
S-Nitrosylation activates Cdk5 and contributes to
synaptic spine loss induced by β-amyloid peptide
Jing Qu1, Tomohiro Nakamura1, Gang Cao, Emily A. Holland, Scott R. McKercher, and Stuart A. Lipton2

Del E. Webb Center for Neuroscience, Aging, and Stem Cell Research, Sanford-Burnham Medical Research Institute, La Jolla, CA 92037

Edited* by Solomon H. Snyder, Johns Hopkins University School of Medicine, Baltimore, MD, and approved July 19, 2011 (received for review April 6, 2011)

The activity of Cdk5 and its regulatory subunit p35 is thought to be
important in both normal brain function and neurodegenerative
disease pathogenesis. Increased Cdk5 activity, via proteolytic cleav-
age of p35 to a p25 fragment by the calcium-activated protease
calpain or by phosphorylation at Cdk5(Tyr15), can contribute to
neurotoxicity. Nonetheless, our knowledge of regulation of Cdk5
activity in disease states is still emerging. Herewe demonstrate that
Cdk5 is activated by S-nitrosylation or reaction of nitric oxide (NO)-
related species with the thiol groups of cysteine residues 83 and
157, to form SNO-Cdk5. We then show that S-nitrosylation of Cdk5
contributes to amyloid-β (Aβ) peptide-induced dendritic spine loss.
Furthermore, we observed significant levels of SNO-Cdk5 in post-
mortem Alzheimer’s disease (AD) but not in normal human brains.
These findings suggest that S-nitrosylation of Cdk5 is an aberrant
regulatory mechanism of enzyme activity that may contribute to
the pathogenesis of AD.

Cdk5 is a cyclin-dependent kinase that is activated by proteins
p35, p25, and p39 (1–3). As a predominantly neuronal-

specific kinase, Cdk5 lacks a role in cell-cycle control but has
been implicated in an array of neuronal functions, including cell
survival, axon guidance, neuronal migration, and regulation of
synaptic spine density (4–6). Dysregulation of Cdk5 activity may
play a role in the pathogenesis of stroke and several neurode-
generative disorders, including Alzheimer’s disease (AD), amyo-
trophic lateral sclerosis, Parkinson’s disease, and Huntington’s
disease (7–11). Cdk5 is also hyperactivated in response to oxi-
dative stress, mitochondrial dysfunction, excitotoxicity, amyloid-β
(Aβ) exposure, calcium overload, and neuroinflammation, thus
contributing to neuronal damage. These neurotoxic stimuli acti-
vate calpain, which cleaves the Cdk5 activator p35 (or p39) into
p25 (or p29); p25 accumulation thus contributes to Cdk5 acti-
vation (12–16). These changes trigger various events associated
with neurodegeneration. Although increased Cdk5 activity has
been observed in AD brains compared with nondemented con-
trol brains, the mechanism remains contentious (17).
Similarly, nitric oxide (NO) and related species contribute to a

number of neurodegenerative diseases. The major source of NO
in neurons is neuronal nitric oxide synthase (NOS1). Excitotoxic
stress increases intracellular Ca2+, which in turn activates NOS1,
thus generating NO. In general, NO can stimulate soluble gua-
nylate cyclase to form cGMP or can S-nitrosylate critical cysteine
residues to regulate the activity of multiple target proteins, in
some sense akin to phosphorylation. Indeed, S-nitrosylation may
explain many cGMP-independent mechanisms of NO action in
neurodegenerative diseases (18). Our group has demonstrated that
NO contributes to neurodegenerative disorders by redox reaction
consisting of S-nitrosylation; in some cases this reaction is followed
by further oxidation. Proteins affected in this manner include the
gelatinase enzyme matrix metalloprotinease-9 (MMP-9), the pro-
tein folding/chaperone enzyme protein disulfide isomerase (PDI),
the ubiquitin E3 ligase/neuroprotectant protein parkin, the anti-
oxidant enzyme peroxiredoxin II (PrxII), and the mitochondrial
fission-inducing protein dynamin-related protein 1 (Drp1) (18–20).
Because Cdk5-p35 in adult brain occurs predominantly as a mem-
brane-bound complex with a subcellular localization quite similar
to NOS1 (21), we reasoned that NO generated by NOS1may cause

dysregulation of Cdk5 function by direct modification, thereby
contributing to neuronal damage in AD. Moreover, a recent pro-
tein microarray-based analysis suggested that Cdk5 could be
S-nitrosylated (22). Additionally, while the current investigation
was in progress, another report showed that very high (non-
physiological) levels of exogenous NO could S-nitrosylate Cdk5,
apparently inhibiting its activity (23). In contrast, in the present
study we demonstrate that under pathophysiologically relevant
conditions, S-nitrosylation of Cdk5 stimulates enzymatic activity
via reaction of NO at cysteine residues 83 and 157. This nitro-
sylation reaction leads to increased phosphorylation of substrates,
including the proapoptotic serine/threonine-specific protein ki-
nase, ataxia telangiectasia mutated (ATM) (6, 24). Furthermore,
we demonstrate that S-nitrosylation of Cdk5 occurs in human
brains with AD and contributes to Aβ- and N-methyl-D-aspartate
(NMDA)-induced dendritic spine loss. These findings elucidate a
unique regulatory mechanism of Cdk5 that may be involved in the
etiology of Alzheimer’s disease-related synaptic pathology.

Results
NO Enhances Cdk5 Kinase Activity. The contribution of nitrosative
stress to neurodegeneration and the involvement of Cdk5 in
various neurodegenerative diseases led us to ask whether Cdk5
is S-nitrosylated under pathophysiologically relevant conditions
and whether enzymatic activity is thus affected. We first looked
at the crystal structure of human Cdk5 (PDB ID: 1H4L) and
found eight cysteine residues, four of them on the protein sur-
face. Among these, Cys83 is located in a classical S-nitrosylation
motif, surrounded by D, Q, and E (Fig. S1) (25, 26). Addition-
ally, C83 is spatially close to D145, a critical amino acid for Cdk5
kinase activity. Therefore, we reasoned that S-nitrosylation of
this residue might affect Cdk5 kinase activity.
To test this hypothesis, we transfected HEK293 cells with Cdk5

andp35expressionconstructs, exposed the cells to S-nitrosocysteine
(SNOC,aphysiologicalNOdonor)orS-nitrosoglutathione(GSNO,
a second physiological NO donor), and assessed Cdk5 activity by
histoneH1 phosphorylation (Fig. 1A). Exposure to 200 μMSNOC
or GSNO enhanced Cdk5 kinase activity (Fig. 1A and Fig. S2A).
However, at 1 mM SNOC or GSNO, Cdk5 kinase activity was
inhibited (Fig. S2A), as recently reported (23). Because millimolar
concentrations ofNOdonors are never reached in vivo, in our study
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we considered further only the effects of lower, (patho)physiologi-
cally relevant concentrations of NO in the micromolar range.
Concerning the mechanism of activation of Cdk5 by NO, p35 is

reportedly unstable in the face of oxidative or nitrosative stress.
This finding suggested that enhancement of Cdk5 activity by SNOC
might be due to cleavage of p35 to the more stable p25 rather than
direct S-nitrosylation of Cdk5 itself. However, we did not observe
effects on p35 protein levels in the presence of Cdk5 after exposure
to SNOC (Fig. S2B). Moreover, in an in vitro kinase activity assay,
we showed that SNOCenhanced Cdk5 activity in a dose-dependent
manner under conditions not requiring p35 cleavage (Fig. 1B).
Additionally, when we transfected HEK293 cells with expression
constructs for Cdk5 and p25, SNOC still enhanced Cdk5 activity
with p25 as the coactivator (Fig. 1C). Thus, S-nitrosylation of Cdk5
by NO was deemed a more likely mechanism for Cdk5 activation.
Next, we tested whether endogenously generated NO could

enhance Cdk5 kinase activity. For this purpose, we used an
HEK293 cell line stably expressing NOS1 (designated HEK/
NOS1). This cell-based system thus mimicked physiological con-
ditions by producing endogenous NO. We found that trans-
fection of these cells with Cdk5 and exposure to A23187 to
activate NOS1 via Ca2+ resulted in enhanced phosphorylation of
histone H1 (Fig. S3A). This finding is consistent with the notion
that endogenously generated NO can activate Cdk5.

S-Nitrosylation of Cdk5 at Cys Residues 83/157. To demonstrate S-
nitrosylation of Cdk5 by NO, we used the biotin-switch method

(27). We found that activation of NOS1 in HEK/NOS1 cells
resulted in formation of S-nitrosylated Cdk5 (SNO-Cdk5). This
effect was abrogated by the NOS inhibitor, N-nitro-L-arginine
(NNA) (Fig. 2A), consistent with the notion that endogenously
generated NO was capable of S-nitrosylating Cdk5. Additionally,
we found that endogenous Cdk5 could be S-nitrosylated by 50 μM
SNOC in SH-SY5Y cells (Fig. 2B).
Next, we identified the S-nitrosylated cysteine residue(s) in

Cdk5. We mutated Cys83 because it is located on the protein
surface within a presumptive consensus motif for S-nitrosylation,
consisting of acidic and basic amino acids flanking the critical
cysteine residue (25). This mutation partially abolished S-nitro-
sylation of Cdk5 by 50 μM SNOC (Fig. 2C). We then mutated the
other surface cysteines (C94, C157, and C269) both individually
and in conjunction with C83S. C157 is surrounded by K and R
residues, which may also facilitate S-nitrosylation (25, 26). We
found that the C83S/C157S double mutation totally abrogated S-
nitrosylation of Cdk5 (Fig. 2C and Fig. S3 B and C).
It is also possible that p35 and p25 may be S-nitrosylated

under some conditions. In fact, we detected SNO-p35 after ex-
posure of cells or recombinant protein to 50–100 μM SNOC (Fig.
S4). However, unlike SNO-Cdk5, we did not detect SNO-p35 or
SNO-p25 after exposure to endogenous NO in HEK/NOS1 cells,
in various animal disease models, or in human diseased brains,
making it unlikely to be responsible for the effects of NO ob-
served here on Cdk5 activity.

S-Nitrosylation of Cdk5 Enhances Its Kinase Activity. To more di-
rectly prove that the increase in Cdk5 kinase activity in response
to NO (Fig. 1) was due to formation of SNO-Cdk5, we compared
the activity of wt-Cdk5 and its non-nitrosylatable mutant (mt)

Fig. 1. NO Enhances Cdk5 Kinase Activity. (A) Effect of SNOC on Cdk5/p35
phosphorylation of histone H1. HEK293 cells transfected with Cdk5 and p35
plasmids were exposed to 200 μM SNOC and cell lysates prepared for im-
munoblot analysis. Control cells were exposed to old SNOC, from which NO
had been dissipated. The experiments were repeated four times. (B) Effect of
SNOC on Cdk5 kinase activity. HEK293 cells transfected with Cdk5 and p35
plasmids were exposed to various concentrations of SNOC (50–200 μM) and
cell lysates prepared for measurement of kinase activity using a luciferase
assay. Control cells were treated with old SNOC. Kinase activity is normalized
to control. Values are mean + SEM (n > 3 for each group, **P < 0.01 by
ANOVA). (C) SNOC enhances Cdk5/p25 activity, monitored by histone H1
phosphorylation. HEK293 cells transfected with Cdk5 and p25 plasmids were
exposed to 200 μM SNOC and cell lysates prepared for immunoblot analysis.
Control cells were exposed to old SNOC.

Fig. 2. S-Nitrosylation of Cdk5 in vitro and in vivo. (A) NO derived from
NOS1 S-nitrosylates Cdk5 in HEK/NOS1 cells. HEK293 cells stably expressing
NOS1 were assayed for endogenous SNO-Cdk5 by the biotin-switch
method. NOS1 was activated by Ca2+ ionophore A23187 (5 μM) in the
presence or absence of 1 mM NNA. (B) S-Nitrosylation of endogenous Cdk5.
SH-SY5Y cells were exposed to 50 μM SNOC for 30 min and subjected to the
biotin-switch assay. Control cells were exposed to SNOC without ascorbate
or to old SNOC. As a positive control, methyl methane thiosulfonate
(MMTS) was omitted so that free thiol groups were not alkylated and could
thus react with biotin-HPDP. (C) Mutation of Cdk5 critical cysteine thiols
(C83/157S) prevents S-nitrosylation by SNOC. HEK293 cells were transfected
with wild-type (wt) or mutated Cdk5 and then exposed to 50 μM SNOC.
Cells were then lysed and subjected to biotin-switch assay.
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after exposure to endogenous NO. We immunoprecipitated wt-
or mt-Cdk5/p35 from HEK/NOS1 cells exposed to A23187 (to
increase NOS1 activity) or control solution and then assessed
kinase activity using two substrates, histone H1 and ATM. The
non-nitrosylatable mutation per se (in the absence of A23187)
did not affect Cdk5 phosphorylation of histone H1 because the
kinase activity of the mutant was equal to that of wt-Cdk5 (Fig.
3A). In contrast to wt-Cdk5, however, the mutant protein did not
display increased kinase activity after A23187 exposure, consis-
tent with the notion that S-nitrosylation of Cdk5 mediated the
increase in kinase activity. Similar results were observed with p25
as the coactivator of Cdk5 in HEK/nNOS cells (Fig. S3A).
To further test the enhancement of Cdk5 kinase activity by

S-nitrosylation, we monitored phosphorylation of a second Cdk5
substrate, ATM, representing a pathway involved in neuronal
cell death signaling (6, 24). Similar results were obtained with
ATM to those with histone H1; Cdk5 kinase activity increased
after S-nitrosylation (Fig. 3B and Fig. S5).

SNO-Cdk5 Contributes to NMDA-Induced Dendritic Spine Loss and
Neuronal Apoptosis. Overstimulation of NMDA-type glutamate
receptors (NMDARs) generates excessive NO via NOS1, induces
loss of dendritic spines, and eventually results in neuronal cell
death (19, 20). Because Cdk5 has been reported to be an im-
portant modulator of NMDAR signaling (28), we asked whether
SNO-Cdk5 plays a role in NMDAR-mediated dendritic spine
loss. We found that exposure to NMDA led to S-nitrosylation of
wt-Cdk5, which was abrogated by pretreatment with NNA, im-
plicating mediation by NO (Fig. 4A). We then tested the Cdk5
inhibitor, Roscovitine (29), on NMDA-induced toxicity in rat
cerebrocortical cultures. Roscovitine partially prevented NMDA-
induced synaptic spine loss (Fig. S6). Although not perfectly
specific for Cdk5, Roscovitine’s effect was consistent with the

notion that Cdk5 plays a role in NMDA-induced neurotoxicity, as
previously reported (30). Next, we transfected neurons with
control vector pcDNA3.0, WT-Cdk5/p35 or non-nitrosylatable
mt-Cdk5/p35 and then measured dendritic spine density after
exposure to NMDA. Neurons transfected with wt-Cdk5/p35 suf-
fered >70% loss of dendritic spines. In contrast, neurons trans-
fected with mt-Cdk5/p35 lost only 32% of their dendritic spines,
similar to vector-transfected control neurons (Fig. 4B). These
data suggest that SNO-Cdk5 contributes to NMDA-induced
dendritic spine loss and neuronal damage.

SNO-Cdk5 Contributes to Aβ-Induced Dendritic Spine Loss. Brains
affected by AD manifest a significant increase in Aβ peptide and
Cdk5 activity compared with control brains (31). Because we
found that SNO-Cdk5 contributes to NMDA-induced spine re-
traction, and NMDAR antagonists are known to prevent den-
dritic spine loss and neuronal damage induced by oligomers of Aβ
peptide (32–34), we reasoned that SNO-Cdk5 might be an im-
portant mediator of this form of toxicity. After exposure to oli-
gomerized Aβ, rat cortical neuronal/glial cultures manifested
a dramatic increase in neuronal NO that could be suppressed by
memantine, a specific NMDAR antagonist used in the treatment
of AD (Fig. 5A) (34, 35). Additionally, Aβ exposure induced
NMDAR-dependent S-nitrosylation of Cdk5 in cultured cortical
neurons (Fig. S7A). Moreover, S-nitrosylation of Cdk5 was also
observed in the brains of Tg2576 transgenic mice, an AD model
overexpressing Aβ (Fig. S7B).
In both animal models and human AD brains, synaptic dam-

age represents an early neuropathological manifestation that
correlates with the degree of cognitive decline (36–38). Here, we
confirmed that exposure to Aβ resulted in loss of dendritic
spines. In neurons transfected with wt-Cdk5/p35, exposure to Aβ
resulted in ∼33% loss of spine density compared with control,
and transfection with nonnitrosylatable mt-Cdk5/p35 partially
abrogated this effect (Fig. 5B). Moreover, pretreatment with
NNA completely abolished this effect of Aβ in the presence of
wt-Cdk5/p35. These results are consistent with the notion that
formation of SNO-Cdk5 contributes to Aβ-induced loss of
synaptic spines.

Fig. 3. Mutation of critical cysteine residues in Cdk5 prevents enhancement
of kinase activity by NO. (A) Effect of endogenous NO on Cdk5 kinase ac-
tivity. HEK/NOS1 cells transfected with wt-Cdk5/p35 or mt-Cdk5/p35 were
incubated in 5 μM A23187 plus calpeptin (20 μM) for 4 h and lysed, and ki-
nase activity was quantified by histone-H1 phosphorylation. Control cells
were incubated in calpeptin only. (B) Density ratio of phospho-ATM to total
ATM from experiments shown in Fig S6. Preparations treated with SNOC are
normalized to their respective wt- and mt-Cdk5 ratios. Values are mean +
SEM (t test, n > 3 in each group; *P < 0.01; n.s., nonsignificant).

Fig. 4. SNO-Cdk5 contributes to NMDA-induced dendritic spine loss. (A)
SNO-Cdk5 in primary cortical neurons after exposure to 100 μM NMDA for
4 h in the presence or absence of NNA. (B) SNO-Cdk5 partially mediates
NMDA-induced dendritic spine loss. Cortical neurons were transfected with
pEGFP plus pcDNA3 (empty vector control, not shown), pEGFP plus wt-Cdk5/
p35 or pEGFP plus mt-Cdk5/p35, and then exposed to NMDA (25 μM for 14 h)
in the presence or absence of NNA. Neurons were then fixed and stained
with anti-MAP2 antibody to identify neurons. Spines were visualized with
EGFP (Insets) and quantified per micrometer of dendritic length. Values are
mean + SEM (t test with Bonferroni correction, n > 6; **P < 0.01).
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S-Nitrosylation of Cdk5 in Human Brains with Alzheimer’s Disease.
The effect of Aβ on S-nitrosylation of Cdk5 and its influence on
spine loss led us to ask whether Cdk5 might be S-nitrosylated in
AD. We obtained human brain tissue with short postmortem
intervals (Table S1) and, as with the Tg2576 AD mice, found
significantly increased SNO-Cdk5 levels in AD brains compared
with control brains (Fig. 5C). Importantly, SNO-Cdk5 was not
detectable in control human brains, consistent with the notion
that S-nitrosylation of Cdk5 represents an aberrant nitrosylation
event occurring predominantly in the diseased state. To de-
termine whether the level of SNO-Cdk5 in human brain with
Alzheimer’s disease was of pathophysiological significance, we
calculated the ratio of SNO-Cdk5 (by biotin-switch assay) to total
Cdk5 (as quantified from immunoblots), as we have previously
described, and found that this ratio was comparable to or greater
than that encountered in our neuronal cell-based models mani-
festing a decrease in Aβ/SNO-Cdk5–induced spine density (Fig.
S8) (19, 20, 39). These findings are consistent with the notion that
SNO-Cdk5 may be a contributing factor to the synaptic pathology
observed in AD.

Transnitrosylation of Drp1 by SNO-Cdk5.Recently, we reported that
exposure of neurons to oligomerized Aβ peptide resulted in
S-nitrosylation of the mitochondrial fission protein, dynamin-

related protein1 (to form SNO-Drp1). In turn, we showed that
SNO-Drp1 triggered massive mitochondrial fragmentation, bio-
energetic compromise, and synaptic spine loss (20, 40). There-
fore, we asked whether SNO-Cdk5 in brains with Alzheimer’s
disease might possibly contribute to this pathway to synaptic
damage via transfer of the NO group to Drp1 (to form SNO-
Drp1) by a reaction mechanism termed transnitrosylation (39,
41, 42). Previously, it was postulated that Cdk5 could activate
Drp1, but the pathway remained obscure because direct phos-
phorylation of Drp1 by Cdk5 was not observed (43). Here, using
the biotin-switch assay, we initially found that SNO-Cdk5 could
indeed S-nitrosylate Drp1 in vitro via transnitrosylation, with
consequent formation of SNO-Drp1 (Fig. 6A). Furthermore, using
a technique that we had previously reported (39), we obtained
evidence that transnitrosylation from Cdk5 to Drp1 would favor-
ably proceed in intact cells by calculating the relative redox po-
tential for the reaction (ΔEo′). This technique uses a modification
of the Nernst equation that we developed to calculate the asso-
ciated change in Gibbs free energy (ΔGo′) and hence predict
whether the reaction will indeed proceed in vivo (Fig. S9 and SI
Materials and Methods). Accordingly, our biotin-switch data
showed that SNO-Drp1 levels are elevated in Cdk5-transfected
cells compared with control plasmid-transfected cells (Fig. 6B).
These findings suggest that transnitrosylation of NO from Cdk5 to
Drp1 might be involved in the pathway to SNO-Cdk5–mediated
spine loss (Fig. 6C).

Discussion
Cdk5 kinase activity requires binding to neuron-specific p35 and
has been implicated in neuronal cell death pathways during both
normal development and neurodegenerative diseases (44). In the
present study, we demonstrate aberrant redox regulation of Cdk5
activity by S-nitrosylation in AD models and in human brain.
NOS1 and Cdk5 are both localized at the cell surface (45, 46), and
the close proximity of NOS1 to Cdk5 may thus make endogenous
NO available for reaction to form SNO-Cdk5. We found that
S-nitrosylation increases Cdk5 kinase activity, identified the cys-
teine residues susceptible to (patho)physiological regulation by

Fig. 5. S-Nitrosylation of Cdk5 in response to Aβ in vitro and in brains with
Alzheimer’s disease in vivo. (A) Aβ oligomers induce NO in cortical neurons,
at least in part, via NMDAR activation. Cortical neurons were preloaded with
4 μM DAF-2 to detect NO and exposed to 5 μM oligomerized Aβ1–42 in the
presence or absence of the NMDAR inhibitor memantine (10 μM); similar
results were obtained with Aβ25–35, but not with Aβ35–25 or nonoligomerized
Aβ1–42. By dynamic light scattering analysis, the oligomerized preparation of
Aβ1–42 contained 250 nM of oliogmers. DAF-2 fluorescence was measured
using deconvolution microscopy. (B) SNO-Cdk5 mediates in part Aβ-induced
dendritic spine loss. Cortical neurons were transfected with pEGFP plus
pcDNA3, pEGFP plus wt-Cdk5/p35 or pEGFP plus mt-Cdk5/p35 and then ex-
posed to Aβ25–35 (10 μM for 4 d) or control Aβ35–25. Cells were then fixed and
stained with anti-MAP2 antibody to identify neurons. Dendritic spines were
visualized by the presence of EGFP protuberances and quantified per mi-
crometer of dendritic length. For A and B, values are mean + SEM (t test with
Bonferroni correction, n > 3; *P < 0.05). (C) Postmortem human brain tissues
from control subjects or patients with Alzheimer’s disease were subjected to
the biotin-switch assay to detect SNO-Cdk5.

Fig. 6. Transnitrosylation of Drp1 by SNO-Cdk5. (A) In vitro transnitro-
sylation of Drp1 by SNO-Cdk5. Transnitrosylation reactions were performed as
described in SI Materials and Methods. Amounts (input) of Cdk5 and Drp1
were verified in each reaction. S-Nitrosylated proteins were detected by
biotin-switch assay. (B) Overexpression of Cdk5 increases the formation of
SNO-Drp1. HEK293 cells overexpressing GFP-Drp1, with or without coex-
pression of HA-Cdk5, were subjected to the biotin-switch assay. (C) Schema of
dendritic spine injury in AD triggered by oligomeric Aβ peptide, SNO-Cdk5
formation, and possible transnitrosylation to Drp1.
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NO, and showed that this redox effect was abrogated by non-
nitrosylatable mutant Cdk5. Also, NO enhanced both Cdk5/p25
and Cdk5/p35 activity equally well. These data support the premise
that S-nitrosylation can directly regulate Cdk5 activity.
Cdk5 activity is known to regulate the morphogenesis of den-

dritic spines, the major sites of excitatory synaptic transmission in
the CNS, thus influencing the function of neuronal circuits (6, 47,
48). Under pathological conditions, dendritic spine loss, repre-
senting synaptic damage, is known to correlate with the degree of
cognitive decline in AD (36–38). We report here that SNO-Cdk5
contributes to Aβ/NMDAR-mediated spine loss. Moreover, we
found that expression of mutant, nonnitrosylatable Cdk5 signifi-
cantly ameliorated spine retraction during Aβ exposure or excito-
toxic stress. These findings suggest that SNO-Cdk5 may represent
a unique therapeutic target for ameliorating spine damage in AD
and other neurodegenerative conditions. Prior reports showed that
Cdk5 can trigger excessive mitochondrial fission involving Drp1
and suggested that Drp1 may be a substrate for Cdk5 regulation
(43). Such a relationship may link our recent findings that Aβ-
induced activation of Drp1 via S-nitrosylation causes excessive
mitochondrial fragmentation, with consequent bioenergetic com-
promise and dendritic spine loss (20, 40). Indeed, we show in the
present study that SNO-Cdk5 can transfer the NO group by
transnitrosylation to Drp1 (forming SNO-Drp1), in this manner
possibly mediating the synaptic damage that we observed.
Previous studies showed that nitrosative stress contributes to a

number of neurodegenerative disorders. These findings promp-
ted us to ask whether SNO-Cdk5 could be detected in human
brains with AD. On the basis of the ratio of SNO-Cdk5 to total
Cdk5, we found pathophysiologically relevant amounts of the S-
nitrosylated kinase in human AD brains (19, 20, 39). In contrast,
the virtual absence of detectable SNO-Cdk5 in normal human
brains suggested that S-nitrosylation of Cdk5 may be an aberrant
event dependent on excessive NO generation, as seen in neu-
rodegenerative disorders. Our finding that Cdk5 is activated by
Aβ-induced S-nitrosylation suggests that this mechanism may
contribute to the pathogenesis of AD. The enhanced kinase
activity of SNO-Cdk5 that we observed might also be expected to
contribute to tau hyperphosphorylation and other phosphoryla-
tion events relevant to Alzheimer’s disease pathology (49). In
conclusion, the elucidation of this SNO-Cdk5–mediated path-
way, which contributes to synaptic damage, may facilitate de-
velopment of unique therapeutic approaches for AD and other
neurodegenerative diseases associated with abnormal protein
phosphorylation and nitrosative/oxidative stress.

Materials and Methods
Detailed procedures are provided in SI Materials and Methods.

Reagents. All chemicals were purchased from Sigma. Cdk5 substrate and
Aβ25–35, Aβ35–25, and Aβ1–42 peptides were from Anaspec.

Cell Culture and Transfection. We performed cell transfections with Lipofect-
amine 2000 (Invitrogen), including primary mixed cerebrocortical cultures.

Immunoblot Analysis. Proteins were run on gradient, denaturing gels, blotted,
and probed with appropriate antibodies.

Site-Directed Mutagenesis. Mutations in Cdk5 were made using the Quick
Change (Stratagene) kit.

Biotin-Switch Assay. Analysis of SNO-Cdk5 by the biotin-switch assay was
performed as described (19, 20). In brief, cells were lysed, free thiols blocked,
and proteins precipitated and resuspended. S-nitrosothiols were selectively
reduced by ascorbate and biotinylated with biotin-HPDP (Pierce Bio-
technology). Biotinylated proteins pulled down with streptavidin–agarose
beads (Thermo Scientific) were analyzed by immunoblotting.

Cdk5 Kinase Luciferase Assay. Cdk5 protein was precipitated from whole-cell
lysates and the Cdk5 kinase luciferase assay performed using histone
H1 peptide (PKTPKKAKKL). Remaining ATP was determined by Kinase-Glo
Plus Luminescent Kinase Assay (Promega). Phosphorylated histone H1 was
detected by anti–phospho-histone H1 antibody.

Quantification of Dendritic Spine Density and Neuronal Apoptosis. Primary
mixed cerebrocortical cultures were transfected with EGFP and Cdk5 and
exposed to Aβ peptides or NMDA to initiate NO production by NOS. Cultures
were stained for neuron-specific microtubule-associated protein 2 (MAP2),
images acquired by deconvolution microscopy, and secondary or tertiary
dendrites randomly selected for masked counting of dendritic spine protu-
berances. Neuronal apoptosis was quantified by pyknotic, Hoechst-stained
nuclei in MAP2-positive cells.

Transnitrosylation Assay. Recombinant Cdk5 from bacteria was incubated
with SNOC, and S-nitrosylated proteins were used as NO donors to test for
transnitrosylation of recombinant Drp1. Assay was by NO–biotin switch, as
described (27, 39). The relative redox potential as well as the change in Gibbs
free energy for the transnitrosylation reaction was calculated as previously
described (39).
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