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Background: Aggregation of a protein, huntingtin, is a pathological hallmark of Huntington disease.

Results: Oxidation of a methionine in huntingtin occurs only after aggregation and alters the aggregate morphologies.
Conclusion: Properties of protein aggregates can be controlled by a “post-aggregation” modification.

Significance: Learning factors that modulate properties of protein aggregates is relevant to understanding the molecular

pathomechanism of neurodegenerative diseases.

Aggregation of protein molecules is a pathological hallmark
of many neurodegenerative diseases. Abnormal modifications
have often been observed in the aggregated proteins, supporting
the aggregation mechanism regulated by post-translational
modifications on proteins. Modifications are in general
assumed to occur in soluble proteins before aggregation, but
actually it remains quite obscure when proteins are modified in
the course of the aggregation. Here we focus upon aggregation
of huntingtin (HTT), which causes a neurodegenerative disor-
der, Huntington disease, and we show that oxidation of a methi-
onine residue in HTT occurs in vitro and also in vivo. Copper
ions as well as added hydrogen peroxide are found to oxidize the
methionine residue, but notably, this oxidative modification
occurs only in the aggregated HTT but not in the soluble state.
Furthermore, the methionine oxidation creates additional
interactions among HTT aggregates and alters overall morphol-
ogies of the aggregates. We thus reveal that protein aggregates
can be a target of oxidative modifications and propose that such
a “post-aggregation” modification is a relevant factor to regulate
properties of protein aggregates.

Misfolding of protein molecules often results in the forma-
tion of insoluble aggregates, which are major pathological prod-
ucts observed in many neurodegenerative diseases (1). In pro-
teins composing the aggregates, abnormal post-translational
modifications have been often identified, and misregulation of
the protein modifications is hence considered to occur under
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pathogenic conditions and to play roles in the formation of
aggregates (2—4).

Post-translational modifications are well known to affect the
structural stability of soluble proteins and also the protein-pro-
tein interactions (5). Any abnormalities in the modifications
hence potentially destabilize the native/functional structure of
a protein molecule, which would then facilitate or even trigger
the misfolding and aggregation. Abnormally modified proteins
are, however, often isolated from insoluble aggregates but not
from a soluble fraction of the affected tissues (2, 4), implying
that some modifications occur after the formation of insoluble
aggregates. Given that insoluble aggregates tend to be regarded
as final products with inert structures, the protein modifica-
tions after aggregation (i.e., “post-aggregation modifications”)
appear to be underrepresented.

In this study, we have illuminated such post-aggregation
modifications by focusing on huntingtin (HTT)? as a model
protein. HTT is a large protein with approximately 350 kDa of
the molecular mass, in which a polyglutamine (polyQ) tract
follows the N-terminal 17 amino acids (6). Although a physio-
logical function of HT'T is still controversial (7), a normal HT'T
possesses a polyQ tract with 6 —35 consecutive glutamines and
localizes at the cytoplasm as a soluble protein (8). In contrast,
HTT forms insoluble aggregates in the nucleus as well as the
cytoplasm, when the length of a polyQ tract becomes abnor-
mally expanded (>36) (8). Such aggregation of mutant HT'T is
a pathological hallmark of a neurodegenerative disease, Hun-
tington disease (HD) (9). In the course of HD, oxidative stress
has been reported to significantly increase (10); therefore, the
aggregates of mutant HTT are supposed to be susceptible to
oxidative modifications.

For example, in HD model mice expressing an N-terminal
fragment of mutant HTT, abnormal accumulation of copper
ions in striatum and cortex, which are the most affected areas of
HD, has been observed at a later stage of the disease (11). A
copper ion functions as a pro-oxidant and is suggested to oxi-

2The abbreviations used are: HTT, huntingtin; HD, Huntington disease;
HTT®, the N-terminal fragment corresponding to the first exon in HTT
gene; HTTV'S, the N-terminal 16 amino acids adjacent to the polyQ tract in
HTT; polyQ, polyglutamine; BCS, bathocuproine disulfonate.
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dize cysteine residues to form disulfide-linked HTT oligomers
(12). Given that almost all of mutant HT'T proteins are already
aggregated at the disease end stage, however, the aggregation
model triggered by oxidative modification on soluble HTT pro-
teins seems questionable. Indeed, at the preclinical stage of the
disease, where the inclusions are almost absent, a copper con-
centration in striatum and cortex is not different between a HD
model mouse and its wild-type littermate (11). Recently, fur-
thermore, an aggregation process of mutant HTT has been
shown to associate with the production of hydrogen peroxide
albeit via an as yet unknown mechanism (13). Compared with
soluble HT'T proteins, therefore, HT'T aggregates are consid-
ered to be placed in more oxidative intracellular environments,
but it remains unknown whether oxidative modifications occur
on HTT aggregates.

We have shown here that Met® in HTT is oxidized with cop-
per ions as well as added hydrogen peroxide and found that this
Met oxidation occurs only when HTT is in the insoluble aggre-
gated state. A soluble form of HTT is not oxidized even by
exogenous addition of copper ions and hydrogen peroxide. We
have, furthermore, found that Met oxidation creates additional
interactions among HTT aggregates to form the aggregate tan-
gles with increased overall size. We thus propose that a protein
remains susceptible for oxidation even in the aggregated state
and that properties of protein aggregates can be modulated by
such post-aggregation modifications.

EXPERIMENTAL PROCEDURES

Expression and Purification of HTT**" Proteins—A human
HTT®*! cDNA was cloned in an expression vector, pGEX6P-2
(GE Healthcare), using BamHI and Xhol sites; thereby a GST
protein was fused at the N terminus of HTT®* (14). The length
ofa polyQ tract in human HTT®*! used in this study is either 18
or 42 for an in vitro model of normal and mutant HT'T, respec-
tively. Furthermore, the six consecutive His residues were
directly fused to the C terminus of HTT**! for facilitation of
protein purification. Mutations were introduced by an inverse
PCR method using KOD DNA polymerase (TOYOBO), and all
constructs used in this study were confirmed by DNA sequenc-
ing. Escherichia coli, Rosetta(DE3) (Novagen), was transformed
with a plasmid, and the expression of HTT®*! proteins was
induced with 0.1 mM isopropyl 1-thio-B-p-galactopyranoside
at 20 °C at 200 rpm for 48 h.

The cells were lysed with three cycles of freeze and thaw and
resuspended in PBS containing 2% Triton X-100, 420 um
MgCl,, and DNasel. A soluble supernatant was obtained by
centrifugation at 14,000 rpm for 10 min, filtrated using a
0.2-pm filter and then mixed with His-SELECT nickel affinity
gel (Sigma) (2 ml/40 ml of supernatant). HTT®*! proteins
bound on the gel were washed with a buffer at pH 8.0 contain-
ing 50 mm Tris, 500 mm NaCl, and 10 mMm imidazole and eluted
by increasing the concentration of imidazole to 250 mMm in the
buffer solution. Eluted proteins were further purified by incu-
bating with glutathione-Sepharose high performance (GE
Healthcare) on ice for 2 h. After washed with a GST wash buffer
(50 mm Tris, 200 mm NaCl, pH 8.0), HTT**! proteins were
collected with a GST elution buffer (50 mm Tris, 200 mm NaCl,
10 mm reduced GSH, pH 8.0). Protein samples were concen-

OCTOBER 5,2012+VOLUME 287+NUMBER 41

Post-aggregation Oxidation of Mutant Huntingtin

trated and ultracentrifuged at 110,000 X g for 15 min. The
resultant supernatant was subsequently used or stored at
—80 °C for further experiments. Concentration of a GST-fused
HTT"*" with a His tag was determined from the absorption at
280 nm with an extinction coefficient of 42,860 cm ™ * M L.

Aggregation of Purified HTT* Proteins in Vitro—After
removal of any insoluble materials by ultracentrifugation, 150
wl of 20 um GST-HTT®*!-His was prepared in a GST elution
buffer. The sample was set in a well of a 96-well plate and mixed
with 2 units of a HRV3C protease (Novagen), which specifically
cleaves the site between GST and HTT™**. In this experimental
condition, we have confirmed almost completion of the cleav-
age reactions within 30 min by SDS-PAGE analysis (supple-
mental Fig. S1). HTT®*(42Q) liberated from a GST tag has
been known to start aggregation, which was monitored by
increase in the solution turbidity (the absorbance at 350 nm)
using a plate reader (Epoch; BioTek). If necessary, 50 um batho-
cuproine disulfonate (BCS), a specific chelator for Cu(I) ions,
was added before addition of HRV3C but had no effects on the
cleavage reactions by HRV3C protease.

Western Blotting Analysis— After aggregation reactions, 150
wl of samples were fractionated into soluble supernatant and
insoluble pellets with ultracentrifugation at 110,000 X g for 15
min. Insoluble HTTF*! pellets were washed three times with a
buffer containing 50 mm Tris and 200 mm NaCl at pH 8.0 and
resolubilized by incubation in 50 ul of TFA at 37 °C for 1 h. TFA
was then removed by a centrifugal evaporator (SpeedVac), and
the resultant protein pellets were dissolved in 150 ul of a buffer
containing 500 mm Tris and 5% SDS at pH 8.0. Soluble super-
natant and redissolved pellets were mixed with an SDS-PAGE
sample buffer containing 10% B-mercaptoethanol, boiled, and
then loaded on a 12.5% SDS-polyacrylamide gel. After electro-
phoresis, proteins were blotted on a 0.2-um PVDF membrane
and probed with mouse anti-polyglutamine (1C2; Merck Milli-
pore; 1:5000), mouse anti-huntingtin (EM48; Merck Millipore;
1:3000), and mouse anti-GST (WAKO; 1:3000) as primary anti-
bodies. Goat anti-mouse conjugated with HRP (Pierce; 1:3000)
was then used as a secondary antibody.

MALDI-TOF Mass Analysis on HT T in Vitro—To analyze
a soluble form of HTT®*!, 6 m guanidine HCl and 0.1% TFA
were added to the solution, and then the protein was desalted
using ZipTip C18 (Millipore). For the mass analysis of HTT"***
protein in the aggregated state, HTT®*! aggregates (40 ug)
were first resolubilized with 50 ul of TFA and then dried up by
centrifugal evaporator. The protein pellets were then dissolved
in 50 ul of 6 M guanidine HC], acidified by addition of 0.1% TFA,
and desalted with ZipTip C18. Sinapic acid was chosen as a
matrix, and MALDI-TOF mass spectra were acquired using
Ultraflex™ (Bruker) in a reflectron mode. Mass spectra were
calibrated using insulin (Nacalai; #1/z 5,734.1), horse heart cyto-
chrome ¢ (Nacalai; m/z 12,361), and equine heart myoglobin
(Sigma; m/z 16,951.5).

To analyze the core regions of HT aggregates, the aggre-
gates collected by ultracentrifugation were resuspended in a
GST elution buffer. After ultrasonication, the aggregates (30
ng, ~40 ul) were mixed with 150 ul of 50 mm Tris, 100 mm
NaCl, 5 mm CaCl,, pH 8.0, and then incubated with 5 ug of
Pronase at 37 °C for 12 h. Insoluble pellets were collected,
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washed twice with a GST wash buffer by ultracentrifugation,
and dissolved in 50 ul of TFA with ultrasonication and incuba-
tion at 37 °C for 1 h. After removal of TFA with a centrifugal
evaporator, the pellets were redissolved in 50 ul of 6 M guani-
dine HCI with 0.1% TFA, desalted with ZipTip C18, and ana-
lyzed with MALDI-TOF mass spectrometry using sinapic acid
as a matrix. Mass spectra were further calibrated with insulin
(m/z 5,734.1) and horse heart cytochrome c (m/z 12,361), and
identification of peptides based upon the observed m/z values
was performed using PAWS software (ProteoMetrics).

MALDI-TOF Mass Analysis on HTT**' Aggregates in
Vivo—The mouse experiments were approved by the animal
experiment committee of the RIKEN Brain Science Institute. A
whole brain except cerebellum of an R6/2 mouse (15) at either
8, 12, or 14 weeks of age was homogenized with 3 ml of PBS
containing 0.1% Triton X-100, 5 mm EDTA, 0.8 m NaCl, 10%
sucrose, and protease inhibitor mixture (Complete-EDTA;
Roche Applied Science) using a Teflon homogenizer. After cen-
trifugation at 20,000 X g, 4°C for 20 min, 1% Sarkosyl was
added to the supernatant, which was further incubated at room
temperature for 2 h. The sample was ultracentrifuged at
110,000 X g, 4 °C for 20 min, and the resultant pellets were
washed once with 500 ul of PBS containing 5 mm EDTA, 0.8 M
NaCl, and 10% sucrose and then once with 500 ul of PBS. The
pellets were resuspended with ultrasonication in 100 ul of PBS
containing 5 mM EDTA, 0.8 M NaCl, and 50% sucrose and incu-
bated at room temperature for 30 min. After ultracentrifuga-
tion at 110,000 X g at 4 °C for 20 min, the supernatant was
collected, and then the concentration of sucrose was decreased
to 10% by adding PBS with 5 mm EDTA and 0.8 M NaCl. Again,
the sample was ultracentrifuged; thereby, the pellets were col-
lected as HTT®*! aggregates in vivo and resolubilized with the
incubation in 100 wl of TFA at 37 °C for 1 h. Successful recovery
of HTT®*! was confirmed by Western blotting analysis using
an anti-polyglutamine antibody (1C2). Resolubilized HTT**!
aggregates in vivo were then dissolved in a buffer (150 ul, pH
8.0) containing 50 mm Tris, 100 mm NaCl, 5 mm CaCl,, and 1 m
urea, and further incubated with 2 ug of an endoproteinase
Glu-C (Roche Applied Science) at 25 °C for 3 days. After diges-
tion, 80 mg of guanidine HCl and 0.1% (final concentration) of
TFA was added, and the supernatant was obtained by ultracen-
trifugation, desalted with ZipTip C18, and then analyzed by
MALDI-TOF mass spectrometry in linear mode using sinapic
acid as a matrix. Mass spectra were calibrated by human angio-
tensin I (Calbiochem; m/z 1,046.2), human ACTH(18-39)
(WAKO; m/z 4,930.4), and bombesin (LKT Laboratories; m1/z
1619.86).

Electron Microscopy—HT aggregates were adsorbed on
STEM100Cu grids coated by elastic carbon (Okenshoji),
washed with water, and then negatively stained with 2% phos-
photungstic acid. Images were obtained using an electron
microscope (Tecnai™ Spirit, FEI).

Static Laser Light Scattering—HTT®*(42Q) aggregates pre-
pared in the presence and absence of BCS were analyzed by
using SALD-7100H equipped with SALD-71HC (Shimadzu).
The data were analyzed by the WingSALD II software
(Shimadzu).
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Gel Filtration Chromatography—HTTN'®(WT and MS8A)
peptides were chemically synthesized (Biologica) and dissolved
in pure water. 100 ul of 10 um HTT™N'® peptides were loaded on
Nanofilm SEC-150 (Sepax Technologies) fitted to a LaChrom
Elite (Hitachi) HPLC system. The column was pre-equilibrated
with a buffer containing 50 mm Na-P; and 100 mm NaCl at pH
7.4, and the flow rate was 0.35 ml/min. The chromatogram was
obtained by monitoring the absorbance at 214 nm and cali-
brated using 100 ul of 0.05 mg/ml human ACTH(18-39)
(4,930.4 Da), 0.1 mg/ml human angiotensin I (1,296.5 Da), and
0.05 mg/ml bovine milk a-lactoalbumin (Sigma; 14,200 Da).

RESULTS

Methionine Oxidation in Mutant HTT Occurs after the For-
mation of Insoluble Aggregates—Full-length HT'T is a large pro-
tein with ~350 kDa, but the N-terminal fragment correspond-
ing to the first exon in HTT gene (HTT™*!) is sufficient for
causing HD-like symptoms and neuropathological changes in
animal models (15). HTT®*!, which is composed of N-terminal
17 amino acids followed by a polyQ tract and a Pro-rich region,
was purified as a fusion protein with GST and then liberated
from the GST tag by proteolytic cleavage using a specific pro-
tease, HRV3C (16). To evaluate the aggregation kinetics of
HTT"*! proteins, we have set 0 min at the time when HRV3C
was introduced, although almost (~90%) completion of this
proteolytic process required 30 min (supplemental Fig. S1). As
shown in Fig. 14, 20 um HTT®*" with a pathogenic length of a
polyQ tract (42Q) increased its solution turbidity, whereas no
changes were observed when the length of a polyQ tract is nor-
mal (18Q). This reproduces previous findings that aggregation
of HTT"*! displays a threshold for polyQ length (17).

Consistent with the nucleation-dependent aggregation
model (17), the solution turbidity of HTT®*!(42Q) exhibited a
sigmoidal change and reached a plateau at 300 min after the
addition of HRV3C, where the aggregation appeared to com-
plete (Fig. 1A). Formation of insoluble aggregates was also
examined by Western blotting after ultracentrifugal fraction-
ation of the samples into soluble supernatant and insoluble pel-
lets (Fig. 1B and supplemental Fig. S2B). At 30 min after addi-
tion of HRV3C, multiple bands immunoreactive to anti-polyQ
antibody (1C2) were observed only in soluble supernatant but
not in the pellet fraction (Fig. 1B). These bands were also
detected with anti-HTT antibody (EM48) but not with anti-
GST antibody (supplemental Fig. S2, A and B). Given that an
SDS-PAGE analysis on our starting GST-HTT"*!(42Q) sample
has shown a major protein band at 45 kDa with small amounts of
impurities (0 min in supplemental Fig. S1), the high molecular
weight multiple bands in Fig. 1B and supplemental Fig. S2B rep-
resent the SDS-resistant soluble oligomers of HTT**(42Q).
Indeed, multiple bands in high molecular weight regions have
been previously observed in HTT**! with an elongated polyQ
tract in the electrophoretic analysis (14, 16). Notably, at 300
min after the addition of HRV3C, Western blotting analysis
using both 1C2 and EM48 antibodies have shown that all of
HTT"(42Q) molecules are converted from soluble species
into insoluble pellets (Fig. 1B and supplemental Fig. S2B), sup-
porting the completion of aggregation at 300 min.
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FIGURE 1. Oxidative modification occurs on HTTE*" after the formation of insoluble aggregates. A, 20 um GST-fused HTT®*" proteins in a GST elution buffer

were incubated at 25 °C with 2 units of HRV3C protease to liberate a HTT®X" fragment, which triggered an aggregation reaction. Increase of the solution
turbidity at 350 nm in HTT®"(42Q) (filled circles) until 500 min was fit with a sigmoidal function (broken curve). In contrast, HTT®*'(18Q) (open circles) did not
change its solution turbidity, suggesting no aggregation. B, after addition of an HRV3C protease, HTT®*'(42Q) proteins incubated for 30, 300, and 7,000 min
were fractionated by ultracentrifugation into soluble supernatant (s) and insoluble pellets (p). Insoluble pellets were further treated with TFA to resolubilize
HTT®"(42Q) proteins (see “Experimental Procedures”). Both fractions were loaded on a 12.5% SDS-polyacrylamide gel and analyzed by Western blotting with
anti-polyQ antibody (1C2). Because of the high aggregation propensity of polyQ-containing proteins, HTT=*"(42Q) proteins were detected as multiple bands
in the higher molecular weight region. C, pronase-resistant insoluble pellets of HTT®*'(42Q) aggregates at 300, 1,500, 3,000, and 7,000 min were resolubilized
with TFA and analyzed by MALDI-TOF mass spectrometry in linear mode. Two representative mass peaks were shown corresponding to Ala>~GIn®° (Jeft panel)
and Gly *-GIn®° (right panel). Other mass peaks were summarized in supplemental Fig. S3. D, MALDI-TOF mass analysis (reflectron mode) on the soluble
HTT®"(42Q) before aggregation (30 min) and the insoluble HTT®"(42Q) aggregates formed at 300 and 7,000 min after incubation. The observed mass of

HTT®"(42Q) coincides with the calculated one (13,937 Da).

Surprisingly, when we further left the solution containing
HTT®'(42Q), the solution turbidity was found to again start to
rise (Fig. 1A). In our experimental conditions, the time when
this second phase of the turbidity increase starts was found to
be significantly varied among the sample preparations; how-
ever, at 300 min, the first phase of the turbidity increase always
finished, and the second phase did not start yet. At 7,000 min,
we have consistently confirmed that the second phase of the
turbidity increase is almost or completely finished. Further-
more, the second phase of the turbidity change did not simply
mean the progression of HTT**'(42Q) aggregation, because
there were no differences in the amounts of pelletable
HTT®*!(42Q) between 300 and 7,000 min (Fig. 1B and supple-
mental Fig. S2B). We have also confirmed that all
HTTE*(18Q) molecules remain soluble until 7,000 min after
the addition of HRV3C (supplemental Fig. S2, C and D). Given
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that the solution turbidity depends upon shapes of the scatter-
ing particles (or aggregates) (18, 19), we initially suspected that
HTT"*!(42Q) aggregates change its molecular structure dur-
ing the second phase of turbidity changes.

Protein aggregates are generally composed of protease-resis-
tant core and the associated “fuzzy coat” that is a susceptible
region for proteolysis (20). To get insight into the structural
core of the HTTF*! aggregates before (300 min) and after
(7,000 min) the second phase of the turbidity increase, the fuzzy
coat regions in the aggregates were removed by treatment with
a nonspecific protease, Pronase (21). The resultant Pronase-
resistant materials, which were collected as insoluble pellets by
ultracentrifugation, were resolubilized with TFA and analyzed by
MALDI-TOF mass spectrometry. All of the identified peptides
were found to cover a polyQ tract, consistent with its primary role
in the formation of aggregates (supplemental Fig. S3). We also
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FIGURE 2. Post-aggregation oxidation at Met® in HTT®*"(42Q) causes further increase in solution turbidity. A, aggregation reactions of HTT®*'(42Q) with
M1A mutation (black), M8A mutation (red), and M1A/M8A mutations (blue) were examined under the same experimental conditions with those in Fig. 1A. For
comparison, the aggregation kinetics of HTT®*"(42Q) shown in Fig. 1A was also overlaid (gray). Broken curves represent the sigmoidal fits to the turbidity
changes. Note that the second phase of turbidity increase was evident in M1A but not in M8A and M1A/M8A mutant proteins. B, MALDI-TOF mass analysis
(reflecton mode) on HTT®" (42Q) proteins with Met mutations was performed before (30 min) and after (1,500 and 8,000 min) aggregation. The observed mass
coincides with the calculated one in all samples examined as follows; 13,877 Da (HTT®'(42Q)'* and HTT®*"(42Q)M®*) and 13,817 Da (HTTEX"(42Q)M1A/M8A)
C, aggregation kinetics of 20 um HTT®"(42Q) in a GST elution buffer in the presence of 50 um BCS was monitored by the increase of solution turbidity (shown
in red). Further addition of 0.1 mm H,0, at 1,500 min (indicated with an arrow) triggered the second phase of turbidity increase (shown in black). D, MALDI-TOF
mass analysis (reflectron mode) confirms that HTT®'(42Q) aggregates are not oxidized in the presence of BCS even after 7,000 min incubation (a lower trace).
In contrast, after H,O, was added at 1,500 min in the presence of BCS (see ), the aggregates were collected at 7,000 min and analyzed by MALDI-TOF mass

spectrometry (an upper trace), showing the 32-Da mass increase.

found that the set of peptides constituting the Pronase-resistant
cores of HTT*!(42Q) aggregates was unchanged during the
second phase of the turbidity increase (from 300 to 7,000 min in
supplemental Fig. S3). In contrast to our initial expectation,
therefore, this result suggests no drastic changes in the core
structure of HTT®*'(42Q) aggregates during the post-aggrega-
tion process.

Despite this, we have noticed that several Pronase-resistant
peptides (No. 8 —12 mass peaks in supplemental Fig. S3) exhibit
the increase of a 16-Da mass unit during the post-aggregation
process. For example, during the second phase of turbidity
changes (from 300 to 7,000 min), the mass of the Ala>~GIn®*°
peptide increased by 16 Da (Fig. 1C, left panel), and the 16- and
32-Da (16 Da X 2) increases of the mass were observed in the
Gly °-GIn®*® peptide (Fig. 1C, right panel). Such increase in the
mass was also detected when the analysis was performed on
HTT®**!(42Q) (Fig. 1D) but not on HTT**'(18Q) (supplemen-
tal Fig. S4). Notably, the 16-Da mass increase was observed in
the Met®~GIn®® peptide but not in the Lys’~GIn®® peptide
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(supplemental Fig. S3); therefore, we suspected that the mass
increase of 16 Da represents the oxidation of a Met residue to
methionine sulfoxide.

Met® in HTT™" Is Oxidized during the Post-aggregation
Increase in the Solution Turbidity—HTT=*! possesses two Met
residues at positions 1 and 8, but the initial Met residue has
been known to be removed soon after translation in vivo (22).
Our HTTF*! proteins in vitro was, in contrast, prepared by
proteolytic cleavage of an N-terminal GST tag, which leaves
Met" with the tag remnant five amino acids (Gly-Pro-Leu-Gly-
Ser) at the N-terminal region (supplemental Fig. S3B). We have
thus introduced M1A mutation in our in vitro HTTF(42Q)
protein but still observed a second phase of the turbidity change
(Fig. 24, black) with a 16-Da increase of its mass (Fig. 2B, left
panel). These results are consistent with the idea that the oxi-
dation of Met® contributes to a second phase of the turbidity
increase. Indeed, M8A mutation in HTTE*¥(42Q) abolished
the post-aggregation increase of solution turbidity (Fig. 24,
red), although the mass increase of 16 Da was still observed (Fig.
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2B, middle panel). In HTT®'(42Q) with M1A/MS8A double
mutations, neither turbidity increase nor mass increase was
observed as the post-aggregation process (Fig. 2, A, blue, and B,
right panel). 1t is also notable that a mutation at Met residue
significantly delays the aggregation kinetics of HTT**!(42Q)
(Fig. 2A). The N-terminal region of HTT**" has been shown to
adopt an amphipathic helix structure, of which the hydropho-
bic surface plays a role in accelerating the aggregation of
HTT™*! with an elongated polyQ tract (23). Met® constitutes a
hydrophobic surface of the helix (24); therefore, its mutation to
Ala will perturb the interactions for aggregation and is thus
considered to decelerate the aggregation reaction. In
HTT®*(42Q) with M8A mutation, furthermore, such an
increased lag phase (~500 min) before the initial increase of the
turbidity might delay the appearance of the second phase; how-
ever, we could not observe significant changes in the solution
turbidity after 7,000 min at least until 20,000 min (Fig. 24).
Based upon these results, therefore, both Met' and Met® in the
aggregated state of HTT™*! in vitro are susceptible for oxida-
tion, but only the oxidation of Met® leads to the second phase of
the turbidity increase.

Oxidation of Met residues is often catalyzed by heavy metal
ions (25), and we thus supposed that a trace amount of copper
ions often contaminated in chemical reagents and water was
responsible for Met'/® oxidation in HTT**! aggregates. Indeed,
when a copper-specific chelator, BCS, was included, the second
phase of the turbidity increase completely disappeared in the
aggregation of HTT***(42Q) (Fig. 2C, red) without any changes
in the mass until 7,000 min (Fig. 2D). In contrast, even in the
presence of BCS, the addition of an oxidant, H,O,, at 1,500 min
after incubation started to further increase the solution turbid-
ity (Fig. 2C, black) and resulted in a mass increase of 32 (16 X 2)
Da (Fig. 2D). A soluble form of HTT**!(42Q) before aggrega-
tion (at 30 min in Fig. 1A) was not oxidized by incubation with
0.1 mm H,O, for 30 min (supplemental Fig. S54). Only when
HTT®**!(42Q) aggregates (at 300 min in Fig. 14) were incu-
bated with 0.1 mm H,O, for 30 min was mass increase by 32 Da
caused by Met oxidation confirmed (supplemental Fig. S5B).
Aggregation of HTT**! would be thus associated with such
conformational changes that render Met® prone to oxidation.
As another negative control, HTT**'(18Q) was not oxidized by
incubating with either copper sulfate or H,O, for 7,000 min
(supplemental Fig. S4). Taken together, we have successfully
identified the oxidation of Met® in HTT®*! that specifically
occurs as the post-aggregation process. Our next question is
how such a post-aggregation oxidation of Met residues leads to
the turbidity increase.

Post-aggregation Control of Interactions between HT
Molecules by Met® Oxidation—As mentioned above, factors
affecting turbidity include shape, size, and number of particles
(aggregates) in solution (18, 19). No changes were confirmed in
the amounts of HTT**! aggregates before and after the oxida-
tion of Met® (Fig. 1B); furthermore, the protease-resistant core
structures of HTT®*! aggregates appeared not to be affected by
the oxidation (supplemental Fig. S3). We thus expect that the
oxidation of Met® somehow increases the overall size of
HTT®*! aggregates.

TEX 1
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To examine effects of the Met oxidation on the size of
HTT"*! aggregates, we first prepared aggregates without and
with the oxidation of Met® by incubating HTT**!(42Q) for
7,000 min in the presence and absence of 50 um BCS, respec-
tively; then these aggregates were directly observed by a trans-
mission electron microscope. Aggregates of HTT*! with an
elongated polyQ tract have been well known to possess fibrillar
morphologies (26), which was also confirmed irrespective of
the oxidation state at Met® in this study (Fig. 3, A and B).
Instead, when the Met residues were oxidized, fibrils were
found to more extensively interact with each other, and overall
appearance of HTT**'(42Q) aggregates was changed from the
isolated and relatively small tangles (Fig. 3B) to the intricate and
extended weblike structures (Fig. 34). HTT**(42Q) aggre-
gates before oxidation at Met® were also examined by incuba-
tion for 300 min in the absence of BCS (Fig. 1), and the appear-
ance of those aggregates was confirmed to be similar to the ones
prepared by incubation for 7,000 min in the presence of BCS
(supplemental Fig. S6A). Morphological differences of HTT***
aggregates before and after oxidation at a Met residue were also
observed in HTT**!(42Q) with M1A mutation (Fig. 3, C and
D); in contrast, the aggregates of HTT**'(42Q) with MSA
mutation remained relatively small and isolated even after incu-
bation for 7,000 min in the absence of BCS (supplemental Fig.
S6B). These results thus support our idea that the post-aggre-
gation oxidation at Met® adds extended interactions between
fibrils.

We have further performed quantitative analysis on the size
of HTT**(42Q) aggregates by static laser light scattering. As
shown in Fig. 3 (E and F), the size of Met-oxidized
HTT®*!(42Q) aggregates, which formed at 7,000 min in the
absence of BCS, was mainly populated at ~60 wm with a minor
fraction of the aggregates smaller than 20 um (filled circles). In
contrast, in the HTT*'(42Q) aggregates formed at 7,000 min
in the presence of BCS, where Met® remains in the thioether
state, significantly more fractions of aggregates exhibited the
size smaller than 20 um (Fig. 3, E and F, open circles). Further-
more, the aggregates formed at 300 min in the absence of BCS,
where Met® also remains in the thioether state (Fig. 14), were
found to be much smaller in size and populated between 0.5 and
5 um (Fig. 3, E and F, open triangles). Oxidation at Met® thus
appears not to be an only factor determining the overall size of
HTT"*'(42Q) aggregates, but these quantitative results are
consistent with our qualitative transmission electron micro-
scope observations on the morphologies of HTT®*'(42Q)
aggregates, and the oxidation of Met® was confirmed to
increase the size of aggregates.

To reveal how the interfibril interactions are augmented by
Met oxidation, we focused upon the association state of the
N-terminal 16 amino acids (from Ala® to Phe'”, HTTN'®) adja-
cent to the polyQ tract in HTT. HTTN'® was synthesized as a
peptide, and its Met®-oxidized form was prepared by incuba-
tion with 100 mm H,O,. Successful oxidation was confirmed by
MALDI-TOF mass spectrometry; the H,O,-treated HTTN'®
peptide increased its mass by as much as 16 Da (Fig. 4A).
Besides, these changes were dramatically suppressed in the
HTTN'® peptide with M8A mutation (Fig. 4B), indicating that
Met® is the most susceptible site for oxidation in HTT™N',
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FIGURE 3. Post-aggregation oxidation at Met? facilitates the interactions between HTT®*'(42Q) fibrils to increase overall size of the aggregates. A-D,
electron micrograms of HTT®X"(42Q) aggregates (A and B) and HTT®"(42Q)M'* (C and D) aggregates were shown. The aggregates were prepared by incubation
of GST-HTT®*'(42Q) proteins with HRV3C in a GST elution buffer for 7,000 min, and 50 um BCS was further included to inhibit the oxidation of Met residues (B
and D). A bar at the lower left corner of each panel represents 0.5 um. E and F, size of HTT®*"(42Q) aggregates was analyzed by static laser light scattering. Size
distribution of HTT®*'(42Q) aggregates, which formed at 7,000 min in the absence (filled circles) and presence (open circles) of BCS, was shown in E. The
HTT®"(42Q) aggregates formed at 300 min after the addition of HRV3C in the absence of BCS were also examined (open triangles). A cumulative distribution
of the aggregate size was calculated and plotted in F: the aggregates at 7,000 min in the presence (open circles) and absence (filled circles) of BCS and the

aggregates formed at 300 min in the absence of BCS (open triangles).

Using these HTTN'® peptides, the association states were ana-
lyzed by gel filtration chromatography. As shown in Fig. 4C,
HTTN'® was eluted as a single peak corresponding to the
monomer size (open circles), whereas the oxidation at Met®
notably associated with the broad peak eluted earlier than the
monomer (filled circles). HTTN'® peptides were thus consid-
ered to become easily associated with each other upon the oxi-
dation at Met®. Although it remains obscure why a slight differ-
ence in the retention time of HTTN'®(M8A) peptide was
observed upon the addition of H,O,, a broad peak correspond-
ing to the oligomers of HTT™'® was not observed in H,O,-
treated HTT™'® with M8A mutation (Fig. 4D). Based upon
these results, therefore, the post-aggregation oxidation at Met®
is considered to promote the interactions between the N-ter-
minal regions of HTT®*?; thereby, the individual fibrils tangle
to form the weblike structures, resulting in an increased overall
size for aggregates.

Met® of HTT Is Oxidized in the Pathological Aggregates of HD
Model Mice—Expression of human HTT**! with an elongated
polyQ tract in mice has been known to well reproduce fibrillar
aggregation of mutant HTT®*! (15). As performed in the aggre-
gates in vitro (Fig. 1D), therefore, we attempted to find the
16-Da mass increase of mutant HTT*! purified from trans-
genic mice (called R6/2 mice (15)), but it failed to obtain a mass
peak corresponding to mutant HTT**! even after resolubiliza-
tion with TFA. This is probably because the length of a polyQ

34770 JOURNAL OF BIOLOGICAL CHEMISTRY

tract is relatively long (~130 Q) in mutant HTT*** expressed in
an R6/2 mouse; that is, increasing length of a polyQ tract would
make it more difficult to keep HTT=** soluble and less tolerant
for the MALDI-TOF mass analysis. We have thus attempted to
perform a mass analysis on soluble fragments that can be pro-
duced through a limited proteolysis of mutant HTT**.

For that purpose, an endoproteinase, Glu-C, was used for a
limited proteolysis of HTT®*!, which can produce a relatively
small proteolytic fragment (Lys®~Glu'?) that contains Met® but
not a polyQ tract. To test whether digestion of HTT®*! with
Glu-C produces a Lys®~Glu'? peptide, in vitro aggregates of
HTTE*!(42Q) before Met® oxidation were resolubilized with
TFA, incubated with Glu-C and then analyzed with MALDI-
TOF mass spectrometry (see “Experimental Procedures”). As
shown in Fig. 5 (trace a), mass peaks were observed at m/z
867.95 and 890.50, which correspond to a Lys®~Glu'? peptide
and its sodium adduct, respectively. Furthermore, when the
Glu-C treatment was performed on in vitro aggregates after
Met® oxidation, a mass peak was observed at #1/z 906.44, which
corresponds to a sodium adduct of the Lys®~Glu'? peptide with
oxidized Met® (Fig. 5, trace b). Oxidation of Met® in HTT aggre-
gates can thus be examined by mass analysis of the Lys®~Glu"?
peptide that is produced by the Glu-C treatment.

Based upon the in vitro results above, further in vivo testing
of the Met® oxidation was performed by purification of HTT***
aggregates from brain tissues of R6/2 mice (see “Experimental
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FIGURE 4. An N-terminal region of HTT®*" (HTT" ') forms oligomers upon oxidation at Met®. A and B, oxidation of HTTV'® peptide with hydrogen peroxide
was confirmed by MALDI-TOF mass spectrometry in reflectron mode. A, HTTN'®(WT) (monoisotopic mass, 1842.0) exhibited a mass peak at m/z 1843.1, which
almost completely shifted to the peak at m/z 1859.3 (+ 16 Da) after treatment with H,0,. A minor peak at m/z 1875.5 (+32 Da, indicated with an asterisk) also
appeared, suggesting that the Met oxidation proceeds into the sulfone state in a small fraction of the HTTN'® peptide. B, in contrast, a mass peak of HTTN'¢(M8A)
(monoisotopic mass, 1782.0) was unchanged at m/z 1783.2 even after the addition of H,0,, although a minor peak at m/z 1799.3 (+ 16 Da) was observed. Mass
peaks indicated with +Na™ are due to the Na™* adducts of the peptides. Cand D, the gelfiltration chromatograms of HTTN'¢(WT) (C) and HTTN'®(M8A) (D). Open
and filled circles represent the chromatograms of the peptides without and with the addition of H,0,, respectively. Molecular mass (kDa) calculated by

calibration of the column is also shown on top of the figure.

Procedures”). After resolubilized with TFA, the purified in vivo
aggregates were also treated with Glu-C protease and analyzed
by MALDI-TOF mass spectrometry. As shown in Fig. 5 (traces
d, f, and &), mass peaks of a Lys®~Glu'? peptide (/2 867) and its
sodium adduct (m/z 889-890) were observed, and more
importantly, we found the mass peak at m/z 905-906, which
corresponds to the peptide with oxidized Met®. All of these
mass peaks were not observed from insoluble materials isolated
from nontransgenic littermates (traces c, e, and g). It is also
notable that the mass peak representing the oxidized Met®
becomes more evident with aging of R6/2 mice. Although
MALDI-TOF mass spectrometry is generally not suitable for
quantitative analysis, these in vivo observations are consistent
with our in vitro results showing the oxidative modifications on
HTT aggregates as a post-aggregation process.

DISCUSSION

Formation of HT T-immunoreactive inclusions in neurons is
a pathological hallmark of HD (9). In various rodent models
established so far, expression of HTT**! with an elongated
polyQ tract is sufficient for reproduction of the disease pathol-
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ogies including the formation of inclusions (27). Although the
abnormal expansion of polyQ is a primary factor to trigger the
aggregation, recent studies have supported modulatory roles of
post-translational modifications at the flanking sequence (i.e.,
the regions other than polyQ in HTT**') in the aggregation of
mutant HTT. In particular, modifications in HTTN'® such as
phosphorylation at Ser**'*¢ (28) and sumoylation/ubiquityla-
tion at Lys®®/*> (29) have been shown to affect the aggregation
kinetics in vitro and in vivo and even the HD-like neuropathol-
ogies in model animals. Now, as reported here, we add the oxi-
dation at Met® as a novel modification in the HTT'® region in
vitro and in vivo, and interestingly, this Met oxidation appears
to occur only in the aggregated state of HTT**" and to regulate
the overall morphologies of aggregates (Fig. 6).

In general, Met oxidation is not a rare post-translational
modification in proteins; rather, Met belongs to the most easily
oxidizable amino acids and forms the sulfoxide even under
physiologically mild conditions (30). Notably, the increased
oxidative stress has been observed in neurodegenerative dis-
eases including HD (10); therefore, Met residues in proteins are
supposed to have an increased chance to be oxidized under
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FIGURE 5. Proteolytic analysis supports the oxidation of Met® in HTT®*" aggregates reproduced in the HD model mouse. Aggregates of HTT®*'(42Q) in
vitro (traces a and b) and HTTX" purified from R6/2 mice (traces d, f,and h; 8, 12, and 14 weeks of age; see on the right of figure) were first redissolved in TFA and
treated with Glu-C protease. The resultant proteolytic fragments were then analyzed with MALDI-TOF mass spectrometry in linear mode. A Lys®-Glu'? peptide
(calculated m/z 866.09) exhibited a mass peak at m/z 866-867, and the mass peak of its sodium adduct (+23 Da) was also observed at m/z 889-890.
Furthermore, the mass peak observed at m/z 905-906 represents a sodium adduct of a Lys®~Glu'? peptide with oxidized Met®. The observed m/z values were
also shown at mass peaks in the figure. These mass peaks were not obtained when nontransgenic mice were analyzed instead of R6/2 mice (traces c, e, and g),
supporting that the mass peaks were assigned to the proteolytic fragments of HTT=X",

pathogenic/pathological environment. Indeed, for example, lated proteins such as a-synuclein (33), PrP (34), and ApoA-I

oxidation of a Met residue has been reported in an A peptide
forming senile plaques of Alzheimer’s diseases (31) and also in
infectious forms of PrP proteins in prion diseases (32). Further-
more, the effects of Met oxidation on the kinetics of fibrillar
aggregation in vitro have been examined in several disease-re-
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(35). In these previous studies, oxidative modifications have
been assumed to precede the aggregation of protein molecules
and thereby affect its formation kinetics; however, it remains
obscure when proteins are oxidized during the formation of
pathological inclusions in vivo. Given that aggregates generally
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disturbed, which is further supposed to render Met® susceptible for oxidation. Oxidation at Met® then introduces the interactions between fibrils via N-terminal

regions of HTT®, resulting in a size increase for HTT®*! aggregates.

adopt tightly packed structures (36), small oxidants could not
attack the amino acid residues in the core but are expected to be
accessible to the residues in solvent-exposed regions of aggre-
gates. It is hence possible that some of the protein oxidations
occur at the solvent-exposed surface of pathological inclusions
even after aggregation. Indeed, we have found here that Met® is
not a constituent of the protease-resistant core in HTT®*!
aggregates and is susceptible to post-aggregation oxidation
(Fig. 6).

In soluble HTT**! with nonpathogenic length of a polyQ
tract, HTTN'® region adopts an amphipathic a-helical struc-
ture (37), where Met® occupies the central area of the nonpolar
surface. Met® is thus supposed to be buried in hydrophobic
cores formed by HTT®*! proteins (23) and protected from the
attack by oxidants such as hydrogen peroxide; indeed, com-
puter simulations have supported the compact conformation of
a HTT fragment comprising HTT™'® and a polyQ tract (38),
where hydrophobic residues in HTTN'® are sequestered in the
interface between HTT™'® and a polyQ tract. In contrast, Met®
became oxidized in the aggregated state of HTT* (Figs. 1 and
2), implying conformational changes of HTT™'® upon aggrega-
tion. In several studies, HTT™'® has been proposed to be incor-
porated into the core structures of fibrillar HTT®*! aggregates
(23, 39), but we have found that a polyQ tract but not the
HTTN'® region constitutes a protease-resistant core in the
aggregates (supplemental Fig. S3). Notably, our results are con-
sistent with recent solid state NMR studies showing that
HTTN'® region remains a-helical even in the aggregates but
display increased dynamics and water exposure (40). As sum-
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marized in Fig. 6, therefore, the hydrophobic surface of a-heli-
cal HTTN'® is covered by a polyQ tract in the soluble state, but
upon aggregation, polyQ undergoes significant structural
changes to constitute a core of fibrils, which would abrogate the
interaction between HTTN'® and a polyQ tract. These struc-
tural changes associated with aggregation are then considered
to increase the exposure of hydrophobic surface of HTTN'® and
facilitate the oxidation of Met®.

In our in vitro experiments, Met oxidation appears to create
new interactions between HTT"*! fibrils and thus increases the
overall size of aggregates (Fig. 3). Although a molecular mech-
anism describing the oxidation-dependent increase in size of
aggregates remains to be established, a Met residue has been
known to become less hydrophobic or even hydrophilic upon
its oxidation from thioether into sulfoxide form (41). Such dras-
tic changes in chemical properties of Met would contribute to
the oxidation-induced formation of oligomeric structures in a
HTTN'® peptide (Fig. 4). As schematically shown in Fig. 6, we
thus speculate that the HTT™'® region behaves like an oxida-
tion-induced “zipper” to connect the individual HTT®** fibrils,
increasing the overall size of aggregates.

Understanding roles of our proposing post-aggregation oxi-
dation in the disease pathomechanism will require further
investigations. Although both toxic and beneficial roles of pro-
tein aggregation in the pathomechanism of HD have been sug-
gested (15, 42), distinct conformations of HTT®** fibrils have
been found to exhibit different cytotoxicity toward cultured
neuronal cells (43). Although the relation between fibril confor-
mations and toxicity still remains unclear, it is possible that the
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potential cytotoxicity of HTT aggregates is modulated through
those morphological changes upon the Met oxidation. Interest-
ingly, an age-dependent increase in the size of the cytoplasmic
HTT aggregates has been observed in biochemical as well as
histological examinations on R6/2 HD model mice (44, 45), in
which we have confirmed that pathological HTT®*! proteins
are oxidized at its Met® residue (Fig. 5). Furthermore, the neu-
ropil aggregates in the HD patients have been reported to
increase in size as the disease progresses (46). Nonetheless, the
age-dependent increase in the aggregate size can also be inter-
preted as the simple accumulation of mutant HT'T in surviving
neurons; therefore, further investigation is also required to
reveal pathological roles of Met oxidation as a zipper to increase
the size of aggregates in HD.

In conclusion, we propose a mechanism describing the post-
aggregation modification on protein aggregates, where struc-
tural changes caused by aggregation play critical roles. Signifi-
cant changes in structures upon aggregation have not been
limited to HTT but so far suggested in many other pathogenic
proteins (21, 47—49). Post-aggregation modifications are thus
supposed to describe pathological changes such as oxidation
and phosphorylation detected in inclusions. Although exact
roles of post-aggregation modifications in disease pathomecha-
nisms remain to be established, insoluble aggregates are not
considered to be inert products of protein misfolding but are
able to change its morphologies and structures by post-aggre-
gation modifications. Increasing evidence has recently sup-
ported the idea that different structures/morphologies of pro-
tein aggregates are related to distinct phenotypes (43, 50, 51);
therefore, a possible outcome of post-aggregation modifica-
tions may be to modulate disease phenotypes/symptoms even
after the onset of disease.
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