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Abstract
Previous findings from our laboratory and others indicate that two-dimensional gel electrophoresis
(2-DE) can be used to study protein expression in defined brain regions, but mainly the proteins
which are present in high abundance in glia are readily detected. The current study was undertaken
to determine the protein profile in a synaptosomal subcellular fraction isolated from the cerebral
cortex of the rat. Both 2-DE and liquid chromatography – tandem mass spectrometry (LC-MS/MS)
procedures were used to isolate and identify proteins in the synaptosomal fraction and accordingly
>900 proteins were detected using 2-DE; the 167 most intense gel spots were isolated and identified
with matrix-assisted laser desorption/ionization – time of flight peptide mass fingerprinting or LC-
MS/MS. In addition, over 200 proteins were separated and identified with the LC-MS/MS “shotgun
proteomics” technique, some in post-translationally modified form. The following classes of proteins
associated with synaptic function were detected: (a) proteins involved in synaptic vesicle trafficking-
docking (e.g., SNAP-25, synapsin I and II, synaptotagmin I, II, and V, VAMP-2, syntaxin 1A and
1B, etc.); (b) proteins that function as transporters or receptors (e.g., excitatory amino acid
transporters 1 and 2, GABA transporter 1); (c) proteins that are associated with the synaptic plasma
membrane (e.g., post-synaptic density-95/synapse-associated protein-90 complex, neuromodulin
(GAP-43), voltage-dependent anion-selective channel protein (VDACs), sodium-potassium ATPase
subunits, alpha 2 spectrin, septin 7, etc.); and (d) proteins that mediate intracellular signaling cascades
that modulate synaptic function (e.g., calmodulin, calcium-calmodulin-dependent protein kinase
subunits, etc.). Other identified proteins are associated with mitochondrial or general cytosolic
function. Of the two proteins identified as endoplasmic reticular, both interact with the synaptic
SNARE complex to regulate vesicle trafficking. Taken together, these results suggest that the
integrity of the synaptosomes was maintained during the isolation procedure and that this subcellular
fractionation technique enables the enrichment of proteins associated with synaptic function. The
results also suggest that this experimental approach can be used to study the differential expression
of multiple proteins involved in alterations of synaptic function.
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1 Introduction
The advent of genomics, which includes the mapping of gene sequences and the development
of functional genomics, has contributed insights to many physiological and pathophysiological
conditions. Despite these contributions, however, genomics is limited in its ability to address
such important issues as levels of protein expression. In this regard, the proteome is dictated
by more factors than simply the level of mRNA, e.g., post-transcriptional events such as
alternative splicing and PTMs of proteins. These deficiencies in genomics have led to an
increased interest in proteomics, the analysis of the profile of proteins expressed and/or
modified by an organism, tissue, cell type, or sub-cellular compartment. Recently, evolving
technical advances have yielded the capability to perform such complex analyses.

One discipline in which proteomics promises to have significant impact is neuroscience. Many
neurodegenerative diseases, such as Alzheimer’s, are thought to be due to altered functional
levels of structural or metabolic proteins. Other conditions, such as addiction and mood
disorders, are likely to be secondary to altered expression of proteins, which are involved in
neurotransmission or neuroplasticity. Reference proteome databases have been constructed for
whole rat brain [1], whole mouse brain [2], mouse cerebellum [3], human parietal cortex [4],
and human hippocampus [5]. Our laboratories have recently demonstrated that the expressed
proteome can vary in various brain regions based on genetic selection for alcohol preference,
and, within these genetic lines, by functional nuclei [6]. Interesting as these documented
changes in whole brain tissue are, we are aware that 90–95% of the cells in such tissue are not
neurons but glia, which provide support or insulation for neurons [7], and that the majority of
these glia are astrocytes [8]. It is likely, therefore, that many of the proteins previously identified
by us and by others in whole brain tissue preparations are of glial, not neuronal origin.

We wished to improve our ability to resolve the proteome of neurons and in doing so turned
to a well-established procedure for isolating the sub-cellular fraction containing the inter-
cellular communication junction between nerves, the synapse [9,10]. Preparations of these
“synaptosome” fractions should be greatly enriched in proteins involved in synaptic
transmission and reception, the genetic or pathologic alterations of which may underlie many
neurologic and psychiatric disorders. There is precedence behind the assumption that sub-
cellular fractionation can improve resolution of brain proteins. In rat brain, fractionation of
whole tissue into cytosolic, mitochondrial, and microsomal fractions before 2-DE separation
and MS identification has led to the identification of hundreds of additional proteins that were
not identified in a high-speed supernatant of total rat forebrain [11]. Comprehensive studies
on the synaptic proteome, however, have been scarce. This is due in part to the fact that many
synaptic proteins, such as receptor, transporter, and channel proteins, are hydrophobic and
membrane-bound, characteristics that can lead to poor protein resolution by 2-DE. Some
studies have used limited versions of various proteomics approaches such as SDS-PAGE
combined with MALDI-TOF MS [12], where 31 individual proteins were identified from
resolved bands from post-synaptic densities of whole rat brain. Efforts have also been made
to identify proteins from membrane-enriched fractions from pig cerebellum [13], and squid
optic lobe synaptosomes [14]. Most recently, using LC/ESI-IT/MS, over a hundred proteins
were identified from the tryptic digests of rat forebrain synaptic plasma membranes [15].

As suggested in the prior paragraph, the methods chosen for the analysis of synaptosomal
preparations are of critical importance. Because our goals included both reliable quantitation
of relative protein levels under different experimental conditions, and detection of PTM of
detected proteins, we chose to analyze our synaptosome samples with several techniques. One
of the most effective tools for differential protein expression analysis is 2-DE [16,17]. When
combined with MALDI-TOF MS, the electrophoretically separated proteins can be identified
and characterized [18]. In-line HPLC separation followed by IT MS/MS, so-called “shotgun
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proteomics”, can also be used to detect individual proteins in the expressed proteome and is a
valuable tool in detecting PTMs in detected proteins. Glycoproteins exhibit both functional
and structural importance in the synapse [19] and can be concentrated using lectin affinity
columns prior to analysis with tandem MS.

In summary, the current study was undertaken to focus on the more behaviorally and
functionally relevant neuronal elements by determining the protein profile of synaptosomes
isolated from the cerebral cortex of the rat. Techniques used to resolve the expressed proteome
of synaptosomes included 2-DE and LC-MS/MS procedures, the latter with and without prior
application of a lectin affinity column that binds glycoproteins. Proteins resolved by 2-DE were
subsequently identified by MALDI-TOF and LC-MS/MS.

2 Materials and methods
2.1 Materials

Acrylamide for slab gels and IPG strips were purchased from Bio-Rad (Richmond, CA, USA).
Other ultrapure electrophoretic reagents were obtained from Bio-Rad, Sigma (St. Louis, MO,
USA), or BDH (Poole, UK). Sequence grade trypsin was obtained from Promega (Madison,
WI, USA). Ammonium bicarbonate was purchased from Mallinckrodt (Paris, KY, USA).
Proteomics grade trypsin, formic acid, iodoethanol, and triethylphosphine were obtained from
Sigma-Aldrich (St. Louis, MO, USA). ACN and hydrochloric acid solution N/10 were obtained
from Fisher Scientific (Fair Lawn, NJ, USA). Con A Sepharose was obtained from Amersham
Biosciences (Piscataway, NJ, USA). All other chemicals used were of the highest grade
obtainable.

2.2 Animals
Adult male Wistar rats (n = 3, for 2-DE and LC-MS/MS studies) were used in this study, and
were singly housed in standard animal colony rooms under normal 12 h light cycle conditions
(lights on at 700 h). Rats were sacrificed by decapitation, the brain rapidly removed, and placed
on a chilled glass plate on ice. All subsequent procedures involved in the tissue preparation
were performed at 4°C. Animals used in this study were maintained in facilities accredited by
the Association for the Assessment and Accreditation of Laboratory Animal Care, and all
experimental procedures were approved by the Institutional Animal Care and Use Committee
and were in accordance with the guidelines of the Institutional Animal Care and Use Committee
of the National Institute on Drug Abuse, and the Guide for the Care and Use of Laboratory
Animals of the National Research Council, 1996.

2.3 Preparation of synaptosomes
The cerebral cortex (frontal) was dissected and the adhering white matter was removed.
Cortical samples were weighed and homogenized in 10 volumes of 0.32 M sucrose buffered to
pH 7.4 with 20 mM HEPES, and containing 1 mM EDTA, 5 mM dithioerythritol, 1 mM PmsF, 0.2
mM sodium vanadate, and 1 mM sodium fluoride [11]. Standard homogenization and
ultracentrifugation procedures were used to isolate synaptosomes [20,21]. Homogenization
was performed using a glass homogenizer and a teflon pestle. Homogenates were centrifuged
at 1000 × g for 10 min to obtain the crude nuclear pellet (P1) and the S1 supernatant. The S1
fraction was centrifuged at 17 000 × g for 15 min to obtain the crude mitochondrial fraction
(P2 pellet), which was used for the preparation of synaptosomal fractions. The P2 pellet was
resuspended in the same homogenizing buffer used for initial homogenization of the tissue,
and layered on top of a discontinuous sucrose density gradient consisting of 1.2 M sucrose and
0.8 M sucrose. The gradient was centrifuged at 54 000 × g for 90 min, and the synaptosomal
fraction was removed from the 0.8 M sucrose and 1.2 M sucrose interface. This fraction was
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slowly diluted with 10 volumes of ice-cold 0.32 M sucrose, centrifuged at 20 000 × g for 15
min, and the resulting synaptosomal pellet frozen at −80°C until used for protein extraction.

2.4 2-DE and image analysis
Frozen synaptosomes were solubilized in 500 μL of a solution containing 9 M urea, 4% Igepal
CA-630 ((octylphenoxy) polyethoxyethanol), 1% DTT, and 2% carrier ampholytes (pH 3–10).
Each sample was sonicated with a Fisher® Sonic Dismembranator using 3 × 2 s bursts at
instrument setting no. 3. Sonication was carried out every 15 min for 1 h at room temperature.
The protein concentration of each sample was determined using the RC DC Protein Assay kit
(Bio-Rad) according to the manufacturer’s protocol. After solubilization, the samples were
stored at −45°C. 2-DE was performed on synaptosomal protein samples as follows. Aliquots
(180 μL each) containing ~200 μg of protein from the solubilized synaptosomes were diluted
with 320 μL of rehydration buffer (8 M urea, 2% CHAPS, 15 mM DTT, 0.2% carrier ampholytes
pH 3–10, and 0.001% orange G). The resulting 500 μL protein dilutions were loaded onto IPG
strips (24 cm, linear pH 3–10) by overnight, passive rehydration at room temperature. Iso-
electric focusing was performed simultaneously on all IPG strips using the Protean IEF Cell
(Bio-Rad), by a program of progressively increasing voltage (150 V for 2 h, 300 V for 4 h,
1500 V for 1 h, 5000 V for 5 h, 7000 V for 6 h, and 10 000 V for 3 h) for a total of 100 000
Vh. A computer-controlled gradient casting system was used to prepare second dimension SDS
gradient slab gels (20 × 25 × 0.15 cm) in which the acrylamide concentration varied linearly
from 11 to 17%T. First dimension IPG strips were loaded directly onto the slab gels following
equilibration for 10 min in Equilibration Buffer I and 10 min in Equilibration Buffer II
(Equilibration Buffer I: 6 M urea, 2% SDS, 0.375 M Tris-HCl pH 8.8, 20% glycerol, 130 mM

DTT; Equilibration Buffer II: 6 M urea, 2% SDS, 0.375 M Tris-HCl pH 8.8, 20% glycerol, 135
mM iodoacetamide). Second dimension slab gels were run in parallel at 8°C for 18 h at 160 V.
Slab gels were stained using a colloidal CBB G-250 procedure [22]. Gels were fixed in 1.5 L
of 50% ethanol/2% phosphoric acid overnight followed by three 30 min washes in 2 L of
deionized water. Gels were transferred to 1.5 L of 30% methanol/17% ammonium sulfate/3%
phosphoric acid for 1 h followed by an addition of 1 g of powdered CBB G-250 stain. After
96 h, gels were washed several times with water and scanned at 95.3 μm per pixel resolution
using a GS-800 Calibrated Imaging Densitometer (Bio-Rad). The resulting 12-bit images were
analyzed using PDQuest™ software (Bio-Rad, v.7.1). Background was subtracted and peaks
for the protein spots located and counted. The most abundant spots (190) were selected for MS
identification.

2.5 In-gel tryptic digestion and PMF
Ninety-four protein spots with the highest intensity were cut from the gel by hand using a 1.5
mm gel cutting tool and placed in each of 94 wells of a 96-well plate, along with an grp78
standard and one gel blank, and processed using the Multiprobe II (Perkin-Elmer, Boston MA,
USA). The remaining 96 gel cutouts were placed in a second 96-well plate and processed for
LC-MS/MS analysis (see below). In this automated system, the 94 excised protein spots were
first destained with 50 mM ammonium bicarbonate-50% ACN followed by 100% ACN.
Reduction with 10 mM DTT and alkylation with 55 mM iodoacetamide was carried out prior to
overnight tryptic digestion using modified trypsin at 6 ng·μL−1. The grp78 (StressGen,
Victoria, BC Canada) calibrant and a gel blank were digested in the additional two wells using
identical conditions. The resulting peptides were extracted by the addition of 25 μL 0.2% formic
acid (aqueous) and 7 μL of ACN solution to the wells, and plates were shaken at 37°C for 1 h.
The resulting solution was placed in a separate 96-well plate and dried using a Speed-Vac. The
dehydrated peptides were then reconstituted in 5 μL of 0.2% formic acid and 1 μL of ACN
with continuous shaking of the plate for 5 min. Aliquots from peptide extracts (in 3 μL volumes)
were then placed onto a MALDI target plate, air dried, and the application repeated until all
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the extraction solution was used up. Just before the spots finished drying, 0.8 μL of matrix (2
mg·mL−1 CHCA in 50% ACN) was added to each peptide spot and allowed to dry completely.

Peptide masses were analyzed by MALDI-TOF MS using a Waters Micromass M@LDI
SYSTEM (Micromass, Milford, MA, USA). Prior to data collection, the instrument was
calibrated externally using a mixture of peptide standards, digested standard (grp78), and
experiment artifact peaks based on tryptic autolysis. Twenty-five to thirty-five peaks were used
in conjunction with a fifth-order curve to produce the external calibration plot. After data
collection, each spectrum was processed (background subtracted, smoothed, and centroid
determined), recalibrated (for MALDI plate topology using trypsin autolysis peaks 1045.56 or
2211.10 as internal calibrants), and the data exported to mass-only text files. Proteins were
identified by manual ProFound™ (Proteometrics LLC) database searches using the mass lists
obtained from exported MALDI spectra of the excised 94 spots. A Z-score of 1.30,
corresponding to the 90th percentile, was the threshold for what was considered a positive
identification.

2.6 In-gel tryptic digestion for LC-MS/MS analysis
The next 96 most abundant protein spots on the 2-D gel (95–190) were excised, placed in an
Eppendorf tube, cut into smaller (less than 1 mM in each dimension) pieces, and destained with
200 μL of 200 mM ammonium bicarbonate in 40% ACN at 37°C for 30 min. This destaining
step was repeated once and the gel pieces were completely dehydrated in a Vacufuge
concentrator (Eppendorf, Westburg, NY, USA) for 20 min followed by rehydration with 20
μL of 20 g·mL−1 trypsin solution (in 36 mM ammonium bicarbonate, 8% ACN). An aliquot of
50 μL of 40 mM ammonium bicarbonate in 9% ACN was added to each sample before the
digestion was carried out at 37°C for 18 h. The tryptic digests were extracted from the gel
pieces, dried in a Vacufuge concentrator, and rehydrated with 10 μL of 1% formic acid. The
extract solution was kept frozen until LC-MS/MS analysis.

2.7 In-solution tryptic digestion for LC-MS/MS analysis
Synaptosomal proteins were resuspended in water to produce 1 mg·mL−1 sample
concentrations. Forty-five microgram of total synaptosomal protein were mixed with 5 μL of
1 M ammonium bicarbonate (final concentration 50 mM). Reduction and alkylation were carried
out for 1 h at 37°C by adding an equal volume of a cocktail containing 2% iodoethanol, 0.5%
triethylphosphine, and 97.5% ACN [23]. The reaction mixture was evaporated to dryness in a
Vacufuge concentrator. The dried sample was digested in 20 μL of 10 mM, pH 7.85, ammonium
bicarbonate containing 1 μg of trypsin for 18 h at 37°C. The digested protein mixture was
subsequently subjected to LC-MS/MS analysis.

2.8 Isolation of glycoproteins for LC-MS/MS analysis
Frozen synaptosomes were diluted with 150 μL of the binding buffer consisting of 50 mM Tris,
500 mM NaCl, pH 6.5. The sample was loaded onto a Con A Sepharose column (1 mL bed
volume) and unbound proteins were eluted with 5 bed-volumes of binding buffer. The
glycoproteins, which were expected to bind to the Con A Sepharose column, were eluted with
5 bed-volumes of elution buffer that was identical to the binding buffer but contained 300
mM 1-O-methyl-β-D-glucopyranoside. The fraction enriched in glycoprotein was desalted
overnight using 1000 MW cut-off dialysis membrane. The dialyzed sample was concentrated
to dryness using a Vacufuge concentrator, and the dried sample was resuspended in 50 μL of
1 M ammonium bicarbonate and subjected to trypsin digestion as described above.
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2.9 LC-MS/MS and “shotgun” proteomic analysis
The nano-LC separations were performed using an LC Packings system (Dionex, Sunnyvale,
CA, USA) consisting of a Famos™ autosampler, Switchos™ switching valve and pump (used
for sample trapping and washing), and UltiMate gradient pump. Aliquots of the tryptic digests
(3 μL for solution digestion and 6 μL for in-gel digestion) were loaded onto a trapping column
(15 mm × 100 mm) in-house packed with 5 μm, 200 Å Magic C18AQ packing media. The
trapping column was then washed to remove any salts and unretainable materials prior to
elution and separation of the retained peptides on a pulled-tip capillary column (150 mm × 75
mm) in-house packed with the same packing materials used for the trapping column, but with
100 Å pore size. In-gel digested peptide samples were separated by a gradient in which solvent
B was increased linearly from 10 to 35% in 15 min at a flow rate of 250 nL·min−1. Solvent B
consisted of ACN with 0.1% formic acid, while solvent A consisted of 3% ACN and 97%
water with 0.1% formic acid. A much longer gradient was used for the separation of the tryptic
digests of the total proteome or isolated glycoproteins. In this case, a 3 h gradient was utilized
in which solvent B was first increased linearly from 6 to 20% in 120 min, followed by another
linear increase from 20 to 40% in 45 min, both at a flow rate of 250 nL·min−1. The ions were
directly sprayed from the separation column into an LCQ Deca XP ion-trap mass spectrometer
(Thermo-Finnigan, San Jose, CA, USA). The mass spectra of the separated peptide ions and
data-dependent tandem mass spectra of product ions from precursor ions were recorded. The
acquired MS/MS spectra were searched against protein sequences for Rattus in the Swiss-Prot
database using MASCOT for peptide recognition and consequent protein identification.

Except for glycosylation, PTM identification was based on the use of MASCOT with selecting
the identified PTMs as variable modifications. MS/MS data with an ion score of >35 were then
manually inspected to confirm the identified PTM. For glycosylation, the identification was
based on the LC-MS/MS analysis of the tryptic digest of the lectin bound fraction. The amino
acid sequence of the identified proteins was then checked to account for the presence or absence
of the N-glycan motif.

2.10 Bioinformatic analysis of identified proteins
Functions and sub-cellular locations of identified proteins were analyzed by both manual and
automated methods. PubMed was used to search for abstracts pertaining to synapse-specific
proteins; the remaining proteins were categorized by Pandora [24] (http://
www.pandora.cs.huji.ac.il/) according to the gene ontology (GO) sub-cellular location schema
[25].

3 Results
3.1 2-DE and MS

Figure 1 illustrates a representative image of the synaptosomal fraction separated by 2-DE and
stained with colloidal CBB. Distinct spots identified by PMF or LC-MS/MS have been assigned
a number ranging from 1 to 163 for the convenience of the reader. These proteins are listed in
Table 1 where they are accompanied by their respective unique PDQuest spot numbers, which
were assigned automatically during creation of the matchset. A total of 968 protein spots were
detected and matched by PDQuest; the 190 most abundant spots were cut from the gel and
subjected to tryptic digestion. The resulting peptides were analyzed by one of the two mass
spectrometric methods.

The 94 most abundant spots were subjected to MALDI-based PMF resulting in the
identification of 85 spots, representing 61 unique proteins. The peptides from the remaining
96 spot digests were analyzed by LC-MS/MS, which yielded 79 identifications, representing
46 unique proteins. The proteins identified using the combination of 2-DE and the two MS
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techniques derived from synapse-specific structures such as synaptic vesicles and the synaptic
membrane as well as from the cytoplasmic and mitochondrial compartments. Identified
proteins that are specific to the synapse and function in neurotransmission are of particular
interest; these include: calmodulin (CaM), Ca(2+)-dependent ganglio-side-binding protein
(fragment), cAMP-dependent protein kinase inhibitor beta, chain B of complex between N-
terminus of SNAP25 and SNARE region of Syntaxin 1a, chain B, neuronal synaptic fusion
complex, SNAP 25 synaptosomal-associated protein, 25 kDa, synapsin II, synaptotagmin I,
transducin beta, and synaptobrevin 3.

3.2 Shotgun proteomics and post-translational modification analysis
Although 2-DE coupled with MS or LC-MS is a powerful approach to differential expression
analysis, the number of proteins that can be resolved and identified in 2-DE gel is limited.
Highly hydrophobic proteins and those with extremes of pI, particularly basic proteins, are
poorly resolved by this technique. In addition, 2-DEs relatively high concentration threshold
for detection makes the analysis of low abundance proteins, many of which are physiologically
relevant, a major challenge. To augment our 2-DE approach, proteins from synaptosomal
fractions were analyzed directly after solution tryptic digestion using an LC-MS/MS approach.

Using this approach, 201 distinct proteins were identified (Table 2). Of these, ~20–30 proteins
are known to be involved in synaptic vesicle trafficking/docking (e.g., Syntaxin 1A, Synapsin
I, II, Synaptophysin, and Synaptotagmin I, II, V, protein kinase C and kinase substrate
(PACSIN1), and calcium/CaM-dependent protein kinase type II) and synaptic plasma
membrane structure and function (e.g., sodium-potassium ATPase, clathrin, channel-
associated protein of synapse-110, pre-synaptic density protein-95, Dynamin 1–3, glutamate-
aspartate transporter 2, neural cell adhesive molecule 1, GAP-43, opioid binding protein B,
regulating synaptic membrane exocytosis protein 1, GABAB transporter, Septin 7, and
Synaptojanin 1).

Regarding PTM of the 201 proteins identified by LC-MS/MS, 47 proteins were found to be
glycosylated, five proteins were methylated, 11 proteins were acetylated, two were oxidized,
and one was phosphorylated (Table 2). An additional 71 proteins that were not identified during
the initial database search were found to be post-translationally modified in some way
(glycosylated, methylated, acetylated, oxidized, or phosphorylated, Table 3). The majority of
glycosylated proteins, which were determined by LC/MSMS analysis of lectin trapped
proteins, possessed the N-glycan motif, suggesting several proteins involved in synaptic vesicle
trafficking/docking underwent PTM (e.g., Synapsin I, Synaptotagmin, Synaptophysin,
Syntaxin 1B, syntaxin binding protein 1 (Unc-18A), CaM, actin, protein kinase C, and casein
kinase substrate (PACSIN1 or syndapin1)) as did several with synaptic membrane function
(e.g., excitatory amino acid transporter, clathrin, Septin 7, Dynamin).

When the two sets of identified proteins are compared, as expected, there is some overlap in
the proteins identified by either 2-DE/MS or LC-MS/MS. Of the 91 unique proteins identified
by the former and the 201 unique proteins identified by the latter, 46 were found in both sets.
Accounting for this intersection, the total number of unique proteins identified by the combined
methods was 246. Of these 246 proteins, 61 were identified by PubMed literature search as
having synapse-specific function (Fig. 2a and b). Nineteen identified proteins are involved in
synaptic vesicle trafficking or docking, nine serve receptor or transporter functions, nine are
involved in intra-cellular signaling cascades that affect synaptic transmission, and 24 have
other synapse-specific functions.

The remaining 185 proteins were categorized in a semiautomated manner. Swiss-Prot
accession numbers of these proteins were uploaded to Pandora and were categorized by sub-
cellular compartment according to the GO. Twenty-four proteins were categorized in this
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fashion. Assuming that this subset of 24 proteins is representative of the larger set of 185,
extrapolation leads to an estimate that 65 of the 185 non-synapse-specific proteins are
mitochondrial, 48 are cytoskeletal, and 40 are cytoplasmic.

4 Discussion
In the present study, multiple protein separation and identification approaches were used in
conjunction to analyze the synaptosomes isolated from rat cerebral cortex, providing both
confirmatory and complementary proteomic information. The identified proteins confirm that
the primary objective of the study was accomplished – perhaps the single most important
functional portion of the CNS, the synapse, has been isolated for proteomic analysis, providing
for significant enrichment of synaptic proteins when compared to prior techniques.

Application of 2-DE to rat cerebral cortex synaptosome fractions resulted in the separation and
detection of >900 protein spots, among which 163 of those with the highest abundance were
identified by either MALDI-TOF or LC/MS-MS. These 163 spots represent various forms of
91 distinct proteins. Among these, a number of synaptic vesicle proteins were detected
including vesicle-associated membrane protein (VAMP, synaptobrevin, no. 147 in Table 1,
also listed as VAMP-3). VAMP is a synaptic vesicle docking protein (v-SNARE) that plays a
fundamental role in synaptic vesicle exocytotic fusion, initiated by the binding of v-SNARES
and t-SNARES. Another integral vesicle membrane protein, synaptotagmin, was detected as
spot 25 (synaptotagmin I). Synaptotagmin serves as a calcium sensor for exocytosis, yet may
also be considered a v-SNARE due to its interaction with t-SNARE syntaxin.

Synapsin II, a vesicle-associated protein was shown as spots 26, 29, and 32. Synapsins are
anchor proteins, which tether the synaptic vesicles to the actin filaments of the nerve terminal
in a Ca2+/phosphorylation-dependent manner, regulating the distribution of the vesicles
between the reserved pool and the active zone for exocytotic release [26]. Vacuolar ATP
synthase (V-ATPase) F subunit shown as spot 155, is a part of vacuolar proton pump present
on all acidic cellular organelles, such as clathrin-coated vesicles, endosomes, lysosomes, and
Golgi membranes. The acidification of the synaptic vesicle’s lumen is critical to the packaging
and processing of the contents of synaptic vesicles [27]. Since synaptosomes are pinched-off
nerve endings, containing both pre and post-synaptic structures, it was not surprising to detect
proteins associated with the post-synaptic membranes. For example, spots 93, 94, 95, and 111
were identified as the β-subunit of G protein (GBB1 or GBB2), a membrane-associated protein
that mediates the effects of numerous G protein-coupled receptors (GPCRs). In the brain,
neurotransmitter receptors can be classified as two distinct super-families: ligand-gated
channels (LGCs) and GPCRs. The receptors belonging to the GPCR family include muscarinic
ACh receptors, DA receptors, adrenergic receptors, most 5-HT receptors, metabotropic
glutamate receptors, GABAB receptors, histamine receptors, cannabinoid receptors, and
neuropeptide receptors. While most of these receptors can be either a post-synaptic component
or a pre-synaptic autoreceptor depending on the receptor sub-type, some of them, such as
GABAB, can be found both pre- and post-synaptically [28,29]. GPCRs can also be pre-synaptic,
as has been reported in the regulation of voltage-dependent Ca++ channels during
neurotransmitter release [30].

2-DE also successfully displayed numerous non-membrane bound and cytosolic proteins, some
of which play an important role in synaptic and neuronal function. For instance, protein kinase
C and casein kinase substrate in neurons (PACSIN1, spots 40 and 41), also named Syndapin
I, is a cytoplasmic protein. Its interaction with dynamin (a GTPase implicated in clathrin-
mediated endocytosis of synaptic vesicle membranes) and neural Wiskott-Aldrich syndrome
protein (an actin-depolymerizing protein), suggests its role in cytoskeletal dynamics and
synaptic vesicle formation, and transport and recycling at the pre-synaptic nerve terminal
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[31]. Glutamine synthetase (GS, GLNA, no. 60) is a key enzyme in the brain’s glutamate-
glutamine cycle. It also plays an important role in protecting neurons against excitotoxicity by
converting excess ammonia and glutamate into glutamine [32]. Though commonly found in
astrocytes, the detection of GS in cortical synaptosomes should not be surprising. This is
because of the extreme anatomical and communicational proximity of astrocytes and neuron,
and the enrichment of glutamatergic neurons in the cortex.

Neuron-specific enolase (NSE) is an enzyme of the glycolytic pathway, which is found in
numerous isomeric forms. Alpha (ENOA) and gamma enolases (ENOG), enzymes of the
glycolytic pathway, are present specifically in neuronal cell cytoplasm and dendrites [33] and
constitute the so-called NSE. ENOG has been shown to be located in cells of neuroectodermal
origin and constitutes approximately 1.5% of the total soluble protein in the brain. Both ENOA
and ENOG are also found in the synaptic membrane as homo- and hetero-dimers [34]. On the
2-D map, spots 51–53 were identified as ENOG and spots 47–50 as ENOA. Beyond being a
neuronal marker, NSE can be released from distressed neurons into the cerebrospinal fluid and
peripheral blood, serving as a biomarker of parenchymal brain injury [35]. Neuronal protein
NP25 (no. 133) is also a neuron-specific protein present in highly differentiated neural cells
[36].

In addition to the proteins that serve specific neuronal or synaptic structure and function, some
of the proteins resolved by 2-DE are present universally in various cell types, but still play a
crucial role in neurotransmission. For instance, actin (ACTB, nos. 54 and 55) is a cytoplasmic
cytoskeleton protein that can be found in all cell types. At the synapse, actin filaments harbor
some of the synaptic vesicles, forming a reserve pool. As mentioned above, synapsins serve
as anchors for the vesicles. CaM (nos. 136, 139, 142, and 143) is a universal acidic calcium-
binding protein, in virtually all eukaryotic cells, which regulates the activity of target molecules
such as protein kinases, adenylyl cyclase, and nitric oxide (NO) synthase. Binding of CaM to
various cytoskeletal proteins, such as the tubulins (nos. 11–15, nos. 18–24), microtubule-
associated protein-2 (MAP-2), tau, and fodrin, appears to affect the cell shape, motility,
secretion, and transport [37]. The activity of CaM is regulated by a variety of covalent
modifications, such as methylation, phosphorylation, ubiquitinylation [38,39] and
glycoslylation (see Table 2), and these likely account for its heterogeneous appearance on the
2-D gel pattern. While methylation and phosphorylation only cause slight mass alterations,
ubiquitylation can increase the mass of CaM by 50% or more [40]. In Fig. 1, CaM appears as
a group of unique spots with similar pI, but different molecular weights. Whether the
heterogeneities in CaM migration (mass and charge) observed here are the result of the above
modifications or proteolysis, as suggested by the ID of spot 143 as a CaM fragment, remains
to be determined.

Intact synaptosomal preparations are expected to contain mitochondria that reside near the
synapse, and several mitochondrial proteins are found in Table 1. For example, ATP synthase
is a mitochondrial protein that catalyzes ATP production in the presence of proton gradient
[41]. Several subunits of the ATP synthase complex were resolved on the 2-D map, including
the α-chain (ATPA, nos. 33–39), β-chain (ATPB, nos. 43–46), D-chain (ATPQ, no. 132), and
E-chain (ATPJ, no. 160). The presence of these ATP synthase components is essential to
synaptic function because they are involved in the synthesis of ATP. The packaging of neuro-
transmitters into the synaptic vesicles through vesicle transporters [42] and the transportation
of Ca++ from the cytoplasm into the ER or extracellular fluid via the Ca++ pump are fueled by
the hydrolysis of ATP [43]. Another mitochondrial protein detected by 2-DE and shotgun
proteomics is VDAC. VDAC1 (POR1) was resolved as a complex charge train (~pI 8.4) (nos.
101, 103–108), suggesting possible PTMs or heterogeneous isoforms. VDAC2 (POR2) also
appears on the 2-D map (nos. 99 and 102) with both VDACs resolved at or near their predicted
pI. VDACs are outer mitochondrial membrane proteins with weak anion selectivity in the open
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state, producing anion fluxes, including ATP, which regulate mitochondrial function. Several
reports have confirmed their multi-topological localization, particularly in post-synaptic
membrane structures [44,45]. Interestingly, it has been shown that certain isoforms of these
channel proteins can be up- or down-regulated in a certain cortical area in pathological
conditions.

In comparison to 2-DE which identified two t-SNARE proteins, VAMP-3, and the Ca++ sensor
synaptotagmin I, LC-MS/MS identified VAMP-2 in its glycosylated form (Table 3) and three
isoforms of synaptotagmin (I, II, V, Table 2). The detection of two of the three forms of the
VAMPs is supported by their tissue-specific expression, because VAMP-1 is more abundant
in the spinal cord, while VAMP-2 is highly expressed in the brain, and VAMP-3 has ubiquitous
tissue distribution [46,47]. Although all three forms of synaptotagmin are abundantly expressed
in the brain, synaptotagmin I is preferentially expressed in rostral, phylogenetically younger
brain regions; synaptotagmin II is predominant in caudal, phylogenetically older brain regions,
and synaptotagmin V has a wider peripheral tissue distribution [48,49]. In addition to synapsin
II, also identified by 2-DE, LC-MS/MS detected synapsin I. Three forms of free syntaxins, 1A,
1B, and seven were also identified, as was a syntaxin binding protein 1 (n-Sec1/Unc-18–1).
As either cytoplasmic or membrane-associated, n-Sec1/Unc-18–1 binds to syntaxin, thereby
regulating synaptic transmission.

Two subunits of clathrin were identified by LC-MS/MS, light chain B and heavy chain. The
latter was also found to be modified by acetylation and glycosylation (Table 2). Clathrin is the
major protein of polyhedral coat of coated pits and vesicles, playing an important role in the
endocytotic retrieval and transport (recycling process) of vesicle membrane components from
the pre-synaptic membrane [50]. Two additional proteins related to clathrin that were identified
include clathrin coat assembly protein (AP180) and subunits of clathrin-associated adaptor
protein complexes.

While most proteomic platforms have an inherent and variable bias in identifying certain types
of proteins (e.g., hydrophilic, ionizable peptides, etc.), the combination of several proteomic
techniques in the present study has offered complementary approaches. Figure 3 summarizes
the major pre-synaptic proteins identified by 2-DE/MS and/or shotgun proteomics.
Interestingly, most of the neuro-transmission regulating proteins were identified either by one
or both the technique(s). The application of the PTM-detection option in the sequence database
search greatly increased the likelihood of protein identification and suggests that PTM is
common in synaptosomal proteins. Several proteins, such as neurexins, vesicular
neurotransmitter reuptake transporters, and some components of SNAPs were left unidentified,
as were neurotransmitter receptor proteins. Their absence is likely due to their unique
biochemical properties (hydrophobicity, low abundance, etc.), which are unfavorable for
identification in this proteomic approach.

Several adjacent spots on the 2-D map were assigned identical protein IDs, but by different
MS analysis. In such cases, the LC-MS/MS results provide confirmatory evidence for the
accuracy of the PMF ID. More importantly these “charge trains” on a 2-D map typically
represent a single protein resolved at varying pI, due to PTM. For example, spot nos. 20–24
were all identified as tubulin β-chain (TBB1), with spot 20 identified by LC-MS and the rest
by PMF. It has been shown that brain tubulins exhibit a significant charge heterogeneity, with
up to 21 charge variants (for both α- and β-subunits) observed in different studies [51,52].
Phospho-rylation [53] and polyglycosylation [54] have been reported for tubulin β. As
indicated in Tables 2 and 3, tubulin β was detected by LC-MS/MS with methylation, M and H
oxidation, and glycosylation of various peptides. It has been shown that reductive methylation
of the tubulin dimer with formaldehyde and sodium cyanoborohydride greatly inhibits the
microtubule assembly [55], with the β-subunit being more susceptible to methylation than the
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α-subunit [56], although we observed methylation in both. The ability to observe and determine
modifications in this way will be of great importance in future studies using this synaptosomal
preparation in assessing the effects of alcohol ingestion, neurotoxins, etc.

Other modified proteins identified by LC-MS/MS include glyceraldehyde-3-phosphate
dehydrogenase (GAPDH, G3P, nos. 82, 84, 86–90, 92, and 97), creatine kinase B chain (KCRB,
nos. 56 and 57), triosephosphate isomerase (nos. 117, 120, 122–124), ubiquitin carboxy-
terminal hydrolase isozyme L1 (nos. 112 and 113), ATP synthase β-subunit (ATPB, nos. 43–
46), actin (nos. 54 and 55), and protein kinase C and casein kinase substrate in neurons protein
1 (PAC1, nos. 40 and 41). Though the chemical nature and the physiological relevance of these
PTMs is beyond the scope of this manuscript, these results demonstrate the unique power of
2-DE in resolving the differentially modified protein charge forms and quantifying the extent
of modification [57] established by mass spectrometric techniques.

Overall, the results of the current study indicate that a sample preparation incorporating pre-
fractionation and enrichment of specific cell components can improve the capability of
proteomics techniques to detect important synaptic proteins from brain tissues. In the present
study, the proteome profile of cerebral cortical synaptosomes indicates that major protein
components involved in synaptic vesicle trafficking and docking, post-synaptic densities,
transporters and receptors, mitochondrial function and the glycolytic pathway can be detected
and their relative expression studied. Because these are the proteins normally present in intact
nerve endings, an approach that uses sub-cellular fractionation to produce synaptosomes may
prove to be useful in proteomic studies of brain function where neural, not glial proteins, are
of interest.
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Figure 1.
Representative 2-DE pattern of synaptosomal proteins stained with colloidal CBB. Proteins
(200 μg) were focused on 24 cm IPG strips pH 3–10, followed by SDS-PAGE in a linear
acrylamide gradient. Protein spots were cut from the gel, tryptically digested, and identified
either by MALDI-MS or LC-MS/MS. These are numbered arbitrarily 1–163 and appear in
Table 1 along with their PDQuest spot number assignments and other pertinent information.
Axes were calibrated based on calculated pI and mass from identified proteins, using the
Compute pI/Mw Tool (<http://us.expasy.org/tools/pi_tool.html>).

Witzmann et al. Page 14

Proteomics. Author manuscript; available in PMC 2006 May 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
A: Intracellular distribution of all 254 unique synaptosomal proteins identified by either 2-DE/
MS or LC-MS/MS. The synapse-specific fraction was determined using a manual search of
PubMed™. Automated categorization of the remaining 193 proteins was performed using the
GO via the webtool Pandora. Of these 193 proteins, 24 were successfully categorized.
Estimated fractions were then extrapolated from the distribution of proteins in this subset. B:
Distribution by synaptic function of those 61 proteins identified by manual PubMed search as
having a synapse-specific function.
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Figure 3.
Diagrammatic illustration of the major pre- and post-synaptic proteins identified by 2-DE/MS
and/or shotgun proteomics, and normally expected as constituent in synaptosomal
preparations. Blue: The proteins that were identified by 2-DE/MS; yellow, the proteins that
were identified by shotgun proteomics; green, the proteins that were identified by both 2-DE/
MS and shotgun proteomics; and blank (white), those major constituents expected but not
identified. *Proteins were identified by shotgun proteomics only after the PTM analysis;
**Proteins were identified as a complex with other proteins by 2-DE/MS; (a) EAA1, EAA2,
and GABA transporter. b: Post-synaptic proteins.
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