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General Introduction

Mitochondria and metabolic homeostasis
Metabolism is a complex network of chemical reactions within a living organism 

that is necessary to produce energy from organic matter for growth and proliferation. 
In order to survive, the cell needs to maintain metabolic homeostasis through the 
intricate balance between energy production, expenditure and storage. Metabolic 
homeostasis requires interaction and cooperation between glucose, lipid and 
amino acid metabolism. These nutrients are metabolized through distinct metabolic 
pathways, which are often integrated within the mitochondria of the cell.

Mitochondria: intracellular symbiotic bacteria
Mitochondria are organelles, which according to the endosymbiosis theory, 

originated from the merging of eubacteria with a prokaryotic cell several billion 
years ago (Cox et al., 2008; Koonin, 2009; Pisani et al., 2007; Rivera and Lake, 
2004). This theory is largely supported by the fact that mitochondria are the only 
organelles that have their own genome, which is organized into nucleoids that are 
distributed throughout the mitochondrial matrix (Bibb et al., 1981; Legros et al., 
2004). Most of the mitochondrial proteins are encoded by the nuclear genome. 
However, 37 genes are still transcribed from the mitochondrial genome of which 13 
code for subunits of the electron transport chain (Anderson et al., 1981; Wallace, 
2005). Mitochondria are surrounded by a double membrane, creating two distinct 
compartments, namely the intermembrane space and matrix. For a long time 
mitochondria were mistakenly considered to be isolated granule-like organelles, 
however studies of mitochondria in intact cells have shown that they form a 
functional reticulum. Mitochondria are extremely motile organelles with plastic 
morphology that is constantly regulated by fission, fusion and motility events, 
which are collectively known as mitochondrial dynamics (Chan, 2006). Disruption in 
mitochondrial dynamics leads to mitochondrial dysfunction and has been shown to 
contribute to various pathologies (Archer, 2013; Liesa et al., 2009).

Mitochondria are the powerhouses of the cell 
Mitochondria are at the interface between the energetic requirements of the 

cell and its environment. They are often referred to as the ‘powerhouses’ of the 
cell because they generate most of the cellular energy in the readily usable form 
of adenosine triphosphate (ATP). Hydrolysis of ATP releases large amounts of free 
energy which can be used to drive various cellular processes that require energy 
input. Mitochondria are well equipped for ATP production through the conjunction 
of the tricarboxylic acid cycle (TCA) with oxidative phosphorylation (OXPHOS) (Fig. 
1A). Technically, the TCA cycle consists of a series of oxidation-reduction reactions 
resulting in the oxidation of an acetyl group to two molecules of carbon dioxide. 
It serves as the gateway for carbohydrates, amino acids and fatty acids to aerobic 
metabolism as it processes all of the metabolites that can be broken down into 
acetyl-CoA or dicarboxylic acids. The high energy molecules, NADH and FADH2, 
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formed in glycolysis, β-oxidation (mitochondrial fatty acid oxidation) and TCA cycle 
serve as electron donors for OXPHOS, which generates most of the cellular ATP.

OXPHOS consists of five respiratory chain complexes (I-V) housed in the cristae 
of the mitochondrial innermembrane and is also referred to as electron transport 
chain (Fig. 1B). The electrons are transferred through the chain in a stepwise manner 
until finally reducing oxygen to water. The energy released by the flow of electrons is 
used to pump protons out of the mitochondrial matrix, which is done by complexes 
I, III and IV. This creates an electrochemical gradient across the innermembrane and 
the potential energy from it is used by complex V (ATP synthase) to phosphorylate 
adenosine diphosphate (ADP) to form ATP. The cell is also able to produce ATP 
without mitochondrial OXPHOS, for example via glycolysis, but much less efficiently. 
OXPHOS is therefore essential in tissues with high energy demands, such as skeletal 
muscle which needs mitochondria for its contractile activity.

Although mitochondria are highly specialized in generating large amounts of 
energy, they also have other functions within the cell which include signaling for cell 
death through release of apoptogenic factors (van Gurp et al., 2003) and production 
of reactive oxygen species (ROS), a toxic by-product of OXPHOS. High levels of ROS 
lead to oxidative stress, which can have detrimental effects including mitochondrial 
DNA (mtDNA) mutations, apoptosis and necrosis. However, in lower amounts ROS 
can also act as signaling molecules in pathways sensitive to the cellular redox state 
(Trachootham et al., 2008). 

Alterations in mitochondrial function are associated with various disorders
The role of metabolic imbalance is being increasingly recognized in the pathology 

of various disorders as changes in mitochondrial function, dynamics and biogenesis 
have been associated with age-related metabolic and degenerative diseases. These 
include diabetes, cancer and age-related neurodegenerative diseases (Archer, 
2013; Lin and Beal, 2006; Wallace, 2012; Wang et al., 2010a). Disease prevention 
and healthy aging can be achieved through healthy lifestyle based on a balanced 
diet and physical activity. However, modern society has access to unlimited food 
resources and the modern lifestyle often involves little physical activity, which can 
explain the dramatic increase of age-related diseases in the past decades. There 
is a lot of evidence that there is a correlation between changes in mitochondrial 
function and aging (Short et al., 2005), although the exact mechanism is unknown. 
Nevertheless, it is well established that mitochondrial function declines with age 
because of accumulation of mtDNA mutations, net increase in ROS production and 
changes in mitochondrial morphology (Corral-Debrinski et al., 1992; Shigenaga et 
al., 1994).

It is also becoming increasingly clear that otherwise distinct disorders have 
disrupted mitochondrial function in common. For example, mitochondrial 
dysfunction is highly correlated with insulin insensitivity in type II diabetes which 
is evident from the decrease in mitochondrial density and reduction in OXPHOS 
efficiency in type II diabetic patients (Kelley et al., 2002; Mogensen et al., 2007; Patti 
et al., 2003; Petersen et al., 2004). Furthermore, metabolic reprogramming and 
specifically altered mitochondrial function are essential for neoplastic transformation 
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Figure 1. Mitochondria generate ATP from the three main fuel metabolites glucose, fats and 
proteins which enter the oxidative metabolism through the TCA cycle. (A) Glucose is metabolized 
to pyruvate through glycolysis. In the presence of oxygen, pyruvate is transformed into acetyl-CoA by 
oxidative decarboxylation. Fatty acids are transformed into acyl-CoAs which are transported into the 
mitochondria in the form of acyl-carnitines where they are degraded to acetyl-CoA through β-oxidation. 
Proteins are broken down into amino acids which can be degraded to pyruvate or an intermediate 
of the TCA cycle. (B) OXPHOS complexes, designated I to V are complex I (NADH-ubiquinone 
oxidoreductase; EC1.6.5.3), complex II (succinate-ubiquinone oxidoreductase), complex III (ubiquinol 
[Coenzyme Q]-ferricytochrome c oxidoreductase; EC1.10.2.2), complex IV (cytochrome c oxidase; 
EC1.9.3.1) and complex V (ATP synthase). Complex I receives electrons from NADH and complex II 
receives electrons from succinate. Ubiquinone Q (CoQ) is a lipid soluble molecule which freely moves 
through the membrane. CoQ accepts electrons from complexes I and II and passes them on to complex 
III. Cytochrome c (Cyt c) transports electrons from complex III to complex IV. Complex IV donates 
the electrons to oxygen which serves as the final electron acceptor and prevents electron accumulation 
in the chain. The flow of electrons through complexes is coupled to the translocation of protons from 
the mitochondrial matrix to the intermembrane space by complexes I, III and IV. This generates 
a protein gradient across the membrane (proton-motive force) with higher proton concentration in 
the intermembrane space. The movement of protons back into the matrix down their concentration 
gradient through complex V provides the energy for the synthesis of ATP from ADP and Pi.

that takes place when a healthy cell turns into a cancer cell. Although many types of 
cancer move away from OXPHOS in favor of aerobic glycolysis (Vander Heiden et al., 
2009), they still require functional mitochondria as depletion of mtDNA results in a 
decrease of their proliferation rates and tumorigenicity (Cavalli et al., 1997; Morais 
et al., 1994). Mitochondrial dysfunction is also involved in the pathogenesis of age-
related neurodegenerative diseases, including Alzheimer’s disease, Parkinson’s 
disease, amyotrophic lateral sclerosis and Huntington’s disease (Lin and Beal, 2006). 
The fact that mitochondrial dysfunction is present in different disorders emphasizes 
the importance of metabolic homeostasis for healthy functioning of cells.

Post translational modifications expand the cellular proteome
The human genome is estimated to have 30 000 genes, however the actual 

proteome size is much larger being estimated at over a million of proteins (Walsh 
et al., 2005). The cell is able to expand its proteome through two main mechanisms 
making it two to three orders of magnitude more complex than one would predict 
from the genome. The first route is at the transcriptional level through mRNA 
splicing (Maniatis and Tasic, 2002) and the second route comprises various post 
translational modifications (PTMs). PTM, as the name implies, refer to biochemical 
processing of a protein after its synthesis either by a covalent addition of a 
modifying group or by proteolytic cleavage (Walsh et al., 2005). There is a large 
variety of PTMs with different physicochemical properties making it possible for 
the same protein to have different characteristics (Jungblut et al., 2008; Mann and 
Jensen, 2003). PTMs provide the cell with the mechanism of real-time regulation 
of protein structure and function in response to environmental cues. The spectrum 
of their functions spans from the regulation of gene transcription and modulation 
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of enzymatic activity to protein turnover (Hershko and Ciechanover, 1998; Johnson 
and Lewis, 2001; Musselman et al., 2012; Zachara and Hart, 2002).

Protein post translational modifications enable quick response to acute changes
Mitochondria play a critical role in the regulation of cellular processes; however 

it is not completely known how mitochondrial function is regulated on an acute 
basis. Several proteomic studies have reported changes in mitochondrial protein 
expression upon chronic perturbations and disease (Kernec et al., 2001; Liu et al., 
2004). Although differential protein expression can be useful in responding to long-
term changes, often a rapid reaction is required for changes in energy demand 
and other environmental factors, which makes an acute regulatory mechanism 
necessary. Proteins in the mitochondria, like in the rest of the cell, are subjected to 
various PTMs. For instance, the most extensively studied PTM, reversible protein 
phosphorylation, is also prevalent in the mitochondria (Aponte et al., 2009; Hopper 
et al., 2006; Zhao et al., 2011). Mapping of the mitochondrial phosphoproteome 
has identified phosphorylation sites on a wide array of mitochondrial enzymes 
involved in apoptosis, OXPHOS, TCA cycle, fatty acid transport and β-oxidation, 
amino acid degradation, mitochondrial protein import machinery and transporters 
and calcium homeostasis (Hopper et al., 2006; Reinders et al., 2007; Zhao et al., 
2011). Furthermore, mitochondrial enzymes including pyruvate dehydrogenase 
(PDH) and branched-chain α-ketoacid dehydrogenase complex were shown to be 
regulated by phosphorylation (Linn et al., 1969; Paxton and Harris, 1982; Wynn et 
al., 2004).

Protein acylation links metabolism and protein regulation
Mitochondria, being metabolic organelles, generate large amounts of different 

metabolites including acyl-CoAs which are formed from Coenzyme A (CoA) 
that serves as a carrier for acyl groups.  However, apart from being metabolic 
intermediates they are also critical regulatory molecules. For example, specific 
types of acyl-CoAs are potent allosteric modulators of metabolic enzymes, such as 
carnitine palmitoyltransferase I, acetyl-CoA carboxylase, PDH and α-ketoglutarate 
dehydrogenase (Goodridge, 1972; Kerbey et al., 1976; Saggerson, 2008; Smith et 
al., 1974). The fact that acyl-CoAs are substrates for a group of PTMs, collectively 
known as protein acylation, highlights the involvement of these metabolites in 
the regulation of protein function. As the levels of different acyl-CoAs fluctuate 
depending on the metabolic state of the cell, protein acylation provides a direct link 
between metabolism and the regulation of modified enzymes. Different types of 
protein acylation, their regulation and function are discussed in more detail further 
in this chapter.

Protein acylation
Protein acylation comprises a group of reversible PTMs that control a wide variety 

of cellular processes. Protein acylation involves covalent binding of an acyl group to 
one or more lysine residues of a protein. Lysine is an amphipathic amino acid with a 
hydrophobic side chain and a positively charged ε-amino group at physiological pH. 
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Due to these chemical properties, lysine acylation plays an important role in protein 
structure and interactions. Lysine residues often form salt bridges, hydrogen bonds 
and are frequently present in the active or binding sites of a protein. Underlining its 
importance in protein function, lysine undergoes a wide variety of PTMs, including 
ubiquitination, methylation, hydroxylation and acylation (Walsh et al., 2005). The 
most studied type of lysine acylation is acetylation. However new advances in 
proteomics have allowed the identification of novel lysine acylation modifications 
including propionylation, butyrylation, malonylation, succinylation and glutarylation 
(Fig. 2).

Acetylation

The role of acetylation goes beyond genetic regulation
Lysine acetylation (Fig. 2A) was first discovered on histones in the 1960s, where 

it was shown to be involved in activating gene expression (Allfrey et al., 1964). 
Along with other modifications, such as methylation, acetylation forms the ‘histone 
code’ which is comprised of a combination of modifications that induces specific 
downstream effects on gene regulation (Strahl and Allis, 2000). By neutralizing 
the positive charge of the lysine, histone acetylation weakens histone interaction 
with DNA and it also regulates the binding and exclusion of bromo-domain 
containing proteins to and from chromatin (Lee and Workman, 2007). Therefore, 
targeted acetylation of lysine residues on histones is associated with regulation of 
virtually all processes involving DNA, including replication, transcription, repair and 
heterochromatin formation (Kouzarides, 2007). 

For a long time acetylation was considered to be involved primarily in epigenetic 
control. However, since acetylation was first identified on a non-histone protein 
p53 (Gu and Roeder, 1997), a significant effort has been made to identify the full 
potential and abundance of lysine acetylation modifications in cellular networks. 
Especially the discovery of the sirtuin family of NAD+ dependent deacetylases 
(Blander and Guarente, 2004) generated a large boost in protein acetylation research. 
Proteomic studies mapping the cellular acetylome have significantly contributed 
to our understanding of the function and dynamics of protein acetylation by 
demonstrating that acetylation is present on proteins involved in a wide variety of 
cellular processes to which it has not been associated previously. This implied that 
acetylation has applications beyond epigenetic control. 

Acetylation is a major regulator of mitochondrial metabolism
There are two main indications that acetylation is associated with regulation of 

cellular metabolism, namely its cellular localization and its dynamics. First of all, 
acetylation is especially abundant in the mitochondria where it was detected on 
most enzymes involved in central metabolic pathways including the TCA cycle, fatty 
acid oxidation and ketogenesis. This was determined by several proteomic studies 
in different organisms ranging from bacteria to humans, including Salmonella 
enterica (S. enterica), Drosophila and mice (Hebert et al., 2013; Kim et al., 2006b; 
Lundby et al., 2012; Rardin et al., 2013b; Wang et al., 2010b; Weinert et al., 2011; 
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Zhao et al., 2010), underlining the evolutionary conservation of the link between 
acetylation and cellular metabolism. A proteomic study analyzing 16 different rat 
tissues has shown that the cellular distribution of acetylation is tissue specific and 
that there is a correlation between acetylation of specific sites and tissue function. 
For example, mitochondrial acetylation was particularly high in energy generating 
tissues, like brown adipose tissue whereas nuclear acetylation was the highest in 
lymphoid containing organs which have high mitotic activity (Lundby et al., 2012). 

In addition, acetylation is a very dynamic modification with the acetylation status 
of specific enzymes and pathways changing in response to the nutritional sources 
consumed by the organism. For instance, S. enterica grown in medium with glucose 
as carbon source had higher acetylation than in medium with citrate (Wang et al., 
2010b). In mice, metabolic stress in the form of calorie restriction (CR), fasting, high 
fat diet and ethanol consumption were shown to increase global acetylation levels 
(Fritz et al., 2012; Hebert et al., 2013; Hirschey et al., 2011; Schwer et al., 2009). 

Acetylation directly regulates protein function 
Acetylation proteomics studies have established that acetylation is a significant 

PTM present throughout the cell and on a diverse set of proteins. Therefore, it 
is very relevant to characterize how acetylation affects protein function. Many 
studies have addressed acetylation function by mapping the acetylated lysines and 
mutating the specific lysines to arginine, yielding a constitutively positively charged 
amino acid residue. From these studies it can be derived that acetylation impacts 
protein stability, protein-protein interaction, protein activity and the subcellular 
localization of proteins. 

Acetylation affects structural properties of the target protein or is involved in 
a PTM crosstalk. Structural changes induced by acetylation can either impact the 
conformation of the active site of an enzyme so that substrate binding is affected 
or alter interaction with other proteins or DNA altered. Also, for PTM crosstalk two 
different modes of action can be envisioned. Either acetylation blocks a residue so 
that another PTM cannot bind to that specific residue or acetylation affects the 
binding of nearby PTMs. All of these functional properties of acetylation have been 
described. Interestingly, acetylation can have both positive and negative effects 
on protein activity. Manganese superoxide dismutase (MnSOD) is a mitochondrial 
superoxide scavenger which is activated by the action of the sirtuin 3 (SIRT3) 
deacetylase (Fig. 3A) (Chen et al., 2011; Qiu et al., 2010; Tao et al., 2010). On the 
other hand, aldehyde dehydrogenase 2 (ALDH2) has been shown to be inactivated 
upon deacetylation by SIRT3 (Lu et al., 2011). Also, protein-protein interactions can 
be regulated positively or negatively by acetylation (Fig. 3B).

Protein stability is among others determined by ubiquitin dependent breakdown 
via the proteasome. It is clear from many studies that communication between 
lysine acetylation and lysine ubiquitination provides the cell with a sophisticated 
mechanism for fine-tuning protein stability. Sterol regulatory element-binding 
transcription protein 1 (SREBP1), a master transcription factor that controls 
lipogenesis, is acetylated by acetyltransferases which renders the protein more 
stable by blocking the binding of ubiquitin (Giandomenico et al., 2003) (Fig. 3C). 
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Figure 2. Chemical structures of post-translational lysine acylation modifications including 
acetylation, propionylation, butyrylation, malonylation, succinylation and glutarylation.
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Phosphoenolpyruvate carboxykinase (PEPCK) was recently shown to be more 
susceptible for degradation when a lysine residue nearby ubiquitin targeted lysines 
was acetylated (Jiang et al., 2011). Acetylation allowed for the recruitment of an E3 
ubiquitin ligase, targeting it for degradation (Fig. 3C).

The subcellular localization of proteins can be controlled by PTMs. Especially 
nuclear-cytoplasmic shuttling of proteins has been shown to be affected by acetylation 
(Sadoul et al., 2011). For example, acetylated eukaryotic translation initiation factor-
5A (elF5A) accumulates in the nucleus, whereas its deacetylated form resides in 
the cytosol with its acetylation status being regulated by SIRT2 and HDAC6 (Ishfaq 
et al., 2012) (Fig. 3D). Acetylation of p53 impacts p53 function on many different 
levels, of which one of them is on the nuclear-cytoplasmic trafficking. It was shown 
to accumulate in the cytosol where it was acetylated by the p300 acetyltransferase 
(Kawaguchi et al., 2006) (Fig. 3D). Interestingly, acetylation prevented the induction 
of an oligomeric state which unmasked a nuclear export signal, leading to trafficking 
of p53 to the cytosol (Kawaguchi et al., 2006). Thus, by affecting the structural 
properties of the p53 protein, acetylation directed the trafficking of the p53 protein. 
In a similar fashion, acetylation also affected the trafficking of pyruvate kinase M2 
(PKM2) (Lv et al., 2011). Acetylation of PKM2 allowed for the interaction of PKM2 
with a chaperone that targets proteins for autophagy to the lysosomes. Acetylation 
of PKM2 resulted in alteration of protein-protein interaction, loss of protein stability 
and a change in the subcellular localization of the protein (Lv et al., 2011).

Newly discovered types of protein acylation

Propionylation and butyrylation 
Lysine propionylation and butyrylation are structurally similar to acetylation 

as propionyl and butyryl groups neutralize the positive charge of the modified 
lysine (Fig. 2B and C). However, these acyl groups are larger than acetyl groups 
and therefore these bulkier modifications may have a different effect on protein 
function.

Propionylation and butyrylation were first identified on histone proteins by mass 
spectrometry studies in yeast and human cells (Cheng et al., 2009; Zhang et al., 
2009b). The fact that all of the identified propionylated and butyrylated histone 
sites are also known to be targeted by acetylation, suggests that these sites could 
be involved in gene regulation. Thus these two novel modifications could also play 
a role in epigenetic control. Also, these two modifications are not restricted to 
histones. One propionylation and three butyrylation sites were also detected on p53 
protein (Cheng et al., 2009). There is evidence that propionylation is physiologically 
functional, since propionylation of propionyl-CoA synthetase (PrpE) in S. enterica 
resulted in ~70% loss of its specific activity (Garrity et al., 2007). Clearly, more 
studies are required to gain insight into cellular distribution and function of these 
modifications.
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Malonylation, succinylation and glutarylation 
Incorporation of malonyl, succinyl and glutaryl groups changes the charge of 

lysine from positive to negative due to the negatively charged carboxylate groups 
(Fig. 2D-F). It is therefore likely that this influences protein properties in a different 
way than acetylation which merely neutralizes the lysine residue. These groups are 
similar in structure, but vary in their lengths and therefore each of them may also 
have different effects on protein function.

Widespread occurrence of protein malonylation and succinylation in the cell was 
first discovered with mass spectrometric analysis (Peng et al., 2011a; Zhang et al., 
2011) and through functional studies with the mitochondrial sirtuin SIRT5, which 
was shown to regulate these modifications (Du et al., 2011). Protein malonylation 
and succinylation were found to be present in multiple organisms ranging from 
yeast, worms, flies, mice and humans (Peng et al., 2011; Zhang et al., 2011). 
Succinylation was identified on many mitochondrial proteins but also on proteins 
outside of mitochondria, for example histones and ribosomes (Park et al., 2013). 
Similar to acetylation, in mitochondria, succinylation was detected on enzymes 
in major metabolic pathways (Park et al., 2013; Rardin et al., 2013a). Functional 
studies with SIRT5 indicate that succinylation is involved in metabolic control. 
Increased succinylation was shown to decrease fatty acid oxidation and ketogenesis 
fluxes (Rardin et al., 2013a). Another study has shown that succinylation regulates 
cellular respiration through the activity of pyruvate dehydrogenase complex (PDC) 
and succinate dehydrogenase (SDH) (Park et al., 2013).

Protein glutarylation was identified very recently and was also found to be 
evolutionary conserved as it was detected in Escherichia coli, Saccharomyces 
cerevisiae, Drosophila melanogaster, mouse and human cells (Tan et al., 2014). 
Proteomic analysis of glutarylation in mouse liver has determined that it is primarily 
a mitochondrial modification. Nevertheless, some glutarylation sites were identified 
on histones, implying that also this modification can have different roles within the 
cell (Tan et al., 2014). 

Regulation of protein acylation

Acetyltransferases regulate nuclear and cytosolic acetylation 
Lysine acetyltransferases (KATs) were first referred to as histone acetyltransferases 

(HATs) as they were initially known to target histones. However, with the discovery 
of numerous non-histone targets, they have been given a more general name 
(Allis et al., 2007). KATs are classified into five families based on their sequence 
and function. These families include the Gcn5-related acetyltransferases (GNATs), 
the MYST (Moz, Ybf2/Sas3, Sas2 and Tip60)-related acetyltransferases, the general 
transcription factor (including TFIID subunit TAF250) and the nuclear hormone-
related acetyltransferases (SRC and ACTR) (Carrozza et al., 2003). Most of the KATs 
are characterized as being nuclear, but some of them are also localized in the cytosol 
(Sadoul et al., 2011). The subcellular localization of known acetyltransferases 
provokes further questions, as it has been established that protein acetylation is 
abundant in mitochondria (Kim et al., 2006b). However, no KAT with mitochondrial 
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Figure 3. Protein acetylation affects protein function by altering protein activity (A) protein-protein 
interaction (B), protein stability (C), and localization (D). (A) Mitochondrial manganese superoxide 
dismutase (MnSOD) was shown to be activated by the deacetylase activity of SIRT3 (Qiu et al., 2010). 
Aldehyde dehydrogenase 2 (Aldh2) was inactivated upon deacetylation by SIRT3 (Lu et al., 2011). (B) 
Acetylation promotes the interaction between cyclophilin D (cypD) and adenine nucleotide transporter 
(ANT) (Hafner et al., 2010), whereas acetylation disables the interaction between Ku70 and Bax 
(Sundaresan et al., 2008). (C) Acetylation of SREBP1 increases the stability of the protein by disabling the 
ubiquitination of the same lysine (Giandomenico et al., 2003). PEPCK acetylation promotes the binding 
of an E3 ubiquitin ligase, resulting in decreased stability upon acetylation of PEPCK. D) Acetylation of  
eukaryotic initiation factor 5A (elF5A) results in accumulation of elF5A in the nucleus (Ishfaq et al., 
2012). Acetylated p53 is retained in the cytosol (Kawaguchi et al., 2006).
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localization has been identified so far.
The discovery of longer chain acyl-modifications has led to investigations 

aimed to resolve whether known acetyltransferases can use longer chain acyl-
CoAs as substrates. There is evidence that some acetyltransferases can catalyze 
propionylation and butyrylation (Berndsen et al., 2007; Cheng et al., 2009; Leemhuis 
et al., 2008; Zhang et al., 2009b). This suggests that the known acetyltransferases 
may also catalyze other acylation modifications apart from acetylation.

Lysine deacetylases regulate nuclear, cytosolic and mitochondrial deacetylation 
There are two families of lysine deacetylases (KDACs). The first is the conventional 

HDAC (histone deacetylase) family, members of which use Zn2+ as cofactor. It is 
composed of 11 members that are divided into class I, II and IV (de Ruijter et al., 
2003). These HDACs are located in the nucleus and cytosol (de Ruijter et al., 2003). 
Apart from regulating histone acetylation, they also regulate the acetylation of 
non-histone proteins like transcription factors, chaperones and signaling molecules 
(Glozak et al., 2005).

The second, more recently discovered family is class III KDACs, which are also 
known as sirtuins. These KDACs do not require Zn2+ as they have NAD+ dependent 
deacetylase activity (Blander and Guarente, 2004). The sirtuins are a conserved 
family of proteins present in all domains of life (Frye, 2000). The first sirtuin 
discovered, Silent Information regulator 2 (SIR2) was shown to promote longevity 
in budding yeast (Kaeberlein et al., 1999) through NAD+ dependent deacetylation 
of histones H3 and H4 (Imai et al., 2000). Although initially named HDACs, sirtuins 
regulate acetylation throughout the entire cell and their activity is by far not limited 
to histones. 

The seven mammalian sirtuins (SIRT1-7) have distinct functions, subcellular 
localization and tissue specificity. Sirtuins SIRT 1, 6, and 7 are localized in the 
nucleus, SIRT 3, 4 and 5 in the mitochondria and SIRT2 in the cytoplasm (Haigis 
and Sinclair, 2010). From the seven sirtuins only SIRT1-3 were shown to possess 
strong deacetylase activity (North et al., 2005). Depending on their cellular 
localization, sirtuins enable the cells to adapt to their environment either through 
regulating gene transcription or by directly regulating specific cellular processes by 
deacetylating their target enzymes.

Sirtuins are KDACs which regulate protein acylation 
As only three mammalian sirtuins (SIRT1-3) have proved to be potent 

deacetylases, it was unclear what the function of the remaining sirtuins was. The 
finding that SIRT5 with weak deacetylase activity possesses potent demalonylase 
and desuccinylase activities stimulated further research to determine whether 
other sirtuins with weak deacetylase activity have preference for longer chain acyl-
substrates. Recently, SIRT6 was shown to hydrolyze long-chain acyl groups more 
efficiently than acetyl group (Feldman et al., 2013; Jiang et al., 2013). In particular, 
SIRT6 showed high affinity for removing myristoyl group from tumor necrosis 
factor-α (TNF-α) thereby regulating its secretion (Jiang et al., 2013). Furthermore, 
an in vitro study with recombinant sirtuins and acylated peptides has demonstrated 
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that sirtuins with strong deacetylase activity are also capable of catalyzing other 
deacylation reactions. For instance, the sirtuins SIRT1-3 demonstrated affinity for 
propionyl and butyryl groups, though to a lesser extent than their usual substrate 
the acetyl group. Also SIRT1, 2, 3 and 5 were able to hydrolyze long-chain acyl 
groups, like decanoyl and dodecanoyl (Feldman et al., 2013). This suggests that 
sirtuins have a broad scope of activity not limited to acetylation. 

The role of mitochondrial sirtuins in metabolic regulation 
Due to their NAD+ dependent activity, the sirtuins are often referred to as 

the metabolic sensors of the cell as NAD+ levels can reflect their energetic state 
(Houtkooper et al., 2010). The tight association of sirtuins to cellular metabolism 
is further enhanced by their targets, the acyl groups covalently attached to the 
proteins. Acyl-CoA molecules, which serve as donors for protein acylation, are 
intermediary metabolites and their cellular pools fluctuate according to changes in 
metabolic conditions. 

SIRT3 regulates mitochondrial metabolism by targeted deacetylation of metabolic 
enzymes 

SIRT3 is the main regulator of mitochondrial acetylation (Fig. 4A) because whole 
body and tissue-specific ablation of SIRT3 leads to hyperacetylation of mitochondrial 
proteins (Fernandez-Marcos et al., 2012; Hirschey et al., 2010; Lombard et al., 2007) 
whereas knockout of SIRT4 and SIRT5 does not. The involvement of SIRT3 in metabolic 
regulation is emphasized by the fact that it is highly expressed in metabolically 
active tissues, including kidney, liver and heart (Ahn et al., 2008).  Furthermore, 
SIRT3 expression changes in response to different metabolic conditions. For 
example its expression has been reported to increase in mice subjected to CR and 
fasting (Hallows et al., 2011; Laurent et al., 2013a), two conditions which are both 
accompanied by increased fatty acid metabolism. SIRT3 KO mice are phenotypically 
similar to their littermates and are metabolically normal under basal metabolic 
conditions (Lombard et al., 2007). Also, liver and muscle specific SIRT3 ablation does 
not show any metabolic abnormalities (Fernandez-Marcos et al., 2012). However, 
SIRT3 KO mice do present with phenotypic differences when subjected to extreme 
metabolic stress, for example fasting followed by cold exposure, starvation for 48 
hours or prolonged exposure to high fat diet (Hallows et al., 2011; Hirschey et al., 
2010; Hirschey et al., 2011). 

Proteomic studies mapping SIRT3 regulated sites have found that the majority 
of these sites was detected on metabolic enzymes (Hebert et al., 2013). Proteins 
often have more than one acetylation site, however SIRT3 selectively deacetylates 
its target sites (Hebert et al., 2013; Rardin et al., 2013b). Functional studies aimed 
to identify SIRT3 targets have shown that this sirtuin is essential for the metabolic 
switch from glucose metabolism to catabolism of lipids and amino acids, which 
is necessary for adaptation to CR and fasting. SIRT3 controls mitochondrial fatty 
acid β-oxidation flux by activating long-chain acyl-CoA dehydrogenase (LCAD) 
and 3-hydroxy-3-methylglutaryl-CoA synthase 2 (HMGCS2) (Hirschey et al., 2010; 
Shimazu et al., 2010). LCAD and HMGCS2 are the key enzymes in mitochondrial 
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β-oxidation and ketogenesis, respectively, which are the two metabolic pathways 
that are switched on during CR and fasting. Accordingly, SIRT3 KO mice were 
shown to accumulate β-oxidation precursors and had reduced fasting serum levels 
of ketone bodies (Hirschey et al., 2010; Shimazu et al., 2010). The activity of the 
urea cycle is also increased during CR and fasting, as it is necessary for protein 
catabolism. SIRT3 activates ornithine transcarbamoylase, one of the enzymes 
involved in the urea cycle (Hallows et al., 2011). Consistently, SIRT3 KO mice have a 
similar metabolic profile to patients with urea cycle disorders (Hallows et al., 2011). 
SIRT3 is also involved in the regulation of mitochondrial respiration. It was shown to 
target complex I and complex II from the respiratory chain and SIRT3 KO mice have 
reduced activity of these complexes in liver and brown adipose tissue (Ahn et al., 
2008; Cimen et al., 2010; Finley et al., 2011b).

Apart from its role as mediator of the metabolic adaptation to nutrient deprived 
conditions, SIRT3 has been shown to protect the cell from reactive oxygen species 
(ROS), which is a harmful by-product of OXPHOS (Chen et al., 2011; Qiu et al., 
2010; Someya et al., 2010; Tao et al., 2010). Elevated ROS in the absence of SIRT3 
increases genomic instability and makes the cells more susceptible to malignant 
transformation into tumors (Kim et al., 2010). A high glycolytic rate is part of the 
Warburg effect, which is the hallmark of many cancers (Vander Heiden et al., 2009). 
SIRT3 was shown to destabilize hypoxia-inducible factor-1α (HIF1α), a transcription 
factor which controls the expression of glycolytic genes (Finley et al., 2011a). In the 
absence of SIRT3, ROS levels increase and lead to enhanced activity of HIF1α, which 
results in a higher glycolytic rate. Consistent with this, SIRT3 is down-regulated in 
20% of human cancers (Finley et al., 2011a).

SIRT4 is a mitochondrial sirtuin that regulates glutamine metabolism and acts as 
tumor suppressor 

SIRT4 is the least characterized mitochondrial sirtuin as its main deacylase 
activity is not known. Several studies have identified targets of SIRT4 deacetylase 
and ADP-ribosyltransferase activities (Haigis et al., 2006; Laurent et al., 2013b). 
Nevertheless both are extremely low and are unlikely to be the main activities of 
this sirtuin. A recent study has determined that SIRT4 has a high affinity for lipoyl- 
and biotinyl-lysine modifications (Fig. 4B), which is far superior to its affinity for 
acetyl groups (Mathias et al., 2014). Functionally, SIRT4 was shown to regulate PDH 
activity by suppressing E2 in the PDH complex through the hydrolysis of lipoamide 
cofactors (Mathias et al., 2014).The results of this study suggest that SIRT4 may be a 
mitochondrial lipoamidase and biotinidase, however further research is required to 
investigate the impact of its newly discovered activities on mitochondrial function. 

SIRT4 is expressed differently than SIRT3 as its expression is reduced during 
CR. Contrary to SIRT3, SIRT4 promotes the metabolic switch to the fed state as 
it downregulates fatty acid oxidation in liver and muscle (Laurent et al., 2013a; 
Nasrin et al., 2010). This is done through repression of malonyl-CoA decarboxylase 
(MCD) thereby suppressing fatty acid catabolism and promoting lipid storage in 
the fed state (Laurent et al., 2013b) and by repressing the transcriptional activity 
of peroxisome proliferator-activated receptor α (PPARα) (Laurent et al., 2013a). 
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Figure 4. NAD+ dependent deacylation activities of mitochondrial sirtuins (SIRT3-5).  
(A) Deacetylation activity of SIRT3. (B) Delipoylation and debiotinylation activities of SIRT4. 
(C) Demalonylation, desuccinylation and deglutarylation activities of SIRT5.
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In support of this, SIRT4 KO mice have decreased lipogenesis and are therefore 
resistant to diet induced obesity (Laurent et al., 2013b). 

Additionally SIRT4 is involved in the regulation of mitochondrial glutamine 
metabolism through regulating the activity of glutamate dehydrogenase (GDH). 
Ablation of SIRT4 in the pancreas promotes insulin secretion through activation of 
GDH (Haigis et al., 2006). Due to its involvement in the regulation of glutamine 
metabolism, and the high rates of glutamine metabolism observed in tumor cells, 
SIRT4 was hypothesized to play an important role in tumor suppression. Indeed, 
SIRT4 expression was decreased in several human cancers (Csibi et al., 2013). 
Furthermore, loss of SIRT4 resulted in increased glutamine metabolism stimulating 
glutamine-dependent tumor cell proliferation, whereas SIRT4 overexpression 
had the opposite effect (Csibi et al., 2013; Jeong et al., 2014; Jeong et al., 2013). 
Moreover, in mice loss of SIRT4 was shown to result in spontaneous tumor formation 
(Jeong et al., 2013). 

SIRT5: mitochondrial sirtuin with novel deacylation activities 
For a long time it was unclear what the function of mitochondrial SIRT5 was, 

as it possessed weak deacetylase activity and therefore was unlikely to regulate 
mitochondrial acetylation like SIRT3. Hening Lin and co-workers succeeded in the 
elucidation of the crystal structure of SIRT5 only when they realized that a negatively 
charged side group of a CHES buffer molecule was co-crystalized with SIRT5 and a 
thioacetyl lysine peptide substrate. On the basis of this finding, they deducted that 
a peptide containing a negatively charged succinyl or malonyl group would be a 
better substrate for SIRT5 than an acetyl lysine peptide (Du et al., 2011). Indeed 
SIRT5 proved to be a robust desuccinylase and demalonylase in vitro and SIRT5 KO 
mice have increased protein succinylation and malonylation (Park et al., 2013; Peng 
et al., 2011a; Rardin et al., 2013a) (Fig. 4C). The preference of SIRT5 for negatively 
charged groups can be explained by a positively charged arginine (R105) located 
in its catalytic pocket and required for its activity. Recently it was discovered that 
SIRT5 can also catalyze the removal of glutaryl groups from proteins in vitro and in 
vivo as SIRT5 deficient cells had increased protein glutarylation (Tan et al., 2014) 
(Fig. 4C). 

Due to the very recent discovery of these modifications, only few studies are 
available that report on the functional properties of malonylation, succinylation and 
glutarylation. SIRT5 KO mice are phenotypically normal under regular metabolic 
conditions, but have elevated blood ammonia during fasting (Nakagawa et al., 2009; 
Yu et al., 2013). Contrary to SIRT3 and SIRT4, SIRT5 expression does not change 
in response to fasting (Laurent et al., 2013a). Several studies have demonstrated 
that SIRT5 regulates desuccinylation of metabolic enzymes thereby modifying their 
activity and metabolic flux of the related pathways. For instance, SIRT5 was shown 
to desuccinylate enzymes from mitochondrial fatty acid oxidation and ketogenesis 
as SIRT5 KO mice had increased succinylation of these enzymes and decreased 
activity of these pathways (Rardin et al., 2013a). Furthermore, SIRT5 represses 
cellular respiration by desuccinylating PDC and SDH (Park et al., 2013).
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Protein acylation in inborn errors of metabolism 
Inborn errors of metabolism (IEM) are disorders caused by a single gene defect 

leading to a loss- or gain-of-function of the mutant protein, which is usually an 
enzyme or a transporter. This results in altered metabolic flux regulated by that 
protein. The concept of inborn errors of metabolism was first published by Sir 
Archibald Garrod in the beginning of the twentieth century (Garrod, 1908). His 
view of metabolism being a dynamic process that is comprised of a continuous 
stepwise movement through intermediary products was a novelty then, but is the 
basis of our understanding of metabolism today. He also introduced the concept 
of ‘chemical individuality’, in other words genetic variation, which can cause one’s 
predisposition to metabolic disorders. 

Individually IEMs are rare, however collectively they form a substantial group 
of disorders, especially in children. These disorders are often pleiotropic and can 
affect any system and organ. For instance, defects in fatty acid oxidation can present 
with hypoglycemia, rhabdomyolysis, cardiomyopathy and hepatic disease (Rinaldo 
et al., 2002; Wanders et al., 1999). IEMs also often have heterogeneous clinical 
presentations which can vary from extremely severe to mild and even asymptomatic 
in different individuals with the same enzyme affected. Often the disorders present 
early in life, however the onset of clinical signs and symptoms varies and can be 
induced by specific environmental triggers, such as increased metabolic stress and 
infectious disease. 

The pathogenesis of an IEM is determined by four aspects, namely the direct 
toxicity of accumulating upstream metabolites, deficiency of downstream 
metabolites, feedback inhibition or activation by the accumulating metabolite of 
the same or a different pathway and diversion of metabolic flux to a secondary 
pathway (Aebi, 1967).

Genetically induced metabolic perturbations causing accumulation of acyl-CoAs 
may have a significant impact on protein acylation dynamics of the cell. An example 
of this is glutaryl-CoA dehydrogenase (GCDH) deficiency which was shown to result 
in increased protein glutarylation in mice (Tan et al., 2014). These mice are a model 
of glutaric acidemia, which is an IEM in humans characterized by glutaryl-CoA 
accumulation (Goodman and Frerman, 2001). There are more IEMs that accumulate 
specific acyl-CoAs due to metabolic defects including for example propionic acidemia 
and methylmalonic acidemia, which accumulate propionyl- and methylmalonyl-
CoA respectively (Fenton., 2001). IEMs that accumulate acyl-CoAs provide a unique 
setting to study different protein acylation modifications. This is especially useful in 
the case of acylation modifications with extremely low abundance in the cell under 
physiological conditions. Acylation studies in this context will give an opportunity to 
analyze the dynamics of novel acylation modifications and may also contribute to 
our knowledge of the pathophysiological mechanisms of specific IEMs. 
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Outline of this thesis 
As described in the previous sections, lysine acylation is a rapidly growing field 

with a wide range of novel acylation modifications and a huge number of target 
proteins being identified. There are indications that these new modifications have 
functional roles in the regulation of cellular metabolism, however due to their 
novelty, little is known about the actual mechanisms. The aim of this thesis is to 
understand the physiological relevance of different protein acylation modifications 
in the regulation of cellular metabolism and to elucidate its role in inherited 
metabolic diseases.

Protein acetylation has been detected on many mitochondrial enzymes and 
functional studies indicate that it is tightly linked to regulation of mitochondrial 
metabolism. The mechanism of mitochondrial acetylation remains unclear due to 
the fact that a mitochondrial acetyltransferase has not been identified. In chapter 2 
we investigated how the levels of mitochondrial protein acetylation were affected by 
the changes in mitochondrial acetyl-CoA levels. For this we analyzed mitochondrial 
acetylation dynamics during increased fatty acid oxidation flux induced by fasting. 
Our results demonstrate that acetyl-CoA produced by fatty acid oxidation serves as 
a substrate for mitochondrial protein acetylation. 

It has been demonstrated that protein acetylation levels change under different 
metabolic conditions, however little is known about the dynamics of other acylation 
modifications. Furthermore, their abundance in the cell is considerably lower than 
that of acetylation, which makes it more difficult to study them. In chapter 3 we 
analyzed whether accumulation of acyl-CoAs caused by specific metabolic disorders 
leads to an increase in protein acylation. For this we have used patient-derived 
fibroblasts with Malonyl-CoA decarboxylase (MCD), Propionyl-CoA carboxylase 
(PCC) and Short-chain acyl-CoA dehydrogenase (SCAD) deficiencies to study the 
levels of protein malonylation, propionylation and butyrylation, respectively. 
Determining whether these disorders present with altered protein acylation will 
add to the characteristics of these IEMs and could also provide new insights on the 
pathophysiologic mechanisms of these diseases.

There are strong indications that recently identified protein acylation 
modifications are involved in metabolic regulation; however few functional studies 
have been done so far to address this matter. In chapter 4 we performed global 
proteomic analysis to identify malonylation sites in SIRT5 KO mouse liver and in MCD 
deficient patient fibroblasts. In this study we also observed that elevated protein 
malonylation represses mitochondrial respiration and fatty acid oxidation. This 
suggests that an increase in protein malonylation in MCD deficiency can contribute 
to the pathophysiology of this disorder.

In chapters 5 and 6 we investigated functional roles of succinylation and 
propionylation in the pathological context of two IEMs. In chapter 5 we analyzed 
protein succinylation in succinyl-CoA ligase (SCS) deficient cells and in cells exposed 
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to succinate. In chapter 6 we analyzed protein propionylation in PCC deficient cells 
and in cells exposed to propionate. We found that aberrant protein succinylation 
and propionylation directly affect mitochondrial respiration in these cells and 
therefore can possibly contribute to the pathophysiology of these disorders.

The final chapter of this thesis contains concluding remarks and perspectives 
regarding further research on this topic.
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