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Abstract

Purpose—The present study is a discovery mode proteomics analysis of the membrane enriched
fraction of post-mortem brain tissue from Alzheimer’s disease (AD) and control cases. This study
aims to validate a method to identify new proteins that could be involved in the pathogenesis of
AD and potentially serve as disease biomarkers.

Experimental Design—Liquid chromatography-tandem mass spectrometry (LC-MS/MS) was
used to analyze the membrane enriched fraction of human post-mortem brain tissue from five AD
and five control cases of similar age. Biochemical validation of specific targets was performed by
immunoblotting.

Results—1709 proteins were identified from the membrane enriched fraction of frontal cortex.
Label free quantification by spectral counting and G-test analysis identified 13 proteins that were
significantly changed in disease. In addition to Tau (MAPT), two additional proteins found to be
enriched in AD, Ubiquitin carboxy-terminal hydrolase 1 (UCHL1), and syntaxin binding protein 1
(Munc-18), were validated through immunoblotting.

Discussion and clinical relevance—Proteomic analysis of the membrane enriched fraction
of post-mortem brain tissue identifies proteins biochemically altered in AD. Further analysis of
this sub-proteome may help elucidate mechanisms behind AD pathogenesis and provide new
sources of biomarkers.
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1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized by
short-term memory loss, language impairments, deficits in visuospatial skills, and
personality changes [5]. The pathological hallmarks of AD include the accumulation of
extracellular beta-amyloid (Ap) plaques, intracellular neurofibrillary tangles composed of
abnormal, hyperphosphorylated tau, gliosis and neuronal cell death [6-8]. Since the proposal
of the amyloid cascade hypothesis [9], the role of AB in disease has been advanced,;
however, it does not account for all of the changes seen in AD [10]. Oxidative stress,
defective proteolysis, protein aggregation, altered cell signaling and chronic inflammation
have all been implicated in disease pathogenesis [10]. Furthermore, an increasing number of
studies have shown evidence of abnormal protein traffic within neurons early in disease
[11]. Many of these abnormal cellular functions involve membrane associated proteins.
Therefore, studying a membrane enriched sample may provide insights to potential
biomarkers of disease.

Analysis of the proteome by liquid chromatography coupled with tandem-mass spectrometry
(LC-MS/MS) has emerged as a leading technique for unbiased identification of proteins that
are changed in disease [12]. LC-MS/MS is a powerful tool for analyzing pathways involved
in disease pathogenesis and identifying potential biomarkers of disease. Quantitative
proteomics in human tissue can be accomplished using either labeled or label-free methods.
Labeled approaches can include chemical derivatization strategies using isobaric stable
isotope tagging reagents, such as iTRAQ reagents [13]. Alternatively, use of stable isotope
labeling with amino acids in cell culture (SILAC) has been increasingly utilized in relative
quantification of tissue proteins [14]. In this approach, a small amount of heavy isotope
labeled cell lysate (from one or more SILAC labeled cell lines) is added as a standard to the
sample being analyzed [15, 16]. This provides an internal reference against which changes
in protein abundance can be measured between proteomes. This approach has the advantage
of being extremely sensitive for detecting even small changes in the proteome. However, the
major drawback of this method is that adding an external reference proteome increases the
complexity of an already complex mixture. As each peptide is sequenced twice (one heavy
and one light), there is less coverage of the total proteome. Label-free approaches, such as
spectral counting or peptide ion intensity measurements avoid this caveat, but are biased
towards the most abundant proteins in a sample, which limits the detection of less abundant
proteins that may be changing in disease [17].

Reducing the complexity of the sample before LC-MS/MS analysis is one way to
circumvent this problem. The analysis of various subproteomes is becoming an increasingly
popular strategy for identifying disease biomarkers [18]. This study presents a comparative
proteomics analysis of a membrane-enriched sample of post-mortem brain tissue from AD
cases and healthy controls. Label-free quantification by G-test statistical analysis of spectral
counts identified significant changes in 13 proteins in AD cases compared to controls. Three
of these targets, including tau, were independently validated through immunoblotting. This
study highlights the utility of analyzing the membrane proteome as a method for identifying
proteins that may be involved in the pathogenesis of Alzheimer’s disease.

2. Materials and Methods

2.1 Case selection

Post-mortem frontal cortex tissue from five healthy control cases and five pathologically
confirmed AD cases were selected for comparison from the Emory Alzheimer’s Disease
Research Center (ADRC) brain bank (Table 1). All AD cases were determined to be Braak
stage V or VI and definite AD as classified by CERAD [19, 20]. Cases were matched for as
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closely as possible for age of death, gender and post-mortem interval (PMI). All control
cases were pathologically clean except case five, which had secondary and tertiary
neuropathological diagnoses (NP dx) of hemorrhagic infarcts and diffuse plaques.

2.2 Membrane enrichment strategy

The membrane enrichment strategy employed was modified from previously published
methods [21]. Homogenized frontal cortex (1.5 ml) in a low salt, buffered sucrose solution
(0.24 M sucrose, 25 mM NaCl, 50 mM HEPES, pH 7.0, 20 mM iodoacetomide, 1 mM
EDTA) with protease and phosphatase inhibitors was used as the starting material for each
case. Briefly, the samples were thawed on ice and the homogenate (H) was sonicated (sonic
dismembrator, Fisher Scientific) three times for five seconds at 20% amplitude (maximum
intensity) to disrupt cell membranes, large cytoskeletal fragments and nucleic acids.
Following sonication, the homogenate was centrifuged at 1500 x g for 10 minutes
(Eppendorf 5417C) to sediment unhomogenized tissue and large cellular debris. The pellet
(P1) was discarded. The supernatant (S1) was transferred to a polycarbonate ultracentrifuge
tube and centrifuged at 180,000 x g for one hour at 4 °C (Beckman Optima TLX
ultracentrifuge, TLA 100.4 rotor). After ultracentrifugation, the supernatant (S2) containing
the soluble protein fraction was removed and saved. The resulting pellet (P2) was
resuspended in 1 ml of 0.1 M sodium carbonate, pH 11 with protease and phosphatase
inhibitors and incubated on ice for 15 minutes to strip proteins only loosely associated with
the membrane. The samples were re-centrifuged at 180,000 x g for one hour at 4 °C
(Beckman Optima TLX ultracentrifuge, TLA 100.4 rotor). The supernatant (S3) was
removed and saved and the resulting membrane-enriched, insoluble pellet (P3) was
dissolved in 100 .l 8M urea. Protein concentrations from each of the five fractions (H, S1,
S2, S3, P3) were determined by the bicinchoninic acid (BCA) method (Pierce, Rockford,
IL). The fractions obtained from the enrichment protocol were analyzed by silver stain.
Briefly, one microgram of protein was loaded from each fraction into a 10% acrylamide gel
and separated by gel electrophoresis. The gel was fixed in a solution containing 50%
methanol and 5% acetic acid for 10 minutes and washed with de-ionized water. After rinsing
in 0.02% sodium thiosulfate for 1 minute, the gel was stained with 0.1% silver nitrate for 10
minutes and developed with 3% sodium carbonate, 0.05% formaldehyde solution until the
bands were sufficiently stained.

2.3 Proteomic Analysis

Protein (50 pg/case) from the membrane enriched fraction (P3 dissolved in 8M urea) was
pooled for proteomic analysis. Peptides were obtained from an in-solution digest. Briefly,
each pool was normalized to 250 g of total protein, treated with 5 mM dithiothreitol (DTT)
for 30 min at 37°C followed by 20 mM iodoacetamide (IAA) for 30 min at 37°C in the dark,
and digested with 1:100 (w/w) endopeptidase LysC (Wako Chemicals, Japan) for 4 hours at
37°C. Samples were diluted with 100 mM sodium bicarbonate to a final concentration of 1.2
M urea and digested overnight with 1:50 (w/w) trypsin at 37°C. The next day, samples were
acidified with 5% formic acid, 0.2% trifluoroacetic acid (TFA) and desalted by a C1g
column (Sep-Pak® Cartridges, Waters, Milford, MA).

2.4 Peptide analysis by LC-MS/MS

Purified peptides were analyzed by reverse-phase liquid chromatography coupled with
tandem mass spectrometry (LC-MS/MS) and each sample was analyzed in technical
replicate [22]. Briefly, peptide mixtures were loaded onto a C1g column (100 pm i.d., 20 cm
long, 2.7 wm HALO resin from Michrom Bioresources, Inc., Auburn, CA) and eluted over a
5-30% gradient (Buffer A: 0.1% formic acid, 0.005% heptafluorobutyric acid, and 5% AcN;
Buffer B: 0.1% formic acid, 0.005% heptafluorobutyric acid, and 95% AcN). Eluates were
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monitored in a MS survey scan followed by ten data-dependent MS/MS scans on an LTQ-
Orbitrap mass spectrometer (Thermo Finnigan, San Jose, CA). The LTQ was used to acquire
MS/MS spectra (3 m/z isolation width, 35% collision energy, 5,000 AGC target, 200 ms
maximum ion accumulation time). The Orbitrap was used to collect MS scans (300-1600 7/
Z,1,000,000 AGC target, 1,000 ms maximum ion accumulation time, resolution 60,000).
Peptide retention time was measured between replicate LC-MS/MS runs using in-house
software as described previously [23].

2.5 Peptide filtering and protein identification

All data were converted from .raw files to the .dta format using ExtractMS version 2.0
(ThermokElectron) and searched against human reference database downloaded from the
National Center for Biotechnology Information (November 19, 2008) using the SEQUEST
Sorcerer algorithm (version 3.11, SAGE-N). Searching parameters included mass tolerance
of precursor ions (50 ppm) and product ion (£0.5 m/z), partial tryptic restriction, with a
dynamic mass shift for oxidized Met (+15.9949), 2 maximal modification sites and a
maximum of two missed cleavages. Only b and y ions were considered during the database
match. To evaluate false discovery rate (FDR), all original protein sequences were reversed
to generate a decoy database that was concatenated to the original database (77,764 entries)
[24]. The FDR was estimated by the number of decoy matches (nd) and total number of
assigned matches (nt). FDR = 2*nd/nt, assuming mismatches in the original database were
the same as in the decoy database. To remove false positive matches, assigned peptides were
grouped by a combination of trypticity (fully, partial and non-tryptic) and precursor ion-
charge state. Each group was first filtered by mass accuracy (10 ppm for high-resolution
MS), and by dynamically increasing correlation coefficient and ACn values to reduce
protein FDR to less than 1 percent. All MS/MS spectra for proteins identified by a single
peptide were manually inspected as described previously [25]. If peptides were shared by
multiple members of a protein family, the matched members were clustered into a single
group. On the basis of the principle of parsimony, the group was represented by the protein
with greatest number of assigned peptides. All identified proteins (grouped and ungrouped)
and peptide sequences are provided in Supplemental Table 1 and 2.

2.6 Label Free Quantification

Quantification was performed as previously described [21, 26]. Spectral counting was used
to determine differences between the control and AD membrane enriched proteomes.
Several of the proteins identified in this study were found exclusively in AD or control
samples. For those proteins only identified in one sample (AD or control), a spectral count
of 1 was applied to the sample group without detectable protein. The spectral counts were
normalized to ensure that average spectral count ratio per protein was the same in the two
datasets [27]. G-test was used to judge statistical significance of protein abundance
difference as previously described [17, 21, 28, 29]. The G-value of each protein was
calculated as shown in equation 1, where fAD and fCTL are the detected spectral counts of a
given protein in the AD and control membrane fractions, respectively, and “In” is the natural
logarithm.

G=2

oo Jen
fAD eln [ T _; Ter +/, cr ® In T _; Ters 1@

The p-value of each protein was calculated as the probability of observing a random variable
larger than G from the Chi-square distribution (one degree of freedom). The frequency
histogram of the p-values was created and 0.01 was set as the cutoff to detect significant
changes.
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2.7 Antibodies

Primary antibodies used in these studies were as follows (dilutions in parentheses): PSD95
(1:1000, mouse monocloncal; Chemicon International, Temecula, CA); Tau (1:1000, mouse
monoclonal; Transduction labs); Synaptophysin (1:1000, mouse monoclonal; Boehringer);
Calnexin (1:1000, rabbit polyclonal; Assay Designs, Ann Arbor, MI); SSBP1 (1:500, rabbit
polyclonal; Abcam, Cambridge, MA); PGP9.5 (UCHL1) (1:1000, rabbit polyclonal,
Chemicon International, Temecula CA); Munc18 (1:1000, rabbit polyclonal; Abcam,
Cambridge, MA); alpha-2-macroglobulin (A2M) (1:250, mouse monoclonal; Abcam,
Cambridge, MA).The antibody dilutions noted above reflect prior dilution of each antibody
(1:1) with glycerol.

2.8 Immunoblotting

3. Results

Equal concentrations of protein from each sample were loaded into an acrylamide gel (10%
or 12%) and separated by SDS-PAGE. Proteins were transferred onto PVDF Immobilon-P
membranes (Millipore, Billercia, MA) overnight at 4 °C. Immunoblots were blocked for 2
hours at room temperature with TBS/Tween and blocking buffer (USB, 5x blocking buffer
ultrapure) and probed for the protein of interest with a primary antibody overnight at 4 °C.
The following day, blots were incubated with fluorophore-conjugated secondary antibodies
(1:20,000) for one hour in the dark. All blots were scanned and quantified using the Odyssey
Infrared Imaging System (Li-Cor Biosciences, Lincoln, NE). Statistical analysis was
performed using a two-tailed student’s t-test.

3.1 Membrane enrichment strategy and LC-MS/MS

Traditional membrane purification protocols involve multiple centrifugation steps using a
sucrose gradient to separate out individual membrane fractions (microsomes, endosomes,
mitochondria, pre- and post-synaptic vesicles, etc.) [30]. This study sought to identify
changes in the total membrane proteome and therefore, more traditional protocols were
modified to obtain a sample that contained a broader membrane fraction as described in the
methods and in Figure 1A. Different banding patterns in each fraction were evident by silver
staining (Fig. 1B). Immunoblots demonstrate that the final membrane sample contained
multiple membrane fractions. More specifically, PSD-95 (post-synaptic density),
synaptophysin (synaptic vesicles), calnexin (microsomes), and SSBP1 (mitochondria) were
all observed in the membrane fraction (Fig. 1C). Quantification of the PSD-95 blot
demonstrated approximately a 2-fold enrichment of the protein in the membrane fraction
compared to total cell lysate, indicating that this method was a reasonable strategy for
enriching membrane proteins. As this was a discovery-mode proteomics experiment, cases
were pooled to decrease inter-individual variability and enhance the likelihood that any
changes detected would be universal to disease [31]. Peptides were extracted from the
pooled samples following an in-solution digest and analyzed in technical replicate using LC-
MS/MS. The extracted base peak chromatograms for peptide intensity demonstrate
consistency between replicate 1 (R1) and replicate 2 (R2) within Control and AD samples.
The slight variation observed between control and AD samples suggests a difference in
distinct peptide abundance (Fig. 2A). Retention time for identified peptides (eluting from 30
to 100 minutes) between R1 and R2 was strongly correlated (R?=0.87), indicating
chromatographic consistency between LC-MS runs (Fig. 2B). After database searching, a
total of 1709 proteins in 729 homology groups were identified (Supplementary Tables 1, 2).
The TMHMM 2.0 web server [32], was used to predict the number of transmembrane
domains (TMD) for each protein. Overall, approximately 25% of grouped proteins
(184/729) identified in the sample were predicted to have at least one TMD (Supplementary
Table 1)
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3.3 Relative quantification of proteins assessed using a label-free strategy

In this study, analysis of spectral counts by G-test was used to determine which membrane
proteins were altered in AD. G-test is a statistical approach that can be used when
quantifying spectral counts to determine which proteins are significantly changing between
samples (e.g. control and AD). It has been proven to be a robust and reliable method for
identifying changes in protein levels in label-free proteomic experiments [33-35]. To
increase the stringency of the analysis, a p value cutoff of less than or equal to 0.01 was
chosen to represent proteins significantly changed in disease. Using these parameters, 13
proteins altered in disease were identified (Table 2), including known markers of AD such
as tau (p = 5.8E-15). From this list, ubiquitin carboxy-terminal hydrolase L1 (UCHL1) (p=
0.0015), Munc18 (p = 0.0079), and alpha-2 macroglobulin (A2M) (p = 0.0001) were also
chosen to be further validated by immunoblotting given their potential association with AD
[36-38].

3.4 Validation of specific targets

Immunoblotting was performed to verify the results from the label-free quantitative analysis
of spectral counts. Notably, validation was carried out on individual cases rather than on the
pools used for proteomics. Independently validating proteomics data is important,
particularly when cases are pooled. While pooling diminishes inter-individual variability, it
also opens up the possibility that one individual case could be driving the signal measured
by proteomic analysis.

Intraneuronal inclusions of hyperphosphorylated tau are one of the pathological hallmarks of
AD [19]. In this study, tau was the protein most significantly altered between AD and
control cases (p = 5.88E-15). This was confirmed by immunoblotting the membrane fraction
of individual cases for tau. While there was some variability in tau levels amongst AD
samples with cases 1, 2, and 4 having higher levels than cases 3 and 5, none of the controls
had detectable membrane associated tau (Fig. 3). Furthermore, tau measurements by
immunoblotting immunoreactivity in AD cases was not correlated with Braak stage (stages
listed by case in Table 1).

UCHLY1 levels were also significantly elevated in AD by spectral counts. Blotting for
UCHL1 confirmed the proteomics results with 4 of 5 AD cases showing elevated protein
levels compared to only 1 control case (Student’s t-test; p=0.0299) (Fig. 4A). While
cognitively normal, this particular case (control 5) was found to have hemorrhagic infarcts
and diffuse plaques on pathological examination. Increased UCHLZ1 is seen in other
neurological conditions [39], which could account for the elevated UCHL1 levels in this
case as compared to other controls. Munc-18, also enriched in AD, is a protein involved in
vesicular trafficking and docking [40, 41]. This result was confirmed in individual cases by
immunoblotting membrane fractions for Munc-18 (p = 0.0012) (Fig. 4B). Similar to what
was seen after blotting for UCHL1, control case 5 had levels of munc18 more similar to
disease cases than to other controls. A2M levels were significantly depleted in AD by
spectral counts (p= 0.0001). However, immunoblotting individual cases revealed that this
finding was not consistent across cases (Fig. 4C). Only 2 of 5 control cases had elevated
levels of A2M, and the difference between AD and control cases was not significant by
immunoblot signal determined by densitometry (o = 0.15). While this finding validates the
proteomics, it demonstrates that the significant difference seen by spectral counts in the
pooled samples was primarily the result extensive elevated levels in only these two cases.

Proteomics Clin Appl. Author manuscript; available in PMC 2013 April 01.
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4. Discussion

To date, there have been few reports of discovery-mode LC-MS/MS analysis of the
membrane subproteome in neurodegenerative disease. This study reports changes in the
membrane enriched proteome in AD. After statistical analysis of the spectral count data
obtained by LC-MS/MS, 13 proteins were found significantly altered in AD. Of these
proteins, tau, UCHLZ1, Munc-18, and A2M were independently validated by immunablot.
Confirming targets that have previously been shown to have an association with AD
demonstrates that the membrane enrichment method used in this study indeed does enable
sensitive discovery of proteins involved in disease pathogenesis that may be relevant as
biomarkers in this or other contexts.

While the membrane enrichment strategy utilized did not produce a pure membrane sample,
it did successfully enrich for membrane proteins. The percentage of proteins containing a
TMD in this study was somewhat lower than the result reported in a previously published
study using a similar method for membrane enrichment from cells in culture. In that study,
approximately 50% of the proteins identified by LC-MS/MS had at least one TMD [42]. The
lower percentage observed in brain tissue in this study is likely due in part to the relatively
high amount of extracellular proteins such as myelin, versican, tenascin as well as structural
proteins, that are associated with tissue rather than cells in culture.

The goal of this study was to examine a comprehensive membrane fraction of human brain
tissue. For that reason, a crude membrane enrichment strategy was employed to fractionate
samples to ensure that as many membranes as possible (/.¢e., mitochondrial membranes,
plasma membranes, and vesicular membranes) were included in the final membrane
enriched fraction. By doing this, it is possible that some of the purity of the sample was
sacrificed. Non-transmembrane domain containing proteins, such as tubulin and actin, were
still highly abundant in the membrane fraction and there are known points of contact
between cytoskeleton and membranes. Nonetheless, a more stringent fractionation procedure
would likely reduce the number of cytoskeletal and other non-membrane bound proteins in
the membrane sample.

Tau is a microtubule associated protein important for stabilizing the neuronal cytoskeleton.
In addition to binding microtubules, it also interacts with the plasma membrane [43]. This
interaction appears to be mediated by phosphorylation; it was recently demonstrated that
hyperphosphorylated tau loses its ability to bind the plasma membrane [44]. This may
account for the intracellular accumulation of hyperphospohrylated tau observed in AD.
Moreover, mislocalized tau has been shown to mediate AP toxicity through increased
excitotoxicty [45]. Despite these findings, this study found that tau was enriched in the
membrane fraction of AD cases. However, this study focused on total tau rather than
hyperphosphorylated tau which may account for the difference. All of the AD cases in this
study were Braak stage V or VI and therefore had high levels of pathological tau. It is
possible that neurofibrillary tangles were co-purified with the membrane fraction of our
sample, accounting for the increased signal seen with immunoblotting. While tau binds the
plasma membrane, it does not contain a transmembrane domain. Therefore it is possible that
any membrane-associated tau in the control cases was removed in the high pH wash step.
There may be other modifications to tau not contained in neurofibrillary tangles in
Alzheimer’s disease that make it more tightly associated with the membrane.

UCHL.1 is a deubiquinating enzyme that is found primarily in neurons and neuroendocrine
cells. It composes 1-2% of the soluble protein in neurons [46]. While it plays an important
role in ubiquitin recycling, it has also been shown to have ubiquitin ligase activity [47].
Recently, it was reported that UCHL1 is an important regulator of survival of motor neuron
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(SMN) expression via ubiquitination in fibroblasts from patients with spinal muscular
atrophy [48]. Increased association of UCHL1 with the membrane fraction due to
farnesylation has also been reported in Parkinson’s disease and was shown to mediate alpha-
synuclein toxicity in cells [49]. While certain polymorphisms in UCHL1 are reported to be
protective in Parkinson’s disease, this protective effect is not seen in AD [50]. Given that
UCHL1 appears to play a role in many neurodegenerative diseases, it is likely not specific to
AD; however, that does not negate the fact that it may also play an important role in AD
pathogenesis.

Munc-18 is involved in vesicle docking and exocytosis. It is found exclusively in
presynaptic nerve terminals and binds to syntaxin-1, preventing it from interacting with
docking fusion proteins [51]. Phosphorylation of Munc-18 by cyclin dependent kinase (Cdk)
5 causes Munc-18 and syntaxin-1 to dissociate and allows vesicular docking and
neurotransmitter release to proceed. Phosphorylation of Munc-18 also enables Munc
interacting (Mint) proteins 1 and 2 to bind Munc-18 [51]. These complexes have been
postulated to increase neurotransmission and may play a role in APP processing and Ap
production. Up-regulation of this pathway has been reported in the cortex of patients with
Alzheimer’s disease [37].

A2M has been implicated in AD pathogenesis due to its role in mediating Ap clearance [52].
Several studies have also linked polymorphisms in the A2M gene to an increased risk of
developing late-onset AD [38, 53, 54]. Lower levels of A2M could lead to in an inability to
clear Ap efficiently, thereby contributing to Ap deposition in plaques. A2M was
significantly depleted in AD by spectral counts (p= 0.0001); however, after immunoblotting
individual cases, it became apparent that this finding was being driven by two control cases
with high levels of A2M. This result illustrates a pitfall of pooling samples for proteomic
experiments. Although pooling decreases inter-individual variability, it becomes difficult to
ascertain if differences between pooled samples are the result of a consistent change across
cases or whether they are driven by one or two outliers in the pool. This underscores the
importance of independently validating findings from these studies across individual cases
and that there is a large amount of inherent variability when working with human samples.

While not independently validated by immunoblotting, levels of creatine kinase B (CKB)
were also significantly higher in AD cases compared to controls by proteomics analysis.
Creatine kinase is a protein found in the intermembrane-space in mitochondria. It utilizes
ATP to generate phosphocreatine which can then be used as a source of energy in the cell
[55]. Lynn et al. recently published a study comparing the mitochondrial proteome in AD
and control subjects [56]. Along with other proteins involved in ATP utilization pathways,
creatine kinase was found to be enriched in AD. The results from this study support the
findings by Lynn et al. and may provide further evidence that ATP utilization is abnormal in
patients with AD.

One limitation to this study is that despite improved detection sensitivity, analyzing complex
mixtures following LC-MS/MS by spectral counting restricts peptide identification to only
the most abundant peptides. The more complex a mixture, the less likely it is that low
abundance peptides will be sequenced [57] at levels high enough to reach significance.
However, it is possible that changes in these proteins could have the largest biological
impact. Spectral counting is not sensitive enough to detect these changes without using other
methods, such as analysis of extracted peptide ion intensity. Spectral counting and G-test
analysis do not take peptide signal intensity or protein coverage into consideration when
determining which proteins are significantly changing. While this study successfully
identified proteins with altered levels in AD, future studies using either a labeled
quantitative approach or augmenting spectral count analysis with other label-free
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quantification methods could be used to identify less abundant proteins changing in disease.
Finally, it can be difficult when analyzing post-mortem brain tissue from patients with end
stage neurodegenerative diseases to dissect which changes are due to the disease process and
which are a non-specific effect of neurodegeneration. In future studies, it would be
important to compare these results to those from a disease control to determine whether
these findings are specific to AD or represent proteins that are ubiquitously altered in
neurodegeneration. Furthermore, the AD cases used in this study were all diagnosed with
AD before age 65. While none of the cases had a known familial mutation causing their
disease (7.e. APP (amyloid precursor protein) or presenilin 1 or 2 mutations), it is possible
that these cases differ from the more common late-onset AD (diagnosed after age 65).
Therefore, it would be important to verify these findings in more representative AD samples
over a broader age range.

In conclusion, studying a membrane enriched fraction has several advantages for identifying
proteins altered in AD. While the accumulation of A certainly plays a large role in AD
pathogenesis, there are other mechanisms, including abnormal vesicular trafficking and
synaptic dysfunction that may also contribute to neurodegeneration [10, 11]. The small
sample size in this study limits the generalization of these results and requires that the
findings be confirmed with much larger samples. However, it provides support for using a
membrane enriched proteome to identify biomarkers in AD. Future analysis of the
membrane proteome from post-mortem brain tissue in any number of neurodegenerative
diseases may offer mechanistic insights or potential new biomarkers that will aid in the
diagnosis of these debilitating diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Clinical Significance

Dementia is a broad term for a variety of disorders that lead to the loss of cognitive
abilities across multiple domains and impair a person’s ability to function independently.
The burden of disease is dramatic: Currently over 35 million people are estimated to
suffer from dementia worldwide [1]. Alzheimer’s disease (AD) is the most common
cause of dementia [2] and the number of people in the United States over the age of 65
with AD is expected to triple by 2050 [3]. While acetylcholinesterase inhibitors and other
drugs are used for symptomatic purposes, their effect is modest and temporary; AD is
ultimately fatal. Moreover, it is becoming increasingly evident that the pharmacotherapy
currently available may be most useful when started early in the disease course [4]. This
underscores the need to better understand early changes that occur in AD with the hope
that this will ultimately facilitate the discovery of biomarkers that can be used for
diagnosis in a presymptomatic stage.
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Figure 1. Membrane enrichment strategy

(A) Flowchart of experimental design to enrich for membrane proteins from human brain
tissue. (B) Silver stain showing differential protein banding patterns in each fraction.
Immunoblot of PSD-95, a transmembrane domain-containing protein specific to the post
synaptic density, demonstrates approximately 2 fold enrichment in the membrane fraction
compared with total homogenate. (C) Immunaoblots for calnexin, synaptophysin (SYP) and
SSBP1 demonstrates that multiple membrane proteins are present in the final membrane
fraction.
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Figure 2. Human brain membrane factionsanalyzed by LC-MS/IM S

(A) Representative base peak peptide elution profiles of control and AD sample demonstrate
the reproducibility between technical replicate 1 (R1) and replicate 2 (R2). (B) Peptide
retention time correlation between R1 and R2 from control and AD samples is provided.
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Figure 3. Tau enrichment in the membrane fraction of AD cases

An immunoblot (IB) for tau in membrane fraction of individual control and AD cases is
shown. Calnexin was used as a loading control. Markers on blots represent molecular weight
in kDa.
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Figure 4. Confirmation of proteomic changesfor UCHL 1, Munc-18 and A2M

(A and B) Immunoblot (IB) analyses of the membrane fraction show that UCHL1 (p=
0.0299) and Munc-18 (p = 0.0012) levels were significantly higher in AD cases. (C)
Immunoblot analysis of the membrane fraction reveals A2M levels are elevated in 2 of 5
control cases and no AD cases. This difference is not statistically significant (v = 0.15). All
immunoblots are representative of three independent experiments. Calnexin was used as a
loading control. Human sample information listed in Table 1. Signal intensity was
determined by densitometry and statistical analysis was performed using a two-tailed
student’s t-test. An asterisk (*) represents significant difference (p < 0.05)
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