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S-nitrosylation of Cdk5
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berrant activation of Cdk5 has been

implicated in the process of neuro-
degenerative diseases such as Alzheimer
disease (AD). We recently reported that
S-nitrosylation of Cdk5 (forming SNO-
Cdk5) at specific cysteine residues results
in excessive activation of Cdk5, contrib-
uting to mitochondrial dysfunction, syn-
aptic damage and neuronal cell death in
models of AD. Furthermore, SNO-Cdk5
acts as a nascent S-nitrosylase, transnitro-
sylating the mitochondrial fission protein
Drpl and enhancing excessive mitochon-
drial fission in dendritic spines. However,
a molecular mechanism that leads to the
formation of SNO-Cdk5 in neuronal
cells remained obscure. Here, we demon-
strate that neuronal nitric oxide synthase
(NOS1) interacts with Cdk5 and that
the close proximity of the two proteins
facilitates the formation of SNO-Cdk5.
Interestingly, as a negative feedback
mechanism, Cdk5 phosphorylates and
suppresses NOSI activity. Thus, together
with our previous report, these find-
ings delineate an S-nitrosylation path-
way wherein Cdk5/NOS1 interaction
enhances SNO-Cdk5 formation, mediat-
ing mitochondrial dysfunction and syn-
aptic loss during the etiology of AD.

Cdk5 in Alzheimer Disease
and Other Neurological Disorders

Cdk5 is a unique cyclin-dependent ser-
ine/threonine kinase that is activated by
the two neuron-specific proteins p35 and
p39./% As a predominantly neuronal-
specific kinase, Cdk5 is believed to lack
a role in cell-cycle control but regulates
an array of neuronal functions, including
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neuronal survival, axon and dendrite
spine morphology, and
#¢ Dysregulation
of Cdk5 activity has been implicated in

development,
neuronal  migration.
stroke and many neurodegenerative disor-
ders, including Alzheimer disease, amyo-
trophic lateral sclerosis, Parkinson disease,
Huntington disease and HIV-associated
neurocognitive disorders.”'? Under these
neurodegenerative conditions, neurotoxic
stimuli such as oxidative stress, mito-
chondrial  dysfunction, excitotoxicity,
amyloid-B (AB) exposure, calcium over-
load, and neuroinflammation trigger the
hyperactivation of Cdk5 via the calcium-
dependent protease calpain, which cleaves
the Cdk5 activator p35 (or p39) into p25
(or p29).11® Thus, the accumulation of
p25, due to the conversion of p35 to p25
(or p39 to p29), activates various events
associated with neurodegeneration. Along
with these lines, a p25 transgenic mouse
line, wherein p25 expression is driven
under the tetracycline-controlled CaMKII
promoter, manifests AD-like neurodegen-
eration associated with AB accumulation,
brain atrophy, astrogliosis, substantial
neuronal loss, and neurofibrillary tangle
pathology."”** Moreover, Cdk5 is known
to phosphorylate amyloid precursor pro-
tein (APP), affecting its localization or
processing to AP peptide; moreover, AR
accumulation triggers Cdk5/p25 hyper-
activation possibly via an /N-methyl-
D-aspartate-type  glutamate  receptor
(NMDAR) cascade."* However, despite
the fact that AD patient brains manifest
significantly higher Cdk5 activity com-
pared with non-demented control brains,
whether the increased Cdk5 activity is due
to the elevated levels of p25 in AD remains
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a contentious issue.”> Hence, additional
regulatory mechanisms for Cdk5 under
neurodegenerative conditions remain to
be determined.

S-Nitrosylation as a Novel
Mechanism of Cdk5 Activation

It is well known that nitric oxide (NO)
or related species can contribute to a
number of neurodegenerative diseases
including AD, PD and HD. In neurons,
NO generated from NOSI (neuronal
NO synthase) appears to play critical
roles in mitochondrial dysfunction, pro-
tein misfolding, synaptic loss, and neu-
ronal cell death.** Increased levels of
neuronal Ca®, in conjunction with the
Ca’*-binding protein calmodulin, trig-
ger the activation of NOSI and subse-
quent generation of NO from the amino
acid L-arginine.”?” Additionally, NOSI
contains an N-terminal PDZ domain,
allowing NOSI to couple to postsynaptic
density protein (PSD)-95 and a variety of
ion channels, including the NMDAR.?"#
Consequently, increased intracellular Ca**
concentration in response to specific path-
ological stress, such as excitotoxicity, can
stimulate NO production from NOSI at
via NMDAR activation.

Historically, activation of soluble
guanylate cyclase to form cGMP was
recognized as an important cellular sig-
nal to mediate the biological activity of
NO. However, emerging evidence sug-
gests that the reaction of an NO group
with the critical cysteine thiol of target
proteins to form S-nitrosoproteins repre-
sents the major regulatory mechanism of
NO action, particularly in neurodegen-
erative conditions.*** Our group and oth-
ers have identified specific substrates for
S-nitrosylation under neurodegenerative
conditions, including the protein fold-
ing/chaperone enzyme protein disulfide
isomerase (PDI), the ubiquitin E3 ligase/
neuroprotectant protein parkin, and the
mitochondrial fission-inducing protein
Drpl.24%-% Along similar lines, we recently
reported that S-nitrosylation of Cdk5 at
cysteine residues 83 and 157 activates its
kinase activity,* leading to an increase
in phosphorylated proteins, including
the pro-apoptotic serine/threonine-spe-
cific protein kinase, ataxia telangiectasia
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(ATM).%%
showed that S-nitrosylation and hyper-
activation of Cdk5 mediates AB- or
NMDA-induced dendritic spine loss, sup-
porting our hypothesis that SNO-Cdk5
contributes to AD pathology (see detailed
discussion below). Furthermore, our find-

mutated Importantly, we

ings of S-nitrosylated Cdk5 occurring in
human brains with AD as well as in AD
model mice, but not in control human
or mouse brains, support our notion that
SNO-Cdk5 formation represents an aber-
rant NO pathway leading to pathological
disease conditions. Interestingly, we found
that SNO-Cdk5 might contribute to syn-
aptic failure via transfer of the NO group
to Drpl by a reaction known as transni-
trosylation. The resulting formation of
S-nitrosylated Drpl
mitochondrial fission, which is associated

triggers  excessive

with bioenergetic compromise in the syn-
apses, contributing to dendritic spine loss,
as we have previously demonstrated.*’
Thus, these findings indicate that Cdk5
may be a dual function enzyme, mediat-
ing both phosphorylation as a kinase and
transnitrosylation as a nitrosylase, and
elucidate a new regulatory mechanism of
Cdk5 that may be involved in the etiology
of Alzheimer-related mitochondrial dys-
function and synaptic pathology.

Cdk5 Interacts with NOS1

In general, NO generated from NOS
efficiently S-nitrosylates nearby proteins
to produce SNO-proteins. For exam-
ple, NMDARs and PSD-95 co-localize
with NOSI, and are good substrates for
S-nitrosylation.””** Having shown that
S-nitrosylation of Cdk5 was upregulated
by stimulation of NOS1,** we hypoth-
esized that Cdk5 might interact directly
with NOSI. This possibility seemed rea-
sonable because Cdk5 is targeted to the
plasma membrane by its co-activator
p35,” and NOSI is also localized to the
plasma membrane. Along these lines, in
immunocytochemical experiments, we
found that both p35 and Cdk5 displayed
a similar subcellular distribution to NOS1
(Fig. 1A). Additionally, in an in vitro glu-
tathione-S-transferase (GST) pull-down
assay, GST fused to Cdk5 pulled down
NOSI from rat brain homogenates, and
addition of His-p35 resulted in a slight
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increase in NOSI1 (Fig. 1B). To further
investigate whether Cdk5 and NOSI
bind together in vivo, we tested if anti-
Cdk5 antibody could immunoprecipitate
NOSI from rat brain homogenates, and,
conversely, if anti-NOSI could immu-
noprecipitate Cdk5. We detected NOS1
in Cdk5 immunoprecipitates, and Cdk5
in NOS1 immunoprecipitates (Fig. 1C).
These results suggest that Cdk5 and
NOSI can form a complex in vivo.

Next, since the Cdk5 co-activator p35
can bind via PDZ domains to PSD95,
forming a complex with the NMDAR and
NOSI,"38 we asked if the association of
Cdk5 with NOS1 was dependent on p35.
To exclude this possibility, we tested the
interaction between NOS1 and Cdk5 in
HEK 293T cells transfected with hem-
agglutinin (HA)-tagged Cdk5 plus Flag-
tagged NOSI in the absence of endogenous
PSD95, p35 or NMDAR subunits.”-*!
Under these conditions, Cdk5 was still
detected in anti-Flag antibody immuno-
precipitates (Fig. 1D). Additionally, p35
itself did not interact with NOS1 in an
overexpression system unless PSD95 was
also expressed (Fig. 1E). These results
strongly support the notion that under our
conditions the association of Cdk5 and
NOSI was not mediated via p35.

We next investigated whether asso-
ciation of NOS1 and Cdk5 could be
enhanced by NOSI stimulation. We found
more significant recruitment of Cdk5 to
NOSI1 in HEK293 cells stably expressing
NOS1 (HEK-NOS1) after treatment with
A23187 to activate NOSI1 via Ca?* influx
(Fig. 1F), and this enhancement was
largely abolished by the NOS inhibitor,
N-nitro-L-arginine (NNA). Additionally,
A23187 failed to increase NOSI bind-
ing to mutant Cdk5 lacking nitrosylation
sites. These results are consistent with
the notion that NOSI-generated NO
increases the interaction of Cdk5 with

NOSI via S-nitrosylation of Cdk5.

S-Nitrosylation of Cdk5 Triggers
Phosphorylation of NOS1

Additionally, we found evidence for
negative-feedback control of NOSI activ-
ity by SNO-Cdk5. Initially, we noted the
presence of several potential Cdk5 phos-
phorylationsitesin the NOS1 sequence. For
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Figure 1. Cdk5 Interacts with NOST1. (A) Co-localization of NOS1 and CdkS5 in rat cerebrocortical neurons. NOS1 and Cdk5 were detected by immu-
nocytochemistry in cultures after 14 d in vitro. Cdk5 and NOS1 staining superimpose to show co-localization in deconvolved images. Rat cerebro-
cortical neurons were also stained with anti-p35 antibody. No staining was observed when primary antibodies were omitted. (B) GST-pull down
assay. GST-fusion protein or GST alone (GST-empty) was incubated with rat brain homogenates for 3-5 h and then pulled down with GSH beads. The
precipitates were subjected to immunoblot and probed with NOS1 antibody. GST-Cdk5 or GST-Cdk5 plus His-p35, but not GST protein alone, pulled
down NOS1 (lanes 4 and 5). (C) Co-immunoprecipitation (Co-IP) of NOS1 and Cdk5 from rat brain homogenates. Homogenates were immunoprecipi-
tated with Cdk5 or NOS1 antibody and then probed with these antibodies. Anti-HA antibody was used as a control. (D) Interaction of Cdk5 and NOS1
is independent of p35. HEK293T cells were transfected as indicated, lysed, and immunoprecipitated with anti-Flag or anti-HA antibody. Precipitates
and total lysates were subjected to immunoblotting. (E) p35 does not directly interact with NOS1. HEK293-NOS1 cells were transfected as indicated,
lysed and, immunoprecipitated with anti-Myc antibody. Precipitates and total lysate were subjected to immunoblotting. (F) Co-IP of NOS1 and Cdk5 in
HEK293-NOS1 cells. HEK293-NOS1 cells transfected with HA-tagged Cdk5, HA-tagged mtCdk5 (non-nitrosylatable mutant), or pcDNA3.0 were treated
with 5 wM A23187 in the presence or absence of T mM N-nitro-t-arginine (NNA), immunoprecipitated with HA antibody, and then probed with NOS1

example, Ser292 and Ser298 are located in
a consensus proline-directed kinase motif
[(K/R) S/T* P X (K/R)].“? Therefore, we
investigated whether NOS1 was phos-
phorylated by Cdk5 on these serines. We
used anti-NOS1 antibody to immuno-
precipitate total NOSI protein, and then
probed for phosphorylated NOSI1 on
immunoblots using anti-phosphorylated
serine/ Cdk5 motif antibody. We found
that overexpression of Cdk5/p35 induced
phosphorylation of NOSI, and that this
effect was abrogated by overexpression
of dominant negative Cdk5(D145N)
(Fig. 2A). Moreover, calcium-activation
of NOSI1 with A23187 resulted in SNO-
Cdk5 formation, upregulation of Cdk5
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activity, and further enhancement of
NOSI1 phosphorylation. Analysis of the
primary structure of NOSI revealed two
potential phosphorylation sites on NOS1
localized within the oxygenase domain,
suggesting that phosphorylation by Cdk5
might modify NOSI enzymatic activity.
To confirm this supposition, we employed
the Griess assay to monitor reactive nitro-
gen species (RNS) production by NOSI in
HEK-NOSI cells. We found that Cdk5/
p35 overexpression significantly sup-
pressed RNS production and hence NOS1
activity induced by A23187 (Fig. 2B).
The non-nitrosylatable mutant of Cdk5
(mt-Cdk5) suppressed NOSI activity to
a lesser extent than wild-type (wt-Cdk5).
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Taken together, these data are consistent
with the notion that activation of NOSI
led to S-nitrosylation and hence activation
of Cdk5. In turn, activated Cdk5 phos-
phorylated NOSI, thus suppressing its
activity in a negative regulatory-feedback
loop.

S-Nitrosylase Activity
of Cdk5 Links Nitrosative Stress
to Mitochondrial Dysfunction-
Mediated Synaptic Damage

Previously, we reported that excessive
generation of RNS increases Cdk5 kinase
activity via S-nitrosylation and identified
two cysteine residues (Cys 83 and 157)
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Figure 2. NOS1 phosphorylation by Cdk5
suppresses NOST activity. (A) Increased
phosphorylation of NOS1 by activated Cdk5.
HEK293-NOS1 stably transformed cells were
transfected with pcDNA3.0, wt-Cdk5 plus
p35, or DN-CdkS5 plus p35 plasmids and
exposed to 5 uM A23187 or control solution.
Cells were then lysed and immunoprecipi-
tated with NOS1 antibody. Precipitates and
total lysates were subjected to western blot
with the antibodies indicated. (B) NOS1 activ-
ity is suppressed by Cdk5. HEK293-NOS1 cells
were transfected with pcDNA3.0, wild-type
(wt) Cdk5 plus p35, or cysteine-mutant (mt)
Cdk5 plus p35 plasmids. Cells were exposed
to 5 wM A23187 or control solution; 30 min
later, cell media were collected and subjected
to Griess assay for nitrite/nitrate levels.
Values are mean + SEM (t-test, n > 3, *p <
0.05, **p < 0.01 compared with wt-Cdk5/p35
+ A23187). (C) Schema of the SNO-CdkS5 sig-
naling pathway in AD. Activation of Cdk5 by
S-nitrosylation enhances its interaction with
NOS1. SNO-Cdk5-mediated phosphorylation
of NOS1 suppresses its activity, represent-
ing negative feedback regulation of NOS1
function. Transfer of NO from SNO-Cdk5 to
Drp1 mediates the formation of SNO-Drp1,
resulting in mitochondrial dysfunction and
dendritic spine loss.

on Ckd5 that could be S-nitrosylated by
NO.* In contrast, another group pre-
sented evidence that Cdk5 activity can be
regulated during neuronal development
via S-nitrosylation but reported that NO
could inhibit rather than activate Cdk5.
As we showed previously, this discrepancy
may have arisen because of the very high
concentration of NO donor used by the
other group.* In the present study, we
demonstrate that NOS1 binds to Cdk5
in neurons. The resulting close proximity
of NOSI to Cdk5 may facilitate endog-
enous NO reacting to form SNO-Cdk5.
Moreover, as stated above, we mount
evidence that NOSI, similar to NOS3,%
serves as a Cdk5 substrate, creating a neg-
ative-feedback loop by suppressing NOS1
activity, NO production, and thus Cdk5
activity. However, under pathological
conditions with increased NOSI activ-
ity, we observed an enhanced association
between NOSI and Cdk5, which may
facilitate SNO-Cdk5 formation, resulting
in increased CdkS5 activity.

In a prior report, we also showed that
S-nitrosylation of Cdk5 contributes to
dendritic spine loss and neuronal cell
death. Under pathological conditions,
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abnormal dendritic spine morphology and
decreased number, representing synaptic
loss, have been found to closely correlate
with the severity of cognitive decline in
Alzheimer and other neurological dis-
cases.®® We found that SNO-Cdk5
mediates, at least in part, amyloid-f pep-
tide (AB)-induced spine loss in cellular
models of AD. Moreover, we found that
expression of mutant, non-nitrosylatable
Cdk5

retraction during excitotoxic stress or

significantly ameliorated spine

oligomeric AP exposure. These findings
suggest that SNO-Cdk5 may represent
a novel therapeutic target for alleviating
spine damage in Alzheimer disease and
other neurodegenerative conditions.

However, the molecular pathway
whereby SNO-Cdk5 mediates synap-
tic abnormality remained elusive until
we discovered the relationship of SNO-
Cdk5 and the mitochondrial fission pro-
tein dynamin related protein 1 (Drpl).
Intriguingly, prior reports had implicated
that Cdk5 could trigger excessive mito-
chondrial fission involving Drpl, and it
was suggested that Drpl might possibly
be a substrate for Cdk5 regulation but no
phosphorylation event could be detected.”
Moreover, our group recently discovered
that S-nitrosylation of Drpl at Cys644
hyperactivates its mitochondrial fission
activity, thus mediating AB-induced dis-
ruption of mitochondrial dynamics, com-
promise of mitochondrial bioenergetics,
and consequent synaptic injury and neu-
ronal damage.’® Linking these events, we
recently found evidence that SNO-Cdk5
transnitrosylates Drpl both in vitro and
in intact cells, with consequent forma-
tion of SNO-Drpl. These findings sug-
gest that, in addition to its kinase activity,
SNO-Cdk5 manifests nitrosylase activity,
contributing to synaptic damage via trans-
fer of the NO group to Drpl, with conse-
quent fragmentation of mitochondria and
synaptic loss.

In healthy neurons, mitochondrial fis-
sion/fusion machinery proteins insure
that new, active mitochondria are gener-
ated at critical locations, such as synapses,
while maintaining mitochondrial integ-
rity. In contrast, abnormal mitochondrial
dynamics often appear in the degenera-
tive brain as a result of dysfunction in the
fission/fusion machinery. Rare genetic
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mutations in the genes encoding mito-
chondrial fission/fusion proteins disturb
mitochondrial dynamics, causing neuro-
logical defects, including certain forms
of peripheral neuropathy, ataxia and optic
atrophy.’*>® Both mitochondrial fusion
and fission proteins are widely expressed
in human tissues but defects preferen-
tially affect nervous tissue, suggesting
that neurons are particularly sensitive to
mitochondrial dysfunction. We previously
reported that S-nitrosylation of Drpl
results in hyperactivation and excessive
mitochondrial fission. Moreover, similar
to SNO-Cdk5, we observed that Drpl
is S-nitrosylated in virtually all of the
brains from cases of sporadic AD that we
examined.’>” We found that in response
to AR, SNO-Drpl

mitochondrial fragmentation, producing

induces excessive
synaptic damage, an early characteristic
feature of AD, and subsequently apoptotic
neuronal cell death. Importantly, pre-
vention of Drpl nitrosylation [using the
non-nitrosylatable Drpl(C644A) mutant]
prevented AB-mediated mitochondrial fis-
sion, synaptic loss and neuronal cell death,
suggesting that S-nitrosylation of Drpl
contributes to the pathogenesis of AD.
Moreover, we found that SNO-Drpl is
generated by the specific Drpl nitrosylase
activity of SNO-Cdk5, transferring the
NO group from Cdk5 to Drpl, and thus
contributing to neuronal injury and syn-
aptic loss in AD.

Experimental Procedures

Antibodies and plasmids. Cdk5 poly-
clonal antibody (C-8), NOS1 monoclo-
nal antibody (A-11), anti-HA antibody,
and anti-myc antibody were from Santa
Cruz Biotechnology; anti-phosphorylated
serine/Cdk5 motif antibody was from
Cell Signaling Technology. HA-CdkS5,
HA-DN-Cdk5 and Myc-p35 plasmids
were from Addgene. Flag-NOSI was
kindly provided by Prof. Yasuo Watanabe
(Nippon Institute of Technology, Japan).
GST-Cdk5 and His-p35 plasmids were
kindly provided by Prof. David Park
(University of Ottawa, Canada).

Cell culture and transfection.
HEK?293 cells were cultured in DMEM
supplemented with 10% heat-inactivated
fetal bovine serum. HEK293-NOS1 cells
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were maintained in the same medium
containing geneticin. We performed cell
transfections with Lipofectamine 2000
(Invitrogen) as per the manufacturer’s
instructions. Primary cerebrocortical neu-
rons were cultured from day 16 ratembryos
as we have described previously.3*
GST-pull down assay. GST-Cdk5
and His-p35 were expressed in E. coli and
purified as described." Purified GST or
GST-Cdk5 was incubated with rat brain
homogenate for 3 h and then subjected to
precipitation using glutathione-Sepharose
followed by anti-NOSI antibody.
Immunoblot analysis and immu-
noprecipitation. Twenty micrograms of
protein were electrophoresed on 4-12%
denaturing gels (Nupage, Invitrogen).
After transferring the proteins to poly-
vinylidene difluoride
(Immoblin-P, Millipore),
analyses were performed using various pri-
mary antibodies and HRP-labeled second-
ary antibodies. For immunoprecipitation,

membranes
immunoblot

100 pg of cell lysate was incubated with
a complex of protein A/G-agarose beads
and primary antibody (or with antibody
immobilized on the beads) for 3—5 h at
4°C. Beads were then washed with lysis
buffer three times and subjected to immu-
noblot or kinase assays.

Detection of NO by Griess assay.
An aliquot of the culture medium from
experimental cells was mixed with Griess
reagent for detecting nitrite and nitrate,
of NO.

Quantification was achieved by optical

major conversion products
density measurement of nitrite-azo dye
formed in the sample, as measured spec-
trophotometrically at 540 nm.%
Statistical methods. Experiments were
performed = 3 times. Statistical differ-
ences between two groups were analyzed
by Student’s t-test. A value of p < 0.05 was
considered statistically significant.

Conclusions
and Further Perspectives

In conjunction with our recent report,* in
the present study, we have uncovered an
NO signaling pathway wherein (1) NOSI
generates NO in response to exposure to
excitotoxins or oligomeric AB, (2) NO
can S-nitrosylate the NOS-interacting
protein, Cdk5, resulting in activation of
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its kinase activity, (3) as a negative feed-
back mechanism, SNO-Cdk5 phosphory-
lates and inhibits NOSI, (4) SNO-Cdk5
hyperactivates the mitochondrial fission
protein Drpl via transnitrosylation, and
(5) excessive mitochondrial fission results
in bioenergetic failure and synaptic loss in
AD (Fig. 2C). One important finding of
these studies is that Cdk5 possesses both
kinase and nitrosylase activities, sug-
gesting that this dual function of Cdk5
could be involved in neurodegeneration.

Given the fact that Cdk5 phosphorylates
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tion of Cdk5 activity may play a role not
only in AD but also in several other neu-
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