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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. 


