
INTRODUCTION

Sera of patients with myocarditis and idiopathic dilated 
cardiomyopathy (IDC) have been shown to contain circulating
heart reactive antibodies. These antibodies interact with cardiac
autoantigens represented by myosin heavy chain [1], the struc-
tural protein laminin [2] and the b1-adrenoreceptor [3]. They may
be of pathogenetic relevance and mice injected with cardiac
myosin develop an autoimmune myocarditis, with disease symp-
toms similar to those following an infection with Coxsackievirus
B3 [1,4]. Antimitochondrial antibodies (AMA) have also been
reported in the sera of these patients. Antigens identified as
targets of AMAs were the ADP/ATP carrier [5] and the branched
chain ketoacid dehydrogenase complex [6]. In a systematic analy-
sis by two-dimensional (2D) immunoblots, followed by amino-ter-
minal sequencing of the antigens recognized by AMAs in sera of
patients with IDC, Pohlner et al. [7] identified as relevant antigens
a 75-kDa subunit of the NADH-ubiquinon reductase (complex I
of the respiratory chain), the two core proteins P1 and P2 of the
ubiquinol-cytochrome c reductase (complex III of the respiratory
chain) and two subunits of the pyruvate dehydrogenase complex,
namely subunit E1b (pyruvate decarboxylase) and E3 (dihy-

drolipoamide dehydrogenase). No component of succinate dehy-
drogenase (SucDH, complex II of the respiratory chain) was iden-
tified in this investigation as autoantigen on 2D Western blots.
Recently, in a similar investigation of autoreactive antibodies
against heart tissue proteins in sera of patients with rheumatic
heart disease [8], creatine kinase and the mitochondrial enzymes
aconitate hydratase and dihydrolipoamide dehydrogenase were
identified as antigens of autoantibodies in these sera. Again, no
component of the SucDH complex was among the antigens iden-
tified on 2D Western blots.

Klein and Berg [9] described antimitochondrial anti-
bodies (anti-M7) [10] in patients with myocarditis and idiopathic
dilated cardiomyopathy (IDCM) directed against an aproxi-
mately 68 kDa antigen of the inner mitochondrial membrane,
present in both bovine heart mitochondria and rat liver mito-
chondria. These sera contain antiflavoprotein (aFp) antibodies
directed against enzymes with covalently bound flavin of bacter-
ial or mammalian mitochondrial origin [11,12]. The heart mito-
chondrial membrane antigen detected on Western blots by these
sera probably represents the SucDH flavoprotein (Fp) subunit
[11], which is the only protein with covalently attached FAD in
cardiomyocytes. However, no direct demonstration of the flavo-
protein nature of the antigen was performed, leaving the identity
of this antigen uncertain. As SucDH-Fp failed to be identified on
2D Western blots as mitochondrial antigen to serum antibodies
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of heart patients [7,8] the question remained open whether the
asignment of the inner mitochondrial membrane antigen as
SucDH-Fp was valid.

This unsolved situation determined an in-depth investigation
of mitochondrial antigens to autoantibodies in anti-M7 sera by
flavine fluorescence, 1D and 2D Western blots and blue-native
polyacrylamide gel electrophoresis (BN-PAGE). The analysis
demonstrated that, besides autoantibodies against myosin heavy
chain and dihydrolipoamide dehydrogenase of the 2-oxoacid
dehydrogenase complexes, the inner mitochondrial membrane
associated SucDH flavoprotein subunit of the respiratory chain
complex II represents an autoantigen to antibodies of anti-M7
sera.

MATERIALS AND METHODS

Chemicals and immunochemicals
FAD was obtained from Sigma (Munich, Germany). All other
chemicals were of the highest purity available. Monoclonal
SucDH-Fp was purchased from Molecular Probes (Leiden, the
Netherlands) and antiserum against 6HDNO was raised in rabbits
as described previously [13]. Mouse alkaline phosphatase coupled
monoclonal antihuman and antirabbit IgG antibodies were
obtained from Sigma (Munich, Germany).

Patient
Serum of a patient with myocarditis was obtained by consent 
of the patient and according to the guidelines of the ethic com-
mission of the University of Freiburg. The diagnosis of acute
myocarditis was based on the presence of a dilated heart with 
systolic disfunction in the absence of coronary artery or valvular
heart disease as documented by heart catheterization, echocar-
diography, myocardial scintigraphy and coronarography. The
freshly collected serum when tested on Western blots gave a 
characteristic immunoreaction with mitochondrial antigens and
was taken as representative for anti-M7 sera [11]. Serum from a
healthy individual was included as control. Sera kept at – 20°C
from a second patient with myocarditis and sera of three patients
with IDCM have been described as anti-M7 before [11]. They
were included to confirm findings obtained with the freshly
colected myocarditis serum.

Isolation of mitochondria and mitochondrial inner membranes
Mitochondria were isolated from bovine heart as described in
[14]. Isolation of inner mitochondrial membranes was performed
according to Pallotta et al. [15] and were a kind gift of Dr Carmen
Brizio (University of Bari, Italy). Succinate dehydrogenase
complex isolated from Escherichia coli was kindly provided by Dr
Garry Cecchini (San Francisco, CA, USA).

Two-dimensional PAGE, BN-PAGE and Western blots
SDS-PAGE and 2D PAGE of 14 ¥ 14 cm was performed accord-
ing to standard protocols using Immobilon Drystrips pH 3–10 NL,
18 cm (Amersham Pharmacia Biotech, Freiburg, Germany). BN-
PAGE was according to [16]. Proteins were transferred from the
gels to nitrocellulose or PVDF filter membranes (Millipore Cor-
poration, Bedford, USA) and the Western blots were developed
with myocarditis serum and human control serum at a dilution 
of 1 : 500, or with aFp antibodies containing antiserum raised 
in rabbits with the covalently flavinylated bacterial enzyme
6HDNO, in a dilution of 1 : 2000.

MALDI-TOF and NanoESI mass spectrometry
The SDS-PAGE separated proteins were excised from the gel,
reduced with DDT, alkylated with iodoacetamide and cleaved
with sequencing grade trypsin (Promega, Madison, WI, USA) as
described in [17]. All MALDI-TOF analyses were performed
using a TofSpec 2E MALDI-TOF (Micromass, Manchester, UK)
operated in the delayed extraction and reflector mode according
to the directions of the manufacturer. The spectra were calibrated
externally and corrected with an internal lock mass using an
autodigestion peptide of porcine trypsin. Proteins were identified
using the ProteinLynx Global Server software searching the 
Swissprot 39 database. Alternatively the extracted tryptic 
peptides were subjected to NanoESI tandem mass spectrometry
(MSMS) performed according to [18]. The mass spectra were
acquired on a API 300 mass spectrometer (PE Sciex, 
Toronto, Ontario, Canada) equipped with a NanoESI source
(Protana, Odense, Denmark). Proteins were identified using the 
WWW version of the peptide search program of M. Mann at
http://peptsearch.protana.com/.

RESULTS

Correlation between flavin fluorescence of SucDH-Fp and
immunoreaction with antibodies of myocarditis serum
First we analysed on one-dimensional gels the correlation
between the fluorescence of the flavin carrying SucDH-Fp and 
an immunoreaction with myocarditis serum. Besides bovine mito-
chondria, we used a preparation of purified rat liver inner mito-
chondrial membrane. If the antibodies of the myocarditis serum
contain indeed aFp antibodies, the source of mitochondria 
should be irrelevant, and only the presence of a protein with
bound flavin should be of importance for the occurrence of an
antibody–antigen reaction. We employed in this investigation the
serum of a patient with acute myocarditis. This serum reacted on
Western blots of bovine heart mitochondria with the 68 kDa
antigen and was therefore taken as representative for anti-M7
sera.

Rat liver inner mitochondrial membrane proteins and bovine
heart mitochondrial proteins were separated by SDS-PAGE on
10% polyacrylamide gels, soaked in 10% acetic acid and inspected
on an UV-transilluminator. The bacterial 6-hydroxy-D-nicotine
oxidase (6HDNO) protein was used as a control for protein-
bound flavin fluorescence [12]. The fluorescent band was marked
and the gel stained with Coomassie blue (Fig. 1a). As can be seen
in Fig. 1b, a strong fluorescent band was present in the mito-
chondrial inner membrane fraction, and a weak fluorescent band,
migrating at the same position, could be identified in the bovine
heart mitochondrial fraction (Fig. 1b). This fluorescent protein
band (Fig. 1a, arrowhead), migrating at a Mr of approximately 
68 kDa, represents the Fp subunit of SucDH. The band was care-
fully excised and eluted from the minced gel slices. Western blots
on nitrocellulose membrane were prepared with the eluted
protein, with rat inner mitochondrial membrane and with bovine
heart mitochondria and developed with myocarditis serum. As an
aFp antibody positive serum, the rabbit anti6HDNO serum was
employed [14]. As can be seen from Fig. 1c, lanes 1–3, both the
rabbit a-6HDNO serum and the myocarditis serum recognized a
68-kDa band of the inner mitochondrial membrane. As expected,
there were additional protein antigens recognized by antibodies
of the myocarditis serum in the bovine heart mitochondrial pre-
paration. They may represent antigens identified previously as
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targets to antibodies in sera of patients with myocarditis [1–7].
The eluted fluorescent 68 kDa protein band also gave an
immunoreaction with the myocarditis serum, but not with a serum
from a healthy control person (Fig. 1c, lanes 4 and 5). Preincuba-
tion of the rabbit a-6HDNO serum and the myocarditis serum
with FAD suppressed the reaction of the sera with the 68 kDa
protein band on Western blots (Fig. 1c, compare lanes 6, 7 and 8,
9, respectively). Apparently the protein bound flavin moiety 
of the flavoprotein subunit represented part of the antigenic
determinant required for recognition by the antibodies of the
myocarditis serum.

Separation of bovine mitochondrial antigens by two-
dimensional PAGE
Next we tested whether the SucDH-Fp subunit can be identified
on 2D gels by its flavin fluorescence. When the proteins of bovine
heart mitochondria were separated by two-dimensional PAGE
and the gels inspected for the presence of flavin fluorescence, no
fluorescent mitochondrial protein spot could be detected. The
proteins separated by two-dimensional PAGE were blotted onto
PVDF membrane and the Western blot reacted with serum of the
myocarditis patient. The serum reacted consistently with the same
protein spots on the Western blots. Control serum from a person
without heart disease gave no immunoreaction (not shown). 
One representative example of a Western blot developed with 
the serum of the myocarditis patient is shown in Fig. 2. Several
antibody–antigen reactions became visible. The corresponding

protein spots were excised from the Coomassie blue stained two-
dimensional gels and analysed by MALDI-TOF. The SucDH-Fp
was not revealed as one of the protein antigens reacting with anti-
bodies of the myocarditis serum. Instead, the MALDI-TOF
spectra of the tryptic peptides of the immunoreactive protein
spots in the size range of 66 kDa and 45 kDa (Fig. 2, spots 7 and
6), as well as several protein spots in the size range of 36 kDa 
(Fig. 2, spots 1, 2, 3), could all be identified as carboxy-terminal
fragments covering approximately amino acid 1600 to the
carboxy-terminal end of myosin heavy chain b. Apparently
myosin heavy chain b fragments remained attached to the bovine
heart mitochondria during their preparation. Two immunoreac-
tive protein spots (Fig. 2, spots 4 and 5) could not be identified 
by MALDI-TOF and were analysed further by NanoESI-MSMS. 
Four sequence tags of spot 4, and three sequence tags of spot 
5, identified the peptides with the amino acid sequences, 
written in the amino acid one-letter code, EANLAASFGK,
IDVSIEAASGGK, VCHAHPTLSEAFR, IPNIYAIGDV-
VAGPMLAHK and EANLAASFGK, IDVSIEAASGGK,
VCHAHPTLSEAFR, respectively. They all could be derived
from the amino acid sequence of the human dihydrolipoamide
dehydrogenase (Swissprot: P09622).

Separation of the SucDH complex by BN-PAGE
The respiratory chain complexes may be separated from solubi-
lized inner mitochondrial membranes into individual protein
complexes by BN-PAGE [14]. Complex II migrates as an approx-
imately 130 kDa protein complex. The protein complexes of the
inner mitochondrial membrane separated by BN-PAGE (Fig. 3,
lane 1) were blotted onto PVDF membrane and the Western blots
were developed with mouse monoclonal antibody against the
SucDH-Fp, to verify the position of the complex, and with
myocarditis serum. Rabbit a-6HDNO antiserum was taken as
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Fig. 1. Correlation of SucDH-Fp fluorescence and immunoreaction with
myocarditis serum. (a) SDS-PAGE followed by Coomassie blue staining
of: lane 1, rat liver inner mitochondrial membrane proteins (10 mg); lane
2, bovine heart mitochondrial proteins (30 mg); lane 3, 6HDNO (5 mg); the
upper band in the lane marks the position of the fluorescent protein band
shown in (b) (arrowhead). Molecular weight markers are indicated on the
left hand site of the panel. (b) Fluorescent protein bands revealed on the
gel shown in (a) by a UV-transilluminator following incubation in 10%
acetic acid. Lanes same as in (a). (c) Rat liver inner mitochondrial mem-
brane proteins (lanes 1 and 2) and bovine heart mitochondrial proteins
(lane 3) were separated by SDS-PAGE, blotted to nitrocellulose mem-
brane and individual lanes of the Western blot were developed with: 
lane 1, rabbit a-6HDNO antiserum; lane 2, myocarditis serum; lane 3,
myocarditis serum; lane 4, the fluorescent protein band shown in (b), lane
1, was excised, eluted from the gel, applied to the same gel used to sepa-
rate the mitochondrial proteins and the corresponding lane of the Western
blot was developed with myocarditis serum; lane 5, Western blot of inner
mitochondrial membrane proteins reacted with human control serum;
lanes 6, 7, and 8, 9 present Western blots performed with rat liver inner
mitochondrial membrane proteins, developed either with rabbit a-
6HDNO antiserum before (lane 6) and after preincubation with 100 mM

FAD for 1 h at room temperature (lane 7), or with myocarditis serum
before (lane 8) and after preincubation with FAD (lane 9). Sera without
added FAD were incubated for the same time with FAD at room tem-
perature for 1 h.
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Fig. 2. Two-dimensional Western blots; 500 mg bovine heart mitochondr-
ial proteins were subjected to two-dimensional PAGE, blotted onto PVDF
membrane and the Western blots developed with mycarditis serum at a
dilution of 1 : 500. The protein spots corresponding to the marked spots on
the Western blot were excised from the Coomassie blue stained two-
dimensional gel and subjected to analysis by MALDI-TOF and NanoESI
Mass spectrometry. Proteins identified were as follows: spots 1, 2, 3, 6 
and 7, fragments of myosin heavy chain b; spots 4 and 5, isoforms of 
dihydrolipoamide dehydrogenase.
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positive control for aFP antibody containing serum. Figure 3
shows that both control sera, the monoclonal anti-SucDH-Fp and
the aFP antibody containing rabbit serum gave an immunoreac-
tion with the same region of the gel (lanes 2 and 3). The myocardi-
tis serum also reacted with the antigens separated in this part 
of the gel but in addition, as expected, recognized additional 
antigens present in the protein complexes of the inner mitochon-
drial membrane and separated by BN-PAGE (Fig. 3, lane 4). 
The serum of a control person did not react with the Western blot
(Fig. 3, lane 5).

Western blot of purified E. coli SucDH developed with
myocarditis and IDCM sera
The failure to reveal SucDH-Fp as antigen on 2D Western blots
of bovine mitochondria and the presence in the mitochondrial
preparation of immunoreacting fragments of myosin heavy chain
in the size range of 66 kDa raized the possibility that the
myocarditis serum and the polyclonal rabbit 6-HDNO antiserum
may, in fact, react on the one-dimensional Western blots 
presented in Fig. 1 with myosin heavy chain fragments. In this 
case the immunoreaction at 68 kDa may be falsely attributed to

SucDH-Fp. To eliminate this possibility we employed in Western
blots purified succinate dehydrogenase isolated from E. coli. The
flavoprotein subunit of this protein complex contains covalently
bound FAD, as does the mammalian enzyme, but E. coli lacks
myosin. The result of the Western blots are presented in Fig. 4.
Besides the myocarditis serum analysed thus far, a second
myocarditis serum and 3 IDCM sera which had been character-
ized as anti-M7 before [11] were tested. The sera reacted with the
same band (Fig. 4c, lanes 1, 2 and 3–5). The human control serum
gave no immunoreaction (Fig. 4c, lane 6). This band corresponds
to the Fp subunit as revealed by its fluorescence (Fig. 4a) and by
its position on the Coomassie stained gel (Fig. 4b).

DISCUSSION

Some sera (anti-M7) of patients with myocarditis and IDCM were
reported to contain antibodies directed against a mitochondrial
inner membrane antigen [9,10], and preliminary evidence indi-
cated that this antigen may represent the Fp subunit of the
SucDH complex [11]. The SucDH complex of the inner mito-
chondrial membrane consists of two integral membrane proteins
of 15 kDa and 13·5 kDa and associated with these membrane
anchors are a 27-kDa iron-sulphur subunit and the Fp subunit
[19]. The bacterial membrane SucDH complex is structured sim-
ilarly [19]. The mature bovine SucDH-Fp subunit has a molecu-
lar weight of 68 130 [20] and may be identified by its flavin
fluorescence [14]. This work demonstrates that the autoantigen
recognized by the aFp antibody described for anti-M7 sera [11,12]
represents the SucDH-Fp. The failure to resolve the SucDH-Fp
as a fluorescent spot by two-dimensional PAGE may be due to an
impaired isoelectric focusing of the components of the SucDH
complex by the pH gradient of the first dimension. 6HDNO was
identified on two-dimensional gels without difficulty by its fluo-
rescence (not shown), indicating that the flavin is not removed
from the protein during the isoelectric focusing and elec-
trophoretic run.

Myosin and several components of major mitochondrial 
complexes involved in energy generation have been involved as
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Fig. 3. Separation of inner mitochondrial membrane protein complexes
by BN-PAGE followed by Western blotting. Rat liver inner mitochondrial
membrane protein complexes were solubilized with digitonin and 
separated on a 6% to 16·5% gradient polyacrylamide gel (lane 1). Fol-
lowing electrophoresis, the gel was blotted to PVDF membrane, and in-
dividual lanes were cut and developed with mouse monoclonal antibody
against SucDH-Fp (lane 2), with rabbit a-6HDNO antiserum (lane 3), with
myocardatis serum (lane 4) and with human control serum (lane 5). Posi-
tion of molecular weight markers are indicated on the left hand side of the
figure (132/66 kDa, bovine serum albumin dimer and monomer, respec-
tively; 443 kDa, horse spleen apoferritin; 670 kDa bovine thyroglobulin).
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Fig. 4. Flavin-fluorescence, Coomassie brillant blue stain and Western
blots of purified E. coli SucDH complex; 5 mg of SucDH were separated
by SDS-PAGE on 10% polyacrylamide gels and analysed for flavin-
fluorescence (a), stained with Coomassie brillant blue (b) or 1 mg blotted
onto nylon membranes and the Western blots (c) developed with
myocarditis sera (lanes 1 and 2), with IDCM sera (lanes 3–5), or with
human control serum (lane 6). Fp, SucDH flavoprotein subunit; Fe-S,
SucDH iron-sulphur subunit.
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autoantigens in myocarditis and IDC [1,4,6,7]. Indeed, the
myocarditis serum contained antibodies directed against myosin
heavy chain b. It may be interesting to note that carboxy-
terminal fragments of myosin heavy chain were identified in the
preparation of bovine heart mitochondria as antigens reacting
with antibodies of the myocarditis serum. This finding may reflect
the in vivo attachment in cardiomyocytes of the carboxy-terminal
part of myosin to mitochondria. In the course of cardiomyocyte
destruction due to the inflammatory processes affecting the heart,
peptides of myosin and mitochondrial proteins may be released
together following phagocytosis of the liberated organelles by
antigen presenting cells.

The observation of dihydrolipoamide dehydrogenase of the
mitochondrial 2-oxo-acid dehydrogenase complexes as being an
antigen to antibodies of patients with IDCM and rheumatic heart
diseases [7,8] is extended by our findings on two-dimensional
immunoblots to myocarditis. Serum antibodies against dihy-
drolipoamide dehydrogenase have been shown to be present in
patients suffering from primary biliary cirrhosis, but can be found
in individuals not affected by the disease as well [21].

Autoantibodies directed against the SucDH-Fp have been
detected recently in sera of patients with ocular myasthenia
gravis, general myasthenia gravis and thyroid-associated ophthal-
mopathy [22]. Thus SucDH-Fp may represent a common antigen
in myocarditis and these diseases. They are characterized by
muscle fibre degeneration and aFp antibody may be a general
marker of an immune-mediated response directed against muscle
antigens. The protein-bound organic FAD moiety with its isoal-
loxazine ring may represent a potent hapten, leading to a strong
immune response.

The inner membrane protein complexes of pyruvate dehy-
drogenase and the respiratory chain are part of the energy 
generating machinery of mitochondria. They represent very abun-
dant proteins of cardiomyocytes, in which mitochondria represent
a large proportion of the cell mass. They may be released in large
amounts upon cell necrosis or induced cell death associated 
with an inflammatory heart disease and may therefore become
preferred antigens eliciting an autoimmune response either 
by molecular mimicry to epitopes of pathogen antigen or by 
surpassing the treshold for activation of autoreactive T-cells.
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