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Alzheimer’s disease (AD) is the most common type of dementia, comprising 60-80% of all reported
cases, and currently affects 5.2 million Americans. AD is characterized pathologically by the accumulation
of senile plaques (SPs), neurofibrillary tangles (NFTs), and synapse loss. The early stages of memory
loss associated with AD have been studied in a condition known as amnestic mild cognitive impairment
(MCI), arguably the earliest form of AD. In spite of extensive research across a variety of disciplines,
the cause of AD remains elusive. Proteomics techniques have helped to advance knowledge about AD
by identifying irregularities in protein expression and post-translational modifications (PTMs) in AD
brain. Glycosylation is a less studied PTM with regards to AD and MCI. This PTM is important to study
because glycosylation is involved in proper protein folding, protein anchoring to cell membranes, and
the delivery of proteins to organelles, and these processes are impaired in AD. Concanavalin-A (ConA) binds to N-linked glycoproteins, but hydrophobic sites on nonglycoproteins are also known to bind
Con-A. To our knowledge, the present study is the first to examine Con-A-associated brain proteins in
MCI and AD with focus on the hippocampus and inferior parietal lobule (IPL) brain regions. Proteins
found in AD hippocampus with altered levels are glutamate dehydrogenase (GDH), glial fibrillary acidic
protein (GFAP), tropomyosin 3 (TPM3), Rab GDP-dissociation inhibitor XAP-4 (XAP4), and heat shock
protein 90 (HSP90). Proteins found with altered levels in AD IPL are R-enolase, γ-enolase, and XAP-4.
MCI hippocampal proteins with altered levels are dihydropyrimidase-2 (DRP2), glucose-regulated protein
78 (GRP-78), protein phosphatase related protein Sds-22 (Sds22), and GFAP and the only protein found
with altered levels in MCI IPL was β-synuclein. These results are discussed with reference to biochemical
and pathological alterations in and progression of AD.
Keywords: Alzheimer’s disease • mild cognitive impairment • glycoproteomics • Concanavalin -A;
hydrophobic interactions

Introduction
Alzheimer‘s disease (AD) is the most common type of
dementia, comprising 60-80% of all reported cases,1 and
currently affects 5.2 million Americans. Pathologically, AD is
characterized by the accumulation of senile plaques (SPs),
neurofibrillary tangles (NFTs), and loss of synapses. SPs are
composed of a core of amyloid β-peptide (Aβ) and exist as
either diffuse or neuritic variants.2-4 Diffuse plaques are
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believed to develop into the neuritic variant, which accumulate
in the hippocampus, amygdala, association cortices of frontal,
temporal, and parietal lobes, and in other brain areas that
project to these regions in AD.4 Neuritic plaques have dense
fibrillary Aβ cores surrounded by dystrophic axons and dendrites, activated microglia, and reactive astrocytes.5 NFTs are
often associated with SPs.4 NFTs consist as paired helical
filaments (PHFs) composed of hyperphosphorylated tau protein
and occur in the cytoplasm of the soma and in neuritic
projections.4,6-11
Synapse loss is another pathological hallmark observed in
AD in addition to the deposition of SPs and NFTs. The cortex
of AD patients has a 25-35% reduction of total synaptic density
and a 15-35% reduction of synapses per neuron.12 This finding
suggests that communication within and among brain regions
is limited in AD. The early stages of memory loss in arguably
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Figure 1. Method overview. The use of Con-A lectin-affinity chromatography coupled with 2D electrophoresis allows the separation
and the resolution of Con-A-associated proteins.

the earliest form of AD have been studied in a condition known
as amnestic mild cognitive impairment (MCI) and have provided an important tool in the studies of the progression of
AD.13
Amnestic MCI patients have observable deficits in memory
or other essential cognitive abilities; however, these deficits
have not developed extensively enough to interfere with
activities of daily living and patients do not present dementia.1
The fate of persons who are living with MCI does not always
lead to dementia and MCI patients can remain cognitively
stable throughout the remainder of life. In some cases, patients
revert back to a cognitively normal status.1 MCI provides an
important tool for AD research because patient lifestyles and
phenotypes can be analyzed to provide clues for normal brain
aging or potential paths that lead to AD development.
In spite of extensive knowledge about AD and its potential
precursor MCI,4,14-17 the cause of disease remains elusive.
However, proteomics techniques have helped to advance
knowledge about AD by identifying irregularities in protein
expression and post-translational modifications (PTMs) in
affected AD brain regions.14,18 These observations have helped
formulate and support hypotheses for disease pathogenesis.
For example, proteomics studies of nitration, 4-hydroxynonenalylation, and carbonylation of proteins have been studied
extensively in AD and MCI.19-24 From such studies, it is
apparent that an increase in oxidative stress in brain occurs in
these disorders relative to age-matched normal subjects.22-24
Glycosylation is a less studied PTM with regards to AD and
MCI. This PTM becomes important to study because glycosylation is involved in proper protein folding, protein quality
control, protein anchoring to cell membranes, and the delivery
of proteins to organelles, and all of these processes are impaired
in AD.4,25 N-linked glycosylation is the linkage of carbohydrates
to asparagine amino acids and occurs in the endoplasmic
reticulum (ER), while O-linked glycosylation involves the addition of carbohydrates to serine or threonine residues and
takes place in the Golgi apparatus. It is important to note that
late stage N-linked glycosylation takes place in the Golgi, but
the initial addition of oligosaccharide-lipid precursor occurs
in the ER.26
Glycoproteomics studies have previously been conducted in
culture, plasma, and cerebrospinal fluid (CSF) using a variety
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of chromatographic techniques such as immunoaffinity, lectin
affinity, multiple affinity removal system (MARS) depletion,
strong cation exchange, and reverse phase high-performance
liquid chromatography (HPLC).27-35
To our knowledge, the present study is the first to examine
Concanavalin-A (Con-A) associated proteins isolated from brain
of MCI and AD subjects with focus on the hippocampus and
inferior parietal lobule (IPL) brain regions. Hippocampal
neurons project to the IPL and are critical for memory
formation and are atrophied in AD.36 Our proteomics method
employed Con-A lectin affinity columns coupled with 2D gelelectrophoresis, MALDI/TOF mass spectrometry, and MASCOT
database searching methods for the separation and identification of glycoproteins. Con-A recognizes high-mannose, hybrid
and complex biantennary glycoproteins, and terminal glucose
carbohydrate moieties.26,37-41 In addition to binding carbohydrate moieties, Con-A has been shown to have an independent
hydrophobic binding domain separate from the carbohydratebinding domain. Carbohydrate and hydrophobic substrate
binding at their respective binding sites is neither competitive
nor interactive with each other.42
Proteomics identified, Con-A-associated proteins in AD and
MCI brain provide insight into impaired cellular functions
observed in AD.

Results
Method Overview. Figure 1 represents an overview of the
experimental processes used to isolate Con-A-associated proteins. Hippocampus and inferior parietal lobule (IPL) sections
from subjects with AD and MCI were homogenized and
subjected to Con-A affinity chromatography. All brains were
isolated from subjects at an average of 3 h post mortem interval
(PMI) to ensure minimal damage to the brain that is unrelated
to disease. AD brain had an average Braak stage of 5.8. Braak
staging indicates the severity of AD pathology (i.e., based on
the number of senile plaques and neurofibrillary tangles) with
the most severe stage being 6. MCI patients had an average
PMI of 3 h and an average Braak stage score of 3.8. (Refer to
Tables 1 and 2 for individual details.) Age-matched controls
for both AD and MCI had average PMI of less than 3 h and an
average Braak stage less than 2.

Differences in the Con-A Fractionated Proteome of AD
a

Table 1. AD Subject Profiles

brain weight
(g)

PMI (h)

Braak

age (years)

sex

Control 1
Control 2
Control 3
Control 4
Control 5
Control 6
Average

77
83
87
72
85
81
81 ( 5.5

Male
Male
Male
Male
Female
Male

1310
1275
1150
1150
1020
1410
1219 ( 139

3.50
2.00
2.00
3.75
2.50
2.00
2.60 ( 0.8

1
3
2
1
3
2
2.00 ( 0.9

AD 1
AD 2
AD 3
AD 4
AD 5
AD 6
Average

80
90
88
81
81
92
85 ( 5.3

Female
Female
Male
Male
Female
Female

1160
1050
1230
1260
835
1090
1104 ( 154

2.75
2.60
5.75
3.00
3.00
2.00
3.2 ( 1.3

6
6
5
6
6
6
5.8 ( 0.4

a
PMI ) post mortem interval. Braak ) indicates severity of AD
pathology (based on the number of senile plaques and neurofibrillary
tangles in the brain). The scale ranges from 1 to 6.

Table 2. MCI Subject Profilesa
age
(years)

sex

brain
weight (g)

PMI (h)

Braak

Control 1
Control 2
Control 3
Control 4
Control 5
Control 6
Average

93
74
86
76
79
86
82 ( 7.2

Female
Male
Female
Female
Male
Female

1080
1140
1150
1315
1240
1300
1204 ( 95

2.75
4.00
1.75
2.00
1.75
3.75
2.67 ( 1.01

2
1
1
1
2
1
1.33 ( 0.52

MCI 1
MCI 2
MCI 3
MCI 4
MCI 5
MCI 6
Average

99
88
87
87
91
82
89 ( 5.7

Female
Female
Male
Male
Female
Female

930
1080
1200
1170
1155
1075
1102 ( 98

2.00
2.25
3.50
2.25
5.00
3.00
3.0 ( 1.1

5
5
4
3
3
3
3.8 ( 1.0

a
PMI ) post mortem interval. Braak ) indicates severity of AD
pathology (based on the number of senile plaques and neurofibrillary
tangles in the brain). The scale ranges from 1 to 6.

After Con-A chromatography, fractions were concentrated
and subjected to isoelectric focusing and SDS-PAGE electrophoresis. The resultant gels were stained with SYPRO ruby stain
and scanned. Gel images were analyzed using PD-Quest
software and spots from AD or MCI brain that were identified
as significantly different from their age-matched controls were
excised, treated with trypsin, and subjected to mass spectrometric analysis. Interrogation of protein databases led to
identification of Con-A-associated proteins from AD and MCI
brain. The proteins that were identified are listed in Tables 3
and 4 and are enumerated below. All comparisons of gels were
made between each disease state and their respective agematched control (i.e., AD compared to AD age-matched
controls and MCI compared to MCI age-matched controls).
Con-A Associated Proteins with Altered Levels in AD and
MCI Hippocampus. Comparing the Con-A associated protein
levels in AD and MCI hippocampus to their respective agematched controls resulted in identification of 6 proteins with
altered expression in AD and 4 proteins in MCI. Proteins with
altered expression in AD are glutamate dehydrogenase (GDH),
glial fibrillary acidic protein (GFAP), tropomyosin 3 (TPM3),
Rab GDP-dissociation inhibitor XAP-4 (XAP4), and heat shock
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protein 90 (HSP90). XAP4 and HSP90 have decreased levels,
while GDH, GFAP, and TPM3 levels are increased. GDH and
XAP4 occur as multiple spots (see Figure 2). The 4 proteins
found in MCI are dihydropyrimidase-2 (DRP2), glucoseregulated protein 78 (GRP-78), protein phosphatase related
protein Sds-22 (Sds22), and GFAP. GRP78 and DRP2 have
decreased levels, with DRP2 occurring in multiple spots (see
Figure 3). Sds-22 and GFAP levels are increased. Multiple spots
for the same protein in these gels suggest post-translational
modification heterogeneity of these particular proteins, affecting protein isoelectric point (pI). Representative 2D gels with
protein identifications for AD and MCI hippocampus are shown
in Figures 2 and 3, respectively. Identification, statistical, and
protein level data are summarized in Table 3.
Con-A Associated Proteins with Altered Levels in AD and
MCI Inferior Parietal Lobule. Comparing the protein levels in
AD and MCI inferior parietal lobule (IPL) to their respective
age-matched controls resulted in 3 proteins found in AD and
a single protein to have altered levels in MCI. In AD IPL, the
proteins were R-enolase, γ-enolase, and XAP-4. All of these
proteins have increased levels in AD. The protein found in MCI
was β-synuclein with a decreased level. Representative 2D gels
with protein identifications for AD and MCI IPL are shown in
Figures 4 and 5, respectively. Identification, statistical, and
protein level data are summarized in Table 4.
Column Affinity Experiments. To address nonglycoprotein,
hydrophobic binding of brain proteins by Con-A, R-enolase, a
protein identified in this study, underwent oxidation with the
Fe2+/H2O2 Fenton reaction and PNGase F treatments in vitro.
Protein oxidation makes hydrophobic regions more surface
accessible43 and PNGase F removes oligosaccharides from
N-linked glycoproteins. The resultant enolase was then loaded
onto a 1-D SDS-PAGE gel as described. The protein in the gel
was transferred onto a Western blot and probed with Con-A/
biotin conjugate followed by streptavidin/horse radish peroxidase treatment (Figures 6 and 7). The results of this experiment
show that Con-A binds to oxidized and unoxidized enolase.
However, consistent with the notion that increased hydrophobic residue exposure exists in oxidized proteins,43 apparent
increased Con-A binding occurs with oxidized enolase. Both
the oxidized and unoxidized forms of enolase treated with
PNGase F are also bound by Con-A. This experiment shows
that enolase is a substrate for Con-A binding independent of
oxidation state or the presence of any potential N-linked
glycans, but Con-A has an apparently higher affinity for
oxidized enolase.
To further investigate whether the brain protein fractions
isolated from the Con-A affinity columns bind this lectin due
to carbohydrate or hydrophobic interactions, brain samples
were prepared in buffers made with the Con-A competitive
haptens, R-methyl D-glucopyranoside and R-methyl D-mannopyranoside, and the hydrophobic interaction disrupting
nonionic detergent NP-40. Samples were then processed
through Con-A columns as described and loaded onto a 1-D
SDS-PAGE gel. The proteins were then transferred and the
subsequent Western blot was probed with Con-A/biotin conjugate followed by streptavidin/horse radish peroxidase. When
hydrophobic interactions are disrupted with NP-40 treatment
Con-A column resolution is diminished. In contrast, protein
bands are still visualized when samples are treated with
methylated sugars acting as competitive inhibitors. This result
suggests that Con-A still binds some proteins without the
presence of glycans. This is consistent with the existence of a
Journal of Proteome Research • Vol. 8, No. 2, 2009 473
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Table 3. Summary of MALDI/TOF Mass Spectrometry-Based Characterizations and Hippocampal Protein Identifications of
Con-A-Fractionated Proteins from MCI and AD

NCBI GI
no.

4503377
4503377
386758
4506013

NCBI accession
no.

protein

percent
coverage of
no. of peptides
the matched
matched/searched
peptides

NM_001386.4
NM_001386.4
M19645.1
NM_002712.1

Dihydropyrimdase-2 (spot A)
Dihydropyrimdase-2 (spot B)
Glucose-regulated protein-78
Protein phosphatase related
protein SDS-22
4503979
NM_002055.3
Glial fibrillary acidic protein
4885281
NM_005271.2
Glutamate Dehydrogenase
4885281
NM_005271.2
Glutamate Dehydrogenase
4503979
NM_002055.3
Glial fibrillary acidic protein
109016549 XM_001113666.1 Tropomyosin-3
4503971
NM_001493.2
Rab GDP-dissociation inhibitor
XAP-4
4503971
NM_001493.2
Rab GDP-dissociation inhibitor
XAP-4
153792590 NM_001017963.2 Heat shock protein 90

pI,
Mr
(kDa)

Mowse

fold
increase/
decrease

P-value disorder

7/23
12/38
14/40
7/23

26%
27%
25%
26%

4.84,
4.84,
5.03,
4.84,

41653
41653
72185
41653

99
166
117
68

1.72
3.82
1.51
2.26

decrease
decrease
decrease
increase

0.04
0.02
0.05
0.05

MCI
MCI
MCI
MCI

20/42
15/33
14/26
13/18
11/29
9/26

39%
32%
29%
32%
34%
25%

5.84,
7.66,
7.66,
5.84,
4.71,
5.00,

49533
61701
61701
49533
29019
51177

187
142
147
158
106
83

17.1 increase
3.2 increase
2.6 increase
16.0 increase
2.0 increase
6.0 decrease

0.05
0.03
0.03
0.05
0.02
0.03

MCI
AD
AD
AD
AD
AD

14/35

34%

5.00, 51177

136

1.6 decrease

0.03

AD

18/40

31%

5.11, 68614

128

1.7 decrease

0.04

AD

Table 4. Summary of MALDI/TOF Mass Spectrometry-Based Characterizations and IPL Protein Identifications of Con-A-Fractionated
Proteins from MCI and AD

NCBI accession
NCBI GI no.
no.

4507111
30583767
32880095
4503971

NM_003085.3
BT007464.1
BT009876.1
NM_001493.2

protein

percent
no. of peptides coverage of
matched/
the matched
searched
peptides

β-synuclein
R-enolase
γ-enolase
Rab GDP-dissociation inhibitor XAP-4

7/39
6/14
19/47
7/19

51%
21%
57%
18%

pI,
Mr
(kDa)

Mowse

4.41, 14279
5.0, 51177
6.99, 47350
4.91, 47450

85
66
69
175

fold i
ncrease/
decrease

1.45
3.14
13.4
1.25

decrease
increase
increase
increase

P-value disorder

0.04
0.05
0.05
0.05

MCI
AD
AD
AD

The proteins identified in AD and MCI hippocampus and
IPL with altered levels compared to control brain (Tables 3
and 4) have not been previously reported as N-linked glycoproteins. The proteins R- and γ-enolase, DRP-2, Sds22, GDH,
and HSP 90 have one or more Asn-X-Ser/Thr sequences that
potentially can be N-glycosylated, but lack a hydrophobic
amino acid signal sequence at the N-terminus for canonical
ER localization. Alternatively, proteins devoid of glycans may

bind Con-A as a result of interactions with this lectin’s
hydrophobic binding domain. Experiments with R-enolase
suggest that binding of some proteins found in this study is
due to some mechanism other than carbohydrate binding.
However, binding due to hydrophobic interactions has significance. An increased hydrophobicity of proteins would drive
most of these normally cytosolic or lumen-associated proteins
to the various membranes of the cell or to aggregate with other
hydrophobic proteins in the cell’s aqueous environments. The
bulk of the remainder of the discussion describes the normal
role of the identified proteins and possible implications of their
impairment.

Figure 2. Sypro-stained 4-16% polyacrylamide representative 2D
gels of Con-A-eluted proteins from AD hippocampus and agematched control with statistically significant protein spot identities. For protein spot p-values, please refer to Table 3.

Figure 3. Sypro-stained 4-16% polyacrylamide representative 2D
gels of Con-A-eluted proteins from MCI hippocampus and agematched control with statistically significant protein spot identities. For protein spot p-values, please refer to Table 3.

hydrophobic binding region of Con-A that binds brain proteins
independently of the presence of carbohydrate residues.

Discussion
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Figure 6. Enolase 1-D Western blot probed with Con-A/biotin
conjugate. Equal amonts of unoxidized enolase, oxidized enolase,
PNGase F-treated unoxidized enolase, and PNGase F-treated
oxidized enolase were probed with Con-A/biotin.

Figure 4. Sypro-stained 4-16% polyacrylamide representative 2D
gels of Con-A-eluted proteins from AD IPL and age-matched
control with statistically significant protein spot identities. For
protein spot p-values, please refer to Table 4.

Figure 7. Con-A/biotin binding of Con-A column fractions in the
presence or absence of competitive haptens and the nonionic
detergent NP-40. C ) Control; H ) Hapten (0.1 M R-methyl
glucopyranoside, 0.5 M R-methyl mannopyranoside); NP40 )
Nonionic detergent.

Figure 5. Sypro-stained 4-16% polyacrylamide representative 2D
gels of Con-A-eluted proteins from MCI IPL and age-matched
control with statistically significant protein spot identities. For
protein spot p-values, please refer to Table 4.

Glutamate dehydrogenase (GDH) is an enzyme located in
the mitochondrial matrix that can act in either a metabolic or
a catabolic direction. In the biosynthetic direction, GDH
catalyzes the reductive amination of R-ketoglutarate with
NADPH to yield glutamate. Alternatively, GDH can catalyze the
formation of R-ketoglutarate from glutamate with NAD+ and
ammonium ion. The catabolic activity of GDH is particularly
important for the elimination of excitotoxic glutamate. Excess
glutamate can stimulate NMDA receptors leading to an increase
in Ca2+ influx and altered calcium homeostasis, which would
lead to alteration in long-term potentiation (LTP) and consequently, learning and memory deficits as seen in AD.44 In our
study, we found a significant increase of Con-A-associated GDH
in AD hippocampus compared to control. This increase might
be related with an increased presence of astrocytes, which can
use glutamate as a substrate for energy metabolism,45 particu-

larly when the extracellular glutamate levels increase.46,47 In
addition, the GDH pathway is thought be mostly active when
glucose levels are low,48 and it is known from both positron
emisson tomography (PET) studies and proteomics analysis
that glucose utilization is markedly depressed in AD brain. Our
results confirm numerous studies that report an increase in
the total amount of GDH in AD.49-52 These studies support
the possible compensatory role of GDH in the pathogenesis of
AD, potentially reflecting decreased glucose energy metabolism.53
Glial fibrillary acidic protein (GFAP) is the building block of
glial intermediate filaments and is the major cytoskeletal
structure in mature reactive astrocytes. Increased expression
of GFAP is a characteristic feature of reactive astrocytes during
chronic inflammation that could be associated with the presence of tangles, neuritic plaques and Aβ pathology, and
represent the maturation of the astrocytes.54 The levels of GFAP
dynamically respond to aging as well as to neurodegenerative
lesions,55,56 and many studies have shown that the amount of
GFAP generally increases in neurodegenerative diseases such
as AD.57 We report in this work an increased expression of ConA-associated GFAP in MCI and AD hippocampus, supporting
the hypothesis that neuro-inflammation starts early and is
maintained throughout AD progression.
Tropomyosin 3 (TPM3) and tropomyosin proteins in general
are implicated in the differentiation and maturation of neurons
as well as polarization of developing neurons, growth of
Journal of Proteome Research • Vol. 8, No. 2, 2009 475
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dendrites and axons, and growth cone size and formation.
Neuronal cells express a limited spectrum of TPMs, some of
which are specific to this cell type and show both developmental and spatial patterns of expression.58 TPM3 is a brainspecific TPM found in all regions of the brain that appear late
in development and increase in concentration as the brain
matures.59,60 TPM3 is concentrated in axons and synaptic
glomeruli60 and is thought to play a role in synaptic function
as well as neuronal maturation. Our experimental results
demonstrate an increased level of Con-A-associated TPM3 in
AD hippocampus. These data, coupled with previous studies
that report an up-regulation and oxidation of TPM3 in the
olfactory system of aged mice61 and in gerbil synaptosomes
treated with the lipid peroxidation product acrolein,62 are
consistent with the notion of an impairment of neuron
maturation that may lead to dysfunction in axonal transport
and dendrite formation in AD. Consistent with this notion,
axonal transport is severely disrupted in AD.63
Rab-GDP dissociation inhibitor XAP-4 (XAP4) is a member
of the GDP dissociation inhibitor (GDI) family that controls the
recyclingoftheRabGTPasesinvolvedinmembranetrafficking.64,65
GDIs retrieve the GDP-bound form of Rab from the membrane
to form a heterodimeric complex, which maintains a cytosolic
reservoir for the reuse of inactive Rab during multiple rounds
of vesicle budding and fusion.66,67 In the brain, Rab3 proteins
play an important role in neurotransmitter release and are
substrates for XAP4,68-70 demonstrating the importance of this
particular GDI in brain plasticity. A decrease of Con-Aassociated GDI levels in AD hippocampus suggests a possible
impairment in synaptic vesicle exocytosis and recycling during
AD progression, potentially contributing to the known impairment in neurotransmission in AD.71
The 90-kDa heat shock protein (HSP90) is a highly conserved
molecular chaperone widely expressed in cells of various
species that plays a key role in protein refolding under stress
conditions and in signal transduction under nonstress conditions.72,73 HSP90 can prevent the aggregation of unfolded
proteins and cooperate with the HSP70/HSP40 chaperone
system in the ATP-dependent refolding of unfolded model
proteins.74,75 In eukaryotes, cytoplasmic HSP90s act as specific
chaperones for a wide range of client proteins such as the
cytoplasmic receptor steroid hormone.76 In mammalian cells,
HSP90 association with Raf, MEK, and Src family proteins is
required for signaling.72 HSP90 has also been shown to facilitate
G-protein coupled pathways,77 but whether HSP90 directly
regulates G protein-coupled receptors is unknown. In AD and
other neurodegenerative diseases, HSP90 has been shown to
modulate tau association with microtubules and help determine microtubule integrity.78,79 In addition, HSP 90 in AD may
act to attenuate the cytotoxicity of Aβ by preventing processes
such as oxidation, oligomerization, misfolding, and aggregation,
therefore, inhibiting the formation of Aβ toxic variants.80,81
Further, HSP 90 could act via the NF-KB and p38 MAPK
pathways to induce microglial activation and facilitate the
phagocytosis and clearance of Aβ.82,83 Our data show a decrease
in the levels of Con-A-associated HSP 90. This condition in the
AD hippocampus conceivably could contribute to both the
well-recognized deposition of Aβ and the formation of NFTs.
Dihydropyrimidase-2 (DRP-2), a protein member of the DRP
gene family, is a path-finding and guidance protein for axonal
outgrowth during the formation of neuronal connections and
for the maintenance of neuronal communication. DRP-2
exploits its function through the transmission and modulation
476
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of extracellular signals like collapsin, a protein responsible for
the elongation and guidance of dendrites. DRP-2 is normally
expressed during development, however it was found to be
present in adult brain, indicating its involvement in repairing
and maintaining the plasticity of neuronal connections in aged
brains.23,84 Dysfunction of the DRP-2 repairing activity in brain
suggests that depletion of DRP-2 may result in neuronal
abnormalities, thus, accelerating the neuritic degeneration in
many neurodegenerative disorders.84 Proteomic data from our
laboratory showed that DRP-2 is significantly oxidatively modified in AD brain20 and has been shown to have decreased
expression in AD brain.85 The present study, showing a
decreased level of Con-A-associated DRP-2 confirms a decrement in hippocampus of MCI subjects and is consistent with
the known shortened dendritic length in AD.86 We speculate
that this loss of ability to form neuronal connections could be
important in a memory disorder and may be a possible
mechanism involved in the onset of AD.
Glucose-regulated protein 78 (GRP78), also known as BiP or
HSPA5, is a member of the heat shock protein 70 (Hsp70) family
of proteins, which function as molecular chaperones by binding
transiently to proteins traversing through the ER and facilitating
their folding, assembly, and transport.87 GRP78 is the main
constituent involved in the unfolded protein response (UPR).
GRP78 recognizes unfolded polypeptides, inhibits intra- and
intermolecular aggregation, and promotes oligomerization and
proper folding. During ER stress response, GRP78 binds misfolded proteins and translocates them through ER membranes
for their proteosomal degradation. GRP78 interacts with APP
and reduces the levels of APP, Aβ40, and Aβ42 secretion.87 This
transient interaction may impair access of APP to β-/γsecretases within the ER/Golgi or may influence APP metabolism by facilitating its correct folding.87 GRP78 has also been
implicated in the cellular response to altered intracellular Ca2+
homeostasis.88 Some studies verified that the protein levels of
BiP/GRP78 decreased in the temporal cerebral cortex brain
region of sporadic AD as well as familial AD depending on the
mutations in the PS1 gene that affect the regulation of expression of GRP78 mRNA.89 In contrast, other investigators have
found that overall protein levels of GRP78 are increased in AD
temporal cortex and hippocampus compared to nondemented
control cases confirming a marked ER stress during AD
progression.90 The present study demonstrates a decreased
level of Con-A associated GRP78 in MCI hippocampus. Because
there are conflicting reports in the literature about GRP78 levels
in AD brain, further studies are needed to elucidate the role
GRP-78 in AD pathogenesis.
The cellular role of protein phosphatase related protein Sds22 (Sds22) is still under debate. Sds22 has been shown to be
essential for chromosome disjunction during the metaphase/
anaphase transition.91 In addition to its role in the cell cycle,
Sds22 may facilitate protein phosphatase 1 (PP-1) mediated
dephosphorylation, although it does not itself display protein
phosphatase activity. Two mechanisms has been proposed for
the interaction of Sds22 with PP-1: direct interaction with the
PP-1 catalytic site increases PP-1 nuclear activity, or a chaperonelike role for the nuclear PP-1 catalytic site preventing aggregation of the free PP1c subunit and/or helping to retain it in the
nucleus.92 Human Sds22 homologues are expressed in a variety
of tissues and are present in both the cytoplasm and the
nucleus.91 In the current study, we demonstrate a decrease in
the levels of Con-A-associated Sds22 in MCI hippocampus;
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however, its involvement in MCI progression to AD, if any,
needs further investigation.
The proteins R-enolase and γ-enolase catalyze the reversible
glycolytic reaction of 2-phosphoglycerate to phosphoenolpyruvate. The R-enolase isoform is ubiquitously expressed in tissue,
while γ-enolase is brain-specific, and in the present investigation, both show increased Con-A-associated levels in AD IPL.
It is well-documented that the AD brain is metabolically
challenged, and increased production in enolase isoforms may
be a response to combat the compromise in energy production.93,94 The increased levels of Con-A-associated enolase,
coupled with previous studies that show enolase as oxidized
and glutathionylated in AD brain,20,95 suggests that enolase
might be newly synthesized, oxidatively damaged and recruited
back to the ER for repair and subsequently kept in the ER due
to impaired ER-Golgi trafficking. This would render enolase
ineffective in overcoming metabolic deficits observed in AD.
Enolase has multiple functions in addition to glycolysis, and
investigations of this oxidatively modified protein for other
potential roles in AD brain is ongoing in our laboratory.
R-Synuclein is well-known as the primary component of
pathological Lewy bodies that occur in Parkinson‘s disease (PD)
and in diffuse Lewy body disease. The primary function of
synuclein is not known, but it is typically a component of
presynaptic neurons.96 β-Synuclein is homologous to R-synuclein and binds to Aβ.97 The role of synuclein in the
pathogenesis of PD has been investigated and these insights
may be relevant to AD. Cooper et al. showed that ER-Golgi
trafficking is blocked by synuclein and rescued by Rab1
protein.96 β-Synuclein is largely localized to synaptic membranes, and Aβ (1-42) leads to oxidation of this protein in
vivo.98 The present study reports that Con-A-associated β-synuclein level is decreased in MCI IPL, which conceivably could
contribute to altered vesicular trafficking and synaptic function
in AD. The current study also reports that XAP-4 has an
increased expression in the IPL and a decreased expression in
AD hippocampus. This seemly confounded result may be due
to a loss in communication between the two brain regions. We
speculate that less β-synuclein and more XAP-4 in the IPL may
alter synaptic trafficking in an attempt to re-establish communication between the two brain regions. The decreased
expression in XAP-4 in hippocampus suggests decreased neurotransmission and supports the idea that communication is
impaired between the hippocampus and IPL.
All the aforementioned proteins were isolated using Con-A
lectin. Con-A recognizes R-linked mannose and terminal
glucose carbohydrate moieties that are characteristic of the
initial sugars added to N-linked glycoproteins and hybrid and
complex biantennary glycoproteins. As noted above, Con-A also
has an independent hydrophobic binding domain.42 The results
of experiments using R-enolase probed with Con-A/biotin
conjugate described here suggest that the brain proteins
identified in the current study to have altered levels in AD and
MCI could be a result of hydrophobic binding to Con-A. This
observation does not rule out the possibility that the proteins
were not glycosylated at some point in their history or are not
currently glycoproteins. Controversial studies have reported
that glycosylation occurs in the nucleus and cytoplasm and is
not limited to the canonical pathway through the cell’s endomembrane system.99 However, noncanonical pathways remain to be generally accepted by the glycobiology community
because hypotheses to explain the existence of nucleoplasmic
and cytoplasmic glycoproteins, either through direct glycosy-

lation in these compartments or glycoprotein transport into
these environments, have yet to be elucidated.99 Therefore, the
proteins that were found in this study with potential N-linked
glycosylation sites may be glycosylated in a noncanonical
pathway. An alternative explanation of these results is the
hydrophobicity of proteins from AD and MCI brain compared
to age-matched controls is altered. In addition, a number of
proteins in this study, such as HSP90 and GRP78, are chaperone
proteins. Therefore, the possibility exists that proteins that
formed conjugates with these chaperones may have been
included in the protein fraction eluted from the Con-A column
and did not necessarily bind to hydrophobic or carbohydrate
binding domains of Con-A. The reverse scenario of proteins
bound to Con-A-associated proteins being identified as having
altered levels in AD and MCI brain is another possibility; that
is, chaperone proteins conceivably are binding partners to
Con-A fractionated proteins.
As noted above, one way to increase hydrophobic region
availability of brain proteins is by oxidative modification of
proteins,43 a phenomenon known in AD and MCI.18,100 The
exact nature of the binding of these proteins to Con-A remains
to be determined, but the identity of proteins of altered levels
in AD and MCI brain are consistent with biochemical and/or
pathological alterations in both disorders.

Conclusions
The present study is the first to report Con-A-fractionated
proteins in the brains from subjects with AD and MCI and
identified a number of proteins with varying levels compared
to the respective control brains. These proteins encompass a
wide assortment of functions including cellular trafficking,
metabolism, signal transduction, and neurotransmission, all
known to be disrupted in AD. In the discussion of these
findings, we posit about the implications of these results in
AD pathogenesis as well as aberrant cellular processes in the
disease. Future studies coupling Con-A and other lectins with
higher substrate specificity may provide more information on
the pathogenesis and potential treatment of AD.

Materials and Methods
Sample Preparation. Hippocampus and inferior parietal
lobule samples (n ) 6 each) from well-characterized subjects
with AD and MCI and respective age-matched controls were
obtained from the University of Kentucky Alzheimer’s Disease
Clinical Center Neuropathology Core. Samples were homogenized on ice with sucrose isolation buffer (0.32 M sucrose with
protease inhibitors, 4 µg/mL leupeptin, 4 µg/mL pepstatin A,
0.125 M Tris pH 8.0, 5 µg/mL aprotinin, 0.2 mM phenylmethylsulfonylfluoride (PMSF), and 0.6 mM MgCl2). Table 1 and
Table 2 represent demographic data of the AD and MCI
subjects, respectively. Note the very short post mortem interval
of these samples.
Protein Estimation and Concanavalin A Lectin Affinity
Columns. Protein concentrations were determined using the
BCA method and aliquots (1500 µg) were diluted with 5×
Binding/Wash buffer in a 4:1 volumetric ratio and loaded into
Con-A affinity columns. Con-A lectin columns, binding/wash,
and elution buffers were prepared as described by the manufacturer’s instructions (Pierce Biotechnology, Rockford, IL). The
samples were loaded onto columns and incubated (10 min)
with end-over-end mixing using an elliptical rotor. The samples
were spun at 1000g (1 min), the effluent was reloaded onto
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the columns, and the process was repeated. The effluent was
discarded after this step. Binding/Wash buffer (400 µL) was
added to the Con-A lectin columns, the columns then were
centrifuged at 1000g (1 min) and the process was repeated. The
columns were loaded with elution buffer (200 µL) and incubated (10 min) with end-over-end mixing using an elliptical
rotor. The samples were spun at 1000g for 1 min and the
effluent was retained. This process was repeated and the
elution buffer containing the Con-A-associated proteins was
combined (400 µL) and concentrated (to ∼25 µL) using 30 kDa
cutoff filters (Millipore, Billerica, MA). Protein concentration
was redetermined using the BCA method and the remaining
aliquots were suspended in 200 µL of rehydration buffer
composed of a 1:1 ratio (v/v) of the Zwittergent solubilization
buffer (7 M urea, 2 M thiourea, 2% Chaps, 65 mM DTT, 1%
Zwittergent, 0.8% 3-10 ampholytes and bromophenol blue)
and ASB-14 solubilization buffer (7 M urea, 2 M thiourea 5 mM
TCEP, 1% (w/v) ASB-14, 1% (v/v) Triton X-100, 0.5% Chaps,
0.5% 3-10 ampholytes) for 2 h.
First-Dimension Electrophoresis. For the first-dimension
electrophoresis, approximately 50 µL of sample solution was
applied to 110-mm pH 3-10 ReadyStrip IPG strips (Bio-Rad,
Hercules, CA). The strips were then actively rehydrated in the
protean isoelectric focusing (IEF) cell (Bio-Rad) at 50 V for 18 h.
The isoelectric focusing was performed in increasing voltages
as follows: 300 V for 1 h, then linear gradient to 8000 V for 5 h
and finally 20 000 V/h. Strips were then stored at -80 °C until
the second-dimension electrophoresis was to be performed.
Second-Dimension Electrophoresis. For the second dimension, the IPG Strips, pH 3-10, were thawed and equilibrated
for 10 min in 50 mM Tris-HCl (pH 6.8) containing 6 M urea,
1% (w/v) sodium dodecyl sulfate (SDS), 30% (v/v) glycerol, and
0.5% dithiothreitol, and then re-equilibrated for 15 min in the
same buffer containing 4.5% iodacetamide instead of dithiothreitol. Linear gradient precast criterion Tris-HCl gels (8-16%)
(Bio-Rad) were used to perform second-dimension electrophoresis. Precision Protein Standards (Bio-Rad, CA) were run
along with the samples at 200 V for 65 min.
SYPRO Ruby Staining. After the second-dimension electrophoresis, the gels were incubated in fixing solution (7% acetic
acid, 10% methanol) for 20 min and stained overnight at room
temperature with 50 mL of SYPRO Ruby gel stain (Bio-Rad).
The SYPRO ruby gel stain was then removed and gels were
stored in deionized water.
Con-A Affinity Experiments. Enolase (Sigma) was oxidized
by hydroxyl free radicals as previously described.101 Aliquots
of unoxidized and oxidized enolase were treated with PNGase
F (Sigma) as described by manufacturer’s directions. Samples
were loaded onto linear gradient 18-well precast criterion
Tris-HCl gels (8-16%) (Bio-Rad), which were used to perform
1-dimensional electrophoresis. Precision Protein Standards
(Bio-Rad, CA) were run along with the sample at 120 V for 120
min. Gels were transferred onto nitrocellulose membranes (BioRad) at 20 V for 2 h. Blots were blocked with blocking reagent
(Licor) for 1 h then probed with ConA/Biotin conjugate
(0.001%) for an additional 1 h. Blots were washed (3×) with
PBST. A solution of streptavidin/horse radish peroxidase
conjugate (0.2 µg/mL in PBST) was added and incubated for
1 h. Blots were visualized using a STORM phosphoimager (Ex.
470 nm, Em. 618 nm, Molecular Dynamics, Sunnyvale, CA).
MCI age-matched control hippocampus samples were homogenized on ice with sucrose isolation buffer (0.32 M sucrose
with protease inhibitors, 4 µg/mL leupeptin, 4 µg/mL pepstatin
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A, 0.125 M Tris pH 8.0, 5 µg/mL aprotinin, 0.2 mM phenylmethylsulfonylfluoride (PMSF), and 0.6 mM MgCl2), sucrose
isolation buffer plus NP-40, sucrose isolation buffer plus 0.1
M R-methyl D-glucopyranoside and 0.5 M R-methyl D-mannopyranoside, and sucrose isolation buffer plus 0.1 M R-methyl
D-glucopyranoside, 0.5 M R-methyl D-mannopyranoside, and
NP40. These samples underwent Con-A column chromatography as described above. Protein fractions were loaded onto
linear gradient 18-well precast criterion Tris-HCl gels (8-16%)
(Bio-Rad) to perform one-dimensional electrophoresis. Precision Protein Standards (Bio-Rad, CA) were run along with the
sample at 120 V for 120 min. Gels were transferred onto
nitrocellulose membranes (Bio-Rad) at 20 V for 2 h. Blots were
blocked with blocking reagent (Licor) for 1 h, then probed with
ConA/Biotin conjugate (0.001%) for an additional h. Blots were
washed (3×) with PBST. A solution of streptavidin/horse radish
peroxidase conjugate (0.2 µg/mL in PBST) was added and
incubated for 1 h. Blots were visualized using a STORM
phosphoimager as described above.
Image Analysis. SYPRO ruby-stained gel images were obtained using a STORM phosphoimager as indicated above and
saved in TIFF format. Gel imaging was software-aided using
PD-Quest (Bio-Rad) imaging software. Briefly, a master gel was
selected followed by normalization of all gels (Control and AD
or Control and MCI) according to the total spot density. Gelto-gel analysis was then initiated in two parts. First, manual
matching of common spots that could be visualized among the
differential 2D gels was performed. After obtaining a significant
number of spots, the automated matching of all spots was then
initiated. Automated matching is based on user-defined parameters for spot detection. These parameters are based on
the faintest spot, the largest spot, and the largest spot cluster
that occur in the master gel and are defined by the user. On
the basis of these parameters, the software defines spot centers
for the gel. If the software “misses” spots that are obvious to
the naked eye that manual and automated matching fails to
identify, the user can manually assign a spot center. This
process generates a large pool of data, approximately 350 spots.
Only proteins showing computer-determined significant
differential levels between the two groups being analyzed were
considered for identification. To determine significant differential levels of proteins, analysis sets were created using the
analysis set manger software incorporated into the PD-Quest
software. The number of pixels that occur in a protein spot
were computed by the software corresponding to an increase/
decrease in protein level. A quantitative analysis set was created
that recognized matched spots that had increases or decreases
of 1.5-fold. A statistical analysis set was created that compared
matched spots using a Student’s t test at 95% confidence. Spots
with p-values of p < 0.05 were considered significant. A Boolean
analysis set was created that identified overlapping spots from
the aforementioned quantitative and statistical sets. These spots
were selected for subsequent mass spectrometric analysis.
In-Gel Trypsin Digestion. Protein spots statistically different
than controls were digested in-gel by trypsin using protocols
previously described and modified by Thongboonkerd et al.102
Spots were taken from individual gels and not pooled for mass
spectrometric analysis. The amount of protein from one gelspot was sufficient for identification. Briefly, spots of interest
were excised using a clean blade and placed in Eppendorf
tubes, which were then washed with 0.1 M ammonium
bicarbonate (NH4HCO3) at room temperature for 15 min.
Acetonitrile was then added to the gel pieces and incubated at

Differences in the Con-A Fractionated Proteome of AD

research articles

room temperature for 15 min. This solvent mixture was then
removed and gel pieces were dried. The protein spots were then
incubated with 20 µL of 20 mM DTT in 0.1 M NH4HCO3 at 56
°C for 45 min. The DTT solution was removed and replaced
with 20 µL of 55 mM iodoacetamide in 0.1 M NH4HCO3. The
solution was then incubated at room temperature for 30 min.
The iodoacetamide was removed and replaced with 0.2 mL of
50 mM NH4HCO3 and incubated at room temperature for 15
min. Acetonitrile (200 µL) was added. After 15 min incubation,
the solvent was removed, and the gel spots were dried in a
flow hood for 30 min. The gel pieces were rehydrated with 20
ng/µL-modified trypsin (Promega, Madison, WI) in 50 mM
NH4HCO3 with the minimal volume enough to cover the gel
pieces. The gel pieces were incubated overnight at 37 °C in a
shaking incubator.
Mass Spectrometry. All mass spectrometry results reported
in this study were obtained in collaboration with the Department of Pharmacology in the University of Louisville Mass
Spectrometry Facility. A Bruker Autoflex matrix-assisted laser
desorption ionization-time-of-flight (MALDI-TOF) mass spectrometer in the reflectron mode was used to generate peptide
mass fingerprints (Bruker Daltonic, Billerica, MA). Peptides
resulting from in-gel digestion with trypsin were analyzed on
a 384 position, 600 µm AnchorChip Target (Bruker Daltonics,
Bremen, Germany) and prepared according to AnchorChip
recommendations (AnchorChip Technology, Rev. 2, Bruker
Daltonics, Bremen, Germany). Briefly, 1 µL of digestate was
mixed with 1 µL of R-cyano-4-hydroxycinnamic acid (0.3 mg/
mL in ethanol/acetone, 2:1 ratio) directly on the target and
allowed to dry at room temperature. The sample spot was
washed with 1 µL of a 1% TFA solution for approximately 60 s.
The TFA droplet was gently blown off the sample spot with
compressed air. The resulting diffuse sample spot was recrystallized (refocused) using 1 µL of a solution of ethanol/acetone/
0.1 % TFA (6:3:1 ratio). Reported spectra are a summation of
100 laser shots. External calibration of the mass axis was used
for acquisition and internal calibration using either trypsin
autolysis ions or matrix clusters and was applied post acquisition for accurate mass determination. The raw data were
exported as a text file and subsequently generated peak lists
were interrogated using the online Mascot database.
Analysis of Peptide Sequences. Peptide mass fingerprinting
was used to identify proteins from tryptic peptide fragments
by utilizing the MASCOT search engine (MASCOT Server
Version 2.2 http://www.matrixscience.com) based on the entire
NCBI and Swiss-Prot protein databases (Release 31 containing
5 859 648 proteins from 5513 species http://www.ncbi.nlm.nih.gov/RefSeq/). Database searches were conducted allowing
for up to one missed trypsin cleavage and using the assumption
that the peptides were monoisotopic, oxidized at methionine
residues, and carbamidomethylated at cysteine residues. Mass
tolerance of 150 ppm, 0.1 Da peptide tolerance and 0.2 Da
fragmentation tolerance was the window of error allowed for
matching the peptide mass values.103 Probability-based MOWSE
scores were estimated by comparison of search results against
estimated random match population and were reported as -10
log 10 (p), where p is the probability that the identification of
the protein is a random event. MOWSE scores greater than 63
were considered to be significant (p < 0.05). All protein
identifications were in the expected size and isoelectric point
(pI) range based on the position in the gel. A Supporting

Information file to this paper contains MS peak lists, sequences
of matched peaks, and complete sequences for all identified
proteins.
Statistical Analysis. Statistical analysis of protein levels
matched with spots on 2D-gels from AD and MCI hippocampus
and inferior parietal lobule compared to age-matched controls
were carried out using Student’s t-tests. A value of p < 0.05
was considered statistically significant. (Please see the Image
Analysis section above for generation of analysis sets.) Only
proteins that were considered significantly different by Student’s t-test were subjected to in-gel trypsin digestion and
subsequent proteomic analysis. According to Maurer and
Peters, generalized statistical tests that apply to proteomics
studies are unavailable.104 Because of small numbers of
proteins that are typically identified in proteomics studies
compared to microarray data, statistical methods applied to
thousands of hits in microarray studies are not applicable for
proteomics studies with relatively small numbers of identified
proteins.94,95 Hence, Student’s t test was used for analysis.104,105
A summary of the methods employed in this study is shown
in Figure 1.
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