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Abstract
The elucidation of extra-nuclear lysine acetylation has been of growing interest, as the co-substrate
for acetylation, acetyl CoA, is at a key metabolic intersection. Our hypothesis was that
mitochondrial and cytoplasmic protein acetylation may be part of a fasted/re-fed feedback control
system for the regulation of the metabolic network in fuel switching, where acetyl CoA would be
provided by fatty acid oxidation, or glycolysis, respectively. To test this we characterized the
mitochondrial and cytoplasmic acetylome in various organs that have a high metabolic rate
relative to their mass, and/or switch fuels, under fasted and re-fed conditions (brain, kidney, liver,
skeletal muscle, heart muscle, white and brown adipose tissues). Using immunoprecipitation,
coupled with LC-MSMS label free quantification, we show there is a dramatic variation in global
quantitative profiles of acetylated proteins from different organs. In total, 733 acetylated peptides
from 337 proteins were identified and quantified, out of which 31 acetylated peptides from the
metabolic proteins that may play organ-specific roles were analyzed in detail. Results suggest that
fasted/re-fed acetylation changes coordinated by organ-specific (de-)acetylases in insulin-sensitive
versus insensitive organs may underlie fuel use and switching. Characterization of the tissue-
specific acetylome should increase understanding of metabolic conditions wherein normal fuel
switching is disrupted, such as in Type II diabetes.

Introduction
The function and physical properties of proteins can be regulated by protein post-
translational modifications (PTMs). Lysine acetylation is a reversible PTM that affects a
variety of biological processes, such as protein-DNA interactions, enzyme activation/
inactivation, subcellular localization and protein stability, etc 1, 2. In the past four decades,
histones have been the primary focus of acetylation studies because of their high abundance
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and high frequency of lysine acetylation. Only studies of specific acetylation in individual
proteins were possible in the past due to the lack of robust detection technologies3–5.
Improvements of modern mass spectrometers, specifically improved accurate mass
detection, sensitivity and dynamic range, higher resolution, and faster scan rates, all serve to
greatly facilitate global acetylation studies6 as has been reported recently7–9. In 2006, Kim
et al. published the first proteome-wide report by using immunoprecipitation enrichment of
acetylated peptides with an anti-acetylated lysine antibody and HPLC-MSMS detection8 to
identify 195 acetylated proteins from mouse liver. Choudhary et al. and Zhao et al.
advanced this approach and demonstrated the largest data set of acetylated peptides
identified from human cells (1750 acetylated proteins) and liver tissue (1047 acetylated
proteins)7, 9. These reports show large numbers of acetylated non-histone proteins, many of
which are mitochondrial or cytoplasmic species. Thus, lysine acetylation is involved in a
greater diversity of functional roles and subcellular localizations than previously recognized.

As lysine acetylation is dynamic and regulates protein function in ways not fully understood,
global quantitative analyses of lysine acetylation are critical to better understand the
functional impact and use of this modification in biological systems. For example, Kendrick
et al. showed fatty liver was associated with reduced sirtuin activity and increased
acetylation levels of mitochondrial proteins10. They isolated acetylated proteins from total
liver proteome samples from mice on a high fat diet (HFD, 4 months) and control animals.
Acetylated proteins were immunoprecipitated with immobilized anti-acetylated lysine
antibodies, purified proteins were separated on 1-D gels, scanned, and relative quantification
between HFD-fed and control animal samples was performed. Bands that exhibited
significant differential staining between HFD and control samples were subjected to in-gel
digestion and mass spectrometry analysis. In total, 193 proteins were differentially
acetylated in HFD samples, including proteins involved in gluconeogenesis, mitochondrial
protein oxidation, methionine metabolism, liver injury and endoplasmic reticulum stress
response. Importantly, the work of Kendrick et al. shows that differences in levels of
acetylated liver proteins relevant to altered feeding status in mice can be observed by
proteomic methods. Previously, Choudhary et al. used SILAC (Stable isotope labeling with
amino acids in cell culture)7 and Zhao et al. used iTRAQ labeling (isobaric tag for relative
and absolute quantification)9 coupled with LC-MSMS techniques to quantify peptide-level,
or site-specific acetylation in human cell lines and liver tissue respectively. Schwer and co-
workers11 reported label free quantification (LFQ) of the acetylated peptides from mouse
liver tissue. LFQ technology is beneficial for studies of live animal tissues because
incorporation of heavy isotopes is not required. In this way, Schwer et al. studied how
calorie restriction (CR) can alter the mitochondrial protein acetylation levels in mouse liver.
Approximately 300 proteins were quantified, and 72 were determined to have at least a 2.5
fold change in acetylation during CR. SILAM (Stable Isotope Labeling in Mammals)12 can
in principle allow isotope incorporation in these studies with live animal tissues, although
the additional expense significantly limits the applicability. In this work, a further advance
of these approaches includes measurement of differences of acetylation on specific peptides
by quantitative LC-MSMS methods, and comparison of level changes observed among
several tissues or organs.

Acetylation is dynamic and cellular acetylation status is dependent on the activities of
acetylases and deacetylases. Intracellular acetyl CoA, used by acetylases, sits on the
metabolic crossroads of glycolysis, fatty acid oxidation, ketogenesis, amino acid
metabolism, and TCA cycle utilization for ATP synthesis, making acetyl CoA an ideal
quantity for sensing (via the non-nuclear acetylome) metabolic network function.
Intracellular NAD+/NADH ratio, a central determinant of nutritional status also critically
regulates the activity of NAD+ deacetylases. Metabolic inflexibility, or the inability of an
organism to adapt and modify fuel oxidation in response to changes in nutrient availability,
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is characteristic of dysfunction seen in metabolic syndrome and Type II Diabetes13–18. The
hypothesis for this study is that fasted/re-fed characterization of the organ specific
mitochondrial and cytoplasmic acetylome may yield insights into both normal functional
roles of tissue specific fuel switching, as well as abnormalities seen in situations, like
diabetes mellitus, where metabolic inflexibility is evident. Therefore, analyzing the
acetylation pattern of major mammalian tissues that greatly differ metabolically and play a
diverse role in energy homeostasis under different nutritional status would be highly
informative. Previous studies have reported murine fasted and re-fed hepatic acetylome
only8. Our efforts in this study focus on the characterization of the fasted/re-fed acetylome
patterns of tissues that are known to switch fuels between the fasted/fed states (liver, skeletal
muscle, heart muscle, white adipose and brown adipose) or have a high metabolic rate
relative to their mass (brain and kidney)19. No one organ is responsible for the metabolic
rate, but some organs (brain, kidney, heart, and gastrointestinal tract) contribute a much
larger fraction of their metabolic rate than their fractional mass or volume of the body,
whereas others (bone, white adipose tissue, skin, and skeletal muscle) contribute much
less19. Brown adipose tissue contributes to the metabolic rate in neonatal mammals, and
small mammals adapted to cold environments21. Metabolic consequences of the presence or
absence of the thermogenic capacity of brown adipose tissue in mice has been reported21, 22,
so brown adipose was also used for this study; white adipose tissue was included for
comparison. The metabolic rate may fall 10% during sleep, a normal fasted condition, and
may fall by 40% during long-term starvation in humans20, supporting the relevance of
acetylome changes on energy metabolism found for metabolic network enzymes during
dietary shifts.

In this study, the acetylation levels of peptides from mitochondrial proteins in each tissue
under differential feeding status were of primary interest. In total, 733 acetylated peptides
from 337 proteins were identified, out of which the levels of 58 acetylated peptides changed
3-fold or greater under fasted/re-fed conditions. These peptides constitute the top 5% largest
changes in acetylation levels among the 733 acetylated peptides, based on two standard
deviations from the center of the observed log10 (re-fed/fasted) distribution as a cut off.
Thirty-one acetylated peptides of these 58 are from metabolic proteins or chaperones. Many
of these protein acetylation events may be relevant metabolic changes that accompany fuel
switching and will serve as targets for future investigation. Our results show that acetylation
levels in ATP-generating or utilizing metabolic processes such as glycolysis, Krebs cycle,
gluconeogenesis, lipid synthesis and oxidation likely serve as control points or play a role in
modulation of these pathways. In fact, acetylation is a classic candidate for such critical
regulation, owing to its requirement of acetyl CoA, an important intermediate molecule
linking such major pathways, as its acetyl group donor. The results presented here are first to
demonstrate that there variation exists in the global quantitative profiles of acetylated
metabolic proteins in all these organs, that are dramatically affected by comparison of the
fasted to re-fed state.

Materials and Methods
1. Materials

Deacetylase inhibitors (TSA, Nicotinamide, Butyric acid), 2,2,2-Trifluoroethanol (TFE),
Ammonium bicarbonate (ABC), Iodoacetamide (IAA) and Tergitol solution (70% NP40 in
water) were purchased from Sigma-Aldrich (St. Louis, MO) and used without purification.

Affinity-purified anti-acetyl lysine antibody immobilized onto protein A-conjugated agarose
beads was purchased from ImmunoChem Pharmaceuticals Inc. (Burnaby, British Columbia,
Canada). TCEP, BupH™ Tris Buffered Saline Pack (IP buffer), BCA Protein Assay Kit and
mass spectrometry-grade Trypsin endoproteinase were purchased from Pierce (Rockford, IL,
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USA). Protease inhibitor cocktail tablets were purchased from Roche Diagnostics
(Indianapolis, IN, USA).

2. Animals
Four to five months old male FVB/N background mice studied were housed in a full-barrier
facility with a 12-hour light/dark cycle (7:00 am/7:00 pm) throughout the study. Animals
had full access to food (standard chow from Harlan Teklad 4% Mouse/Rat Diet cat # 7001)
and water unless otherwise stated. All animal experiments were performed in accordance
with National Institutes of Health guidelines and with the approval of the Animal Care and
Use Committee of Albert Einstein College of Medicine. For the fasting/re-feeding studies,
mice were allowed to eat for an hour and half after the beginning of the dark cycle (7:00 pm)
and fasting was initiated by removing the food at 8:30 pm. Animals (n=5) were sacrificed
the next day at the end of: a) 18 hours fast (2:30 pm) for fasting studies, b) 13 hours fast
(9:30 am) followed by 5 hours re-feeding (2:30 pm) for re-feeding studies. Harvested tissues
(liver, brown adipose, white adipose, heart muscle, skeletal muscle, kidney and brain) were
snap-frozen in liquid N2 and stored at −80° C until further analysis.

3. Sample preparation
Matching tissues or organs from five mice were pooled together. Pooling the samples from
different biological sources has been shown to reduce the biological variation, as one might
anticipate, and in many cases, increases the ability to study the differences caused by
treatment as described in several references 46–48. Because of limited sample sizes available
in a single animal, pooled samples were required to study all seven tissues presented here.
Sample preparation was divided into: 1) Tissue protein extraction, 2) normalization and
tryptic digestion and 3) the enrichment of the acetylated peptides. A general experimental
scheme is shown in Figure 1. Tissues were homogenized in the lysis buffer, which contains
50% TFE, 0.1M ABC, 5mM TCEP, 10μM TSA, 10 mM nicotinamide, 50mM butyric acid
and protease inhibitor cocktail. The pH of the lysis buffer was adjusted to 7.4. Minimal
volume of the lysis buffer was used in the homogenizing step to get highly concentrated
protein solutions. The samples were sonicated to reduce the viscosity and heated at 99 °C for
5 min. The protein solutions were centrifuged at 16,000 × G for 20 min to separate solids.
Protein concentration in the supernatant portions was measured with a BCA protein
quantification kit. All samples were normalized by using an aliquot containing the same
amount of total protein. Thirty milligrams of protein from each sample were reduced and
alkylated with a final concentration of 50mM TCEP and IAA, respectively. The volume of
each sample was diluted 5 times with 100 mM ABC buffer; and the pH was adjusted to 8–
8.2. The samples were then subjected to digestion with trypsin with a 500:1 protein-to-
enzyme ratio and were incubated overnight at 37 °C. Then the mixtures were heated at 99
°C for 5 min to denature trypsin and reduce activity. The mixtures were centrifuged at
16,000 × G for 2 min; and the supernatants were separated from the insoluble fractions. TFE
was evaporated from the supernatants which were placed under vacuum (Thermo Speed
Vacuum SPD131DDA). We previously found 0.1% concentration of the non-ionic detergent
NP40 to be optimal for immunoprecipitation23 so this was the final concentration of NP40
used here, and the pH was adjusted to 7.4. For each 30 mg of digested protein sample, a 200
μL slurry aliquot of the anti-acetylated lysine antibody beads was used for
immunoprecipitation. The aliquots of the antibody slurry were washed with phosphate
buffered saline (PBS) 3 times, and then added into the peptide solutions. The mixtures were
then incubated 3 hours at 4 °C, centrifuged and the antibody beads were separated from the
supernatants. The beads were washed 4 times with IP buffer and eluted with a 100 μL of the
elution buffer 3 times (0.1% formic acid and 50% acetonitrile in DI water). Then the eluents
were dried under vacuum and re-dissolved in a 20 μL buffer of 0.1% formic acid in DI
water.
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4. Mass spectrometric analyses
The enriched acetylation products were fractionated with UPLC (nanoAcquity Waters,
Milford, MA) and analyzed with a built-in-house Velos-FT mass spectrometer24 (Submitted
to Analytical Chemistry). The FT analyzer enables high resolution and accurate mass
detection and the Velos mass spectrometer allows fast scan speed and better sensitivity,
which is important for the identification of the low abundance acetylated peptides. A 35 cm
long C18 column was made in house by packing fused silica capillary (360 μm × 75 μm)
with MAGIC C18AQ 100A 5U beads (Michrom Bioresources, Inc., Auburn, CA). The
electrospray ionization (ESI) tip was made by pulling the end of the column with a laser
puller (Model P-2000, Sutter Instrument Co.). A 2 cm long trap column was prepared
similarly by packing a frit fused silica capillary (360 μm × 100 μm) with MAGIC C18AQ
200A 5U beads. The following LC gradient was used: 0–60 min 5%–35% buffer B, 60–75
min flushing with 80% buffer B and 75–100 min equilibrating with 5% buffer B. Buffer A
and buffer B consisted of 0.1% formic acid, 0.1% formic acid and 95% acetonitrile in DI
water, respectively. One MS measurement in the FT analyzer with 25K resolving power was
followed by 10 MSMS measurements in DDA mode in the Velos instrument. The dynamic
exclusion repeat and the exclusion duration were 15 sec. Each sample was analyzed in
triplicate and in each analysis 5 μL of sample solution was loaded onto the column. Two
LC-MSMS measurements of a mixture of 0.5 pmol angiotension I and neurotensin were run
after the triplicate analyses of each sample. The first run was used to clean the column, and
the second run was used to verify the column performance. A total of 42 LC-MSMS
experiments with mouse tissue and organ samples were acquired, and used to quantify
acetylated peptides.

5. Data analyses
Peptide identification—The obtained LC-MSMS data were searched against the mouse
database (IPI_mouse_3.26) with Mascot (version: 2.3.01). The parameters in database
search were: missed cleavage = 3, precursor error tolerance = 15 ppm, fragmentation error
tolerance = 0.6 Da, fixed modification of carbamidomethyl on cysteine, variable
modifications of acetylation on lysine and oxidation on methionine. The false discovery rate
(FDR) was determined in Mascot by enabling decoy database search 44, 45. The acetylated
sites are assigned both by Mascot search and manual verification. In most cases, only a
single possible modification site (internal lysine residue) exists in the peptide sequence,
yielding unambiguous acetylation site assignment. In cases where multiple possible
acetylation sites were assigned by Mascot, manual verification of the MS/MS fragmentation
patterns was used to determine acetylation sites. The mass error distribution between the
observed and the theoretical masses of all identified peptides from the fasted and re-fed
samples are plotted in Supplementary Figure 1. The center and standard deviation of the
acetylated peptide mass error distribution is at 3.5 ppm and 5 ppm, respectively. Many non-
specific binding peptides were identified even after immunoprecipitation, which indicates
mass spectrometric fragmentation and database search identification of the peptides are
necessary to distinguish the acetylated and non-acetylated peptides. Importantly, protease
digestion of total cellular extracts prior to IP, and LC-MSMS analysis of acetylated peptides,
presents an additional level of specificity in the analysis of global acetylation as compared to
the IP of acetylated proteins, since non-specific binders are readily distinguished during the
database search (reviewed in Guan and Xiong32). For example, the use of variable acetyl
modification on lysine side chains during database search allows differentiation of
nonspecific binding peptides and bona fide acetylated lysine-containing peptides. On the
other hand, in the analysis of immunoprecipitated acetylated proteins, non-acetylated
peptides could originate from either specific or non-specific binders which can complicate
the analysis. Non-specific binding proteins could show different abundances after
immunoprecipitation and mistakenly be considered as differentially acetylated proteins
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without mass spectrometry identification of the actual acetylated peptides. In addition,
protease digestion of total cellular extracts prior to IP exposes a greater amount of acetylated
lysine residues and significantly helps to enrich the acetylated peptides. This was seen by
our increased identification of organ specific acetylated proteins in comparison to studies
where spots identified as having increased acetylation are cut out of 1-D or 2-D gels, and
trypsin cleavage is done in gel, followed by extraction of the digested tryptic peptides10, 25.

Label free quantification of the acetylated peptides—Custom software written in-
house called Phosphoman was used for quantification of the acetylated peptides from
multiple samples. Phosphoman was written to enable quantification of peptide results with
Mascot, the existing database search algorithm used in our lab. The data analysis workflow
consists of three major functions including: 1) chromatographic alignment of multiple
sample injections, 2) assignment of peptide sequence identifications to their respective
precursor ion signals, and 3) quantitative analysis of the peptide signals across all data sets.
Each of these functions is described in detail below.

Chromatographic alignment of multiple sample injections: Peptide isotope distributions
from the primary spectra of each run were identified using the feature detection software,
Hardklör26, with a correlation cutoff of 0.9. Persistent peptide isotope distributions (PPIDs)
were acquired for each run by tracing the peptide signals identified with Hardklör that
persisted over at least three consecutive spectra (allowing for a single gap) with a 10 ppm
monoisotopic mass tolerance. For each scan event in which a persistent signal was observed,
the retention time and signal intensity were recorded to create a chromatographic profile for
that PPID. The list of PPIDs for each run could then be aligned with each other by matching
mass within 10 ppm and retention time overlap with a 3 minute tolerance.

Assignment of peptide sequence identifications: Because the mass spectra were acquired
using shotgun methods, a single peptide sequence database was assembled from the pooled
database searching results for all the samples being compared. For a peptide sequence to be
accepted into the database, it must be observed in at least one run with a consistent
chromatographic elution profile. PPIDs were assigned a peptide sequence from the database
if the monoisotopic masses matched within 10 ppm and were within the range of observed
retention times with a 3 minutes tolerance.

Quantitative analysis of the peptide signals: Differences in peptide signal abundance
levels were compared across the different samples analyzed with Phosphoman. The peptide
signal intensity at each scan event of a PPID was summed together to obtain a measurement
of the extracted ion chromatographic (EIC) peak area for that PPID. All the peptides were
used for alignment, however only the modified one were analyzed quantitatively. A scheme
of data analysis is shown in Figure 1b.

Study of the deviation with an internal standard—The deviation caused by sample
preparation and mass spectrometric analyses was carefully studied. An acetylated BSA
sample was prepared as described in a previous report27. An equal amount (15 picomoles) of
the acetylated BSA protein was spiked into each mouse liver sample before the samples
were subjected to trypsin digestion. Therefore, equal amounts of the acetylated BSA
peptides were used as internal standards. Supplementary Figure 2 shows the quantification
results of all the identified acetylated BSA peptides, with sequences indicated. Good overall
reproducibility of the experiment is observed. None of the acetylated BSA peptide log10
ratios fall outside ± 2σ of the distribution of log10 (re-fed/fasted) of liver samples. The
averaged EIC area observed from the re-fed sample is 1.1-fold of that from the fasted
sample and the averaged standard deviation in measured BSA peptide PPID areas is 18%.
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Results
1. Label free quantification

Once an acetylated peptide was identified in one LC-MSMS run, a mass-and-time tag was
given to the peptide to allow its identification in the other LC-MSMS measurements with
the same accurate mass (≤ 10 ppm) and retention time (± 1.5 min)28. For LFQ analyses, EIC
peak areas of each acetylated peptide were compared between different LC-MSMS
experiments. Figure 2 illustrates an example of the acetylated peptide from
hydroxymethylglutaryl-CoA lyase that was identified. The acetylated peptide was identified
by using the LC-MSMS data from the fasted liver sample (Figure 2a). Accurate mass and
retention time was used to extract the specific peptide’s EICs from the other LC-MSMS
runs. Figure 2b was generated with the software Xcalibur with a mass error tolerance of 0.01
Da (< 10 ppm) to illustrate how quantification with Phosphoman was achieved. Phosphoman
does not yield graphical data, but reports only numerical quantification results. Between
different runs, the observed retention time variance is less than 1 minute, which
demonstrates good reproducibility of the LC performance. Integrated EIC peak areas are
listed as “AA” values on top of each EIC peaks. Six EIC traces are from the triplicate runs
of the fasted and re-fed liver tissues respectively. The average areas and standard deviations
were calculated from each group of the triplicate runs. In this case, the average of the fasted
liver sample area is 1.24 × 108 (in arbitrary units) and the standard deviation is 1.36 × 107;
while the average of the re-fed liver sample is 1.17 × 108 and the standard deviation is 0.72
× 107. In addition, Figure 2c shows the quantification results of an acetylated peptide
(FCVGLQK@IEEIFKK) that was found to be altered in abundance (3-fold or greater) with
feeding status. The average peak area of the peptide under the fasting condition is 1.23 × 107

with a standard deviation of 1.91 × 106, and that under the re-feeding condition is 1.31 × 106

with a standard deviation of 4.66 × 105. In this study, 733 acetylated peptides like this
example were identified and automatically quantified in the LFQ approach with the software
Phosphoman. For comparison with existing methods, data obtained from fasted liver
samples were also analyzed with the published software MaxQuant29. The relative peak
areas (area of a specific peptide/the most abundant peptide’s area) and the standard
deviations were calculated with the two software tools respectively (Supplementary Table
1). For most peptides, good agreement in calculated peak areas and standard deviation
values was observed between Phosphoman and MaxQuant results.

2. Mouse acetylome
Here, the acetylome of seven vital mouse tissues harvested under different physiological
conditions (fasting and re-feeding) are reported. Unique peptides identified from protein
groups were clustered together and treated as a single entry. Peptides that have the same
sequence and modification but were reported by Mascot to be modified at different residues
were validated by manual inspection of the specific MSMS fragments that are unique to the
modification positions. Validated peptides with a common sequence but modifications at
different sites are treated as different entries in the table. An index number was given to each
entry. Multiple acetylated peptides from the same protein were grouped in the list, so they
have neighboring index numbers. A total of 733 non-redundant acetylated peptides from 337
mouse proteins were identified with a false discovery rate (FDR) less than 1.5%
(Supplementary Table 2), which constitutes the largest mouse acetylome dataset produced to
date. Previously, Kim et al. and Schwer et al. reported 195 and 287 acetylated proteins from
mouse liver tissues8, 11 and our results have 31 and 86 proteins in common with these
previous reports, respectively.
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3. Tissue specific acetylome profiles
A goal of this study was to investigate the acetylation sites observed in multiple mouse
tissues and organs and to quantify acetylation level changes upon fasting to re-fed transition.
Thus, a challenge in the analysis was to visualize a large number of acetylation sites, how
they changed with feeding status, and how they did so across tissue types or organs. To
achieve a comparison that can be more readily visualized, a reduced number of identified
acetylated peptides are displayed from 23 metabolic and chaperone proteins. Since this work
involved a fasting to re-fed transition, metabolic proteins were considered most relevant for
the comparison across multiple organs, and these 21 metabolic and 2 chaperone proteins
were selected based on prior knowledge of function. Selection of peptides from this set of
proteins resulted in 127 acetylated peptides (Table 1). Each panel in Figure 3 illustrates one
organ-specific acetylome profile of the 23 selected proteins identified in these experiments,
where extracted ion chromatographic peak areas from each peptide were derived through
analysis with Phosphoman and were used for quantification. In each panel, all signals were
normalized to the most abundant acetylated peptide from this subset observed in that tissue
or organ, and standard deviations were calculated from triplicate LC-MSMS experiments.
Peptides from the same protein are grouped and shaded with white or gray background. The
selected 23 proteins are indicated with single letters on top of each group of peptides and the
protein names are listed in Figure 3. Acetylation sites on several peptides were observed to
be common across different tissues. For example, peptides 23 and 24 from ATP synthase
coupling factor 6 (F6) have high abundance in all the samples, regardless of tissue types and
feeding status. However in many other cases, the same acetylated peptide shows remarkably
different abundance levels in different tissues (see Discussion). For example, these include
acetylated peptides 57 (from protein Hydroxymethylglutaryl-CoA lyase) and 127 (from
Glycine cleavage system H protein) that show abundant, but opposing trends in liver and
brown adipose tissues and yet appear absent or less abundant in other tissues. Global
measurements on protein levels including the substrates for acetylation identified here will
enable determination of the extent of differential protein acetylation that exists in each
tissue. Nonetheless, measurements on protein acetylation patterns themselves may be
important for improved understanding of tissues-specific energy sensing mechanisms and
energy homeostasis.

4. Comparison of mouse metabolic acetylome under different feeding conditions
Changes of the observed levels of acetylated peptides under fasting and re-feeding
conditions are visualized by plotting the log10 (re-fed/fasted) values of the areas of the
acetylated peptides in Figure 4. The same acetylated peptides from those metabolic and
chaperone proteins plotted in Figure 3 are used in generating Figure 4. The sequences and
protein origins of these peptides are listed in Table 1, and their index values are used as the
x-axis in Figure 4. For an identified acetylated peptide in a specific tissue, the quantified
EIC area from the re-fed sample was divided by that from the fasted sample. Log10 (re-fed/
fasted) higher than or lower than 0 indicates the acetylated peptide abundance is increased or
decreased in the re-fed sample, respectively. Similar to Figure 3, the peptides from the same
protein are grouped and shaded to allow visualization of multiple sites for each protein.
Furthermore, to determine which acetylated peptides appeared with the highest altered
abundance levels, measurements on the distributions of the log10 (re-fed/fasted) data were
performed. For each tissue or organ, data from all the quantified peptides were used to plot
the distribution of the log10 values. For example, Figure 5 illustrates the distribution derived
from the liver data. Most log10 (re-fed/fasted) values are clustered at 0.027 (approximately
1:1 of re-fed: fasted), only a few are distant from the distribution center. The average and
standard deviation were then calculated from the distribution plot. Acetylated peptides with
ratios greater than ± two standard deviations from the mean were selected as those with the
top 5% largest changed levels (> 3-fold change, more discussion in the supplementary file).
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In this way, a total of 58 acetylated peptides were found to show the greatest altered levels
under fasted/re-feeding conditions (> 3-fold change) from seven tissues or organs, among
which 31 peptides are from the 23 selected metabolic proteins and chaperones (listed in
Table 2 and marked with * in Figure 4). Excitingly, many of the log10 (re-fed/fasted) values
for insulin sensitive tissues, such as liver, brown adipose and skeletal muscle are negative,
which indicates acetylation levels for a majority of proteins are decreased in these tissues
under the re-feeding condition. On the other hand, insulin insensitive organs like kidney and
brain show the opposite trend and the log10 (re-fed/fasted) values of many proteins are
observed to be positive. This suggests that re-fed/fasted acetylation changes reflect tissue-
specific fuel utilization changes (metabolic flexibility), rather than being an indicator of
tissue or organ specific insulin effects. For example, if insulin-specific effects were the only
cause for the shift in acetylation patterns between fasted and re-fed conditions, one might
expect that insulin insensitive organs to exhibit little or no change upon re-feeding. The
altered abundance levels of the acetylated peptides may be resultant from the altered
acetylation levels in the fasted and re-fed mice, and/or altered protein levels. To investigate
this, catalase and alcohol dehydrogenase protein levels in fasted and re-fed mouse liver
samples were measured with western blot analyses (Supplementary Figure 3). The
quantification results show that the protein levels are unaltered, while the acetylation levels
detected on peptides from these proteins appear with fasted-to-fed ratios among the top 5%
of all those measured (greater than 3-fold change). In addition, it should be noted that
differential regulation of these proteins on a tissue-specific basis, whether that includes PTM
levels, protein abundance levels or both implicates differing functional role of these species
in each tissue under different feeding conditions. This in itself presents a novel and exciting
result that can impact understanding of metabolic regulation in a new way. Furthermore in
several cases, many peptides from a given protein were identified as acetylated; however
only one or a couple were found to change more than 3-fold. For example, 2–10 acetylated
peptides were quantified from protein G (ATP synthase F6) from each tissue or organ;
however the re-fed/fasted ratios for most peptides hover around 1:1 in all the cases except
for peptide 25 in skeletal muscle. Another example is protein I (creatine kinase M-type). In
this case, the difference between muscle and the other tissues is dramatic. In skeletal and
heart muscle, more than 10 acetylated peptides of creatine kinase were quantified; however
none of those peptides could be quantified in any of the other tissues. Such observation
illustrates excellent agreement with the known tissue-specific expression since this protein is
found with expression in skeletal muscle much higher than in any other tissue and agrees
with the finding of creatine kinase M acetylation in an earlier report25. On the peptide level,
from the 19 quantified acetylated peptides from creatine kinase M-type in skeletal muscle,
the level changes of only 2 were found to change greater than 3-fold, while the other 17
appear unchanged. Such observation highlights the significance of acetylation on those two
specific sites. In another case, different subunits of a complex were acetylated in different
tissues. For example, the F6 subunit of the peripheral arm of the ATP synthase complex49

was hyperacetylated in skeletal muscle, whereas the oligomycin sensitivity conferral protein
(OSCP) of the peripheral arm was hyperacetylated in kidney, but hypoacetylated in liver.
Further investigations of three-dimensional structures of these acetylated lysine sites may
reveal key mechanisms relevant to protein function and how they can be modulated by
acetylation under different physiological conditions.

Figure 6 shows the proteins with greater than 3-fold differences in acetylation between the
fasted and re-fed states in the context of metabolism, including fatty acid oxidation,
glycolysis, the citric acid cycle and oxidative phosphorylation. Table 3 also shows that there
were organ specific differences in these proteins with the biggest number of proteins
detected in kidney, brown adipose and liver. From Table 3 and Figure 6 it appears that many
of the enzymes with differences in the abundance of acetylated peptides between the fasted
and re-fed state are involved in the production of acetyl CoA or its consumption in the TCA
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cycle and oxidative phosphorylation. The majority of the metabolic proteins with differences
in the abundance of acetylated peptides are detected in one organ only. The exceptions are
the OSCP of FoF1-ATP synthase (kidney and liver) and hydroxymethylglutaryl-CoA lyase
(HMGCL) (kidney and brown adipose), and the mitochondrial voltage dependent anion
channel 1 (mVDAC1) (liver and heart).

Discussion
Approximately 2000 acetylated proteins have been previously identified in mammalian
cells, and metabolic enzymes are highly represented7, 9, 30, 31. It has been postulated, mainly
on the basis of liver proteomic studies, that acetylation serves to coordinate flux in the
central metabolism network, as nearly all enzymes involved in glycolysis, gluconeogenesis,
the TCA cycle, fatty acid oxidation, the urea cycle, glycogen metabolism, OXPHOS, and
amino acid metabolism are acetylated (reviewed in Guan and Xiong32, and Patel et al30).
The global tissue and organ specific metabolic acetylome data we have collected,
summarized in Table 3 and Figure 6, is more extensive than has been done previously, and
suggests something further, that changes in lysine acetylation may control tissue specific
fuel switching between the fasted and fed states. Between the fasted and re-fed states, our
results showed a large number of proteins with greater than 3-fold differences in the
abundance of their acetylated peptides in metabolic pathways of the TCA cycle, β-oxidation,
oxidative phosphorylation and glycolysis, as well as associated chaperones and transport
proteins. Furthermore, these differences were organ specific, and heavily mitochondrial
biased (Table 3), even though our global technique used whole tissue and did not enrich for
mitochondria (Figure 1). Lysine acetylation has been associated with increases or decreases
in protein activity9,31–33, and it will require metabolomic and fluxomic profiling to
distinguish whether organs showed different metabolic responses to the fasted to re-fed
transition that correlated positively or negatively with acetylation. Certainly, studies
showing acetylation of malate dehydrogenase (MDH2) increases in response to glucose, and
deacetylation of MDH2 decreases its activity9, support regulation of TCA cycle flux by
acetylation in response to glucose changes that can occur with fasting and re-feeding.
Considerations of TCA cycle flux regulation will require both metabolic profiling and
fluxomic studies as while MDH2 activity is increased by acetylation, deacetylation of the
SdhA subunit, key for coupling TCA cycle flux to the OXPHOS chain, increased the
Complex II activity33.

One might speculate on the tissue specific effects of acetylation, based on our fasted/re-fed
data (described in Fig. 4). For example, in skeletal muscle, glycolysis and creatine
phosphorylation should be more active in the re-fed state34, 35, where we see decreases of
acetylation levels in creatine kinase M-type and fructose-bisphosphate aldolase A. Thus,
acetylation may be used to negatively regulate these enzyme activities in times when blood
glucose levels drop, decreasing demands for glycolysis and energy storage. On the other
hand, the increased re-fed/fasted acetylation of ATP synthase F6 may facilitate the synthesis
of ATP for the fed state. In heart muscle, VDAC1, the voltage-dependent anion-selective
channel, is hypoacetylated. VDACs behave as a general diffusion pore for small hydrophilic
molecules, with a voltage-dependent switch between an anion-selective high-conductance
state with high metabolite flux and a cation-selective low-conductance state with limited
passage of metabolites. It may be that acetylation restricts the passage of metabolites, which
would be increased for the fasted to fed transition. Heart MDH2 is hyperacetylated, in
agreement with the increased TCA cycle flux expected for the fed vs. fasted state. For liver,
the decreased re-fed/fasted acetylation for cytochrome c oxidase subunit 4, ATP synthase
OSCP subunit, VDAC1, enoyl CoA hydratase 1 (ECH1), and alcohol dehydrogenase (ADH)
may all serve to maximize fuel storage, and energy generation in the fasted to fed transition.
As shown in Figure 6, ECH1 activity is key to unsaturated fatty acid oxidation, and it is
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known that acetylation increases the activity of another enzyme of fatty acid oxidation,
enoyl-coenzyme A hydratase/3-hydroxyacyl-coenzyme A (EHHADH)9. Therefore, in the
fed state, where fatty acid synthesis is active, it is logical that ECH1 is hypoacetylated, with
presumably decreased activity. ADH may help funnel glycerol (increased from hydrolysis of
triglycerides in the intestine after re-feeding) into the glycolytic pathway (Figure 6), and
presumably hypoacetylation would increase ADH activity. Detailed discussion on the
acetylation changes in many other proteins in different organs or tissues are included in the
supplementary discussion. It is important to note however, that altered levels of acetylated
peptides identified here include both biologically-significant level changes and those due to
normal biological variation. Thus while not conclusive, the acetylation sites identified in this
manuscript serve as useful guide for further biological studies and for the first time, show
the variability in acetylation site levels that exists within different tissues from the same
animals.

Conclusion
Lysine acetylation is emerging as a critical PTM found in many areas and may be part of a
fasted/re-fed feedback control system for metabolic network regulation fuel switching. Thus,
proteome studies are critical to elucidate and help understand the functional roles fulfilled by
protein acetylation. This study presents the most comprehensive acetylome data from a set
of mouse organs produced to date. Seven hundred and thirty-three acetylated peptides from
337 mouse proteins were identified and quantified, many of which are likely relevant to
fasted/re-fed transition and fuel switching. From this comprehensive acetylome dataset, a
new view is attained revealing previously unrecognized differential acetylation that is
present in various organs or tissues derived from the same set of animals. Different organs
such as liver, brown and white adipose, skeletal and heart muscle, kidney and brain show
dramatic variation in quantitative profiles of acetylated peptides under differential feeding
conditions. A total of 58 acetylated peptides changed 3-fold or greater under fasted/re-fed
conditions, 31 of which are from metabolic proteins or chaperones. These acetylated sites
represent a valuable set of targets to guide future research on fuel switching and molecular
pathways relevant to metabolic disorders.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Experimental Scheme. Seven tissues or organs from the same 5 fasted or re-fed mice were
pooled, homogenized and lysed. Different samples were normalized using the same starting
amount of total protein. Thirty milligrams of protein from each sample were reduced and
alkylated, trypsin digested, and anti-acetylated lysine antibody beads were used for
immunoprecipitation from the digested protein sample supernatants. The enriched
acetylation products were fractionated with UPLC (nanoAcquity Waters, Milford, MA) and
analyzed with a built-in-house Velos-FT mass spectrometer24 (see Methods).
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Figure 2.
An example of LFQ analysis of the acetylated peptides
2a. Identification of the acetylated peptide DGLQNEK@SIVPTPVK with the LC-MSMS
data and Mascot database search. The modified lysine residue is marked with @.
2b. EIC peaks of the acetylated peptide DGLQNEK@SIVPTPVK with the retention time
and peak areas labeled. The retention time shift is less than 1 min. The peak areas are used
in the LFQ analysis.
2c. An example of a peptide with altered abundance observed during fasted-to-fed transition:
FCVGLQK@IEEIFKK.
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Figure 3.
Fasted and re-fed tissue-specific mouse acetylome profiles of the selected 127 acetylated
peptides from the 23 metabolic proteins and chaperones. x-axis: the index number of the
selected 127 acetylated peptides, y-axis: relative EIC area (the EIC area of a specific
acetylated peptide divided by that of the most abundant acetylated peptide from the selected
proteins in that tissue). Blue bars indicate the fasted state, pink bars the re-fed state. Shown
panels are: a. liver, b. brown adipose, c. white adipose, d. heart muscle, e. skeletal muscle, f.
kidney, g. brain. The peptides from the same protein are grouped, and the proteins are
indicated with single letters.
A: Aconitate hydratase, mitochondrial precursor (ACO2)
B: Cytochrome c oxidase subunit 4 isoform 1, mitochondrial precursor (COX4)
C: Cytochrome b5 type B precursor (Cyb5b)
D: Electron transfer flavoprotein subunit beta (β-ETF)
E: Isoform Pl-VDAC1 of Voltage-dependent anion-selective channel protein 1 (VDAC1)
F: ATP synthase O subunit, mitochondrial precursor (OSCP)
G: ATP synthase coupling factor 6, mitochondrial precursor (F6)
H: Creatine kinase, sarcomeric mitochondrial precursor (S-MtCK)
I: Creatine kinase M-type (M-CK)
J: Hydroxymethylglutaryl-CoA lyase, mitochondrial precursor (HMGCL)
K: Product of the ECH1 gene, Delta(3,5)-Delta(2,4)-dienoyl-CoA isomerase, mitochondrial
precursor (ECH1)
L: Dihydrolipoyllysine-residue succinyltransferase component of 2-oxoglutarate
dehydrogenase complex, mitochondrial precursor (α-KGDH)
M: Acetyl-CoA acetyltransferase, mitochondrial precursor (ACAT1)
N: Fructose-bisphosphate aldolase A (ALDOA)
O: Hydroxyacyl-Coenzyme A dehydrogenase/3-ketoacyl-Coenzyme A thiolase/enoyl-
Coenzyme A hydratase (Trifunctional protein), alpha subunit (TP-α)
P: L: Stress-70 protein, mitochondrial precursor (GRP-75)
Q: 60 kDa heat shock protein, mitochondrial precursor (HSP-60)
R: Malate dehydrogenase, mitochondrial precursor (MDH2)
S: Propionyl-CoA carboxylase alpha chain, mitochondrial precursor (PCCA-α)
T: Alcohol dehydrogenase (ADH)
U: D-dopachrome decarboxylase (DDT)
V: Catalase (CAT)
W: Glycine cleavage system H protein, mitochondrial precursor (GCSH)
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Figure 4.
Log10 (re-fed/fasted) values of the acetylated peptide EIC areas in different tissues. Shown
panels are: a. liver, b. brown adipose, c. white adipose, d. heart muscle, e. skeletal muscle, f.
kidney, g. brain. The peptides from the same protein are grouped, and the proteins are
indicated the same as in Figure 3.
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Figure 5.
Distribution plot of the liver log10 (re-fed/fasted) data. The center of the distribution is
0.027, and the standard deviation is 0.267.
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Figure 6.
Differences in tissue-specific acetylation of enzymes, transporters and chaperones of
bioenergetic pathways in the cytoplasm and mitchondrial matrix between fasted and re-fed
mice. Proteins showing a re-fed:fasted ratios of the extracted ion chromatographic peak
areas for the persistent peptide isotope distributions greater than 3 are shown as an up arrow
(⇑) and less than 0.33 as a down arrow (⇓), The proteins are color-coded according to
tissue: brain (blue), brown fat (brown), heart muscle (red), kidney (green), liver (cyan) and
skeletal muscle (magenta). Proteins showing no differential acetylation are shown as grey
circles.
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