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Abstract The classical reports on neurodegeneration concen-
trate on studying disruption of signalling cascades. Although
it is now well recognized that misfolding and aggregation of
specific proteins are associated with a majority of these dis-
eases, their role in aggravating the symptoms is not so well
understood. Huntington’s disease (HD) is a neurodegenerative
disorder that results from damage to complex II of mitochon-
dria. In this work, we have studied the effect of mitochondrial
complex I inhibitors, viz. 1-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine and rotenone, and complex II inhibitor, viz. 3-
nitropropionic acid, on the aggregation of mutant huntingtin
(mthtt) protein, whose misfolding and aggregation results in
cellular abnormalities characteristic of HD. All three inhibitors
were found to accelerate the aggregation of mthtt in vitro,
although the amounts of aggregates formed were different in
all cases. Thus, apart from their effect on mitochondrial via-
bility, these neurotoxins are capable of interfering with the
protein aggregation process and thus, hastening the onset of
the disease.
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Introduction

Numerous epidemiological studies have shown a link between
environmental factors and prevalence of neurodegenerative
diseases. Increasingly rigorous studies report a direct cause-
and-effect relation between environmental agents such as

metal ions, infectious agents, pesticides and insecticides, or-
ganic solvents, air pollutants, stress, etc. and development of
neurological disorders [5, 9, 15, 18, 19, 22, 24, 26, 39, 59, 66,
75]. Parkinson’s disease (PD) and Alzheimer’s disease (AD)
are leading examples of such disorders. Idiopathic PD is in-
creasingly being referred to as an environmental disorder [7,
32, 71]. The development of symptoms is associated with
increasing exposure to Cu, Mn or Pb emissions [75]. The
association of PD with pesticides is well established. PD-like
symptoms had initially been reported in IV-drug users, who
injected themselves with mepiridine or synthetic heroin. The
causative agent was identified as 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), a contaminant in the preparation
[38]. The exposure of lab animals to pesticides such as rote-
none, paraquat, etc. led to depletion of dopaminergic neurons
and loss of tyrosine hydroxylase-positive termini, the classical
symptoms of parkinsonism [4, 47]. Occupational exposure to
solvents such as perchloroethylene, carbon disulphide, metha-
nol, etc. is also associated with parkinsonism. These effects
could not be reversed even when the source of exposure was
removed [20, 21, 24]. In most of these cases, the causative
agents were mitochondrial complex I inhibitors. The hypothe-
sis was that these molecules inactivated mitochondria and
resulted in progressive cytotoxicity [11, 14]. However, it has
now been shown that metal ions, pesticides, MPTP, etc. can
induce aggregation of α-synuclein, the protein implicated in
PD, in vitro [30, 69]. Thus, the direct interaction of the neuro-
toxin with the protein is a matter of concern.

The role of xenobiotic agents in the aggregation of proteins
implicated in various monogenic neurological disorders, like
Huntington’s disease (HD) or familial Parkinson’s disease, is
less well explored. HD belongs to the class of polyglutamine
(polyQ) disorders. The disease is caused by a genetic mutation
called CAG repeat expansion in exon 1 of huntingtin gene (IT-
15) encoding a polyglutamine stretch in the huntingtin protein
(Htt) [28]. It is an autosomal dominant disorder in which
selective neuronal death occurs primarily in the cortex and
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striatum. HD is characterized by personality changes, motor
impairment and subcortical dementia. The severity of symp-
toms is directly proportional to the length of the polyglut-
amine stretch. However, not all individuals with similar polyQ
tract length develop the disease at the same age [53]. This
reflects the effect of environment on the progress of the
disease. The lack of correlation between phenotype and geno-
type in some cases of HD, especially monozygotic twins, may
provide clues to the role of environment on the onset/progress
of monogenic diseases [33]. Similar reports are available for
other polyglutamine disorders such as spinocerebellar ataxias
[2, 17]. The role of environmental toxins in inducing epige-
netic changes has been identified as a major risk factor in the
development/progress of the disease in such cases [31]. A
recent case study correlating substance abuse and HD reported
that controlling for glutamine repeat length in the expanded
allele, individuals with histories of alcohol or drug abuse
showed a significantly lower age of onset of the disease [8].
A gender bias was also observed with female participants
exhibiting an earlier onset of disease when compared with
their male counterparts with a similar history of substance
abuse. Comparison of striatal proteomes of wild-type and
HD(YAC128Q) mice by two dimensional differential gel
electrophoresis (DIGE) identified 16 proteins whose expres-
sion was altered on exposure toMn2+ in case of HDmice [72].
Most of these proteins were associated with cytoskeletal mo-
bility, glutamatergic neurotransmission and energy metabo-
lism. This suggests that exposure to Mn2+, an environmental
toxin, induces toxicity in HDmice by altering the interaction of
the mutant huntingtin (128Q) with these proteins, thus affecting
various cellular processes.

Unlike α-synuclein, no report is available regarding in-
teraction of mutant huntingtin with environmental agents. In
this work, we have studied the effect of mitochondrial
complex I inhibitors, rotenone and MPTP, and the
complex II inhibitor, 3-nitropropionic acid (3-NP), on the
aggregation profile of mutant huntingtin. Exposure to 3-NP,
a fungal-derived neurotoxin, has been reported to cause
HD-like symptoms in Drosophila, rats and mice [3, 40,
43]. 3-NP is a mitochondrial complex II inhibitor and is
increasingly being used to generate HD animal models [43,
67]. Damage to mitochondrial complex II has been shown to
be associated with development of HD. We show that both
complex I and complex II inhibitors are able to modulate the
fibrillation of mutant huntingtin protein.

Materials and Methods

Materials

Isopropyl-1-thio-β-D-galactopyranoside (IPTG), glutathi-
one–agarose matrix, reduced L-glutathione, rotenone,

MPTP, 3-NP, ANS (8-anilino-1-naphthalene sulphonic
acid), Thioflavin T and Congo red were purchased from
Sigma–Aldrich Chemicals Pvt. Ltd., Bangalore, India.
The primary antibody (mouse anti polyglutamine) was
purchased from Millipore, USA. The secondary antibody
(goat anti-mouse HRP conjugated) and TMB/H2O2 were
purchased from Bangalore Genei Pvt. Ltd., Bangalore,
India. The plasmid pGEX-5X1-HD-exon 1-CAG 51 was
received as a gift from Prof. E. Wanker (Max-Delbrück-
Centrum für Molekulare Medizin (MDC), Berlin,
Germany).

Methods

Purification of Mutant Huntingtin Fragment

The plasmid pGEX-5X1-HD-exon 1-CAG 51 was used
to transform competent E. coli BL21 cells following
standard protocol [55]. The transformed cells were inoc-
ulated in 2.5 % (w/v) Luria Bertani medium containing
ampicillin (0.006 % w/v) and grown at 37°C and
200 rpm till an A600 of 0.6. Protein expression was
induced by the addition of 1 mM IPTG. The expressed
protein was purified using glutathione–agarose matrix
[57]. The concentration of protein in different fractions
was determined by the dye-binding method [6] using
bovine serum albumin as the standard protein. The purity
of the eluted protein was checked by SDS-PAGE [37] and
confirmed by immunoblotting using an anti-polyglutamine
antibody as the primary antibody and an anti-mouse HRP
conjugated secondary antibody. The purified protein was dia-
lyzed against 0.04 M Tris HCl, pH 8.0 containing 150 mM
NaCl and 1 mM EDTA to remove reduced glutathione
prior to use.

Aggregation of Mutant Huntingtin Fragment

Mutant huntingtin fragment (mthtt) (0.5 mg ml−1, 0.04 M Tris
HCl, pH 8.0) was incubated at 37°C in the presence and
absence of pesticides/fungicide. Aliquots were withdrawn at
different time intervals and analysed using various biophysical
techniques.

ThT Fluorescence Emission Intensity

The protein samples and ThT (in 0.04 M Tris HCl, pH 8.0
containing 150 mM NaCl) were mixed together and the final
volume adjusted so as to obtain a molar ratio of 1.5:50,
protein to dye. ThT fluorescence emission spectra were
recorded at 485 nm after excitation at 440 nm, using a
spectrofluorimeter (Shimadzu RF—5301PC). The excita-
tion slit width was kept at 5 nm and that for emission
was 10 nm.
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The aggregation kinetics was followed by fitting the data
using the formula [70],

y ¼ yi þ mxi þ yf þ mxf
1þ e x�x0

t

where yi+mxi is initial line, yf+mxf is the final line and
x0 is the midpoint of maximum signal. The apparent
rate constant (kapp) is 1/τ and lag time is calculated to
be x0−2τ.

ANS Fluorescence Emission Intensity

The protein samples and 8-anilino-1-naphthalene sulphonic
acid (ANS) (in 40 mM Tris HCl, pH 8.0 containing 150 mM
NaCl) were mixed together and the final volume adjusted so
as to obtain a molar ratio of 1:40, protein to dye. ANS
fluorescence emission spectra were recorded at 483 nm after
excitation at 360 nm, using a spectrofluorimeter (Shimadzu
RF—5301PC) [36].

Congo Red Difference Spectroscopy

A stock solution of Congo red (300 mM) was prepared
in 10 % (v/v) ethanol. The solution was centrifuged at
10,000×g for 10 min to remove undissolved dye. The
protein samples and Congo red solution were mixed and
the final volume adjusted so as to obtain a molar ratio of
2:5, protein to dye. The samples were incubated for
30 min and the Congo red absorbance spectra were
recorded between 400 and 700 nm, using a spectrophotometer
(Shimadzu UV-1700 PharmaSpec) [46]. The spectrum of
Congo red alone was subtracted from the spectra of the
corresponding samples containing protein.

SDS-PAGE and Western Blotting

SDS-PAGE (12 % crosslinked polyacrylamide gel) was
carried out to analyze aggregates formed after incubation
of mthtt under different conditions. Electrophoresis was
carried out in miniVE electrophoresis unit (GE Health-
care, Uppsala, Sweden) under conditions of constant
voltage. Gels were silver stained. For immunoblotting,
proteins bands were transferred electrophoretically to
nitrocellulose membranes. Mthtt bands were detected
using anti-polyglutamine monoclonal antibody as the
primary antibody and goat anti-mouse horseradish peroxidase
conjugated antibody as the secondary antibody. Protein bands
were visualized using tetramethyl benzinide/hydrogen perox-
ide (TMB/H2O2), which acts as a substrate for horseradish
peroxidase.

Results and Discussion

Purification and Aggregation of Mutant Huntingtin
Fragment (mthtt)

It has now been conclusively shown that the expression of the
first exon of huntingtin gene in model systems is sufficient to
recapitulate pathology of HD. Proteolytic cleavage of the N-
terminal fragment containing the exon I product is responsible
for cytotoxicity [23]. Flanking sequences have also been
shown to alter the aggregation propensity of the glutamine-
rich segment. Expansion of the polyglutamine segment in
chimeras resulted in changes in the conformation of the adja-
cent protein at either of the termini [29]. Using a yeast model,
toxicity of polyglutamine segments has been shown to be
profoundly altered by flanking sequences [16]. It has recently
been shown that the N-terminal 17-amino acid segment up-
stream of the polyglutamine tract is also able to modulate the
aggregation propensity of the protein [65]. It has been pro-
posed that this 17-amino acid stretch may be responsible
for the switch of the disordered polyglutamine segment to
amyloid fibrils [64].

The target protein (GST-HD51Q) was purified by affinity
chromatography. The purity of the eluted protein was checked
by denaturing gel electrophoresis (12 % crosslinked poly-
acrylamide gel) (Fig. 1). Western blotting of samples con-
firmed the identity of the protein band (Fig. 1).

Mthtt was subjected to aggregation as described in the
“Methods” section. The extent of aggregation was monitored
by ThT fluorescence spectroscopy. ThT is a cationic benzo-
thiazole dye, which has been reported to show an increased
fluorescence upon binding to amyloid fibrils [30, 46, 70]. ThT
fluorescence emission spectra were recorded for each of the
samples and the emission intensity at 485 nm was plotted
against time (Fig. 1). The maximal fluorescence was reached
within a short period of time. Such sigmoidal curves, showing
nucleation, growth and saturation phases, are characteristic of
fibrillation mode of aggregation and have been exhibited by
other proteins as well [1, 12, 30, 70]. The lag time of fibrilla-
tion was calculated to be 0.61 h and the apparent rate constant
of fibrillation was 1.3 h−1. There are diverse views in the
literature regarding the manner in which fibrillation proceeds.
According to one viewpoint, competition between residual
native interactions in the denatured protein and favourable
interaction between partially unfolded structures determines
the conformation of the final product [1, 61]. A second opin-
ion leans towards the view that crossed β-sheet structures are
formed following a complete rearrangement of the native
structure [12, 62]. The fluorescence intensity of the hydropho-
bic dye ANS has been reported to be significantly enhanced
upon binding to hydrophobic clusters in proteins [1, 36, 58].
The fluorophore has been used as a reporter dye for the
“molten globule” state of the protein. ANS fluorescence
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emission spectra were recorded in the presence of protein
samples and the emission intensity at 483 nm was plotted
against time (Fig. 1). As can be seen, an initial increase in
the fluorescence intensity was followed by saturation, indicat-
ing that the protein unfolding had been initiated with signifi-
cant retention in its secondary structure. A comparison of the
time-dependent curves for ThT and ANS fluorescence inten-
sities shows that the maximum fluorescence intensity was
reached much earlier for Thioflavin T than for ANS. This
implies that the formation of the fibrillar structure occurred
without a drastic change in the three-dimensional architecture
of the protein.

Although still controversial, a major thrust in the therapeu-
tic strategy of HD and other protein misfolding diseases is in
the development of screening protocols for aggregation inhib-
itors. The progressive deposition of aggregates has been as-
sociated with the progress of the disease although some other
reports consider it to be a cellular defence mechanism. The
different stages of aggregation, viz. oligomeric or protofibril-
lar and polymeric or fibrillar, have been linked to different
levels of toxicity [60, 63, 73].While there is a growing view-
point that amyloid fibril formation may not, in itself, have
pathological consequences, the toxicity of different interme-
diate species is beyond doubt. Addition of Congo red, an anti-
amyloid compound, to a suspension of HeLa cells expressing
elongated polyglutamine stretch, inhibited ATP depletion

even in cases where aggregates had already formed [56]. R6/
2 transgenic mice model of HD showed improvement in
motor and neurological properties upon infusion of Congo
red. This correlated well with reduced appearance of polyglut-
amine antibody-stained aggregates in basal ganglia of post
mortem HD mice [56]. In a recent study with Drosophila HD
model, expression of Q138 huntingtin in neurons (mimicking
juvenile HD) was accompanied by formation of cytoplasmic
and neuritic aggregates and lethality [73]. No mthtt protein
was localized in the nucleus and distinct aggregates could be
seen in the cytoplasm of neuronal cells and salivary glands
(when Q138 is expressed there), and secretion of glue protein
Sgs3 was affected. Thus, formation of aggregates may be
considered as a marker for the progression of HD.

Effect of MPTP on Aggregation of mthtt

Pesticides and neurotoxins have been shown to interact di-
rectly with proteins involved in neurodegenerative diseases in
vitro, e.g. α-synuclein, and increase their aggregation in a
dose-dependent manner [69]. We have recently shown that
MPTP, and not its metabolite MPP+, is sufficient to induce
fibrillation of α-synuclein [30]. The effect of MPTP, a known
neurotoxin [45], on the aggregation pattern of mthtt was
studied. MPTP (100 μM and 20 mM) was incubated with
the protein (0.5 mg ml−1) at 37°C and the aggregation pattern

Fig. 1 A SDS PAGE (12 % crosslinked polyacrylamide gel) of mutant
huntingtin fragment. Lane 1: molecular marker, lane 2: lysate (unin-
duced cells), lane 3: lysate (induced cells), lane 4: flowthrough, lane 5:
washing 1, lane 6: washing 2, lane 7: washing 5, lane 8: eluate 1, lane
9: eluate 2 and lane 10: eluate3. The amount of protein loaded in each
lane was 20 μg. The gel was silver stained. B Western blotting to
monitor purification of mutant huntingtin fragment. Lane 1: lysate

(uninduced cells), lane 2: lysate (induced cells), lane 3: flowthrough,
lane 4: washing 1, lane 5: washing 5 and lane 6: eluate 1. C Plot of
ThT fluorescence emission intensity against time for aggregation of
mthtt incubated at 37°C. D Plot of ANS fluorescence emission inten-
sity against time for aggregation of mthtt incubated at 37°C. Experi-
ments were carried out in triplicate and mean±s.d. values are shown
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was monitored by ThT fluorescence spectroscopy (Fig. 2).
The plot of emission intensity against time in the presence of
100 μM MPTP showed a sigmoidal curve, indicating nucle-
ation mode of fibrillation. The lag time of fibrillation was
0.13 h, which is less than the lag time for fibrillation of mthtt
alone (0.61 h). The apparent rate constant of fibrillation was
also higher (7.9 h−1) in the presence of MPTP. At a higher
concentration of MPTP (20 mM), fibrillation still occurred, as
shown by increased fluorescence of ThT (Fig. 2). However,
the non-sigmoidal nature of the curve in this case shows that
the modewas not nucleation based. The aggregation pattern of
mthtt was also monitored using ANS fluorescence spectros-
copy (Fig. 2). Increase in fluorescence intensity of ANS
during change in the conformation of a protein is a hallmark
of the molten globule state. A comparison of the emission
intensity kinetics with ThT showed that in the presence of
100 μM MPTP, nucleus formation preceded formation of the
‘molten globule’. The formation of two different substructures
agrees well with the recently proposed hypothesis that the
molten globule is not a single state but rather a mixture of
partially folded units forming oligomers in the kinetic pathway
of aggregation [51].

The fibrillar structures formed at the end of the study
period were analyzed by a colorimetric assay specific for
amyloid fibrils [46]. Mthtt was incubated with Congo red
and the difference spectrum of Congo red in the presence
and absence of the protein-neurotoxin complex was plotted
(Fig. 2). A red shift in the wavelength of maximal absorp-
tion of the protein incubated in the absence and presence of
MPTP at 37°C as compared with the difference spectrum of

mthtt which has not been incubated at 37°C and hence does
not form amyloid fibrils, confirmed the amyloid nature of
the aggregates in both cases. An increase in the absorbance
values at all wavelengths was observed when mthtt aggre-
gates were added to Congo red solution. This was probably
due to scattering of light by the aggregates.

The results reported here show a direct interaction between
MPTP, a mitochondrial complex I inhibitor and mthtt, resulting
in fibrillation of the latter, which is associated with the progress
of HD. This may have important implications in the pathoge-
necity in HD as neurotoxicity due to MPTP exposure has been
proven to be responsible for the earlier onset of PD.

Effect of Rotenone on Aggregation of mthtt

Rotenone is a mitochondrial complex I inhibitor and has
been used to induce PD-like symptoms in lower animal
models [68]. In vitro interaction of rotenone with mthtt
was studied by incubating rotenone (100 μM) with the
protein at 37°C and monitoring the aggregation kinetics by
ThT fluorescence spectroscopy (Fig. 3). A sigmoidal curve
was observed, indicating nucleation mode of aggregation.
The lag time of fibrillation was 1 h, which was marginally
higher than that in the absence of the toxin. However, the
apparent rate constant of fibrillation, kapp (6.1 h−1), was
significantly higher. A plot of change in ANS fluorescence
intensity with time (Fig. 3) showed that in case of rotenone-
induced aggregation of mthtt, the increase in fluorescence
intensity of ThT followed the increase in ANS fluorescence
intensity. This implies that the molten globule substructure

Fig. 2 Aggregation of mthtt in the presence of MPTP. A Plot of ThT
fluorescence emission intensity against time for aggregation of mthtt
incubated in the presence of 100 μM (filled circle) and 20 mM (blank
circle) MPTP at 37°C. B Plot of ANS fluorescence emission intensity
against time for aggregation ofmthtt incubated in the presence of 100 μM

MPTP at 37°C. C Congo red difference spectroscopy of (I) mthtt incu-
bated at 4°C, (II) mthtt incubated at 37°C, (III) mthtt incubated in the
presence of 100 μM MPTP at 37°C and (IV) mthtt incubated in the
presence of 20 mM MPTP at 37°C. Experiments were carried out in
triplicate and mean±s.d. values are shown
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is formed before the nucleus for fibrillation has been formed
completely. Thus, the mechanism by which rotenone and
MPTP, both mitochondrial complex I inhibitors, induce
fibril formation of mthtt, is different. In the first case, the
molten globule stage is reached before the commencement
of nucleation. In the second case, the route is reversed.
Similar to the case of MPTP, the fibrillar nature of the
aggregates, formed at the end of the incubation period in
the presence of rotenone, was also confirmed by Congo red
spectroscopy. Aggregated mthtt was incubated with Congo
red and the difference spectra of Congo red in the presence
and absence of the protein-neurotoxin complex were plot-
ted. A red shift in the wavelength of maximal absorption in
the difference spectra of the protein incubated in the absence
and presence of rotenone at 37°C as compared with the
difference spectrum of mthtt which had not been incubated
at 37°C and hence did not form amyloid fibrils (Fig. 3),
confirmed the amyloid nature of the aggregates. A higher
concentration of rotenone could not be used because of the
insolubility of the toxin in the incubation buffer.

Effect of 3-NP on Aggregation of mthtt

Earlier studies have shown the appearance of HD-like symp-
toms in animal models upon exposure to mitochondrial com-
plex II inhibitors like 3-nitropropionic acid [3, 40, 43, 67].
Mitochondria is associated with both apoptotic and non-
apoptotic cell death. The release of cytochrome c from mito-
chondria initiates a caspase-dependent apoptotic pathway. The
loss ofmitochondrial membrane potential, on the other hand, is
associated with non-apoptotic cell death. When immortalized
striatal cells derived from HdhQ111 (mutant) mouse knock-in

embryos were treated with 3-NP, greater loss of mitochondrial
membrane potential was seen to occur than in normal striatal
cells [54]. This could be ameliorated with cyclosporine A (an
inhibitor of permeability transition pore) and ruthenium red (an
inhibitor of mitochondrial Ca2+ uniporter). Interestingly, rote-
none, a mitochondrial complex I inhibitor, showed no discrim-
inatory effect between normal andmutant striatal cells [54]. No
cytochrome release or caspase activation was observed, point-
ing to the non-apoptotic mode of cell death. Thus, mutant
huntingtin specifically damages the function of mitochondrial
complex II. It has been hypothesized that mutant huntingtin
affects the transcriptional regulation of genes involved in stria-
tal signaling [42] and those for adenosine A2a and dopamine
D2 receptors [41] and impairs the assembly/functioning of one
of the four subunits of mitochondrial complex II [25].

The effect of 3-NP was studied by incubating it at concen-
trations of 100 μM, 10 mM and 20 mM with mthtt at 37°C.
The respective plots of ThT fluorescence emission intensity
against time (Fig. 4) confirmed nucleation mode of aggrega-
tion in all cases. The lag time changed from 0.61 h in the
absence of any pesticide to 1.9, 3.6 and 0.45 h in the presence
of 100 μM, 10 mM and 20 mM of 3-NP, respectively. The
corresponding apparent rate constants of fibrillation (kapp)
were 1.2, 1.8 and 4.4 h−1. Since reduction in lag time and
increase in kapp were observed in case of 20 mM 3-NP, this
condition was analyzed further. A plot of ANS fluorescence
emission intensity against time, in the presence of 20 mM 3-
NP, followed a sigmodal pattern (Fig. 4). The lag time was
delayed in this case as compared with the change in fluores-
cence intensity of ThT, showing that the molten globule state
was reached after the fibrillation nucleus had formed. Congo
red difference spectrum showed a red shift for the protein

Fig. 3 Aggregation of mthtt in
the presence of rotenone. A Plot
of ThT fluorescence emission
intensity against time for
aggregation of mthtt incubated
in the presence of 100 μM
rotenone at 37°C. B Plot of
ANS fluorescence emission
intensity against time for
aggregation of mthtt incubated
in the presence of 100 μM
rotenone at 37°C. C Congo red
difference spectroscopy of (I)
mthtt incubated at 4°C, (II)
mthtt incubated at 37°C and
(III) mthtt incubated in the
presence of 100 μM rotenone at
37°C. Experiments were carried
out in triplicate and mean±s.d.
values are shown
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Fig. 4 Aggregation of mthtt in the presence of 3-NP. A Plot of ThT
fluorescence emission intensity against time for aggregation of mthtt
incubated in the presence of 100 μM (blank triangle), 10 mM (blank
square) and 20 mM (blank circle) 3-NP at 37°C. B Plot of ANS fluores-
cence emission intensity against time for aggregation of mthtt incubated
in the presence of 20 mM 3-NP at 37°C. C Congo red difference

spectroscopy of (I) mthtt incubated at 4°C, (II) mthtt incubated at 37°C,
(III) mthtt incubated in the presence of 100 μM 3-NP at 37°C, (IV) mthtt
incubated in the presence of 10mM3-NP at 37°C and (V) mthtt incubated
in the presence of 20 mM 3-NP at 37°C. Experiments were carried out in
triplicate and mean±s.d. values are shown

Fig. 5 Analysis of mthtt aggregates. A. SDS-PAGE of aggregated mthtt.
Lane 1: mthtt at 4°C, lane 2: mthtt incubated at 37°C, lane 3: mthtt
incubated in the presence of 100μM3-NP at 37°C, lane 4: mthtt incubated
in the presence of 10 mM 3-NP at 37°C, lane 5: mthtt incubated in the
presence of 20 mM 3-NP at 37°C, lane 6: mthtt incubated in the presence
of 100 μM MPTP at 37°C and lane 7: mthtt incubated in the presence of
20 mM MPTP at 37°C. The amount of protein loaded in each lane was
20 μg. B Densitometric analysis of aggregates formed following incuba-
tion of mthtt alone (empty bar) or in the presence of pesticides (filled bars).
The intensities of the bands were quantified by Image Quant software (GE
Healthcare, Uppsala, Sweden) The intensity of the band corresponding to

the aggregates formed by mthtt alone has been assigned an arbitrary value
of 1. The intensities of all other bands have been calculated with reference
to this value.C Immunoblotting of aggregated mthtt. Lane 1: mthtt at 4°C,
lane 2: mthtt incubated at 37°C, lane 3: mthtt incubated in the presence of
100 μM 3-NP at 37°C, lane 4: mthtt incubated in the presence of 10 mM
3-NP at 37°C, lane 5: mthtt incubated in the presence of 20 mM 3-NP at
37°C, lane 6: mthtt incubated in the presence of 100 μM MPTP at 37°C
and lane 7: mthtt incubated in the presence of 20 mMMPTP at 37°C. The
position of the band for the monomeric protein is indicated by an empty
arrowwhile the position of the band for the aggregated protein is indicated
by a filled arrow
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incubated in the absence and presence of 3-NP as compared
with the difference spectrum of mthtt which has not been
incubated at 37°C (Fig. 4). This confirmed the amyloid nature
of the aggregates formed.

Analysis of Aggregates

Electrophoretic analysis of the protein samples incubated in the
presence and absence of neurotoxins was carried out by SDS-
PAGE (Fig. 5). Aggregates formed via amyloid fibrils have
been shown to be SDS-resistant [10, 30, 57, 64]. Densitometric
analysis of the bands was carried out using ImageQuant TL®

software (GE Healthcare). The amount of aggregates formed
was the highest in the case of 10 mM 3-NP and 20 mMMPTP
(Fig. 5). The results correlate well with ThT fluorescence
intensity data obtainedwith the aggregated protein. The amount
of aggregates formed in the presence of these two neurotoxins
was also more as reflected by the relative intensities of the
bands in these two cases. These results were confirmed by
Western blotting using anti polyglutamine monoclonal anti-
body as the primary antibody (Fig. 5).

It is interesting to speculate on the possibility of the results
obtained here being translated to in vivo systems, especially
since HD is largely a monogenic disease. Apart from its effect
on degeneration of the central nervous system, 3-NP has re-
cently been shown to have damaging effect on peripheral
musculature [27]. This has again been attributed to its deleteri-
ous effect on oxidative metabolism. The origin and progress of
HD have multifarious reasons. This is clear from the effects of
agents as varied as COX inhibitors like Licofelone [34], anti-
oxidants like sesamol [35], PPARγ ligands like pioglitazone
[44], antidepressants like sildenafil, etc. [52], on ameliorating
3-NP-induced HD-like changes in cell and animal models. The
fact that the neurotoxins can interact directly with the proteins
(mthtt in this case) and induce fibrillation shows that therapeu-
tic strategies which concentrate on inhibiting fibrillation will
hold some promise for patients of this devastating disease.

Correlation between environmental and genetic factors has
also been seen in case of familial PD wherein mutations in α-
synuclein (A53T, A30P) have been associated with hereditary
forms of the disease. Male transgenic mice expressing mutat-
ed α-synuclein (A53T) have been shown to be more suscep-
tible to exposure to the pesticide paraquat [49]. This effect was
exacerbated with enhanced oral intake of carbonyl iron in case
of neonatal mice (10–17 days), followed by intraperitoneal
injection of the pesticide, as measured by the loss in tyrosine
hydroxylase positive neurons. Administration of paraquat
alone or in combination with iron has earlier been shown to
increase the levels of 3-nitrotyrosne oxidation in dopaminer-
gic neurons [50]. Systemic administration of an antioxidant
(EUK-189) was found to attenuate the loss of dopaminergic
neurons, either pre- or postexposure to iron-paraquat [49].
Thus, it is possible that exposure to environmental toxins, like

paraquat or iron, leads to modifications in the protein (α-
synuclein), which aids free radical-mediated oxidative dam-
age to dopaminergic neurons and accelerates the progress of
the disease. The earlier hypothesis that the neurotoxin MPTP
needs to be converted to MPP+ to exhibit its neurodegenera-
tive effect is partially nullified by the observations that MPTP
alone can induce aggregation of α-synuclein [30] and that
Ndufs4-deleted mice (which cannot assemble complete mito-
chondrial complex I) exhibit the same level of sensitivity to
MPP+ as wild type mice [13]. Thus, the observation that the
aggregation of mutant huntingtin can be accelerated in the
presence of neurotoxins may have important implications for
individuals where the polyglutamine stretch is of intermediate
length (39–60) and where a slow disease progression would
have been anticipated otherwise.

Conclusion

The in vitro experiments described above show that 3-NP, a
known inhibitor of succinate dehydrogenase in mitochondrial
complex II, is able to initiate fibrillation of mthtt. What is
interesting and even more important is that MPTP, a mito-
chondrial complex I inhibitor, accelerates the fibrillation of
mthtt. MPTP has been identified as a mitochondrial complex I
inhibitor whereas HD is associated with damage to mitochon-
drial complex II. MPTP is associated with the development of
PD, but as far as we are aware, it has not been implicated in
HD. In view of the sporadic reports that damage to mitochon-
drial complex I is also associated with HD, although not to the
same extent as mitochondrial complex II [48, 74], the effect of
both neurotoxins in HD needs to be studied in greater detail.
This study should not be limited to the effect of the neuro-
toxins on the inactivation of mitochondria but also include the
direct modulation of aggregation of mutant huntingtin by it.
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