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Abstract Neuronal synaptic functional deficits are linked
to impaired learning and memory in Alzheimer’s disease
(AD). We recently demonstrated that O-GIcNAc, a novel
cytosolic and nuclear carbohydrate post-translational
modification, is enriched at neuronal synapses and posi-
tively regulates synaptic plasticity linked to learning and
memory in mice. Reduced levels of O-GlcNAc have been
observed in AD, suggesting a possible link to deficits in
synaptic plasticity. Using lectin enrichment and mass
spectrometry, we mapped several human cortical synaptic
O-GlcNAc modification sites. Overlap in patterns of
O-GlcNAcation between mouse and human appears to be
high, as previously mapped mouse synaptic O-GlcNAc
sites in Bassoon, Piccolo, and tubulin polymerization
promoting protein p25 were identified in human. Novel
O-GIcNAc modification sites were identified on Mek2 and
RPN13/ADRMI1. Mek?2 is a signaling component of the
Erk 1/2 pathway involved in synaptic plasticity. RPN13 is
a component of the proteasomal degradation pathway.
The potential interplay of phosphorylation with mapped
O-GlcNAc sites, and possible implication of those sites in
synaptic plasticity in normal versus AD states is discussed.
iTRAQ is a powerful differential isotopic quantitative
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approach in proteomics. Pulsed Q dissociation (PQD) is a
recently introduced fragmentation strategy that enables
detection of low mass iTRAQ reporter ions in ion trap mass
spectrometry. We optimized LTQ ion trap settings for
PQD-based iTRAQ quantitation and demonstrated its
utility in O-GlcNAc site mapping. Using iTRAQ, abnormal
synaptic expression levels of several proteins previously
implicated in AD pathology were observed in addition to
novel changes in synaptic specific protein expression
including Synapsin II.
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Introduction

Alzheimer’s disease (AD) accounts for about 50% of
dementias and involves progressive loss of the ability to
form and store memories. It is now clear that early synaptic
dysfunction occurs in AD prior even to the formation of
hallmark Af plaque and neurofibrillary tangle (NFT)
pathology (LaFerla and Oddo 2005; Selkoe 2002). Soluble
forms of Ap prior to plaque deposition have been linked to
synaptic deficits such as reduced long-term potentiation
(LTP), an electrophysiological read-outs of synaptic plas-
ticity thought to correlate with some forms of learning/
memory (Gylys et al. 2004; Rowan et al. 2003; Lacor et al.
2004; Oddo et al. 2003), but the molecular basis for these
synaptic deficits are not clear.

O-GlcNAc is a single N-acetylglucsosamine carbohy-
drate O-linked to serines and threonines of cytosolic and
nuclear proteins. Analogous to the way kinases and phos-
phatases regulate phosphorylation, cytosolic and nuclear
enzymes dynamically catalyze addition (OGT) and
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removal (O-GlcNAcase) of O-GIcNAc (Gao et al. 2001;
Kreppel et al. 1997).

O-GIcNAc levels are especially high at neuronal syn-
apses (Akimoto et al. 2003; Cole and Hart 2001; Tallent
et al. 2009). In mice, site-specific O-GlcNAc modification
was observed on proteins that regulate availability of
synaptic vesicles for release (e.g. Bassoon and Piccolo),
and on other signaling molecules known to play a role in
synaptic plasticity (e.g. Synaptic Ras-GTPase) (Vosseller
et al. 2006). In vivo elevation of O-GlcNAcation in mice
enhances hippocampal LTP/synaptic plasticity (Tallent
et al. 2009). Thus, O-GIcNAc may be a novel positive
regulator of synaptic signaling underlying learning and
memory.

Reduced O-GlcNAcation has been implicated in AD.
O-GIcNAc levels are reduced in post-mortem human AD
brain (Liu et al. 2004) and on specific synaptic proteins
such as AP180 (Yao and Coleman 1998) and CRMP-2
(Kanninen et al. 2004). Reduced O-GlcNAcation in human
AD may be related to metabolic changes in AD. O-GlcNAc
is a known “nutritional” sensor, as levels of O-GlcNAca-
tion respond to glucose availability through hexosamine
biosynthetic pathway (HBP) flux (Wells et al. 2003).
Glucose metabolism/uptake is reduced in AD (Schubert
2005) and thus reduced flux through the HBP in AD
may contribute to reduced O-GlcNAcation. Reduced
O-GIcNAcation has been implicated in the AD pathology
of NFT formation. AD related hyperphosphorylation of
Tau leads to its aggregation in NFTs. Tau is modified by
O-GlcNAc (Arnold et al. 1996), and decreased O-GlcNAc
in AD is associated with reciprocal Tau hyperphosphory-
lation. Elevation of O-GlcNAcation reduces specific
Tau hyperphosphorylation events in vivo (Li et al. 2006;
Liu et al. 2004, 2009; Yuzwa et al. 2008). Thus, a specific
link between reduced O-GIcNAc and NFT pathology is
indicated. Given the enrichment of O-GIcNAc at neuronal
synapses, and its role in synaptic plasticity, it is possible
that abnormal O-GlcNAcation may contribute to human
AD synaptic deficits underlying learning and memory
defects.

iTRAQ is a differential isotopic labeling approach in
quantitative comparative proteomics (Ross et al. 2004; Ong
and Mann 2005). Amine reactive iTRAQ tags are isobaric,
but give rise to differential isotopic quantitative reporter
ions in MS/MS. iTRAQ is suited for post-translational
modification analysis as all peptides are labeled at the
N-terminus. iTRAQ depends on detection of reporter ions at
relatively low m/z (e.g. 114—117) in MS/MS scans, which
traditionally is problematic in ion trap mass spectrometry
due to the so-called “1/3” rule in which ions of m/z <1/3 of
the precursor m/z are usually not detected (Cunningham
et al. 2006). A recently introduced fragmentation strategy
called pulsed Q dissociation (PQD) allows for detection of
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low mass iTRAQ reporter ions in ion trap mass spec-
trometry (Schwartz et al. 2005). PQD has been utilized in
quantitative proteomics using iTRAQ in an ion trap mass
spectrometry (Griffin et al. 2007; Meany et al. 2007
Bantscheff et al. 2008; Guo et al. 2008), but the effec-
tiveness of PQD in peptide sequencing is low compared to
CID, and reproducibility of quantitative accuracy is highly
dependent on variables such as collision energy.

Here, we targeted a human cortical synaptic fraction
for O-GIcNAc site mapping and AD expression proteo-
mics. O-GlcNAc sites mapped suggest potential interplay
with regulatory phosphorylation in signaling linked to
synaptic vesicle dynamics and synaptic plasticity. Addi-
tionally, we validated compatibility of iTRAQ with ion
trap mass spectrometry and O-GlcNAc site mapping, and
identified an altered expression pattern in a human AD
cortical synaptic sample.

Materials and methods
Post-synaptic density fractionation

Synaptosomes and post-synaptic densities (PSD) were iso-
lated from human AD and control frontal cortical tissues as
described (Carlin et al. 1980; Gong et al. 2009). Briefly,
tissues were homogenized in buffer A (0.32 M sucrose—
5 mM HEPES, pH 7.4, 1 mM MgCl,, 0.5 mM CaCl, and
protease inhibitors) with a Teflon homogenizer. The resul-
tant homogenates were centrifuged at 1,400g x 10 min.
The pellets were re-homogenized in the same buffer A and
centrifuged at 700g x 10 min. The combined supernatants
were centrifuged at 13,800g x 10 min. The pellets were
resuspended in 6 mM Tris—HCI buffer with 0.32 M sucrose
and protease inhibitors, pH 8.0, loaded onto sucrose gradient
(0.85/1/1.15 M in 6 mM Tris—HCI, pH 8.0) and centrifuged
at 82,500g x 120 min. The synaptosomes were collected
from the interface between 1 and 1.15 M for analysis and
PSD preparation.

Proteolytic digestion of PSD and alpha and beta casein
samples, and iTRAQ labeling

PSD lysates (100 pg) or a mixture of alpha and beta casein
(resuspended in 6 M urea buffer) was digested in 50 mM
ammonium bicarbonate buffer, pH 8.0 using sequence-
grade modified trypsin (Promega, Madison, WI) following
reduction by 10 mM dithiothreitol (Sigma-Aldrich) for 1 h
at 57C°and alkylation by 50 mM iodoacetamide (Sigma-
Aldrich) for 1 h at room temperature in the dark. Twenty-
five micrograms aliquots of digested samples were dried in
centrifugal vacuum concentrator. The synthetic O-GIcNAc
modified peptide PSVPV(S-O-GIcNAc)GSAPGR was a
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kind gift of Dr. Gerald Hart, Johns Hopkins School of
Medicine. The procedure for iTRAQ labeling was as
according to the manufacturer’s protocol (Applied Bio-
systems Inc.). Two reactions were set up: one with 114 and
one with 117 labels. Briefly, a quarter of an iTRAQ label
vial (114 or 117) was used to label 25 pg of protein in total
reaction volume of 25 pl (approximately 2.5 pl of iTRAQ
label, 70% ethanol, 25 pg of protein dissolved in iTRAQ
dissolution buffer). Samples were incubated for 1 h at
room temperature, mixed and dried down.

HPLC fractionation

iTRAQ labeled PSD samples were injected into a Akta
Purifier (GE Healthcare) and loaded onto a TriCon
MonoS 5/50 G1 strong cation exchange (SCX) column
(GE Healthcare). Sample was washed with buffer A
(6 mM KH,PO,, 30% acetonitrile, pH 2.7) and then
eluted with a 40-min gradient of buffer B (5 mM
KH,PO,, 30% acetonitrile, 350 mM KCl, pH 2.7). Eight
different peptide containing fractions were collected. The
sample volumes were reduced twice on centrifugal vac-
uum concentrator to evaporate acetonitrile and then were
desalted using C18 Zip-Tips (Millipore, Billerica, MA),
dried, and re-suspended in LC-MS loading buffer (0.1%
formic acid). In the case of iTRAQ labeled alpha and beta
casein mix, the sample was directly desalted over C18
Zip-Tips.

Lectin weak affinity chromatography enrichment
of O-GIcNAc peptides

Wheat germ agglutinin (WGA)-based enrichment of
O-GlcNAc modified peptides was performed as described
(Vosseller et al. 2006). Briefly, WGA coupled to agarose
(Vector Laboratories) washed with WGA buffer (25 mM
Tris, pH 7.8, 300 mM Nacl, 5 mM CaCl,, 1 mM MgCl,)
was packed into an opaque 20 m length of Teflon tubing
with O.D. 1.59 mm and I.D. 0.1 mm (Upchurch Scientific)
which was fitted with Peek unions at its ends containing
0.5 pm frits to create a column. Five hundred micrograms
of human PSD digested with trypsin, was desalted with
macrospin C18 columns (Nest), suspended in 40 pl of
WGA buffer, and loaded on an AKTA Purifier (Amersham)
HPLC. O-GIlcNAc modified peptides were enriched by an
isocratic 100% WGA buffer at a flow rate of 0.15 ml/min,
monitored by UV absorbance at 214, 256, and 280, and
1 min fractions were collected. Combined fractions of inter-
est eluting subsequent to the major peak of non-enriched
peptide were acidified by addition of 0.5% volume of
formic acid and desalted using C18 Zip-Tips for sub-
sequent LC-MS/MS analysis. During WGA isocratic
chromatography, the pressure of the HPLC system has

been observed to rise slowly due to the compression of
agarose resin. The pressure was never allowed to exceed
5 MPa.

Nanospray ESI-LC-MS/MS analysis by linear ion trap
PQD/CID

All on-line LC-MS/MS runs were completed using an
Eksigent NanoLC-AS1 auto-sampler (Eksigent, Dublin,
CA) inline with a LTQ linear ion trap mass spectrometer
(Thermo Scientific, San Jose, CA). Samples were injected
onto an IntergraFrit Proteopep II (New Objective, Woburn,
MA) CI18 sample trap column (300 A x5 pm
ID x 2.5 cm bed length) for final desalting and concen-
tration at a flow rate of 3 pl/min (0.1% formic acid) for
15 min. The inline capillary column for 2D separations was
a IntegraFrit Proteopep II (New Objective, Woburn, MA)
C18 column (300 A x 75 pm ID x 10 cm bed length).
Sample was eluted from the trap column by a 55 min
5-35% linear gradient of buffer B (100% acetonitrile, 0.1%
formic acid), followed by a 25 min 35-80% linear gradient
of buffer B to a 5 min isocratic elution at 80% buffer B at a
flow rate of 300 nl/min. Collision energies, choice of
fragmentation strategy [PQD or collision-induced dissoci-
ation (CID)], and data acquisition in profile versus cen-
troid, were varied as described in results section. Dynamic
exclusion was set such that if an ion was detected it was
excluded from analysis for 30 s. The electrospray voltage
was 1.5 kV. The mass range for MS scans was 400-
2,000 Da. Data was acquired using a single microscan and
a maximum inject time of 200 ms for MS, MS?, and MS?
scan types. MS® on MS/MS was specified for precursor
ions showing diagnostic neutral loss of O-GIcNAc mass of
either 102 (doubly charged precursor) or 68 (triply charged
precursor).

Sequence data analysis and iTRAQ quantitation

Searches to identify peptides and proteins were performed
using Sequest (Yates et al. 1995) in Bioworks (Thermo
Finnigan) software. For experiments using casein alpha/
beta, a sub-database of this protein was constructed and
searched. For identification of human proteins in synaptic
fractions, the data was searched against the human non-
redundant National Center for Biotechnology Information
database (NCBInr.). For peptide identification a cross-
correlation (X-cor) score of 2.5 or 3.0 for doubly and triply
charged precursors was required. For protein identification,
two independent peptide identifications were required,
except in a few cases where the X-cor score was above 3.5
for a doubly charged precursor and manual inspection of
MS/MS revealed correct b and y ion series for prominent
ions. The data was searched against a reverse database to
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estimate false positive identification of proteins (about
1%). Searches allowed for oxidized methionine. All
O-GIcNAc peptides were sequenced manually for the
presence of y and b ion series of both unmodified and
O-GlcNAc modified fragments in MS/MS, combined with
fragment ion information in MS/MS/MS. The mass shift of
iTRAQ tags (4144.0) at N-termini and on lysines was
included as a constant modification, as labeling appeared to
go to 100% of a sample. 1 missed tryptic cleavage was
allowed. The intensities of iTRAQ ions from PQD scans
were extracted using iTRACKER software (Shadforth et al.
2005) allowing for +0.25 Da surrounding the target
iTRAQ reporter ion. For a given protein identification, the
average and standard deviation of all individual iTRAQ
ratios of 117 (AD sample) to 114 (control) were calculated
for all linked PQD scans. Instances of apparent outlier
ratios were obvious in some cases. This led us to calculate
a “corrected” average and standard deviation in which
iTRAQ ratios equal to or greater than two standard devi-
ations were eliminated, and the “corrected” average and
standard deviation were then recalculated. A >30% change
from a 1:1 iTRAQ ratio for a given protein between control
and AD was required to consider it an expression level
change.

Results

O-GlcNAc site-specific modification of human synaptic
cortical proteins

Lysates of synaptic fractions prepared from human cortex
were digested with trypsin and O-GlcNAc modified pep-
tides were enriched using lectin affinity chromatography
(Vosseller et al. 2006). This enriched fraction was analyzed
by reverse phase micro-capillary liquid chromatography
coupled to ion trap mass spectrometry (LC-MS/MS).
O-GlIcNAc is labile in CID and this results in MS/MS
spectra displaying a prominent ion corresponding to the
loss of the mass of O-GlcNAc (neutral loss) from the
precursor intact peptide. Thus, data dependent settings
specified MS/MS/MS (MS?) fragmentation of ions dis-
playing the characteristic neutral loss of O-GlcNAc in MS/
MS (MS?) in order to fragment the unmodified peptide
backbone and increase fragment ion information for
peptide sequencing (Vosseller et al. 2006).

A novel O-GIcNAc site was identified on RPN13 (also
known as ADRMI1/ARMI), a relatively newly described
component of the proteasomal degradation pathway, within
the peptide SQSAAVTPSSTTSSTR corresponding to

Fig. 1 Human RPNI13 is 100 x8 - 1 - x6 |
O-GIcNAc modified within the MSIMS [M+2H]* 887.1 [M+2HP* 784.8
region SQSAAVTPSSTTSSTR 90 Precursor Having
at one of the residues in italics. 20 lost 0-GlcNAc
Lect.in enriched O-GIcNAc . > 70 vg'! [M+2H]™ 1567.7
peptides from a human cortical £ 9234 Yorl + :
L ] 3 Precursor
synaptic fraction were analyzed S 60 y. 0-GleNAc Having lost
by ion trap LC-MS/MS. The £ 50 10246 11287 0-GlcNAc
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MS/MS giving rise to the g 40 be'' 6453 0-GlcNAc
[M+2H]** 784.8 and the & 30 5444 12277 gt
presence of two fragment ions 20 ' 7y 1'92 4.7
retaining O-GIcNAc b, " yagt
modification (y9 and y10) is 1o 3742 H ____1.352'8
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SQSAAVTPSSTTSSTR from 37 g 9235
human RPN13 £ 18
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residues 211-226 (Fig. 1). The y9 fragment ion retaining
O-GlcNAc in MS/MS indicates that the modification site is
on one of seven serines/threonines in the C-terminus of the
peptide from residues 219-225. This region occurs within
a recognizably conserved motif for O-GlcNAcation
(so-called PVST motif) involving a Proline and Valine
proximal to multiple hydroxyl-containing amino acids.
Although first described as an extracellular adhesion
receptor, it is now clear that RPN13 is intracellular and
functions in both recruiting the deubiquitinating enzyme
UCH37 to the proteasome (Yao et al. 2006) and in acting
itself as a ubiquitin receptor (Husnjak et al. 2008).
Abnormal protein accumulation and aggregation may in
part be due to dysfunction of the proteasome degradation
system in AD (Oddo 2008). Ubiquitin is seen to accumu-
late in both Af plaques and NFTs (Ii et al. 1997) and
proteasome activity is reduced in AD specifically in brain
regions most affected by the disease (Keller et al. 2000). We
searched the RPN13 sequence comprising the O-GlcNAc
modified region against the “phosphosite” database
(Hornbeck et al. 2004) to look for potential overlap with
known phosphorylation sites in RPN13 or proteins with
homology to that region. Sequence comprising the
O-GlcNAc modified region is highly conserved between
mouse, rat, and human RPN13 and is extensively phos-
phorylated (Table 1; Dephoure et al. 2008), indicating
potential functional interplay/reciprocity between phos-
phorylation and O-GlcNAcation in this region. However,
the functional significance of phosphorylation in this
region is not known. Additionally, a highly conserved
sequence containing the RPN13 O-GlcNAc modification
motif was observed in the protein ASPM, a regulator of
spindle assembly that when mutated leads to microcephaly
(Cox et al. 2006). This region in ASPM also contains a
phosphorylation site that overlaps with the motif that is
homologous to the O-GIcNAc modified region in RPN13
(Table 1), indicating the potential interplay of O-GlcNAc
with phosphorylation in this region. Core 26S proteasomal
components have been reported to be O-GIcNAc modified
(Sumegi et al. 2003; Klement et al. 2010) and O-GIcNAc is
implicated in regulating proteasomal activity (Zhang et al.

2003). Possibly, altered O-GIcNAc modification of RPN13
might contribute to regulation of proteasomal activity in
normal versus disease states such as AD.

A novel O-GlcNAc modification site in human MEK2 at
serine 396 was identified (Fig. 2.). This site occurs on a
C-terminal tryptic peptide LNQPGTPTRTAYV within resi-
dues 389-400. A y6 fragment ion retaining O-GIcNAc in
MS/MS indicates the modification occurs at either threo-
nine 396 or 398 (Fig. 2). Fragmentation N-terminal of
proline is often favored, and the abundant fragment ions in
MS/MS corresponding to y6 and y9 ions both unmodified
and retaining O-GIcNAc is consistent with this (Fig. 2).
The O-GIcNAc neutral loss ion [M+2H]2+ in MS/MS was
selected for CID MS/MS/MS giving rise to a spectra that
when combined with information from MS/MS identifies
the peptide LNQPGTPTRTAV from human Mek2. The
missed tryptic cleavage at the arginine in this peptide is
likely due to steric hindrance by O-GlcNAc modification of
one of the surrounding threonines, as has been previously
observed (Vosseller et al. 2006). MEK is a kinase which
phosphorylates Erk 1/2 (MAPK 1/2), leading to its acti-
vation. In terminally differentiated neurons, Erk is a central
regulator of synaptic plasticity and learning/memory
through complex influences including increased AMPA
receptor insertion in membranes, regulation of ion chan-
nels, and gene expression (Sweatt 2004). The MEK2
O-GlcNAc site at 396/398 is proximal to a known negative
regulatory phosphorylation site at 394 (Brunet et al. 1994;
Xu et al. 1999; Sharma 2002). Phosphorylation of MEK?2 at
threonine 394 by Erk 1/2 is a negative feedback loop that
downregulates MEK activity and inhibits this pathway
(Brunet et al. 1994; Xu et al. 1999; Sharma 2002). Given
the potential for reciprocity between O-GIcNAc and
phosphorylation at proximal residues (Comer and Hart
2001), O-GlcNAc at threonine 396/398 may compete with
phosphorylation of threonine 394. Potentially, decreased
O-GIcNAcation (as may occur in Alzheimer’s) may lead to
“hyperphosphorylation” at the MEK negative regulatory
site and thus contribute to downregulation of this pathway.
Consistent with this model, we have observed that
enhancement of hippocampal LTP by elevation of

Table 1 The O-GlcNAc modified region in RPN13 is highly conserved and overlaps with known phosphorylation sites

Protein Accesion Sequence homology with known phosphorylation and O-GlcNAcation
RPN13/ADRMI (human) Q16186 SSSSSRpSQpSAAVpPTPSpSpTpTSSTRATPAPSAPAAA
RPN13/ADRMI (mouse) Q9JKV1 SSSSSRpSQpSAAVpPTPSpSpSpTSSARATPAPSAPAAA
RPN13/ADRMI (rat) Q9JMB5 SSSSSRpSQpSAAVPTPSpSpTpTSSARATPAPSAPAAA

ASPM (human) Q8IZT6 SKSYKNEVpPTPSSTTASVARKRKSDG

The sequence comprising the RPN13 O-GlcNAcation region was searched against the phosphosite database. Known phosphorylated residues are
preceded by a lower case “p”. The O-GlcNAc modified region is in bold larger font. A region of homology was found in human ASPM with a

known proximal phosphorylation site
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Fig. 2 Human MEK?2 is
O-GlcNAc modified at either
threonine 396 or 398 within the
C-terminal tryptic peptide
LNQPGTPTRTAV (possible
modified sites in bold italics).
Lectin enriched O-GlcNAc
peptides from a human cortical
synaptic fraction were analyzed
by ion trap LC-MS/MS. The
neutral loss of O-GlcNAc in
MS/MS giving rise to the
[M+2H]** 729.8 and the
presence of two fragment ions
retaining O-GIcNAc
modification (y6 and y9) is
diagnostic of an O-GlcNAc
modified peptide. Selection of
the [M+2H)** 628.1 1
O-GIcNAc neutral loss ion for
MS/MS/MS leads to the
identification of the
LNQPGTPTRTAV peptide
from human MEK2
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O-GlcNAcation is associated with increased Erk 1/2 acti-
vation (Tallent et al. 2009). Additionally, increased
O-GlcNAcation in non-neuronal cells has been previously
linked with upregulation of Erk through activation of MEK
(Kneass and Marchase 2005). Potentially, interplay
between MEK threonine 396/398 O-GlcNAcation and 394
phosphorylation may contribute to modulation of Erk
activity. The amino acid sequence surrounding and
including MEK threonine 394 and 396 is conserved from
chicken to human, indicating potential for conserved
mechanism of interplay between phosphorylation and
O-GlcNAcation in this region (Fig. 3).

An O-GIcNAc modification site was identified in the
brain specific protein tubulin polymerization promoting
protein p25 (TPPP/p25) at either serine 152 or threonine
155 within the peptide APIISGVTK (supplemental fig-
ure 1). The serine 152 site was previously identified in our
proteomic screen for O-GIcNAc modification sites in a
mouse synaptic biochemical fraction (Vosseller et al.
2006). Phosphorylation of TPPP/p25 regulates its tubulin
polymerization promoting activity. TPPP/p25 is phos-
phorylated at serine 159 and serine 160, proximal to the
0-GIcNAc modification site (Hlavanda et al. 2007), raising
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Mek2 human LKMLTNHT FIKRSEVEEVDFAGWLCKTLRLNQPGTPTRTAV
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Fig. 3 Sequence alignment of O-GlcNAc modified region of Mek2
across species. The human Mek2 O-GlcNAc modified region is
conserved across species, including phosphorylation site 394 and
O-GlcNAcation site 396 (or 398, which is conserved in mouse and
human, but not chicken)

the idea of potential interplay between O-GlcNAc and
phosphorylation on TPPP/p25 as a possible mechanism
regulating its activity. TPPP/p25 has been reported to be a
component of abnormal protein aggregations/inclusions in
neurodegenerative disorders including Parkinson’s disease
and Lewy body dementias (Lindersson et al. 2005; Kovacs
et al. 2007) and its abnormal expression has been linked to
formation of pathological aggregates (Ovadi and Orosz
2009). Although highly speculative, potentially reduced
O-GlcNAcation in Alzheimer’s may contribute to hyper-
phosphorylation of proteins other than Tau (such as TPPP/
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p25) and this may represent a more widespread and com-
mon influence on abnormal protein aggregation beyond
Tau inclusion in NFTs.

In previous O-GIcNAc site mapping studies of mouse
brain synapse, the proteins Bassoon and Piccolo displayed
the most extensive O-GIcNAc modification (Vosseller
2006; Chalkley et al. 2009). Here, although a relatively
small number of total human O-GlcNAc sites was identified,
Bassoon and Piccolo O-GlcNAc modification was observed.
Human Bassoon was observed to be O-GlcNAc modified at
one of three threonines (residues 2,313-2,316) within the
peptide EEPLPTTTPAAIK (supplemental figure 2). This
is consistent with previously observed O-GlcNAc modifi-
cation in the homologous region in mouse Bassoon
(EEPESTTAPAVIK). Indeed, in the mouse studies, this was
one of two peptides found in a doubly O-GlcNAc modified
state, suggesting conserved high stoichiometry O-GIcNAc
modification in this region. A second O-GIcNAc site
was identified on human Bassoon within the peptide
GLTGPT(T-O-GIcNAc)VPATK (residues 2,925-2,938)
(supplemental figure 3), consistent with previously identi-
fied O-GlcNAc modification of this region (GLAGPTTV-
PATK) in mouse Bassoon. These O-GlcNAcation sites are
within a central domain of Bassoon (amino acids 1,692—
3,263) which mediates direct interaction with the proteins
CtBP1 and CAST/ELKS2 (Jose et al. 2008; Takao-Rikitsu
et al. 2004; tom Dieck et al. 2005). The direct interaction of
CAST with Bassoon, apparently acting through SNARE
complexes, regulates neurotransmitter release (Inoue et al.
2006; Takao-Rikitsu et al. 2004). This raises the possibility
that Bassoon O-GlcNAcation may play a role in modulating
levels of neurotransmitter release through influences on
Bassoon protein—protein interactions. In addition to exten-
sive O-GlcNAcation, Bassoon is known to be heavily
phosphorylated (Collins et al. 2005). Over 30 phosphory-
lation sites and over 25 O-GlcNAc sites have been mapped
on mouse Bassoon, and several phosphorylation and
O-GIcNAc sites map to identical residues. The functions of
Bassoon phosphorylation and O-GlcNAcation are not
known. However, there is almost certainly competition
between O-GIcNAc and phosphorylation on Bassoon, and it
seems likely that such interplay between these post-trans-
lational modifications will influence Bassoon scaffolding
functions through modulating protein—protein interactions.
Although speculative, it is possible that reduced levels of
O-GlcNAcation in disease states such as AD may facilitate
abnormal hyperphosphorylation of Bassoon.

A novel O-GIcNAc site was identified on Piccolo within
the region APFQYTEGYTTK (residues 3,626-3,637)
(supplemental figure 4). Additionally, an O-GlcNAc site in
human Piccolo homologous to a previously mapped mouse
site within the peptide ITSNYEVIR (residues 3,974-3,982)
(supplemental figure 5) was identified. Piccolo is

structurally similar to Bassoon and displays overlapping
localization at the cytomatrix of the presynaptic active
zone (Fenster et al. 2000). Piccolo, like Bassoon, is heavily
phosphorylated and appears to mediate scaffolding func-
tions in neurotransmission (Leal-Ortiz et al. 2008).
O-GIcNAc may have similar roles in regulating both
Bassoon and Piccolo.

Obviously, our sensitivity in identifying O-GlcNAc sites
in this synaptic sample is quite low. There are most certainly
many additional in vivo human O-GlcNAc sites to be iden-
tified. Lack of sensitivity did not appear to be due to poor
enrichment, as the percentage of O-GlcNAc modified pep-
tides compared to non-modified in the lectin enriched frac-
tion was similar between mouse and human studies. Loss of
sensitivity may be related to the delayed processing
of human tissue compared to mouse. Post-mortem delay of
human tissue processing has been shown to lead to a rapid
reduction in O-GlcNAcation levels globally (Liu et al. 2004).

Nevertheless, the overlap of site-specific identifications
of O-GIcNAc on the synaptic proteins Bassoon, Piccolo,
and TPPP/p25 from both mouse and human suggest highly
conserved and specific targeting of O-GIlcNAcation across
species, and further support models of potential O-GIcNAc
regulatory function on these synaptic proteins. Thus,
abnormal disease associated levels of O-GlcNAcation on
such synaptic proteins may contribute to synaptic defects.

Optimization of LTQ ion trap PQD settings for iTRAQ
quantitation

Use of the multiplexed differential isotopic quantitation
technique iTRAQ in ion trap CID peptide sequencing-
based proteomics has been limited by the general absence
of low mass range information where iTRAQ reporter ions
occur. Recently, PQD fragmentation has been shown to be
effective in extending MS/MS information to low mass
ranges, making iTRAQ quantitation in ion trap mass
spectrometry possible (Griffin et al. 2007; Meany et al.
2007; Bantscheff et al. 2008; Guo et al. 2008). PQD-based
ion trap iTRAQ quantitative accuracy is highly dependent
on variables in data acquisition including differential col-
lision energies. Previous iTRAQ experiments in LTQ ion
trap mass spectrometry used data acquisition in centroid
mode (Griffin et al. 2007; Meany et al. 2007), which sums
the intensities of about 15 different sampling intervals over
an atomic mass unit. The centroid mode is generally pre-
ferred, as the scan speed and data processing is faster than
“profile” mode, in which averaging is not performed. In
profile mode, ion intensity in each of the approximately 15
sampling intervals across an atomic mass unit can be
viewed individually, and a peak shape of relative intensity
can be visualized in the mass spectrum. We examined the
potential use of acquiring iTRAQ PQD MS/MS data in
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profile mode in ion trap LTQ mass spectrometry, recog-
nizing that a loss in speed of data acquisition would be a
compromise with this strategy. We labeled a tryptic digest
of alpha and beta casein with either the 114 or 117 iTRAQ
tags and mixed these samples in a ratio of 2.5-1. A total of
500 fmol of this mixture was analyzed by LC-MS/MS
utilizing a single CID scan followed sequentially by three
identical PQD MS/MS scans of the precursor ion. As
reported previously (and data not shown), PQD at all col-
lision energies tested (23-38%) generated much lower
intensity peptide fragment ions and performed much more
poorly in peptide identification compared to CID (data not
shown). We tested the influence of using variable peak
widths of iTRAQ reporter ion intensities for use in calcu-
lating iTRAQ ratios. A constant optimal collision energy of
33% (see below for optimization of collision energy) was
used. Using iTRACKER software (Shadforth et al. 2005),
we analyzed the same set of data in three ways; either
specifying a mass width around the target iTRAQ reporter
ions of +0.1, 0.25, or 0.5 Da for inclusion of ion intensity
in ratio calculations. For peptides identified shown in
Table 2, both 0.1 and 0.25 Da settings provided a similarly
accurate average ratio quite close to the expected 2.5:1
value. However, the standard deviation of ratio average
was much lower when £0.25 Da was used as the width
compared to 0.1 Da (Table 2). The 0.5 Da width resulted
in an average ratio of 3.9 that deviated from the expected
2.5:1 ratio by about 66%, and this included high variability
as reflected in the standard deviation of 1.8. Thus, iTRAQ
ratios from PQD data acquired in profile mode are sensitive
to the peak width used in calculations, and it appears that
widening of the peak width past £0.25 Da with LTQ
profile data leads to significant variability in accuracy of
iTRAQ quantitation in the LTQ instrument.

The range of PQD collision energy that is optimal for
iTRAQ quantitation has been shown to be quite narrow and
is likely instrument specific (Griffin et al. 2007; Meany
et al. 2007). Thus, we tested a range of collision energies in
PQD MS/MS quantitation of iTRAQ labeled alpha and beta
casein tryptic digest labeled in a ratio of 7.5:1 with the 114
and 117 tags, respectively, acquiring data in profile mode
and calculating ratios using £0.25 Da width. A total of
500 fmol of the iTRAQ labeled sample was analyzed by
LC-MS/MS using a single CID MS/MS scan followed by
multiple PQD scans at varying collision energies from 25
to 38%. Indeed, the accuracy of iTRAQ quantitation was
quite sensitive to varying collision energies (Table 3). In
our case, a setting of 33% collision energy was optimal,
generating an average ratio of 7.2:1 for the peptides shown
in Table 1, with a standard deviation of 1.1. Collision
energies either lower (30%) or higher (36%) led to sig-
nificantly greater deviation from the expected 7.5:1 ratio
(Table 3). Thus, this confirms that choice of collision
energy is an important factor that should be intrinsically
determined in iTRAQ quantition in ion trap mass
spectrometers.

Quantitation of O-GIcNAc site-specific modification
by iTRAQ

In future studies it will be desirable to determine quanti-
tative site-specific changes in O-GlcNAcation in AD and
other disease states. However, it is not known how
O-GlcNAc modification of a peptide may affect iTRAQ
labeling or analysis of iTRAQ quantitation. We began
to test this by using a synthetically made O-GlcNAc
modified peptide PSVPV(S-O-GIcNAc)GSAPGR, which
was labeled by four iTRAQ reporter tags (114-117) in a

Table 2 The influence of peak

width selection for iTRAQ Peptide Ratio 114:117

quantitation of reporter ions Using peak Using peak Using peak

acquired in profile mode width 0.1 Da width 0.25 Da width 0.5 Da
K.VIPYVR. Y 1.5 2.6 3.7
K.TTMPLW 32 2.9 3.7
K.EDVPSER. Y 2.1 2.5 6.6

Alpha and Beta casein tryptic KEGIHAQQK. E 22 23 4.1

digests were labeled in a ratio of K.FALPQYLK. T 1.0 2.7 3.0

and 117.1, respectively, and

analyzed by LC-MS/MS in R.NAVPITPTLNR. E 2.7 2.8 2.3

profile mode using PQD R.YLGYLEQLLR. L 3.8 2.9 4.4

fragmentation. iTRAKER K.AMKPWIQPK. T 0.6 3.0 2.1

software was used to caleulate ¢ ey A pEPEVFGK.E 1.8 22 1.4

experimental 114.1:117.1 ratios

using varying widths of 0.1, K.HQGLPQEVLNENLLR.F 4.2 2.8 3.7

0.25, or 0.5 Da surrounding the Average 2.4 2.6 39

expected mass of the iTRAQ Standard deviation 1.1 03 1.8

reporter ion
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Table 3 The influence of collision energy in PQD-based iTRAQ quantitation in LTQ ion trap mass spectrometry

Peptide Ratio 114:117
25% CE 30% CE 33% CE 36% CE 38% CE

K.EKVNELSK.D N/A 3.8100 8.1330 7.2233 N/A
K.EPMIGVNQELAYFYPELFR.Q N/A 1.3900 8.4222 N/A N/A
K.HQGLPQEVLNENLLR.F 5.3900 4.3400 5.7100 4.9500 N/A
R.FFVAPFPEVFGK.E N/A 4.0383 6.9843 3.0633 2.2400
R.YLGYLEQLLR.L N/A 6.6175 5.9660 7.0267 5.2733
K.ALNEINQFYQK.F N/A 4.6600 7.6183 6.8067 3.8550
K.ENCLCSTFCCK.E N/A 7.3825 8.5360 3.7200 6.2667
K.NMAINPSK.E N/A 5.0800 6.5940 5.6950 3.7600
Average N/A 4.6648 7.2455 5.4979 4.2790
Standard deviation N/A 1.8254 1.0996 1.6560 1.5448

Alpha and Beta casein tryptic digests were labeled in a ratio of 7.5:1 with iTRAQ tags 114 and 117, respectively, and analyzed by LC-MS/MS in
profile mode using PQD fragmentation at variable collision energies. iTRAKER software was used to calculate experimental 114:117 ratios

using a peak width of +0.25

ratio of 10:5:2.5:1, and analyzed by combined PQD/CID
MS/MS and MS/MS/MS on O-GlcNAc neutral loss ions
as a strategy for simultaneous iTRAQ quantitation and
O-GIcNAc site mapping. A sample corresponding to
500 fmol of the 114 iTRAQ labeled peptide (50 fmol of
the 117 labeled) was analyzed by LC-MS/MS. MS/MS
derived from CID fragmentation of the iTRAQ labeled
[M+2H]*" precursor at 729.28 gave rise to a characteristic
dominant O-GIcNAc neutral loss ion at 627.96 (Fig. 4a).
This indicates that under these CID conditions, the majority
of iTRAQ tag remains covalently attached to the peptide,
while the majority of O-GIcNAc is dissociated. This is
supported by the presence of a fragment ion retaining the
iTRAQ label (b2). An ion corresponding to both loss of
O-GlcNAc and the iTRAQ tag from the intact precursor is
not observable in the [M+2H] 2+ state, but is found in the
[M—|—2H]1+ state at 1,110.55 (Fig. 4a), indicating that a
fraction of the precursor loses both O-GIcNAc and iTRAQ.
Indeed, the majority of fragment ions present in MS/MS
(although at relative low intensity) correspond to those
having lost the iTRAQ tag (Fig. 4a). This indicates that the
fraction of peptide having lost the iTRAQ tag more readily
fragments along the peptide backbone. The dominant
O-GlcnAc neutral loss ion in MS/MS still retaining the
iTRAQ tag was selected for MS/MS/MS, which gave rise
to a spectra dominated by fragment ions which had lost the
iTRAQ tag, and which are sufficient to identify this pep-
tide. A single fragment ion (b2) was observed retaining the
iTRAQ label. (Fig. 4a). A significant ion corresponding to
intact neutral loss precursor showing loss of iTRAQ is
observed at 1,110.49 (Fig. 4b) in MS/MS/MS, indicating
incomplete fragmentation after loss of the iTRAQ
label. Thus, iTRAQ labeled O-GIcNAc peptides can be
sequenced using CID MS/MS and neutral loss MS/MS/MS

strategies. However, it should be noted that a mixture of
fragment ions that have both lost and retained the mass of
the iTRAQ label may be present in these spectra. The
dilution of intensity of these fragment ions between iTRAQ
labeled and non-iTRAQ labeled pools may lead to some
loss in sensitivity. Our data dependent mass spectrometry
method specified a PQD scan of the precursor at collision
energy 33% acquired in profile mode subsequent to MS/
MS and MS/MS/MS. The low mass range of a PQD spectra
corresponding to MS/MS of the O-GlcNAc modified pep-
tide is shown (Fig. 4c). Ion intensity within the £0.25 Da
surrounding the expected masses for iTRAQ reporter
ions 114-117 was calculated. The observed ratios of
10:4.3:2.4:0.9 correspond well with the expected 10:5:2.5:1
ratio.

Synaptic expression proteomics in AD cortex

We used iTRAQ in LTQ ion trap mass spectrometry to
examine potential synaptic expression differences in an AD
human cortex versus an age matched non-demented control
sample. Hundred micrograms of tryptic digests of synaptic
fractions were differentially labeled with iTRAQ tags 114
(control) and 117 (AD), mixed, and subjected to SCX
chromatography. Eight SCX fractions were collected and
separately analyzed by LC-MS/MS using a method which
specified a single CID MS/MS on precursors (for purposes
of peptide identification) followed by three sequential PQD
scans on the same precursor with data acquired in profile
mode and collision energy set at 33%. One hundred and
twenty-five proteins were identified for which iTRAQ
quantitation was obtained. iTRACKER software (Shad-
forth et al. 2005) was used to determine iTRAQ 117/114
ratios in PQD scans using a width of £0.25 Da surrounding
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Fig. 4 iTRAQ quantitation of
an O-GlcNAc modified peptide.
The O-GlcNAc modified
peptide PSVPV(S-O-
GlcNACc)GSAPGR was labeled
with iTRAQ differential tags
114, 115, 116, 117 in a ratio of
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the target iTRAQ reporter ion. The raw data of Sequest
search algorithm identifications and iTRAQ ratios for each
peptide is provided (supplemental table 1).

Twenty-one proteins displayed significantly altered
expression in the AD sample (Table 4). HSP70 displayed
twofold reduced expression in our AD sample, with an
average iTRAQ ratio of AD to control being 0.5 with a
standard deviation of 0.02 based on seven unique PQD scans
corresponding to HSP70 peptides (Table 4; supplemental
table 1). An example of a sequential CID and PQD scans
leading to identification and quantitation of a peptide from
HSP70 is shown in Fig. 5. Chaperones may in general
facilitate presentation of misfolded proteins to the protea-
some degradation machinery. Hsp70 and Hsp90 can inhibit
amyloid aggregation in neurons (Magrane et al. 2004;
Veereshwarayya et al. 2006; Evans et al. 2006) and can
recognize AD associated abnormally folded Tau and reduce
its levels through facilitating degradation and/or increasing
its solubility (Dou et al. 2003; Petrucelli et al. 2004).
Reduction of chaperone levels/activity may contribute to
accumulation of misfolded/aggregated proteins in AD.

An almost twofold reduction in levels of mitochondrial
aldehyde dehydrogenase (ALDH?2) was observed (Table 4).
Reduced ALDH?2 has previously been implicated in neuro-
degeneration and AD. Oxidative stress and the accumulation
of acetaldehyde may play a role in the pathogenesis of AD
(Markesbery 1999; Ohta and Ohsawa 2006) and ALDH2
may counter these pathogenic states. ALDH2 deficient cells
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are sensitive to oxidative insult and ALDH2 can detoxify
acetaldehyde accumulation through metabolizing it into
acetate (Ohta et al. 2004). A polymorphism that reduces
activity of ALDH2 is associated with late onset AD and acts
synergistically with a known AD polymorphism in APOE
(Kamino et al. 2000). Finally, mice deficient in ALDH2
display neurodegeneration accompanied by memory loss
(Ohsawa et al. 2008).

Synapsin II also displayed an almost twofold reduction
in the AD sample (Table 4). Synapsins are a family of
synaptic vesicle associated proteins that play positive roles
in supporting pre-synaptic plasticity through maintance of
the availability of synaptic vesicle pools (Fdez and Hilfiker
2006). Mice lacking Synapsins develop learning/memory
deficits (Corradi et al. 2008). Thus, potentially reduced
Synapsin expression at synapses may contribute to synaptic
deficits underlying learning and memory defects in AD.

MAPIB expression was reduced in AD (Table 4).
MAPIB may bind microtubles and help stabilize them.
Thus, loss of expression and function of MAPIB may
contribute to the phenotype of deregulation of microtubule
stability observed in AD. Soluble Af has been shown to
lead to degradation of MAPs including MAP1B (Fifre et al.
2006), consistent with decreased MAP1B levels in our AD
sample.

Subunit 7 of the TCP-1/CCT complex which acts to
support proper folding of actin and tubulin (Brackley and
Grantham 2009) displayed decreased expression in AD,
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ST}::;“‘; s?it:irgs ;r(g:gsl Protein Accesion number (1 C107n t(rAOE): 114
expression changes in AD
iTRAQ  Standard
ratio deviation
Downregulated in AD
ATF7IP protein Q6VMQ6 0.42 0.04
SYN2_HUMAN Synapsin-2 (Synapsin II) Q92777 0.52 0.03
Serine threonine protein kinase SMG1 Q96Q15 0.46 0.02
Microtubule-associated protein 1B, isoform 1 P46821 0.62 0.02
Heat shock 70 kDa protein 2 P54652 0.50 0.02
Aldehyde dehydrogenase, mitochondrial P05091 0.55 0.03
Chaperonin containing TCP1 (CCT), subunit 7 Q99832 0.63 0.02
MDHM_HUMAN Malate dehydrogenase P40926 0.58 0.05
Glyceraldehyde-3-phosphate dehydrogenase Q2TSDO 0.65 0.08
Internexin neuronal intermediate filament protein Q16352 0.73 0.06
Beta-tubulin P07437 0.58 0.10
Upregulated in AD
Ankyrin repeat and BTB (POZ) domain containing 1 Q969K4 1.82 0.27
Brain creatine kinase P12277 1.85 0.21
cAMP-dependent protein kinase (PKA) catalytic subunit beta P22694 2.07 0.48
Glial fibrillary acidic protein P14136 1.81 0.75
GNAO2_HUMAN Guanine nucleotide-binding P09471-2 2.43 0.15
protein G(o) subunit
Tryptic digests of synaptic Heat shock protein 75 kDa Q12931 327 0.61
f;ab‘;ﬁ;ﬁﬁfﬁ{g‘ge::g‘iulyl . N-Acetylglucosamine kinase QoUI70 246 011
(control) and 117 (AD), and Glutaminase 094925 2.78 0.13
analyzed by LC-MS/MS for Septin-4 043236 1.80 0.07
peptide/protein identification Ubiquitin carboxyl-terminal hydrolase isozyme L1 P09936 3.64 0.56

and iTRAQ ratio determination

raising the idea that such reduced expression may con-
tribute to microtubule disorganization that is observed in
AD states.

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
a glycolytic enzyme, displayed reduced expression in our
AD sample. This is consistent with previous reports that
suggest GAPDH insoluble aggregation in human AD
(Cumming and Schubert 2005) and in AD animal models
(Shalova et al. 2007), although the potential relationship to
AD pathology is not clear.

Septin 4 overexpression in the AD sample was observed
(Table 4). Septins are GTP-binding proteins which can
assemble into filaments and function in vesicle trafficking.
Septins have been found associated with AD NFTs
(Kinoshita et al. 1998) and increased septin 4 specifically
linked to neurodegeneration previously (Sitz et al. 2008).

Glial fibrillary acidic protein (GFAP) was overexpressed
in our AD sample (Table 4). This is consistent with
previous reports of elevated GFAP levels in AD brains
(Greber et al. 1999; Ingelsson et al. 2004). While GFAP is
a marker of gliosis, GFAP is expressed in hippocampal
neurons in the AD state (Hol et al. 2003). GFAP is used a

marker of neurodegeration, but its pathological link to AD
is not fully understood.

Ubiquitin carboxy-terminal hydrolase L1 (UCH-L1)
displayed 3.6-fold increased synaptic expression in our AD
sample (Table 4). UCH-L1 is a component of the protea-
some degradation pathway and hydrolyzes the C-terminal
glycine of ubiquitin, helping to provide a recycling pool of
mono-ubiquitin that could be used to label proteins for
proteasomal degradation. The proteasomal degradation
pathway is known to be down-regulated in Alzheimer’s
(Keller et al. 2000), which may lead to accumulation of
misfolded proteins that would otherwise be degraded. Our
observation of increased synaptic levels of UCH-L1 is in
contrast to reportedly increased oxidation and reduced
expression of UCH-LI in total AD brains (Choi et al. 2004;
Castegna et al. 2002) and in a mouse model of AD (Gong
et al. 2006). Abnormal UCH-L1 expression may play a role
in AD linked defects in degradation pathways.

The beta subunit of the cAMP-dependent kinase PKA
displayed elevated expression in the AD sample (Table 4).
PKA is important in hippocampal dependent memory
formation (Abel and Nguyen 2008), thus deregulated
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Fig. 5 CID and PQD MS/MS of the peptide FEELNADLFR from
HSP70 shows reduced expression in AD cortical synaptic sample.
Hundred micrograms of tryptic digests of synaptic fractions were
differentially labeled with iTRAQ tags 114 (control) and 117 (AD),
mixed, and subjected to strong cation exchange (SCX) chromatog-
raphy. Eight SCX fractions were collected and separately analyzed by
LC-MS/MS using a method which specified a single CID MS/MS on

expression of PKA could possibly contribute to AD related
decline in memory formation. Further work will have to be
done to confirm the pattern of altered synaptic expression
changes observed here.

Discussion

Evidence in rodent systems indicates that O-GIcNAc is an
abundant modification at neuronal synapses and regulates
synaptic plasticity linked to learning/memory (Vosseller
et al. 2006; Tallent et al. 2009). Abnormal levels of
O-GlcNAc in human disease states such as AD may
deregulate signaling underlying synaptic plasticity. Thus,
we attempted to identify site-specific O-GlcNAc modifi-
cations in human cortical brain synaptic fractions to begin
to understand how synaptic signaling specifically may be
influenced by disease associated changes in O-GIlcNAc
levels. The number of sites identified was relatively low,
but indicated highly conserved patterns of O-GlcNAcation
between rodent and human. In particular, a class of proteins
which regulates synaptic plasticity through controlling
synaptic vesicle distribution (e.g. Bassoon and Piccolo)
appears to be heavily O-GIcNAc modified in both rodent
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precursors (for purposes of peptide identification) followed by three
sequential PQD scans on the same precursor with data acquired in
profile mode and collision energy set at 33%. CID MS/MS identifies
FEELNADLFR from human HSP70 and inset of a PQD MS/MS
example showing m/z region of iTRAQ reporter ions revealing
decreased expression in the AD sample. Average 117:114 ratio was
0.50 (Table 4)

and human. Bassoon and Piccolo are also extensively
phosphorylated. It is quite likely that competition/interplay
between O-GlcNAc and phosphorylation occur on Bassoon
and Piccolo and contributes to their regulation, but this is
not yet known. We identified several novel sites of
O-GlcNAcation on proteins in a human synaptic fraction
with known roles in either neurological disease and/or
synaptic plasticity. These sites were observed to be prox-
imal to known phosphorylation sites. As in the case of tau,
it is tempting to speculate that decreased O-GIcNAc in
disease states such as AD may in general lead to hyper-
phosphorylation in cases where a balance of O-GlcNAc
and phoshorylation is normally maintained at a specific
residue through competition. Thus, hyperphosphorylation
may be a more general pathologic state in AD due to
globally reduced O-GlcNAcation.

iTRAQ is a state-of-the-art differential isotopic labeling
approach in proteomics. PQD scans enable use of iTRAQ
in ion trap mass spectrometry, but accuracy is quite sen-
sitive to variables such as collision energy. A unique fea-
ture of iTRAQ is its suitability to the quantitative study of
post-translational modifications, as the chemistry will label
all peptides in a sample. Other popular differential isotopic
quantitative approaches which target subsets of peptides
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for expression analysis, such as ICAT (Gygi et al. 1999),
will miss many post-translationally modified peptides. We
found that iTRAQ quantitiation is compatible with mass
spectrometric identification of O-GlcNAc modified pep-
tides. Use of iTRAQ should help facilitate more large scale
quantitative O-GIcNAc comparative proteomic analyses.

Sub-cellular proteomic studies may reveal disease spe-
cific changes that would be missed in cruder whole cell/
tissue fractions. In addition to neurodegeneration, it is now
appreciated that synaptic signaling deficits underlying
neuronal plasticity linked to learning and memory occur in
AD. We began to examine synaptic specific changes using
iTRAQ comparison of protein expression in a cortical
synaptic fraction from AD brain versus age matched non-
demented control. Several alterations we observed are
consistent with previous reports, including elevated levels
of Septin-4 and GFAP, and reduced expression of GAPDH
and aldehyde dehydrogenase (ALDH2). Several synaptic
specific proteins displayed altered expression, including
reduced Synapsin II expression in the AD sample. Synap-
sin levels have not previously been shown to be altered in
AD to our knowledge. Possibly, total levels of Synapsin II
are unchanged, but mislocalization results in lower syn-
aptic levels in the AD sample.
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