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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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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.

0 4 8 12 16
0

500

1000

1500

time after start of fast (h)

04 81 21 6

5

10

15

time after start of fast (h)

gl
uc

os
e 

(m
m

ol
/L

)

0

0 4 16

acetyl-
lysine

actin

time after start of fast (h)A

B

C



Chapter 2

40

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.
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Abstract
Inherited disorders of acyl-CoA metabolism, such as defects in amino acid metabolism 
and fatty acid oxidation can present with severe clinical symptoms either neonatally 
or later in life, but the pathophysiological mechanisms are often incompletely 
understood. We now report the discovery of a novel biochemical mechanism 
that could contribute to the pathophysiology of these disorders. We identified 
increased protein lysine butyrylation in short-chain acyl-CoA dehydrogenase 
(SCAD) deficient mice as a result of the accumulation of butyryl-CoA. Similarly, 
in SCAD deficient fibroblasts, lysine butyrylation was increased. Furthermore, 
malonyl-CoA decarboxylase (MCD) deficient patient cells had increased levels of 
malonylated lysines and propionyl-CoA carboxylase (PCC) deficient patient cells 
had increased propionylation of lysines. Since lysine acylation can greatly impact 
protein function, aberrant lysine acylation in inherited disorders associated with 
acyl-CoA accumulation may well play a role in their disease pathophysiology.
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                           Aberrant protein acylation in IEMs of acyl-CoA metabolism

Introduction
Toxic accumulation of metabolites is a prominent pathophysiological mechanism 

in many inherited metabolic diseases. Inherited metabolic disorders of amino 
acid metabolism and fatty acid oxidation, often accumulate acyl-CoA molecules 
due to defects in genes coding for enzymes that have acyl-CoAs as substrate. 
Increased acyl-CoA levels in patients are often reflected in the elevated levels of 
corresponding acylcarnitines in plasma. Although acyl-CoAs and acylcarnitines are 
critical for diagnosis of patients with inherited metabolic disorders, it is incompletely 
understood how acyl-CoA accumulation contributes to disease pathophysiology.

Acyl-CoAs are not only key intermediates in metabolic pathways, they are also 
substrates for lysine acylation reactions. Lysine acylation is a posttranslational 
modification (PTM) that regulates many cellular processes. Among all lysine 
acylation PTMs, acetylation is the most well studied. Acetylation of histones, 
catalyzed by lysine acetyltransferases (KATs) requires acetyl-CoA as substrate and 
controls chromatin dynamics and gene expression (Roth et al., 2001). Recently, it has 
been established that acetylation also occurs outside the nucleus and is especially 
abundant in the mitochondria (Choudhary et al., 2009; Kim et al., 2006b; Schwer 
et al., 2009). Interestingly, acetylation of enzymes in mitochondria results in many 
cases in partial inactivation of enzymatic activity (Hallows et al., 2011; Hirschey et 
al., 2010; Shimazu et al., 2010; Someya et al., 2010; Zhao et al., 2010). Novel lysine 
acylation modifications have very recently been identified, including propionylation, 
butyrylation, malonylation and succinylation (Chen et al., 2007; Cheng et al., 2009; 
Du et al., 2011; Xie et al., 2012). Large-scale proteomics studies demonstrated that 
succinylation, like acetylation, was particularly abundant on metabolic proteins in 
general and in the mitochondria in particular (Park et al., 2013; Rardin et al., 2013a; 
Weinert et al., 2013b).

In the nucleus and cytosol, acyltransferases are present that actively regulate 
acylation dynamics (Carrozza et al., 2003; Sadoul et al., 2011). However, in 
mitochondria no acyltransferase has been definitively identified so far. Based on 
in vitro experiments, it has been hypothesized that acylation in mitochondria 
could possibly be mediated via non-enzymatic reactions, since the mitochondrial 
physiologic conditions favor a non-enzymatic reaction of acyl-CoA with lysine 
residues of proteins (Albaugh et al., 2011; Lin et al., 2012; Newman et al., 2012; 
Wagner and Payne, 2013). However, this non-enzymatic lysine acylation mechanism 
has not been demonstrated in vivo. The deacylation of lysines in the mitochondria 
is mediated by the NAD+-dependent lysine deacylase mitochondrial sirtuins (SIRT3, 
SIRT4 and SIRT5) (Verdin et al., 2010). Sirtuins have been implicated in playing a 
critical role in metabolic diseases, cancer and aging (Haigis and Sinclair, 2010), 
underscoring the clinical relevance of lysine acylation and deacylation.

We hypothesized that in inherited metabolic diseases with accumulating acyl-
CoA esters, the corresponding lysine acylation modifications would also accumulate. 
To test this hypothesis, we analyzed lysine butyrylation in a mouse model for short-
chain acyl-CoA dehydrogenase (SCAD; OMIM 201470, EC 1.3.8.1) deficiency and 
in cells from a patient with SCAD deficiency. Furthermore, we analyzed lysine 
propionylation in propionyl-CoA carboxylase (PCC; OMIM 606054, EC 6.4.1.3) 



Chapter 3

58

deficiency and lysine malonylation in malonyl-CoA decarboxylase (MCD; OMIM 
248360, EC 4.1.1.9) deficiency. Indeed, we identified that levels of selective protein 
acylation increased, corresponding with the acyl-CoA that accumulated. This gives 
potential novel biochemical insights into the pathophysiological mechanism of acyl-
CoA accumulating inherited metabolic diseases.

Materials and methods

Cell studies
Human dermal fibroblast cell lines were used in accordance with national and 
international regulations. Propionyl-CoA carboxylase (PCC) and malonyl-CoA 
carboxylase (MCD) deficient fibroblasts were obtained from the Gaslini Biobank, 
Italy. Short-chain acyl-CoA dehydrogenase (SCAD) deficient cells and control 
cell lines were obtained from our own collection of cells at Laboratory Genetic 
Metabolic Diseases, AMC, Amsterdam. Cells were routinely cultured in Dulbecco’s 
Modified Eagle Medium (DMEM) supplemented with 10 % (v/v) fetal calf serum, 2 
mM glutamine and 1 % (v/v/v) penicillin/streptomycin/fungizone.

Animal studies
All animal experiments were carried out according to local, national, and EU 
ethical guidelines. BALB/cByJ mice with a natural deletion in the SCAD gene (Wood 
et al., 1989) were obtained from Jackson Laboratory. BALB/cJ mice were used as 
controls. The mice were housed on a 12:12 light:dark cycle at 21°C (±2°C) and 
fed a commercially available standard chow diet (CRM (E), Special Diets Services, 
Someren).

Isolation of mouse liver mitochondria
To obtain enriched mitochondrial fractions, mouse liver tissue (~400 mg) was 
homogenized with potter/elvehjem with 4 strokes at 500 rpm in isolation buffer 
(220 mM mannitol, 70 mM sucrose, 5 mM MOPS, 2 mM EDTA buffer at pH 7.4), 
followed by centrifugation at 750g for 10 min to obtain a post-nuclear supernatant 
(PNS1). The pellet was homogenized again and centrifuged at 750g for 10 min to 
obtain PNS2. Both post-nuclear supernatants were centrifuged at 7000g for 10 min. 
The pellets were combined, washed in isolation buffer and centrifuged at 7000g 
for 10 min. The final pellet containing isolated mitochondria was resuspended in 
isolation buffer and stored at −80°C.

Lysine propionylation, butyrylation and malonylation of mouse liver mitochondrial 
lysates
On the day of the experiment, mitochondria were resuspended in 50 mM Tris/HCl 
pH 8.0, 150 mM NaCl and deacylase inhibitors (1 μM trichostatin A and 10 mM 
nicotinamide) at a concentration of 2.5 μg protein/μl. The acylation reactions 
were started by adding propionyl-CoA, butyryl-CoA or malonyl-CoA (0–2 mM) in a 
reaction volume of 50 μl. The samples were incubated for 3h at 37oC. The reactions 
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were stopped by adding NuPage sample buffer (Invitrogen).

Butyryl-CoA measurement in livers of SCAD deficient mice
Liver short-chain acyl-CoA esters were extracted in perchloric acid using sonication 
in the presence of 1 nmol [U-13C]- acetyl-CoA. Butyryl-CoA and acetyl-CoA levels 
were analyzed by LC-MS/MS. Butyryl-CoA levels were calculated using [U-13C]-
acetyl-CoA as the internal standard.

SDS PAGE and western blotting
Cells were harvested by trypsinization, followed by lysis in PBS with 0.1 % triton 
containing deacylase inhibitors (1 μM trichostatin A and 10mM nicotinamide) 
by sonication at 40 J/Ws on ice. Livers were homogenized in PBS with 1 % Triton 
containing deacetylase inhibitors (1 μM trichostatin A and 10 mM nicotinamide) 
using an Ultra-Turrax followed by sonication and centrifugation at 750g for 5 min 
at 4°C. Samples were ran on NuPAGE 4–12 % gradient gels (Invitrogen), followed 
by transfer of proteins to nitrocellulose. For analysis of lysine acylation antibodies 
specific for butyryllysine (#301 LOT:TAB0412P002, PTM Biolabs), propionyllysine 
(#201 LOT:TAB0317P001, PTM Biolabs) and malonyllysine (#901 LOT:Z129D227P4, 
PTMBiolabs) were used. Antibodies specific for voltage-dependent anion channel 
(VDAC) (#14734 monoclonal, Abcam) and β-actin (#A5441 monoclonal, Sigma-
Aldrich) were used as loading controls. IR-dye based secondary antibodies (LI-COR) 
were used to detect antibody signals using the Odyssey scanner (LI-COR). Western 
blot data was quantified through densitometry of the bands using Odyssey analyzer 
software (LI-COR).

Results

In vitro acylation of mitochondrial lysates by acyl-CoAs
To test our hypothesis that elevation of acyl-CoA levels can induce lysine acylation, 

we incubated mouse mitochondrial lysates with increasing concentrations of 
propionyl-CoA, butyryl-CoA and malonyl-CoA and examined lysine propionylation, 
lysine butyrylation and lysine malonylation, respectively using acyllysine specific 
antibodies. Interestingly, both lysine propionylation and lysine butyrylation levels 
already increased after incubating samples with 0.25 mM acyl-CoA and further 
increased with increasing concentrations of acyl-CoA (Fig. 1A and B). Lysine 
malonylation levels increased gradually with increasing concentrations of malonyl-
CoA and at 2 mM malonyl-CoA we observed the highest levels of lysine malonylation 
(Fig. 1C). Thus, when acyl-CoA levels are elevated in vitro, corresponding lysine 
acylation levels also increase.

To determine whether pathologic accumulation of butyryl-CoA due to SCAD 
deficiency would cause increased lysine butyrylation of proteins, we examined 
lysine butyrylation in the livers of BALB/cByJ mice. This mouse strain has a deletion 
in the gene encoding for short-chain acyl-CoA dehydrogenase (SCAD), which leads 
to SCAD deficiency (Wood et al., 1989). First, we analyzed butyryl-CoA levels in 
livers of these mice and found that the concentration of hepatic butyryl-CoA 
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in SCAD deficient mouse livers (214.5 ± 31.4 pmol/mg) was significantly higher 
than in WT mouse livers (28.6 ± 5.0 pmol/mg) (Fig. 2A). Because SCAD deficient 
mice have elevated levels of butyryl-CoA, we reasoned that they could also have 
increased hepatic lysine butyrylation. Indeed, by using lysine butyrylation antibody 
and VDAC as loading control, we observed hyperbutyrylation in the livers of SCAD 
deficient mice (Fig. 2B). Quantitative densitometry of total protein band signals per 
lane demonstrated that global lysine butyrylation levels were ten-fold elevated in 
SCAD deficient mouse livers (Fig. 2C). These data indicate that butyryl-CoA levels 
correlate with lysine butyrylation levels in this mouse model. Next, we analyzed 
lysine butyrylation in SCAD deficient patient fibroblasts using butyryllysine western 
blot analysis. VDAC and β-actin were used as loading controls. Interestingly, we again 
observed increased lysine butyrylation in these cells (Fig. 2D) indicating that this 
type of lysine acylation is characteristic for this disorder. Based on our observations, 
we conclude that the levels of butyryl-CoA are a determining factor for the levels of 
lysine butyrylation. 

Lysine propionylation and malonylation in PCC and MCD deficiencies
Next, we investigated whether accumulation of acyl-CoAs caused by other 

inborn errors of metabolism leads to increased lysine acylation in patients. For 
this we examined lysine acylation in the fibroblasts of patients with PCC and MCD 
deficiencies using western blot analysis. VDAC and β-actin were used as loading 
controls. Propionyl-CoA accumulates in PCC deficiency and malonyl-CoA accumulates 
in MCD deficiency. Strikingly, we detected elevated lysine propionylation in the PCC 

Figure 1. Higher acyl-CoA concentrations induce increased lysine acylation in mitochondrial 
lysates. (A) Western blot analysis of propionyllysine in mouse mitochondrial lysate incubated with 
increasing concentrations of propionyl-CoA (0–2 mM). (B) Western blot analysis of butyryllysine 
in mouse mitochondrial lysate incubated with increasing concentrations of butyryl-CoA (0–2 mM). 
(C) Western blot analysis of malonyl-lysine in mouse mitochondrial lysate incubated with increasing 
concentrations of malonyl-CoA (0–2 mM). 10 μg protein was loaded per lane.
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Figure 2. Short-chain acyl-CoA dehydrogenase deficiency (SCADD) presents with elevated lysine 
butyrylation. (A) Measurement of butyryl-CoA in the livers of SCADD mice (mean ± SEM). (B) 
Western blot analysis of lysine butyrylation in SCADD mice. 15 μg protein was loaded per lane and 
VDAC was used as loading control. (C) Quantification of the western blot in (b), the bar chart represents 
densitometry analysis of butyryllysine protein band signals (mean ± SEM). (D) Butyryllysine western 
blot analysis in fibroblasts of two independent negative controls (C1 and C2) and of SCADD patient. 33 
μg protein was loaded per lane. VDAC and β-actin were used as loading controls.
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deficient cells as compared to control fibroblast cell lines (Fig. 3A). We observed 
a global increase in lysine propionylation in three PCC deficient patients (Fig. 3A) 
resembling the increase of lysine butyrylation in the SCAD deficient patient cell line 
(Fig. 2D). Lysine malonylation was also increased in the MCD deficient patient cells 
as compared to controls, but the increase in malonylation was restricted to a small 
number of proteins (Fig. 3C). Notably, we observed a prominent increase in lysine 
malonylation of a protein band at around 75 kDa (Fig. 3C). We confirmed these 
data in additional MCD deficient cell lines (data not shown). Thus, accumulation 
of particular acyl-CoA esters in inherited metabolic disorders can lead to elevated 
levels of lysine acylation.

Discussion
Propionylation, butyrylation and malonylation have only recently been 

discovered as lysine acylation modifications (Chen et al., 2007; Cheng et al., 2009; 
Xie et al., 2012). We now report for the first time that these lysine acylations are 
altered in inherited metabolic disorders of acyl-CoA metabolism, such as disorders 
of amino acid metabolism and fatty acid oxidation. This could well play a role in the 
pathophysiological mechanism of these diseases. 

We observed increased lysine acylation in a mouse model for SCAD deficiency and 
in SCAD, PCC and MCD deficient human fibroblasts, corresponding to accumulation 
of acyl-CoAs specific for these deficiencies. Increase in lysine butyrylation and 
propionylation was global with multiple protein bands affected. On the other hand, 
lysine malonylation in the MCD deficient patient cell line, was more specific with only 
a few protein bands showing increased lysine malonylation, especially a prominent 
band at 75 kDa. Although it is unclear why lysine malonylation appears to be more 
specific than propionylation and butyrylation in these patients, differences in 
subcellular localization between acyl-CoAs might determine the availability of acyl-
CoAs for lysine acylation reactions on proteins. The observed differences in these 
lysine acylation profiles suggest that these modifications have distinct functional 
roles and regulatory mechanisms. 

Currently more investigation is necessary to understand the impact of these 
acylation modifications on protein function and their role in the pathophysiology 
of inherited metabolic diseases. Functional studies regarding the effects of elevated 
malonyl-CoA and butyryl-CoA levels in MCD and SCAD deficient patients on 
protein function have not been described in literature so far. Propionyl-CoA was 
shown to inhibit activity of pyruvate dehydrogenase complex (PDHc), complex III 
of the respiratory chain and succinyl-CoA synthetase both in vitro and in patient 
cells (Schwab et al., 2006). The fact that we identified a high degree of lysine 
propionylation in PCC deficient patients and found that propionyl-CoA readily reacts 
with lysine residues indicates that lysine propionylation of these proteins might play 
a role in the inhibiting effects of propionyl-CoA on enzymatic activity. 

Lysine acylation can be counteracted by sirtuins, which were recently shown 
to deacylate a wide range of lysine acylations, from acetylated lysines up to 
palmitoylated lysines (Feldman et al., 2013) in a NAD+ dependent manner (Haigis 
and Sinclair, 2010). SIRT1 activators are being tested clinically and pre-clinically in 
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a wide variety of diseases (Sinclair and Guarente, 2014). Increasing NAD+ levels by 
providing cells or mice with NAD+ precursors such as nicotinamide riboside (NR) 
and nicotinamide mononucleotide (NMN) was shown to activate SIRT3 (Canto 
et al., 2012; Karamanlidis et al., 2013). These NAD+ precursors as well as specific 
sirtuin activators might be useful for targeting aberrant lysine acylation in metabolic 
disorders. 

In summary, we are the first to report that in inherited metabolic disorders 
characterized by acyl-CoA accumulation, the respective lysine acylation modifications 
accumulate as well. This sheds new light on the mechanisms regulating lysine 
acylation in normal physiology and pathology. Moreover, aberrant lysine acylation 
might be involved in the pathophysiology of inborn metabolic diseases where acyl- 
CoA molecules accumulate.

Figure 3. Lysine acylation profiles in PCC and MCD deficient patients with inborn errors of 
metabolism analyzed by western blotting. 33 μg protein was loaded per lane. VDAC and β-actin were 
used as loading controls in each experiment. (A) Propionyllysine western blot analysis in fibroblasts of 
two independent negative controls (C1 and C3) and three propionyl-CoA carboxylase deficient (PCCD) 
patients with each lane representing an individual patient (P1, P2 and P3). (B) Malonyllysine western 
blot analysis in fibroblasts of two independent negative controls (C1 and C2) and of malonyl-CoA 
carboxylase deficient (MCDD) patient.
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Abstract
The protein substrates of SIRT5-regulated lysine malonylation (Kmal) remain 
unknown, hindering its functional analysis. In this report, we carried out proteomic 
screening, identifying 4042 Kmal sites on 1426 proteins in mouse liver, and 4943 
Kmal sites on 1822 proteins in human fibroblasts. Elevated malonyl-CoA in Malonyl-
CoA decarboxylase (MCD) deficient cells induces Kmal levels in substrate proteins. 
We identified 461 Kmal sites showing more than 2-fold increase in response 
to MCD deficiency, as well as 1452 Kmal sites detected only in MCD-/- fibroblast 
but not in MCD+/+ cells, suggesting a pathogenic role of Kmal in MCD deficiency. 
Lysine malonylation impaired mitochondrial function and fatty acid oxidation in 
MCD deficient cells, indicating that lysine malonylation could contribute to the 
pathophysiology of malonic aciduria. Our study establishes an association between 
Kmal and a genetic disease, and offers a rich resource for elucidating the contribution 
of the Kmal pathway and malonyl-CoA to cellular physiology and human diseases.
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Introduction 
Reversible acetylation at lysine residues in proteins has been extensively studied 

over the past few decades (Roth et al., 2001; Yang and Seto, 2007). This modification 
is now known to have important regulatory roles in diverse cellular processes and 
physiological conditions, such as transcription, metabolism, and aging (Chang and 
Guarente, 2014; Giblin et al., 2014; Wagner and Hirschey, 2014). Dysregulation 
of the lysine acetylation pathway is associated with various diseases, such as 
cardiovascular disease and cancer (Haberland et al., 2009; Lee et al., 2012). In addition 
to acetylation, recent studies show that lysine residues in proteins can be modified 
by a family of short-chain acylations: propionylation, butyrylation, crotonylation, 
malonylation, succinylation, glutarylation, and 2-hydroxyisobutyrylation (Dai et al., 
2014; Du et al., 2011; Park et al., 2013; Tan et al., 2011; Tan et al., 2014; Xie et 
al., 2012). Notable among the seven types of new lysine acylation pathways are 
lysine malonylation (Kmal), succinylation (Ksucc), and glutarylation (Kglu). Each 
of the three types of modifications have an acidic carboxylic group that changes 
the charge status from +1 to -1 charge at physiological pH, which is similar to that 
caused by protein phosphorylation, but more significant than lysine acetylation (Fig. 
1A). Accordingly, these acidic lysine acylations are likely to have a more substantial 
impact on the substrate protein’s structure and function than lysine acetylation, 
when modified at the same lysine residue(s). Recent studies demonstrate that 
pyruvate dehydrogenase complex (PDC), succinate dehydrogenase, and carbamoyl 
phosphatase synthase 1 (CPS1) can be regulated by Ksucc and Kglu, respectively, 
suggesting that acidic lysine acylation pathways can have unique functions distinct 
from the widely studied lysine acetylation pathway (Park et al., 2013; Tan et al., 
2014).

Kmal was initially identified in both E. coli and mammalian cells by using HPLC-MS/
MS, co-elution of synthetic peptides, isotopic labeling, and Western blotting analysis 
with pan α-Kmal antibodies (Peng et al., 2011a; Xie et al., 2012). The Lin group and 
our group have previously demonstrated robust enzymatic activities of SIRT5, both 
in vitro and in vivo, in demalonylation, desuccinylation and deglutarylation (Peng 
et al., 2011a). The demalonylation and desuccinylation activities of SIRT5 require 
NAD+, but can be inhibited by nicotinamide, a class III HDAC inhibitor. Given the 
fact that isotopic malonate can label lysine malonylation and that acyl-CoAs are 
the precursor for other lysine acylations (e. g., acetyl-CoA for lysine acetylation), 
malonyl-CoA is likely to be the precursor for the lysine malonylation reaction (Peng 
et al., 2011a; Xie et al., 2012). Despite the progress, the substrates for this new 
modification pathway remain largely unknown, representing a major bottleneck for 
studying its biological functions.

Malonyl-CoA is a tightly regulated metabolic intermediate in mammalian 
cells (Saggerson, 2008). Malonyl-CoA is produced by acetyl-CoA carboxylase and 
consumed by malonyl-CoA decarboxylase (MCD, E.C. 4.1.1.9), fatty acid synthase 
(FAS), and fatty acid elongases (Saggerson, 2008) (Fig. 1B). In addition to being a 
key intermediate for fatty acid biosynthesis and fatty acid elongation, malonyl-
CoA has diverse regulatory functions. Malonyl-CoA was shown to be a potent 
inhibitor of carnitine palmitoyl transferase 1 (CPT1) regulating hepatic fatty acid 
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synthesis, β-oxidation, and ketogenesis (Saggerson, 2008) (Fig. 1B). It was reported 
that malonyl-CoA can function as a key intermediate in the hypothalamus as an 
energy sensor (Wolfgang and Lane, 2008). Higher malonyl-CoA levels are observed 
in skeletal muscle biopsies of type 2 diabetic patients (Bandyopadhyay et al., 2006). 
Elevated fatty acid oxidation observed during cardiac ischemia/reperfusion has 
been attributed to the reduction of malonyl-CoA levels in the heart. Accordingly, 

Figure 1. Lysine malonylation and biosynthesis of malonyl-CoA. (A) Structures of malonyllysine 
(Kmal), succinyl-lysine (Ksucc) and glutaryllysine (Kglu). SIRT5 is an enzyme with demalonylation, 
desuccinylation and deglutarylation activities. (B) Illustration of malonyl-CoA metabolism with 
FAS (fatty acid synthase), ACC1 and ACC2 (acetyl-CoA carboxylase1 and 2), MCD (malonyl-CoA 
decarboxylase), CPT1 (carnitine palmitoyl transferase 1).

A

B
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increasing malonyl-CoA levels has been proposed as a strategy to improve cardiac 
function (Fillmore and Lopaschuk, 2014). Acetyl-CoA carboxylases, enzymes that 
are known to be important for biosynthesis of malonyl-CoA, are associated with 
various metabolic disorders. Mice with genetic knockout of acetyl-CoA carboxylase 
2 gene are resistant to obesity and diabetes, when fed with high calorie diets (Abu-
Elheiga et al., 2003). Accordingly, acetyl-CoA carboxylases have been proposed as 
drug targets for diverse human diseases, including diabetes, obesity, and cancer 
(Tong and Harwood, 2006). Nevertheless, potential roles for malonyl-CoA in human 
pathology are not well understood.

MCD is a 55 kDa enzyme that catalyzes conversion of malonyl-CoA to acetyl-
CoA, thus maintaining homeostatic levels of these metabolites in mitochondria 
and peroxisomes. In the cytosol, malonyl-CoA is controlled by two enzymes with 
opposing activities, MCD and acetyl-CoA carboxylase. MCD deficiency, or malonic 
aciduria, is an inborn metabolic disorder caused by MCD mutations that reduce 
or eliminate activity of this enzyme and therefore compromise the conversion of 
malonyl-CoA to acetyl-CoA (FitzPatrick et al., 1999). These patients have high levels 
of malonylcarnitine (C3DC) in blood and high level of organic acids, such as malonic 
acid, in the urine (Santer et al., 2003). Diverse symptoms are observed among 
the malonic aciduria patients, including delayed development, seizures, diarrhea, 
vomiting, low blood sugar (hypoglycemia) and cardiomyopathy (FitzPatrick et al., 
1999). It appears that inhibition of fatty acid catabolism caused by high level of 
malonyl-CoA is at least partially responsible for the manifestations of disease. We 
recently showed that MCD deficient patient cells (MCD-/-) show increased Kmal levels 
(Pougovkina et al., 2014). It is therefore possible that Kmal could be an important 
mechanism mediating the pathophysiology of MCD deficiency. Nevertheless, how 
the increased Kmal levels, caused by high level of malonic acid in malonic aciduria 
patients and in other diseases, impact cellular function and regulate physiology 
remains unknown. 

In this study, we used a proteomic approach to identify Kmal substrates and map 
their modification sites, by affinity enrichment of malonylated peptides and HPLC-
MS/MS analysis. We identified 4016 Kmal sites on 1395 proteins in SIRT5 knockout 
mouse liver, and 4943 Kmal peptides on 1831 proteins in MCD+/+ and MCD-/- human 
fibroblasts. 461 Kmal sites on 339 proteins showed a 2-fold increase or more in 
MCD-/- cells relative to MCD+/+ cells, and 1452 Kmal sites on 822 proteins were only 
detected in MCD-/- cells, suggesting that MCD activity has a profound impact on 
Kmal levels and distribution. The malonylated proteins indentified in MCD-/- cells are 
associated with diverse pathways, including fatty acid metabolism and neurological 
diseases. We further showed that lysine malonylation inhibits mitochondrial 
respiration and impacts fatty acid oxidation in MCD-/- cells. Our proteomics data 
illuminates the landscape of the Kmal modification in mammalian cells, offering a 
valuable resource for studying its biology, and providing key insights into the role of 
Kmal in diseases associated with dysregulation of malonyl-CoA homeostasis.
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Materials and methods

Materials
Chemicals were purchased as analytical grade from Sigma-Aldrich, Inc. (St. Louis, 
MO). Modified sequencing-grade trypsin was purchased from Promega Corporation 
(Madison, WI). Pan α-malonyllysine antibody and pan α-malonyllysine agarose beads 
were from PTM Biolabs, Inc (Chicago, IL). MS grade water and acetonitrile were 
from Thermo Fisher Scientific (Waltham, MA). C18 ZipTips were purchased from 
Millipore Corporation (Billerica, MA). SILAC DMEM media (CCFDA003-132J01) was 
purchased from UCSF Cell Culture Facility (San Francisco, CA). XerumFree reagent 
(XF205) was purchased from MayFlower Bioscience (St. Louis, MO). Dialyzed serum 
(Gibco-26400) was purchased from Life Technologies, Thermo Fisher Scientific 
(Grand Island, NY). 

Preparation of mouse liver lysate
Four two-month old male SIRT5 KO mice (Lombard et al., 2007; Nakagawa et al., 
2009) were anesthetized with isoflurane overdose, and the blood in the liver was 
removed by perfusion with ice-cold PBS for 5 min. Liver was homogenized in a 
glass dounce homogenizer in SDS lysis buffer (20 mM Tris-Cl pH 6.8, 1% SDS, 5% β- 
Mercaptoethanol, 10% glycerol, 25 mM nicotinamide). The lysates from four livers 
were pooled together and the sample was clarified by centrifugation at 16,000 g. 
The protein in the supernatant was precipitated with 10% (v/v) trichloroacetic acid. 
Then the precipitated proteins were in-solution digested with trypsin as previously 
described (Kim et al., 2006a). 

Preparation of SILAC samples 
Human dermal fibroblast cells lines: MCD+/+ (control cells) and MCD-/- (malonyl-CoA 
decarboxylase deficient cells) were obtained from Gaslini BioBank, Italy. The cells 
were grown in SILAC DMEM, supplemented with L-Glutamine (584 mg/L), 10% 
(v/v) dialyzed serum, and 2% (v/v) Serum Free reagent. Regular L-Lysine (12C6

14N2) 
and L-Arginine (12C6

14N2) were added to the “Light” media (final concentration: 100 
mg/L) used for culturing MCD-/- cells. “Heavy” isotopic L-Lysine (13C6

15N2) and “light” 
L-Arginine (12C6

14N2) was added to the “Heavy” media (final concentration: 100 mg/L) 
used for culturing MCD+/+ control cells. Both cells were grown in parallel, until MCD+/+ 
cells were sufficiently labeled by the isotopic lysine. Both MCD+/+ and MCD-/- cells 
were lysed in SDS buffer (20 mM Tris-HCl pH 6.8, 1% SDS, 5% β-Mercaptoethanol, 
10% glycerol, 25 mM nicotinamide). Twelve milligram of each cell lysate were mixed 
and then precipitated overnight by 10% TCA for tryptic digestion.

HPLC Fractionation 
The tryptic peptides were fractionated by using a reversed-phase column (Luna C18 
10 mm x 250 mm, 5 μm particle, 100 Å pore size, Phenomenex Inc., Torrance, CA) in 
Discovery VP preparative HPLC system (Shimadzu Corp., Kyoto, Japan). The peptides 
were fractionated into 75 fractions using a gradient from 2% to 90% buffer B (10 
mM ammonium formate in 90% acetonitrile and 10% water, pH 7.8) in buffer A 
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(10 mM ammonium formate in water, pH 7.8) at a flow rate of 4 ml/min in 60 min. 
The 75 fractions were finally combined equally into 5 final fractions for mouse liver 
samples, and 10 final fractions for MCD SILAC sample, respectively. Each fraction 
was condensed by using SpeedVac (ThermoSavant SPD111V). The peptide solution 
was then used for immunoaffinity enrichment. Affinity Enrichment of the Peptides 
Containing Kmal — The peptides containing Kmal were enriched using a procedure 
described previously (Kim et al., 2006a). The tryptic peptides from each fraction 
were resolubilized in 100 mM NH4HCO3 (pH 8.0). Samples were centrifuged at 
20,000 g for 10 min to remove insoluble particles. The peptides were incubated 
with 15 μL of agarose beads conjugated with anti-malonyl lysine antibody at room 
temperature for 4 h with gentle rotation. The beads were washed three times with 
NETN buffer, twice with ETN buffer (50 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1 mM 
EDTA) and once with water. Enriched Kmal peptides were eluted from the beads by 
washing three times with 0.1% trifluoroacetic acid. The eluted Kmal peptides were 
dried in a SpeedVac. 

Nano-HPLC-MS/MS Analysis
The enriched Kmal samples were first desalted using OMIX C18 tips (Agilent 
Technologies Inc., Santa Clara, CA) and then dissolved in solvent A (0.1% formic 
acid in water). Samples were then injected onto a manually packed reversed-phase 
C18 column (100 mm × 75 μm, 3-μm particle size, Dr. Maisch GmbH, Ammerbuch, 
Germany ) connected to an Easy-nLC 1000 HPLC system (Thermo Fisher scientific 
Inc., Waltham, MA). Peptides were eluted from 5% to 90% solvent B (0.1% formic 
acid and 1% water in acetonitrile) in solvent A with a 1 h gradient at a flow rate of 
200 nl/min. The analytes were directly ionized and sprayed into a Q Exactive mass 
spectrometer (Thermo Fisher scientific Inc., Waltham, MA) by a Nanospray Flex™ 
Ion Sources. Full MS scans were acquired in the Orbitrap mass analyzer over the 
range m/z 300-1400 with a mass resolution of 70,000 at m/z 200. The 15 most 
intense peaks of the precursor ions were fragmented in the HCD collision cell with 
normalized collision energy of 27, and tandem mass spectra were acquired with a 
mass resolution of 17,500 at m/z 200. Lock mass at m/z 445.120024 was enabled 
for internal calibration of full MS spectrum. Ions with either a single charge or 
more than 4 charges were excluded from MS/MS fragmentation and the dynamic 
exclusion duration was set to 25s.

Data Processing and Analysis
MaxQuant software (v 1.3.0.5) was used for identifying and quantifying protein 
and malonylated peptides. Peaklist generation and precursor mass recalibration of 
the raw MS data were carried out by MaxQuant software. Trypsin was specified 
as the cleavage enzyme and the maximum number of missed cleavage was set at 
3. Methionine oxidation, protein N-terminal acetylation, lysine acetylation (Kac), 
Kmal (specified for neutral loss of CO2 in MS/MS fragmentation), and Ksucc were 
specified as variable modifications, and cysteine alkylation by iodoacetamide was 
specified as a fixed modification for all database searching. Database searching 
was performed against the UniProt mouse (50,807 sequences) or human (88,817 
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sequences) reference protein sequence database concatenated with reversed 
decoy database with initial precursor mass tolerance of 7 ppm. Mass tolerance for 
fragment ions was set at 20 ppm. False discovery rate (FDR) thresholds for protein, 
peptide and modification site were fixed at 0.01. The identified peptides with 
MaxQuant Andromeda score below 50 and localization probability below 0.75 were 
further removed prior to bioinformatics analysis. 

Malonyl-CoA Measurement 
The cells were treated with 15 μM Orlistat or vehicle only for 24 h at 80% confluence. 
The media were quickly removed and the dish was placed on top of dry ice. One 
ml of extraction solvent (80% methanol/water) was immediately added, and the 
dishes were then transferred to the -80°C freezer. The dishes were left for 15 min 
and then cells were scraped into extraction solvent on dry ice. The whole solution 
was centrifuged with the speed of 20,000 g at 4°C for 10 min. Here, cell extracts 
were prepared from three wells to make biological triplicates. The supernatant 
from tissue extract was transferred to a new tube for LC-QE-MS analysis. All 
samples were dried in a vacuum concentrator (Speed Vac). Ultimate 3000 UHPLC 
(Dionex) was coupled to Q Exactive-Mass spectrometer (QE-MS, Thermo Scientific) 
for metabolite separation and detection. For Acyl-Coenzyme A (Acyl-coA) analysis, 
a reversed phase liquid chromatography (RPLC) method was used. A Luna C18 
column (100 x 2.0 mm i.d., 3 μm; Phenomenex) was employed with mobile phase 
A: water with 5 mM ammonium acetate (pH = 6.8), and mobile phase B: methanol, 
at a flow rate of 0.2 ml/min. The linear gradient was: 0 min, 2% B; 1.5 min, 2% B; 
3 min, 15% B; 5.5 min, 95% B; 14.5 min, 95% B; 15 min, 2% B, 20 min, 2% B. The 
column was at room temperature. The Q Exactive mass spectrometer (QE-MS) was 
equipped with a HESI probe, and the relevant parameters were as follows: heater 
temperature, 120°C; sheath gas, 30; auxiliary gas, 10; sweep gas, 3; spray voltage, 
3.6 kV for positive mode. The capillary temperature was set at 320°C, and S-lens 
was 55. A full scan range was set at 300 to 1000 (m/z). The resolution was set at 
70 000 (at m/z 200). The maximum injection time (max IT) was 200 ms. Automated 
gain control (AGC) was targeted at 3 × 106 ions.  For CoA analysis, cell extract was 
dissolved into 30 μl of water with 50 mM ammonium acetate, pH 6.8. Samples were 
centrifuged at 20,000 g at 4°C for 3 min and the supernatant was transferred to LC 
vials. The injection volume was 8 μl for CoA analysis. Raw data collected from LC-
QE-MS were processed on Thermo Scientific software Sieve 2.0. Peak alignment 
and detection were performed according to manufacturer’s protocols. For a 
targeted metabolomics analysis, a frameseed including Acyl-CoA metabolites that 
has been previously validated was used for targeted metabolite analysis with data 
collected in positive mode, with the m/z width set at 8 ppm. Statistical significance 
was calculated based on student’s t test (unpaired, two tailed).

Motif Analysis for Lysine Malonylation Substrates
The standalone version of iceLogo (version 1.2) software was used to analyze the 
preference of flanking Kmal site sequence from mouse liver or human MCD cells 
(Colaert et al., 2009). The embedded Swiss-Prot “Mus musculus” or “Homo sapiens” 
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was used as the negative set. Six flanking amino acid residues on each side of a 
lysine malonylated site were selected as the positive set. 

Functional Enrichment Analysis
Functional enrichment analysis of lysine malonylated proteins was carried out using 
DAVID (Functional Annotation Bioinformatics Microarray Analysis) Bioinformatics 
Resources v 6.7 with the total mouse or human genome information as the 
background (Huang da et al., 2009). All identified lysine malonylated proteins 
were subjected to database analyses using Gene Ontology (GO) (Ashburner et al., 
2000) and Kyoto Encyclopedia of Genes and Genomes (KEGG) metabolic pathways 
(Kanehisa and Goto, 2000). GO FAT database from DAVID was selected in this 
analysis. The family-wide false discovery rate was corrected by Benjamini-Hochberg 
method using adjusted P value cutoff 0.05.

Protein-Protein Interaction Network Analysis
Protein-protein interaction networks of lysine malonylome were analyzed using 
STRING (Search Tool for the Retrieval of Interacting Genes/Proteins) database 
(version 9.1, confidence score 0.7) visualized by Cytoscape software (version 
3.1.0) with MCODE App toolkit (Jensen et al., 2009). The confidence score is the 
approximate probability that a predicted link exists between two enzymes in the 
same metabolic map in the KEGG database. Confidence limits are as follows: low 
confidence 0.2 (or better), medium confidence 0.5, high confidence 0.75, the 
highest confidence 0.95. 

Protein complex enrichment analysis
Manually-curated core complexes indexed by CORUM (the comprehensive resource 
of mammalian protein complexes) database were used for the analysis of lysine 
malonylated substrates (http://mips.helmholtz-muenchen.de/genre/proj/corum). 
Mouse or human complexes indexed in the database were used for enrichment 
analysis of mouse liver or MCD human cells by Fisher’s exact test. Complexes with 
adjusted p-value < 0.01 were considered as significant.

Kmal stoichiometry calculation 
Absolute stoichiometry calculation of malonylated site in SILAC samples was based 
on the previously reported algorithm (Olsen et al., 2010) with slight modification 
(Colak et al., 2013). The calculation was based on the MS quantification data (SILAC 
ratio) of the Kmal peptides (x), the corresponding protein (z), and the corresponding 
unmodified peptide (y), with the assumption that only one type of PTM occurs at a 
given site. The SILAC ratios of unmodified peptides (y) and proteins (z) were calculated 
from the global protein expression analysis using the whole cell lysate mixture of 
SILAC labeled MCD+/+ and MCD-/- cells without antibody affinity enrichment. For the 
calculation it was assumed that only one type of PTM occurred at the given site of 
interest. The unmodified peptide was defined as the longest completely digested 
part of the peptide sequence derived from the malonylated peptide, which contains 
no other PTM. The absolute stoichiometry was calculated based on the SILAC ratios 
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of x, y, and z using the same formula as previously reported (Olsen et al., 2010).

Mitochondrial respiratory flux analysis 
Measurements of cellular oxygen consumption were performed using an 
extracellular flux analyzer (Seahorse BioScience, Billerica, U.S.A.). Fao hepatoma 
cells were incubated for 24 hours in culture medium (DMEM supplemented with 
2 mM HEPES, 2% Pen/Strep and 10% FBS) containing 50 mM malonate. Next, cells 
were plated at 20,000 cells/well in Seahorse 96 well culture plates followed by 
overnight incubation in malonate-free medium. Human fibroblasts were maintained 
and plated in DMEM supplemented with 2 mM HEPES, 2% Pen/Strep and 10% FBS 
at 30.000 cells/well. Seahorse mitochondrial function analysis was performed 
using the digitonin cell permeabilization protocol (Salabei et al., 2014). Prior to 
measurements of respiration, culture medium was replaced with MAS buffer (pH, 
7.4, 220 mM mannitol, 70 mM sucrose, 10 mM KH2PO4, 5 mM MgCl2, 2 mM HEPES, 
1 mM EGTA and 0.6% BSA-fatty acid free). Oxygen consumption rate (OCR) was 
analyzed following a single injection of either pyruvate/malate/ADP/digitonin, 
succinate/rotenone/ADP/digitonin or octanoylcarnitine/malate/ADP/digitonin, 
dissolved in MAS buffer without BSA at pH 7.4. Final digitonin concentration was 
30 µg/ml for Fao hepatoma cells and 100 µg/ml for fibroblasts. Final substrate 
concentrations were: pyruvate (5 mM), malate (2.5 mM), succinate (10 mM), 
octanoylcarnitine (100 µM), ADP (1 mM). After injection of substrate, oligomycin 
was injected at 1.5 µM final concentration followed by injection of antimycin (2.5 
µM) and rotenone (1.25 µM).

Very-long chain acyl-CoA dehydrogenase (VLCAD) activity analysis 
VLCAD activity was analyzed by monitoring the specific conversion of palmitoyl-
CoA (C16:0-CoA) into palmitenoyl-CoA (C16:1-CoA) in cell lysates (Nouws et al., 
2010). Cell lysates (0.1 mg/ml) were incubated in 0.125 mM Tris pH 8.0 with 0.4 mM 
ferrocenium and 0.25 mM palmitoyl-CoA for 10 minutes at 37oC and the reaction 
was stopped by the addition of 10 µl 2N HCl followed by neutralization with 10 
µl 2M KOH/0.6M MES. Samples were deproteinated with acetonitrile followed 
by separation of substrate and products on a reversed-phase C18 HPLC and UV 
detection.

Long-chain 3-hydroxy-acyl-CoA dehydrogenase (LCHAD) activity analysis 
LCHAD activity was analyzed by incubating cell lysates (0.1 mg/ml) with 3- 
ketopalmitoyl-CoA (0.26 mM, synthesized in house) and NADH 0.4 mM in MES/
KPi (100mM/200mM) buffer with 0.1% Triton (pH 6.2) for 5 minutes at 37oC using a 
procedure previously described (Wanders et al., 1990). To control for the conversion 
of 3-ketopalmitoyl-CoA by short-chain 3-hydroxy-acyl-CoA dehydrogenase (SCHAD), 
samples were incubated with and without N-Ethyl-Maleimide (NEM), because NEM 
inhibits only LCHAD and not SCHAD. After incubation, reactions were stopped with 
10 µl 2N HCL followed by neutralization with 10 µl 2M KOH/0.6M MES. Samples 
were deproteinated with acetonitrile followed by separation of substrate and 
products on a reversed-phase C18 HPLC and UV detection.
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Immunocytochemistry
MCD+/+ and MCD-/- cells were grown on coverslips and treated with 15 μM orlistat 
for 48 hr. Mito-tracker red was added to the culture medium at 0.1 μM final 
concentration and incubated for 30 min. The cells were washed with PBS twice and 
fixed with 4% (v/v) paraformaldehyde and permeabilized with 0.2% (v/v) Triton-X. 
The cells were blocked with 2% bovine serum albumin for 2 hrs and incubated with 
the corresponding primary antibodies at 1.5 µg/ml final concentration overnight. 
The cells were washed with PBS twice and incubated with secondary antibody 
Alexa Fluor 488 (Invitrogen, Grand Island, NY) for 2 hrs, and washed with PBS twice. 
Hoechst (BD Biosciences, San Jose, CA) is added at 2 μg/ml final concentration and 
incubated for 15 min. The coverslips are washed with PBS twice and mounted. The 
imaging was performed by using Leica SP2 DMIRE2 confocal microscope, with HCX 
PL APO Ibd.BL 63X 1.4 oil objective.

Results

Kmal is affected by SIRT5 and MCD
Our previous studies showed that SIRT5 can catalyze the removal of malonyl 

groups from malonylated lysine residues, both in vitro and in vivo (Peng et al., 
2011a). In addition, exogenous malonate can boost lysine malonylation, possibly 
by increasing intracellular concentrations of malonyl-CoA catalyzed by a short-chain 
acyl-CoA synthase (Peng et al., 2011a). Consistent with this result, SIRT5 KO mice 
showed increased Kmal and Ksucc levels compared to their wild-type counterparts, 
but not Kac (Fig. 2A).

We previously showed, by western blotting analysis, that Kmal levels are higher in 
MCD-/-  cells than in MCD+/+ cells (Pougovkina et al., 2014). This result, in combination 
with our earlier observation that malonate can enhance Kmal (Peng et al., 2011a), 
supports the hypothesis that MCD deficiency induces malonyl-CoA concentration 
that can in turn boost Kmal. If this is true, a reduction of lipid biosynthesis by 
reduced activity of fatty acid synthase (FAS) may also increase malonyl-CoA and Kmal 
levels. To test this, we treated both control MCD+/+ and MCD-/- cells with orlistat, an 
inhibitor of fatty acid synthase (Kridel et al., 2004). Consistent with our hypothesis, 
we observed an increase of Kmal levels in response to orlistat in MCD+/+ cells (Fig. 
2B). In addition, orlistat further increased Kmal levels in MCD-/- cells compared to 
MCD+/+ cells, while Kac and Ksucc levels remained largely unchanged (Fig. 2C). 

To test whether the enhanced Kmal levels are correlated with higher amounts 
of malonyl-CoA, we measured intracellular malonyl-CoA levels in MCD+/+ and MCD-

/- cells using HPLC/MS-based metabolomics method. Our data showed that orlistat 
significantly increased intracellular malonyl-CoA levels in both cell lines (Fig. 2D), 
suggesting that increased lysine malonylation induced via orlistat treatment might 
be due to enhanced concentration of malonyl-CoA. 

Taken together, three different strategies for enhancing malonyl-CoA levels lead 
to increased levels of lysine malonylation. This result is consistent with our previous 
work showing that increasing crotonyl-CoA, succinyl-CoA and glutaryl-CoA levels all 
result in increases of their respective lysine acylations (Tan et al., 2011; Tan et al., 
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Figure 2. Dynamic changes of lysine malonylation vs other lysine acylations. (A) Lysine acylation 
levels in hepatocytes from (SIRT5+/+) and SIRT5 knockout (SIRT5-/-) mouse. Four pairs of mice were 
used. From top panel to bottom: α-acetyllysine blot, α-succinyllysine blot, α-malonyllysine blot, and 
Coomassie blue loading control. B) MCD+/+ cells treated with 5 μM and 15 μM Orlistat for 48 h. Top: 
α-malonyllysine blot, bottom: ponceau loading control. (C) Dynamics of lysine acylation in response 
to orlistat, a FAS inhibitor. The MCD+/+ and MCD-/- cells were both treated with 15 μM orlistat for 48 h. 
From left to right: α-malonyllysine blot, α-acetyllysine blot, α-succinyllysine blot, and Coomassie blue 
loading control. (D) Relative malonyl-CoA levels of MCD+/+ and MCD-/- cells, with and without 24 h 
orlistat treatment. See also Fig. S1.
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2014; Zhang et al., 2011).

Proteomic identification of Kmal peptides
Idenitfying protein substrates is critical to studying the biology of a PTM 

pathway, as was demonstrated in characterization of the lysine acetylation pathway 
(Chen et al., 2012; Choudhary et al., 2009; Kim et al., 2006b; Zhao et al., 2010). To 
identify Kmal substrate proteins and their modification sites, we used a proteomic 
approach involving affinity enrichment and subsequent HPLC-MS/MS analysis 
(Fig. 3). Two experimental models were used, namely the SIRT5 KO mice and MCD 
deficient fibroblasts from malonic aciduria patients. Analysis of Kmal substrates in 
mouse liver allows us to identify Kmal substrates in this organ important for cellular 
metabolism (Fig. 3A). The liver also has the highest lysine malonylation levels among 
the mouse tissues that we screened (Fig. S1). Quantification of Kmal substrates in 
MCD-deficient cells versus wild-type controls can reveal key Kmal substrates whose 
modification status is changed in response to malonic aciduria, and whose increased 
malonylation may play a pathogenic role in this disorder (Fig. 3B).

Protein extracts from liver tissues of SIRT5 KO mice were prepared, tryptically 
digested, and resolved into 5 fractions by high-pH reversed phase (RP) HPLC. Kmal 
peptides were enriched using pan α-malonyllysine antibody. The enriched Kmal 
peptides were analyzed by HPLC-MS/MS (Fig. 3A). The acquired raw MS data were 
analyzed by MaxQuant software with a false discovery rate (FDR) of 0.01 at protein 
and peptide level for the identification of Kmal peptides. To ensure high confidence 
of the identifications, we removed Kmal peptides with Andromeda scores 
between 40 and 50, and localization probability below 0.75, prior to bioinformatic 
analysis (Table S1A). The Andromeda score is used for ranking the confidence of 
peptide identification for the MS/MS spectrum by the Andromeda search engine 
integrated in Maxquant software. A higher score indicates a more confident 
peptide identification. This analysis led to identification of 4016 Kmal sites in 1395 
proteins in SIRT5 KO mouse liver (Fig. 3C). In a parallel experiment, we identified 
and quantified Kmal peptides in human dermal fibroblasts isolated from normal 
individuals (MCD+/+, labeled with “Heavy” lysine isotope) and from malonic aciduria 
patients that are deficient in MCD (MCD-/-, labeled with “Light” lysine isotope). Equal 
amount of protein lysates from both MCD+/+ and MCD-/- cells were combined in a 
1:1 ratio and processed using the same procedure as described above for analysis 
of Kmal peptides. The study identified 4943 Kmal sites, with Andromeda scores >50, 
on 1831 proteins in human fibroblasts (MCD+/+ and MCD-/- combined, Fig. 3C).

Among the Kmal substrates, we identified 21 histone marks in mouse liver and 
19 histone marks in human fibroblasts. Interestingly, most of them were not located 
at N-terminal tails of histones (Fig. 3D). Similarly, 35 non-redundant histone lysine 
succinylation sites have been reported in mouse liver, which mostly localizes to 
C-terminal globular domains as well (Park et al., 2013). These results suggest that 
both Kmal and Ksucc histone marks are likely to have differential regulatory function 
from the widely studied histone acetylation marks.

We previously reported that Ala and Gly were over-represented in the flanking 
sequences of Ksucc sites, whereas Arg was largely depleted at both -1 and +1 
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Figure 3. Schematic representation of experimental workflow. (A) Profiling of lysine malonylation 
substrates in SIRT5 KO mouse liver. (B) Identification and quantification of lysine malonylation 
substrates, using SILAC and mass spectrometry, in MCD+/+ (“Heavy”) and MCD-/- (“Light”) cell lines. 
(C) Pie charts showing the total numbers of the identified lysine malonylated sites in mouse liver 
(top), MCD+/+ and MCD-/- human cells (bottom). The number of Kmal sites with their corresponding 
MaxQuant Andromeda score ranges and percentiles are indicated. (D) Representation of lysine 
malonylated histone sites in mouse and human histones. A1 and S1 represent the first alanine and serine 
residues of the protein, respectively.
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positions (Park et al., 2013). Similarly, we evaluated the flanking sequences of 
Kmal sites to identify if there was a structural preference for the location of this 
modification on the peptides. Motif analyses of Kmal sites in mouse liver (Fig. S2A, 
left) and human fibroblasts (Fig. S2B, left) showed significant similarity. Aliphatic 
amino acids, including Ala, Val, Ile and Gly, were over-represented at the flanking 
sequence of Kmal sites, similar to the situation with Ksucc sites, whereas Ser, Pro 
and Leu were under-represented. In contrast to the similarity of Kmal and Ksucc 
flanking sequences, positively charged residues such as Lys and Arg predominate in 
Kac motifs in mouse liver (Hebert et al., 2013).

Quantification of changes in Kmal modification levels from MCD deficient cell 
versus its wild type

Using SILAC-based quantitative proteomics approach, we quantified the 
difference of Kmal substrate levels between MCD+/+ and MCD-/- cells, based on 
the levels of Kmal peptides and those of protein expression. In parallel, we also 
quantified changes of protein expression using whole cell lysates derived from a 
mixture of SILAC labeled MCD+/+ and MCD-/- cells. The changes of Kmal peptides 
were then normalized to the change of their corresponding proteins levels in MCD 
cells. Normalized changes of Kmal peptides were then used for the subsequent 
analysis.

Among 4943 Kmal sites on 1822 proteins identified in MCD human fibroblasts, 
3181 Kmal sites on 1257 proteins could be quantified. Among the 1762 unquantified 
Kmal sites, 1452 are present only in MCD-/- cells (“Light” only); these are the Kmal 
peptides that have no detected signal in “Heavy-labeled peptide” (Intensity H) from 
MCD+/+ cells, but significant intensity for the corresponding”Light-labeled peptide 
(Intensity L)” from MCD-/- cells, by MaxQuant analysis.

The median MCD+/+: MCD-/- ratio of the quantifiable Kmal sites was 0.8284 (Fig. 
4A). These results clearly suggest that MCD deficiency has a profound impact in 
elevating Kmal levels in MCD-/- cells. 461 Kmal sites on 339 proteins have increased 
in abundance by 2 fold or more (normalized log2 ratio (MCD+/+: MCD-/-) ≤-1), while 
1452 Kmal sites on 822 substrate proteins were present in “Light”-only MCD-/- cells 
(Fig. 4B). 48 Kmal sites on 38 Kmal proteins showed more than a 10-fold increase 
in MCD-/- cells. We considered these Kmal substrates to represent the core group 
of Kmal substrates stimulated by MCD deficiency. KEGG pathway analysis indicated 
that these substrates are associated with the TCA cycle, oxidative phosphorylation, 
amino acid degradation (valine, leucine, isoleucine, and lysine), fatty acid metabolism 
and propanoate metabolism pathways. 

To calculate the stoichiometry of Kmal in MCD+/+ and MCD-/- cells, we modified 
a reported algorithm (Olsen et al., 2010) as we described previously (Colak et al., 
2013; Park et al., 2013). The calculation was based on the successful quantification 
of a Kmal site, its corresponding protein, and the unmodified peptide form in the 
SILAC experiment (for details, see (Colak et al., 2013)). To achieve a more accurate 
calculation, we removed those Kmal sites that were previously reported to be 
acetylated and succinylated (Weinert et al., 2013b; Wild et al., 2011), to minimize 
errors caused by the two modifications at the same residues. This analysis enabled 
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Figure 4. Stoichiometry analysis of lysine malonylome. (A) Scatter plot showing the peptide intensities 
(i.e., the summed precursor-ion intensities of each peptide, derived from MaxQuant software) of the 
quantifiable lysine malonylated peptides in relation to their dynamic change in response to MCD 
knockout. Kmal Ratio (MCD+/+: MCD-/-): MS signal intensity from MCD+/+ divided by that from MCD-

/-.Red: log2 Ratio (MCD+/+:MCD-/-) ≤ -1, Green: -1 ≤ log2 Ratio (MCD+/+:MCD-/-) ≤ 1; Purple: log2 
Ratio (MCD+/+:MCD-/-) ≥1. (B) Histogram showing the distribution of the log2 ratio (MCD+/+:MCD-/-) 
SILAC ratios of Kmal sites in MCD+/+ cells over MCD-/- cells. The Y-axis represents the number of 
Kmal peptides in each category before (green), and after (red) normalization to the protein amount. 
(C) Stoichiometry analysis of lysine malonylation sites in MCD+/+ and MCD-/- human fibroblasts. 
X-axis represents individual Kmal sites while Y-axis represents the stoichiometry percentage. (D) 
Three dimensional protein structure of acetyl-CoA acetyltransferase 1 (ACAT1) shown with lysine 
malonylation sites (K190, K243, K251, K263, K268, K273) and the Co A binding site. Dash black lines 
represent hydrogen bonds.
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us to calculate the stoichiometry of 325 Kmal sites on 222 proteins in MCD-/- cells, 
with calculated stoichiometries ranging from 0.07% to 50.0% and in MCD+/+ cells, 
with a range from 0.01% to 48.6% (Fig. 4C). The two highest Kmal stoichiometry 
sites were K376 of adenylyl cyclase-associated protein 1 (50.0% in MCD-/- cells and 
48.6% in MCD+/+ cells) and K41 of phosphoglycerate kinase (49.4% in MCD-/- cells 
and 48.2% in MCD+/+ cells). Very long chain acyl-CoA dehydrogenase (ACADVL, 
also known as VLCAD) catalyzes the first step of mitochondrial fatty acid oxidation. 
Nine Kmal sites were identified in VLCAD, among which five sites were detected in 
MCD-/- cells only, while the other four were up-regulated in MCD-/- cells, suggesting 
a dramatic increase of Kmal on this protein. Dynamic increase of two Kmal sites 
in VLCAD was 390-and 137-fold, respectively, in MCD-/- cells. Among 324 sites 
whose stoichiometries were determined, 179 sites (55%) have more than a 2-fold 
increase of Kmal stoichiometry in MCD-/- cells. For example, malonylation at K295 of 
mitochondrial 10-formyltetrahydrofolate dehydrogenase, responsible for formate 
oxidation, is increased from 0.7% in MCD+/+ cells to 31% in MCD-/- cells. Malonylation 
at K126 of prohibitin-2, a mediator of transcriptional repression by nuclear hormone 
receptors, increased from 12.8% to 42.3% in MCD-/- cells.

Overlap among Kmal, Ksucc and Kac sites
To understand the similarities and differences among Kmal, Ksucc, and Kac sites, 

we compared our lysine malonylome data with previously published data (Chen et 
al., 2012; Choudhary et al., 2009; Park et al., 2013; Weinert et al., 2013b). We found 
that of all the identified Kmal sites in mouse liver, 640 (16%) sites (Fig. 5A, right) 
and 595 (42%) proteins (Fig. 5A, left) overlaped with Kac sites in mouse embryonic 
fibroblasts (MEF) (Chen et al., 2012), whereas 510 (36.5%) Kmal sites (Fig. 5A, right) 
and 262 (6.5%) proteins (Fig. 5A, left) overlapped with Ksucc sites in SIRT5 KO mouse 
liver (Park et al., 2013). When we pooled the Ksucc sites reported in SIRT5 KO mouse 
liver and MEFs, and carried out the same analysis, 706 (17.6%) sites (Fig. S2C, right) 
and 406 (29%) proteins (Fig. S2C, left) overlapped with Kmal sites identified in SIRT5 
KO mouse liver. Interestingly, we found that a significant portion of the malonylated 
proteins (46.2%) and sites (71.1%) identified in our mouse liver data do not overlap 
with the previously reported Ksucc and Kac data. 

In a parallel experiment, we carried out a similar analysis for the human 
malonylome. In this experiment, we obtained the Kac and Ksucc data from previous 
publications (Choudhary et al., 2009; Weinert et al., 2013b). Among the Kmal sites 
identified in human fibroblasts (combination of MCD+/+ and MCD-/-), 776 Kmal sites 
(Fig. 5B, right) and 827 malonylated proteins (Fig. 5B, left) overlapped with the 
human Kac proteome (Choudhary et al., 2009), and 671 sites (Fig. 5B, right) and 
550 proteins (Fig. 5B, left) overlapped with the human Ksucc proteome (Weinert 
et al., 2013b). Similar to the mouse malonylome data, a significant portion of 
the human malonylated proteins (46.7%) and sites (75.7%) did not overlap with 
previously reported Ksucc and Kac data. Overall, the spectrum of lysine sites and 
protein targets subject to malonylation shows substantial non-overlap with Kac and 
Ksucc, suggesting that this modification likely plays roles in modulating biological 
processes distinct from other lysine PTMs.
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Cellular localization of lysine malonylomes
SIRT5, a regulatory enzyme of Ksucc, Kglu, as well as Kmal, localizes predominantly 

to mitochondria, but is also present in the cytosol and nucleus (Michishita et al., 
2005; Park et al., 2013). Previously, we reported that a 17.8% of Ksucc substrates 
(351) are localized in the mitochondria in mouse liver (Fig. S2F, left) (Park et al., 
2013). Among the Ksucc substrates identified in human cervical cancer cells (Hela) 
(Weinert et al., 2013b), 17% of Ksucc substrates exclusively localizes to mitochondria 
(Fig. S2F, right). 

To understand the cellular localization of Kmal substrates in mouse liver, we 
performed the same analysis for the Kmal dataset generated from mouse liver. 
Here, we compared our Kmal dataset with the mitochondria genes annotated in GO 
database (Pagliarini et al., 2008). Of all the identified Kmal substrates, 316 (58%) 
of them are present in the mitochondria and 274 (50%) of them are exclusively 
mitochondrial proteins (Fig. 5C, left). Therefore, a comparable fraction of Kmal and 
Ksucc proteins from mouse liver localizes to mitochondria. 

In parallel, we carried out similar analysis for Kmal proteins derived from 
human fibroblasts. Our result shows a striking difference of subcellular localization 
among Kmal substrates. Among the 1024 Kmal substrates identified in human 
fibroblasts, 338 (33%) of them localize mitochondria, of which 265 (26%) of them 
are exclusively mitochondrial (Fig. 5C, right). The number of mitochondrial Kmal 
substrates from either mouse liver or human fibroblasts is comparable. However, 
in human fibroblasts, we identified a significantly higher number of nuclear and 
cytosolic substrates, with 262 (30%) and 342 (39%) proteins, respectively (Fig. 5C, 
right). The cellular enzymes that catalyze lysine malonylation in mammalian cells 
are still unknown. 

Additionally, we compared the Kmal proteins and sites in mitochondria to our 
previously reported Ksucc data (Park et al., 2013). We found 198 mitochondrial 
Kmal proteins (13.9% of all Kmal proteins) (Fig. S2D, left) and 432 mitochondrial 
Kmal sites (10.7% all Kmal sites) (Fig. S2D, right) overlapped with mitochondrial 
Ksucc in mouse liver, whereas 37% mitochondrial Kmal proteins and 62% Kmal sites 
did not overlap. In human fibroblasts, 59% mitochondrial Kmal proteins (199) (Fig. 
S2E, left) and 31% mitochondrial Kmal sites (344) (Fig. S2E, right) overlapped with 
mitochondrial Ksucc (Weinert et al., 2013b). 

We also performed immunostaining of MCD+/+ and MCD-/- human fibroblasts 
with α-malonyllysine, α-acetyllysine and α-succinyllysine antibodies along with 
Hoechst nuclear stain and MitoTracker Red (Fig. 6A and 6B). Our staining results 
suggest that the strongest signals for Kac and Ksucc are confined to the nucleus 
in both MCD+/+ and MCD-/- human fibroblasts (Fig. 6A and 6B, 2nd and 3th rows). 
However, Kmal signals are distributed among the cytosol and nucleus in MCD+/+ cells 
(Fig. 6A, top row). Interestingly, most of the Kmal signal overlaps with MitoTracker 
Red in MCD-/- cells (Fig. 6B, top row) suggesting that Kmal levels increase specifically 
in the mitochondria of MCD-/- cells.

Functional annotation of lysine malonylomes
To understand the biological functions of Kmal proteins, we performed 
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Figure 5. Analysis of Kmal substrates vs Kac and Ksucc substrates. (A) Venn diagrams showing the 
numbers of overlapping and non-overlapping Kmal, Ksucc and Kac proteins (left) and modification sites 
(right) in the mouse proteome. The mouse Kac and Ksucc datasets were obtained from two previous 
publications (Chen et al., 2012; Park et al., 2013). (B) Venn diagrams showing the numbers of overlapping 
and non-overlapping Kmal, Ksucc and Kac proteins (left) and modification sites (right) in human 
proteome. All identified Kmal sites in MCD+/+ and MCD-/- cells were combined for this comparison. The 
human Kac and Ksucc datasets were from two previous works  (Choudhary et al., 2009; Weinert et al., 
2013b). (C) Graphical representation of subcellular localization of lysine malonylated proteins. In each 
panel, bar diagrams show the numbers of modified proteins that are exclusively located in cytosol, nuclei 
and mitochondria in mouse liver (left) and human cells (right). See also Fig. S2 and S3.
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enrichment analysis by using the Gene Ontology (GO) database (Ashburner et 
al., 2000), and Kyoto Encyclopedia of Genes and Genomes (KEGG) (Mertins et al., 
2013) for Kmal substrates identified in mouse liver and human fibroblasts. The GO 
biological process analysis of mouse liver Kmal substrates showed enrichment in 
oxidation/reduction (adj P= 5.45x 10-51), protein translation (adj P = 5.71x 10-49), 
cofactor metabolism (adj P =4.18x 10-26), and fatty acid metabolism (adj P = 5.09x 
10-12) (Fig. S3A, left). The GO analysis of human fibroblast malonylome (Fig. S3B) 
showed enrichment in protein expression processes such as translation (adj P = 
2.22x 10-55), translation elongation (adj P = 7.43x 10-26), tRNA aminoacylation (adj 
P =1.01x 10-20), and intracellular transport (adj P =5.30x 10-31). Proteins associated 
with fatty acid β-oxidation were also enriched in the human fibroblast malonylome 
(adj P =2.34x 10-7). 

The molecular function analysis of mouse liver Kmal substrates showed 
enrichment in nucleotide binding (adj P = 9.35x 10-35), cofactor binding (adj P = 
1.04x 10-27), and ATP binding (adj P = 1.86x 10-15) (Fig. S3A, right). Kmal substrates 
in human fibroblasts were associated with nucleotide binding (adj P = 3.22x 10-45), 
nucleoside binding (adj P = 2.77x 10-29), ATP binding (adj P = 4.73x 10-26), as well 
as aminoacyl-tRNA ligase activity (adj P= 2.74x 10-20) (Fig. S3B, right) supporting 
the idea that Kmal may be involved in regulating protein translation. 

There was no significant difference between GO (Fig. S4A) and KEGG pathway 
enrichments (Fig. S4B) of all the proteins identified in human fibroblasts versus Light-
only protein substrates derived from MCD-/- cells. In addition, there was a significant 
overlap between the KEGG pathway analysis of mouse liver (Fig. S3C) and human 
fibroblasts (Fig. S3D). The top enriched categories of KEGG pathways for lysine-
malonylated substrates were ribosome, valine/leucine/isoleucine degradation, 
proteasome and fatty acid metabolism (Fig. S3C and S3D). 29 of 45 key enzymes 
in mouse and 22 of 45 key enzymes in humans involved in regulation of fatty acid 
metabolism were malonylated, among which five enzymes (FAS, ACC1, ACLY, AMPK 
and CPT1) are closely associated with malonyl-CoA metabolism.

Of particular note are a few proteins involved in fatty acid metabolism. We found 
that Acetyl-CoA acetyl transferase 1 (ACAT1), an enzyme participating in multiple 
metabolic pathways including fatty acid metabolism, was malonylated at seven 
sites: K174, K190, K243, K251, K263, K268, and K273 (Fig. 4D). The Kmal level of 
(MCD+/+: MCD-/- SILAC ratio of 0.0044) K263 of ACAT1, was increased more than 
200-fold in MCD-/- cells. K263 is in close proximity with Coenzyme A binding site and 
possibly makes two hydrogen bonds with Coenzyme A, suggesting a possibility that 
this residue is be important in regulating the protein’s function. K263 was previously 
reported to be acetylated and succinylated as well (Choudhary et al., 2009; Weinert 
et al., 2013b). In addition, among all the Kmal sites of ACAT1, K174 is acetylated, and 
K251 is succinylated (Choudhary et al., 2009). Therefore, these Kmal sites might also 
contribute to regulation of protein function, depending on the type of modification. 
Hydroxymethylglutaryl-CoA lyase (HMGCL) is malonylated at three lysine sites (K48, 
K93, and K137), of which K48 malonylation is increased roughly 39-fold in MCD-/- 
cells. HMGCL exclusively localizes to mitochondria and is specifically responsible for 
leucine degradation, as well as ketone production during fat breakdown. HMGCL 
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Figure 6. Immunocytochemistry imaging of (A) MCD+/+ and (B) MCD-/- cells. Top to bottom: Kmal, 
Kac and Ksucc staining, and 2nd antibody only (negative) control. Left to right: Hoechst nuclear stain, 
corresponding PTM, mito-tracker red, and overlapped channels.
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deficiency is a rare genetic disease that causes metabolic acidosis and hypoglycemia 
(Montgomery et al., 2012). A K-to-N mutation at K48 of HMGCL ablates enzymatic 
activity, which suggests that K48 is a critical position for enzymatic function (Carrasco 
et al., 2007). Therefore, lysine malonylation of K48 can likely lead to changes in 
enzymatic activity of this protein. ATP citrate lyase (ACLY) catalyzes conversion of 
citrate to acetyl-CoA, which can be further converted to malonyl-CoA by ACC1. 
Among the 14 Kmal sites in ACLY, K68, located next to ATP binding site (K66-K67), 
is malonylated, and therefore might alter the ATP binding ability of the protein. 
Enrichment of fatty acid metabolism proteins in the malonylomes in both mouse 
liver and human fibroblasts suggests a possible feedback regulation of fatty acid 
biosynthesis by malonyl-CoA-mediated lysine malonylation.

Lysine malonylation impacts mitochondrial function and fatty acid oxidation
Integration of our bioinformatic analyses of lysine malonylated proteins identified 

in mouse liver and human fibroblast demonstrates that among metabolic pathways, 
proteins involved in fatty acid metabolism were preferentially heavily malonylated. 
Fatty acid synthesis, which utilizes malonyl-CoA as substrate for synthesis and chain 
elongation, primarily occurs in the cytosol, whereas fatty acid oxidation occurs in 
mitochondria and peroxisomes. Because MCD-/- cells showed greatly increased 
Kmal immunostaining in mitochondria compared to MCD+/+ cells (Fig. 6) and 
MCD deficient patients have been reported to present with pathologies similar 
to patients with fatty acid oxidation defects, we wanted to understand whether 
lysine malonylation in MCD-/- cells would affect mitochondrial function and fatty 
acid oxidation. Long-chain fatty acids are broken down to medium and short-chain 
fatty acids in mitochondria by very-long chain acyl-CoA dehydrogenase (VLCAD) and 
medium-chain acyl-CoA dehydrogenase (MCAD) together with the mitochondrial 
trifunctional protein (MTP) complex encoded by the HADHA and HADHB genes. 
MTP complex consists of hydroxyl-acyl-CoA dehydrogenase (LCHAD), long-chain 
enoyl-CoA hydratase (LCEH), and long-chain keto-acyl-CoA thiolase (LCKAT) 
enzymatic activities. In MCD-/- cells multiple mitochondrial fatty acid oxidation 
proteins were heavily malonylated, and both VLCAD and HADHA were substantially 
more malonylated than in WT cells (Fig. 7A and Fig. S5B). Many of the detectable 

Figure 7. Lysine malonylation impacts mitochondrial function and fatty acid oxidation. (A) The 
SILAC ratios of lysine malonylation sites of VLCAD determined by quantitative proteomics between 
MCD+/+ and MCD-/- fibroblast cells, respectively. A number of malonylated lysines were only detected 
in MCD-/- cells. (B) VLCAD protein structure with mapped lysine malonylation sites (RCSB protein 
databank number 2UXW and 3B96). (C) Palmitoyl-CoA dehydrogenase activity of the VLCAD enzyme 
in cell lysates from MCD+/+ and MCD-/- cells. Bars represent means ± standard error of the mean (n=3-6). 
(D) 3-keto-palmitoyl-CoA dehydrogenase activity of the LCHAD enzyme in cell lysates from MCD+/+ 
and MCD-/- cells. Bars represent means ± standard error of the mean (n=3). (E-G) Respiration analysis 
of digitonin permeabilized Fao hepatoma cells that were exposed to 50 mM malonate for one day 
followed by overnight incubation in malonate-free medium (see text for details). Respiration analysis 
was performed with pyruvate/malate (E), succinate/rotenone (F) or octanoylcarnitine/malate (G). (H-J) 
Respiration analysis of digitonin permeabilized MCD+/+ and MCD-/- fibroblasts similar to F and G. OCR 
= oxygen consumption rate, OM = oligomycin, AM/rot = antimycin/rotenone. * = p-value <0.05, ** = 
p-value < 0.01, *** p-value < 0.001. See also Fig. S5. 
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malonylated lysine sites were only present in MCD-/- cells. Examination of the crystal 
structure of VLCAD (PDB code 2uxw, 3b96) reveals that sites of lysine malonylation 
are scattered across the polypeptide (Fig. 7B). Three of the Kmal sites (K278, K331, 
K480) occupy highly conserved amino acid positions among VLCAD orthologues. 
A majority of the lysine sites are surface-exposed, and their malonylation may 
impact different properties of the protein: three (K480, K482, K55) are located at 
the putative surface of membrane attachment (McAndrew et al., 2008); two (K635, 
K639) are found in proximity to the dimerization interface, and three (K276, K278, 
K331) are positioned near the active site where FAD and acyl-CoA molecules bind 
(Fig. 7B). We next analyzed whether VLCAD enzymatic activity was affected by 
malonylation in MCD-/- cells. Indeed, VLCAD activity was decreased 45% in MCD-/- 
cells as compared to MCD+/+ cells (Fig. 7C). Basal expression levels of VLCAD protein 
were similar in MCD+/+ and MCD-/- cells (Fig. S5A). Furthermore, the LCHAD activity 
of MTP was significantly decreased in MCD-/- cells as well (Fig. 7D). 

Accumulation of cytosolic malonyl-CoA is known to inhibit CPT1, which is located 
on the outer membrane of the mitochondria. CPT1, together with CACT and CPT2, 
imports acyl-CoAs into the mitochondria for beta oxidation. Our data now suggest 
that accumulation of lysine malonylation on proteins within the mitochondrial 
matrix can also inhibit fatty acid oxidation. To test if mitochondrial function and 
fatty acid oxidation are indeed affected by lysine malonylation, we studied impact 
of malonate on mitochondrial function in Fao liver cells. Previously, we have shown 
that malonate treatment induces significant lysine malonylation (Peng et al., 2011a). 
To eliminate any confounding effects from direct interference of malonate itself on 
mitochondrial function, we treated cells with malonate for one day, followed by 
a malonate-free overnight incubation, prior to analysis of mitochondrial function. 
Malonate treatment of cells significantly reduced the oxygen consumption rate 
(OCR) in the context of pyruvate, succinate and octanoylcarnitine mitochondrial 
oxidation (Fig. 7E, F and G). CPT1 is not required for oxidation of octanoylcarnitine; 
hence inhibition of CPT1 by malonyl-CoA cannot explain the observed decrease in 
OCR in the presence of octanoylcarnitine. Instead, this finding likely indicates that 
either oxidative phosphorylation or fatty acid oxidation activity is decreased by 
lysine malonylation.

Finally, we analyzed both succinate and octanoylcarnitine-driven OCR in MCD-

/- and MCD+/+ cells. Interestingly, succinate-driven OCR was only mildly reduced 
in MCD-/- cells (Fig. 7H and 7J), whereas octanoylcarnitine-driven OCR was 40% 
decreased in MCD-/- cells as compared to MCD+/+ cells (Fig. 7 I and J). Together, these 
findings indicate that malonyl-CoA can inhibit mitochondrial fatty acid oxidation 
in MCD-/- cells, through elevated lysine malonylation, independently of effects on 
CPT1.

Discussion
In this study, we performed the first global proteomic analysis of the lysine 

malonylome by using SIRT5 KO mouse liver and human dermal fibroblasts. Overall, 
we identified 4042 lysine malonylated peptides in 1426 proteins in SIRT5 KO mouse 
liver, and 4943 malonylated peptides in 1822 proteins in human fibroblasts. Four 



Protein malonylation in Malonic Aciduria

4

91

hundred sixty-one Kmal sites on 339 proteins showed a 2-fold increase or more in 
MCD-/- cells relative to MCD+/+ cells, and 1452 Kmal sites on 822 proteins were only 
detected in MCD-/- cells, suggests that MCD activity has a profound impact on Kmal 
levels.

Our analysis revealed intriguing differences between Kmal substrates versus 
other lysine PTMs (Choudhary et al., 2009; Park et al., 2013). First, Kmal substrates 
show divergent cellular localization patterns between liver and fibroblast cells 
(Fig. 5C). In mouse liver, Kmal and Ksucc predominantly localized to mitochondria, 
with a small number of substrate proteins in the cytosol and nucleus. In contrast, 
in the case of MCD+/+ human fibroblasts, Kmal proteins were distributed among 
cytosol and nucleus (Fig. 5C, right), whereas in MCD-/- cells, increased localization 
of Kmal substrates in the mitochondria was observed. Malonyl-CoA is reported 
to localize to extracellular, membrane, mitochondrial and peroxisomal spaces of 
the cell according to the Human Metabolome Database (http://www.hmdb.ca/
metabolites/hmdb01175). The concentration of malonyl-CoA in mitochondria is 
not known. It is likely that mitochondrial malonyl-CoA is the cofactor for lysine 
malonylation reaction.

Second, the identification of a large number of Kmal substrates in the cytosol 
and nucleus of human fibroblasts suggests the potential existence of enzyme(s) 
catalyzing the transfer of malonyl groups from malonyl-CoA to lysine residues. 
It has been proposed that this process occurs non-enzymatically in the high-pH 
chemical environment of mitochondria (Wagner and Hirschey, 2014; Wagner and 
Payne, 2013; Weinert et al., 2013b). However, this in vitro spontaneous protein 
acylation cannot exclude the possibility of an enzyme-catalyzed PTM reaction, as in 
the case of lysine acetylation, which can occur via both non-enzymatic and enzyme-
catalyzed reactions. Given the fact that the pH is lower in the cytosol and nucleus 
than in mitochondria, and that the subcellular localization of Kmal substrates is very 
different in liver versus fibroblasts, it is possible that there is significant enzyme-
catalyzed lysine malonylation outside of mitochondria in human fibroblasts.

Third, 2693 Kmal sites remain at similar levels (with less than a 2-fold change) in 
human fibroblasts, unaffected by the expression of MCD enzyme. Cellular localization 
analysis showed that these Kmal substrates were not enriched in mitochondria. In 
stark contrast, the proteins showing increased Kmal in MCD deficiency (more than 
2 fold change) were enriched in the mitochondria. This suggests that the increased 
Kmal occurring in the context of MCD deficiency primarily impacts mitochondrial 
functions, including mitochondrial respiration. Indeed, we showed that lysine 
malonylation inhibited mitochondrial function and impaired octanoylcarnitine 
oxidation in MCD-/- cells. Because mitochondrial octanoylcarnitine oxidation does 
not require CPT1, our studies demonstrate that malonyl-CoA can also impact fatty 
acid oxidation and mitochondrial function via malonylation of proteins located in 
the mitochondrial matrix, independently of CPT1. This implies that malonyl-CoA 
can play a major role in controlling mitochondrial function by lysine malonylation of 
mitochondrial matrix proteins.

Diverse pathological symptoms have been observed in patients with inborn MCD 
deficiency, several of which are also common in fatty acid oxidation disorders, such 
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as cardiomyopathy, muscle weakness and hypoglycemia (Houten and Wanders, 
2010; Salomons et al., 2007). This observation has led to the hypothesis that CPT1 
inhibition by elevated malonyl-CoA levels could play a role in the pathophysiology of 
MCD deficiency. Indeed, palmitate and myristate oxidation was severely reduced in 
MCD deficient patient fibroblasts, implying a likely role of malonyl-CoA in inhibition 
of fatty acid oxidation in pathogenesis of this disorder (Bennett et al., 2001). In 
light of our result that malonyl-CoA accumulation can impact metabolic pathways 
via CPT1-independent lysine malonylation, it seems likely that accumulation of 
mitochondrial lysine malonylation also plays a pathogenic role in MCD deficiency. 
Moreover, KEGG pathway analysis of Kmal substrates showed enrichment of the 
modification in pathways besides those associated with fatty acid metabolism. MCD 
deficient patients can suffer from delayed neurological development (de Wit et al., 
2006). Although the pathogenic mechanism of this effect is still not well understood, 
it has been suggested that disruption of the interaction between malonyl-CoA 
and CPT1 might be a cause (Malvagia et al., 2007). Our data suggest that elevated 
Kmal on many mitochondrial proteins may represent another mechanism of the 
neuropathology associated with malonic aciduria. Since Kmal levels are regulated 
by SIRT5, this raises the possibility that pharmacologic strategies to increase SIRT5 
activity may represent a rational treatment strategy in MCD deficiency.

Identification, characterization and proteomic screening of three acidic lysine 
acylation pathways suggest association of these pathways with multiple inborn 
metabolic diseases. In this study, our results suggest that elevated malonic acid 
in MCD deficient cells might induce Kmal levels in substrate proteins that in turn 
impair the activities of key cellular metabolic enzymes, such as VLCAD and LCHAD. 
Glutaric Acidemia I (GA, OMIM: 231670) is caused by homozygous or compound 
heterozygous mutations in the gene encoding glutaryl-CoA dehydrogenase (GCDH). 
A previous study demonstrated that GA patients as well as GCDH KO mice display 
increased levels of glutaryl-CoA (Koeller et al., 2002). We showed that glutarylation 
suppresses CPS1 enzymatic activity in cell lines, mice, and a model of glutaric 
academia type I disease. This result suggests that up-regulation of glutaric acid 
and glutaryl-CoA leads to elevated levels of Kglu that in turn modulate activities 
of substrate proteins (Tan et al., 2014). Furthermore, we previously demonstrated 
that lysine propionylation and lysine butyrylation also accumulate in propionyl-
CoA carboxylase (PCC) deficiency and short-chain acyl-CoA dehydrogenase 
(SCAD) deficiency, respectively (Pougovkina et al., 2014). Additionally, mutations 
in the genes that are involved in succinyl-CoA metabolism, such as ketoglutarate 
dehydrogenase, succinyl-CoA–3-ketoacid-Co-A transferase and succinyl-CoA ligase, 
lead to metabolic diseases (Ostergaard, 2008). Weinert et al. demonstrated that loss 
of succinyl-CoA ligase in yeast results in increased lysine succinylation, suggesting 
that accumulation of mitochondrial succinyl-CoA also increases mitochondrial 
succinylation (Weinert et al., 2013b). Taken together, a new concept has emerged 
from studies of these acidic lysine acylations: genetic defects in enzymes involved 
in the metabolism of acyl-CoA species and/or their corresponding acylic acids can 
lead to elevated cellular acyl-CoA concentrations. Elevated levels of acyl-CoA in turn 
induce lysine acylation in substrate proteins that can modulate their functions and 



Protein malonylation in Malonic Aciduria

4

93

even contribute to disease.
Mechanistic understanding of Kmal, Ksucc, and Kglu pathway dysregulation 

in inborn metabolic diseases may be relevant for developing novel therapeutic 
strategies for these diseases. For example, it may be possible to activate SIRT5 
and alleviate the symptomatology in these conditions. Moreover, this mechanistic 
understanding can be instrumental for the analysis of the role of lysine acylation 
in other diseases, like diabetes and cancer, where disturbance of metabolic 
homeostasis plays a critical role.
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Supplementary Figures

Figure S1 (Related to Figure 2). Western blot analysis of Kmal levels in mouse liver, kidney, heart, 
brain, lung, spleen and testis tissues obtained from two C57BL6 male mice (#1-2). Top, α-malonyllysine 
blot; bottom, Ponseau staining for loading control.

Figure S2 (Related to Figure 5). (A) Left: Schematic representation for the motif analysis of lysine 
malonylated sites from mouse liver by iceLogo. Right: Pie chart showing the percentage of total lysine 
malonylation sites per protein in mouse liver. (B) Left: Schematic representation for the motif analysis 
of lysine malonylated sites in human fibroblasts (MCD+/+ and MCD-/- data combined). Right: Pie chart 
showing the percentage of total lysine malonylation sites per protein in human fibroblasts (MCD+/+ and 
MCD-/- data combined). (C) Venn diagrams showing the numbers of overlapping and non-overlapping 
Kmal, Ksucc and Kac proteins (left) and modification sites (right ) in mouse proteome. For this analysis, 
we combined all the identified Ksucc sites in mouse liver and MEF cells. The Ksucc dataset used is from 
Park et al. (Park et al., 2013) while the Kac dataset used is from Chen et al. (Chen et al., 2012). (D) and 
(E). Schematic representation of the overlapping mitochondrial Kmal proteins (left) and modification 
sites (right) with mitochondrial Ksucc proteins (left) and modification sites (right), in mouse liver (D) 
and human fibroblasts (E). (F) Graphical representation of subcellular localization of lysine succinylated 
proteins. In each panel, bar diagrams show the numbers of modified proteins that are exclusively located 
in cytosol, nuclei and mitochondria in mouse liver (left) and human cells (right). 
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Figure S3 (Related to Figure 5). Pathway analysis of lysine malonylation proteins. (A) and (B) 
Representative Gene Ontology annotations of Kmal sites for biological process (left ) and molecular 
function (right) in mouse liver (A) and in human fibroblasts (B). (C) and (D), KEGG pathway analysis 
for lysine malonylated proteins in mouse liver (C) and in human fibroblasts (D).
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Figure S4 (Related to Figure 5). (A) Representative Gene Ontology annotations of Kmal substrates for 
biological process (left) and molecular function (right). Top row to bottom: Light-only (MCD-/- only) 
Kmal substrates, MCD-/- only and 2 fold changed Kmal substrates combined, MCD-/- only and 10 
fold changed Kmal substrates combined. (B) Representative KEGG pathway enrichment analysis of 
Kmal substrates. Left to right: MCD-/- only Kmal substrates, MCD-/- only and 2 fold changed Kmal 
substrates combined, MCD-/- only and 10 fold changed Kmal substrates combined.
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Figure S5 (Related to Figure 7). (A) Western blot analysis of VLCAD levels in MCD+/+ and MCD-/- 

fibroblasts. Cell lysates of each cell line blotted with α-VLCAD antibody and stained with ponceau for 
loading control. (B) The “Heavy”/”Light” ratios of lysine malonylation sites of HADHA. Determined by 
quantitative proteomics between MCD+/+ and MCD-/- fibroblast cells, respectively. 
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Introduction
Post translation modifications (PTMs) expand the functional diversity of the 

cellular proteome by modulating the function of proteins, albeit catalytic or not 
and thereby allow a rapid response to changes in the surrounding environment. 
Lysine acylation is a reversible PTM which involves covalent attachment of an acyl 
group to the positively charged ε-amino group of the lysine residue. The most well 
defined lysine acylation PTM is acetylation, the function and regulation of which 
has been thoroughly studied for decades. However, recent advances in proteomics 
have led to the identification of new acylation PTMs demonstrating that virtually all 
acyl-CoAs generated by intermediary metabolism can be used as donors for lysine 
acylation. These include among others, propionylation, butyrylation, malonylation, 
succinylation and glutarylation (Chen et al., 2007; Peng et al., 2011a; Tan et al., 
2014; Zhang et al., 2011).

Lysine succinylation, along with malonylation and glutarylation changes the 
positive charge of lysine to negative and it is likely that this has a considerable impact 
on the function of the modified protein. These three types of lysine modification 
were shown to be regulated by the mitochondrial sirtuin SIRT5 (Du et al., 2011; Peng 
et al., 2011a; Tan et al., 2014). Succinylation was detected on many mitochondrial 
metabolic enzymes (Park et al., 2013; Rardin et al., 2013a) indicating that it may have 
a role in metabolic regulation. Elevated lysine succinylation was shown to decrease 
metabolic flux through mitochondrial β-oxidation and ketogenesis pathways in 
SIRT5 KO mice (Rardin et al., 2013a). Functional studies have demonstrated that 
SIRT5 regulates cellular respiration by desuccinylating pyruvate dehydrogenase 
complex (PDC) and succinate dehydrogenase (SDH), which represses their activity 
(Park et al., 2013). 

In contrast to acetylation, it is unknown how other acylation modifications are 
catalyzed. Likewise, an enzyme with succinyl-transferase activity has not been 
identified. However, there are indications that acylation modifications can also 
occur non-enzymatically due to accumulation of specific acyl-CoAs during certain 
metabolic states of the cell. In another study we have shown that accumulation of 
butyryl-CoA, malonyl-CoA and propionyl-CoA caused by a specific enzyme deficiency 
in inborn errors of metabolism results in increased butyrylation, malonylation 
and propionylation, respectively (Pougovkina et al., 2014). The mechanism of 
non-enzymatic acylation is especially relevant in mitochondria, which due to its 
metabolic activity generates various acyl-CoAs through intermediary metabolism. 
In addition, the mitochondrial CoA pool is significantly higher than in other cellular 
compartments, which will inevitably lead to higher mitochondrial acyl-CoA levels. 
Succinyl-CoA takes part in several mitochondrial metabolic pathways: as an 
intermediate in the TCA cycle, as the product of catabolism of odd-chain fatty acids 
and some branched-chain amino acids, and it is also part of porphyrin biosynthesis 
(Berg et al., 2002).

Succinyl-CoA synthetase (SCS) deficiency is a severe inborn error of metabolism 
that results in defective flux through the TCA cycle. SCS is a mitochondrial enzyme 
in the TCA cycle that catalyzes the reversible conversion of succinyl-CoA and ADP 
or GDP to succinate and ATP or GTP (Johnson et al., 1998). SCS is a heterodimer 
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composed of α- and β-subunits. The α-subunit consists of SCS-G1 and is constant in 
all of the tissues. The β-subunit can be either SCS-A2 or SCS-G2 and determines the 
substrate specificity of the enzyme making it either ADP-forming or GDP-forming, 
respectively (Fig. 1A) (Johnson et al., 1998; Lambeth et al., 2004). The SCS-A2 
subunit predominates in catabolic tissues such as brain and skeletal muscle, and 
the SCS-G2 subunit is mainly expressed in anabolic tissues, such as the liver and 
kidney (Lambeth et al., 2004). Until now, only patients with mutations in the genes 
encoding SCS-G1 and SCS-A2 have been reported (Carrozzo et al., 2007; Elpeleg 
et al., 2005; Ostergaard et al., 2007b; Randolph et al., 2011; Rivera et al., 2010; 
Rouzier et al., 2010; Sakamoto et al., 2011; Van Hove et al., 2010). SCS-G1 patients 
generally present with a more severe phenotype including marked acidosis with 
lactic aciduria, multi-organ failure and death within the first days of life (Rivera et 
al., 2010). Most patients with mutations in SCS-A2 have a milder phenotype being 
mostly normal at birth and developing the first symptoms after 3-6 months of 
life. SCS-A2 deficiency presents with hypotonia and muscle weakness, Leigh-like 
syndrome with hearing impairment, dystonia and short lifespan (Carrozzo et al., 
2007; Elpeleg et al., 2005; Ostergaard et al., 2007b). 

Interestingly, both patients with SCS-G1 and SCS-A2 deficiencies present with 
mtDNA depletion syndrome (MDS) (Carrozzo et al., 2007; Elpeleg et al., 2005; 
Ostergaard et al., 2007a; Ostergaard et al., 2007b; Rivera et al., 2010), which links 
the TCA cycle to mtDNA homeostasis. Consequently these patients were reported 
to have lower activity of individual OXPHOS complexes in muscle mitochondria, 
with exception of complex II that is completely encoded by the nuclear genome 
(Elpeleg et al., 2005; Ostergaard et al., 2007a). Manifestation of MDS is most 
prominent in the muscle tissue of the patients and some studies were not able 
to detect this phenotype in the primary fibroblasts of the patients (Elpeleg et al., 
2005; Ostergaard et al., 2007a). However, in some cases reduced OXPHOS activity 
and mtDNA depletion were also detected in patient fibroblasts (Carrozzo et al., 
2007; Rivera et al., 2010). Currently, the mechanism causing MDS in SCS deficiency 
is unknown. Because nucleoside diphosphate kinase (NDK), an enzyme essential 
for mtDNA replication (Bradshaw and Samuels, 2005), was shown to interact with 
SCS-A2 in prokaryotes and eukaryotes (Kadrmas et al., 1991; Kavanaugh-Black et al., 
1994; Kowluru et al., 2002), there are speculations that the absence of SCS may lead 
to reduced activity of NDK and thus mtDNA depletion.

In this study we demonstrate that the level of succinylation is increased in SCS 
deficient patient fibroblasts. Furthermore, we report that SCS-deficient cells have 
a partial deficiency in the OXPHOS system and are more glycolytic. To investigate 
whether hypersuccinylation in these cells is linked to OXPHOS deficiency we have 
reduced the level of succinylation by overexpression of SIRT5. Finally, we have 
analyzed the effect of succinylation on the activity of NDK.
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Figure 1. Lysine succinylation is elevated in SCS deficient cells. (A) Schematic representation of the 
TCA cycle and the reversible conversion of succinyl-CoA to succinate catalyzed by SCS. SCS deficiency 
is caused by mutations in subunit G1 or A2 of SCS which results in accumulation of succinyl-CoA. (B) 
Lysine succinylation levels in cell lysates of fibroblasts from SCS-A2 and SCS-G1 deficient patients are 
increased as compared to control fibroblasts analyzed using α-succinyllysine western blot. Actin was 
used as loading control and SCS-A2 and SCS-G1 western blots confirm the absence of the respective 
protein. 33 µg protein was loaded per lane. (C) Immunofluorescence imaging of SCS-G1 deficient 
fibroblasts transfected with pDsRed2-Mito and stained with α-succinyllysine antibody and DAPI. The 
overlay of the images shows co-localization of protein succinylation with mitochondria. (D) Knockdown 
of SCS-A2 and SCS-G1 in HEK293 cells. Mitochondria enriched fractions were obtained by differential 
digitonin treatment of cells and mitochondrial lysine succinylation was assessed with α-succinyllysine 
antibody. Mitochondrial VDAC was used as loading control and SCS-A2/SCS-G1 western blots confirm 
efficient knockdown. 15 µg protein was loaded per lane.
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Figure 2. SCS deficient cells have impaired mitochondrial respiration. (A) Oxygen consumption 
rate (OCR) in control fibroblasts, SCS-A2 deficient and SCS-G1 deficient fibroblasts analyzed using 
XF-96 Seahorse analyzer. Oligomycin (ATP synthase inhibitor), FCCP (uncoupler) and Rotenone with 
Antimycin A (AA) (complex I and III inhibitors) were injected during the run to assess mitochondrial 
respiration. (B) Extracellular acidification rate (ECAR) in control fibroblasts, SCS-A2 deficient and 
SCS-G1 deficient fibroblasts (G1) analyzed using XF-96 Seahorse analyzer. (C) Graphical representation 
of correlation between oxidative and glycolytic metabolism in control and SCS deficient fibroblasts. The 
data was derived from the measurements in 2A and 2C. 

Results

SCS deficiency leads to increased mitochondrial protein succinylation
Due to the metabolic block of succinyl-CoA conversion to succinate, we expected 

succinyl-CoA to accumulate in SCS deficient cells (Fig. 1A). In an in vitro experiment 
we have observed that succinyl-CoA reacts with mouse mitochondrial protein 
lysate in a time dependent manner (Fig. S1A). As this suggests that accumulation 
of succinyl-CoA could lead to increased succinylation, we hypothesized that SCS 
deficient cells have elevated protein succinylation. We therefore analyzed protein 
succinylation in fibroblasts of two SCS deficient patients, one with SCS-G1 and 
the other with SCS-A2 deficiency. To assess succinylation levels we performed 
α-succinyllysine western blot analysis and quantified succinyllysine with LC-MS. 
As expected, protein succinylation in SCS deficient patient cells was substantially 
increased compared to control cells (Fig. 1B and S1B). As shown previously, the 
absence of SCS-G1 leads to complete depletion of SCS-A2 (Fig. 1B). SCS-A2 deficient 
fibroblasts on the other hand, still contain SCS-G1 (Fig. 1B), which could explain 
the difference in the severity of clinical presentation between SCS-G1 and SCS-A2 
deficient patients (Rouzier et al., 2010). Nevertheless, succinylation levels as 
evaluated by western blot analysis and through succinyllysine quantification by LC-
MS are comparable in SCS-G1 and SCS-A2 deficient cells (Fig. 1B and S1B). 

Because succinyl-CoA is generated by mitochondrial metabolism, we expected 
most of the succinylation proteins resulting from the SCS deficiency to be 
mitochondrial. To investigate this, we have examined the subcellular localization 
of succinylation in SCS-G1 deficient fibroblasts using immunofluorescence. For 
this we transfected SCS-G1 deficient fibroblasts with pDsRed2-Mito to label the 
mitochondria, fixed the cells and stained them with α-succinyllysine antibody to label 
the succinylated proteins. Merging of mitochondrial (red) and succinylation (green) 
signals showed a substantial overlap indicating that most of the succinylation is 
indeed mitochondrial (Fig. 1C). Staining of SCS-A2 deficient cells with α-succinyllysine 
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also gave a strong mitochondrial signal, which was considerably lower in the case of 
control cells (Fig. 1SC).

To test whether inhibition of SCS would lead to increased protein succinylation 
in another cell model, we used shRNA to knockdown SCS-G1 and SCS-A2 in HEK293 
cells. Considering mitochondrial localization of succinylation in SCS deficient cells, 
we directly analyzed protein succinylation in enriched mitochondrial fractions 
of HEK293 cells with SCS knockdowns. There was a considerable increase in 
mitochondrial succinylation in the cells handled with shSCS-A2 and shSCSG1 
as compared to the control (Fig. 1D). This further supports our observation that 
decreased mitochondrial flux of succinyl-CoA due to SCS deficiency leads to 
increased mitochondrial protein succinylation.

SCS deficient cells present with defective OXPHOS 
Next, we analyzed cellular respiration in SCS-G1 and SCS-A2 deficient cells to 

evaluate the previously reported OXPHOS deficiency in SCS deficient patient cells 
(Carrozzo et al., 2007; Rivera et al., 2010). We assessed mitochondrial respiration in 
both patients cell lines by measuring the oxygen consumption rate (OCR) using the 
Seahorse analyzer. The assay was performed in DMEM containing 25 mM glucose 
and 2 mM L-glutamate as substrates. To get a complete overview of mitochondrial 
function we measured the OCR at basal state without any compounds injected, 
the ATP turnover by injecting ATP synthase inhibitor oligomycin and maximum 
respiratory capacity by injecting the uncoupler FCCP, which reflects the maximum 
achievable OXPHOS activity under these assay conditions. The achieved respiratory 
profile clearly indicated mitochondrial dysfunction in SCS deficient cells. We 
detected decreased basal respiration and maximum respiration in both patient cell 
lines as compared to control (Fig. 2A). 

In the same assay run we measured the extracellular acidification rate (ECAR) to 
assess the rate of glycolysis in these cells. As shown in Figure 2B, SCS deficient cells 
were more glycolytic than the control. The decreased mitochondrial respiration and 
increased rate of glycolysis point to a shift from oxidative to glycolytic metabolism 
(Fig. 2C), which usually accompanies mitochondrial dysfunction. 

Overall these results demonstrate that these patient fibroblasts present with 
defective OXPHOS that was reported to be most severe in muscle cells (Carrozzo et 
al., 2007; Elpeleg et al., 2005; Ostergaard et al., 2007a; Rivera et al., 2010). Most 
importantly, these cells also have increased mitochondrial succinylation and we 
therefore directed our further research to investigate the role of succinylation in 
mitochondrial dysfunction observed in this disorder.

SIRT5 overexpression reduces succinylation and improves OXPHOS in SCS 
deficient cells

Because mitochondrial succinylation is regulated by SIRT5 (Park et al., 2013; 
Rardin et al., 2013a), we overexpressed SIRT5 in SCS deficient cells to directly 
analyze the effect of succinylation on mitochondrial function (Fig. 3A). To determine 
whether SIRT5 overexpression reduced protein succinylation, we quantified 
succinyllysine levels by LC-MS. Indeed, SIRT5 overexpression significantly reduced 
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protein succinylation in SCS deficient fibroblasts (Fig. 3B). Next, we assessed how 
SIRT5 overexpression affected mitochondrial function in SCS deficient cells. For 
this we evaluated the maximum rate of respiration and the glycolytic rate in these 
cells. For both SCS-G1 and SCS-A2 deficient cells, SIRT5 overexpression increased 
the maximum respiratory capacity (Fig. 3C and 3SA). SIRT5 overexpression had no 
effect on mitochondrial respiration of control fibroblasts (Fig. 3C and 3SA). The 
glycolytic rate, on the other hand, decreased in SCS deficient cells as the result 
of SIRT5 expression (Fig. 3E and 3SB), indicating metabolic switch in these cells 
from glycolytic to oxidative metabolism. This is likely to be the direct result of the 
increased OXPHOS capacity in these cells.

To further investigate the changes of mitochondrial function in SCS deficient cells 
overexpressing SIRT5, we measured mitochondrial respiration in glucose deficient 
medium containing galactose and L-glutamine as substrates. The absence of glucose 
makes the cells more dependent on OXPHOS and we therefore expected the effect 
of desuccinylation by SIRT5 to be more pronounced. Also in this experimental 
set-up we observed direct evidence of mitochondrial dysfunction in SCS deficient 
cells. Using the results of the respiratory measurements from Seahorse we have 
derived three parameters to evaluate mitochondrial function: maximum respiratory 

Figure 3. SIRT5 overexpression counteracts lysine hypersuccinylation in SCS deficient cells. (A) 
Verification of SIRT5-flag expression in control, SCS-A2 and SCS-G1 deficient fibroblasts with α-flag 
western blot. The cells have stable expression of either SIRT5-flag or pcDNA3.1-flag control vector. (B) 
Quantification of succinyllysine in control, SCS-A2 and SCS-G1 deficient fibroblasts with LC-MS. (C) 
Maximum respiratory capacity in control and SCS deficient patient fibroblasts measured using XF-96 
Seahorse analyzer. The data is derived from the analysis in 3SA. Mean ± SD, n = 8 and *** indicates 
p < 0.001. (D) Glycolytic rate in control cells, SCS-A2 d and SCS-G1 deficient cells derived from the 
extracellular acidification rate (ECAR) measured using XF-96 Seahorse analyzer. Mean ± SD, n = 8 and 
*** indicates p < 0.001.
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Figure 4. SIRT5 overexpression leads to improved mitochondrial function in SCS deficient cells. 
In (A) - (D) the figures are derived from data obtained using XF-96 Seahorse Analyzer. The assay was 
performed in glucose deficient medium. (A) Maximum respiratory capacity, spare respiratory capacity 
and ATP turnover rate measured in control and SCS deficient fibroblasts. (B) Comparison of maximum 
respiratory rate between control and SCS deficient fibroblasts expressing empty vector or SIRT5-flag. 
Mean ± SD, n = 8 and *** indicates p < 0.001. (C) Comparison of spare respiratory capacity between 
control and SCS deficient fibroblasts expressing empty vector or SIRT5-flag. Mean ± SD, n = 8 and 
*** indicates p < 0.001. (D) Comparison of ATP turnover rate between control and SCS deficient cells 
expressing empty vector or SIRT5-flag. Mean ± SD, n = 8 and *** indicates p < 0.001. (E) Western blot 
analysis with α-flag to confirm SIRT5-flag overexpression in HEK Flp-In cells. (F) ATP turnover rate 
derived from OCR measurements before and after the injection of oligomycin. Mean ± SD, n = 15, ** 
indicates p < 0.01 and *** indicates p < 0.001.
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capacity, spare respiratory capacity (SRC) and ATP turnover rate. SRC is the difference 
between the basal respiration and maximum respiration, which is a measure of the 
ability of the OXPHOS system to respond to an increase in the energy demand and is 
also an evaluation of mitochondrial function.  ATP turnover rate was estimated from 
the decrease in respiration induced by inhibiting ATP synthase with oligomycin. All 
of the three parameters were significantly lower in SCS deficient cells as compared 
to control values (Fig. 4A). Interestingly, SIRT5 overexpression significantly increased 
all of these parameters in SCS deficient cells (Fig. 4B, C and D). This links increased 
protein succinylation in SCS deficient cells to OXPHOS deficiency observed in these 
cells. SIRT5 overexpression has significantly decreased the maximum respiratory 
rate and spare respiratory capacity in the control (Fig. 4B and C). This goes in line 
with a previously published study demonstrating that SIRT5 represses cellular 
respiration through desuccinylation of its targets PDC and SDH (Park et al., 2013).

Because SIRT5 overexpression in SCS deficient cells caused a decrease in the 
rate of ATP turnover (Fig. 4D), we investigated the effect of an increased level of 
succinylation on ATP production in HEK Flp-In cells overexpressing SIRT5-flag. To 
induce an increase in succinylation, we exposed these cells to 50 mM succinate for 
three days. We induced SIRT5-flag expression in these cells by adding doxycycline 
to the medium (Fig. 4E). We then assessed cellular respiration in these cells and 
determined the rate of ATP turnover which was indeed significantly lower in cells 
exposed to succinate (Fig. 4F). Inducing SIRT5 expression in these cells gave a 
significant rise in the ATP turnover rate in the cells exposed to succinate (Fig. 4F).

Succinylation represses the activity of nucleoside diphosphate kinase
Since it was previously suggested that mtDNA depletion observed in patients 

with SCS deficiency is the result of a lowered activity of NDK (Elpeleg et al., 2005), 
we analyzed whether NDK is a substrate for lysine succinylation and whether 
succinylation can impact its enzymatic activity. Our observation that accumulation of 
succinyl-CoA in cells resulted in protein hypersuccinylation and that so far no enzyme 
with lysine succinyltransferase has been identified, might suggest that succinyl-CoA 
could react with proteins non-enzymatically. Indeed, in vitro incubations of NDK 
with increasing concentrations of succinyl-CoA (Fig. S5A) or succinic anhydride (Fig. 
S5B) resulted in an increase in the extent of lysine succinylation of NDK.

To investigate the effect of succinylation on NDK activity we overexpressed 
flag-tagged human mitochondrial NDK in control fibroblasts and immunopurified 
the protein using α-flag immunoprecipitation. Cellular fractionation of cells 
after transfection showed that the transfected NDK was indeed localized in the 
mitochondria (Fig. 5A) and we were able to efficiently isolate NDK using flag-
immunoprecipitation (Fig. 5B). Succinylation of purified NDK with succinic anhydride 
(Fig. 5C) resulted in a significant decrease of its enzymatic activity. Whereas the Km 
for the substrate TDP of succinylated human mitochondrial NDK (0.46 ± 0.04 mM) 
was not different from the non-succinylated enzyme (0.44 ± 0.11 mM), the Vmax of 
succinylated NDK was 37% lower than the Vmax of non-succinylated NDK (Fig. 5D).
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Desuccinylation of NDK by SIRT5 rescues NDK activity
Next, we analyzed whether SIRT5 would desuccinylate NDK and thereby rescue 

the decrease in its activity caused by succinylation. Indeed, incubating succinylated 
purified NDK with SIRT5 and NAD+ resulted in loss of its lysine succinylation (Fig. 5E). 

We then tested whether SIRT5-mediated desuccinylation would rescue the 
decrease in NDK activity caused by succinylation. Succinylating NDK decreased 
its activity by 25%. Interestingly, desuccinylation by SIRT5 resulted in only a 13% 
lower activity than non-succinylated NDK, indicating that SIRT5 partially rescued 
the aberrant effect of succinylation.

To confirm our observation in a more physiological context, we co-expressed 
NDK and SIRT5 in SCS-G1 deficient fibroblasts, and measured NDK activity. Because 
SCS-G1 deficient cells have no SCS at all, this set-up enabled us to analyze the effect 
of succinylation on NDK activity and not of its physical interaction with SCS. Co-
expression of SIRT5 resulted in a decrease level of NDK succinylation (Fig. 5H). 
Furthermore, we observed a significant increase in NDK activity in cells co-transfected 
with SIRT5 as compared to the control co-transfection with an empty vector (Fig. 
5I). These results suggest that SIRT5 does indeed regulate NDK succinylation levels 
in mitochondria thereby preserving its enzymatic activity.

SIRT5 desuccinylates mitochondrial transcription factor A in SCS-G1 fibroblasts
Next, we set out to investigate whether SIRT5 controls lysine succinylation of 

other mitochondrial proteins involved in mtDNA maintenance and replication. 
For this we analyzed succinylation levels of mitochondrial transcription factor A 
(TFAM), which is essential for maintenance of the mitochondrial genome (Larsson 
et al., 1998) in SCS-G1 deficient fibroblasts and control fibroblasts. TFAM protein 
levels were substantially decreased in the SCS-G1 deficient cells as compared 
to the controls (Fig. 5J), whereas the amount of TFAM that came down upon 
succinyllysine immunoprecipitation was higher than in control cells. Thus, TFAM 
was hypersuccinylated in SCS-G1 deficient cells. To determine whether SIRT5 was 
able to desuccinylate endogenous TFAM we expressed SIRT5 in SCS-G1 deficient 
fibroblasts and assessed TFAM succinylation. Indeed, SIRT5 overexpression reduced 
succinylation levels of endogenous TFAM in SCS-G1 deficient cells (Fig. 5K).

Discussion
In this study we analyzed the functional impact of hypersuccinylation in SCS 

deficient cells. We demonstrated that defective metabolic flux through the TCA 
cycle caused by SCS deficiency results in increased lysine succinylation in patients 
fibroblasts and that this succinylation is primarily mitochondrial. Furthermore, 
we linked hypersuccinylation in these cells to defective OXPHOS, as decreasing 
succinylation through SIRT5 overexpression increased OXPHOS activity and made 
the cells less glycolytic. Finally, we investigated the effect of succinylation on 
enzymatic activity of NDK, an enzyme essential for mtDNA replication, and found 
that NDK was less active when succinylated. Consequently, NDK activity could be 
partially rescued by desuccinylation with SIRT5.

SCS deficient patients present with multiple respiratory chain deficiencies, 
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Figure 5. SIRT5 desuccinylates and partially rescues the activity of nucleoside diphosphate kinase 
(NDK). (A) Western blot of cytosolic and mitochondrial fraction in fibroblasts overexpressing human 
mitochondrial flag tagged nucleoside diphosphate kinase (NDK-flag). (B) Purification of NDK-flag 
using flag immunoprecipitation (IP) analyzed by α-NDK western blot. (C) Purified mitochondrial NDK 
was incubated with (+) or without (-) 6 mM succinic anhydride (SA) for 15 minutes at room temperature 
in 20mM ammonium bicarbonate buffer. Succinylation of NDK was assessed with α-succinyllysine 
western blot analysis. (D) Enzyme kinetics of succinylated and non-succinylated mitochondrial NDK 
studied by using different concentrations of TDP (0-1.6 mM) as substrate. Error bars represents 

v v

cytosol mitochondria input

v v

WB: NDK

SA: -+
WB: succinyl
lysine

SA:

SIRT5:
NAD:

+

+

+

+
-+

WB: succinyl
lysine

0

20

40

60

80

100
**

**

- + - +

N
D

K
 a

ct
iv

ity
 (%

)

NAD:

succinylated NDK
NDK

WB: HA

VH A-SIRT5

WB: NDK

VH A-SIRT5
WB: succinyl lysine

input

IP: succinyl 
lysine

WB: TFAM

WB: TFAM

G1controls

0.00 .5 1.01 .5 2.0
0

20

40

60

80

100

succinylated NDK
NDK

TDP (mM)

N
D

K
 a

ct
iv

ity
 (%

)

input

WB: TFAM

WB: TFAM

VS IRT5

IP: succinyl 
lysine

N
D

K
 a

ct
iv

ity
 (µ

m
ol

/m
in

)

pcDNA3 SIRT5
0

10

20

30

40 ***

A B

C D

E

F

G

H

I J

K



The role of aberrant protein succinylation in SCS deficiency

5

115

primarily in muscle tissue, which is caused by mtDNA depletion (Carrozzo et al., 
2007; Elpeleg et al., 2005; Ostergaard et al., 2007a; Rivera et al., 2010). In line with 
these results, our analysis of mitochondrial respiration in SCS deficient patient 
fibroblasts has confirmed that OXPHOS activity is indeed decreased whereas 
glycolysis is increased. Overexpressing SIRT5 reduced succinylation levels in patient 
cells and increased OXPHOS activity. In accordance with this, patient fibroblasts 
overexpressing SIRT5 also became less glycolytic thereby clearly making a shift 
to oxidative metabolism. We interpret these results to suggest that there is a link 
between hypersuccinylation and defective OXPHOS in these cells. 

In principle, succinylation can contribute to molecular pathogenesis of OXPHOS 
deficiency in two ways: by directly suppressing activity of OXPHOS complexes or by 
suppressing activity of mtDNA maintenance proteins and thereby inducing mtDNA 
depletion. So far, there is evidence that succinylation is involved in metabolic 
regulation, as proteomic studies have detected succinylation on many metabolic 
enzymes (Park et al., 2013; Rardin et al., 2013a). Furthermore, site specific 
succinylation was shown to activate mitochondrial respiration through induction 
of PDC and SDH as desuccinylation of these complexes by SIRT5 suppressed their 
activity (Park et al., 2013). Consistently, we observed a decrease in maximum 
respiratory capacity and spare respiratory capacity in control cells overexpressing 
SIRT5. In contrast to this, SIRT5 overexpression induced an increase in mitochondrial 
respiration in SCS deficient cells. This possibly distinguishes physiological 
succinylation that has a regulatory role and pathological succinylation which is a 
consequence of a metabolic disorder. In the case of the latter, SIRT5 appears to play 
a ‘detoxifying’ role by removing aberrant succinylation. 

It has been suggested previously that mtDNA depletion in SCS deficiency 
is caused by decreased activity of NDK (Elpeleg et al., 2005; Ostergaard et al., 
2007a), however no specific mechanism has been proposed. We observed that 
hypersuccinylation of NDK reduced its activity in vitro and desuccinylation of NDK 
by SIRT5 partially rescued its enzymatic activity. Overexpressing SIRT5 in SCS-G1 
deficient cells decreased succinylation of NDK and significantly increased its activity. 
Because NDK activity is rate-limiting in mtDNA replication in post mitotic tissues 

SD of 3 independent purifications and subsequent succinylation reactions. (E) Desuccinylation of 
succinylated NDK (as in 4C) with recombinant SIRT5 in the presence and absence of NAD+ assessed 
by α-succinyllysine western blot analysis. (F) Activity of succinylated and non-succinylated human 
mitochondrial NDK after desuccinylation by SIRT5 in the presence (+) and absence (-) of NAD+ 
with 0.54 mM of TDP as substrate. Mean ± SEM, n = 3 and ** indicates p < 0.01. (G) Transient co-
expression of mitochondrial NDK-flag and SIRT5-HA in SCS-G1 deficient fibroblasts. Co-expression 
of mitochondrial NDK-flag with an empty vector (V) was used as control. (H) Succinylation levels of 
NDK-flag in SCS-G1 deficient cells with co-expression of SIRT5-HA or empty vector as control. NDK 
was immunoprecipitated (IP) with α-flag beads and eluted with flag peptide. (I) Activity of human 
mitochondrial NDK purified by flag-IP from SCS-G1 deficient cells is increased when SIRT5 was 
overexpressed. Activity measurements were corrected for protein input levels (Mean ± SEM, n = 3). 
(J) Succinylation of endogenous TFAM is higher in SCS-G1 deficient patients than in control cells. 
Succinylated proteins were immunoprecipitated from mitochondrial fractions using α-succinyllysine 
immunoprecipitation. (K) Succinylation levels of TFAM in mitochondrial fractions of SCS-G1 deficient 
fibroblasts are lower when SIRT5 is overexpressed in SCS-G1 deficient cells. Succinylated proteins were 
immunoprecipitated from mitochondrial fractions using α-succinyllysine immunoprecipitation.
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(Bradshaw and Samuels, 2005) even modest changes in its activity can significantly 
influence mtDNA amounts. Moreover, we found that another mtDNA maintenance 
protein, TFAM, is hypersuccinylated in SCS-G1 deficient cells and overexpression 
of SIRT5 in these cells decreased TFAM succinylation. This together with the fact 
that one succinylation site has been previously identified on TFAM in SIRT5 KO 
cells (Park et al., 2013) suggests that SIRT5 could be regulating TFAM succinylation. 
Furthermore, it is possible that SIRT5 regulates succinylation of other mtDNA 
proteins, as for example one succinylation site was detected on deoxyguanosine 
kinase (DGUOK) (Park et al., 2013) which is an enzyme involved in the regulation of 
mitochondrial nucleotide pools. Importantly, DGUOK deficiency is associated with 
MDS (Eriksson and Wang, 2008; Mandel et al., 2001).  

SCS-G1 and SCS-A2 deficient patients vary in clinical presentation however MDS 
was reported for both deficiencies. The mechanism of mtDNA depletion in these 
patients is obscure as SCS is not directly related to mtDNA maintenance. Our results 
establish a connection between mitochondrial dysfunction in this disorder and 
increased succinylation. In addition, we provide evidence that hypersuccinylation 
of NDK could lead to its decreased activity in SCS deficient cells. Further proteomic 
and functional studies are necessary to fully elucidate the role of succinylation in 
the pathophysiology of SCS deficiency. Advances in this area are promising because 
aberrant protein succinylation can be counteracted with SIRT5 and therefore 
activators of SIRT5 could be used as therapy in SCS deficient patients.

Materials and methods

SDS –PAGE and Western blotting 
Cells were harvested by trypsinization, resuspended in lysis buffer (PBS, 0.1% 
triton and deacylase inhibitors: 1 µM trichostatin A and 10 mM nicotinamide) 
and sonicated at 40J/W/s on ice. Samples were ran on NuPAGE 4-12% gradient 
gels (Invitrogen), followed by transfer of proteins to nitrocellulose. The following 
antibodies were used: α-succinyllysine antibody (#401 PTM Biolabs), NDK (#18348-
1-ap Proteintech), TFAM (kind gift of Prof. Rudolf Wiesner, University of Cologne), 
SUCLG1 (#H00008802 Abnova), SUCLA2 (#sc-68912 Santa Cruz) and HA (#16918 
Abcam). Antibodies for β-actin (#A5441 monoclonal, Sigma-Aldrich) and VDAC 
(#14734 Abcam) were used as loading controls. IR-dye based secondary antibodies 
(LI-COR) were used to detect antibody signals using the Odyssey scanner (LI-COR). 

Cell culture conditions
SCS deficient fibroblasts, control fibroblasts and HEK293 cells were routinely 
cultured in DMEM containing 25 mM HEPES, 2% Pen/Strep and 10% FBS. To induce 
SIRT5 overexpression in HEK Flp-In cells 10 ng/ml doxycycline was added to the 
medium. For succinate exposure the cells were incubated in DMEM containing 25 
mM succinate. For Seahorse respiratory analysis with HEK 293 cells, the cells were 
exposed to succinate with and without doxycycline for three days.

Succinyllysine analysis in fibroblasts 
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Cell pellets were resuspended in 50 mM NH4CO3 buffer containing deacetylase 
inhibitors (1 µM Trichostatin A and 10 mM nicotinamide) followed by sonication 
at 40J/W/S. 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 hours 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 µM D8-labelled acetyllysine internal standard (D-6690 
CDN Isotopes). The samples were briefly vortexed and centrifuged at 14000 rpm 
4oC for 10 minutes 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.

Subcellular fractionation 
Enriched mitochondrial fractions were obtained using digitonin fractionation. Cells 
were trypsinized and resuspended in 0.5 ml of cell buffer (150 mM KCl, 25 mM Tris, 
2 mM EDTA, and 12.5 mM KPi at pH 7.4). A volume of 1 ml cell suspension (1.5 
mg protein/ml) was incubated 200 µg digitonin for 5 minutes at 37oC. The samples 
were then centrifuged at 500 x g at 4°C for 5 minutes to obtain pellets containing 
mitochondria but free of cytosol. The pellet was resuspended in the required buffer 
for subsequent experiments.

Immunofluorescence colocalization studies
SCS deficient and control fibroblasts were plated on coverslips in 6-well plates. On 
the next day the cells were transiently transfected with pDsRed2-Mito. Two day 
after the transfection the cells were fixed with 4% paraformaldehyde in PBS and 
permeabilized with 0.2% Triton. To visualize protein succinylation the cells were 
stained with α-succinyllysine antibody (1:500) and Alexa Fluor 488 dye. Leica TCS 
SP8 X Confocal Microscope was used for imaging. 

Seahorse mitochondrial respiratory flux analysis 
On the day prior to the respiratory analysis, SCS deficient and control fibroblasts were 
plated at 30.000 cells/well in Seahorse 96 well culture plates followed by overnight 
incubation in regular DMEM. 30 minutes before the run, the medium was replaced 
with DMEM (Sigma-Aldrich #5030) supplemented with 5 mM glucose and 2mM 
L-glutamine. The DMEM did not contain sodium bicarbonate, pen/strep/fungizone 
and serum. To analyze mitochondrial respiration, oxygen consumption rate (OCR) 
was measured following injections of oligomycin (1.5 µM final concentration), FCCP 
(1 µM), antimycin (2.5 µM) and rotenone (1.25 µM). To measure respiratory flux in 
glucose deficient medium, on the day prior to the respiratory analysis the cells were 
plated in glucose-free DMEM containing 5 mM galactose and 2 mM L-glutamine. 
Also the medium used during the run (DMEM Sigma-Aldrich #5030) did not contain 
glucose, but was supplemented with 5 mM galactose and 2 mM L-glutamine. 

Nucleoside diphosphate kinase (NDK) activity measurement 
NDK activity was analyzed using a coupled enzyme assay according to (Bergmeyer 
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et al., 1986) on a Cobas-Fara centrifugal analyzer. In brief, ADP production by the 
phosphotransfer reaction of NDK from thymidine 5’-diphosphate (TDP) and ATP 
was coupled with pyruvate kinase (PK) and lactate dehydrogenase (LDH) to NADH 
oxidation. The reaction mixture consisted of 50 mM Tris pH 7.4, 75 mM KCl, 5 mM 
MgCl2, 0.3 mM NADH, 1 mM ATP, 1mM phosphoenolpyruvate, 2U/ml PK and 2U/ml 
LDH. The reaction was started with TDP (0-1.6 mM final concentration).

Succinylation of NDK with succinic anhydride and succinyl-CoA
NDK was succinylated using succinic anhydride (Sigma) in 0.1 M NaHCO3 pH 8.3.at 
room temperature for 15 min or with succinyl-CoA at 37oC in 50 mM KPi buffer pH 
8.0 for 30 minutes. Succinyl-CoA stock solutions were prepared and stored in formic 
acid 20 mM pH 3.5. 

Expression and purification of recombinant SIRT5-His
SIRT5-His expression plasmid was obtained from Addgene (a gift of Cheryl 
Arrowsmith Addgene plasmid #25487) and was expressed in E. coli BL21DE3 strain. 
Transformed BL21DE3 cultures were grown in terrific broth medium containing 
ampicillin (100µg/ml) at 37oC until OD of 0.25 was reached after which the culture 
was allowed to cool down to 22oC. After one hour SIRT5 expression was induced 
with 500 mM IPTG and the cells were harvested 18 hours after the induction. Pellets 
of 3-4 mg were aliquoted, snap-frozen and stored at -80oC. For purification of SIRT5-
His one pellet was resuspended in 2.5 ml lysis buffer (25 mM Hepes, 500 mM NaCl 
and 42.67 µg/mL lysozyme) and incubated on an overhead shaker for 30 minutes at 
4oC. Cells were then sonicated at 8W for 15 seconds 10 times. Insoluble debris was 
removed by centrifugation for 15 minutes, 16000 rpm at 4oC. Imidazole at pH 8.0 
was added to the supernatant to a final concentration of 30 mM. A Ni-NTA column 
was prepared using 0.4 ml HisLink Protein Purification Resin suspension. The column 
material was first equilibrated by washing five times with 1 ml wash buffer (25 mM 
Tris pH 8.0, 500 mM NaCl and 30 mM imidazole) and then resuspended in 2.5 ml of 
wash buffer. The suspension was then transferred into a disposable plastic column, 
and the column was allowed to run dry by gravity flow. After this, the supernatant 
from the E. coli lysate was loaded onto the column and allowed to pass through. 
The column was washed five times with 1 ml wash buffer. Next, SIRT5 was eluted 
with 5 column volumes (200 µl) of elution buffer (25 mM Tris pH 8.0, 100 mM NaCl, 
and 500 mM imidazole). For all of the desuccinylation experiments 10 µl of freshly 
eluted SIRT5 was used.

Immunoprecipitation (IP) of NDK-flag
NDK flag transfected fibroblasts were trypsinized and lysed in 500 µl of IP buffer 
(50 mM Tris/HCl pH 7.4, 1% Triton, 150 mM NaCl, 0.5 mM EDTA, 10 mM NAM, 1 
mM TSA and protease inhibitors (Roche)) by sonication at 40 J/W/S and the lysate 
was centrifuged for 2 minutes at 2000 rpm. Protein content was determined in 
the supernatant and the volume of all samples was adjusted to 600 µl, so that the 
amount of protein in the input was equal for each sample. Then, 100 µl was saved 
as input and 500 µl was used for the IP (300-500 µg protein). NDK-flag was purified 
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with 20 µl of α-flag M2 agarose beads (Sigma) per sample. After addition of the 
beads the samples were rotated on an overhead shaker for 2 hours at 4oC. After 
the incubation the beads were washed four times with 1 ml IP buffer. NDK-flag was 
eluted by incubating the beads three times in 25 µl of IP buffer containing 100 µg/
ml of flag peptide for 2 minutes at RT. Eluted NDK-flag was collected by centrifuging 
the samples for 30 seconds at 2,000 rpm at 4oC and pooling together the elutes.

Desuccinylation of NDK with recombinant SIRT5
Desuccinylation assay with SIRT5 was performed as described in (Du et al., 2011). In 
brief, the assay was carried out in 20 mM Tris pH 7.5, 1 mM DTT and 1 mM NAD+ for 
1 hour at 37oC. Assay buffer without NAD+ was used as negative control. NDK (35 µl) 
succinylated by succinic anhydride and freshly purified SIRT5-His (10 µl) were added 
to the assay. The final assay volume was 60 µl.

Immunoprecipitation (IP) of succinylated proteins from enriched mitochondrial 
fractions
Pellets containing enriched mitochondrial fraction from fibroblasts was resuspended 
in 500 µl of PBS 0.1% Triton, 10 mM NAM and protease inhibitors (Roche). The 
samples were sonicated three times at 40 J/W/s. Equal protein amount were used 
for each IP (200-400 µg).  Succinylated proteins were purified from the mitochondrial 
lysate using α-succinyllysine beads (PTM Biolabs #402). The beads were washed 
three times with 0.5 ml PBS 0.1% Triton and resuspended in this buffer (1:1 ratio). 
A volume of 20 µl of bead suspension was added to each sample and incubated 
overnight on an overhead shaker at 4oC. Following the incubation, the supernatant 
was removed after centrifuging the samples at 1400 rpm for 30 seconds at 4oC. The 
beads were then washed four times with 0.5 ml PBS 0.1% Triton, 10 mM NAM and 
1 mM TSA. Succinylated proteins were eluted by incubating the beads three times 
with 20 µl HCl/ 0.2M glycine pH 2.0 and then neutralized with NaOH.

Lysine succinylation of mouse liver mitochondrial lysates
On the day of the experiment, purified mitochondria were resuspended in 50 mM 
Tris/HCl pH 8.0, 150 mM NaCl and deacylase inhibitors (1 µM trichostatin A and 
10 mM nicotinamide) at a concentration of 2.5 µg protein/µl. The succinylation 
reactions were started by adding 1 mM of succinyl-CoA in a reaction volume of 50 
µl. The samples were incubated for different time intervals from 0 to 60 minutes at 
37oC. The reactions were stopped by adding NuPAGE sample buffer (Invitrogen) and 
heating the samples at 70oC for five minutes.
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Supplementary Figures

Figure 1S. (A) Western blot analysis of succinyllysine in mouse mitochondrial lysate incubated with 
1 mM of succinyl-CoA for different time intervals (0-60 minutes). 10 µg protein was loaded per lane. 
(B) Quantification of succinyllysine in control, SCS-A2 deficient and SCS-G1 deficient fibroblasts with 
LC-MS. (C) Immunofluorescence imaging of SCS-G1 deficient fibroblasts stained with α-succinyllysine 
antibody and DAPI. The overlay of the images shows co-localization of protein succinylation with 
mitochondria.
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Figure 3S. (A) Oxygen consumption rate (OCR) in control fibroblasts, SCS-A2 deficient fibroblasts 
and SCS-G1 deficient cells expressing empty vector pcDNA3 or SIRT5-flag, measured using XF-96 
Seahorse analyzer (* indicates p < 0.05). (B) Extracellular acidification rate (ECAR) measured using 
XF-96 Seahorse analyzer (* indicates p < 0.05). 

Figure 5S. (A) Succinylation of purified NDK by incubations with different concentrations of succinyl-
CoA (0.06-0.12 mM). Succinyl-CoA stock solutions were prepared and stored at pH 3.0 in formic acid 
buffer. Succinylation was performed at pH 8.0. (B) Succinylation of purified NDK by incubations with 
different concentrations of succinic anhydride (0-6 mM). Succinylation was performed at pH 8.0.
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Introduction
Mitochondria are intracellular organelles which are crucial for maintaining 

metabolic homeostasis. Among numerous biochemical functions, mitochondria 
carry out oxidative phosphorylation (OXPHOS), which is the major source of 
cellular ATP. Tissues with high energy demand, including heart, brain and skeletal 
muscle are therefore dependent on a properly functioning OXPHOS system. 
Accordingly, disorders that result in mitochondrial dysfunction are characterized 
by neurological defects such as encephalopathy, movement disorders and 
developmental retardation, along with cardiac and skeletal muscle abnormalities. 
In the past decades the contribution of mitochondrial defects to human diseases 
are being increasingly recognized (Leonard and Schapira, 2000a, b; Schapira, 2006). 
Mitochondrial dysfunction can be primary, which is caused by defects in nucleic or 
mitochondrial DNA encoding OXPHOS subunits or secondary, which is caused by 
endogenous or exogenous toxins. 

Propionyl-CoA carboxylase (PCC) deficiency is a genetic metabolic disorder in lipid 
and amino acid catabolism that leads to accumulation of propionyl-CoA (Fenton., 
2001). PCC deficiency belongs to the group of inborn errors known as propionic 
acidemias (PA). Since the first patient was described in 1961 (Childs et al., 1961), 
the clinical presentation of PA was associated with neuropathological symptoms 
such as encephalopathy and developmental retardation, metabolic acidosis and 
cardiomyopathy (de Keyzer et al., 2009; Fenton., 2001; Mardach et al., 2005). Age 
of clinical onset and disease course varies between patients, with an acute neonatal 
form accompanied by severe metabolic decompensation and a chronic progressive 
form with a later onset (Fenton., 2001). Not all of the clinical manifestations of 
PA can be explained by metabolic acidosis and there are strong indications that 
mitochondrial dysfunction is involved in the pathological mechanism of the disorder. 
Indeed, PA patients present with OXPHOS deficiency which results in decreased 
ATP production and have abnormally shaped mitochondria (Schwab et al., 2006). 
Furthermore, biochemical parameters including lactic acidosis, hyperketosis and 
hypoglycemia point to metabolic deregulation in these patients (Fenton., 2001). 
Collectively, this suggests that secondary mitochondrial dysfunction contributes to 
the pathogenesis of this disorder. 

There is evidence that the endogenous toxin causing the mitochondrial 
dysfunction in PCC deficient cells is propionyl-CoA as several studies have 
demonstrated that propionyl-CoA accumulation results in disrupted mitochondrial 
metabolism. Propionyl-CoA was shown to inhibit the activity of pyruvate 
dehydrogenase (PDH), α-ketoglutarate dehydrogenase (KGDH), OXPHOS complex III 
and succinate-CoA ligase (SCL) (Schwab et al., 2006; Stumpf et al., 1980). Incubation 
of rat liver mitochondria with propionate causing accumulation of propionyl-
CoA in the matrix resulted in reduced mitochondrial oxidation of glutamate and 
α-ketoglutarate (Matsuishi et al., 1991; Stumpf et al., 1980). Also, propionate was 
shown to inhibit palmitate and pyruvate oxidation in isolated rat hepatocytes (Brass 
et al., 1986). Interestingly, the actual mechanism through which propionyl-CoA 
inhibits mitochondrial enzymes and metabolic pathways has not been identified.

We have recently demonstrated that fibroblasts from PCC deficient patients 
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have elevated levels of protein propionylation (Pougovkina et al., 2014). Protein 
propionylation is a reversible post translational modification of a protein, which 
involves covalent attachment of a propionyl group to the lysine residue. Protein 
propionylation is a member of large group of modifications known as protein 
acylation. Protein acetylation is the most extensively studied acylation modification 
which is involved in various cellular processes ranging from epigenetic control to 
the regulation of metabolism (Choudhary et al., 2009; Hebert et al., 2013; Kim et al., 
2006b; Kouzarides, 2007; Zhao et al., 2010). Recent advances in proteomics enabled 
to identify a wide spectrum of lysine acylation modifications including among 
others propionylation, butyrylation, malonylation, succinylation and glutarylation 
(Chen et al., 2007; Peng et al., 2011b; Tan et al., 2014; Zhang et al., 2011) all of 
which use a corresponding acyl-CoA as a donor. Protein propionylation was first 
identified on human histones by proteomic analysis (Chen et al., 2007). Subsequent 
studies have shown propionylation to be present on yeast histones and also on non-
histone proteins in human cells, including p53, p300 and CBP (Cheng et al., 2009; 
Zhang et al., 2009b). Due to lack of further functional and proteomic analysis, the 
physiological function of protein propionylation has not been identified.

Given that elevated levels of propionyl-CoA were shown to disrupt mitochondrial 
metabolism (Matsuishi et al., 1991), we hypothesized that this was an effect 
of aberrant protein propionylation. This could account for the mitochondrial 
dysfunction observed in PA patients. To determine whether excessive lysine 
propionylation causes OXPHOS dysfunction, we set-up a method to induce 
propionylation in control fibroblasts and liver cells by exposing them to propionate 
in concentrations comparable to that found in the plasma of PA patients. We 
then analyzed whether induced propionylation would lead to respiratory defects 
observed in the PCC deficient cells.

Results

Propionyl-CoA carboxylase deficient cells have lower OXPHOS capacity 
Propionyl-CoA is formed through catabolism of several essential amino 

acids (isoleucine, valine, methionine and threonine), odd-chain fatty acids and 
cholesterol. Downstream metabolism of propionyl-CoA includes its carboxylation to 
methylmalonyl-CoA by propionyl-CoA carboxylase (PCC), which is then isomerized 
to succinyl-CoA (Beck et al., 1957; Flavin and Ochoa, 1957; Tietz and Ochoa, 1959). 
In PCC deficient cells propionyl-CoA cannot be converted to methylmalonyl-CoA, 
which leads to accumulation of propionyl-CoA (Fig. 1A). We used a set of three 
independent PCC deficient patient cell lines, in which PCC activity was severely 
reduced to undetectable levels (Fig. 1B). 

PCC deficient cells were shown to have a less active OXPHOS, due to lower 
activity of specific OXPHOS complexes (Schwab et al., 2006). To assess mitochondrial 
respiration in our PCC deficient cells we used Seahorse respirometry to measure 
OCR of these cells in regular medium. All of the three patient cell lines had lower 
mitochondrial spare capacity than the controls (Fig. 1C). To determine whether 
lower spare capacity was caused by defective OXPHOS we set-up a method to 
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measure mitochondrial respiration in digitonin-permeabilized cells. The use of an 
optimized amount of digitonin to permeabilize the cellular membrane while leaving 
the mitochondrial membrane intact, allowed the use of substrates that would 
otherwise not be able to enter the cell (Fig. 1D). To this end, we used pyruvate as 
substrate for complex I driven respiration. Interestingly, we observed that complex 
I driven respiration was significantly lower in all of the three patient cell lines 
compared to the controls, which is evident from the lower rate of oxygen uptake 
(OCR) after injection of digitonin and the substrates (Fig. 1E) and decreased state 
3 respiration in the patient cells (Fig. 1F). These results confirm that the three PCC 
deficient cell lines that we are using have mitochondrial dysfunction. 

Inducing protein propionylation in the control cells leads to mitochondrial 
respiration defects observed in PCC deficient cells

Previously, we have shown that PCC deficiency results in a striking increase of 
protein propionylation due to accumulation of propionyl-CoA (Pougovkina et al., 
2014). To analyze whether aberrant protein propionylation in PA patient cells would 
affect mitochondrial respiration, we developed a cell model in which we could induce 
cellular lysine propionylation. Because propionyl-CoA elevation simultaneously 
induces propionylation, altering propionyl-CoA levels in cells experimentally would 
also alter propionylation. Propionate is a precursor for propionyl-CoA generation. 
Propionate in healthy mammals is mainly formed by bacterial activity in the gut 
(Leonard, 1997; Thompson et al., 1990). In PCC patients propionate accumulates 
and was shown to reach a plasma concentration as high as 5.4 mmol/L in a PA 
patient (Hommes et al., 1968), which is over thousand fold higher than in controls 
(Tanaka et al., 1966). We reasoned that exposing control cells to propionate could 
mimic PCC deficiency of the patients. We therefore cultured control and patient 
fibroblasts in medium containing 4 mM propionate for 3 weeks followed by 
propionyllysine western blot analysis of the cells lysates.

When cultured in regular medium, control cells had almost undetectable 
propionylation levels, whereas the patient cells clearly exhibited increased protein 
propionylation (Fig. 2A). Interestingly, after propionate exposure the propionylation 
levels in controls increased significantly and the protein band profile closely 
resembled that of the patients (Fig. 2A). Also, in patient cells exposed to propionate, 
propionylation was increased substantially. Interestingly, the propionylation profile 
of propionate-exposed patient cells overlapped with the profile observed in the 
absence of added propionate, suggesting that only the levels of propionylation 
increased and not the distribution of propionylation on different proteins (Fig. 2A). 
We therefore hypothesized that increased protein propionylation caused by elevated 
levels of propionyl-CoA in the patient cells plays a key role in the pathophysiology 
of the disorder. To determine whether aberrant protein propionylation contributes 
to defective OXPHOS observed in PCC deficient cells, we analyzed mitochondrial 
respiration in control cells exposed to propionate. To eliminate the effect of increased 
propionyl-CoA levels due to additional propionate in the medium, the cells were 
cultured for one day in normal medium prior to the assay. To assess mitochondrial 
respiration we measured pyruvate- driven OCR in permeabilized cells.
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Figure 1. Propionyl-CoA carboxylase deficient (PCCD) cells have defective OXPHOS. (A) Schematic 
representation of propionyl-CoA metabolism and its accumulation in PCCD cells. (B) PCC activity in 
controls and PCCD cells (mean ± SD). The graph presents the minimum and the maximum PCC activity 
range (0.31-1.18 nmol/min*mg protein). In the three patient PCCD cell lines, PCC activity was reduced 
below the detection limit (<0.01 nmol/min*mg protein). (C) Mitochondrial respiration in PCCD and 
control fibroblasts, assessed through oxygen consumption rate (OCR) measured with XF-96 Seahorse 
Analyzer. Oligomycin (ATP synthase inhibitor), FCCP (uncoupler) and Rotenone with antimycin A 
(AA) (complex I and III inhibitors) were injected during the run. (D) Schematic representation of 
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We performed this assay with two independent control human fibroblast lines. 
Strikingly, propionate exposure resulted in decreased OXPHOS capacity of the 
control cells (Fig. 2B and C). The control cell lines that we tested had 55.2% and 
21.7% (pyruvate-driven OCR) of OXPHOS capacity after propionate exposure, as 
compared to the cells cultured over-time in regular medium. These results confirm 
our hypothesis that increased protein propionylation in PCC deficient cells due to 
propionyl-CoA accumulation is at least in part responsible for the mitochondrial 
dysfunction.

Exposure of liver cells to propionate induces protein propionylation and leads to 
decreased OXPHOS.

Propionate exposure in fibroblasts induces protein propionylation phenocopying 
PCC deficiency. To obtain more evidence that propionylation directly controls 
mitochondrial function we exposed liver cells to propionate. To test whether we 
can induce protein propionylation in liver cells, we exposed Fao rat hepatoma cells 
to 4 mM propionate in culture medium. To achieve substantial propionylation levels 
we cultured Fao cells for five days in propionate-containing medium (Fig. 3A). We 
also included one day of recovery in regular medium after the exposure before 
harvesting the cells (Fig. 3A). This was done to ensure that propionyl-CoA and 
propionate levels in the cells were not elevated, so that in subsequent experiments 
we would be analyzing the effect of increased protein propionylation and not of 
increased propionate or propionyl-CoA. 

Because propionylcarnitine profiles accurately reflect cellular propionyl-CoA 
levels (Wikoff et al., 2007) and our propionyl-CoA analysis was not sensitive enough 
to analyze propionyl-CoA levels in cultured cells, we monitored propionylcarnitine 
levels in cells cultured in regular medium, in cells after five days of propionate 
exposure and in cells that were exposed to 5-day propionate followed by 
one day culture in propionate-free medium. After 5-day propionate exposure 
propionylcarnitine levels were increased (Fig. 3B). Notably, after one day of 
recovery on medium without propionate, propionyl-carnitine levels decreased and 
normalized to the same levels as in the cells that were not exposed to propionate 
(Fig. 3B). This implies that one day of culturing on regular medium is sufficient to 
remove excess cellular propionate.

Next, we analyzed the levels of protein propionylation in the Fao cells exposed 
to propionate by western blotting. Exposure to propionate gave rise to a substantial 
increase in protein propionylation levels (Fig. 3C). Interestingly, one day recovery on 
propionate-free medium after the exposure did not lower protein propionylation 
levels (Fig. 3C), indicating that the induced propionylation is stable, at least for 24 h. 
Thus, our experimental set-up yields cells with increased protein propionylation and 

the OXPHOS analysis in permeabilized cells. The cells are in MAS buffer containing no substrates. 
Digitonin is injected to permeabilize the cell membrane. Together with digitonin, ADP and complex 
specific substrates are injected. OCR measured after this injection represents mitochondrial state III 
respiration. (E) OXPHOS in control and PCCD fibroblasts assessed in digitonin-permeabilized cells 
with complex I substrates (pyruvate and malate). (F) State III OCR calculated from the data in 1E (mean 
± SD, * indicates p<0.05).
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Figure 2. Induced protein propionylation in the control cells leads to mitochondrial respiration 
defects observed in PCCD cells. (A) Anti-propionyllysine western blot analysis of three PCCD patient 
cell lines and three independent control cell lines. The cells were either cultured in regular medium 
or exposed to 4 mM propionate. 37.5 μg of protein was loaded in each lane. (B) OXPHOS capacity 
of the two control cell lines exposed to propionate (the same cell lines as in 2A). XF-96 Seahorse 
analyzer was used to measure the changes in OCR. The cells were permeabilized with digitonin and 
ADP, pyruvate and malate were added to the wells (first injection) to induce mitochondrial state III 
respiration. (C) Quantification of OXPHOS capacity in the two control cell lines, with and without 
exposure to propionate (mean ± SD, * indicates p < 0.05 and *** indicates p<0.001). The table represents 
the percentage of OXPHOS capacity in cells exposed to propionate compared to cells cultured in regular 
medium.

base-line propionyl-CoA levels. This is essential for analyzing the effect of increased 
propionylation on mitochondrial respiration as propionyl-CoA or propionate by 
itself may potentially be able to inhibit mitochondrial enzymes.

We then investigated the functional aspect of increased protein propionylation 
in Fao cells. For this we analyzed OXPHOS in permeabilized Fao cells using complex I 
(pyruvate and malate), complex II (succinate) and complex IV (TMPD and ascorbate) 



Protein propionylation and mitochondrial dysfunction in PCC deficiency

6

133

substrates (Fig. 4A). For complex II activity rotenone was added together with 
succinate to prevent reverse electron transfer to complex I. Remarkably, for all of 
the substrates used, increased protein propionylation resulted in lower OXPHOS 
capacity (Fig. 4B and C). Specifically, propionylated cells had 30.7%, 53.3% and 
58.7% of the control OXPHOS values when assessing OXPHOS from complex I, II 
and IV, respectively (Fig. 4C). This goes in line with the previous studies which show 
that propionyl-CoA suppresses activity of OXPHOS complexes (Schwab et al., 2006; 
Stumpf et al., 1980). 

Figure 3. Exposure of liver cells to propionate induces protein hyperpropionylation. (A) Schematic 
representation of the experimental set-up. Fao cells were exposed to 4 mM propionate for 5 days. This 
was followed by 1 day recovery step to ensure that propionate and propionyl-CoA levels would decline 
to normal in the cells. (B) Propionyl-carnitine levels in the cells after propionate exposure and after 1 day 
recovery (mean ± SD, ** indicates p<0.01). (C) Anti-propionyllysine western blot analysis of cell lysates 
cultured in regular medium, after propionate exposure and after recovery. 35 μg of protein sample was 
loaded and actin was used as loading control.
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Discussion
Propionic acidemia (PA) is a disorder of which the etiology is incompletely 

understood. It is caused by the inability of cells to metabolize propionyl-CoA due 
to PCC deficiency. PCC deficient patients present with features of mitochondrial 
dysfunction, the cause of which is not known. The results presented in this study 
demonstrate a direct connection between propionyl-CoA accumulation and the 
symptomology of the disorder caused by aberrant protein propionylation. We 
demonstrate that exposing control cells to high propionate concentrations leads 
to increased protein propionylation, similar to that in the PCC deficient cells. 
Furthermore, we confirm that increased protein propionylation leads to impaired 
mitochondrial respiration, which can be the cause of mitochondrial dysfunction 
observed in patients.

We started out by investigating whether exposing cells to propionate in culture 
medium would be sufficient to induce protein propionylation to a similar extent as 
that in PCC deficient cells. As expected, exposing control fibroblasts to propionate at 
concentration comparable to that in the plasma of PCC deficient patients, induced 
protein propionylation. Interestingly, the propionylation bands on the western 
blot were the same in controls exposed to propionate and in PCC deficient patient 
cells. Furthermore, exposing patient cells to propionate led to increased protein 
propionylation also at those specific protein bands and there were no new bands 
visible. These observations indicate that the protein propionylation profile achieved 
by exposure to propionate in control cells correlates with the propionylation status 
of PCC deficient cells. 

PA patients present with severe disturbances in mitochondrial metabolism 
(Fenton., 2001; Schwab et al., 2006). Remarkably, in accordance with these findings, 
we observed that PCC deficient patient cells had lower maximum respiratory 
capacity than the controls, which points to a defect in oxidative metabolism. 
Furthermore, mitochondrial respiration driven by OXPHOS complex I substrate 
pyruvate was reduced in PCC deficient cells confirming OXPHOS deficiency. To link 
this OXPHOS defect to excessive propionylation, we performed the same analysis 
in control fibroblasts exposed to propionate. Strikingly, we also observed decreased 
mitochondrial respiration in these cells confirming that induction of the extent of 
propionylation with propionate is sufficient to produce abnormalities in the OXPHOS 
system, as observed in cells from PCC-deficient patients.

Mitochondrial dysfunction in PA patients presents itself mainly in the organs 
with high energy requirements that are dependent on OXPHOS including liver, 
skeletal muscle and heart (de Keyzer et al., 2009; Mardach et al., 2005; Schwab et 
al., 2006). We therefore investigated the effect of increased protein propionylation 
on mitochondrial function in liver cells. For this we exposed rat hepatoma cells to 
propionate and measured mitochondrial respiration driven by complex specific 
substrates. We observed that increased propionylation resulted in decreased 
OCR with pyruvate and malate (complex I), succinate (complex II) and, TMPD 
and ascorbate (complex IV) as substrates. As propionate was previously shown 
to inhibit mitochondrial metabolism in liver (Brass et al., 1986; Matsuishi et al., 
1991), our analyses in propionate-free medium imply that propionate suppresses 
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Figure 4. Propionate exposure causes decreased OXPHOS in the liver cells. (A) Schematic 
representation of OXPHOS with complex specific substrates and inhibitors that were used. To measure 
OXPHOS starting from complex I, pyruvate and malate were injected together with digitonin and 
ADP. To measure the OXPHOS starting from complex II, succinate was injected as the substrate and 
rotenone as complex I specific inhibitor to prevent reverse electron transfer to complex I. To measure 
the OXPHOS starting from complex IV, TMPD and ascorbate were injected. (B) OCR profile generated 
from the Seahorse run to measure state III OCR in permeabilized control cells and cells exposed to 
propionate. The first injection contained digitonin to permeabilize the cell, complex specific substrates 
and ADP to induce state III respiration. For complex I activity (pyruvate and malate), rotenone was 
injected in the end of the run as it specifically inhibits complex I. For complex II activity (succinate and 
rotenone), antimycin was injected in the end of the run. (C) Quantification of state III respiration in 
control cells and cells exposed to propionate from the data in 4C (mean ± SD, *** indicates p<0.001). 
The table represents the percentage of OXPHOS capacity when assessing OXPHOS from different 
complexes in cells exposed to propionate compared to controls.
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mitochondrial metabolism through protein propionylation.
At present, treatment of PA patients is based on a low protein diet with sufficient 

caloric intake, carnitine supplementation and antibiotics. The treatment costs a lot 
of effort with often disappointing results and the overall prognosis is poor (de Baulny 
et al., 2005). In some cases liver transplantation is applied, which, however, does 
not prevent the neurological symptoms (Barshes et al., 2006). Our results suggest 
that counteracting aberrant protein propionylation in PCC deficient cells could 
contribute to the treatment of the patients. At the moment, enzymes specifically 
involved in the regulation of cellular protein propionylation are not known. Sirtuins 
with strong deacetylase activity (SIRT1-3) were shown to possess depropionylase 
activity (Feldman et al., 2013). Therefore, administration of sirtuin activators could 
aid in reducing protein propionylation in PCC deficient cells.

To further investigate the pathological mechanism of propionylation in PCC 
deficiency it is necessary to determine the subcellular localization of propionylation 
and to identify propionylated proteins. Because PCC is a mitochondrial enzyme, 
propionyl-CoA accumulates primarily in the mitochondria and therefore it is likely 
that protein propionylation is enriched in this organelle. In that case propionylation 
can directly affect mitochondrial proteins thereby impairing mitochondrial 
metabolism. Nevertheless, patient and control cells exposed to propionate also 
clearly have histone propionylation bands visible on the western blot suggesting 
that propionylation could be acting at the epigenetic level as well. 

Overall, the results of our study present new insights with respect to the 
pathological mechanism of PA involving protein propionylation. More research 
is necessary to further elucidate the role of propionylation in this disorder. This 
will give us more understanding of the cause of mitochondrial dysfunction in PA 
patients. Furthermore, it will also elucidate the role of protein propionylation in 
the regulation of metabolism in general. Finally, identifying enzymes to counteract 
protein propionylation could provide an effective treatment for PA patients in the 
future.

Materials and methods

Propionyl-CoA carboxylase activity
Patient and control cell pellets were resuspended in PBS and sonicated at 40J/W/S. 
A volume of 10 µl of protein lysate (1mg/ml) was added to 40 µl of the reaction 
solution (100 mM TRIS/HCl pH 8.0, 200 mM KHCO3, 10 mM MgCl2, 10 mM ATP, 1 
mM propionyl-CoA) to a final protein concentration of 0.2 mg/ml. After 15 minute 
incubation at 37oC the reaction was terminated with 10 µl of 2M HCl. The sample 
was neutralized with 2 M KOH/0.6 M MES buffer after which 30 µl of methanol 
HPLC grade was added. After centrifugation at 20000 G for 5 minutes at 4oC the 
supernatant was injected on reversed phase HPLC to analyze the formation of 
methylmalonyl-CoA.

Propionate exposure 
Human dermal fibroblasts and Fao hepatoma cells were routinely cultured in 
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Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% (v/v) fetal 
calf serum, 2 mM glutamine and 1% (v/v/v) pen/strep/fungizone. For propionate 
exposure DMEM was replaced with DMEM containing 4 mM propionate. Propionate 
containing DMEM was prepared with 400 mM propionate stock. Propionate stock 
was prepared by neutralizing propionic acid (Merck #800605) with NaOH to pH 7. 

Seahorse mitochondrial respiratory flux analysis 
Control and PCC deficient fibroblasts were routinely cultured in Dulbecco’s 
Modified Eagle Medium (DMEM) supplemented with 10% (v/v) fetal calf serum, 
2 mM glutamine and 1% (v/v/v) pen/strep/fungizone. On the day prior to the 
respiratory analysis, the cells were plated at 30.000 cells/well in Seahorse 96 well 
culture plates followed by overnight incubation. 30 minutes before the run, the 
medium was replaced with DMEM (Sigma-Aldrich #5030) supplemented with 5 
mM glucose and 2mM glutamine. The DMEM did not contain sodium bicarbonate, 
pen/strep/fungizone and serum. To analyze mitochondrial respiration, oxygen 
consumption rate (OCR) was analyzed following injections of oligomycin (1.5 µM 
final concentration), FCCP (1 µM), antimycin (2.5 µM) and rotenone (1.25 µM). 

Analysis of OXPHOS in permeabilized cells
Control fibroblasts and Fao cells were exposed to 4 mM propionate DMEM for three 
weeks and five days, respectively. On the day prior to the respiratory analysis, the 
cells were plated at 30.000 cells/well in Seahorse 96 well culture plates followed by 
overnight incubation in regular DMEM. Shortly before placing the plates into the 
Seahorse Analyzer, culture medium was replaced with MAS buffer (pH, 7.4, 220 mM 
mannitol, 70 mM sucrose, 10mM KH2PO4, 5mM MgCl2, 2 mM HEPES, 1 mM EGTA and 
0.6% BSA-fatty acid free). OCR was analyzed following a single injection of pyruvate/
malate/ADP/digitonin (Complex I), succinate/rotenone/ADP/digitonin (Complex II), 
TMPD/ascorbate/ADP/digitonin (Complex IV), dissolved in MAS buffer without BSA 
at pH 7.4. Final digitonin concentration was 30 µg/ml for Fao cells and 100 µg/ml 
for fibroblasts. Final substrate concentrations were: pyruvate (5 mM), malate (2.5 
mM), succinate (10 mM), ADP (1 mM). After injection of substrate, oligomycin was 
injected at 1.5 µM final concentration followed by injection of antimycin (2.5 µM) 
and rotenone (1.25 µM).

SDS –PAGE and Western blotting 
Cells were harvested by trypsinization, followed by lysis in PBS with 0.1% triton 
containing deacylase inhibitors (1 µM trichostatin A and 10 mM nicotinamide) 
by sonication at 40J/W/s on ice. Samples were ran on NuPAGE 4-12% gradient 
gels (Invitrogen), followed by transfer of proteins to nitrocellulose. For protein 
propionylation analysis propionyl-lysine antibody (#201 LOT:TAB0317P001, PTM 
Biolabs) was used. Antibody for β-actin (#A5441 monoclonal, Sigma-Aldrich) was 
used as loading control. IR-dye based secondary antibodies (LI-COR) were used to 
detect antibody signals using the Odyssey scanner (LI-COR). 
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Propionylcarnitine measurement 
Fao cells were exposed to 4 mM propionate in DMEM for five days. To wash out 
propionate, the medium was replaced with regular DMEM and the cells were 
harvested on the next day. For propionylcarnitine measurement we used cells 
exposed for five days to propionate, cells after the propionate wash out step and 
control cells that were cultured in regular DMEM. The cells were harvested by 
trypsinization and cell pellets were resuspended in 0.5 ml MQ to 1 mg of protein 
homogenate. Internal standard (50 pmol 2H3 propionyl-carnitine) was added to the 
homogenate, followed by 500 µl of acetonitrile. The samples were vortex-mixed 
and centrifuged at 14000 rpm 4oC for 10 minutes. The supernatant was transferred 
to a glass vial and the solvent was evaporated at 42oC under a stream of nitrogen. 
A 100 µl volume of propylation reagent, a 4:1 (v/v) mixture of propan-2-ol and 
acetylchloride, was added to the residue, vortex-mixed and incubated for 10 
minutes at 65oC. The propylation reagent was evaporated at 42oC under a stream of 
nitrogen and the residue was taken up in 100 µl of acetonitrile. Propionylcarnitine 
was quantified by Electrospray Ionization Tandem Mass Spectrometry (ESI-MS/MS) 
as described in (Vreken et al., 1999). 
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Discussion
The aim of the work presented in this thesis was to investigate the functional role 

of protein acylation in cellular metabolism and to elucidate the effect of aberrant 
protein acylation in inborn errors of metabolism. We determined that protein 
acylation is driven by and therefore can be regulated by metabolic flux. In addition, 
the results of our studies show that regulation of protein acylation by metabolism 
is not a unidirectional mechanism as acylation can in turn influence metabolic 
flux. Furthermore, we are the first to directly link aberrant protein acylation to 
perturbed mitochondrial function in metabolically defective cells. First, we show 
that excessive protein malonylation suppresses fatty acid oxidation in malonyl-CoA 
decarboxylase (MCD) deficient cells. Further we show that protein succinylation 
and propionylation contribute to the OXPHOS deficiency in succinyl-CoA synthetase 
(SCS) and propionyl-CoA carboxylase (PCC) deficient cells. 

Because mitochondria are central to cellular metabolism we focused on 
the effect of protein acylation dynamics on mitochondrial function. Although 
mitochondria are sites of enriched protein acetylation and also, as shown in recent 
studies, other acylation modifications (Hebert et al., 2013; Kim et al., 2006b; Rardin 
et al., 2013a; Tan et al., 2014), there is no known mitochondrial acyltransferase. 
To elucidate the regulatory mechanism of mitochondrial protein acetylation, we 
investigated protein acetylation dynamics in cells with induced fatty acid oxidation 
and in mice subjected to food withdrawal, which therefore also had increased fatty 
acid metabolism. In both, cells and mice, we have observed an increase in protein 
acetylation. On the other hand, long-chain acyl-CoA dehydrogenase (LCAD) KO mice 
with deficient fatty acid oxidation, did not present with increased protein acetylation 
upon food withdrawal, indicating that mitochondrial hyperacetylation is dependent 
on fatty acid oxidation. Therefore, the results of our study give direct evidence that 
the often observed mitochondrial hyperacetylation accompanied by high fatty acid 
turnover (Hirschey et al., 2011; Schwer et al., 2009), is in fact driven by acetyl-CoA 
generated through fatty acid oxidation. Our observations greatly contribute to 
the understanding of the mechanism of mitochondrial acetylation, as so far there 
was no direct evidence that fatty acids serve as source of mitochondrial protein 
acetylation. It is still not clear if mitochondrial protein acetylation is catalyzed by 
an enzyme or whether it takes place non-enzymatically. There are at least nine 
families of acetyltransferases that catalyze protein acetylation in the nucleus and 
cytosol (Yuan and Marmorstein, 2013). Nevertheless, despite significant efforts no 
mitochondrial acetyltransferase has been identified. It has been shown previously 
that the mitochondrial pH is favorable for non-enzymatic acetylation (Wagner and 
Payne, 2013). Our results support the non-enzymatic acetylation theory however 
they do not exclude the existence of a mitochondrial acetyltransferase. It is also 
still unclear what the functional consequences of mitochondrial global protein 
acetylation are and how its dynamic affects mitochondrial function. Numerous 
studies have demonstrated that acetylation of specific lysines on proteins targeted 
by SIRT3 does have a functional impact on their enzyme activity (Hallows et al., 
2011; Hirschey et al., 2010; Shimazu et al., 2010) however these represent only a 
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fraction of the identified acetylation sites (Hebert et al., 2013). 
In the course of this project, the focus of the acetylation field has broadened 

to include newly discovered acylation modifications. Based on the fact that these 
modifications similar to acetylation, use metabolic intermediates as acyl-donors, 
we hypothesized that they are also regulated by metabolic flux. To study this, we 
analyzed protein acylation dynamics in patient cells with metabolic disorders that 
are characterized by the accumulation of specific acyl-CoAs. As we expected, patient 
cells with inborn errors of metabolism (IEMs) accumulating butyryl-CoA, propionyl-
CoA, malonyl-CoA and succinyl-CoA presented with increased protein butyrylation, 
propionylation, malonylation and succinylation, respectively. Furthermore, 
incubating mitochondrial protein lysates with increasing concentrations of these 
acyl-CoAs induced protein acylation, corresponding to the acyl-CoA used for 
incubation. This indicates that protein acylation reactions can take place non-
enzymatically, driven solely by the availability of acyl-CoA molecules. Because the 
intramitochondrial environment with a mitochondrial matrix pH which is higher 
than in the rest of the cell, is favorable for non-enzymatic acylation reactions and 
acyl-CoAs that serve as donors for protein acylation reactions are generated by 
mitochondrial metabolism, protein acylation could be an inevitable by-product of 
metabolism. 

Protein acetylation has been shown to have a regulatory role on mitochondrial 
metabolism as it directly affects the activity of mitochondrial enzymes (Hirschey et 
al., 2010; Yu et al., 2009; Zhao et al., 2010). This suggests that other forms of protein 
acylation can also affect protein function. However, it is possible that the effect 
of other acylation modifications will be different when compared to acetylation 
as for example, propionyl and butyryl groups are larger than acetyl groups, 
whereas malonyl and succinyl groups give lysine a negative charge. Uncontrolled 
and excessive protein acylation can interfere with enzymatic activity and for this 
reason it can have negative effects on mitochondrial metabolism. Therefore in 
IEM cells with pathological accumulation of acyl-CoAs, elevated levels of protein 
acylation can be contributing to the symptoms of the disorder. To address the 
molecular mechanisms of protein malonylation, succinylation and propionylation 
in the pathophysiology of metabolic disorders we investigated the effect of these 
modifications on mitochondrial function in MCD, SCS and PCC deficient cells. We 
found that in these metabolic disorders aberrant protein acylation contributed 
to mitochondrial dysfunction. The etiology of these disorders is not completely 
understood and therefore our observations may provide a valuable input into the 
understanding of their pathologic mechanisms. 

In MCD deficient cells we found that sites with increased malonylation were 
enriched in mitochondria, indicating that protein malonylation could be affecting 
mitochondrial metabolism in this disorder. Specifically, we found that mitochondrial 
fatty acid oxidation enzymes VLCAD and LCHAD were hypermalonylated and 
functional analysis showed that the activity of these enzymes was reduced in 
MCD deficient cells. So far the fatty acid oxidation deficiency phenotype observed 
in MCD deficient patients was assigned to the inhibition of CPT1, a rate-limiting 
enzyme in fatty acid oxidation, by malonyl-CoA (Saggerson, 2008). Because we used 
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octanoylcarnitine, oxidation of which does not need CPT1, our results demonstrate 
that elevated malonyl-CoA levels can repress mitochondrial metabolism in a CPT1-
independent manner.

In SCS deficient cells we observed hypersuccinylation along with severely reduced 
mitochondrial respiration. We were able to reduce succinylation levels in these 
cells by overexpressing SIRT5, which partially rescued mitochondrial respiration. 
This suggests that hypersuccinylation in SCS deficient cells could be contributing to 
decreased mitochondrial function. SCS deficient patients also present with mtDNA 
depletion, of which the exact cause has not been found. One of the assumptions 
is that the absence of SCS results in decreased activity of nucleoside diphosphate 
kinase (NDK) activity. We hypothesized that hypersuccinylation of mitochondrial 
proteins and NDK specifically could be the cause of mtDNA depletion in this 
disorder. Functional analysis with succinylated NDK confirmed that succinylation 
repressed NDK activity and desuccinylation with SIRT5 partially rescued NDK 
activity. These findings are very promising as further research in this direction 
could give an opportunity to understand the mechanism of mtDNA depletion in SCS 
deficient cells. However, for this more studies are necessary, specifically addressing 
the correlation between protein succinylation levels and mtDNA dynamics.

PCC deficient patients are known to have mitochondrial dysfunction (Schwab et 
al., 2006), the cause of which is not completely understood. We show that exposing 
control cells to high propionate levels results in increased protein propionylation, 
similar to that observed in the patients cells. Hyperpropionylation in control cells 
results gives rise to a decreased OXPHOS, like in the patients cells. Previously, 
propionyl-CoA has been shown to inhibit the activity of several mitochondrial 
enzymes, including OXPHOS complex III (Schwab et al., 2006; Stumpf et al., 1980). 
The results of our study suggest that this suppression by propionyl-CoA goes 
through propionylation and that protein propionylation may therefore contribute 
to the mitochondrial dysfunction in PCC deficient patients. 

In conclusion, the work presented in this thesis includes two important findings 
for protein acylation research. First, we provide evidence that protein acylation 
levels are determined by acyl-CoAs generated by intermediary metabolism. In a 
physiological context, we demonstrate that mitochondrial protein acetylation is 
driven by acetyl-CoA generated through fatty acid oxidation. We also examined 
protein acylation from a new perspective, namely in the context of metabolic 
disorders, which accumulate specific acyl-CoAs due to their metabolic defect. Again, 
here we also observed an increase in protein acylation corresponding to acyl-CoA 
accumulation. Second, our data links aberrant protein acylation and mitochondrial 
dysfunction in IEMs, where protein acylation has a pathogenic role. Further studies 
involving proteomic screening to identify acylation targets along with functional 
analysis of these targets are necessary to completely understand the role of acylation 
in these metabolic disorders. Combined, these findings may shed new light on the 
pathophysiology of IEMs and ultimately lead to new therapeutic approaches, for 
instance activating sirtuins to counteract excessive protein acylation. Apart from 
the four IEMs analyzed in this thesis, there are other disorders that accumulate 
different acyl-CoAs. Research with the patient cells from these IEMs can serve as a 
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platform for studying novel protein acylation modifications and also lead to further 
understanding of the pathology of these disorders. 
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Summary
Post translational modifications (PTMs) expand the cellular proteome providing 

the cell with direct means for control of protein function. Protein acylation is a 
group of PTMs that uses acyl-CoAs from intermediary metabolism as substrates. 
Protein acetylation is by far the most studied acylation modification. It has a well-
established role in the regulation of various cellular processes including metabolism. 
In the general introduction (chapter 1) the reader is introduced to mitochondrial 
metabolism, inborn errors of metabolism and different types of protein acylation 
modifications.

The enzymatic acetylation by acetyltransferases in the nucleus and cytosol 
has been thoroughly studied. However, the mechanism of its regulation in the 
mitochondria has remained obscure. Interestingly, acetylation is prevalent in 
the mitochondria and plays an important role in the regulation of mitochondrial 
metabolism. Mitochondrial acetylation is a dynamic modification which responds to 
metabolic changes within the cell. Metabolic conditions accompanied by increased 
mitochondrial fatty acid oxidation such as food withdrawal and high fat diets, go 
hand in hand with mitochondrial hyperacetylation. This taken together with the 
fact that intramitochondrial pH is favorable for non-enzymatic acetylation by acetyl-
CoA, has led to the supposition that mitochondrial acetylation can be regulated by 
acetyl-CoA generated by metabolism. In chapter 2 we investigated whether acetyl-
CoA produced by mitochondrial fatty acid oxidation in fact determines mitochondrial 
protein acetylation levels. Using labelled fatty acid palmitate we determined that 
acetyl-CoA generated by fatty acid oxidation is directly used for protein acetylation 
and that this acetylation is mostly mitochondrial and not cytosolic. To quantify 
protein acetylation we developed an LC-MS/MS method. Using this method we 
demonstrated that induction of fatty acid oxidation increases acetylation in human 
fibroblasts. In line with these observations, we observed increased hepatic acetylation 
in mice subjected to food withdrawal. Interestingly, this phenomenon was absent 
in long-chain acyl-CoA dehydrogenase KO mice with defective fatty acid oxidation, 
confirming that fatty acid oxidation is essential for mitochondrial hyperacetylation. 
In addition, we show that apart from being enriched in the mitochondria, acetylation 
is also abundant in peroxisomes. Importantly, these organelles only have fatty acids 
as a source of acetyl-CoA. Altogether, we demonstrate that changes in fatty acid 
oxidation flux exert a direct effect on mitochondrial acetylation levels. This does not 
completely rule out the existence of one or more mitochondrial acetyltransferases. 
However, this does support the theory of non-enzymatic acetylation determined 
solely by acetyl-CoA levels.

Recent advances in proteomics have led to the identification of novel protein 
acylation modifications which substantially enlarge this group of PTMs. The newly 
discovered modifications have a longer acyl group and include propionylation, 
butyrylation, crotonylation, malonylation, succinylation and glutarylation. In 
contrast to acetylation little is known about the physiological role, prevalence and 
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dynamics of these modifications. Because all of them involve an acyl group, we 
hypothesized that they are likely to be influenced by changes in metabolic flux as in 
the case of acetylation. In chapter 3 we analyzed protein acylation in patients cells 
with inborn errors of metabolism that result in accumulation of acyl-CoA molecules. 
Specifically, we looked at fibroblasts of patients with malonyl-CoA decarboxylase 
(MCD), propionyl-CoA carboxylase (PCC) and short-chain acyl-CoA dehydrogenase 
(SCAD) deficiencies, which accumulate malonyl-CoA, propionyl-CoA and butyryl-
CoA, respectively. In agreement with our hypothesis, we observed increased 
malonylation, propionylation and butyrylation in these patients cells. To test 
whether these acylation reactions can take place non-enzymatically, we incubated 
mitochondrial protein lysates with different concentrations of these acyl-CoAs. 
Accordingly, when adding increasing concentrations of malonyl-CoA, propionyl-
CoA and butyryl-CoA we observed a concentration dependent increase in protein 
malonylation, propionylation and butyrylation which they accumulate. 

To address the functional consequences of aberrant protein acylation in IEMs we 
analyzed protein acylation in the context of specific metabolic disorders, including 
MCD, SCS and PCC deficiencies. In chapter 4 we performed the first global proteomic 
analysis of the lysine malonylome in mouse SIRT5 KO liver and in human fibroblasts, 
identifying 4042 malonylated peptides in 1426 proteins and 4943 malonylated 
peptides in 1822 proteins, respectively. Interestingly, protein malonylation 
sites upregulated in MCD deficient cells were enriched in the mitochondria. We 
specifically investigated the role of malonylation in the pathogenicity of malonic 
aciduria caused by MCD deficiency in patient fibroblasts. MCD deficient patients 
have clinical features similar to that of FAO disorders, including cardiomyopathy, 
muscle weakness and hypoglycemia. The cause of that is taken to be the inhibitory 
effect of malonyl-CoA on carnitine palmitoyltransferase 1 (CPT1) activity, which 
is the rate-limiting enzyme in mitochondrial fatty acid oxidation. In this study we 
showed that MCD deficient cells have reduced oxidation of octanoylcarnitine, 
oxidation of which does not require CPT1. We thereby show that MCD deficient cells 
have decreased mitochondrial function independent of CPT1 activity. Additionally, 
we observed reduced activity of two fatty acid oxidation enzymes, namely the very 
long-chain acyl-CoA dehydrogenase (VLCAD) and long-chain 3-hydroxyacyl-CoA 
dehydrogenase, in MCD deficient fibroblasts. Our proteomic analysis has identified 
malonylation sites on VLCAD, five of which were only present in the MCD deficient 
cells. This suggests that protein malonylation could have a direct impact on the 
activity of mitochondrial enzymes.

In chapter 5 we investigated the functional effect of protein succinylation in SCS 
deficient cells. SCS is a heterodimeric enzyme in the TCA cycle formed from SCS-G1 
and either SCS-A2 or SCS-G2 subunits. SCS deficiency results in defective metabolic 
flux through the TCA cycle, which leads to succinyl-CoA accumulation. So far, patients 
deficient in SCS-G1 and SCS-A2 have been identified. Clinical presentation varies 
and in general SCS-G1 deficient patients are more severely affected. Nevertheless, 
both deficiencies present with mtDNA depletion and defective OXPHOS. In line 
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with these observations, we observed OXPHOS deficiency in SCS-G1 and SCS-A2 
deficient patient fibroblasts. Interestingly, we also detected elevated mitochondrial 
succinylation in these cells. We succeeded in reducing protein succinylation levels 
by overexpressing SIRT5. Along with SIRT5 overexpression we observed an increase 
in the rate of mitochondrial respiration, which links elevated succinylation in SCS 
deficient cells to OXPHOS deficiency. The mechanism of mtDNA depletion in SCS-
deficient patients has not been identified, however there are speculations that 
mtDNA depletion is caused by decreased activity of nucleoside diphosphate kinase 
(NDK), an enzyme necessary to maintain the mitochondrial pool of nucleotides. 
The cause of decreased NDK activity in the patients cells is not known. We 
hypothesized that NDK is hypersuccinylated in these cells and that this represses 
its activity. To test this we succinylated NDK in vitro and found that succinylation 
indeed significantly decreased its activity. Desuccinylation of NDK by SIRT5 resulted 
in a significant increase in its activity. Also, co-expressing SIRT5 with NDK in 
SCS-G1 deficient cells resulted in significant increase in NDK activity. In addition, 
we investigated succinylation of mitochondrial transcription factor A (TFAM), a 
deficiency of which has been associated with mtDNA depletion. We found that 
TFAM is hypersuccinylated in SCS-G1 deficient cells and overexpression of SIRT5 
reduced TFAM succinylation. 

PCC deficiency is a genetic metabolic disorder affecting lipid and amino acid 
catabolism that leads to accumulation of propionyl-CoA and belongs to the group 
of inborn errors known as propionic acidemias (PA). There are indications that 
mitochondrial dysfunction contributes to the pathology of the disorder as PA 
patients present with OXPHOS deficiency. Nevertheless the causes of mitochondrial 
dysfunction are not clear. In chapter 6 we investigated whether increased protein 
propionylation in PCC deficient cells contributes to mitochondrial dysfunction. 
Consistent with this, we detected reduced mitochondrial respiration in PCC deficient 
patients fibroblasts. To mimic the deficiency, we incubated control fibroblasts 
and a liver cell line in medium containing propionate. As expected, we observed 
a substantial increase in protein propionylation in these cells. Interestingly, we 
also observed decreased mitochondrial respiration in both cell lines as a result of 
increased propionylation, suggesting that excessive propionylation can be the cause 
of OXPHOS deficiency observed in PA patients. 

The final chapter of this thesis (chapter 7) contains discussion which places 
the individual chapters in the context of the interplay between protein acylation 
and metabolism. The studies presented here introduce a novel setting to research 
protein acylation, namely cells with disrupted metabolism that have an imbalance 
in acyl-CoA levels. We are also the first to really focus on the possible role of protein 
acylation in the pathogenesis of metabolic disorders. Future studies in this direction 
will greatly contribute to our understanding of the role of protein acylation in the 
regulation of cellular metabolism.
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Samenvatting
Ons lichaam heeft energie nodig om te overleven. We kunnen energie 

produceren uit drie hoofdgroepen  voedingsstoffen te weten; suikers, vetten en 
eiwitten. Deze energiebronnen worden in ons lichaam afgebroken in een sequentie 
van biochemische reacties die “stofwisseling (metabolisme)”wordt genoemd. De 
biochemische reacties van de stofwisseling worden gekatalyseerd door enzymen. 
De regulering van deze enzymen is dus heel belangrijk om de stofwisseling goed 
aan te sturen. Een van de mogelijke regelmechanismen van enzymen betreft de 
post-translationele modificatie (PTM) van eiwitten. PTMs zijn een toevoeging 
van een chemische groep aan een of meerdere aminozuren van het eiwit. Deze 
chemische groep kan invloed hebben op de structuur van het eiwit, zijn activiteit 
of zijn interactie met andere eiwitten. Er zijn veel verschillende PTMs bekend met 
verschillende functies. 

In dit proefschrift is een groep van PTMs bestudeerd die bekend is als eiwit 
acylering. Bij eiwit acylering wordt een acyl groep gebonden aan het aminozuur 
lysine van het eiwit. Voorbeelden van eiwit acylering zijn acetylering, propionylering, 
butyrylering, malonylering en succinylering. De acyl groepen voor eiwit acylering 
worden gehaald van de acyl-CoA moleculen, bijvoorbeeld van acetyl-CoA, propionyl-
CoA, butyryl-CoA, malonyl-CoA en succinyl-CoA. Al deze moleculen zijn producten 
van de stofwisseling en dit maakt dat eiwit acylering gekoppeld is aan de metabole 
activiteit van de cel.

Mitochondria zijn de organellen (onderdelen) van een cel waar de meeste energie 
wordt geproduceerd. Echter, deze organellen zijn meer dan de energiecentrales van 
de cel want mitochondriale dysfunctie is ook betrokken bij verschillende ziektes. 
Uit eerder onderzoek is al aangetoond dat veel van de mitochondriale eiwitten zijn 
geacyleerd, maar weinig is bekend over de functie en regulatie van eiwit acylering 
in deze organellen. In dit proefschrift kijken we naar hoe eiwit acylering in de 
mitochondria is geregeld en hoe dit mitochondriale processen beïnvloedt. 

Hoofdstuk 1 bevat een algemene inleiding waar verschillende acylering modifi-
caties worden besproken alsmede de bekende regelmechanismen van acylering. 
Tevens wordt gekeken naar de cellulaire stofwisseling en de rol van mitochondria 
daarin. Tenslotte wordt het concept van aangeboren stofwisselingsziektes 
geïntroduceerd.

In hoofdstuk 2 ligt de focus op eiwit acetylering. Er is veel bekend over de 
regulering van eiwit acetylering in de cel. De eiwitten worden geacetyleerd door 
een groep van enzymen, namelijk de acetyltransferases, in de kern en het cytosol 
van de cel. Ook veel van de mitochondriale enzymen zijn geacetyleerd. Toch is er 
geen mitochondriale acetyltransferase bekend en dus komt de vraag: hoe wordt de 
eiwit acetylering in de mitochondria geregeld? Mitochondriale acetylering is een 
dynamische modificatie die reageert op veranderingen in de metabole activiteit van 
de cel. Mitochondriale vetzuuroxidatie is een metabole route in de mitochondria die 
zorgt voor de afbraak van vetten. Als gevolg van tekort aan calorieën, bijvoorbeeld 
tijdens het vasten, gebruikt de cel vetzuren als energiebron. Vetzuuroxidatie 
breekt vetten af in acetyl-CoA moleculen. Het is al eerder waargenomen dat 
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metabole omstandigheden die gepaard gaan met verhoogde vetzuuroxidatie, zoals 
caloriebeperking en vetrijke voeding, leiden tot hyperacetylering van mitochondriale 
eiwitten. Onze hypothese was dat mitochondriale eiwitacetylering wordt beïnvloed 
door de verandering in de mitochondriale acetyl-CoA niveaus. In hoofdstuk 2 is 
onderzocht of acetyl-CoA gevormd door mitochondriale vetzuuroxidatie in feite 
het gehalte van eiwit acetylering bepaalt. Met behulp van een gelabeld vetzuur, 
palmitaat, is vastgesteld dat acetyl-CoA gegenereerd door vetzuuroxidatie direct 
wordt gebruikt voor eiwitacetylering in de mitochondria. Verder wordt in dit 
hoofdstuk een methode om eiwit acetylering te kwantificeren beschreven. Met 
deze methode is aangetoond dat verhoging in vetzuuroxidatie leidt tot verhoging 
in eiwitacetylering in humane cellen. Ook werd een verhoogde eiwitacetylering 
in gevaste muizen waargenomen, maar niet in muizen met een defect in de 
vetzuuroxidatie. De resultaten van deze studie bevestigen dat vetzuuroxidatie 
essentieel is voor hyperacetylering van mitochondriale eiwitten. Deze observaties 
laten zien dat de hoeveelheid acetyl-CoA geproduceerd door mitochondriale 
vetzuuroxidatie bepalend is voor de acetyleringsgraad van mitochondriale eiwitten. 
Het kan ook zijn dat mitochondriale acetylering puur door verhoging van acetyl-CoA 
niveaus gestimuleerd wordt en er geen specifiek enzym voor nodig is. Dit zal verder 
onderzocht moeten worden.

Stofwisselingsziektes zijn aangeboren aandoeningen veroorzaakt door een 
specifiek enkel gendefect dat leidt tot een verlies- of winst-van-functie van het 
mutant eiwit. Patiënten met metabole afwijkingen vertonen een zeer heterogeen 
beeld, zowel qua klinische als biochemische aspecten, en de pathologische 
mechanismen van de ziekte zijn niet altijd duidelijk.  Een van de gevolgen van een 
metabool defect is ophoping van bepaalde metabolieten die niet verder kunnen 
worden omgezet. In hoofdstuk 3 is de eiwitacylering in cellen geanalyseerd van 
patiënten met aangeboren stofwisselingsziekten die leiden tot ophoping van acyl-
CoA moleculen. In het vorige hoofdstuk is aangetoond dat verhoging van acetyl-
CoA in de mitochondria door verandering in de stofwisseling van de cel direct de 
mitochondriale eiwit acetyleringsgraad kan beïnvloeden. Dit leidde tot de hypothese 
dat de patiëntencellen die bepaalde acyl-CoAs opstapelen vanwege een metabool 
defect verhoogde eiwitacylering zullen vertonen. Voor deze studie is gebruik 
gemaakt van fibroblasten van patiënten met Malonyl-CoA decarboxylase (MCD)  
en Propionyl-CoA carboxylase (PCC) deficiënties die respectievelijk malonyl-CoA 
en propionyl-CoA opstapelen. Inderdaad werd een verhoogde eiwit malonylering 
en propionylering waargenomen in deze cellen. Naast de patiëntencellen werd 
eiwit butylering in korte-keten acyl-CoA dehydrogenase (SCAD) deficiënte muizen 
bepaald. Door hun metabole defect stapelen deze muizen butyryl-CoA. Zoals 
verwacht vertoonden deze muizen verhoogde eiwit butylering. Om te testen 
of eiwit acylering in de patientencellen uitsluitend door verhoogde acyl-CoA 
niveaus gedreven kan worden, incubeerden we mitochondriale eiwit lysaten met 
verschillende concentraties van bepaalde acyl-CoA moleculen. Bij het toevoegen 
van toenemende concentraties van malonyl-CoA, propionyl-CoA en butyryl-CoA 
werd een concentratie-afhankelijke toename van respectievelijk eiwit malonylering, 
propionylering en butyrylering waargenomen. Dit duidt erop dat eiwit acylering (in 
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dit geval malonylering, propionylering en butylering) bepaald kan worden door 
verandering in de acyl-CoA niveaus en in dit geval geen enzym nodig heeft.  

Om meer te weten te komen over de functionaliteit van eiwit acylering is verder 
onderzoek verricht naar de interactie tussen eiwit acylering en de werking van 
mitochondria in de context van stofwisselingsziektes. Hierbij is de aandacht met 
name uitgegaan naar eiwit malonylering in hoofdstuk 4, succinylering in hoofdstuk 
5 en propionylering in hoofdstuk 6.

In hoofdstuk 4 is een massaspectrometrische  analyse uitgevoerd om zoveel 
mogelijk malonylering sites op specifieke eiwitten in kaart te brengen. Sirtuïne 5 
(SIRT5) is een enzym dat malonyl groepen van eiwitten afhaalt, dus cellen zonder 
SIRT5 (SIRT5 Knockout (KO)) hebben een verhoogde eiwit malonyleringsgraad. 
Hoofdstuk 3 laat zien dat patiëntencellen met MCD deficiëntie een verhoogde 
eiwit malonylering hebben. Om zoveel mogelijk malonylering sites te vinden is 
de MS analyse in SIRT5 KO muis cellen en MCD deficiënte cellen uitgevoerd. Dit 
maakte de identificatie van veel gemalonyleerde eiwitten mogelijk  die eerder 
niet bekend waren. Een grote fractie van de gevonden malonylering bevond zich 
op mitochondriale enzymen. Het klinische beeld van MCD deficiënte patiënten is 
vergelijkbaar met dat van vetzuuroxidatie stoornissen. Twee van de vetzuuroxidatie 
enzymen bleken een verlaagde activiteit te hebben in MCD deficiënte cellen. Ook 
de malonylering van deze enzymen was verhoogd in MCD deficiënte celen. Deze 
resultaten suggereren dus dat de verstoorde vetzuuroxidatie van MCD deficiënte 
patiënten het resultaat is van afwijkende eiwit malonylering.

In hoofdstuk 5 is het effect onderzocht van eiwit succinylering in Succinyl-
CoA synthetase (SCS) deficiënte cellen. SCS is een heterodimeer enzym in de 
citroenzuurcyclus, gevormd uit SCS-G1 en ofwel SCS-A2 of SCS-G2 subeenheden. 
SCS zet succinyl-CoA om naar succinaat en SCS deficiëntie leidt tot de ophoping 
van succinyl-CoA. Tot dusver zijn er patiënten deficiënt in SCS-G1 of SCS-A2 
geïdentificeerd. Het klinische beeld van SCS deficiëntie varieert en in het algemeen 
zijn SCS-G1 deficiënte patiënten zwaarder getroffen. Een symptoom dat voorkomt 
in beide gevallen is mitochondriaal DNA (mtDNA) depletie. Het meeste genetische 
materiaal van de cel (DNA) bevind zich in de kern. Het mitochondrion is het enige 
organel dat zijn eigen DNA heeft. Hoewel de meerderheid van de mitochondriale 
eiwitten wordt gecodeerd door het algemene DNA in de kern, wordt een aantal 
van de essentiële mitochondriale eiwitten gecodeerd door mtDNA. Daarom 
veroorzaakt mtDNA depletie mitochondriale dysfunctie in de getroffen patiënten. 
Het mechanisme van mtDNA depletie in SCS deficiënte patiënten is niet bekend. 
Als eerste is daarna onderzocht of de SCS-deficiënte cellen verhoogde eiwit 
succinylering vertonen en dat bleek het geval. Daarna is de succinylering in 
deze cellen verlaagd door middel van overexpressie van SIRT5. De verlaging 
van eiwit succinylering  heeft de mitochondriale functie iets verbeterd. Dit kan 
suggereren dat de mitochondriale dysfunctie gedeeltelijk wordt veroorzaakt door 
hypersuccinylering van mitochondriale eiwitten. Een van de hypothesen van de 
oorzaak van mtDNA depletie in SCS deficiënte cellen is de verlaagde activiteit van 
nucleoside difosfaat kinase (NDK), een enzym dat essentieel is voor het onderhoud 
van mtDNA. Echter, de oorzaak van verminderde NDK activiteit in de cellen van 
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patiënten is niet bekend. Aangetoond is dat NDK hypersuccinyleert in SCS deficiënte 
celen en dat succinylering de activiteit van dit enzym verlaagt. De resultaten van 
deze studies geven aan dat eiwit hypersuccinylering in SCS deficiënte cellen kan 
bijdragen aan het ziektebeeld van de SCS deficiënte patiënten. Meer grondige 
studies zijn noodzakelijk voor verder opheldering van deze mechanismen.

Propionzuur acidemie (PA) is een aangeboren metabole aandoening 
gekarakteriseerd door opbouw van organische zuren in het lichaam. Het 
wordt veroorzaakt door deficiëntie van het PCC enzym dat propionyl-CoA in 
methylmalonyl-CoA omzet. Uit eerder onderzoek is gebleken dat PA patiënten hoge 
propionaat niveaus in het bloed hebben. Er zijn aanwijzingen dat mitochondriale 
disfunctie bijdraagt aan de pathologie van PA maar de oorzaak van de minder 
goed werkende mitochondria is niet duidelijk. In hoofdstuk 6 worden de effecten 
van verhoogde eiwitpropionylering in humane fibroblasten en rattenlever cellen 
bestudeerd. In hoofdstuk 3 is aangetoond dat PCC deficiënte cellen een verhoogde 
eiwit propionylering vertonen. Daarna is onderzocht of de patientencellen 
een mitochondriale dysfunctie vertoonden. Inderdaad werd een verlaagde 
mitochondriale respiratie in deze cellen gemeten. Om het effect van PA na te 
bootsen, zijn gezonde cellen aan propionaat blootgesteld. Na een week blootstelling 
werd al verhoogde eiwit propionylering waargenomendie vergelijkbaar was aan de 
eiwit propionylering niveaus in de patiëntencellen. Tevens hadden deze cellen ook 
verlaagde mitochondriale respiratie. Het is dus gelukt om het PA fenotype in gezonde 
cellen zonder het PCC enzym defect te induceren. Deze resultaten suggereren 
dat verhoogde propionaat (en dus ook propionyl-CoA) leiden tot mitochondriale 
dysfunctie door middel van verhoogde eiwit propionylering.

De resultaten zoals  beschreven in dit proefschrift zorgen voor een aanzienlijke 
verrijking van onze kennis in de regulering van eiwit acylering. Er wordt aangetoond 
dat eiwit acylering niet zo zeer wordt bepaald door activiteit van specifieke acylering 
enzymen, maar wordt gedreven door acyl-CoA moleculen gegenereerd door de 
stofwisseling. Ook wordt getoond dat afwijkende eiwit acylering in cellen van 
patiënten met een metabole aandoening een rol kan spelen in de mechanismen 
achter de ziekte. Verder onderzoek kan meer begrip opleveren over hoe deze 
ziektes kunnen worden behandeld. Bijvoorbeeld of dit met behulp van de sirtuïnes 
(SIRT1-7), enzymen die de acyl groepen van eiwitten afhalen, gedaan kan worden. 
Bovendien, zijn de (patiënten) cellen met metabole defect een veelbelovend 
platform voor grondige karakterisatie van verschillende eiwitacylering modificaties 
in de toekomst.
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