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Abstract
Background: Synaptic connections are disrupted in patients with Huntington’s disease (HD).
Synaptosomes from postmortem brain are ideal for synaptic function studies because they are
enriched in pre- and post-synaptic proteins important in vesicle fusion, vesicle release, and
neurotransmitter receptor activation.

Objective: To examine striatal synaptosomes from 3, 6 and 12 month old WT and Hdh140Q/140Q

knock-in mice for levels of synaptic proteins, methionine oxidation, and glutamate release.

Methods: We used Western blot analysis, glutamate release assays, and liquid chromatography
tandem mass spectrometry (LC-MS/MS).

Results: Striatal synaptosomes of 6 month old Hdh140Q/140Q mice had less DARPP32, syntaxin
1 and calmodulin compared to WT. Striatal synaptosomes of 12 month old Hdh140Q/140Q mice had
lower levels of DARPP32, alpha actinin, HAP40, Na+/K+-ATPase, PSD95, SNAP-25, TrkA and
VAMP1, VGlut1 and VGlut2, increased levels of VAMP2, and modifications in actin and
calmodulin compared to WT. More glutamate released from vesicles of depolarized striatal
synaptosomes of 6 month old Hdh140Q/140Q than from age matched WT mice but there was no
difference in glutamate release in synaptosomes of 3 and 12 month old WT and Hdh140Q/140Q

mice. LC-MS/MS of 6 month old Hdh140Q/140Q mice striatal synaptosomes revealed that about
4% of total proteins detected (>600 detected) had novel sites of methionine oxidation including
proteins involved with vesicle fusion, trafficking, and neurotransmitter function (synaptophysin,
synapsin 2, syntaxin 1, calmodulin, cytoplasmic actin 2, neurofilament, and tubulin). Altered
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protein levels and novel methionine oxidations were also seen in cortical synaptosomes of 12
month old Hdh140Q/140Q mice.

Conclusions: Findings provide support for early synaptic dysfunction in Hdh140Q/140Q knock-in
mice arising from altered protein levels, oxidative damage, and impaired glutamate
neurotransmission and suggest that study of synaptosomes could be of value for evaluating HD
therapies.

Keywords
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release; synaptic proteins; mass spectrometry

INTRODUCTION
Early cognitive decline occurs in patients with Huntington’s disease (HD) and is attributed
in part to the loss of neuronal connections, especially those of the corticostriatal pathway.
Huntingtin (htt), the protein affected in HD, may have multiple roles at the synapse through
interactions with proteins and lipids [1-4]. Htt moves in axons on vesicular membranes
along with other vesicle-associated proteins including dynein, HAP1 and the vesicle docking
protein SNAP-25 [5]. Htt co-exists in subcellular fractions with transferrin receptor,
synaptophysin, vesicle membrane-associated protein (SV2) and clathrin and has been
localized at the electron microscopic level to pre- and post-synaptic regions of synapses [1].
Mutant htt (mhtt) interferes with the phosphorylation of synapsin 1, which is important for
neurotransmitter release [6]. Mutant htt also abnormally associates with phospholipids that
function in signaling at membranes including lipid rafts and can alter the membrane
distribution of NMDA and AMPA receptor subunits [7-9]. Htt also interacts with syntaxin 1
which mediates vesicle fusion at membranes, and levels of syntaxin 1 modulate mhtt
toxicity [10]. Full length mhtt expressed in Drosophila increased excitatory potentials
arising from an increase in Ca2+ dependent neurotransmitter release [11]. Transgenic mice
that selectively express mutant htt fragment of exon 1 in presynaptic terminals have reduced
survival and altered neurostransmitter function [6]. These studies suggest that mhtt may be
in position in pre and post synaptic regions to affect neuronal connections, synaptic strength
and stability.

The Hdh140Q/140Q mouse model has been used to study changes in the HD brain. In this
model, human HD exon 1 inserted into full-length htt is expressed under the control of the
endogenous mouse htt promoter. Mhtt localizes in the nucleus diffusely and in aggregates by
4 months of age. Climbing a pole is impaired at 1.5 months and the deficit worsens at 6.5
months. A transient rearing phenotype appears at two months [12, 13]. The levels of striatal
immunoreactive DARPP32, which is a selective marker of striatal medium spiny neurons,
were normal in 4 month old Hdh140Q/140Q mice but significantly depleted by 41% compared
to WT at 12 months [13]. Lipid rafts are cholesterol and sphingolipid enriched domains in
membranes that partition proteins and lipids involved in mediating signaling by growth
factors, neurotransmitters and other stimuli [14-18]. We found full length mhtt and GSK3-
beta accumulated in lipid raft fractions from the cortex of one month old Hdh140Q/140Q mice
[9]. We also observed abnormal distribution and activity of Rab11 on striatal endosomal
membranes of 2 month old Hdh140Q/140Q mice and impaired recycling of Rab11 dependent
cargoes back to the plasma membrane in HD primary cortical neurons derived from
embryonic brain [19]. These findings suggest that there are changes in the brain of young
Hdh140Q/140Q mice that may affect synaptic function before frank motor disease.
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Synaptosomal fractions prepared from brain are enriched in pre-synaptic and postsynaptic
membranes [20, 21]. Striatal synaptosomes have been used in biochemical analysis and
functional assays to study connectivity related to acetylcholine, dopamine, glutamate and
GABA neurotransmission [22]. For example, depolarization of striatal synaptosomes with
potassium chloride releases glutamate which induces Ca2+ entry through different types of
calcium channels, including N, P and Q [23]. Recently we found that synaptosomal fractions
of the striatum and cortex of Hdh140Q/140Q mice have increased levels of NADPH oxidase
(NOX) activity, which produces the free radical anion superoxide and additional reactive
oxygen species (ROS) as secondary products. We proposed that increased NOX2 activity is
a source of oxidative stress in HD at the level of synapses since inhibitors of NOX2
enzymatic activity or deleting NOX2 in Hdh140Q/140Q neurons reduces ROS levels in
Hdh140Q/140Q primary neurons [21]. Our analysis of NOX activity in synaptosomes
suggested that synaptosomal fractions could be useful to identify other potential sources of
early synaptic dysfunction in HD.

In this study we show that striatal synaptosomes of Hdh140Q/140Q mice differ from WT in
levels of synaptic proteins involved with vesicle fusion and release, protein oxidation, and
release of glutamate. We suggest that striatal synaptosomes may be a useful and efficient
way to evaluate disease progression related to synaptic function in the Hdh140Q/140Q model
and to monitor the effectiveness of treatments for HD.

METHODS
Animals

All mice used in this study were obtained from a colony maintained at the MGH animal
facility. The MGH Subcommittee on Research Animal Care (SRAC)-OLAW Assurance #
A3596-01 has reviewed and approved our animal protocol which conforms to the USD
Animal Welfare Act, PHS Policy on Humane Care and Use of Laboratory Animals, the
‘ILAR Guide for the Care and Use of Laboratory Animals’ and other relevant laws and
regulations [9, 21, 24]. The WT and Hdh140Q/140Q mice had a background strain of C57BL/
6. The Hdh140Q/140Q knock-in mice were first described by Dr. Scott Zeitlin and colleagues
and has exon 1 of the human htt gene with 140 CAG (glutamine) repeats in place of exon 1
of the htt mouse gene [12]. The number of CAGs in exon 1 of the Hdh140Q/140Q mice in this
study is about 128. The genotypes of the mice were verified by PCR using DNA from the
tail of every mouse. All mice used in this study were males.

Preparation of synaptosomes
Synaptosomes from fresh WT and Hdh140Q/140Q mouse striata were isolated from brain
tissue by a sucrose gradient centrifugation using a method described before [20, 21]. WT
and Hdh140Q/140Q mice of 3, 6 and 12 months of age were overdosed with Avertin (250 mg/
kg of weight). The brain was removed and kept in ice-cold PBS. The cortex and striatum
were dissected, homogenized on ice in 7 ml of 0.32 M sucrose plus protease inhibitors. Ten
mM dithiothreitol (DTT) was added to prevent ex vivo oxidation. Samples were processed
with a Dounce homogenizer (tight piston B, 8 strokes per sample). Homogenates were
centrifuged at 4°C for 10 min at 1,000× g. Then, 6.5 ml of the supernatant was layered
onto×6.5 ml of 1.2 M sucrose in 14 × 89 mm Ultra-Clear centrifuge tubes (Beckman, Palo
Alto CA). Samples were centrifuged at 4°C for 35 min at 160,000× g using a SW41 rotor in
a Beckman L8-80 M Ultracentrifuge with low acceleration and no brakes. A distinguishable
cloudy band at the interface of 0.32 M and 1.2 M sucrose was recovered (see Fig. 1A). A
total volume of 500 μl aliquots from the supernatant (0.32 M sucrose layer, fraction 1) and
the lower face (1.2 M sucrose layer, fraction 3) were collected and used to confirm by
biochemical assay the purity of the fractionation based on the enrichment of PSD95 and
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SNAP25. Protein levels were measured using the Bradford protocol. Most samples were
then frozen at −80°C in aliquots containing small volumes for future use. Some samples
were processed for electron microscopy to evaluate the content of the preparation.

SDS-PAGE, western blot and densitometry
Synaptosomal proteins (5–20 μg/lane) were separated in 3–8% Tris-acetate or 4–12% Bis-
Tris gels (Life Technologies). Proteins were transferred to nitrocellulose using the iBlot
system (Life Technologies). Nitrocellulose blots were blocked in 5% milk in TBS + 0.1%
Tween-20 (TBST) and incubated overnight in primary antibody diluted in blocking solution
(see next section for sources and dilutions of antisera). After blots were washed in TBST
and incubated in peroxidase labeled secondary antibody for 1 hour in blocking solution,
bands were detected using the West-pico SuperSignal substrate (Pierce) and Hyperfilm ECL
(GE Healthcare). Blots were re-probed with anti-actin, anti-spectrin or anti-GAPDH. Actin
signal was used as loading control for the study of synaptosomes from 3 and 6 month old
mice and spectrin or GAPDH signals were used for the 12 month old groups since actin
signal at 12 months had an additional band of higher molecular mass that was not seen in
WT mice or in 3 and 6 month old Hdh140Q/140Q synaptosomes. Signal intensity was
measured using ImageJ software (NIH). Signal intensity was normalized to the signal for
spectrin, actin or GAPDH.

Sources and dilutions of antisera used for western blots
Actin (Sigma, 1:400), DARPP32 (Chemicon, 1:500), Huntingtin 3B5H10 (Sigma, 1:2000),
Huntingtin S830 (gift from Dr. Gillian Bates, 1:750), Huntingtin Ab1 ([1], 1:3000),
calmodulin (Abcam, 1:1000), syntaxin-1 (Millipore, 1:1000), GAPDH (Millipore, 1:6000),
spectrin (Chemicon, 1:15000), TrkA (Abcam, 1:1000), alpha-actinin (Abcam, 2μg/ml), Na+/
K+-ATPase (Affinity Bioreagents, 1:10000), PSD95 (Cell Signalling, 1:500), synaptophysin
(Boehringer Mannheim Biochemicals, 1:5000), HAP40 (Chemicon, 1:500), SNAP-25 (BD
Transduction Laboratories, 1:5000), VAMP1 (Abcam, 1:3000), VGlut1 (Synaptic Systems,
1:10000), VGlut2 (Synaptic Systems, 1:5000), VAMP2 (Abcam, 1:1000). Peroxidase-
labeled secondary antibodies were purchased from Jackson Immunoresearch and were used
at a 1:5000 dilution.

Electron microscopy analysis of synaptosomal fraction
A 200μl aliquot of the striatal synaptosome fraction was pelleted at 16,000× g for 5 minutes
then re-suspended in 100 μl 2.5%×glutaraldehyde/PBS and fixed for 30 minutes.
Synaptosomes were washed in PBS, centrifuged again at 16,000× g for 5 minutes then
processed as a pellet. Synaptosome × pellets were incubated in 1% osmium tetroxide/PBS
for 1 hour, dehydrated, and then incubated in 1% uranyl acetate/70% ethanol for 45 minutes.
Pellets were dehydrated and embedded in EPON 812. Utlrathin sections were cut on a
Reichert-Jung Ultracut E. Synaptosomes were imaged on a JEM1011 electron microscope
(JEOL) and images were acquired with a digital camera from Advanced Microscopy
Techniques, Inc (Danvers, MA) and processed using AMT V601 software.

Glutamate release assay after depolarization
Glutamate levels in synaptosomes were measured using Glutamate Assay Kit (BioVision
Cat# K629-100). The assay is based on the activity of glutamate oxidase in the presence of
glutamate as a substrate. Glutamate enzyme mix was reconstituted with 220 μl Locke’s
solution pH 7.4 (1.8 mM CaCl2, 0.8 mM, MgCl2, 0.8 mM Na2HPO4, 5.5 mM glucose, 30
mM HEPES, 3 mM NaHCO3, 120 mM NaCl and 5 mM KCl). Absorbance was read at 450
nm on a Wallac Victor2 1420 plate reader (Perkin Elmer). Hdh140Q/140Q and WT
synaptosomes were treated with 125 mM KCl to release glutamate and the absorbance at
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450 nm (levels of glutamate) was monitored every 20 seconds for 7 minutes until a plateau
was reached. The amount of glutamate released in each sample was calculated according to
the standard curve (see below) and normalized to the protein content in the sample. All
samples were measured in duplicate (3 month old mice: WT N = 6 and Hdh140Q/140Q N = 6;
6 month old mice WT N = 7 and Hdh140Q/140Q N = 7 mice; 12 month old mice, WT N = 4
and Hdh140Q/140Q N = 4). The level of KCl-dependent glutamate release was determined by
subtracting readings of synaptosomes without KCl from readings of synaptosomes with
KCl. The glutamate standard curve was established by measuring absorbance using fixed
concentrations of glutamate (0, 2, 4, 6, 8, 10, 20, 30 nmol). Values of glutamate release were
normalized to protein content and expressed as nanomoles of glutamate per 1 μg protein for
each genotype and age group.

Data plotting and statistical analysis
For the Western blot studies mean signal intensity ± SD was determined for each protein
analyzed in the WT and Hdh140Q/140Q groups. Data were plotted using the mean percent
signal intensity of the analyzed protein in the Hdh140Q/140Q synaptosomes relative to the
average WT signal with SDs indicated on the bar graph. To determine if the variance of the
means differed, an unpaired Student’s t-test was performed using Microsoft Excel software.
For the glutamate release assays the mean levels of glutamate increase after KCl stimulation
expressed in nmol per μg protein were plotted for WT and Hdh140Q/140Q on one graph per
age group. Variance of the means for WT and Hdh140Q/140Q was compared using a paired
two-tailed Student’s t-test. One synaptosome preparation was represented for each mouse
and for all analysis N is the number of mice per group. Differences were considered
significant if there was a P value of <0.05.

LC-MS/MS and data analysis
Synaptosome lysates from striatum of 6 month old WT and Hdh140Q/140Q mice and cortex
of 12 month old WT and Hdh140Q/140Q mice corresponding to 20 μg total protein were
reduced in 15 μL of a 15mM DTT solution for 30 minutes at 60°C followed by alkylation of
cysteines in 20 μL of a 60 mM iodoacetamide solution for one hour in the dark. The proteins
were digested overnight at 30°C with 100 ng trypsin (Promega) in 0.1% Rapigest (Waters)
reagent. Rapigest was cleaved by the addition of 1.1 μL of a 10% TFA solution followed by
incubation at 37°C for 45 minutes. Following centrifugation, the peptides were recovered
from the supernatant.

Triplicates of each brain sample were processed and analyzed. For each digest, a 0.5 μg
aliquot was spiked with 200 fmol alcohol dehydrogenase (Saccharomyces cerevisiae) and
injected onto a custom packed trap column (100 μm I.D. fused silica with Kasil frit)
containing 2.0 cm of 200A,Å 5 μm Magic C18AQ particles (Bruker-Michrom) configured
to a custom packed analytical column (75 μm I.D. fused silica) with gravity-pulled tip and
packed with 25 cm 100A,Å 5 μm Magic C18AQ particles. Peptides were separated at 300
nL/min using a Proxeon Easy-nLC (Thermo) system using a linear gradient from 100%
solvent A (5% acetonitrile with 0.1% (v/v) formic acid) to 35% solvent B (acetonitrile with
0.1% formic acid) in 90 minutes and eluted directly into an LTQ Orbitrap Velos hybrid mass
spectrometer (Thermo Scientific) [25]. Data were acquired using a data-dependent
acquisition routine of acquiring one mass spectrum over m/z 350–2000 in the Orbitrap
(resolution 60,000) followed by tandem mass spectrometry scans in the linear ion trap of the
10 most abundant precursor ions found in the mass spectrum. To minimize data redundancy
and maximize peptide identification charge state rejection of singly-charged ions and
dynamic exclusion was utilized [26].
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Raw data files were processed with ExtractMSN (Thermo Scientific) into peak lists and then
searched against the murine UniProt database (03/29/11) using the Mascot (Version 2.3.02;
Matrix Science) search engine. Tolerances for parent and fragment masses were set to 15
ppm and 0.5 Da, respectively. The software was set to identify peptides with up to 2 missed
cleavages. Variable modifications included acetylation (protein N-term), pyroglutamation
(N-term glutamine), and oxidation (methionine) while carbamidomethylation (cysteine) was
considered as fixed. Mascot search results were loaded into Scaffold (Version 3.3.1;
Proteome Software) and proteins were scored and filtered at the 95% or greater probability
level before comparative analyses using spectral counting of tandem mass spectra [27].
Filters were applied to find unique peptide sequences with oxidized methionines that were
present in at least two of three Hdh140Q/140Q mice that were not present in any of the WT
animals. Peptide extracted ion chromatograms (XIC) were then used for label-free
quantitation based on the replicate method [28] and was implemented by both Mascot
Distiller (Version 2.4.2; Matrix Science) and ProteoIQ (Version 2.3.08; NuSep) quantitative
analysis software packages.

RESULTS
Characterization of synaptosome preparations

Synaptosomes were isolated from striatum of WT and Hdh140Q/140Q mouse brain as
described in Methods [20, 21]. Figure 1A shows images of the synaptosomal gradient
preparation before and after the ultracentrifugation process. The synaptosomal fraction is
indicated with an arrow between the two sucrose layers (Fig. 1A, fraction 1 and fraction 3).
The quality of the synaptosomal preparation was evaluated by Western blot analysis. The
synaptosomal fraction had an enrichment of the pre-synaptic protein SNAP-25 and the post-
synaptic marker PSD95 compared to fractions 1 and 3 (Fig. 1B). Electron microscopic
analysis of the synaptosome preparation (Fig. 1C) revealed a mix of profiles that were
vesicle-filled or devoid of organelles representing presynaptic and postsynaptic structures,
respectively. There were relatively few mitochondria present in the preparation. Some of the
vesiclefilled profiles formed synaptic contacts (Fig. 1C, arrows).

Biochemical analysis of striatal synaptosomes from WT and Hdh 140Q/140Q mice
Striatal synaptosomal fractions were prepared from brains of 3, 6 and 12 month old WT and
Hdh140Q/140Q mice as described. Four to six synaptosome preparations of each genotype per
age group were examined. SDS-PAGE and Western blot assays were performed as
described in Methods. Actin signal was used as loading control in 3 and 6 month analysis
and spectrin or GAPDH for 12 month old groups because of an additional actin band in the
12 month Hdh140Q/140Q synaptosomes (Fig. 2B, arrow).

We evaluated the levels of htt and 51 other proteins, most of them with known roles in
synapses for localization by Western blot assay using previously characterized antisera.
Proteins that were found to be at similar levels in WT and Hdh140Q/140Q striatal and cortical
synaptosomes included AP2, beta catenin, DNP, dynamin, gp91-phox, GSK3beta, Kalirin,
LAMP1, LC3, LSAMP, Myosin10, p22.phox, PI3K P85, PI3K P110, pascin1, profilin1,
profilin2, RabGDPalpha, Rac1, synaptotagmin, syntaxin6, and TRKB. We could not detect a
specific signal using commercially available antibodies against CB1, cofilin, D1, D2, ezrin,
p47.phox, phospho-cofilin and Rab11Fip5. Shown in Fig. 2AB are the Western blots for
those proteins that were found to be affected by the presence of the HD gene and the loading
controls (actin, spectrin, GAPDH). All signals on Western blot films were quantified as a
total density normalized to the standard protein and mean signals for Hdh140Q/140Q samples
are expressed as signal intensity (% of WT) for the average age-matched WT (Fig. 2C, D).
Also shown are levels of htt. Four antibodies that detect full length mhtt were tested, Ab1
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which recognizes htt1-17, 1C2 (MAB1574, Millipore, not shown) and 3B5H10 which
recognize the expanded polyglutamine tract, and S830, which reacts against htt-Exon1-Q53
(generous gift of Dr. Gillian Bates); the results obtained with these antisera are shown for
the 6 month old mice and confirmed that endogenous full length WT and mhtt are robustly
expressed in the Hdh140Q/140Q synaptosomes (Fig. 2A). Since the lower part of the
nitrocellulose membrane was usually separated for probing with other antisera, the presence
of htt fragments was not routinely evaluated in our study. However in some blots where the
membrane remained intact no N-terminal htt fragments were observed in the WT or
Hdh140Q/140Q synaptosomes. Interestingly in synaptosomes from 6 month old Hdh140Q/140Q

mice, the levels of full length mhtt were significantly increased by ~20% compared to WT
htt when detected with antibody Ab1 (anti-htt1-17) (Fig. 2A, D).

In striatal synaptosomes of 3-month old Hdh140Q/140Q mice no significant changes were
detected compared to WT for the proteins we tested. Only DARPP32 showed a modest
decline in some of the Hdh140Q/140Q mice compared to the WT (results not shown). In
striatal synaptosomes obtained from 6-month old Hdh140Q/140Q mice, the levels of three
proteins were significantly lower than in WT synaptosomes, namely DARPP32 (~55%
calmodulin (~45% decrease), and syntaxin-1 (~65% decrease), (Fig. 2A, C). Eleven proteins
were affected in the striatal synaptosomes of 12 month old Hdh140Q/140Q mice (Fig. 2B–D).
There was a significant decline in the levels of SNAP25 (~55% decrease), VAMP1 (~60%
decrease), synaptophysin (~70% decrease), HAP40 (~75% decrease), PSD95 (~80%
decrease), TrkA (~60% decrease), alpha actinin (~65% decrease), Na+/K+-ATPase (~35%
decrease), VGlut1 (~35% decrease), VGlut2 (~45% decrease), and DARPP32 (~70%
decrease) (Fig. 2B, C). In contrast, VAMP2 showed increased levels (~6-fold) in the striatal
synaptosomes of the 12 month old Hdh140Q/140Q mice compared to WT (Fig. 2B, D).

We also studied synaptosomes from cortex of 12 month old WT and Hdh140Q/140Q mice (N
= 3 per genotype) and found a decline in the levels of 4 proteins that were also changed in
the striatum of 12 month old Hdh140Q/140Q mice namely TrkA (~65% decrease), DARPP32
(~70% decrease), SNAP25 (~25% decrease), and VAMP1 (~30% decrease) (Fig. 3).

Analysis of glutamate release from stimulated striatal synaptosomes of Hdh 140Q/140Q and
WT mice

The release of glutamate was evaluated in freshly prepared synaptosomes of WT and
Hdh140Q/140Q mice. Basal glutamate levels were monitored for 7 minutes before stimulation
with KCl. Synaptosomes were treated with 125 mM KCl and readings of glutamate levels
were taken every 20 seconds up to 7 minutes after stimulation. In both WT and
Hdh140Q/140Q samples, glutamate levels in the presence of KCl rose rapidly in the first 1–3
minutes following stimulation, and then reached a plateau (Fig. 4). WT and Hdh140Q/140Q

synaptosomes from the 3 and 12 month old mice did not differ in the levels of glutamate
measured up to 7 minutes following KCl stimulation. However at each time point
synaptosomes from the 6 month old Hdh140Q/140Q mice had a significant increase in the
levels of glutamate detected compared to WT (Mean ± SD with paired t-test). The rate of
release was determined by calculating the slope in the linear range of the curves in the first
2.5 minutes after stimulation. The rate of glutamate release was significantly higher at 6
months for striatal synaptosomes from Hdh140Q/140Q animals compared to WT (0.072 nmol/
min±0.032 for Hdh140Q/140Q compared to 0.04 nmol/min±0.025 for WT, mean±SD; p <
0.05, n = 7, paired t-test). ± No differences in release rates were found between WT and
Hdh140Q/140Q synaptosomes at 3 months or 12 months.
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LC-MS/MS analysis of oxidized methionines in Hdh140Q/140Q and WT synaptosomes
Previously we found evidence for potential imbalances in ROS in Hdh140Q/140Q mice that
might contribute to oxidative stress. Primary cortical neurons derived from embryos of
Hdh140Q/140Q mice have lower levels of glutathione caused by reduced uptake of cysteine at
the plasma membrane [19]. We also found that the activity of the ROS generator NOX2 was
significantly elevated in Hdh140Q/140Q striatal synaptosomes at 3, 6 and 12 months of age
with highest levels occurring in striatal synaptosomes of 6 month old Hdh140Q/140Q mice
[21]. To look for signs of unusual protein oxidation in the Hdh140Q/140Q synaptosomes, we
analyzed WT and Hdh140Q/140Q samples from 6 month old mice by mass spectrometry (LC/
MS/MS) as described in Methods. Unique peptide sequences containing oxidized
methionines were identified. Oxidized methionines in Hdh140Q/140Q proteins were
considered novel if methionine oxidation did not occur in the corresponding WT protein or
if the specific oxidized residue was unique to those found in WT synaptosomes. As a
positive control, we used WT synaptosomes treated with 100 μM of H2O2 for 30 minutes.
The data from these samples were used to identify those methionine sites with potential for
ex vivo oxidation (see below for comparison to in vivo oxidation in Hdh140Q/140Q samples).

A total of 622 and 623 proteins were identified in the WT and Hdh140Q/140Q striatal
synaptosomes respectively by LC-MS/MS. The vast majority –610–were the same proteins
in the WT and Hdh140Q/140Q samples. Although readily detected by Western blot, htt
proteins (wild type htt and mtt) were not among the proteins detected in the WT or
Hdh140Q/140Q striatal and cortical synaptosomes by LC-MS/MS nor were the majority of
other proteins that were found by Western blot changed in Hdh140Q/140Q samples compared
to the WT samples. Only VGlut1 and VAMP2, which were altered in Hdh140Q/140Q striatum
based on Western blot data, were among the proteins detected by mass spectrometry. In
view of these results we did not perform a quantitative analysis of protein levels in WT and
Hdh140Q/140Q samples using the LC-MS/MS results.

Based only on the presence of novel methionine oxidation in Hdh140Q/140Q proteins
compared to WT, we found 25 proteins in the 6 month old Hdh140Q/140Q samples with
oxidized methionines (40 oxidized methionines in 25 proteins) that were not present in the
corresponding proteins of the WT synaptosomes (Table 1, proteins 1–25). Fourteen of the 25
proteins with novel oxidized methionines in the Hdh140Q/140Q synaptosomes are involved in
vesicle transport, synaptic function, cytoskeleton organization, and neurotransmitter uptake,
and included synapsin 2, synaptophysin, syntaxin B1, EAAC2, calcium/calmodulin
dependent proteinase kinase K type II subunit alpha, and 14-3-3 protein gamma (Table 1).
Four other proteins –tubulin beta2A, actin cytoplasmic 2, dihydropyrimidase-related protein
2 and 14-3-3 protein epsilon–had a total of 14 oxidized methionines in Hdh140Q/140Q

synaptosomes that differed from the oxidized methionines that were detected in the WT
proteins (Table 1, proteins 26–29 show methionines oxidized in Hdh140Q/140Q proteins and
not WT proteins). Table 1 columns 6–8 indicate the positions of the novel oxidized
methionines in proteins of each Hdh140Q/140Q mouse. Most proteins have one oxidized
methionine in at least two mice. Nine Hdh140Q/140Q proteins had 2–4 oxidized methionines
that were not seen in corresponding WT proteins (spectrin alpha chain, EAAC2, calcium/
calmodulin-dependent proteinase K type II subunit alpha, neurofilament light polypeptide,
tubulin beta 1B, neuronal cell adhesion molecule 1, creatine kinase B, ATPase subunit beta-
mitochondrial, and dihydropyrimidinase-related protein). Results suggest that there is
methionine oxidation occurring in proteins at striatal synapses of 6 month old Hdh140Q/140Q

mice.

Next we determined if the novel methionine oxidations present in the Hdh140Q/140Q proteins
could also occur by ex vivo exposure to H2O2. In WT samples exposed to H2O2 prior to LC-
MS/MS, 139 of 375 or 37% identified proteins had oxidized methionines compared to 153
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of 622 or 25% of proteins in the untreated WT samples. Only a minority (10 of 29 proteins
or 31%) of the proteins modified by methionine oxidation in the Hdh140Q/140Q samples were
identified in the WT samples treated with H2O2. The methionines that were oxidized in the
WT + H2O2 proteins are underlined in Table 1. The results suggest that oxidation at novel
methionine sites in the majority of Hdh140Q/140Q proteins (59%) is occurring in vivo and
cannot be due to increased sensitivity to oxidation during preparation and handling.

We showed previously that synaptosomes from the cortex of Hdh140Q/140Q mice have
increased activity of the ROS generator NOX2 and that Hdh140Q/140Q primary cortical
neurons have elevated ROS [21]. Therefore, we also looked for evidence of protein
oxidation in cortical synaptosomes of 12 month old Hdh140Q/140Q mice. A total of 620 and
621 proteins were identified in the WT and Hdh140Q/140Q cortical synaptosomes respectively
by mass spectrometry and 608 were the same proteins in WT and Hdh140Q/140Q samples.
Novel methionine oxidations in Hdh140Q/140Q proteins were identified using the same
criteria described for the analysis of striatal synaptosomes. Table 2 lists 31 proteins in the
cortical synaptosomes of Hdh140Q/140Q mice that had oxidized methionines not seen in the
same proteins of WT mice. Table 2 also shows the location of the methionine residues with
novel oxidation in the proteins of Hdh140Q/140Q synaptosomes. Proteins 1–27 had a total of
36 oxidized methionines in the Hdh140Q/140Q mice and none in the WT mice. Proteins 28–31
had 8 oxidized methionines in the Hdh140Q/140Q mice that were not seen in the WT proteins
that did have other sites of methionine oxidation. In most Hdh140Q/140Q proteins, only one
novel site was identified. In 6 of the 31 Hdh140Q/140Q proteins 2–4 residues with atypical
methionine oxidation were detected (neurofilament light polypeptide, creatine kinase B-
type, calcium/calmodulin-dependent proteinase K type II subunit alpha,
dihydropyrimidinase-related protein 1, tubulin alpha 1B chain, and EAAC2).

Of interest, 18 of 29 (62%) affected proteins identified in the striatum of 6 month old
Hdh140Q/140Q mice were also affected in the cortex of the 12 month old Hdh140Q/140Q mice
(18 of 31 or 58%). Among the commonly affected proteins were those involved in vesicle
function and neurotransmission (calmodulin, synapsin 2, synaptophysin, vesicle-fusing
ATPase, v type proton ATPase subunit G and EAAC2), proteins related to cytoskeleton
assembly and function (MAP1A, MAP6, neurofilament light polypeptide), adhesion (CAM,
NCAM) and signaling (14-3-3 protein epsilon and gamma, adenylyl cyclase associated
protein 1). These results suggest that a similar group of proteins undergo oxidative
modification at cortical and striatal synapses of Hdh140Q/140Q mice.

Finally, 13 of the 31 proteins found oxidized at methionines in the Hdh140Q/140Q samples
(42%) were also oxidized at one or more of the same methionines in the WT samples treated
with H2O2. The methionines that were also oxidized in the WT + H2O2 proteins are
underlined in Table 2. From this data, we conclude that the majority of Hdh140Q/140Q

cortical proteins with novel methionine oxidization (58%) are due to in vivo changes and not
to increased sensitivity to ex vivo preparation or handling.

DISCUSSION
Disruption of striatal circuitry is an early and fundamental problem in HD. In this study we
show that synaptosomal fractions, which are enriched for neuronal synaptic proteins,
provide a useful and efficient preparation for conducting parallel biochemical, enzymatic
and mass spectrometry assays. The Hdh140Q/140Q synaptosomes we studied expressed
endogenous full length mhtt. Full length mhtt has been previously detected in human brain
synaptosomal fractions and immunoreactive htt localization in presynaptic endings distal
from the synaptic cleft has been observed at the electron microscopic level [1]. It is
noteworthy that at 6 months we found higher levels of full length mhtt compared to WT htt
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in synaptosomes. The Ab1 antibody used for the detection may be sensitive to an altered
conformation of mhtt that accumulates in synaptic compartments. However CAG repeat
expansion may also increase htt translation into protein [29]. We found that striatal
synaptosomes from 6 month old mice showed marked changes in the levels of synaptic
proteins, altered glutamate release, and novel methionine oxidation. Our findings suggest
that young HD homozygous mice expressing full-length mhtt at endogenous levels have
robust alterations at the synaptic level.

In accord with previous immunohistochemical analysis in Hdh140Q/140Q mice [13], we
observed by Western blot a reduction in the levels of DARPP32, a dopamine- and cAMP-
regulated phosphoprotein and highly specific marker of medium spiny neurons. DARPP32
levels declined progressively from 6 months (50% of WT) to 12 months of age (20% of
WT). The loss of signal for DARPP32 in synaptosomes may reflect the reduction in
neuronal processes belonging to medium spiny neurons. In contrast to DARPP32, other
altered proteins in Hdh140Q/140Q synaptosomes did not show progressive changes with age.
Levels of syntaxin-1 and calmodulin, which were the other proteins markedly reduced at 6
months, were unchanged compared to WT at 12 months. These findings suggest that a
dynamic process of neurode-generative and compensatory/regenerative events is occurring
at the synaptic level in HD brain. Not surprising, striatal synaptosomes from 12 month old
Hdh140Q/140Q mice had the most proteins with reduced levels including the SNARE proteins
SNAP-25 and VAMP1. The levels of these proteins were also reduced in the cortex at the
same age. Syntaxin 1, SNAP-25, and VAMP1 (synaptobrevin), are components of the N-
ethylmaleimide-sensitive factor attachment protein receptor (SNARE) complex that
functions in vesicle fusion and synaptic transmission at the presynaptic zone. Consistent
with the loss of SNAP-25 in cortex of 12 month old Hdh140Q/140Q mice, early decline in
SNAP-25 was described in the postmortem cortex of HD patients [30]. The reduction in
SNAP-25 protein may arise from lower mRNA levels as reported in another HD mouse
model, or from oxidative damage and degradation of SNAP-25 (observed by Smith et al, in
the cortex [30]). No change in mRNA levels of the SNARE genes (SNAP-25, syntaxin 1A
and synaptobrevin-2) were found by in situ hybridization in the brains of R6/2 mice [31]
suggesting that the decline we see in SNARE proteins in Hdh140Q/140Q could be post-
translational. The atrophy of neuronal processes and loss of synapses may account for some
of the decline in levels of SNAP-25 and VAMP1.

Synaptophysin is a highly abundant synaptic vesicle protein that is frequently used as a
marker of synaptic density. Striatal synaptosomes from 12 month old Hdh140Q/140Q mice
had reduced levels of synaptophysin. A decline in immunoreactive synaptophysin has been
seen by immunohistochemisty in the striatum of HD patient postmortem brain (and was
considered to be evidence for synaptic loss) [32], additionally in 11–15 week old R6/2 HD
mice in concert with severely abnormal spontaneous excitatory post-synaptic potential
activity [33]. Although one study reported no difference in levels of synaptophysin in cortex
and hippocampus of HD compared to WT mice, synaptophysin levels did rise with
environmental enrichment of both genotypes [34]. The increase in VAMP2 that coincided
with the decline in VAMP1 in Hdh140Q/140Q striatum at 12 months was not surprising.
Increases in VAMP2 were noted in the R6/1 HD mouse model in parallel with an increased
probability of synaptic vesicle release from stimulated neuromuscular junctions [35]. The
decline in VAMP1 levels and rise in VAMP2 levels in Hdh140Q/140Q synaptosomes may
reflect a response to axonal pathology. After experimental axotomy of lower motor neurons,
the loss of VAMP1 mRNA is accompanied by increases in VAMP2 mRNA [36].

Calmodulin is a small calcium binding protein that is critical for synaptic vesicle
mobilization, neuro-transmission and synaptic plasticity. Though reduced in synaptosomes
from 6 month old Hdh140Q/140Q mice, calmodulin levels were comparable to WT at 12
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months. A slower migrating band that appeared on Western blot with anti-calmodulin
antibody suggests that the protein is modified post-translationally. The loss and modification
of calmodulin in HD may be a neuronal response to remove calmodulin-mhtt associations
from the synapse. Calmodulin interacts with mhtt [37-40] and a reduction in calmodulin -
mhtt fragment interaction in vitro reduces cellular toxicity [39].

Surprisingly, a marked decline in levels of the htt binding partner HAP40 in synaptosomes
of 12 month old Hdh140Q/140Q mice was observed (about 80% reduction). Previous studies
have reported a rise in the levels of HAP40 in HD patient fibroblasts that is thought to
contribute to an abnormal cytoskeletal dependent function of Rab5 positive early endosomes
[41, 42]. The decline in HAP40 may help neurons reduce the burden of early endosome
dysfunction in HD.

Synaptosomes of 12 month Hdh140Q/140Q mice had reduced levels of proteins that affect
presynaptic and postsynaptic events important for glutamatergic transmission and synaptic
plasticity. The transporters VGlut1 and VGlut2 take up glutamate for synaptic release and
are known to be selectively enriched in cortical and thalamic axons that innervate the
striatum, respectively [43, 44]. The loss of these proteins in Hdh140Q/140Q mice at 12 months
by 30–40% may reflect the decline in afferent inputs and/or be an intrinsic neuronal
response that reduces the loading of glutamate into synaptic vesicles. Reduced levels of Na+/
K+-ATPase by more that 30% were also observed in 12 month old Hdh140Q/140Q mice. We
previously found levels of Na+/K+-ATPase reduced in Hdh140Q/140Q neurons compared to
WT neurons in signaling domains known as lipid rafts [9]. If the decline in protein levels of
Na+/K+-ATPase in HD reflects diminished enzyme activity there may be increased
glutamate transmission. Inhibiting Na+/K+-ATPase activity in striatal neurons was shown to
increase glutamate dependent depolarization [45].

Proteins that play a role in anchoring NMDA receptors at the postsynaptic membrane and
actin cytoskeleton –PSD95 and alpha-actinin –were also reduced in the synaptosomes of 12
month old Hdh140Q/140Q mice. Reduced protein levels of PSD95 and alpha-actinin 2 were
reported in the cortex and hippocampus of R6/2 mice [46]. The decline in levels of PSD95
in hippocampus of R6/1 mice was slowed along with improvement in spatial learning when
mice were exposed to an enriched environment [34]. Changes in alpha-actinin levels affect
spine morphology [47], which is known to be altered in medium spiny neurons in patients
with Huntington’s disease [48]. TrkA is a growth factor receptor for NGF, with less affinity
for BDNF. The marked decline in levels of TrkA (60% reduction) in the striatum and cortex
was unexpected since no changes in TrkA protein have been previously reported in HD.
NGF-TrkA dependent signaling is important for neurite outgrowth. In PC12 cells and in
primary neurons, mhtt disrupts this pathway by interfering with the stability of TrkA
through an abnormal interaction with its binding partner huntingtin interacting protein 1
(HAP1) [49].

Based on electrophysiological studies conducted in HD transgenic mouse models that
express full length mtt, glutamatergic transmission on striatal medium spiny neurons is
increased in the early stages of HD [50, 51]. Of interest in 1.5 month old YAC128 HD mice
there is an increase in glutamate neurotrans-mission in dopamine D1 receptor-containing
neurons that form the direct output pathway whereas at 12 months in both YAC128 HD and
BAC HD mice there is a decrease in glutamate neurotransmission. Changes in
neurotransmission may arise from multiple factors including alterations that affect the
molecular machinery for vesicle fusion and release. We found glutamate release from
striatal synaptosomes to be elevated in Hdh140Q/140Q synaptosomes of 6 month old mice. In
accord with our findings, increased neurotransmitter release at the neuromuscular junction
was seen in a Drosophila model of HD that expressed full-length mhtt with 128 CAG
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repeats and was caused by an increased probability of vesicle release. The deficit was
ameliorated by reducing the levels of SNAP-25 [11]. In our study of Hdh140Q/140Q

synaptosomes, SNAP-25 levels were lower than normal at 12 months of age. The decline
may be a compensatory response to normalize glutamate release, which was abnormal at 6
months. Down regulation in expression of VGlut1 and VGlut2 seen at 12 months in the
synaptosomes of Hdh140Q/140Q mice might also be part of a homeostatic neuronal response
to reduce the loading of glutamate into synaptic vesicles.

Methionine oxidation in proteins can affect their biological activity by altering protein
structure [52-56]. Our proteomics analysis suggested that about 4% of proteins identified by
mass spectrometry in Hdh140Q/140Q synapses are targets of abnormal methionine oxidation.
Vesicle membrane proteins including synaptophysin, synapsin 2, syntaxin 1 and calmodulin,
as well as cytoskeletal proteins cytoplasmic actin 2, neurofilament, and tubulin had
oxidation at methionine residues that were not oxidized in WT mice. Abnormal methionine
oxidation induces protein dysfunction. Two proteins in the Hdh140Q/140Q mice were
oxidized at methionine residues that are known to affect their function–calmodulin at
methionine 77 and cytoplasmic actin 2 at methionine 44 [52, 53]. Studies are lacking at this
point to know if other proteins identified with novel methionine oxidation in HD
synaptosomes are functionally impaired. It is noteworthy that the striatum and cortex
showed a considerable overlap (about 66%) in the proteins with oxidized methionines.
Proteins with oxidation at residues other than methionine were not studied and may also be
affected in HD. Nevertheless, our findings suggest that in the two regions most affected in
HD (striatum and cortex), a similar group of proteins important for synaptic function are
vulnerable to oxidative damage.

In summary, our findings show that multiple changes including altered protein levels,
increased glutamate transmission and methionine oxidation are detected in striatal and
cortical synaptosomes of Hdh140Q/140Q mice up to one year of age. The success of
preclinical studies in HD mouse models depends in part on the use of simple reliable
quantitative measures to monitor disease progression and efficacy of treatment. Since
changes in HD synaptosomes are robust, study of synaptosomes in mice should provide an
efficient way to monitor the effects of therapeutic interventions assuming a proper power
analysis for treatment-induced changes is determined. Depending on the therapy, some
changes found in HD synaptosomes may be better than others for detecting improvements.
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Fig. 1.
Preparation of synaptosomal fractions. A. Centrifugation tube shows homogenate before
(top image) and after (lower image) fractionation by sucrose gradient as explained in
Methods. Synaptosome band is indicated at white arrow in lower image between fractions 1
and 3. B. Western blot analysis shows enrichment of the presynaptic marker SNAP25 and
the postsynaptic marker PSD95 in the synaptosomes compared to fractions 1 and 3. The blot
corresponds to striatal synaptosomes prepared from 6 month old WT and Hdh140Q/140Q

mice. C. Electron micrographs of WT and Hdh140Q/140Q striatal synaptosomes show the
presence of membrane profiles that are empty and vesicle filled. Some axon terminals (ax)
form synaptic contacts (arrows). There are few mitochondria and myelin figures present in
this preparation. Scale bar = 500 nm.
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Fig. 2.
Biochemical assay and quantitative analysis of proteins detected in striatal synaptosomes of
6 and 12 month old WT and Hdh140Q/140Q mice. A and B. Western blots show the results for
proteins that were changed in Hdh140Q/140Q synaptosomes in this study. Huntingtin and
loading controls (actin, GAPDH, or spectrin) are also shown. As explained in methods
because of additional band in actin signal at 12 months in Hdh140Q/140Q mice, the actin
signal was only used as loading control for results in 3 and 6 month old mice and spectrin or
GAPDH was used for the 12 month old groups. Location of molecular weight markers are
shown on the left (in kD). Huntingtin and spectrin proteins are too high on the gel to include
molecular weight markers so approximate protein size is listed on the right. The different
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huntingtin antibodies used are shown on the left. C and D. Bar graphs show Mean percent ±
SD signal intensity in synaptosomes from 6 and 12 month old Hdh140Q/140Q mice relative to
WT mice. All proteins indicated were significantly different from WT (Student’s t-Test, 6
month, N = 5 WT, 5 Hdh140Q/140Q; 12 month N = 4 WT, 4 Hdh140Q/140Q, *p < 0.05 **p <
0.005). Note that in C the levels of proteins shown in Hdh140Q/140Q are less than in WT and
in D the levels of proteins shown in Hdh140Q/140Q synaptosomes are greater than in WT.
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Fig. 3.
Biochemical assay and quantitative analysis of proteins reduced in cortical synaptosomes of
12 month old WT and Hdh140Q/140Q mice. A. Western blots show the results for proteins
that were changed in Hdh140Q/140Q synaptosomes compared to WT. B. Bar graphs show
Mean percent±SD signal intensity in Hdh140Q/140Q synaptosomes compared to WT mice.
All proteins indicated were significantly different from WT (Student’s t-Test, N = 4 WT, 4
Hdh140Q/140Q evels of proteins show, *p < 0.05 **p < 0.005).
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Fig. 4.
Stimulated release of glutamate in WT and Hdh140Q/140Q evels of proteins show striatal
synaptosomes. Glutamate levels were measured using a commercial assay kit as described in
Methods and measurements were taken using Wallac Victor2 1420 plate reader (Perkin
Elmer). Shown are changes in mean glutamate levels detected every 20 seconds following
stimulation with 125 mM KCl. Glutamate levels are significantly higher in the Hdh140Q/140Q

synaptosomes of 6 month old mice compared to those of WT (Student’s paired t-test p <
0.05). Standard deviation bars were large and are omitted from the graph.
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Table 1

Distribution of novel oxidized proteins in striatal synaptosomes of 6 month Hdh140Q/140Q mice

# Protein* Function Gene code
accession#

# mice
affected

# of
peptides

with
oxidized

methionines

Sites of
oxidized

methionines
HD1

Sites of
oxidized

methionines
HD2

Sites of
oxidized

methionines
HD3

1 Synapsin2 Synaptic vesicle
 protein

SYN2_MOUSE 3 1-1-2 66 66 66

2 Synaptophysin Synaptic vesicle
 protein

SYPH_MOUSE 3 1-1-1 170 170 170

3 Syntaxin B1 SNARE complex STXB1_MOUSE 2 1-0-1 355 0 355

4 Vesicle-fusing ATPase Vesicle transport
and
 fusion

NSF_MOUSE 2 0-1-1 0 504 504

5 Spectrin alpha chain Membrane associate
 protein (axons
and
 dendrite)

SPTN1_MOUSE 3 1-1-1 162, 561 561 561

6 Excitatory amino acid
 transporter 2

Uptake of excitatory
 amino acids

EAAC2_MOUSE 2 0-1-1 0 18 10

7 V-type proton ATPase
 subunit G

Regulates ion
balance
 in vesicles
 (synaptic)

VATG_MOUSE 3 1-1-1 63 63 63

8 V-type proton ATPase
 subunit B, brain
 isoform

Regulates ion
balance
 in vesicles
 (synaptic)

VATB_MOUSE 2 1-0-1 410 0 410

9 Calcium/
 Calmodulin-
 dependent
 proteinase K type II
 subunit alpha

Signaling pathways
 regulator

KCC2A_MOUSE 3 1-2-3 281 281, 307 281, 307, 372

10 Neurofilament light
 polypeptide

Assembly of
 cytoskeleton
 structures

NFL_MOUSE 3 3-3-2 55, 326, 435 326, 348, 435 326, 435

11 Tubulin beta 1B Assembly of
 cytoskeleton
 structures

TBA1B_MOUSE 2 0-1-1 0 302 413

12 Neural cell adhesion
 molecule 1

Neuronal cell
 adhesion and
 axonal growth

NCAM1_MOUSE 3 2-2-1 558, 565, 660 558, 660 558, 565

13 Cell adhesion
 molecule 3

Neuronal cell
 adhesion and
 axonal growth

CAM3_MOUSE 3 1-1-1 234 234 234

14 Microtubule
 associated protein
 1B

Cytoskeleton
 associated protein

MAP1B_MOUSE 3 1-1-1 1372 1372 1372

15 Microtubule
 associated protein 6

Cytoskeleton
 associated protein

MAP16_MOUSE 2 1-1-0 244 244 0

16 Creatine kinase B Energy and
 metabolism

KCRB_MOUSE 3 2-2-2 352 352, 377 352

17 ATP synthase subunit
 beta, mitochondrial

ATP production ATPB_MOUSE 2 2-0-1 442, 478 0 478

18 Alpha internexin Intermedia filaments
 (cytoskeleton)

AINX_MOUSE 3 1-1-1 504 504 504

19 14-3-3 protein gamma Regulates pathways 1433G_MOUSE 2 0-1-1 0 165 165
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# Protein* Function Gene code
accession#

# mice
affected

# of
peptides

with
oxidized

methionines

Sites of
oxidized

methionines
HD1

Sites of
oxidized

methionines
HD2

Sites of
oxidized

methionines
HD3

 leading to
apoptosis

20 Dihydropyrimidinase-
 related protein 1

Catabolism DPYL1_MOUSE 3 1-1-3 498 498 215, 437, 498

21 Dihydropyrimidinase-
 related protein 5

Catabolism DPYL5_MOUSE 3 1-1-1 507 507 507

22 Adenylyl
 cyclase-associated
 protein 1

cAMP production CAP1_MOUSE 2 0-1-1 0 27 27

23 Calmodulin Signaling pathways
 regulator

CALM_MOUSE 2 0-1-1 0 77 77

24 Microtubule-
 associated
 protein tau

Cytoskeleton TAU_MOUSE 2 0-1-1 0 542 542

25 Stress-induced-
 phosphoprotein 1

Stress death/survival
 processes

STIP1_MOUSE 2 0-1-1 0 1 1

26 Tubulin beta 2A Assembly of
 cytoskeleton
 structures

TBB3_MOUSE 3 6-8-7 73, 247, 330 73, 247, 292,
299, 300, 330

73, 292, 299,
300, 330

27 Actin cytoplasmic 2 Assembly of
 cytoskeleton
 structures

ACTG_MOUSE 3 1-3-2 325 44, 47, 227,
325

44, 47, 325

28 Dihydropyrimidinase-
 related protein 2

Catabolism DPYL2_MOUSE 3 3-2-1 64, 437 64, 437 437

29 14-3-3 protein epsilon Regulates pathways
 leading to
apoptosis

1433E_MOUSE 3 2-2-1 1 1, 33 1

*
Proteins #1–25 had no oxidized methionines in synaptosomes from WT mice. Proteins #26–29 had oxidized methionines in WT synaptosomes at

different residues than in the Hdh140Q/140Q synaptosomes. Underlined residues are also oxidized when WT synaptosomes are exposed to H2O2.
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Table 2

Distribution of novel oxidized proteins in cortical synaptosomes of 12 month Hdh140Q/140Q mice

# Protein* Function Gene code
accession#

# mice
affected

# of
peptides

with
oxidized

methionines

Sites of
oxidized

methionines
HD1

Sites of
oxidized

methionines
HD2

Sites of
oxidized

methionines
HD3

1 Synapsin 2 Synaptic vesicle protein SYN2_MOUSE 3 1-1-1 466 466 466

2 Synaptophysin Synaptic vesicle protein SYPH_MOUSE 3 1-1-1 170 170 170

3 Vesicle-fusing ATPase Vesicle transport and
 fusion

NSF_MOUSE 2 0-1-1 0 504 504

4 Excitatory amino acid
 transporter 2

Uptake of excitatory
 amino acids

EAA2_MOUSE 2 0-1-1 0 18 10

5 V-type proton ATPase
 subunit G

Regulates ion balance
in
 vesicles (synaptic)

VATG2_MOUSE 3 1-1-1 73 73 73

6 V-type proton ATPase
 subunit B

Regulates ion balance
in
 vesicles (synaptic)

VATB2_MOUSE 2 1-0-1 410 0 410

7 Calcium/calmodulin-
 dependent protein
 kinase type II
subunit
 alpha

Signaling pathways
 regulator

KCC2A_MOUSE 3 1-2-3 281 281, 307 281, 307, 373

8 Neurofilament light
 polypeptide

Assembly of
cytoskeleton
 structures

NFL_MOUSE 3 3-3-2 64, 326, 435 326, 435 326, 435

9 Tubulin alpha 1B
chain

Assembly of
cytoskeleton
 structures

TBA1B_MOUSE 2 0-1-1 0 302 413

10 Cell adhesion
molecule 3

Neuronal cell adhesion
 and axonal growth

CADM3_MOUSE 3 1-1-1 234 234 234

11 Microtubule-associated
 protein 6 OS

Cytoskeleton associated
 protein

MAP6_MOUSE 2 1-1-0 244 244 0

12 Creatine kinase B-type Energy and metabolism KCRB_MOUSE 3 1-3-1 352 352, 377 352

13 Alpha-internexin Intermediate filaments
 (cytoskeleton)

AINX_MOUSE 3 1-1-1 504 504 504

14 14-3-3 protein gamma Regulates pathway
 leading to apoptosis

1433G_MOUSE 2 0-1-1 0 165 165

15 Dihydropirimidinase
 related protein 1

Catabolism DPYL1_MOUSE 3 1-1-3 498 498 215, 437, 498

16 Dihydropirimidinase
 related protein 5

Catabolism DPYL5_MOUSE 3 1-1-1 507 507 507

17 Adenylyl
 cyclase-associated
 protein 1

cAMP production CAP1_MOUSE 2 1-1-0 27 27 0

18 Calmodulin Signaling pathways
 regulator

CAL_MOUSE 2 0-1-1 0 77 77

19 Microtubule-associated
 protein tau

Cytoskeleton TAU_MOUSE 2 0-1-1 0 542 542

20 Stress-induces
 phospho-protein 1

Stress death/survival
 processes

STIP1_MOUSE 2 0-1-1 0 1 1

21 Microtubule-associated
 protein 1A

Cytoskeleton associated
 protein

MAP1A_MOUSE 3 1-1-1 1372 1372 1372
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# Protein* Function Gene code
accession#

# mice
affected

# of
peptides

with
oxidized

methionines

Sites of
oxidized

methionines
HD1

Sites of
oxidized

methionines
HD2

Sites of
oxidized

methionines
HD3

22 Hemoglobin subunit
 alpha

Oxygen transport HBA_MOUSE 3 1-1-1 33 33 33

23 Hemoglobin subunit
 beta1

Oxygen transport HBB1_MOUSE 2 1-2-0 56 56 0

24 Fructose-biphosphate-
 aldolase A

Catabolism ALDOA_MOUSE 2 0-1-1 0 165 165

25 Heat shock cognate
 71 kD protein

Repressor of
 transcriptional
 activation

HSPC_MOUSE 3 1-1-1 61 61 61

26 Band 4.1-like protein 3 Promotes apoptosis and
 tumor suppression

E41L3_MOUSE 2 0-1-1 0 703 703

27 Complexin 1 Regulates synaptic
 vesicular exocytosis

CPLX1_MOUSE 2 0-1-1 0 86 86

28 Spectrin alpha chain
 non-erytrocitic 1

Membrane associated
 protein (axons and
 dendrite)

SPTN1_MOUSE 3 2-1-1 541 541 541

29 Actin-cytoplasmic 2 Assembly of
cytoskeleton
 structures

ACTG_MOUSE 3 1-3-2 325 44, 47, 227,
325

44, 47, 325

30 14-3-3 protein epsilon Regulates pathways
 leading to apoptosis

1433E_MOUSE 3 2-2-1 1 1, 33 1

31 Ras-related protein
 Rab3A

Regulates late steps
 in synaptic vesicular
 function

RAB3A_MOUSE 2 0-1-1 0 187 187

*
Proteins #1–27 had no oxidized methionines in synaptosomes from WT mice. Proteins #28–31 had oxidized methionines in WT synaptosomes at

different residues than in the Hdh140Q/140Q synaptosomes. Underlined residues are also oxidized when WT synaptosomes are exposed to H2O2.
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