THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 20, pp. 18320-18330, May 20, 2011
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc.  Printed in the U.S.A.

Cysteine Oxidation within N-terminal Mutant Huntingtin
Promotes Oligomerization and Delays Clearance of Soluble

Protein™

Received for publication, November 1, 2010, and in revised form, March 13,2011 Published, JBC Papers in Press, March 30, 2011, DOI 10.1074/jbc.M110.199448

Jonathan H. Fox*®', Teal Connor®, Megan Stiles*, Jibrin Kama®, Zhen Lu*, Kathryn Dorsey®, Gregory Liebermann®,
Ellen Sapp°®, Robert A. Cherny", Mary Banks®, Irene Volitakis', Marian DiFiglia®, Oksana Berezovska®,

Ashley |. Bush?, and Steven M. Hersch®

From the *Department of Veterinary Science and Neuroscience Graduate Program, University of Wyoming, Laramie,
Wyoming 82070, the SMassGeneral Institute for Neurodegenerative Disease, Charlestown, Massachusetts 02129,
and the "Mental Health Research Institute of Victoria, Parkville, Victoria 3052, Australia

Huntington disease (HD) is a progressive neurodegenerative
disorder caused by expression of polyglutamine-expanded
mutant huntingtin protein (mhtt). Most evidence indicates that
soluble mhtt species, rather than insoluble aggregates, are the
important mediators of HD pathogenesis. However, the differ-
ential roles of soluble monomeric and oligomeric mhtt species
in HD and the mechanisms of oligomer formation are not yet
understood. We have shown previously that copper interacts
with and oxidizes the polyglutamine-containing N171 fragment
of huntingtin. In this study we report that oxidation-dependent
oligomers of huntingtin form spontaneously in cell and mouse
HD models. Levels of these species are modulated by copper,
hydrogen peroxide, and glutathione. Mutagenesis of all cysteine
residues within N171 blocks the formation of these oligomers.
In cells, levels of oligomerization-blocked mutant N171 were
decreased compared with native N171. We further show that a
subset of the oligomerization-blocked form of glutamine-ex-
panded N171 huntingtin is rapidly depleted from the soluble
pool compared with “native ” mutant N171. Taken together, our
data indicate that huntingtin is subject to specific oxidations
that are involved in the formation of stable oligomers and that
also delay removal from the soluble pool. These findings show
that inhibiting formation of oxidation-dependent huntingtin
oligomers, or promoting their dissolution, may have protective
effects in HD by decreasing the burden of soluble mutant
huntingtin.

Huntington disease (HD)? is a progressive neurodegenera-
tive disorder caused by a glutamine-encoding CAG expansion
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in the huntingtin gene (1). Mutant huntingtin protein (mhtt) is
cleaved into a number of polyglutamine containing N-terminal
fragments that misfold and form soluble monomeric and oligo-
meric proteins as well as insoluble aggregates. Several publica-
tions have shown that soluble N-terminal fragments of mhtt are
important toxic factors that drive HD (2—4). Further, in HD
and other neurodegenerative diseases, there is evidence that
soluble oligomers may be particularly important (2, 5-8).

Soluble oligomers of mhtt may form or be stabilized through
a number of mechanisms including noncovalent polyglu-
tamine-dependent interactions (5) and possibly transglutami-
nase-mediated covalent cross-links (9). In addition, oxidation
of huntingtin could also promote oligomerization (10). In gen-
eral, cysteine oxidation is an important mechanism for forming
intermolecular cross-links that may stabilize protein oligomers
(11, 12). Site-specific cysteine oxidation may regulate protein
function by affecting structure including oligomerization state
(13-15). There is growing evidence that a variety of protein
residues up and downstream of the mhtt polyglutamine tract
impact HD progression through providing sites of post-trans-
lational modification that affect huntingtin degradation, cleav-
age, or cell location (16-19). The N terminus of huntingtin
contains several cysteine residues, the most C-terminal of
which are within the exon 2-encoded region downstream of the
glutamine tract and are present in all but the shortest of N-ter-
minal huntingtin fragments (20). Redox-mediated changes of
these residues may modulate huntingtin function and therefore
be important modulators of HD.

The cysteine thiol group (-SH) can be oxidized constitutively
or in response to oxidative stress even in the reducing cytosolic
environment (21, 22). Disulfides (-S-S-) and sulfenic acid
(-SOH) can be converted back to thiols by chemical reductants
or thiol reductase enzymes. However, sulfinic acid (-SO,H) and
sulfonic acid (-SO;H) require enzymatic reduction (15, 23).
Susceptibility of cysteine residues to oxidation depends criti-
cally on side chain exposure to the surrounding redox environ-
ment. The complete structure of N-terminal huntingtin has not
been solved. However, intriguingly, the most N-terminal cys-
teine residue of mammalian huntingtin, Cys''®, is predicted to
be particularly prone to oxidation due to influences of the adja-
cent N-terminal histidine, similar to what has been described
for Cys''! in human SOD1 (14).
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There is considerable evidence that mhtt expression results
in increased levels of oxidatively damaged proteins and other
macromolecules in HD brain (24-27). Factors that may be
implicated include increased levels of pro-oxidants, including
copper, iron, and 3-hydroxykynurenine (28 —30) and decreased
proteasomal function that may contribute to the accumulation
of damaged proteins (31). Previously we reported that an N-ter-
minal fragment of huntingtin, called N171, interacts with and
chemically reduces copper (II) (28). The aim of this study was to
investigate how copper, and the redox environment in general,
modulates N-terminal huntingtin structure. Here, we show
that oxidation of cysteine residues within N171 huntingtin is
required for the formation of one type of oligomeric species.
Further, we show slower clearance of oxidizable N171 hunting-
tin from the soluble cell fraction, demonstrating that modula-
tion of huntingtin oxidation state can alter soluble mhtt levels
in HD.

EXPERIMENTAL PROCEDURES

Materials—AB1 antibody was provided by Dr. Marian
DiFiglia; MAB5492 and 1C2 (Chemicon). Unless otherwise
indicated all other supplies were from Sigma, Fisher, or
Invitrogen.

Mice—CAG140 mice were maintained on the B6/CBA back-
ground by crossing CAG140 males with F1 females. All proto-
cols were approved by the institutional IACUC.

Bacterial N171 Huntingtin Expression—The procedure was
similar to that already described (28). In brief, N171 protein was
expressed in BL21 bacteria using 1 mm isopropyl 1-thio-3-p-
galactopyranoside for 3 h at 37 °C (17Q) or 25 °C (40Q). N171
was purified from bacterial extracts using a GST affinity col-
umn, and then the GST tag was cleaved using PreScission pro-
tease (GE Healthcare). The entire purification procedure was
performed in the presence of 1 mm EDTA. Protein was eluted
after PreScission cleavage into 20 mm BisTris (pH 6.7) contain-
ing 1 mM DTT and 1 mM EDTA then stored at —70 °C. For the
metal-binding stoichiometry experiment, samples were loaded
onto a DEAE-anion exchange column (GE Healthcare) previ-
ously equilibrated in 20 mm BisTris (pH 6.7). The column was
washed with 5 ml of 20 mm BisTris (pH 6.7). Protein was then
eluted in a continuous gradient of NaCl in 20 mm BisTris. All
buffers were Chelex resin-treated and degassed before use.
Huntingtin-containing fractions were combined and then pro-
cessed by buffer exchange into 20 mm Tris (pH 7.2), kept on ice,
and used within 1 h. For all other experiments, N171 eluted
from the PreScission cleavage step was buffer exchanged
directly into 20 mm Tris (pH 7.2) containing 0.15 M NaCl and
used immediately.

Metal-Huntingtin Stoichiometry—N171-17Q huntingtin was
purified as described above using the GST tag and DEAE chro-
matography. Protein was quantified using BSA as standard
and then lyophilized prior to analysis by inductively coupled
plasma-mass spectrometry. Buffer blanks were analyzed as neg-
ative controls.

Cell Culture—COS1 cells were grown in 10% FBS-supple-
mented DMEM at 37 °C and 5% CO,. Reduced serum medium
(Opti-MEM®-1; Invitrogen) and Lipofectamine 2000 (Invitro-
gen) were used for transfections following standard procedures.
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Wild-type and polyglutamine-expanded N-terminal hunting-
tin fragments were expressed using the pcDNA1 vector. Point
mutations were generated using the QuikChange® Site-di-
rected Mutagenesis kit (Stratagene). To measure the half-life of
soluble huntingtin, cells were transfected, then 18 h later
treated with the protein synthesis inhibitor cycloheximide (10
pg/ml) as described (32). To test for autophagy-mediated deg-
radation of soluble huntingtin, we used 10 mm 3-methylad-
enine for 3 h. In these experiments, total soluble huntingtin was
quantified by reducing SDS-PAGE and Western blot analysis.

Fluorescence-lifetime Imaging (FLIM) Analysis—A FLIM
assay was used to determine the proximity of GFP- (donor fluo-
rophore) and RFP- (acceptor fluorophore) labeled soluble
N-terminal huntingtin species in solution. We studied the wild-
type N171 fragment to prevent confounds due to aggregation.
N171-17Q huntingtin was subcloned into pDsRedmono and
PACGFP vectors (Clontech) to generate RFP-N171-17Q- and
GFP-N171-17Q-expressing constructs, respectively. The GFP-
N171-17Q was used as a FLIM negative control and a GFP-RFP
fusion as a positive control. The lifetime of a donor fluorophore
indicates the proximity between a donor and acceptor fluoro-
phores. If the fluorophores are <10 nm apart, the donor life-
time decreases due to energy transfer to the acceptor fluoro-
phore. COS1 cells were grown on CC2-coated chamber slides
(Lab-Tek), transfected with respective constructs, and fixed
48 h later in 2% paraformaldehyde for 10 min. Cells were
imaged using a Zeiss LSM510. A Chameleon Ti:sapphire laser
was used to excite the donor fluorophore at 840 nm. A
Hamamatsu MCP 3809 detector and Becker&Hickl (Berlin,
Germany) TCSPC hardware/software were used to obtain
donor lifetime information in a pixel-by-pixel basis. Data anal-
ysis was performed using SPC Image (Becker&Hickl), in which
donor fluorophore lifetimes in the entire cell are determined by
fitting the data to one (negative control) or two (experimental
conditions) exponential decay curves. In the two-exponential
model of lifetime analysis, the longer (no-FRET) lifetime is
“fixed” as a £1 value, and the second, shorter lifetime reflecting
the presence of FRET is calculated by the system as a ¢2 value.
The £2 lifetime is used for comparisons between different
experimental conditions. Thus, “non-FRETing” component
(£1) is excluded from the lifetime comparisons. The donor
lifetime information was color-coded and displayed in a 128 X
128-pixel matrix as pseudo-color images (33).

Western Blot Analysis—SDS-resistant and reduction-sensi-
tive oligomers were detected by nonreducing SDS-PAGE anal-
ysis. At the termination of cell-free experiments, 20 ul of sam-
ple was incubated with 10 units of catalase and 1 mm EDTA for
2 min at 25 °C. SDS was added to 1% (w/v) and the sample
mixed and incubated for 2 min. Thirty millimolar N-ethylma-
leimide (prepared in ethanol) was then added and the sample
incubated for 15 min at 25 °C. Samples were mixed with nonre-
ducing sample buffer (Bio-Rad) and analyzed by SDS-PAGE.
For cell- and mouse-based experiments, samples were lysed in
20 mM Tris (pH 7.2), 150 mm NaCl, 2 mm EDTA, 1 mMm batho-
cuproine, 1% Triton X-100, 40 mm N-ethylmaleimide, and
Halt™ protease inhibitor mixture (Pierce). Lysates were incu-
bated for 10 min at 25°C then centrifuged for 30 min at
20,000 X g and 4 °C. Protein was quantified using DC protein
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assay reagents (Bio-Rad) and BSA standards (Sigma). For
reducing gels, samples were boiled in 50 mm DTT for 15 min.
Protein was transferred to PVDF using standard procedures.
HRP-based chemiluminescent detection was with film or a
FluorChem® HD2 Imager (Alpha Innotech). Densitometric
analysis was undertaken using Image]J software.

GSH Assay—Glutathione levels in COSI1 cells were measured
using the monochlorobimane fluorescence assay as described
previously (34).

Quantitative PCR—N171 huntingtin mRNA levels were
quantified exactly as described previously (34). Primers used
were gcaccgaccaaagaaagaac (forward) and tagaaggcacagtcgagg
(reverse).

Filter Trap Assay—One um N171-40Q huntingtin was incu-
bated with various copper concentrations for up to 48 h. Filter
trap analysis was performed essentially as described previously
(35). Twenty pl of sample (20 pmol) was used for analysis.
Trapped huntingtin was detected using a FLAG antibody (M2
from Sigma) and HRP chemiluminescence.

Huntingtin Aggregate Morphology—N171-40Q huntingtin
was expressed and purified without a DEAE step. Two micro-
molar protein was incubated for 48 h in the presence of 20 um
EDTA or 20 um copper (II) chloride at 37 °C. Protein samples
were absorbed onto Formvar-carbon film on 400 mesh copper
(Canemco-Marivac; Quebec, QC, Canada). Excess liquid was
removed by blotting. Grids were then stained with 0.2 um of
filtered 3% uranyl acetate for 15 min and then washed for 5 min
in deionized water. Samples were blotted and air-dried. Images
were taken using a JEOL 100CX electron microscope.

Statistical Analysis—Data were analyzed using SAS version
9.1 software by ¢ test or GLM-based ANOVA analysis. p values
<0.05 were considered significant.

RESULTS

Copper Promotes Oligomerization of N171 Huntingtin Pro-
tein through Site-specific Cysteine Oxidation—W e investigated
the effect of copper on N171 huntingtin structure. N171-17Q
was purified from bacteria, subjected to experimental condi-
tions, and then resolved by gel electrophoresis. When resolved
by reducing SDS-PAGE, monomeric N171-17Q migrates pre-
dominantly at 31 kDa, higher than its actual mass of 19.8 kDa
(Fig. 1A). Without copper incubation, a significant amount of
N171-17Q migrated at twice the predicted mass, consistent
with a dimer when resolved by nonreducing SDS-PAGE. Prior
incubation with copper (II) resulted in a significant increase in
dimer levels and also higher mass products. These species were
sensitive to chemical reduction (Fig. 1A4), indicating that thiol
oxidation is required for generating SDS-resistant oligomers.
Despite loading equal amounts of N171 huntingtin, signal
strength is stronger following copper incubation consistent
with a copper-induced epitope conformational change. Incuba-
tion of N171-17Q huntingtin in the presence of EDTA signifi-
cantly decreased the amount of oligomerization compared with
no EDTA conditions (Fig. 1B, first and second lanes), indicating
that an oligomerization promoting metal co-purifies with
N171-17Q. Further, we found that as little as 50 nm added cop-
per (II) had a small effect in promoting N171-17Q huntingtin
oligomerization and that progressively higher concentrations
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resulted in a dose-dependent increase (Fig. 1B). Because cys-
teine thiol groups can be sensitive to a variety of oxidants we
next sought to determine the specificity of the effect of copper
on oligomerization of N171-17Q huntingtin. Forty nm hydro-
gen peroxide was able to promote oligomerization of N171-
17Q huntingtin. However, metal chelation completely blocked
the effect of 2 um hydrogen peroxide on N171-17Q oligomeri-
zation (Fig. 1C), again showing that a metal co-purifies with
N171. To address whether the effect of copper on oligomeriza-
tion is secondary to hydrogen peroxide generation, we tested
the effect of copper in the presence of the hydrogen peroxide
scavenger catalase. However, there was no inhibitory effect of
catalase on N171-17Q oligomerization (data not shown), sug-
gesting that copper (II) may directly oxidize N171-17Q. To elu-
cidate further which metal(s) may co-purify with N171-17Q
huntingtin, we evaluated the inhibitory effect of a number of
metal chelators on hydrogen peroxide-promoted oligomeriza-
tion. Bathophenanthroline, an iron (II) and copper (II) chelator,
trientine, a copper (II) chelator, and bathocuproine, a copper (I)
chelator, all inhibited oligomerization, but the iron (III) chela-
tor deferoxamine did not (Fig. 1D). We then tested whether
other redox-active metals promote oligomerization. There was
no effect of manganese or iron (Fig. 1E).

Our data so far suggested that copper co-purifies with N171
huntingtin and also promotes oligomerization by thiol oxida-
tion. To confirm whether copper co-purifies with bacterial
expressed N171-17Q huntingtin, we measured copper, iron,
and manganese levels in N171-17Q huntingtin purified from
bacteria grown under standard conditions. We used a two-col-
umn purification protocol utilizing GST-Sepharose and then
DEAE-anion exchange chromatography (see “Experimental
Procedures”). Metal levels were measured by inductively cou-
pled plasma-mass spectrometry. Despite a prolonged purifica-
tion procedure (~24 h) in the continual presence of 1 mMm
EDTA we found that there were ~0.3 copper ions for every
N171-17Q protein (Fig. 1F). Iron was not detected. Manganese
was present at ~0.04 ions/N171 protein.

The N171-17Q fragment of huntingtin contains four cys-
teine residues (Fig. 2A). Because our data indicated that cys-
teine oxidation is required for oligomerization (Fig. 1), we gen-
erated a series of cysteine mutants to characterize the
dependence of cysteine residues on oligomerization further.
Purified N171 proteins were incubated for 1 h at 37 °C in the
presence or absence of added copper (5 uMm). We did not iden-
tify effects of single cysteine mutations in our cell-free oligo-
merization assay (data not shown). However, analysis of double
cysteine mutants (Fig. 2B) revealed that the C115A/C119A
mutant was significantly less prone to dimerization. Double
mutants with Cys''” intact were most prone to oligomerization
as oligomers were present in the absence of copper treatment.
Further, the C137A/C158A mutant dimerized very readily but
did not form higher mass oligomers (Fig. 2B), suggesting that
these cysteines inhibit dimerization. We next analyzed triple
cysteine mutants (Fig. 2C) and found that all four readily form
dimers (Fig. 2C). Replacement of all cysteine residues within
N171-17Q completely blocked formation of all SDS-resistant
oligomers, even after copper treatment (Fig. 2D).
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FIGURE 1. Copper promotes oligomerization of cell-free N171 huntingtin. N171-17Q huntingtin was expressed and purified from bacteria (see “Experi-
mental Procedures”). Aliquots containing 2 um protein were incubated for 1 h at 37 °C under conditions outlined below and then evaluated by Western blot
analysis. A, purified N171 huntingtin spontaneously forms reduction-sensitive dimers. Copper incubation (5 um) promotes formation of additional dimer and
higher molecular mass oligomers. B-D, all samples were analyzed by nonreducing SDS-PAGE. B, copper dose-dependently promotes N171 oligomerization. As
little as 50 nm added copper (Il) promotes N171 oligomerization. C, hydrogen peroxide (2 um) promotes N171-17Q oligomerization, but the effect is blocked by
metal chelation. D, copper-selective chelators inhibit hydrogen peroxide (4 um)-promoted oligomerization. E, iron and manganese do not promote N171
oligomerization. F, copper co-purifies with N171 huntingtin. N171-17Q huntingtin was expressed in bacteria and then purified using a DEAE column (see
“Experimental Procedures”). Protein was quantified using BSA as standards. Metals were quantified by inductively coupled plasma-mass spectrometry. There
is an average of 1 copper per 3 N171 huntingtin protein molecules. Manganese is present but in significantly smaller amounts. n = 3; beta-ME, B-mercapto-

ethanol; BC, bathocuproine.

Different N-terminal Huntingtin Fragments Form Redox-
modulated Oligomers in Cultured Cells—We next sought to
determine whether the huntingtin oligomers we had identified
exist in cells or form following oxidative stress. We transfected
COS1 cells with wild-type and polyglutamine-expanded forms
of N171 and N590 huntingtin. Wild-type and mutant N171
protein spontaneously formed soluble oligomers as determined
by nonreducing SDS-PAGE analysis (Fig. 3A4). Furthermore, the
levels of oligomers were increased a small amount if the cells
were treated with copper (1 h) and/or the glutathione synthesis
inhibitor L-buthionine-sulfoximine (BSO) (24 h) (Fig. 34). To
investigate whether oligomers form with other huntingtin frag-
ment, we assessed the larger N590 (caspase 6) fragment. N590
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formed just detectable levels of dimer spontaneously 24 h after
transfection. However, copper, but not BSO, significantly
enhanced their abundance (Fig. 3B). Copper can interact with
and modulate GSH levels (36). We therefore determined how
our copper/BSO treatment paradigm modulated GSH. Copper,
BSO, and copper/BSO decreased cellular GSH levels by 18, 52,
and 60%, respectively (Fig. 3C). The N590 fragment dimerized
with copper, but not BSO. Therefore, the effect of copper on
dimerization is not secondary to glutathione depletion but
could involve a direct interaction with huntingtin. Oligomers of
N171-40Q were readily reduced to monomer (Fig. 3D). Further,
in agreement with our cell-free experiments (Fig. 2) mutant
N171 huntingtin (40 and 68Q) failed to form SDS-resistant
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FIGURE 2. Cysteines 115 and 119 are most important for dimerization of N171 huntingtin. A, sequence of N171-17Q huntingtin is shown. The four
cysteine residues (Cys''®, Cys''?, Cys'®’, and Cys'>®) and the FLAG tag are shown in uppercase. A hyphen (-) delineates the boundary of exon 1-2-
encoded regions. B, two-way cysteine mutagenesis of N171 demonstrates that cysteines 115 and 119 are important for dimerization. C, three-way
cysteine mutagenesis of N171 reveals that single cysteine residues promote rapid dimerization in the presence of copper. D, four-way cysteine
mutagenesis blocks oligomerization of N171 even in the presence of copper.

oligomers when all cysteines were replaced with alanines, even
after treatment with copper (Fig. 3E). These data indicate that
N-terminal huntingtin fragments long enough to contain cys-
teine residues form reducible oligomeric species in cells. To
determine whether full-length huntingtin can form the same
species, we evaluated the effect of copper on endogenous COS1
huntingtin. Because full-length huntingtin is very large (>300
kDa) we did not try to discriminate between dimers and larger
species. We found that transient reducible high molecular mass
full-length huntingtin species form after treatment with as little
as 10 um copper (supplemental Fig. S1). Intriguingly, we were
unable to generate high molecular mass species of full-length
huntingtin when studying COS1 cells transfected with N590
huntingtin (Fig. 3B); the reasons for this are not known. How-
ever, taken together our data indicate that reduction-sensitive
oligomers of two N-terminal huntingtin fragments and full-
length huntingtin can form in cultured cells.

Because oligomers may be the result of artifacts introduced
during cell lysis we used FLIM as an independent method to
verify that self-associated N171 protein is present in cells in
situ. We chose to study wild-type N171 to exclude the potential
for insoluble protein aggregates as a confounding factor. We
found that co-transfection of donor and acceptor fluorophore-
containing N171-17Q-encoding fragments (see “Experimental
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Procedures”) resulted in an 83% decrease in donor fluorescence
lifetime compared with the GFP-N171-17Q negative control
(supplemental Fig. S2). These results, although not confirming
oxidation-dependent oligomers, do show that N171-17Q pro-
tein is, at least partly, in a self-associated form in this model
system consistent with our findings from nonreducing SDS-
PAGE gel analysis experiments (Fig. 3).

Oxidation-dependent Species of Mutant Huntingtin Are Pres-
ent in Mouse HD Brain—We next sought to determine whether
reduction-sensitive oligomeric species of huntingtin are pres-
ent in mouse HD brain. We initially evaluated the N171-82Q
transgenic mouse model of HD but were unable to detect
monomeric or oligomeric huntingtin by Western blot analysis.
We then chose to assess 12-month-old CAG140, a full-length
knock-in HD mouse model (37). Our colony of CAG140 mice at
this age does not have overt symptoms of HD (28). We under-
took Western blot analysis for reduction-sensitive huntingtin
species by comparing banding on reducing and nonreducing
SDS-PAGE analysis of aliquots from the same mouse. Because
banding patterns derived from full-length huntingtin cleavage
are complex (20) we used two huntingtin antibodies enabling us
to distinguish wild-type from mutant huntingtin N-terminal
fragments. In frontal cortex, reducing gels demonstrated
mutant huntingtin bands at 192 and 203 kDa that were not
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(BSO) result in a small increase in oligomer levels. B, copper promotes dimerization of N590 huntingtin in COS1 cells. Full-length huntingtin serves as a
loading control. C, copper decreases glutathione levels significantly less than BSO. D, oligomers of N171-40Q huntingtin are lost on reduction with DTT.
E, mutagenesis of all four N171-40 and 68Q cysteine residues blocks formation of oligomers even in the presence of copper and BSO. NR, nonreducing

gel; r = reducing gel; FL htt, full-length huntingtin.
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FIGURE 4. Reduction-sensitive species of mutant huntingtin are present
in CAG140 knock-in HD mice. Brains of 12-month-old CAG140 and wild-
type littermate mice were analyzed for reducible species of wild-type and
mutant huntingtin and glutathione levels. Cortices were processed for nonre-
ducing and reducing SDS-PAGE analysis using a 5% gel. Parallel samples were
probed with AB1 (detects N-terminal containing wild-type and mutant hun-
tingtin) and 1C2 (detects mutant but not wild-type polyglutamines). A, West-
ern analysis for mutant huntingtin. Two bands are present in AB1 and 1C2
blots with sample reduction only (single-headed arrows), indicating mutant
huntingtin N-terminal fragments. Calculated molecular masses are 203 and
192 kDa for upper and lower bands. The lower band in 1C2 blots is partly
obscured by IgG smear (double-headed arrow). B, Western blot analysis for
wild-type huntingtin. Reduction-sensitive species are not detected in cortex
of CAG140 or wild-type littermate mice. Two N-terminal fragments of wild-
type huntingtin consistent with monomeric species are present with calcu-
lated molecular masses of 78 and 153 kDa (single-headed arrows).

present in the nonreducing lanes (Fig. 4A4). These bands were
very faint in striatum, suggesting much less huntingtin proteol-
ysis in this region (data not shown). Evidence of reduction-
sensitive wild-type huntingtin fragments in wild-type or HD
mice were not identified using a lower percentage gel (Fig. 4B).
Our cell culture data indicate that wild-type and mutant N-ter-
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minal huntingtin can form high molecular mass reducible spe-
cies. However, in genetically accurate CAG140 mice we only
found evidence for reduction-sensitive species formed by
mutant and not wild-type huntingtin.

Cysteine Oxidation-blocked N171-40Q Huntingtin Shows
Increased Clearance from the Soluble Pool—In our comparison
of native and cysteine-mutated N171 protein we noted that the
cysteine mutant form was present at a lower level in transfected
cells (Fig. 3F). As modulation of soluble mutant huntingtin levels is
one important approach to modify the course of HD we investi-
gated the mechanism by which this occurs. Using reducing SDS-
PAGE and Western blot analysis we verified significantly lower
N171-40Q protein levels with the variant lacking cysteine residues
(Fig. 5A). There was no difference in transcript expression level as
determined by quantitative PCR (not shown). To assess whether
cysteine mutagenesis altered soluble N171-40Q half-life we used
the translational inhibitor cycloheximide to investigate soluble
protein clearance, essentially as has been used previously for other
proteins (32). Results show that the cysteine nonoxidizable form of
N171-40Q huntingtin (N171-40Q-4CA) is cleared more rapidly
from the soluble fraction than native N171-40Q protein. Approx-
imately 50% of N171-40Q-4CA is cleared within 1 h of cyclohexi-
mide treatment, whereas decreases in soluble levels of native
N171-40Q were significantly less (Fig. 5B). We further show that
N171-40Q-4CA huntingtin is cleared by macroautophagy (Fig.
5C), consistent with delayed clearance of N171-40Q oligomers
being due to decreased macroautophagic capacity for this sub-
strate. Because this experiment does not fully rule out the possibil-
ity that soluble N171-40Q-4CA huntingtin may be rapidly cycled
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FIGURE 5. Cysteine-oxidation blocked N171 mutant huntingtin has decreased soluble protein half-life in COS1 cells. A, monomeric N171-40Q with all
four cysteine residues mutated is present at lower levels. Western blot analysis was 24 h after transfection by reducing SDS-PAGE. n = 4. B, protein synthesis
inhibition using cycloheximide demonstrates that the soluble protein half-life is significantly lower for the oxidation-blocked form of N171-40Q huntingtin.n =
5 at each time point. C, cysteine oxidation-blocked soluble huntingtin (N171-40Q-4CA) is degraded by the macroautophagy pathway. 3-Methyladenine
(3-MA)-mediated inhibition of macroautophagy inhibits N171-40Q-4CA huntingtin degradation.n = 6. *, p < 0.05; **, p <0.01; ***, p < 0.001.
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FIGURE 6. Cysteine residues within N171-40Q huntingtin modulate the structure but not the amount of aggregation. A, copper promotes trapping of
N171-40Q huntingtin species in a dose- and time-dependent manner. Aliquots of 1 um N171-40Q or cysteine-mutated N171-40Q protein were incubated with
various concentrations of copper (Il) chloride at 37 °C. Aggregated material was quantified using a filter trap assay. Incubation for 24 -48 h without copper is
sufficient to promote filter trapping. There is no difference in the response to copper or time of incubation for N171-40Q versus N171-40Q-4CA. Each set of four
graph bars represents, left to right: 0, 0.25, 2, and 10 uM copper, respectively. Bars indicate means = S.E. (error bars) of three independent experiments each in
triplicate. B, N171-40Q huntingtin, after 48-h incubation at 37 °C in the presence of EDTA or copper, forms spherical and fibrillar species, respectively.
N171-40Q-4CA huntingtin forms amorphous species after incubation with EDTA and spherical species after incubation with copper. N171-40Q-4CA = cysteine
to alanine mutated form of N171-40Q. Scale bars, 500 nm; inset, 250 nm wide. n = 3.

into an insoluble form rather than degraded, we compared the measure insoluble aggregates (>0.2 wm) (35). We found time- and

cell-free aggregation properties of native N171-40Q and N171-  copper concentration-dependent effects on the level of trapped
40Q-4CA. We used the previously described filter trap assay to  huntingtin (Fig. 6A4). Incubation of N171-40Q huntingtin in the
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presence of EDTA resulted in slow formation of oligomeric spe-
cies; copper promoted the rate of this process. We did not detect
clear differences in levels of entrapped N171-40Q-4CA and N171-
40Q. However, we found that cysteine mutagenesis modulated the
ultrastructural morphology of self-associated mutant huntingtin
in a copper-dependent and cysteine-dependent manner (Fig. 6B).
N171-40Q formed spherical and fibrillar oligomers after a 48-h
incubation in EDTA or copper, respectively. N171-40Q-4CA
formed amorphous and spherical oligomers after a 48-h incuba-
tion in EDTA or copper, respectively (Fig. 6B).

DISCUSSION

Polyglutamine expansion within the N terminus of hunting-
tin protein is the proximal cause of HD (1). Full-length hunting-
tin protein gives rise to numerous polyglutamine-containing
N-terminal huntingtin fragments that are the main drivers of
disease expression (20). These fragments exist as soluble mono-
mers and oligomers as well as insoluble protein aggregates. Our
study provides experimental evidence for an oligomeric N-ter-
minal huntingtin species that is stabilized by thiol oxidation-
mediated disulfide formation. Further, we show that this spe-
cies is cleared more slowly from the soluble fraction than
non-thiol-oxidizable protein and accumulates to higher levels.
Thiol oxidation in vivo could promote the formation and
inhibit the clearance of toxic mutant huntingtin oligomers, and
thus its inhibition or reversal could be neuroprotective.

Intermolecular Disulfides Are Necessary for Redox-sensitive
Huntingtin Oligomer Formation—W e demonstrated that SDS-
resistant and reduction-sensitive oligomers of N171 huntingtin
form in cell-free conditions and within COSI1 cells. This finding
suggested to us that an understanding of cell-free oxidation-
mediated oligomerization of N171 is relevant to an understand-
ing of huntingtin protein in vivo. We therefore undertook a
number of cell-free experiments to characterize the oligomeri-
zation process. N171 with just one of each of the four cysteines
intact retained the ability to form dimers (Fig. 2C), clearly
showing that these oligomers are stabilized by intermolecular
disulfides. Further mutagenesis experiments demonstrated
that whereas each of the four cysteine residues within N171
huntingtin can mediate oligomerization they do not behave
equally. Cysteines 115 and 119 were most important because
their combined removal almost completely blocked oligomeri-
zation (Fig. 2B) whereas together cysteines 137 and 158 inhib-
ited oligomerization (Fig. 2B). We found that even under our
most oxidizing conditions there were always significant
amounts of monomeric N171 huntingtin remaining (Fig. 1B).
Based on these findings we propose a model whereby internal
disulfides between Cys''*/Cys''® and Cys'?”/Cys'*® block SDS-
resistant oligomerization that is mediated by intermolecular
disulfides primarily involving cysteines 115 and 119.

Redox-sensitive N-terminal Huntingtin Oligomeric Species
Are Present in Cells—Huntingtin protein is expressed through-
out the brain and is located primarily in neurons; cytosolic,
nuclear, and membrane-associated locations have been
described (38, 39). Our FLIM analysis shows primarily cytosolic
location of N171 huntingtin in COS1 cells (supplemental Fig.
S2). Despite a strongly reducing cytoplasmic environment,
there are numerous cytosolic proteins that form disulfides,
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either stably (for example, SOD1) (22) or during oxidative stress
(21). We found that cell-free N171 huntingtin is sensitive to
oxidation by very low concentrations of copper and hydrogen
peroxide. In COS1 cells, we found the same oligomeric species
of N171 huntingtin for both wild-type and polyglutamine-ex-
panded fragments (Fig. 3). We also found that oligomers of
N171-40Q form in the HN10 hippocampal neuron cell line,
demonstrating that findings are relevant to neuronal cells (data
not shown). Further, the SDS-resistant oligomers are not spe-
cific for the N171 huntingtin fragment. These experiments
demonstrate that similar oligomeric species are formed by
wild-type and mutant N590 huntingtin (Fig. 3B) and full-length
huntingtin (supplemental Fig. S1). These findings indicate that
huntingtin is very susceptible to oxidation-mediated oligomer-
ization and that the oxidation-sensitive residues are present
within the N terminus where the polyglutamine tract is located.

We used knock-in HD mice (CAG140 line) to determine
whether reduction-sensitive huntingtin species are present in
vivo. Our results strongly suggest that only mutant N-terminal
fragments of huntingtin form reduction-sensitive species in
mouse brain. Although the oligomeric species of mutant hun-
tingtin were not identified directly, monomeric species gener-
ated by sample reduction were present. This finding is most
consistent with the presence of a very high molecular mass
oligomeric mutant huntingtin species that does not enter the
gel or is not transferred to membrane. Disulfide association
with insoluble aggregates is possible but unlikely because the
high centrifugal force used after brain lysis to prepare superna-
tant removes nearly all aggregated species. In contrast to our
findings in CAG140 mice (Fig. 4), in cell-free conditions and
using COS1 cells we identified oligomers of wild-type hunting-
tin (Figs. 1 and 3). This apparent discrepancy can be explained
when the concentration of huntingtin protein in these different
systems is taken into account. Legleiter et al. (5) demonstrated
that oligomers of the exon 1 huntingtin fragment form in a
concentration- and glutamine length-dependent manner. They
also reported formation of nonfibrillar oligomers of wild-type
exon 1 huntingtin under cell-free conditions. Huntingtin con-
centration in our cell-free conditions and with plasmid-medi-
ated expression is significantly higher compared with endoge-
nous expression in mouse brain. Therefore, high levels of
expression of wild-type huntingtin may promote transient
polyglutamine-dependent interactions allowing for oxidative
cross-linking under appropriate redox conditions. In the genet-
ically accurate CAG140 mouse model of HD, huntingtin
expression is driven by the huntingtin promoter. Here, much
lower wild-type huntingtin concentration and polyglutamine
size will result in insufficient polyglutamine-dependent inter-
actions for oxidative cross-linking to occur.

Promotion of Huntingtin Oligomerization by Copper—Our
experiments demonstrate that copper (II) is capable of promot-
ing oligomerization of cell-free and cell-associated huntingtin
whereas other redox active metals do not. Copper reactivity
necessitates tight regulation of its metabolism to prevent
unwanted redox chemistry. For this reason, copper in cells is
present bound to other molecules and is not thought to exist
free in solution (40). We have previously reported elevated
brain copper in R6/2 HD mice in late-stage disease, but not in
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FIGURE 7. Proposed role of oxidized-mutant huntingtin in HD pathogenesis. Full-length mutant huntingtin is cleaved into N-terminal fragments most of
which contain cysteine 115 (20). Age-related or mhtt-induced elevations of oxidative stress promote oxidation-dependent oligomerization of some N-terminal
mhtt fragments. Oxidation-dependent mhtt oligomers are cleared slowly compared with monomeric mhtt and accumulate in cells promoting disease
progression. The very short exon 1 mhtt fragment lacks cysteine residues and cannot form thiol-dependent oligomers. Huntingtin colors: red, expanded
polyglutamine tract; blue, polyproline tract; green, oxidation-dependent intermolecular cross-links. Blue arrows demonstrate proposed disease pathways. Red
arrows represent potential therapeutic targets: 1, thioltransferase-mediated conversion to monomer; 2, inhibition of huntingtin oxidation.

12-month CAG140 mice (28). Given the very low concentra-
tions of copper required to promote huntingtin oligomers in
cell-free conditions, it is possible that currently undetected
defects of copper distribution or levels may be sufficient to pro-
mote oligomerization in CAG140 brain (Fig. 4). More studies
are needed to understand better how these oligomers form in
cells and why this is polyglutamine length-dependent effect in
CAG140 mouse HD.

We provide data supporting our previous finding that N171
huntingtin has copper binding properties (28) (Fig. 1F). Cur-
rently, it is not clear whether N171 huntingtin is a copper met-
alloprotein or whether it has low affinity copper sites involved
in transient interactions. Interestingly, the CXXXC motif pres-
ent in N171 huntingtin (Fig. 24) is also part of a low affinity
copper site in the Sco family of copper chaperone proteins (41).
Copper may therefore have a role in promoting or regulating
huntingtin oligomerization through direct interaction at this
site. This is consistent with our finding that combined mutation
of Cys''® and Cys''® had a strong inhibitory effect on copper-
induced oligomerization (Fig. 2B). Our data additionally pro-
vide insight into the mechanism(s) involved in copper-induced
oligomerization. Cell-free experiments utilized extensively
degassed buffers, implying that copper may oxidize N171 thiols
directly in a reaction that does not require oxygen. We also
found that hydrogen peroxide promoted oligomerization of
N171 huntingtin in a partly metal-dependent manner (Fig. 1, C
and D), indicating that oxygen-dependent chemistries may also
be involved. Together our findings suggest that copper pro-
motes oligomerization of N-terminal huntingtin by binding to a
copper site within the protein; when weak noncovalently cross-
linked oligomeric species form, an unknown factor may initiate
oxidation of Cys"'® and/or Cys'"®, which then forms intermo-
lecular disulfides. Further studies will be needed to confirm this
proposed mechanism.

Huntingtin Oxidation Delays Clearance from the Soluble Pool—
There is considerable evidence that soluble mhtt species are
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important in disease pathogenesis (2—4). The toxic effects of
a given soluble mhtt species will depend on the combined
effects of its toxic potency and cellular levels. We therefore
addressed whether the cysteine-oxidizable versus nonoxidiz-
able forms of soluble (monomeric and oligomeric) N171 pro-
tein were present at different levels in cells. In transfection
experiments we found significantly decreased steady-state
soluble levels of the N171-40Q protein lacking cysteine res-
idues as determined by reducing Western blot analysis (Fig.
5A). To investigate the effect of N171 oxidation on clearance
of soluble protein we used the protein synthesis inhibitor
cycloheximide. We found that soluble cysteine nonoxidiz-
able N171-40Q (N171-40Q-4CA) was cleared significantly
more rapidly than native N171-40Q (Fig. 5B). We cannot
fully rule out the possibility that cysteine to alanine
mutagenesis alters N171 structure to promote clearance by
an oxidation-independent mechanism. Future studies will
address in more detail how these mutations block the olig-
omers and promote huntingtin clearance. However, the sim-
plest explanation for our findings is that blocking cysteine
oxidation within N171 promotes clearance of soluble pro-
tein. Because only ~50% of N171-40Q-4CA was rapidly
cleared, these data further suggest that this protein may exist
in two pools within COS1 cells. Our cell-free aggregation
experiments found no evidence to support the possibility
that N171-40Q-4CA aggregation may occur more rapidly
than N171-40Q (Fig. 6A4), supporting our interpretation that
more rapid clearance of N171-40Q-4CA from the soluble
pool involves a degradative pathway rather than rapid parti-
tioning into the insoluble pool. We did find significant dif-
ferences in the formation of previously described ultrastruc-
tural oligomeric morphologies (5) of N171-40Q versus
N171-40Q-4CA. These data show although the level of cop-
per-promoted self-association of N171-40Q is independent
of cysteine status there are cysteine-dependent effects on
morphology.
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CONCLUSION

Despite a number of studies showing increased markers of
oxidative stress in mouse and human HD (24, 27, 34) there has
been uncertainty as to whether oxidized macromolecules con-
tribute directly to HD progression or are only downstream
markers of other more proximal disease pathways. These
results demonstrate that macromolecular oxidation in HD also
affects huntingtin protein. This suggests that altered redox
biology may be an important upstream modulator of HD by
altering huntingtin structure directly. This study has demon-
strated one relevant pathway by which huntingtin oxidation
may modulate HD. Our proposed role of oxidation-dependent
mutant huntingtin oligomers in HD pathogenesis is summa-
rized in Fig. 7. Findings suggest that interventions that inhibit
huntingtin oxidation or promote conversion of oxidized olig-
omers to monomer may be protective. Finally, recent studies
have provided evidence that oxidized forms of a-synuclein and
wild-type SOD1 have important roles in Parkinson disease and
sporadic amyotrophic lateral sclerosis, respectively (42, 43).
This suggests that oxidized forms of key disease-associated pro-
teins may be important upstream mediators in a number of
neurodegenerative diseases.
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