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Quantitative Acetylome Analysis Reveals the
Roles of SIRT1 in Regulating Diverse
Substrates and Cellular Pathways*s

Yue Chent|, Wenhui Zhao§|,, Jeong Soo Yangt|, Zhongyi Chengt|, Hao Luot,
Zhike Luz, Minjia Tantq], Wei Gu§**, and Yingming Zhaot**

Despite of the progress in identifying many Lys acetyla-
tion (Kac) proteins, Kac substrates for Kac-regulatory en-
zymes remain largely unknown, presenting a major
knowledge gap in Kac biology. Here we identified and
quantified 4623 Kac sites in 1800 Kac proteins in SIRT1+/*
and SIRT1~/~ MEF cells, representing the first study to
reveal an enzyme-regulated Kac subproteome and the
largest Lys acetylome reported to date from a single
study. Four hundred eighty-five Kac sites were enhanced
by more than 100% after SIRT1 knockout. Our results
indicate that SIRT1 regulates the Kac states of diverse
cellular pathways. Interestingly, we found that a number
of acetyltransferases and major acetyltransferase com-
plexes are targeted by SIRT1. Moreover, we showed that
the activities of the acetyltransferases are regulated by
SIRT1-mediated deacetylation. Taken together, our re-
sults reveal the Lys acetylome in response to SIRT1, pro-
vide new insights into mechanisms of SIRT1 function, and
offer biomarker candidates for the clinical evaluation of
SIRT1-activator compounds. Molecular & Cellular Pro-
teomics 11: 10.1074/mcp.M112.019547, 1-15, 2012.

Lysine (Lys)" acetylation is a dynamic, reversible, and evo-
lutionarily conserved protein post-translational modification
(PTM). After the discovery of Lys acetylation in histones more
than forty years ago (1), early studies mainly focused on
histones and transcription factors, establishing the modifica-
tion’s fundamental role in DNA-templated biological pro-
cesses (2, 3). The discovery of Lys acetylation in tubulin and
the presence of sirtuins in mitochondria argued that Lys
acetylation may not be restricted to nuclei (4-6). The com-
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plexity of Lys acetylomes outside the nuclei and the high
abundance of the PTM in mitochondria revealed by proteom-
ics studies suggested that the regulatory functions of this
PTM may mirror those of protein phosphorylation (7-9).

Lys acetylation is regulated by two groups of enzymes with
opposing activities, lysine acetyltransferases and deacety-
lases (10). Sirtuins are a family of highly conserved NAD ™ -de-
pendent deacetylases (11, 12). Numerous studies, mainly fo-
cusing on the family’s founding member, SIRT7 in mammals
or Sir2, the enzyme’s homolog in yeast, show that sirtuins
regulate diverse cellular functions and appear to affect a
variety of aging-related diseases, such as cancer, metabolic
diseases, and inflammation and are involved in pathways
such as metabolisms, oxidative stress, DNA damage, cell
cycle, and signaling (12-15). A number of protein substrates
for SIRT1 have been identified including p53, DNA methyl-
transferase 1 (DNMT1), NF-«B, forkhead transcription factors,
PGC-1a, and histones (16-22).

Despite significant progress in the past decade, the molec-
ular mechanisms by which SIRT1 regulates cellular physiol-
ogy are not well understood. A major hurdle in our under-
standing of SIRT1 biology is our incomplete knowledge of Lys
acetylation proteins that mediate SIRT1 functions. Because
SIRT1 is a lysine deacetylase, a major mechanism for SIRT1
to exert its functions should be its deacetylation activity.
However, SIRT1-induced lysine acetylation proteins are far
from complete. This knowledge limitation also exists with
other deacetylases as well as with lysine acetyltransferases,
representing a major challenge in Lys acetylation biology and
in evaluating clinical compounds that target dysregulated Lys-
acetylation regulatory enzymes.

Here we report the first proteomics quantification of Lys
acetylation in response to a regulatory enzyme. Our study
identified 4623 Lys acetylation sites from SIRT1** and
SIRT1~/~ MEF cells, among which 4130 Lys acetylation sites
were quantified. The data identified multiple pathways that are
affected by SIRT1. From this wealth of new information on the
SIRT1-modulated Lys acetylome, we discovered consensus
motifs for SIRT1-mediated Lys acetylation sites and identified
extensive correlation between Lys acetylation and phosphor-
ylation, SUMQylation, and mutations associated with disease,
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suggesting potential cross-talks between Lys acetylation with
other modification and mutations. We further demonstrated
that SIRT1 regulates diverse lysine acetyltransferases and
their associated protein complexes through deacetylation,
which further impacts their enzymatic activities. Overall, the
SIRT1-response Lys acetylome generated in this study pro-
vides a rich resource for the future functional dissection of
SIRT1-dependent cellular pathways.

EXPERIMENTAL PROCEDURES

Stable Isotope Labeling in Cultured Cell Lines—The SIRT1~/~ MEF
cells derived from SIRT1~/~ mouse (23) (a kind gift from Dr. Fred W.
Alt and Hwei-Ling Cheng). Proteins in SIRT7*/* and SIRT1~/~ MEF
cells were labeled with either “heavy” or “light” isotopic lysine using a
SILAC Protein Quantitation Kit (Invitrogen, Carlsbad, CA) according to
manufacturer’s instructions. Briefly, two cell lines were grown in Dul-
becco’s modified Eagle’s medium supplemented with 10% fetal bo-
vine serum and either the “heavy” form of [U-'3Cg]-L-lysine or “light”
[U-12Cg4]-L-lysine for more than six generations before being har-
vested, to achieve more than 99% labeling efficiency.

Preparation of Cell Lysates—Cells were harvested and washed
twice with cold phosphate-buffered saline. The cells were lysed in 2%
NETN buffer (40 mm Tris, pH 8.0, 200 mm NaCl, 2 mm EDTA, 1%
Nonidet P-40) on ice for 20 min. Cell lysates were centrifuged at
16,000 X g for 15 min at 4 °C. The supernatant was collected as an
NETN-soluble fraction and the pellet was further lysed by SDS buffer
(containing 62.5 mm Tris-HCI, pH 6.8, and 2% SDS) with sonication to
generate an NETN-pellet fraction. Protein concentrations were mea-
sured using Bradford assay. Equal amounts of protein from the
NETN-soluble fractions of SIRT1*/* and SIRT1~/~ cells were mixed
and separated on preparative high-performance liquid chromatogra-
phy (HPLC) into 20 fractions using a polyCAT/WAX ion exchange
column (Shimadzu, Kyoto, Japan). Proteins from each HPLC fraction
were precipitated using trichloroacetic acid/acetone. The resulting
protein precipitate was washed twice with ice-cold acetone and
stored at —20 °C before in-solution tryptic digestion. Equal amounts
of protein from the NETN-pellet fractions of SIRT7™/* and SIRT1~/~
cells were mixed and dialyzed overnight against phosphate-buffered
saline to remove SDS. Proteins were then precipitated by the TCA/
acetone method and washed with ice-cold acetone prior to in-solu-
tion tryptic digestion.

In-solution Digestion of Proteins and Enrichment of Lysine Acety-
lated Peptides—The precipitated proteins were digested with trypsin
using a procedure previously described (24). To enrich Lys-acetylated
peptides, the trypic digest in NETN buffer (100 mm NaCl, 1 mm EDTA,
50 mm Tris-HCI, 0.5% Nonidet P-40, pH 8.0) was incubated with
anti-acetyllysine agarose beads (PTM Biolabs Inc., Chicago, IL) at
4 °C for 4 h with gentle shaking. The beads were washed four times
with 1 ml of NETN buffer and twice with ddH,O. The bound peptides
were eluted from the beads with 1% trifluoroacetic acid. The eluted
fractions were combined and dried in a SpeedVac (ThermoFisher
Scientific, Waltham, MA). The peptides from the NETN-soluble frac-
tions were analyzed by HPLC-MS/MS, whereas the peptides from the
NETN-pellet fractions were resolved into 12 fractions in a 3100
OFFGEL Fractionator (Agilent Technologies, Inc., Santa Clara, CA)
according to the manufacturer’s instructions. Each fraction was
cleaned in a C18 ZipTip (Millipore Corp., Billerica, MA) before HPLC/
MS/MS analysis.

HPLC-MS/MS Analysis of Tryptic Peptides—HPLC/MS/MS analy-
sis was performed on an Eksigent nanoLC-1D plus pump (Eksigent
Technologies, Dublin, CA) coupled online to an LTQ Orbitrap Velos
mass spectrometer (ThermoFisher Scientific, Waltham, MA). Peptides
were dissolved in HPLC solvent A (0.1% formic acid in water), directly

loaded onto a reversed-phase column (360 um OD X 75 um ID)
packed in-house with Jupiter Proteo resin (4 um particle, 90 A pore
size, Phenomenex, Torrance, CA), and eluted with a linear gradient of
5-30% HPLC solvent B (0.1% formic acid in acetonitrile) at a constant
flow rate of 200 nL/min. Eluted peptides were electrosprayed into LTQ
Velos dual-pressure linear ion trap mass spectrometers (Thermo-
Fisher Scientific, Waltham, MA) operating in a data-dependent mode
that acquired MS/MS spectra for the top 20 most intense ions. Full
MS was acquired using FTMS in the Orbitrap at 60,000 resolution at
400 m/z, and MS/MS was acquired using collision-induced dissoci-
ation (CID) in the Velos at 35% normalized collision energy. A lock-
mass ion from ambient air (m/z 445.120024) was used for internal
calibration of all full-scan measurements with the Orbitrap detector as
described (25). Dynamic exclusion was enabled with repeat count of
2, repeat duration of 8 s, exclusion duration of 60 s, and exclusion
mass width including +0.01% relative to the reference mass. Details
for data analysis are described in supplemental Information.

Public Access to Mass Spectrometry Data— All mass spectrometry
data published in this study are publically accessible. Please refer to
Supplementary method for detail instructions.

RESULTS

Experimental Strategy for Quantification of the Lys Acety-
lome —To quantify the changes of Lys acetylation in response
to SIRT1, SIRT1*" and SIRT1~/~ MEF cells were grown
using stable-isotope labeling with amino acids in cell culture
(SILAC), containing “heavy” (Lys®) or “light” (Lys®) isotopic
forms of lysine (26). From each type of culture, we generated
two protein fractions, an NETN-soluble fraction and an NETN-
pellet fraction, using two sequential steps of cell lysis with
NETN buffer and SDS-lysis buffer. Proteins in NETN-soluble
fractions generated from the “light” and “heavy” cells were
mixed in equal amounts and resolved into 20 HPLC fractions
using ion-exchange chromatography. The proteins in each
fraction were precipitated and digested with trypsin (Fig. 1A).
The lysine-acetylated peptides were enriched using immobi-
lized anti-acetyllysine antibodies. In a parallel experiment,
proteins in NETN-pellet fractions from “light” and “heavy”
cells were combined in equal amounts and proteolytically
digested. Subsequently, Lys-acetylated peptides were en-
riched and resolved into 12 fractions using isoelectric frac-
tionation (Fig.1A).

The enriched peptides were analyzed using a nano-HPLC/
LTQ Orbitrap mass spectrometer. The resulting MS/MS data
were processed using the Mascot search engine (v2.2) (27)
and Maxquant software (v1.0.13.13) (28) with an overall false
discovery rate for peptides of less than 1%. We identified
5832 Lys acetylation sites using this criterion. We then applied
the highest possible stringency to improve the reliability of our
proteomics analysis. We removed 886 Lys acetylation sites
with low Mascot scores (using 20.0 as a cutoff threshold)
(supplemental Table S1A, S1B), including 167 sites with Mas-
cot scores below 10.0 and 719 sites between 10.0 and 20.0
(supplemental Table S1C). We then eliminated site-redundant
peptides.

Using this procedure, we identified 4623 nonredundant Lys
acetylation sites in 1800 proteins. Over 94% of these sites are
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Fic. 1. The experimental strategy for identification and quantification of Lys acetylation sites in mouse embryonic fibroblast (MEF)
cells. A, MEF SIRT1*/* (WT) and SIRT7/~ (KO) cells were grown in SILAC media with U-"®C4-Lys and U-'2Cg-Lys respectively. Cells were
sequentially lysed, generating two fractions: an NETN-soluble fraction and an NETN-pellet fraction. For each fraction, equal amounts of
proteins from the two pools of cells were mixed. Proteins from NETN-soluble fractions were further resolved by ion-exchange chromatography,
followed by tryptic digestion and immunoprecipitation using anti-Kac pan-antibodies. The combined proteins from NETN-pellet fractions were
digested by trypsin. The resulting peptides were immunoprecipitated by anti-Kac pan-antibodies followed by OFFGel fractionation. The
enriched Kac-containing peptides in each fraction were subjected to HPLC/MS/MS analysis. B, Western blot analysis of protein whole-cell
lysates from MEF SIRT1"/* and SIRT1 /" cells. C, Clustering analysis of Lysine acetylation motifs among different quantiles. Lys acetylation
motifs were identified using Motif-x for all Lys acetylation sites and for sites in each quintile with Bonferroni corrected p < 0.05. HyperG test

:C,D was performed for the enrichment test of each motif in all quantiles and p value was transformed into Z-score for hierarchical clustering
analysis.
conserved between mouse and human. The average mass significantly enriched in our data set (p < 0.05), including the
error for acetylated peptides was 0.8 ppm with a standard 20S proteosome (p < 107 '3), the chaperonin complex (p <
deviation of only 0.7 ppm. The largest Lys acetylation dataset 1078), the Ksr1-MEK-MAPK complex (p < 107°), the SWI/
previously revealed by a proteomics study on a single cell line  SNF-related (PYR) chromatin remodeling complex (o < 1079),
contains 2455 Lys acetylation sites from the human Jurkat cell  the Dorsha complex (o < 107°), the MCM complex (p <
line after treatment of HDAC inhibitors (1% false discovery 1074, and the SWAP complex (p < 104 (supplemental
rate, and removing hits with Mascot score lower than 10.0) (8). Table S2B). Using a more comprehensive protein-protein inter-
Our study therefore represents a roughly 100% increase inthe  action network database, STRING, and a complex detection
number of Lys acetylation sites collected in a single experi- algorithm, MCODE, we detected 87 protein-protein interaction
ment. In addition, by including Ser, Thr, and Tyr phosphory- networks enriched in our data set (p < 0.05), including a ribo-
lation as variable modifications during database searching, we  somal protein network (o < 10729, an mRNA splicing network
also identified and manually verified five phosphorylation sites (o < 1072°), EGF stimulation networks (o < 1072° and a tRNA
that colocalized with Lys acetylation in same tryptic peptides.  synthetase network (o < 107°) (supplemental Table S2C).

The Proteome of Lysine Acetylation in MEF Cells—Similar Quantification Analysis of Lys Acetylated Peptides—Of the
to previous findings (7, 8), our data suggest that Lys-acety- 4623 Lys acetylation sites identified in this study, 4130 sites
lated proteins are significantly enriched in cellular processes were quantifiable. More than 85% of acetylation sites (3529
such as metabolism (p < 107'%9), gene expression (p < sites) exhibited less than a twofold change between SIRT1 KO

and WT cells. Acetylation at 485 sites was at least twofold or
higher in SIRT1 knockout cells (supplemental Table S1). We
also performed a quantitative comparison of protein expres-
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sion between SIRT1 KO, and WT cells. Our results showed
that only 3.3% of total quantifiable proteins exhibited SILAC
ratio changes of more than twofold, suggesting that SIRT1
knockout does not significantly impact global protein expres-
sion levels (supplemental Table S3). To demonstrate the re-
producibility of the quantification analysis, we performed a
biological replicate analysis with reverse labeling of the two
cell lines and carried out a one-time immunoprecipitation
followed by HPLC/MS/MS analysis. The correlation of Log2
SILAC quantification ratios between the two studies showed a
Pearson correlation coefficient of 0.82, suggesting good re-
producibility of our quantification data (supplemental Fig.
S1A). Moreover, the acetylation level of several known targets
of SIRT1 the K383 site on the tumor repressor gene p53
(Trp53) and the repeating glycine-lysine dipeptide region (the
GK linker) in DNA methyltransferase 1 (DNMTT1) increased by
more than fivefold and twofold respectively, in SIRT1 KO cells
(supplemental Table S1B), further demonstrating the reliability
of the quantification results. Consistent with the previous
observations, Kac in histones are not changed (29, 30).

To examine the nature of the SIRT1-induced Lys acetylome,
we divided the acetylation data set into five quantiles, four of
which were based on the cumulative distribution of SIRT71
KO/WT Log2 SILAC ratios (less than 15%, 15-50%, 50-85%,
more than 85%), and one quantile for the sites identified only
in SIRT1 knockout cells. An enrichment analysis was per-
formed separately in each quantile for diverse categories and
the overrepresented annotations were clustered through one-
way hierarchical clustering for comparative analysis.

Motif Analysis for Acetylation Sites Regulated by SIRT1—
Previous studies have shown preferences for particular amino
acids at positions surrounding Lys acetylation sites (7, 8, 31).
The reliability and accuracy of these studies depend on the
size of the input data set. The large data sets collected in this
study enabled us to perform a high-powered motif analysis.
Using the Motif-x program (32), we extracted a total of 57
motifs with Bonferroni-corrected p values of less than 0.05
(Fig. 1C and supplemental Fig. S1B). The motif set covers all
the previously known residue preferences for Lys acetylation,
including the GK™ motif and the K'F/K'Y motif (K refers to the
modified Lys) (7). No KK" motif, with K at the —1 position, was
identified, consistent with previous findings (8). Interestingly,
we identified 20 paired motifs containing two lysine residues
in which either lysine could be modified, such as FK'xxxxK
and FKxxxxK'.

To discover the potential consensus motif for SIRT1-medi-
ated Lys acetylation sites, we extracted acetylation data for
each of the 57 motifs and calculated the enrichment of the
motifs in each of the five quantiles described above. The data
were clustered using a one-way hierarchical clustering
method. This analysis identified multiple motifs regulated by
SIRT1 (Fig. 1C). For example, motifs with a small nonpolar
amino acid at position —1 or -2 relative to the acetylated Lys
(e.9. GK', AK’, GxK’, where K’ indicates the acetylated Lys

and x any amino acid), and the motif with E at the +2 position
(i.e. K'xE) are significantly enriched in quantiles with increased
acetylation levels in SIRT1 knockout cells (supplemental Fig.
S1B). Among the motifs, only the GK™ motif has been previ-
ously associated with SIRT1 (31). On the other hand, motifs
with bulky amino acids in the vicinity of the acetylated Lys,
such as K'F, K'Y, IxK’, or FK', are largely enriched in quantiles
with little change in acetylation level upon SIRT7 knockout.
Our results therefore uncover potential sequence preferences
for the acetylation sites that are regulated by SIRT1.

Biological Functions Regulated by SIRT1—To elucidate the
cellular functions regulated by SIRT1, we tested the data set
for enrichment in three Gene Ontology (GO) categories: mo-
lecular function, cellular compartment, and biological process
(Fig. 2A-2C and supplemental Fig. S2A-S2C). In the biologi-
cal process category, processes related to transcription, gene
expression, and mRNA splicing are significantly enriched in
quantiles with high KO/WT SILAC ratios. This pattern sug-
gests that the SIRT1 knockout significantly affected the acety-
lation level in these processes and that the enzyme is involved
in diverse transcription-related cellular functions. In agree-
ment with this observation, the analysis by cellular compart-
ment showed that the SIRT7 knockout produced a more
profound impact on the acetylation level among nuclear pro-
teins. Moreover, the analysis of molecular functions showed
that proteins involved in the binding of transcription activa-
tors, DNA binding, and chromatin binding, as well as lysine
N-acetyltransferases, were enriched in quantiles with in-
creased acetylation levels in SIRT1 knockout cells.

Analysis of Dynamics in Protein Domains by SIRT1 Knock-
out—Protein functions are largely determined by specific do-
main structures in the sequence. To reveal the domain struc-
tures most regulated by SIRT7 knockout, we performed
PFAM domain enrichment analysis on the five SILAC ratio
quantiles (Fig. 3A and supplemental Fig. S3A). In agreement
with our findings for molecular function and biological pro-
cesses, our data showed that protein domains involved in
transcription, including the nuclear receptor coactivator do-
main, zinc finger domains, and domains involved in RNA
processing (including the G-patch domain and alternative
splicing regulators), are enriched in quantiles with increased
acetylation. Interestingly, we observed a significant enrich-
ment of bromo domain and MOZ/SAS families in quantiles
exhibiting increased acetylation in SIRT1 knockout cells. This
finding, together with the observation of increased acetylation
of lysine N-acetyltransferases in the molecular function en-
richment analysis, suggests that SIRT1 may exert its cellular
function by regulating acetyltransferases and further modu-
lating the functions of proteins containing Lys acetylation
recognition domains. We extracted all of the lysine N-acetyl-
transferases identified in our data set (Table I) and discovered
that acetylation levels of the MYST acetyltransferase family
were most affected by SIRT1 knockout. This result is in agree-
ment with previous findings that Kat5 (Tip60) and Kat8
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Fic. 2. Enrichment and clustering analysis of the Lys acetylation data sets based on Gene Ontology annotations. Genes were
classified by Gene Ontology annotation based on three categories: A, biological process, B, cellular compartment, and C, molecular function.
In each category, quantification ratios of all Kac sites for each gene were divided into five quantiles, four of which were based on accumulative
normal distribution (0-15%, 15-50%, 50—85%, 85-100%). The fifth quantile consisted of genes with Kac sites identified only in SIRT7 /"~ cells.
An enrichment analysis was performed using the HyperG test with Benjamini-Hochberg adjustment. The p values were transformed into

z-scores prior to hierarchical clustering analysis.

(Myst1), two of the MYST family proteins, are SIRT1 sub-
strates that are negatively regulated by SIRT1 (33-36). More-
over, we showed that Ing3, a known member of Kat7 (Myst2)
protein complex, demonstrates an over 10-fold increase in
acetylation level at two sites (K181, K264) in SIRT1 knockout
cells.

The impact of SIRT1 Knockout on Cellular Pathways—To
identify cellular pathways regulated by SIRT1, we performed a
pathway clustering analysis of the SIRT1-reponse Lys acety-
lome for pathways from the Kyoto Encyclopedia of Genes and
Genomes (KEGG). Our data showed that DNA repair, the cell
cycle, Notch signaling, and RNA splicing are the most prom-
inent pathways enriched in quantiles with increased acetyla-
tion levels in SIRT1 knockout cells, suggesting a role of SIRT1
in these pathways (Fig. 3B and supplemental Fig. S3B). In
ribosome, proteasome, and glycolysis pathways, acetyla-

tion levels were not significantly affected by SIRT1
knockout.

DNA repair is a crucial cellular pathway that autonomously
maintains genome integrity and previously known to be reg-
ulated by SIRT1 (37, 38). Among various types of repair mech-
anisms, our study showed that SIRT1 may play a profound
role in regulating base excision repair (BER) and mismatch
repair (MR), two types of single-strand DNA repair mecha-
nisms. Six out of eight subunits in the long patch BER repair
complex are Lys-acetylated and the abundance of Lys acety-
lation increased by more than 9-fold on PolB and Lig1 after
SIRT1 knockout (Fig. 4A). Three acetylation sites on Lig1 and
Parp1 were identified only in SIRT7 knockout cells. Three out of
six major active components in the mismatch repair system are
Lys-acetylated, whereas K377 on Mlh1 and K431 on Pms2 were
identified to be Lys-acetylated only in SIRT7 knockout cells.
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Fic. 3. Enrichment and clustering analysis of Kac substrate proteins based on protein domains, cellular pathways, and protein
complexes. Genes were annotated based on (A) the PFAM domain database, (B) the KEGG pathway database, and (C) the CORUM protein

complex database. The analysis was carried out as described in Fig. 2.

mouse protein complexes.

In mammalian cells, cell cycle progression are controlled by
a set of proteins including cyclins, cyclin-dependant kinases
(CDKs), origin-recognition complex, and mini-chromosome
maintenance complex. Our data showed that acetylation of
K67 on cyclin A2, a ubiquitously expressed cyclin, is nearly
doubled upon SIRT1 knockout. Five out of six subunits in the
mini-chromosome maintenance complex are Lys-acetylated.
Acetylation of K857 and K818 on Mcm4 increased by at least
40% upon SIRT1 knockout, and one acetylation site (K173) on
Mcm6 was identified only in SIRT1 knockout cells.

The Notch signaling pathway is essential for cellular com-
munication and differentiation, recently shown to be regulated
by SIRT1 (39). Our data showed that SIRT1 regulates Lys
acetylation on multiple components of the Notch co-activator
and corepressor complexes (Fig. 4B). All subunits in the
Notch co-activator complex are Lys-acetylated. Acetylation of
five sites on MamlI2 and five sites on Snw1 were nearly tripled

In addition, k-means clustering was used to identify 20 SIRT1-regulated

upon SIRT1 knockout. Three subunits in the Notch corepres-
sor complex are Lys-acetylated. Although Lys acetylation on
Hdac1 and Hdac2 were not affected by SIRT1 knockout, the
abundance of acetylation on Ncor2 increased by 10-60%
upon SIRT1 knockout. Recent studies have shown that SIRT1
plays an inhibitory role in Notch signaling through deacetyla-
tion of NICD (39). Therefore, our data provides evidence for
additional mechanisms by which SIRT1 may be involved in
the regulation of the Notch signaling pathway.

RNA spliceosome proteins are known to be acetylated in
human cells (7, 8). In this study, we found that acetylation of
30 proteins in the RNA spliceosome increased upon SIRT1
knockout (Fig. 4C). Acetylation of 19 proteins was significantly
increased in SIRT1 knockout cells, including U2af2, Sf3b1,
Snw1, Snrpal, Rom17, Sart1, Hnrnpu, Hnrnpa1, and Hnrnpm.
Our data therefore reveal a potentially important role of SIRT1
in the RNA splicing pathway.

Molecular & Cellular Proteomics 11.10
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TABLE |
Quantification of SIRT1-modulated Lys acetylation in known acetyltransferases, including Ep300, Crebbp, Ncoa3, Hat1, Kat14 (Csrp2bp), Kat5,
Kat8 (Myst1), Kat7 (Myst2), Kat6a (Myst3), and Kat6b (Myst4)
“Known site” refers to Kac sites previously identified in either human or mouse based on the Uniprot (http://www.uniprot.org) and
PhosphoSite (http://www.phosphosite.org) databases. Kat# for acetyltransferases are based on published nomenclature for chromatin-
modifying enzymes (66). * Kac sites with Mascot scores below 20.0.

Acetyltransferases Gene name/Kat# Acetylation position Ratio KO/WT Known site?
Nuclear receptor coactivator 3 Ncoa3/Ncoa3 608 8.42 Yes
611 8.06 Yes
612 2.62 Yes
Histone acetyltransferase type B catalytic subunit Hat1/Hat1 6 2.48
Cysteine-rich protein 2-binding protein Csrp2bp/Kat14 275 KO only
Histone acetyltransferase KAT5 Kat5/Kat5 85 8.38 Yes
MYST histone acetyltransferase 1 Myst1/Kat8 113* 15.61 Yes
154 17.7
168 8.16
351 0.94
410* 2.31
MYST histone acetyltransferase 2 Myst2/Kat7 157 1.88 Yes
201 13.76
223 10.17
279* KO only
282* KO only
MYST histone acetyltransferase 3 Myst3/Kat6a 94 2.47
355 0.75 Yes
406 KO only
414 KO only Yes
813 1.23
816 1.23 Yes
840 8.85
MYST histone acetyltransferase 4 Myst4/Kat6b 380 2.91
394 2.91
433 KO only
441 KO only Yes
E1A binding protein p300 Ep300/Ep300 351" 5.39 Yes
637* 1.98 Yes
1179 0.96 Yes
1541 1.43 Yes
1545 1.55 Yes
1553 1.57 Yes
1554 1.57 Yes
1557 1.44 Yes
1559 1.57 Yes
1589 1.01 Yes
1673 1.55 Yes
CREB binding protein Crebbp/Crebbp 365* 5.39
1217 1.19 Yes
1584 1.9 Yes
1587 1.9 Yes
1592 2.54 Yes
1593 2.48 Yes
1596 2.48 Yes
1598 2.48 Yes
1621 1.01
1628 1.01 Yes
1712 1.55 Yes
1742 2.52 Yes
1745 0.79 Yes
1938 1.18
2092 KO only

Molecular & Cellular Proteomics 11.10 7
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Fic. 4. Impact of SIRT1 knockout on selected cellular pathways and protein complexes. SIRT1 modulates acetylation levels on (A) the
subunits of the long-patch base excision repair (BER) complex in the DNA repair pathway, (B) Notch co-activator and corepressor complexes
in the Notch signaling pathway, (C) the RNA spliceosome in the RNA splicing pathway, (D) the Brd4-PTEFb complex, (E) the NuA4-Kat5 (Tip60)
complex, and (F) the Kat7 (Hbo1) protein complex. Each gene is color-coded based on the highest SILAC KO/WT ratios for the gene.

SIRT1 Regulation of Protein Complexes—Lys acetylation is
known to target large protein complexes and to potentially
regulate their cellular functions (8). Using a manually curated
CORUM database, we first performed enrichment analysis on
protein complexes and then used k-means clustering to iden-
tify the specific subgroups that are most impacted by SIRT1
knockout. We obtained 20 complexes with significant enrich-
ment in quantiles with increased acetylation levels in SIRT1
knockout cells (Fig. 3C). These complexes can be considered
to be SIRT1-regulated core complexes, three of which are
described below.

First, the mediator coactivator complex is an essential tran-
scription coactivation complex bridging gene activator pro-
teins and the pre-initiation complex. It has been known to
interact with acetyltransferases, such as Ep300 (p300) (40,
41). We found that three subunits of this protein complex
(Med1, Med6, and Thrap3) exhibit significantly higher acety-

lation levels upon SIRT7 knockout. Seven Lys acetylation
sites were identified on Thrap3, among which acetylation of
four sites (K252, K524, K555, and K706) was more than
threefold higher, and two sites (K417 and K468) were identi-
fied only in SIRT1 KO cells.

Second, the SWI/SNF-related complex plays important
roles during chromatin-remodeling process and SIRT1 has
been shown to regulate known chromatin-remodeling com-
plexes such as Clock-Bmal1 (42). The interaction between the
SWI/SNF and NuA4 HAT complexes has been shown to sta-
bilize the SWI/SNF complex during chromatin remodeling at
promoters (43). Bona fide subunits of the SWI/SNF complex
include Smarcel (Baf57) and Smarcc1 (Baf155), and it has
been reported that the complex associates with Mecp2,
Hdac2, and Sin3a (44). Our data showed that Smarcel,
Smarcc1, Mecp2, and Hdac2 were lysine acetylated. Upon
SIRT1 knockout, acetylation of Smarce1 on K146 increased

Molecular & Cellular Proteomics 11.10
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by more than fourfold, and acetylation of Smarcc1 on K358
was identified only in SIRT1 knockout cells.

Third, the Brd4-PTEFb complex is a key kinase complex
involved in RNA-polymerase ll-mediated mRNA transcription
elongation (45). PTEFb is usually composed of two subunits,
Cdk9 and one of the three cyclins (T1, T2, or K). Our data
showed that Cdk9 and cyclin T1 are Lys-acetylated on K3 and
K491, respectively. K3 acetylation of Cdk9 was identified only
in SIRT1 knockout cells, whereas K491 acetylation of cyclin
T1 increased by nearly 50-fold upon SIRT1 knockout (Fig. 4D).
Previous studies have shown that the viral transactivator Tat
from HIV-1 can inhibit SIRT1 through binding to the SIRT1
deacetylase domain (46). Interestingly, cyclin T1 is an essen-
tial cofactor in Tat-mediated viral transcription, and its acety-
lation leads to the formation of an active form of the PTEFb
complex and initiation of viral transcription (47). Biological
relevance of cyclin T1 acetylation and its regulation by Sirt1 in
HIV-1 life cycle remain to be investigated in the future.

Together, these results suggest that key components in
diverse cellular networks, such as transcription, DNA damage
response, chromatin remodeling, and cellular signaling, can
be regulated by SIRT1.

Major Acetyltransferase Complexes Regulated by SIRT1—To
examine whether major acetyltransferase complexes are reg-
ulated by SIRT1, we extracted all annotated acetyltransferase
complexes in the CORUM database and performed enrich-
ment analysis upon these candidates. For complexes identified
in species other than mouse, the corresponding mouse ortholog
genes were used. The results showed that the acetylation levels
of 23 highly conserved acetyltransferase complexes were sig-
nificantly higher upon SIRT7 knockout with enrichment in either
quantile 4 or quantile 5 (p < 0.01). Affected complexes included
the NuA4-Kat5 (Tip60) HAT complex, the Kat7 (Hbo1 or Myst2)
complex, the ING4 complex, and the ING5-Brpf complex (sup-
plemental Table S4, Fig. 4E-4F).

The NuA4-Kat5 (Tip60) HAT complex is critical for DNA
damage repair, cell cycle control, and apoptosis (48). Acety-
lation of six out of 14 proteins in this complex, including Ing3,
Brd8, Eaf6, Ep400, Epc1, and Kat5 (Tip60), was significantly
higher on SIRT1 knockout (supplemental Table S4, Fig. 4E).
Ing3, a member of the ING tumor suppressor family, contains
a PHD finger domain and is a component required for the
complex to acetylate chromatin substrates and initiate p53-
dependant pathways (49). Our study found Ing3 to be acety-
lated on K403, a residue located in a PHD finger domain;
acetylation of K403 was increased by more than twofold upon
SIRT1 knockout.

The Kat7 (Hbo1 or Myst2) acetyltransferase complex plays
an essential role in DNA replication and the cell cycle (49). It is
usually composed of four subunits: Kat7 (Hbo1 or Myst2),
Meaf6, one of Ing4 or Ing5, and one of Phf15, Phf16, or Phf17.
Among the seven proteins involved in the complex, six were
found to be acetylated in our study (supplemental Table S4,
Fig. 4F) (49). Our data showed that acetylation of four proteins

was significantly higher in SIRT1 knockout cells, including
Meaf6, Ing4, Kat7 (Hbo1 or Myst2), and Phf16. Ing4, another
member of the ING tumor suppressor family, was acetylated
on five lysines. We found that the acetylation level on K235, a
residue located in a PHD finger domain, was nearly doubled in
SIRT1 knockout cells. Kat7 (Hbo1 or Myst2) protein, a histone
acetyltransferase, was found to be acetylated on three sites,
among which K201 locates to a C2-HC zinc finger domain.
Our data showed that acetylation of K201 was increased by
more than 10-fold in SIRT1 knockout cells, indicating the po-
tential impact of the SIRT1 knockout upon the DNA-binding
properties of the Kat7 (Hbol or Myst2) acetyltransferase
complex.

SIRT1 Regulates Activities of Key Acetyltransferases In
Vivo—In this study, we have identified a number of lysine
acetyl-transferases (HATSs) as potential substrates of SIRT1,
including Crebbp, Kat14 (Csrp2bp), Hat1, Kat5 (Tip60), Kat8
(Myst1), Kat7 (Myst2), Kat6a (Myst3), and Kat6b (Myst4) (Fig.
5A). To confirm these HATs as bona fide substrates of SIRT1,
we examined whether the acetylation levels of these HATs are
indeed regulated by SIRT1. To this end, the endogenous Kat8
(Myst1) proteins were immunoprecipitated by Kat8 (Myst1)-
specific antibodies from wild type and SIRT7-null MEF cell
extracts. Western blot analysis revealed that Kat8 (Myst1)
acetylation was indeed enhanced in SIRT7-null cells (Fig. 5B).
Similar assays were also performed on endogenous Kat7
(Myst2) and Crebbp (CBP) proteins, and acetylation of Kat7
(Myst2) and Crebbp (CBP) were also significantly increased in
SIRT1-depleted cells (Fig. 5C-5D). To corroborate these find-
ings, we also performed the reciprocal experiments, in which
the cellular extracts from both wild type and SIRT7-null MEFs
were immunoprecipitated with the anti-acetylated lysine anti-
body and the immunoprecipitates were analyzed for acetyla-
tion of these HATs. We found that acetylated Kat8 (Myst1),
Kat7 (Myst2) and Crebbp (CBP) were indeed enriched in
SIRT1-null cells (Fig. 5E).

To validate whether these decreasing acetylation levels are
directly caused by SIRT1, we tested whether these HATs
interact with SIRT1 in vivo. To this end, 293 cells were trans-
fected with vectors expressing HA-tagged SIRT1 and Kat8
(Myst1). On Western blots, Kat8 (Myst1) is readily detectable
in the immunoprecipitates of SIRT1 proteins (Fig. 5F). Similar
results were also obtained for Kat7 (Myst2) and Crebbp (CBP)
(Fig. 5g-5H). To test endogenous protein-protein interactions,
we established Flag-SIRT1 H1299 stable cell line. Immuno-
precipitation confirmed the endogenous interactions of SIRT1
with Crebbp (CBP), Kat7 (Myst2), and Kat8 (Myst1) (Fig. 5/).

To elucidate the functional consequence of these interac-
tions, we tested whether SIRT1 is able to deacetylate these
histone acetyltransferases in vivo. We found that Kat8 (Myst1)
was normally highly acetylated, but its acetylation level was
dramatically reduced in the presence of SIRT1 expression
(Fig. 6A). Notably, using an in vitro acetylation assay of puri-
fied Kat8 (Myst1) protein with lysine 16 of histone H4 as the
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Fic. 5. SIRT1 deacetylates histone acetyltransferases (HATs). A, Schematic representation of HATs. The acetylated lysine residues
identified through SILAC are indicated by arrows. Yellow arrows indicate a site quantification ratio (SIRT7 KO/WT) greater than 2, red arrows
indicate sites only identified in SIRT1 knockout cells, and blue arrows indicate all other sites. B, C, and D, MEF cells (S/IRT17 KO and WT) were
treated with 1 um trichostatin A (TSA) for 16 h to prevent the interferences from class | and Il HDACs. The protein lysate containing 1 um TSA
and 10 mm nicotinamide was immunoprecipitated using corresponding antibodies, and immunoblotted with an anti-acetyllysine antibody.
E, MEF cells were treated with 1 um TSA for 16 h. The protein lysate was immunoprecipitated using anti-acetyllysine antibody and
immunoblotted with antibodies of interest. F, G, and H, Protein extract from whole transfected 293 cells was immunoprecipitated and
immunoblotted with antibodies of interest. /, Protein extracts from whole Flag-SIRT1/H1299 cells and H1299 parental cells were immunopre-

cipitated with M2 beads and immunoblotted.

substrate, we found that acetylated Kat8 (Myst1) was much
more active than the unacetylated form (Fig. 6B). Moreover,
our acetylated peptide analysis identified K113, K154, K168,
and K410 as the major acetylation sites of Kat8 (Myst1) that
are regulated by SIRT1 (Fig. 6C). Indeed, lysine to arginine
mutations at these sites (Kat8 (Myst1)-KR) nearly abolished
acetylation of Kat8 (Myst1) (Fig. 6D). More importantly, the
acetylation-defective mutant Myst1-KR has dramatically de-
creased capability in acetylating histone H4 (Fig. 6E). These
data suggest that SIRT1 can inhibit the activity of Kat8 (Myst1)

by deacetylating the enzyme. We performed similar experi-
ments on Kat7 (Myst2) and obtained the same conclusion (Fig.
6F-6G). Taken together, these data demonstrate that SIRT1
can induce deacetylation of diverse lysine acetyltransferases
both in vitro and in vivo, directly modulate KATs’ enzymatic
activities and further impact cellular functions (Fig. 6H).

DISCUSSION
The quantitative proteomics studies presented here repre-
sent the first systematic analysis of Lys-acetylated proteins in

10
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Fic. 6. SIRT1 deacetylates histone acetyltransferases (HATs) and impacts their acetylation activity. A, 293 cells were transfected with
Flag-Kat8 (Myst1) and SIRT1, and treated with 1 um Trichostatin A (TSA) for 8 h. Kat8 (Myst1) proteins were purified from cell lysates. Protein
levels and their acetylation status were evaluated by Western blot. B, Flag-Kat8 (Myst1) was purified from transfected 293 cell lysates,
untreated or treated with 1 um TSA and 5 mm nicotinamide for 16 h. Kat8 (Myst1) (purified from nontreated cells) and Ac-Kat8 (Myst1) (purified
from treated cells) were incubated with mono-nucleosomes for the indicated times. Protein levels and their acetylation status were evaluated
by Western blot. C, Schematic representation of Kat8 (Myst1) wild type and KR mutant. D, 293 cells were transfected with Flag-Kat8 (Myst1)
or Flag-Kat8 (Myst1) KR mutant, and treated with 1 um TSA and 5 mm nicotinamide for 16 h. The tagged proteins were purified from cell lysates,
and protein levels and acetylation status were evaluated by Western blot. E, 293 cells were transfected with a Flag-tagged protein of interest,
and treated with 1 um TSA and 5 mm nicotinamide for 16 h. The protein of interest was purified from cell lysates. Reactions similar to those
described in b were carried out for 20 min; besides in lane 6 and lane 7, Flag- Kat8 (Myst1) were preincubated with Sirt1 with NAD for 30 min.
F, The 293 cells were transfected with Flag-Kat7 (Myst2), with or without SIRT1, and treated with 1 um TSA for 8 h. The Flag-Kat7 (Myst2)
protein was purified from cell lysates. The protein levels and their acetylation status were evaluated by Western blot. G, The Flag-Kat7 (Myst2)
was purified from transfected 293 cell lysates, untreated or treated with 1 um TSA and 5 mm nicotinamide for 16 h. Kat7 (Myst2) (purified from
nontreated cells) and Ac-Kat7 (Myst2) (purified from treated cells) were incubated with mono-nucleosomes for 20 min; besides in lane 4 and
lane 5, Flag- Kat7 (Myst2) were preincubated with Sirt1 with NAD for 30 min. Protein levels and their acetylation status were evaluated by
Western blot. H, Schematic representation of SIRT1 regulation of KATs through deacetylation and potentially further regulate cellular functions.

response to knockout of a Lys deacetylase. Our study iden-
tified 4623 Lys acetylation sites in 1800 proteins, which
nearly doubles the largest number of Kac sites previously
found in the proteomics study of a single cell line and

represents the unprecedented deep coverage of Lys acety-
lome. Among 4623 sites, 4425 sites have not been reported
in mouse before, thus dramatically expanding the depth of
the Lys acetylation proteome. More importantly, we show
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that Lys acetylation levels increase by more than 100% at
485 sites in SIRT1 knockout cells. These proteins are likely
important mediators responsible for the cellular functions of
SIRT1. The quantitative analysis of this study showed that a
number of previously identified SIRT1 substrates, including
p53, DNA methyltransferase, Rel A subunit of NF-kB, and
Kat8, have apparent increase of Lys acetylation in response
to SIRT1 KO. Interestingly, we also found a few known
SIRT1 substrates whose acetylation levels were not in-
creased in this study, including Stat3, Apex1 and Acss2,
which is likely caused by two reasons. First, the Kac sites
may be modulated by the deacetylation activities of other
HDACSs. Alternatively, the Kac sites regulated by SIRT1 were
not identified in this study. This wealth of information about
the Lys acetylation proteome and SIRT1-response acety-
lome produced several interesting observations about the
interactions of Lys acetylation with other PTMs and with
diseases.

Correlation Between Lys Acetylation and Phosphorylation—
Cross-influence between Lys acetylation and protein phos-
phorylation has been known to tune the function of proteins
such as histones, p53, and NF-«kB (50-52). Our study re-
vealed the coexistence of protein phosphorylation and Lys
acetylation on tryptic peptides from five proteins: nuclear
receptor coactivator 2 and 6 (Ncoa2 and Ncoa6), Smad nu-
clear-interacting protein1 (Snip1), E1A-binding protein p400
(Ep400), and Hnpru protein (Hnrnpu) (supplemental Table S5).
Phosphorylation sites in Ncoa2, Snip1, and Hnrnpu are lo-
cated in the Cdk5/Cdk2 kinase motif, Akt kinase motif, and
PKA motif, respectively. Acetylation of the three sites in
Ncoa2, Ep400, and Hnrnpu was increased more than three-
fold in SIRT1 knockout cells, whereas the two acetylation
sites in Snip1 and Ncoa6 were identified only in SIRT1
knockout cells. We also examined the SILAC ratios of the
corresponding unphosphorylated but Lys-acetylated pep-
tides. Surprisingly, the unphosphorylated but Lys-acety-
lated peptides on Ncoa2, Ncoa6, and Hnrnpu were not
identified, suggesting a synergistic effect of the two PTMs in
the proteins.

Our results identified 127 Lys acetylation sites on 70 protein
kinases (supplemental Table S6A) and 58 sites on 31 phos-
phatases (supplemental Table S6B). Quantification analysis
showed that acetylation of 10 sites on the protein kinases and
five sites on the phosphatases was increased by more than
50% in SIRT1 knockout cells. These data further corroborate
the notion of cross-talk between cellular phosphorylation and
Lys acetylation networks.

Possible Interactions Between Lys Acetylation and SUMO-
ylation—The SIRT1-response Lys acetylome motif K'xE, iden-
tified in this study, correlates with the well-known Lys
SUMOylation consensus motif yK'xE (where i refers to any of
the nonpolar hydrophobic amino acids “VMILF”). We identi-
fied 451 Lys acetylation sites bearing K'xE motifs, among
which 164 sites (or 36%) satisfied the Lys SUMOylation motif

YyK'xE. One Lys acetylation site identified in this study was
previously known to be SUMOylated—K15 on protein C-ets-1
(Ets1)—and six Lys acetylation sites were previously identified
as SUMOylation sites by similarity to their human homolog
proteins: K237 on transcription factor jun-B (Junb), K383 on
p53 (Trp53), K28 on Smad nuclear-interacting proteini
(Snip1), K11 on small ubiquitin-related modifier 3 (Sumo3),
K731 on Nuclear receptor coactivator 2 (Ncoa2), and K14 on
ubiquitin-conjugating enzyme E2 K (Ube2k) (53, 54) (data
source: http://www.phosphosite.org). Acetylation of all sites,
except for K14 on Ube2k, was increased two- to 16-fold upon
SIRT1 knockout (supplemental Table S7). More interestingly,
we found that the acetylation and phosphorylation sites on the
Ncoa2 peptide ELSQESSSTAPGSEVTVK(ac)QEPAS(ph)PK
satisfied the phosphorylation-dependent SUMOylation motif
YK'XExxSP (55). The corresponding SUMOylation site on the
orthologous human gene, K731, is known to be SUMOylated
(56). Our data therefore suggest possible interplay among
phosphorylation, Lys acetylation, and SUMOylation in Ncoa2-
dependant transcription activation. As Lys acetylation and
SUMOylation are mutually exclusive, our results expand our
knowledge on the cross-talk between SIRT1-regulated Lys
acetylation and SUMOylation.

Possible Interactions of Lys Acetylation with Diseases and
SNPs—To examine the possible role of Lys acetylation sites in
disease, we compared our Lys acetylation data set with the
Human Gene Mutation Database (57). We identified nine Lys
acetylation sites where the conserved sites in human homolog
proteins were mutated in various diseases (Supplemental Ta-
ble S8). Acetylation of three of these sites was up-regulated
upon SIRT1 knockout. A mutation of K302 on p53 is known to
be linked with glioma, and acetylation of this residue in-
creased nearly fivefold in SIRT1 knockout cells. A mutation of
K347 on Gib1 is found in patients with gangliosidosis GM1,
and acetylation at this site increased by more than 40% in
SIRT1 knockout cells. Residue K260 of Lmna, mutation of
which is found in patients with dilated cardiomyopathy, also
exhibited an over 40% increase in acetylation in SIRT1 knock-
out cells (58). Taken together, our data provide insight into
potential links between these Lys acetylation sites and dis-
ease-related genetic mutations.

The regulatory role of SIRT1 in lysine acetylation has his-
torically been focused on its deacetylation activity. SIRT1 is
well known to regulate the status of Lys acetylation among
histones and multiple transcriptional factors, including p53
and NF-«kB. Recently, it was reported that notch SIRT1 can
modulate the activity of acetyltransferases, Kat5 (Tip60) and
Kat8 (Myst1) in HeLa and 293T cells (33-36). In this study, we
report that SIRT1 regulates Lys acetylation in 10 histone Lys
acetyltransferases and 23 protein complexes containing
HATSs, indicating that a portion of the in vivo deacetylation
effects of SIRT1 could be caused by reducing activities of
closely related Lys acetyltransferases. Such a mechanism is
reminiscent of the in vivo regulation of kinase activity by
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protein phosphatases (59, 60). Thus, our results provide an
alternative explanation of SIRT1 functions.

The interaction between SIRT1 and KATs discovered in our
study raises an intriguing question that some up-regulated
Kac sites upon SIRT1 knockout might be caused by indirect
effect. This issue is shared with any proteomics experiment
that aims to identify an enzyme’s substrates, such as those for
kinases and ubiquitination enzymes. It is daunting to carry out
a comprehensive experiment to distinguish direct or indirect
SIRT1 in vivo substrates. However, a few lines of evidence
suggest that a significant portion of up-regulated Kac sites
from our study are likely the direct SIRT1 substrates. For
example, it has been reported that histone H4K16 acetylation
site is a major target of Kat8 (Myst1) (61), whereas H3K9 and
H3K27 acetylation sites are those of Crebbp (CBP)/Ep300
(p300) (62). In addition, HDAC1 is a deacetylase known to be
acetylated by Ep300 efficiently with limited auto-deacetylation
capability (63), Interestingly, our data set showed dramatic
increase in acetylation levels of Kat8, Crebbp, and Ep300, but
not their substrates, histone H3, H4, or HDAC1, upon SIRT1
knockout.

The ability to identify enzymes that regulate Lys acetylation
sites has important clinical implications. HDAC inhibitors and
activators are currently being tested in various clinical trials for
the treatment of cancers and metabolic diseases. They also
hold potential as therapeutics for neurodegenerative and in-
flammatory disorders (64, 65). An atlas of the HDAC-response
Lys-acetylome will provide an opportunity to correlate the
dynamics of Lys acetylation induced by an HDAC modulator
with its inhibitory activity and therapeutic efficacy. Such an
analysis will be valuable for evaluating the clinical relevance of
an HDAC modulator, and possibly for stratifying patients for
the purpose of personalized medicine. Thus, the catalog of
the SIRT1-responsive Lys acetylome identified in this study
will provide not only insights into the enzyme’s diverse func-
tions, but also a new setting for the examination of clinical
compounds.
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