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Abstract
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Alzheimer disease (AD) is the most common type of dementia and is characterized pathologically
by the presence of neurofibrillary tangles (NFTs), senile plaques (SPs), and loss of synapses. The
main component of SP is amyloid-beta peptide (Aβ), a 39 to 43 amino acid peptide, generated by
the proteolytic cleavage of amyloid precursor protein (APP) by the action of beta- and gammasecretases. The presenilins (PS) are components of the γ-secretase, which contains the protease
active center. Mutations in PS enhance the production of the Aβ42 peptide. To date, more than
160 mutations in PS1 have been identified. Many PS mutations increase the production of the βsecretase-mediated C-terminal (CT) 99 amino acid-long fragment (CT99), which is subsequently
cleaved by γ-secretase to yield Aβ peptides. Aβ has been proposed to induce oxidative stress and
neurotoxicity. Previous studies from our laboratory and others showed an age-dependent increase
in oxidative stress markers, loss of lipid asymmetry, and Aβ production and amyloid deposition in
the brain of APP/PS1 mice. In the present study, we used APPNLh/APPNLh x PS-1P246L/PS-1P246L
human double mutant knock-in APP/PS-1 mice to identify specific targets of brain protein
carbonylation in an age-dependent manner. We found a number of proteins that are oxidatively
modified in APP/PS1 mice compared to age-matched controls. The relevance of the identified
proteins to the progression and pathogenesis of AD is discussed.
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Alzheimer disease (AD) is the most common type of dementia that currently affects 5.3
million Americans, a number that is predicted to increase to 16–20 million Americans in just
a few decades [1]. AD is characterized pathologically by the presence of neurofibrillary
tangles (NFTs), senile plaques (SPs), and loss of synapses [2]. Senile plaques are
extracellular and are composed primarily of amyloid-beta (Aβ) peptide, a 39 to 43 amino
acid peptide. Aβ is generated by the proteolytic cleavage of a transmembrane protein,
amyloid precursor protein (APP), by the action of beta- and gamma-secretases. Aβ has been
proposed to induce oxidative stress and neurotoxicity [3-5]. The evidence of Aβ being a key
player in AD pathogenesis was proposed principally based on familial Alzheimer disease
(FAD) individuals, who have autosomal dominant mutations in amyloid precursor protein
(APP) or presenilin (PS) genes 1 and 2 [6, 7], a mutation in PS-1 being more aggressive. In
addition, individuals with Down syndrome, an autosomal trisomy of 21 chromosome, a
locus of the APP gene, present pathological hallmarks of AD after about age 40 [8]. Studies
from our laboratory and others suggested that Aβ is neurotoxic and its neurotoxicity is
mediated through its ability to induce free radical oxidative stress, including protein
oxidation and lipid peroxidation [3-5, 9, 10]. In AD brain, oxidative stress is indexed by
significant increase in the markers of protein oxidation [4], lipid peroxidation [11-13],
nucleic acid oxidation, and neuronal dysfunction or death. Protein carbonyls are a general
and widely used index to determine the extent of oxidative modification of proteins both
under in in vivo and in vitro conditions [14-20]. In AD brain protein carbonyls levels were
reported to be elevated [3, 10, 15, 16, 21]. Smith and collaborators [22] reported a strong
protein carbonyl signal in neurofibrillary tangles, neuronal cell bodies, and apical dendrites
as well as neuronal and glial nuclei in hippocampal sections of AD brains. A recent study
showed that the levels of protein carbonyls are significantly increased in both synaptic and
non-synaptic mitochondria in the frontal cortex of AD [23]. Our laboratory first applied
redox proteomics to identify specifically carbonylated proteins in AD brain [24-26], which
led to the identification of a number of proteins involved in various metabolic pathways as
altered in AD brain. Further, we also applied redox proteomics approach to identify targets
of protein oxidation in different stages of AD, i.e., mild cognitive impairment and early AD,
in addition to the in vivo and in vitro models of AD, consistent with the notion that oxidative
stress is a key component of the pathogenesis and progress of this dementing disorder.
In the present study we used APPNLh/APPNLh x PS-1P246L/PS-1P246L human double mutant
knock-in APP/PS-1 mice to identify carbonylated brain proteins in an age-dependent
manner. APPNLh/APPNLh x PS-1P264L/PS-1P24L6 human double knock-in mice were
generated using Cre-loc knock-in technology (Cephalon, Inc., Westchester, PA) to humanize
the mouse Aβ sequence (NLh) and create a PS-1 proline to leucine mutation in residue 264
(P264L), a mutation identified in human FAD [27, 28]. These double knock-in mice yield
proper cleavage of the APP protein to generate Aβ. Previously, we and others demonstrated
that APP/PS-1 mice have age-dependent increased oxidative stress markers, loss of lipid
asymmetry, Aβ production and amyloid deposition in the brain [29-31]. Anatharaman et al.,
(2006) showed that the mice deposit Aβ at 9 months of age, with frank deposits at 12
months of age [30]. Further, neuronal cultures from 1 day old APP/PS-1 mice pups showed
increased basal protein oxidation and lipid peroxidation and are more vulnerable to
oxidation by exogenous oxidants compared with neurons from wild-type mice [32]. The
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redox proteomics results presented here are discussed with reference to pathogenesis and
progression of AD.
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Materials and Methods
Materials
All chemicals, proteases, and antibodies used in these studies were purchased from SigmaAldrich (St. Louis, MO, USA) with exceptions noted. Criterion precast polyacrylamide gels,
TGS and XT MES electrophoresis running buffers, ReadyStrip™ IPG strips, mineral oil,
Precision Plus Protein™ All Blue standards, Sypro Ruby® Protein Stain, nitrocellulose
membranes, dithiothreitol (DTT), iodoacetamide (IA), Biolytes, and urea were purchased
from Bio-RAD (Hercules, CA, USA). 2, 4-Dinitrophenylhydrazine (DNPH) and the primary
antibody used for the protein-bound 2,4-dinitrophenylhydrazone (DNP) products were
purchased from Chemicon International (Temecula, CA, USA).
Animals

NIH-PA Author Manuscript

The APP/PS-1 mice used in this study are the APPNLh/APPNLh X PS-1P264L/PS-1P264L
double mutant mice were generated by using the Cre-lox knock-in technology to humanize
the mouse Aβ sequence and to create a PS-1 mutation identified in human AD by Cephalon
(Westchester, PA, USA). All mice used in this study were males. These mice were
maintained on a CD-1/129 background. All mice were maintained on a 12-h light: dark
cycle in Bioclean units with sterile-filtered air and provided food and water ad libitum. All
protocols were implemented in accordance with NIH guidelines and approved by the
University of Kentucky Institutional Animal Care and Use Committee. Following euthanasia
with CO2, the brain was removed quickly, weighed, and snap-frozen in liquid nitrogen prior
to analysis. Six animals per age groups (1, 6, 9, 12, and 15 months old) for both wild-type
and APP/PS-1 double knock-in mice were used in this study. The above age groups in this
study were chosen based on previous studies conducted in our laboratory (oxidative stress
markers and Aβ deposition) [30, 32].

Experimental Procedures
Sample Preparation
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Brain tissue homogenates (10%) were prepared in buffer A [0.32 M sucrose, 0.10 mM Tris
HCl (pH 8.0), 0.10 mM MgCl2, 0.08 mM EDTA, 10 μg/ml leupeptin, 0.5 μg/ml pepstatin,
and 11.5 μg/ml aprotinin; pH 8.0] using a Wheaton glass homogenizer, followed by
vortexing and sonication of the samples for 10 s at 20% power with a Fisher 550 Sonic
Dismembrator (Pittsburgh, PA, USA). Protein concentrations were determined according to
the Pierce BCA method (Rockford, IL, USA).
Isoelectric Focusing (IEF)
Two hundred micrograms of protein from total brain homogenates were first derivatized by
incubation of protein samples with 4x the sample volume of 10 mM DNPH in 2 N HCl for
30 min at room temperature (RT), followed by precipitation of protein with 30% ice-cold
TCA. Samples were centrifuged at 23,700 g for 5 min at 4 °C. Pellets were resuspended and
rinsed in a Wash Buffer [1:1 (v/v) ethanol:ethyl acetate] a total of four times to remove
excess salts. Following the final wash, pellets were dried at RT for ~10 min and rehydrated
for 2 h at RT in 200 μl of a rehydration buffer [8 M urea, 2 M thiourea, 50 mM DTT, 2.0%
(w/v) CHAPS, 0.2% Biolytes, bromophenol blue], and then sonicated for 10 s at 20%
power. Samples (200 μl) were applied to 11 cm pH 3-10 ReadyStrip™ IPG strips (BioRad)
and after 1 h, 2 ml of mineral oil was added to prevent sample evaporation. Strips were
actively rehydrated at 20°C for 18 h at 50 V, focused at a constant temperature of 20°C
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beginning at 300 V for 2 h, 500 V for 2 h, 1,000 V for 2 h, 8,000 V for 8 h, and finishing at
8,000 V for 10 h- rapidly. IEF strips were stored at -80 °C until the second dimension of
analysis was performed.
2D-PAGE
2D-PAGE was performed to separate proteins on IEF strips based on molecular migration
rate. IEF strips were thawed at room temperature and equilibrated for 10 min in equilibration
buffer A [50 mM Tris-HCl pH 6.8, 6 M urea, 1% (w/v) SDS, 30% (v/v) glycerol, and 0.5%
DTT] and then re-equilibrated for 10 min in equilibration buffer B [50 mM Tris-HCl pH 6.8,
6 M urea, 1% (w/v) SDS, 30% (v/v) glycerol, and 4.5% IA]. All strips were rinsed in a 1x
dilution of TGS running buffer before being placed into Criterion precast linear gradient
(8-16%) Tris-HCl polyacrylamide gels. Precision Plus Protein™ Standards and samples
were run at a constant voltage of 200 V for 65 min in a 1x dilution of TGS running buffer.
SYPRO Ruby® Staining
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Following 2D-PAGE, gels were incubated in a fixing solution [7% (v/v) acetic acid, 10% (v/
v) methanol] for 60 min at RT. Sypro Ruby® Protein Gel Stain (~50 ml) was added to gels
and allowed to stain overnight at RT on a gently rocking platform. Gels were transferred to
~50 ml of deionized water at RT until scanning. Gels were scanned using a UV
transilluminator (λex = 470 nm, λem = 618 nm, Molecular Dynamics, Sunnyvale, CA, USA)
and stored in deionized water at 4 °C until further use.
2D-PAGE Western Blotting
Following 2D-PAGE, proteins from 2D gels were transferred to a nitrocellulose membrane
(0.45 μm) for immunochemical detection of protein carbonyls, using a Trans-Blot Semi-Dry
Transfer Cell system at 20 V for 2 h (Bio-RAD, Hercules, CA, USA). Post-transfer,
membranes were incubated in a blocking solution of 3% bovine serum albumin (BSA) in
Wash Blot [a phosphate-buffered saline (PBS) solution containing 0.04% (v/v) Tween 20
and 0.10 M NaCl] at RT for 2 h. For protein carbonyl detection membranes were incubated
with rabbit anti-DNP (1:150) primary antibody, in blocking solution at RT on a rocking
platform for 2-3 h. Blots were rinsed three times for 5 min each in Wash Blot, followed by a
1 h incubation with rabbit IgG alkaline phosphatase (1:3000) secondary antibody at RT.
Blots were rinsed 3 times for 5 min each in Wash Blot and developed by incubating
membrane with bromo-4-chloro-3-indolyl phosphate dipotassium and Nitrotetrazolium Blue
chloride (BCIP/NBT) in ALP buffer [0.1 M Tris, 0.1 M NaCl, 5 mM MgCl2 (pH 9.5)]. Blots
were allowed to dry overnight at RT prior to scanning into Adobe Photoshop 6.0 with a
Canon CanoScan 8800F scanner.
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Image Analysis
Carbonylated protein detection—The 2D gels and 2D blots were scanned and saved
individually as TIFF files. PD Quest software (Bio-Rad) was used to detect carbonylated
proteins. For analysis we have grouped these mice based on age and compared the specific
oxidation of a protein obtained from brain of APP/PS1 mice with that from age-matched
controls to account for possible effects of chronological aging on protein carbonylation. The
average mode of background subtraction was used to normalize intensity values, which
represent the amount of protein (total protein on gel and carbonylated protein on the blot)
per spot. After completion of spot matching, the normalized intensity of each protein spot
from individual gels is divided by the normalized intensity of each protein spot on the blots
to obtain specific carbonylation levels. The spots showing significant difference in specific
carbonylation levels between APP/PS1 mice and age-matched controls at each age using
Student’s t-test statistical analysis (p<0.05) were chosen for identification.
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Protein spots identified as statistically significant were excised from 2D-gels with a clean,
sterilized blade and transferred to Eppendorf microcentrifuge tubes. In-gel trypsin digestion
of selected gel spots was performed as previously described [33]. Briefly, gel plugs were
then washed with 0.1 M ammonium bicarbonate (NH4HCO3) at RT for 15 min, followed by
incubation with 100% acetonitrile at RT for 15 min. After solvent removal, gel plugs were
dried in their respective tubes under a flow hood at RT. Plugs were incubated for 45 min in
20 μl of 20 mM DTT in 0.1 M NH4HCO3 at 56 °C. The DTT/NH4HCO3 solution was then
removed and replaced with 20 μl of 55 mM iodoacetamide (IA) in 0.1 M NH4HCO3 and
incubated with gentle agitation at RT in the dark for 30 min. Excess IA solution was
removed and plugs incubated for 15 min with 200 μl of 50 mM NH4HCO3 at RT. A volume
of 200 μL of 100% acetonitrile was added to this solution and incubated for 15 min at RT.
Solvent was removed and gel plugs were allowed to dry for 30 min at RT under a flow hood.
Plugs were rehydrated with 20 ng/μl of modified trypsin (Promega, Madison, WI, USA) in
50 mM NH4HCO3 in a shaking incubator overnight at 37 °C. Enough trypsin solution was
added to completely submerge the gel plugs.
Mass Spectrometry
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Salts and contaminants were removed from tryptic peptide solutions using C18 ZipTips
(Sigma-Aldrich, St. Louis, MO, USA), reconstituted to a volume of ~15 μL in a 50:50
(water:acetonitrile) solution containing 0.1% formic acid. Desalted samples were analyzed
with a NanoMate device from Advion Biosciences (Ithaca, NY, USA) coupled to a LTQOrbitrap XL mass spectrometer from Thermo Scientific (Waltham, MA, USA). NanoMate is
an automated chip-based device. It was used to generate nanospray from desalted samples
and the MS and MS/MS spectra of ionized peptides were acquired with LTQ-Orbitrap XL
operated in a data-dependent mode whereby MS spectra were acquired at 60,000 resolution
and the 8 most intense precursor ions in MS scan were selected for collision induced
dissociation with the following conditions: injection time 50 ms, 35% collision energy, MS/
MS spectra were measured in the FT at 7500 resolution, and dynamic exclusion was set for
120 sec. Each sample was acquired for a total of ~2.5 min. MS/MS spectra were searched
against the International Protein Index (IPI) Database (downloaded 03/05/09) using
SEQUEST with the following specifications: 2 trypsin miscleavages, fixed
carbamidomethyl modification, variable Methionine oxidation, parent tolerance 10 ppm, and
fragment tolerance of 25 mmu or 0.01 Da. Results were filtered with the following criteria:
Xcorr > 1.5, 2.0, 2.5, 3.0 for +1, +2, +3, and +4 charge states, respectively, Delta CN >0.1,
and P-value (protein and peptide) <0.01. Accession numbers from IPI were cross-correlated
with SwissProt accession numbers for final protein identification.
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Statistical Analysis
All data are presented as mean ± S.D and statistical analyses was performed using a twotailed Student’s t-test, wherein p<0.05 was considered significant for oxidative modification
levels. Protein and peptide identifications obtained with the SEQUEST search algorithm
with p<0.01 were considered as statistically significant. To further validate SEQUEST
identification, the location of protein spots (i.e., MW, and isoelectric point) on the 2D-gels
was manually checked based on expected MW and pI values from SwissProt database
information.

Results and Discussion
In this study we identified the brain proteins that showed increased protein carbonyls in an
age-dependent manner in human double mutant knock in APP/PS1 mice using a redox
proteomics approach [34]. In order to control for the known elevation of protein carbonyls in
J Proteomics. Author manuscript; available in PMC 2012 October 19.
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brain aging [20] we compared a specific age group of APP/PS1 mice with the respective
age-matched controls. The selection of age groups in this study was based on earlier studies
from our laboratory and others that showed age-dependent increase in amyloid beta-levels
and makers of oxidative stress [30, 31, 35]. In a previous study, we showed that APP/PS1
mice have increased markers of oxidative stress even at postnatal day one compared to wild
type mice [32]. The APP/PS1 mice show an age-dependent increase in markers of oxidative
stress and this increase correlated with the increased levels of amyloid beta-peptide levels
[35]. The increase in oxidative stress markers is relatively high at 9 month of age, and based
on the amyloid beta-peptide load at this time point, we consider this age as the beginning of
the AD stage. In contrast, at 6 months of age, the levels of oxidative stress in brain is
somewhat less than at 9 months, and we considered this age to be equivalent conceivably to
mild cognitive impairment (MCI), arguably the earliest form of AD [30, 35].
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The proteins that were found to be specifically carbonylated in APP/PS1 mice are listed in
Table 1, and the mass spectrometric characteristics of these proteins are listed in Table 2.
Figures 1, 2, 3, 4, and 5 show the proteins that were found to have increased carbonylation
in 1M, 6M, 9M, 12M and 15M-old APP/PS1 mice, respectively, compared to the
corresponding aged-matched controls. PDQuest analyses showed that at 1 month of age two
protein spots have increased carbonylation, i.e., beta-actin and 14-3-3 zeta/delta/gamma. At
6M, 9M, 12M and 15M-old APP/PS1, we found 2, 3, 5, and 5 proteins, respectively, as
specifically carbonylated proteins. The locations of most protein spots agree with reported pI
and molecular weight (MW) values; however, in some cases spots differ likely due to
protein posttranslational modifications, fragments, or degradation products that directly
influence the net charge and MW of the protein.
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Compared to one month-old wild type mice the levels of proteins carbonyls are found to be
significantly increased in beta-actin in APP/PS1 mice (Figure 1). This protein also is found
to have significant increased carbonylation at 15M of age in APP/PS1 mice (Figure 5). Betaactin is a cytoskeletal protein that plays an important role in numerous cellular processes
involving membrane dynamics such as cell motility and morphogenesis [36, 37]. This
protein has been found in both neurons and glial cells as a core subunit of microfilaments.
Presynaptic terminals, dendritic spines and growth cones are neuronal areas rich in actin. For
proper learning and memory process synapses play an important role, and they are always
undergoing remodeling. Actin is well known to precisely control the development and
location of synapses, which are key for proper neuronal network formation and activity and
consequently in learning and memory in the brain [38-40]. At synapses, actin also plays an
important role in synaptic activities such as organizing the postsynaptic density [41],
anchoring postsynaptic receptors [42], facilitating the trafficking of synaptic cargos [43] and
localizing translation machinery [44]. Hence, oxidation of actin conceivably could affect
both retrograde and anterograde trafficking, neurotransmitter systems, and consequently to
loss of neuronal cells. Further, oxidation of actin may reduce the formation and maturation
of dendritic spines [45, 46], which are crucial for synaptic plasticity and memory formation
[47, 48] and, consequently, important in AD clinical signs and symptoms. Various memory
disorders has been shown to involve defects in the regulation of the actin cytoskeleton [49].
Previous studies reported the oxidation of actin in AD brain [26].
Pyruvate dehydrogenase is found to be carbonylated at 6M of age in APP/PS1 mice
compared to an age-matched control (Figure 2). This multienzyme complex involves five
cofactors and catalyzes the oxidative decarboxylation of pyruvate to acetyl-CoA, the key
step in glucose metabolism that allows the complete oxidation of glucose from glycolysis to
the TCA cycle resulting in the greater production of ATP. Therefore, based on prior studies
of brain proteins from subjects with AD in which oxidative modification led to loss of
activity [50-53], oxidation of this protein likely leads to its functional impairment and
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consequently to decreased glucose metabolism as observed in AD [54, 55]. A previous study
reported decreased activity and increased oxidation of pyruvate dehydrogenase in AD brain
[56]. Further, increased levels of pyruvate and lactate have been reported in CSF of AD
patients [57, 58].
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One of the identified brain proteins from APP/PS1 mice which shows an age-dependence
increase in oxidation is alpha-enolase (Table 1). This protein showed a significantly
decreased oxidation at 6 M and 9M of age, i.e, during the early stage of the disease (Figure
2, and 3), when the brain is more plastic. In contrast, a significantly increased level of
protein carbonylation of alpha-enolase at 12M and 15M was observed (Figure 4 and 5).
Further, the level of protein carbonylation of enolase increases with age in APP/PS1 mice as
does neuronal deposition of Aβ. It is tempting to speculate that the decreased oxidation of
enolase and other proteins observed at earlier ages could be due to increased levels of
carbonyl reductase, an enzyme that catalyzes reduction of protein carbonyl groups.
Alternatively, this finding could be due to increased ability of the 20S proteasome to
degrade oxidized proteins early in the age of the mouse. However, the increased level of
specific carbonylation of enolase at 12 and 15M of age of APP/PS1 mice possibly could be
explained based on the literature, which clearly documents impaired activity and function of
the proteasome and also carbonyl reductase in AD brain [51, 59-61]. The observation of
initial decreased oxidation of enolase suggests that models of the initial stages of the disease,
6M and 9M age of APP/PS1 mice, may reflect the plasticity and robust defense system of
the brain, trying to prevent neuronal functional impairment by elevation of the levels of
cellular defense systems. However, with age, we propose that an excess load of Aβ exceeds
the cell’s ability to fight oxidative stress, consequently leading to increased oxidation of
proteins and loss of ability to function with subsequent loss of neurons and increased AD
pathology. In the case of enolase, this enzyme is well known for its involvement in
glycolysis, in which it catalyzes the conversion of 2-phosphoglycerate to
phosphoenolpyruvate, the second of the two-energy intermediates that generates ATP in
glycolysis. However, a number of studies showed that enolase is a multifunctional protein,
and is also involved in the regulation of proteolytic clearance of Aβ and induction of prosurvival pathways (see [62] for a review). Previous studies from our laboratory and others
have shown that oxidative modification of α-enolase in MCI, EAD and AD results in a loss
of enzyme function and, hence, in reduced amounts of ATP [24-26, 52, 62-66]. Further,
increased oxidation of alpha-enolase also occurs in other models of AD [57, 67]. Several
pathologies are linked to enolase-dependent pathways [68, 69].
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Another protein that is involved in energy metabolism, i.e., ATP synthase α-chain, a
component of Complex V of the mitochondrial electron transport chain, is also found to be
oxidatively modified in these knock in mice. The oxidation of this protein is found to be
significant at 12M and 15M (Figures 4 and 5). As noted above, this is the same time period
when the load of amyloid beta-peptide is significantly higher in brains of these mice
suggesting that this neurotoxic peptide contributes to the oxidation of these proteins [35].
Previous proteomics studies reported increased nitration of this protein in AD brain [52],
and ATP synthase α-chain has previously been shown to be associated with NFT in AD
[70]. Moreover, the levels of complex V have been shown to be low in isolated
mitochondria from AD [71]. Both the oxidation and decreased levels of ATP synthase alpha
may lead to altered interactions between the different subunits of complex V, thereby
contributing to the reduced activity of ATP synthase and compromised ATP synthesis.
Further, oxidation of this protein also could lead to increased generation of ROS due to an
altered proton gradient and interruption created in electron flow in the electron transport
chain and, if severe, could lead to neuronal death. Moreover, dysfunction of mitochondria is
reported to alter APP metabolism, enhancing the intraneuronal accumulation of Aβ-peptide
and enhancing neuronal vulnerability [72]. Recent studies showed the presence of
J Proteomics. Author manuscript; available in PMC 2012 October 19.
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oligomeric Aβ -peptide in mitochondria, and previous studies reported increased Aβ levels
in brains of these mice [73-76]. Though these studies did not measure Aβ levels in
subcellular compartments, we speculate that the levels of Aβ are elevated in mitochondria in
brain of APP/PS1 mice, especially from 9-15 months of age, which would, consequently,
trigger mitochondrial functional impairment and cell death. Our laboratory proposed the
Aβ42-induced oxidative stress hypothesis of AD [3], and we propose that after the formation
of Aβ42 oligomers, these oligomers are inserted into the lipid bilayer, which then initiates
the process of lipid peroxidation [4]. One of the products of lipid peroxidation is 4-hydroxy
2-trans nonenal (HNE), which is highly reactive with biomolecules. In the case of
mitochondria, lipid peroxidation initiated by amyloid beta-peptide might affect the structure
and function of proteins by HNE modification to form Michael adducts [9]. Further,
aldehydic HNE bound to proteins can introduce further carbonylation of the proteins.
Therefore, it is tempting to speculate that the Aβ42 present in the mitochondrial lipid bilayer
might lead to indirect oxidation of ATP synthase alpha subunit, via HNE modification,
leading to elevated protein carbonyls on this protein and consequent decreased ATP
production. Such alterations in the mitochondrial electron transport system and altered
mitochondrial functions could lead to increased ROS [74, 76]. These alterations, in turn, can
lead to alterations in membrane fluidity, leakage of apoptosis-inducing molecules such as
cytochrome C and apoptosis-inducing factor from mitochondria, all of which may contribute
to decreased cellular energetics, neuronal apoptosis, and generation of ROS in AD. Studies
from our laboratory and others also showed decreased activities of respiratory chain
enzymes and oxidation of mitochondria isolated from lymphocytes of AD patients [71, 77],
consistent with the results observed in brain of APP/PS1 mice reported here.
Oxidation and subsequent loss of function of pyruvate dehydrogenase, enolase and ATP
synthase alpha could result in decreased ATP production, a finding consistent with altered
glucose utilization and metabolism in AD patients [78, 79]. Decreased levels of ATP clearly
would affect normal cellular activities. For examples, stores of ATP at nerve terminals are
key to proper neural communication. Hence, the decrease in ATP as a consequence of
carbonylation of both enolase and ATP synthase alpha may contribute to loss of synapses
and memory impairment and cognitive decline [80] observed in amnestic MCI, EAD and
AD. In addition to synapse loss, reduced ATP levels would impair ion-motive ATPase
activity with subsequent altered cell potential, loss of membrane lipid asymmetry, intra- and
intercellular communication, and elevated intracellular Ca2+ [54, 81].
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14-3-3 proteins were identified as oxidatively modified at 1M, 9M, 12M and 15M of age of
APP/PS1 mice compared to their respective age-matched controls (Figure 1, 3,4, and 5)
(Table 1). 14-3-3 Proteins play an important role in regulating various cellular functions
such as signal transduction, protein trafficking and metabolism [82]. Interactions of 14-3-3
with the target proteins are important to regulate the function of these target proteins,
including acting as a bridge between two target proteins, altering the intrinsic catalytic
activity of the target protein, or protection of the target protein from proteolysis and
dephosphorylation [83]. 14-3-3 Proteins have been shown to regulate the activity of GSK3beta, involved in phosphorylation of tau protein. Previous studies showed that the levels of
14-3-3 proteins are increased in AD brain [84], and AD CSF [85]. Further, 14-3-3 is
reported to be associated with NFT and to increase the protein kinase A (PKA)-catalyzed
phosphorylation of tau protein, suggesting that 14-3-3ζ regulates microtubule assembly
dynamics in the brain [83, 86].
Another brain protein identified as exclusively carbonylated at 12M of age in APP/PS1 mice
compared to age matched controls is β-Synuclein (Figure 4). It is not clear why this protein
is excessively carbonylated at only 12M. β-Synuclein belongs to a family of presynaptic
proteins and is found in the neocortex, hippocampus, striatum, thalamus, and cerebellum
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regions [87, 88]. β-synuclein is associated with cholinergic components particularly in the
basal forebrain [89]. The exact function of β-Synuclein is not known; however, several lines
of evidence suggest that this protein acts as a chaperone-like protein in membraneassociated processes at the presynaptic terminal, and thereby is possibly involved in
vesicular docking at the presynaptic terminal. The levels of β-synuclein are reportedly
decreased in AD brain, and this protein is linked to Aβ in AD with Lewy body lesions [90].
Further, studies from our laboratory found β-synuclein as oxidatively modified in an Aβsynaptosomal model of AD [91]. We also found this protein with altered glycosylation in
both AD and MCI brain [92, 93]. As mentioned, if β-synuclein is involved in regulating
synaptic vesicle function, oxidation of this would likely alter neuotransmission systems
leading to impaired learning and memory, one of the clinical manifestations of AD.
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Peptidylprolyl cis-trans isomerase-1 (Pin-1) was identified to be excessively carbonylated at
age 9M, 12M and 15M in APP/PS1 mice compared to age-matched wild type (Figure 3,4,
and 5). Pin1 catalyzes cis to trans isomerization and vice versa of proline on the carboxyl
side of phosphorylated serine or threonine residues of target proteins, thereby playing an
important role in regulating the functions of these target proteins [52, 94]. A number of
studies showed that Pin1 plays important roles in tau phosphorylation/dephosphorylation,
APP regulation and processing, and synapse loss [52, 94-96]. Further, in AD brain the levels
of Pin-1 showed an inverse correlation with neuronal vulnerability and degeneration [97],
and Pin1 also is oxidatively modified in AD hippocampus [52]. Hence, oxidative
dysfunction of Pin1 conceivably could be attributed to the development of pathologies of
AD such as SP, NFT, and synapse loss. Further studies by Lu et al., showed that
overexpression of Pin1 leads to decreased phosphorylation of Tau protein [95], and suggests
that Pin1 might be a promising therapeutic target to delay or combat this devastating
disorder.
In conclusion, the present study documents that elevated Aβ is associated with selective
oxidative damage of brain proteins. It is interesting to note that despite different levels of
brain amyloid reported in these mice at different ages, there are some common targets of
oxidation at different ages, suggesting that some proteins are easily prone to oxidation even
at low Aβ levels and may be important in progression of AD. Oxidation of some proteins
occurs before Aβ deposition, consistent with the notion that small Aβ oligomers are highly
toxic and can induce oxidative stress [98-100]. Further, assuming that the APP/PS1 human
double mutant knock-in mouse is a good model of AD, our redox proteomics results suggest
that oxidation of enolase, 14-3-3 protein and Pin1 occurs early in the progression of this
disease and could be important targets to prevent or delay AD this dementing disorder.
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Figure 1.

Representative 2D gel images of the brain proteome from 1M-old wild type (A) and 1M-old
APP/PS1 mice (B). C and D represent the oxyblots of brain from 1M-old wild type and 1Mold APP/PS1 mice, respectively, showing geographical location of proteins on 2D gel and
blot identified by mass spectrometry that showed differences in specific carbonylation.
Spots that showed a significant difference in specific carbonylation levels are boxed and
labeled with the corresponding protein identity. (n=6 separate WT and APP/PS1 mice).
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Figure 2.

Representative 2D gel images of the brain proteome from 6M-old wild type (A) and 6M-old
APP/PS1 mice (B). C and D represent the oxyblots of brain from 6M-old wild type and 6Mold APP/PS1 mice respectively, showing geographical location of proteins on 2D gel and
blot identified by mass spectrometry that showed differences in specific carbonylation.
Spots that showed a significant difference in specific carbonylation levels are boxed and
labeled with the corresponding protein identity. (n=6 separate WT and APP/PS1 mice).
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Figure 3.

Representative 2D gel images of the brain proteome from 9M-old wild type (A) and 9M-old
APP/PS1 mice (B). C and D represent the oxyblots of brain from 9M-old wild type and 9Mold APP/PS1 mice respectively, showing geographical location of proteins on 2D gel and
blot identified by mass spectrometry that showed differences in specific carbonylation.
Spots that showed a significant difference in specific carbonylation levels are boxed and
labeled with the corresponding protein identity. (n=6 separate WT and APP/PS1 mice).
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Figure 4.

Representative 2D gel images of the brain proteome from 12M-old wild type (A) and 12M
old APP/PS1 mice (B). C and D represent the oxyblots of brain from 12M-old wild type and
12M-old APP/PS1 mice respectively, showing geographical location of proteins on 2D gel
and blot identified by mass spectrometry that showed differences in specific carbonylation.
Spots that showed a significant difference in specific carbonylation levels are boxed and
labeled with the corresponding protein identity. (n=6 separate WT and APP/PS1 mice).
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Figure 5.

Representative 2D gel images of the brain proteome from 15M-old wild type (A) and 15Mold APP/PS1 mice (B). C and D represent the oxyblots of brain from 15M-old wild type and
15M-old APP/PS1 mice respectively, showing geographical location of proteins on 2D gel
and blot identified by mass spectrometry that showed differences in specific carbonylation.
Spots that showed a significant difference in specific carbonylation levels are boxed and
labeled with the corresponding protein identity. (n=6 separate WT and APP/PS1 mice).
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Proteomic Identification of Oxidatively Modified Brain Proteins at 1M, 6M, 9M, 12M and 15M of age from
APP/PS-1 mice compared to aged-matched controls.
Age of mice

Protein Identified

Specific oxidation (Fold)

P value

1M

Beta Actin

1.6

0.05

14-3-3 zeta/delta/gamma

2.2

0.05

6M

9M

12M

NIH-PA Author Manuscript

15M

Alpha enolase

0.69

0.01

Pyruvate dehydrogenase E1

0.81

0.03

Alpha enolase

0.11/0.015

0.006/0.05

14-3-3 Zeta/gamma/delta

0.01

0.005

Pin 1

2.54

0.05

Alpha enolase

5.39

0.02

14-3-3 Zeta/gamma/delta

2.55

0.02

Pin 1

15.21

0.01

Beta Synuclein

6.09

0.03

ATP Synthase Subunit alpha

35.28

0.05

Alpha enolase

35.45

0.003

14-3-3 Zeta/gamma/delta

36.54

0.04

Pin 1

61.37

0.04

Beta Actin

301.32

0.02

ATP Synthase Subunit alpha

9.61

0.04

P-value is calculated using a Student’s t-test. n=6 is used for the analysis.
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14-3-3 Zeta/gamma/delta
Pin 1
Beta Actin
ATP Synthase Subunit alpha

P17742

P60710

Q03265

ATP Synthase Subunit alpha

Q03265

P63101

Beta Synuclein

Q91ZZ3

Alpha enolase

Pin 1

P17742

P17182

14-3-3 Zeta/gamma/delta

P63101

Pin 1

P17742
Alpha enolase

14-3-3 Zeta/gamma/delta

P63101

P17182

Alpha enolase

P17182

Pyruvate dehydrogenase E1

Q9D051

6985.8

721.4

655

540.2

902.4

6985.8

665.7

655

540.2

902.4

655

540.2

902.4

774.5

902.4

540.2

721.4

m/z Value

7

25

20

23

1

7

28

20

23

1

20

23

1

8

1

23

25

Number of identified peptides

The probability associated with a false protein identification using the SEQUEST search algorithm.

a

15M

12M

9M

Alpha enolase

P17182

14-3-3 zeta/delta/gamma

P63101

6M

Beta Actin

P60710

1M

Protein Identified

Accession #

Age of mice

30

70.2

50

70.3

10

30

10

50

70.3

10

50

70.3

10

50

10

70.3

70.2

Score

59.72

42

18

27.9

47

59.72

14

18

27.9

47

18

27.9

47

39

47

27.9

42

MW (kDa)

Mass spectrometric details of identified oxidatively modified brain proteins in APP/PS-1 mice.

9.53

5.2

7.8

4.7

6.3

9.53

4.2

7.8/7.9

4.7

6.3

7.8

4.7

6.3

6.4

6.3

4.7

5.2

pI

8.00e-07

3.00e-04

1.00e-005

2.00e-07

4.00e-05

8.00e-07

1.00e-009

1.00-005

2.00e-07

4.00e-05

1.00e-005

2.00e-07

4.00e-05

2.00e-07

4.00e-05

2.00e-07

3.00e-04

Probabilitya
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