()
IBC ARTICLE

Lysine acetylation stoichiometry and proteomics analyses
reveal pathways regulated by sirtuin 1 in human cells
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Lysine acetylation is a widespread posttranslational modifica-
tion affecting many biological pathways. Recent studies indicate
that acetylated lysine residues mainly exhibit low acetylation
occupancy, but challenges in sample preparation and analysis
make it difficult to confidently assign these numbers, limiting
understanding of their biological significance. Here, we tested
three common sample preparation methods to determine their
suitability for assessing acetylation stoichiometry in three
human cell lines, identifying the acetylation occupancy in more
than 1,300 proteins from each cell line. The stoichiometric anal-
ysis in combination with quantitative proteomics also enabled
us to explore their functional roles. We found that higher abun-
dance of the deacetylase sirtuin 1 (SIRT1) correlated with lower
acetylation occupancy and lower levels of ribosomal proteins,
including those involved in ribosome biogenesis and rRNA
processing. Treatment with the SIRT1 inhibitor EX-527 con-
firmed SIRT1’s role in the regulation of pre-rRNA synthesis
and processing. Specifically, proteins involved in pre-rRNA
transcription, including subunits of the polymerase I and SL1
complexes and the RNA polymerase I-specific transcription
initiation factor RRN3, were up-regulated after SIRT1 inhi-
bition. Moreover, many protein effectors and regulators of
pre-rRNA processing needed for rRNA maturation were also
up-regulated after EX-527 treatment with the outcome that
pre-rRNA and 28S rRNA levels also increased. More gener-
ally, we found that SIRT1 inhibition down-regulates meta-
bolic pathways, including glycolysis and pyruvate metabo-
lism. Together, these results provide the largest data set thus
far of lysine acetylation stoichiometry (available via Pro-
teomeXchange with identifier PXD005903) and set the stage
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for further biological investigations of this central posttrans-
lational modification.

Cells of all kingdoms use the posttranslational modifications
(PTMs)? of proteins to regulate biological pathways and pro-
cesses and to increase the complexity and variety of functions of
their protein targets without increasing the number of primary
protein sequences. Many PTMs have been described, and the
implications for their targets and pathways are the main goal of
an increasing number of scientific reports. Reversible protein
phosphorylation is the most widely studied PTM so far; it tar-
gets proteins that are involved in the vast majority of biological
processes (1, 2). Lysine acetylation is also a reversible and wide-
spread PTM that was discovered in histones more than 5
decades ago (3). It is currently known to be involved in the
regulation of a large number of biological pathways with targets
in all cellular compartments (4-7). Among the most represen-
tative pathways and groups of proteins that have been identified
with this PTM, beyond the group of histones, are chromatin
regulators and modifying proteins, DNA repair, DNA replica-
tion, spliceosome, ribosome biogenesis in the nucleus, most of
the metabolic enzymes, ribosomal and cytoskeleton proteins in
the cytoplasm, and the oxidative phosphorylation and the tri-
carboxylic acid cycle in the mitochondrion. In addition, many
proteins involved in the posttranslational modification of pro-
teins such as kinases, lysine acetyltransferases, deacetylases,
and ubiquitin conjugation proteins are also targeted by lysine
acetylation.

Lysine acetylation is a highly dynamic PTM that is controlled
by two groups of enzymes: lysine acetyltransferases and lysine
deacetylases (KDACs). However, in the mitochondria, where
no lysine acetyltransferase has yet been described, strong evi-
dence indicates that lysine acetylation occurs non-enzymati-
cally, favored by the mitochondrial matrix conditions of a high

3 The abbreviations used are: PTM, posttranslational modification; SIRT1, sir-
tuin 1; KDAC, lysine deacetylase; NAS, N-acetoxysuccinimide; SDC, sodium
deoxycholate; FASP, filter-aided sample preparation; GSP, gel sample
preparation; SSP, solution sample preparation; FDR, false discovery rate;
RT-gPCR, real-time quantitative PCR; Pol, polymerase; NHS, N-hydroxysuc-
cinimide; TEAB, triethylammonium bicarbonate; HPV, human papillomavi-
rus; ABC, ammonium bicarbonate; UPLC, ultraperformance LC; Th,
thomsons.
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concentration of acetyl-CoA (0.1-1.5 mm) and a pH of 7.9-8.0
(8). KDACs are further divided into two major groups: the
Zn>"-dependent members of KDAC classes I, II, and IV and
KDAC class III or sirtuins, which are NAD*-dependent and
exhibit a mono-ADP-ribosyltransferase activity, in addition to
deacetylase (9-11). Particularly, sirtuins are involved in the
regulation of several important processes and therefore have
been linked to physiologic and pathologic states, including
aging and cancer (12). Of the seven sirtuins reported in humans,
SIRT1 is the most abundant and closely related to its yeast ho-
molog, Sir2 (13). This protein is mostly nuclear and cytoplasmic
and has been found to regulate many pathways in response to
several physiological stresses or cell cycle phases (14). In cancer,
SIRT1 has been linked to both tumor progression and tumor
repression, and its functions are largely tumor-specific (15).

Lysine acetylation is largely a low-stoichiometric PTM, and
for its large-scale identification using mass spectrometry-based
proteomics, specific target approaches based on anti-acetyl-ly-
sine antibodies are required (7). With this strategy, the number
of identified acetylation sites in human cells rapidly increased
to several thousand in the last decade. However, important lim-
itations are associated with this strategy, including lack of infor-
mation related to site occupancy; a bias in site identification,
which is linked to the use of antibodies; and the amount of
starting sample needed for the enrichment step (11). Recently, a
method based on the chemical acetylation of untargeted lysine
residues, carrying heavy stable isotopes to estimate the relative
occupancy of endogenous acetylation, was reported and
applied to the Escherichia coli proteome (16). The method uses
the MS precursor intensities to estimate the relative lysine
acetylation occupancy versus the untargeted residues that were
chemically acetylated with heavy isotopes prior to the genera-
tion of peptides by trypsin digestion. The same strategy was
applied to the stoichiometric analysis of mammalian cells to
analyze the dynamics of acetylation stoichiometries after treat-
ment with a deacetylase inhibitor (17).

Here, we combined three of the most widely used methods
for sample preparation in proteomics with large-scale lysine
acetylation stoichiometry determination based on the chemical
acetylation of proteins with stable heavy isotopes in human
cells. Our strategy incorporated an efficient acetylation
reaction with N-acetoxysuccinimide-d, (NAS-d,) and protein
digestion with trypsin in the presence of sodium deoxycholate
(SDC) to avoid degradation and losses due to protein precipi-
tation. The integration of lysine acetylation stoichiometric
analysis with quantitative proteomics allowed us to establish a
functional link between lysine acetylation occupancy and the
abundance of targeted proteins, pathway partners, and deacety-
lases in three human cell lines. In addition, we studied the
dynamics of acetylation stoichiometry and the consequences of
the inhibition of the deacetylase SIRT1 at the proteome level.

Results
Method development

For lysine acetylation stoichiometry analysis at the proteome
level, several steps are mandatory. In the first step, the proteins
subjected to the study must be obtained. Next, all lysine resi-
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dues of proteins will be chemically acetylated with heavy iso-
topes to differentiate them from endogenous acetylation (nat-
ural composition of isotopes). Once the lysine residues of all
proteins are fully acetylated, the proteins are digested with tryp-
sin. Because trypsin cannot hydrolyze the peptide bond when
acetyl-lysine is present, the generated peptides will be delimited
by arginine residues. Finally, in the MS analysis, those peptides
with some degree of endogenous acetylation occupancy at
lysine residues will be seen as complex isotopic distributions. If
the three hydrogens of the chemically incorporated acetyl
group are replaced with deuterium, then in the MS spectrum
the isotopic distribution of chemically acetylated lysine-con-
taining peptides will be shifted three daltons relative to the
endogenously acetylated peptide. Therefore, by analyzing
the isotopic distribution, it is possible to determine the
lysine acetylation stoichiometry compared with the endoge-
nous untargeted lysine residues (chemically acetylated with
heavy isotopes).

We combined an optimized method for lysine acetylation
stoichiometry analysis with three of the most widely used pro-
cedures for sample preparation in proteomics: filter-aided sam-
ple preparation (FASP), gel sample preparation (GSP), and
solution sample preparation (SSP). Briefly, we used a simple
and highly efficient total protein extraction protocol, described
under “Experimental procedures,” that relies on the incorpora-
tion of high concentrations of sodium dodecyl sulfate (SDS)
(4%) and DTT (0.1 Mm). Equal amounts of proteins were submit-
ted to the selected sample preparation procedure (Fig. 1). For
the chemical derivatization of lysine residues, we used NAS-d.,
instead of deuterated acetic anhydride because NAS-d, is a sig-
nificantly more efficient alkylating reagent, and a gentler buffer
can be utilized during the acetylation reaction. Although the
acetylation reaction with NAS-d,, leads to fewer collateral reac-
tions in residues such as tyrosine, threonine, and serine, we
included a hydroxylamine treatment to revert O-acetylation
modifications completely. To avoid the precipitation of pro-
teins after chemical acetylation, we introduced two detergents,
SDS and SDC, during the reaction step and SDC during trypsin
digestion. It is well known that trypsin works satisfactorily in
high concentrations of SDC (18). SDC was easily removed by
ethyl acetate extraction under acidic conditions. Finally, sam-
ples were submitted to a high-resolution LC-MS/MS system.
Protein identification and quantification were performed with
MaxQuant software, and the lysine acetylation stoichiometric
analysis was achieved with Pview software.

Comparison of sample preparation methods

Three different cell lines were used to evaluate the three sam-
ple preparation procedures: HaCaT (non-cancerous immortal-
ized human keratinocyte), SiHa (HPV-16-positive cervical can-
cer cell line), and CaLo (HPV-18-positive cervical cancer cell
line). Three independent biological replicates were performed.
Methods were evaluated according to the number of peptides
and proteins identified as well as their mass and hydrophobicity
distributions. To determine the potential advantages or poten-
tialities of analyzed sample preparation methods, we performed
a molecular mass and hydrophobicity distribution of identified
peptides (Fig. 2, A and B) and proteins (Fig. 2, Cand D). Despite
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Figure 1. Schematic representation of the workflow to perform lysine acetylation stoichiometric analysis following the three sample preparation
procedures, FASP, GSP, and SSP. In all strategies, untargeted lysine residues are chemically acetylated with the deuterated derivate of NHS (NAS-d5), and side
reactions are reverted by treating proteins with hydroxylamine. To avoid unwanted protein precipitation in FASP and SSP, trypsin digestion was performed in
the presence of SDC. Peptide mixtures were analyzed in a high-resolution LC-MS/MS system. Data analysis was performed by means of MaxQuant and Pview
software.
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Figure 2. Distribution of identified peptides and proteins for each sample preparation method according to molecular mass and hydrophobicity. A
and B, peptide distribution according to molecular mass (A) and hydrophobicity (B). C and D, protein distribution according to molecular mass (C) and
hydrophobicity (D). E, relative error (RE) distributions for reported acetylation stoichiometry results of acetylated peptides identified using the three sample
preparation methods. GRAVY, grand average of hydropathy.

the distributions of molecular masses and hydrophobicity hav-  peptides after trypsin digestion, for our purpose of lysine acety-
ing highly similar patterns at the protein level without any lation stoichiometry analysis it represents lower identification
important bias, we found that at peptide level we missed certain  and quantification of their occupancy by acetylation of lysine-
kinds of peptides using the FASP method. The molecular mass  containing peptides. The number of peptides and proteins,
distribution of peptides discarded the idea that large peptides their corresponding lysine content, and the number of identi-
generated from the trypsin digestion of proteins that were fully  fied acetylation sites are summarized in Table 1.

acetylated at their lysine residues would be lost. The distribu- Although equal amounts of proteins were used to evaluate
tion of identified peptides with a molecular mass above 2 kDa  the three methods, to analyze similar quantities of peptides in
was highly similar for the three methods. In contrast, the distri- the LC-MS/MS system, the amount of injected material was
bution of identified peptides according to their grand average of ~ different for each method. In the case of the FASP method, an
hydropathy index indicated a bias for hydrophobic peptides in amount equivalent to 4 ug of the starting material was used for
the FASP method. Although this bias did not have a substantial ~each LC-MS/MS run. In the GSP method, an amount equiva-
effect on the distribution at the protein level, probably because lent to 5 ug was used. The best overall recoveries were achieved
even the most hydrophobic proteins can generate hydrophilic in SSP where we used an amount equivalent to 2 ug of the

SASBMB J. Biol. Chem. (2017) 292(44) 18129-18144 18131



Acetylomics and proteomics dynamics in human cells

Table 1

Identified proteins, peptides, lysine-containing peptides, acetylated
peptides, and proteins by cells using different sample preparation
methods

HaCaT CaLo SiHa All cells
Identified proteins
FASP 4,896 4,537 3,910 5,800
GSP 4,788 4,894 5,164 6,105
SSP 4,821 4,522 4,548 5,825
All methods 6,180 6,116 6,071 7,196
Identified Peptides
FASP 18,387 15,509 11,622 23,730
GSP 18,807 21,582 22,486 30,815
SSP 22,011 18,926 19,023 28,616
All methods 33,893 32,658 31,512 45,823
Lysine-containing peptides
FASP 12,066 10,194 7,425 15,406
GSP 11,233 12,872 13,492 18,306
SSP 12,968 11,346 11,440 17,024
All methods 20,291 19,660 18,803 27,527
Acetylated peptides
FASP 898 732 437 1,608
GSP 939 1,059 1,171 2,359
SSP 1,026 905 849 1,909
All methods 2,378 2,304 2,110 4,557
Acetylated proteins
FASP 685 581 351 1,063
GSP 718 803 865 1,478
SSP 748 689 655 1,223
All methods 1,433 1,399 1,325 2,217

starting sample. As no important differences were observed in
the distribution of proteins based on their molecular mass or
their hydrophobicity, we believe that the final peptide recovery
steps in the FASP and GSP methods are the most critical for the
overall recovery of the samples. In the case of the FASP method,
peptides with higher hydrophobicity are more difficult to
recover. However, in the GSP method, no bias was observed for
any particular group of peptides as all peptides were affected
similarly. For the SSP method, there is no need to perform a
peptide recovery step as the final step to eliminate the detergent
(Fig. 1, right) is carried out by ethyl acetate extraction under
acidic conditions, and the peptides remain in the aqueous
solution.

Although some methods have disadvantages, we identified
complementary sets of peptide and proteins. For example, the
average number of peptides identified by individual methods
for each cell was 18,700, and the average number of peptides
identified for each cell line combining the three methods was
32,600. These results show a complementarity between meth-
ods as one single method can identify about 60% of the peptides
that can be identified using all three methods. However, if a
peptide prefractionation step is included before LC-MS/MS
analysis, more overlap between methods could be observed.
Conversely, we analyzed the consistency of the reported stoi-
chiometric results between different methods. For those acety-
lated peptides identified in the three sample preparation meth-
ods, we report the coefficient of variation and the relative errors
between methods (supplemental Table S1). The relative error
distributions for each method showed high similarity (Fig. 2E),
indicating that the sample preparation method is not associated
with the labeling efficiency and that similar acetylation stoichi-
ometry results can be obtained with different methods.

18132 J Biol Chem. (2017) 292(44) 18129-18144

Lysine acetylation analysis

For the lysine acetylation stoichiometric analysis, we used
the Pview software package that was recently validated and
used to analyze the lysine acetylation stoichiometry in bacterial
proteins (16). We combined the results achieved with the three
sample preparation methods to report the acetylation stoichi-
ometry of peptides for each cell line (supplemental Table S1).
Additionally, we only report the acetylation occupancy for
those peptides that were identified with an FDR lower than 1%
by two independent search engines (MaxQuant and Pview), an
isotopic distribution tolerance of less than 5 ppm, and at least
three signals observed for both isotopic distributions endoge-
nously (light) and chemically (heavy) acetylated. Approxi-
mately 25% of all identified proteins in each cell line had some
degree of acetylation on lysine residues (1,433 in HaCaT, 1,399
in CaLo, and 1,325 in SiHa). The distribution of acetylated pro-
teins according to their cellular compartment showed that two
cellular structures were particularly enriched in proteins
affected by this PTM, the ribosome and the nucleolus (Fig. 3A4).
We also noticed that SiHa cells are particularly less enriched in
acetylated proteins for these two cellular structures. In addi-
tion, ~1,200 membrane proteins were identified in each cell
line, and it was found that this group of proteins is among the
most enriched groups in acetylated proteins.

As reported previously, lysine acetylation is a widespread
PTM, targeting proteins involved in a large set of biological
processes and pathways from all cellular compartments (4).
The functional enrichment analysis revealed that acetylation is
more frequently observed in proteins that are involved in car-
bon and fatty acid metabolism as well as in amino acid biosyn-
thesis, targeting more than 40% of the proteins identified for
these pathways (Fig. 3B and supplemental Table S2). Unexpect-
edly, we found that more proteins involved in these pathways
are acetylated in SiHa cells. In addition, large proportions of
acetylated proteins were also found in proteins involved in tran-
scription and translation pathways of the three cell lines
analyzed.

Our stoichiometric analysis confirmed that lysine acetylation
is a low-stoichiometry PTM as reported previously for other
cells (17, 19). The global distributions of peptides according to
their acetylation occupancy in the three cell lines showed high
similarity, revealing that half of the acetylated peptides dis-
played stoichiometries lower than 5% (Fig. 3C). However, the
acetylation stoichiometry distributions for certain groups of
proteins, involved in different pathways, show different stoichi-
ometry patterns. Ribosomal proteins are among the groups of
proteins with more acetylated elements identified (between
50-60% of identified proteins). Particularly, most of the acety-
lation sites of this group of proteins show lower occupancy than
the average. More than 40% of ribosomal protein acetylation
sites are less than 1% occupied by this PTM (Fig. 3G). Con-
versely, acetylation sites of proteins involved in fatty acid
metabolism, degradation, and biosynthesis show greater acety-
lation stoichiometry. For these proteins, more than 85% of their
identified acetylated peptides show more than 1% occupation
(Fig. 3F). Besides, we observed differences in the stoichiometry
distribution of peptides when analyzing proteins from different
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Figure 3. A, proteins identified for each cell line, distributed according to their cellular compartment (bottom) and the percentage of these proteins that were
found acetylated (top). B, acetylated proteins distributed according to their biological pathway. Proteins are represented as the percentage of all proteins
identified for the pathway in each cell line. C-H, the stacked column charts show the number of peptides grouped in the six quantiles. The columns go from clear
to darker indicating less to more occupation of the acetylation sites. The color of the columns represents the cell line: HaCaT, CaLo, and SiHa cells are represented
in green, red, and blue, respectively. The six quantiles corresponding to the acetylation occupancy of peptides were: peptides with less than 1% of acetylation
occupancy (<1%); peptides with acetylation stoichiometry between 1 and 5% (1-5%), 5 and 10% (5-10%), 10 and 25% (10-25%), and 25 and 50% (25-50%);
and peptides with more than 50% of site occupation (>50%). C, the chart represents all acetylated peptides in the three cell lines. D-H, the charts correspond
to the number of peptides from proteins involved in the enriched biological pathways using the online version of DAVID bioinformatics software. TCA,

tricarboxylic acid.

cellular compartments. Acetylated peptides from Golgi appa-
ratus proteins show higher acetylation occupancy than endo-
plasmic reticulum, cytoplasmic, and nuclear proteins. More-
over, acetylation sites of membrane proteins are among the less
occupied by this PTM. The distributions of acetylation occu-

SASBMB

pancy of several groups of proteins are presented in supplemen-
tal Fig. S1.

The acetylation stoichiometry varies for different sites in the
same proteins. Histones form a well known group of proteins
targeted by acetylation. However, we found large differences in
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the stoichiometry of acetylation for the reported acetylation
sites. In fact, the N-terminal tails of H2A, H3, and H4 contain
lysine residues highly susceptible to acetylation with stoichiom-
etries ranging from 5 to 30%. However, in their globular central
domains, very few residues were acetylated, and in all cases, the
acetylation occupancy was below 1%.

Acetylation stoichiometry dynamics

Acetylation cross-talks with other PTMs in residues near the
acetylation site. We found evidence that methylation and phos-
phorylation can alter the acetylation status in at least nearby
lysine residues. With our experiment design, it was confirmed
that monomethylated lysine residues can be fully acetylated
with the chemical reaction performed. However, we found no
evidence of the coexistence of these PTMs endogenously. The
peptide *°’KSTGGKAPR'® from histone H3 illustrates the com-
plexity of the interactions between different PTMs. The Lys'°
residue was identified in the three cell lines under study as
unmodified, mono-, di-, trimethylated, and acetylated; the
Ser™! residue was found unmodified and phosphorylated; and
the Lys'® residue was detected unmodified and acetylated (Fig.
4). The lysine acetylation stoichiometric analysis revealed that
the Lys'® residue is largely more susceptible to acetylation than
the Lys'® residue, which is a target for methylation. In the
fraction corresponding to the non-methylated Lys'® residue,
only a tiny fraction was detected with both lysine residues
acetylated. The MS/MS spectrum of the signal 494.786 Th con-
firms that Lys'® is the preferred acetylation site even in the
absence of methylation in the Lys'® residue (Fig. 4, G and H).
For this peptide, we noticed that mono- and dimethylation in
Lys'® did not affect the acetylation occupancy in Lys'® com-
pared with the non-methylated Lys'®. However, the presence of
trimethylated Lys'® resulted in a decrease of 7-10% in the
acetylation occupancy of the Lys'® residue (Fig. 4F). Con-
versely, phosphorylation in Ser'' favors the occurrence of
acetylation in Lys'®, increasing its occupancy 7-25% relative to
non-phosphorylated peptide (Fig. 4, I and J). Also, we were
unable to detect the co-occurrence of methylation or acetyla-
tion in Lys'® and phosphorylated Ser'!. These findings clearly
illustrate the complexity of the regulation of protein functions
by means of PTMs and their cross-talk.

Not only do PTMs surrounding the acetylation site alter
its occupancy, but small differences in the amino acid com-
position can also lead to variations in the stoichiometry of
acetylation sites. Two variants of histone H3, H3.1 and H3.3,
only differ in five residues, most of which are located in the
globular region with relevance for their specific deposition
in the genome (20). The N-terminal tails of these variants
differ by a single amino acid at position 32. Ala®? from the
canonical histone H3.1/H3.2 is substituted by Ser®” in his-
tone H3.3. The peptides **KSAPATGGVKKPHR*' from his-
tone H3.1/H3.2 and **KSAPSTGGVKKPHR*" from histone
H3.3 were both identified in the three cell lines. According to
our stoichiometric analysis, only one of the three lysine residues
in both peptides was the target for acetylation, and its degree of
occupancy in all cells and variants of peptides was below 5%.
Besides, Lys®® and Lys®” residues were methylated in both his-
tone variants. For the peptide corresponding to histones H3.1/
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H3.2, the acetylation dynamics differ from the peptide in his-
tone H3.3. In the non-methylated peptides, the acetylation
occupancy of the peptide from histone H3.3 was at least 2.5-fold
greater than that from histone H3.1/H3.2. In both peptides,
when the Lys®® residue was methylated, no acetylation was
detected, indicating that both PTMs are probably competing
for the same residue. We were unable to confirm by MS/MS the
exact acetylation site due to the low stoichiometry of this PTM
in these peptides. Unexpectedly, the presence of methylation in
the Lys®” residue results in different outcomes in both peptides.
For histone H3.1/H3.2, the acetylation occupancy of the pep-
tide increases at least 2.5-fold compared with the non-methy-
lated peptide, whereas for histone H3.3 the stoichiometry
decreases at least 1.5-fold (supplemental Fig. S2). Histone H3.3
replaces the canonical H3.1/H3.2 in several regions of the
genome, generally in the start sites and the transcribing regions
of active genes, in the telomeres and other regulatory regions
(21). According to our results, it is possible that the substitution
of residue Ala®* for Ser®* in histone H3.3 could be responsible
for the increase in the stoichiometry of acetylation of residue
Lys*®, and therefore this substitution may favor the active
transcription of genes. In addition, this substitution could
also be involved in the cross-talk between both acetylation
and methylation in these peptides.

For histone H2A variants, several amino acid substitutions
are located in the N-terminal tails (from Ac-Ser® to Arg'®) rel-
ative to the canonical variant. We identified and determined the
acetylation stoichiometry of the two generated peptides and
their variants after trypsin digestion (as described under
“Experimental Procedures”). The determination of acetylation
stoichiometry of the peptide "GKQGGKAR'? from the canon-
ical H2A and two other variants CGKTGGKAR'? from H2AX
and "GKQGGKVR'? from H2AJ) uncovered slight but measur-
able differences. The peptide from histone H2AJ had higher
acetylation occupancy than the canonical and H2AX variants.
The role of histone H2AJ, as well as the conditions in which it
normally replaces the canonical variant from nucleosomes, is
unknown. In contrast, histone H2AX has been more exten-
sively studied and found to have an important role in the cellu-
lar response to stress and DNA breakage. The two variants of
the second peptide from the N-terminal tail of H2A histones
(**AKAKSR'® from H2AC, H2AJ, and H2AX and "> AKAKTR'®
from H2AB) displayed very low stoichiometry, below 0.20% for
both peptide variants, in the three cell types.

Quantitative proteomics and acetylomics

To globally analyze our data, we performed a quantitative
label-free proteomics analysis comparing the three cell types.
For this analysis, we used the experimental data from the GSP
and SSP methods, and we compared the protein profiles of the
three cell types under study (supplemental Table S3). To con-
nect quantitative proteomics and lysine acetylation stoichiom-
etry, we first analyzed the relative abundance of the deacety-
lases identified by two or more unique peptides in the three cell
types. According to our results, SIRT1 was the deacetylase with
the greatest variation between cell types. SiHa contains ~2-
fold the amount of SIRT1 compared with HaCaT and CaLo
cells. These results were confirmed by Western blot analysis
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Figure 4. MS/MS and MS spectra of the peptide "°KSTGGKAPR'® from histone H3 identified in the three cell lines under study with several PTMs in
three of the residues. Lys'® was mono-, di-, and trimethylated and acetylated; Ser'"' was phosphorylated; and Lys'® was acetylated. Representative MS/MS

spectra of the peptide with mono-, di-, and trimethylated Lys'® are illustrate

din A, G, and E, respectively. B, D, and F correspond to survey scans showing the

isotopic distribution of the peptide mono-, di-, and trimethylated in Lys'® in the three cell lines. The reported values correspond to the degree of endogenous

acetylation in the Lys'® residue, confirmed by MS/MS of the signals 501.794,

486.287, and 493.294 Th, respectively. G, representative MS/MS spectrum of the

double-charge signal 494.785 Th corresponding to the peptide with Lys'® residue endogenously acetylated. H, survey scans showing the isotopic distribution
of the peptide fully acetylated in the three cell lines. The reported values correspond to the degree of endogenous acetylation in one and both lysine residues.

I, representative MS/MS spectrum of the double-charge signal 534.769 Th co

rresponding to the peptide with the Ser'" residue phosphorylated and the Lys'®

residue endogenously acetylated. J, survey scans showing the isotopic distribution of the acetylated peptide with phosphorylated Ser'" in the three cell lines.

The reported values correspond to the degree of endogenous acetylation in

(Fig. 5). Taking into account these findings, we selected the
proteins that contain all the peptides for which we determined
their acetylation stoichiometry in the three cell types and that
showed less acetylation occupancy in SiHa cells compared with
HaCaT and CaLo. We searched these proteins for significant
enrichments in biological pathways and processes. In addition,
we used the quantitative proteomics data to determine the pro-
tein profiles of the enriched groups of proteins.

A total of 215 peptides corresponding to 196 proteins had
less acetylation occupancy in SiHa than in the other two cell
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the Lys'® residue.

lines (supplemental Table S4). Among the most enriched bio-
logical pathways and processes, we found proteins from the
spliceosome, ribosome, glycolysis pathway, rRNA processing,
ribosome biogenesis, RNA transport, DNA repair, gene expres-
sion, cell-cell adhesion, and protein processing in the endo-
plasmic reticulum among others. To establish a link between
acetylation occupancy and the regulation of the biological path-
ways, we analyzed the protein abundance profiles of identified
proteins in each enriched biological pathway, including those
identified proteins where no acetylation was detected.
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Figure 5. SIRT1 levels negatively correlate with the abundance of ribo-
somal proteins. Immunoblotting analysis confirmed that SIRT1 is signifi-
cantly more abundant in SiHa cells than in CaLo and HaCaT cells. A, represen-
tative image of immunoblotting analysis of total protein extraction, from the
three cell lines under study, using SIRT1 and actin antibodies. 10 g of total
protein extract for each cell line were separated by 12% SDS-PAGE and trans-
ferred to a PVDF membrane. SIRT1 antibody was used at 1:1,000 dilution, and
actin was used at 1:5,000 dilution. B, the levels of SIRT1 were calculated rela-
tive to actin with ImageJ software using three independent replicates. Error
bars represent S.D. C, ratio-intensity plot to analyze the relative abundance of
proteins from ribosomes of CaLo and SiHa relative to HaCaT cells from the
label-free quantitative proteomics analysis. Red and blue dots represent CalLo
and SiHa proteins, respectively, characterized by the ratio of intensities,
log,(CaLo or SiHa/HaCaT), and their intensities in HaCaT cells, log,,(HaCaT).
Colored horizontal lines represent the medians for each cell line data set rela-
tive to HaCaT (green, HaCaT; red, CaLo; and blue, SiHa).

For this analysis, we used the protein levels from the non-
cancerous HaCaT cells as reference to relatively measure the
abundance of the proteins in CaLo and SiHa cells. One of the
groups subjected to this study was the ribosome. For this group
of proteins, the ratio-intensity plot clearly showed that these
proteins are underrepresented in SiHa cells compared with
CaLo and HaCaT cells. This observation was more evident
for the most abundant proteins for which the reported quan-
tification values are more trustworthy (Fig. 5C). Statistical
analysis showed that the medians for this group of proteins
are significantly different between the three cell lines (sup-
plemental Fig. S3). Proteins involved in ribosome biogenesis
and rRNA processing were also underrepresented in SiHa
cells, suggesting that SIRT1 might play a negative role in
these processes.

Acetylomics and proteomics analyses in cells treated with a
SIRT1 inhibitor

EX-527 is a potent and selective inhibitor of SIRT1 with an
IC,, of 38 nm. EX-527 is between 200- and 500-fold more selec-
tive for SIRT1 than for SIRT2 and SIRT3, the more closely
related sirtuins (22). This inhibitor does not inhibit members of
KDAC classes I, I, and IV (Zn*"-dependent histone deacety-
lases 1-11). We treated the three cell types (HaCaT, CaLo, and
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SiHa) with vehicle (control) or 1 um EX-527 for 24 h. Inhibition
of SIRT1 followed by integral analysis of lysine acetylation
stoichiometry and quantitative proteomics will help to clar-
ify the role of SIRT1 in controlling the acetylation of the
previously identified biological pathways and processes. For
this analysis, samples were prepared according to the SSP
method. To increase the confidence and coverage of the
study, we performed two independent replicates of the
experiment, and a peptide prefractionation step, based on
reverse-phase chromatography at high pH, was incorporated
before LC-MS/MS.

The number of identified proteins in each cell type signif-
icantly increased with the incorporation of the peptide frac-
tionation step from 6,120 identified proteins per cell type
without peptide fractionation (Table 1) to 9,150 identified
proteins after peptide fractionation. The number of identi-
fied acetylation sites was increased ~60% compared with the
previous results using SSP without peptide fractionation
(supplemental Table S5). As we noticed previously, the com-
plementarity between sample preparation methods is high,
and we did not identify more acetylation sites in the current
analysis than we did with the combined results of the three
methods.

The inhibition of SIRT1 with EX-527 did not affect normal
cell growth during the 24 h of treatment compared with
untreated cells in any of the three cell lines. After acetylation
stoichiometric analysis, we noticed that the number of identi-
fied acetylation sites in the non-cancerous HaCaT cells
increased from 1,500 peptides in the untreated cells to 1,911 in
EX-527-treated cells. However, the distribution in quantiles did
not show a global increase in acetylation occupancy (supple-
mental Fig. S4). In cancer cells treated with the SIRT1 inhibitor,
we identified fewer acetylated peptides from 1,696 and 1,639
peptides in untreated CaLo and SiHa to 1,588 and 1,510,
respectively, after SIRT1 inhibition. However, in both cancer-
ous cell lines, a slight increase in global acetylation occupancy
was observed in the acetylation stoichiometry distribution after
treatment (supplemental Fig. S4). Surprisingly, we found sev-
eral peptides that indeed showed decreased acetylation occu-
pancy when SIRT1 was inhibited. This observation was also
noticed previously in a large-scale lysine acetylation analysis
when 19 different deacetylase inhibitors were used to inhibit all
KDAC classes (23).

We identified 57 proteins with sites that consistently showed
increased lysine acetylation occupancy in the three cell lines
after treatment with the SIRT1 inhibitor (supplemental Table
S6 and Figs. S5-S12). Functional enrichment analysis con-
firmed that most of these proteins are involved in rRNA pro-
cessing, mRNA splicing and spliceosome, translational initia-
tion and ribosomal proteins, cell-cell adhesion, and signal
recognition particle-dependent cotranslational protein target-
ing to the membrane. All these pathways or processes were
previously found to be enriched in the group of proteins with
lower acetylation occupancy in untreated SiHa compared with
CaLo and HaCaT cells, confirming that SIRT1 regulates these
processes through its deacetylase activity.

To gain a better understanding of the role of SIRT1, we per-
formed a functional enrichment analysis with the proteins from
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the three cell lines that showed increased acetylation occu-
pancy by more than 5% after treatment with the SIRT1 inhibi-
tor EX-527 (supplemental Table S7). Although more than 30%
of proteins involved in metabolic pathways were acetylated,
very few of them showed at least a 5% increase in acetylation
after SIRT1 inhibition (Fig. 6A4). The largest number of pro-
teins that showed increased acetylation after EX-527 treat-
ment is involved in transcription and translation pathways.
We also observed differences between the cell lines in
response to the treatment. In SiHa cells, more proteins
involved in metabolism had increased acetylation stoichi-
ometry compared with the other cell lines. In CaLo cells
treated with EX-527, more proteins from the pathways of
genetic information processing showed increased acetyla-
tion occupancy compared with other cell lines. Finally, in the
HaCaT cell line, the treatment increased the acetylation
occupancy by at least 5% in more proteins involved in cellu-
lar processes such as endocytosis, regulation of the actin
cytoskeleton, and phagosome compared with SiHa and CaLo
cell lines (Fig. 6A).

In addition, we used the quantitative proteomics data to
determine to what extent the inhibition of the deacetylase
activity of SIRT1 influences the regulation of the protein profile
of its targets and their pathways (supplemental Table S8). For
this analysis, we selected two groups of proteins, those that
decreased in abundance after SIRT1 inhibition in the three cell
types and those that were up-regulated in the three cell types
during SIRT1 inhibition. For both groups, we searched for
significant protein enrichments in cellular pathways and pro-
cesses. Our results revealed that SIRT1 targets and nega-
tively regulates pathways and processes, including rRNA
processing, ribosome biogenesis, the spliceosome, the ribo-
some, DNA replication and repair, and cell division among
others (Fig. 6B). In contrast, we discovered a positive regu-
lation of SIRT1 in several metabolic pathways, in protein
processing in the endoplasmic reticulum, in cytoskeleton
organization, and in cellular processes such as endocytosis
and lysosome (Fig. 6C).

SIRT1 inhibition promotes the synthesis and processing of the
pre-rRNA

The quantitative proteomics and lysine acetylation stoichi-
ometry analyses in our three cell lines provided evidence sup-
porting a repressive effect of SIRT1 over the biogenesis of ribo-
somes, starting from the synthesis of pre-rRNA. To confirm
these findings, we treated our cells with vehicle (control), 1 um
EX-527, or 5 um EX-527. We measured by real-time quantita-
tive PCR (RT-qPCR) the levels of pre-rRNA and the mature 28S
rRNA. Our results reveal that the levels of pre-rRNA signifi-
cantly increase in the three cell lines after SIRT1 inhibition in a
dose-dependent manner (Fig. 7A). The measurement of the
mature 28S rRNA also shows an increase in its levels after
EX-527 treatment that was significant in HaCaT and SiHa cells
(Fig. 7B). These results can be linked to the levels of SIRT1 in
each cellline. SIRT1 levels in CaLo cells were slightly lower than
in HaCaT cells, and the increase in pre-rRNA levels at the high-
est dose was 3-fold for CaLo cells and 5-fold for HaCaT cells.
For SiHa cells, which significantly express higher levels of
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SIRT1 than HaCaT and CaLo cells, the increase in pre-rRNA
levels was more than 20-fold. The increases in the mature 285
rRNA were lower than the increases in its precursor, indicating
that SIRT1 activity is mostly linked to the initial steps of ribo-
somal biogenesis. The quantitative proteomics experiments
comparing 1 um EX-527-treated with untreated cells are in full
agreement with these results. In Fig. 7C, the distributions of
ratios of intensities of ribosomal and all identified proteins in
treated versus control cells are represented. The means of ribo-
somal protein ratios were shifted toward cells where SIRT1 was
inhibited compared with the means of all protein ratios. The
Calo cellline, which exhibited the lowest increase in 285 rRNA,
was also found to have the lowest increase in the abundance of
ribosomal proteins.

Our results directly link SIRT1 to the regulation of the syn-
thesis of pre-rRNA and its processing. In the schematic repre-
sentation of the pre-rRNA synthesis process in Fig. 7D, the
protein elements that were discovered to be up-regulated dur-
ing SIRT1 inhibition are highlighted. SIRT1 does not affect the
expression of nucleolar transcription factor 1 (UBTF) that rec-
ognizes the rIRNA gene promoter, and in our experimental con-
ditions, we were unable to detect any variation in the acetyla-
tion levels of their lysine residues. Similarly, we did not detect
changes in the transcription terminator factor 1 (TTF-1) and
polymerase I and transcript release factor (PTRF) responsible
for releasing polymerase I (Pol I) and the pre-rRNA. Con-
versely, elements of the SL1 complex responsible for the
recruitment of Pol I to the promoters were up-regulated after
SIRT1 inhibition. In addition, most of the protein components
specific for Pol I complex, including the catalytic subunit
POLRI1A, were up-regulated in the three cell lines. The RNA
polymerase I-specific transcription initiation factor RRNS3,
which is required to activate Pol I and for the interaction with
the SL1 complex at transcription initiation sites, was also over-
expressed in the three cell lines treated with EX-527. As a con-
sequence of the up-regulation of the Pol I components and its
activator, pre-rRNA was overexpressed.

Several proteins involved in pre-rRNA processing to yield
the mature rRNA molecules were up-regulated and/or showed
increased acetylation site occupancy. Table 2 summarizes the
ratios of abundance levels of several proteins involved in the
regulation of pre-rRNA processing. The quantitative proteom-
ics analysis revealed that the pre-rRNA processing pathway in
CalLo cells is less affected by SIRT1 inhibition than that in
HaCaT and SiHa cells. These results were confirmed by the
determination of mature 28S rRNA and ribosomal protein lev-
els (Fig. 7, B and C). We found proteins involved in different
steps of rRNA processing that were consistently up-regulated
in the three cell lines. In addition, two proteins showed
increased acetylation occupancy after SIRT1 inhibition in all
cells.

The peptide *">*GSPTGGAQLLKR®*? from ribosomal RNA-
processing protein 1 homolog B (RRP1B) was acetylated in the
Lys®** residue in the three cell lines treated with EX-527
(HaCaT, 36.3%; Cal.o, 38.4%; and SiHa, 22.4% site occupation),
whereas in control cells no endogenous acetylation was
detected (supplemental Fig. S9). This residue can be a potential
SIRT1 target. Besides, the RRP1B protein levels were up-regu-
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Figure 6. A, number of proteins with sites that showed an increase in acetylation occupancy greater than 5% after EX-527 treatment in each cell line, distributed
according to their biological pathway. B, biological pathways and processes enriched in proteins that showed increased abundance after SIRT1 inhibition in the
three cell types analyzed and therefore are negatively regulated by SIRT1. C, biological pathways and processes enriched in proteins that showed decreased
abundance after SIRT1 inhibition in the three cell types analyzed and therefore are positively requlated by SIRT1. All enrichment analyses were performed with
the online version of the DAVID bioinformatics software. TCA, tricarboxylic acid; ER, endoplasmic reticulum.

lated in the three cell lines treated with the SIRT1 inhibitor
(Table 2). Interestingly, the peptide '°LASSEKGIR** from the
N terminus of RRP1B was acetylated in the Lys* residue in the
three untreated cell lines (HaCaT, 2.8%; CaLo, 3.8%; and SiHa,
1.8% site occupation). However, in cells treated with the SIRT1
inhibitor, the Lys®' residue showed no traces of endogenous
acetylation in any of the analyzed cells. This finding points to a
new level of regulation of rRNA processing that involves SIRT1
regulation of the activity of lysine acetyltransferases and/or
other lysine deacetylases that needs further attention. Another
potential target of SIRT1 deacetylase activity is the probable
ATP-dependent RNA helicase DDX52 required to process the
45S pre-rRNA molecule (Table 2). Treatment with EX-527
resulted in the up-regulation of this protein in the three cell
lines. We identified the peptide "**ESKLTSGKLENLR'?® with
two potential acetylation sites that were both acetylated in
treated cells, whereas in control cells no acetylation was
detected in those sites (supplemental Fig. S11).

Discussion

For large-scale lysine acetylation stoichiometry analyses, we
visualized two major challenges during sample processing. The
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first is related to the acetylation reaction, which is necessary for
the labeling with heavy isotopes of untargeted lysine residues.
The second involves the solubilization of fully acetylated pro-
teins, which are known to show an increase in hydrophobicity
after modification. For the acetylation reaction, we replaced the
conventional acetic anhydride with the N-hydroxysuccinimide
(NHS) derivate NAS-d,, which is a more stable and gentler
reagent. In previous works, we optimized the reactions for sev-
eral alkylating reagents in solution and in gel to completely
modify lysine residues at the peptide and protein levels and
applied them to proteomics studies (24—26).* As we synthe-
sized the NAS-d, reagent starting from acetic anhydride-d, and
NHS, we used cytochrome c to verify the quality of the reagent
and the efficiency of labeling (supplemental Fig. S13). The reac-
tion with acetic anhydride generates acetic acid that lowers the
pH. As a consequence, stronger basic buffers that can affect the
stability of proteins are needed to maintain basic pH during
the reaction. In addition, due to the high reactivity, acetic anhy-
dride treatment can generate side reactions in residues such as

4Y. Ramos, Y. Cruz-Garcia, A. Sanchez, J. Gil, L. J. Gonzalez, and V. Besada,
unpublished results.
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tyrosine, threonine, and serine. The acetylation reaction with
NAS-d, generates NHS, which does not lower the pH, allowing
the use of gentle buffers such as TEAB at a lower concentration.
This reagent has been successfully used for quantitative pro-
teomics and for lysine acetylation stoichiometric analysis (17,
27). As the acetylation reaction occurs at the protein level,
which can significantly increase the hydrophobicity of proteins,
we explored the use of different methods for sample prepara-
tion. We included detergents during the acetylation reaction
and during trypsin digestion to avoid unwanted protein precip-
itation. We compared three of the most widely used methods
for sample preparation in proteomics. FASP, GSP, and SSP
were evaluated by comparing the peptide and protein distri-
butions based on their hydrophobicity and molecular mass.
The FASP method displayed an important bias in the analy-
sis of hydrophobic peptides in comparison with the other
two methods. Although the SSP method exhibited the best
overall recoveries, we obtained complementary sets of iden-
tified acetyl-lysine peptides with the three sample prepara-
tion methods.

SASBMB

Our LC-MS/MS data set was also useful for quantitative
label-free proteomics analysis between cell types and for
comparing untreated versus SIRT1 inhibitor-treated cells.
All samples from cell lines or experimental conditions
were subjected to the same procedure of chemical acetyla-
tion with NAS-d, and trypsin digestion. In addition, about
half of the identified peptides do not contain lysine residues,
and only 10% of the lysine-containing peptides had some
degree of endogenous normal acetylation occupancy. How-
ever, half of the peptides determined to be acetylated pre-
sented a stoichiometry of less than 5%. According to our
data, more than 95% of the identified peptides did not show
variation in their isotopic distributions, behaving as non-
labeled, and therefore can be useful for quantitative label-
free analysis.

Our stoichiometric analysis revealed that lysine acetyla-
tion is a highly dynamic PTM and that it largely depends on
the amino acid composition surrounding the acetylation
site. Changes in one residue can alter the stoichiometry of
acetylation; this is particularly true for histone variants
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Table 2

Relative levels of proteins involved in the regulation of rRNA processing in cells treated with the SIRT1 inhibitor EX-527 relative to control
The reported values correspond to the ratio of intensities for each protein between treated and control cells (EX-527/CTRL) for the three cell lines under study.

EX-527/CTRL

Unique Molecular o
Accession number Gene Protein names peptides mass (kDa) Q-value Score HaCaT Calo SiHa
478 pre-rRNA processing to yield
45S pre-rRNA
QI9H8HO NOLI11 Nucleolar protein 11 2 81.123 0 96.59  2.11 1.19 274
QIY5]1 urri8 U3 small nucleolar RNA-associated protein 9 62.003 0 7595 091 1.14 5.03
18 homolog
45S pre-rRNA processing to yield
30S and 32S pre-RNAs
QINW13 RBM28 RNA-binding protein 28 15 85.737 0 212.16 1.16 0.95 125
Q01780 EXOSCI0 Exosome component 10 21 100.83 0 180.36 1.85 1.36 141
QIUGY1 NOL12 Nucleolar protein 12 14 24.663 0 40.817 1.52 1.28 147
P56182 RRP1 Ribosomal RNA processing protein 1 homolog A 22 52.839 0 223.67 1.26 116 217
Q14684 RRPIB Ribosomal RNA processing protein 1 homolog B 18 82.175 0 157.89 1.51 1.57  2.08
Q14137 BOP1 Ribosome biogenesis protein BOP1 22 83.629 0 116.56 1.68 147 1.70
QYHOD6 XRN2 5'-3" Exoribonuclease 2 28 108.58 0 2882 131 0.64 1.11
QIY2R4 DDXS52 Probable ATP-dependent RNA helicase DDX52 11 67.497 0 30.176 1.85 1.55 210
30S pre-rRNA processing to yield
21S pre-rRNA
P42677 RPS27 40S ribosomal protein S27 3 9.461 0 130.44 0.66 127 1.03
P15880 RPS2 40S ribosomal protein S2 8 31.324 0 157.79 9.53 101 1.25
P62847 RPS24 40S ribosomal protein S24 17 15.423 0 126.66 0.69 1.34 1.16
Q9H8HO NOL11 Nucleolar protein 11 2 81.123 0 96.59 211 1.19 274
P62081 RPS7 40S ribosomal protein S7 11 21.312 0 117.54 151 156  4.02
QIY324 FCF1 rRNA-processing protein FCF1 homolog 13 23.369 0 35.869 1.86 3.88 5.03
P62249 RPS16 40S ribosomal protein S16 14 16.445 0 32331 1.18 151 1.56
P62277 RPS13 40S ribosomal protein S13 10 17.222 0 46.946 3.30 236 3.09
P61247 RPS3A 40S ribosomal protein S3a 11 23.747 0 32331 0.94 156 1.14
P46782 RPS5 40S ribosomal protein S5 8 25.333 0 11821 1.77 245 234
P62857 RPS28 40S ribosomal protein S28 5 7.8409 0 193.73 0.77 0.84 1.08
P62244 RPSISA 40S ribosomal protein S15a 8 14.839 0 309.07 145 1.58 0.70
P62241 RPS8 40S ribosomal protein S8 19 24.205 0 323.31 0.67 135 1.03
P62280 RPS11 40S ribosomal protein S11 11 18.431 0 121.11 2.67 0.88 212
Q8IY81 FTSJ3 Pre-rRNA processing protein FTS]3 30 96.557 0 196.05 1.80 1.19 157
P62753 RPS6 40S ribosomal protein S6 16 28.68 0 32331 1.11 0.76  1.02
21S pre-rRNA processing to yield
18S pre-rRNA
QINQT4 EXOSCS Exosome complex component RRP46 5 25.249 0 13.818 2.27 2.89 1.07
P42285 SKIV2L2 Superkiller viralicidic activity 2-like 2 19 117.8 0 230.06 0.96 1.06 1.15
Q01780 EXOSCI0 Exosome component 10 21 100.83 0 180.36 1.85 1.36 141
18S pre-rRNA processing
in pre-40S particles
043709 WBSCR22  Probable 18S rRNA (guanine-N”)- 5 31.88 0 30.62 220 099 236
methyltransferase
328 pre-rRNA processing to yield
12S pre-rRNA and 28S rRNA
Q9BVP2 GNL3 Guanine nucleotide-binding protein-like 3 16 61.992 0 165 1.83 0.84 1.63
QI9NVNS8 GNL3L Guanine nucleotide-binding protein-like 10 65.572 0 20.152 4.54 076 1252
3-like protein
Q99848 EBNAIBP2  Probable rRNA-processing protein EBP2 23 40.684 0 279.31 1.04 1.08 1.46
QINR30 DDX21 Nucleolar RNA helicase 2 17 87.343 0 32331 1.84 0.68  3.49
000541 PES1 Pescadillo homolog 31 66.077 0 284.25 2.68 091 250
QIY4W2 LASIL Ribosomal biogenesis protein LAS1L 18 81.242 0 57.623 2.03 1.02  1.28
Q5SY16 NOL9 Polynucleotide 5-hydroxyl kinase NOL9 12 79.322 0 11049 2.11 147 0.75
12S pre-rRNA processing to yield
5.8S rRNA
P42285 SKIV2L2 Superkiller viralicidic activity 2-like 2 19 117.8 0 230.06 0.96 1.06 1.15
Q9Y2L1 DIS3 Exosome complex exonuclease RRP44 20 109 0 11525 0.63 073 0.51
Q99547 MPHOSPH6 M-phase phosphoprotein 6 5 19.024 0.0004 3.9044 129 2,56 1.55
Q01780 EXOSCI0 Exosome component 10 21 100.83 0 180.36 1.85 136 141

where single-residue exchange led to variations in the acety-
lation occupancy of their N-terminal tails. In addition, meth-
ylation not only competes with acetylation for the same res-
idues but also can alter the acetylation occupancy in nearby
lysine residues. Phosphorylation in residues near the acety-
lation site can also alter its occupancy, not only for acetyla-
tion but also for methylation. Our results show the high
degree of complexity of cross-talk between PTMs in a spe-
cific protein target. Similar observations were reported pre-
viously when Chen et al. (14) performed a quantitative acety-
lome analysis in mouse cells.

We integrated the quantitative proteomics and acetylation
stoichiometry analyses in three cell types. We found that,
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among the group of deacetylase enzymes, SIRT1 was up-regu-
lated more than 2-fold in SiHa cells compared with HaCaT and
CalLo cells. We expected that at least some of the proteins that
show low acetylation stoichiometry in SiHa cells could be tar-
gets of SIRT1, and therefore their pathways could be regulated
by this enzyme. The functional analysis of the group of proteins
with less acetylation occupancy in SiHa cells revealed a sig-
nificant enrichment in ribosomal proteins, ribosome biogen-
esis, IRNA processing, and glycolysis among others. The
proteomics analysis confirmed that these groups of proteins
indeed showed differences between cell types. These results
indicate that acetylation regulates these pathways and that
SIRT1 is probably involved in controlling the acetylation status
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of these proteins and therefore involved in the regulation of
their pathways.

To clarify the role of SIRT1, we treated cells with the SIRT1
inhibitor EX-527. With this analysis, we confirmed that SIRT1
regulates the acetylation status of several proteins involved in
ribosome biogenesis and rRNA processing and ribosomal pro-
teins. In fact, SIRT1 acts as a negative regulator of these path-
ways because in all cases both the direct identified targets and
most of the members of these pathways had increased protein
levels after SIRT1 inhibition. Previous reports also provided
evidence indicating that SIRT1 plays a role in the repression of
ribosomal biogenesis and rRNA processing (28, 29). In addi-
tion, our data provide evidence in three different human cell
lines that SIRT1 is involved in the negative regulation of several
pathways, most of which occur in the nuclear compartment,
specifically in the nucleolus. From the proteomics experiments,
we assumed that SIRT1 acts as a repressor of the synthesis of
pre-rRNA and its processing. To confirm this finding, we mea-
sured the levels of pre-rRNA and 28S rRNA in untreated cells
and after treatment with a SIRT1 inhibitor. As expected, the
levels of pre-rRNA were significantly increased after SIRT1
inhibition, confirming the role of this deacetylase in the pro-
cess. To a lesser extent, the role of SIRT1 in the processing of
pre-rRNA to yield the mature rRNA molecules was also vali-
dated by the level of 28S rRNA. Several proteins in different
steps of rRNA processing were up-regulated in the three cell
lines. Two of them, RRP1B and DDX52, both involved in 45S
pre-rRNA processing to yield 30S and 32S pre-RNAs, were also
potential direct targets of SIRT1. In the three cell lines, both
proteins had increased acetylation occupancy in at least one
site.

In contrast, we found that SIRT1 positively regulates several
metabolic pathways, cytoskeleton organization,and proteinpro-
cessing in the endoplasmic reticulum, which are mostly non-
nuclear pathways. These results correspond to the functions of
SIRT1 that were consistently conserved in the three cell lines
analyzed. However, as we observed, SIRT1 is differentially
expressed in these cell lines, and particular functions for each
cell type can be described. For example, in SiHa cells, SIRT1
seems to have a more profound effect on metabolic proteins. In
the cases where we found differences between cell lines, further
validation is required to obtain more confident evidence about
the role of SIRT1 in specific cell types.

With the integration of quantitative proteomics and large-
scale lysine acetylation stoichiometry, we explored lysine acety-
lation sites, their stoichiometry dynamics, and the variations at
the proteome level in several experimental conditions without
the bias of specific target approaches. In fact, the same data set
was useful for both quantitative label-free proteomics and
lysine acetylation stoichiometry analyses. With this strategy, we
compared three cell lines and analyzed their response to inhi-
bition of the deacetylase SIRT1. More than 1,500 acetylated
peptides were identified, and their acetylation occupancy was
determined in each cell line and experimental condition. Alto-
gether, we report the acetylation occupancy of more than 5,000
acetylated peptides in proteins from human cells. This study
represents the largest data set published so far for a stoichio-
metric analysis at the proteome level. Finally, the procedures
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presented here can be applied to study integrally the role of
acetylation and its enzymatic control in any biological system.
In addition, several sample preparation methods can be used or
explored, depending on the conditions and experiences of each
laboratory.

Experimental procedures
Cell culture and protein extraction

Non-cancerous HaCaT and cervical cancer cell lines SiHa
(HPV-16-positive) and CaLo (HPV-18-positive) were cultured
in RPMI 1640 medium (Gibco, Invitrogen) supplemented with
10% fetal bovine serum, penicillin, and streptomycin and main-
tained in a saturated-humidity atmosphere with 5% CO, at
37 °C. At 70-90% confluence, fetal bovine serum was removed
from the medium, and cells were harvested 24 h later. For cells
treated with EX-527 (6-chloro-2,3,4,9-tetrahydro-1H-carba-
zole-1-carboxamide) and their corresponding untreated con-
trols, 70-90% confluent cells, grown in the same conditions
described above, were washed two times with PBS. Cells were
incubated with fresh medium lacking fetal bovine serum and
supplemented with 1 um EX-527, 5 um EX-527, or vehicle for
24 h.

For cell harvest, the culture medium was removed, and cells
were washed two times with PBS and incubated 5 min with
Versene solution at 37 °C. Collected cells were washed with
cold PBS. Cells were lysed in 4% SDS, 0.1 M DTT, 0.1 m Tris, pH
8.6. Cells were incubated for 1 min in lysis buffer and briefly
sonicated on ice (20 pulses, 1 s each). Samples were incubated
for 30 min at 40 °C to reduce disulfide bridges completely. Free
cysteine residues were modified with iodoacetamide for 30 min
at room temperature in darkness. Protein content was esti-
mated based on SDS-PAGE and blue silver staining of samples,
aided by Image] software.

RNA extraction and RT-qPCR

Total RNA from HaCaT, CaLo, and SiHa cells was extracted
using TRI Reagent from Zymo Research and treated with
DNase I (RNase-free; Thermo Fisher Scientific). To generate
c¢DNA, we used the RevertAid First Strand cDNA Synthesis kit
from Thermo Fisher Scientific using random hexamer primers.
For RT-qPCR, SYBR Green chemistry (Maxima SYBR Green/
ROX gPCR Master Mix (2X) from Thermo Fisher Scientific)
was used. Transcripts levels were analyzed in an ABI 7300 Real
Time PCR System and were normalized using actin mRNA lev-
els as a control. The primer sequences used in this project were
previously reported to determine the levels of pre-rRNA and
28S rRNA (30).

Synthesis of NAS-d,

The synthesis of NAS-d, reagent was performed as described
previously (27, 31). Briefly, NHS was incubated with acetic
anhydride-d, for 16 h under continuous stirring at room tem-
perature. The white residue (NAS-d5) was washed with hexane
to eliminate excess reactants and vacuum-dried. NAS-d, can
also be acquired from Sigma-Aldrich (633259).
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In-solution sample preparation

Proteins were precipitated with 9 volumes of cold ethanol
overnight at —20 °C. The pellet was washed three times with
90% ethanol solution. The precipitate was solubilized with 0.5%
SDS, 0.5% SDC, 0.1 m TEAB, pH 8.0. The chemical acetylation
reaction of the unmodified lysine residues was performed in
two consecutive additions of a 100-fold molar excess of NAS-d,
in DMSO and incubated at room temperature for 1 h, respec-
tively. After the reaction was completed, O-acetylation was
reverted by incubating the sample with 5% hydroxylamine for
20 min. An ethanol precipitation step, as described previously,
was performed, and the sample was solubilized in 50 mm ABC,
0.5% SDC. Trypsin was added to a ratio of 1:50 (enzyme:sub-
strate), and the sample was incubated for 16 hat 37 °C. SDC was
removed by ethyl acetate extraction under acidic conditions (1
volume of ethyl acetate was added to the sample and acidified
with 0.5% TFA). After vigorous vortexing and centrifugation,
the organic phase was discarded. An additional step of ethyl
acetate extraction without TFA was performed. Finally, the
mixture of peptides was desalted with reverse-phase chroma-
tography, dried, and stored at —80 °C until LC-MS/MS
analysis.

In-gel sample preparation

Proteins were loaded on an SDS-polyacrylamide gel. When
proteins entered the concentrator gel, the run was stopped, and
the slice was cut. The gel was washed with water, dehydrated
with acetonitrile, rehydrated with a solution of 0.1 M TEAB
containing a 100-fold molar excess of NAS-d., and incubated
for 1 h at room temperature. This step was repeated once, and
after washing the gel the O-acetylation was reverted by incubat-
ing the gel with 5% hydroxylamine for 20 min. After washing
and dehydrating, the gel slice was rehydrated with 50 mm
ABC and trypsin (1:50 enzyme:substrate) and then incubated
at 37 °C for 16 h. The peptide mixture was extracted in the
presence of water/acetonitrile/formic acid. Finally, peptides
were desalted, dried, and stored at —80 °C until LC-MS/MS
analysis.

In-filter-aided sample preparation

The protein sample was loaded onto a 10-kDa-cutoff filter;
subjected to buffer exchange with 0.1 m TEAB, 0.5% SDS, 0.5%
SDC; and incubated with a 100-fold molar excess of the lysine
acetylation chemical reagent NAS-d, for 1 h. A second addition
of the acetylating reagent was included, and then the sample
was incubated for another hour. O-Acetylation was reverted by
exchanging the buffer with a solution containing 5% hydroxyl-
amine and incubating the sample for 20 min. For protein diges-
tion, the buffer was exchanged with 50 mm ABC, 0.5% SDC, and
trypsin was added to a ratio of 1:50 (enzyme:substrate). The
reaction was incubated for 16 h at 37 °C, and the mixture of
peptides was collected by centrifugation. SDC elimination and
the preparation of the sample for LC-MS/MS analysis were per-
formed as described previously for the solution sample prepa-
ration method.
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Peptide prefractionation

The mixtures of peptides were subjected to reverse-phase
chromatography at high pH on a reverse-phase column
(4.9 X 150 mm) from Waters by means of an UltiMate 3000
UPLC system from Dionex. The buffer system was composed
of buffer A (50 mM ammonium formate in water, pH 10) and
buffer B (50 mM ammonium formate in acetonitrile/water
(60:40), pH 10). Samples were loaded onto the column at a
flow rate of 0.8 ml/min in buffer A and desalted for 10 min.
The elution gradient was from 0 to 80% buffer B in 50 min,
from 80 to 100% in 5 min, and kept at 100% of buffer B for
another 5 min. 30 sample fractions were collected every 2
min. Finally, fractions were pooled together in five final frac-
tions, each of them composed of fractions separated by 5; for
example, the final fraction 1 was composed by fractions 1, 6,
11, 16, 21, and 26. Each final fraction was dried using a
SpeedVac, desalted, dried, and stored at —80 °C until LC-
MS/MS analysis.

LC-MS/MS and data analysis

LC-MS/MS analysis was performed at the Proteomics Core
Facility, Ecole Polytechnique Fédérale de Lausanne in Switzer-
land. Peptides were resuspended in initial chromatograph-
ic conditions and separated on a Dionex Ultimate 3000
RSLCnano UPLC system in line-coupled to a Q-Exactive high-
resolution mass spectrometer (Thermo Fischer Scientific).
Samples were first trapped on a home-made precolumn (Magic
AQC,g 3 um, 200 A, 2cm X 100-wm inner diameter) and then
separated following a 250-min elution gradient using a capillary
column at 250 nl/min (Nikkyo Technos Co.; Magic AQ C,g4; 3
um, 100 A, 15¢cm X 75- pm inner diameter). The mobile phases
were as follows: A, 2% acetonitrile, 0.1% formic acid in water
and B, 90:10 (v/v) acetonitrile:water, 0.1% formic acid. The
mass spectrometer was operated in positive data-dependent
acquisition mode, and the full MS range was from 300 to 2,000
m/z. The 10 most intense ions were isolated in the quadrupole
and fragmented under high-energy collisional dissociation
with a normalized collision energy of 27%. Precursor ions
were measured at a resolution of 70,000 (at 200 m2/z), and the
fragments were measured at 17,500. Only ions with charge
states of 2 and higher were fragmented with an isolation
window of 2 Th. The mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium
via the PRIDE (32) partner repository with the data set iden-
tifier PXD005903.

Protein identification and label-free quantification were
performed using MaxQuant v1.5.3.30 (33) setting Arg-C as
the digestion enzyme and carbamidomethylcysteine as a
fixed modification. Lysine and N-terminal protein acetyla-
tion (normal (d,) and heavy (d,)) were included as variable
modifications as well as phosphorylation (Ser/Thr/Tyr) and
oxidation (Met). Proteins were identified with an FDR of 1%
based on the target-decoy strategy provided by MaxQuant.
The database used for protein identification was the human
reference proteome UP000005640 from the UniProt reposi-
tory downloaded on April 30, 2016. For label-free quantifi-
cation, we considered proteins with at least two razor-
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unique peptides identified by MS/MS. For lysine acetylation
stoichiometric analysis, we used Pview software (16), which
calculates the stoichiometry of lysine acetylation based on
the isotopic distribution of identified peptides in the MS
spectrum. For the stoichiometry calculation, we allowed a
5-ppm tolerance for peaks in the isotopic distribution, and
for MS/MS identification the tolerance was fixed to 15 ppm
with an FDR of 1%. The grand average of hydropathy index of
identified peptides and proteins was calculated online
(http://www.gravy-calculator.de/)> by the program devel-
oped by Dr. Stephan Fuchs from the University of Greif-
swald. The functional enrichments of the identified proteins
were performed online on the site of DAVID Bioinformatics
Resources v6.8 (34).
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