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Abstract

Acetylation of the microtubule-associated protein tau promotes its polymerization into
neurofibrillary tangles that are implicated in the pathology of Alzheimer’s disease (AD). The
gaseous neurotransmitter nitric oxide (NO) regulates cell signaling through the nitrosylation of
proteins. We found that NO production and tau acetylation at Lys289 occurred in the brain tissue in
mice and in cultured mouse cortical neurons in response to exposure to amyloid-B1_42 (AB1-42), @
peptide that is also implicated in AD. An increased abundance of NO facilitated the S
nitrosylation (SNO) of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). S-nitrosylated
GAPDH (GAPDH-SNO) promoted the acetylation and activation of the acetyltransferase p300
and facilitated the nitrosylation and inactivation of the deacetylase sirtuin 1 (SIRT1). The
abundance of GAPDH-SNO was increased in postmortem brain samples from AD patients.
Preventing the increase in GAPDH-SNO abundance in both cultured neurons and mice, either by
overexpression of the nitrosylation mutant of GAPDH (GAPDH C150S) or by treatment with the
GAPDH nitrosylation inhibitor CGP3466B (also known as omigapil), abrogated Ap1_42-induced
tau acetylation, memory impairment, and locomotor dysfunction in mice, suggesting that this drug
might be repurposed to treat patients with AD.

INTRODUCTION

Alzheimer’s disease (AD) is a common neurodegenerative disorder that impairs memory and
higher cognitive functions and, as an aging- associated disease, is increasing in incidence
(1-5). Plague deposits of amyloid, mostly composed of amyloid-p (Ap1_42), are a key
feature of AD and are implicated in its pathology (6-8). Numerous studies have shown that a
high or toxic amount of recombinant oligomeric Ap1_4> elicits neuronal death, synaptic
dystrophy, loss, and dysfunction, and learning and memory deficits in AD patients and
transgenic mice models of AD (6, 8, 9). Brain regions that are often affected by the
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deposition of the amyloid plaque include the hippocampus, the cortex, and subcortical
structures, such as the basal forebrain and the amygdala (10, 11).

The protein tau is also implicated in AD and regulates neuronal functions by binding and
stabilizing microtubules (12-15). However, the acetylation of tau impairs its interaction with
microtubules and promotes its aggregation (16-20). Lys?&0-acetylated tau is detected in
postmortem AD patient brain tissue (21) and in insoluble fractions in brain lysates from both
transgenic mouse models of AD, in which the abundance of Lys28%-acetylated tau increased
with age in the cortex (21), suggesting that Lys280 acetylation of tau promotes its
aggregation and its role in AD. Notably, acetylation of tau at this epitope is preceded by
other madifications, including phosphorylation, and is succeeded by truncation
modifications and cell death in AD.

Numerous studies have shown that an increase in nitrosative stress is associated with protein
misfolding and aggregation, mitochondrial dysfunction, and endoplasmic reticulum stress,
ultimately leading to synapse loss or neuronal cell death, which are common in several
neurodegenerative diseases, including AD (22-24). Nitric oxide (NO) mediates cell
signaling through the nitrosylation of proteins, in which NO is covalently incorporated into a
cysteine residue in the protein, forming an S-nitrosothiol (SNO) (25). We previously
reported that p300- mediated acetylation of Lys'60-nitrosylated glyceraldehyde-3-phosphate
dehydrogenase (GAPDH-SNO), in turn, promotes GAPDH-mediated acetylation of p300
(26), which is critical for its catalytic activity (26). Elsewhere, we have also shown that
GAPDH-SNO interacts directly with the deacetylase sirtuin 1 (SIRT1), upon which the NO
group is transferred from GAPDH-SNO to SIRT1 at Cys387/390 which impairs its catalytic
activity (27). Here, we investigated whether these NO-induced effects on GAPDH, p300,
and SIRT1 have a role in AD with regard to tau and amyloid pathology.

AB1_4» induces tau acetylation at Lys?80 residue in a NO-dependent manner

To investigate whether AB1_4 has any influence on tau acetylation, we isolated primary
neurons from the cortex of mice, treated them with AB1_4, oligomers, and monitored Lys280
acetylation on tau by Western blotting and confocal microscopy. We found that tau
acetylation at Lys280 increased significantly in response to AB1_,, but not in the presence of
the neuronal nitric oxide synthase (nNOS) inhibitor L-NC-nitroarginine methy! ester (L-
NAME) (Fig. 1A and B, and fig. S1, A and B). We repeated these analyses with wild-type or
Nos1 -null (hereafter nANOS™~) mice that had been intracortically injected with a control
peptide or with AB1_4, and again found the acetylation of tau at Lys280 to be nNOS-
dependent (Fig. 1, C and D, and fig. S1, C and D). In addition, tau acetylation was increased
in primary neurons isolated from nNOS*/* mice compared to those from nNOS™~ mice
treated with AB1_4» (Fig. 1E and fig. S1E). Together, these data suggest that AB1_4» up-
regulates tau acetylation at Lys280 in an NO-dependent manner in neurons.
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AB1-42 induces GAPDH-SNO, which activates p300 to acetylate tau

Previously, it was demonstrated that tau can be acetylated by activation of the
acetyltransferase p300 (19), and we have shown that activation of p300 can be activated by
the nitrosylation of GAPDH in human embryonic kidney (HEK) 293 cells, macrophages,
and dopaminergic neuroblastoma SHSY5Y cells (26). Given our results above that AB1-42
induces tau acetylation through a nitrosylating enzyme, we hypothesized that the mechanism
may be mediated by the nitrosylation of GAPDH and subsequent activation of p300. To test
our hypothesis, we first assessed the amount of nitrosylated GAPDH (GAPDH-SNO) that
was present in postmortem cortical samples from AD patients. We found significantly
greater amounts of nitrosylated GAPDH in AD samples than in controls (postmortem
cortical samples from individuals of similar age range with no known dementia) (Fig. 2A
and fig. S2A). A biotin-switch assay in cortical lysates from mice revealed that GAPDH
nitrosylation was inducible by administration of AB1_4> (Fig. 2B). Previously, we reported
that GAPDH can be nitrosylated at the Cys!®0 residue (26,28). To see whether AB1_s»
nitrosylates GAPDH at that residue, we overexpressed wild-type GAPDH or expressed
mutant (C150S) GAPDH in primary neurons isolated from mice and treated them with
AB1_42. AP1_s2-induced nitrosylation of GAPDH was abolished in cells that expressed
GAPDH C150S (Fig. 2C).

Previously, we determined that nitrosylated GAPDH interacts with the acetyltransferase
p300 and that this interaction mediates the acetylation of both p300 and GAPDH (26).
Coimmunoprecipitation (Co-IP) assays confirmed that the interaction between GAPDH and
p300 was substantially induced by AB1_4» in primary neurons overexpressing wild-type but
not C150S-mutant GAPDH (Fig. 2D), as well as in nNOS*/* but not nNOS™~ mice (Fig.
2E). Furthermore, the acetylation of both p300 GAPDH was markedly increased in primary
neurons that overexpressed wild-type but not C150S- mutant GAPDH (Fig. 2F).

Our previous findings also indicated that GAPDH is acetylated at Lys60 and that preventing
acetylation of GAPDH inhibits the acetylation of p300, which is indispensable for its
catalytic activity (26). Overexpression of a nonacetylatable mutant (K160R) of GAPDH in
primary neurons significantly inhibited Ap1_4o-induced acetylation of p300 and of H3
histone, a marker p300 acetyltransferase activity (Fig. 2G and fig. S2B). Confocal
microscopy analysis further confirmed that Lys280-acetylated tau was increased in the cortex
of mice injected with Ap1_4» and which overexpressed wild-type but not K160R-mutant
GAPDH (Fig. 2H and fig. S2C). Furthermore, RNA interference [RNAI; specifically small
interfering RNA (siRNA)] mediated depletion of p300 in primary neurons before exposure
to AB1_4p-inhibited tau acetylation (Fig. 21 and fig. S2D). However, disruption of p300
decreased AB1_4o-induced tau acetylation by roughly only half in cells and in vivo (Fig. 2, G
and I, and fig. S2, B and D); this suggests that activation of p300 may be only partially
responsible for the increase in tau acetylation.

Nitrosylation of SIRT1 by GAPDH-SNO prevents deacetylation of tau after administration of

AB1-42

Given the partial effects of p300 inhibition and our previous findings that the deacetylase
SIRT1 is inactivated through transnitrosylation by GAPDH-SNO (27), we hypothesized that
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concurrent inactivation of a deacetylase, perhaps SIRT1, may also contribute to tau
acetylation. To test this hypothesis, we tested the interaction between tau and SIRT1 in the
cortex of NNOS*/* and nNOS™~ mice after administration of AB1_42. We found that the
interaction between SIRT1 and tau after administration of Ap;_4» was decreased
significantly in nNOS*"* mice compared to nANOS™~ mice (Fig. 3A and fig. S3A), indicating
that SIRT1 may regulate tau acetylation in an NO-dependent manner. Accordingly, we found
that AB1_4» induces SIRT1- SNO (Fig. 3B) along with an interaction of GAPDH with SIRT1
(Fig. 3C) in the cortex of NANOS** mice.

To further substantiate whether SIRT1 was transnitrosylated by GAPDH-SNO upon
administration of Aby_45, we overexpressed either wild-type or C150S-mutant GAPDH in
the cortex of mice and administered APB1_4,. We found that the interaction between GAPDH
and SIRT1 (Fig. 3D) and the nitrosylation of SIRT1 and GAPDH (Fig. 3E and fig. S3B)
were increased in the cortices of mice overexpressing wild-type GAPDH, but not GAPDH
C150S after administration of Ap;_4» (Fig. 3D). Consistent with this in vivo data, we found
that nitrosylation of SIRT1 was decreased in cells that overexpressed GAPDH C150S (Fig.
3F). We infer that a decrease in interaction between GAPDH and SIRT1 results in a loss of
nitrosylation of SIRT1, which indicates that SIRT1 can be nitrosylated by transnitrosylation
reaction through its interaction with nitrosylated GAPDH. Thus, blocking nitrosylation of
GAPDH results in prevention of SIRT1 nitrosylation.

SIRT1 is nitrosylated at residues Cys387/390 and mutation of these residues abolishes its
nitrosylation (27). To test whether overexpression of SIRT1 C387/390S has any influence on
the interaction between SIRT1 and tau and the acetylation of tau in cells, we isolated
primary neurons and transfected them with either SIRT1 C387/390S or wild-type SIRT1
constructs before we administered AB1_4, to the cultures. We found that the interaction
between tau and SIRT1 was increased substantially in cells that overexpressed SIRT1
C387/390S compared to cells that overexpressed SIRT1 (Fig. 3G and fig. S3C). To see
whether an interaction between tau and nitrosylated SIRT1 affects tau acetylation, we
monitored tau acetylation at residue Lys?80 by Western blot hybridization. We found that
acetylation of tau was decreased by not more than 50% (Fig. 3H and fig. S3D), although the
interaction between SIRT1 and tau was increased significantly in cells that overexpress
SIRT1 C387/390S compared to cells that overexpress SIRT1 (Fig. 3H). As a control, we
tested acetylation of H3 after administration of Ap1_4 in cells that overexpress SIRT1 or
SIRT1 C387/390S. We found that H3 acetylation was increased significantly in cells that
overexpress SIRT1 C387/390S compared to cells that overexpressed SIRT1 (Fig. 3H). The
influence of nitrosylation of SIRT1 on tau acetylation was further assessed by confocal
microscopy after overexpression of either SIRT1 or SIRT1 C387/390S in the cortex. We
found that tau acetylation was increased substantially in cortical cells that overexpressed
SIRT1 but not SIRT1 C387/390S (Fig. 31 and fig. S3E).

These data suggest that nitrosylation of SIRT1 is sufficient to block its deacetyltransferase
activity but is not enough to reduce the acetylation of tau. These data can be explained in
two ways: (i) that it may be possible that another deacetylase, such as HDACS, is involved in
tau acetylation at Lys280 and/or (ii) that tau acetylation at Lys280 depends on both activation
of p300 and inactivation of SIRT1. Thus, preventing only the inactivation of SIRT1 will not
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rescue the tau acetylation at residue Lys280. To test whether another deacetylase, such as
HDACSG (16), is involved in tau acetylation at Lys28, we depleted HDACG in primary
neurons before administration of Ap;_42 and monitored the acetylation of tau by Western
blot hybridization. We found that tau acetylation at Lys280 remains unaltered in cells
depleted of HDACG (Fig. 3J and fig. S3F). Thus, we concluded that HDAC6 may not be
responsible for acetylation upon AP1_4» and excluded the first possibility.

Blocking GAPDH nitrosylation abolishes tau acetylation in vivo

Given that our data show that an increase in GAPDH-SNO is responsible for activation of
p300 and inactivation of SIRT1, we anticipated that reducing the amount of GAPDH-SNO
would prevent both events and consequently AB1_sp-induced acetylation of tau at Lys280. To
test this hypothesis, we overexpressed the nitrosylation mutant of GAPDH (GAPDH C150S)
into the cortex before administration of Ap1_42 and measured tau acetylation in that brain
region. We found that tau acetylation at Lys280 was increased after administration of AB1_s»
in mice that overexpressed wild-type GAPDH but not those that overexpressed GAPDH
C150S (Fig. 4A and fig. S4A). These data suggest that the ni-trosylation of GAPDH is
critical for tau acetylation. This was further confirmed by confocal microscopy analysis
wherein acetylation of tau was increased significantly despite no change to total tau
abundance (Fig. 4, B and D, and fig. S4B).

Previously, we reported that treatment with CGP3466B reduced the nitrosylation of GAPDH
both in vivo and in cultured cells (29-31). To test whether treatment with CGP3466B can
reduce tau acetylation, we administered CGP3466B in mice at two concentrations (0.5 and
2.5 mg/kg) before administrating AP1_4» into the cortex and monitored tau acetylation by
confocal microscopy. The amount of acety- lated tau in AB1_4o-treated cortex was abolished
by treatment with CGP3466B at the higher dose (2.5 mg/kg) (Fig. 4C and fig. S4C). We also
measured GAPDH-SNO level and tau acetylation using the lysates prepared from the cortex
after administration of Ap1_42 into the cortex. We found that nitrosylation of GAPDH was
prevented (Fig. 4D and fig. S4D), and tau acetylation was reduced significantly (Fig. 4E and
fig. S4E) in mice treated with CGP3466B compared to those treated with vehicle. These data
further support the conclusion that GAPDH-SNO is a critical mediator of tau acetylation in
the brain.

To test whether blocking GAPDH nitrosylation rescues behavioral impairments associated
with tau acetylation, we measured locomotor activity by the open-field test and spatial
memory by the Morris water maze test in mice pretreated with CGP3466B before being
administered with Ap,_4». Compared to mice administered with Apy_4p only, pretreatment
with CGP3466B improved the activity of the mice in the open-field test by more than 82%
(Fig. 4F) and reduced the latency to find the platform (Fig. 4G). These data suggest that
blocking GAPDH nitrosylation improves the locomotor and spatial memory deficits caused
by AB1_42 exposure.

DISCUSSION

We have shown here that administration of Apy_42 nitrosylates GAPDH, which inactivates
SIRT1 through augmenting its nitrosylation level via transnitrosylation reaction. At the same
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time, nitrosylated GAPDH activates p300 by increasing its acetylation level. Both
inactivation of SIRT1 and activation of p300 contribute to an augmentation in the level of tau
acetylation preferably at Lys?80, which was previously shown to contribute to tau
aggregation (Fig. 4H).

The direct infusion of oligomeric Ap1_47 into the wild-type mouse brain provided an in vivo
model to acutely increase the amount of AB1—_47 in a spatial and temporal manner. The
advantage of using wild-type mice for this model avoids the potential compensation or side
effects from the mutations introduced in transgenic mouse lines (32—34). Past studies have
shown that infusing toxic amount of Ap1_4» into the brain results in tau phosphorylation (35,
36). Our study provides insight into pathological tau acetylation after infusion of Ap;_4» into
the cortex.

Our data indicate an augmentation in tau acetylation contributed significantly by inactivation
of SIRT1 and activation of p300. Nota-bly, either blocking p300 or activating SIRT1
singularly did not reduce tau acetylation at Lys289, The deacetylation of tau is also
reportedly regulated by SIRT1 (19, 37) and HDACG (38, 39), and blocking HDACS activity
or genetically reducing HDAC6 expression reportedly alters tau acetylation (40). However,
our results suggest that HDAC6 does not regulate the acetylation of tau at Lys280
specifically, but that SIRT1 has a substantial role.

An induction of NO in response to Ap1_42 has been demonstrated previously (41-43). Their
studies have highlighted the importance of nitrosylated proteins in the pathogenesis of AD.
They have shown that nitrosylation of mitochondrial fission protein DRP1 (44) and cyclin-
dependent kinase 5 (42) facilitates mitochondrial dysfunction and synaptic alteration, which
contributes significantly to the pathogenesis of AD. Our study shows that nitrosylation of
GAPDH and SIRT1 regulates pathological tau acetylation at Lys?80. The nitrosylation of
SIRT1 was identified a few years ago (27), however, its role in the pathogenicity of
neurological disorders is not established. Our study suggests that preventing the ni-
trosylation of SIRT1 by reducing GAPDH-SNO abundance will be instrumental in reducing
pathological tau acetylation at Lys?80,

The nitrosylation of GAPDH has been implicated in several neurodegenerative diseases,
such as Parkinson’s disease (PD) (31), mental disorders (45), and in mouse models of
hyperactivity induced by a drug of abuse, such as cocaine (30). However, the role of
nitrosylation of GAPDH in tauopathies has not been identified yet. Our study could be the
first example where nitrosylation of GAPDH significantly contributes to the acetylation of
tau. Moreover, inhibition of nitrosylation of GAPDH by administration of CGP3466B has
been shown to provide neuroprotection in 1-methyl-4-phenyl-1,2,3,6- tetrahydropyridine-
treated mice model of PD (31), ketamine- induced mental disorder (45), and cocaine-
induced hyperactivity in mice (30). Here, we have shown that treatment with CG- P3466B
reduces tau acetylation and provides neuroprotection against AB-induced toxicity. Moreover,
treatment with CGP3466B reverses the deficits in memory and lack of locomotor function
induced by AB1_4o. Together, our data provide a framework to develop a novel therapeutic
strategy to reduce tau acetylation, considered as one of the major causes for tau aggregation
and consequent toxicity in neurons.
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MATERIALS AND METHODS

AB injections and in vivo transfection in mice

Before injection, the AB1_4» peptide was dissolved in a physiological saline solution at a
concentration of 5 mg/ml and incubated at 37°C for 72 hours to induce aggregation (46,47).
All the animal studies conducted were according to the Committee on Animal Use for
Research and Education at Georgia Regents University and the University of Pittsburgh in
compliance with National Institutes of Health guidelines, as described previously by others
and our laboratory (48-51). For the APB1_42 injections, male C57BL/6 mice (8 to 10 weeks)
were divided into four groups (/7= 5) per treatment. Both nANOS*/* and nNOS™~ mice were
anesthetized with xylazine (8 mg/kg) and ketamine (60 mg/kg) by intraperitoneal injection,
mounted in a stereotaxic frame, and injected with 100 pM AP1_4», as described before (34,
50). Motor function of the mice was assessed with the open-field test, and memory function
was assessed with the Morris water maze test after 7 days after infusion of Ap1_4, into the
cortex (both behavior experiments are described below). Mice were treated with CGP3466B
(2.5 mg/kg) through intraperitoneal injection after 20-min infusion of AB1_4, into the cortex.
Either hemagglutinin (HA)-GAPDH, HA-GAPDH C150S, HA-GAPDH K160R, SIRT1, or
SIRT1 C387/390S was injected into the brain using the in vivo DNA transfection reagent
jetPEI (Polyplus- transfection) according to the manufacturer’s protocol with little
modification (52-54). Briefly, each construct and jetPEI were separately diluted in a 5%
sterile glucose solution. Our formulation corresponds to a nitrogen and phosphate (N/P) ratio
of 7. A 5-pl volume of the polyethyleneimine-plasmid complexes was stereotaxically
injected bilaterally into the cortex. The control and HDAC6 RNAI (Santa Cruz
Biotechnology, catalog no. sc-35545) were injected into the mouse brain using jetSI reagent
(Polyplus-transfection) according to the manufacturer’s protocol 4 days before
administration of AB1_4; into the cortex with little modification (55). All the experiments
and analysis were performed in a blinded manner.

Biotin-switch assay

The assay was performed as described (29,49, 56), with minor modifications. Briefly, cells/
tissues were first lysed for 10 min on ice in NP-40/ Hepes-EDTA-Neocuproine (HEN buffer
adjusted to contain 0.4% NP-40) and then centrifuged at 1000g for 10 min. at 4°C. The
pellet was then resuspended in radioimmunoprecipitation assay (RIPA)/ HEN (HEN buffer
adjusted to contain 1% Triton X-100, 1% sodium deoxycholate, and 0.1% SDS) and cleared
by centrifugation at 16,0009 at 4°C. The supernatant was then used for the assay. In
addition, labeling was performed in the dark for 2 to 3 hours at room temperature with 5
mM sodium ascorbate and 0.4 mM biotin-HPDP (Pierce), and pull down was performed
overnight with high-capacity neutravidin agarose (Pierce).

Morris water maze test

In the Morris water maze test, the hidden platform procedure was performed in a circular
tank filled with opaque water as described already with minor modifications (48,49). For
training, the mice (8 to 12 weeks old) received AB1_4 in the cortex, were placed in the tank
at four random points, and were allowed to search for and find the platform. In the event that
the mouse did not find the platform within the 60-s trial period, the mouse was manually put
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on the platform for an extra 30 s. Two trials were given every day, and the latency to find the
platform in each trial was recorded. A probe trial was performed on day 6 or 7, in which
mice were allowed to swim in the tank for 60 s without the platform, and performance was
assessed as the time spent in the quadrant in which the hidden platform was originally
located.

Open-field test

Locomotor activity was assessed in mice treated intraperitoneally with Ap1_4» and with or
without CGP3466B (2.5 mg/kg) using open- field tests, performed as described previously
(46). Briefly, the animals were placed at the center of the arena and allowed to explore the
apparatus freely for 60 min with the experimenter out of the animal’s sight. A black square
arena (100 cm x 100 cm x 60 cm) was used for the test. The total distance travelled was
analyzed using a video-tracking software.

Cortical primary neuronal cultures, treatment, and Western blotting

The preparation of the primary cortical neurons from the nNOS*/* and the nNOS™~ mice
was performed as described previously (29, 48, 49). Pregnant mice at embryonic day 18.5
gestational age based on the vaginal plug determination method were anesthetized with
xylazine (8 mg/kg)/ ketamine (60 mg/kg) and cleaned using 70% ethanol. The uterus was
opened, and pups were placed in sterile prechilled Hanks’ balanced salt solution. Each pup
was mounted on the stereomicroscope, and cortices were dissected out. After enzyme-based
digestion, cortical neurons were counted and plated on the sterilized cover glass or six-well
plates in serum-free neurobasal medium supplemented with appropriate growth supplements
(B27 and N2, Life Technologies). The medium was changed every 3 to 4 days. For the
biochemical experiments, neurons were washed, scraped off, and collected in lysis buffer
with protease inhibitors. The protein content was estimated by the Bradford method.
Primary neurons were treated with AB1_42 (100 pg/ml) for 24 hours in subsequent
experiments. All experiments were performed with 10- to 12-day-old cultures, at which time
the cultures contain ~95 to 98% neurons and 2 to 5% astrocytes. We overexpressed GAPDH,
GAPDH C150S, and GAPDH K160R in primary neurons using jetPRIME reagent
(Polyplus- transfection) according to the manufacturer’s protocol. Briefly, the complexes
were added to the media of 6- to 8-day-old primary neuronal cultures. After 3 to 4 days,
APB1-42 Was added and cells were incubated for 24 hours then either homogenized for
biochemical assays or processed for immunohistochemistry as described below. Neurons
were collected into a sample buffer [20 mM tris-HCI (pH 7.6), 150 mM NaCl, 1 mM EDTA,
1 mM EGTA, and 1% SDS containing protease inhibitors: 1 mM phenylmethylsulfonyl
fluoride, aprotinin (10 pug/ml), leu-peptins (10 pg/ml), and pepstatin A (1 pg/ml)] (57). Then,
equal amounts of protein for each sample were run in a SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) gel and transferred using polyvinylidene difluoride membrane.
The membrane was incubated overnight with the primary antibody for acetylated tau-K280
(AnaSpec; 1:200). After washing, the membrane was incubated with secondary antibody and
imaged using Odyssey CLx infrared imaging system as described previously (49,58,59).
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Brain tissue lysates, co-IP, and Western blotting

Mouse or human brain tissue samples were lysed in RIPA containing protease inhibitors and
phosphatase inhibitors. Samples were spun to remove the insoluble fraction, and the
concentration of protein was quantified using a Bradford assay. Brain tissues were
suspended and homogenized in 5 vol/g of RIPA buffer [50 mM tris (pH 8.0), 150 mM NacCl,
1% NP-40, 5 mM EDTA, 0.5% sodium deoxycholate, and 0.1% SDS]. Finally, resultant
insoluble pellets were extracted in 1 vol/gram of tissue in urea buffer [7 M urea, 2 M
thiourea, 4% CHAPS, and 30 mM tris (pH 8.5)]. Soluble and insoluble fractions were
analyzed by SDS-PAGE electrophoresis and Western blotting using the indicated antibodies
to detect total and acetylated tau proteins, as described previously (16,47, 60). For the co-IP
assay, each lysate isolated from cells/tissues was incubated overnight with either antibodies
to acetyl-lysine (Cell Signaling Technology; 1:200), tau (AnaSpec; 1:200), or GAPDH
(Santa Cruz Biotechnology; 1:1000). Then, samples were pulled down with immunoglobulin
G beads and run into SDS-PAGE gel. The membrane was used for Western blotting using
antibodies against acetylated tau-K280 (AnaSpec; 1:100), SIRT1 (Cell Signaling
Technology; 1:500), p300 (Santa Cruz Biotechnology; 1:500), and GAPDH (Cell Signaling
Technology; 1:2000).

Immunochemical staining

Neurons were fixed with 3 to 4% paraformaldehyde containing sucrose for 15 min at room
temperature, as described previously (26, 48,49). Briefly, cells were permeabilized using
0.1% Triton X-100 in phosphate- buffered saline (PBS) (0.1 M, pH 7.4), then incubated in
blocking serum, to which antibodies were added [antibodies to acetylated tau (1:200
dilution; K280, AnaSpec), total tau (1:200 dilution; AnaSpec), and actin (1:3500 dilution;
Cell Signaling Technology)]. Cells were then incubated with secondary antibodies
conjugated to Alexa Fluor 594 and fluorescein isothiocyanate, and coverslips were mounted
on a poly-L-lysine-coated glass slide in a mounting medium containing 4’,6-diamidino-2-
phenylindole (DAPI). For the brain samples, 8- to 10-um frozen sections were rehydrated
and permeabilized by 0.1% Triton X-100 in PBS. Sections were then blocked using a serum
and incubated with primary antibodies. Antigen retrieval was performed by incubating
sections with 0.5 N HCI containing trypsin, as described previously. Tagged secondary
antibodies were applied, and sections were washed again and mounted in medium
containing DAPI. Sections were analyzed under confocal Zeiss 710 Meta microscope.
Images were obtained using integrated image acquisition software, ZEN 2012, and analyzed
in a blinded manner.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Nitric oxide regulatestau acetylation at Lyszso.
(A) Coimmunoprecipitation (Co-1P) assay to detect tau acetylation at Lys280 (K280) in

primary neurons treated with amyloid-p1_42 (Ap1-42) for 24 hours in the presence or absence
of L-NC-nitroarginine methyl ester (L-NAME). (B) Confocal microscopic analysis of
acetylation of tau at Lys280 in primary neurons treated with Ap;_so for 24 hours with or
without L-NAME. (C) Co-IP assay to detect acetylation of tau in the cortical lysates isolated
from neuronal nitric oxide synthase ("NOS)*/* and nNOS ™~ mice after intracortical

infusion of Ap1_42. (D) Confocal microscopy analysis of tau acetylation in the cortex of
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nNOS++ and nNOS ™~ mice after infusion of Ap;_s> into the cortex. The acety- lated tau
was monitored by red fluorescent signal (quantified), and total tau was determined by green
fluorescent signal. Scale bar, 100 mm. (E) Co-IP assay to detect acetylation of tau in
primary neuron isolated from nNOS+/+ and nNOS™~ mice. Data are quantified in the
Supplementary Materials; all blots and microscopy are representative of three independent
experiments from five to seven mice each condition.
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Fig. 2. Nitrosylated GAPDH activates p300 and acetylates tau.
(A) S-nitrosylation of glyceraldehyde-3-phosphate dehydrogenase (GAPDH-SNO) was

measured using the biotin-switch assay in lysates from post-mortem cortical samples from
human patients [7= 7 Alzheimer’s disease (AD) patient samples; /7= 3 control samples]. (B)
Biotin-switch assay to detect GAPDH-SNO in cortex isolated from mice administered with
AB1.42. (C) Nitrosylation of GAPDH assessed by biotin-switch assay in primary neurons
that overexpressed GAPDH and GAPDH C150S and was treated with Ap,.42. (D) GAPDH
or GAPDH C150S was overexpressed in primary neurons isolated from nNOS*/* mice and
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treated with AB1.42. The interaction between GAPDH and p300 was assessed by co-IP. (E)
Co-IP between GAPDH and p300 in cortical lysates isolated from nNOS*/* and nNOS™~
mice after administration of Ap1.42. (F) The acetylation of p300 in primary neurons that
overexpressed GAPDH or GAPDH C150S and was treated with AB1_42, as assessed by co-
IP with an antibody to acetyl-lysine and Western blotting with an antibody to acetylated
p300. (G) The acetylation of p300, H3, and tau in primary neurons that overexpressed
GAPDH or GAPDH K160R and were treated with AB1_42, assessed by co-IP with an
antibody to acetyl-lysine and subsequent Western blotting. (H) Immunofluorescence signals
for acetylated tau (red) and total tau (green) in the cortex from mice overexpressing GAPDH
or GAPDH K160R and injected with Ap;_4». Scale bar, 100 pm. (I) Co-IP assay to assess
tau acetylation in primary neurons isolated from nNOS*/* mice and treated with either
control or p300 small interfering RNA (SiRNA) before administration of AB;1_4». Data are
quantified in the Supplementary Materials; all blots and microscopy are representative of
three independent experiments from five to seven mice each condition. HA, hemagglutinin;
RNAI, RNA interference.
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Fig. 3. Nitrosylation of GAPDH induces SIRT 1 nitrosylation and tau acetylation.
(A) The interaction between deacetylase sirtuin 1 (SIRT1) and tau was monitored by co-1P

assay using lysates from cortex isolated from both nNOS** and nNOS™~ mice administered
with or without AB1.42. (B) Biotinswitch assay was performed to monitor nitrosylation of
SIRT1 using the cortical lysates after administration of Ap;.42. (C) The interaction between
GAPDH and SIRT1 was monitored by co-IP assay using cortical lysates after administration
of AB1.42. (D) Primary neurons isolated from nNOS*/* mice were overexpressed with
either GAPDH or GAPDH C150S construct before administration of AB1.42. The
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interaction between SIRT1 and GAPDH was monitored by co-IP assay. (E) GAPDH or
GAPDH C150S was overexpressed in the cortex, and nitrosylation of GAPDH and SIRT1
was monitored by biotin-switch assay. (F) Primary neurons isolated from nNOS*/* mice
were overexpressed with either GAPDH or GAPDH C150S construct before administration
of Ap1.42. The nitrosylation of GAPDH and SIRT1 was then assessed and monitored by
biotin-switch assay. (G) Primary neurons isolated from nNOS** mice overexpressed with
either SIRT1 or SIRT1 C387/390S were treated with Ap1.42. Cell lysates were used to do
co-1P assay to monitor the interaction between SIRT1 and tau. (H) Primary neurons isolated
from nNOS*/* mice overexpressed with either SIRT1 or SIRT1 C387/390S were treated
with Ap1.42. Acetylation of tau (Lys?8%) and H3 were assessed in cell lysates using a co-IP
assay. The change in the amount of acetylated H3 and tau was quantitated for each sample.
(I Confocal microscopic analysis of total (green) and acetylated (red) tau in the cortex after
administration of AB1.42. Scale bar, 100 um. (J) Primary neurons isolated from nNOS*/*
mice were treated with either control or HDAC6 siRNA before administration with AB1-42.
The tau acetylation at Lys?80 was assessed by co-IP assay with antibody to acetyl-lysine and
subsequent Western blotting. Data are quantified in the Supplementary Materials; all blots
and microscopy are representative of three independent experiments from five to seven mice
each condition.
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Fig. 4. Inhibition of GAPDH nitrosylation resultsin areduction in tau acetylation.
(A) GAPDH or GAPDH C150S was overexpressed in the cortex before administration of

AB1_4. tau acetylation was assessed by co-IP assay with an antibody to acetyl-lysine and
subsequent Western blotting. (B) GAPDH or GAPDH C150S was overexpressed in cortex
before administration of AB1_42. Confocal microscopic analysis then assessed total (green)
and acetylated (red) tau in the cortical tissue. Scale bar, 100 pm. (C) Confocal microscopic
analysis then assessed total (green) and acetylated (red) tau in the cortical tissue from mice
treated with CGP3466B (top, 0.5 mg/ kg; bottom, 2.5 mg/kg) before administration of
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AB1_4 into the cortex (right) compared with Ap,_4» alone or controls (left). Scale bar, 100
um. (D and E) Nitrosylation of GAPDH (D) and the acetylation of tau (E) were assessed in
primary neurons cultured with Ap1_42 with or without CGP3466B. Data above are
quantified in the Supplementary Materials; all blots and microscopy are representative of
three independent experiments from five to seven mice each condition. (F) Total distance
calculated in open-field tests in mice treated with Apy_42 and with or without CGP3466B.7
=15 to 20 mice; **P < 0.001, Wilcoxon two-sample test (nonpara-metric version of two
sample ftest). (G) Latency to find the platform in Morris water maze test was monitored in
mice administered with Ap1_4o with or without CGP3466B treatment.= 15 to 20 mice; **P
< 0.001, Wilcoxon two-sample test. (H) A working model of our findings suggesting that
Ap1_42 leads to an induction in the level of nitric oxide (NO), which, in turn, nitrosylates
GAPDH. Nitrosylated GAPDH interacts with an acetyltransferase p300 and a deacetylase
SIRTL. The interaction between p300 and GAPDH facilitates an activation of p300 and an
induction of tau acetylation. The interaction between SIRT1 and GAPDH results in
nitrosylation of SIRT1, which is unable to deacetylate tau. Inhibition of GAPDH-SNO
reduces tau acetylation and improves behavioral impairments.
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