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Six inherited neurologic diseases, including Hun-
tington’s disease, result from the expansion of a CAG
domain of the disease genes to produce a domain of
more than 40 glutamines in the expressed protein. The
mechanism by which expansion of this polyglutamine
domain causes disease is unknown. Recent studies
demonstrated oligomerization of polyglutamine-do-
main proteins in mammalian neurons. To study oligo-
merization of polyglutamine proteins and to identify
heterologous protein interactions, varying length
polyglutamine-green fluorescent protein fusion pro-
teins were expressed in cultured COS-7 cells. The 19-
and 35-glutamine fusion proteins (non-pathologic
length) distributed diffusely throughout the cyto-
plasm. In contrast, 56- and 80-glutamine fusion pro-
teins (pathologic length) formed fibrillar arrays resem-
bling those previously observed in neurons in Hun-
tington’s disease and in a transgenic mouse model.
These aggregates were intranuclear and intracy-
toplasmic. Intracytoplasmic aggregates were sur-
rounded by collapsed intermediate filaments. The in-
termediate filament protein vimentin co-immunoiso-
lated with expanded polyglutamine fusion proteins.
This cellular model will expedite investigations into
oligomerization of polyglutamine proteins and their
interactions with other proteins. © 1997 Academic Press

Six inherited neurodegenerative diseases are caused
by expanded CAG repeats (>40) in the disease-produc-
ing genes. The CAG repeat encodes a polyglutamine
domain in the expressed proteins (1-4). These diseases,
Huntington’s disease (HD), dentatorubral pallidoluy-
sian atrophy (DRPLA), spinocerebellar atrophy 1 and
2 (SCA 1 and 2), spinobulbar muscular atrophy
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(SBMA), and Machado-Joseph disease (MJD) share
common molecular, cellular, and clinical features. They
are dominantly inherited diseases, except X-linked
SBMA, producing progressive motor control distur-
bances, with pathology limited to select populations of
neurons in the central nervous system.

Several observations suggest that the polyglutamine
domain of these proteins is itself critical in disease
pathogenesis. For each of these diseases, expression
of protein with a polyglutamine domain less than 35
glutamines is associated with a normal phenotype,
greater than 40 glutamines causes disease. Increasing
the size of the polyglutamine domain causes earlier
age-of-onset and more severe clinical manifestations
(1-4). These six proteins have no sequence homology
other than the polyglutamine domain (1-4). Although
the size of the polyglutamine domain in these proteins
appears to determine critical intracellular interactions
producing either a normal or a disease phenotype, the
mechanism of toxicity of expanded polyglutamine pro-
teins is unknown.

Perutz et al. proposed that polyglutamine domains
may self-associate by anti-parallel packing to form -
pleated sheets and thereby oligomerize proteins (5).
Biophysical studies, molecular modeling, and electron-
and X-ray microscopy demonstrated that synthetic
polyglutamine peptides produced anti-parallel -
sheets (5). Perutz hypothesized that a glutamine do-
main of a protein may bind with other proteins and
demonstrated that incorporation of a polyglutamine do-
main into a monomeric protein caused its di- and tri-
merization in vitro (6). To study polyglutamine protein
oligomerization within the native intracellular envi-
ronment, and to identify potential heterologous protein
interactions, we transfected mammalian COS-7 cells
to express varying length polyglutamine domain- green
fluorescent fusion proteins. In this study we demon-
strate that long polyglutamine fusion proteins (gluta-
mine domains > 40) oligomerize in COS-7 cells in a
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length- and time-dependent manner, while shorter fu-
sion proteins do not. The fusion protein aggregates re-
semble aggregates in cortical neurons in Huntington’s
disease and in a transgenic mouse model. In addition,
we show that the cytoplasmic fusion proteins aggregate
on intermediate filaments and cause their collapse.
This demonstration of length-dependent oligomeriza-
tion of polyglutamine domain proteins in cultured
mammalian cells, and the identification of their inter-
actions with other molecules will facilitate studies on
the mechanisms critical in disease pathogenesis.

MATERIALS AND METHODS

Construction of polyglutamine clones. Polyglutamine-GFP fusion
proteins were synthesized by PCR from the human DRPLA cDNA.
Each clone is denoted Q followed by the number of uninterrupted
glutamines. DRPLA cDNA containing 79 or 14 CAG repeats was
used as a template to construct clones Q80-GFP and Q19-GFP using
primers 5CEu: 5'TGATCTCGAGCGCCACCATGGTCTCAACAC-
ATCACCATCACCAC and 3NEu3: 5" TGATGAATTCGAGGGGGC-
CCAGAGTTTCCGTG (7). For construction of Q56-GFP and Q35-
GFP, we used TA55 and Q35 plasmid DNA (8). The PCR was per-
formed as previously described (8). Fragments were cloned into the
Xho I and EcoR 1 site of the pEGFP-N1 vector (Clontech, Palo Alto,
CA). The nucleotide sequences of all constructs were confirmed by
the dideoxynucleotide chain terminator method.

The amino-acid sequence of each clone was: Q10 to Q80: MVSTHH-
HHH (Q)19-80HHGNSGPPRIVQSTVPRARDPPVAT-GFP. The under-
lined sequence represents the sequence of the multi-cloning site of
pEGFP-N1.

Cell culture and transfection. COS-7 cells were maintained in
Dulbecco’'s modified Eagles’s medium (DMEM) supplemented with
10% fetal calf serum (FCS). The transfection was performed by using
lipofectamine reagent according to the protocol from GIBCO BRL
(Gaithersburg, MD). Purified DNA was prepared using QIAGEN-
tips columns (Qiagen, Chatsworth, CA). Cells were examined under
phase and fluorescence microscopy. The percentage of cells with visi-
ble aggregates of fusion protein were determined by counting cells
with visible aggregates, divided by the total number of cells with
green fluorescence 72 hours after transfection, in two independent
experiments. In each series more than 500 transfected cells were
counted. For anti-microtubule drug treatment, cells were grown on
Lab-Tek 4 Chamber Slide (Nunc Inc, Naperville, Illinois) and trans-
fected. 24 hr after transfection, the media was changed to DMEM
supplemented with 10% FCS and 10 pg/ml nocodazole (diluted from
1 mg/ml solution made in DMSO) for 5 hr.

Immunofluorescence microscopy and image analysis. For immu-
nofluorescent labeling, cells grown and transfected on chamber slides
were either fixed in freshly made 4% paraformaldehyde in PBS (pH
7.3) or in methanol at —20°C. After fixation, cell were washed in
TBST (0.15M NacCl, 0.02M Tris-HCI (pH 7.4), 0.1% Triton X-100)
and then incubated in 2% BSA at room temperature for 10 min. Cells
were incubated with primary antibodies at room temperature for
30-90 min, extensively rinsed in TBST, and exposed to secondary
fluorescent antibodies at room temperature for 30 min. After re-
peated rinses in TBST, cells were treated with Vectashield mounting
media (Vector Laboratories, Burlingame, CA). The following immu-
noreagents were used: monoclonal antibodies to vimentin (V9) (Boeh-
ringer-Mannheim, Indianapolis, IN), g-tubulin (Amersham Interna-
tional, Buckinghamshire, England), actin (AC-40) (Sigma BioSci-
ences, St. Louis, MO); Texas red-labeled horse anti-mouse 1gG (H +
L) (Vector Laboratories). Images were obtained using a Zeiss micro-
scope equipped with fluorescein and rhodamine filter sets and Zeiss
32X lens (Carl Zeiss, Inc., Thornwood, NY). The images were either
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photographed directly on Kodak Ektachrome p1600 film (exposure
4 s to 30 s). Confocal images were obtained using Bio-Rad MRC-600
Confocal System (Bio-Rad Labs, Richmond, CA) with an argon laser
and Nikon Diaphot microscope equipped with a Nikon 60X oil immer-
sion objective. Hard copies of stored images were obtained from
Adobe Photoshop files.

Electron microscopy. Cells were fixed in 4% paraformaldehyde in
PIPES (piperazine-N,N’-bis (2-ethanesulfonic acid)) buffer, pH 7.0;
infiltrated with 2.1 M sucrose in phosphate buffered saline (PBS), 3
changes in 30 minutes; placed on cryo stubs; and snap frozen and
stored until use in liquid nitrogen. Ultrathin cryosections were cut
on a Reichert-Jung Ultracut E ultramicrotome equipped with an FC-
4E cryochamber (Leica, Deerfield, IL). They were collected on loops
with 2.3 M sucrose in PBS, placed onto Formvar- and carbon-coated
copper-rhodium grids, and treated 30 minutes with 5% FCS in PBS
to block nonspecific staining. Incubation with primary antibody was
for 1 hour at room temperature; mouse monoclonal anti-GFP (Clon-
tech) used at 1:50. Grids were extensively washed (6 changes in 30
minutes) with PBS and then incubated with secondary antibodies
for 30 minutes at room temperature. Secondary antibodies were goat
anti-mouse 1gG conjugated to10 nm colloidal gold (Amersham Life
Sciences). The antibody dilutions were made in 5% FCS in PBS.
Gold-labeled probes were diluted 1:10 and reacted for 30 minutes at
room temperature. After extensive PBS washing as before, grids
were rinsed in 3 drops of water and incubated on drops of 2 M methyl
cellulose containing saturated aqueous uranyl acetate (9 parts to 2
parts). They were then drained on filter paper, air dried, and viewed
in a Philips EM300 electron microscope (Philips Electronic Inst. Co.,
Mahwah, N.J.).

Protein analysis. Each well of a 6-well plate was scraped and
centrifuged and the cell pellet collected. The cell pellet was sus-
pended in Laemmli buffer containing 2% SDS and 5% S-mercapto-
ethanol and boiled for 3 min. The samples were electophoresed on a
10% polyacrylamide gel containing 2% SDS. Proteins were trans-
ferred to Immobilon P membrane (Milipore, Bedford, MA) by stan-
dard Western transfer techniques. Proteins were transferred and
immunoblotted as previously described (8).

Co-immunoisolation of polyglutamine domain fusion proteins and
vimentin. Q19, Q56 and Q80-GFP clones were digested by Xho |
and BsrG | and fragments were cloned into Xho | and Asp718 |
site of pcDNAS3.1 (—)/Myc-His C vector (Invitrogen, San Diego, CA).
Clones were named Q19-Myc, Q56-Myc and Q80-Myc respectively.
COS-7 cells were transfected with Q19-Myc, Q56-Myc or Q80-Myc
expression plasmids in 6 well plates. 48 hours after transfection, the
cells were rinsed with PBS, then preincubated 30 min with 0.5 ml
extraction buffer (100 mM KCI, 10 mM 1,4-piperazinediethane sul-
fonic acid [PIPES], pH 6.8, 300 mM sucrose, 2 mM MgCl,, 1 mM
EGTA and 0.5% Triton X-100 containing proteinase inhibitors (leu-
peptin 1 pg/ml, pepstatin 1 pg/ml, aprotinin 5 pg/ml and PMSF 1
mM) at 4°C (9). The cells maintained their morphology, and the
aggregrated GFP-fusion protein was retained, but the nonaggregated
fusion protein was reduced. The remaining material was incubated
in 500 ml cell lysis buffer (50 mM Tris-HCI (pH 7.4) 150 mM NacCl,
5 mM EDTA, and 1% Triton X-100) with proteinase inhibitors for
30 min. The cells were scraped with a rubber policeman and centri-
fuged 5000 rpm for 3 min at 4°C. The supernatant was filtered with
a 0.65 um Ultra-free-MC (Milipore) and incubated with 2 ul anti-
Myc mouse monoclonal antibody (Invitrogene) for 16 hours at 4°C.
50 ul DYNABEADS (M-450) sheep anti-mouse 1gG (DYNAL, Lake
Success, NY) were washed twice with binding buffer (TrisHCI (pH
7.4) 20 mM, NaCl 150 mM and 2% dried milk) and suspended in 500
ul binding buffer containing proteinase inhibitors. 500 pl of sus-
pended beads were added to each sample and incubated 2 hours
at 4°C. After incubation Dynabeads were separated by a magnetic
separation unit and intensively washed three times with washing
buffer (Tris-HCI (pH 7.4) 20 mM, NaCl 150 mM and 0.5 % Triton X-
100). Washed beads were boiled 5 min in Laemmli buffer containing
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FIG. 1. (Top) Expression of Polyglutamine (Q)-GFP Fusion Pro-
teins in COS-7 Cells. Lane A, non-transfected COS-7 cells; Lane B,
Q19-GFP; Lane C, Q35-GFP; Lane D, Q 56-GFP; Lane E, Q80-GFP.
COS-7 cells were harvested and homogenized 24 hours after transfec-
tion. Following electrophoresis and Western transfer, proteins were
detected with an anti-GFP antibody, as described in Materials and
Methods. (Bottom) Phase Contrast and Fluorescence Microscopy of
COS-7 Cells Expressing: A) Q19-GFP, B) Q56-GFP or C) Q80-GFP.
Cells were examined 24 hours after transfection under phase con-
trast (left) or for GFP fluorescence (right). Bar is 20 um.

6% SDS without g-mercaptoethanol, separated on the magnetic sepa-
rator and 25 ul of the supernatant was subjected to 7.5% PAGE.

RESULTS

Expanded polyglutamine-GFP fusion proteins oligo-
merize in cultured mammalian cells. Transiently
transfected COS-7 cells produced fusion proteins con-
taining the polyglutamine domain and GFP (Figure 1
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TOP). Each fusion protein is denoted Q followed by the
number of uninterrupted glutamines. Approximately
equal amounts of polyglutamine-GFP fusion proteins
were translated in each of the transfected cell cultures.

Cells expressing polyglutamine domain-GFP fusion
proteins were examined by phase contrast (Figure 1
BOTTOM, Left Panel), and fluorescence microscopy
(Figure 1 BOTTOM, Right Panel). 24 hours after trans-
fection the 19-glutamine-GFP fusion protein (Q19-
GFP) and the 35-glutamine-GFP fusion protein
(Q35-GFP) were diffusely and uniformly distributed
throughout the cytoplasm (Figure 1A shows Q19-GFP).
In contrast, the 56-glutamine-GFP fusion protein (Q56-
GFP) formed both multiple small aggregates through-
out the cytoplasm and large aggregates adjacent to the
nucleus (Figure 1B). The 80-glutamine-GFP fusion pro-
tein (Q80-GFP) produced large perinuclear fluorescent
aggregates (Figure 1C). Q80-GFP initially distributed
diffusely, but within18 hours formed small aggregates
adjacent to the nucleus and within 24 hours formed
large perinuclear aggregates, with disappearance of
the diffuse cytoplasmic fluorescence.

The percentage of cells with aggregates of fluorescent
protein were assayed 72 hours after transfection (see
Material and methods). The percentage of cells with
fluorescent aggregates dramatically increased when
the length of poly-glutamine was greater than 40. Q19-
GFP and Q35-GFP produced few aggregates (1.77 % +
0.56 (Mean * SE), 3.75% = 0.06, respectively), while
Q56-GFP and Q80-GFP formed abundant aggregates
(45.7 % = 1.30, 61.8 % =+ 0.16, respectively).

Expanded polyglutamine fusion proteins form fibrous
aggregates. The morphology of the Q80-GFP aggre-
gates was further defined by electron microscopy of im-
munogold-labeled proteins. The perinuclear aggregate
of Q80-GFP is a mesh of fibrillar protein (Figure 2A)
which contains abundant immunoreactive GFP (Figure
2B). No membranous structure was detected around
the fibrillar protein aggregate. Similar GFP-immuno-
reactive aggregates were also observed in the nuclei
(data not shown). No aggregates were identified in Q19-
GFP transfected cells (data not shown).

Over-expression of pathologic-length polyglutamine
fusion protein collapses the intermediate filament net-
work. Large aggregates of Q56-GFP and Q80-GFP
were often located near the nucleus and Golgi appara-
tus. Small aggregates of Q56-GFP were distributed
throughout the cytoplasm. Since both the intermediate
filament (IF) network and microtubule network origi-
nate near the Golgi and project throughout the cyto-
plasm, we investigated the relationship of fusion pro-
tein aggregates with the cytoskeleton (10, 11). The nor-
mal IF network extends from the center of the cell near
the nucleus to the cell periphery. The IF network ap-
peared the same in Q19-GFP transfected cells and in
non-transfected cells (Figure 3 A). In Q56-GFP trans-
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FIG. 2. Ultrastructure of aggregated Q80-GFP in COS-7 cells. 24 hours after transfection, COS-7 cells producing Q80-GFP were processed
for ultracryotomy and immunogold labeling. (A) Low magnification electron micrograph of a large fibrillary inclusion, incubated with anti-
GFP antibody followed by secondary antibody conjugated to10 nm gold particles. (N is nucleus.) (B) Higher magnification of fibrillar arm
at arrow in A, showing heavy anti-GFP immunogold labelling of strands. Bars are 1 ym.
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FIG. 3. Localization of Polyglutamine-GFP Fusion Proteins and
Vimentin. Cells expressing (A) Q19-GFP; (B) Q56-GFP; or (C) Q80-
GFP were fixed 24 hours after transfection, and incubated with an
anti-vimentin antibody (V9). The cells were examined under confocal
microscopy for GFP, using FITC optics (left), for anti-vimentin, using
Texas red optics (middle), or two color overlay of the GFP and vimen-
tin pattern (right). Bar is 20 um.

fected cells, small aggregates of fusion protein were
associated primarily with the IF network (Figure 3 B).
These clustered aggregates of fusion protein disrupted
the uniform distribution of the IF array and collapsed
the IF network around the nucleus and around the
fusion protein aggregate, as shown in the center cell.
Even after disruption of the microtubule array by noco-
dazole, aggregates of Q56-GFP still co-localized with
the IF network (data not shown). Q80-GFP produced
large perinuclear aggregates, with severe disruption of
the IF network and collapse adjacent to the nucleus
(Figure 3 C). In these cells the IFs no longer extended
to the cell membrane. Adjacent non-transfected cells
demonstrated normal IF network morphology. In con-
trast to the disrupted IF network, the microtubule net-
work was intact. No association of Q80-GFP was ob-
served with the actin network (not shown).

Vimentin coimmunoisolates with long polyglutamine
fusion proteins. The spatial association of aggregated
Q56-GFP or Q80-GFP with intermediate filaments
does not prove direct molecular interaction. To deter-
mine whether long polyglutamine proteins bind inter-
mediate filaments, we immunoisolated polyglutamine
domain proteins from COS-7 cells expressing Q19-Myc,
Q56-Myc or Q80-Myc. As shown in Figure 4, vimentin
coimmunoisolated with the 56- and 80-polyglutamine
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fusion proteins, but not with the 19- polyglutamine pro-
tein. In contrast, S-tubulin did not coimmunoisolate
(not shown). These observations provide additional
support for the conclusion that expanded polyglutam-
ine domain fusion proteins bind intermediate fila-
ments.

DISCUSSION

Polyglutamine protein aggregation appears im-
portant in the pathogenesis of the CAG-repeat dis-
eases. Electron microscopic examination of Hunting-
ton’s disease neurons demonstrate cytoplasmic and nu-
clear protein aggregates (12, 13). Both the nuclear and
cytoplasmic aggregates are fibrillar structures similar
to the fibrillar arrays observed by us in COS-7 cells
(12, 13). As shown by Scherzinger et al, a GST- fusion
protein of exon 1 of huntingtin with an expanded CAG
repeat domain, produced by E. coli, forms similar pro-
tein aggregates in vitro (14). Ikeda et al. reported punc-
tate intracytoplasmic distribution of a truncated MJD1
protein with an expanded polyglutamine domain (15).
Here we demonstrate that expanded polyglutamine-
domain proteins aggregate in cultured mammalian

A)
B)
- —_— ‘
FIG. 4. Immunoisolation of polyQ-Myc fusion proteins and vi-

mentin. Cells expressing Q19-Myc, Q56-Myc or Q80-Myc were lysed
and immunoprecipitated with an anti-Myc antibody and separated
by secondary antibody coated beads. Binding materials were eluted
and analyzed by SDS-PAGE under non-reducing conditions, and im-
munoblotted with an anti-vimentin monoclonal antibody (V9) (B).
The same filters reprobed with an anti-GFP antibody (A). Arrowhead:
Vimentin.
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cells in a length-dependent manner, forming cyto-
plasmic and nuclear oligomeric structures similar to
those seen in diseased neurons.

The intracellular compartmentalization of the CAG-
triplet repeat disease proteins has been examined. All
of these polyglutamine-domain proteins are cyto-
plasmic except for ataxin-1 in SCA-1 (2, 16-20). The
ataxin -1 protein with a normal polyglutamine domain
is primarily nuclear, but is in the cytoplasm of affected
Purkinje cells (18). Huntingtin is a cytoplasmic protein
associated with synaptic vesicles. Davies et al. recently
demonstrated that neurons of mice transgenic for exon
1 of the human Huntington’s gene with 115 to 156 CAG
expansions had intranuclear inclusions (21). Since in-
clusions in Huntington disease neurons are both intra-
cytoplasmic and intranuclear, expanded-huntingtin
must be distributed into both intracellular compart-
ments.

The mechanism of length-dependent oligomerization
of polyglutamine domain proteins is unknown. Our re-
sults suggest that expanded polyglutamine domains
adopt a novel secondary structure which promotes
oligomerization and determines interactions with other
proteins. Supporting this hypothesis, Trottier et al.
have identified an antibody which binds only pathologic
length polyglutamine proteins (22). Length-dependent
polyglutamine protein interactions with other proteins
have been previously shown, either in vitro or in the
yeast two hybrid system, for glyceraldehyde-3-phos-
phate dehydrogenase (23), HAP1 (24), HIP1 (25, 26)
and apopain (27).

Perutz et al. demonstrated that synthetic polyglu-
tamine peptides self-assemble into antiparallel -
pleated sheets in vitro, and showed that a polyglutam-
ine domain of a protein can dimerize protein (5, 6).
The fibrillar aggregates of Q80-GFP we observed by
electron microscopy (Figure 2) may also arise from as-
sembly of §-sheet arrays. Perutz also speculated that
expansion of polyglutamine beyond a critical number
promotes oligomerization (28). The dramatic differ-
ences in oligomerization between Q35-GFP and Q56-
GFP in our experiments support this hypothesis and
is consistent with the clinical observation that polyglu-
tamine domains greater than 40 is associated with dis-
ease.

The intracellular distribution of the polyglutamine
fusion protein aggregates suggests interaction with the
IF network. This interaction with intermediate fila-
ments is preserved even after disruption of microtu-
bules. Vimentin, which forms the intermediate fila-
ments, co-immunoisolates with polyglutamine in a
length dependent manner, while g-tubulin does not.

The specific molecular interaction between polyglu-
tamine and intermediate filaments is not known. Ag-
gregated polyglutamine-fusion protein may directly
bind vimentin, which forms the IF, or bind other pro-
teins associated with the IF network. Mature neurons,
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unlike COS-7 cells, do not express vimentin, but pro-
duce homologous intermediate filament proteins, neu-
rofilament. Vimentin and neurofilament proteins are
homologous at the primary, secondary, and tertiary
structural levels (for review see (29)). Expanded poly-
glutamine domain proteins may interact with neuro-
filaments, similar to their interactions with IFs of COS-
7 cells. The production of oligomerized GFP-polyglu-
tamine fusion protein in cultured mammalian cells
which mimic the aggregates seen in Huntingtons dis-
ease neurons should facilitate studies examining the
mechanism of oligomerization, their interactions with
other proteins in the cell, and the identification of com-
pounds which inhibit these protein-protein interac-
tions.
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