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Abstract
Glycosylation with O-linked β-N-acetylglucosamine (O-GlcNAc) is one of the protein glycosylations affecting various
intracellular events. However, the role of O-GlcNAcylation in neurodegenerative diseases such as Alzheimer’s disease (AD) is
poorly understood. Mitochondrial adenosine 5′-triphosphate (ATP) synthase is a multiprotein complex that synthesizes ATP
from ADP and Pi. Here, we found that ATP synthase subunit α (ATP5A) was O-GlcNAcylated at Thr432 and ATP5A
O-GlcNAcylationwas decreased in the brains of AD patients and transgenicmousemodel, as well as Aβ-treated cells. Indeed, Aβ
bound to ATP synthase directly and reduced the O-GlcNAcylation of ATP5A by inhibition of direct interaction between ATP5A
andmitochondrialO-GlcNAc transferase, resulting in decreasedATP production andATPase activity. Furthermore, treatment of
O-GlcNAcase inhibitor rescued the Aβ-induced impairment in ATP production and ATPase activity. These results indicate that
Aβ-mediated reduction of ATP synthase activity in AD pathology results from direct binding between Aβ and ATP synthase and
inhibition of O-GlcNAcylation of Thr432 residue on ATP5A.

Introduction
Alzheimer’s disease (AD) is themost prevalent neurodegenerative
disease. Although it has been studied formore than a century, the
molecular bases for its pathogenesis are still far frombeing clearly
understood. Accordingly, no cure or prevention is yet available.
This deleterious brain disease is characterized by two remarkable

pathologies known as senile plaques and neurofibrillary tangles,
which correspond to extracellular aggregates of Aβ peptide and
intracellular inclusions of hyperphosphorylated tau, respectively
(1–3). Since the development of the fluorodeoxyglucose positron
emission tomography (FDG-PET) technique, another important
feature of AD has been revealed, i.e. perturbed cerebral glucose
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metabolism. A recent studyhas suggested that abnormal FDG-PET
precedes other pathological symptoms in patients at risk of devel-
opingAD (4). Indeed, abnormal cerebral glucosemetabolism is one
of the parameters used to clinically diagnose AD.

At the cellular level, the tricarboxylic acid (TCA) cycle is the
main catabolic process to use products of glucose metabolism in
the mitochondrial matrix, and provides NADH and succinate to
the electron transport chain (ETC) in the mitochondrial inner
membrane (5,6). The ETC generates a proton gradient across the
mitochondrial inner membrane using NADH and succinate fed
from the TCA cycle as redox carriers. Using this proton gradient
as amotive force, the last component of the ETC (complex V,mito-
chondrial FoF1-ATP synthase) produces the cellular energy carrier,
adenosine 5′-triphosphate (ATP) (7–9). Substantial evidence indi-
cates that mitochondrial dysfunction is one of the consistent fea-
tures of AD and occurs in the early stages of disease development
(10–13). In the postmortem brains of AD patients, the enzyme
activities of TCA cycle and the ETC are altered (14–16). Moreover,
it was recently reported that ATP synthase activity and ATP levels
are reduced in the brains of AD patients (17). In an AD mouse
model that produces large amounts of human amyloid beta (Aβ),
mitochondrial dysfunction is apparent before plaque formation
(18), and cultured embryonic hippocampal neurons from an AD
mousemodel showdecreased respirationand increased glycolysis
(19). In spite of the controversy concerning the presence of Aβ in
mitochondria, this has also been demonstrated. Aβ peptides are
imported into the mitochondria through mitochondrial protein
import machinery and interact withmatrix proteins such as alco-
hol dehydrogenase [ABAD; also known as hydroxysteroid (17-β)
dehydrogenase 10 (HSD17B10) and cyclophilin D (also known as
peptidylprolyl isomerase D (PPID)] (20,21).

O-GlcNAcylation is a post-translational modification that adds
a singleN-acetylglucosamine (GlcNAc)moiety to specific serine or
threonine residues on target proteins via an O-glycosidic bond
(22,23). In recent years,many researchers have focused on this un-
ique form of glycosylation due to the fact that O-GlcNAcylation
can competewith the phosphorylation of serine or threonine resi-
dues and thus affect various cellular signaling events (24,25). In
addition, O-GlcNAcylation is regarded as a glucose sensor, as uri-
dine diphosphate-N-acetylglucosamine (UDP-GlcNAc), which
supplies the GlcNAc moiety for the reaction, is produced from
extracellular glucose via the hexosamine biosynthetic pathway.
Accordingly, the O-GlcNAcylation of proteins is diminished in
brain extracts from AD patients who have perturbed glucose me-
tabolism (26,27). Also, some studies suggest enhanced O-GlcNAc
pathway attenuates Aβ generation (26,28). The transfer of the
GlcNAcmoiety fromUDP-GlcNAc to the target protein ismediated
byO-GlcNAc transferase (OGT), whereasO-GlcNAcase (OGA)med-
iates removal of the sugarmoiety. OGTexists as two isoforms, nu-
cleocytoplasmic OGT (ncOGT) and mitochondrial OGT (mOGT),
generated by alternative splicing of a single gene. Compared
with the ncOGT-mediated modification of nuclear/cytosolic pro-
teins, only limited information is available so far regarding the
identity of mitochondrial proteins modified by mOGT.

We examined the effect of Aβ on O-GlcNAcylation of mito-
chondrial proteins and found that the O-GlcNAcylation of
ATP5A was reduced and ATP synthase activity was decreased in
brains from a transgenic AD mouse model (5 × FAD Tg; Tg6799),
as well as in mammalian cell lines and primary cortical neurons
when these were treated with Aβ. Molecular dynamics (MD) ana-
lysis revealed that Aβ bound to ATP synthase, and this binding
was blocked by O-GlcNAcylation of ATP5A, which is resulted
from the inhibition of direct interaction between ATP5A and
mOGT by Aβ. Indeed, treatment with an OGA inhibitor restored

the Aβ-mediated reductions of ATP5A O-GlcNAcylation and ATP
synthase activity. Based on these results, we demonstrate that
direct binding of Aβ to ATP5A reduces ATP synthase activity by
inhibition of ATP5A O-GlcNAcylation, and that upregulation of
O-GlcNAcylation ameliorate the deleterious effects of Aβ on
ATP synthesis in AD pathological condition.

Results
O-GlcNAcylation of ATP5A and ATP synthase activity
are decreased in the cortex of an AD mouse model

To investigate the O-GlcNAcyl modification of the mitochondrial
proteome, we pulled down O-GlcNAcylated proteins from a
crude mitochondrial fraction of mouse cortex using agarose
beads conjugated with succinylated wheat germ agglutinin
(sWGA), a modified lectin known to specifically bind to GlcNAcy-
lated proteins (29). O-GlcNAcylated proteins purified from the
mitochondrial fraction were eluted and then identified using li-
quid chromatography coupled with tandem mass spectrometry
(LC-MS/MS) (Supplementary Material, Table S2). We also tried to
identify mitochondrial proteins that interact with Aβ. To this
end, a mitochondria-enriched fraction was incubated with bio-
tin-conjugated Aβ and then the bound proteins were pulled
down using streptavidin-agarose. Eluted Aβ-binding proteins
were identified using LC-MS/MS. One of the prominent candidates
for O-GlcNAcylation as well as Aβ-binding in mitochondria was
ATP5A (Supplementary Material, Table S3). Based on the results
from the proteomic approach, we questioned whether Aβ affects
the extent of O-GlcNAcylation of ATP5A and the activity of the
whole enzyme in the pathological conditions. To answer these
questions, we first analyzed the level of O-GlcNAcylation of
ATP5A in the entorhinal cortex of ADpatients reported to have de-
creasedATP synthase activity andATP level (Terni et al, 2010) using
sWGA pull-down assay. Interestingly, the amount of O-GlcNAcy-
lated ATP5Awas significantly reduced in the brains of AD patients
without any changes of total amount ofATP5Aprotein (Fig. 1A and
B). In line with this result, the amount of O-GlcNAcylated ATP5A
was also dramatically decreased in the brains of Tg6799 mice
(Tg) compared with littermate (LT) brains (Fig. 1C and D). In this
setting, the overall pattern of protein O-GlcNAcylation and the
protein levels of enzymes responsible for O-GlcNAcyl protein
modifications, OGT and OGA, were not altered, indicating that
the level of O-GlcNAcylation of ATP5A is specifically altered in
the presence of Aβ in the pathological condition (Fig. 1C). The
nextquestionwaswhether this change in the epigeneticmodifica-
tion of ATP5A results in a functional impairment in the enzymatic
activity of ATP synthase. As shown in Figure 1E, the level of ATP,
which is the end-product ofATP synthase in thenormal condition,
was also substantially abrogated in cortical extracts from Tg6799
mice (Tg), suggesting the possibility that O-GlcNAcyl modification
of the ATP synthase subunit affected the activity of the holo-
enzyme. As the overproduction of Aβ is known to exertmanydele-
terious effects on various essential cellular events, we needed to
address whether reduced ATP synthase activity was related to
the O-GlcNAcyl modification of ATP5A.

ATP5A is O-GlcNAcylated in mammalian cells
and primary neurons

First, we tested the specificity of the sWGA pull-down assay for
O-GlcNAcylated proteins and O-GlcNAcylation of ATP5A in cul-
tured mammalian cells (Fig. 2A). ATP5A was pulled down from
whole cell extracts of HeLa cells using sWGA-conjugated agarose
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beads, but not using non-conjugated agarose beads. The pull
down was completely abolished by preincubation of the sWGA-
conjugated agarose beads with an excess of free GlcNAc. To
confirm that the pull down of ATP5Awas associated with GlcNA-
cylated protein residues, we treated the sample proteins or the
pull-down fraction with β--N-acetyl-hexosaminidase (β-HEX),
an O-GlcNAc-specific exoglycosidase that catalyzes the hydroly-
sis of β--N-acetylglucosamine residues (Fig. 2B). Treatment of
thewhole cell lysatewith β-HEX remarkably decreased the inten-
sity of immunoreactive bands that were specific for RL2, a mAb
for O-GlcNAcylated proteins, confirming the effect of the β-HEX
treatment (Fig. 2B, left panel). When the sWGA-agarose pulled
down fraction was treated with β-HEX and then agarose beads
and supernatants were separated by centrifugation, ATP5A im-
munoreactivity was remarkably diminished in the bead fraction
(GlcNAc-sWGA-agarose) and instead appeared in the super-
natant fraction, indicating that the binding between ATP5A and

sWGA-agarose beads was mediated by the GlcNAcyl modifica-
tion of ATP5A (Fig. 2B, right panel). Then, we tested whether
the modification of ATP5A was affected by chemical or genetic
modulation of the O-GlcNAcylation machinery. The results
showed that treatment with ST045849 (ST, 25 µM, 24 h), an OGT
inhibitor, remarkably decreased the level of O-GlcNAcylation of
ATP5A as well as whole proteins (RL2 immunoreactive bands)
without affecting the total ATP5A level (Fig. 2C, left column). By
contrast, treatment with Thiamet G (ThG, 3 µM, 24 h), an OGA in-
hibitor, increased the O-GlcNAcylation level of total proteins, but
not the level of O-GlcNAcylated ATP5A (Fig. 2C, right column),
suggesting that OGT activity is far more dominant than OGA ac-
tivity, at least in the mitochondria of normally growing cells.
These events were also confirmed using cultured primary cor-
tical neurons. Chemical inhibition of OGT or OGA modulated
theO-GlcNAcylation of total proteins in neuronsmore effectively
(compare RL2 immunoreactive bands between Fig. 2C andD). The

Figure 1. Decreased O-GlcNAcylation and ATP synthase activity in AD model brains. (A) O-GlcNAcylated ATP5A in the brains from AD patients (AD) and controls (Ctrl).

Total proteins were extracted from the dissected entorhinal cortex of AD and control brains to determine the expression levels of the indicated proteins. In the top panel,

total O-GlcNAcylated proteins were pulled down with sWGA-agarose beads from entorhinal cortical lysates and the level of O-GlcNAc-ATP5A was then assessed by

western blotting with an anti-ATP5A mAb (n = 6 per group). (B) The intensities of total ATP5A and O-GlcNAc-ATP5A in (A) were analyzed using densitometry and the

level of O-GlcNAc-ATP5A was normalized to ATP5A. (C) O-GlcNAcylated ATP5A in the Tg6799 (Tg) mouse brain. Total proteins were extracted from the dissected

cortices of Tg6799 mice and LTs to determine the expression levels of the indicated proteins. In the top panel, total O-GlcNAcylated proteins were pulled down with

sWGA-agarose beads from cortex lysates and the level of O-GlcNAc-ATP5A was then assessed by western blotting with an anti-ATP5A mAb (n = 5 per group). (D) The

intensities of total ATP5A and O-GlcNAc-ATP5A in (C) were analyzed using densitometry and the level of O-GlcNAc-ATP5A was normalized to ATP5A. (E) ATP
production was measured in brain extracts from Tg6799 mice (Tg) and LTs (n = 5 per group). The results were represented as mean ± standard error from three

independent experiments. **P < 0.01; *P < 0.05; n.s.: non-significant.
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Figure 2. O-GlcNAcylation of ATP5A in cultured cells. (A) Specificity of sWGA-agarose pull-down in a competition assay. All O-GlcNAcylated proteins were pulled down

from total protein extracts (300 µg) of HeLa cells with agarose or sWGA-conjugated agarose in the presence or absence of free N-acetylglucosamine (GlcNAc) as a

competitor. The level of ATP5A was measured by immunoblotting. (B) Specificity of sWGA-agarose pull-down by treatment with β-hexosaminidase (β-HEX). Total

protein extracts (20 µg; left panel) or O-GlcNAc proteins pulled down with sWGA-agarose (right panel) were treated with β-HEX and analyzed for the total levels of

O-GlcNAcylation (left panel) or O-GlcNAc-ATP5A in the indicated fractions (right panel) by western blotting. β-actin or total ATP5A were included as loading controls

for each fraction. (C) Effect of changes of the O-GlcNAcylation machinery on O-GlcNAc-ATP5A in HeLa cells. HeLa cells were treated with an OGT inhibitor (ST045849;

ST, 25 µM) or OGA inhibitor (Thiamet G; ThG, 1 µM) for 24 h. Samples or sWGA-agarose pull-down fractions were analyzed by western blotting with the indicated

antibodies. Bar graphs show densitometric quantification of O-GlcNAcylated ATP5A in HeLa cells. (D) Effect of changes of the O-GlcNAcylation machinery on

O-GlcNAc-ATP5A in primary cultured neurons. Primary cortical neurons were cultured from the brains of B6/SJL mice and treated as in (C). The level of O-GlcNAc-

ATP5A was detected by western blotting. Bar graphs show densitometric quantification of O-GlcNAcylated ATP5A in neurons. (E, F) ATP production (E) and ATPase

activity (F) from extracts of HeLa cell treated with OGA or OGT inhibitor. HeLa cells were incubated in the presence or absence of OGA or OGT inhibitor (1 µM ThG or
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O-GlcNAcylation of ATP5A was accordingly inhibited by treat-
ment with ST but not ThG, suggesting that the O-GlcNAcylation
of ATP5A could be one of the general mechanisms regulating
ATP synthase activity in mammalian systems (Fig. 2D). We ad-
dressed whether changes in the O-GlcNAcylation of ATP5A by
ThG and ST affected the enzymatic activity of ATP synthase
(Fig. 2E and F). Consistent with the O-GlcNAcylation of ATP5A,
ThG had no effect on ATP production and ATPase activity, but
ST significantly decreased both ATP production and ATPase
activity. Also, the knockdown of OGT greatly ameliorated the
O-GlcNAcylation of ATP5A while whole proteins revealed no al-
teration in the total amount of ATP5A protein in the mitochon-
drial fraction (Fig. 2G and I). We overexpressed a mitochondrial
OGT construct (FLAG-mOGT) to confirm the O-GlcNAcylation of
ATP5A in mitochondria. As expected, overexpression of mOGT
led to up-regulation of ATP5A O-GlcNAcylation (Fig. 2H and I).
Furthermore, siRNA-mediated OGT knockdown led to down-reg-
ulations of ATP production and ATPase activity (Fig. 2J and K).
Interestingly, overexpression of mOGT showed no significant al-
terations in ATP production and ATPase activity, implicating that
excessive O-GlcNAcylation of ATP5A has no effect on ATPase ac-
tivity in normal condition. Collectively, these data reveal that
ATP5A is functionally regulated by O-GlcNAcylation.

Aβ abrogated the O-GlcNAcylation of ATP5A

Since the protein extracts from Tg6799 mouse cortex showed
reduced levels of O-GlcNAcylated ATP5A in Figure 1, we checked
whether an excess of Aβ, implicating AD-like pathological condi-
tion, affects the O-GlcNAcylation of ATP5A in mamalian cells
(Fig. 3A). As in the cortex of the AD mouse model, Aβ-treated
cells revealed a reduction in O-GlcNAcylated ATP5A without a
change in the protein levels of OGA, OGTandATP5A, even though
the O-GlcNAcylation pattern of the total proteins was slightly
increased. Furthermore, ATP production and ATP hydrolyzing
activity were also decreased by Aβ treatment, indicating that Aβ
inhibits ATP synthase activity in both directions (Fig. 3B and C).

Thr432 in ATP5A is O-GlcNAcylated

We usedmass spectrometry to map the O-GlcNAcylation sites in
ATP5A and found six putative sites (Fig. 4A). To verifyO-GlcNAcy-
lation on those residues biochemically, mutant constructs were
generated by replacing the Ser/Thr residue on each putative
ATP5AO-GlcNAcylation sitewith Ala tomake it no longer capable
of being modified by O-GlcNAcylation. When the mutant con-
structs were expressed in HeLa cells, the T432A mutant pre-
sented the significant reduction in the level of O-GlcNAcylated
ATP5A (Fig. 4B). The LC-MS/MS results for the O-GlcNAcylation
of the Thr432 residue are shown in Figure 4C. The O-GlcNAc-
modified AMKQVAGTMK peptide of human ATP5A (residues
425–434) was observed at a [M + 2H]2+ mass-to-charge ratio (m/z)
of 642.32, which imply that Thr432 residue is O-GlcNAcylated.
Furthermore, ATP production and ATP hydrolyzing activity
were also significantly decreased in ATP5A T432 mutant overex-
pressing cells (Fig. 4D and E), indicating that Thr432 in ATP5A is
functionally O-GlcNAcylated.

Aβ inhibits direct interaction between ATP5A and mOGT

To determine whether the O-GlcNAcylation of ATP5A was asso-
ciated with direct binding with mOGT, cells were co-transfected
with FLAG-mOGT and ATP5A-GFP constructs. Interestingly, the
ATP5A-GFP was co-immunoprecipitated with mOGT (Fig. 5A).
Furthermore, the ATP5A T432A mutant having impaired
O-GlcNAcylation of ATP5A exhibited decreased binding affinity
withmOGT (Fig. 5A).We then tried to test whether pathologically
excess of Aβmodulates the interaction ofmOGTwith ATP5A, and
found that treatment with Aβ disrupted the interaction between
mOGT and ATP5A (Fig. 5B). These data demonstrate that
O-GlcNAcylation of ATP5A is regulated by its binding affinity
with mOGT and pathological treatment of Aβ perturbs the direct
interaction of mOGT with ATP5A.

Aβ binding and O-GlcNAcylation happen in close
proximity on ATP synthase

The protein levels of OGA and OGT showed no changes in
Aβ-treated cells as well as in brain cortical extracts from the AD
mouse model having excessive amount of Aβ (Figs. 1A and 3A).
Our next question was how Aβ specifically modulates the

Figure 3. Effect ofAβonO-GlcNAcylationand the functionofATPsynthase.HeLacells

were treatedwithvehicle (Vcl) orAβ (3 µM, 24 h) andwhole cell lysateswere prepared.

The expression levels of the indicated proteins (A), ATP production (B) and ATPase

activity (C) were measured by western blotting or in vitro assays (n = 3 per group).

Bar graph in (A) shows densitometric quantification of O-GlcNAcylated ATP5A in

HeLa cells. The results were represented as mean± standard error from three

independent experiments. ***P< 0.001; **P< 0.01; n.s.: non-significant.

25 µM ST for 24 h). ATP production wasmeasured as described in Materials andMethods (n = 3 per group). (G) Effect of OGT knockdown on O-GlcNAc-ATP5A in HeLa cells.

HeLa cells were transfected with 20 nM siRNA against OGT. After 48 h, cells were fractionated and the mitochondrial and cytosolic fractions were analyzed by western

blotting with the indicated antibodies. (H) Effect of mOGT overexpression on O-GlcNAc-ATP5A in HeLa cells. HeLa cells were transfected with a FLAG-mOGT construct.

After 48 h, cells were fractionated and the mitochondrial fraction was analyzed by western blotting with the indicated antibodies. (I) Densitometric quantifications of O-

GlcNAcylated ATP5A levels in OGT knockdown system (G) andmOGToverexpressing cells (H). (J,K) ATP production (J) andATPase activity (K) fromprotein extracts of HeLa

cells transfected with siRNA against OGT or FLAG-mOGT construct. ATP production and ATPase activity were measured as described in Materials and Methods (n = 3 per

group). The results were represented as mean ± standard error from three independent experiments. ***P < 0.001; **P < 0.01; *P < 0.05; n.s.: non-significant.
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O-GlcNAcylation of ATP5A. To answer this question, molecular
modeling of the O-GlcNAcyl modification of the Thr432 residue
was performed in silico. Using the three dimensional structure
of bovine ATP5A (PDB ID: 1OHH), we mapped the O-GlcNAc-
Thr432 residue and found that the GlcNAc group was exposed
to the surface, making it accessible to OGA or OGT (Fig. 6A and B).
We then tried a docking simulation using the NMR structures
of human Aβ1-42 and bovine ATP synthase (Fig. 6C). Interestingly,
it revealed that Aβ could preferentially bind to the pocket be-
tween the C-termini of ATP5A and ATP5B, which is close to the
O-GlcNAcylation site of ATP5A. This close proximity between
the Aβ binding site and the Thr432 residue on ATP synthase
suggests the possibility that O-GlcNAcylation of ATP5A and Aβ

binding with ATP synthase affect each other. To confirm the re-
sult of the docking simulation between ATP synthase and Aβ

and also to test the expectations regarding the Aβ binding site
biochemically, we produced deletion mutants of ATP5A and
ATP5B (ATP synthase subunit β) having no pocket site (30), and
an Aβ-expressing construct targeted to the mitochondria by an
N-terminal targeting sequence (mito-Aβ) (31). When we overex-
pressed these constructs in cultured cells,mito-Aβwas co-immu-
noprecipitated with wild-type (WT) ATP5A and ATP5B but not
with the deletionmutants, confirming the location of the binding
site for Aβ on ATP synthase in mitochondria (Fig. 6D). Taken to-
gether, the binding site of Aβ on ATP5A and O-GlcNAcylation
site on ATP5A have close proximity based on docking simulation

Figure 4. Mapping of the O-GlcNAc modification sites on ATP5A. (A) LC-MS/MS result for putative O-GlcNAcylation sites on ATP5A. (B) Validation of O-GlcNAcylation on

ATP5A through site-directedmutagenesis. Cells were transfected with GFP, WTATP5A or mutant ATP5A in which putative O-GlcNAcylation sites were replaced with Ala.

After 48 h transfection, whole cell lysates were prepared and pulled downwith sWGA-agarose beads. O-GlcNAcylated ATP5Awas detected by western blotting. Bar graph

shows densitometric quantification of O-GlcNAcylated ATP5A in cells. (C) O-GlcNAcylation of ATP5A on Thr432. (D, E) ATP production (D) and ATPase activity (E) from

extracts of HeLa cell transfected with ATP5AWT or ATP5A T432 mutant construct (T432A). After 48 h, ATP production and ATPase activity were measured as described

in Materials and Methods (n = 3 per group). The results were represented as mean ± standard error from three independent experiments. **P < 0.01; *P < 0.05; n.s.: non-

significant.
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experiments even though Aβ binding site on ATP5A is different
from O-GlcNAcylation residue on ATP5A.

Up-regulation of O-GlcNAcylation rescued Aβ-reduced
ATP5A O-GlcNAcylation and ATP synthase activity

So far, it had been observed that Aβ targeted into the mitochon-
drial matrix bound to mitochondrial ATP synthase, resulting in
the inhibition of α subunitO-GlcNAcylation by probable competi-
tion between Aβ andmOGT. Next, we verified whether enhanced
ATP5A O-GlcNAcylation reverse this pathologically excessive
Aβ-induced impairments of ATP5A O-GlcNAcylation and ATP
synthase activity by up-regulation of O-GlcNAcylation using
ThG treatment (Fig. 7A). As a result, decreased O-GlcNAcylation
of ATP5A in response to excess of Aβ, implicating the pathological
condition, was rescued by ThG treatment, although ThG itself
showed no increase in ATP5A O-GlcNAcylation in the normal
condition, as shown in Figure 2C. This recovery effect was also
reproduced in cultured primary cortical neurons as well as
other cell line, Chinese hamster ovary (CHO) cells (Fig. 7A). We
also tested whether ThG treatment rescue the Aβ-induced inhib-
ition of ATP production and ATPase activity (Fig. 7B and C). As re-
sults, treatment with ThG partially but significantly rescued the
lowered ATP production and ATPase activity in Aβ-treated cells.
Next, we injected ThG into Tg6799mice (Tg) to confirm the recov-
ery effect of ThG in an in vivo system. The O-GlcNAcylation level

of whole proteins extracted from brain tissue was up-regulated
by i.v. injection of ThG. Also, administration of ThG restored
the diminished O-GlcNAcylated ATP5A levels in Tg6799 mouse
brains (Fig. 7D). Furthermore, ThG-injected Tg6799 mice showed
restored ATP production, similar to that seen in HeLa cells
(Fig. 7E). Taken together, up-regulation of O-GlcNAcylation using
ThG treatment recovers pathologically excessive Aβ-induced
impairments of ATP5A O-GlcNAcylation and ATP synthase
activity.

Discussion
Disruption of ATP synthesis has detrimental effects on thatmost
essential of cellular events: the demand for energy. It has been
known for a long time that a continuous decline in bio-energetic
capacity is related to the aging of the mammalian nervous sys-
tem. It has also been reported that ATP levels and, more recently,
ATP synthase activity are decreased in the brains of AD patients
(17). However, the underlying mechanisms are still not clear.

One of the possible mechanisms for the deterioration in ATP
synthesis in normal aging andADdevelopment could be a change
in post-translational modifications on the subunits of ATP syn-
thase. Many post-translational modifications such as nitration,
S-nitrosylation, tryptophan oxidation, acetylation and phosphor-
ylationhave been reported for thevarious components ofATPsyn-
thase (32–34). O-GlcNAcylation is another post-translational

Figure 5. Blocking of the interaction between ATP5A and mOGT by Aβ treatment. (A) Co-immunoprecipitation of FLAG-mOGT and ATP5A-GFP. Cells were co-transfected

with FLAG-mOGT, ATP5AWTorATP5AT432mutant construct (T432A). After 48 h, cells were fractionated and themitochondrial fractionwas analyzed bywestern blotting

with the indicated antibodies. Bar graph shows densitometric quantification of immunoprecipated band. (B) Cells overexpressing FLAG-mOGT and ATP5A-GFP were

treated with 3 µM Aβ for 48 h. Prepared mitochondrial fraction was analyzed by western blotting with the indicated antibodies. Bar graph shows densitometric

quantification of immunoprecipated band. The result was represented as mean ± standard error from three independent experiments. **P < 0.01; *P < 0.05. Stars

indicate overexpressed protein.
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modification of proteins that could provide a possiblemechanism
for modulating ATP synthase activity. This assumption is sup-
ported by the existence of a mitochondrial isoform of OGT
(mOGT). Indeed, recent two reports using mass spectrometry
have revealed evidence that ATP5A and/or ATP5B could be
O-GlcNAcylated (35,36). In these reports, however, it was not con-
firmedwhether themodification of subunits affects the activity of
the whole enzyme complex.

In our present study, ATP5Awas found to beO-GlcNAcylated on
Thr432 residue and the level of ATP5A O-GlcNAcylation was re-
duced in ADhuman tissue andADmousemodel. Based on this ob-
servation, we found that regulation of theO-GlcNAcylmodification
using chemical inhibitors or genetic modulation affected ATP syn-
thase activity and theproductionofATP. Furthermore, extracellular
Aβ reported to be imported into themitochondrial matrix as previ-
ous study (37) bound directly with the ATP synthase in close prox-
imity to the O-GlcNAcylation site of ATP5A (Fig. 6). The interaction
between Aβ and the alpha subunit of ATP synthase hampered the
binding of mOGT on its recognition site in pathological condition,
resulting in decreased ATP synthase activity and ATP production
in AD (Fig. 8).

Interestingly, in spite of the presence of mOGT, only a few
reportshave considered theO-GlcNAcylationofmitochondrial pro-
teins andmost of themhave just reported evidence forO-GlcNAcy-
lation using a proteomic approach (35,38). None of these studies

linked the effects of O-GlcNAcylation to the functional modulation
of proteins. Here, we showed for the first time that the activity of
ATP synthase, which is located in the mitochondrial inner mem-
brane facing the mitochondrial matrix, is modulated by O-GlcNA-
cylation. It is intriguing that our data suggest ATP synthase
subunit β (ATP5B) might be also O-GlcNAcylated (Supplementary
Material, Table S2). The catalytic F1 subunit of ATP synthase,
which consist of three α- and three β-subunits, is crucial for regulat-
ing its activity (9). The dissociation of the level ATP/ATPase activity
from the level of O-GlcNAc-ATP5A raises the possibility that
O-GlcNAcylation of other ATP synthase subunits also have effect
on coordinating its function. Their relationships with O-GlcNAc-
dependent mechanisms deserve further investigation.

On the other hand, tomodulate the activity of certain proteins
throughO-GlcNAcylation, cells should be equipped with enzymes
that catalyse reactions in both the catabolic and anabolic direc-
tions, suchasncOGTandOGA for theO-GlcNAcylationof cytosolic
proteins and kinases and phosphatases for phosphorylation (39).
Our results clearly showed that Aβ treatment significantly down-
regulated the O-GlcNAcylation of ATP5A (Figs. 3A and 7A) and
this effect was rescued by enhanced O-GlcNAcylation using ThG
treatment (Fig. 7A). These results suggest that the O-GlcNAcyla-
tion of ATP5A is removed under certain conditions and, in turn,
it is restored by up-regulation of O-GlcNAcylation. Furthermore,
our data showed that pathologically excessive Aβ treatment or

Figure 6. Binding of Aβ to ATP synthase. (A) Overall view of glycosylated ATP synthase complex. O-GlcNAcylation of ATP5A (red) on Thr432 is shown as a stick model. The

neighboring β subunit (ATP5B) is colored in green. (B) Enlarged view of the O-GlcNAcylation site. (C) Molecular docking simulation between ATP synthase and Aβ. ATP5A,

red; ATP5B, green; Aβ, orange. (D) Validation of Aβ binding on ATP synthase. Cells were transfected with control GFP vector or GFP-taggedWTor deletionmutant ATP5A/B

(DM) in combinationwithmitochondria-targeted Aβ (mito-Aβ). After 48 h transfection, whole cell lysates were prepared and immunoprecipitatedwith anti-GFP antibody.

The co-immunoprecipitated Aβ was detected with anti-Aβ mAb (6E10). Star indicates overexpressed protein.
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Figure 7. Restoration of impaired ATP5AO-GlcNAcylation by enhanced O-GlcNAcylation. HeLa cells, CHO cells and primary cultured cortical neuronswere treatedwith Aβ

(3 µM, 24 h) in the presence or absence of ThG and thenwhole cell lysateswere prepared. The levels ofO-GlcNAcylated and total ATP5A (A), ATP production (B) andATPase

activity (C) were measured by western blotting or in vitro assays, respectively (n = 3 per group). Bar graphs in (A) show densitometric quantification of O-GlcNAcylated

ATP5A in each cell. The results were represented as mean ± standard error from three independent experiments. ***P < 0.001, **P < 0.01 and *P < 0.05 versus vehicle

(Vcl)-treated; ##P < 0.01 and #P < 0.05 versus Aβ-treated; n.s.: not significant. (D) Total proteins were extracted from the dissected cortices of mice (Littermate + saline,

LT; Tg6799 + saline, Tg; Tg6799 + ThG, Tg + ThG) to determine the indicated protein levels. Total O-GlcNAcylated proteins were pulled down with sWGA-agarose beads

from cortex lysates and the level of O-GlcNAc-ATP5A was then assessed by western blotting with an anti-ATP5A mAb. Bar graph shows densitometric quantification

of O-GlcNAcylated ATP5A (n = 4 per group). *P < 0.05 versus LT; ###P < 0.001 versus Tg; n.s.: not significant. (E) ATP production was measured in brain extracts from

mice (Littermate + saline, LT; Tg6799 + saline, Tg; Tg6799 + ThG, Tg + ThG) (n = 4 per group). The results were represented as mean ± standard error from three

independent experiments. ***P < 0.001 versus LT; #P < 0.05 versus Tg; n.s.: non-significant.
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overexpression of the ATP5AT432Amutant inhibited the access of
mOGT toATP5A (Fig. 5). This result indicates that the interaction of
mOGTwith ATP5A is critical for regulation of ATP5AO-GlcNAcyla-
tion in mitochondria. Recently, Hart and his colleagues first
identified mitochondrial OGA (mOGA) in cardiac tissue using
transmission electron microscopy (TEM) (40). However, the struc-
ture and role ofmOGA inbrain are poorly understoodyet.Mechan-
isms of O-GlcNAc cycling enzyme reaction in mitochondria are
still questionable, both Aβ and mOGA may compete with mOGT.
It may be that, OGA inhibition possibly can give chance to access
more mOGT to ATP5A and thus promotes O-GlcNAcylation.
Although our collective data support the predicted model shown
in Figure 8, we cannot rule out the precise mechanism how
mOGA and Aβ compete with mOGT. Additional detailed studies
are required to understand the precise mechanisms involved in
regulating O-GlcNAcylation of other mitochondrial proteins.

Another known regulator of ATP synthase activity is inhibitory
factor 1 (IF1) (30).Walker et al. reported that dimerized IF1 bound to
the cleft between the α and β subunits. According to ourmolecular
docking simulation, the binding site of IF1 on ATP synthase does
not overlap with the O-GlcNAcylation site, Thr432. However, it is
still possible that O-GlcNAcylation induces a conformational
change in the IF1 binding cleft. Therefore, it would be interesting
to test whether the O-GlcNAcylation of Thr432 affects the binding
of IF1 to ATP synthase.

Consistent with our result shown here, the Vocadlo group has
suggested a link between O-GlcNAcyl modifications and the
pathogenesis of AD. They showed that increased O-GlcNAcyla-
tion of Tau could ameliorate the formation of tangles by decreas-
ing phosphorylation of tau (41). Based on these observations, we
suggest that the modulation of O-GlcNAcylation can be a way to
influence the pathogenesis of AD.

Methods
Animal and human brain samples and intravenous
injection

Tg6799 mice overexpressing human amyloid precursor protein
(APP) 695with three familial AD (FAD)mutations (Swedish, Florida
and London) and human presenilin 1 (PS1) with two mutations
(M146L and L286V) under the transcriptional control of themurine
Thy-1 promoter (5X FAD mice) were purchased from Jackson
Laboratories (Bar Harbor, ME, USA). Human brain samples were
obtained from Mayo clinic, college of medicine (see Supplemen-
tary Material, Table S1 for additional information). Seven-month
old Tg6799 and littermate B6/SJL mice were used for brain tissue
analysis (Oakley et al., 2006). For intravenous injection, 7-month
old mice were anesthetized with Zoletil and Rompun mixture
(1 ml/kg intraperitoneally). ThG (50 mg/kg) or vehicle was daily
administrated into the femoral vein for 2 days.

Cell culture and transfection

HeLa and CHO cells were cultured in Dulbecco’s modified Eagles
medium (DMEM; HyClone, USA) supplemented with 10% fetal calf
serumand penicillin/streptomycin at 37°C under 5%CO2. For trans-
fection, constructs indicated in the figure legendsweremixedwith
Fugene HDat a 1:3 ratio or Lipofectamine LTX in Opti-MEM (GIBCO-
BRL, USA). After 15 min, the mixture was added to the culture and
incubated for 48 h. To obtain whole cell lysates, cells were washed
twice with cold PBS and then lysed with cold RIPA buffer (Intron
Biotechnology, Korea) containing protease inhibitor cocktail
(Sigma, USA). The lysates were centrifuged at 16 000 ×g for
10 min. The supernatants were used as whole cell lysates.

Figure 8. Schematic diagram.
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Primary cortical neuron culture

Wild-type mouse brains were dissected at postnatal day 1 and
incubated with trypsin (0.25%, 30 min at 37°C; Sigma, USA).
Dissociated neurons were plated on the dishes pre-coated with
poly-D-lysine and incubated for 21 days in NeuroBasal medium
supplemented with B27 and penicillin/streptomycin.

Chemicals, cDNAs and siRNAs

N-acetylglucosamine and β-hexosaminidase (β-HEX) were pur-
chased from New England Biolabs (USA). Thiamet G and
ST045849 were purchased from Sigma (USA) and Timtec (USA), re-
spectively. The cDNA construct for ATP5A-FLAG, ATP5B-FLAG, nu-
cleo/cytosolic OGT (ncOGT) and mOGT was a kind gift from Dr Jin
Won Cho of Yonsei University (Seoul, Korea). ATP5A-GFP and
ATP5B-GFP constructswere generated usingGateway cloning tech-
nology (Invitrogen, USA). The deletion mutant constructs of
ATP5A-GFP (Δ 355/405–408) and ATP5B-GFP (Δ 386/394–456) were
made using site-directed mutagenesis kit (Enzynomics, Korea) ac-
cording to the manufacturer’s instructions. The siRNAs for OGT
werepurchased fromBioneer (Korea),with siRNAsequences as fol-
lows: sense 5′-GGAGCCUUGCAGUGUUAUA (dTdT)-3′, antisense
5′-UAUAACACUGCAAGGCUCC(dTdT)-3′.

Aβ preparation and treatment

Aβ1-42 peptide purchased fromAmerican Peptidewas dissolved in
hexafluoroisopropanol and lyophilized in a Speedvac (Labconco,
USA). The lyophilized peptideswere dissolved in dimethylsulfox-
ide (DMSO) at a final concentration of 1 m.

Mitochondrial fractionation

For mitochondrial fractionation, cells were harvested with hypo-
tonic buffer [20 m HEPES (pH 7.6), 220 m mannitol, 70 m su-
crose, 1 m EDTA and 0.5 m phenylmethylsulfonyl fluoride].
After swelling for 15 min on ice, cells were homogenated using
30 strokes of a Dounce homogenizer. Cell homogenates were cen-
trifuged at 800 ×g at 4°C for 10 min to remove the nuclear pellet.
Mitochondria in the supernatant were pelleted by centrifugation
at 10 000 ×g at 4°C for 20min.

sWGA-agarose pull down, immunoprecipitation
and western blotting

For immunoprecipitation of GFP-tagged ATP5A, cells were lysed
in 1% NP-40 buffer (25 m Tris–HCL, pH 6.8, 150 m NaCl, 1 m

EDTA, 5% Glycerol) containing protease inhibitor cocktail
(Sigma, USA) and O-GlcNAcase inhibitor (ThG). GFP-tagged pro-
teins were incubated with GFP antibody at 4°C for 12 h and then
with protein A/G beads at 4°C for 2 h. For immunoprecipitation of
O-GlcNAcylated ATP5A, cells or brain tissues were lysed in RIPA
buffer containing protease inhibitor cocktail (Sigma, USA) and
O-GlcNAcase inhibitor (ThG). O-GlcNAcylated proteins were
pulled down using sWGA-conjugated agarose beads at 4°C for
12 h. In both cases, precipitates were centrifuged, and washed
with washing buffer before the beads were re-suspended in
SDS-PAGE buffer. Samples were boiled for 5 min, separated in
4–12% Bis-Tris Nu-PAGE gels (Invitrogen, USA) and transferred
onto polyvinylidene difluoride (PVDF) membranes. Membranes
were blocked with 5% skim milk (Bioworld, USA) for 1 h and
then probed with antibodies against the indicated proteins,
using monoclonal antibodies against ATP5A (Abcam, UK), RL2
(Abcam, UK), GFP (Abcam, UK), Tom20 (SantaCruz, USA), β-actin

(Sigma, USA), 6E10 (Covance, USA) for APP full-length (FL) and
C-terminal fragments (CTFs), and polyclonal antibodies
against OGT (Sigma, USA), OGA (Sigma, USA), GAPDH (Millipore,
Germany), TIMM17b (Abcam, UK).

Measurement of total ATP

Cellular ATP levels were measured using the ATP Determination
Kit (Molecular Probes, USA) according to the manufacturer’s in-
structions. A 90-µl aliquot of ATP Determinant Kit reaction solu-
tionwas added to 10 µl of total cell lysate in a 96-well plate. Plates
were agitated for 1 min and luminescence was measured. ATP
production was also determined in brain samples from WT and
5XFAD mice, according to the manufacturer’s protocol (Abcam,
UK). In brief, isolated brains were homogenized with ATP assay
buffer; 50 µl of the reactionmixwas added to 50 µl of tissue hom-
ogenate. ATP production was measured by fluorescence with an
excitation wavelength of 535 nm and an emission wavelength of
587 nm.

ATPase activity assay

ATPase activity was measured in HeLa cell homogenates with an
ATP synthase Enzyme Activity Microplate Assay Kit (Abcam, UK)
according to the manufacturer’s instructions. Briefly, 1 µg/µl of
each solubilized fraction was loaded into thewells of amicroplate
pre-coated with monoclonal anti-ATP synthase antibody. A 40-µl
aliquot of Lipidmix was added to eachwell after 3 h incubation at
room temperature (RT). Plateswere incubated for 45 min at RTand
an equal volume of reagent mix was added. The ATPase activity
ratewasmeasuredas the change inabsorbance at 340 nmover 2 h.

O-GlcNAcylated peptide enrichment and mass
spectrometry analysis

The O-GlcNAc sites were analyzed using a mass spectrometer as
previously described (42). Briefly, proteins isolated from the dis-
sected cortices of Tg6799 mice or LTs were dissolved in 8 M
urea and reducedwith 10 mDTT for 1 h at RT, followed by alkyl-
ationwith 30 m iodoacetamide for 30 min at RT in the dark. Pro-
teins were incubated with sequencing grade-modified trypsin
(Promega, USA) overnight at 37°C. Peptides were desalted using
a C18 Sep-Pak cartridge (Waters Corp., USA). The digested sam-
ples were resuspended in 25% acetic acid and subjected to separ-
ation of O-GlcNAcylated and phosphorylated peptides using a
TiO2 affinity column. O-GlcNAcylated peptide fractions were fur-
ther subjected to β-Elimination/Michael Addition with DTT
(BEMAD). The DTT-modified samples were enriched using thio-
propyl sepharose 6B beads (GE HealthCare Life Sciences, UK) for
further analysis.

The peptideswere dissolved in 50 µl solvent A [2% acetonitrile
(ACN), 0.1% formic acid (FA) in H2O], and 5 µl of the sample was
analyzed by MS using a C18 column with a 2–38% gradient of
solvent B (98% ACN, 0.1% FA in H2O) for 90 min at a flow rate of
300 nl/min (43). MS datawere recorded on an LTQ Orbitrap (Ther-
mo Fisher Scientific, USA) interfaced with a nano-HPLC system
(Easy nLC, Thermo Fisher Scientific, USA). Tandem mass spectra
(MS/MS) were analyzed using the Sorcerer-SEQUEST search pro-
gram. UniProt was used for database searching with carbamido-
methyl (C) as a fixed modification and parameters set for
oxidation of methionine and DTT-derivatized peptides, includ-
ing mass increases of 136.25 Da (DTT) for serine and threonine.
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Molecular dynamics simulation and molecular docking
simulation

Molecular dynamics simulations of the GlcNAcylated ATP syn-
thase complex were performed using CHARMM (44). The starting
structure for the ATP synthase complex was based on the X-ray
structure (PDB ID: 1OHH) (30). After the irrelevant ligand was
omitted from this structure, the carbohydrate O-GlcNAc was
anchored at the Thr432 residue on the α subunit of the ATP syn-
thase complex using the PATCH command in CHARMM. The
CHARMM36 force field was used to parameterize all atoms of
the ATP synthase complex and the bound GlcNAc moiety. This
systemwasminimized in vacuumusing the 100 steps of steepest
descent (SD) method, followed by 1000 steps of the adopted basis
Newton–Raphson (ABNR) method with 0.01 kcal/mol tolerance
gradients. The solvated system was constructed using periodic
boundary conditions with an octahedral water box, in which ba-
lanced ion molecules were added to neutralize the system, and
the Particle Mesh Ewald method was used for computing long-
range electrostatic interactions. The number of grid points for
the charge mesh and the κ value were 150 and 0.34, respectively.
After simple SD and ABNR minimization with 50 steps, the sys-
tem was heated from 110 to 310 K for 10 000 steps with 1-femto-
second (fs) time steps. The bond lengths of all atoms were
constrained by the SHAKE command, and the non-bonded inter-
actions were truncated with a 16-Å cutoff. The system was equi-
librated at a constant 310 K for 120 picoseconds with 1 fs time
steps. The temperature and pressure of the system were regu-
lated using Hoover’s thermostat and the pressure pistonmethod,
respectively. All subunits of the ATP synthase complex and Aβ
(PDB ID: 2LFM) structures were submitted to the ClusPro 2.0 pro-
tein-protein docking server as receptor and ligand, respectively
(45). The default parameters were used for the fast rigid-body
docking algorithm. The top 10 structures based on balanced
scores were chosen to compare the results of MD simulations.

Statistical analysis

The results were analyzed by unpaired t-tests or one-way analysis
of variance (ANOVA) with Bonferroni post-hoc tests for multiple
comparisons (*P < 0.05, **P < 0.01, ***P < 0.001 versus vehicle-treated
sample; #P < 0.05, ##P < 0.01, ###P < 0.001 versus treated sample).
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