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Abstract
Liquid chromatography (LC) coupled with mass spectrometry (MS) and database assignment
methods have been used to conduct a large-scale proteome survey of the R6/2 mouse model of
Huntington’s disease (HD). Although the neuropathological mechanisms of HD are not known, the
mutant huntingtin gene that causes the disease is thought to alter gene transcription, leading to a
cascade of neurotoxic events. In this report, we have focused on characterizing changes in the brain
proteome associated with HD pathophysiology. Differences in the relative abundances of proteins
(R6/2 compared to wild type) in brain tissue from the striatum and cortex, two primary loci of
dysfunction in HD, were assessed by using a label-free approach based on calibrations to internal
standards. In total, assignments were made for ~400 proteins. A set of criteria was used to establish
160 high confidence assignments, ~30% of which appear to show differences in expression relative
to WT (wild type) animals. Many of the proteins that were differentially expressed are known to be
associated with neurotransmission, and likely play key roles in HD etiology. This study is the first
to report that the majority of differentially expressed proteins in the striatum are up-regulated, while
the majority of the expressed proteins in the cortex are down-regulated. The differentially expressed
proteins identified in this proteomic screen may be potential biomarkers and drug targets for HD,
and may further our understanding of the disease pathology.
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Introduction
Huntington’s disease (HD) is caused by the expansion of a polyglutamine (CAG) repeat (>35
resulting in HD) in the coding region of the huntingtin gene resulting in dysfunction and
degeneration of the striatum and corticostriatal pathway.1 Symptoms, including adventitious
movements, cognitive deficits, and emotional impairment typically appear in middle age and
progress until death. Despite the discovery of the mutated huntingtin gene, its pathogenic
contribution to HD pathophysiology is still poorly understood. The HD involvement of several
pathogenetic mechanisms, however, has been proposed including huntingtin protein
misfolding and aggregation,2 oxidative stress, altered mitochondrial metabolism,3, 4
excitotoxicity, and impairment of the ubiquitin proteasome system (UPS).5 These pathological
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mechanisms likely arise from alterations in the proteome caused by dysfunctional gene
transcription.

Research on HD has been greatly facilitated by the development of transgenic mouse models.
These models make it possible to explore HD pathology by employing direct examination of
tissue and more invasive sampling methods than are possible in human studies. The R6/2 mouse
line, the most characterized HD model, expresses a portion of the human HD gene that may
express as many as 150 CAG repeats.6 R6/2 mice develop a progressive behavioral and
neurological phenotype by 6–8 weeks of age, which closely mimics juvenile-onset HD in
humans.7

To better understand the neuropathological pathways of HD, early attempts have focused on
studying differences in gene expression associated with HD by using DNA microarray
techniques.8, 9 More recently, high resolution NMR spectroscopy has been used to examine
metabolite profiles of R6/2 lines.10 Although important advances have been made,
interrogation of HD pathophysiology at the level of the proteome is likely to provide more
direct insight about pathological mechanisms. To date, only a few studies have examined the
proteomes of HD mouse models;11, 12 this work used two-dimensional (2D) gel
electrophoresis, and although this approach provides insight into the proteome profile,
limitations associated with the methodology13–16 leaves much unknown.

In the last decade, efforts have been made to develop analytical proteome platforms,17–25
which hold promise for improving proteome coverage. Here we use liquid chromatography
(LC) coupled to tandem mass spectrometry (MS/MS) to determine relative abundance changes
in the brain proteome of 8-week-old symptomatic R6/2 mice compared to their wild-type (WT)
controls. Of particular focus in this work, is the striatum and cortex as they are the primary loci
of dysfunction in HD. These two regions were isolated and the extracted proteins were
subjected to LC-MS/MS analysis with peptide and protein identification by database search.
We have identified several hundred proteins from a single LC-MS/MS experiment. A
significant fraction of these proteins were found to be differentially regulated in disease
samples relative to WT. This comprehensive analysis of the R6/2 striatal and cortical proteome
provides a preliminary survey of protein expression changes in the HD mouse, and gives insight
to further interrogations of the altered HD proteome.

Materials and methods
General strategy for comparative studies of mouse brain proteome

The general experimental approach used in this study for comparative mouse brain proteome
profiling is described in Figure 1. The R6/2 mouse model of HD and WT controls were used
in order to examine differentially expressed proteins associated with HD. The striatum and
cortex were isolated from the rest of the mouse brain, followed by protein extraction using the
protocols described below. Tissue dissection was performed with extreme caution to avoid
cross contamination with other brain tissue. The extracted proteins were then reduced, alkylated
and digested with trypsin. Subsequently, the resulting tryptic peptides were subjected to LC-
MS/MS analysis for peptide and protein identification as well as relative quantification. Here
we note that additional peptide fractionation (e.g., strong cation exchange chromatography)
has not been used for the sake of simplicity and experimental throughput. However, utilization
of multi-dimensional separations is desirable in the future for a more comprehensive proteome
profiling.
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Animals
Male transgenic R6/2 mice (B6CBA-TgN [HDexon1] 62Gpb) and WT littermate controls were
purchased from the Jackson Laboratory (Bar Harbor, ME). The R6/2 and WT mice were
grouped by polymerase chain reaction (PCR) tests (rather than phenotype) performed by
Jackson Laboratory. We tested animals at 8 weeks of age, at which time the HD phenotype is
observable. Three pairs of R6/2 and WT mice were used in this work. Each pair was obtained
from a different litter born on different dates. All mice were housed individually in the
departmental animal colony under standard conditions (12 hr light/dark cycle with lights on at
07:30 h) with access to food and water ad libitum. Both the housing and experimental use of
animals followed the National Institutes of Health guidelines and were approved by the
Institutional Animal Care and Use Committee.

Brain tissue collection
At 8 weeks of age, the mice were sacrificed without anesthesia and the whole brain was
dissected. Subsequently, the striatum and cortex were isolated and placed in separate Eppendorf
tubes. We found no appreciable difference in brain weights of R6/2 and those of WT mice and
the striatum and cortex typically weigh ~20 mg and ~40 mg, respectively. The samples were
immediately frozen in liquid nitrogen and transferred to a −80 °C freezer until further analysis.

Protein extraction and digestion
The protocol used for protein extraction from mouse brain tissue is similar to methods reported
previously.26–30 Briefly, for each tissue sample, 100 µL extraction buffer containing 5 mM
phosphate (pH = 7.0) was added to the Eppendorf tube. The sample was then crushed and
homogenized with a pestle driven by an electric motor. Another 200 µL phosphate buffer was
used to wash the pestle afterwards and was combined with previous suspensions. The samples
were sonicated in an ice bath for 5 min and subsequently incubated at 25 °C for 1 h.
Trifluoroethanol (300 µL) was added and the samples were sonicated again in an ice-water
bath and then allowed to incubate at 37 °C for 2 h. In order to remove non-soluble tissue debris
from the suspensions, the samples were centrifuged at 13,000 rpm for 30 min. The supernatants
were transferred into separate tubes and protein concentration was determined by Bradford
assay experiments. Typically, extracted proteins from the striatum and cortex were estimated
to be ~1 mg and ~2 mg respectively. Protein disulfide bonds were reduced with the addition
of dithiothreitol (DTT) at a molar ratio of 40:1 (DTT:protein). After 2 h incubation at 37 °C,
the sample was cooled and allowed to react with iodoacetamide (IAM) at a molar ratio of 80:1
(IAM:protein). The reaction was carried out on ice in complete darkness for another 2 h. Upon
alkylation, a 40 fold excess of cysteine was added (at 25 °C for 30 min) in order to react with
any residual DTT and IAM. Subsequently, the sample was diluted 5 fold with 2.4 mL 50 mM
NH4HCO3 (PH = 8.0) prior to addition of 2% (w/w) TPCK-treated trypsin. The digestion was
allowed to occur at 37°C for 24 h. Tryptic peptides in the mixture were purified further by
passing the sample through Oasis HLB cartridges (Waters Inc., Milford, MA) and vacuum
dried before further analysis.

Nanoflow LC-MS/MS analysis
The mixture of tryptic peptides was reconstituted in water (HPLC-grade) and a standard protein
digest [cytochrome c (bovine and horse) prepared and characterized in separate experiments]
was spiked into the sample. Because the concentration of the spiked protein is known, this can
be used as an internal standard for peptide intensity normalization. The reverse phase capillary
column. (75 µm × 130 mm) was packed in house with a MeOH slurry of 5 µm, 100 Å Magic
C18AQ (Microm BioResources Inc., Auburn, CA). Nanoflow LC separation (carried out with
UltiMate 3000 LC Systems, Dionex, Sunnyvale, CA) coupled online to a hybrid LTQ-FTICR
(linear ion trap Fourier transform ion cyclotron resonance) mass spectrometer
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(ThermoElectron, San Jose, CA) was used for MS and MS/MS analysis. Depending on the
length of gradient used in this study and the average peak width (~20–30 sec) under the
conditions employed, the LC peak capacity is estimated to be ~ 300 to 400. The mobile phase
was comprised of: solvent A, 97% H2O, 3% ACN, and 0.1 % formic acid (FA); and, solvent
B, 100% acetonitrile (ACN) and 0.1 % FA. The following gradient was used for LC separation:
B was increased up from 6% to 20% in 100 min and then increased to 28% in 20 min; at this
point, B was rapidly increased to 90% and maintained for 15 min before 100% A was used to
equilibrate the column. A 6.4 µL of the sample (containing about 300 ng tryptic peptides) was
loaded onto a µ-precolumn cartridge (300 µm i.d.×5 mm, C18 PepMap100, 5 µm, 100 Å) for
each LC separation. The precolumn is commercially available from LC Packings (Dionex,
Sunnyvale, CA). The instrument was operated in a data-dependent mode for peptide
identification and set up to perform one full MS scan with the FT analyzer followed by five
MS/MS scans with the ion trap mass spectrometer. The commercial dynamic exclusion
algorithm was utilized in order to preclude multiple analyses of the same abundant precursor
ion.

Each sample was run in triplicate; however, the third experiment was carried out under MS-
only mode. Acquisition of MS-only data is beneficial in that it allows more accurate precursor
ion intensities to be extracted. Information from LC-MS/MS experiments was used only for
the purpose of peptide and protein identification.

Protein assignment and peptide intensity extraction
A suite of commercial algorithms were used for much of the data processing. This includes the
creation of MS/MS files (SEQUEST DTA files by using the Bioworks Browser,
ThermoElectron, San Jose, CA) which are submitted to a search engine (MASCOT, Matrix
Science Ltd. London, UK) for a database search against the SWISS-PROT protein database
(http://ca.expasy.org). Peptide assignments from the MASCOT search were parsed to keep
only those identifications with scores above extensive homology. An algorithm written in
house was utilized to obtain extracted ion chromatograms for precursor ions. This algorithm
integrates intensities associated with peaks for the monoisotopic ions of specific peptides; these
integrated values can be use used to infer information about the relative abundances of ions.
This code also provides information about peptide retention times, which can be coupled with
MASCOT search results to improve confidences associated with relative abundance
assessment. Thus, our dataset for each peptide assignment contains a report of precursor ion
intensity and retention time, as well as all standard information associated with the MASCOT
search.

As noted above, all intensity values are extracted from MS-only experiments. Peptides
identified in the MS/MS scans were searched against MS-only scans for a possible match within
certain m/z and retention time windows. An m/z tolerance of 0.02 is utilized given the high
mass accuracy of the FTICR mass spectrometer. Searches are allowed for a relatively large
retention time window (typically ~2 min) and a local maximum is established as the peak
center. Then peak integration was performed using a much narrower retention time window
(10% base peak height which is typically ~30 s).

Relative protein quantification
We focused only on those peptide assignments associated with high MASCOT scores because
of a limited number of samples from each brain region (two sets of samples with MS/MS and
one set with MS-only for detailed intensity analysis). For example, although the homology
score for peptide identification is 30, only peptides with scores >60 were considered for
intensity comparisons. This conservative approach should minimize spurious peptide
assignments.
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Label-free relative quantification was carried out by comparing peptide ion intensities between
WT and R6/2 samples. For proteins identified with multiple peptide assignments, ion intensities
were summed as total ion current prior to comparison. The relative protein abundance was then
normalized using information associated with the internal standard, a known protein digest. In
this approach, we average the peptide intensity ratios obtained for the internal standard and
then the mean ratio is used as normalization factor when the protein abundance ratio of interest
is determined by comparing R6/2 and WT samples. Because the spiked protein digest is added
in equal amounts to both samples, the normalization factor is expected to be ~1.

Results
Observed proteins in LC-MS/MS experiments

To assess the reproducibility of LC-MS/MS experiments, triplicate analyses of the same sample
(R6/2 striatum) were performed and the number of proteins identified in individual runs were
compared. As shown in Figure 2A, a similar number of proteins (234, 238 and 245 respectively)
were obtained from replicate analyses of the diseased striatum sample. Additionally, a
relatively high percentage (~70%) of the proteins was observed across all three runs indicating
good reproducibility in LC-MS/MS identification.

An abbreviated example of the format of summarized peptides and proteins is provided in
Table 1; a complete dataset with peptide sequence and other information (such as score, m/z,
and intensity information) is provided in supplemental material. In total, 957 and 967 peptides
were observed in striatum and cortex corresponding to 417 and 403 protein identifications,
respectively. Such information is represented graphically in Figure 2B, which also shows that
a considerable number of proteins (285) are common to both striatum and cortex. Due to the
nature of the extraction buffer we used in sample preparation, cytosolic proteins (soluble
components) are favored in this study for all samples. No attempts to solubilize insoluble
components were made here. We expect such an analysis (e.g., membrane fraction
examination) to provide complementary information and will report such studies in a future
paper. Peptides associated with structural proteins such as actin, tubulin and spectrin are
observed most frequently. In addition, peptides associated with enzymes involved in energy
metabolism, such as sodium/potassium-transporting ATPase, ATP synthase, malate
dehydrogenase, creatine kinase and fructose-bisphosphate aldolase, were observed. If one
ignores differences in the sizes of different proteins and assumes similar ionization efficiencies
for all peptides, then the large numbers of peptides associated with individual proteins reflects
relatively high abundance of these proteins in the proteome.

A substantial proportion of proteins (~150) were also detected; however, these are represented
by fewer peptides suggesting lower abundances. The large number of proteins in this category
is unlike what is observed in the plasma proteome, in which very high-abundance proteins
mask signals of lower-abundance species necessitating the use of abundant protein depletion
techniques.31,32–35 This intermediate concentration range of tissue proteins includes a
number of protein families that are known to have important biological functions. These include
heat shock proteins, as well as synaptic and vesicle related proteins.

Label-free quantification of proteins expressed in mouse striatum and cortex
As we have shown above, ~400 proteins have been assigned from the LC-MS/MS analyses.
Using only the most confident assignments (MASCOT scores above 60, as described in the
methods) ~160 proteins were considered for further quantification studies (using the label-free
approach based on comparison of peptide ion intensities, also described in the methods). For
proteins assigned with multiple peptides, summed precursor ion intensities were used for the
abundance-ratio calculation. Alternatively, the average intensity ratios of individual peptides
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of a given protein can be used. Most observed proteins with multiple peptides show good
agreement (usually on the order of ± 30% relative standard deviation, in cases where it is
possible to quantify) among individual peptide ratios. Some proteins have been observed with
moderate deviations in peptide-abundance ratios. Contributions to such deviations have been
discussed in detail by Smith and coworkers.36 In these cases, the latter approach (averaging
individual peptide ratios) would be problematic as the mean value might not reflect accurately
the actual protein abundance ratio. With summed peptide ion intensities, the resulting ratio
would be biased to that of more abundant peptide ions. Such a bias could be beneficial as our
data indicates that integration of peak intensity is more reliable with respect to relatively
abundant peptide ions. Thus, total peptide ion intensities are used to calculate the protein
abundance ratio in this work.

Utilization of peak intensity in LC-MS mode for better quantification
Once peptides are identified by LC-MS/MS it is useful to record MS-only scans (under LC-
MS mode) in order to more reliably determine the intensities of peaks. This is shown in Figure
3A, which shows extracted ion chromatograms of the cytochrome c peptide ion
[GITWGEETLMEYLENPKK+2H]2+ obtained from triplicate runs acquired using the LC-
MS/MS and the LC-MS modes. For abundant proteins, measured integrated peak intensities
of 4.2×107, 3.2×107, and 3.7×107 for the two LC-MS/MS and the LC-MS analysis,
respectively, are in relatively close agreement (a relative range of 13.5%). For less abundant
proteins with significantly weaker signals, however, intensity values in LC-MS/MS
experiments are often misleading. For example, Figure 3B shows extracted ion chromatograms
of a low-signal peptide ion [TSVNVVGDSFGAGIVYHLSK+2H]2+. The first two peaks from
the LC-MS/MS experiments have integrated values of 2.5×105 and 6.5×105 (differing by more
than a factor of two and clearly providing a limited sampling of the peak). As seen in the third
trace (LC-MS mode, MS-only), more scan points (afforded by the LC-MS analysis) allow a
better peak shape to be obtained (and thus more accurate intensity values, in this case, a value
of 1.1×106).

Using peptide peak intensities extracted from LC-MS experiments, we calculate initial protein-
abundance ratios for those signals that are identified by LC-MS/MS. An additional step was
the normalization of peak intensities based on internal standards (i.e., the signal associated with
peaks for the spiked peptides). Normalization corrects for small run-to-run instrumentation
variations. In this work, cytochrome c (bovine and horse) digests were added in equal amount
to both the WT and R6/2 samples prior to LC-MS/MS analysis. Table 2 lists several observed
peptides from cytochrome c as well as their precursor ion intensities. Peptide ratios were
calculated by dividing intensities in R6/2 by those in WT samples. The mean ratio is 0.98 ±
0.17 with good agreement over 3 orders of magnitude variation in peptide intensities (106 –
109).

Differential expressed proteins in striatum and cortex
It is worthwhile to compare protein expression among three pairs because it is necessary to
consider the biological variability among them. Table 3 lists several proteins observed across
all three pairs (both striatal and cortical tissues) with corresponding abundance ratios. In
general, most of the proteins show the same direction of regulation. An exception is elongation
factor 1-alpha 1 that has abundance ratios that indicate elevated expression in two R6/2 striatal
tissues, whereas the opposite is seen in the third disease sample. With respect to those proteins
showing the same trend in expression, a difference in the extent of altered regulation was also
observed. A few proteins such as alpha-synuclein and excitatory amino acid transporter 2 have
abundance ratios with fairly small deviations (from each other) in all three pairs, suggesting a
similar extent of altered expression. Several mutant versions of alpha-synuclein have been
thought to be directly involved in Parkinson’s disease.37 Some evidence also suggests that
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alpha-synuclein is recruited into huntingtin aggregates in HD.38 Variation of protein ratios,
however, could be large in some cases, as seen by hemoglobin beta-2 chain, spectrin alpha
chain and ATP synthase beta chain. Large standard deviations in protein ratios could certainly
be attributed, at least in part, to the biological variations among different mouse pairs. Another
factor that may contribute to observed changes is associated with the experimental design. The
database search method used in this study for the purpose of peptide and protein assignments
does not differentiate different variants of proteins (e.g., different chains of a protein). For
example, common peptides to spectrin alpha chain and spectrin beta chain could be assigned
to both proteins. Coincidently, all three proteins in Table 3 bearing large variations among
different pairs are those species with multiple variants such as alpha and beta chains. Despite
the variations, however, general trends of protein regulation are still shown across all three
pairs of mice.

Only highly confident protein assignments were considered for quantification. In total, 162
and 181 proteins were quantified from the striatum and cortex samples, respectively. Figure 4
shows protein abundance ratios plotted against protein identifications (represented by a series
of numbers) from one of the pairs, which is representative of the overall regulation pattern of
all groups. The number of proteins is slightly lower than that of the quantified proteins because
some have been observed in only one of the sample pairs (either in the WT or R6/2 sample).
For those proteins observed in striatum (shown in Figure 4A), the majority show only slight
changes in expression between normal and R6/2 tissues as two-thirds of the proteins have ratios
less than 2 (located between two dashed lines). The remaining third differ significantly (a factor
>2) in expression. It is noteworthy that most of these differentially expressed proteins are up-
regulated in striatum as seen in Figure 4A.

Interestingly, the opposite trend was observed for proteins in the cortex as demonstrated by
Figure 4B, where most of the differentially expressed proteins are down-regulated in R6/2
samples. Additionally, a larger fraction (~2/3) of cortex proteins showed more than a 2 fold
change in abundance. We also observed that of those quantified species, 119 proteins were
common to both the striatum and the cortex. This suggests that some proteins that overlap may
have very different regulation patterns in R6/2 samples between the striatum and the cortex,
and in some cases even opposite directions. For example, several hemoglobins (alpha, beta-1,
and beta-2) were more abundant in the R6/2 striatum by a factor 5 to 9, while in the cortex they
were almost equal in abundance between WT and R6/2 samples. The same is true for proteins
from the tubulin family, which are highly abundant in both the striatum and the cortex. It is
intriguing that although most tubulins in striatum show minimal differences between WT and
R6/2 samples, cortex tubulins are significantly down-regulated in R6/2 samples by a factor of
3 to 6. Different spatial patterns of protein expression are not unexpected because proteomic
changes in disease are likely localized, and striatum and cortex are two distinct brain regions
implicated in HD. Whole brain analysis, therefore, would lack this important level of
sensitivity.

Discussion
Down-regulation of glutamate transporters in cortex

Recently, a considerable amount of attention has been paid to differential brain proteomics.
27, 39, 40 Brain tissue is considered the target of choice for studying neurodegenerative as
well as other human brain diseases. It is believed that proteomic alterations in such diseases
occur more selectively in the brain (physically near the disease pathology) rather than other
tissues or body fluids (e.g., plasma). Thus, changes in protein abundance would be more
noticeable in the brain relative to other types of tissue. Although obtaining brain tissue is
invasive, the establishment of mouse models allows easy access to such tissue samples. This
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investigation used the R6/2 mouse model of HD (the most extensively studied model system
of HD) to examine proteomic alterations associated with the disease.

Among the proteins that have been identified and quantified, the two glutamate transporter
proteins [the excitatory amino acid transporter 1 (GLAST) and the excitatory amino acid
transporter 2 (GLT1)] are responsible for the clearance of synaptic glutamate. Examination of
these proteins along with their expression, located on both neurons and glia, may be
instrumental to understanding the mechanisms underlying HD and other neurodegenerative
diseases.

In this work, GLT1 was assigned by the identification of the peptide ion
[TSVNVVGDSFGAGIVYHLSK+2H]2+ from its MS/MS spectrum shown in Figure 5. A
strong continuous y-ion series was observed during collision-induced dissociation (CID). A
subsequent protein database search (MASCOT) of this spectrum resulted in a confident
assignment of this peptide (with a homology score of 135). Integration of the precursor ion
intensities yielded significantly lower values in R6/2 relative to WT samples with a ~6-fold
variation. Such a marked difference is evident in the extracted ion chromatograms of this
peptide ion for both the WT and R6/2 samples (Figure 6).

GLAST was also confidently assigned by the detection of the peptide ion
[TTTNVLGDSLGAGIVEHLSR+2H]2+. Like GLT1, GLAST is significantly down-regulated
in HD cortex (~6-fold variation, data not shown here). Underexpression of both glutamate
transporters can lead to excess synaptic glutamate resulting in excitotoxicity. In fact, an
overactive glutamate input to striatum may underlie excessive firing of striatal neurons in R6/2
mice.41 Although down-regulation of GLT1 has been previously observed through Western
blotting as well as immunohistochemistry in R6/2 mouse models,42, 43 our study extends these
findings by showing down-regulation of GLAST, as well as GLT1.

Other biologically important proteins and their abundance changes
Although glutamate transporter proteins are found to be associated with neurotransmission and
excitotoxicity, a number of other observed proteins are also of considerable interest in
understanding HD pathology. Table 4 lists several groups of such proteins and their abundance
changes in striatum and cortex. Many of these proteins are observed only in WT or R6/2
samples and a ratio is not available. We therefore use “up” or “down” to indicate the direction
of regulation.

In the first group of proteins, mitochondrial glutamate carrier 1, which transports glutamate
across the inner mitochondrial membrane, is observed with decreased expression in R6/2
cortex, whereas it is slightly up-regulated in R6/2 striatum. Another glutamate-related protein,
aspartate aminotransferase, catalyzes the conversion of aspartate to glutamate and is also less
abundant in HD cortex while no appreciable difference is observed in HD striatum. A slight
overexpression (a factor of 1.8) of this protein in R6/2 striatum was reported previously.11
Additionally, we identified many heat shock proteins (HSP), which are molecular chaperones
that help other proteins achieve proper folding.44 Improper folding can lead to protein
aggregation and it is well known that several neurodegenerative diseases including HD are
characterized by aggregates formed by misfolded proteins.45 Although most of these HSPs
exhibited insignificant differences between WT and R6/2 samples, 60 kDa heat shock protein
is ~4-fold less abundant in HD cortex while ~4 times more abundant in HD striatum.

Another class of proteins that shows differential expression is associated with the ubiquitin
proteasome system (UPS), including ubiquitin, ubiquitin carboxyl-terminal hydrolase
isozyme, ubiquitin-conjugating enzyme, E3 ubiquitin protein ligase, ubiquitin thiolesterase
protein, and proteasome subunit alpha type. Several UPS proteins were observed to be up-
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regulated in striatum but down-regulated in cortex of R6/2 compared to WT mice. UPS plays
an important role in degrading misfolded, damaged, or unwanted proteins that could otherwise
form potentially toxic aggregates. Impairment of UPS function is thought to be involved in
HD pathology as well as other neurodegenerative diseases.5 Precise roles of those dysregulated
proteins in UPS pathways as well as implication in HD progression are not yet clear at this
point. Moreover, a number of identified proteins are involved in neurotransmission across
synaptic regions such as synapsin, syntaxin, synaptophysin, synaptotagmin, and vesicle-fusing
ATPase. While many of these proteins in striatum show elevated expression in R6/2 samples,
several proteins present in the cortex, such as synapsin-1, vesicle-fusing ATPase and vesicle-
associated membrane protein-associated protein B, are observed to be significantly down-
regulated in R6/2 relative to WT mice. It might be argued that the primary drivers of the
differentially expressed proteins in R6/2 mice are due to the influence of neuron atrophy and
gliosis.6 Further interrogation of biological pathways of these proteins is needed to provide
additional insight regarding altered expression in HD.

Protein identification by the isotope-coded affinity tag approach
The very recent work by Chern and co-workers46 used isotopic labeling techniques to examine
protein expression in R6/2 striatum. Although we found only ~30% proteins that overlapped
with the 203 protein list of Chern and co-workers, such a low percentage is not surprising given
that they focused on a nucleus-enriched fraction of the striatum, whereas we analyzed the total
cell lysate without subcellular enrichment. Additionally, ICAT tends to examine cysteine-
containing peptides, which could contribute to the observation of different proteins in LC-MS/
MS experiments.27

Another point of contrast is that unlike our data, which show up-regulation of a majority of
differentially expressed proteins in striatum, Chern and co-workers46 reported the opposite
trend consistent with previous work on gene expression.47 Comparisons of the overall
regulation patterns, however, should be made cautiously because they depend on what proteins
(or genes) are observed. Among the 68 altered proteins reported by Chern and co-workers,
only 13 appeared in our dataset. Overall regulation pattern is also affected by the cutoff of the
abundance ratio used to assess significant variation; slightly higher or lower values may
influence the bulk number that is up or down regulated. It is also noteworthy that we sampled
mice at an earlier age (8 weeks versus 10.5). Thus, comparison of our data with data obtained
from isotopic labeling techniques will require a systematic investigation of comparable
variables.

Summary
We presented a comprehensive comparative proteome profiling of HD-mouse models using a
LC-MS/MS-based approach. Several hundred proteins were observed and their relative
abundances were assessed by a label-free protein quantification method. A number of proteins,
moreover, were found to be differentially expressed in R6/2 striatum and cortex. In particular,
we note two glutamate transporter proteins were significantly down-regulated in cortex, which
could result in excitotoxicity, a well-known pathological process thought to be involved in
neurodegenerative diseases. Our findings may play an important role in understanding the
underlying mechanisms of HD pathology, thus contributing to potential treatments. Future
work will focus on several different areas such as studies of age-dependant disease progression,
exploration of other methods for tissue protein extraction (e.g., enrichment of membrane
proteins39) and plasma biomarker discovery (a tissue to plasma strategy).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic flow diagram of the experimental approach used for the comparative proteomics
analysis of mouse brain samples.
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Figure 2.
Venn diagrams showing the protein overlap in different experiments. Part A shows a Venn
diagram representing the number of proteins observed for each of the triplicate runs of the
diseased striatum sample, as well as the protein overlap. Part B shows a Venn diagram summary
of the proteins identified from striatum and cortex by LC-MS/MS analysis. In total, 957 and
967 peptides have been observed in striatum and cortex respectively, corresponding to 417 and
403 protein identifications, respectively.
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Figure 3.
Part A shows plots of extracted ion chromatograms for the peptide ion
[GITWGEETLMEYLENPKK+2H]2+ obtained from triplicate runs with the left and center
plots acquired in LC-MS/MS mode and the right plot acquired in LC-MS mode. Part B shows
extracted ion chromatograms for [TSVNVVGDSFGAGIVYHLSK+2H]2+ obtained from
triplicate runs with the left and center plots acquired in LC-MS/MS mode and the right plot
acquired in LC-MS mode. We note that for both plots only a partial view of the ion
chromatogram (with the peak of interest) is shown such that three peaks of the same ion can
be displayed side by side within a single plot for better visual comparison.
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Figure 4.
Observed protein abundance ratios in striatum (A) and cortex (B). Positive ratios have been
calculated by dividing intensity of R6/2 samples by that of WT samples and plotted on a
logarithmic scale. Proteins (represented by a series of numbers) are sorted by descending order
of abundance ratios. See text for discussion.
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Figure 5.
Collision-induced dissociation spectrum leading to the assignment of the
[TSVNVVGDSFGAGIVYHLSK+2H]2+ peptide ion from GLT1. A MASCOT score of 135
is obtained from these data. See text for details.
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Figure 6.
Extracted ion chromatograms of the GLT1 peptide ion [TSVNVVGDSFGAGIVYHLSK
+2H]2+ from the WT (denoted by red line) and the R6/2 (denoted by black line) samples. See
text for details.
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Table 4
Abundance changes for several groups of proteins.a

Swiss-Prot accession # protein name ratio in striatumb ratio in cortex

Glutamate related proteins
P56564 Excitatory amino acid transporter 1 NAc 0.17± 0.06
P43006 Excitatory amino acid transporter 2 NA 0.18± 0.02
Q9D6M3 Mitochondria glutamate carrier 1 1.64± 0.91 0.15± 0.04
P05201 Aspartate aminotransferase 1.17± 0.07 0.33± 0.04
Heat shock proteins
P07901 Heat shock protein HSP 90-alpha 2.40± 1.55 NA
P11499 Heat shock protein HSP 90-beta 3.35± 1.66 1.18± 0.29
P63017 Heat shock cognate 71 kDa protein 1.35± 0.49 0.62± 0.31
P63038 60 kDa heat shock protein 4.40± 2.75 0.24± 0.07
Q64433 10 kDa heat shock protein 2.13± 1.58 1.40± 0.49
Q9CQN1 Heat shock protein 75 kDa 2.57± 1.36 0.86± 0.07
Ubiquitin proteasome system (UPS) related proteins
P62991 Ubiquitin 4.92± 3.39 0.39± 0.11
P61089 Ubiquitin-conjugating enzyme E2 Up 0.41± 0.01
Q7TMY8 E3 ubiquitin protein ligase down NA
Q7TQI3 Ubiquitin thiolesterase protein NA down
Q9R0P9 Ubiquitin carboxyl-terminal hydrolase isozyme L1 3.01± 1.89 0.38± 0.07
Q9Z2U1 Proteasome subunit alpha type 2.71d 0.38
Synaptic and vesicle related proteins
O08547 Vesicle trafficking protein NA Up
O08599 Syntaxin binding protein 3.88± 1.95 0.26± 0.11
O35526 Syntaxin-1A NA 0.26± 0.06
O88935 Synapsin-1 NA 0.22± 0.12
P46460 Vesicle-fusing ATPase 1.34 0.08± 0.02
P60879 Synaptosomal-associated protein 25 3.37± 1.46 3.55± 2.64
P61264 Syntaxin-1B2 2.33 0.26± 0.10
Q62277 Synaptophysin 3.12 1.04± 0.07
Q64332 Synapsin-2 1.39± 0.38 0.26± 0.06
Q9ER00 Syntaxin-12 NA 0.80
Q9WV55 Vesicle-associated membrane protein-associated

protein A
NA down

Q9QY76 Vesicle-associated membrane protein-associated
protein B

NA 0.12

a
These groups of proteins are believed to bear important biological functions.

b
Abundance ratios are calculated as intensity of R6/2 over WT samples.

c
Data not available (proteins not observed).

d
Ratios without standard deviations are obtained from a single pair of mice.
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