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In Brief

Li et al. have performed label-
free quantification of the
acetylomes in mouse livers with
age and upon the treatment of
nicotinamide mononucleotide
(NMN), revealing previously
unknown acetylation events. The
datasets characterize not just the
dynamics of acetylation with age
but also specific acetylation sites
as new aging biomarkers. The
investigation indicates that the
life-beneficial effect of NMN
could be partially reflected by the
changes in age-related protein
acetylation. NMN has mild
effects on acetylation previously
reported as substrates of
Sirtuins.
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e Acetylomes from mouse livers are studied with age and NMN treatment.
e Protein acetylation events are discovered as potential aging biomarkers.
¢ Life-beneficial effect of NMN could be partly reflected by acetylation changes.
e NMN has mild effects on acetylation sites reported as substrates of Sirtuins.
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Quantitative Acetylomics Reveals Dynamics of
Protein Lysine Acetylation in Mouse Livers
During Aging and Upon the Treatment of
Nicotinamide Mononucleotide

Jingshu Li"**, Ye Cao'**, Kongyan Niu'?, Jiagian Qiu'%, Han Wang'*, Yingnan You'~,
Dean Li'?®, Yu Luo®, Zhengjiang Zhu'®, Yaoyang Zhang'* ©, and Nan Liu"

Lysine acetylation is a reversible and dynamic post-
translational modification that plays vital roles in
regulating multiple cellular processes including aging.
However, acetylome-wide analysis in the aging process
remains poorly studied in mammalian tissues. Nicotin-
amide adenine dinucleotide (NAD*), a hub metabolite,
benefits health span at least in part due to the activation of
Sirtuins, a family of NAD*-consuming deacetylases, indi-
cating changes in acetylome. Here, we combine two an-
tibodies for the enrichment of acetylated peptides and
perform label-free quantitative acetylomic analysis of
mouse livers during natural aging and upon the treatment
of beta-nicotinamide mononucleotide (NMN), a NAD*
booster. Our study describes previously unknown acety-
lation sites and reveals the acetylome-wide dynamics with
age as well as upon the treatment of NMN. We discover
protein acetylation events as potential aging biomarkers.
We demonstrate that the life-beneficial effect of NMN
could be partially reflected by the changes in age-related
protein acetylation. Our quantitative assessment in-
dicates that NMN has mild effects on acetylation sites
previously reported as substrates of Sirtuins. Collectively,
our data analyze protein acetylation with age, laying
critical foundation for the functional study of protein post-
translational modification essential for healthy aging and
perhaps disease conditions.

Protein acetylation is one of the vital protein post-
translational modifications (PTMs) that have been shown to
impact various cellular processes, including DNA-histone
compactness (1), activity of enzymes (2), protein aggregation
(3), and protein stability (4). Protein acetylation occurs irre-
versibly on the a-amino group at the N-terminal amino acid (5)
or reversibly on the e-amino group on the side chain of the
lysine residue. Since lysine acetylation is a reversible and thus

dynamic process, proteome-wide quantitative characteriza-
tion of lysine acetylation, the acetylome, is crucial to under-
stand the regulatory role of acetylation. Though proteomic
survey of acetylation has been reported in cell lines (6-8) and
organisms, such as fly (9), mouse (10), rat (11), and human (4),
dynamics of acetylome during aging process remains poorly
described.

Aging is characterized by a progressive loss of physiological
integrity, leading to impaired function and increased vulnera-
bility to death (12). Accumulating evidence has indicated
critical roles of protein acetylation in aging. For instance,
acetylation of Microtubule-associated protein tau (Tau) at
K280 has been linked with normal brain aging as well as a
wide spectrum of human neurodegenerative diseases
including Alzheimer's disease (13, 14), suggesting the poten-
tial of lysine acetylation as aging biomarkers. A small-scale
acetylome study in the fly head reveals an increase in 79
and a decrease in 3 acetylation sites from 217 high-confi-
dence acetylation events in midlife flies than in those of young
flies (9). In mouse hind limb and cardiac muscles, Western blot
experiments show that the bulk level of muscle protein acet-
ylation is significantly increased in aged animals (15). How-
ever, aging acetylome analysis in mammalian tissues with a
resolution at single peptides remains to be addressed.

Nicotinamide adenine dinucleotide (NAD") is a hub metab-
olite involving in a wide range of cellular processes (16). NAD*
has been reported to decline with age in mammalian organs
(17-19). Boosting NAD* biosynthesis, by supplementation of
precursory metabolite such as beta-nicotinamide mono-
nucleotide (NMN), triggers life span extension of yeasts (20),
worms (21), flies (22), and mice (23), ameliorating age-related
diseases (17, 24, 25). Studies have demonstrated that such
beneficial effects of NAD* are at least in part due to the
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Acetylomics From Mouse Livers With Age and NMN Treatment

activation of Sirtuins (20-22, 26-28), a family of NAD*-
consuming deacetylases (29), indicating changes in acety-
lome. However, the extent of NAD*-induced dynamics in
protein acetylation remains unknown. Here, using a dual-
antibody enrichment protocol combined with high-resolution
liquid chromatography with tandem mass spectrometry (LC-
MS/MS) analysis, we performed the label-free quantification of
the acetylomes in mouse livers with age and upon the treat-
ment of NMN, revealing previously unknown acetylation
events. Our dataset characterized not just the dynamics of
acetylation with age but also specific acetylation sites as new
aging biomarkers. We further investigated the impact of NMN
treatment on protein acetylation.

EXPERIMENTAL PROCEDURES
Ethics Statement

All animal procedures have been reviewed and approved by the
Institutional Animal Care and Use Committee at the Chinese Academy
of Sciences (202003180013) and were in accordance with the Guide
for the Care and Use of Laboratory Animals of the Chinese Academy
of Sciences. All efforts were made to minimize the suffering of the
animals.

Animal Experimentation

C57BL/6 male mice were housed in an environmentally controlled
room under a 12:12-h light/dark cycle at 23 °C and were fed with
commercial mouse chow food and water ad libitum. For treatment of
beta-nicotinamide mononucleotide (NMN), 9-month-old C57BL/6
mice were supplemented with NMN (Abiochem) dissolved in sterile
water (500 mg/kg/d) for 3 months until 12 months of age. NMN water
was changed every other day. Four mice were used in 2-month, 12-
month and Aged-control experiments, and three mice were used in
Aged-NMN experiments. Livers were dissected and immediately
frozen in liquid nitrogen.

Sample Preparation for LC-MS/MS

Mouse liver tissues were homogenized in ice-cold urea lysis buffer
containing 8 M urea, 100 mM Tris-hydrochloride (Tris-HCI), pH 8.5,
150 mM sodium chloride (NaCl), and protease inhibitor (Roche). Cell
lysates were incubated on ice for 20 min before addition of 1/10 vol-
ume 5 M NaCl to release chromatin-bound proteins. The lysates were
sonicated to shear genomic DNA and were clarified by centrifugation
at 14,000 rcf for 15 min at 4 °C. The protein concentration of the
supernatant was determined by the bicinchoninic acid protein assay
(Thermo Fisher Scientific). Samples containing 2 mg of proteins were
reduced with 5 mM tris(2-carboxyethyl)phosphine (20 min at room
temperature), alkylated with 10 mM iodoacetamide (15 min at room
temperature in the dark), diluted by a factor of 4 with 100 mM Tris-HCI,
pH 8.5 (final concentration of urea was equal to 2 M), and incubated
overnight at 37 °C with sequencing-grade trypsin (Promega) added at
a 1:100 enzyme:substrate ratio (wt/wt). Samples were then acidified
with formic acid (FA) and desalted using solid-phase extraction car-
tridges C18. Ten micrograms of peptides of each sample was
collected as input. The remaining samples were immunoprecipitated
with 20 pl of acetyl lysine antibody, agarose (1:1) (ICP0388, Immu-
neChem; PTM-104, PTM Biolabs). Agarose was washed by wash
buffer | (100 mM NaCl, 1 mM ethylenediaminetetraacetic acid [EDTA],
20 mM Tris-HCI, 0.5% Nonidet P-40; adjust pH to 8.0), wash buffer ||
(100 mM NaCl, 1 mM EDTA, 20 mM Tris-HCI; adjust pH to 8.0), and

ddH,O. Finally, the acetylated peptides were eluted with 0.1% tri-
fluoroacetic acid (TFA).

LC-MS/MS for Proteome and Acetylome

The input peptides and enriched acetylated peptides were
analyzed by an online LC-MS system that consisted of an Easy-
nLC-1200 HPLC (Thermo Fisher Scientific) and a Q Exactive HF-X
mass spectrometer (Thermo Fisher Scientific). Peptides were
loaded directly onto a 300-mm-long analytical column (100 pm 1.D.,
1.9 pm C18 resin) housed in a column oven at 60 °C. A 240-min
gradient (3% B at 0 min, 10% B at 2 min, 20% B at 177 min,
40% B at 217 min, 50% B at 224 min, 100% B at 225 and
240 min) (A: 0.1% FA in water, B: 0.1% FA, and 80% acetonitrile
[ACN] in water) was developed to separate the peptides at a static
flow rate of 300 nl/min. For MS1, the scan range of MS was 350 to
1500 m/z at a resolution of 60,000 and the AGC target was 5e6.
The maximum injection time for the precursor ion was 20 ms. Top
10 precursor ions with charge states from 2+ to 6+ were selected
for fragmentation. Dynamic exclusion was enabled for 0.5 min.
High-energy collisional dissociation was used to fragment the pre-
cursor peptides with a normalized collision energy of 27. The res-
olution of MS2 was set to 60,000, while the AGC target was set to
2e5 with a maximum injection time of 20 ms for input peptides and
120 ms for enriched acetylated peptides.

Peptide Identification and Quantification

MS data were analyzed by MaxQuant (version 1.6.0.1) (30) and
were searched against the SwissProt mouse protein database
(released in Jun 2017). The precursor and fragment mass tolerances
were 20 ppm. Trypsin was set as the enzyme, and the maximum
missed cleavage was set to 2. The carbamidomethylation
(+57.0125 Da) of cysteine was set as a static modification. The
acetylation (+42.0106 Da) of lysine and protein N-terminal and the
oxidation (+15.9959 Da) of methionine were defined as variable
modifications. The false discovery rate at peptide spectrum match
level was controlled below 1% using a target-decoy approach.
“Match between runs” was used during data analysis, and the
match time window was set within 0.7 min.

Input (Proteomic) data of mouse livers (2 months and 12 months)
were searched together since they were processed in one batch. Input
data of NMN-treated and age-matched control mouse livers (Aged-
NMN and Aged-control) were analyzed in a separate search. The in-
tensities for protein levels were first divided by the ratio of the sum
intensity of each replicate in every group. Then, missing values were
labeled as “NA” and the average levels were calculated using in-
tensities in the remaining replicates. Proteins with more than two
missing values in each group were filtered out. The ratios of average
protein levels of 2 months:12 months and the ratios of average protein
levels of Aged-control:Aged-NMN were calculated for normalization of
the acetylomic data.

Enrichment (Acetylomic) data of mouse livers (2 months and 12
months) were searched together, and enrichment data of NMN-
treated and age-matched control mouse livers (Aged-NMN and
Aged-control) were analyzed in another search. The intensities for
acetylation levels were first divided by the ratio of the sum intensity of
each replicate in every group. Then, missing values were served as
“NA” and the average levels were calculated using intensities in the
remaining replicates. Acetylation sites with more than two missing
values in each group were filtered out. Acetylation sites whose cor-
responding protein abundances were not quantified were also filtered
out. The relative acetylation levels were the acetylation levels divided
by the protein ratio of 12-months/2-months or Aged-NMN/Aged-
control.
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LC-MS for the Detection of Nicotinamide Adenine Dinucleotide,
Oxidized Form (NAD*)

Mouse liver tissues were homogenized with 200 pl of H,O and 20
ceramic beads (0.1 mm) using the homogenizer (Bertin Technologies,
France). Eight hundred microliters of methanol (MeOH):ACN (1:1, v/v)
was added for metabolite extraction. To precipitate the protein,
samples were incubated for 1 h at -20 °C, followed by 15 min of
centrifugation using 14,000 rcf at 4 °C. The supernatants were
removed and evaporated to dryness in a vacuum concentrator (Lab-
conco). Dry extracts were then reconstituted in 100 pl of ACN:H,O
(1:1, v/v), followed by 10 min of sonication (50 Hz, 4 °C) and 15 min of
centrifugation using 14,000 rcf at 4 °C to remove insoluble debris.
Supernatants were transferred to HPLC glass vials and stored at —80
°C prior to LC-MS analysis.

The LC-MS analysis was performed using a UHPLC system (1290
series, Agilent Technologies) coupled to a triple quadrupole mass
spectrometer (Agilent QqQ 6495, Agilent Technologies). A Waters
ACQUITY UPLC BEH Amide column (100 x 2.1 mm; particle size,
1.7 um; 130 A, Waters) was used for separation, and the column
temperature was kept at 25 °C. The mobile phase A was 25 mM
ammonium hydroxide (NH4OH) and 25 mM ammonium acetate
(NH4OAC) in water, and B was ACN. The linear gradient was set as
follows: 0 to 0.5 min: 95% B, 0.5 to 7 min: 95% B to 65% B, 7 to 8 min:
65% B to 40% B, 8 to 9 min: 40% B, 9 to 9.1 min: 40% B to 95% B,
and 9.1 to 12 min: 95% B. The flow rate was 0.5 ml/min, and the
sample injection volume was 2 pl. The measurement was performed in
positive and negative modes. ESI source parameters were set as
follows: sheath gas temperature, 350 °C; dry gas temperature, 170 °C;
sheath gas flow, 12 L/min; dry gas flow, 16 L/min; capillary voltage,
3000 V or —2500 V in positive or negative modes, respectively; nozzle
voltage, 1000 V and -1500 V in positive and negative modes,
respectively; and nebulizer pressure, 40 psi. For the analyses of NAD*,
several MRM transitions were simultaneously monitored, including
664.1/136.3 for quantification and 664.1/428.0 and 664.1/231.8 for
qualification. The dwell time for each MRM transition was 50 ms. The
MRM transitions were obtained using the purchased chemical stan-
dard of NAD* (10 pg/ml) and optimized using the MassHunter Opti-
mizer software (version B.07.01, Agilent Technologies). The peak
areas of quantification transition (i.e., 664.1/136.3) were manually in-
tegrated for relative quantitative analysis using the Agilent Qualitative
software (version B.07.00, Agilent Technologies).

Bioinformatic Analysis

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) pathway analysis were performed by the Database for
Annotation, Visualization and Integrated Discovery (DAVID) (version
6.8) (31, 32). Bar plots were generated by GraphPad Prism (version
8.3.0, GraphPad). Venn diagrams were plotted by R package eulerr
(version 6.1.1). Correlation matrixes were performed with the ggpairs
function of the R package GGally (version 2.1.2). The UpSet plot was
generated by R package upSetR (version 1.4.0). Pie chart, scatterplot,
and violin plot were produced by R package ggplot2 (version 3.3.5).
Heatmaps were plotted by R package pheatmap (version 1.0.12).

RESULTS

Acetylome Studies Reveal Previously Uncharacterized
Protein Acetylation in Mouse Livers

To profile protein acetylation with age, we performed
proteome-wide acetylation studies. We examined adult
mouse at young (2 months) and aged condition (12 months). In
addition, we supplemented NMN to a 9-month-old mouse for

3 months to result in 12 months of age (Aged-control versus
Aged-NMN). To enhance the broadness of epitope coverage
for immunoprecipitation, we combined two antibodies for the
enrichment of acetylated peptides (Fig. 1A). From mouse liver
tissues, this strategy led us to identify 4,146, 4,088, 3,251, and
3121 acetylation sites from 2-month-old (four biological rep-
licates), 12-month-old (four biological replicates), Aged-
control (four biological replicates), and Aged-NMN (three
biological replicates) mice, respectively (supplemental
Table S1). Among them, 3,798, 3,915, 2,991, and 2797 acet-
ylation sites were reproducibly identified from at least two out
of the biological replicates (supplemental Fig. S1A and
supplemental Table S1). Comparison of the biological repli-
cates revealed a correlation coefficient equal to or higher than
0.919, indicating high reproducibility (supplemental Fig. S1B).
Nearly half of acetylated proteins (45.10%, 45.98%, 49.24%,
and 49.41% from 2-month-old, 12-month-old, Aged-control,
and Aged-NMN mice, respectively) contained one acetyla-
tion site, while more than half proteins (54.90%, 54.02%,
50.76%, and 50.59%) had more than one acetylation sites,
and notably, a small proportion of proteins (4.71%, 2.07%,
4.56%, and 4.55%) were found to have equal or even higher
than 10 acetylation sites (Fig. 1B).

PhosphoSitePlus comprises 11,564 nonredundant acetyla-
tion sites from the mouse (33). Comparative analysis indicated
not just 2539 common acetylation sites but also 2362
potentially new acetylation sites as revealed by the current
study (Fig. 2A and supplemental Table S2), adding new in-
formation to the PhosphoSitePlus repertoire. GO on our ace-
tylome data found that acetylated proteins in mouse livers
were mainly involved in the oxidation-reduction process,
translation, and metabolism (Fig. 2B and supplemental
Table S2). Molecular functions of the acetylated proteins
were primarily in poly(A) RNA binding, oxidoreductase activity,
and catalytic activity (Fig. 2B and supplemental Table S2). The
acetylated proteins were localized in mitochondrion, intracel-
lular ribonucleoprotein complex, and cytosol (Fig. 2B and
supplemental Table S2). KEGG pathway analysis revealed the
enrichment of metabolism pathways, biosynthesis of antibi-
otics, and carbon metabolism (Fig. 2B and supplemental
Table S2).

Age-Associated Dynamics in Protein Acetylation

We compared the dynamics of acetylation sites between
young and aged animals. To diminish the alternations of
protein basal levels that naturally occur with age, changes in
acetylation were normalized to the expression of their host
protein. Our analysis showed that 155 acetylation sites from
139 proteins were unique in 2-month-old mouse livers
(supplemental Fig. S2A and supplemental Table S3), with their
functions mainly involved in fatty acid beta-oxidation,
oxidation-reduction process, translation, acetyl-CoA meta-
bolism, and oxaloacetate metabolism (Fig. 3A and
supplemental Table S3). On the other hand, 156 acetylation
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sites from 131 proteins were only identified in 12-month-old
mouse livers (supplemental Fig. S2A and supplemental
Table S3). GO analysis revealed their roles in fatty acid beta-
oxidation, oxidation-reduction process, translation, biosyn-
thesis, and valine catabolism (Fig. 3A and supplemental
Table S3). Among 3370 acetylation sites found in both
young and aged animals (supplemental Fig. S2A and
supplemental Table S38), 137 sites from 111 proteins were
significantly decreased with age (2-months/12-months>1.5, p
< 0.05), while 288 sites from 218 proteins were increased (12-
months/2-months>1.5, p < 0.05) (Fig. 3B and supplemental
Table S3). Proteins that had decreased acetylation with age
were enriched in oxidation-reduction process, protein folding,
protein homotetramerization, fatty acid beta-oxidation, tricar-
boxylic acid cycle, response to drug, cell redox homeostasis,

o

12 3 4 56 7 8 91011121314 1516 17 25 27 41
Acetylated sites

scheme for dual-antibody-based acetylome profiling from adult mouse
, distribution number of the acetylation sites per protein.

and arginine biosynthesis (Fig. 3C and supplemental
Table S38), while acetylation events that had late-onset in-
crease were mainly involved in oxidation-reduction process,
translation, protein folding, protein homotetramerization,
metabolic processes of fatty acid, triglyceride, and glycine
(Fig. 3C and supplemental Table S3). During aging, acetylation
events involved in the oxidation-reduction process were
notably enriched (Fig. 3, A and C). Detailed characterization
determined that acetylation of the redox proteins in tricar-
boxylic acid cycle was upregulated with age except for Malate
dehydrogenase, mitochondrial (Fig. 3D and supplemental
Table S3). Apart from K227 on Alcohol dehydrogenase 1,
protein acetylation in retinol metabolism increased with age
(Fig. 3D and supplemental Table S3). Proteins in arachidonic
acid metabolism and steroid biosynthesis demonstrated

4 Mol Cell Proteomics (2022) 21(9) 100276

SASBMB



Acetylomics From Mouse Livers With Age and NMN Treatment

20,

9025

2539

PhosphoSitePlus %This study

log,(Acetylation sites)

62 55 44 39

0

PhosphoSitePlus  © [ [ I
2-month
12-month I I [
Aged-control
Aged-NMN
B -log,(p-adj)
0 25 50 75 100

Oxidation-reduction process;

Translation

Metabolism

Fatty acid metabolism|

Glutathione metabolism

Tricarboxylic acid cyclef

tRNA aminoacylation for protein translation
Protein folding]

Acyl-CoA metabolism|

ATP metabolism

-log,(p-adi)

0 50 200

Mitochondrion

Intracellular ribonucleoprotein complex
Cytosol

Ribosome}|

Peroxisome

Extracellular matrixi

Proteasome complex

Intracellular membrane-bounded organelle;
Endoplasmic reticulum|

Nucleus;

100 150

| Biologicol Process

Molecular Function

2362

848 604

108 94 76

e

0 25

RN

-log, (p-adj)

50 75 100

Poly(A) RNA binding:
Oxidoreductase activity

Catalytic activity

Structural constituent of ribosome
Nucleotide binding:

Flavin adenine dinucleotide binding
Lyase activity

Aminoacy-tRNA ligase activity
Pyridoxal phosphate binding
Electron carrier activity

-log,(p-adj)
0 25 75 100
Metabolic pathways:
Biosynthesis of antibiotics
Carbon metabolism
Ribosome
Valine, leucine and isoleucine degradation
Biosynthesis of amino acids
Fatty acid degradation
Huntington's disease
Parkinson's disease
Glyoxylate and dicarboxylate metabolism

50

I cellular Component M kece

Fic. 2. Acetylome studies reveal previously uncharacterized protein acetylation in mouse livers. A, UpSet plot and Venn diagram
showing common and specific acetylation sites between PhosphoSitePlus and the current study. B, GO analysis reveals biological process,
molecular function, cellular component, and KEGG pathway of acetylated proteins in mouse livers.

increased acetylation with age (Fig. 3D and supplemental
Table S3).

We calculated the sum acetylation levels of all identified
sites on each protein and counted the numbers of dramatically
changed acetylation sites on each protein (p < 0.05) (Fig. 4A
and supplemental Table S4). From a total number of 1200
proteins identified from 2-month-old and 12-month-old mouse
livers, acetylation in 550 proteins remained roughly unaltered.
Interestingly, 75 proteins had multiple acetylation events
conferring discordant dynamics with age, with some being
increased while others being decreased (e.g., Protein
disulfide-isomerase A3) (Fig. 4B and supplemental Table S4);
204 proteins had uniformly decreased acetylation sites (e.g.,
Methanethiol oxidase and 14-3-3 protein zeta/delta) (Fig. 4C
and supplemental Table S4), and acetylation in 371 proteins
became significantly increased in aged animals (e.g., Mito-
chondrial serine-pyruvate aminotransferase and Histone
H2A.V) (Fig. 4D and supplemental Table S4).

Protein Acetylation as New Age-Associated Biomarkers

To explore protein acetylation as biomarkers, we designed a
scheme to filter acetylation sites based on specificity with age,
high reproducibility, low variation among repeats, and high
intensity (Fig. 5A). High reproducibility was defined by acety-
lation signals detected from all four replicates for each age
group. Low variation was defined by acetylation signals with
coefficient of variation below 35% among replicates. High
intensity referred to the average acetylation levels higher than
5 x 107. This scheme led to us to identify two young-specific
(2-months) acetylation sites (Protein FAM98B at K245 and
Mitochondrial-processing peptidase subunit alpha at K477)
and one age-associated (12-months) acetylation sites (Cyto-
chrome P450 4A14 at K153) (Fig. 5, A and B). Protein FAM98B
at K245 and Mitochondrial-processing peptidase subunit
alpha at K477 were highly acetylated in 2-month-old mouse
livers but were barely detectable at 12 months of age (Fig. 5C).
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Fic. 3. Age-associated dynamics in acetylation sites. A, age-specific acetylated proteins function in diverse biological processes. B,
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On the contrary, the acetylation of Cytochrome P450 4A14 at
K153 was not identified in 2-month-old animals but was found
highly modified in age mouse livers (Fig. 5C). Sequence
alignment analysis revealed that these lysine sites were
evolutionarily conservative between mouse and human, sug-
gesting their potential as aging biomarkers in mammals
(Fig. 5D).

Impact of NMN Treatment on Protein Acetylation

We characterized the effect of NMN supplement on the
acetylome of aged animals. Changes in acetylation were also
normalized to the host protein. One hundred fifteen acetylation
sites from 103 proteins were specifically identified in Aged-
control mouse livers (supplemental Fig. S2B and
supplemental Table S5). GO analysis showed that they were
enriched in oxidation-reduction process, tricarboxylic acid
cycle, citrate metabolism, and glutathione metabolism (Fig. 6A
and supplemental Table S5). Only 46 acetylation sites from 44
proteins were uniquely identified in the Aged-NMN group
(supplemental Fig. S2B and supplemental Table S5), with their

roles in the oxidation-reduction process (Fig. 6A and
supplemental Table S5). Among 2585 acetylation sites iden-
tified in both Aged-control and Aged-NMN animals
(supplemental Fig. S2B and supplemental Table S5), 108 sites
from 79 proteins were significantly decreased upon the
treatment of NMN (Aged-control/Aged-NMN>1.5 and p <
0.05) (Fig. 6B and supplemental Table S5); these proteins were
enriched in oxidation-reduction process, fatty acid biosyn-
thesis, protein homotetramerization, acyl-CoA metabolism,
acetyl-CoA metabolism, and fatty acid beta-oxidation (Fig. 6C
and supplemental Table S5). On the other hand, 75 sites from
52 proteins had increased acetylation (Aged-NMN/Aged-
control>1.5 and p < 0.05) (Fig. 6B and supplemental Table S5),
with their roles being enriched in oxidation-reduction process
and fatty acid beta-oxidation (Fig. 6C and supplemental
Table S5).

Since NMN supplementation has been shown to benefit
health span (17, 20-24), we further investigated the impact of
NMN on protein acetylation that normally changed during
aging. Seventy-one acetylation sites in 60 proteins that
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naturally decreased with age were now reversed by NMN
treatment (Fig. 6D and supplemental Table S5). GO analysis
revealed their roles in oxidation-reduction process, meta-
bolism, cell redox homeostasis, tricarboxylic acid cycle, and
protein folding (Figs. 6E, S3A and supplemental Table S5).
One hundred thirty-six acetylation sites in 111 proteins that

had age-modulated increase became decreased with NMN
(Fig. 6D and supplemental Table S5), which were mainly
involved in oxidation-reduction process, metabolic processes
of fatty acid and triglyceride, translation, protein homote-
tramerization, response to drug, and response to cadmium
ion (Figs. 6E, S3A and supplemental Table S5). In addition,
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17 2-month-specific acetylation sites and 17 12-month-spe-
cific acetylation sites were reversed by NMN (supplemental
Fig. S3B and supplemental Table S5). We showed the evi-
dence that 3 acetylation sites that were highly enriched in
young animals now became abundant in NMN-treated mouse
livers compared to age-matched controls (supplemental
Fig. S3B and supplemental Table S5). In addition, 14 acety-
lation sites found be high in aged animals were significantly
decreased in NMN-treated mouse livers (supplemental
Fig. S3B and supplemental Table S5). Notably, the acetyla-
tion level of the aging biomarker Cytochrome P450 4A14 at
K153 (see Fig. 5C) was downregulated upon NMN treatment
compared to the age-matched controls (supplemental
Fig. S3B). The acetylation of Protein FAM98B at K245 and
Mitochondrial-processing peptidase subunit alpha at K477 as
young biomarkers were not detectable in NMN-treated ani-
mals (12 months).

NMN Treatment Mildly Affects Sirtuin-Mediated Protein de-
Acetylation

It has been suggested that NMN supplementation, coupled
with an increased NAD™* level (Fig. 7A), benefits adult fitness at
least in part by promoting the activity of Sirtuins, a family of

NAD-consuming deacetylases (20-22, 26-28). In our Aged-
control and Aged-NMN dataset, we collectively identified
250 acetylation sites previously reported as substrates of
Sirtuins (34-63) (supplemental Table S6). Surprisingly, overall
levels of the acetylation sites remained roughly unchanged
upon the treatment of NMN compared to those of age-
matched controls (Fig. 7B and supplemental Table S6).
We only observed 42 out of 250 acetylation sites altered by
NMN supplementation, with 15 sites displaying decreased
modification, while 27 sites being increased (Fig. 7C and
supplemental Table S6). Changes in acetylation may impact
protein function, yet there have been functional studies for 3
out of 42 acetylation sites being affected. Specifically, Histone
H3.1 at K19 (H3K18Ac after N-terminal methionine excision
co-translationally by the enzyme Methionine aminopeptidase
2) (64) had decreased acetylation upon NMN treatment
(Fig. 7C), while acetylation on Histone H3.1 at K57 (H3K56Ac),
with a role in transcriptional activation (65), was increased
(Fig. 7C). NMN treatment also increased the acetylation of
Sirt3 substrate Superoxide dismutase [Mn], mitochondrial at
K122 (Fig. 7C), which has been reported to decrease the
enzymatic activity as destroying superoxide anion radicals
produced within the cells (66).
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Fic. 7. NMN treatment mildly affects Sirtuin-mediated protein deacetylation. A, NMN supplementation causes an increase in NAD™ level.
B, violin plot showing global dynamics of the acetylation levels of Sirtuin substrates by NMN treatment (Wilcox rank-sum test). C, line chart

showing the dynamics of the acetylation levels of Sirtuin substrates by
two-tailed Student’s t test); blue lines: NMN-induced downregulated si
changed sites.

DISCUSSION

Aging is characterized by a progressive decline in cellular
and organismal function that leads to reduction of fitness and
increased risks to diseases and death. Aging is a complex
process that can be regulated by a network of multiple
mechanisms. Previously studies have focused on age-related
changes on transcriptomics (67, 68), epigenetics (69), prote-
omics (70), and metabolomics (71), while research on protein
PTM, such as acetylation, remains elusive. To investigate the
dynamics of acetylation with age and upon the treatment of
NMN, a precursor of health-promoting metabolite NAD", we
performed dual-antibody enrichment experiments combined
with high-resolution LC-MS/MS analysis in mouse livers. To
our knowledge, our study provides the first comprehensive
and dynamic atlas of acetylome in natural aging and upon
treatment of NAD™ booster from adult mouse tissues.

Protein lysine acetylation has been linked with cellular
functions including cell cycle (72), DNA damage repair (73),
autophagy (74), and diseases such as diabetes (75) and
cancer (76). Our quantitative assessment reveals new features
of aging acetylome from mouse livers. First, we identify 4901
acetylation sites in mouse livers, with 48.19% (2362) being

NMN treatment. Red lines: NMN-induced upregulated sites (p < 0.05 by
tes (p < 0.05 by two-tailed Student’s t test); gray lines: not significantly

previously unknown acetylation sites in PhosphoSitePlus.
Second, 7.93% sites (292 out of 3681) are decreased with
age, while 12.06% sites (444 out of 3681) show increased
acetylation in aged animals. We observe more acetylation
sites in aged mice than in young animals. Third, proteins with a
similar function may have differential acetylation with age. For
example, within the biological process of oxidation-reduction,
Fatty acid synthase at K326 and K1276 show decreased
acetylation, while Cytochrome P450 2E1 at K94 and K159 are
increased with age. Fourth, 58.83% proteins (706 out of 1200)
bear more than one acetylation modification. Interestingly,
6.25% of proteins (75 out of 1200) have multiple acetylation
events conferring discordant direction of change during aging.
For example, the acetylation of Peroxisomal bifunctional
enzyme at K181 displays a decrease, while K705 has an in-
crease with age. Individual proteins might be substrates of
different lysine acetyltransferases and/or lysine deacetylases.
For example, Histone H3 is acetylated by Gen5 and PCAF at
K9 (77) and acetylated by p300/CBP at K18, K27 (78), and K56
(79). Similarly, single-lysine sites could be modulated by
different enzymes, e.g., Histone H3 at K56 is deacetylated by
Sirt1, Sirt2, and Sirt6 (79-81). This might partially explain why
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some proteins harbor both increased and decreased acety-
lation sites. However, how multiple acetylation sites coordi-
nate to affect protein function has not been studied. Our
datasets provide candidates for the exploration of joint
outcome by multisite acetylation on individual proteins.

During aging, acetylation on proteins in the oxidation—
reduction process showed complex changes (see Fig. 3D).
The oxidation—-reduction process (GO: 0055114) is a metabolic
process that mediates the removal or addition of one or more
electrons to or from a substance, with or without the
concomitant removal or addition of a proton or protons.
Altered cellular redox homeostasis has been implicated as an
important factor in regulating cell growth, senescence, and
aging (82). The liver is a critical tissue for numerous metabolic
processes including digestive absorption and uptake, syn-
thesis, packaging, and secretion of lipids and lipoproteins (83).
Here, we observed dynamic acetylation on proteins involved
in fatty acid metabolism (including increased and decreased
acetylation in fatty acid beta-oxidation and increased acety-
lation in fatty acid transport) and increased acetylation on
proteins in triglyceride metabolism in aging mouse livers. The
liver is also important for protein and amino acid metabolism
as it is responsible for most proteins secreted into the blood
(83). We found that proteins in valine catabolism, glycine
metabolism, and L-alanine catabolism showed increased
acetylation, which may potentially underlie functional changes
in liver tissues that occur during aging.

It is interesting to note that Peleg et al. (9) have performed
acetylomic study in Drosophila, revealing an increase in 79
and a decrease in 3 acetylation sites in midlife flies compared
to young flies. We have performed comparative analysis be-
tween their and our datasets. ADP/ATP translocase (sesB) at
K107 shows an increase in Drosophila head during aging, and
its mouse ortholog ADP/ATP translocase 1 (Slc25a4) at K92
also increases in old mouse livers. The acetylation levels of
Drosophila Aspartate aminotransferase (Got2) at K310 and
mouse Aspartate aminotransferase, mitochondrial (Got2) at
K309 both increase during aging. This evidence highlights
conserved acetylation events that occur with age.

Protein acetylation may be used as aging biomarkers. It has
been shown that the acetylation of K280 on Tau is linked with
normal brain aging as well as a wide spectrum of human
neurodegenerative diseases (13, 14). Here, we extend the
scope by exploring aging acetylome, revealing new protein
acetylation sites as age-related biomarkers. Specifically, we
demonstrate the acetylation of Protein FAM98B at K245 and
Mitochondrial-processing peptidase subunit alpha at K477 as
biomarkers for young mouse livers and Cytochrome P450
4A14 at K153 as biomarker for aged animals.

The hub metabolite, NAD", influences cellular physiology
though multiple dimensions. Studies have shown that NAD*
modulates the cellular redox status (16), modifies mMRNA by
capping the transcript at the 5-end (84), and rewires the
acetylome by activating deacetylases, Sirtuins (20-22, 26-28).

However, the extent by which NAD*-induced changes in
protein acetylation remains unknown. By assessing protein
acetylation that normally changes with age, we note that
60.14% acetylation sites (258 out of 429) can be reversed by
NMN treatment, including Cytochrome P450 4A14 at K153,
the aging biomarker for aged mouse livers, suggesting that the
life-beneficial effect of NMN can be at least partially reflected
by changes in age-related protein acetylation. We further
provide the evidence to show that NMN elicits a decrease in
acetylation sites. It is still unknown whether such a decrease is
due to Sirtuin-mediated deacetylation. In our dataset, how-
ever, majority of acetylation sites previously reported as
substrates of Sirtuins show mild or even no change, with only
6% acetylation sites (15 out of 250 reported substrates of
Sirtuins) being decreased by NMN supplementation. Though it
remains to be determined, it is possible that unknown target
sites may be responsive to NAD*-activated Sirtuins. Alterna-
tively, nicotinamide (NAM), a metabolite converted from NAD*
during Sirtuin-mediated deacetylation (85), has been shown to
inhibit the enzymatic activity of Sirtuins (86, 87). As a conse-
quence, despite the fact that NAD* activates Sirtuins, accu-
mulation of NAM leads to the inhibition of Sirtuins, resulting in
a perplexed outcome in protein deacetylation status. We also
notice that Sirt3 appears to have primarily upregulated sites
while Sirt5 has downregulated sites upon the treatment of
NMN (see Fig. 7C). Sirt3 as well as Sirt5 are mainly localized in
the mitochondrial matrix (81, 88), competing with the same
NAD* pool. Previous studies have indicated that NAD®*
consuming Michaelis constant (Km) value for Sirt5 (ranging
from 26 pM (89) to 200 pM (90)) is lower than that of Sirt3
(ranging from 280 pM (91) to 880 pM (92)). It is tempting to
speculate that Sirt5 can be activated prior to Sirt3. Activation
of Sirt5 results in a rapid depletion of NAD* and an accumu-
lation of NAM (86, 87), which, in turn, leads to inhibition of
Sirt3-mediated deacetylation.

In summary, our study provides an important resource on
protein lysine acetylation that occurs with age, laying critical
foundation for the functional study of protein PTM essential for
healthy aging and perhaps disease conditions.
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