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Accurate Quantification of Site-specific
Acetylation Stoichiometry Reveals the Impact
of Sirtuin Deacetylase CobB on the E. coli

Acetylome*s

Brian Tate Weinert11]§, Shankha Satpathyty], Bogi Karbech Hanseng, David Lyont,
Lars Juhl Jensent, and Chunaram Choudharyt§

Lysine acetylation is a protein posttranslational modifica-
tion (PTM) that occurs on thousands of lysine residues in
diverse organisms from bacteria to humans. Accurate
measurement of acetylation stoichiometry on a pro-
teome-wide scale remains challenging. Most methods
employ a comparison of chemically acetylated peptides
to native acetylated peptides, however, the potentially
large differences in abundance between these peptides
presents a challenge for accurate quantification. Stable
isotope labeling by amino acids in cell culture (SILAC)-
based mass spectrometry (MS) is one of the most widely
used quantitative proteomic methods. Here we show
that serial dilution of SILAC-labeled peptides (SD-
SILAC) can be used to identify accurately quantified pep-
tides and to estimate the quantification error rate. We
applied SD-SILAC to determine absolute acetylation
stoichiometry in exponentially-growing and stationary-
phase wild-type and Sirtuin deacetylase CobB-deficient
cells. To further analyze CobB-regulated sites under
conditions of globally increased or decreased acetyla-
tion, we measured stoichiometry in phophotransacety-
lase (ptaA) and acetate kinase (ackAA) mutant strains in
the presence and absence of the Sirtuin inhibitor nico-
tinamide. We measured acetylation stoichiometry at
3,669 unique sites and found that the vast majority of
acetylation occurred at a low stoichiometry. Manipula-
tions that cause increased nonenzymatic acetylation by
acetyl-phosphate (AcP), such as stationary-phase arrest
and deletion of ackA, resulted in globally increased
acetylation stoichiometry. Comparison to relative quan-
tification under the same conditions validated our stoi-
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chiometry estimates at hundreds of sites, demonstrat-
ing the accuracy of our method. Similar to Sirtuin
deacetylase 3 (SIRT3) in mitochondria, CobB sup-
pressed acetylation to lower than median stoichiometry
in WT, ptaA, and ackAA cells. Together, our results
provide a detailed view of acetylation stoichiometry in
E. coli and suggest an evolutionarily conserved function
of Sirtuin deacetylases in suppressing low stoichiome-
try acetylation. Molecular & Cellular Proteomics 16:
10.1074/mcp.M117.067587, 759-769, 2017.

Quantitative MS is a powerful technique used to measure
the abundance of thousands of peptides in a single experi-
ment. One of the most commonly used methods to quantify
relative differences in peptide abundance is stable isotope
labeling by amino acids in cell culture (SILAC)' (1). Previous
studies showed that large differences in peptide abundance
are less accurately quantified (2), and that signal-to-noise
limits quantification accuracy (3). However, a method to iden-
tify accurately quantified peptides and to estimate quantifica-
tion error has not been developed. Here we present a method
to estimate quantification error in a SILAC-based quantitative
MS experiment and to identify accurately quantified peptides.

Lysine acetylation is a reversible protein posttranslational
modification (PTM) that occurs on thousands of lysine resi-
dues in diverse organisms from bacteria to humans (4, 5).
Acetylation regulates various cellular functions ranging from
transcription, DNA damage repair, splicing, autophagy, and
microtubule organization (6), and is prominently implicated in
the regulation of metabolism (7). Acetylation can be catalyzed
by acetyltransferases and removed by deacetylases (8). How-
ever, acetylation also occurs nonenzymatically by reaction
with acetyl-CoA (9-11), and with acetyl-phosphate (AcP) in
bacteria (12).

" The abbreviations used are: SILAC, stable isotope labeling by
amino acids in cell culture; SD-SILAC, serial dilution-SILAC; PTM,
post-translational modification; DR, dilution ratio; SCX, strong cation
exchange.
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We previously developed a method to estimate the stoichi-
ometry of lysine acetylation by comparing the abundance of
native acetylated peptides to partially chemically acetylated
peptides (11, 13). This method has several technical chal-
lenges; it is difficult to determine the degree and variability of
partial chemical acetylation, and the abundance of chemically
acetylated peptides is often substantially different from native
acetylated peptides, complicating accurate quantification of
these differences. Other groups have compared native acety-
lated peptides to complete (100%) chemically acetylated pep-
tides to determine acetylation stoichiometry (14-16). How-
ever, the difference in abundance between 100% acetylated
peptides and native acetylated peptides may be too large to
quantify accurately. In one study, the authors found that
>75% of their stoichiometry estimates were affected by false
quantification (16), highlighting the challenges in obtaining
accurate quantification under these conditions. A recent study
employed MS2-based quantification of 100% acetylated pro-
tein to measure stoichiometry (15), and argued that MS1-
based quantification (as used by (14, 16)) was less accurate
under these conditions.

Here we improved our previous method to estimate acety-
lation stoichiometry in two ways. We applied serial dilution-
SILAC (SD-SILAC) to ensure that the differences between
chemically acetylated and native acetylated peptides were
accurately quantified, and we used a combination of com-
plete and partial chemical acetylation to directly determine the
degree and variability of partial chemical acetylation.

EXPERIMENTAL PROCEDURES

Cell growth, protein extraction, and peptide preparation—E. coli
MG1655 (lysAA, argAA) and CobB-deficient MG1655 (cobBA, lysAA,
argAA) were constructed previously (12). ackAA (JW2293-1), ptaA
(JW2294 1) were obtained from the E. coli Genetic Resource Center
(http://cgsc.biology.yale.edu). All strains were cultured in M9 minimal
media supplemented with heavy isotopes of arginine and lysine
(*3C4'°N,-arginine and 3C4'°N,-lysine, Cambridge Isotope Labora-
tories, Tewksbury, MA). Unless otherwise stated, cells were harvested
during exponential growth (OD 600 nm ~0.5), washed once with PBS,
and frozen in liquid nitrogen. Stationary phase cells were cultured
for ~48h following growth arrest as monitored by OD 600 nm. Nico-
tinamide (Sigma) treatment was performed as follows; overnight cul-
tures were diluted to an OD 600 nm of 0.1 and allowed to double to
an OD 600 nm of 0.2, 25 mm nicotinamide (or H,O for control treat-
ment) was added and the cells were allowed to double twice more to
a final OD 600 nm of 0.8 before collecting. Frozen cell pellets were
resuspended in 8 M guanidine HCI (GuHCI), 50 mm Hepes pH 8.5,
followed by sonication for 30 s. Chemical acetylation was performed
by adding acetyl-phosphate (Sigma) to 150 mm (partial acetylation), or
NHS-acetate (Thermo-Fisher Scientific) to 40 mm (complete acetyla-
tion). Reactions were incubated at 37 °C for ~1 h and were quenched
by the addition of Tris buffer (pH 7.5) to 250 mm. Samples were mixed
based on empirically determined SILAC ratios for lysine-independent
tryptic peptides (which are unaffected by chemical acetylation). For
experiments using partial chemical acetylation (supplementary Data
Set S1, experiments 4-11) the samples were diluted to 2 m GuHCI
with 50 mm Hepes, pH 8.5 and pre-digested with 1/200 (weight/
weight) Lys-C protease for 4 h. Otherwise, samples were diluted to 1
M GuHCI with 50 mm Hepes, pH 8.5 and the protein digested to

peptides by addition of 1/100 (weight/weight) trypsin protease for
16 h. Digested protein samples were cleared of precipitates by cen-
trifugation (2500 X g, 5 min) and loaded onto reversed-phase C18
Sep-Pak columns (Waters, Milford, MA), pre-equilibrated with 5 ml
acetonitrile and 2 X 5 ml 0.1% TFA. Peptides were washed with 1 X
5ml 0.1% TFA and 1 X 5 ml H,O, and then eluted with 2.5 ml 50%
acetonitrile (ACN). For acetyllysine peptide enrichment the eluate was
mixed with 100 ul 10x IAP buffer (500 mm MOPS; pH 7.2, 100 mm
Na-phosphate, 500 mm NaCl, 2.5% Nonidet P-40) for final concen-
tration of 2X IAP in 500 wl. Subsequently, ACN was removed by
vacuum centrifugation and the volume of samples was adjusted to 1
ml by H,O. Acetylated peptide enrichment was performed using the
PTMscan acetyllysine enrichment kit (Cell Signaling Technologies,
Danvers, MA). Acetylated peptides were fractionated by micro-SCX
columns in a Stage-Tip format (17, 18). Peptide fractions were purified
and concentrated with reversed-phase Stage-Tips as described (17).

Mass Spectrometry—Peptide fractions were analyzed by online
nanoflow LC-MS/MS using a Proxeon easy nLC system connected to
a Q-Exactive plus HF mass spectrometer (Thermo Scientific), as
described (19). Raw data was computationally processed using Max-
Quant (version 1.5.5.4) and searched against all 4305 entries in the
UniProt E. coli K12 database (downloaded June 30, 2014) using the
integrated Andromeda search engine (http://www.maxquant.org/) (20).
The Andromeda default settings were used; an initial search was
performed using a mass tolerance of 20 ppm, followed by mass
recalibration and a main search with a mass tolerance of 6 ppm for
parent ions and 20 ppm (HCD) for fragment ions. Peptide sequences
were searched using trypsin specificity and allowing a maximum of
two missed cleavages. Cysteine carbamidomethylation was added as
a fixed modification, and N-acetylation of proteins, oxidized methio-
nine, and acetylated lysine were added as variable modifications.
Acetylated peptides were filtered for a minimum Andromeda score of
40, as per the default settings for modified peptides. Known contam-
inants were removed based on classification by MaxQuant. The false
discovery rate (FDR) was estimated using a target-decoy approach
(21) allowing a maximum of 1% false identifications from a reversed
sequence database. The re-quantify feature was used where indi-
cated. The raw data, MaxQuant output files, and annotated MS2
spectra for all acetylated peptides found in supplementary Data Set
S1 have been deposited to the ProteomeXchange Consortium (http://
proteomecentral.proteomexchange.org) via the PRIDE partner repos-
itory (22) with the data set identifier PXD005757.

Data Analysis— Acetylation stoichiometry was analyzed only for
singly acetylated peptides using the modification specific peptide
tables from the MaxQuant output. Peptides with more than one
acetylation site were omitted because the degree of initial stoichiom-
etry at each position could not be accounted for. When analyzing
experiments using 100% acetylation, we omitted peptides generated
by cleaving C-terminal to lysine residues because acetylation blocks
these cleavage events. To calculate stoichiometry (S) using SILAC
light-labeled, 100% acetylated peptides the following formula was
used; S = (100%*dilution factor)*(SILAC Ratio H/L). For example, if
the 100% acetylated protein was diluted 10x, S = (100%*0.1)*(SILAC
Ratio H/L). To calculate the degree of partial chemical acetylation the
fogacgl};\(igcgw‘lz:%mula was used; Degree (%) of chemical acetylation =
(S - ghative)/(q _ gNative) ‘T4 calculate stoichiometry using
SILAC heavy-labeled 7.9% acetylated peptides, the following formula
was used; Stoichiometry = (0.079)/((SILAC Ratio H/L)-(1-0.079)). In
the preceding formula, the SILAC Ratios H/L were corrected accord-
ing to the serial dilution series. A detailed description of how to
process the MaxQuant output tables for stoichiometry calculation can
be found in the supplementary Materials. For comparison to previ-
ously published SILAC quantification, we reanalyzed our previously
published data (12) using the same E. coli sequence database and
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version of MaxQuant that was used in this study. Statistical analysis
was performed using R (version 3.1.1).

Experimental Design and Statistical Rationale—To determine quan-
tification error rates, we used peptides that were isolated from a
single biological sample. Because these experiments were designed
to examine quantification error and not biological differences, the
biological source and associated variability has no bearing on the
analysis. Each sample was measured three times at different dilutions
to uncover peptide SILAC ratios that were inconsistent with the
dilution series; hence each measurement can be considered a tech-
nical replicate. For the analysis of acetylation stoichiometry in E. coli,
the proteins were isolated from a single culture (a single biological
replicate for each cell type). For each quantitative MS experiment the
proteins were mixed at three different ratios (three technical repli-
cates). The S.D.-SILAC method described in this study was used to
identify accurately quantified peptides and only those peptides were
used to calculate stoichiometry. Statistical tests used to analyze data
are indicated in the respective figure legends and/or manuscript
sections.

RESULTS

SD-SILAC To Determine Accurate Quantification— Serial di-
lution is widely used in biochemical studies to ensure accu-
rate measurements. Here we applied this concept to SILAC-
based quantitative MS to identify accurately quantified
peptides and to estimate quantification error. We serially di-
luted SILAC-labeled proteins so that the difference between
the measured SILAC ratios should equal the dilution ratios
(DRs) (Fig. 1A). We defined inaccurate quantification as pep-
tides whose DRs deviated more than 2-fold from the expected
value, a difference that was greater than three standard de-
viations from the median of the DR distribution in a test
experiment (supplemental Figs. S1A and S1B). We applied
this method to assay the degree of quantification error when
comparing unperturbed (control versus control) samples from
E. coli, Hela cells, and liver tissue (supplementary Text S1,
supplemental Figs. S1 and S2, and supplemental Table S1).
Together, these data show that we can estimate the amount
of quantification error, the observed error rates show sample-
specific differences, different computational approaches af-
fect the error rate, and we can filter our results to include only
accurately quantified peptides.

Measuring Acetylation Stoichiometry—We previously mea-
sured acetylation stoichiometry by comparing the abundance
of partially chemically acetylated peptides to native acetylated
peptides (11, 13) (Fig. 1B). Other groups have measured stoi-
chiometry by comparing 100% chemically acetylated pep-
tides to native acetylated peptides (14-16). However, be-
cause acetylation blocks trypsin cleavage at lysine residues
(Fig. 1C), 100% chemical acetylation limits the analysis to
peptides generated by cleaving at arginine residues. Most
(68%) of the native acetylation sites we detected in E. coli
occurred on tryptic peptides generated by cleaving at one or
more lysine residues (Fig. 1D), indicating that these sites may
not be detected when using 100% chemical acetylation. In
this study, we used a combination of 100% and partial
chemical acetylation to determine acetylation stoichiometry

(Fig. 1E). By combining this approach with serial dilution of
SILAC labeled proteins (SD-SILAC) we provide further con-
fidence in the accuracy of our stoichiometry measurements.

In the first step, we used 100% chemical acetylation to
determine native acetylation stoichiometry. SILAC-light-la-
beled 100% chemically acetylated protein was mixed with
SILAC-heavy-labeled native acetylated protein in a 10-fold
serial dilution at a ratio of 1:1, 1:10, 1:100, 1:1000, and
1:10000; which corresponds to the presence of chemically
acetylated peptides at a stoichiometry of 100%, 10%, 1%,
0.1%, and 0.01%. Acetylated peptides were enriched from
these samples and quantified by MS (supplementary Data Set
S1, experiment 1). At a 1:1 mixing ratio only 5% of the iden-
tified peptides were quantified (had SILAC ratios), and the
quantification error rate was 90% (Fig. 2A). As the concentra-
tion of chemically acetylated peptides decreased, the fraction
of peptides with SILAC ratios increased, and the quantifica-
tion error decreased (Figs. 2A and 2B). Using only accurately
quantified peptides, we calculated a median stoichiometry of
0.04% (Fig. 2C, experiment 1). These data show that when the
concentration of chemically acetylated peptides is similar to
native acetylated peptides, we identify a greater fraction of
peptides with SILAC ratios, and the quantification error is
reduced. In addition, we found that 100% chemical acetyla-
tion interfered with tryptic digestion, which is likely to result in
inaccurate calculation of stoichiometry at some sites (supple-
mental Fig. S3A).

In the second step, we compared 100% acetylated protein
to partially chemically acetylated protein to directly measure
the degree and variability of partial chemical acetylation (sup-
plementary Data Set S1, experiment 2). Using SD-SILAC to
ensure quantitative accuracy, we determined a median stoi-
chiometry of partial chemical acetylation that was 7.9% (Fig.
2C, experiment 2). For a subset of these peptides, we also
determined native stoichiometry (in experiment 1), and com-
parison of these data allowed us to calculate the degree of
partial chemical acetylation (Fig. 2C, experiment 3). The me-
dian degree of partial chemical acetylation was 7.9%, which is
identical to the median stoichiometry after partial chemical
acetylation because the initial stoichiometry (median 0.04%)
is negligible. We further find that partial chemical acetylation
has a relatively low variability, as most (84 %) of the acetylated
peptides differed by less than a factor of two from the median
(were 3.9% to 15.7% acetylated). Some of this variability can
be attributed to the reduced tryptic digestion of 100% acety-
lated proteins (supplemental Fig. S3A), and the actual degree
of partial chemical acetylation is likely to be less variable than
these results suggest. Supporting this idea, we calculated
stoichiometry that exceeded 100% on nine acetylated pep-
tides (2% of the peptides analyzed), a result that is consistent
with overestimation of stoichiometry because of incomplete
tryptic digestion. To independently verify these findings, we
examined the median decrease in lysine-dependent tryptic
peptides (supplemental Fig. S3B). This indirect method pro-
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>

Accurate Quantification Inaccurate Quantification
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Definitions Determining stoichiometry when C = 5%
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R = ratio S¢/SN (SILAC ratio H/L) 2 |SILACL SN |
) 2 | Native Ac 1
EgN uations 2 SN=1% SN=5% SN=10%
s¥=C/(R-(1-C) S§°=595% S°=9.75% SC¢=14.5%
C = (SC-8N)/(1-8N) m/z R=5.95 R=1.95 R=1.45
C , D
tryptic cleavage ) 5772 acetylated peptides
Y &G = acetylation
------ R/K==——=R/K"----"
O KO
cleaved? 329
No lysine (K0) ------ R=——K=——R -~ yes Ok1
0,
One lysine (K1) ------ R m— —, ----- no Ll . K2
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E

Step1 | SILAC L = complete (100%) chemical acetylation, SILAC H = native acetylation
Determine native acetylation stoichiometry on KO peptides.

Step 2 | SILAC L = complete (100%) chemical acetylation, SILAC H = partial (?%) chemical acetylation
Determine stoichiometry of partial chemical acetylation on KO peptides.

Step3 | SILAC L = native acetylation (WT, cobBA, ptaA, ackaA), SILAC H = partial chemical acetylation
Determine acetylation stoichiometry on all peptides (KO, K1, and K2).

Fic. 1. Serial-dilution SILAC (SD-SILAC) and its application to measure acetylation stoichiometry. A, Model showing the relationship
between SILAC ratios (H/L) and dilution ratios (DRs) in a dilution series of SILAC peptides. The examples of accurate and inaccurate
quantification are based on data used in this study. B, Diagram illustrating the use of 5% partial chemical acetylation to determine acetylation

stoichiometry. Native acetylation stoichiometry (SN) can be calculated

based on the SILAC ratio (R) when the degree of partial chemical

acetylation (C) is known. C, Diagram showing the effect of lysine acetylation on tryptic cleavage. D, The pie chart shows the fraction of

acetylated peptides generated by tryptic cleavage independent of lysin

e (K0) at a single lysine (K1) or at two lysines (K2). E, Outline of the

quantitative mass spectrometry experiments used to determine acetylation stoichiometry.

vided an estimate of partial chemical acetylation that was
similar (7.1-7.6%) to that determined above.

In the third step, we used partial chemical acetylation and
SD-SILAC to determine stoichiometry under conditions that
cause robust changes in acetylation at hundreds of sites. We

compared wild-type (WT) and Sirtuin deacetylase CobB-de-
ficient (cobBA) cells during exponential phase (EP) growth and
after 48 h stationary phase (SP) arrest, which we previously
showed causes globally increased acetylation (12). We exam-
ined phosphotransacetylase-deficient (ptaA) cells which block
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median stoichiometry of partially chemically acetylated peptides

Fic. 2. Measuring acetylation stoichiometry. A, The column graph shows the number of acetylated peptides, and acetylated peptides with
SILAC ratios, that were identified at the indicated mixing ratios of 100% acetylated (Ac) peptides and native peptides. The fraction (%) of
peptides with SILAC ratios is indicated. B, The column graph shows the quantification error for acetylated peptides that were identified at the
indicated mixing ratios of 100% acetylated (Ac) peptides and native peptides. C, The category scatterplot shows the distributions of acetylated
peptide stoichiometry or the degree of partial chemical acetylation (Degree PCA, experiment 3) for the indicated experiments. CCA = complete
chemical acetylation, PCA = partial chemical acetylation, (L) = SILAC light labeled, (H) = SILAC heavy labeled, WT = wild type, EP =
exponential phase, SP = stationary phase, NAM = nicotinamide, knock out (A) strains are as indicated. The median of the distributions are
indicated by the red lines. D, The column graph shows the percent quantification error (% error) for the indicated experiments. The median
stoichiometry of native acetylation for each experiment is indicated by the red lines. E, The scatterplot shows the correlation between
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AcP formation and suppress acetylation, and acetate kinase-
deficient (ackAA) cells which accumulate AcP and have glob-
ally elevated acetylation levels (12). ptaA and ackAA cells
were additionally treated with the Sirtuin deacetylase inhibitor
nicotinamide (NAM) to inhibit CobB activity. Partially chemi-
cally acetylated proteins were mixed with control-treated pro-
teins in a 10-fold dilution series and only accurately quantified
peptides were used to calculate acetylation stoichiometry
(supplementary Data Set S1). We determined stoichiometry
on thousands of acetylated peptides in each experiment (Fig.
2C, experiments 4-11). Quantification error was highest for
the samples whose concentration of partially chemically
acetylated peptides differed the most from the median stoi-
chiometry of native acetylation (Fig. 2D), highlighting the im-
portance of controlling for accurate quantification. To confirm
our findings, we compared absolute changes based on our
acetylation stoichiometry measurements to relative changes
that were independently measured using SILAC quantification
(Fig. 2E-2G). We found a high correlation between stoichiom-
etry measurements and SILAC quantification of these same
differences, validating our results at hundreds of sites. In
addition, differences in acetylation stoichiometry in NAM-
treated ptaA and ackAA cells were correlated with loss of
CobB (supplemental Fig. S3C), indicating that NAM targeted
CobB-regulated sites and further supporting our stoichiome-
try measurements. To provide additional validation, we com-
pared acetylation site intensity (the summed intensity of all
peptides harboring the acetylation site) to acetylation stoichi-
ometry on six individual proteins (supplemental Fig. S3D). The
analysis was performed on individual proteins to account for
differences in protein abundance that affect peptide intensity.
Site intensity and site stoichiometry were significantly corre-
lated (median Pearson’s correlation of 0.69), even though
peptide intensity is known to be inherently variable. Together,
these data independently support the accuracy of our stoi-
chiometry measurements.

Acetylation Site Stoichiometry in E. coli—We determined
acetylation stoichiometry at the level of acetylated peptides;
however, some sites occur on several different peptide spe-
cies because of missed tryptic cleavages and oxidized me-
thionine. We therefore generated a list of acetylation site
stoichiometry based on the summed stoichiometry of acety-
lated peptides that harbor the same acetylation site (supple-
mentary Data Set S2). We determined stoichiometry at 3,669
unique sites in all conditions combined; 2,700 of which were
measured in exponentially growing WT cells (Fig. 3A, Table ).
Median stoichiometry was only 0.04% in WT cells and median

stoichiometry in cobBA and ptaA cells was similar to WT
(0.06% and 0.03%, respectively). Stoichiometry varied by two
to three orders of magnitude within individual proteins (Fig.
3B), indicating that stoichiometry is variable at the site-level.
Our measurements were highly correlated between different
experiments and E. coli strains, supporting the reproducibility
of our method. Excluding CobB-regulated sites (shown in
red), stoichiometry in WT and cobBA cells had a Pearsons’s
correlation (r) of 0.94 (Fig. 3C). Similarly excluding CobB-
regulated sites, stoichiometry in ackAA and NAM-treated
ackAA cells was highly correlated (r = 0.97) (Fig. 3D). Stoichi-
ometry in WT and ptaA was also well-correlated (r = 0.85)
(Fig. 3E), even though these cells are derived from different
strain backgrounds.

To better understand differences in the acetylation stoichi-
ometry at individual sites, we performed bioinformatic analy-
ses to study the impact of amino acid sequence and protein
structure on stoichiometry. High stoichiometry acetylation
was not biased to occur within a particular linear amino acid
sequence (supplemental Fig. S4A). A small number of sites
occurring within predicted disordered regions had signifi-
cantly lower stoichiometry, as did predicted buried sites (sup-
plemental Fig. S4B). However, sites occurring within various
predicted secondary structures did not show significantly dif-
ferent stoichiometry (supplemental Fig. S4B). We used protein
crystal structures to directly examine the impact of structure
on stoichiometry at a smaller number of sites. We found no
significant correlation to lysine pK, (supplemental Fig. S4C)
and a weak, but significant, correlation to the solvent-acces-
sible surface area of acetylated lysine residues (supplemental
Fig. S4D). These data suggest that lysine accessibility may
influence the degree of acetylation at any given site; however,
we were unable to identify a strong correlation between stoi-
chiometry and amino acid sequence or protein structure.

High Stoichiometry Acetylation—Very few sites had high
stoichiometry in WT EP, cobBA, and ptaA cells, whereas
conditions that promote increased nonenzymatic acetylation,
such as SP and ackAA, resulted in substantially higher median
stoichiometry and a greater fraction of high stoichiometry
sites (Table I). These results suggest that high stoichiometry
acetylation occurs infrequently, at least under the laboratory
conditions used in this study. Although we observe high stoi-
chiometry acetylation in SP cells, we previously showed that
increased acetylation depends on growth arrest because of
nitrogen depletion in the presence of glucose, conditions that
may not occur outside of the laboratory. Whether acetylation

differences in acetylation stoichiometry between SP and EP cells (stoichiometry ratio SP/EP) and independent SILAC quantification of those
same differences (SILAC ratio SP/EP). The number of acetylated peptides analyzed (n), Pearson’s correlation (r), and p value (P) of correlation
is shown. F, The scatterplot shows the correlation between differences in acetylation stoichiometry between cobBA and WT cells (stoichi-
ometry ratio cobBA/WT) and previous SILAC quantification (12) of the same acetylated peptides (SILAC ratio cobBA/WT). G, The scatterplot
shows the correlation between differences in acetylation stoichiometry between ackAA and ptaA cells (stoichiometry ratio ackAA/ptaA) and
previous SILAC quantification (12) of the same acetylated peptides (SILAC ratio ackAA/ptaA).
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Fic. 3. Acetylation site stoichiometry in E. coli. A, The histogram shows the distribution of acetylation site stoichiometry in WT EP cells

(n = 2700). B, The category scatterplot shows the distributions of acetylation site stoichiometry for the indicated proteins in WT EP cells. C,
The scatterplot shows the correlation between acetylation stoichiometry in WT and cobBA cells. CobB-regulated sites (as defined by SILAC
quantification (12)) are shown in red and were excluded from the Pearson’s correlation. The number of sites analyzed (n), Pearson’s correlation
(), and p value (P) of correlation is shown. D, The scatterplot shows the correlation between acetylation stoichiometry in ackAA and
nicotinamide (NAM)-treated ackAA cells. CobB-regulated sites (as defined by a stoichiometry ratio cobBA/WT >2) are shown in red and were
excluded from the Pearson’s correlation. E, The scatterplot shows the correlation between acetylation stoichiometry in WT and ptaA cells.

TABLE |
Acetylation site stoichiometry in E. coli. The table summarizes stoichiometry measurements in the indicated experiments. WT = wild type, EP =
exponential phase, SP = stationary phase, NAM = nicotinamide, knock out (A) strains are as indicated. Median stoichiometry, and the number

and fraction of sites with greater than 1% and 10% stoichiometry are shown

Experiment Number of sites ~ Median stoichiometry =~ Number > 1%  Fraction >1%  Number > 10%  Fraction >10%
WT EP 2700 0.04% 29 1.1% 3 0.11%
WT SP 2155 0.22% 235 10.9% 10 0.46%
cobBA EP 2789 0.05% 31 1.1% 1 0.04%
cobBA SP 2121 0.26% 297 14.0% 25 1.18%
ptaA 1772 0.03% 14 0.8% 0 0.00%
ptaA NAM 910 0.03% 10 1.1% 1 0.11%
ackAA 1802 0.25% 263 14.6% 5 0.28%
ackAA NAM 2045 0.35% 388 19.0% 21 1.03%

accumulates to high levels in nature remains an important
open question.

Accurate measurement of high-stoichiometry acetylation
presents a technical challenge. For high stoichiometry acety-
lation, the difference between partially chemically acetylated
and native acetylated peptides will be small and difficult to
quantify accurately. In our experiments, sites with >7.3%
stoichiometry will be less than 2-fold increased by partial

chemical acetylation. SILAC may not accurately resolve these
small differences, as shown by the distributions of peptide
SILAC ratios comparing unperturbed (control versus control)
samples (supplemental Fig. S5A). Furthermore, small errors in
quantification within this range will yield large differences in
the measured stoichiometry, particularly as the SILAC ratio
approaches a value of 1 (supplemental Fig. S5B). However,
we find little evidence for such peptides in our data set. We
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Fic. 4. Acetylation stoichiometry at CobB-regulated sites. The category scatterplot shows the distributions of acetylation site stoichi-
ometry for the indicated experiments. WT = wild type, EP = exponential phase, SP = stationary phase, NAM = nicotinamide, and knock out
(A) strains are as indicated. Sites that are more than 2-fold (>2), 4-fold (>4), or 8-fold (>8) increased in the absence of CobB (during EP growth)
are indicated. The median of the distributions are indicated by the red lines.

quantified 5487 acetylated peptides in WT EP cells, of which
11 (0.2%) had SILAC ratios < 2 (after adjusting for serial
dilution). Of those 11 peptides, six were accurately quantified
and stoichiometry was calculated. Of the remaining five pep-
tides, four were only quantified at a single dilution so that
quantification accuracy could not be assessed, and one was
determined to be inaccurately quantified. A small number (3 in
WT EP cells, 0.1% of the total) of chemically acetylated pep-
tides were quantified as less abundant than native acetylation
(SILAC ratio < 1), which resulted in negative stoichiometry.
Sites with negative stoichiometry are reported as “NaN” (sup-
plementary Data Sets S1 and S2), and may be considered as
putative high stoichiometry sites.

Analysis of stoichiometry at CobB-regulated acetylation
sites—CobB is the only known Sirtuin deacetylase in E. coli.
The deacetylase activity of CobB was first shown to regulate
the activity of acetyl-CoA synthetase (23), and subsequent
work linked CobB with regulating central metabolism in Sal-
monella enterica (24). We previously mapped CobB-regulated
acetylation sites in E. coli and showed that loss of CobB
increased acetylation at ~10% of sites (12). Our analysis of
acetylation stoichiometry shows that sites affected by loss of
CobB have a significantly lower stoichiometry than sites not
affected by loss of CobB, in a manner that is proportional to
the degree of increased acetylation in the absence of CobB
(Fig. 4A and Table Il). In WT SP cells CobB did not suppress
acetylation at regulated sites to the same degree as in WT,
ptaA, and ackAA cells, suggesting reduced CobB activity in
these cells. This does not appear to be because of the higher
stoichiometry of acetylation in SP cells, as ackAA cells had a
similar median stoichiometry and a greater number of high
stoichiometry sites (Table I). In cobBA cells, acetylation stoi-
chiometry was slightly elevated at CobB-regulated sites com-
pared with unregulated sites, indicating that the sites that
show the greatest degree of increased acetylation in the ab-
sence of CobB do so because CobB suppresses acetylation

to a lower stoichiometry at these sites (Fig. 4A and Table II,
compare WT to cobBA, ptaA to ptaA NAM, and ackAA to
ackAA NAM). The median stoichiometry of the sites most
affected by loss of CobB (>8-fold increased) was just 0.006%
in WT cells, seven times lower than the median stoichiometry
of unregulated sites. This result could be explained by a
greater degree of chemical acetylation at CobB-regulated
sites, which would cause us to systematically underestimate
native stoichiometry at these sites. To test this idea, we com-
pared the reduced cleavage of lysine residues following par-
tial chemical acetylation at unregulated and CobB-regulated
sites (supplemental Fig. S5C). These data show that CobB-
regulated sites were not chemically acetylated in vitro to a
greater degree than unregulated sites. In addition, CobB-
regulated sites did not display reduced stoichiometry in WT
SP cells, suggesting that the reduced stoichiometry in WT,
ptaA, and ackAA cells is because of the deacetylase activity of
CobB in vivo rather than the reactivity of these sites to chem-
ical acetylation in vitro (the same in vitro chemically acetylated
sample was used to determine stoichiometry in all experi-
ments). Together these data support our finding that CobB
suppresses acetylation to lower than median stoichiometry,
and indicates that the amount of increased acetylation in the
absence of CobB is related to the degree that CobB sup-
presses acetylation at that site.

DISCUSSION

Here we describe a method to identify accurately quantified
peptides and to estimate quantification error in a SILAC MS
experiment. Our method relies on identifying disagreement
between SILAC ratios measured at two or more different
dilutions; if these ratios disagree it indicates that at least one
of the measurements is inaccurate. However, one of the
measurements may be accurate. Therefore, the strength in
our method is its ability to identify accurately quantified pep-
tides, but not to provide a precise measurement of error.
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TABLE Il
Acetylation site stoichiometry at CobB-regulated sites. The table shows the number of acetylation sites and their median stoichiometry in the
indicated experiments, classified according to increased acetylation in cobBA EP cells compared to WT EP cells. Sites with greater than 2-fold
(CobB >2), 4-fold (CobB >4), and 8-fold (CobB >8) increased acetylation are indicated. WT = wild type, EP = exponential phase, SP =
stationary phase, NAM = nicotinamide, and knock out (A) strains are as indicated

All sites CobB >2 CobB >4 CobB >8

WT EP

Number 2243 357 167 87

Median stoichiometry 0.042% 0.018% 0.009% 0.006%
cobBA EP

Number 1663 285 138 68

Median stoichiometry 0.223% 0.206% 0.192% 0.168%
WT SP

Number 2243 357 167 87

Median stoichiometry 0.054% 0.078% 0.094% 0.103%
cobBA SP

Number 1657 293 293 80

Median stoichiometry 0.252% 0.319% 0.319% 0.517%
ptaA

Number 1462 228 101 49

Median stoichiometry 0.028% 0.016% 0.009% 0.007%
ptaA NAM

Number 832 141 74 36

Median stoichiometry 0.029% 0.025% 0.024% 0.023%
ackAA

Number 1474 225 99 44

Median stoichiometry 0.266% 0.157% 0.076% 0.039%
ackAA NAM

Number 1594 282 139 73

Median stoichiometry 0.360% 0.447% 0.459% 0.465%

SD-SILAC may not be generally applicable in a typical SILAC
experiment, as the amount of additional MS measurement
time, and the loss of data points not measured in replicate
experiments, may not be justified—particularly if quantifica-
tion accuracy is not critical to interpreting the data. However,
SD-SILAC can enable more accurate quantification if peptide
ratios are highly divergent, as shown here for native acety-
lated and chemically acetylated peptides. SD-SILAC could
also enable more accurate quantification in other settings that
require quantification over a large dynamic range, such as
pulse-chase SILAC methods that are used to determine rates
of protein synthesis or degradation.

The method used here to determine stoichiometry is an
improvement of our previous methods (11, 13). We directly
measured the degree and variability of partial chemical acety-
lation and we used SD-SILAC to control for quantification
error. We found that partial chemical acetylation did not vary
substantially, suggesting a small effect on the accuracy of our
calculations. Our analysis of quantification error underscores
the importance of controlling for quantification accuracy un-
der conditions where the abundances of quantified peptides
are substantially different. Previous studies that employed
100% chemical acetylation to estimate stoichiometry used
heavy-isotope-labeled acetylating agents to specifically label
the chemically acetylated peptides (14-16). However, the dif-
ference in abundance between the 100% acetylated and na-

tive acetylated peptides leads to errors in quantification, as
shown here, and in previous studies (15, 16). Furthermore,
because heavy-isotope-labeling is not complete (100%), stoi-
chiometry estimates in these studies were limited by the
unlabeled fraction, which was reported to be as high as 2%
(16) and 4% (14), making it impossible to quantify sites with
less than 1% stoichiometry. The serial dilution approach de-
scribed here can overcome these limitations and provides a
method to ensure quantification accuracy. Independent vali-
dation of stoichiometry measurements using orthogonal ap-
proaches, such as heavy-labeled peptide standards, is critical
given the novelty of the methods used to measure stoichiom-
etry. We previously validated our method using heavy-labeled
peptide standards (11, 13), and in this study, we supported
our findings by comparing measurements of absolute stoichi-
ometry under different conditions to relative quantification of
the same differences, and by comparing acetylation stoichi-
ometry to acetylation site intensity within individual proteins.

We found that CobB suppresses acetylation to lower than
median levels at its target sites. These results mirror our
findings for the mitochondrial Sirtuin SIRT3 (13), and suggest
that CobB may have a general function in suppressing acety-
lation. SIRT3 also suppresses acetylation to very low stoichi-
ometry, and SIRT3 may be important for protecting mitochon-
dria from nonenzymatic acetylation stress. Nonenzymatic
acetylation can be thought of as a type of protein lesion and
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Sirtuin deacetylases as protein repair factors that remove
acetylation lesions (27). SIRT3 has been shown to have
greater impact on metabolic function under conditions that
promote nonenzymatic acetylation in mitochondria, such as
calorie restriction, fasting, and high fat diet (28). Similarly, loss
of CobB had a greater impact on cellular growth and acety-
lation levels during growth on acetate media (25, 29). Given
the endosymbiotic theory that mitochondria evolved from a
bacterium, it is interesting to note the similarities between
CobB and SIRT3, and our data suggest an evolutionarily
origin of Sirtuin deacetylases as protein repair factors target-
ing acetylation. In addition to suppressing low stoichiometry
acetylation, CobB may specifically regulate protein activity
through deacetylation. CobB has been shown to regulate
acetyl-CoA synthetase (23), RNase Il (32), and evidence sug-
gests it may regulate additional enzymes (25, 33), as well as
restricting phage replication (34). However, it is unlikely that
CobB regulates every protein that it targets for deacetylation.
In this study, we found that 31% (112) of the CobB-regulated
sites occurred on 69 essential proteins (as defined by (35)).
Even though CobB regulates acetylation of these essential
proteins, cobBA cells have a comparable growth rate to WT
cells in glucose-containing minimal media (29). These observa-
tions suggest that deacetylation of these essential proteins by
CobB is largely dispensable for their function under laboratory
conditions. However, the promiscuous activity of CobB and
other Sirtuin deacetylases may be important under yet uniden-
tified conditions that result in high levels of acetylation stress.
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