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Abstract
Mitochondria integrate metabolic networks for maintaining bioenergetic 
requirements. Deregulation of mitochondrial metabolic networks can lead to 
mitochondrial dysfunction, which is a common hallmark of many diseases. Reversible 
post-translational protein acetylation modifications are emerging as critical 
regulators of mitochondrial function and form a direct link between metabolism 
and protein function, via the metabolic intermediate acetyl-CoA. Sirtuins catalyze 
protein deacetylation, but how mitochondrial acetylation is determined is unclear. 
We report here a mechanism that explains mitochondrial protein acetylation 
dynamics in vivo. Food withdrawal in mice induces a rapid increase in hepatic 
protein acetylation. Furthermore, using a novel LC–MS/MS method, we were able 
to quantify protein acetylation in human fibroblasts. We demonstrate that inducing 
fatty acid oxidation in fibroblasts increases protein acetylation. Furthermore, 
we show by using radioactively labeled palmitate that fatty acids are a direct 
source for mitochondrial protein acetylation. Intriguingly, in a mouse model that 
resembles human very-long chain acyl-CoA dehydrogenase (VLCAD) deficiency, 
we demonstrate that upon food-withdrawal, hepatic protein hyperacetylation is 
absent. This indicates that functional fatty acid oxidation is necessary for protein 
acetylation to occur in the liver upon food withdrawal. Furthermore, we now 
demonstrate that protein acetylation is abundant in human liver peroxisomes, an 
organelle where acetyl-CoA is solely generated by fatty acid oxidation. Our findings 
provide a mechanism for metabolic control of protein acetylation, which provides 
insight into the pathophysiogical role of protein acetylation dynamics in fatty acid 
oxidation disorders and other metabolic diseases associated with mitochondrial 
dysfunction.
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Introduction
Post-translational modifications (PTMs) arm the cell with a highly dynamic 

mechanism for regulation of cellular pathways. One of the frequently modified 
residues is lysine, which is targeted by a variety of PTMs, including ubiquitination, 
methylation, biotinylation and acetylation. Among these PTMs, lysine acetylation 
has proven to be a major regulatory mechanism of metabolic pathways (Lundby 
et al., 2012; Wang et al., 2010b; Zhao et al., 2010). Acetylation is a reversible 
modification which involves the transfer of an acetyl group to ε-amino group of 
lysines. It was first characterized on histones and has been known for decades as 
an essential regulatory mechanism of chromatin dynamics (Strahl and Allis, 2000). 
Recently, numerous large-scale proteomic studies have identified abundant lysine 
acetylation on proteins located particularly in mitochondria and on metabolic 
enzymes in general (Choudhary et al., 2009; Hebert et al., 2013; Kim et al., 2006b; 
Strahl and Allis, 2000). Functional studies have also shown that mitochondrial 
enzymes are regulated by acetylation (Hirschey et al., 2010; Nakagawa et al., 2009; 
Shimazu et al., 2010; Someya et al., 2010; Yu et al., 2009; Zhao et al., 2010). Among 
these are enzymes in the urea cycle, TCA cycle, fatty acid oxidation and ketogenesis 
(Hirschey et al., 2010; Nakagawa et al., 2009; Shimazu et al., 2010; Someya et al., 
2010; Yu et al., 2009; Zhao et al., 2010). The physiological significance of lysine 
acetylation is further underscored by its evolutionary conservation from bacteria to 
humans (Weinert et al., 2013a; Zhang et al., 2009a). 

Schwer et al. (Schwer et al., 2009) were the first to report that mitochondrial 
lysine acetylation can globally change with metabolic conditions. In livers of mice 
subjected to caloric restriction (CR), lysine acetylation increased as compared with 
mice fed a normal diet (Schwer et al., 2009). In other studies it was shown that high-
fat diet feeding and chronic ethanol consumption also resulted in global hepatic 
lysine hyperacetylation (Fritz et al., 2012; Hirschey et al., 2011). Furthermore, 
recent quantitative large-scale proteomics demonstrated that upon CR indeed the 
majority of differentially acetylated proteins have increased acetylation (Hebert et 
al., 2013). These findings suggest there is a link between the metabolic state of the 
cell and the level of protein acetylation.

The acetylation state of mitochondrial proteins is controlled by the mitochondrial 
deacetylase SIRT3, which removes acetyl groups from lysines in a NAD+-dependent 
manner. SIRT3 is a member of the sirtuin family and one of the three sirtuins 
localized in the mitochondria, the other two being SIRT4 and SIRT5 (Haigis et al., 
2006). From the three mitochondrial sirtuins, SIRT3 is the only one to possess 
robust deacetylase activity on multiple proteins (Hebert et al., 2013; Hirschey et 
al., 2010; Shimazu et al., 2010; Sol et al., 2012; Someya et al., 2010; Yu et al., 2009). 
On the contrary to deacetylation, little is known about how lysine acetylation is 
catalyzed in mitochondria. Recent studies have indicated that GCN5L1 might 
play a role in mitochondrial lysine acetylation (Scott et al., 2012), but additional 
components might be necessary for regulating lysine acetylation as well. The fact 
that mitochondrial metabolism generates large amounts of acetyl-CoA have led to 
speculations that mitochondrial acetylation can occur non-enzymatically (Cai and 
Tu, 2011; Guan and Xiong, 2011; He et al., 2012; Huang et al., 2010; Wellen and 
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Thompson, 2012). Indeed, in vitro experiments in cell lysates have suggested that the 
chemical conditions in mitochondria are favorable for non-enzymatic mitochondrial 
lysine acetylation (Wagner and Payne, 2013). However, in vivo evidence for a non-
enzymatic lysine acetylation mechanism in mammals is lacking.

We have now uncovered a mechanism that explains mitochondrial lysine 
acetylation dynamics in mouse liver and human cells. We provide in vivo evidence 
that liver hyperacetylation directly relies on fatty acid oxidation flux. Mice deficient 
in fatty acid oxidation are unable to increase acetylation upon fasting and by using 
radioactively labeled palmitate, we show that fatty acids are the direct source of 
acetyl units for lysine acetylation in the mitochondria. Furthermore, we are the first 
to demonstrate that lysine acetylation is abundant in human liver peroxisomes, an 
organelle where acetyl-CoA is solely generated by fatty acid oxidation.

Results

Hepatic protein acetylation increases in response to food withdrawal
To adapt to periods of nutrient deprivation, the liver switches from carbohydrate 

utilization and lipogenesis to fatty acid oxidation and ketone body production 
(McGarry and Foster, 1980). To evaluate how this metabolic switch influences 
hepatic protein acetylation, we studied acetylation dynamics in the mouse liver 
during fasting. For this end, we fasted mice for up to 16 h. To monitor the fasting 
response we measured glucose and ketone body (3-hydroxybutyrate) levels in 
plasma at different time intervals during food withdrawal. Blood glucose levels 
declined rapidly in the first 6 h of fasting from 11 to 7 mmol/l and continued to 
gradually decrease throughout the fasting period down to 5 mmol/l (Fig. 1A). The 
levels of 3-hydroxybutyrate in plasma started to increase after 4 h of fasting to 0.2 
mmol/l and further increased during the period of fasting to 1.4 mmol/l after 16 
h (Fig. 1B), indicating increased rates of hepatic fatty acid oxidation. Interestingly, 
hepatic acetylation globally increased during the period of food withdrawal. Protein 
acetylation increased 2.4-fold already 4 h after food withdrawal, which coincided 
with the first observed elevation of plasma ketone body levels. After 16 h of food 
withdrawal, hepatic protein acetylation had increased even further up to a total of 
3-fold induction upon food withdrawal (Fig. 1C).

Quantitative analysis of protein acetyllysine
Next, we wanted to study protein acetylation dynamics in human cells. For this 

we set-up an alternative methodology to analyze quantitative lysine acetylation, 
that does not rely on the use of antibodies. This method is based on digesting 
proteins or cell lysates with pronase to yield free amino acids, followed by analysis 
of lysine and acetyllysine by LC–MS/MS. Previously, similar methods were used to 
identify histone acylation dynamics (Edrissi et al., 2013). We validated our method 
by spiking samples with N(ε)-acetyllysine and by chemically acetylating purified 
glutamate dehydrogenase (GDH) followed by western blot analysis or LC–MS/MS 
analysis. Incubation of purified GDH with pronase at 37oC O/N resulted in formation 
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of lysine in a reproducible manner (Fig. 2A).
Incubation with pronase alone did not produce significant amounts of lysine, 

indicating that autoproteolysis of pronase to single lysine did not contribute to a large 
extent to the observed lysines that were released by digesting GDH. Furthermore, 
spiking the samples with either 0.1 or 1 nmol acetyllysine resulted in a recovery of 
80–100% of added acetyllysine (Fig. 2B), demonstrating that acetyllysine is stable 
during pronase incubation, acetyllysine extraction and LC–MS/MS analysis. An 
intriguing aspect of our analysis is that we are now able to provide stoichiometric 
data on acetyllysine over lysine levels in single proteins and in lysates. In purified 
bovine GDH 1 out of 500 lysines was acetylated (Fig. 2A and B). 

To demonstrate the quantitative nature of our method we first chemically 
acetylated GDH (Fig. 2C). Quantitating acetyllysine signals from the western blot 
showed that incubating GDH with acetic anhydride resulted in a gradual increase 
of acetylation when using up to 5 mM acetic anhydride (Fig. 2D). Incubating 
with 10 mM acetic anhydride did not increase acetylation any further (Fig. 2D). 
Analyzing chemically acetylated GDH by pronase incubation and LC–MS/MS 

Figure 1. Hepatic protein acetylation increases in response to food withdrawal. (A–C) Mice 
were subjected to food withdrawal for up to 16 h. Levels of blood glucose (A); plasma ketone bodies 
(3-hydroxybutyrate) (B); and hepatic protein acetylation (C) were measured at different time intervals.
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analysis, demonstrated a similar acetylation increase (Fig. 2E). Comparing analysis 
of acetylation levels by western blot with analysis of acetylation levels by LC–MS/
MS analysis gave a linear correlation (R2 = 0.97). Thus, our method reliably analyzes 
quantitative lysine acetylation, which is suited for analysis of quantitative global 

Figure 2. Quantitative measurements of acetylated lysines. (A and B) Purified bovine GDH was 
incubated with and without pronase and addition of acetyllysine (AcK) spikes at 0.1 and 1 nmol, 
followed by lysine analysis (A) and acetyllysine analysis (B). (C) GDH was acetylated in vitro using 
increasing concentrations (0–10 mM) of acetic anhydride followed by analysis of lysine acetylation by 
western blot. GDH was detected by Coomassie staining. (D) Quantification of acetyllysine signals from 
C. (E) Acetyllysine/lysine ratios (AcK/total K) were analyzed by LC–MS/MS after pronase incubation. 
(F) Correlation of western blot acetylation analysis and LC–MS/MS analysis.
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lysine acetylation in human cells.

Acetylation increases in fibroblasts with activated fatty acid oxidation
We quantified acetylated lysines in human fibroblasts cultured in low glucose 

medium containing palmitate and carnitine or in regular high glucose medium for 96 
h. Incubating fibroblasts in low glucose medium containing fatty acids and carnitine, 
induces ametabolic state characterized by high fatty acid oxidation flux  (Ventura et 
al., 1999). We analyzed protein-derived lysine (Fig. 3A) and acetyllysine (Fig. 3B) in 
five independent human fibroblasts cell lines. Lysine levels were not significantly 
different between Dulbecco’s modified Eagle medium (DMEM) and minimal 
essential medium (MEM)/palmitate conditions (Fig. 3A), whereas acetyllysine 
levels were significantly higher inMEM/palmitate conditions (Fig. 3B). Therefore, 
the acetyllysine/lysine ratio was higher in MEM/palmitate conditions as compared 
with DMEM (Fig. 3C). This indicated that MEM/palmitate conditions induced global 
lysine acetylation levels.

Figure 3. Acetylation increases in fibroblasts with 
activated fatty  acid oxidation. Five human dermal 
fibroblast cell lines were used to analyze lysine 
acetylation upon culturing cells in either rich DMEM 
containing high glucose (25 mM) and 10% FBS (white 
bars: DMEM) or in palmitate/carnitine containing 
MEM with low glucose (5 mM) and without FBS (black 
bars: MEM + palmitate). (A) Protein-derived lysine 
levels in pronase treated cell lysates analyzed by LC–
MS/MS (mean ±SEM, n = 5). (B) Acetyllysine levels 
in pronase treated cell lysates analyzed by LC–MS/MS 
(mean±SEM, n = 5 and *** indicates P < 0.001). (C) 
Ratio of acetyllysine/lysine derived from the data 
presented in (A) and (B) (mean ± SEM, n = 5 and *** 
indicates P < 0.001).
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Protein acetylation is abundant in mitochondria and peroxisomes
Since most experiments on in vivo lysine acetylation are performed in mice and 

relatively little is known about lysine acetylation in human tissue, we wanted to 
verify lysine acetylation distribution in organelles of human liver. To obtain detailed 
information on organellar distribution of protein acetylation outside of the nucleus 
in human tissue, we generated a post-nuclear supernatant (PNS) from human liver 
and separated peroxisomes and mitochondria from ER, lysosomes and cytosol. 
Using antibodies against catalase, electron transfer flavoprotein (ETF), endoplasmic 
reticulum protein 72 (ERp72) and lysosomal-associated membrane protein 1 
(LAMP1), clear separation of organelles was verified (Fig. 4A).We observed abundant 
acetylation of proteins in fractions containing peroxisomes and mitochondria, 
whereas acetylation was much lower in ER/lysosomal and cytosolic protein fractions 
(Fig. 4B). These differences could not be accounted for by differences in protein 
loading, because equal amounts of protein were loaded (Fig. 4C).

Interestingly, mitochondria and peroxisomes are metabolically active organelles 
and both are characterized by a high capacity for fatty acid oxidation. Combined 
with our observation that lysine acetylation seems to be correlated with a metabolic 

Figure 4. Acetylation is abundant in mitochondria and peroxisomes in human liver. Western blot 
analysis of peroxisomal, mitochondrial, ER-lysosomal and cytosolic fractions of human liver obtained 
by fractionation of post-nuclear supernatants using nycodenz gradient centrifugation. (A) Catalase 
(peroxisomes), ETF (mitochondria), ERp72 (ER) and LAMP1 (lysosomes) were used as organellar 
protein marker. Equal amounts of protein were loaded in each lane. (B) Lysine acetylation levels in 
different organelles of human liver analyzed with α-acetyllysine western blot. Equal amounts of protein 
were loaded in each lane. (C) Coomassie staining of samples in (A) and (B).
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condition characterized by high rates of fatty acid oxidation, we hypothesized that 
levels of protein acetylation might be correlated with the capacity of an organelle 
to oxidize fatty acids.

Acetyl-CoA generated by fatty acid oxidation directly provides acetyl units for 
mitochondrial protein acetylation

To determine whether the observed hyperacetylation during fasting indeed 
relies on acetyl-CoA generated by fatty acid oxidation, we set-up a cell model in 
which we could track acetyl units generated from fatty acids to protein acetyl 
groups. To induce a metabolic state in cells that is characterized by high fatty acid 
oxidation rate, Fao liver cells were cultured in fatty acid and carnitine-rich medium. 
To evaluate our model conditions we compared palmitate oxidation in cells cultured 
either in glucose-rich or fatty acid-rich medium. As expected, in fatty acid-rich 
medium the cells exhibited a high rate of palmitate oxidation, whereas in glucose-
rich medium, palmitate oxidation was almost absent (Fig. 5A). Because previously 
Wellen et al. (Wellen et al., 2009) demonstrated that acetyl units derived from 
glucose can be a source for nuclear histone acetylation, we wanted to verify this 
in our model system. Indeed, H3K9 and H4K8 were more acetylated in glucose-rich 
medium than in fatty acid-rich medium (Fig. 5B). 

To test our hypothesis that fatty acids directly contribute acetyl units 
for acetylation ofmitochondrial proteins,we exposed cells to 14C-labeled 
palmitate in carnitine-depleted and carnitine-rich medium (Fig. 5C). Next, we 
isolated mitochondrial and cytosolic fractions, purified acetylated proteins by 
immunoprecipitation using antibodies against acetylated lysines and analyzed 
14C-label incorporation into acetyl groups of proteins by autoradiography (Fig. 5C). 
To verify the subcellular fractionation we measured activities of marker enzymes 
GDH and lactate dehydrogenase (LDH) for mitochondria and cytosol respectively. 
Using differential centrifugation, we obtained significantly enriched mitochondrial 
and cytosolic fractions with, 10% contamination of mitochondrial fraction with 
cytosol and vice versa (Fig. 5D).

Because we used carnitine-depleted medium, the oxidation rate of palmitate 
was significantly increased during the 18 h of incubation when carnitine was 
supplemented to the cells (Fig. 5E). We loaded both the total cell lysate and purified 
acetylated proteins on sodium dodecyl sulphate-polyacrylamide gel electrophoresis 
(SDS-PAGE) gel and analyzed 14C-label incorporation with autoradiography. We 
observed that incorporation of 14C-label into mitochondrial and cytosolic proteins 
fromtotal cell lysate directly depended on carnitine supplementation and thus 
on palmitate oxidation, as it was considerably lower in cells cultured in carnitine 
depleted medium (Fig. 5F). To analyze palmitate driven acetylation we looked 
at autoradiography of purified acetylated proteins (Fig. 5G). Interestingly, label 
incorporation into acetylated proteins was considerably higher in mitochondrial 
fractions in comparison to cytosolic fractions and it was also carnitine dependent 
(Fig. 5G). This demonstrates that acetyl-CoA produced from palmitate oxidation can 
be directly used for protein acetylation and that palmitate derived acetylation is to 
great extent mitochondrial.
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Figure 5. Acetyl-CoA generated by fatty acid oxidation directly provides acetyl units for 
mitochondrial protein acetylation. (A) Palmitate oxidation rate in Fao hepatoma cells subjected to 
glucose-rich and fatty acid-rich culture conditions. Glucose-rich medium contained 5.6 mM glucose 
and dialyzed serum, whereas medium for fatty acid-rich conditions contained 5.6 mM galactose, 50 µM 
carnitine, 100 µM palmitate and dialyzed serum. The rate was assessed by measuring 3H2O generated by 
oxidation of [9,10-3H]-palmitate (mean ± SEM, n = 3 and ** indicates P < 0.01). (B) Acetylation levels of 
H3K9 and H4K8 in Fao cells in glucose-rich and fatty acid-rich conditions. (C) Graphical summaryof 
the 14C-labeled mitochondrial protein acetylation generated through 14C-palmitate oxidation and 
experimental set-up. Fao cells were grown in fatty acid-rich conditions in medium containing 
14C-palmitate, with and without carnitine supplementation for 18 h. Acetylated proteins were purified 
using α-acetyllysine immunoprecipitation, resolved by SDS-PAGE and 14C incorporation into acetylated 
proteins was analyzed using radiography. (D) Distribution of cytosolic marker LDH and mitochondrial 
marker GDH in organellar fractions after fractionation of Fao cells by differential centrifugation. (E) 
Palmitate oxidation rate in Fao cells with and without carnitine supplementation. The rate was assessed 
by quantifying 14C incorporation into CO2 (mean ± SEM, n = 4 and ** indicates P < 0.01). (F and G) 
Radiography of 14C incorporated into total cell lysates (F) and acetylated proteins (G) in mitochondrial 
and cytosolic fractions from cells exposed to 14C-palmitate with and without carnitine supplementation.
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Fatty acid oxidation is essential for hepatic hyperacetylation in mice
Our in vitro experiments demonstrate that acetyl-CoA generated by fatty acid 

oxidation serves as a source of mitochondrial protein acetylation and therefore 
we reasoned that fatty acid oxidation flux could be a determining factor of 
mitochondrial protein acetylation levels. To examine this in vivo, we investigated 
acetylation dynamics in mouse models with defective fatty acid oxidation. First we 
analyzed acetylation in the livers of mice lacking peroxisome proliferator-activated 
receptor alpha (PPARα). PPARα is essential for the metabolic switch that takes place 
during fasting as it induces amongst others the expression of genes involved in 
mitochondrial and peroxisomal fatty acid oxidation in response to high lipid influx 
into the liver. 

Figure 6. Hepatic protein hyperacetylation does not occur in mice deficient in fatty acid oxidation. 
(A) Protein acetylation levels in liver lysates of WT and PPARα KO mice fed a diet with WY14643 for 2 
weeks or a control diet. (B) Protein acetylation levels in whole liver lysates of WT and LCAD KO mice 
which were fed or fasted overnight. (C) SIRT3 protein expression in the livers of WT and LCAD KO 
mice, which were fed or fasted overnight.

To activate PPARα and thereby mimic the fasting response we used its agonist 
WY14643 (Devchand et al., 1996; Hsu et al., 1995). Liver lysates from mice that were 
fed a diet with WY14643 showed high levels of protein acetylation as compared with 
liver lysates from mice that were fed a control diet (Fig. 6A). Notably, administration 
of WY14643 to PPARα knock-out (KO) mice did not result in increased protein 
acetylation (Fig. 6A), demonstrating that increased acetylation levels are indeed 
dependent on PPARα activation.

To directly link increased acetylation levels during fasting to fatty acid oxidation, 
we studied acetylation levels in fed and fasted long-chain acyl-CoA dehydrogenase 
(LCAD) KO mice. These mice mimic patients with very long-chain acyl-CoA 
dehydrogenase (VLCAD) deficiency (Cox et al., 2001). As LCAD catalyzes the initial 
step in mitochondrial fatty acid oxidation, LCAD KO mice have impaired fatty acid 
oxidation and decreased fasting tolerance (Kurtz et al., 1998). We subjected LCAD 
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KO mice to 16 h of food withdrawal to determine whether blunted fatty acid 
oxidation would have an effect on protein acetylation levels. In wild-type (WT) mice 
we observed a robust increase in hepatic protein acetylation (Fig. 6B). Strikingly, in 
fasted LCAD KO mice we did not detect hepatic protein hyperacetylation in response 
to fasting (Fig. 6B). The fact that we still observe some lysine acetylation in the LCAD 
KO mouse can be explained by oxidation of acyl-CoAs that are not LCAD substrates 
(Chegary et al., 2009). This partial fatty acid oxidation is enough to maintain basal 
acetylation levels but is not sufficient to induce hyperacetylation. Given that most 
of acetylation takes place in mitochondria and that SIRT3 is the main mitochondrial 
deacetylase in the liver (Ahn et al., 2008; Lombard et al., 2007); our observations 
could also be explained by a decrease in the levels of SIRT3. Therefore, we analyzed 
SIRT3 expression by western blot (Fig. 6C). SIRT3 expression increased slightly 
upon fasting in WT livers as has been reported previously (Hallows et al., 2011). 
Thus the increase in acetylation upon fasting cannot be explained by a decrease 
in SIRT3 expression. Also, SIRT3 levels in fasted LCAD KO mice were not different 
from fasted WT mice, indicating that the observed lack of protein hyperacetylation 
in LCAD KOmice cannot be explained by an increase of SIRT3 expression (Fig. 6C). 
Taken together, in mice that have fatty acid oxidation defects, fasting-induced 
protein hyperacetylation in liver is absent. This directly demonstrates that fatty acid 
oxidation is in fact essential for the hepatic hyperacetylation that takes place during 
fasting and thereby confirms our hypothesis in vivo.

Discussion
In this study, we uncovered that acetyl-CoA dictates mitochondrial lysine 

acetylation during fasting in liver. We are the first to show that acetyl-CoA generated 
by fatty acid oxidation in liver is in fact necessary and sufficient to drive global protein 
hyperacetylation. In mice deficient in fatty acid oxidation, protein hyperacetylation 
was absent upon food withdrawal. Furthermore, we were able to trace acetyl 
units from radiolabeled palmitate to acetylated protein in fatty acid oxidation rich 
metabolic conditions, demonstrating that fatty acids are a source for acetylation 
during fasting. Overall, our data provide novel insights into mitochondrial lysine 
acetylation dynamics.

 Given that acetyl-CoA is generated in large amounts in the mitochondria under 
metabolic conditions promoting fatty acid oxidation, global mitochondrial protein 
acetylation might be an inevitable by-product of metabolism. This idea is in line 
with other studies that have linked hepatic protein hyperacetylation to metabolic 
conditions accompanied by high fatty acid turnover in the liver. CR in mice is 
associated with higher fatty acid oxidation rates in the liver and results in increased 
acetylation of proteins (Hebert et al., 2013; Schwer et al., 2009). In addition, a high-
fat diet and administration of ethanol in mice are associated with high lipid influx 
and steatosis in the liver. Both conditions also present with hyperacetylation of 
hepatic proteins (Fritz et al., 2012; Hirschey et al., 2011). 

The idea that hyperacetylation is driven by acetyl-CoA produced by fatty acid 
oxidation is also supported by the cellular compartmentalization of acetylation. In 
human liver we demonstrated that acetylation is most prevalent in both mitochondria 
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and peroxisomes which are the two sole organelles that are able to catabolize fatty 
acids. Many other studies have established that acetylation is especially abundant 
in mitochondria (Kim et al., 2006b; Lundby et al., 2012), but we are the first to show 
that lysine acetylation is also abundant in the peroxisomes. It would be interesting 
to test whether proteins with lysine deacetylase activity (HDACs and sirtuins) reside 
in the peroxisomes and would impact peroxisomal physiology. 

SIRT3 protein levels were shown previously to be upregulated during fasting and 
other conditions characterized by elevated fatty acid oxidation (Fritz et al., 2012; 
Hebert et al., 2013; Hirschey et al., 2011; Schwer et al., 2009). If SIRT3 would be 
a general regulator of protein hyperacetylation, upregulation of SIRT3 would be 
expected to drive decreased acetylation. Instead, a more sophisticated mechanism 
is likely to be in place. The parallel upregulation of SIRT3 with hyperacetylation 
in the mitochondria can point to a mechanism in which SIRT3 would deacetylate 
specific lysines that were acetylated due to the high levels of acetyl-CoA in 
mitochondria. Indeed, numerous studies have shown that acetylation of specific 
lysines on mitochondrial enzymes reduces their activity, which can be restored 
through deacetylation by SIRT3 (Hallows et al., 2011; Hirschey et al., 2010; Shimazu 
et al., 2010; Tao et al., 2010). Mice lacking SIRT3 do not exhibit apparent metabolic 
abnormalities under normal physiological metabolic conditions, however they 
are more sensitive to metabolic stresses such as long-term high-fat diet and non-
physiological fasting (Hallows et al., 2011; Hirschey et al., 2010). Furthermore, a 
number of studies have linked SIRT3 to regulation of ROS levels (Qiu et al., 2010; 
Someya et al., 2010). Therefore, SIRT3 appears to protect the cell from stress 
imposed by changes in metabolic activity, in which case its absence could lead to 
negative physiological effects in long-term. Our observations that hyperacetylation 
is directly linked to increased fatty acid oxidation flux, highlight the importance of 
SIRT3 in overcoming aberrant protein acetylation events in mitochondria during 
metabolic stress.

The mechanism that underlies mitochondrial lysine acetylation remains to be 
resolved. Since most cytosolic and nuclear acetyltransferases operate at a Km that 
is comparable to the physiological acetyl-CoA concentration (Locasale and Cantley, 
2011), increasing concentrations of acetyl-CoA could drive the acetyltransferase 
reaction in the forward direction. However, since the mitochondrial physiological 
conditions (relatively higher pH than other cellular compartments) makes a non-
enzymatic reaction between acetyl-CoA and lysine more favorable, as can be 
observed in vitro (Wagner and Payne, 2013), it is also possible that non-enzymatic 
lysine acylation is the dominant mechanism in mitochondria. Our study highlights 
the importance of acetyl-CoA dynamics in driving mitochondrial lysine acetylation, 
and provides detailed experimental evidence for a regulating link between metabolic 
pathways and lysine acetylation.

In summary, we provide a mechanism for mitochondrial acetylation dynamics 
and show that acetyl-CoA produced by fatty acid oxidation is driving protein 
acetylation. The implications of our proposed mechanism are that chronic metabolic 
imbalances characterized by enhanced fatty acid oxidation may well lead to 
protein hyperacetylation which in turn impacts on protein function and organismal 
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physiology. Pharmaceutical boosting of SIRT3 activity would be beneficial to correct 
undesirable protein hyperacetylation under pathological conditions such as the 
metabolic syndrome.

Materials and methods

Animal studies
All animal experiments were carried out according to local, national and European 
Union ethical guidelines. LCAD-/- mice on a pure C57BL/6 background were 
maintained on a commercially available standard chow diet (CRM(E), Special Diets 
Services, Someren). Samples of fed and overnight fasted WT and LCAD-/- animals 
were obtained from a study performed by Houten et al. (Houten et al., 2013). For 
the fasting time course study, 8-weeks-old C57BL/6 mice were obtained from Harlan 
and were subjected at the age of 12 weeks to food withdrawal starting at 4 p.m. for 
4 and 16 hours. All mice were housed on a 12:12 light:dark cycle at 21oC (±2oC). 
Liver samples from PPARα WT and KO mice treated with WY14643 were obtained 
from a study performed by van Vlies et al (van Vlies et al., 2007). For this, PPARα WT 
or KO mice were fed ad libitum for 2 weeks with a diet containing 0.1% WY14643 
or a control diet. For 3-hydroxybutyrate analysis, ethylenediaminetetraacetic acid 
(EDTA) blood (75 µl) was directly mixed with 75 µl 1 M perchloric acid, stored on ice 
for at least 10 min and frozen at -20oC until analysis of 3-hydroxybutyrate levels by 
LC-MS/MS. Blood glucose levels were analyzed in blood from saphenous vein using 
a glucometer.

SDS-PAGE, western blotting, immunoprecipitation
Tissue protein lysates were prepared using ultra-turrax homogenization in 50 
mM Tris (pH 7.4), 0.5 mM EDTA, 0.1% Triton X-100 containing protease inhibitors 
(Roche) and deacetylases inhibitors (1 mM Trichostatin A and 10 mM nicotinamide), 
followed by sonication and clearance of the lysate by centrifugation at 12 000g for 10 
min at 4oC. Lysates were run on NuPAGE 4–12% gradient gels (Invitrogen), proteins 
transferred  to nitrocellulose and immunodetected using antibodies specific for 
acetyllysine (monoclonal #9681 and polyclonal #9441 Cell Signaling), actin (#14128 
Abcam), GDH (#100– 4158 Rockland), catalase [in house generated (Wiemer et al., 
1992)], crotonase [in house generated  (Luis et al., 2011)], electron-transferring-
flavoprotein (#110316Mitosciences), ERp72 (#5033 Cell Signaling), LAMP1 (#9091 
Cell Signaling), SIRT3 (#5490 Cell Signaling) and VDAC (#14734 Abcam). Odyssey IR 
dye secondary antibodies (Li-COR) were used for detection.

Acetyllysine analysis in human fibroblasts
Human dermal fibroblasts were routinely cultured in DMEM supplemented with 
10% (v/v) fetal calf serum, 2 mM glutamine and 1% (v/v/v) pen/strep/fungizone. 
For acetyllysine analysis we incubated cells either in serum-free Eagle’s minimal 
essential medium (MEM) supplemented with 400 mM L-carnitine and 120 mM 
palmitate for 96 h [a metabolic condition characterized by high fatty acid turnover 
(Ventura et al., 1999)] or in DMEM. After exposure, the cell pellet was resuspended 
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in 50 mM NH4CO3 buffer containing deacetylase inhibitors (1 mM Trichostatin A 
and 10 mM nicotinamide) followed by sonication at 40 J/Ws. To digest the protein 
into amino acids, samples were incubated with pronase (53702, Calbiochem), at 
a protein to pronase ratio of 10:1, in 50 mM NH4CO3 for 4 h at 37oC. The reaction 
was stopped with 5 volumes of acetonitrile, 10 µl 2.5 mM D4-labeled L-lysine 
internal standard (DLM-2640, Cambridge Isotopes Laboratories) and 10 µl 10 mM 
D8-labelled acetyllysine internal standard (D-6690, CDN Isotopes). The samples 
were briefly vortexed and centrifuged at 14 000 rpm, 4oC 10 for 10 min followed by 
solvent evaporation at 40oC under a gentle stream of nitrogen. Samples were then 
taken up in 0.01% heptafluorobutyric acid and analyzed with LC–MS/MS.

Acetyllysine measurement using LC–MS/MS
Ten microliters of the sample extract was injected onto a BEH C18 column (2.1 × 100 
mm, 1.7 mM, Waters Corp. Milford MA) using a UPLC system consisting of an Acquity 
solvent manager with degasser and an Acquity Sample Manager with column oven 
(Waters Corp.). The system was controlled by MassLynx 4.1 software. The flow 
rate was set to 500 ml/min. Elution solvent A consisted of 0.1% heptafluorobutyric 
acid and solvent B was 80% acetonitrile. The chromatographic conditions were as 
follows: 0–2 min 100% A, 2–5 min to 50% B, 5–6 min to 100% B, at 6.1 min back to 
100% A and equilibration time with 100% A was 3 min. Separation was performed at 
50oC. The Quattro Premier XE triple-quadrupole mass spectrometer (Waters Corp.) 
was used in the positive electrospray ionization (ESI) mode. Nitrogen was used as 
nebulizing gas and argon was used as collision gas at a pressure of 2.5e - 3 mbar. The 
capillary voltage was 3.0 kV, the source temperature was 120oC and desolvation 
temperature was 300oC. Cone gas flow was 50 l/h and desolvation gas flow was 900 
l/h. All components were measured by using multiple reaction monitoring (MRM) 
in the positive ionization mode, using the transitions: m/z 147.0 > 84.1 for lysine, 
151.0 > 88.1 for lysine-2H4 (internal standard), 189.2 > 84.1 for N-acetyllysine and 
197.2 > 91.1 for N-acetyllysine-2H8 (internal standard) with optimal collision energy 
of 20 eV for lysine and 30 eV for N-acetyllysine.

Human liver organellar fractionation
Liver was homogenized in 5 mM MOPS, 250 mM sucrose, 2 mM EDTA, 0.1% 
ethanol at pH 7.4 and centrifuged at 600g for 10 min at 4oC to obtain a PNS 
(Sanders et al., 2008). The PNS was centrifuged at 3000g for 10 min at 4oC and 
the obtained supernatant was centrifuged again at 30 000g for 15 min at 4oC to 
produce an organelle-enriched fraction, which was subsequently resuspended in 
buffer supplemented with 5% Nycodenz. Following Nycodenz equilibrium gradient 
centrifugation, fractions were collected and equal amounts of protein were loaded 
on SDS-PAGE gels.

Radioactive tracing of acetylation from 14C-palmitate
Exposure conditions
Fao hepatoma cells were maintained on MEM supplemented with 2 mM glutamine, 
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1% non-essential amino acids, 2% Pen/Strep and 10% FBS. For metabolic exposure 
studies, FBS was dialyzed to deplete the medium of carnitine and glucose. For glucose-
rich culture conditions 5.6 mM glucose was added to the medium, whereas for fatty 
acid culture conditions 5.6 mM galactose, 0.1% (w/v) bovine serum albumin (BSA), 
100 µM palmitate and 50 µM carnitine were added to the medium. For overnight 
incubation of cells with 14C-labeled palmitate, three T-75 flasks with 80% confluent 
Fao cells were used per condition. Per flask 10 µCi of 14C-[1]-palmitate (ARC) was 
used. CO2 produced overnight was trapped to quantify the amount of label, which 
was then used as a measure of palmitate oxidation. The incubation medium was 
removed and the cells were washed twice with 4 ml BSA (fatty acid free)/phosphate 
buffered saline (2 g/l) to ensure the removal of remaining palmitate and twice with 
4 ml PBS. The cells from each flask were scraped into 500 µl fractionation buffer 
[250 mM sucrose, 20 mM HEPES, 10 mM KCl, 1.5 mM MgCl2, 1mM EDTA, 1 mM 
ethylene glycol tetraacetic acid (EGTA), 10 mM nicotinamide, 1 mM Trichostatin 
A and protease inhibitors (Roche)] and cell suspensions from the same condition 
were pooled.
Subcellular fractionation
Cytosolic and mitochondrial fractions were obtained by differential centrifugation. 
1.5 ml cell suspension in fractionation buffer [250 mM sucrose, 20 mM Hepes, 
10 mM KCl, 1.5 mM MgCl2, 1mM EDTA, 1 mM EGTA, 10 mM nicotinamide, 1 µM 
Trichostatin A and protease inhibitors (Roche)] was passed 10 times through 25G 
needle to disrupt the cells. The cell lysate was then centrifuged for 5 min at 700g 
at 4oC to obtain a PNS. PNS was centrifuged at 10 000g for 5 min at 4oC to obtain 
enriched cytosolic fraction in the supernatant and enriched mitochondrial fraction 
from the pellet. The pellet containing mitochondria was washed by resuspending it 
in fractionation buffer and letting it pass 10 times through the needle. Afterwards 
it was collected by centrifugation for 10 min at 10 000g at 4oC. To verify purity of 
cytosolic and mitochondrial fractions, LDH (cytosolic) and GDH (mitochondrial) 
activities were analyzed as described in in Bergmeyer (Bergmeyer, 1986). In short, 
LDH activity was measured in 50 mM KPi pH 7.4, 0.3 mM nicotinamide adenine 
dinucleotide (NADH) and 0.1% Triton. Pyruvate was used as the starting reagent. 
GDH activity was measured in 50 mM triethanolamide/HCl pH 8.0, 2.5 mM EDTA, 
100 mM NH4Cl, 1 mM adenine dinucleotide phosphate, 0.3 mM NADH and 0.1% 
Triton. α-ketoglutarate was used as the starting reagent. Both activity assays were 
performed on Tecan Freedom Evo platform. Protein concentration was determined 
in cytosolic and mitochondrial fractions using BCA assay.

Immunoprecipitation of 14C-acetylated proteins
Cytosolic and mitochondrial fractions were diluted in immunoprecipitation (IP) 
buffer [50 mM Tris/HCl pH 7.4, 1% Triton, 150 mM NaCl, 0.5 mM EDTA, 10 mM 
NAM, 1 µM TSA and protease inhibitors (Roche)] to obtain 500 mg protein input 
for each IP. Samples were incubated 2 h with anti-acetyllysine antibody (#9681 Cell 
Signaling) at 4oC followed by overnight incubation with magnetic protein A/G beads 
(Millipore). Supernatants were discarded and beads were washed four times with 1 
ml of IP buffer. The acetylated proteins were eluted by boiling the beads in NuPage 
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sample buffer and samples were loaded on SDS-PAGE 4–12% NuPage gradient 
gels (Invitrogen). After transferring the samples to nitrocellulose, the membrane 
was placed in a phosphorimager to capture the radioactive signal after 3–4 days 
exposure time.

Palmitate oxidation analysis
Palmitate oxidation was assessed by quantifying the formation of 3H2O from 
[9,10-3H(N)]-palmitate as described by (Manning et al., 1990). In short, the cells 
were plated out in a 48-well plate 18 h prior to the assay, with each condition 
performed in quadruplicate. The overnight medium was removed right before 
starting the assay. During the assay the cells were incubated in the same medium 
composition as overnight and 100 mM palmitate and a tracer amount of tritiated 
palmitate for 2 h at 37oC. Oxidation rate was expressed as nanomoles of fatty acid 
oxidized per hour per milligram of cell protein.

Acetylation of GDH using acetic anhydride
Glutamate dehydrogenase (bovine G7882, Sigma Aldrich) was incubated at 5 mg/
ml with 0–5 mM acetic anhydride at room temperature in 50 mM ammonium 
bicarbonate (ABC) pH 8.3 for 15 min. During reactions, pH was monitored and 
adjusted to pH 8.3 with 1 M ABC. Reactions were stopped by adding NuPage sample 
buffer and boiling.

Statistics
Data are expressed as mean ±SEM. Intergroup comparisons were performed by 
one-way ANOVA with Bonferroni post-tests or by Student’s t-test when comparing 
two conditions. P < 0.05 was considered significant.

Acknowledgements
We thank Lodewijk IJlst, Simone Denis and Riekelt Houtkooper for helpful comments 
and technical support. 

Conflict of interest. The authors declare no conflicts of interest.

Funding
This work was supported by grants from The Netherlands Organization of 
Scientific Research(NWO), VIDI grant (016.086.336) to S.M.H. and NWO VENI grant 
(916.10.065) to V.C.J.d.B. and from the Academic Medical Center, Amsterdam, The 
Netherlands.



Chapter 2

52

References
Ahn, B.H., Kim, H.S., Song, S., Lee, I.H., Liu, J., Vassilopoulos, A., Deng, C.X., and Finkel, T. (2008). A role 
for the mitochondrial deacetylase Sirt3 in regulating energy homeostasis. Proceedings of the National 
Academy of Sciences of the United States of America 105, 14447-14452.
Bergmeyer, H.U., Bergmeyer, J. and Grassl, M (1986). Methods of Enzymatic Analysis. VCH 
Verslagsgesellschaft mbH.
 Cai, L., and Tu, B.P. (2011). On acetyl-CoA as a gauge of cellular metabolic state. Cold Spring Harbor 
symposia on quantitative biology 76, 195-202.
Chegary, M., Brinke, H., Ruiter, J.P., Wijburg, F.A., Stoll, M.S., Minkler, P.E., van Weeghel, M., Schulz, H., 
Hoppel, C.L., Wanders, R.J., et al. (2009). Mitochondrial long chain fatty acid beta-oxidation in man and 
mouse. Biochimica et biophysica acta 1791, 806-815.
Choudhary, C., Kumar, C., Gnad, F., Nielsen, M.L., Rehman, M., Walther, T.C., Olsen, J.V., and Mann, M. 
(2009). Lysine acetylation targets protein complexes and co-regulates major cellular functions. Science 
325, 834-840.
Cox, K.B., Hamm, D.A., Millington, D.S., Matern, D., Vockley, J., Rinaldo, P., Pinkert, C.A., Rhead, W.J., 
Lindsey, J.R., and Wood, P.A. (2001). Gestational, pathologic and biochemical differences between very 
long-chain acyl-CoA dehydrogenase deficiency and long-chain acyl-CoA dehydrogenase deficiency in 
the mouse. Human molecular genetics 10, 2069-2077.
Devchand, P.R., Keller, H., Peters, J.M., Vazquez, M., Gonzalez, F.J., and Wahli, W. (1996). The PPARalpha-
leukotriene B4 pathway to inflammation control. Nature 384, 39-43.
Edrissi, B., Taghizadeh, K., and Dedon, P.C. (2013). Quantitative analysis of histone modifications: 
formaldehyde is a source of pathological n(6)-formyllysine that is refractory to histone deacetylases. 
PLoS genetics 9, e1003328.
Fritz, K.S., Galligan, J.J., Hirschey, M.D., Verdin, E., and Petersen, D.R. (2012). Mitochondrial acetylome 
analysis in a mouse model of alcohol-induced liver injury utilizing SIRT3 knockout mice. Journal of 
proteome research 11, 1633-1643.
Guan, K.L., and Xiong, Y. (2011). Regulation of intermediary metabolism by protein acetylation. Trends 
in biochemical sciences 36, 108-116.
Haigis, M.C., Mostoslavsky, R., Haigis, K.M., Fahie, K., Christodoulou, D.C., Murphy, A.J., Valenzuela, 
D.M., Yancopoulos, G.D., Karow, M., Blander, G., et al. (2006). SIRT4 inhibits glutamate dehydrogenase 
and opposes the effects of calorie restriction in pancreatic beta cells. Cell 126, 941-954.
Hallows, W.C., Yu, W., Smith, B.C., Devries, M.K., Ellinger, J.J., Someya, S., Shortreed, M.R., Prolla, T., 
Markley, J.L., Smith, L.M., et al. (2011). Sirt3 promotes the urea cycle and fatty acid oxidation during 
dietary restriction. Molecular cell 41, 139-149.
He, W., Newman, J.C., Wang, M.Z., Ho, L., and Verdin, E. (2012). Mitochondrial sirtuins: regulators of 
protein acylation and metabolism. Trends in endocrinology and metabolism: TEM 23, 467-476.
Hebert, A.S., Dittenhafer-Reed, K.E., Yu, W., Bailey, D.J., Selen, E.S., Boersma, M.D., Carson, J.J., Tonelli, 
M., Balloon, A.J., Higbee, A.J., et al. (2013). Calorie restriction and SIRT3 trigger global reprogramming 
of the mitochondrial protein acetylome. Molecular cell 49, 186-199.
Hirschey, M.D., Shimazu, T., Goetzman, E., Jing, E., Schwer, B., Lombard, D.B., Grueter, C.A., Harris, 
C., Biddinger, S., Ilkayeva, O.R., et al. (2010). SIRT3 regulates mitochondrial fatty-acid oxidation by 
reversible enzyme deacetylation. Nature 464, 121-125.
Hirschey, M.D., Shimazu, T., Jing, E., Grueter, C.A., Collins, A.M., Aouizerat, B., Stancakova, A., Goetzman, 
E., Lam, M.M., Schwer, B., et al. (2011). SIRT3 deficiency and mitochondrial protein hyperacetylation 
accelerate the development of the metabolic syndrome. Molecular cell 44, 177-190.
Houten, S.M., Herrema, H., Te Brinke, H., Denis, S., Ruiter, J.P., van Dijk, T.H., Argmann, C.A., Ottenhoff, 
R., Muller, M., Groen, A.K., et al. (2013). Impaired amino acid metabolism contributes to fasting-
induced hypoglycemia in fatty acid oxidation defects. Human molecular genetics 22, 5249-5261.
Hsu, M.H., Palmer, C.N., Griffin, K.J., and Johnson, E.F. (1995). A single amino acid change in the mouse 
peroxisome proliferator-activated receptor alpha alters transcriptional responses to peroxisome 



Mitochondrial protein acetylation is driven by fatty acid oxidation

2

53

proliferators. Molecular pharmacology 48, 559-567.
Huang, J.Y., Hirschey, M.D., Shimazu, T., Ho, L., and Verdin, E. (2010). Mitochondrial sirtuins. Biochimica 
et biophysica acta 1804, 1645-1651.
Kim, S.C., Sprung, R., Chen, Y., Xu, Y., Ball, H., Pei, J., Cheng, T., Kho, Y., Xiao, H., Xiao, L., et al. (2006). 
Substrate and functional diversity of lysine acetylation revealed by a proteomics survey. Molecular cell 
23, 607-618.
Kurtz, D.M., Rinaldo, P., Rhead, W.J., Tian, L., Millington, D.S., Vockley, J., Hamm, D.A., Brix, A.E., Lindsey, 
J.R., Pinkert, C.A., et al. (1998). Targeted disruption of mouse long-chain acyl-CoA dehydrogenase gene 
reveals crucial roles for fatty acid oxidation. Proceedings of the National Academy of Sciences of the 
United States of America 95, 15592-15597.
Locasale, J.W., and Cantley, L.C. (2011). Metabolic flux and the regulation of mammalian cell growth. 
Cell metabolism 14, 443-451.
Lombard, D.B., Alt, F.W., Cheng, H.L., Bunkenborg, J., Streeper, R.S., Mostoslavsky, R., Kim, J., 
Yancopoulos, G., Valenzuela, D., Murphy, A., et al. (2007). Mammalian Sir2 homolog SIRT3 regulates 
global mitochondrial lysine acetylation. Molecular and cellular biology 27, 8807-8814.
Luis, P.B., Ruiter, J.P., Ofman, R., Ijlst, L., Moedas, M., Diogo, L., Garcia, P., de Almeida, I.T., Duran, M., 
Wanders, R.J., et al. (2011). Valproic acid utilizes the isoleucine breakdown pathway for its complete 
beta-oxidation. Biochemical pharmacology 82, 1740-1746.
Lundby, A., Lage, K., Weinert, B.T., Bekker-Jensen, D.B., Secher, A., Skovgaard, T., Kelstrup, C.D., 
Dmytriyev, A., Choudhary, C., Lundby, C., et al. (2012). Proteomic analysis of lysine acetylation sites in 
rat tissues reveals organ specificity and subcellular patterns. Cell reports 2, 419-431.
Manning, N.J., Olpin, S.E., Pollitt, R.J., and Webley, J. (1990). A comparison of [9,10-3H]palmitic and 
[9,10-3H]myristic acids for the detection of defects of fatty acid oxidation in intact cultured fibroblasts. 
Journal of inherited metabolic disease 13, 58-68.
McGarry, J.D., and Foster, D.W. (1980). Regulation of hepatic fatty acid oxidation and ketone body 
production. Annual review of biochemistry 49, 395-420.
Nakagawa, T., Lomb, D.J., Haigis, M.C., and Guarente, L. (2009). SIRT5 Deacetylates carbamoyl 
phosphate synthetase 1 and regulates the urea cycle. Cell 137, 560-570.
Qiu, X., Brown, K., Hirschey, M.D., Verdin, E., and Chen, D. (2010). Calorie restriction reduces oxidative 
stress by SIRT3-mediated SOD2 activation. Cell metabolism 12, 662-667.
Sanders, R.J., Ofman, R., Dacremont, G., Wanders, R.J., and Kemp, S. (2008). Characterization of the 
human omega-oxidation pathway for omega-hydroxy-very-long-chain fatty acids. FASEB journal : 
official publication of the Federation of American Societies for Experimental Biology 22, 2064-2071.
Schwer, B., Eckersdorff, M., Li, Y., Silva, J.C., Fermin, D., Kurtev, M.V., Giallourakis, C., Comb, M.J., Alt, 
F.W., and Lombard, D.B. (2009). Calorie restriction alters mitochondrial protein acetylation. Aging cell 
8, 604-606.
Scott, I., Webster, B.R., Li, J.H., and Sack, M.N. (2012). Identification of a molecular component of the 
mitochondrial acetyltransferase programme: a novel role for GCN5L1. The Biochemical journal 443, 
655-661.
Shimazu, T., Hirschey, M.D., Hua, L., Dittenhafer-Reed, K.E., Schwer, B., Lombard, D.B., Li, Y., Bunkenborg, 
J., Alt, F.W., Denu, J.M., et al. (2010). SIRT3 deacetylates mitochondrial 3-hydroxy-3-methylglutaryl CoA 
synthase 2 and regulates ketone body production. Cell metabolism 12, 654-661.
Sol, E.M., Wagner, S.A., Weinert, B.T., Kumar, A., Kim, H.S., Deng, C.X., and Choudhary, C. (2012). 
Proteomic investigations of lysine acetylation identify diverse substrates of mitochondrial deacetylase 
sirt3. PloS one 7, e50545.
Someya, S., Yu, W., Hallows, W.C., Xu, J., Vann, J.M., Leeuwenburgh, C., Tanokura, M., Denu, J.M., 
and Prolla, T.A. (2010). Sirt3 mediates reduction of oxidative damage and prevention of age-related 
hearing loss under caloric restriction. Cell 143, 802-812.
Strahl, B.D., and Allis, C.D. (2000). The language of covalent histone modifications. Nature 403, 41-45.



Chapter 2

54

Tao, R., Coleman, M.C., Pennington, J.D., Ozden, O., Park, S.H., Jiang, H., Kim, H.S., Flynn, C.R., Hill, S., 
Hayes McDonald, W., et al. (2010). Sirt3-mediated deacetylation of evolutionarily conserved lysine 
122 regulates MnSOD activity in response to stress. Molecular cell 40, 893-904.
van Vlies, N., Ferdinandusse, S., Turkenburg, M., Wanders, R.J., and Vaz, F.M. (2007). PPAR alpha-
activation results in enhanced carnitine biosynthesis and OCTN2-mediated hepatic carnitine 
accumulation. Biochimica et biophysica acta 1767, 1134-1142.
Ventura, F.V., Costa, C.G., Struys, E.A., Ruiter, J., Allers, P., Ijlst, L., Tavares de Almeida, I., Duran, M., 
Jakobs, C., and Wanders, R.J. (1999). Quantitative acylcarnitine profiling in fibroblasts using [U-13C] 
palmitic acid: an improved tool for the diagnosis of fatty acid oxidation defects. Clinica chimica acta; 
international journal of clinical chemistry 281, 1-17.
Wagner, G.R., and Payne, R.M. (2013). Widespread and enzyme-independent Nepsilon-acetylation 
and Nepsilon-succinylation of proteins in the chemical conditions of the mitochondrial matrix. The 
Journal of biological chemistry 288, 29036-29045.
Wang, Q., Zhang, Y., Yang, C., Xiong, H., Lin, Y., Yao, J., Li, H., Xie, L., Zhao, W., Yao, Y., et al. (2010). 
Acetylation of metabolic enzymes coordinates carbon source utilization and metabolic flux. Science 
327, 1004-1007.
Weinert, B.T., Iesmantavicius, V., Wagner, S.A., Scholz, C., Gummesson, B., Beli, P., Nystrom, T., and 
Choudhary, C. (2013). Acetyl-phosphate is a critical determinant of lysine acetylation in E. coli. 
Molecular cell 51, 265-272.
Wellen, K.E., Hatzivassiliou, G., Sachdeva, U.M., Bui, T.V., Cross, J.R., and Thompson, C.B. (2009). ATP-
citrate lyase links cellular metabolism to histone acetylation. Science 324, 1076-1080.
Wellen, K.E., and Thompson, C.B. (2012). A two-way street: reciprocal regulation of metabolism and 
signalling. Nature reviews Molecular cell biology 13, 270-276.
Wiemer, E.A., Ofman, R., Middelkoop, E., de Boer, M., Wanders, R.J., and Tager, J.M. (1992). Production 
and characterisation of monoclonal antibodies against native and disassembled human catalase. 
Journal of immunological methods 151, 165-175.
Yu, W., Lin, Y., Yao, J., Huang, W., Lei, Q., Xiong, Y., Zhao, S., and Guan, K.L. (2009). Lysine 88 acetylation 
negatively regulates ornithine carbamoyltransferase activity in response to nutrient signals. The 
Journal of biological chemistry 284, 13669-13675.
Zhang, J., Sprung, R., Pei, J., Tan, X., Kim, S., Zhu, H., Liu, C.F., Grishin, N.V., and Zhao, Y. (2009). 
Lysine acetylation is a highly abundant and evolutionarily conserved modification in Escherichia coli. 
Molecular & cellular proteomics : MCP 8, 215-225.
Zhao, S., Xu, W., Jiang, W., Yu, W., Lin, Y., Zhang, T., Yao, J., Zhou, L., Zeng, Y., Li, H., et al. (2010). 
Regulation of cellular metabolism by protein lysine acetylation. Science 327, 1000-1004.


