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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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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) 
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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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