AMCB

Journals.ASM.org

A High-Confidence Interaction Map Identifies SIRT1 as a Mediator of
Acetylation of USP22 and the SAGA Coactivator Complex
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Although many functions and targets have been attributed to the histone and protein deacetylase SIRT1, a comprehensive analy-
sis of SIRT1 binding proteins yielding a high-confidence interaction map has not been established. Using a comparative statisti-
cal analysis of binding partners, we have assembled a high-confidence SIRT1 interactome. Employing this method, we identified
the deubiquitinating enzyme ubiquitin-specific protease 22 (USP22), a component of the deubiquitinating module (DUBm) of
the SAGA transcriptional coactivating complex, as a SIRT1-interacting partner. We found that this interaction is highly specific,
requires the ZnF-UBP domain of USP22, and is disrupted by the inactivating H363Y mutation within SIRT1. Moreover, we show
that USP22 is acetylated on multiple lysine residues and that alteration of a single lysine (K129) within the ZnF-UBP domain is
sufficient to alter interaction of the DUBm with the core SAGA complex. Furthermore, USP22-mediated recruitment of SIRT1
activity promotes the deacetylation of individual SAGA complex components. Our results indicate an important role of SIRT1-
mediated deacetylation in regulating the formation of DUBm subcomplexes within the larger SAGA complex.

he SIRT1 protein deacetylase belongs to a family of NAD™-

dependent enzymes, often referred to as sirtuins (1-3). Its ho-
mology to the Saccharomyces cerevisiae silencing protein Sir2 led
to the discovery that SIRT1, like Sir2, promotes the formation of
heterochromatin by deacetylating histone substrates such as his-
tones H1, H3, and H4 (4-6). In contrast to Sir2, SIRT1 is known to
regulate lysine acetylation of a wide variety of nonhistone protein
targets, including p53 (7, 8), FOXO (9-11), Ku70 (12), nuclear
hormone receptors (COUP-TF [13], liver X receptor [LXR] [14],
and AR [15]), AP-1 (16), c-Myc (17), NF-«kB (18), PGC-1a (19),
and others. By deacetylating such a broad spectrum of targets,
SIRT1 controls a variety of physiological and pathological pro-
cesses, ranging from metabolic homeostasis and aging to cancer
and neurodegenerative diseases (20, 21).

Sirtuins are a well-studied class of deacetylases and are depen-
dent on the cofactor NAD™, thereby linking their activity to the
metabolic and redox states of the cell (22, 23). Indeed, SIRT1 has
been shown to play roles in several key cellular and organismal
metabolic pathways such as mitochondrial biogenesis (24-26),
lipid metabolism (27), gluconeogenesis (19, 28), and insulin se-
cretion (29). Additionally, SIRT1 activity is regulated through sev-
eral alternative mechanisms. Transcriptional regulation of SIRT1
is altered by stress responses (30-32), metabolic homeostasis (33),
as well as calorie restriction, a diet that promotes longevity and
disease resistance in a variety of species (12, 34). It has also become
increasingly apparent that a variety of posttranslation modifica-
tions occurs on SIRT1, including phosphorylation (35, 36), su-
moylation (37), and ubiquitination (38), and that these modifica-
tions play roles in regulating its localization, substrate specificity,
and enzymatic activity. Providing another level of control, it has
recently been discovered that SIRT1 contains an autoregulatory
domain within its C terminus (ESA) that is required for full
deacetylase activity (39).

Protein lysine acetylation, like other posttranslational modifi-
cations, can impart regulatory control over various cellular pro-
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cesses through alterations in protein complex formation, DNA
binding, localization, enzymatic activity, and stability. Because
SIRT1 acts on both histone and nonhistone proteins, it is poised to
regulate a variety of cellular processes. However, it remains un-
clear whether SIRT1 exhibits significant substrate selectivity in
vivo (40, 41), and it is possible that substrate selectivity is accom-
plished through specific SIRT1-interacting proteins. Because the
vast majority of previous studies investigating SIRT1 function
have focused on non-chromatin-related substrates of SIRT1, the
precise mechanisms by which SIRT1 regulates gene expression
remain poorly understood.

Ubiquitin-specific protease 22 (USP22), the mammalian ho-
molog of yeast Ubp8, has been shown to play a conserved role as
the catalytic subunit within the deubiquitinating module
(DUBm) of the SAGA (Spt-Ada-Gcen5-acetyltransferase) tran-
scriptional coactivating complex (42—-47). Beyond its SAGA-re-
lated functions, the study of USP22 has been relatively limited,
although several reports have uncovered correlative links to hu-
man pathology. For instance, USP22 has been shown to be part of
an 11-gene death-from-cancer signature that is predictive of treat-
ment failure (48, 49), and its increased expression is associated
with a poor prognosis in a variety of cancers (50, 51).

As a subunit of the SAGA complex, USP22 mediates transcrip-
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tional activation primarily by deubiquitination of histone H2B,
although USP22 has also been shown to catalyze the removal of
ubiquitin from H2A under some circumstances (45-47). In addi-
tion to histones, several novel substrates have been identified, in-
cluding TRF1 (52) and FBP1 (53), further implicating USP22 in
proliferation and oncogenesis. USP22 has also been shown to play
arole in 3'-end processing of JAK-STAT-inducible genes through
regulation of H2B ubiquitination (54).

Here we present evidence for a highly specific interaction be-
tween SIRT1 and USP22. This interaction occurs within the ZnF-
UBP domain of USP22 and is disrupted by a mutation which
renders SIRT1 catalytically inactive. In agreement with previous
work, we determined that human USP22 absolutely requires for-
mation of a DUBm complex for catalytic activity. We demonstrate
that USP22 is an acetylated protein in vivo and that its acetylation
status affects its binding to SAGA. Additionally, SIRT1 is recruited
by its association with USP22 to the SAGA complex, where it
deacetylates SAGA subunits and leads to a modulation of the
DUBm-SAGA association.

MATERIALS AND METHODS

Antibodies. For the production of the polyclonal anti-USP22 acetylated
lysine 129 (Ac-K129; YZ1573), a rabbit was immunized with high-pres-
sure liquid chromatography-purified acetylated cys-THY-conjugated
peptide directed against USP22 (CMEIIA-Ac-K-EEQRKAW). The re-
sulting serum was purified in a two-step fashion by affinity matrix posi-
tively against modified peptide and negatively against unmodified pep-
tide. The polyclonal antibody against USP22 was a gift from Didier Devys
(47). Antibodies for hemagglutinin (HA; H6908) and FLAG (F7425) were
obtained from Sigma-Aldrich. Antibody for SIRT1 (1104-1) was pro-
cured from Epitomics. Antibody for GCN5 (20698) was obtained from
Santa Cruz Biotechnology. Antibodies directed against TRRAP (A301-
132A), ATXN7L3 (A302-800A), and USP10 (A300-900A) were obtained
from Bethyl Labs. Antibodies for panacetyllysine (9441), monoclonal panac-
etyllysine (9681), total p53 (2524), and p53 Ac-K382 (2525) were procured
from Cell Signaling Technology. Antibody against panacetyllysine (ICP0380)
was obtained from ImmunChem. Histone H2A (39111), histone H2A.Z
(39943), and histone macroH2A1.1 (39871) antibodies were from Active
Motif. Antibody against monoubiquitinated H2B (MMO029) was obtained
from Medimabs. Antibody for beta-tubulin (05-661) was from EMD Milli-
pore. Following normalization of protein by the Bradford assay (Bio-Rad),
samples were resolved by SDS-PAGE, transferred to a nitrocellulose mem-
brane, blocked in 5% milk in Tris-buffered saline-Tween, and blotted with
the indicated antibodies. Western blots using acetyl-specific antibodies were
all performed using 5% bovine serum albumin as a replacement for pow-
dered nonfat milk.

Plasmids and cell lines. Open reading frame clones were obtained
from the human ORFeome collection. SIRT1 was PCR cloned and recom-
bined into pDONR223 using bacteriophage lambda (BP) recombinase
from an available full-length ¢cDNA. Sequence-validated open reading
frames in pDONR223 were recombined into the Gateway destination
vector MSCV-N-FLAG-HA-IRES-PURO (LTR-driven expression), pBB-
N-GST, or pBB-N-HA using bacteriophage A recombinase. Truncated
protein expression vectors were produced by PCR cloning and recom-
bined into pDONR223 using BP recombinase. Point mutants were gen-
erated by site-directed mutagenesis in pDONR223.1 vectors and then
recombined into Gateway destination vectors. The GCN5-FLAG expres-
sion vector was a gift of Pere Puigserver.

HEK 293T, HCT116, and NCI-H460 cells were maintained in Dul-
becco modified Eagle medium (DMEM; 11965-092; Life Technologies)
plus 10% fetal bovine serum (FBS; Gemini Bio-Products) and penicillin-
streptomycin (Life Technologies) at 37°C under a 5% CO, atmosphere.
Virus was produced by cotransfecting the protein of interest, GAG/POL,
and VSVG plasmids into HEK 293T cells and was then used to infect HEK
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293T cells for constitutive expression. Selection was accomplished by sup-
plementing standard growth medium with 1 wg/ml puromycin
(InvivoGen). Transient transfections were performed with either Lipo-
fectamine 2000 (Life Technologies) according to the manufacturer’s in-
structions or calcium phosphate.

For p53 acetylation assays, NCI-H460 cells were pretreated for 30 min
with dimethyl sulfoxide (DMSO) or 10 wM EX527 (Tocris Bioscience)
and subsequently treated with or without 0.5 uM doxorubicin (Sigma) for
6 h. Cells were subsequently washed with ice-cold phosphate-buffered
saline (PBS) and lysed by scraping on ice in radioimmunoprecipitation
assay (RIPA) buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 0.5% Non-
idet P-40, 0.1% SDS, 0.5% sodium deoxycholate, Roche Complete EDTA-
free protease inhibitor cocktail, I mM phenylmethylsulfonyl fluoride
[PMSF], 400 nM trichostatin A [TSA], 10 mM nicotinamide, 1 mM di-
thiothreitol [DTT]). The protein concentration was normalized by the
bicinchoninic acid assay, samples were resolved by SDS-PAGE, and the
indicated proteins were detected by immunoblotting.

siRNA. Small interfering RNA (siRNA) oligonucleotides were pur-
chased from Thermo Scientific (Dharmacon). Transfections were per-
formed with Lipofectamine RNAIMAX (Life Technologies) per the man-
ufacturer’s instructions for reverse transfection. Briefly, in 12-well culture
dishes, 1 wl of 20 pM siRNA oligonucleotide and 2 wl Lipofectamine
RNAIMAX were added to 200 pl serum-free DMEM containing no anti-
biotics, and the mixture was incubated for 20 min at room temperature.
Trypsinized cells diluted in DMEM plus 10% FBS containing no antibi-
otics were then added to DNA-lipid complexes and allowed to attach
overnight. Fresh medium was changed at 24 h, and cells were harvested at
72 h. Oligonucleotide sequences are as follows: SIRT1 1, GUACAAACU
UCUAGGAAUG; SIRT1 2, GUAGGCGGCUUGAUGGUAA; SIRT1 3,
GCGAUUGGGUACCGAGAUA; SIRT1 4, GGAUAGGUCCAUAUAC
UUU; USP22 1, GGAGAAAGAUCACCUCGAA; USP22 2, CAAAGCAG
CUCACUAUGAA; USP22 3, GGAAGAUCACCACGUAUGU; and
USP22 4, CCUUUAGUCUCAAGAGCGA.

Recombinant protein purification. Baculovirus to express glutathi-
one S-transferase (GST)- or HA-tagged proteins was produced in S{9 cells
using a Bac-N-Blue expression system (Life Technologies) per the manu-
facturer’s instruction. Infected Sf9 cells were grown to the necessary vol-
umes in 15-cm” culture dishes or glass spinner flasks at 27°C for 3 to 5
days. Expressing cells were collected by centrifugation, washed in ice-cold
PBS, and lysed in lysis buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCl,
0.5% Nonidet P-40, Roche Complete EDTA-free protease inhibitor cock-
tail, 1 mM PMSF, 1 mM DTT [Roche]) for 1 h with gentle rocking at 4°C.
Lysates were cleared by centrifugation (13,000 rpm, 10 min), and the
resulting material was subjected to immunoprecipitation (IP) with im-
mobilized glutathione-agarose (Pierce) or anti-HA-agarose (Sigma) over-
night at 4°C with gentle inversion. Resin containing bound protein was
washed extensively with ice-cold lysis buffer, followed by several washes
with ice-cold PBS containing 1 mM DTT. Proteins were eluted with a
molar excess of reduced glutathione (Sigma) or HA peptide (Sigma) and
subsequently dialyzed overnight against PBS—3-mercaptoethanol. Pro-
teins were tested for purity by SDS-PAGE, followed by Coomassie bril-
liant blue staining.

Protein purification. For mass spectrometry purifications, cells from
four 15-cm tissue culture dishes at ~80% confluence (~107 cells) were
lysed in a total volume of 4 ml of lysis buffer (50 mM Tris-HCI, pH 7.5, 150
mM NaCl, 0.5% Nonidet P-40, Roche Complete EDTA-free protease in-
hibitor cocktail) for 1 h with gentle rocking at 4°C. Lysates were cleared
using centrifugation (13,000 rpm, 10 min), the supernatant was filtered
through 0.45-pm-pore-size spin filters (Millipore) to further remove cell
debris, and the resulting material was subjected to immunoprecipitation
with 60 pl of immobilized anti-HA (Sigma) resin (50% slurry) overnight
at 4°C with gentle inversion. Resin containing immune complexes was
washed with 1 mlice-cold lysis buffer 8 times, followed by three 1-ml PBS
washes. Proteins were eluted with three 50-p.l incubations with 250 pg/ml
HA-peptide (Sigma) in PBS for 30 min each at 22°C, and elutions were
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pooled for a final volume of 150 pl. Proteins in each elution were precip-
itated with 20% trichloroacetic acid (TCA), and the resulting pellet was
washed once with 10% TCA and 3 times with cold acetone.

Smaller-scale purifications used in non-mass spectrometry (non-MS)
experiments were similar but generally used one 10-cm® culture dish;
however, 1 mM PMSF (Sigma) and 1 mM DTT were added to the lysis
buffer. For experiments to examine acetylation of USP22 or SAGA com-
ponents, two 15-cm? culture dishes were typically treated overnight with
TSA, nicotinamide (NAM), FK866, or EX527 (Tocris Bioscience) and
lysed in lysis buffer, which additionally contained 1 mM PMSF, 1 mM
DTT, 400 nM TSA (Sigma), and 10 mM nicotinamide (Sigma). Where
indicated, FLAG-M2 resin (Sigma) was used in place of HA-agarose. Elu-
tions from this resin were performed with 250 pg/ml 3X FLAG peptide
(Sigma).

Gel filtration was performed on an Akta fast-performance liquid chro-
matograph (GE Healthcare Life Sciences) using a prepacked Superose 6,
10/300 GL column (GE Healthcare Life Sciences). The flow rate for the
elution buffer (50 mM Tris-HC, pH 7.4, 150 mM NaCl, 0.5% Nonidet
P-40) was 0.5 ml per minute, and 0.5-ml fractions were collected with an
automated fraction collector. Fractions containing complexes of interest
were pooled and immunoprecipitated with FLAG-M2 resin (Sigma),
washed with lysis buffer, and eluted with 250 wg/ml 3X FLAG peptide
(Sigma). Eluted complexes were then used in downstream assays, resolved
by SDS-PAGE, and Western blotted.

Endogenous immunoprecipitations were performed by adding 1 g of
the indicated antibodies to 1 mg lysate and rocking gently at 4°C over-
night. Immune complexes were incubated with anti-rabbit IgG—agarose
(eBioscience) for 1 h at 4°C, washed 8 times with lysis buffer, and eluted
with SDS-PAGE loading dye. Resulting proteins were separated by SDS-
PAGE and immunoblotted. Endogenous immunoprecipitation of SIRT1
with GCN5 was performed by cross-linking cells with 1 mM Dithiobis-
(succinimidyl propionate) (DSP; Thermo Scientific) for 15 min at room
temperature, followed by quenching with excess Tris, pH 7.4. Lysates were
generated by scraping cells in RIPA buffer supplemented with 1 mM
PMSF and Roche Complete EDTA-free protease inhibitor cocktail and
rocking for 1 h at 4°C. Samples were cleared by centrifugation and passed
through a 0.45-pwm-pore-size spin filter (Millipore), followed by addition
of anti-SIRT1 antibody (1104-1; Epitomics) or an equivalent amount of
normal rabbit IgG (Millipore) and incubated overnight at 4°C. Immune
complexes were incubated with anti-rabbit IgG agarose (eBioscience) for
1 h at 4°C; washed five times with RIPA buffer, three times with RIPA
buffer with 500 mM NaCl, two times with standard IP lysis buffer (50 mM
Tris-HCI, pH 7.5, 150 mM NaCl, 0.5% Nonidet P-40), and two times with
ice-cold PBS; and then eluted with 10% ammonium hydroxide. Subse-
quent to drying in a Speed-Vac apparatus, samples were resuspended in
SDS loading dye supplemented with 50 mM DTT, de-cross-linked, sepa-
rated by SDS-PAGE, and immunoblotted.

Mass spectrometry. Our MS analyses were performed as previously
described (55). Briefly, TCA-precipitated proteins were resuspended in 30
pl 100 mM ammonium bicarbonate at pH 8.0 with 10% acetonitrile and
500 ng sequencing-grade trypsin (Promega) and incubated at 37°C for 4 h.
Digested samples were then loaded onto stage tips and washed as de-
scribed previously (56). Peptides were eluted with 50% acetonitrile, 5%
formic acid, dried using a Speed-Vac apparatus, and resuspended in 10 pl
of 5% acetonitrile, 5% formic acid. For each liquid chromatography (LC)-
MS/MS run using an LTQ linear ion trap mass spectrometer (Thermo), 4
.l was loaded onto a C, ¢ column (18 cm by 125 wm [inner diameter]),
and peptides were eluted using a 50-min 8 to 26% acetonitrile gradient.
Spectra were acquired in a data-dependent fashion using a Top-10
method. Each sample was loaded twice in succession, followed by a wash
with 70% acetonitrile, 30% isopropanol. The resulting MS/MS spectra
were recorded for each run and then searched against a target-decoy da-
tabase of human tryptic peptides using the Sequest program (57). The
resulting list of identifications for each was loaded into the Comparative
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Proteomics Analysis software suite (CompPASS) for further processing
and analysis.

Data processing and CompPASS analysis. Mass spectral data were
processed using CompPASS, as previously described, with modifications
(55, 58). Sequest summary files were processed into a high-threshold data
set on the basis of a 2% protein false-positive rate as described earlier.
These processed data sets were merged for each duplicate run and used to
populate a stats table consisting of each data set for SIRT1 as well as 204
unrelated proteins (deubiquitinating enzymes [Dubs] and proteins from
the Autophagy Interaction Network and several unique runs [https:
//harper.hms.harvard.edu/]). The normalized D scores (DV) were calcu-
lated from average assembled peptide spectral matches (APSMs) for each
protein found in association with each bait. Proteins identified in each
LC-MS/MS experiment with a D" score of =1 are considered to be high-
confidence candidate interaction proteins (HCIPs).

Additional bioinformatic analysis. Interactions used for generating
protein networks were from the STRING database, found at http://string
.embl.de/. Output files from CompPASS for network analysis are compat-
ible with the Cytoscape software platform (http://www.cytoscape.org),
and additional files containing both node and edge attributes were gener-
ated. Attribute files were used in Cytoscape to assign values for nodes and
edges, as indicated. Gene ontology (GO) biological process terms were
hand collated for HCIPs in the SIRT1 wild-type (WT) IPs. High-level tree
biological processes that displayed an overlap for at least two HCIPs were
assigned a colored annotation.

SAGA acetyllysine mapping. For acetyllysine mapping purifications,
cells from tissue culture dishes (60 by 15 cm?) treated overnight with 10
wM EX527 (Tocris Bioscience) were lysed in a total volume of 25 ml of
lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 0.5% Nonidet P-40,
Roche Complete EDTA-free protease inhibitor cocktail) supplemented
with 400 nM TSA, 20 mM NAM, 1 mM DTT, and 1 mM PMSF for 1 h with
gentle rocking at 4°C. Lysates were cleared by centrifugation (16,000 X g,
15 min), the supernatant was filtered through 0.45-pm-pore-size spin
filters (Millipore) to further remove cell debris, and the resulting material
was subjected to immunoprecipitation with 300 pl of immobilized
anti-HA (Sigma) resin (50% slurry) overnight at 4°C with gentle inver-
sion. Resin containing FLAG-HA-USP22 immune complexes was washed
8 times with ice-cold lysis buffer, followed by three PBS washes and one
wash with UltraPure distilled water (Invitrogen). Proteins were eluted
with 300 wl of 10% ammonium hydroxide for 30 min at 4°C, spun
through 0.45-pm-pore-size spin filters (Millipore) to separate eluted
complexes from resin, and subsequently dried in a Speed-Vac. Lysates for
quantitative mass spectrometry were generated as described above, except
for those from plates (10 by 15 cm?) treated with DMSO or 10 wM EX527.

Digestion and isotopic labeling. Samples were resuspended in reduc-
tion buffer (30 wl 8 M urea, 5 mM DTT, 100 mM Tris, pH 8.5) and
incubated at 56°C for 30 min. After cooling to room temperature, iodo-
acetamide (15 mM) was added and the samples were incubated in the dark
for 30 min. DTT was added to a final concentration of 10 mM and samples
were incubated in the dark for 15 min to quench the alkylation reaction.
After dilution with 100 mM Tris (pH 8.5) such that the final urea concen-
tration was 3.3 M, 700 ng of endoproteinase Lys-C (Wako) was added and
the samples were incubated at 37°C for 2 h. Samples were further diluted
with 100 mM Tris (pH 8.2) to a final urea concentration of 1.6 M, 500 ng
of trypsin (Promega) was added, and digestion was continued at 37°C
overnight. After 12 h, trifluoroacetic acid (TFA) was added to a final
concentration of 0.5%, the samples were centrifuged at 15,000 X g for 15
min, and the supernatant was collected. For isotopic labeling, samples
wereloaded onto C, 4 stage tips (59). C,s-bound peptides were isotopically
labeled via reductive dimethylation essentially as described previously
(60). After washing and elution, peptides from control and drug-treated
paired experiments were mixed prior to immunoprecipitation.

Peptide immunoprecipitation. Immunoprecipitation was carried
out as described previously (61). Settled agarose (50 pl) of conjugated
antiacetyllysine antibody (ImmuneChem) was washed twice with acetyl-
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lysine IP buffer (50 mM MOPS [morpholinepropanesulfonic acid], pH
7.2, 10 mM sodium phosphate, 50 mM sodium chloride). After 10% of
each labeled, mixed digest was set aside for quantification of protein levels
prior to acetyllysine IP, the remainder of each mixed digest was diluted
with 1 ml of acetyllysine IP buffer, added to the washed antiacetyllysine-
agarose, and allowed to bind overnight at 4°C with gentle rocking. Sam-
ples were washed three times with acetyllysine wash buffer (50 mM
MOPS, pH 7.2, 10 mM sodium phosphate, 150 mM sodium chloride) and
twice with deionized water, before elution 3 times with 0.1% TFA. Prior to
MS analysis, eluted peptides were desalted using C, 4 stage tips as described
above.

Quantitative mass spectrometry. Desalted samples were subjected to
nano-LC-MS/MS using a 20-cm column composed of a 100-pm (inner
diameter) fused-silica capillary that was flame pulled in-house to produce
an approximately 5-pm tip and packed with Maccel C, 4 resin (3 pm; 200
A; The Nest Group, Inc.). Data were collected on an LTQ Orbitrap Elite
hybrid mass spectrometer (Thermo Fisher), operated in the data-depen-
dent mode, essentially as described previously (62). MS/MS spectra were
searched using the Sequest algorithm against a partially tryptic, sequence-
reversed human proteome database (63). Peptide false detection rates
(FDRs) were controlled for by filtering peptide spectral matches accord-
ing to their cross correlation (XCorr), mass accuracy, tryptic state, charge
state, and peptide length. Abundance ratios for isotope-labeled peptides
were extracted with a software suite developed in-house. Quantitative
measurements of peptide-level changes between control and drug-treated
samples were normalized to the total protein levels quantified in a separate
MS run using the sample reserved prior to antiacetyllysine IP.

Deubiquitination assays. For ubiquitin vinylsulfone (UbVS) assays,
recombinant proteins, cell lysates, or eluted protein complexes were di-
luted in Dub assay buffer (50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1 mM
DTT), and either DMSO or 5 uM ubiquitin vinylsulfone (U-202; Boston
Biochem) was added for 1 h at 30°C, unless otherwise indicated. Reactions
were stopped by the addition of SDS-PAGE loading dye and subsequent
boiling for 5 min. Dubs were then resolved by SDS-PAGE and immuno-
blotted. For ubiquitin—7-amino-4-methylcoumarin (Ub-AMC) kinetic
assays of recombinant USP22, equivalent amounts of recombinant USP2
catalytic core (USP2cc) or USP22 were diluted in Dub assay buffer and
plated in opaque 96-well plates. Ub-AMC at a final concentration of
200 nM in Dub assay buffer was added to start the reaction. The resul-
tant fluorescence at 342 nm/438 nm (excitation/emission) was de-
tected on an EnSpire multimode plate reader (PerkinElmer). Recom-
binant proteins used were separated by SDS-PAGE and stained with
Coomassie brilliant blue to normalize the concentrations and deter-
mine relative purity.

Intact mononucleosomes were generated by micrococcal nuclease
treatment of chromatin fractions purified from HEK 293T cells. Purified
Dubs or their catalytic mutant versions were tested for their ability to
deubiquitinate equivalent amounts of these semipurified mononucleo-
somes at 30°C for 1 h. Reactions were stopped by the addition of SDS-
PAGE loading dye and subsequent boiling for 5 min. Ubiquitinated his-
tones were then resolved by SDS-PAGE and immunoblotted.

Invitro deacetylation. Acetylated SAGA components were purified as
described above by immunoprecipitating FLAG-HA-USP22 from cells
treated for 24 h with 10 pM EX527 (Tocris Bioscience) with FLAG-M2
resin. Protein complexes were washed 8 times with ice-cold lysis buffer
containing deacetylase inhibitors, washed 3 times with ice-cold deacety-
lation buffer (50 mM Tris-HCI, pH 8.0, 137 mM NaCl, 2.7 mM KCI, 1
mM MgCl,), and eluted with 250 wg/ml 3X FLAG peptide (Sigma).
Eluted complexes were used as the substrates for recombinant GST-SIRT1
produced in Sf9 cells with or without 1 mM NAD™ treated for 1 h at 37°C.
Reactions were stopped by the addition of SDS-PAGE loading dye. Sam-
ples were boiled for 5 min, resolved by SDS-PAGE, and immunoblotted
with the indicated antibodies.
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RESULTS

Identification and characterization of the SIRT1 interactome.
To better understand the role of SIRT1 in the regulation of phys-
iological and pathological processes, we employed a proteomic
approach to identify novel interacting partners for SIRT1. Wild-
type human SIRT1 was expressed as an N-terminal FLAG-HA
fusion protein in HEK 293T cells. Proteins associated within
anti-HA immune complexes were subsequently identified by mass
spectrometry (LC-MS/MS). Identified SIRTI-interacting pro-
teins were processed using a modified version of CompPASS to
identify HCIPs (55). CompPASS utilizes an interacting protein
database and three specificity metrics (D" score, an associated P
value, and Z score) to identify HCIPs.

The resulting SIRT1 interaction network included several well-
known binding partners such as Jun (16, 64-66), CREB (67), and
AROS (68), thereby validating our experimental approach. Pep-
tides for DBC1 (69, 70) and PARP1 (71) were also observed; how-
ever, these did not meet statistical criteria because they were iden-
tified as proteins interacting across a large number of baits. The
screen also identified a wide array of novel SIRT 1-interacting pro-
teins involved in a variety of cellular functions, including tran-
scription, DNA repair, apoptosis, signal transduction, and ribo-
some biogenesis (Fig. 1A).

As a way to readily identify potential enzymatic substrates of
SIRT1 within the interactome, we compared the wild-type SIRT1
interaction map to that of a catalytically inactive mutant of SIRT1
(H363Y). The H363Y mutation did not significantly alter many of
the interactions observed with wild-type SIRT1, while a small sub-
set of interactions was either ablated or enhanced by the H363Y
mutation. Specifically, PUS7, CCDC99, USP22, and the known
SIRTI interactor DBC1 were present only within wild-type SIRT1
immune complexes (Fig. 1B). Given that USP22 and its homologs
control important epigenetic functions from yeast to mammals
through regulation of histone ubiquitination, together with the
fact that USP22 immune complexes have also been shown to con-
tain SIRT1 (55), we chose to focus on understanding the relevance
of the interaction between SIRT1 and USP22.

Validation of the interaction between SIRT1 and USP22. To
confirm the interaction between SIRT1 and USP22, we immuno-
precipitated FLAG-HA-USP22 or a tagged GFP control from HEK
293T cells and observed that endogenous SIRT1 interacted with
overexpressed USP22 but not GFP (Fig. 1C). Consistent with our
results with exogenous expression of fusion proteins, antibodies
used to immunoprecipitate endogenous USP22 copurified endog-
enous SIRT1 (Fig. 1D). Moreover, when we examined endoge-
nous immune complexes for either GCN5, a core component of
the SAGA complex, or SIRT1, we determined that GCN5 inter-
acted with TRRAP and USP22, whereas the interaction between
SIRT1 and USP22 appeared to be exclusive of the larger SAGA
complex (Fig. 1E).

Specificity and mapping of the SIRT1-USP22 interaction. In
order to test the specificity of the interaction, we expressed C-ter-
minally FLAG-tagged fusions of each of the sirtuins, SIRT1 to
SIRT7, in HEK 293T cells and found that of the seven sirtuins,
only SIRT1 was capable of copurifying USP22 (Fig. 2A). Addition-
ally, unrelated Dubs or histone acetyltransferases (HATs) were
unable to pull down SIRT1 (Fig. 2B). Moreover, a reciprocal study
of the Dub interaction landscape did not uncover SIRT1 as an
interacting partner for 74 other deubiquitinating enzymes (55).
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These results demonstrate that the interaction between SIRT1 and
USP22 is highly specific.

USP22 consists of an N-terminal ZnF-UBP domain and a C-
terminal C19 peptidase domain containing the catalytic cysteine
required for enzymatic activity (46, 47). The ZnF-UBP domain of
USP22 is unique since, unlike other ZnF-UBP domains, it cannot
bind free ubiquitin due to differences in several key ubiquitin
binding residues (72). It has been postulated that this domain
might serve to facilitate protein-protein interactions. To gain in-
sights into the domains within USP22 that mediate the interaction
with SIRT1, we generated a series of USP22 truncations and a
catalytic mutant in the C19 peptidase domain, C185S (Fig. 2C).
Interestingly, SIRT1 binding occurred within the ZnF-UBP do-
main of USP22 and did not require the presence of the catalytic
cysteine residue. In agreement with our initial screen results, the
catalytically inactive SIRT1 (H363Y) displayed significantly re-
duced binding to USP22, suggesting that SIRT1 activity may be
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important for facilitating the interaction with USP22 (Fig. 2D).
Reciprocal studies with SIRT1 did not reveal a single linear do-
main that mediated the interaction with USP22.

USP22 does not alter steady-state levels or deacetylase activ-
ity of SIRT1. During preparation of the manuscript, a study was
published indicating that USP22 deubiquitinates SIRT1, thereby
increasing SIRT1 steady-state protein levels and suppressing
apoptosis by decreasing p53-K382 acetylation (73). In our studies,
we did not observe a difference in SIRT1 levels in either HEK 293T
or HCT116 cells following siRNA-mediated knockdown of USP22
(Fig. 3A and B). Furthermore, USP22 knockdown in doxorubicin-
treated cells had no effect on acetylated p53-K382 levels in either
the presence or absence of the specific SIRT1 inhibitor EX527
(Fig. 3C). Additionally, although the binding of SIRT1 H363Y to
USP22 is severely compromised compared to that of wild-type
SIRT], the stability of the H363Y mutant SIRT1 was identical to
that of wild-type SIRT1. These results suggest that, in these cell
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were immunoblotted with the indicated antibodies.

types, both SIRT1 activity and SIRT1 stability are unaffected by
the loss of USP22. A reciprocal examination using EX527 to in-
hibit SIRT1 activity found no evidence that SIRT1 activity modu-
lates the steady-state stability of USP22 (Fig. 3D).

Mammalian USP22 requires complex formation for deubiq-
uitinating activity. Previous studies of DUBm in yeast and mam-
mals have demonstrated that USP22 and its yeast homolog Ubp8
form heterotetrameric complexes that are absolutely required for
catalytic activity (72, 74-76). In agreement with these studies, our
initial characterization of recombinant USP22 produced in bacu-
lovirus-infected Sf9 insect cells showed that USP22 is relatively
inactive in deubiquitination assays using ubiquitin-AMC or the
suicide substrate ubiquitin vinylsulfone (UbVS) (Fig. 4A). When
recombinant USP22 was tested for its ability to deubiquitinate
purified intact nucleosomes, it was unable to remove ubiquitin
conjugated to any of the tested histones (Fig. 4B). Endogenous
cellular USP22 in whole-cell lysates was also primarily in the in-
active state compared to USP10, an unrelated Dub (Fig. 4C). Ex-
tending the incubation times of the enzymatic reactions in cell
lysates did not increase the mobility shift, suggesting that only a
subset of USP22 is active in cells.

To gain insights into whether complex formation and the ac-
tivity of USP22 might be regulated by SIRT1, we fractionated
USP22-containing complexes by molecular mass using gel filtra-
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tion (Fig. 4D, left). Immunoprecipitation of FLAG-HA-USP22
from pooled Superose 6 fractions revealed USP22 to be present in
three separate pools: monomeric, SIRT1-containing, and SAGA-
containing pools. These immunoprecipitated pools were then
subjected to Dub activity assays using UbVS to analyze USP22
enzymatic activity. The USP22 in high-molecular-mass fractions
containing SAGA components was significantly more active than
that in lower-molecular-mass pools containing either SIRTI-
USP22 or monomeric USP22 (Fig. 4D, right). These data confirm
the previously published reports (72, 74-76) demonstrating that
USP22 deubiquitinating activity requires DUBm assembly.

To assess more directly the activity of USP22 associated with
SIRTI, we treated immunoprecipitated SIRT1 with UbVS and
blotted for the endogenous interacting USP22. Consistent with
our fractionation results, the activity of the USP22 bound to
SIRT1 was unaltered compared to that of the total material
(Fig. 5A). Surprisingly, although the SIRT1 H363Y interaction
with USP22 was drastically reduced, the remaining associated
Dub was almost completely active. Considering that binding of
the DUBm components ATXN7, ATXN7L3, and ENY2 is re-
quired to induce the conformational change necessary for USP22
enzymatic activity, we predicted that SIRT1 might be interacting
with SAGA. Both SIRT1 WT and H363Y were capable of interact-
ing with SAGA components when retrovirally expressed (Fig. 5B).
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Although overexpressed SIRT1 is capable of binding SAGA, our
initial studies did not reveal an interaction between endogenous
proteins (Fig. 1). Due to the potential catalytic and transient na-
ture of this interaction, we postulated that we might capture the
endogenous interaction by cross-linking with DSP. Using this
technique, we observed an interaction between endogenous
SIRT1 and GCNS5 (Fig. 5C). These results suggest that SIRT1 di-
rectly interacts with SAGA components, most likely transiently.
Acetylation of USP22 regulates protein-protein interaction.
Due to the observed differences in USP22 association between
wild type and catalytically inactive SIRT1, we hypothesized that
USP22 and, potentially, SAGA itself are substrates of SIRT1. Using
several pan-acetyl-specific antibodies, we assessed the global acet-
ylation of USP22 in the absence or presence of TSA and NAM,
broad-spectrum histone deacetylase (HDAC) and sirtuin inhibi-
tors, respectively (77, 78). An increase in USP22 acetylation in the
presence of NAM and TSA was detected (Fig. 6A). High-resolu-
tion mass spectrometry was then used to identify several novel

1494 mcb.asm.org

acetylation sites on USP22, in addition to the single site previously
determined by large-scale human acetylome studies (61) (Fig. 6B).

The identification of lysine 129 (K129) as an acetylated residue
was particularly relevant due to its presence within the ZnF-UBP
domain, a domain that is necessary for the interaction with SIRT1
(Fig. 2). Mutation of K129 to arginine, to mimic the deacetylated
state, resulted in a decrease in USP22 activity, as measured by the
UbVS activity assay. However, upon mutation of K129 to glu-
tamine, to mimic the acetylated state, we saw little, if any, change
in USP22 activity (Fig. 6C). To monitor the acetylation status of
this residue, we generated an acetyl-specific antibody that failed to
detect this residue when mutated to an arginine. Treatment of
FLAG-HA-USP22-expressing cells with EX527, a specific SIRT1
inhibitor, resulted in an increase in K129 acetylation, providing
evidence that SIRT1 might alter acetylation of USP22 (Fig. 6D).
These results suggested that K129 acetylation may be important
for regulating the activity of USP22. As USP22 deubiquitinase
activity is directly associated with SAGA complex formation, it
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FIG 5 SIRT1 associates with the SAGA complex. (A) (Top) The indicated FLAG-HA-tagged proteins were isolated from HEK 293T cells, and Dub activity was
analyzed by reactions with UbVS; (bottom) samples were prepared as described above, but wild-type SIRT1 samples were diluted as indicated in assay buffer
before adding UbVS. (B) FLAG-HA-tagged proteins were isolated from HEK 293T cells and immunoblotted for the indicated proteins. (C) Control IgG or
SIRT1-specific antibodies were used to IP endogenous SIRT1 from DSP-cross-linked HEK 293T cells. Immunoblots were probed with the indicated antibodies.

was possible that K129 mutants would display altered binding to
the SAGA complex. Consistent with this, mutation of K129 to
arginine resulted in decreased binding of USP22 to GCNJ5 as well
as decreased activity of USP22 (Fig. 6E). We cannot rule out the
possibility that this lysine is critical to the structure of the UBP-
ZnF. However, the fact that USP22 lysine 129 acetylation is regu-
lated indicates that this modification may be important for mod-
ulating USP22 function.

SAGA components are acetylated in response to SIRT1 inhi-
bition. The observed SIRT1-mediated acetylation changes on
USP22, taken together with our evidence that SIRT1 can associate
with the SAGA complex, suggest a model in which USP22 recruits
SIRT1 enzymatic activity to SAGA. Consistent with this possibil-
ity, we observed that several proteins that copurified with USP22
also displayed increased acetylation when cells were treated with
the sirtuin inhibitor NAM or EX527 but not the HDAC inhibitor
TSA (Fig. 7A). Interestingly, USP22-associated proteins isolated
from cells treated with the nicotinamide phosphoribosyltrans-
ferase (NAMPT) inhibitor FK866 exhibited a pattern of acetyla-
tion similar to that for EX527, indicating that alterations in phys-
iological levels of NAD™ can impact acetylation of these proteins,
ostensibly by regulating SIRT1 activity (Fig. 7B).

Subsequently, we set out to determine whether the acetylated
proteins associated with USP22 were components of the SAGA
complex using a variety of complementary approaches. First,
USP22-containing complexes were isolated by gel filtration from
FLAG-HA-USP22-expressing cells treated with DMSO or EX527.
Acetylated proteins were bound to USP22 in higher-molecular-
mass fractions which also contained SAGA complexes (Fig. 7C).
Additionally, when we purified other components of either the
DUBm (ENY2 and ATXN7L3) or the core SAGA complex
(TADA1 and CCDCI101) treated with and without EX527, we ob-
served a similar acetylation pattern (Fig. 7D). Finally, acetylation
of immunoprecipitated FLAG-GCNS5 was also increased by SIRT1
inhibition (Fig. 7E). Taken together, these observations indicate
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that SAGA subunits become hyperacetylated in response to SIRT1
inhibition.

Quantitative proteomics reveals a SIRT1-regulated SAGA
acetylome. To directly measure the acetylation of SAGA subunits
in response to SIRT1 inhibition, we utilized quantitative mass
spectrometry techniques. We developed a work flow to provide
in-depth quantitative analysis of SAGA acetylation (Fig. 8A). Us-
ing this technique, we discovered a wide array of novel acetylation
sites on a number of SAGA subunits, including and greatly ex-
panding on those that we previously observed for USP22 (Fig. 8B).
Moreover, in agreement with our previous results, when we com-
pared SIRT1 inhibitor-treated samples to controls, we found that
many, but not all, SAGA complex acetylation sites were signifi-
cantly increased in a SIRT1-dependent manner (Fig. 8C and D).
These findings demonstrate that inhibition of SIRT1 results in
increased acetylation of USP22-associated proteins and that these
proteins are indeed SAGA complex components.

SIRT1 deacetylates SAGA subunits in vivo and in vitro. To
confirm the results observed with SIRT1 small-molecule inhibi-
tors, siRNA oligonucleotides were used to deplete SIRT1 from
HEK 293T cells expressing FLAG-HA-USP22. Removal of SIRT1
activity by siRNA induced a similar pattern of acetylation on
USP22-associated proteins as EX527 (Fig. 9A). These results pro-
vided evidence that SIRT1 is proficient at deacetylating SAGA in
vivo. To assess the ability of SIRT1 to directly deacetylate SAGA
complex components in vitro, we purified acetylated USP22-asso-
ciated proteins from HEK 293T cells treated with EX527. Acety-
lated complexes were then used as the substrates in deacetylation
reaction mixtures containing recombinant wild-type SIRTI.
SIRT1 catalyzed the removal of acetyl marks from several of the
USP22-associated proteins in an NAD " -dependent fashion, thus
providing further evidence that SIRT1 deacetylates SAGA compo-
nents in vitro and in vivo (Fig. 9B).

DUBm complex formation and SAGA interaction are regu-
lated by SIRT1-mediated deacetylation. Together, our results in-
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FIG 6 Acetylation of USP22 regulates protein-protein interaction. (A) FLAG-HA-USP22 was purified from HEK 293T cells treated with DMSO or a combi-
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acetyllysine residues on USP22. (C) Cell lysates from HEK 293T cells stably expressing FLAG-HA-USP22 wild type, K129R, or K129Q were treated with 5 wM
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immunoblotted with the indicated antibodies. (E) The indicated FLAG-HA-USP22 mutants were purified from HEK 293T cells and subjected to DMSO or 5 uM
UbVS and immunoblotted as indicated. Densitometry was performed using the Image] program (NIH).

dicate that deacetylation of USP22 may disrupt DUBm interaction
with SAGA. To test this, we immunoprecipitated FLAG-HA-
USP22 from cells treated with DMSO or EX527 and examined if
and to what extent the DUBm-SAGA interaction was altered. In
cells treated with EX527, the increase in acetylation of USP22-
K129 was associated with a modest increase in the interaction
between USP22 and both ATXN7L3 and GCNS5, indicating that
inhibition of SIRT1 promoted DUBm/SAGA complex formation
(Fig. 9C). Furthermore, upon isolation of a different core compo-
nent of the SAGA complex, CCDC101, we observed a similar in-
crease in acetylation of various SAGA components along with
greater binding of USP22 and ATXN7L3, although GCN5 binding
was unaltered (Fig. 9D). This indicates that the pool of DUBm-
bound SAGA is affected by SIRT1-mediated deacetylation, while
the GCN5 interaction with CCDC101 appears to be unaltered.
Taken together, our results demonstrate that a highly specific in-
teraction of USP22 with SIRT1 facilitates recruitment of SIRT1
deacetylase activity to the DUBm/SAGA complex, an event that
regulates SAGA acetylation and complex formation.
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DISCUSSION
SIRT1 plays a critical role in the regulation of a wide array of
physiological and pathological processes, including diabetes, can-
cer, inflammatory diseases, and neurological disorders (20, 21).
Using biochemical and proteomic approaches, we sought to gain
further insight into the functions of SIRT1 by identifying its inter-
action landscape. In the present study, we describe a specific in-
teraction between the deubiquitinating enzyme USP22 and the
NAD™-dependent deacetylase SIRT1 and present a comprehen-
sive interaction network for SIRT1 through the use of the Comp-
PASS method (55). We further characterize the USP22-SIRT1
complex as requiring the ZnF-UBP domain and confirm that
mammalian USP22 enzymatic activity minimally requires its in-
teraction with the other components of the DUB module (75,
76,79).

Unlike the interaction with DUBm components, the interac-
tion of USP22 with SIRT1 did not stimulate USP22 activity, and
contrary to previous reports (73), we did not see a noticeable effect
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of the loss of USP22 activity on either the steady-state levels or
deacetylase activity of SIRT1. We hypothesize that overexpression
will not increase active USP22 since other DUBm components
mandatory for USP22 deubiquitinating activity are limiting for
complex formation. However, differences in cell lines, knock-
down efficiency, or other factors may contribute to our inability to
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observe these changes in SIRT1 upon loss of USP22 function.
Nonetheless, both modes of regulation could potentially coexist to
further fine-tune the control of transcription in response to a va-
riety of cellular stresses such as DNA damage, endoplasmic retic-
ulum (ER) stress, or nutrient deprivation.

In this study, we show that USP22 is an acetylated protein and

mcb.asm.org 1497


http://mcb.asm.org

Armour et al.

A SIRT1 inhibitors Untreated  Inhibitor 10% for total USP22 - K.SCICHVCGVHLNR L

* V # v# protein quantification
VT S — xS —
6 x # Pool Samples é"#

Intensity

) Y4 e
293T FLAG-HA-USP22 = :'g:ly ; Time y
15 cm? x 10 Isotopic labelling Anti-Acetyl i > [l Untreated [l Inhibitor
via reductive Lysine IP g USP22 - K.DMEIIAK(AC)EEQRK.A
dimethylation + . -
b %5 Sequence peptides using F]
o Orbitrap Elite LC MS/MS §
Harvest Cells \/y %‘ 2 =
anti-HA IP of USP22- —> v X — AR SN
containing complexes \/ ‘é’ Time
Digest samples O = Acetyl Lysine Elute with 0.1% TFA Normalize to protein abundance
Process peptides for MS e Purify peptides via Stage Tips Quantify changes in acetylation
3 uspP22 TRRAP
100000 £ 14
S
SD . g 12
@ <1 . % 10
° LNl o)
i 10000 | @ 1-2 s 2 125
S @ 28 5 .,
8 @ >3 ‘ § 2
§ 1000 | @ Unmodified 3 2 o,l,l,l,l,l,l, SRR EE A .
e . S S AP DA WS DD NP &
: X S 2 PR APPREPHO PSS B0
2 100 . N Lysine (amino acid position)
ﬁ .
5 . - - . ATXN7 ATXN7L2 ATXN7L3 CCDC101 FAM48A
@ . . 2 50 2 3 6
E -
3 10 ] -

Log,(Treated/Control)

o
ES
)
o
N
-
.
D
(o))
Fold Change (Treated/Control)
=) -
0
- N W b
o o o o o
=) .
o - N
:‘
o N »H

Lysine (amino acid position)

D

No acetylation 107 220 789 366 418 467 99 288

. SD
sites detected
/,_\ ATXN7 ? , ' ? 82 FAM48A 4ﬁ_D 779 CCDC101 Hags @ <1
SUPT3H :gg 233 446 697 725 100 112 418 Q 12
186 @ 23
SUPT7L ATXN7L1 861 KAT2A 837  TADA3L 432
>3
TADA1L 163 235 560 .

190, 276 O Not quantified
TADAZB | arxrLs ?ﬁ - uspz2 —{HHIENE =

TAF5L 150 328 / \

TAF6L ATXN7L3 347 35 59 8795 129 _ 144 _ 152 380 __ 400 410 417 488 501
137 159 382 4931 505
TAF9B 19
525
TAF10 ENY2 101
2059 2543
\_ TAF12
TRRAP — |- 3ese
R [ scar [ usP znF [l N-Acetyitransferase [ Coiled-coil (probable) [JJj FATC [ Far [ cin-rich
omain Color Key
[l sof11-type znF ] C19 peptidase (UCH) [JJ] Bromodomain [l Tudor [] p53 Interaction [] PI3K/PI4K

FIG 8 Quantitative mass spectrometry reveals a SIRT1-regulated SAGA acetylome. (A) Outline of the work flow used to analyze acetylation of USP22-associated
proteins in response to SIRT1 inhibition. (B) Dot plot of individual peptides representing the sum of the signal to noise for a given peptide plotted against its fold
change versus the results for the control. Both unmodified (black) and acetylated (colored) peptides were recovered following antiacetyllysine IP. Quantitative
measurements of peptide-level changes following acetyllysine IP were normalized to pre-IP total protein measurements. Changes observed in the subset of
unmodified peptides were assumed to represent a distribution of measurements unaffected by SIRT1 inhibition. The standard deviation (SD) of this subset was
used to approximate the significance of changes in levels of acetylated peptides. Acetylated peptides representing SAGA components with changes greater than
1 standard deviation are indicated by colored squares. The dot color represents the standard deviation with respect to the unmodified peptide distribution. (C)
Quantification of individual acetylation sites is displayed as the fold change versus the results for the control. Bar colors represent standard deviations, as
described for panel B. (D) Domain map of SAGA components displaying acetylation sites discovered. Acetylation site colors represent standard deviations, as
described for panel B. Orange acetylation sites were identified but not quantified. UCH, ubiquitin carboxyl-terminal hydrolase; FATC, FRAP, ATM, TRRAP C
terminal; FAT, FRAP, ATM, TRRAP; PI3K, phosphatidylinositol 3-kinase; PI4K, phosphatidylinositol 4-kinase.
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that interaction with both SIRT1 and the DUBm/SAGA complex
is modulated by the acetylation of a single residue found within
the ZnF-UBP domain of USP22. The observation that SIRT1
H363Y binds almost exclusively to active USP22 in the context of
SAGA raised the possibility that SIRT1 deacetylase activity is re-
cruited to SAGA via USP22. Indeed, inhibition of SIRT1, but not
other HDAC family members, led to hyperacetylation of several
subunits of the DUBm/SAGA complex. This increase in SAGA
component acetylation parallels the ability of DUBm to form a
functional complex with the main SAGA unit. These data are
highly suggestive that acetylation is a positive regulator of USP22
activity and that SIRT1 may act to counteract this.

Yet, it is still unclear to what extent SIRT1 deacetylation im-
pacts DUBmM-SAGA function with respect to deubiquitination-
acetylation cycles at actively transcribed genes. Recent studies sug-
gest that, in yeast, several SAGA subunits (Sgf73p, Ada3p, and
Spt7p) are acetylated by Gen5p itself in response to a rise in intra-
cellular acetyl coenzyme A (acetyl-CoA) during entry into growth
(80). Our data suggest that in addition to acetyl-CoA abundance,
the acetylation of the human SAGA complex may also be regu-
lated in response to metabolic fluctuations by physiological
changes in NAD™ through SIRT1. Moreover, the previous study
also maintained that recruitment of SAGA to various oxidative-
phase-growth genes might be facilitated by acetylation, indicating
that only a subset of SAGA coactivator targets may be regulated by
SIRTI. This is substantiated by the fact that not all SAGA com-
plexes appear to contain DUB module components and that some
potentially interchangeable orthologs of ATXN7, such as
ATXN7L2, are seemingly deacetylated to different extents by
SIRT1. Additionally, our data also agree with previous studies
suggesting that DUBm binding is not essential for SAGA forma-
tion and, likewise, SIRT1 does not alter formation of the core
SAGA complex per se (81).

Our work highlights the importance of acetylation as a modi-
fication that can regulate transcriptional processes by altering not
only histone N-terminal tails but also a variety of coactivators,
corepressors, and bona fide transcription factors (61). Our analy-
sis of SAGA complex acetylation demonstrates that protein acet-
ylation is indeed widespread among transcriptional regulating
proteins and indicates that the size of the acetylome may be un-
derestimated (61). Many known targets of SIRT1 are chromatin-
modifying enzymes or transcription factors, indicating that SIRT1
may act to modulate these more direct writers of the histone code
in response to various cellular and environmental stresses (82).
Acetylation has previously been shown to act as a regulatory
switch that can alter further coordinated modifications such as
ubiquitination, sumoylation, and phosphorylation, thereby ad-
justing protein stability, localization, and signaling (83-88). We
found that acetylation, in the context of the DUBm/SAGA com-
plex, alters protein interactions. It will be interesting to further test
whether it is the acetylation itself, possibly by regulating the sur-
face charge, which affects this characteristic directly or, rather, if
this effect is due to secondary modifications.

It has recently been shown that CCDC101 (Sgf29) recognizes
H3K4me2/3 and, additionally, that SAGA and another similar
complex called ATAC regulate distinct sets of genes (89-91). Al-
though data suggesting that under some conditions DUBm is im-
portant for coactivation exist, a critical question remains whether
the global subset of genes where DUBm components bind within
the genome are actively regulated by DUBm components. Some of
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these data may be provided by examining the overlap between
existing chromatin IP sequencing data sets for SAGA subunits (89,
91) with transcriptional profiles observed upon alteration of his-
tone H2B ubiquitination (92, 93). Furthermore, we speculate that
at some loci, there might be overlapping binding sites for SAGA,
DUBmMm, and SIRT1. Such a mechanism would serve to differenti-
ate the various pools of SAGA coactivator complexes and may
underlie their potential roles in transcriptional activation/repres-
sion and epigenetic inheritance.

In summary, our study identifies a specific interaction between
SIRT1 and USP22 that is dependent on acetylation of the ZnF-
UBP domain of USP22. This results in the recruitment of deacety-
lase activity to regulate the acetylation of the SAGA coactivator
complex and the formation of deubiquitinating-competent
DUBm/SAGA complexes. This study provides a framework for
understanding the expanding role of protein lysine acetylation in
fine-tuning transcription and chromatin condensation in re-
sponse to nutrient homeostasis and the fluctuation of metabolic
intermediates.
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