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Inositol hexakisphosphate kinases (IP6Ks) regulate various biological
processes. IP6Ks convert IP6 to pyrophosphates such as diphosphoi-
nositol pentakisphosphate (IP7) and bis-diphosphoinositol tetraki-
sphosphate (IP8). IP7 is produced in mammals by a family of
inositol hexakisphosphate kinases, IP6K1, IP6K2, and IP6K3, which
have distinct biological functions. The inositol hexakisphosphate ki-
nase 2 (IP6K2) controls cellular apoptosis. To explore roles for IP6K2
in brain function, we elucidated its protein interactome in mouse
brain revealing a robust association of IP6K2 with creatine kinase-B
(CK-B), a key enzyme in energy homeostasis. Cerebella of IP6K2-
deleted mice (IP6K2-knockout [KO]) produced less phosphocreatine
and ATP and generated higher levels of reactive oxygen species and
protein oxidative damage. In IP6K2-KO mice, mitochondrial dysfunc-
tion was associated with impaired expression of the cytochrome-c1
subunit of complex Il of the electron transport chain. We reversed
some of these effects by combined treatment with N-acetylcysteine
and phosphocreatine. These findings establish a role for IP6K2-CK-B
interaction in energy homeostasis associated with neuroprotection.

mitochondrial dysfunction | oxidative stress | electron transport chain |
creatine kinase | inositol phosphates

nositol pyrophosphates are versatile messenger molecules that

mediate a variety of cellular functions, including cell growth,
apoptosis, endocytosis, and cell differentiation. The most ex-
tensively studied inositol pyrophosphate, diphosphoinositol
pentakisphosphate (IP7), displays a 5’-diphosphate (1, 2). IP7 is
generated in mammals by a family of inositol hexakisphosphate
kinases (IP6Ks) (3, 4). IP6Ks exists in three isoforms: IP6K1,
IP6K2, and IP6K3. Inositol hexakisphosphate kinase-2 (IP6K2)
sensitizes cells to apoptosis (5, 6). Mice with targeted deletion of
IP6K2 display an increased incidence of aero-digestive tract
carcinoma (7). Cell survival associated with heat shock protein
90 also involves IP6K2 (8, 9).

We previously reported a major role for IP6K2 in the dispo-
sition of cerebellar granule cells as well as Purkinje cell mor-
phology and motor coordination. The influence of IP6K2 upon
cerebellar disposition involved protein 4.1N, both of which were
highly expressed in cerebellar granule cells (10).

To further assess the functions of IP6K2 in the brain, we ex-
plored its binding partners using coimmunoprecipitation and
tandem liquid chromatography mass spectrometry (LC-MS/MS).
Here, we report that IP6K2 robustly interacts with creatine kinase-
B (CK-B), which regulates energy homeostasis of cells and exists in
two forms, brain type (CK-B) and muscle type (CK-M). CK cata-
lyzes the reversible transfer of the phosphate group of phospho-
creatine to ADP to yield ATP (11, 12). A functional interplay
between mitochondrial and cytosolic isoforms of CK regulates
cellular energy homeostasis. Cytosolic CK rephosphorylates locally
produced free ADP and increases creatine globally, while the mi-
tochondrial enzyme catalyzes the conversion of creatine to phos-
phocreatine utilizing mitochondrial ATP (13-15).

Here, we show that IP6K2 loss leads to decreased CK-B ex-
pression, reduced ATP levels, and diminished mitochondrial
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activity associated with increased oxidative stress. About 80 to
90% of ATP is generated in the mitochondria by oxidative
phosphorylation, and diminished ATP levels are the immediate
effect of mitochondrial dysfunction. Loss of IP6K2 and CK-B
reflects the suppression of the mitochondrial cytochrome cl
expression, a component of complex III of the mitochondrial
electron transport chain. In the present study, we report a
physiologic association of CK-B and IP6K2, whose disruption
impacts mitochondrial functions.

Dendritic morphogenesis was reduced in IP6K2-deficient
neurons and was rescued by restoring normal levels of ATP.
These observations reveal an essential role of IP6K2 in the en-
ergy production of the brain. Our findings indicate that IP6K?2 is
a key regulator of mitochondrial homeostasis which promotes
neuroprotection.

Results and Discussion

IP6K2 Selectively Binds to CK-B in the Cerebellum, and IP6K2 Deletion
Leads to Decreased Expression and Activity of CK-B. To assess
functions of IP6K2 in the brain, we subjected the wild-type (WT)
mouse brain lysates to anti-IP6K2 antibody-mediated coimmu-
noprecipitation followed by LC-MS/MS analysis of its immuno-
precipitate. We observed a robust binding of CK-B to IP6K2.
Nine CK-B peptides (highlighted in yellow) were identified from
IP6K2 immunoprecipitates (Fig. 14). We then examined the
tissue localization of the IP6K2 and CK-B. Both proteins were
most highly expressed in the cerebellum of WT mouse brain. The
tissue localization was confirmed by immunofluorescence imag-
ing revealing high expression of IP6K2 and CK-B in the
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Fig. 1. IP6K2 binds to CK-B. (A) Protein sequence of CK-B of length of 381
amino acids. Nine CK-B peptides (highlighted in yellow) were identified from
IP6K2 immunoprecipitates using LC-MS/MS. (B) Cellular localization of IP6K2
and CK-B in the cerebellum was determined by probing IP6K2 with Alexa-
488-tagged secondary antibody and CK-B with Alexa-568 secondary anti-
body. The expression of the proteins was observed through a confocal micro-
scope in the Purkinje and the granule cell layer in the cerebellum of WT mouse
brain sections (40-pm thickness). (Scale bar, 50 um.) (C) IP6K2 immunoprecipi-
tates were blotted against CK-B in both neuronal cells and cerebellar brain
lysates (lane 1: IP6K2 immunoprecipitate in N2A neuronal cells blotted against
CK-B; lane 2: I1gG control; lane 3: IP6K2 immunoprecipitate in cerebellar brain
lysate blotted against CK-B). (D) IP6K isoforms were immunoprecipitated, and
the blot was probed with CK-B antibody. The result of CK-B selectively binding
to the IP6K2 isoform was also confirmed by LC-MS/MS. (E) Comparison of CK-B
expression in the WT- and IP6K2-KO cerebellar lysates by Western blot. (F)
Quantitation of CK-B expression. (G) Western blot depicts the expression of CK-
M in WT and IP6K2-KO mice. (H) The activity of both forms of creatine kinase (B
and M) was determined in WT and K2-KO mice in the brain and muscles, re-
spectively. () CK-B immunoprecipitates from WT and K2-KO cerebella were
immunoblotted with an anti-ubiquitin antibody. (J) CK-B binding to K222A
kinase dead IP6K2 mutant to examine kinase dependence on binding. Data are
representative of three independent experiments performed under identical
conditions. Data are presented as the mean + SD. ***P < 0.001, **P < 0.01, and
*P < 0.05 analyzed by two-tailed Student t test. CK-B peptides detected
through LUMS-MS with their respective peptide identification probability,
mascot ion score, and mascot identity scores are listed in S/ Appendix, Table S1.

cerebellum, especially in the granule cell layer (10). CK-B was
also observed in the Purkinje cell layer (Fig. 1B). The binding of
IP6K2 to CK-B was further confirmed by immunoblotting IP6K2
immunoprecipitates with CK-B in neuronal N2A cells as well as
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in the cerebellum. IgG was used as a control in this experiment
(Fig. 1C). The binding of CK-B was selective for the K2 isoform
with no binding to IP6K1 or IP6K3 (Fig. 1D). The cerebellar
brain lysates were then compared for CK-B expression in WT
and K2-knockout (K2-KO) mice. Mice lacking IP6K2 showed an
~50% decrease in CK-B expression (Fig. 1 E and F). We deter-
mined the association of IP6K2 with the other isoform of creatine
kinase, CK-M, through LC-MS/MS. There was no association de-
tected for CK-M in IP6K2 immunoprecipitates. We also deter-
mined the expression as well as activity of CK-M in IP6K2 KO
mice. We did not observe any change in the expression or activity of
CK-M in the mice lacking IP6K2 (Fig. 1 G and H). However, there
was an approximately 40% decrease in the activity of CK-B in mice
lacking IP6K2 compared to the WT mice (Fig. 1H). While eluci-
dating the mechanism by which CK-B expression decreases in
IP6K2-KO mice, we found that ubiquitination of CK-B is sub-
stantially higher in IP6K2-KO mice compared to the WT. This
indicated a possible role for IP6K2 in stabilizing CK-B. In the ab-
sence of IP6K2, the CK-B protein was found to undergo degra-
dation through ubiquitination (Fig. 1I). Our study also reveals that
binding of IP6K2—-CK-B is kinase-independent, as CK-B could also
bind to the kinase dead IP6K2 mutant (K222A) (Fig. 1J)

IP6K2 Deficiency Leads to Repression of Adenine Nucleotides and the
Total ATP Pool along with a Decrease in Phosphocreatine Levels. The
creatine/phosphocreatine (CK/PCr) energy shuttle connects sites of
ATP production (glycolysis and mitochondrial oxidative phosphory-
lation) with subcellular sites of ATP utilization (ATPases). The
molecular basis for this energy buffering is functionally coupled, and
the sites of ATP production and its consumption are tightly regu-
lated by actions of CK/PCr (16). We examined the concentrations of
adenine nucleotides and phosphocreatine in the cerebella of WT
mice as well as in IP6K2-deficient mice (17) (Fig. 2.4 and G). The
total adenylate pool (Fig. 2B), as well as the relative ATP concen-
tration (Fig. 2D), were respectively ~60 and ~40% less, in IP6K2-
deleted cerebellum. Adenine nucleotides and ATP in neuronal N2A
cells were reduced by ~50% in IP6K2 knocked-down cells (Fig. 2 C
and E). Transfecting N2A cells with IP6K2 plasmids restored ATP
levels to almost 80% of controls (Fig. 2F). To make ATP, PCr
transfers a phosphate molecule to ADP. Creatine generated in the
process is converted in the liver and eliminated through the kidneys.
After anaerobic and aerobic glycolysis, phosphocreatine is regen-
erated by the liver and kidneys (12). We monitored PCr in WT and
IP6K2 KO mouse brain, liver, and kidney. Although the latter two
tissues had no change in PCr concentration compared to WT, the
brain displayed an ~60% reduction in PCr levels in IP6K2 KO mice
(Fig. 2 G and H). Phosphocreatine levels were found to decrease and
not increase with a fall in the level of CK-B in K2-KO mouse brain
and cells apparently due to the consistently low levels of ATP af-
fecting the regeneration of phosphocreatine from creatine. Brain
ATP levels decrease rapidly within seconds of interrupting blood
supply. Such postmortem effects can be prevented by using a mi-
crowave fixation system (18). This process immediately inactivates
brain enzymes and conserves concentrations of adenine nucleotides.
Since we did not have access to this technique, we used liquid ni-
trogen fixation which involved freezing of the brain tissue immedi-
ately after decapitating the mice to accomplish immediate
inactivation of the brain enzymes. The detailed process of cerebellar
brain lysate preparation used for determining the adenine nucleotide
levels in our study is described in Materials and Methods.

IP6K2 Deficiency Leads to Reduced Mitochondrial Function due to an
Impairment of Electron Transport Chain Complex Ill in which Protein
Cytochrome c1 Is Diminished. The electron transport chain consists
of four multiprotein complexes that sequentially transfer electrons
to generate a proton gradient across the inner mitochondrial
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membrane, which is utilized by ATP synthase (Complex V) to
phosphorylate ADP and produce ATP (Fig. 34). Since 80 to
90% of ATP is generated in the mitochondria by oxidative
phosphorylation (OXPHOS), we speculated that diminished
mitochondrial energy (ATP) is elicited by mitochondrial dys-
function and disruption of oxidative phosphorylation. The loss of
IP6K2 led to diminished mitochondrial function. We observed
partial depletion of complexes III and V in the cerebellum of the
K2-KO brain (Fig. 3 B and C). IP6K2 deletion led to decreased
expression of cytochrome cl with no change in expression of the
other subunit of complex III, cytochrome b, in both cerebella of
K2-KO mice (Fig. 3 D and E) as well as in IP6K2 knocked-down
N2A cells (Fig. 3F). We also monitored the expression of com-
plex III as well as cytochrome cl in double-knocked-down
(IP6K2 and CK-B) N2A cells. The levels of these proteins in the
double-knocked-down cells declined by ~60 and 75%, respec-
tively (Fig. 3F). The activity of complex III in the K2-KO cere-
bellar mitochondria was ~40% less than WT (Fig. 3G).
Furthermore, we monitored the OXPHOS function in N2A cells,
employing the Seahorse technique. We observed a diminished
oxygen consumption rate (OCR), decreased spare respiratory
capacity, and reduced ATP production in K2 knocked-down cells
and K2 and CK-B double-mutant cells (Fig. 3 H and I).

Loss of IP6K2 Causes Mitochondrial Oxidative Stress and Impairment
in the Dendritic Branching in the Cerebellum, Which Is Restored by
Treating the Neurons with N-Acetylcysteine and PCr. Mitochondria
are a major target and source of reactive oxygen species (ROS)-
mediated oxidative stress. Oxygen-free radicals contribute to
neuronal death by initiating inflammation and apoptosis (19, 20).
Decreased ATP levels lead to ROS production through leaky
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electron transfer in the mitochondrial electron transport chain.
To determine whether mitochondrial dysfunction in IP6K2 KO
mice influences oxidative damage (oxidative stress), the levels of
protein carbonyl groups were measured as an indicator of oxi-
dative damage. Carbonyl groups are produced on amino side
chains (especially of proline, lysine, arginine, and threonine)
when they are oxidized. IP6K2 KO brain cerebellum had ele-
vated protein oxidative damage (Fig. 44). Mitochondrial ROS
increased by ~80% in the IP6K2 KO brain (Fig. 4B).

Nitric oxide can also react with superoxide anion, forming
peroxynitrite, a reactive oxidant capable of inducing nitration of
proteins. We found no significant nitration in mice lacking
IP6K2 (SI Appendix, Fig. S1). IP6K2 deletion also increased
overall peroxidation of lipids (SI Appendix, Fig. S2). We won-
dered whether reduced brain ATP in IP6K2 KO mice influence
neuron growth and/or morphogenesis. Accordingly, Purkinje
cells from both WT and IP6K2 KO tissue appeared similar in
morphology, and the IP6K2-KO Purkinje cells showed ~50 to
~60% diminished dendritic arborization (Fig. 4C) (10).

IP6K2 deletion also elicits behavioral impairment. There is
growing evidence that anxiety disorders are associated with im-
pairments of mitochondrial function (21-23). Accordingly, we
examined the behavior of IP6K2 KO mice. In the elevated plus
maze test which models anxiety, KO mice spent more time in the
closed arms and traveled more in open arms, indicating higher
levels of anxiety (Fig. 4D).

Treadmill running was also explored to assess exhaustion and
fatigue. Treadmill running time and speed were diminished in
IP6K2 KO mice (Fig. 4F). To investigate whether reduced ATP
production mediates diminished dendrite arborization, IP6K2
KO neurons were cotreated with phosphocreatine (a source of
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ATP production) and a mitochondria-specific antioxidant,
N-acetylcysteine (NAC) for 5 d in vitro. NAC lowers endogenous
oxidant levels and protects cells against a wide range of pro-
oxidative insults (24-27). Neurons from WT and IP6K2 KO
mice were immunostained for a-tubulin and subjected to Sholl
analysis in which concentric rings surrounding a neuron with the
cell body in the center were used to measure dendritic branching.
Treating WT neurons with phosphocreatine, which donates a
high-energy phosphate to ADP to produce ATP, enhanced
dendrite branching (Fig. 4 F and G) and increased ATP levels of
IP6K2 mutant to almost WT levels (Fig. 4H and SI Appendix,
Fig. S3). Treating IP6K2 knocked-down N2A cells with PCr and
NAC also decreased ROS levels as well as increased ATP and
cell viability (Fig. 4 I and J). These results indicate that inhibited
dendrite development in IP6K2 KO neurons is most likely due to
impaired ATP generation associated with decreased CK-B.

Among the three principal isoforms of IP6K, IP6K2 has been
least characterized in the brain. IP6K2 has been regarded as a
predominantly p53-dependent proapoptotic enzyme, whose ex-
pression increases cell death and whose functional or genetic
abrogation restores cell survival (5, 9). The IP6K2—-4.1N inter-
actions in granule cells regulate Purkinje cell morphology, cer-
ebellar neuron viability, and psychomotor behavior (10).

We explored potential functions of IP6K2 by seeking binding
partners and observed strong interaction of IP6K2 with CK-B, both
of which are highly expressed in granule cells. This binding was
selective, as it was not evident for IP6K1 or IP6K3. We found that
[P6K2 determines energy dynamics by regulating CK-B.

In summary, our study establishes a role for IP6K2 in energy
homeostasis and neuroprotection. IP6K2 KO mice displayed
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using Seahorse MitoStress Kit. Data are presented as
the mean (n =3) + SD. ***P < 0.001, **P < 0.01, and
*P < 0.05, analyzed by one-way ANOVA and two-
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impaired energy metabolism and mitochondrial functions as well
as signs of neurodegeneration elicited by impaired complex
IIT activity.

Mitochondrial dysfunction is linked to neurological and psy-
chotic disorders such as Parkinson’s disease, Alzheimer’s disease,
and Huntington’s disease as well as amyotrophic lateral sclerosis
(28, 29). Mitochondrial complex III deficiency is a rare devas-
tating disorder that impairs energy generation and leads to var-
ious symptoms such as developmental regression, seizures,
kidney dysfunction, and even death (30, 31). Here, we report that
lack of IP6K2 impairs complex III, leading to diminished energy
levels and neuronal death which can be reversed by treating
neurons with NAC and PCr. Our study establishes a notable role
for inositol pyrophosphates in regulating mitochondrial functions
and neuroprotection.

Materials and Methods

Reagents. Anti-IP6K1, IP6K2, IP6K3, CK-B, and CK-M antibodies were pur-
chased from Sigma-Aldrich. Total OXPHOS rodent Western blot antibody
mixture was purchased from Abcam. Antibodies against cytochrome c1, cy-
tochrome b, complex lll, and ubiquitin were procured from Santa Cruz
Biotechnology. Alexa Fluor 488 goat anti-rabbit and Alexa Fluor 568 goat
anti-mouse were purchased from Life Technologies. IP6K2 short hairpin RNA
(shRNA), CK-B shRNA, and control shRNA plasmids were procured from
Santa Cruz Biotechnology.

Animals. Eight-week-old C57BL/6 male/female mice were used for all the
animal-based experiments. Animal breeding and procedures were conducted in
strict accordance with the NIH guide for the care and use of laboratory animals
(32). Animal experiments were approved by the Johns Hopkins University
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Fig. 4. IP6K2 deletion elicits increased oxidative stress and neuronal damage which is restored by treating the neurons with NAC and PCr. (A) Proteins
oxidized by oxygen free radicals are modified by the addition of carbonyl groups into their side chains. The OxyBlot analysis determines these carbonyl groups
as a hallmark of oxidation of proteins. Oxidative modification of proteins in the WT and K2-KO brain cerebellum was detected using this technique. (B)
Relative mitochondrial reactive oxygen species were assessed in the isolated mitochondria from the WT and K2-KO brain cerebellum. (C) Golgi staining was
performed to determine the Purkinje cell morphology in the cerebellar sections of WT and K2-KO mice (n = 5). The cell volume was quantified and calculated
using Image J software. (D) Comparative anxiety-like behavior of WT and K2-KO mice was determined using the elevated plus maze test. Elevated plus maze
test centers on the fear of open and elevated spaces to mice. Arranged in a plus shape, the elevated plus maze has two closed and two open arms, as well as
an open center as illustrated in the scheme. The time spent as well as the distance traveled by WT and K2-KO mice is measured and is represented in the figure
using a pie graph (n = 12). (E) Both WT and K2-KO mice were trained to perform the treadmill fatigue/exhaustion test. In this experiment, each mouse is
allowed to run for about 10 min over a conveyor belt with gradually increasing speed as illustrated in the scheme of experimental design. The maximum
attained running speed and the time of exhaustion were calculated for the experimental mice (n = 12) as represented in the histogram. (F) The primary
neurons were treated with a mixture of mitochondria-specific antioxidant, NAC, and an ATP source, PCr, for 5 d. The branching of primary neurons was
reversed to near WT levels with cotreatment of NAC and PCr which was determined by staining them against o-tubulin with Alexa-568-tagged secondary
antibody. (G) The dendritic branching in primary neurons was quantified using the Sholl analysis in ImageJ software. (H-J) IP6K2 knocked-down N2A cells
were treated with PCr and NAC to determine the relative levels of ATP, ROS, and cell viability between WT, K2-knocked-down cells, and treated cells. Data are
presented as the mean (n = 3) + SD. ***P < 0.001, **P < 0.01, *P < 0.05, analyzed by two-tailed Student t test and one-way ANOVA.

animal care and use committee. Animals were kept on a 12-h light/dark temperature for 15 min. Proteins were precipitated with trichloroacetic acid/

cycle and were provided food and water ad libitum. acetone with 8 times volume at —20 °C overnight. Pellets were reconstituted
in 10 pL, 500 mM triethylammonium bicarbonate buffer, and 30 pL water
Coimmunoprecipitation. Mouse brain/cerebellar tissue lysates were homog- and proteolyzed with trypsin/LysC from Promega. Peptides were desalted on

enized in lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 0.5% Triton X-100, Oasis HLB plates (Waters). Elution was done with 65% acetonitrile/0.1%
4 ug/mL leupeptin, 2 pg/mL, 2 pg/mL chymotrypsin, 2 pg/mL pepstatin, 1 mm  trifluoroacetic acid.

phenylmethylsulfonyl fluoride) on ice for 10 min. Equal amounts of protein
were incubated with the respective antibodies for 4 h and immunoprecipi-
tated using protein AG agarose beads. Beads were washed with lysis buffer
(2X) and phosphate-buffered saline (PBS) (2X) for 5 min each. Coimmuno-
precipitates were then resolved by sodium dodecyl sulfate/polyacrylamide
gel electrophoresis (SDS-PAGE) and immunoblotted through Western blot-
ting. Anti-IgG antibody was used for controls.

LC-MS/MS Analysis. In-solution trypsin digestion was performed as per stan-
dard protocols (33). Desalted tryptic peptides (25%) were analyzed by LC-
MS/MS on nano-LC-QExactive Plus (Thermo Fisher Scientific) interfaced with
nano-Easy LC 1000 system using reverse-phase chromatography 2-90%
acetonitrile/0.1% formic acid gradient over 81 min at 300 nL/min ramping
over 1 min to 8% acetonitrile, over 50 min to 20% acetonitrile, over 28 min
to 45% acetonitrile, and over 9 min to 90% acetonitrile on 75 um x 150 mm
Proteolysis. Inmunoprecipitated proteins (40 pL) were adjusted to pH8.0and  ProntoSIL-120-5-C18 H column 5 um, 120 A (Bischoff). Eluting peptides were
reduced with 2 uL x 7.5 mg/mL dithiothreitol, at 60 °C for 1 h, was then sprayed into the QExactive Plus mass spectrometer through a 1-pm emitter tip
alkylated with 2 pL x 18.5 mg/mL iodoacetamide in the dark at room (New Objective) at 2.2 kV. Survey scans (Full MSs) were acquired on Orbi-trap
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within 350 to 1, 700 Da m/z using the data-dependent Top 15 method with
dynamic exclusion of 15 s. Precursor ions were individually isolated with 2.0 to
0.5 Da offset, fragmented (MS/MS) using HCD activation collision energy 28.
Precursor and the fragment ions were analyzed at a resolution of 70,000 AGC
target 1xe6; maximum IT 100 ms and 35,000; AGC target 1xe5, and maximum
IT 150 ms, respectively.

Proteomic Data Analysis. Tandem MS2 spectra were processed by Proteome
Discoverer (v1.4; Thermo Fisher Scientific) in three ways, using three nodes:
common, Xtract (spectra were extracted, charge state deconvoluted and
deisotoped using Xtract option at resolution 55 K at 400 Da), MS2 Processor.
MS/MS spectra from three nodes were analyzed with Mascot v.2.5.1 (Matrix
Science) using RefSeq2015 database specifying mammals as species, trypsin as
the enzyme, missed cleavage 2, precursor mass tolerance 10 ppm, and
fragment mass tolerance 0.02 Da. Peptide identifications from Mascot
searches were processed within the Proteome Discoverer to identify peptides
with a confidence threshold of 1% false discovery rate, based on a concat-
enated decoy database search. Only peptides of rank 1 were considered.
Mascot files were compiled in Scaffold.

Cell Culture and Transfection Conditions. N2A neuronal cells were grown in a
humid atmosphere of 5% CO, at 37 °C in Dulbecco’s Modified Eagle Media
supplemented with 10% FBS, L-glutamine (2 mM), penicillin (100 U/mL), and
streptomycin (100 pg/mL). Cells were transfected with Lipofectamine LTX
and incubated for 10 to 12 h before the transfection medium was replaced
with a serum-containing medium.

Creatine Kinase Activity. Creatine kinase activity was measured using a cre-
atine kinase activity colorimetric assay kit (Biovision). In this assay, CK con-
verted creatine into phosphocreatine and ADP. The phosphocreatine and
ADP reacted with the CK enzyme mix to form an intermediate, which reduced
a colorless probe to a colored product with absorbance at 450 nm.

Measurement of Adenine Nucleotides and Phosphocreatine Using
High-Performance Liquid Chromatography. Mice were decapitated, and their
heads were frozen immediately in liquid nitrogen. The frozen brain was
removed, ground in a mortar, and precooled with liquid nitrogen. The
ground tissue was then extracted with 3.0 mL of 0.8 M HCIO,4. The ho-
mogenate was centrifuged at 12,000 x g for 10 min at 4 °C. The supernatant
was thereafter neutralized at 0 °C with 200 pL of 6 N KOH and KClO,4 and
was spun down at 4 °C. It was then filtered through a Millipore filter (pore
size: 0.45 pm), and the neutralized filtrate of the brain extract was analyzed
by high-performance liquid chromatography (HPLC) for determining the
concentrations of adenine nucleotides and phosphocreatine. The extraction,
separation, and isolation of adenine nucleotides as well as phosphocreatine
was performed according to the established protocols (17).

ATP Luciferase Assay. ATP level was assessed using the ATP detection assay kit
(Cayman). This assay uses firefly luciferase which converts ATP and luciferin to
oxyluciferin and light. The light emitted in the reaction is directly propor-
tional to the concentration of the ATP present. ATP detection standard was
used for the quantitative measurement of ATP.

Mitochondrial Stress Assay Using Seahorse. Mitochondrial function was de-
termined by measuring the OCR for N2A cells using XF Cell Mito Stress test kit
(Agilent Technologies). WT, K2 knocked-down, and K2 plus CK-B
double-knocked-down N2A cells were seeded in an XF96 cell culture
microplate. The media was prepared by adding 1 mmol/L of pyruvate, 2
mmol/L of glutamine, and 10 mmol/L of glucose and stored as per the
manufacturer’s instructions. Seahorse assay was run in XF96 Extracellular
Flux Analyzer. Cells were exposed sequentially to oligomycin (0.5 pmol/L),
carbonyl cyanide-4 trifluoromethoxy phenylhydrazone (FCCP) (1 pmoliL),
and rotenone/antimycin A (0.5 umol/L). Oligomycin inhibits ATP synthase
(complex V), and the decrease in OCR following injection of oligomycin
correlates with the mitochondrial respiration associated with cellular ATP
production. FCCP is an uncoupling agent that collapses the proton gradient
and disrupts the mitochondrial membrane potential, allowing cells to
achieve maximal OCR. As a result, electron flow through the electron
transfer chain is uninhibited, and oxygen is maximally consumed by complex
IV. The FCCP-stimulated OCR is used to calculate spare respiratory capacity,
defined as the difference between maximal respiration and basal respira-
tion. Spare respiratory capacity is a measure of the ability of the cell to

60f 7 | PNAS
https://doi.org/10.1073/pnas.2020695118

respond to increased energy demand. The third injection was a mix of ro-
tenone (a complex | inhibitor) and antimycin A (a complex Il inhibitor). This
combination shuts down mitochondrial respiration and enables the calcu-
lation of nonmitochondrial respiration driven by processes outside the mi-
tochondria. Data were normalized to total cell survival. The assay results
were analyzed using the Wave program 2.3.0 (Seahorse Bioscience).

OxyBlot Assay. Protein oxidation was assessed as a function of protein car-
bonylation using the OxyBlot protein oxidation detection kit (Millipore) that
uses 2,4-dinitrophenylhydrazine (DNPH) to derivatize oxidized proteins.
Tissues were lysed, and 5 ug of protein was used for the reaction with DNPH,
followed by detection of the derivatized oxidized proteins by anti-DNP an-
tibody through Western blotting (34).

Lipid Peroxidation Assay. Lipid peroxidation assay was conducted by detecting
levels of malondialdehyde (MDA) using a lipid peroxidation assay kit (Abcam).
In this assay, the MDA in the tissue lysates reacted with thiobarbituric acid
(TBA) to generate an MDA-TBA adduct. The MDA-TBA adduct was quantified
colorimetrically at an absorbance of 532 nm.

Double Immunofluorescence Staining and Confocal Microscopy. For immuno-
fluorescence staining of brain sections, mice were perfused with 4% para-
formaldehyde, and brain slices were cut in sagittal sections using a cryostat
(Leica Biosystems). Sections were permeabilized by incubation with 0.01%
Triton X-100 at 4 °C for 5 min (35). Nonspecific sites were then blocked by
incubation with 5% bovine serum albumin. Subsequently, the sections were
incubated with the relevant primary antibodies (1:100) following which the
tissues were stained with respective fluorescent secondary antibodies
(1:300). Nuclei were counterstained with DAPI. Images were captured and
analyzed using a confocal microscope (LSM 700, Zeiss).

ROS Detection. ROS were detected using an assay kit (Enzo Life Sciences)
designed to directly monitor real-time reactive oxygen species production in
cells using fluorescence microscopy. Total ROS detection dye reacts directly
with a wide range of reactive species, such as hydrogen peroxide, perox-
ynitrite, and hydroxyl radicals, yielding a green, fluorescent product indic-
ative of total ROS.

Golgi Staining. Brain sections were cut using a cryostat at —20 °C. The FD
Rapid Golgi Stain Kit (FD Neurotechnologies) was used to perform staining
on brain sections. The staining was performed according to standard
protocols (10).

Mouse Behavioral Tests. The behavior tests were conducted on 8-wk-old mice
at the Johns Hopkins University Brain Science Institute Behavioral Core.

Elevated Plus Maze Test. This conflict test is based on a natural tendency of
mice to actively explore a new environment, versus the aversive properties of
an elevated open arm (36-38). In the present study, mice were given one
5-min trial on the plus-maze, which had two closed arms and two open arms.
The maze was elevated from the floor, and the animals were placed at the
center and allowed to freely explore the maze. Measures were taken for the
time spent and distance traveled in the open and closed arms.

Treadmill Fatigue Test. This test is a preclinical assay to effectively detect and
determine fatigue-like behavior. The test was performed as per standard
protocols (39).

Quantification of Dendritic Growth. Neurons grown on coverslips were fixed in
4% paraformaldehyde in PBS for 20 min at room temperature at various days
in vitro. Samples were washed in PBS, permeabilized in 0.2% Triton X-100 for
7 min, blocked in 10% BSA solution, and immunostained with anti-a-
tubulin. The neurons were then imaged using a confocal microscope. The
amount of branching was determined using the Sholl analysis plugin in
ImageJ software. Neurons were supplemented daily with 1 mM PCr and
5 mM NAC before performing the Sholl analysis.

Image Quantification and Statistical Analysis. Images were quantified with
ImageJ software. For Western blots, the expression changes of the proteins
were evaluated by normalizing their recorded band intensities against their
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input band (p-actin or GAPDH). Data are presented as the mean + SD from at
least three independent experiments conducted under similar conditions.
The P values were calculated by two-tailed Student’'s t test or one-
way ANOVA.

Data Availability. All study data are included in the article and/or supporting
information.
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