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In order to characterize Sterling’s triiodothyronine
(T;) mitochondrial receptor using photoaffinity label-
ing, we observed two specific T;-binding proteins in the
inner membrane (28 kDa) and in the matrix (43 kDa) of
rat liver mitochondria. Western blots and immunopre-
cipitation using antibodies raised against the Ts-bind-
ing domain of the T; nuclear receptor c-Erb A al
indicated that at least the 43-kDa protein was c-Erb A
al-related. In addition, gel mobility shift assays demon-
strated the occurrence of a ¢c-Erb A al-related mitochon-
drial protein that specifically binds to a natural or a
palindromic thyroid-responsive element. Moreover, this
protein specifically binds to a direct repeat 2 sequence
located in the D-loop of the mitochondrial genome. Fur-
thermore, electron microscopy studies allowed the di-
rect observation of a c¢c-Erb A-related protein in mito-
chondria. Lastly, the relative amounts of the 43-kDa
protein related to c-Erb A al were in good correlation
with the known mitochondrial mass in three typical
tissues. Interestingly, expression of a truncated form of
the c-Erb A al nuclear receptor in CV1 cells was associ-
ated with a mitochondrial localization and a stimulation
of mitochondrial activity. These results supply evidence
of the localization of a member of the nuclear receptor
superfamily in the mitochondrial matrix involved in the
regulation of mitochondrial activity that could act as a
mitochondrial T;-dependent transcription factor.

The regulation of mitochondrial function by thyroid hormone
is well documented. Triiodothyronine (T3)® increases the num-
ber of mitochondria (Gustafsson et al., 1965; Kadenbach, 1966;
Jakovilcic et al., 1978) and the mitochondrial protein synthesis
(Mutvel et al., 1989a). Therefore, this hormone is considered to
be the major regulator of mammalian mitochondrial biogenesis
(Mutvei et al., 1989a). T also stimulates the mitochondrial
metabolism (Soboll et al., 1992) and particularly oxidative
phosphorylations (Sterling et al., 1977, 1980). More recently,
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Hafner et al. (1990) have shown that thyroid hormone could
control state 3 respiration. Some of these effects could involve
the activation of mitochondrial gene transcription induced by
T, (De Leo et al., 1976; Martino et al., 1986; Mutvei et al.,
1989b) and the increase in the mRNA of mitochondrial
cytochrome ¢ oxidase subunit levels (Van Itallie, 1990).

In addition, an early mitochondrial T, uptake after ['2°I]T,
administration has been reported in electron microscopy
studies (Sterling et al., 1984b). In agreement with this obser-
vation, evidence of at least one high affinity Ts-binding site was
provided by ['2°I]T; binding studies in the mitochondria (Ster-
ling and Milch, 1975; Goglia et al., 1981; Hashizume and
Ichikawa, 1982), suggesting that a T3 mitochondrial receptor
(K, = 10'* m~%; molecular mass = 28 kDa) is located in the
organelle’s inner membrane (Sterling et al., 1978).

However, the involvement of a direct pathway in the mito-
chondrial action of Tj is still debated. Therefore, the character-
ization of the mitochondrial Ty receptor could be an important
tool to verify the existence of such a pathway. The ADP/ATP
translocator has been proposed as a putative T; mitochondrial
receptor (Sterling, 1986). Unfortunately, in agreement with
Rasmussen et al. (1989), we were unable to observe any Ty
binding activity of this protein, neither in mitochondria nor by
testing the purified protein (kindly provided by Dr. Brandolin,
Grenoble, France).

Nuclear Ty receptors are encoded by two different loci lead-
ing to the synthesis of three T;-binding proteins (c-Erb A g1,
B2, and al) sharing homology in the DNA-binding and ligand-
binding domains. In addition to the full-length 46-kDa c-Erb A
«l protein, Bigler and Eisenman (1988) have reported the
occurrence of several smaller size cellular ¢c-Erb A o proteins in
chicken erythroid cells, some of which display an extranuclear
location. On the basis of these observations, we searched for the
presence of protein(s) related to c-Erb A in mitochondria, and
we report here the existence in the mitochondrial matrix of a
43-kDa protein related to c-Erb A a1 with thyroid-responsive
element (T3;RE) and T, binding activities.

EXPERIMENTAL PROCEDURES

Mitochondria Preparations—Male Wistar rats (body weight, 200 g)
were injected with Triton WR 1339 (75 mg of Triton/100 g of body
weight in order to reduce lysosome density) 4 days before euthanasia.
Animals were sacrificed after a 16-h period of food deprivation to reduce
cellular stocks of lipids and glycogen. Liver mitochondria were prepared
by differential centrifugations and purified using a sucrose gradient
(1.02/1.68 M) according to Fleischer and Kervina (1974) and Szczesna-
Kaczmarek (1990). Mitoplast, inner membrane, outer membrane, and
matrix fractions were obtained using digitonin and Lubrol, as described
previously by Greenawalt (1974). Lysosome, microsome, plasma
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membrane, and nuclei fractions were obtained according to Fleischer
and Kervina (1974).

The purity of mitochondrial preparations was tested by measuring
the specific activities of acid phosphatase (lysosomes; De Duve (1967)),
glucose-6-phosphatase (microsomes; Morré (1971)), and 5'-nucleotidase
(plasma membranes; Morré (1971)). Monoamine oxidase (outer mem-
brane; Ragan et al. (1987)), malate dehydrogenase (matrix; Ragan et al.
(1987)), and succinate dehydrogenase (inner membrane; Morré (1971))
were also measured to test the submitochondrial fractions (data not
shown).

Nuclear contaminations were assessed by Western blots of specific
nuclear proteins (lamin A, CREB, and ¢-Erb A g8). Lamin A was detected
using an antibody kindly provided by Hoger et al. (1991) and revealed
using a second antibody linked to alkaline phosphatase. c-Erb A 8 was
detected using RHTII antiserum and revealed by ?*I-protein A. CREB
was detected using anti-rat CREB (rabbit polyclonal antiserum, UBI,
Lake Placid, NY) and revealed using the ECL kit (Amersham Corp.).

Electron micrograph was performed on purified rat liver mitochon-
dria. The pellet was fixed by 1% glutaraldehyde/1% paraformaldehyde
in phosphate buffer, washed in PBS, postfixed in OsO,, and embedded
in Epon.

Photoaffinity Labeling of T4-binding Proteins and Western Blots—T,-
binding proteins were detected using a ['2°I]T, photoaffinity label de-
rivative (T;-PAL), which covalently binds to these proteins after ultra-
violet irradiation. ['**I]T,-PAL was synthetized and protein labeling
was performed according to Horowitz and Samuels (1988). The 100-ug
protein samples were electrophoresed in a SDS-10% polyacrylamide
gel (Laemmli, 1970) and autoradiographed. T;-PAL labeling was
performed without and with a previous incubation of mitochondrial
proteins with a 1000-fold molar excess of cold T,-PAL in order to assess
labeling specificity.

Western blots of mitochondrial proteins were performed using two
different rabbit antisera (IRS 21 and RHTII). IRS 21 is directed against
a bacterially expressed protein containing 99 amino acid residues of
MS2 polymerase fused to the 96 amino acid residues of the hormone-
binding domain of the human c-Erb A a1l nuclear T, receptor (Goldberg
et al., 1988). RHTII antiserum is raised against the following amino
acid sequence: Glu-Cys-Pro-Thr-Glu-Leu-Phe-Pro-Pro-Leu-Phe-Leu-
Glu-Val-Phe-Glu (399-414 of ¢c-Erb A a1 xenopus receptor, 392—407 of
c-Erb A a1l chicken receptor, 391-406 of c-Erb A al rat receptor, and
440-455 of c-Erb A B rat receptor).

Immunoprecipitation and Gel Mobility Shift Assays—Immunopre-
cipitation of (***I]T,-PAL-binding proteins was performed with IRS 21
antiserum (Sambrook et al., 1989).

Prior to gel mobility shift assays, purified mitochondria were lysed at
4 °C for 60 min with two volumes of solution A (10 mm Hepes, pH 7.9,
0.4 m KCl, 1.5 mm MgCl,, 0.2 mm EDTA, 0.5 mM dithiothreitol, 0.5 mMm
phenylmethylsulfonyl fluoride, 25% glycerol, 0.5% Nonidet P40). After
centrifugation of the lysate (130,000 X g for 60 min), the supernatant
was dialyzed in solution B (20 mm Hepes, pH 7.9, 1 mm MgCl,, 0.5 mm
dithiothreitol, 0.5 mm phenylmethylsulfonyl fluoride, 20% glycerol)
with 50 mM KCl and was loaded onto a heparin-agarose column equil-
ibrated in solution B/50 mM KCl. The column was washed with solution
B/50 mMm KCl and eluted with solution B/300 mM KCl. Fractions con-
taining proteins were pooled and concentrated by precipitation with
ammonium sulfate. After centrifugation, the pellet was suspended and
then dialyzed in solution B/50 mM KCI.

Gel mobility shift assays were performed according to Graupner et al.
(1989) using a 32P-labeled palindromic T,RE as a probe (GATCCTCAG-
GTCATGACCTGAA). Specificity of DNA binding was tested by compe-
tition with 200 ng of cold palindromic T,RE or with a similar amount of
a mutated carbonic anhydrase II T,RE unable to bind nuclear T,
receptors (Pal-I: GATCCGAGTGGTGATTCAACTGCTA). A natural
T,RE (Pal-2) identified on the upstream sequence (—669/—650) of the
anhydrase carbonic II gene (Disela ef al., 1991) was also tested.

Similar experiments were performed using a synthetic oligonucleo-
tide (TAGCCGTCAAGGCATGAAGGTCAGCAC) corresponding to a di-
rect repeat sequence (DR2) (Bogazzi et al., 1994) observed in the rat
D-loop (15923-15949) according to the complete nucleotide sequence of
the Rattus norvegicus mitochondrial genome (Gadaleta et al., 1989).

Electron Microscopy—Electron microscopy was performed on Wistar
rat liver preparations (cryoultramicrotomy and immunolabeling). Spec-
imens were fixed with 4% paraformaldehyde/0.1% glutaraldehyde in 0.1
M phosphate buffer, pH 7.4, for 1 h at 4 °C. The fixed specimens were
infused with 2.3 M sucrose, rapidly frozen. Ultrathin frozen sections (80
nm) were prepared and transferred onto Formvar films on electron
microscope grids. They were washed with 0.1 M phosphate buffer, pH
7.4, containing 0.65 M NaCl, 0.05% Tween 20, and 0.5% ovalbumin and
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then incubated with RHTII antiserum (diluted 1/1000 in PBS) for 45
min. After the washes, the sections were incubated for 45 min with goat
anti-rabbit antiserum diluted 1/25 in 20 mM Tris buffer, pH 7.6, con-
taining 0.65 M NaCl, 0.05% Tween 20, and 0.5% ovalbumin. Ultrathin
sections were then osmicated, dehydrated, stained with 1% aqueous
uranyl acetate, and examined in a Zeiss EM902 electron microscope.

Cytoimmunofluorescence Study—Simian CV1 cells (ATCC CCL 70)
were maintained in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal calf serum. Cells were carefully washed in PBS and fixed
for 10 min in freshly prepared 3% (w/v) paraformaldehyde with 0.05%
Tween 20. The cells were again washed in PBS and incubated in
methanol for 10 min at —20 °C. Cells were then incubated in 50 mm
glycine for 5 min and washed in PBS. Fixed cells were blocked for 20
min in normal goat serum and incubated in a mixture of rabbit RHTII
antiserum (final dilution 1/100) and monoclonal antibody against mito-
chondria (anti-mitok, Chemicon International, Inc.; final dilution, 1/30)
in PBS plus 0.5% bovine serum albumin for 1 h. After washing for 3 X
5 min in PBS with 0.1% Tween 20, cells were incubated with a rhodam-
ine-conjugated goat anti-mouse antibody and a fluorescein-conjugated
goat anti-rabbit antibody. After a final 3 X 5 min wash in PBS with
0.1% Tween 20, culture dishes were mounted and photographed using
a standard Zeiss Axiophot immunofluorescence microscope.

Expression of a Truncated c-Erb A al Receptor—CV1 cells stably
expressing truncated Erb A protein were obtained by transfecting plas-
mid pF1lAmetl (kindly provided by Bigler and Eisenman; Bigler et al.
(1992)). One day prior to transfection, the cells were plated at 5 X 10°
cells/10-cm dish. DNA was transfected into those cells by the Ca,(PO,),
coprecipitation method with pSV-neo as a selectable marker. Individual
clones were grown in the presence of G418 (800 ug/ml).

Assessment of Mitochondrial Activity—Mitochondrial activity was
observed in living cells by measurement of rhodamine 123 uptake
(Johnson et al., 1980) as a marker of mitochondrial membrane potential
(Chen, 1988) and of cytochrome oxidase activity (Wharton and
Tzagaloff, 1967).

RESULTS

Assessment of the Purity of Mitochondrial Preparations—
Electron microscopy examination did not demonstrate the oc-
currence of extramitochondrial components in our preparations
(Fig. 1A). Measurements of specific activities of acid phospha-
tase, glucose-6-phosphatase, and 5'-nucleotidase demonstrate
that contaminations by lysosome, microsome, and membrane
proteins were always minimal (5.2, 9.8, and 4.3%, respectively;
Fig. 1B).

Moreover, a nucleus-specific protein, lamin A, was not de-
tected by Western blot in 100 and 200 ug of mitochondrial
proteins, whereas it was clearly apparent in 10 ug of nuclear
proteins (Fig. 1C). Similarly, the nuclear cAMP-dependent
transcription factor CREB was easily detected in 10 pg of
nuclear proteins and was on the brink of detection in 5 ug of
nuclear proteins; however, it was not detected in 400 and 200
ug of mitochondrial proteins (Fig. 1D). In addition, although
RHTII antiserum recognizes the c-Erb A «1 and B forms of Ty
nuclear receptors, in our mitochondrial preparations, we were
unable to detect c-Erb A B, the major isoform in liver nuclei
(Fig. 1E).

Detection of Ty Binding and Proteins Related to c-Erb A ol in
Rat Liver Mitochondria—We searched for Ts-binding proteins
in purified mitochondrial preparations from rat liver. In all
samples, three proteins were identified by [*2°I]T,-PAL label-
ing (Fig. 2A) with apparent molecular mass in SDS-polyacryl-
amide gel electrophoresis of approximately 43, 41, and 28 kDa.
In agreement with the data of Rasmussen et al. (1989), a
T4-PAL signal could not be detected in the 30-kDa range,
indicating that the ADP/ATP translocator is unlikely to bind Ty
significantly. Furthermore, a purified preparation of the ADP/
ATP translocator could not be labeled after incubation in the
presence of [12°T]T,-PAL (data not shown). Labeling of the 43-,
41-, and 28-kDa proteins is specific, because it is competed with
a 1000-fold excess of unlabeled T3-PAL (Fig. 24).

Similarly sized proteins (43, 41, and 28 kDa) were observed
by immunoblotting analysis of mitochondrial extracts using
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FiG. 1. Assessment of the purity of
mitochondrial preparations. A, elec-
tron micrograph of purified rat liver mi-
tochondria. All the recognizable or-
ganelles are mitochondria showing
different degrees of density of the matrix
and of dilatation of the cristae (x18,000).
B, specific activities of acid phosphatase
(lysosomes), glucose-6-phosphatase (mi-
crosomes), and 5'-nucleotidase (plasma
membranes) in mitochondrial (Mito)
preparations. Data are presented as the
means of 10 different experiments. C,
Western blot of nuclei and mitochondrial 20 A Mito Mito
preparations using an antibody raised )
against a specific nuclear protein, lamin o
A. Lane 1, 100 pg of mitochondrial pro-
tein; lane 2, 200 pg of mitochondrial pro-
tein; lane 3, 10 pg of nuclear protein. D,

Western blot of nuclei and mitochondrial

preparations using RHTII antiserum. C D
Lane 1, 50 pg of nuclear protein; lane 2, 1 2 3 1 2
50 pg of mitochondrial protein. E, West-
ern blot of nuclei and mitochondrial prep-
arations using an antiserum raised
against rat CREB. Lane 1, 400 pg of mi-
tochondrial protein; lane 2, 200 ug of mi-
tochondrial protein; lane 3, 5 pg of nu-
clear protein; lane 4, 10 ug of nuclear
protein; lane 5, 20 pg of nuclear protein;
lane 6, 50 pg of nuclear protein; lane 7,
100 pg of nuclear protein. In each case,
mitochondrial and nuclei preparations
were obtained from the same fresh sam-
ple of rat liver.
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FiG. 2. Detection of T; binding and c-Erb A «al proteins in rat liver mitochondria. A, photoaffinity labeling (T;-PAL) of 100 pg
mitochondrial proteins. T;-PAL labeling was performed without (lane 1) and with (lane 2) a previous incubation of mitochondrial proteins with a
1000-fold molar excess of cold T,-PAL in order to assess labeling specificity. B, Western blot of mitochondrial proteins using IRS 21 antibody (100
ug of protein/well). C, intramitochondrial localization of c-Erb A al-related protein shown on Western blot using IRS 21 antiserum. M, purified
mitochondria, Mp, mitoplast fraction, Mi, inner membranes; Ma, matrix fraction. D, Western blot of mitoplast (Mp), matrix (Ma), and inner
membrane (Mi) proteins using RHTII antiserum (100 ug of protein/well). E, immunoprecipitation of a [**°I]T,-PAL-labeled protein by IRS 21
antiserum. Lane 1, IRS 21 alone; lane 2, IRS 21 previously incubated with a large excess of MS2-Erb A « protein. F, the 43-kDa protein is
specifically detected by IRS 21 antiserum in purified mitochondria (100 ug of protein/well). Lane 1, IRS 21 antiserum; lane 2, MS2/c-Erb A peptide
preabsorbed IRS 21 antiserum; lane 3, MS2 antiserum. G, RHTII antiserum also specifically detects a 43-kDa protein in purified mitochondria (100
ug of protein/well). Lane 1, RHTII antiserum; lane 2, preimmune RHTII serum. H, specific mitochondrial localization of the 43-kDa c-Erb A-related
protein. Western blots using IRS 21 antiserum were performed on 50-ug protein samples. Lane 1, mitochondria; lane 2, lysosomes; lane 3, plasma

membranes; lane 4, microsomes; lane 5, nuclei.

IRS 21, a specific anti-Erb A « antibody (Fig. 2B). IRS 21 is
directed against a bacterially expressed MS2 polymerase/c-Erb
A « fusion protein. Blockade of c-Erb A « IRS 21 antibody with
its nominal antigen or the use of an antibody directed against
the MS2-encoded domain of the fusion protein indicated that
antibody binding to the 41-kDa protein was not specific
(Fig. 2F). In addition, Western blot performed with RHTII
antiserum only specifically detected a 43-kDa protein in
mitochondrial preparations (Fig. 2G).

Following mitochondrial subfractionation, we showed that
43 and-28-kDa proteins were detected by T3-PAL labeling (data
not shown) and Western blots (IRS 21, Fig. 2C) in the mitoplast
fraction. Whereas the 28-kDa protein was for the most part
localized in the inner membrane, the 43-kDa protein showed a
major localization in the matrix, although lower relative
amounts could be detected in the inner membrane fraction.
Interestingly, Western blots performed with RHTII antiserum
also detected a 43-kDa protein in the mitochondrial matrix
(Fig. 2D). As verified by Western blots (IRS 21), no signal
corresponding to the 43-kDa protein appeared on lysosome,
microsome, membrane, and nuclear preparations (Fig. 2H),
demonstrating a specific mitochondrial localization.

Using IRS 21 antibody and Tj;-PAL-labeled mitochondrial
preparations, we were able to immunoprecipitate a 43-kDa
[*25T]T,-PAL-labeled protein. This did not significantly occur
when the antibody was preincubated with an excess of the
MS2/Erb A « protein (Fig. 2E). Therefore, the 43-kDa Ts;-
binding protein was identified to be immunologically related to
the 43-kDa protein detected by Western blot. In agreement
with this set of data, using RHTII antibody in electron micros-
copy studies, we have directly observed a specific liver mito-
chondrial labeling, which does not appear when using the pre-
immune serum or the c-Erb A preabsorbed antiserum (Fig. 3).

The Mitochondrial 43-kDa Protein Related to c-Erb A ol
Specifically Binds to a Tsresponsive Element and a DR2 Se-
quence Located in the Mitochondrial D-loop—In order to fur-
ther extend similarities between the mitochondrial 43-kDa pro-
tein and the c-Erb A a1 nuclear receptor, we analyzed the DNA
binding properties of the mitochondrial protein. The 43-kDa
[*2°T]T,-PAL-labeled mitochondrial protein bound to DNA cel-
lulose and to heparin-agarose columns (data not shown). Gel
mobility shift assays performed with mitochondrial prepara-
tions partially purified on heparin-agarose showed that a pro-
tein or a protein complex binds to a palindromic T;RE (Fig. 4,
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Fic. 3. Observation of a protein related to c-Erb A in rat liver
mitochondria by electron microscopy (x42,000). M, mitochondria;
RER, rough endoplasmic reticulum. A, preimmune RHTII serum. B,
c-Erb A peptide preabsorbed RHTII antiserum. C, RHTII antiserum.

A and B) and a natural T;RE identified on the chicken carbonic
anhydrase II gene (data not shown). An excess of cold T;RE
was found to compete binding to the probe, whereas a similar
molar excess of a mutated T3RE unable to bind Ty receptors did
not, thus demonstrating specificity of the binding (Fig. 4A).
Moreover, in contrast to nonspecific antisera (raised against
MS2 and rat ADP/ATP translocator), IRS 21 and RHTII anti-
sera suppressed the signal observed for mitochondrial extracts
(Fig. 4B). Because RHTII antiserum only detects the 43-kDa
protein in heparin-agarose purified mitochondrial extracts,
these results demonstrate that the 43-kDa protein also shares
strong homology in the DNA-binding domain with the nuclear
T; receptors.

Interestingly, a similar retardation band was observed after
interaction of heparin-agarose-purified mitochondrial extracts
with a DR2 sequence located in the D-loop of the rat mitochon-
drial genome (Fig. 5). This result clearly indicated that the
43-kDa protein binds to a specific sequence residing in the
D-loop area, which contains the promotors and is not
transcribed.

The 43-kDa Protein Related to c-Erb A «l Is a Possible T,
Mitochondrial Receptor—Because Sterling et al. (1977) re-
ported the absence of mitochondrial T, receptors in adult rat
brain, we performed photoaffinity labeling and Western blots of
rat brain mitochondrial proteins. As shown in Fig. 64, the
43-kDa protein was not detected in these preparations.
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FIG. 4. A mitochondrial protein partly purified on heparin-
agarose specifically binds to a palindromic T4RE. A, gel mobility
shift assays (2 ug of mitochondrial protein). Lane 1, labeled alone; lane
2, labeled T,RE and mitochondrial extract; lane 3, competition with 200
ng of a cold mutated T,RE (Pal-1); lane 4, competition with 200 ng of
cold T,RE (TREp). B, specific recognition by c-Erb A antisera of the
mitochondrial T,RE-binding protein. Lanes I and 6, mitochondrial ex-
tracts. Mitochondrial extracts were preincubated with RHTII (lane 2),
IRS 21 (lane 3), MS2 antiserum (lane 4), or rat ADP/ATP translocator
(lane 5) antiserum.

We have compared the amounts of the 43-kDa protein in
mitochondria obtained from three tissues showing great differ-
ences in mitochondrial mass: brown adipose tissue, liver, and
white adipose tissue in decreasing order. This study was per-
formed using purified mitochondria from 12-day-old rabbits, in
which brown and white adipose tissues are easily collected
simultaneously. We showed that the relative mitochondrial
amounts of the 43-kDa protein are higher in brown adipose
tissue than in liver and are higher in liver than in white
adipose tissue (Fig. 6B). Therefore, a clear relationship exists
between the mitochondrial mass and the amount of the 43-kDa
protein in the mitochondrion, thus suggesting an important
mitochondrial function for this protein.

Because the 43-kDa protein shared strong homology in the
DNA and Tj-binding domains with the nuclear Tj receptors,
the lower molecular weight of the mitochondrial protein could
be explained by deletion of the hinge region or of the N-termi-
nal domain of c-Erb A «1 receptor. However, Lin et al. (1992)
have reported that deletion of the hinge region abolished T,
binding activity of the protein. Therefore, using the pF1Amet1
plasmid, we overexpressed in CV1 cells a truncated c-Erb A a1
protein lacking the N-terminal domain (A/B domains) of the
nuclear receptor. Interestingly, we observed a strong increase
in mitochondrial staining by RHTII antibody when compared
with control cells (transfected with the empty vector, pPEMSV;
Fig. 7). This result strongly suggested that the overexpressed
protein displayed a major mitochondrial location.

Lastly, overexpression of the truncated protein induced a
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FiG. 5. The mitochondrial protein related to c-Erb A binds to a
specific DR2 sequence located on the D-loop of mitochondrial
genome. Gel mobility shift assays (2 pg of mitochondrial protein) are
shown. Lanes 1-5, DR2 probe. Mitochondrial extracts were preincu-
bated with IRS21 (lane 1) or RHTII (lane 2) antisera. Lane 3, competi-
tion with 200 ng of cold DR2; lane 4, competition with 200 ng of cold
mutated T,RE (Pal-1); lane 6, mitochondrial extract and labeled
palindromic T,RE (TREpal).

strong stimulation of rhodamine 123 uptake (Fig. 84) and
cytochrome oxidase activity (Fig. 8B). All these data clearly
indicated that a mitochondrial truncated c-Erb A al protein
strongly affects the organelle function.

DISCUSSION

Our data recording mitochondrial T;-binding proteins con-
firm the results of the Sterling group, who reported the pres-
ence of a 28-kDa T;-binding protein in the mitochondrial inner
membrane. In addition, we show that a 43-kDa T,-binding
protein is present in the mitochondrial matrix. This binding
site was not observed by the Sterling group, probably because
purification steps leading to the concept of a 28-kDa mitochon-
drial receptor were performed using inner membrane prepara-
tions after discarding matrix proteins (Sterling et al., 1984a).
Furthermore, we report here that at least one mitochondrial
Ts-binding protein is related to c-Erb A-encoded nuclear
receptors.

Among these T;-binding proteins, we also observed a 41-kDa
protein obviously not related to c-Erb A nuclear receptors. We
observed by T43-PAL binding (data not shown) that it was also
detected in microsome, plasma membrane, and lysosome prep-
arations, thus ruling out a specific mitochondrial localization.
Our results concerning the 28-kDa Tj-binding protein are not
fully conclusive; the recognition specificity by IRS 21 remains
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Fic. 6. The mitochondrial amounts of the 43-kDa protein re-
lated to c-Erb A al display cell specificity. A, adult rat brain
mitochondria (100 pg of protein/well). Lane 1, T,-PAL labeling; lane 2,
Western blot using RHTII antiserum. B, relative amounts of the 43-kDa
c-Erb A al protein in mitochondrial extracts (30 pg of protein) of white
adipose tissue (lane 1), brown adipose tissue (lane 2), or liver (lane 3).

Fic. 7. An overexpressed truncated c-Erb A «l protein dis-
plays a mitochondrial location in CV1 cells. Cytoimmunofluores-
cence studies (X400) are shown. A, staining of control CV1 cells by
RHTII antibody. B, staining of CV1 cells overexpressing the c-Erb A
truncated protein by RHTII antibody. C, same field as in B labeled with
a monoclonal antibody against mitochondria (anti-mitok).

unclear, and we were unable to immunoprecipitate this protein
by IRS 21 and to detect it by RHTII antiserum. However, these
negative data could be explained by the very low amounts of
the 28-kDa protein recorded into mitochondria. By contrast,
the mitochondrial 43-kDa protein is clearly related to the c-Erb
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Fic. 8. An overexpressed truncated c-Erb A «al protein stimu-
lates mitochondrial activity. A, living cells stained with rhodamine
123. a, control CV1; b, pF1Ametl-transfected CV1 cells. B, cytochrome
oxidase activity in control (open bar) and truncated c-Erb A expressing
CV1 cells (hatched bar)

A «l nuclear receptor. Antisera raised against two different
amino acid sequences of the T,;-binding domain of c-Erb A
specifically detect this protein in the matrix. Moreover, a 43-
kDa T,-binding protein is specifically immunoprecipitated by
IRS 21 antiserum. Lastly, gel retardation experiments demon-
strate that this mitochondrial protein binds to T;REs DNA
sequences. This set of data strongly suggests that this protein
shares homology in the DNA binding and T;-binding domains
with c-Erb A nuclear receptors.

The identification of a protein related to c-Erb A «l in the
mitochondrion is not the consequence of contamination of our
preparations by nuclei or components of other cell compart-
ments because (a) Contaminations by lysosome, microsome,
and membrane proteins were always minimal, as verified by
measurements of specific markers. (b) Nucleus-specific pro-
teins lamin A and CREB were not detected in our mitochon-
drial preparations. (¢) RHTII antibody recognizes c-Erb A «1
and B forms; although the B form is at least four times more
abundant than the al form in rat liver nuclei (Schwartz et al.,
1992; Rodd et al., 1992), we were unable to detect c-Erb A B in

16353

our mitochondrial preparations. If the localization of a c-Erb A
protein into the mitochondrion was the result of nuclear con-
taminations, a major 8 form would be detected. (d) As verified
by Western blot, the signal corresponding to the 43-kDa protein
appeared only in mitochondrial preparations. (e) Treatment of
mitochondria with trypsin did not affect the 43-kDa signal in
Western blot experiments (data not shown). () In situ electron
microscopy studies bring direct evidence of the presence of a
protein related to c-Erb A in the mitochondrion. Indeed, the
43-kDa protein related to c¢-Erb A «l displays a specific
mitochondrial localization.

Interestingly, we observed that the T;-binding 43-kDa pro-
tein related to c-Erb A a1 was not detectable in adult rat brain
mitochondria, in agreement with the previously reported lack
of T, receptors in these mitochondria (Sterling et al., 1977). In
addition, the positive relation recorded between the amounts of
this protein into the organelle and the mitochondrial mass of
three characteristic tissues strongly suggests a possible in-
volvement of the 43-kDa protein in the regulation of mitochon-
driogenesis, a Ty-regulated process (Gustafsson et al., 1965;
Kadenbach, 1966; Jakovilcic et al., 1978).

All these data strongly suggest that the 43-kDa protein is a
putative T, mitochondrial receptor. This hypothesis is well
supported by the additional observation that overexpression of
a truncated c-Erb A «l protein displaying a mitochondrial
localization induced a strong stimulation of the organelle
activity assessed by rhodamine 123 uptake and cytochrome
oxidase activity, a well known target of T, influence at the
mitochondrial level.

The origin and function of this protein is finally questioned.
Taking into account the sequence of the mitochondrial genome
in several species, the 43-kDa protein related to c-Erb A a1 is
clearly encoded by a nuclear gene and is translocated into the
mitochondrion.

To date, five different c-erb A mRNAs have been identified in
rats, encoding c-Erb A B1, B2, al, 2, and a3 (v II) proteins.
Despite intensive studies, no additional mRNAs have been
identified that could lead to the specific synthesis of a 43-kDa
¢-Erb A a1 protein. Using polymerase chain reaction in rat liver
mRNAs preparations, we were also unable to detect c-erb A a1
mRNAs other than that encoding the 46-kDa protein (data not
shown). Nevertheless, the possibility of such a mRNA could not
be excluded.

Another possibility is raised by the observation of Sap et al.
(1986) that in vitro translation of a chicken c-erb A 1 mRNA
gives rise to two major proteins with molecular mass of 46 kDa
(as expected) and approximately 40 kDa. The same was ob-
served by these workers after transfection of the c-erb A «l
¢DNA in chicken embryo fibroblasts. Therefore, the c-erb A al
mRNA can encode two proteins. Additional support is supplied
by the identification of several c-Erb A al proteins in cells
(Bigler and Eisenman, 1988), and the observation that some of
them have an extranuclear localization. In addition, Bigler et
al. (1992) reported that the smaller receptor forms are gener-
ated by alternative translational initiations at internal AUGs
in full-length erb A @1 mRNA. Therefore, we suggest that the
mitochondrial 43 kDa T,-binding protein could be the product
of the mRNA c-erb A «l using an internal AUG. In agreement
with this hypothesis, we observed that overexpression of a
truncated c-Erb A al protein corresponding to the product
obtained by utilization of the first internal AUG lead to the
synthesis of a mitochondrial protein inducing a stimulation of
mitochondrial activity.

Interestingly, the 43-kDa T,-binding protein is localized in
the mitochondrial matrix and thus is in physical contact with
mitochondrial DNA. Several studies reported that Ty stimu-
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lates mitochondrial gene transcription (De Leo et al., 1976;
Martino et al., 1986; Mutvei et al., 1989b). We have shown that
this 43-kDa protein is strongly related to the c-Erb A a1l nu-
clear receptor, a well known T;3-dependent transcription factor.
This protein displayed a sequence-specific DNA binding activ-
ity and particularly is able to bind to a specific sequence of the
mitochondrial D-loop. Therefore, it could be proposed that the
43-kDa Tj-binding protein could be the first hormone-depend-
ent transcription factor identified in the mitochondrion.

In conclusion, our work suggests the presence of a T mito-
chondrial receptor, which has the truncated form of the Ty
nuclear receptor ¢-Erb A a1 in the mitochondrial matrix, which
could act as a Ts-dependent transcription factor. This hypoth-
esis could explain the specific action of thyroid hormone on the
mitochondria, particularly the stimulation of mitochondrial
gene transcription induced by Ts.
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