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Abnormal complex formation of dentatorubral–
allidoluysian atrophy (DRPLA) protein and patho-

ogical ubiquitination of abnormal complex are two
athological processes involved in DRPLA neurode-
eneration. Pathological ubiquitination and solubility
n SDS and reducing agent are two unique character-
stics of the DRPLA protein complex. Ubiquitination
f abnormal DRPLA protein complex in DRPLA brain
issue is heat-resistant and stronger than that in con-
rol brain tissue. Pathological ubiquitination of
RPLA protein complex correlates with the onset of

ymptoms and the size of an expanded glutamine re-
eat in brain tissue of patients with DRPLA. Patholog-

cal ubiquitination plays an important role in DRPLA
athology. DRPLA protein complex is water-insoluble
ut soluble in SDS and reducing agent, and displays
o difference in water insolubility between control
nd DRPLA brain tissue. Abnormal insoluble complex
ormation is not developed by a qualitative change in
ater insolubility of DRPLA protein complex but

s developed by a spontaneous accumulation of an
bnormally large amount of the DRPLA protein
omplex. © 1999 Academic Press

Dentatorubral–pallidoluysian atrophy (DRPLA) is a
ereditary neurodegenerative disorder caused by ex-
ansion of a glutamine repeat in DRPLA protein (1–4).
RPLA protein undergoes greater complex formation

n DRPLA brain tissue and expanded glutamine repeat
nhances complex formation of DRPLA protein (5).
RPLA protein complex is ubiquitinated in DRPLA
rain tissue and pathological ubiquitination of DRPLA
rotein complex is found selectively in affected lesions
f brain tissue of patients with DRPLA (6). Immuno-
istochemical studies of DRPLA brain tissue using an
nti-DRPLA protein antibody showed that immunore-
ctivity of DRPLA protein appearing as cluster forma-
ions corresponds to complex formation of DRPLA pro-
37
ein in immunoblotting and that DRPLA protein is
o-localized with ubiquitin in DRPLA afflicted neurons
6). Characteristic neuronal cytoplasmic inclusions are
dentified in DRPLA dentate nuclei using immunohis-
ochemical studies (6). DRPLA protein complex is
ound in the core of the inclusions and this core is
urrounded by ubiquitin-bonded proteins. This is evi-
ence for disease-specific abnormal ubiquitination of
RPLA protein complex. Thus, abnormal complex for-
ation of DRPLA protein and pathological ubiquitina-

ion of abnormal complex are two pathological pro-
esses involved in DRPLA neurodegeneration. To
lucidate the pathological mechanism of DRPLA, bio-
hemical characteristics of DRPLA protein com-
lex were examined using immunoblotting studies of
RPLA brain tissue under reducing and non-re-
ucing conditions in sodium dodecyl sulfate (SDS)-
olyacrylamide gel electrophoresis (PAGE) and in
ative-PAGE.
Abnormal accumulations of ubiquitinated proteins

re found in intracellular inclusions in various neuro-
egenerative disorders, including Alzheimer’s disease,
arkinson’s disease, and motor neuron diseases (7–11).
biquitin accumulations are related to the process of
eurodegeneration (12). Because pathological ubiquiti-
ation is not found when DRPLA protein is separated

nto a monomer form but found when DRPLA protein
orms DRPLA protein complex in DRPLA brain tissue
6), pathological ubiquitination of DRPLA protein com-
lex may be different from those of other diseases that
ause neuronal ubiquitinated inclusions. This study
learly elucidates two biochemical characteristics of
RPLA protein complex, which relate to pathological
rocesses in DRPLA. First, to determine what roles
biquitination of DRPLA protein plays in DRPLA neu-
odegeneration, this study assesses the nature of ubiq-
itination of DRPLA protein complex in DRPLA brain
issue. By comparing ubiquitination of DRPLA protein
omplex in human control brain tissue and DRPLA
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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rain tissue, this study provides evidence that ubiq-
itination of DRPLA protein complex in DRPLA brain
issue has a pathogenic character. Second, to under-
tand pathological process of abnormal DRPLA protein
omplex formation, this study examines solubility of
RPLA protein complex in SDS and reducing agent. In
lzheimer’s disease, abnormal ubiquitinated paired
elical filaments that accumulate progressively in af-
icted neurons have unusual insolubility characteris-
ics, including insolubility in both SDS and reducing
gent (13, 14). This study compares solubility charac-
eristics of abnormal accumulated proteins in both
RPLA and Alzheimer’s disease. Two unique patholog-

cal characteristics of ubiquitin-bonded DRPLA protein
omplex have a close relationship to each other in
RPLA neurodegeneration.

ATERIALS AND METHODS

Sample preparation. Postmortem brain tissue samples from five
RPLA patients (24–69 years old), whose disease had been diag-
osed genetically by the PCR analysis and confirmed pathologically,
nd brain tissue samples from four control subjects (59–79 years old)
ere examined. Onset of symptoms ranged from 4 to 49 years (Table
) (3, 15). Tissue samples (2 g) from cerebral frontal cortices of four
uman control subjects and five DRPLA patients were homogenized
eparately in 5 volumes of tris-saline buffer with protease inhibitors
20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mg/ml Aprotinin, 1 mM
DTA, 10 mg/ml Leupeptin, 0.5 mM Pefabloc SC, and 10 mg/ml
epstatin). Samples were stored at 280°C until used for gel electro-
horesis.

Native-polyacrylamide gel electrophoresis (PAGE) and SDS-
AGE. Protein concentrations of the brain tissue homogenates
ere measured by the bicinchoninic acid (BCA) protein assay

Pierce). Each sample of brain tissue was mixed with an equal
olume of four types of sample buffers: 1) sample buffer containing
DS (4% SDS, 160 mM Tris-HCl, pH 6.8, 20% glycerol) with a
educing agent (10% 2-mercaptoethanol, ME), 2) sample buffer con-
aining SDS without a reducing agent, 3) sample buffer without SDS
160 mM Tris-HCl, pH 6.8, 20% glycerol) with a reducing agent (10%
-mercaptoethanol), and 4) native sample buffer (160 mM Tris-HCl,
H 6.8, 20% glycerol). Native sample buffer was used for native-
AGE and the other three types of sample buffers were used for
DS-PAGE. After tissue samples were mixed with each type of
ample buffer, they were placed in boiling water for 8 min. To assess
he effect of heat upon bonding of ubiquitin with DRPLA protein
omplex, samples of brain tissue with and without being subjected to
eat were compared using immunoblotting. Electrophoresis was per-
ormed using two kinds of polyacrylamide gels: 0.1% SDS-containing
olyacrylamide gel for SDS-PAGE and SDS-free polyacrylamide gels
or native-PAGE. The acrylamide concentration of the stacking gels

Clinical Findings of Five DRPLA Patients

Patient Sex Age at onset (year) CAG repeat size

1 Female 4 64/10
2 Male 10 64/13
3 Female 21 62/16
4 Male 43 60/19
5 Male 49 59/19
38
lectrophoresed in the gels, then the gels were subjected to immu-
oblotting.

Immunoblotting. Proteins in the gels were transferred electro-
horetically to a polyvinylidene difluoride (Immobilon) membrane
Millipore), which then was blocked with the solution that contained
% nonfat milk powder and left undisturbed for 16 h at 4°C with
nti-DRPLA protein polyclonal antibody (C580) and anti-ubiquitin
olyclonal antibody (DAKO). C580 that was produced in rabbits
gainst synthetic peptides corresponding to the C-terminal end of
uman DRPLA protein (amino acids 1171–1184) was purified by
ffinity chromatography as described elsewhere (3, 16). The Immo-
ilon membrane was incubated for 1 h at room temperature with
nti-rabbit secondary antibodies. In order to visualize the immuno-
eaction, an enhanced chemiluminescence (ECL) western blotting
ystem (Amersham Pharmacia Biotech) was used.

ESULTS

haracterization of Ubiquitin Bonding with DRPLA
Protein Complex

To assess the nature of chemical bonding of ubiquitin
ith DRPLA protein complex, DRPLA protein in four

amples of human control brain tissue and five samples
f DRPLA brain tissue was examined using immuno-
lotting studies under reducing and non-reducing con-
itions. To understand the influence of heat upon
hemical bonding of ubiquitin with DRPLA protein
omplex, ubiquitinated DRPLA protein complex was
ompared using immunoblotting with and without be-
ng subjected to heat under non-reducing conditions.
mmunoblots of samples of control brain tissue under
on-reducing conditions stained with an anti-ubiquitin
ntibody show, when the samples are subjected to heat
fter being mixed with sample buffer containing SDS
ithout a reducing agent, there is no immunoreactivity
f DRPLA protein complex with apparently high mo-
ecular weight at the top of stacking gels (Fig. 1A, lane
). Although immunoblots of samples of control brain
issue without being subjected to heat show that there
ppears definite immunoreactivity of DRPLA protein
omplex at the top of stacking gels (Fig. 1A, lane 1).
he data indicate that when subjected to heat the

mmunoreactivity of DRPLA protein in control brain
issue is completely eliminated, and that ubiquitin
onding formation with DRPLA protein complex is eas-
ly broken by heat treatment of samples of control
rain tissue. Heat treatment of samples of DRPLA
rain tissue had no effect on immunoreactivity of
RPLA protein complex under non-reducing condi-

ions when stained with an anti-ubiquitin antibody
Fig. 1A, lanes 2, 4). This indicates that bonding of
biquitin with DRPLA protein complex in DRPLA
rain tissue is resistant to heat and is stronger than
hat in control brain tissue.

To understand the pathological influence of ex-
anded glutamine repeat upon ubiquitin-bonded
RPLA protein complex, ubiquitin-bonded DRPLA
rotein complex is examined using immunoblotting of
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rain tissue samples of five DRPLA patients under
on-reducing conditions. Patient 1 had the earliest on-
et of symptoms and the largest size of expanded CAG
epeat, and patient 5 had the latest onset of symptoms
nd the smallest size of expanded CAG repeat, among
he five DRPLA patients (Table 1). For this reason,
heir DRPLA protein complexes were chosen for fur-
her study. On immunoblots of two brain tissue sam-

FIG. 1. (A) Immunoblots of a sample of human control brain
issue (lanes 1, 3, 5) and a sample of DRPLA brain tissue (lanes 2, 4,
) (10 mg protein per lane) under non-reducing (lanes 1-4) and re-
ucing (lanes 5, 6) conditions, stained with an anti-ubiquitin anti-
ody. Samples (lanes 3-6) were subjected to heat and samples (lanes
, 2) were not subjected to heat, then they were electrophoresed on
DS-polyacrylamide gels. Stained with an anti-ubiquitin antibody,

mmunoblot of a sample of DRPLA brain tissue when the sample is
ubjected to heat after being mixed with sample buffer containing
DS under nonreduced conditions shows the same complex band

large arrowhead) as that stained with C580 located at the top of
tacking gel (lane 4), whereas the immunoblot of a sample of control
rain tissue shows no immunoreactivity of a DRPLA protein complex
and at the top of stacking gel (lane 3). In contrast, when samples of
ontrol brain tissue and DRPLA brain tissue are not subjected to
eat, immunoblots show definite immunoreactivities of DRPLA pro-
ein complex bands at the top of stacking gels (lanes 1, 2), indicating
hat when DRPLA protein complex is subjected to heat, its band
ecomes undetectable on the immunoblot of a sample of control brain
issue under nonreducing conditions. Immunoblots of samples of
ontrol brain tissue and DRPLA brain tissue under reducing condi-
ions when stained with an anti-ubiquitin antibody show immuno-
eactivities of multiple ubiquitin bands (small arrowhead), showing
he absence of immunoreactivity of DRPLA protein complex band
lanes 5, 6). ME is 2-mercaptoethanol. The molecular weight mark-
rs are indicated on the left. (B) A comparison of ubiquitin-bonded
RPLA protein complex between brain tissue samples of two DRPLA
atients: patient 1 who showed the earliest onset of symptoms and
he largest size of expanded CAG repeat, and patient 5 who showed
he latest onset and the smallest size, among the five DRPLA pa-
ients. Immunoblots of brain tissue samples of patient 1 (lane 1) and
f patient 5 (lane 2) with being subjected to heat under non-reducing
onditions were stained with an anti-ubiquitin antibody. Immuno-
lot of a brain tissue sample of patient 1 shows greater immunore-
ctivity of ubiquitin-bonded DRPLA protein complex than that of
atient 5 (large arrowhead).
39
les under non-reducing conditions stained with an
nti-ubiquitin antibody, ubiquitin-bonded DRPLA pro-
ein complex at the top of stacking gels shows greater
mmunoreactivity in patient 1 than in patient 5 (Fig.
B), indicating that patient 1 had more extent of patho-
ogical ubiquitination of DRPLA protein complex. This
uggests that the onset of symptoms and the size of
xpanded glutamine repeat in DRPLA protein corre-
ate with the severity of pathological ubiquitination of
RPLA protein complex in DRPLA brain tissue.

olubility of DRPLA Protein and
DRPLA Protein Complex

The total homogenates of four samples of control
rain tissue and five samples of DRPLA brain tissue
ere analyzed using SDS-PAGE under reducing and
on-reducing conditions and native-PAGE. When the
amples of control brain tissue and DRPLA brain tis-
ue were treated with sample buffer containing SDS,
o precipitation was observed. However, when the
amples were treated with native sample buffer and
ample buffer without SDS, apparent precipitation
as observed, and the supernatant was then examined

o study solubility of DRPLA protein and DRPLA pro-
ein complex.

Immunoblots of control and DRPLA samples under
educing conditions stained with anti-DRPLA protein
ntibody (C580), an affinity-purified polyclonal anti-
ody against the C-terminus of DRPLA protein (3),
how that wild-type and mutant DRPLA protein bands
re detected only when the samples are treated with
ample buffer containing SDS, but are not detected
hen treated with sample buffer without SDS (Fig. 2,

anes 1-4). The results indicate that DRPLA protein is
ater-insoluble but soluble in SDS, one kind of chem-

cal detergent. There is no difference in solubility be-
ween wild-type and mutant DRPLA proteins in sam-
les of DRPLA brain tissue. On immunoblots of
amples of control brain tissue that are treated with
ample buffer containing SDS under non-reducing con-
itions stained with C580, DRPLA protein migrates in
wo bands of a reduced form of DRPLA protein with an
pparent molecular weight of approximately 200kDa
nd DRPLA protein complex with apparently high mo-
ecular weight at the top of stacking gels (Fig. 2, lane
). On immunoblots of samples of DRPLA brain tissue
hat are treated with sample buffer containing SDS
nder non-reducing conditions, DRPLA protein mi-
rates in a band of DRPLA protein complex to the top
f stacking gels (Fig. 2, lane 6), and the immunoreac-
ivity of DRPLA protein complex in samples of DRPLA
rain tissue is greater than that in samples of control
rain tissue as previously demonstrated (5). In con-
rast, when samples of control and DRPLA brain tissue
re treated with native sample buffer, immunoblots
tained with C580 show little immunoreactivity of
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RPLA protein complex at the top of stacking gels
Fig. 2, lanes 7, 8). The data indicate that DRPLA
rotein complex both in control and DRPLA brain tis-
ue is water-insoluble but soluble in SDS, showing no
ifference in water-insolubility of DRPLA protein com-
lex between in samples of control brain tissue and
RPLA brain tissue.

ISCUSSION

Pathological ubiquitination and solubility in SDS
nd reducing agent are two unique characteristics of
RPLA protein complex, but pathological ubiquitina-

ion is the more significant characteristic. A recent
tudy has identified ubiquitin as a component of

FIG. 2. Immunoblots of the total homogenates of the cerebral
ortices from control brain tissue from a subject (lanes 1, 3, 5, 7) and
rain tissue from a DRPLA patient (lanes 2, 4, 6, 8) (10 mg protein
er lane), stained with an anti-DRPLA protein antibody (C580).
amples were treated with sample buffers containing SDS (lanes 1,
, 5, 6) and without SDS (lanes 3, 4), under the reducing (lanes 1-4)
nd non-reducing (lanes 5, 6) conditions, and they were electropho-
esed on SDS-polyacrylamide gels. For native-PAGE analysis, the
amples were treated with native sample buffer and were electro-
horesed on native-polyacrylamide gels (lanes 7, 8). Stained with
580, immunoblots of a sample of control brain tissue and a sample
f DRPLA brain tissue under nonreducing conditions (lanes 5, 6)
how a complex band with apparently high molecular weight located
t the top of stacking gels (arrowhead), but only the immunoblot of a
ample of control brain tissue (lane 5) shows a reduced band of
RPLA protein with an apparent molecular weight of approximately
00 kDa (arrow) which is detected on immunoblot of a sample of
ontrol brain tissue under reducing conditions (lane 1). Immunore-
ctivity of the complex band is greater on the immunoblot of a
ample of DRPLA brain tissue than on the immunoblot of a sample
f control brain tissue. On immunoblots of samples of control brain
issue and DRPLA brain tissue treated with sample buffer without
DS under reducing conditions, C580 detects little immunoreactiv-

ties of DRPLA protein and its complex bands (lanes 3, 4). Immuno-
lots of samples of control brain tissue and DRPLA brain tissue
sing native-PAGE show no immunoreactivities of DRPLA pro-
ein and its complex bands (lanes 7, 8). ME is 2-mercaptoethanol.
he molecular weight markers using SDS-PAGE are indicated on
he left.
40
RPLA protein complex on immunoblots of DRPLA
rain tissue under non-reducing conditions, indicating
hat DRPLA protein complex is pathologically ubiqui-
inated in DRPLA brain tissue (6). Immunoblotting
tudies of samples of control brain tissue and DRPLA
rain tissue show that ubiquitination of abnormal
RPLA protein complex is heat-resistant in DRPLA
rain tissue. This heat-resistance indicates qualita-
ively stronger bonding than in control brain tissue. In
ontrol brain tissue ubiquitination may be a nonspe-
ific physiological phenomenon, but in DRPLA brain
issue ubiquitination is a disease-specific pathological
henomenon that is produced by abnormal DRPLA
rotein complex formation. In postmortem human
rain tissue, nonspecific ischemic changes may easily
ccur, and careful assessment of resulting data is nec-
ssary to understand pathological mechanisms of any
rain disease. Different strength of bonding of ubiq-
itin with DRPLA protein complex in control and
RPLA brain tissue is important evidence to assess
ata resulting from the studies of postmortem human
rain tissue. Thus, ubiquitination of DRPLA protein
omplex in DRPLA brain tissue is a pathological phe-
omenon. Moreover, pathological ubiquitination of
RPLA protein complex correlates with onset of

ymptoms and size of expanded glutamine repeat in
RPLA protein. Evidence clearly indicates that patho-

ogical ubiquitination plays an important role in
RPLA pathology. Abnormal protein interaction

aused by expanded glutamine repeat may relate to
bnormal protein complex formation in DRPLA protein
nd it triggers pathological ubiquitination in DRPLA
fflicted neurons.
Another unique characteristic of DRPLA protein

omplex is solubility in SDS and reducing agent.
RPLA protein complex is insoluble in water but sol-
ble in SDS and reducing agent. This complex has
imilar solubility characteristics as DRPLA protein
nd there is no difference in water-insolubility of
RPLA protein complex between control brain tissue
nd DRPLA brain tissue. The findings are consistent
ith those seen in previous subcellular fractionation
xperiments that show most of DRPLA proteins are
ocated in the water-insoluble nuclear fraction in
ontrol and DRPLA brain tissue (17). Insoluble ubiqui-
inated neuronal intranuclear inclusions are composed
f gene products in patients with glutamine repeat
iseases and animal models of glutamine repeat dis-
ases (18–23). It is important to study the difference in
iochemical characteristics between wild-type and mu-
ant gene products to gain an understanding of patho-
ogical mechanism or mechanisms of glutamine repeat
iseases. Previous two-dimensional electrophoretic
tudies of DRPLA brain tissue showed that isoelectric
oints of mutant DRPLA protein are similar to those of
ild-type DRPLA protein (24). This study also shows

here is no difference in water-insolubility of wild-type
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nd mutant DRPLA protein. Evidence indicates that
oth wild-type and mutant DRPLA protein shares
any similar protein characteristics in DRPLA brain

issue. Then, why does DRPLA protein develop abnor-
al insoluble complex formation in DRPLA brain tis-

ue? This study suggests that abnormal insoluble com-
lex formation is not developed by a qualitative change
n water-insolubility of DRPLA protein complex, but
omplex formation is developed by a spontaneous ac-
umulation of a quantitatively large amount of DRPLA
rotein complex. Because abnormal complex is formed
y mutant DRPLA protein that possesses similar bio-
hemical characteristics as wild-type DRPLA protein,
RPLA protein spontaneously accumulates to form
RPLA protein complex. Moreover, wild-type DRPLA
rotein in addition to mutant DRPLA protein is in-
olved in abnormal complex formation in brain tissue
f patients with DRPLA.
Pathological ubiquitination and solubility in SDS

nd reducing agent are two unique characteristics of
RPLA protein complex in DRPLA. In Alzheimer’s
isease, abnormal ubiquitinated paired helical fila-
ents show insolubility in both SDS and reducing

gent (13, 14). Although abnormal accumulations of
biquitinated proteins are commonly found in both
RPLA and Alzheimer’s disease (6–8), this study dem-
nstrates that solubility characteristics of abnormal
ccumulated proteins are clearly different between
RPLA and Alzheimer’s disease. This suggests that

wo separate and unique processes of neurodegenera-
ion caused by abnormal accumulations of ubiquiti-
ated proteins must be involved in DRPLA and Alzhei-
er’s disease. Abnormal accumulations, called senile

laque and neurofibrillary tangle which contains
aired helical filaments, are neuropathological fea-
ures that are found in Alzheimer’s disease but are not
ound in DRPLA. These findings provide evidence that
wo diseases have different pathological mechanisms.
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