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Summary
Familial amyotrophic lateral sclerosis (ALS) has been linked to mutations in the copper/zinc
superoxide dismutase (SOD1) gene. The mutant SOD1 protein exhibits a toxic gain-of-function
that adversely affects the function of neurons. However, the mechanism of how mutant SOD1
initiates ALS is unclear. Lipid rafts are specialized microdomains of the plasma membrane that act
as platforms for the organization and interaction of proteins involved in multiple functions
including vesicular trafficking, neurotransmitter signaling and cytoskeletal rearrangements. In this
study, we report a proteomic analysis using a widely used ALS mouse model to identify
differences in spinal cord lipid raft proteomes between mice over-expressing wild-type (WT) and
G93A mutant SOD1. A total of 413 and 421 proteins were identified in the lipid rafts isolated
from WT and G93A mice, respectively. Further quantitative analysis revealed a consortium of
proteins with altered levels between the WT and G93A samples. Functional classification of the
67 altered proteins revealed that the three most impacted subsets of proteins were involved in
vesicular transport, neurotransmitter synthesis and release; cytoskeleton organization and linkage
to plasma membrane; and metabolism. Other protein changes are correlated with alterations in
microglia activation and inflammation; astrocyte and oligodendrocyte function; cell signaling;
cellular stress response and apoptosis; and neuronal ion channels and neurotransmitter receptor
functions. Changes of selected proteins were independently validated by immunoblotting and
immunohistochemistry. The significance of the lipid raft protein changes in motor neuron function
and degeneration in ALS is discussed, particularly those involved in vesicular trafficking and
neurotransmitter signaling, and the dynamics and regulation of plasma membrane-anchored
cytoskeleton.
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Introduction
Amyotrophic lateral sclerosis (ALS) is a chronic progressive neuromuscular disorder
characterized by weakness, muscle wasting, fasciculation, and increased reflexes, with
conserved intellect and higher functions [1]. The neuropathology of ALS is mostly confined
to motor neurons in the cerebral cortex, some motor nuclei of the brainstem, and anterior
horns of the spinal cord. An important discovery in the study of the disease was the
identification of mutations in the copper/zinc superoxide dismutase (SOD1) gene in some
families with hereditary ALS [2,3]. To date, more than 100 mutations scattered throughout
the SOD1 protein have been identified and it has been established that mutant SOD1 cause
ALS through a gain-of-function mechanism(s) [4]. Many hypotheses of how mutant SOD1
could cause neurodegeneration, including aberrant redox chemistry, mitochondrial damage,
excitotoxicity, microglial activation and inflammation, as well as SOD1 aggregation, have
been proposed [4–6].

Lipid rafts are specialized microdomains of the plasma membrane enriched in cholesterol
and sphingolipids. These rafts act as platforms for the organization and interaction of
proteins involved in multiple functions including vesicular trafficking, signaling
mechanisms and cytoskeletal rearrangements [7,8]. In neurons, lipid rafts have been
implicated in organizing and compartmentalizing proteins involved in many aspects of
neurotransmitter signaling. These aspects include transport of neurotransmitters to the axon
terminal and regulated exocytosis of neurotransmitters at the synapse, as well as
organization of neurotransmitter receptors and other transduction molecules [7]. Lipid rafts
and associated scaffold proteins have been implicated in the pathogenesis of several
neurological disorders including Alzheimer's and Parkinson's diseases [7]. Several recent
studies have shown that ALS is not an autonomous disease, i.e. various non-neuronal cells
including astrocytes and microglia can contribute to the disease progression [9–11]. As
plasma membrane microdomains enriched with signaling molecules, lipid rafts and
alterations of lipid raft proteins may contribute to the neuron-glia interactions in ALS
etiology. Despite several proteomic studies in ALS [12–18], no studies regarding alterations
in lipid raft associated proteins have been reported.

In this study, we isolated and profiled lipid rafts from spinal cords of symptomatic G93A
SOD1 transgenic mice and age-matched WT SOD1 transgenic mice. The G93A transgenic
mice were chosen since it is the most extensively studied ALS model [19] and the findings
from this proteomic study can be correlated to other studies. A one-dimensional SDS-PAGE
combined with nano-HPLC-MS/MS approach was exploited to identify lipid raft proteins. A
label-free quantitative analysis was then performed to distinguish protein changes in the
lipid rafts of G93A and WT SOD1 transgenic mice. Functional classification of the altered
proteins revealed that the affected proteins are mostly involved in the following: (i) vesicular
transport, neurotransmitter synthesis and release, (ii) cytoskeleton organization and linkage
to plasma membrane, (iii) metabolism, (iv) microglia activation and inflammation, (v)
astrocyte and oligodendrocyte function, (vi) cell signaling, (vii) cellular stress responses and
apoptosis, and (viii) neuronal ion channels and neurotransmitter receptor functions.
Alterations of selected lipid rafts proteins were independently validated by immunoblotting
and immunohistochemistry. The potential role of these lipid raft protein changes in ALS
disease pathology is discussed.

Results
Lipid raft fraction isolation and purity analysis

Lipid rafts are specialized areas on the plasma membrane and act as platforms for
spatiotemporal co-coordination of multiple cellular functions including vesicular transport
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and receptor signaling pathways. In this study, lipid rafts from spinal cord extracts of
transgenic mice over-expressing human mutant G93A SOD1 and age-matched control mice
over-expressing human WT SOD1, were isolated by OptiPrep gradient centrifugation [20].
The detergent free method is routinely used in the laboratory as the methods based on
insolubility of lipid rafts in cold solutions containing Triton X-100 have been reported to be
extensively contaminated by intracellular organelles and non-lipid rafts components [21,22].
In addition to lipid rafts, cytoplasm and plasma membrane fractions were also collected. To
evaluate the purity of the fractions, Western blotting using antibodies against the neuronal
lipid raft marker flotillin-1 [23–26], the mitochondrial protein MnSOD, and the cytoplasmic
protein triosephosphate isomerase (TIM) were performed. As seen in Figure 1, strong
flotillin-1 signal was observed in the lipid rafts fractions. Weak Flotillin-1 signal was also
observed in the plasma membrane fraction with prolonged exposure time (data not shown).
No flotillin-1 signal could be detected in the cytoplasm fraction. In contrast, TIM and
MnSOD were only detected in the cytoplasm but not the lipid rafts fraction. SOD1 protein
was detected in all fractions including the plasma membrane and lipid raft fractions although
SOD1 has been known as a highly soluble protein. These data show effective enrichment of
lipid raft proteins using the centrifugation protocol.

Proteomic analysis of mouse spinal cord lipid rafts
To identify proteins in lipid rafts, purified LR fractions were subjected to SDS-PAGE
separation, in-gel digestion and nano-LC-MS/MS analysis. Figure 2A shows a
representative image of SyproRuby stained SDS-PAGE of a set of G93A and WT lipid raft
samples. Twelve equal bands were excised and each band was subjected to trypsin in-gel
digestion and the tryptic peptides from each gel band were subjected to nano-LC-MS/MS
analysis. Figure 2B shows a representative MS spectrum of tryptic peptides that were eluted
at retention time 26.5 min during the LC-MS/MS analysis of band #6 of the G93A sample.
Figure 2C shows the tandem MS/MS spectrum of the m/z 589.31 peptide in Figure 2B. A
complete series of y ions were detected in the tandem MS/MS spectrum in Figure 2C, thus
the identification of the peptide LADVYQAELR by subsequent MASCOT MS/MS ion
search was unambiguous.

The MS/MS data generated from individual bands of each sample were submitted to a local
Mascot server for protein identification using a merged search mode. Rigorous identification
criteria were used to eliminate potential ambiguous protein identifications. All peptides were
required to have an ion score greater than 30 (P < 0.05). Proteins with two or more unique
peptides, each of which had a score greater than 30, were considered unambiguous
identifications. Proteins with single-peptide identification were considered positive only if
(i) the MS/MS ion score was consistently greater than 30 in multiple analyses of the lipid
rafts sample isolated from the same mouse; and (ii) the protein was consistently identified in
the independent analysis of lipid rafts isolated from at least two different mice. Otherwise,
the proteins identified by a single peptide were discarded. The number of proteins, which
were identified based on a single peptide but met the two criteria discussed above, was 70
and 73 in the lipid rafts of WT and G93A SOD1 mice, respectively. All LC-MS/MS data
were also submitted to decoy MASCOT search against a randomized Sprot database [27],
and the false discovery rates (FDR) in all MASCOT searches were in the range between
0.5% and 1.5% for each independent LC-MS/MS experiment. In total, we identified 413 and
421 proteins in the lipid rafts isolated from WT and G93A SOD1 mice, respectively. The
complete list of proteins identified in the lipid rafts fractions is provided as supplementary
tables S1 and S2.
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Quantitative analysis of lipid raft proteins from WT and G93A mouse spinal cords
Quantitative analysis of protein changes between the WT and G93A lipid raft samples was
performed and the results are presented in Table 1. First, 17 proteins were consistently
identified in G93A samples but absent in WT samples; 9 proteins were identified in WT
samples but absent in G93A samples. These proteins were considered as G93A and WT
unique proteins, respectively. They represent a group of lipid rafts proteins that changed
significantly between WT and G93A transgenic mice.

A total of 154 proteins were identified in all lipid rafts samples isolated from three WT and
three G93A transgenic mice. These proteins were subjected to quantitative analysis using the
label-free quantitative method described in the Materials and Methods. A ratio was
calculated for each peptide identified in WT and G93A samples, an average ratio of all
peptides for every protein was then obtained as the protein ratio in each pair of lipid rafts
samples isolated from WT and G93A mice. The protein ratios from three independent pairs
of WT and G93A mice were obtained and the average ratios and standard deviations were
calculated. A P value for each protein in three independent sets of quantification data was
obtained using Student t-test. Significant changes were recognized as the ratios between WT
and G93A samples with P values less than 0.05. The quantification data in Table 1 are
presented as the mean ratio ± S.D. In addition, the changes with P < 0.05 are indicated by *
and those with P < 0.01 are indicated by ** in Table 1.

Out of the 154 proteins, 41 proteins showed changes with statistical significance (P < 0.05).
Out of these 41 proteins, 8 proteins showed higher abundance in G93A samples than in WT,
while 33 proteins showed lower abundance in G93A samples. These proteins with
differential abundances in WT and G93A lipid rafts samples as well as the alteration ratios
are listed in Table 1. The remaining 113 proteins, including actin, tubulin, cofilin and SOD1,
showed either no changes in the lipid rafts of G93A versus WT, or an ratio with P > 0.05
among the three independent sets of WT and G93A samples. These proteins were all
grouped as unchanged between WT and G93A mice.

Functional classification of the 26 uniquely identified and 41 altered proteins is shown in
Figure 3. Many of these 67 differential proteins are involved in: vesicular transport,
neurotransmitter synthesis and release (13 proteins); metabolism (12 proteins); cytoskeleton
organization and linkage to plasma membrane (10 proteins); microglia activation and
inflammation (6 proteins); cellular stress responses and apoptosis (5 proteins); astrocyte and
oligodendrocyte function (4 proteins); cell signaling (4 proteins); and neuronal ion channels
and neurotransmitter receptor functions (3 proteins), see Figure 3A. Figure 3B shows that
the 25 proteins over-represented in G93A (17 uniquely found in the G93A samples and 8
with higher abundance in the G93A samples) are mostly involved in cytoskeleton
organization (7 proteins, 28%) and microglia activation/inflammation (5 proteins, 20%). It is
noted that the majority of the proteins in the above two functional categories, i.e. 7 out of 10
proteins involved in cytoskeletal regulation and 5 out of 6 proteins involved in microglia
activation, showed higher abundance in the G93A lipid rafts. Figure 3C shows that, among
the 42 proteins under-represented in G93A (9 uniquely found in the WT samples and 33
with lower abundance in the G93A samples), the most impacted functional groups are
vesicular transport/neurotransmitter synthesis and release (10 proteins, 24%) and
metabolism (9 proteins, 21%). In addition, it is noted that all four altered proteins involved
in cell signaling were found to have lower abundance in the G93A lipid rafts. Similarly, all
three proteins involved in neurite outgrowth showed lower levels in the G93A lipid rafts.
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Validation of lipid raft protein changes
We performed Western blotting to confirm the changes of a selected subset of lipid rafts
proteins. Each protein change was examined using lipid rafts isolated from multiple sets of
separate WT and G93A mice. As seen in Figure 4A, Western blotting of lipid raft fractions
showed elevated levels of Flotillin-1, annexin II and GFAP in the G93A lipid rafts compared
to the WT samples. Western blotting also demonstrated a reduced level of SNAP-25 in the
G93A lipid rafts (Figure 4B), and an unaltered level of cofilin (Figure 4C). The Western
blotting results support the quantitative proteomic data. For instance, quantitative analysis of
scanned Western blots using the ImageJ program showed the ratio of SNAP in WT versus
G93A samples was 2.4, consistent with that determined in the proteomic analysis (2.09 ±
0.25). In addition, Western blot of GFAP showed a ratio of 0.7 between WT and G93A
samples, consistent with the ratio of 0.48 ± 0.12 determined by the proteomic analysis.

The up-regulation of annexin II in G93A lipid rafts were further analyzed by
immunofluorescent stainings of spinal cords from WT and G93A SOD1 transgenic mice. As
seen in Figure 5, anti-annexin II antibodies strongly stained the plasma membrane in motor
neurons in the lumbar spinal cord of G93A mice, while mostly weak nuclear and
cytoplasmic staining was observed in WT mice. The immunohistology clearly demonstrated
the recruitment of annexin II to the plasma membrane of motor neurons in the diseased
G93A transgenic mice.

Discussion
In this paper we performed proteomic profiling of lipid raft proteins in G93A SOD1 ALS
transgenic mice and age-matched controls. Alterations of selected proteins were validated by
immunoblotting and immunohistochemistry. Functional analysis of the altered proteins
revealed that these proteins are involved in multiple functions that are important to motor
neuron health, thus their alterations may contribute to the ALS pathology.

Many of the identified proteins have previously been shown to localize to lipid rafts,
including lipid raft markers flotillin-1 and flotillin-2 [26,28]. This suggests that the lipid
rafts purification protocol [20] is valid. This is further supported by Western blotting
showing no signal for the cytoplasmic marker TIM or the mitochondria protein MnSOD in
the lipid raft fraction (Figure 1). Many proteins identified in this study were also found in
other published lipid rafts proteomics studies. For instance, a total of 106 proteins were
identified in lipid rafts isolated from neutrophils [29] and 63 of them (60%) were also
identified in this study. Another study of lipid rafts isolated from neonatal mouse brain
identified 216 proteins [30], and 147 of them (68%) were also identified in this study. Given
that these studies independently characterized the lipid rafts proteins isolated from different
cell types using various mass spectrometers, differences are expected. The mouse spinal
cord lipid rafts proteomic data obtained in this study are reasonably consistent with the
literature.

We identified both endogenous mouse SOD1 and transgenically over-expressed human WT
and G93A mutant SOD1 in lipid rafts in this study. SOD1 is conventionally believed to be a
highly soluble protein, but have previously been identified in lipid rafts [31]. Western
blotting revealed higher SOD1 levels in the lipid raft fraction than in the other areas of the
plasma membrane (Figure 1). Interaction with lipids or biological membranes have been
suggested to play a role in mutant SOD1 aggregation [32,33]. Moreover, the ALS-linked
SOD1 mutants have been shown to form pore-like aggregates in vitro [34,35]. It is
interesting to speculate that localization and subsequent aggregation of mutant SOD1 in
lipid rafts could affect cellular functions as well as the interplay between different cell types,
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as lipid rafts are enriched in receptors and signaling molecules necessary for cell-cell
communication.

The proteomics analysis identified 17 unique proteins in the G93A lipid rafts and 6 unique
proteins in the WT lipid rafts. Only proteins that were positively identified in the lipid rafts
samples in all six transgenic mice (3 WT and 3 G93A mice) were subjected to quantitative
analysis. If a protein were not identified in all six samples, statistical analysis was unable to
be performed, thus the protein was not included in the quantitative analysis. A total of 154
proteins met this criterion and their quantitative ratios from three independent experiments
(using three separate pairs of WT and G93A mice) were averaged and subjected to statistical
analysis. Out of the 154 proteins, 41 of them showed changes between the WT and G93A
samples with statistical significance (P < 0.05). Among them, 8 and 33 proteins showed
higher or lower levels in G93A lipid rafts, respectively. The remaining 113 proteins were
considered unchanged since the ratios from three independent experiments were statistically
insignificant (P > 0.05). Thus, a total of 25 proteins were over-represented in the G93A lipid
rafts and 42 proteins that were under-represented in the G93A lipid rafts compared to WT
(Table 1).

Western blotting analyses of lipid rafts samples isolated from multiple separate sets of WT
and G93A mice were performed to validate the proteomics data. Seven proteins in all three
categories (i.e. 1 unchanged, 3 with higher abundance and 3 with lower abundance in G93A)
were selected for Western blotting. For the five proteins whose Western blotting showed
clear results, the mass spectrometry-based quantification results were all confirmed by
Western blotting (Figure 4). Two other proteins produced either high background or no
signal in Western blotting (data not shown), likely due to the technical issues of the
antibodies used. Additional sets of WT and G93A mice were used for immunohistochemical
studies to confirm the increased lipid rafts association of annexin II in 90-day and 125-day
old mice (Figure 5). The validation of protein changes in separate animals using both
Western blotting and immunohistochemcial technique further supported the quantitative
proteomic data.

We identified changes in neuronal as well as glial specific proteins (Table 1), supporting the
involvement of motor neurons as well as different glial cells in the ALS pathology. The
results are consistent with recent studies showing that various cell types including astrocytes
and microglia can affect the survival of spinal motor neurons in ALS [9–11]. Although the
G93A mice used in this study were symptomatic and some loss of neurons had occurred, we
could identify neuronal proteins that showed decreased, unchanged and increased
association with lipid rafts (Table 1). For instance, the increased plasma membrane
localization of Annexin II was demonstrated in motor neurons in the 90 and 125 days G93A
mice (Figure 5). For 6 altered lipid rafts proteins involved in microglia and
neuroinflammation, 5 of them showed higher levels in the G93A lipid rafts, supporting that
microglia activation plays a role in the ALS etiology [10]. In contrast, 3 out of 4 proteins
involved in the astrocyte and oligodendrocyte functions actually showed decreased
abundance in the G93A lipid rafts. Thus, the lipid rafts protein changes identified in this
study are likely to reflect protein changes in multiple cell types involved in the disease,
rather than simply the loss of neurons.

Changes in proteins involved in cellular stress response and apoptosis are expected in ALS.
We detected an increase in the lipid raft association of HSP27, MTCH2 and carbonyl
reductase. HSP27 up-regulation was reported in different ALS mouse models before [36]
and HSP27 over-expression in transgenic mice may provide protective benefits to the ALS
mice [37]. MTCH2 (mitochondrial carrier homolog 2) was reported to interact with pro-
apoptotic protein BID to initiate apoptosis in response to TNF-α and Fas death receptor
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activation [38]. Carbonyl reductase clears harmful products formed by lipid peroxidation
and has been suggested to be neuroprotective [39]. In addition, decreased levels of an
antioxidant protein peroxiredoxin-5 detected in this study are consistent with previous
studies implicating the peroxiredoxin family proteins in ALS [40] and Parkinson's disease
[41].

Approximately 20% (13 out of 67) of the altered proteins in G93A lipid rafts are involved in
vesicular trafficking, neurotransmitter synthesis and release (Figure 3). The alterations of
these proteins and their functionality in vesicular and neurotransmitter trafficking and
release are illustrated in Figure 6A. Most proteins in this category (10 out of 13) showed
reduced levels in lipid rafts of G93A mouse spinal cords. Alterations observed in this
functional group include reduction of several Ras superfamily GTPases involved in
trafficking of vesicles to plasma membrane (Arf-1) [42], and vesicle storage, docking and
release at synapse (Ral-A, Rab3A) [42,43]. Reduction of SNARE proteins VAMP-1 and
SNAP-25 [44], involved in vesicle fusion and neurotransmitter release was also observed.

Among the 13 proteins in the category of vesicular trafficking, several proteins involved in
endocytosis and membrane recycling (clathrin light chain A, CLCA and secretory carrier
associated membrane protein 1, SCAM1) showed increased levels in G93A (Figure 6A).
Increased endocytosis could contribute to the activation of the macroautophagy-lysosome
pathway, which is a major pathway responsible for degrading protein aggregates. Two
proteins involved in protein degradation pathways were also found to show changes between
WT and G93A samples in this study: LAMP1 (lysosome-associated membrane glycoprotein
1) abundance was increased in G93A whereas UBE2N (ubiquitin-conjugating enzyme E2N)
level was decreased in G93A. The polyubiquitin-proteasome and macroautophagy-lysosome
pathways are two major mechanisms for protein degradation. When proteasome function is
compromised, the macroautophagy-lysosome pathway can be activated as an alternative
[45]. A lower level of UBE2N in G93A could potentially contribute to the impairment of the
polyubiquitin-proteasome system. A higher level of LAMP1 (a well recognized lysosome
marker) in G93A would be reasonably expected, suggesting the induction of the
macroautophagy-lysosome pathway. In fact, proteasome impairment [46, 47] and
autuphagosome accumulation [48, 49] have been reported in ALS. The increased level of
LAMP1 found in this study provides new insights into the activation of lysosomes
downstream of autuphagosomes.

Another major functional group of the altered proteins (10 out of 67, 15%) are involved in
cytoskeletal regulation and linkage of the cytoskeleton to lipid rafts (Figure 3). Figure 6B
illustrates how these proteins are changed in G93A mice as determined in this study and
how they may interact with other relevant proteins to regulate the cytoskeleton. For instance,
we observed increased levels of annexin II, ezrin and flotillin-1 in the G93A mice, all of
which are known actin-lipid raft adaptors [50,51]. Increased association of annexin II with
G93A lipid rafts was confirmed by Western blotting (Figure 4) and immunoflourescent
microscopic analysis (Figure 5). Annexin II has previously been reported to be up-regulated
in motor cortex of sporadic ALS and frontotemporal lobar degeneration patients [52,53].
Altered levels of a subunit of the ARP 2/3 actin branching regulator [54] and a CDC42
homolog (a known Ras GTPaase controlling actin polymerization) [55] were identified in
G93A lipid rafts. Taken together these changes suggest that the actin cytoskeleton is
undergoing increased remodeling in spinal cords of G93A mice. This remodeling could take
place either in neurons as an indication of neurodegeneration or attempts at
neuroregeneration, or in various glial populations.

A large number of metabolic enzymes were altered in the G93A lipid rafts (12 proteins,
18%, Figure 3) and their functional relevance rather suggested the involvement of astrocytes
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in ALS. Aspartate aminotransferase, which is involved in oxidizing glutamate to 2-oxo-
glutarate [56], showed decreased levels in the G93A lipid rafts. It has been reported that
excitotoxicity induced by excess amount of glutamate can contribute to motor neuron
degeneration in ALS [4–6]. Decreased levels of aspartate aminotransferase can potentially
contribute to excess glutamate and excitotoxicity in ALS. In addition, this study showed
altered levels of enzymes involved in metabolism of monocarboxylates such as lactate and
ketone bodies. Monocarboxylates, especially lactate, are produced and exported by
astrocytes and subsequently taken up by neurons as an alternative fuel source to glucose
[57]. We observed a decreased level of L-lactate dehydrogenase, an enzyme converting
pyruvate to lactate, in the G93A lipid rafts. The data suggest that altered or defective
metabolic support by astrocytes could play a role in ALS neuronal degeneration.

In conclusion, we have carried out a proteomic analysis to profile alterations of lipid raft
associated proteins in the spinal cord of the G93A SOD1 transgenic mouse model of ALS.
Alterations of a consortium of 67 lipid raft associated proteins in the G93A mouse sample
were detected, some of which were independently validated. The altered proteins are
involved in multiple functions such as vesicular transport, neurotransmitter synthesis and
release; cytoskeleton organization and linkage to plasma membrane; metabolism; microglia
activation and inflammation. Many of the protein changes are consistent with the disease
etiology hypotheses in the field. The comprehensive study of lipid rafts proteins in the
transgenic mouse models support that multiple types of cells in the spinal cord participate in
the disease pathogenesis and progression, suggesting that multiple pathways are affected in
ALS and contribute to motor neuron degeneration.

Materials and Methods
Materials

Acrylamide (40%) was purchased from Bio-Rad (Hercules, CA). Trypsin (modified,
sequence grade, lypholized) was from Promega (Madison, WI). Ammonium bicarbonate
(AMBIC), dithiothreitol(DTT), iodoacetamide (IAA), formic acid and maltopentaose were
form Sigma-Aldrich (St. Louis, MO). Acetonitrile and HPLC water were obtained from
Fisher Scientific (Hampton, NJ). Antibodies used were: cofilin (#3312) from Cell Signaling,
flotillin-1 (#610820) and annexin II (#610068) from BD Bioscience, MnSOD (06-984) from
Upstate, annexin II (sc-9061), TIM (sc-22031), Neurofilament M (sc-51683), SNAP-25
(sc-20038), GFAP (sc-33673) and SOD1 (sc-11407) from Santa Cruz.

Animals
Transgenic mice strains over-expressing human WT or G93A mutant SOD1 [19] were
maintained as hemizygotes at the University of Kentucky animal facility. Transgenic
positives were identified using PCR as previously published [19,58]. G93A SOD1
transgenic mice and the age-matched WT SOD1 transgenic mice were sacrificed and
perfused with PBS before spinal cords were dissected. All animal procedures were approved
by the University IACUC committee.

Isolation of lipid raft protein from spinal cord extracts
Spinal cords were lysed by douncing in buffer A (0.25 M sucrose, 20 mM Tricine and 1 mM
EDTA, pH 7.8) and centrifuged at 4°C for 10 min at 1000 × g. The supernatant, called the
post-nuclear supernatant (PNS) was collected, added onto 30 % percoll and centrifuged at
61,884 × g for 30 min at 4°C. After centrifugation three fractions were collected: the
cytoplasm (CYTO), intracellular membranes (IM) and plasma membranes (PM). The PM
fraction was sonicated and lipid rafts (LR) were isolated from the plasma membrane fraction
by a detergent-free method utilizing the unique buoyant density of lipid rafts in OptiPrep
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gradient as previously described [20]. The detergent free method is routinely used in the
laboratory as the methods based on insolubility of lipid rafts in cold solutions containing
Triton X-100 have been reported to be extensively contaminated by intracellular organelles
and non-lipid rafts components [21,22]. Similar detergent-free gradient centrifugation
methods have also been used in other lipid rafts proteomics studies [59–61]. After protein
concentration determination by the Bradford assay (Biorad), CYTO, PM and LR fractions
were TCA precipitated and proteins were re-dissolved in 2 × SDS running buffer. The purity
of the lipid raft fractions were examined by Western blotting, probing for the neuronal lipid
raft marker protein flotillin-1, the cytosolic protein triosephosphate isomerase (TIM), the
mitochondria protein MnSOD, and SOD1.

Preparation of protein digests
Approximately 80 to 100 μg lipid rafts proteins were obtained from each mouse spinal cord.
Equal amount of lipid raft proteins (32 μg) from G93A and WT control mice were loaded to
SDS-PAGE followed by Sypro Ruby staining. Individual WT and G93A lanes were sliced
into 12 pieces and each piece then underwent dithiothreitol (DTT) reduction, iodoacetamide
(IAA) alkylation, and in-gel trypsin digestion using a standard protocol as previously
reported [18]. The resulting tryptic peptides were extracted, concentrated to 20μl each using
a SpeedVac, and subjected to nano-LC-MS/MS analysis.

Mass spectrometry and proteomics
LC-MS/MS data were acquired on a QSTAR XL quadrupole time-of-flight mass
spectrometer (ABI/MDS Sciex) coupled with a nano-flow HPLC system (Eksigent) through
a nano-electrospray ionization source (Protana). Desired volume of sample solution
(typically 5 μl out of the 20 μl extracted tryptic peptides from each gel band) was injected by
an autosampler, desalted on a trap column (LC Packings 300 μm i.d. × 5 mm), and
subsequently separated by reverse phase C18 column (Vydac 75 μm i.d. × 150 mm) at a
flow rate of 200 nL/min. The HPLC gradient was linear from 5% to 80% mobile phase B in
70 min using mobile phase A (H2O, 0.1% formic acid) and mobile B (80% acetonitrile,
0.1% formic acid). Peptides eluted out of the reverse phase column were analyzed online by
mass spectrometry (MS) and selected peptides were subjected to tandem mass spectrometry
(MS/MS) sequencing. The automated data acquisition using information-dependent mode
was performed on QSTAR XL under control by Analyst QS software. Each cycle typically
consisted of one 1-sec MS survey scan from 350 to 1600 (m/z) and two 2-sec MS/MS scans
with mass range of 100 to 1600 (m/z).

The LC-MS/MS data were submitted to a local MASCOT server for MS/MS protein
identification search. Mascot Daemon mode was used to combine the MS/MS data from 12
gel bands of G93A-SOD1 and WT-SOD1 samples to perform a single merged search. The
typical parameters were: Mus, Sprot database (51.0), maximum of two trypsin missed
cleavages, cysteine carbamidomethylation, methionine oxidation, a maximum of 100 ppm
MS error tolerance, and a 0.5 Da MS/MS error tolerance. All peptides were required to have
an ion score greater than 30 (P < 0.05). Protein identification is considered positive if two
unique peptides were matched. For protein identified based on single peptide match, the
same protein was identified in two independent LC-MS/MS analysis of lipid rafts isolated
from two or more mice in order to consider the protein a positive identification. All LC-MS/
MS data were also submitted to decoy MASCOT search against a randomized Sprot decoy
database [27], and the false discovery rate (FDR) in each LC-MS/MS experiment was
determined.

The quantitative analysis was done by using a label-free quantitative approach that is similar
to other published label-free quantification protocols [62–64]. A minor modification of the
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protocol is to include an internal control to provide additional assurance for accuracy.
Briefly, a monosaccharide (maltopentaose, C30H52O26, monoisotopic m/z 829.27) that does
not bind to the stationary phase of the reverse phase C18 column was added to mobile
phases A and B at equal concentration as an internal standard. Since the monosaccharide did
not bind to the C18 column due to its high hydrophilicity and its concentration in mobile
phases A and B was equal, the concentration of the internal standard remained constant
throughout the HPLC gradient. Since the concentration of the internal standard remained
constant in all LC-MS experiments, it serves as a common denominator to calculate the ratio
of a peptide in different samples. The internal standard also serves as a real-time reference
for normalizing peptide peak intensities during LC-MS analysis, thus eliminating potential
experimental variation among different LC-MS experiments. All peptide intensities were
normalized with the intensity of the internal standard in the same MS scan; then compared to
the normalized intensity of the same peptide in another sample to calculate the ratio of the
peptides between two samples. The monosaccharide was observed to have no effect on
elution time of peptides.

Western blotting
Lipid rafts isolated from the spinal cords of three separate pairs of WT and G93A SOD1
transgenic mice were used for Western blotting analysis. Twenty-five μg of lipid rafts
protein were subjected to SDS-PAGE and transferred onto nitrocellulose membranes, 35 V,
over night at 4°C in 25 mM Tris-HCl, 192 mM Glycine, 20% (v/v) methanol. Membranes
were blocked in 5% milk or 5% BSA in TBST (100 mM Tris-buffered saline, pH 7.4, 0.1%
Tween-20) for 1h hour at room temperature, followed by incubation with the indicated
primary antibodies in TBST for 5 hours at room temperature. After 3 washes with TBST
membranes were incubated with the indicated secondary antibodies for 1 hour at room
temperature. Again, membranes were washed 3 times with TBST and the protein of interest
was visualized using Super West Pico Enhanced Chemiluminescent Substrate (ECL) or
Supersignal West Dura extended duration substrate (ECL) kit (Pierce, Rockford, IL).
Western blotting results were quantified by scanning the images and analyzing with the
ImageJ program.

Immunohistochemistry
For immunofluorescent stainings lumbar spinal cords from 90 and 125 day old mice were
dissected, post-fixed over night in 4% paraformaldehyde (PFA) in 0.1 M PBS, dehydrated
and embedded in Paraplast X-tra (Tyco Healthcare). Sections (6 μm) were deparaffinized,
rehydrated and boiled in 0.01 M citrate buffer (pH 6.0) at a high power setting for 15 min to
retrieve antigens. Sections were then blocked in 10% heat-inactivated fetal bovine serum
(FBS) in 0.1 M PBS with 0.1% Triton X-100 (PBST) for 30 min before incubated with
primary antibodies (rabbit anti-annexin II and mouse anti-neurofilament M) diluted in 2%
FBS-PBST over night at room temperature. Following primary antibody incubation sections
were washed with PBST and incubated with 4', 6-diamidino-2-phenylindole dihydrochoride
(DAPI, Sigma) at 1:7500 and Alexa Fluor 488 anti-mouse (Molecular Probes) at 1:350 in
10% FBS-PBST at RT for 1h. Sections were then washed with PBST, incubated with Alexa
Fluor 594 anti-rabbit (Molecular Probes), washed and then mounted using vectashield-
mounting medium. Fluorescence microscopy was carried out using a Leica DM IRBE laser
scanning confocal microscope with a 100 x objective.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Evaluation of the isolation of lipid raft proteins
Lipid raft proteins were isolated from spinal cords of symptomatic G93A SOD1 transgenic
mice and age-matched control WT SOD1 transgenic mice. The lipid raft (LR), cytoplasm
(CYTO) and plasma membranes (PM) fractions (25 μg proteins from each fraction) were
analyzed by Western blotting using antibodies against flotillin-1, TIM, MnSOD and SOD1.
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Figure 2. SDS-PAGE and mass spectrometry analysis of the lipid rafts samples
(A). SyproRuby staining of the SDS-PAGE of the lipid raft samples from both WT and
G93A transgenic mouse spinal cords. (B). MS of all peptides eluted at 26.5 min during the
LC-MS/MS analysis of tryptic peptides from band #6 of the G93A lipid rafts.(C). Tandem
MS/MS of the peptide with m/z 589.31 from (B). The complete series of y ions were
detected from the collision induced dissociation of the peptide, thus yielding unambiguous
identification of the peptide sequence as noted.
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Figure 3. Functional characterization of proteins with altered lipid raft association in G93A
transgenic mouse spinal cord
(A). Functional classification of all 67 proteins with altered lipid raft association in the
G93A SOD1 transgenic mouse. The percentage of each functional category of the altered
proteins is indicated. (B). Functional classification of the 25 proteins with increased lipid
raft association in the G93A mouse. (C). Functional classification of the 42 proteins
showing decreased lipid raft association in the G93A mouse.
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Figure 4. Validation of quantitative proteomic results
Selected proteins from the increased, decreased and unchanged categories as determined by
the proteomic analysis were evaluated by Western blotting. (A) Increased levels of
Flotillin-1, annexin II and GFAP in the lipid rafts fractions isolated from the G93A mice.
(B) Decreased level of SNAP-25 in the G93A mouse lipid rafts. (C) Unchanged level of
cofilin in the G93A mouse lipid rafts. Lipid rafts samples isolated from three pairs of WT
and G93A transgenic mice were analyzed by Western blotting and representative images are
shown. Twenty-five micrograms of lipid raft proteins were loaded in each lane for analysis.

Zhai et al. Page 18

FEBS J. Author manuscript; available in PMC 2009 September 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Increased plasma membrane staining of annexin II in G93A motor neurons
Immunofluorescent staining of annexin II and the neuronal marker NF-M (neurofilament M)
in spinal cord motor neurons in 90 and 125 day old G93A SOD1 transgenic mice. Strong
annexin II membrane staining was observed in a subset of motor neurons in G93A mice.
Four pairs of WT and G93A transgenic mice (2 pairs of 90 and 125 days old, respectively)
were analyzed in the immunohistochemical experiments and representative images are
shown. Scale bars are 10 μm.
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Figure 6. Schematic illustration of pathways with multiple altered lipid raft proteins in the G93A
transgenic mouse
(A) Proteins involved in axonal transport, vesicular trafficking, neurotransmitter release,
endocytosis and exocytosis are mostly decreased in the spinal cord lipid rafts of the G93A
mouse. (B) Proteins with altered levels involved in cytoskeletal organization and linkage of
cytoskeleton to the plasma membrane. Arrows beside the proteins indicate increased or
decreased levels in the G93A mouse lipid rafts.
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Table 1

Quantitative Analysis of Proteins Changes between the Lipid Rafts Isolated from WT and G93A Mouse
Spinal Cords

Accession Number Protein name Function Category

Proteins uniquely identified in the lipid rafts isolated from G93A mouse spinal cord

ARPC3_MOUSE Actin-related protein 2/3 complex subunit 3 Cytoskeletal regulation

ANXA3_MOUSE Annexin A3, Annexin III Microglia/inflammation

CAPS1_MOUSE Calcium-dependent secretion activator 1 Vesicular trafficking, neurotransmitter synthesis
and release

CLCA_MOUSE Clathrin light chain A Vesicular trafficking, neurotransmitter synthesis
and release

DHRS1_MOUSE Dehydrogenase/reductase SDR family member 1 Other or unknown/uncharacterized

DEST_MOUSE Destrin (Actin-depolymerizing factor) (ADF) Cytoskeletal regulation

EFHD2_MOUSE EF-hand domain containing protein 2, Swiprosin-1 Microglia/inflammation

EZR1_MOUSE Ezrin (p81) (Cytovillin) (Villin-2) Cytoskeletal regulation

HSPB1_MOUSE Heat shock 27 kDa protein (HSP 27) Cellular stress/apoptosis

ITAM_MOUSE Integrin alpha-M precursor Microglia/inflammation

LAMP1_MOUSE Lysosome-associated membrane glycoprotein 1 precursor
(LAMP-1)

Protein degradation

MTCH2_MOUSE Mitochondrial carrier homolog 2 Cellular stress/apoptosis

NCKP1_MOUSE Nck-associated protein 1 (NAP 1) (Membrane-associated
protein HEM-2)

Cytoskeletal regulation

S10A1_MOUSE Protein S100-A1 (S100 calcium-binding protein A1) Cytoskeletal regulation

RRAS_MOUSE Ras-related protein R-Ras Microglia/inflammation

SCAM1_MOUSE Secretory carrier-associated membrane protein 1 Vesicular trafficking, neurotransmitter synthesis
and release

UCR10_MOUSE Ubiquinol-cytochrome c reductase complex 7.2 kDa protein Metabolism

Proteins uniquely identified in the lipid rafts isolated from WT mouse spinal cord

THIL_MOUSE Acetyl-CoA acetyltransferase, mitochondria precursor Metabolism

SYUA_MOUSE Alpha-synuclein Vesicular trafficking, neurotransmitter synthesis
and release

OST48_MOUSE Dolichyl-diphosphooligosaccharide-protein glycosyltransferase
48 kDa subunit

Other or unknown/uncharacterized

NEGR1_MOUSE Neuronal growth regulator 1 precursor (Kilon) Neurite outgrowth

SPRE_MOUSE Sepeiapterin reductase Vesicular trafficking, neurotransmitter synthesis
and release

DHSA_MOUSE Succinate dehydrogenase [ubiquinone] flavoprotein subunit,
mitochondrial precursor

Metabolism

PP2AA_MOUSE Serine/threonine-protein phosphatase 2A catalytic subunit Cell signaling

SPN90_MOUSE SH3 adapter protein SPIN90 (NCK-interacting protein with SH3
domain)

Cytoskeletal regulation

SUSD2_MOUSE Sushi domain-containing protein 2 precursor Other or unknown/uncharacterized
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Accession Number Protein name WT/G93A
Ratio(Mean ±

S.D.)

Function Category

Proteins with higher abundance in the lipid rafts isolated from G93A mouse spinal cord

AFG32_MOUSE AFG3-like protein 2 0.63 ± 0.11 ** Other or unknown/uncharacterized

ANXA2_MOUSE Annexin A2, Annexin II 0.52 ± 0.09 ** Cytoskeletal regulation

ANXA5_MOUSE Annexin A5 (Annexin V) 0.37 ± 0.10 ** Microglia/inflammation

BASI_MOUSE Basigin precursor (Membrane glycoprotein
gp42)

0.69 ± 0.10 ** Neuronal ion channel/pumps and
neurotransmitter receptors

FLOT1_MOUSE Flotillin-1 0.54 ± 0.08 ** Cytoskeletal regulation

GFAP_MOUSE Glial fibrillary acidic protein (GFAP) 0.48 ± 0.12 ** Astrocyte/oligodendrocyte function

NCB5R_MOUSE NADH-cytochrome b5 reductase 0.57 ± 0.16 * Metabolism

SATT_MOUSE Neutral amino acid transporter A (SATT) 0.63 ± 0.10 ** Metabolism

Proteins with lower abundance in the lipid rafts isolated from G93A mouse spinal cord

1433G_MOUSE 14-3-3 gamma 2.56 ± 0.54 ** Cell signalling

1433T_MOUSE 14-3-3 theta 2.45 ± 0.65 * Cell signalling

1433Z_MOUSE 14-3-3 zeta/delta 2.08 ± 0.41 * Cell signalling

ADT1_MOUSE ADP/ATP translocase 1 (ANT 1) 2.06 ± 0.31 ** Cellular stress/apoptosis, Mitochondria

ARF1_MOUSE ADP-ribosylation factor 1 1.39 ± 0.08 ** Vesicular trafficking, neurotransmitter
synthesis and release

AATC_MOUSE Aspartate aminotransferase, cytoplasmic 1.87 ± 0.45 * Metabolism

AATM_MOUSE Aspartate aminotransferase, mitochondrial
precursor

2.10 ± 0.52 * Metabolism

CHP1_MOUSE Calcium-binding protein p22, calcium binding
protein CHP

2.01 ± 0.32 ** Vesicular trafficking, neurotransmitter
synthesis and release

CD81_MOUSE CD81 antigen, 26 kDa cell surface protein
TAPA-1

1.91 ± 0.34 * Astrocyte/oligodendrocyte function

CDC42_MOUSE Cell division control protein 42 homolog
precursor

2.31 ± 0.31 ** Cytoskeletal regulation

CAH2_MOUSE Carbonic anhydrase 2 1.91 ± 0.35 * Metabolism

DHPR_MOUSE Dihydropteridine reductase (HDHPR) 1.72 ± 0.24 ** Vesicular trafficking, neurotransmitter
synthesis and release

ALDOC_MOUSE Fructose-biphosphate aldolase C (aldolase 3) 1.88 ± 0.46 ** Metabolism

LDHB_MOUSE L-lactate dehydrogenase B chain (LDH-B) 1.52 ± 0.32 * Metabolism

MDHM_MOUSE Malate dehydrogenase, mitochondria precursor 1.67 ± 0.29 * Metabolism

MBP_MOUSE Myelin basic protein (MBP) 1.90 ± 0.27 ** Astrocyte/oligodendrocyte function

MYP0_MOUSE Myelin P0 protein precursor, Myelin peripheral
protein (MPP)

2.17 ± 0.25 ** Astrocyte/oligodendrocyte function

SIRT2_MOUSE NAD-dependent deacetylase sirtuin-2 1.94 ± 0.23 ** Cellular stress/apoptosis

NFL_MOUSE Neurofilament triplet L protein, neurofilament
light chain (NF-L)

1.80 ± 0.17 ** Cytoskeletal regulation

NPTN_MOUSE Neuroplastin precursor, stromal cell-derived
receptor 1 (SDR-1)

2.44 ± 0.51 ** Neurite outgrowth

PRDX5_MOUSE Peroxidoxin-5, mitochondria precursor 1.56 ± 0.07 ** Cellular stress/apoptosis
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Accession Number Protein name WT/G93A
Ratio(Mean ±

S.D.)

Function Category

MPCP_MOUSE Phosphate carrier protein, mitochondria
precursor

1.98 ± 0.26 ** Other or unknown/uncharacterized

PGAM1_MOUSE Phosphoglycerate mutase 1 2.60 ± 0.39 ** Metabolism

PA1B2_MOUSE Platelet-activated factor acetylhydrolase IB
subunit Beta

2.32 ± 0.36 ** Microglia/inflammation

RAB3A_MOUSE Ras-related protein Rab-3A 1.61 ± 0.25 * Vesicular trafficking, neurotransmitter
synthesis and release

RALA_MOUSE Ras-related protein Ral-A 1.82 ± 0.24 ** Vesicular trafficking, neurotransmitter
synthesis and release

RTN1_MOUSE Reticulon-1 1.59 ± 0.21 ** Vesicular trafficking, neurotransmitter
synthesis and release

AT1A1_MOUSE Sodium/potassium-transporting ATPase alpha-1
chain precursor

1.48 ± 0.18 * Neuronal ion channel/pumps and
neurotransmitter receptors

AT1A3_MOUSE Sodium/potassium-transporting ATPase alpha-3
chain

1.52 ± 0.07 ** Neuronal ion channel/pumps and
neurotransmitter receptors

SNP25_MOUSE Synaptosomal-associated protein 25 (SNAP-25) 2.09 ± 0.25 ** Vesicular trafficking, neurotransmitter
synthesis and release

THY1_MOUSE Thy-1 membrane glycoprotein precursor, Thy-1
antigen, CD90 antigen

2.28 ± 0.30 ** Neurite outgrowth

UBE2N_MOUSE Ubiquitin-conjugating enzyme E2N 1.95 ± 0.19 ** Protein degradation

VAMP1_MOUSE Vesicle-associated membrane protein 1
(VAMP-1), synaptobrevin-1

2.36 ± 0.43 ** Vesicular trafficking, neurotransmitter
synthesis and release

P-values were calculated using t-Test.

*
p < 0.05

**
p < 0.01.
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