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Dihydrolipoamide succinyltransferase (DLST) is the
core-enzyme of 2-oxoglutarate dehydrogenase com-
plex which is located in mitochondria. In this study,
several tissues from rat and human were immuno-
stained with an affinity-purified anti-DLST antibody.
Of the tissues examined, the plasma membrane of skel-
etal muscle was immunostained with the antibody be-
sides mitochondria. Furthermore, subcellular frac-
tionation analysis coupled with Western blotting dem-
onstrated that the antigen of the anti-DLST antibody
is distributed on the plasma membrane fraction in ad-
dition to the mitochondria fraction in skeletal muscle
and that it is free from the complex. The molecular
weight of the polypepetide bound to the plasma mem-
brane was about 20 kilodaltons (kDa). The polypeptide
was purified by immunoprecipitation and its N-termi-
nal amino-acid sequence was determined. The amino-
acid sequence exactly corresponded to a part of DLST.
Northern blots revealed the presence of mRNA corre-
sponding to the 20 kDa protein. We are the first to
report that a mitochondrial protein is also present on
the plasma membrane in skeletal muscle as well as in
mitochondria. © 1997 Academic Press

The 2-oxoglutarate dehydrogenase complex is lo-
cated in mitochondria and converts 2-oxoglutarate to
succinyl-CoA. The complex is composed of three en-
zymes: 2-oxoglutarate decarboxylase, dihydrolipoa-
mide succinyltransferase (DLST) and dihydrolipoa-
mide dehydrogenase (1-4). The core of the complex is
constructed by the self-assembly of multiple copies of
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DLST, to which multiple copies of the 2-oxoglutarate
decarboxylase and dihydrolipoamide dehydrogenase
noncovalently bind. The cDNAs for DLST have been
isolated from human and rat and sequenced (5, 6). The
human DLST genomic gene has been also isolated and
its sequence has been determined (7, 8). We have re-
cently found that a genotype of the DLST gene based
on polymorphic variations is closely associated with
Alzheimer’s disease (9). Therefore, an unusual DLST
molecule is expected to be a candidate that contributes
to the pathogenesis of Alzheimer’s disease.

So far, DLST has been found only in mitochondria
among intracellular organella. In this study, several
rat and human tissues were immunostained with anti-
DLST antibody. We found that of several tissues exam-
ined, the plasma membrane of skeletal muscle was im-
munostained with the anti-DLST antibody in addition
to the immunostaining of mitochondria. Furthermore,
subcellular fractionation analysis demonstrated the
presence of the antigen on the plasma membrane of
the skeletal muscle. Furthermore, the polypeptide was
confirmed to be derived from DLST by amino-acid se-
quencing. These results indicate that the DLST gene
encodes the membrane bound 20 kDa enzyme with an
unknown function, as well as DLST that functions a
part of the complex.

MATERIALS AND METHODS

Preparation of antibodies. Anti-pyruvate dehydrogenase com-
plex and anti-2-oxoglutarate dehydrogenase complex antibodies
were raised in rabbits against the complexes purified from the rat
heart as described (5, 10). The antibody specific for DLST was
prepared as follows: The 2-oxoglutarate dehydrogenase complex
purified from rat heart was resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), then electroblot-
ted onto a polyvinylidene difluoride (PVDF) membrane (immobilon
P, Millipore). After reacting the band of DLST on an immobilon P
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membrane with the anti 2-oxoglutarate dehydrogenase complex
antibody, the antibody that reacted with DLST was extracted with
0.1 M glycine-acetate buffer (pH 3.0) and used as the specific anti-
body against rat DLST. Anti ATP synthase g-subunit antibody
was prepared as described (11).

Immunocytochemical staining. The rat skeletal muscle was ex-
amined. Rats were deeply anesthetized and perfused through the
ascending aorta with 1% glutaraldehyde, 1% paraformaldehyde in
0.1 M cacodylic acid buffer, pH 7.4. The skeletal muscle was then
removed and post-fixed in the same fixative. The skeletal muscle
embedded in paraffin was cut on a microtome at 7 um thickness. The
sections were incubated for 4 days with the primary rabbit antibodies
(anti-DLST antibody at a concentration of 1 ug/ml in 0.1 M phosphate
buffer, pH 7.4; anti-pyruvate dehydrogenase complex and anti-ATP
synthase 3-subunit antisera at a 1:2,000 dilution in the same buffer)
at 4 °C. After several rinses with the same buffer, the sections were
incubated for 2 days with goat anti-rabbit 1gG (EY Laboratories, Inc,
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San Metro, USA) at a 1:2,000 dilution as a secondary antibody at 4
°C. After several rinses with 0.1 M phosphate buffer, pH 7.4, the
sections were incubated for 1 day with peroxidase conjugated anti-
peroxidase (rabbit PAP, DAKO A/S, Denmark). After several rinses
with 0.1 M phosphate buffer, pH 7.4, the peroxidase reaction was
developed using 3,3’-diaminobenzidine as a substrate. Human skele-
tal muscle obtained by autopsy within 5 h after death, were embed-
ded in paraffin. These were cut into sections 4 um thick and immuno-
stained as described for rat skeletal muscle.

Assays of enzyme activities. The overall activity of the 2-oxoglu-
tarate dehydrogenase complex was determined by monitoring NADH
formation at 340 nm at 25 °C with a recording spectrophotometer
taking the millimolar extinction coefficient of NADH as 6.2 as re-
ported (5). Leucine aminopeptidase activity was measured as re-
ported (12) using L-leucyl-3-carboxy-4-hydroxyanilide as a substrate
instead of L-leucyl-S-naphthylamide. Succinate-cytochrome c reduc-
tase activity was measured according to the methods of Stotz (13).

FIG. 1.

Immunocytochemical staining of rat and human skeletal muscle with affinity purified anti DLST antibody. A, rat skeletal

muscle; pictures 1, 2, and 3 indicate sections stained with anti-DLST antibody, anti-pyruvate dehydrogenase complex antibody, and anti-
ATP synthase S-subunit antibody, respectively. B, human skeletal muscle; pictures 1 and 2 indicate sections stained with anti-DLST
antibody and anti-pyruvate dehydrogenase complex antibody, respectively. Magnification, X300.
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Subcellular fractionation. Rat skeletal muscle was pulverized
with a razor and homogenized in 3 volumes of 0.25 M sucrose con-
taining 5 mM Tris-HCI and 0.1 mM EDTA, pH 7.4 with a Teflon
homogenizer. The homogenate was centrifuged at 900 X g for 5 min
and the supernatant was centrifuged at 10,000 X g for 15 min to
obtain the mitochondrial fraction. The post-mitochondrial superna-
tant was further centrifuged at 105,000 X g for 2 h, and the precipi-
tate was recovered as the microsomal fraction. The supernatant was
used as the soluble cytosolic fraction.

Western blot. Mitochondrial and microsomal fractions were re-
solved by SDS-PAGE. The gel was then electroblotted onto an immo-
bilon P membrane, then reacted with anti-2-oxoglutarate dehydroge-
nase complex antibody or anti-DLST antibody. After washing, the
membrane was reacted with the peroxidase conjugated secondary
antibody and detected with 3,3’-diaminobenzidine.

Purification of the polypeptide and amino-acid sequencing. The
small polypeptide bound to anti-DLST antibody was purified by im-
munoprecipitation as follows. Rat (8 week-year-old) skeletal muscle
(5 g) of thigh was homogenized in 3 volumes of A-buffer (0.1 mM
EDTA, 5 mM 2-mercaptoethanol and 5 mM Tris-HCI, pH 7.5) con-
taining 0.25 M sucrose and the plasma membrane was obtained in
the supernatant by centrifugation at 10,000 X g for 10 min and
centrifuged at 105,000 X g for 1 h. The polypeptide was dissolved
from the plasma membrane fraction in 5 ml of A-buffer containing
1.5% Triton X-100 and 500 mM NaCl and insoluble materials were
removed by centrifugation at 105,000 X g for 1 h. Anti rabbit serum
against the rat 2-oxoglutarate dehydrogenase complex was incubated
with the supernatant for 3 h on ice. The resulting immunocomplex
was precipitated by centrifugation at 10,000 X g for 5 min and
washed 5 times with A-buffer containing 1.5% Triton X-100 and 500
mM NacCl, and then resolved by SDS-PAGE. The proteins were elec-
troblotted onto a PVDF membrane and stained with Comassie blue.
A band corresponding to 20 kDa was cut-off and applied to a Hewlett
Packard protein sequencer G1005A to determine amino acid se-
quence.

Northern blot. Total RNA from rat skeletal muscle was denatured
with formaldehyde, separated by 1% agarose gel electrophoresis, and
blotted onto a nitrocellulose memberane as described (14). The blot
was analyzed with nick-translated, *?P-labelled rat DLST cDNA (5)
under reported hybridization condition (14).

RESULTS AND DISCUSSION

Immunocytochemical staining of skeletal muscle with
anti DLST antibody. When several tissues were
stained with an affinity purified anti-DLST antibody,
the profile in skeletal muscle was unusual. Figure 1
shows the immunocytochemical staining of rat skeletal
muscle with the anti-DLST antibody. Immunocyto-
chemical staining with anti-pyruvate dehydrogenase
complex and ATP synthase §-subunit antibodies is also
shown for comparison (FIG. 1). The pyruvate dehydro-
genase complex and the ATP synthase S-subunit are
also localized in mitochondria and play significant roles
in energy productive metabolism. As shown in FIG.
1, the anti-DLST antibody immunostained the plasma
membrane of skeletal muscle as well as the mitochon-
dria. In contrast to the staining with the anti-DLST
antibody, the anti pyruvate dehydrogenase complex
and ATP synthase S-subunit antibodies did not stain
the plasma membrane of skeletal muscle.

FIG. 1 also shows the immunocytochemical staining
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of human skeletal muscle with the anti-DLST and
-pyruvate dehydrogenase complex antibodies. The anti-
DLST antibody immunostained the plasma membrane
of human skeletal muscle, whereas the anti-pyruvate
dehydrogenase complex antibody did not. In this study,
we examined the heart, kidney, smooth muscle of intes-
tine, spinal cord and thyroid gland with the anti-DLST
antibody. However, the plasma membranes of these
tissues were not immunostained. Although the immu-
nostaining of the plasma membrane with the anti
DLST antibody was far less than that of the mitochon-
dria in rat and human skeletal, this study suggested
that DLST or a DLST related polypeptide is present
not only in the mitochondria, but also the plasma mem-
brane in skeletal muscle.

Biochemical characterization of mitochondrial and
microsomal fractions of rat skeletal muscle. We
characterized the plasma membrane bound antigen
in subcellular fractions of rat skeletal muscle, as de-
scribed in MATERIALS AND METHODS. Succinate-
cytochrome c reductase and leucine aminopeptidase
were used as marker enzymes for the mitochondria
and the plasma membrane (11), respectively. The
succinate-cytochrome c reductase and 2-oxoglutarate
dehydrogenase complex activities were mainly found
in the mitochondrial fraction at eight-fold higher lev-
els than those in the microsomal fraction, while the
leucine aminopeptidase activity was mainly located
in the microsomal fraction at a nine-fold higher level
than that in the mitochondrial fraction (Table I).
These results confirmed that this microsomal frac-
tion contained the plasma membrane of skeletal mus-
cle as expected.

Detection of plasma membrane bound antigen. To
detect the plasma membrane bound antigen, the mi-
crosomal fraction of rat skeletal muscle was resolved
by SDS-PAGE, blotted onto the membrane and then
stained with the anti-2-oxoglutarate dehydrogenase
complex or the anti-DLST antibodies (FIG. 2). When
the anti-2-oxoglutarate dehydrogenase complex anti-
body was used, two bands of 2-oxoglutarate decarbox-
ylase (M.W; 110,000) and DLST (M.W, 48,000) were
found in mitochondrial fraction (FIG. 2A, lanes 1 and
4). In addition, an additional band appeared in the
microsomal fraction and its molecular weight was
about 20 kilodaltons (kDa) (FIG. 2A, lane 2). No band
was found in the soluble cytosolic fraction after ultra-
centrifugation at 105,000 o g (FIG.2A, lane 3). Using
the anti-DLST antibody, only a single band corre-
sponding to DLST (48 kDa) was found in the mito-
chondrial fraction (FIG. 2B, lane 2), while the poly-
peptide with a molecular weight 20 kDa was also
found in the microsomal fraction (FIG. 2B, lane 1).
No band was found in the soluble cytosolic fraction
(FIG. 2B, lane 3). The applied amounts of the mito-
chondrial and microsomal fractions on SDS-poly-
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TABLE 1

Distribution of Succinate-Cytochrome ¢ Reductase, Leucine Aminopeptidase, and 2-Oxoglutarate Dehydrogenase Complex
Activities in Homogenate, Mitochondrial, and Microsomal Fractions from Rat Skeletal Muscle

Succinate-cytochrome ¢
reductase activity
(umole/min/g tissue)

Leucine aminopeptidase

(umole/min/g tissue)

2-oxoglutarate dehydrogenase
complex activity
(zmole/min/g tissue)

activity

Homogenate 103.5
(100%)

Mitochondrial 73.4
fraction (71%)

Microsomal 9.2
fraction (9%)

33.1 137.5
(100%) (100%)
26 99.4
(8%) (72%)
23.1 12.2
(70%) (9%)

Note. Values in parentheses are percentages based on the amounts in total homogenate.

acrylamide gel were 1.3:1 in terms of 2-oxoglutarate
dehydrogenase complex activity.

The microsomal fraction being treated with Triton
X-100 and centrifuged at 105,000 x g for 2 h, the 20
kDa polypeptide would be released from the plasma
membrane of skeletal muscle and recovered in the
supernatant if it binds to the plasma membrane. On
contrary, the 2-oxoglutarate dehydrogenase complex
is expected to be recovered in the precipitate because
it is known to be precipitated by centrifugation at
105,000 x g for 2 h (5). Therefore, the microsomal
fraction of rat skeletal muscle was solubilized with
Triton X-100 and centrifuged at 105,000 x g for 2 h.
The supernatant and precipitate were analyzed by
Western blotting using the anti-2-oxoglutarate dehy-

A
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E1—

drogenase complex and anti-DLST antibodies (FIG.
3). When the 2-oxoglutarate dehydrogenase complex
antibody was used in the Western blot, the 20 kDa
protein was found in the supernatant solubilized
with Triton X-100 (FIG. 3A, lane 2). In contrast, 2-
oxoglutarate decarboxylase and DLST were found in
the precipitate (FIG. 3A, lane 1). These results sug-
gested that the 20 kDa polypeptide is bound to the
plasma membrane and free from the complex. These
results were also supported by the results of the
Western blot with the DLST antibody (FIG. 3B).
Amino acid sequencing of the polypeptide. To con-
firm whether the polypeptide is derived from the DLST
gene product, we determined the amino acid sequence
of the polypeptide purified by immunoprecipitation as

— 110K

E2— "= ww — 48K

—E2

20K

FIG. 2. Western blots of the mitochondrial and microsomal fractions of rat skeletal muscle with anti-2-oxoglutarate dehydrogenase
complex and anti-DLST antibodies. A, Western blot with anti-2-oxoglutarate dehydrogenase complex antiserum (1:3,000 dilution in 20 mM
Tris-HCI, 500 mM M NacCl, pH 7.4). Lanes 1 and 4, mitochondrial fraction (lane 1, 23 ug of protein, containing 3.8 pmoles/min of 2-
oxoglutarate dehydrogenase complex activity; lane 4, 46 ng of protein); lane 2, microsomal fraction (225 pg of protein, containing 3 pmoles/
min of 2-oxoglutarate dehydrogenase complex activity); lane 3, soluble cytosolic fraction (140 ug of protein, no 2-oxoglutarate dehydrogenase
complex activity was detected). B, Western blot with the anti-DLST antibody (at a final concentration of 0.5 pyg/ml in 20 mM Tris-HCI, 500
mM NacCl, pH 7.4). Lane 1, microsomal fraction (225 pg of protein); lane 2, mitochondrial fraction (23 ng of protein); lane 3, soluble cytosolic
fraction (14 pg of protein). E1 and E2 indicate 2-oxoglutarate decarboxylase (M.W; 110 kDa) and DLST (M.W; 48 kDa), respectively. Arrows
indicate the 20 kDa protein in the microsomal fraction of rat skeletal muscle.
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described in MATERIALS AND METHODS. The N-
terminal amino acid sequence was determined to be X-
A-A-P-E-A-P-A-A-P-P-P (X: undetermined amino acid
residue), which is identical to 154-164 amino acid resi-
dues of rat DLST (6). Thus, the polypepetide bound to
the plasma membrane was confirmed to be derived
from the DLST gene product.

Northern blot. The 20 kDa polypeptide may be pro-
duced by alternative splicing of the DLST gene. If so,
there would be an mRNA species for this protein in
addition to the 2.8 kb mRNA for the mitochondrial
DLST in Northern blot. We examined total RNA from
rat skeletal muscle by Northern blot using rat DLST
cDNA as a probe (FIG. 4). One major 2.8 kb band corre-
sponding to the mitochondrial DLST (5) and a minor
band of 1.2 kb were visualized.

The ratio of DLST and 20 kDa polypeptide in rat
skeletal muscle was about 80:1 based upon the 2-oxog-
lutarate dehydrogenase complex activity and the inten-
sities of bands of both proteins analyzed by Western
blotting. Therefore, the relative intensity of the 1.2 kb
band in the Northern blot is enough to explain an
amount of the 20 kDa polypeptide. In addition, the 1.2
kb mRNA is long enough to encode the 20 kDa polypep-
tide.

Since the anti-DLST antibody used in this study

A B
1 2 1 2
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FIG. 3. Release of the 20 kDa protein from the plasma membrane
of rat skeletal muscle using Triton X-100. The microsomal fraction
was prepared as described in MATERIALS AND METHODS. The
microsomal fraction (3.95 ml) was solubilized with a final concentra-
tion of 1% Triton X-100 and centrifuged at 105,000 X g for 2 h. The
precipitate (resolved with 3.5 ml of 0.25 M sucrose, 5 mM Tris-HCI,
and 0.1 mM EDTA, pH 7.4) and the supernatant (3.7 ml) were West-
ern blotted using antiserum against anti-2-oxoglutarate dehydroge-
nase complex (1:3,000 dilution in 20 mM Tris-HCI, 500 mM NacCl,
pH 7.4) (for A) and anti-DLST antibody (final concentration of 0.5
pg/ml in 20 mM Tris, 500 mM NaCl, pH 7.4) (for B). Lanes 1 and 2
indicate samples from the precipitate (110 ug of protein) and the
supernatant (200 ug of protein), respectively.
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FIG. 4. Northern blot of rat skeletal muscle RNA. Total RNA
from rat skeletal muscle (50 ng) was probed with nick-translated rat
DLST cDNA (5). The arrowhead indicates the 2.8 kb mRNA corre-
sponding to DLST and the arrow an mRNA species of 1.2 kb.

was highly purified as described in MATERIALS AND
METHODS, the possibility of contaminating antibod-
ies against unrelated antigens would be excluded.
There was no significant homologous sequence with
any other plasma membrane proteins when DLST was
compared with other known plasma membrane pro-
teins by a homology search. Thus, it is unlikely that a
muscle-specific protein with the common antigenisity
exists on the plasma membrane. In fact, the N-terminal
amino acid sequence of the polypeptide exactly corre-
sponded to a part of DLST. As an origin of the 20 kDa
polypeptide, degradation of DLST during the fraction-
ation procedure cannot explain the immunostaining of
the plasma membrane of skeletal muscle with the anti-
DLST antibody. Therefore, the muscle 20 kDa polypep-
tide on the plasma membrane should be a product of
the DLST gene.

The 20 kDa polypeptide may be generated by alter-
native splicing and mistargetted to the plasma mem-
brane of skeletal muscle. It is, however, necessary to
confirm this speculation by isolating cDNA for the 20
kDa polypeptide in future. The function of the 20 kDa
polypeptide on the plasma membrane of skeletal mus-
cle is unknown and remains to be resolved. We have
recently found that a genotype of the DLST gene is
highly associated with Alzheimer’'s disease (9). The
DLST polypeptide bound to the plasma membrane may
be accumulated in the brains of patients with Alzhei-
mer’s disease. Further study is required to reveal the
relation of the DLST gene product with the disease in
future.
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