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Abstract. Mitochondrial dysfunction and synaptic loss are among the earliest events linked to Alzheimer’s disease (AD) and might
play a causative role in disease onset and progression. The underlying mechanisms of mitochondrial and synaptic dysfunction in
AD remain unclear. We previously reported that nitric oxide (NO) triggers persistent mitochondrial fission and causes neuronal
cell death. A recent article claimed that S-nitrosylation of dynamin related protein 1 (DRP1) at cysteine 644 causes protein
dimerization and increased GTPase activity and is the mechanism responsible for NO-induced mitochondrial fission and neuronal
injury in AD, but not in Parkinson’s disease (PD). However, this report remains controversial. To resolve the controversy, we
investigated the effects of S-nitrosylation on DRP1 structure and function. Contrary to the previous report, S-nitrosylation of
DRP1 does not increase GTPase activity or cause dimerization. In fact, DRP1 does not exist as a dimer under native conditions,
but rather as a tetramer capable of self-assembly into higher order spiral- and ring-like oligomeric structures after nucleotide
binding. S-nitrosylation, as confirmed by the biotin-switch assay, has no impact on DRP1 oligomerization. Importantly, we
found no significant difference in S-nitrosylated DRP1 (SNO-DRP1) levels in brains of age-matched normal, AD, or PD patients.
We also found that S-nitrosylation is not specific to DRP1 because S-nitrosylated optic atrophy 1 (SNO-OPA1) is present at
comparable levels in all human brain samples. Finally, we show that NO triggers DRP1 phosphorylation at serine 616, which
results in its activation and recruitment to mitochondria. Our data indicate the mechanism underlying nitrosative stress-induced
mitochondrial fragmentation in AD is not DRP1 S-nitrosylation.

Keywords: Large GTPases, mitochondrial fission and fusion, nitrosative stress, OPA1, SNO-DRP1, synapses

INTRODUCTION

Alzheimer’s disease (AD) is the most common neu-
rodegenerative disorder worldwide. Clinically, AD is a
late-onset disease characterized by progressive loss of
memory, language, and decision making skills due to
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loss of neurons in the hippocampus and cortex. Brain
tissue of afflicted individuals exhibit two characteristic
insoluble protein deposits: extracellular senile plaques
composed primarily of amyloid-β (Aβ) peptide and in-
tracellular neurofibrillary tangles consisting of hyper-
phosphorylated tau protein.

Oxidative stress from mitochondrial dysfunction is
among the earliest changes in AD. Oxidative damage
precedes the appearance of senile plaques in AD pa-
tients and AD-like transgenic models [1–3]. Oxida-
tive stress can exacerbate intracellular Aβ accumula-
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tion by activating signal transduction pathways that
induce amyloid-β protein precursor (AβPP) process-
ing. Specifically, oxidative stress activates Jun amino-
terminal kinase (JNK) and p38 mitogen-activated pro-
tein kinase (MAPK), which increases AβPP process-
ing [4]. Furthermore, mtDNA mutations have been
found in AD brain tissue, which might contribute to
reduced energy metabolism and exacerbated ROS pro-
duction [5]. Axonal trafficking of mitochondria is also
reduced in AD [6–8]. Finally, there is evidence that
Aβ can directly injure mitochondria. For example,
Aβ can block mitochondrial protein import and inhibit
mitochondrial enzymes such as α-ketoglutarate dehy-
drogenase and cytochrome c oxidase [9–12]. Aβ also
forms abnormal protein complexes with mitochondri-
al proteins such as Aβ-binding alcohol dehydrogenase
(ABAD) or the serine protease OMI [13,14], both of
which are thought to contribute to neuronal injury and
cell death in AD.

Nitric oxide (NO) is an important neurotransmitter
and neuromodulator and is produced in glia and neu-
rons by enzymes called nitric oxide synthases (NOS).
When generated in excess and under pathophysiolog-
ical conditions, NO becomes neurotoxic by creating
reactive nitrogen species (RNS) that can react with
cysteine residues in proteins forming covalent thiol
derivates (R-SNO). Such protein modification, known
as S-nitrosylation, alters protein structure and function
and can result in protein aggregation, a hallmark of
many chronic neurodegenerativedisorders. Nitrosative
stress caused by RNS is not specific to AD but is
thought to play an important role in many neurodegen-
erative disorders including Parkinson’s disease (PD),
Huntington’s disease (HD), amyotrophic lateral sclero-
sis (ALS), and stroke [15]. Nitrosative stress in AD can
originate from inflammation, glial cell activation, and
cytokine release that activate inducible nitric oxide syn-
thase (iNOS) or from accumulation of excitatory amino
acids that over-stimulate glutamate receptors leading to
neuronal nitric oxide synthase (nNOS) activation [15].

Neurons are highly dependent on mitochondrial
function for energy supply. Mitochondria in neurons
are dynamic and migrate, divide, and fuse. These
processes are thought to facilitate energy distribution
throughout neuronal projections and to sites of high
energy demand such as synapses, to compensate for
mtDNA mutations, to mix metabolites, and to maintain
bioenergetic functionality. Mitochondrial fission and
fusion is regulated by a family of large GTPases, with
dynamin-related protein 1 (DRP1) directing fission and
the mitofusins (MFN1, MFN2) and optic atrophy 1

(OPA1) directing fusion [16–23]. Excessive mitochon-
drial fission or insufficient mitochondrial fusion causes
mitochondrial fragmentation, which decreases respira-
tion and energy production, results in loss of mitochon-
drial membrane potential and mtDNA, and increases
vulnerability to neuronal injury and cell death [24–26].

We previously showed that Aβ peptide induces mito-
chondrial fragmentation in cortical neurons [27], which
was later confirmed by others [28]. Furthermore, us-
ing an animal model of acute ischemic brain injury
we detected mitochondrial fragmentation prior to neu-
ronal cell death in vivo. In addition, nitrosative stress
is known to play an important role in ischemic stroke
triggered mitochondrial fragmentation in isolated neu-
rons [27,29]. Using time-lapse microscopy, we ob-
served that the NO-induced mitochondrial fragmenta-
tion can be reversible and is insufficient to cause cell
death. Thus, short-term NO-induced fragmentation
and mitophagy might reflect a stress response to re-
pair or eliminate damage and thereby increase cell sur-
vival [27,29,30]. However, long-term, persistent mito-
chondrial fragmentation results in bio-energetic failure,
additional oxidative stress, and secondary activation of
signaling pathways, all of which cause neuronal cell
death [27,29,30].

The precise mechanism underlying NO-induced mi-
tochondrial fragmentation remains unclear. Expand-
ing on our original line of investigation, a recent report
proposed that S-nitrosylation of DRP1 increased DRP1
GTPase activity and was the mechanism of mitochon-
drial fragmentation in AD [31]. While this finding was
of potentially great interest, the report raises several
concerns in relation to previously published work in the
field including the relative enzymatic activity of dom-
inant negative mutant DRP1K38A and the oligomeric
state of active DRP1. In addition, it is puzzling that all
AD cases in this study exhibited elevated SNO-DRP1
levels while none of the PD or control cases did. Such
a distribution is unusual for a sporadic disease like AD
and would imply that SNO-DRP1 is the initiating event
in all AD cases [31]. Finally, nitrosative stress is not
specific to AD; therefore, it is a mystery why no SNO-
DRP1 was observed in sporadic PD patient samples.

Because of these concerns and to reconcile the con-
flicting reports, we set out to investigate the effects of
NO in AD. We found that, contrary to the previous
report, S-nitrosylation of DRP1 does not alter GTPase
activity. Furthermore, we found that DRP1 is mostly
a tetramer both in vitro and in vivo that assembles into
ring- and spiral-like structures under experimental con-
ditions, independently of S-nitrosylation. In addition,
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we observed that S-nitrosylation of DRP1 was not spe-
cific to AD as human postmortem brain samples from
PD and even normal patients exhibited comparable
SNO-DRP1 levels. Furthermore, we also observed S-
nitrosylation of the mitochondrial fusion protein OPA1.
In sum, our data indicate that S-nitrosylation of DRP1
is not the underlying mechanism of mitochondrial frag-
mentation in AD and we speculate that alternative path-
ways likely mediate the process.

MATERIALS AND METHODS

Materials, chemicals, and antibodies

Neocuproine, S-methyl methanethiosulfonate
(MMTS), TBS/0.05%Tween20, and sodium ascorbate
were obtained from Sigma. NeutrAvidin agarose
resin, N-[6-(biotinamide)hexyl]-3’-(2’-pyridyldithio)
propionamide (EZ-Link Biotin-HPDP), SuperSignal
West-Pico, -Dura, and -Femto chemiluminescent sub-
strates were purchased from Thermo Scientific. Nu-
PAGE LDS sample buffer, reducing agent, Nu-
PAGE 4%–12% Bis-Tris gel, 3–12% acrylamide
NativePAGETM Novex Bis-Tris Gel System, Cooma-
ssie R-250, NativePAGETM G-250 sample additive,
and 1x NativePAGE sample buffer were purchased
from Invitrogen. Hybond-ECL nitrocellulose mem-
branes and ECL anti-mouse and anti-rabbit horseradish
peroxidase conjugated IgG antibodies were purchased
from GE Healthcare. Complete protease inhibitor
cocktail was purchased from Roche. S-Nitrosylated
Protein Detection Assay kit was purchased from Cay-
man Chemical Company. Mouse monoclonal anti-
DRP1 (clone 8/DLP1) and mouse monoclonal anti-
OPA1 (clone 18/OPA1) antibodies were purchased
from BD Bioscience. Mouse anti-actin (clone JLA20)
antibodies were purchased from Calbiochem. Rabbit
anti-phospho-DRP1 Ser616 and anti-COX IV antibod-
ies were purchased from Cell Signaling.

Plasmids and recombinant proteins

Human DRP1 cDNAs encoding the wild-type (699
amino acid muscle-expressed isoform, NCBI acces-
sion NM 005690.3, in pcDNA3 [23]) or mutant K38A
were subcloned into the bacterial expression vec-
tors pD13(pET30a) and pw12(pET17b), to create
80 kDa recombinant proteins with a MGSSHHHH-
HHSSGLVPRGSH N-terminus tag. The recombinant
proteins were purified with Ni-beads and a Superdex

S200 column and stored in 50 mM Hepes pH 7.5,
250 mM NaCl, 10% glycerol at −70◦C. The human
DRP1 cDNA (736 amino acid brain-specific isoform,
NCBI accession NM 012062.3) was purchased from
GeneCopoeia and subcloned into the baculovirus ex-
pression vector pFastBac (Invitrogen) to create an 84
kDa recombinant protein with a KGENLYFQGHHH-
HHH C-terminus tag. This recombinant protein was
purified with Ni-beads, a Superdex S200 column, di-
alyzed and stored in 25 mM Hepes, 25 mM Pipes,
200 mM NaCl, pH 7.0 at −70◦C.

Postmortem brain tissue

Human brain tissue from the frontal cortex of nor-
mal, AD, and PD (diffuse Lewy body disease) patients
were from the Brain Bank of the Alzheimer’s Disease
Research Center, UCSD.

GTPase assay

Recombinant proteins were incubated for 10 min
at room temperature in the dark with either 200 µM
fresh SNOC, aged SNOC, or left untreated. Fresh
SNOC was prepared as described [32]. GTPase ac-
tivity of 0.1 mg/ml DRP1 (699 aa isoform) was mea-
sured with the continuous, regenerative coupled GT-
Pase assay [33] and increasing GTP concentrations (0,
10, 20, 30, 60, 100, 150, 250, 500, and 1000 µM).
Absorbance (340 nm) was measured at 30◦C, pH 7.0
for 100 cycles of approximately 60 seconds per cycle
with a FLUOstar Galaxy plate reader (BMG Labtech-
nologies). After plotting absorbance versus time, the
steady state GTPase velocities and activities were cal-
culated as described [33]. For analysis of the lag phase,
the GTPase continuous assays were performed with
800 µM NADH, 500 µM GTP, 20 U/ml pyruvate ki-
nase/lactate dehydrogenase, 1 mM PEP, 5 mM MgCl2,
187.5 mM NaCl, 7.5 mM KCl in 25 mM Hepes, 25
mM Pipes pH 7.0, 30◦C.

Biotin-switch assay of recombinant DRP1 protein

After the GTPase assay, the DRP1 protein was col-
lected from three wells of the 96-well plate and subject-
ed to biotin-switch assay using a commercial kit. First,
recombinant proteins were acetone precipitated and air-
dried. The blocking step was performed at 50◦C for
20 min. At the end only a small fraction (1/200) was
separated on NuPAGE Novex 4–12% Bis-Tris minigels
without prior heating or DTT addition [34]. After im-
munoblotting, biotinylated proteins were detected with
avidin-HRP and SuperSignal West-Pico chemilumines-
cent substrate.
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Biotin-switch assay of human brain tissue

To detect SNO-DRP1 in human brain, we used the
biotin-switch assay as described [34,35]. Approxi-
mately 1 g of tissue was lysed in 13 ml of HEN buffer
plus Triton X-100 (250 mM Hepes pH 7.7, 1 mM ED-
TA, 0.1 mM Neocuproine plus 1% Triton X-100) and
homogenized with a 15 ml Teflon-glass dounce and 10
strokes at 4◦C. Lysates were pre-cleared overnight with
NeutrAvidin-agarose beads at 4◦C. Free thiols were
blocked with 2 volumes of blocking buffer (40 mM
MMTS: methyl methanethiosulfonate, 2.5% SDS in
HEN buffer) and incubated for 20 min at 50 ◦C. MMTS
was removed by acetone precipitation and pellets were
resuspended in HENS buffer (25 mM Hepes pH 7.7,
0.1 mM EDTA, 10 µM neocuproine, 1% SDS). Ni-
trosothiols were reduced to thiols with 1 mM ascorbate
and biotinylated with 4 mM N-[6-(biotinamide)hexyl]-
3’-(2’-pyridyldithio)propionamide (Biotin-HPDP) la-
beling solution in dimethylformamide. Biotin-HPDP
was removed by acetone precipitation and pellets were
resuspended in HENS buffer. Biotinylated proteins
were collected with NeutrAvidin agarose resin for 1 h
at 4◦C under gentle agitation and washed five times
with buffer (20 mM Hepes, 600 mM NaCl, 1 mM ED-
TA, 0.5% TritonX-100). Biotinylated proteins were
separated on NuPAGE Novex 4–12% Bis-Tris minigels
and SNO-DRP1 or SNO-OPA1 was detected by im-
munoblotting.

Subcellular fractionation

HEK293 cells were treated with 300 µM SNOC for
different time periods, scraped gently, and centrifuged
at 200 g for 5 min at 4◦C. The cell pellets were washed
twice with cold PBS (pH 7.4) and resuspended with
500 µl Buffer A (250 mM sucrose, 20 mM Hepes,
pH 7.4, 10 mM KCl, 1.5 mM EGTA, 1.5 mM ED-
TA, 1 mM MgCl2, 1 mM dithiothreitol (DTT), 1 mM
NaF, complete protease inhibitors). Cells were homog-
enized with a glass dounce and a B-type pestle for 50
strokes after 30 min incubation on ice. Nuclei and un-
broken cells were removed as pellet after centrifugation
at 800 g for 10 min at 4◦C. Supernatants were then cen-
trifuged at 22,000 g for 15 min at 4◦C, and the resulting
supernatants were collected as cytosolic fractions. The
mitochondrial pellets were resuspended with 200 µl
Buffer B [50 mM Hepes, pH 7.4, 1% (v/v) NP-40, 10%
(v/v) glycerol, 1 mM EDTA, 2 mM DTT, 1 mM NaF,
complete protease inhibitors] and incubated on ice for
20 min. After centrifugation for 15 min at 22,000 g
at 4◦C, the supernatants containing mitochondria were
stored as mitochondrial fractions.

Immunoblotting

Samples were separated with NuPAGE Novex 4–
12% Bis-Tris minigels with or without reducing
agent and transferred to a Hybond-ECL membrane
(0.45 µm pores) for 2 h at 30 volts. Membranes were
blocked with 5% nonfat milk in PBS or TBS with
0.05%Tween20 for 3 h at room temperature and in-
cubated with mouse anti-DRP1 (clone 8/DLP1) anti-
bodies (1:1000) overnight at 4◦C. After three washes,
membranes were incubated for 1 h at room temperature
with anti-mouse horseradish peroxidase-conjugated
secondary antibodies (1:2000) in blocking solution.
Immunocomplexes were detected using the Super-
Signal West-Pico,-Dura, or-Femto chemiluminescent
substrates. To detect SNO-OPA1, membranes from
the biotin-switch assay were incubated with mouse
monoclonal anti-OPA1 (1:1000) antibodies. To de-
tect phospho-DRP1 Ser616 membranes were incubat-
ed with rabbit polyclonal anti-DRP Ser616 (1:1000)
antibodies.

Native gel electrophoresis

Recombinant DRP1 was separated on 3–12% Acry-
lamide NativePAGETM Novex Bis-Tris Gel System and
stained with either Coomassie R-250 or transferred to a
PVDF membrane (InvitrolonTM) following manufac-
turer’s instructions (Invitrogen). Human brain extracts
(15 µg) were mixed with 0.34% NativePAGETM G-250
sample additive and 1x NativePAGE sample buffer at
room temperature and processed as described above.

Transmission electron microscopy (TEM)

Recombinant bacterial DRP1 protein (699 aa iso-
form) was diluted to 0.5 mg/ml in buffer (20 mM Hep-
es pH 7.4, 100 mM NaCl, 1 mM MgCl2) and treat-
ed with or without fresh SNOC (200 µM) for 10 min
at room temperature and protected from light. To ob-
tain oligomerization, protein samples were incubated
with 1 mM non-hydrolyzable GTP analog guanosine
5’-(β-γ-imido) triphosphate (GMP-PNP) for about 3 h
at room temperature. Samples were adsorbed to Form-
var coated copper grids and negatively stained with
1% uranyl acetate. Electron micrographs were ob-
tained using a LEO 912 transmission electron micro-
scope (Zeiss) with an in-column spectrophotometer.
The TEM was operated at 120 kV and micrographs
were acquired at zero energy loss filtering.
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Table 1
DRP1 GTPase activity per minute at three different GTP concentrations of the experiment shown in
Fig. 1A. Values are ± SEM (n = 3)

GTP DRP1 DRP1 DRP1 DRP1K38A DRP1K38A

(mM) Untreated + aged SNOC + SNOC + aged SNOC + SNOC
(min−1) (min−1) (min−1) (min−1) (min−1)

0.01 0.57 ± 0.075 0.561 ± 0.085 0.656 ± 0.059 0.0986 ± 0.019 0.104 ± 0.011
0.15 1.69 ± 0.118 1.65 ± 0.108 1.62 ± 0.148 0.128 ± 0.0072 0.140 ± 0.0148

1 2.17 ± 0.325 2.22 ± 0.118 2.15 ± 0.014 0.229 ± 0.0194 0.262 ± 0.0825

RESULTS

S-nitrosylation has no effect on DRP1 GTPase activity

A recent report claimed that S-nitrosylation increas-
es DRP1 GTPase activity and is the mechanism re-
sponsible for mitochondrial fragmentation, bioenerget-
ic compromise, and synaptic damage in a cellular mod-
el of AD [31]. However, the article conflicts with pre-
vious work. First, the authors investigated whether S-
nitrosylation of DRP1 affects its GTPase activity. How-
ever, they mistakenly equated absorbance at a single
time point and one GTP concentration with enzyme
activity instead of determining a steady state activi-
ty with multiple time points and substrate concentra-
tions. Second, the GTPase-defective dominant nega-
tive DRP1K38A mutant, which was previously shown
as having very low if any enzymatic activity, is a critical
negative control for DRP1 activity determination [36].
However, Cho et al. reported an unexpected DRP1K38A

absorbance (used as an indicator of activity) that was
more than half as great as wild-type DRP1, which
casts doubts on the validity of their GTPase assay [31].
Based on this assay, the authors proposed a two-fold
increase in DRP1 GTPase activity upon S-nitrosylation
at cysteine 644, a cornerstone of their report.

To get to the bottom of these contradictory find-
ings, we investigated the effect of S-nitrosylation on
recombinant bacterial DRP1 using nine GTP concen-
trations and more than eighty time points to determine
the steady state accurately. Wild-type DRP1 protein or
the dominant negative mutant DRP1K38A were left un-
treated or treated with fresh NO donor S-nitrocysteine
(SNOC) or aged SNOC control, in which all NO was
released due to its instability. As shown in Fig. 1A and
summarized in Table 1, neither fresh nor aged SNOC
increased DRP1 GTPase activity. In our experiments,
DRP1K38A exhibited the expected 5 to 15-fold reduc-
tion in GTPase activity compared to wild-type DRP1
protein indicating that our GTPase assay does not har-
bor any artifacts. To test whether DRP1 S-nitrosylation
reduces the lag phase of enzyme activity before steady

state, we measured the initial rate of GTP hydrolysis
after DRP1 was exposed to either aged or fresh SNOC.
As shown in Fig. 1C, we did not observe a change in
the lag phase of DRP1 GTP hydrolysis. It could be
argued that our recombinant DRP1 protein was already
maximally oxidized. In such a scenario, the protein
cysteines might already be modified, preventing their
S-nitrosylation by NO donors, and thereby providing an
explanation for the lack of detectable increased DRP1
activity. To rule out this possibility, we tested whether
the same DRP1 protein we used in our GTPase assay
was indeed S-nitrosylated using the biotin-switch as-
say, an assay which detects S-nitrosylated proteins. In
the biotin-switch assay, nitrosylated cysteines are con-
verted into biotinylated cysteines. Using this assay,
we readily detected SNO-DRP1, which would not have
been possible if DRP1 was oxidized during the protein
isolation (Fig. 1B). Similar results were obtained with
several independent bacterial as well as baculovirus
protein preparations. In sum, our data provides strong
evidence that S-nitrosylation of DRP1 does not increase
its GTPase activity.

DRP1 is mostly a tetramer under native conditions

The recent article by Cho et al. proposed that S-
nitrosylation of cysteine 644 enhances GTP hydroly-
sis via DRP1 dimerization [31]. However, this is in
stark disagreement with the current mammalian DRP1
literature [37,38]. There are no reports that support a
dimer-stimulated DRP1 activation. Instead, cross link-
ing and gel filtration studies have shown that DRP1
is a tetramer and that self-assembly into higher order
oligomers, rings, and spirals stimulates GTP hydroly-
sis [37,38]. Therefore, DRP1 dimerization would re-
flect the opposite, disassembly and decreased GTP hy-
drolysis.

To resolve this apparent contradiction, we performed
native gel electrophoresis of two bacterial DRP1 pro-
tein isoforms before treatment or after treatment with
either aged or fresh SNOC. The first isoform is 699
amino acids, expressed predominantly in muscle, and
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Fig. 1. S-Nitrosylation of DRP1 does not alter GTPase activity. A)
Kinetics of DRP1 GTPase activity. Recombinant wild-type DRP1
or mutant DRP1K38A were pre-treated with either 200 µM of fresh
SNOC, aged (decayed) SNOC, or left untreated and then subjected to
the GTPase assay. Data indicate mean steady state values (n = 3). B)
Detection of SNO-DRP1. Biotin-switch assay of the DRP1 protein
after the GTPase assay of the experiment shown in (A). Proteins were
separated by SDS-PAGE and immunoblots were probed with either
avidin-horseradish peroxidase for detection of SNO-DRP1 (top) or
with anti-DRP1 antibodies (bottom). C) Initial rate of GTP hydrol-
ysis at 500 µM GTP in the presence of DRP1 pretreated with either
200 µM fresh or aged SNOC.

used by Cho et al. [31], and the second isoform is 736
amino acids and brain-specific. Both DRP1 isoforms
were fused with a polyhistidine tag used for purifica-
tion. In all cases, DRP1 migrated mostly as a tetramer

or a higher molecular weight unit thereof (Fig. 2A).
Importantly, SNO-DRP1 (Fig. 2A, lane 3 and 6) did not
exhibit greater assembly into higher molecular weight
tetrameric units when compared to DRP1 either un-
treated or treated with aged SNOC (Fig. 2A, lane 1, 2
and 4, 5 respectively). Furthermore, addition of reduc-
ing agent dithiothreitol (DTT) at room temperature did
not alter the tetramers (Fig. 2B). Thus, DRP1 is pre-
dominantly a tetramer or higher order oligomer in its
native condition and S-nitrosylation of DRP1 has no ef-
fect on its oligomerization state. Finally, we found that
DRP1 is present mostly as a tetramer in three groups
of three human postmortem brain samples of normal,
AD, and PD patients (Fig. 2C), confirming our in vitro
data with recombinant protein and previous cell line
studies [37,38].

Cho et al. reported that S-nitrosylation of cys-
teine 644 increases DRP1 disulfide-linked dimeriza-
tion using SDS-PAGE in the absence of reducing agent
DTT [31]. It is puzzling to us how SNO-DRP1 could
undergo the alleged disulfide-linked dimerization con-
sidering that the critical cysteine (Cys644) is reported-
ly blocked by S-nitrosylation. To explore this further,
we performed SDS-PAGE of DRP1 and SNO-DRP1
in the presence or absence of DTT. Using SDS-PAGE,
we show that under these denaturing conditions both
DRP1 and SNO-DRP1 exhibit monomers and dimers
in the absence of DTT, which are released only as
monomers in the presence of DTT (Fig. 2D). Thus,
dimerization under denaturing conditions does not de-
pend on S-nitrosylation. In summary, our data do not
support a dimer-mediated DRP1 activation model as
proposed by Cho et al. and are in strong agreement with
the current literature indicating that DRP1 is mostly
a tetramer and higher order oligomerization promotes
GTP hydrolysis.

S-nitrosylation does not stimulate DRP1 self-assembly

Similar to yeast DNM1, human DRP1 assembles in-
to higher order oligomers, forming curved filaments
and occasional rings in the presence of low salt con-
ditions or rings and spiral-like structures in the pres-
ence of non-hydrolyzable nucleotides [23,39]. To test
whether S-nitrosylation of DRP1 increases its ability
to self-assemble, which would be consistent with in-
creased activation, we used negative stain and transmis-
sion electron microscopy to visualize oligomerization.
We found that DRP1 and SNO-DRP1 assemble into
similar large spiral-like structures in the presence of
the non-hydrolyzable GTP analogue guanosine GMP-
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Fig. 2. Recombinant and brain DRP1 form tetramers under native conditions irrespective of S-nitrosylation. A) DRP1 runs as tetramer or higher
order oligomer in native gels. Recombinant DRP1 isoforms were left untreated or pre-treated with aged or fresh SNOC (200 µM), separated on
native gels and stained with Coomassie blue. B) Reducing conditions do not break the tetramers in native gels. Recombinant DRP1 isoforms
were separated under non-reducing (-DTT) or reducing conditions (+DTT) on native gels and Coomassie blue stained. C) Human brain DRP1 is
mostly a tetramer. Brain extracts from normal controls (lanes 1, 2, 3), AD (lanes 4, 5, 6) or PD patients (lanes 7, 8, 9) were separated on native
gels and immunoblots were probed with anti-DRP1 antibodies. D) S-nitrosylation of DRP1 does not trigger DRP1 dimerization. Recombinant
DRP1 (699 amino acid isoform) was left untreated or treated with aged or fresh SNOC (200 µM), heat denatured under non-reducing (-DTT) or
reducing conditions (+DTT) and separated by SDS-PAGE, immunoblotted, and probed with anti-DRP1 antibodies.

PNP (Fig. 3A and 3B). Similarly, in low salt conditions
and in the absence of nucleotides, curved filaments and
rings were observed both with DRP1 and SNO-DRP1
(Fig. 3C and 3D). Thus, S-nitrosylation did not enhance
DRP1 oligomerization. Of note is that the diameter of
the rings was about 35 nm, similar to previously de-
scribed human DRP1 rings [23], which is smaller than
the 110 nm diameter of DNM1 rings [40].

SNO-DRP1 is not increased in the AD brain

Using the biotin-switch assay to detect S-nitrosylated
proteins, SNO-DRP1 was reported to be increased in
brain tissue of Tg2576 AD mice and AD patients [31].
However, important controls were missing in the orig-
inal report. To test whether SNO-DRP1 levels are in-
deed increased in AD, brain tissue lysates of normal
age-matched individuals and AD and PD patients were

prepared and subjected to the biotin-switch assay. Our
samples were obtained from the same brain bank as
some, if not all, of the samples described by Cho et
al. To remove endogenously biotinylated proteins that
interfere with the biotin-switch assay, we pre-cleared
the brain extracts with NeutrAvidin agarose beads. Un-
expectedly, we found biotinylated DRP1 protein in all
brain samples (Fig. 4A). Thus, a small fraction of DRP1
is modified by biotinylation in aged individuals. When
running the pre-cleared brain lysates we found reduced
DRP1 protein in the AD patient relative to the normal
sample (Fig. 4B), which is consistent with previous
reports [41].

We next used the NeutrAvidin agarose pre-cleared
extracts in the three step biotin-switch assay. In the
first step, the free R–SH groups are blocked by S-
methylation. In the second step, ascorbate is used to
reduce the R-SNO groups to R-SH. In the third step, the
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Fig. 3. S-Nitrosylation has no effect on DRP1 assembly. Electron micrographs of negatively stained recombinant DRP1 (699aa isoform) in
the presence of non-hydrolyzable GTP analog GMP-PNP and corresponding 4x zoom of regions of interest (A) – SNOC and (B) + SNOC. C)
Control at 100 mM NaCl with neither nucleotide nor SNOC. D) Control at 100 mM NaCl with 200 µM SNOC without nucleotide. Scale bar,
200 nm.

Fig. 4. SNO-DRP1 is not specific to AD. A) DRP1 is endogenously biotinylated. Immunoblot of NeutrAvidin agarose from normal (N), AD or
PD human brain lysates probed with anti-DRP1 antibodies. B) Immunoblots of pre-cleared input brain DRP1 protein used in the biotin-switch
assay, with actin serving as loading control. C) SNO-DRP1 (arrows) in human normal, AD, or PD brain including the biotin and ascorbate
controls using the biotin-switch assay and DRP1 immunoblotting. ID number of postmortem samples is indicated above each blot. D) Ratios of
SNO-DRP1 to DRP1 in normal (n = 4), AD (n = 4), and PD (n = 4) brain samples. Ratios were calculated from densitometric values using
the ImageJ Gel Analysis software. The SNO-DRP1 signals were corrected for the signals obtained in ascorbate controls. Data are ± S.E.M.
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Fig. 5. Presence of SNO-OPA1 in normal, AD, and PD brains. Immunoblot of input proteins used in the biotin-switch assay probed with
anti-OPA1 or anti-Actin controls (left panels). SNO-OPA1 (arrows) in human normal (N), AD, or PD brain, including the biotin and ascorbate
controls, was detected by the biotin-switch assay and OPA1 immunoblotting (right panel).

newly formed R-SH groups are biotinylated, the R-S-
S-biotin proteins are collected by incubation with Neu-
trAvidin agarose resin, and bound proteins are separat-
ed by SDS-PAGE. As shown in Figure 4C, omission
of the biotinylating agent in the presence of ascorbate
revealed little or no endogenously biotinylated DRP1
protein left after pre-clearing. Furthermore, omission
of ascorbate and prevention of R-SNO reduction in-
dicated that most free R-SH groups were effective-
ly blocked by S-methylation. Finally, performing all
steps of the biotin-switch assay revealed SNO-DRP1
(Fig. 4C). However, contrary to the previous report we
found no consistent increase in SNO-DRP1 levels in the
AD patient samples. The PD and even normal patient
samples exhibited comparable SNO-DRP1 levels. We
also found no evidence for a significant increase in the
ratio of SNO-DRP1 to DRP1 in AD patients (Fig. 4D).
In summary, our data suggest that DRP1 S-nitrosylation
is not specific to AD, but occurs in all aged individuals.

SNO-OPA1 is found in the human brain

To determine whether other proteins associated with
mitochondrial fission and fusion might be targets of S-
nitrosylation, we re-examined the human postmortem
brain samples for signs of S-nitrosylation of OPA1, a
mitochondrial fusion factor localized to the mitochon-
drial inner membrane. The biotin-switch assay of nor-
mal, AD, and PD patient samples all indicated the pres-
ence of SNO-OPA1 (Fig. 5). Thus, it appears that DRP1
is not the only mitochondrial fission/fusion GTPase that
is S-nitrosylated in the human brain. However, we also
found, similar to a previous report, that OPA1 protein
levels were reduced in the AD sample [41]. Whether
S-nitrosylation of OPA1 modifies its function remains
to be determined.

NO triggers DRP1 phosphorylation and recruitment
to mitochondria

Because S-nitrosylation does not increase DRP1 ac-
tivity and is therefore not the mechanism underlying

NO-mediated mitochondrial fission, we speculated that
NO stress might activate kinases, which in turn phos-
phorylate and activate DRP1. There is evidence that
NO stress activates several kinases that participate in
NO-mediated neuronal injury and cell death [42]. Fur-
thermore, cdk1 phosphorylates DRP1 at serine 616,
which allows translocation of DRP1 to mitochondria
and stimulates mitochondrial fission [43,44]. Interest-
ingly, several cell cycle kinases are abnormally elevat-
ed in AD, a phenomenon that is thought to cause an
abortive cell cycle entry and neuronal cell death [42,
45]. To test whether NO induces cdk1-mediated DRP1
phosphorylation, we exposed HEK293 cells to either
aged or fresh SNOC and isolated the cytosolic and mito-
chondrial fraction at various time points. Immunoblot-
ting using a phospho-DRP1 Ser616 specific antibody
revealed a rapid increase of cytosolic phospho-DRP1
Ser616 after one hour of SNOC exposure, which was
followed by an accumulation of phospho-DRP1 Ser616
at mitochondria after three hours of SNOC exposure
(Fig. 6A). To test whether this observation might be
of relevance to human AD, we determined the ratio of
phospho-DRP1 Ser616 to DRP1 of five groups of nor-
mal, AD, and PD brain samples (summarized in Ta-
ble 2). Figure 6C shows that there is a trend of increased
phospho-DRP1 Ser616 in AD samples, although it was
not a statistically significant difference relative to nor-
mal samples. These results are consistent with a pre-
vious report indicating an increase in phospho-DRP1
Ser616 in the AD brain [41]. Thus, our data suggest
that NO stress induces rapid DRP1 phosphorylation at
serine 616 and activates mitochondrial fission, offering
an alternative mechanism of NO-mediated mitochon-
drial fragmentation in AD.

DISCUSSION

A recent study proposed that S-nitrosylation of
DRP1 in AD induces mitochondrial fission by a dimer-
mediated increase in GTPase activity and results in
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Table 2
Human brain samples analyzed in this study. AD: Alzheimer’s disease, PD: Parkinson’s disease, M: male, F: female, PMH: postmortem hours,
nd: not done

Patient Fig 2C Fig 6B Fig 5 Diagnosis Age PMH Gender SNO- Relative Relative
lane # lane # samples (years) DRP1 ratio SNO-DRP1/ ratio phospho-DRP1/

DRP1 for Fig 4C DRP1 for Fig 6B

5130 Normal 71 2 M + nd nd
5347 1 Normal Normal 86 M + 0.818 0.576
5248 4 Normal 93 18 F + 0.866 1.018
5341 3 2 Normal 77 12 F + 0.810 0.609
5167 1 5 Normal 83 M + 0.987 1.257
5404 AD 82 10 M + nd nd
5391 AD 91 6 M + nd nd
5276 AD 93 5 M + nd nd
5457 8 AD AD 77 8 M + 0.934 1.282
5446 7 AD 90 12 F + 0.998 3.789
5464 6 6 AD 73 9 M + 1.372 1.534
5454 4 9 AD 71 12 M + 1.216 0.634
5445 12 PD PD 86 12 M + 1.272 0.586
5357 14 PD 94 12 M + 1.050 1.349
5386 9 13 PD 74 27 M + 1.005 1.102
5353 7 15 PD 78 12 M + 0.917 1.033
5302 2 3 Normal 83 72 M nd nd 0.470
5451 5 10 AD 71 8 M nd nd 1.190
5216 8 11 PD 74 M nd nd 1.255

bioenergetic failure, synaptic loss, and neuronal injury
characteristic of the disease [31]. Here we provide
strong evidence contesting this claim. First, we show
that S-nitrosylation does not increase the GTPase ac-
tivity of DRP1. We arrived at this conclusion using
two independent GTPase assays, the continuous as-
say (Fig. 1A) and malachite green-based assay (unpub-
lished results), and several independent bacterial and
baculovirus DRP1 protein preparations. Second, we
find that S-nitrosylation of DRP1 does not cause dimer-
ization or activation. In fact, most recombinant DRP1
and human brain DRP1 do not exist as monomers and
dimers under native conditions, but rather as tetramers
or higher order oligomer thereof. This finding is in
agreement with the mammalian DRP1 literature [37,
38]. Third, we show that S-nitrosylation of DRP1 does
not enhance assembly into oligomeric spiral-like struc-
tures. Fourth, SNO-DRP1 is not increased in the post-
mortem human AD brain and is also readily detected in
PD brain and even normal brain. Finally, we demon-
strate that S-nitrosylation is not specific to DRP1 as
the mitochondrial fusion GTPase OPA1 also undergoes
S-nitrosylation.

In evaluating our data, it is critical to point out that
the recombinant DRP1 protein we used was not over-
oxidized. The following observations argue against this
claim. First, we easily detected SNO-DRP1 with the
biotin-switch assay. Thus, over-oxidation and conse-
quent failure to S-nitrosylate DRP1 did not occur. Sec-
ond, mass spectrometry did not reveal any hints of oxi-

dation (unpublished results). Third, our protein is fully
functional and able to form spiral-like structures. Col-
lectively, our data strongly indicate that the mechanism
underlying NO-mediated mitochondrial fragmentation
in AD and likely other neurodegenerative disorders is
not DRP1 S-nitrosylation. Additional investigations
are needed to unravel the mechanism of NO-mediated
mitochondrial fragmentation.

Excess NO mediates cell death by inhibiting multi-
ple metabolic and cellular pathways, all of which could
cause mitochondrial fragmentation and morphology
changes. For example, NO and peroxynitrite are potent
inhibitors of the mitochondrial respiratory chain [46–
48]. Thus, NO-mediated respiratory inhibition, similar
to inhibition caused by rotenone or 3-NP, might elic-
it mitochondrial fragmentation [27,30]. Alternative-
ly, NO might break down the cytoskeleton and micro-
tubule organization, which could detach mitochondria
from motor proteins and microtubule fibers, resulting
in conversion of mitochondrial morphology to the more
rounded phenotype, arrest in trafficking of mitochon-
dria along axons and dendrites, and ultimately a de-
cline in mitochondrial fusion. Defects in cytoskeletal-
mediated axonal organelle trafficking have been ob-
served in AD [6].

Another possible mechanism of NO-mediated mito-
chondrial fragmentation in AD is that peroxynitrite ni-
trates tyrosines in the peroxisome proliferator-activated
receptor gamma (PPARγ), preventing its translocation
from the cytoplasm to the nucleus and thus prevent-



B. Bossy et al. / SNO-DRP1 in AD S523

Fig. 6. NO triggers DRP1 Ser616 phosphorylation and recruitment to mitochondria. A) Immunoblots of Ser616 phosphorylated DRP1 and
total DRP1 in the cytosolic or mitochondrial fractions. Actin and COX IV were used as loading controls and markers for the cytosolic and
mitochondrial fractions, respectively. HEK293 cells were exposed either to aged or fresh SNOC (300 µM) and the cytosolic and mitochondrial
fractions were isolated after various time points. B) Immunoblots of phospho-DRP1 (upper panel), total DRP1 (middle panel) and actin (lower
panel) in human normal, AD, or PD brain samples. C) Ratios of p-DRP1 Ser616 to DRP1 of normal (n = 5), AD (n = 5), or PD (n = 5) brains.
Ratios were obtained by densitometric measurements of immunoblots using the ImageJ Gel Analysis software. Samples were normalized with
the actin loading control.

ing mitochondrial biogenesis [49]. PPARγ is a nuclear
hormone receptor which regulates mitochondrial bio-
genesis by increasing expression of nuclear respiratory
factor (NRF) and mitochondrial transcription factor A
(mtTFA). Both factors increase the expression of nucle-
ar and mitochondrial genes that encode components of
the respiratory chain, antioxidant defense mechanism,
and mitochondrial DNA replication system. PPARγ
expression has been shown to protect neurons from Aβ-
mediated toxicity [50]. Interestingly, MFN2 is regu-
lated by PPARγ. Hence, peroxynitrite-mediated inhi-
bition of PPARγ and mitochondrial biogenesis might
contribute to bio-energetic defects and an imbalance in
expression of mitochondrial fission and fusion GTPas-
es.

Nitrosative stress activates kinases that in turn might
phosphorylate DRP1 resulting in its activation [44].
For example, p38MAP kinase is activated by peroxyni-
trite [51] and DRP1 phosphorylation by Cdk1/cyclinB
at serine 616 promotes mitochondrial fission in mi-
totic cells [44]. We show here that DRP1 is rapid-
ly phosphorylated at serine 616 and recruited to mi-
tochondria upon exposure to the NO donor SNOC.
Whether Cdk1/cyclinB is the serine kinase that medi-
ates the NO effect remains unclear; however, activa-
tion of cell cycle kinases including Cdk1/cyclinB is
thought to participate in AD pathogenesis [42]. In ad-
dition, a recent study reported DRP1 Ser616 phospho-
rylation in the cytosolic and mitochondrial fraction of
the AD patient brain [41]. Another kinase that might
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get activated by nitrosative stress is Ca2+/calmodulin-
dependent kinase Iα (CaMKIα). NO blocks mito-
chondrial respiration, which could lead to a decline
in energy metabolism, inhibition of the Na+/K+ ATP-
ase pump, plasma membrane depolarization, and acti-
vation of voltage-dependent Ca2+ channels (VDCC).
An impaired Ca2+ homeostasis has been reported in
AD [52]. Activation of VDCC by elevated extracellu-
lar K+ was found to increase intracellular Ca2+ levels
and to activate CaMKIα kinase, which in turn phos-
phorylates DRP1 at serine 600 causing increased bind-
ing to Fis1 and mitochondrial fragmentation in neu-
rons and other cell types [53]. Yet another scenario is
that altered Ca2+ homeostasis might cause activation
of the Ca2+-dependent phosphatase calcineurin, which
dephosphorylates DRP1 at specific sites and causes its
activation [54,55].

Last, nitrosative and oxidative stress may cause pro-
cessing, misfolding, oligomerization, and accumula-
tion of Aβ peptide in mitochondria. Whether toxic Aβ
oligomers can abnormally interact with mitochondrial
fission and fusion factors like DRP1, OPA1, or MFN2
has not been tested; however, abnormal Aβ interaction
with mitochondrial proteins has been documented and
is thought to contribute to AD pathogenesis [56,57].

The pathways here are just a few potential mech-
anisms that might account for NO-mediated mito-
chondrial fragmentation in AD, which underscores
the pleiotropic nature of the cellular responses to ni-
trosative stress. Thus, it is very unlikely that NO me-
diates mitochondrial fragmentation by directly modu-
lating a single protein target such as DRP1. Accord-
ingly, while Cho et al. showed that the DRP1 C644A
mutant, in which the critical cysteine has been mutated
preventing S-nitrosylation, still induces mitochondrial
fragmentation as strongly as wild-type DRP1, it ap-
peared to prevent NO-mediated cell death by a mech-
anism distinct from dominant negative interference. It
is difficult to envision how this mutant could medi-
ate neuronal survival while still inducing mitochondrial
fragmentation.

Furthermore, whether mitochondrial fragmentation
is the cause or consequence of the bio-energetic de-
fects and the synaptic loss in AD remains to be shown.
Presently, not a single in vivo study has conclusively
demonstrated that mitochondrial fragmentation occurs
early in AD and is the primary event causing mitochon-
drial defects and synaptic changes. In fact, all data
are based on overexpression systems or treatment of
cultured cells with Aβ. In addition, existing studies
have produced conflicting results. For example, human

fibroblasts of AD patients show the opposite pheno-
type, more elongated and fewer mitochondria, of that
observed in human brain tissue, cultured neurons, and
animal models [58].

It is plausible that in AD the bioenergetic defects
are primarily the result of other mechanisms includ-
ing Ca2+ overload, mitochondrial permeability transi-
tion and loss of mitochondrial membrane potential, ni-
trosative or oxidative stress and inhibition of key mi-
tochondrial enzymes, and direct interference of toxic
oligomeric Aβ with mitochondrial function and trans-
port, with impaired mitochondrial fission and fusion
being a secondary event. For example, only mitochon-
dria that have a high mitochondrial membrane potential
can fuse and mitochondria with low potential are se-
lectively degraded by mitophagy. Thus, the hypothesis
that the mitochondrial defects in a sporadic neurode-
generative conditions like AD are the result of a dys-
function in the fission/fusion machinery is premature
and likely too simplistic [59] and would require more
conclusive experimental support using appropriate in
vivo models.
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