mammalian mitochondria, has been previously identified and purified
by DNA affinity chromatography from a human mitochondrial lysate (Kruse, B., Narasimhan, N., and Attardi, G. (1989) Cell 68, 391-397). In the present
work, this factor has been characterized as to its protein composition and the activities of the protein components. Three polypeptides, two of -34-kDa molecular mass and one of -31 kDa, were shownto be associated with the specific DNA binding and footprinting
activity of the factor, with the 31-kDa component having a much lower affinity forthe recognition sequence
than the 34-kDa components. On the other hand, the
transcription termination activity, as assayed in an in
vitro system, was found to be associated exclusively
with the two 34-kDapolypeptides. Mass spectroscopic
analysis of tryptic peptides derived from highly purified polypeptides indicated that all three polypeptides
share regions with common sequences. The evidence
obtained suggests that differential phosphorylation is
not responsible for the difference in electrophoretic
mobility of the three polypeptides.
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FIG. 1. Template and probes used
in the transcription termination assays and footprinting analysis. The
figure shows the map of the transcription
termination clone pTER and the map
positions of the in vitro transcripts and
MaeI-Mae1 probe used in the S1 protection assays and of the NcoI-StuI probe
used in the footprinting assays. Only the
upstreaminitiationsite
for H-strand
transcription (HR) is shown in the
pTER map.

aforementioned reference, using 15 fmol of the StuI (position 3148)NCOI(position 3332) mtDNA fragment, 5”end-labeled in theHpolynucleotide kinase.
strand at theNcoI site with [y-32P]ATP and
SDS-Polyacrylamide Gel Electrophoresis (PAGE)-Equal portions
of the various protein fractions were precipitated with 20% trichloroacetic acid in the presence of 0.08% sodium deoxycholate (Mahuran
et al., 1983), washed with acetone, and fractionated on a 12% SDSpolyacrylamide gel (Laemmli, 19701, except that Acrylaide (FMC
Bioproducts) was used as cross-linking agent in place of bisacrylamide, unless otherwise specified. Proteins were visualized by silver
staining, following the procedure by Morrissey (1981) with slight
modifications; in most cases, the gels to be used for silver staining
were cast on GelBond PAG support (FMC Bioproducts).
Southwestern Blotting-The Southwestern blotting experiments
were carried out essentially as described in Mangalam et al. (1989),
except that buffer B lacking phenylmethylsulfonyl fluoride and pepstatin A and containing 50 mM KC1 was used as a binding buffer.
The binding reaction was performed in 13-ml glass tubes, in which
individual blotted lanes cut from the nitrocellulose filter were separately probed with 4 ml of a solution containing 7.5 X 10’ cpm/ml of
32P-labeled wild-type or deleted, double-stranded oligonucleotide
probe (3”end-labeled with [LP~’P]~CTPand filled in with a mixture
of cold dNTPs, using the Klenow fragment of DNA polymerase I)
and 15 pg/ml of nonspecific DNA (poly(d1-dC) or salmon sperm).
Incubation was carried out overnight at 4 “C.
Transcription Termination and SI Protection Assays-Transcription termination reactions were performed in a 50-pl volume using
EcoRI- and HindIII-digested pTER plasmid at 20 pg/ml, 10 pCi of
[CX-~~PIUTP,
5 pl of the S-100 of a Nonidet P-40 mitochondrial lysate,
and 20 p1 of each eluate of the oligonucleotide affinity chromatography, lox concentrated, and dialyzed (Kruse etal., 1989).As a specific
probe for S1 protection analysis of the pTER transcription products,
unlabeled RNA was synthesized utilizing BamHI-linearized BSAND
plasmid at 40 pg/ml and T3 RNA polymerase (U. S. Biochemical
Corp.) according to the instructions provided by the manufacturer.
Conditions of hybridization, S I nuclease digestion, and polyacrylamide gel electrophoresis were as previously reported (Gaines and
Attardi, 1984b).
Gel Mobility Shift Assays-Double-stranded oligonucleotides were
3’-end-labeled as described above. Purified mTERF was incubated
for 30 min on ice with 0.1 ng of either wild-type or deleted labeled
probe in a50-pl volume of buffer B with 50 mM KCI. After incubation,
0.1 volume of 33% Ficoll, 0.2% xylene cyano], 0.2% bromphenol blue
was added to thesamples, which were immediately layered onto a5%
polyacrylamide gel (acry1amide:bisacrylamide weight ratio of
49.4:0.6). The running buffer was 0.5X Tris-borate-EDTA, pH 8.3.
Gels were run at 12 V/cm until the bromphenol blue had migrated 20
cm.
Tryptic Peptide Mapping and Mass Spectrometry-An estimated
2-4 pug of each of the 34Ka (slower moving component of the 34-kDa
doublet), 34Kb (faster moving component of the 34-kDa doublet),
and 31-kDa proteins (Fig. 2) were separated by SDS-PAGE, electroblotted onto nitrocellulose, detected by Amido Black staining, and
cleaved on the nitrocellulose matrix with trypsin as described (Aebersold et al., 1987). Peptides released from the matrix were separated
by reverse-phase HPLC on a Michrom Ultrafast Micro Protein
Analyzer (Michrom BioResources, Inc., Pleasanton, CA) equipped
with a 1 X 150-mm Reliasil C-18 column. A 5 4 0 % gradient of solvent
B (0.045% trifluoroacetic acid; 80% acetonitrile) was delivered at a
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RNA probe employed in the S1 protection assays, was constructed
by inserting the Mae1 (position 662 according to the numbering
system by Anderson et al., 1981)-MaeI (position 3389) fragment of
pTER into the SmaI site
of pBluescript KS II(+), after filling in the
3“recessed ends with the Klenow enzyme (Fig.1). The doublestranded 44-mer oligonucleotide containing the wild-type mTERF
recognition sequence, which was used in the gel shift assays and in
the Southwestern blots, has been described in the reference cited
above. To test for the binding specificity of mTERF, a set of three
deleted double-stranded 40-mers was synthesized in Caltech’s microchemical facility. The deletions involved the positions 3241-3244
( d l ) , 3243-3246 (A2), or 3246-3249 (A3).
Purification of mTERF andFootprinting Analysis-Purification of
mTERF was carried out utilizing the S-100 mitochondrial lysate (6570 ml, 765-1000 mg of total protein), preparedas previously described
(Shuey and Attardi, 1985; Narasimhan and Attardi, 1987),from -200
g of HeLa cells. The lysate was dialyzed for 2 h against four 1-liter
volumes of buffer A (25 mM Hepes-NaOH buffer, pH 7.6, 100 mM
KC], 5 mM
MgC12,
0.5 mM EDTA, 1 mM dithiothreitol, 0.2 mM
phenylmethylsulfonyl fluoride, 0.1 p~ pepstatinA (Sigma), 10%
glycerol, and 0.1% Nonidet P-40) and then centrifuged in a Sorvall
SS-34 rotor at 10,000 X g for 15 min. The supernatant, 650-850 mg
of total protein at 10-12 mg/ml, was applied, at a 0.5 ml/min flow
rate,ontoa
15-20-ml heparin-agarose column, prepared by the
method of Davidson et al. (1979) and equilibrated with buffer A,
adjusting the ratio of protein to heparin-agarose to 40 mg/ml of bed
volume. The column was washed with 3 volumes of buffer A, and
bound components were sequentially eluted with -3 volumes of buffer
A containing 0.3 M KC], then buffer with 0.5 M KCl, and finally,
buffer with 0.8 M KCl. Four-ml fractions were collected, adjusted to
20% glycerol,and frozen.
After pooling the fractions of the 0.5 and 0.8 M KC1 eluate, giving
conductivity measurements corresponding to 450-650 mM KCl, the
eluate (70-120 mg of total protein) was diluted with buffer B (25 mM
Hepes-NaOH, pH 7.8, 12.5 mM MgCl,, 1 mM dithiothreitol, 0.2 mM
phenylmethylsulfonyl fluoride, 0.1 p~ pepstatinA (Sigma), 20%
glycerol, and 0.1% Nonidet P-40) until conductivity dropped to 175
mM KCI. After addition of poly(dI-dC). (dI-dC)to 8 pg/mg of protein,
the solution was incubated for 20 min on ice and then applied, at a
flow rate of 0.28 ml/min, onto two or three 0.9-mlDNA affinity
columns equilibrated with buffer B containing 150 mM KC], so as to
keep a ratio of40-50mgof
protein/ml of packed oligonucleotide
affinity resin (prepared as described by Kruse et al. (1989)). The
columns were washed with 10-15 column volumes of the same buffer;
they were then closed, and bound proteins were eluted with buffer B
containing 1.0 M KC]. The eluate was diluted &fold with buffer B
lacking KC1 (final conductivity corresponding to -220 mM KC]),
incubated with 2 pg of poly(d1-dC). (dI-dC)/mg of protein for 15 min
on ice, and reapplied onto one or two of the previously used DNA
affinity columns, equilibrated with buffer B containing 200 mM KC].
Then, each column was washed with 10-15 coIumn volumes of the
same buffer, and bound components were eluted with two 1-ml steps
of buffer B containing 0.3 M, 0.35 M, 0.4 M, 0.5 M, 0.6 M, 0.8 M, and
1.0 M KC1 (unless otherwise specified), or alternatively, with a 12-ml
linear 0.2-0.8 M KC1 gradient, collected in 0.5-ml fractions. All eluates
were tested for DNA binding activity either directly or after being
concentrated lox and dialyzed using Amicon Centricon-10 microconcentrators, as reported (Kruse et al., 1989).
DNase I footprint analysis was performed as described in the
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RESULTS

Identification of Polypeptides Associated with Footprinting
Activity-The purification of mTERF was carriedoutas
previously reported (Kruse etal., 1989). In brief, the S-100 of
a mitochondrial lysate was fractionated on a heparin-agarose
column, utilizing 0.3, 0.5, and 0.8 M KC1 elution steps, and
the 0.5 M KC1 fraction,containingthegreatmajority
of
mTERF, was further purified by sequence-specific DNA affinity chromatography. In the experiment shown in the upper
left panel of Fig. 2, bound componentswere sequentially eluted
FIG. 2. Identification of the proteins associated with the
from the affinity column with
0.3, 0.4, 0.5, 0.6, 0.8, and 1.0 M
footprinting activity of mTERF. Fractions of DNA affinity chroKC1 steps. Portions of the various fractions collected after matography were electrophoresed on an SDS-polyacrylamide gel and
DNA affinity chromatography were analyzed by SDS-PAGE visualized by silver staining. The upper left panel displays the patterns
and silver staining. Protein bands of similar intensity were of proteins elutedfrom a sequence-specific DNA affinity column with
0.6, 0.8, and 1.0 M KC1 steps (samples derived by
observed in the 50-70- and 30-35-kDa range. Two types of 0.3,0.4,0.5,
trichloroacetic acid precipitation from 150 pl of the various eluates
evidence indicated that the polypeptides involved in DNA
applied on the gel). Lanes 5 and 6 in the upper right panel
binding activity were a 34-kDa polypeptide doublet and/or a were
display the patterns obtained by electrophoresing the proteins tri31-kDa polypeptide species.First, DNaseI footprinting analy- chloroacetic acid-precipitated from 200-4 samples of the two fracsis of the various affinitycolumneluates
showed that a tions with the highest footprinting activity eluted from a DNA affinity
pattern of sequence-specific protection was exhibited onlyby column with a linear KC1 concentration gradient from 0.2 to 0.8 M.
the fractions containing the
34- and the 31-kDapolypeptides, Lane M shows the molecular weight markers (100 ng of each): myosin
i.e. the 0.3, 0.4, 0.5, and 0.6 M KC1 eluates (Fig. 2, lower left heavy chain (200K ) ,phosphorylase b (92.5K ) ,bovine serum albumin
(69 K ) , ovalbumin (46 K ) , carbonic anhydrase (30 K ) , and trypsin
panel); by contrast, the fractions corresponding to 0.8
theand inhibitor
(21.5K ) . The lower leftpanel shows the DNase I footprinting
1.0 M KC1 elution steps, which contained only the polypep- activity of the various DNA affinity column step eluates, and the
tides in the 50-70-kDa range, did not show any footprinting lower right panel shows the footprinting activity of fractions 5 and 6
activity (as shownfor the 1.0 M fraction), thussuggesting that of a linear KC1 gradient elution shown in the upper right panel. The
a separate number above each lane indicatesthe volume in microliters of a given
these larger proteins were contaminants. Second, in
experiment, the DNA affinity column was washed with
a eluate utilized in the reaction. Amounts of protein from each eluate,
between -1 to -15 ng and -3 to -50 ng, as grossly estimated
linear KC1 concentrationgradient,andproteins
from the varying
from the comparison of the silver nitrate staining of the fractions in
active fractions were visualized by silver staining after SDS- the upper left panel with the staining of the markers, were utilized
PAGE; as shown inFig. 2, upper right, there were no higher for the footprinting assays shown in the lower left panel. All the
molecular weightcontaminants, and the only detectable bands
protein fractions were tested for footprinting activity using 15 fmol
were represented by the 34-kDa doubletandthe
31-kDa of 3'P-labeled NcoI-StuI mtDNA fragment.
polypeptide. The lower right panel of Fig. 2 shows the footprinting activity exhibited by these fractions. An indication was exhibited by the 0.4 M KC1 fraction that contained less
that both the 34- and the 31-kDa polypeptides were involved of the 31-kDa polypeptide than the 0.3 M KC1 fraction and
in producing the specific DNA protection pattern camefrom less of the 34-kDa doublet than the
0.5 M KC1 fraction.
the titrationof the footprinting activity in the affinity eluatesIn order to learn
more about therole of the 34- and 31-kDa
shown in Fig. 2, lower left panel. In fact, the maximum activitypolypeptides in the footprinting
activity, alinear KC1 gradient
did not coincide with the elution peak of either species, but (0.2-0.8 M) elution was utilized to separate the two types of
polypeptidespecies (Fig. 3a,upper portion), so that their
* D. Hess, T. Covey, and R. Aebersold, manuscript in preparation. action could be tested individually. Note that, in this experi-
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flow rate of 50 pl/min. The sample was injected into the system
equilibrated with solvent A (0.05% trifluoroacetic acid, 2% acetonitrile). The column effluent was split a t a ratio of 7.5 p1:42.5 pl. The
7.5-p1 portion of the flow (15% of the sample) was injected directly
into a Sciex model API I11 triple quadrupolemassspectrometer
(Sciex, Thornhill, Ontario) equipped with an IonSpray ion source.'
The 42.5-p1 portion of the sample was collected forsubsequent
sequence analysis.
V8 Protease Fingerprint-Affinity-purified mTERF proteins were
separated on a 12% SDS-polyacrylamide gel and visualized by staining with copper (Lee et al., 1987). Slices containing -250 ng of each
polypeptide, ie. 34Ka or 34Kb, or 31 kDa, were excised from the gel
and digested with Staphylococcus aureus V8 protease, according to
the procedure described by Cleveland et al. (1977). The products of
partial digestion were separated on a 16% SDS-polyacrylamide gel
and silver-stained.
Phosphatase Treatment-Phosphatase treatment was performed
on affinity-purified fractions in 150 pl of medium containing 50 mM
MES, pH 5.8, for potato acid phosphatase, and 50 mM Hepes, pH 8,
for calf intestinal alkaline phosphatase. Incubation with each phosphatase (0.5 units of potato acid phosphatase or 24 units of calf
intestinal alkaline phosphatase) was carried out at 37 "C for 1 h, in
the absence or presence of the phosphatase inhibitor NaH'PO, (at
100 mM and 500 p~ final concentration for potato acid phosphatase
and calf intestinal alkaline phosphatase, respectively). Phosphatasetreated proteins were subjected to Southwesternblotanalysis
as
described above.
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protected sequence (suchasfractions
16 and17).These
observations stronglysuggested that eachof the two molecular
species was independently able to bind to
DNA.
."" . .
y"" - . - , -691;
Support for the above conclusion came from mixing exper. "461;
iments,in whicha smallamount of a samplecontaining
exclusively or almost exclusively one component and able to
give a level of protection barely above detection with an excess
of target DNAwas tested in combination with increasing
amounts of a sample containing mainly or exclusively the
n
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other component. Under these conditions, a substantial enU
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hancement of footprinting signal was obtained either when a
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small amount of the 31-kDa polypeptide-rich fraction 4 was
added to increasing amounts
of the 34-kDadoublet-rich fraction 14 (Fig. 3b, left panel) or when a small amount of the
latter fractionwas added to increasing amounts
of the 31-kDa
polypeptide-rich fraction 3 (Fig. 3b, right panel). By comparing the amountof 34-kDa doublet present in fractions4 and
-a14, it is clear that the enhancement of footprinting activity
produced by the addition of 2 p1 of fraction 4 to fraction 14
could not have been due to the marginal increment
of the 34kDa components but rather to the added
31-kDa polypeptide.
Similarly, from the
relative amounts of the 31-kDa component
in fractions 3 and 14, one can deduce that the increase in
footprinting activity produced by supplementing fraction 3
of
with 4 p1 of fraction 14 musthave been due to the addition
the 34-kDa doublet to the 31-kDa component. Thus, these
results confirmed that both the 34- and the 31-kDa components were involved in producing thespecific footprint at the
termination site. However, these results could not distinguish
between the possibility that the34- and 31-kDapolypeptides
were independently able toproduce the DNA protection pattern and thepossibility of synergistic effects of the two types
of components.
Specific DNA BindingCapacity of the 34- and 31-kDa
Polypeptides-In order to testdirectly whether or not the34and the 31-kDa components had an independentDNA bindFIG. 3. Both the 34- and 31-kDa polypeptides are involved ing activity, we resorted to a Southwestern blotting experiin producing the specific footprint. a, electrophoretic patterns, ment in which protein eluted from theDNA affinity column
after silver staining, and footprinting activities of fractions eluted was transferred onto a nitrocellulose membrane and probed
from a DNA affinity column with a linear KC1 concentration gradient with a 32P-labeled double-stranded oligonucleotide harboring
(0.2-0.8 M). Two hundred pl of each fraction, after trichloroacetic the wild-type protein-binding sequence or a mutated version
acid precipitation, were run on SDS-PAGE and silver-stained (upper of it. T o find an appropriate mutant
probe, the wild-type
panel), and 10-pl samples were tested for footprinting activity (lower
double-stranded
oligonucleotide
and
three
mutantoligonuclepanel). Amounts of protein varying between -1 and -50 ng for
different fractions, as estimated from the silver staining patterns in otides containing overlapping4-base pair deletionsin the
the upper panels, were used for the footprinting assays. b, enhance- middle of the 28-base pair mTERF-binding site(Fig. 4, lower
ment of footprinting activity by combination of fractions containing portion), in a region previously found to benecessary for
nearly pure 34-kDa and 31-kDa polypeptides. Mixtures of the indi- accurate termination (Christianson and Clayton,1988), were
cated volumes of fractions 4 and 14 (left panel) and of fractions 3 and
14 (right panel) were tested for footprinting activity by using 15 fmol tested for capacity to bind mTERF aingel retardation assay.
of 32P-labeledNcoI-StuI mtDNA fragment. Lane M displays the same As shown in Fig. 4, upper portion, each of the three deletions
molecular weight markers (100 ng of each) shown in Fig. 2. Note that completely abolished the binding capacity of the oligonuclethe silver staining of the right gel in the upper portion of a was otides.
developed longer in order to increase the detection limit.
Wild-type and A2 probes were used in the Southwestern
blotting experiments shown in Fig. 5, a and b, which tested
of the proteins eluted,
respectively,
ment, thetwo 34-kDa polypeptides were not well resolved. In the DNA binding capacity
confirmation of previous findings, footprinting analysisof 10 with 0.3 and 0.5 M KC1 from a DNA affinity column (Fig. 2).
34-kDa doubp1 of each fraction collected by gradient elution revealed that These experimentsclearly showedthat both the
fractions 1 and 2, which lacked any detectable 31- or 34-kDa let and the 31-kDa polypeptide were able to bind the oligonucleotide carryingthe wild-type mTERF recognitionsespecies, did not produce a footprint. By contrast, all other
fractions that exhibited a discernible amount of one or both quence, each producing a labeled band. On the contrary, no
was detected when
species of polypeptides proved to be active in DNA footprint- binding of the probe to either component
ing. In particular, fractions at the extremes of the elution the proteins were tested with the deleted A2 oligonucleotide.
profile that lacked or contained a barely detectable amount Fig. 5a also shows that addition of 500 p1 of the S-100 of a
of one or the other of the two species of polypeptides still mitochondrial lysate to the binding reaction mixture had no
produced a definite, although not
complete, protection pattern effect on the absolute or relative oligonucleotide binding to
(such as fractions
3 and 14(Fig. 3a, lowerportion),or exhibited the 34-kDa doublet and 31-kDa polypeptide, arguing against
a DNase I-hypersensitive band at the upper boundary
of the a possible role of additional factors present in the lysate in
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doublet interactedwith its cognateDNA sequence much more
effectively than the 31-kDa polypeptide. In fact, the 0.3 M
KC1 affinity column eluate, which was highly enriched in the
31-kDa polypeptide and containedonly a smallamount of the
34-kDa components (Fig. 2), gave a much stronger radioactive
signalincorrespondencewith
the 34-kDa species than in
correspondence with the 31-kDa polypeptide (Fig. sa). Similarly, when the 34-kDa species-enriched 0.5 M KC1 eluate in
the same experiment(Fig. 2) was tested, the34-kDa polypeptide signalwasvery
strong, whereas that of the 31-kDa
polypeptide was barely visible (Fig. Fib).
In the experimentsshown in Fig. 5,a and b, it could not be
determined whether bothpolypeptides 34Kaand 34Kb, which
form the 34-kDa doublet (Fig. 2, upper panels) were able to
bind the labeled probe, since a single labeled band could be
seen in correspondence with the doublet position. This could
be due to thelack of resolution of the signals produced by the
two polypeptides, but could also reflect the fact thatonly one
of the two polypeptides had binding capacityfor the oligonu..ATTACCGGG----GCCA..
cleotide
probe. However, other Southwestern blotting experA1
..lAAlGCCCC----CGGT..
iments showedclearly that both the 34Ka andthe 34Kb
polypeptide were able to interactspecifically with the labeled
"ATTACCG----CTGCCA..
..TAATGCC----GACGGT..
A2 oligonucleotide probe (see, for example, control experiments
in Fig. 6).
..ITTI----GCTCTGCCA..
The Two 34-kDa Polypeptides and the 31-kDa Polypeptide
A3
..TAIT----CGAGACGGT..
Are Sequence-related-A considerable effort was devoted to
FIG. 4. Sequence specificity of mTERF binding. Upper por- ascertaining whether thetwo members of the 34-kDadoublet
tion, the wild-type and each of three deleted oligonucleotides ( A l , A2,
31-kDa
and J3) were tested in a gel mobility shift assay utilizing DNA were related in sequence to each other and to the
affinity-purified mTERF; the lanes marked "-" contain control Sam- polypeptide. In the earlier phase of the work, a considerable
ples lacking mTERF. Lowerportion, N represents the double- variability was observed in the relative proportions of 34Ka
stranded oligonucleotide carrying the mTERF wild-type binding site and 34Kb and in the
relative amount of the 31-kDa polypepidentified by the outline of the DNA-protected segment. A l , A2, and tide between differentpreparations of mTERF. MorereA3 represent three mutant oligonucleotides, each carrying a 4 base cently, however, by better controlling the
cell homogenization
pair deletion within the mTERF-binding site.
so as not to exceed 60% cell breakage, and by adjusting the
ratio of proteintoheparin-agaroseandto
oligonucleotide
a
b
affinity resin to 40 mg of protein/ml of packed resin, the
0.3 M eluate
0.5 M eluate
proportion of the three polypeptides has been made more
r
1
reproducible: in particular, approximately
equivalent amounts
W.T. Mutant W.T.
W.T. Mutant
of the two 34-kDa polypeptides and a smaller amount (10M
probe probe probe
M
probe
probe
+lysate
20% of the total 34-kDa components)
of the 31-kDa polypeptide are obtained under these conditions (Fig. 6). However,
92.5Kthe nature of the factors responsible for the variations observed has not been investigated. Also, for the same prepara69Ktion of mTERF, a certain variability in the ratio of 34Ka to
34Kb has been observed, depending upon the conditions of
46 Kgel electrophoresis (such as use of bisacrylamide rather than
Acrylaide as a cross-linking agent or use of SDS from a
34K different source).
Preliminary evidence suggesting that the two 34-kDa and
30K31 K
the 31-kDa polypeptides are related in sequencewas obtained
by V8 protease fingerprint experiments (data not shown). In
21.5Korder to obtain moreconclusive evidence on the sequence
relationship between the three polypeptides, a large preparaFIG. 5. Identification of specific DNA-binding polypeptides tion of mTERF (derived from about 800 g of HeLa cells and
by Southwestern blotting.In panels a and b, proteins from the 0.3 estimated to contain 30-40 pg of the combined 34-kDa and
and 0.5 M KC1 eluates analyzed in the experiment of Fig. 2 were 31-kDa polypeptides by silver staining of the DNA affinity
fractionated and hlotted as detailed under "Materials and Methods."
The specific DNA binding activity of the individual polypeptides was column eluates) was precipitated with 10% trichloroacetic
assessed by probing the nitrocellulose filters with either wild-type or acid, fractionated by SDS-PAGE on seven gels, and transdeleted (A2) labeled double-stranded oligonucleotide, in the presence ferred onto nitrocellulosemembranes.
After staining with
of 500 pl of the S-100 of a mitochondrial lysate (-5 mg of total Amido Black, the bands corresponding to 34Ka, 34Kb, and
protein), when indicated. M,molecular weight markers.
the 31-kDapolypeptides were cutout. From thestaining
intensities of the pooled bands, we estimated that therewere
this process. The higher molecular weight polypeptidesvisible roughly between 2 and 4 pg of each component presenton the
in the silver-stained protein gel of Fig. 2 did not produce a nitrocellulose. The bound proteinwas digested on the matrix
signal after iniubation with the probe, thus confirming their with trypsin. Peptidesrecovered from the individual polypepnature as contaminants. It should be noted that the 34-kDa tides were separated by reverse-phase HPLC, and 15%of the
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4+
- + -
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TABLE
I
Peptide mass homology between 34Ka, 34Kb, and 31-kDa
polypeptides
Determination of sequence relationship of mTERF componentsby
liquid chromatography-mass spectrometry. Masses
of tryptic peptides
from 34Ka, 34Kb, and 31-kDa proteins elutinga t comparable concentrations of solvent B were compared by IonSpray mass spectrometry.
Observed m/z (mass/charge) ratios corresponding to singly and/or
multiply charged ions are shown in columns
labeled 34Ka, 34Kb, and
31, and the calculated mass of each peptide is shown in the fourth
column. In cases in which only one charge state of the peptide was
observed, the peptide masscould not beunambiguously assigned, and
the peptide mass indicated in the table represents lowest
the possible
mass.
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FIG. 6. Phosphatase treatment does not affect the binding of the oligonucleotide probe carrying the mTERF recognition
sequence by the two 34-kDa and the 31-kDa polypeptides. a, electrophoretic patterns, after silver staining, of 175-pl samples of the
0.35 and 0.4 M KC1 eluates of a DNA affinity chromatographyof mTERF. M, molecular weight markers (200 ng of each). b, 4 0 4 samples of
the 0.35 M KC1 eluate (left) or the 0.4 M KC1 eluate (right) were treated with potato acid phosphatase ( P A P ) or calf intestinal alkaline
phosphatase (CIAP), respectively, in the absence or presence of inhibitor (NaHZPO,) or left untreated as controls and then
analyzed by
Southwestern blotting, usinga labeled oligonucleotide probe, as detailed under “Materials and Methods.” Enz., enzyme; I n k , inhibitor.

tial phosphorylation of a single polypeptide. To investigate
this possibility, samples of the 0.35 M KC1 eluate and 0.4 M
KC1 eluate of a DNA affinity chromatography of mTERF
were treated with a high level of potato acid phosphatase or,
respectively, calf intestinal alkaline phosphatase, in the absence or presence
of the phosphatase inhibitor NaH2P04, and
then subjected toa Southwestern blotting analysis. As shown
by silver staining (Fig. 6a), the 0.35 M KC1 eluate exhibited
the34-kDadoubletandthe
31-kDapolypeptide without
higher molecular weightcontaminants, whereas the
0.4 M KC1
eluate showed only the 34-kDa doublet. The Southwestern
blotting experiments showed that both the 34Ka and 34Kb
polypeptides reacted with the labeled probe, with the 34Kb
34Ka
34Kb
31
Peptide mass
component exhibitinga higher affinity for the probe than the
531.8, 1062.5 531.8, 1062.5 531.8, 1062.5
1062
34Ka component. This difference in DNA binding affinity
850.4
850.4
850.4
849.4
between the two polypeptides has been observed also inother
435.2, 868.9
435.2, 869.4
435.2, 869.4
868.4
494.2, 987.5
494.2, 987.5
experiments, although with some variability in degree. No
986.5
494.3.987.5
528.3, 1055.5 528.3, 1056.0 528.3, 1056.0
1055
difference in the absolute and relative binding capacity for
795.4
795.4
795.4
794.5
the labeled oligonucleotide probe of the 34Ka, 34Kb, and 31745.4, 1117.1 745.4, 1117.6 745.4, 1117.6
2233.1
kDa polypeptides was observed in the samples treated with
844.9, 1266.1 844.4, 1266.1 844.4, 1266.1
2530
either phosphatase, as compared with the nontreated
samples
871.9
871.9
871.9
870.9
or with the samples treated with phosphatase in presence
the
of inhibitor.Similarresults
were obtained,in a separate
column effluentwas gated into theion source of a n IonSpray experiment, after treating the mTERF samples
with bacterial
triple quadrupole mass spectrometer. Peptide peaks detected alkaline phosphatase (data not shown). These results
argued
by UV absorption were correlated with peaks detected
by total against any role of differential phosphorylation in the differion current monitoring in the mass spectrometer, and the
ent electrophoretic mobilities of the three polypeptides; furmasses of peptides contained in each peakwere determined. thermore, they suggested that, if any of these polypeptides is
Peptides derivedfrom autodigested trypsin were identified phosphorylated, dephosphorylationwould not affect its DNA
and subtracted. Peptides derived from the three polypeptide binding capacity and electrophoreticmobility.
chains were considered sequence-identical if the mass of the
The Termination PromotingActiuity Is Associated with the
peptides were identical and if the peptides were eluted from 34-kDa Polypeptides-It has been previously shown that
the HPLCcolumn a t a comparable level of solvent B. Accord- mTERF purified by DNA affinity chromatography promotes
ingtothesecriteria,nineidenticalpeptides,representing
termination of mtDNA H-strand transcription at the 16 S
approximately one-third of the total protein sequence, were rRNA/tRNAhu‘UUR’ geneboundary in an in uitro transcriprecovered from the two 34-kDa polypeptides and the 31-kDa tion system utilizing the S-100 of a mitochondrial lysate and
polypeptide (Table I). Since it hasbeen determined that for the insert of pTER asa template (Fig. 1)(Kruse etal., 1989).
most proteins two to four peptide masses are sufficient to
In order to investigate whether the
34- and 31-kDa polypepidentify a protein insequence data bases, the above data allow tides identified asbeing involved infootprinting activity
us to conclude with a very high level of confidence that the exhibit transcription termination promoting
activity, proteins
three components areclosely related in sequence.
from the 0.5 M KC1 heparin-agarose eluate, run through a
Phosphatase SensitivityTests-It seemed possible that the DNA affinity column and sequentially elutedwith 0.3, 0.35,
different electrophoretic mobilities of the two 34-kDa poly- 0.4, 0.5, 0.6, and 0.7 M KC1 were used in transcription termipeptides and the 31-kDa polypeptide resulted from differen- nation assays. Fig. 7a shows the silver-staining patterns fol-
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and, by contrast, a totalabsence of correlationwith
distribution of the 31-kDa polypeptide.
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FIG.7. The transcription termination promoting activity
cofractionates withthe 34-kDa polypeptides. a, electrophoretic
pattern of proteins in DNA affinity column eluates after SDS-PAGE
and silver staining; the number above each lane indicates the KC1
molarity of the corresponding eluted fractions. b, S1-resistant products of transcription reactions carried out either in the absence ( n o
add.) or in the presence of 20 pl of lox concentrated and dialyzed
samples of each eluate. The labeled transcripts were analyzed by S1
protection assays using the MaeI-Mae1 RNA probe (Fig. 1) and gel
electrophoresis. See "Materials and Methods" for experimental details. T,terminated transcripts. c, relationship between efficiency of
transcription termination (estimated by densitometric analysis of
terminated transcripts) and the amount of 34-kDa doublet and 31kDa polypeptide in the DNA affinity column eluates.

lowing SDS-PAGE of the various eluates. The mTERF preparation utilized in this experiment, which was made before
the improved purification conditions mentioned above were
defined, showed an unusual abundance of the 31-kDa component. This feature turned out to
be useful for the detection
of any possible role of this polypeptide in transcription termination. The 3'-ends of the transcripts were mapped by S1
protection, using a n excess of unlabeled RNA probe synthesized in vitro from the T3promoter of the BSAND clone(Fig.
1). This probe spans a mtDNA fragment encompassing the
termination site and protects two RNA fragments 415 and
254 n t in length, which correspond respectively to the runoff
and terminated H-strand transcripts
(Fig. 1). As shown in
Fig. 7b, only a very slight stimulationof termination over that
observed in the presence of the S-100 of the mitochondrial
lysate occurred after addition of the 0.3 M KC1 eluates, which
contained traces of the 34-kDa doublet and very abundant
31-kDa polypeptide, or after additionof the 0.7 M KC1 eluate,
which did not contain any detectable
34-kDa components. By
contrast, a strong stimulation of termination was produced
by the 0.4, 0.5, and 0.6 M KC1 eluates, which contained a
substantial amount of the 34-kDa doublet. As revealed by a
densitometricanalysis of the data (Fig. 7c), the levels of
transcription termination promoting activity showed a very
good correlation with the distributionof the 34-kDa doublet

DISCUSSION

The results reported here have indicated that the protein
composition of mTERF may be more complexthan previously
anticipated. Two polypeptides of -34-kDa molecularmass
and oneof -31-kDa were shown to have the ability to
produce
at the termination site thespecific footprint that was previet al., 1989).
ously foundto be associated with mTERF (Kruse
Recently, a fractionelutedandrenatured
from anSDSpolyacrylamide gel and reportedly consisting of proteins ranging from -33 to 36 kDa inmolecular mass, the most abundant
species of which is a protein of -34 kDa, has been found to
be associated with transcription termination activity in human mitochondria (Hess et al., 1991). However, the fact that
no molecular characterization of theseproteinshas
been
presented and that the active fraction produced a broader
protected region on DNA, as comparedwith
the native
mTERF, prevents a comparison of these observations with
the presentones.
Mass spectrometry analysis of tryptic peptides obtained
from thetwo 34-kDa and the 31-kDa
polypeptides has clearly
shown that the three polypeptides are closely related in sequence. However, the basis for their different migration in
SDS-PAGE has not beenidentified. Experiments utilizing
Southwestern blot assays after treatment
with three different
kinds of phosphatase have failed to reveal any effect on the
absolute and relative binding of the specific DNA probe by
the two 34-kDa polypeptides. These results suggest that the
different electrophoretic mobilities of these two polypeptides
are not due to a different degree of phosphorylation. It is
possible that a different type of secondary modification or a
slight difference in size, reflecting a proteolytic event or a
biosynthetic difference (differential mRNA splicing?), is responsible for their different mobility. No indication was obtained that a degradation phenomenon occurring during or
after isolation is responsible for the generation of the two
polypeptides. Since it is known that some secondary structures, e.g. a helices, remain intact to a certain extent during
gel electrophoresis, even in the presence of SDS, it is also
possible that the two 34-kDa polypeptides represent differentially denatured proteins. On the contrary,
seems
it unlikely
that incomplete reduction of a heavily S-S cross-linked protein is involved here, since the proportion of the two 34-kDa
polypeptides did not change even after addition of 10 mM
thioglycolic acid to the samplebuffer.
Concerning the31-kDa polypeptide, although itwas apparently able to produce the mTERF-specific footprint, its specific DNA-binding capacitywas much lower than that of the
two 34-kDa polypeptides. It is quite possible that the faster
mobility of this componentrelative to the34-kDa components
reflects a smaller mass. This smaller mass could result from
a degradationphenomenon affecting oneorboth
34-kDa
polypeptides andoccurringduring
isolation. However, no
evidence was observed of a conversion of the isolated 34-kDa
component(s) to the 31-kDa polypeptide. Alternatively, this
degradation phenomenonmay occur i n vivo and may conceivably have a physiological significance. On the other hand, the
possibility that secondary modifications of the 34-kDa polypeptides account for their lower mobility relative to the 31kDa component cannot be completely excluded. In contrast
to the presence of a DNA-binding capacity, no transcription
terminationpromotingactivity
was observedinfractions
highly enriched in 31-kDa polypeptide.
Some of the questionsraised above concerning the relation-
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ship between the 34Ka, 34Kb, and 31-kDa polypeptides will
be answered when the mTERF protein(s) are cloned, sequenced, and expressed in Escherichia coli. Indeed, partial
amino acid sequences have already been obtained from some
of HPLC tryptic peptides of mTERF, and cloning experiments are in progress.
The complexity of the protein composition of mTERF is
not surprising, considering the complicated function associated with this factor. In fact, the termination promoting
activity of mTERF would be expected to be modulated, since
the synthesis of the H-strand-encoded mRNAs requires an
escape from termination of the H-strand transcripts (Montoya et al., 1983; Kruse et al., 1989). An interesting possibility
is that the occurrence of the three sequence-related polypeptides associated with the footprinting and termination promoting activity of mTERF reflects indeed the intricacies of
the attenuationmechanism operating at therDNA transcription termination site.
The yield of mTERF-associated proteins obtained after
DNA affinity chromatography indicates that these proteins
have low abundance. A very rough estimate of this yield would
be ~ 5 , 0 0 0molecules of the 31-34-kDa polypeptides/cell. This
would correspond to =3 molecules of these polypeptides being
originally present in a cell per mtDNA molecule, assuming a
-20% yield of mitochondria under the conditions used here
(as determined from the recovery of mitochondrial marker^)^
and a mtDNA content of -8,000 molecules/HeLa cell (King
and Attardi, 1989). This low number of mTERF molecules/
cell suggests that this factor may be rate-limitingin the
biochemical steps in which it is involved.

Factor

