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Superoxide is the primary reactive oxygen species generated in the mitochondria. Manganese super-
oxide dismutase (SOD2) is the major enzymatic superoxide scavenger present in the mitochondrial
matrix and one of the most crucial reactive oxygen species-scavenging enzymes in the cell. SOD2 is
activated by sirtuin 3 (SIRT3) through NAD " -dependent deacetylation. However, the exact acetylation
sites of SOD2 are ambiguous and the mechanisms underlying the deacetylation-mediated SOD2
activation largely remain unknown. We are the first to characterize SOD2 mutants of the acetylation
sites by investigating the relative enzymatic activity, structures, and electrostatic potential of SOD2 in
this study. These SOD2 mutations affected the superoxide-scavenging activity in vitro and in HEK293T
cells. The lysine 68 (K68) site is the most important acetylation site contributing to SOD2 activation and
plays a role in cell survival after paraquat treatment. The molecular basis underlying the regulation of
SOD2 activity by K68 was investigated in detail. Molecular dynamics simulations revealed that K68
mutations induced a conformational shift of residues located in the active center of SOD2 and altered the
charge distribution on the SOD2 surface. Thus, the entry of the superoxide anion into the coordinated
core of SOD2 was inhibited. Our results provide a novel mechanistic insight, whereby SOD2 acetylation
affects the structure and charge distribution of SOD2, its tetramerization, and p53-SOD2 interactions
of SOD2 in the mitochondria, which may play a role in nuclear-mitochondrial communication
during aging.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

In mammalian cells, the mitochondrion is the major site of [2,5-7]. The superoxide anion O3

many oxidative stress- and age-related diseases, including neurode-
generative diseases, atherosclerosis, carcinogenesis, and diabetes
~ is the primary ROS produced by

adenosine triphosphate production and a vital site for other diverse
cellular functions, including metabolism, generation of reactive
oxygen species (ROS)?, stress response, and apoptosis [1-3]. Despite
ongoing controversies, theoretically, the mitochondrion has been
regarded as the biological clock for aging [4]. The imbalance between
mitochondrial ROS production and antioxidant capacities underlies

Abbreviations: SOD2, manganese superoxide dismutase; ROS, reactive oxygen
species; MD, molecular dynamics; PTM, posttranslational modification; Anh, acetic
anhydride; MnTM-4-PyP, manganese(Ill) meso-tetrakis (N-methylpyridinium-4-yl)
porphyrin.
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complexes I and III of the electron transport chain in the mitochon-
drion. O3~ is one of the toxic oxygen radicals that could further lead
to formation of other oxidative species, such as hydrogen peroxide
(Hy0,), hydroxyl radical, and peroxynitrite (OONO ), which inflict
damage on both the mitochondria and the cell. In the mitochondrial
matrix, the steady-state concentration of O3~ may be estimated to
be as low as 10~ '° M [8], which is believed to be maintained by the
scavenging enzymes within the mitochondria, such as superoxide
dismutase (SOD) and/or superoxide reductase [9]. However, Wang
et al. [10] indicated that the mitochondria undergo bursts of super-
oxide production at a single mitochondrial level, which is called
“superoxide flash,” signifying the fluctuating concentrations of the
superoxide molecules in the mitochondria. Among all the ROS-
scavenging enzymes in the mitochondria, manganese superoxide
dismutase (SOD2 or MnSOD) is the pivotal antioxidant enzyme that
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catalyzes the dismutation of superoxide radicals to hydrogen per-
oxide and molecular oxygen, protecting cells from oxidative stress.
The intramitochondrial level of SOD2 is believed to be 10 to 40 pM.
This dismutation reaction is considered to be fast, similar to diffusion
(k = 2.3 x 10° M~ !s~1), indicating that this reaction is catalyzed by
a highly effective superoxide dismutase [8]. In various studies, many
investigators have characterized different SOD2 mutants to illustrate
the biological function and structure-activity relationship of SOD2;
however, nobody has acquired a mutant with activity higher than
that of wild-type SOD2 [11-15]. In recent years, several studies have
reported that the antioxidative activity of the SOD2 is regulated by
many posttranslational modifications (PTMs), including acetylation
[16,17], methylation [18], phosphorylation [19], nitration [14,20], and
glutathionylation [20]. These explorations have provided new meth-
ods to possibly obtain a higher-activity mutant form of SOD2 by
changing the PTMs in SOD2.

Lysine acetylation has emerged as a key regulatory mechanism of
protein function in diverse biological processes, including histone
degradation [21], chromatin remodeling, transcription, and metabo-
lism pathways in the mitochondria [22]. Compared with cytosol, the
mitochondrion is a preferable environment for the acetylation
reaction because of the higher concentration of acetyl-CoA (3- to
50-fold that of cytosol), which provides the acetyl group for acetyla-
tion, and the high pH (pH 8.0) [23], at which the nonenzymatic
process of acetylation may occur. Recently, large-scale proteomic
approaches have identified numerous mitochondrial acetylated pro-
teins in both humans and mice [24-26], of which many are the
enzymes involved in the intermediary metabolic processes, including
fatty acid metabolism, urea cycle, tricarboxylic acid cycle, and
gluconeogenesis. According to Xiong and Guan, these metabolic
enzymes are affected by acetylation in a coordinated manner through
various mechanisms, such as inhibition, activation, and protein
destabilization [27]. Meanwhile, the cross talk between acetylation
and phosphorylation/methylation regulates the key enzymes of the
metabolism in response to different physiological stimulations [28].
SOD2 functions as the first responsive enzyme in the mitochondria to
cope with the surge of superoxide molecules and is activated by
deacetylation of specific lysine (K) residues, including K53, K68, K89,
K122, and K130, which are identified in both humans and mice by
mass spectrometry [17,29-31]. As shown in Fig. 1, these lysine
residues (marked red) are conserved among various species, includ-
ing yeast, Drosophila, mouse, rat, and bovine. One intriguing problem
is that the acetylation sites identified in SOD2 in humans are
different from those in mice; for instance, K122 is the acetylation
site in mice, whereas K68 is the acetylation site in humans [30]. The
deacetylation of these lysine residues in SOD2 is catalyzed by SIRT3
[30], a mitochondrial deacetylase [32] of the sirtuin family that

functions in the regulation of antioxidative responses [33-35].
Although the deacetylation-mediated SOD2 activation seems to be
clearly illustrated in the aforementioned studies, the mechanism
underlying this activation by which the acetylation site exactly
determines the SOD2 activity in humans and whether there may
exist any unknown sites that are also involved in SIRT3-mediated
deacetylation of SOD2 remain to be elucidated. Meanwhile, the
mechanism underlying the acetylation-dependent SOD2 activity
remains unclear. To answer these questions, one explanation that is
consistent with the model proposed by Fridovich et al. in 1983 [36]
indicated that deacetylation of lysine residues could form a cationic
region to attract the negatively charged superoxide molecules, which
increases the SOD2 activity [37]. However, more experiments are
needed to demonstrate the existence of such a mechanism. In this
study, we aimed to further investigate the SOD2 acetylation mechan-
isms. By applying the novel method of nonenzymatic covalent
conjugation to add acetyl groups to lysine residues, we confirmed
that lysine acetylation decreased the SOD2 activity in vitro. We
identified more potential acetylation sites, such as K154 and K194, in
SOD2. In addition, we investigated the details of the contributions of
each of these lysine residues to SOD2 acetylation and activity in
HEK293T cells. In this work, we highlighted K68 as the most
important among the investigated acetylation sites in modulation
of SOD2 activity in human cells. We also studied the mechanism by
which the acetylation of these lysine residues affects the SOD2
activity. Through molecular dynamic simulations, we revealed that
K68 mutations could cause significant conformational changes in the
coordinated active core and alter the entire charge distribution of
SOD2. We found that these mutations also affected the tetramer
stability and protein-protein interactions of SOD2. These findings
imply a novel function of lysine acetylation in SOD2 that is important
for the enzymatic activity of SOD2 and disturbs the overall SOD2
structure and tetramerization. Thus, the endogenous SOD2 activity in
human cells is regulated in a combined manner.

2. Materials and methods
2.1. Protein expression, purification, and site-directed mutagenesis

For protein expression in Escherichia coli, full-length SOD2 cDNA
was subcloned into the pET26b(+) vector and the plasmid was
transformed into BL21(DE)3 competent cells. Bacterial cells were
grown in Luria-Bertani broth containing 50 pg/ml kanamycin. Iso-
propyl [-p-1-thiogalactopyranoside (0.6 mM) was added when the
ODgoo reached 0.6. The expression of His-tagged SOD2 was induced at
16 °C overnight. The E. coli cells were then collected and lysed with

K25 K53 K68 K75 K89
SODM_MOUSE]| MLCRAACST—GRRLGPVAGAAGSRHKHSLPDLPYDYGALEPHINAQIMQLHHSKHHAAY VNNLNATEEKYHEA————] LAKGDVTTQVALQPALKFN
SODM_HUMAN| ML SRAVCGT—SRQLAPALGYLGSRQKHSLPDLPYDYGALEPHINAQIMQLHHSKHHAAY VNNLNVTEEKYQEA————] LAKGDVTAQIALQPALKFN
SODM_RAT| MLCRAACSA—GRRLGPAASTAGSRHKHSLPDLPYDYGALEPHINAQIMQLHHSKHHATY VNNLNVTEEKYHEA————] LAKGDVTTQVALQPALKFN
SODM_DROME| —————MFV—ARKISP-NCKPGVRGKHTLPKLPYDYAALEPI ICREIMELHHQKHHQTY VNNLNAAEEQLEEA————— KSKSDTTKLIQLAPALRFN
SODM1_CAEEL| MLQNTVRCV—SKLVQPI TGVAAVRSKHSLPDLPYDYADLEPVISHEIMQLHHQKHHATY VNNLNQI EEKLHEA————— VSKGNVKEATALQPALKFN
SODM_YEAST]| MFAKTAAANLTKKGGLSLLSTTARRTKVTLPDLKWDFGALEPYISGQINELHYTKHHQTY VNGFNTAVDQFQELSDLLAKEPSPANARKMI AT QQNIKFH
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GGGEPKGELLEAIKRDFGSFEKFKEKLTAVSVGVQGSGWGWLGFNK-EQGRLQIAACSNQDPLQGTTGLIPLLGI DVWEHAYYLQYKNVRPDYLKAT'
GGGEPKGELLEATKRDFGSFDKFKEKLTAASVGVQGSGWGWLGFNK—ERGHLQI AACPNQDPLQGTTGLIPLLGI DVWEHAYYLQYKNVRPDYLKAT
GGGEPKGELLEAIKRDFGSFEKFKEKLTAVSVGVQGSGWGWLGFNK—EQGRLQIAACSNQDPLQGTTGLIPLLGIDVWEHAYYLQYKNVRPDYLKAT'
—KTQPSDDLKKATESQWKSLEEFKKELT TLTVAVQGSGWGWLGFNK—KSGKLQLAALPNQDPLEASTGLIPLFGIDVWEHAYYLQYKNVRPSYVEAT
DGGEPSAELLTAIKSDFGSLDNLQKQLSASTVAVQGSGWGWLGYCP—KGKILKVATCANQDPLEATTGLVPLFGIDVWEHAYYLQYKNVRPDYVNAT
GGEPPTGALAKAI DEQFGSLDELIKLTNTKLAGVQGSGWAFIVKNL SNGGKLDVVQTYNQDTVT——GPLVPLVATIDAWEHAY YL QY QNKKADYFKAT'
GGGEPQGELLEAIKRDFGSFAKFKEKLTAY SVGVQGSGWGWLGFNK—EQGRLQIAACSNQDPLQGTTGLIPLLGI DVWEHAYYLQYKNVRPDYLKAT'

Fig. 1. The sequence alignment of SOD2 from various species. SOD2 sequences from various species were aligned and acetylated lysines that have been reported in mouse
and human are marked red. DROME refers to Drosophila melanogaster, and CAEEL refers to Caenorhabditis elegans.



116 J. Lu et al. / Free Radical Biology and Medicine 85 (2015) 114-126

lysozyme and the supernatant was incubated with Ni-NTA agarose
(Novagen), washed with 50 mM imidazole buffer four times, and
eluted with 500 mM imidazole. Sodium dodecyl sulfate polyacryla-
mide gel electrophoresis (SDS-PAGE) was performed to test the purity.
The concentration of purified proteins was determined with the
BCA assay and equal amounts of wild-type and lysine mutants
were subjected to inductively coupled plasma-mass spectrometry
(ICP-MS) analysis to test the manganese concentration. For their
expression in HEK293T cells, pCMV6-SOD2-Myc-DDK (Origene)
expression vectors carrying human SOD2 ¢DNAs with wild-type and
lysine mutations were transfected into HEK293T cells using Megatran
1.0. HEK293T cells were cultured in Dulbecco's modified Eagle's
medium containing 10% fetal bovine serum at 37 °C and 5% CO.. The
cells described above were lysed in RIPA lysis buffer supplemented
with complete protease inhibitor cocktail (Roche) and cell debris was
removed by centrifugation at 13,000 rpm for 20 min. The concentra-
tions of proteins from the lysate were quantified by BCA assay. The
expression level of SOD2 protein was measured using Western
blotting with anti-c-myc and anti-SOD2 antibodies (Santa Cruz
Biotechnology, Santa Cruz, CA, USA). A QuickChange Lightning Site-
Directed Mutagenesis Kit (Stratagene) was used to mutate lysine
residues at positions 25, 53, 68, and 122 of SOD2 to glutamine,
alanine, or arginine, respectively.

2.2. Measurement of SOD activity

SOD activity was measured with the WST-1 assay. Purified
SOD2 protein and the mutant proteins were diluted in phosphate-
buffered saline to the final concentration of 0.01 mg/ml, and 20 ul
of protein solution was added to the reaction system containing
superoxide generated by xanthine oxidase, and the inhibition rate
of the oxidation of WST-1 formazan was measured with Kits
(Beyotime) according to the manufacturer's protocol. For measure-
ment of total SOD activity in cellular homogenates, cell lysates in
RIPA buffer were diluted to the final concentration of 0.50 mg/ml,
and 20 pl of lysates was added to the reaction system. To measure
the SOD2 activity, the cell lysates were incubated with 5 mM NaCN
to inhibit SOD1 activity before addition to the reaction system.
SOD1 activity was obtained by subtracting SOD2 activity from total
SOD activity.

2.3. Chemical acetylation and deacetylation reaction in vitro

Purified SOD2 protein was ultrafiltered in potassium phosphate
buffer (pH 8.0) four times until the imidazole concentration was
much lower. SOD2 at 2.5 mg/ml and acetic anhydride at 150 pM
(Sigma, St. Louis, MO, USA) were mixed together (1:1) and the
mixed solution was incubated at room temperature for 1 h. Tris—
HCl (pH 8.0, 50 mM) was the added to quench the acetylation
reaction.

2.4. Analyses of acetylated SOD2 and acetylated SOD2 mutants with
mass spectrometry

For the MS analysis of chemically acetylated SOD2, 500 ng of
acetylated or nonacetylated SOD2 was separated by SDS-PAGE and
stained with Coomassie blue. The Coomassie blue-stained SOD2
protein bands were excised from the gel and the SOD2 protein-
containing gel slices were digested with trypsin, subjected to
tandem mass spectrometry, and analyzed by OrbiTrap analyzer.
For MS analysis of the SOD2 expressed in HEK293T cells, 0.4 uM
trichostatin A and 10 mM nicotinamide were added to the culture
medium 12 h before harvest. Total cellular protein extracts pre-
pared from HEK293T treated with or without MnTM-4-PyP were
resolved using gel electrophoresis.

2.5. Western blot analysis

The samples were prepared following the protocols of protein
expression and extraction described above. Twenty micrograms of
total protein from each sample in loading buffer was boiled and
separated by 12% SDS-PAGE and electroblotted onto a polyvinyli-
dene difluoride membrane. The membrane was blocked with 5%
nonfat milk in TBST (50 mM Tris-HCl, 150 mM Nacl, and 0.02%
Tween 20, pH 7.5) at room temperature for 1 h and then incubated
with rabbit/mouse polyclonal antibodies overnight at 4 °C. Anti-c-
myc antibodies (1:2000, Santa Cruz Technology); anti-acetyllysine,
anti-SIRT3, and anti-p53 antibodies (1:1000, Cell Signal Technol-
ogies); or anti-SOD2 antibodies (1:2000, Santa Cruz Technology)
were diluted in TBST containing 5% defatted milk. The membranes
were rinsed three times, each time for 10 min with TBST, followed
by incubation with horseradish peroxidase-conjugated goat anti-
rabbit/mouse IgG (1:5000) at room temperature for 1h. After
another three rinses with TBST as above, the protein bands were
developed by an enhanced chemiluminescence detection kit
(Millipore). The optical bands were visualized in a Fuji LAS-3000
dark box (FujiFilm Systems, Stamford, CT, USA) and band densities
were quantified using Quantity One Analysis software.

2.6. Immunoprecipitation assay

Immunoprecipitation was performed by following the manu-
facturer's supplied protocol (Direct IP from Pierce Chemical Co.,
Rockford, IL, USA). Proteins from cells were extracted in lysis buffer
(50 mM Tris-Cl, pH 7.5, 150 mM Nacl, 10% glycerol, 2 mM MgCl,,
1 mM dithiothreitol, and 1% NP-40) supplemented with a Com-
plete protease inhibitor cocktail (Roche). Protein extracts were
subjected to centrifugation at 14,000 rpm for 10 min. Protein
lysates were precleared with protein A/G magnetic beads (Pierce)
for 30 min before immunoprecipitation with c-myc antibodies at
4°C for 1h or overnight. Immunoprecipitates were extensively
washed with lysis buffer and eluted with 100 mM glycine, pH 3.0.
SOD2 antibody and c-myc antibody were obtained from Santa Cruz
Biotechnology.

2.7. Measurement of mitochondrial superoxide levels with flow
cytometry assays

Superoxide production was determined by measuring oxida-
tion of MitoSOX (5 pM; Invitrogen, Grand Island, NY, USA) in cells,
following the manufacturer's instructions. HEK293T cells were
cultured and stimulated by 50 uM antimycin A for 1h and
incubated for 10 min at 37 °C before being trypsinized, resus-
pended, and measured by flow cytometry (510 nm excitation/
590 nm emission), and a minimum of 30,000 cells were counted
for each sample. Results were from at least three separate experi-
ments. Data are presented as the average + SD. Probabilities were
calculated using the t test. Mean fluorescence intensity was
calculated using Cyto5.3 software (Tree Star, Ashland, OR, USA).
Autofluorescence of cells was used for background correction and
fold change was calculated relative to control.

2.8. Cell survival assay

Cells (250,000) were incubated with 200 pM paraquat (Accu
Standard, New Haven, CT, USA) for 48 h [18]. Remaining adherent
cells were trypsinized and counted using a cell counter. Results
shown are from at least three separate experiments.
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2.9. Molecular dynamics simulations

Molecular dynamics (MD) simulation was performed using the
Amber11 simulation package. The crystallographic coordinates of
the human SOD2 structure (Protein Data Bank (PDB) 2ADQ) were
obtained from the RCSB Protein Data Bank. 2ADQ and K68A-2ADQ,
K122Q-2ADQ, and K53Q-2ADQ were placed in an octahedral water
box. CI~ counterions were added to neutralize the system elec-
trically. The ff99SB force field was used for protein, Gaff force field
was used for Mn, and TIP3P force field was used for water. A two-
stage approach was applied to minimize the energy of the
simulation systems. First, the protein was fixed and the water
and ions were energy minimized. Then the entire system was
energy minimized. A 20-ps MD simulation at constant volume was
performed to heat the system to 300K, and temperature was
controlled to make the collision frequency 1.0 ps~!. Then with a
time step of 2 fs, the system was simulated at a constant tem-
perature of 300 K and a constant pressure of 1 atm with a time
constant of 1 ps. The simulation has a length of 10 ns. Statistical
analyses were performed using the last 10 ns of simulation, during
which the backbone root mean square deviation was stable.

2.10. Statistical analysis

Data are presented as the mean + SEM. Statistical significance
for multiple comparisons was determined by Student's t test or
using the one-way analysis of variance with Tukey's honestly
significant difference test (SPSS version 18.0). A probability of P <
0.05 was considered statistically significant.

3. Results

3.1. Chemical acetylation decreased SOD2 activity in vitro and the
relative SOD2 activity was changed by the K68 and K122 mutations

SOD2 activity can be regulated through lysine acetylation. The
deacetylation of lysine residues such as K68 and K122 in SOD2
increases SOD2 activity. Thus, we prepared the acetylated form of
SOD2 and studied how its activity is changed with acetylation and
deacetylation. We expressed wild-type (wt) SOD2 and its mutants,
including K68Q, K68A, K68R, K122Q, and K122R, in E. coli and
subsequently purified them to > 95% purity. We then acetylated
wtSOD2 with acetic anhydride (Anh) and analyzed the acetylated
SOD2 by mass spectrometry. The results showed that 10 lysine
residues in SOD2 were all chemically acetylated (Supplementary
Table 1). Among these sites, we first discovered that K25, K75,
K154, and K194 of SOD2 could be modified with the acetyl group
and speculated that the deacetylation of these acetylated lysine
sites in vivo would also activate SOD2. Furthermore, we detected
the acetylation of K53 and K68 in the peptides of wtSOD2 without
Anh treatment (Table 1), suggesting that these sites are acetylated
in a physiological state. Western blots (Fig. 2A) showed that Anh
treatment could increase the total level of acetyllysine when
normalized to the SOD2 expression level. Moreover, the acetylated
SOD2 activity was sixfold lower than that of the nonchemically
acetylated SOD2 (Fig. 2B). We speculated that the sixfold change

Table 1
Posttranslational modifications of human SOD2 identified by MS.

was caused by acetylation at multiple lysine residues as shown in
Supplementary Table 2. We also measured the activities of SOD2
mutants, including K68Q, K68A, and K68R, through the WST-1
assay. The results are presented in Fig. 2C, which shows that all the
mutants exhibited activities lower than that of wtSOD2 and that
K68R exhibited activity significantly higher than those of K68Q
and K68A. However, for the K122 mutants, no significant differ-
ence in SOD activity was observed between K122Q and K122R
(Fig. 2C). To determine whether these enzymes were equally
metallated, we conducted ICP-MS analysis on wtSOD2 and its
mutants. The results showed that manganese concentrations were
similar among all the enzymes examined (Supplementary Table 1).

3.2. Mutations of SOD2 acetylation sites altered the superoxide-
scavenging activity and K68 was the main acetylation site
contributing to the overall SOD2 activity

To further investigate which sites contribute the major role to
SOD2 acetylation among all the lysine residues in SOD2, we
introduced glutamine (Q), alanine (A), or arginine (R) substitution
at the K25 (with the nonacetylated site as the control), K53, K68, and
K122 sites, which are located close to the active center and have
already been identified in MS data [18,30]. Substitution of lysine with
glutamine mimicked the acetylated amino acid state as indicated by
their similar charges and structures, whereas substitution with
arginine mimicked the deacetylated state, which retained the posi-
tive charge of lysine. In addition, the substitution of alanine shor-
tened the side chains of these lysine residues and removed the
positive charge at these positions. The relative expression levels of
the SOD2 mutants with glutamine substitution in the HEK293T cells
were measured using Western blot, and the overall acetylated level
of each mutant was detected using the pan-acetyllysine antibody
(Fig. 3A). The results showed that K68Q and K122Q substitutions
significantly decreased the overall acetylated level of SOD2, whereas
K53Q substitution only slightly reduced the SOD2 acetylation level,
which was in accordance with the previous results, indicating that
K68 and K122 could be the important acetylation sites in SOD2. To
study whether substitutions of these acetylation sites affect the SOD2
activity in HEK293T cells, we measured the relative SOD2 activity of
various SOD2 mutants by monitoring the mitochondrial superoxide
level in HEK293T. According to the fluorescence of MitoSOX, the
mitochondrial superoxide indicator, these SOD2 mutants showed
superoxide-scavenging activities significantly lower than that of the
wtSOD?2. In addition, among all the glutamine substitutions of these
acetylation sites, K68Q displayed the lowest activity in HEK293T (62%
of wild-type activity), whereas K53Q and K122Q showed only a
moderately reduced SOD2 activity (85 and 82% of wt activity,
respectively). Moreover, the importance of K68 was highlighted by
the dramatic loss of activity in the K68A and K68Q mutants (73 and
61% increase in mitochondrial superoxide level, respectively) com-
pared with the K122Q and K53Q mutants (21.5 and 22% increase in
mitochondrial superoxide level, respectively; Fig. 3B). Correspond-
ingly, we tested the total SOD activity, including both SOD1 activity
and SOD2 activity, in the cell homogenates containing the various
SOD2 mutants (Figs. 3C and 3D). No significant changes in SOD1
activity were found in these mutants (Fig. 3C), whereas SOD2 activity
was significantly increased in the group overexpressing wtSOD2 and

Position Target Modification Classification Highest peptide confidence Sequence motif
53 K Acetyl, methyl Posttranslational High MQLHHSKHHAAYV
68 K Acetyl, methyl Posttranslational High LNVTEEKYQEALA

Human wtSOD2 was expressed in E. coli, purified, and subjected to LTQ (Linear lon Trap) Orbitrap XL-MS analysis. Methylation and acetylation of K53 and K68 were identified.
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glutamine mutants of the lysines. (D) Measurement of SOD2 activity of cell homogenates overexpressing wild-type and glutamine mutants of the lysine residues. *P < 0.05
by t test compared to control group (ctrl). **P < 0.01 by t test compared to ctrl. ***P < 0.001 by ¢ test compared to ctrl. #P < 0.05 by t test compared to wt group; n = 3 for
each group. (E) 250,000 cells were incubated with 200 pM paraquat for 48 h. Remaining adherent cells were trypsinized and counted using a cell counter. *P < 0.05 by ¢ test;
n = 3 for each group.
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mutants compared with that in the control group. The overexpres-
sing K68Q mutant exhibited SOD2 activity lower than that of the
wild-type group, in accordance with the MitoSOX data. However, no
significant difference in SOD2 activity was found in cell homogenates
containing K25Q and K122Q compared with the wild-type group
(Fig. 3D). The above results give us some preliminary hints that K68
may have some unique properties among the different lysine sites.
To determine whether the mutations of acetylated lysine residues
can cause the physiological changes in the cells, we performed a cell
survival assay to compare their sensitivity to paraquat in HEK293T
cells overexpressing wild-type and lysine mutants. Overall, the
overexpression of the wild-type and lysine mutants of SOD2 could
increase the number of live cells compared with the control group
when they were treated with 200 pM paraquat for 48 h. The cells
overexpressing K68R SOD2 resulted in a significantly higher number
of live cells compared to those overexpressing K68Q and K68A with
or without paraquat stimulation. The overexpression of the K25 and
K122 mutants decreased the numbers of live cells compared with
that in the wild-type group. K68Q overexpression significantly
resulted in the lowest number of live cells among all groups,
including the wild-type cells treated with paraquat (Fig. 3E). Thus,
K68 mutation significantly influenced the survival rate of HEK293T
cells. All the SOD2 mutants were overexpressed in HEK293T cells,
and their SOD2 activities were measured with both MitoSOX staining
and SOD activity test (Figs. 4A-4I). A previous study reported that
arginine substitution in K122 increased SOD2 activity. However, we
were unable to observe that the K122R mutant resulted in the SOD2
activity higher than that of the wild-type on the basis of the MitoSOX
data and SOD?2 activity results measured in cell lysates (Figs. 4D and
4F). The SOD2 activity was not increased by arginine substitution but
decreased in K68A compared with that in the other two mutants
(Figs. 4A and 4C), similar to that observed by Chen et al. [30]. The
result of SOD activity measurement also showed that the KG68A
mutation significantly decreased the SOD1 and SOD2 activities in cell
lysates, which may explain why K68A can increase the superoxide
levels in the mitochondria. Therefore, K68 may not only function as
an acetylation site but also possibly affect both the SOD1 and the
SOD2 activity through other mechanisms, such as methylation of
K68, as revealed by Sarsour et al. [18]. Consistent with these findings,
our MS results also indicated that K68 was methylated under
physiological conditions in E. coli (Table 1). Nevertheless, the reason
K68A resulted in the lowest SOD1 activity among all the K68 mutants
remains ambiguous. In the K122 mutant, the three types of substitu-
tion led to the diminution of SOD1 and SOD2 activities as indicated
by the MitoSOX data and SOD activity results (Figs. 4D-4F). K122R
exhibited slightly higher activity than K122Q in HEK293T, but with-
out statistical significance (Fig. 4D; n = 3, P = 0.0665). This is similar
to the results obtained in MEF cells reported by Tao et al. [29]. In
addition, no differences in SOD2 activity were observed between the
glutamine and the arginine substitutions of the nonacetylated K25
(Figs. 4G-4I). Hence, the substitutions of the nonacetylation site
would not alter the SOD2 activity. Based on these results, it is highly
probable that K68, among the investigated lysine sites, has a
dominant role in regulating the activity of SOD2 by (de)acetylation.

3.3. K68 mutations decreased SOD2 activity in an antimycin
A-induced superoxide elevation model and a SOD2 mimic acted
on SOD2K68 acetylation

Given that K68 seems to be a highly important acetylation site and
that K68A significantly decreased SOD2 activity in HEK293T cells, we
further examined the ability of K68 mutants to scavenge ROS in the
mitochondria. We added antimycin A, an antibiotic that can block the
respiratory chain to induce superoxide generation in mitochondria,
and detected the superoxide level with respect to various K68
mutants. The results revealed that all K68 mutants had activity lower

than that of the wild-type in scavenging the superoxide in the
antimycin A-induced superoxide elevation model (Fig. 5A). Antimycin
A caused an approximately 1.6-fold increase in the mitochondrial
superoxide level in wtSOD2-containing HEK293T, and the elevation of
the superoxide was intensified with glutamine substitution and
peaked with alanine substitution. We also measured SOD activity of
the cellular homogenates of the cells upon antimycin A treatment. The
results showed that antimycin A treatment decreased SOD2 activity
but promoted SOD1 activity (Fig. 5A). The suppression of SOD2 activity
of the wtSOD2-containing cell lysates was more obvious than that of
the K68 mutant. The SOD1 activity was significantly increased in
K68R-containing cell lysates but was not changed in K68Q- and K68A-
containing lysates treated with antimycin A. Moreover, arginine
substitution in K68 showed an increase in the MitoSOX data by
1.4-fold but decreased the SOD2 activity in lysates of cells treated with
antimycin A (Fig. 5A). Thus, K68R can repress the increased superoxide
level more effectively than wtSOD2.

We measured the effect of MnTM-4-PyP on SOD2 activity in
scavenging the ROS level in the mitochondria. It can be calculated
that compared to the control group, overexpression of wild-type
SOD2 could lead to a twofold increase in SOD2 activity and a 40%
decrease in MitoSOX level in lysates (Fig. 5B). This mimic did not
affect the superoxide level in cells harboring wtSOD2 but altered the
superoxide level in the cells harboring the SOD2 K68 mutant
(Fig. 5B). We further tested the SOD activity of cellular lysates of
cells treated with and without 30 pM MnTM-4-PyP (Fig. 5B). The
addition of MnTM-4-PyP elevated the SOD2 activity in lysates over-
expressing wtSOD2 and K68 mutant. Moreover, the increase in SOD2
activity was higher in the K68 mutant than in the wild-type. The
overexpression system of wild-type SOD2 and SOD2K68R also
exhibited decreased SOD1 activity upon MnTM-4-PyP treatment.
Therefore, the mechanism of the function of the mimic seems to be
K68-dependent. Addition of mimic was suggested to significantly
decrease the superoxide level in the mitochondria of K68 mutants.
Thus, SOD2 mimic was thought to restore the increased ROS induced
by the K68 mutation. Curtis et al. [38] reported that SOD2 over-
expression resulted in a declined metabolic rate and that the balance
of deacetylation/acetylation shifted to the deacetylation side. Hence,
it can be inferred that MnTM-4-PyP affects the endogenous SOD2
activity through deacetylation of K68, particularly when the cells are
in the high-rate metabolic state, given that the activity of the wild-
type SOD2 is not influenced by the mimic because of the low
metabolism rate along with the overexpression of SOD2.

In our recent study with one of the SOD2 mimics, namely,
MnTM-4-PyP, we found that this mimic lowered the acetylation
level of SOD2 in primary cortical neurons. We also detected the
effects of MnTM-4-PyP on the acetylation of K68 of SOD2 in the
antimycin A-induced stress model of HEK293T cells (Fig. 5C). We
quantitated the band densities of SOD2K68Ac and p53 from three
independent experiments. Antimycin A treatment increased the
K68 acetylation level of SOD2, whereas MnTM-4-PyP decreased
the acetylation level of K68. However, the SIRT3 expression level
remained constant during the MnTM-4-PyP treatment. Surpris-
ingly, the expression of p53 was also induced by antimycin A and
further intensified when MnTM-4-PyP was added (Fig. 5C). Thus,
this observation made us wonder whether the increased p53 level
was related to the cellular level of K68 acetylation of the SOD2. The
cellular SOD2-p53 interaction will be studied later.

3.4. K68 mutations altered the structure and the electrostatic
potential of SOD2

We further studied how K68 affects SOD2 activity from three
respects, namely, the changes in SOD2 structure, the stability of the
SOD2 tetramer, and the electrostatic potential of the SOD2 enzy-
me caused by K68 mutation. To investigate the influence of K68
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Fig. 4. SOD1 and SOD2 activities were affected by glutamine, alanine, and arginine mutations of K68, K122, and K25. The mitochondrial superoxide level of HEK293T cells
overexpressing all three substitutions (glutamine, alanine, and arginine) of (A) K68, (D) K122, and (G) K25 of SOD2 were measured. K68 exhibited acetylation-dependent
activity which was significant, but not K122 and K25. Data are presented as the average + SD. **P < 0.01 by ¢ test; n = 3 for each group. SOD1 and SOD2 activities were
tested in HEK293T cells overexpressing (B and C) K68, (E and F) K122, and (H and I) K25 using cell lysates. *P < 0.05 by ¢ test; n = 3 for each group.

mutation on SOD2 structure, we performed a molecular dynamics
simulation based on human SOD2 (PDB 2ADQ) with the Amber11
software. During simulation, the ff99SB, Gaff, and TIP3P force fields
were used for protein, Mn, and water, respectively; the simulation
defined a three-site rigid water molecule with charges and Len-
nard-Jones parameters assigned to each of the three atoms. This
simulation had a length of 10 ns. The superposition of K68A and the
simulation structures of wtSOD2 revealed that the overall confor-
mation of SOD2 was minimally perturbed by the alanine substitu-
tion of K68 (Fig. 6A). However, K68A resulted in a significant change
in the a-helix constituted by residues 185-192 (red circle in Fig. 6A),
which contains the coordinated H187. As shown in Fig. 6A, K68 is
located in the middle of the first N-terminal helical hairpin domain
responsible for coordinating Mn(Ill). The first and second N-
terminal o-helices display only a slight difference, but a large
change is observed in the entire helix that contains residues 185-
192. This helix turned out to be loosened because of the alanine
substitution of K68, thus extending the distance between H187 and
the Mn in the catalytic center, whereas the N-terminal helix that
contains K68 is minimally perturbed. Meanwhile, two lysine resi-
dues, namely, K25 and K53, which are not too far away from the
active site, also showed significant conformational changes
between the K68A and the wild-type simulations (Fig. 6B). In the
model explored by Zhu et al. [37], the lysine residues of SOD2
probably form a positive cluster responsible for attracting the
negatively charged superoxide molecules into the active center of
SOD2. The conformation of the electrostatic funnel was altered and

thus the SOD2 catalytic activity was changed. We also performed
additional molecular dynamics simulations of K122Q and K53Q to
determine how other acetylation sites influence the SOD2 structure.
The results of these two lysine mutants (Supplementary Fig. 2)
showed no changes in their structures relative to the structure of
wtSOD2. The conformations of the four active-site residues (H50,
H98, D183, and H187) located in the active center of their structures
were similar to those in the wild-type structure. Thus, K68 is also a
stereochemically sensitive site, whose acetylation may affect SOD
activity via the alteration of active-site conformation. The total
electrostatic potential surface of SOD2 was also displayed (Fig. 7) to
study the total charge alteration of SOD2 because of the alanine
substitution of K68. The charge of the region surrounding K68
evidently was reversed because of this mutation. Moreover, the
charge distribution of the SOD2 active center also differed exten-
sively, with a big shift from the negative to the positive state (as
indicated by the box in Fig. 7). The four active-site residues, H50,
H98, D183, and H187, are indicated in the enlarged box region in
Fig. 7. It was astonishing that K68A displayed such a big difference,
whereas K68Q did not (data not shown). We speculated that the
difference in molecular dynamics between K68Q and K68A was due
to the stereochemically smaller size of alanine compared to gluta-
mine as well as to their different charges. The K68A mutation
changed the overall conformation of the corresponding lysine
residue, whose charge determines the total enzymatic activity.
The molecular mechanism of this phenomenon must be elucidated
in future studies.
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Fig. 5. SOD2 regulates cellular ROS level via K68 deacetylation. (A) WtSOD2 and K68Q, K68A, and K68R mutants of SOD2 were overexpressed in HEK293T cells and
mitochondrial ROS level was elevated by stimulation with 50 uM antimycin A for 1 h. The ROS levels with or without the addition of antimycin A were determined by
MitoSOX staining. SOD1 and SOD2 activities were measured with WST-1 assay. *P < 0.05 by t test compared to control group (wt) in antimycin A-treatment groups. #P <
0.05 by t test compared to wt group treated without antimycin A; n = 3 for each group. (B) Mitochondrial superoxide was measured with MitoSOX with or without MnTM-4-
PyP treatment (30 pM) in an antimycin A-induced superoxide elevation model in control cells (ctrl) and cells harboring wtSOD2 or K68 mutants. The control group is the
HEK293T cells transfected with pCMV6-Myc-DDK empty vector. Corresponding SOD1 and SOD2 activities of each group were measured. P < 0.05 by t test between groups
with and without MnTM-4-PyP treatment. **P < 0.01 by t test between groups with and without MnTM-4-PyP treatment; n = 3 for each group. (C) Western blot shows that
MnTM-4-PyP treatment decreased K68 acetylation of SOD2 and increased p53 expression in antimycin A-induced model. Density of bands was quantitated using Image]

software. *P < 0.05 by t test. **P < 0.01 by t test; n = 3 for each group.

3.5. The mutations of the SOD2 acetylation sites affected the
tetramer stability and protein—protein interactions of SOD2 in
HEK293T

In its native state in human cells, SOD2 forms a homotetramer,
the active form, to fulfill its role in defending the cells from the attack
of superoxides. Hence, we speculated that the substitution of one
amino acid might cause the partial charge difference of SOD2 and
induce the change in the entire stability of the tetramer. To further
assess how the aforementioned lysine mutations contribute to the
tetrameric conformation of SOD2 protein, we compared the amount
of tetramer to that of the monomer of each mutant. We transfected
the cells with wt or mutant SOD2 plasmids and resolved the cell
lysates on both native and denatured gels. The native PAGE software
was used to detect the native SOD2 tetramer; meanwhile, the SDS-
PAGE software was used to reflect the amount of monomer. The
tetramer level was calculated by normalizing the tetramer protein
levels on the native gel to the expression levels of the monomers
detected in the denatured gels. The results indicated that the overall
tetramer level of K122 was lower than that of K68 (Fig. 8A).
Interestingly, for both K68 and K122, the arginine substitutions
resulted in tetramer protein levels higher than those of the alanine
and glutamine substitutions, given that the total expression level of

SOD2 of all the mutants remained the same in the SDS-PAGE. As an
additional note, bands of possible heterotetramers were not observed
on the native PAGE gel, because either there were not enough of
them to be detected or the different bands were not resolvable owing
to the complexity of protein behavior in native PAGE. These results
revealed that the mutations of the acetylated lysine residues could
affect the cellular level of SOD2 tetramer, indicating that these lysine
residues may be involved in the formation and maintenance of the
SOD2 tetramer.

Acetylated proteins are widely connected in an intensive protein—
protein interaction network, and acetylation exists in large macro-
molecular complexes. K122 is located near the B2-B3 loop, which is
involved in the protein-protein interaction because of the antipar-
allel orientation of the N-terminal helices [39]. Hence, K122 possibly
participates in the assembly of SOD2 tetramers or in the interactions
between SOD2 and other proteins. Robbins and Zhao [40] reported
that SOD2 interacts with p53 in the mitochondria, and SIRT3
precisely deacetylates K122 of SOD2 [29,30]. On the basis of the
findings shown in Fig. 5C, we performed coimmunoprecipitation to
detect whether the protein interaction level was altered because of
lysine mutations in HEK293T cells. Coimmunoprecipitation was
performed on SOD2 with c-myc antibody, whereas immunoblot
analysis was conducted with p53 and SIRT3 antibodies. The results
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above the two surfaces. The images were visualized with PyMOL.

(Fig. 8B) indicated an alteration in accordance with the general trend
of all the aforementioned mutants in SDS-PAGE. Compared with the
K68 and the wild-type mutants, the K122 mutants exhibited a
significant decrease in the interaction between SOD2 and p53 and
a nonsignificant decrease in the SIRT3-SOD2 interaction, suggesting
that K122 may be a part of the factors involved in the mediation of
interactions between p53 and SOD2.

Considering our results and those of previous studies, we
propose a new explanation with regard to the effects of K68 and

K122 on SOD2 activity (Fig. 9). The acetylation of these two lysine
residues alters the local charges of the SOD2 protein and decreases
its ability to attract superoxide molecules. Acetylation also com-
plicates the transfer and movement of superoxide molecules
through the SOD2 protein (superoxide marked yellow in Fig. 9).
In addition, mutations of these acetylation sites may negatively
affect the assembly and stability of the SOD2 tetramer, thereby
downregulating SOD2 activity by loosening the tetramer structure
of SOD2. K68 particularly influences the charge distribution of
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SOD2. Moreover, the mutations of these acetylated lysine residues
could attenuate the interaction between p53 and SOD2, in which
K122 is more likely to be involved.

4. Discussion

Superoxide is the main ROS that causes oxidative damage to
organisms and also functions as a signal molecule. The negative
correlation between mitochondrial superoxide molecules and life
span has been validated in Caenorhabditis elegans [41]. Moreover, the
scavenging activity of SOD2 plays a significant role in maintaining the
mitochondrial and cellular superoxide levels. It is well known that
the expression and activity of SOD2 could be modulated by many
physiological stimuli, including lipopolysaccharide, cytokines, and
ionizing radiation [42,43]. However, few studies have focused on
how acetylation functions in these processes. It has been reported
that tumor necrosis factor could induce a 10-fold increase in SOD2
but no results have shown how acetylation is changed in this
situation. Tao et al. [29] validated that the elevated SOD2 activity
was consistent with decreased lysine acetylation in mice subjected to
ionizing radiation. We previously confirmed the protective effect of
the SOD2 mimic MnTM-4-PyP against H,0»-induced oxidative injury
on primary cultured rat cortical neurons [44]. Moreover, the SOD2
mimic was found to promote SOD2 deacetylation in neurons. Never-
theless, the functions of SOD2 deacetylation and the location of the
main acetylation site(s) remain unknown.

To our knowledge, we are the first to have achieved the overall
SOD2 acetylation in vitro using the chemical acetylation method in
this study. Meanwhile, we developed a method for measuring the
activity of SOD2 mutants in HEK293T cells and identified K68 as
the key residue that regulates SOD2's activity by (de)acetylation,
because only the K68 site exhibited a clear difference in SOD2
enzymatic activities, MitoSOX fluorescence intensities and cell
survival rates among the three mutants, especially with the R
mutant's (deacetylated lysine mimic) activity significantly higher
than that of the Q mutant (acetylated lysine mimic). By contrast,
the data of K25 and K122, for example, did not show significant
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Fig. 9. Scheme: the regulation of activity and tetramer stability of SOD2 via K68
acetylation. In this model we elucidate the mechanisms underlying the decrease in
superoxide-scavenging activity of SOD2 caused by acetylation. The acetylation of
K68 and K122 in SOD2 would result in the loosening of the SOD2 tetramer and alter
the SOD2 structure and electrostatic potential, thus leading to electric repulsion
between the superoxide and the SOD2 surface. Meanwhile the mutations of
acetylated lysine residues would affect p53-SOD2 interaction in mitochondria.
And SIRT3 would promote SOD2 activity by deacetylating K68 and K122 and
restore these impacts brought by SOD2 acetylation.

differences among the three mutants, which indicates a lack of
sensitivity of enzymatic activity to the electrostatics at these sites.
We adopted computational approaches to study the structure and
electrostatic potential of the SOD2 K68A mutant. Based on the
results, we proposed that the acetylation of K68 would induce a
conformational shift of the coordinated sites in the active center,
including H50, H98, and H187, which are the key ligands to form
coordination bonds with Mn. The distance between Mn and these
coordinating residues increased in the K68A mutant, which
theoretically would lead to an elevation of the Mn redox potential.
The exact value of the redox potential can be difficult to obtain, but
qualitatively the deviation of Mn redox potential from an optimal
value would probably detract from the catalytic efficiency of SOD2.
In addition, Y34, which is located in the second coordinated shell
of SOD2 and whose conformation is changed to a large extent
because of the K68 mutation, is vital in the H,O, inhibition of the
SOD2 model [45]. Furthermore, Jason Porta et al. analyzed the
structure of peroxide-soaked SOD2 and found that the peroxide
would cause the shift of the Y34 when peroxide was trapped in the
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active center of the SOD2 [46]. Hence, whether acetylation of K68
plays a role in the peroxide-bound SOD2 remains to be studied.
Furthermore, the K68A mutation induced the overall electrostatic
change in which the positively charged region around the K68 and
the active center shifted to a negative charge, decreasing the
ability of the mutation to attract superoxide molecules. We then
investigated the effects of the mutations of the acetylation sites
and unexpectedly found that acetylation at this site affected
tetramer stability and protein-protein interaction of SOD2 in
human cells.

Interestingly, we revealed that K122 mutants did not change
the SOD2 activity too much compared with K68 mutants (Figs. 3B
and 3D). To date, none of the MS results have identified K122 as
the acetylation site in human cells. Only Tao et al. [29] indicated
that K122 was a conserved acetylation site in mice, and its
acetylation significantly decreased the SOD2 activity. However, in
our study, we detected K122 acetylation only in chemically
acetylated SOD2 through MS (Supplementary Table 2) and did
not find that K122 could remarkably affect the SOD2 activity
(Figs. 4A and 4B). We reasoned that this observation may be
caused by the location of K122 on the SOD2 structure. K122 is
located in a region that is far away from the active center, and this
residue extends out from the SOD2 surface, which indicates that,
being more accessible than other sites, it may be easier for this
lysine residue to undergo deacetylation too quickly for us to detect
through MS. However, the precise mechanism by which K122
acetylation affects SOD2 activity still remains unclear.

MitoSOX red is a probe widely used in the detection of super-
oxide in mitochondria [30,18], although its reliability is still
questioned nowadays [47]. In a simple chemical system, MitoSOX
could react with superoxide to form a red fluorescent product,
mito-2-hydroxyethidium, which is used to detect superoxide.
However, in a complex biological system, other oxidative products
can be generated in this reaction, which may disturb the measure-
ment of superoxide. The effects caused by autoxidation of MitoSOX
could be decreased by normalizing them to the control group in
the experiment. The overexpression of SOD2 may also prevent
oxidation of MitoSOX by other oxidants. In this paper, we com-
bined the MitoSOX data and the SOD activity of lysates to compare
the superoxide-scavenging capabilities of wtSOD2 and various
mutants. The SOD2 activity levels in cell homogenates were
consistent with the MitoSOX results. The overexpression of K68A
could lead to the highest level of MitoSOX as well as the lowest
SOD2 activity. The SOD2 activity was not increased by arginine
substitution but significantly decreased in K68A compared with
that in the other two mutants (Fig. 3C). Although K68 mainly
functions as an acetylation site, this mutation may also affect the
SOD2 activity through other mechanisms, including K68 methyla-
tion, as revealed by Sarsour et al. [18]. We have also detected the
methylation level of SOD2 in HEK293T cells treated with or
without MnTM-4-PyP through MS and detected the monomethy-
lation of K68 with MnTM-4-PyP (Supplementary Fig. 3). Hence, a
cross talk between acetylation and methylation seems to exist in
K68 to mediate the SOD2 activation. This interplay between two
different modifications of the same residue may have the funda-
mental implications for understanding how the enzymes are
activated. In the study on the effects of MnTM-4-PyP (Fig. 5B),
the MitoSOX data are different from the SOD2 activity results. The
results shown in Fig. 5B indicate that MnTM-4-PyP did not cause
much change in mitochondrial superoxide level in wt cells but
significantly lowered the mitochondrial superoxide level in K68
mutant cells. This finding could be attributed to the decreased
SOD1 activity induced by MnTM-4-PyP that may offset the
increased SOD2 activity after treatment with MnTM-4-PyP. These
mechanisms generally function to maintain the constant mito-
chondrial superoxide level after treatment with SOD2 mimic.

In the physiological state, SOD2 monomers assemble to form
tetramers. In our research, acetylation changed the charges in
SOD2 and significantly affected the tetramerization of SOD2
monomers. The denatured K68 mutant formed three bands in
the SDS-PAGE in vitro, whereas wtSOD2 was depolymerized after
boiling (Supplementary Fig. 4). The underlying mechanism may be
that the lysine acetylation will diminish the positive charge,
thereby decreasing the electrostatic repulsion between monomers,
making the tetramer stable. According to Marius Schmidt et al., the
four subunits of SOD2 in Propionibacterium shermanii are held
together by H-bonds between residues of the two distorted helical
turns, following one sheet and the equivalent area in the other
monomer [38,48]. One H-bond also exists between Q122, located
in the loop from H4 to B1, and D64, located in the H2 of the other
monomer. For K122 in human cells, similar bonds possibly exist
and the specific localization of K122 may facilitate the protein-
protein interactions at this site. Nevertheless, the possibility that
nonacetylated lysine K25 can also affect the overall acetylation
level of SOD2 through glutamine substitution seems to be odd
(Fig. 3A). One possible explanation is that amino acids 1-24 of the
human SOD2 constitute the mitochondrial localization sequence;
thus, K25 becomes the real N-terminal amino acid whose muta-
tion may affect the recognition between the anti-acetyllysine
antibody and other acetyllysine residues.

The endogenous SOD2 may encounter many proteins to fulfill
its role in mitochondria, thus forming a complex redox network to
regulate cellular superoxide level [49]. It has been reported that in
the mitochondrion SOD2 may function together with p53 to
achieve better superoxide-scavenging activity [50]. It has been
well known that p53 translocates to mitochondria to maintain
mitochondrial genetic stability when cells undergo stress such as
UV irradiation [51]. The interaction between SOD2 and p53 in vivo
and in vitro was also validated by Zhao and colleagues [40,52,53].
In their study, p53 functions together with SOD2 in the mitochon-
dria to repair mitochondrial DNA under oxidative stress. Baktha-
vatchalu et al. [52] also found that p53 formed a complex with
SOD2 by interacting with the DNA polymerase y. Nevertheless, the
detailed mechanism underlying p53-SOD2 interaction and the
exact sites that mediate this interaction remain to be determined.
We propose that the acetylation sites of SOD2 are involved in the
p53-SOD2 interaction, thus providing a new perspective to study
acetylation-dependent SOD2 activity. To the best of our knowl-
edge, this study is the first to investigate the SOD2 acetylation
in vitro from the structural aspect and to present detailed discus-
sion of the posttranslational modification. A similar mechanism
may be also involved in the regulation of other mitochondrial
proteins.

In conclusion, using our SOD2 activity model subjected to
acetylation, we identified K68 as the most important acetylation
site in SOD2 in human cells, which significantly affects SOD2
activity. Meanwhile, this study described the electrostatic poten-
tial and tetrameric stability of SOD2 and proposes that acetylation
influences SOD2 activity by affecting the charge distribution and
tetramerization of SOD2. This finding may promote further under-
standing of both SOD2 acetylation sites and the effect of acetyla-
tion at these sites on the structure and functions of SOD2. This
study has laid a foundation for further study on SOD2 acetylation
in diseases and has provided a theoretical basis for the discovery
of a novel therapy for oxidative stress- and aging-related diseases
in the future.
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