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Abstract

Reversible protein acetylation is a major regulatory mechanism for controlling protein function. 

Through genetic manipulations, dietary perturbations, and new proteomic technologies, the 

diverse functions of protein acetylation are coming into focus. Protein acetylation in mitochondria 

has taken center stage, revealing that 63% of mitochondrially localized proteins contain lysine 

acetylation sites. Here we summarize the field, and discuss salient topics that cover spurious 

versus targeted acetylation, the role of SIRT3 deacetylation, nonenzymatic acetylation, and 

molecular models for regulatory acetylations that display high and low stoichiometry.
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From Histone Regulation to Mitochondrial Acetylation

Mitochondria function as central mediators of metabolism and energy production [1]. 

Through the ability to oxidize sugars, fatty acids and amino acids by reducing molecular 

oxygen and creating a H+ gradient across the inner mitochondrial membrane, mitochondria 

couple this chemiosmotic gradient to the production of ATP. While it is general knowledge 

that the majority of cellular ATP is generated by these organelles, mitochondria play central 

roles in many fundamental cellular processes that include providing precursors for anabolic 

processes, acting as sentinels of cellular health, and coordinating nuclear–mitochondrial 

communication. Therefore, revealing previous unknown regulatory networks that operate 

within mitochondria have broad implications toward our understanding of cellular 
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homeostasis and pathology. Recent research on mitochondria has implicated protein lysine 

N-ε-acetylation as a major regulatory mechanism for modulating protein function.

The acetylation of histone proteins became the first well established example of biologically 

functional protein acetylation. Allfrey et al. observed that histones in isolated calf thymus 

nuclei can be rapidly labeled with radiolabeled acetate and that these acetylated histones 

were less inhibitory for RNA polymerase [2]. In the late 1990s, the first histone 

acetyltransferases (HATs) and deacetylases (HDACs) were cloned and linked to the 

regulation of gene expression on chromatinized templates [3,4]. In this case, acetylation 

generally correlates with gene expression, acting in part to ‘open up’ chromatin for 

appropriate transcriptional machinery to access the DNA template. We now know there are 

many acetyl-CoA dependent histone acetyltransferases and histone deacetylases that 

function to regulate all DNA-templated processes, which are primarily thought to act 

through the direct reversible acetylation of histone lysine residues [5–7]. Current evidence 

supports the idea that certain site-specific acetylation is sufficient to alter nucleosome 

dynamics and chromatin folding [8,9]. In addition, acetylated-lysines on histones can 

function as ‘epitopes’ for the recruitment of acetyl-lysine binding domains (e.g., 

bromodomains) that are contained within large protein complexes such as histone 

acetyltransferases, methyltransferases, transcriptional co-activators, and ATP-dependent 

chromatin-remodelers [10].

The acetylation of p53 and α-tubulin were early examples that protein acetylation extends 

beyond histone proteins [11]. The observation that several deacetylases were localized 

outside of the nucleus spurred further interest in exploring protein acetylation as a broader 

phenomenon [12]. Shortly thereafter, the metabolic enzyme acetyl-CoA synthetase was 

found to be regulated by reversible acetylation in both bacterial and mammalian systems, 

suggesting that non-histone protein acetylation may be an evolutionarily conserved, general 

mechanism of metabolic regulation. In this case, acetyl-CoA synthetase activity is controlled 

by acetylation of a single conserved lysine residue in the active site. Acetylation renders the 

enzyme inactive, while deacetylation restores full activity [13–15]. Collectively, these 

results demonstrated the existence of functionally-relevant, non-histone targets, which 

inspired the use of unbiased discovery methods to identify and characterize other acetylation 

events. Immunoprecipitation with an anti-acetyllysine antibody followed by liquid 

chromatography coupled mass spectrometry (LC-MS) was the method of choice and early 

acetyl-proteomic studies provided lists of acetylated peptides and the corresponding 

proteins. These catalogs were often dominated by metabolic proteins and particularly 

enriched with mitochondrial proteins. Such observations suggested that either the method 

was biased toward highly abundant proteins, or there was something unique to metabolic 

proteins, especially those resident in the mitochondria. Subsequent proteomic studies have 

confirmed that the modification is widespread, particularly among metabolic and 

mitochondrial proteins (Figure 1).

Probing the Extent of the Mitochondrial Acetylome

Growing interest in the protein acetylation field has fueled concerted efforts to characterize 

the protein acetylome (or acetyl-proteome). By using various nutritional, genetic, and 
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pharmacological model systems, the roster of acetylated lysine sites has expanded rapidly in 

the past decade (Figure 2). In Mus musculus, the focus of the majority of acetyl-proteomics 

studies, 13,186 sites across 4,024 proteins have been identified and a full 63% of 

mitochondrially localized proteins contain acetylation sites. A comparable amount of sites 

have been found in human cell lines: ~11,000 sites [44–46]. The bulk of this data has been 

generated in the past four years. In 2011, there were only 552 recorded acetylation sites in 

Mus musculus [45]. It is not solely the raft of new studies that have added to the 

compendium. Improvements in antibody reagents, chromatography, and mass-spectrometry 

technology have increased the proportion of the true acetyl-proteome accessible to each 

study. For acetylome papers published in 2011, the average number of sites reported was 

1,357, and in 2015 the average number of sites per study is 7,784 (Figure 2). It will be 

interesting to follow these numbers in the upcoming years and assess whether the total will 

grow substantially as mass-spectrometry technology makes additional gains in sensitivity.

Despite the vast catalog of site-specific mitochondrial acetylation, only a few examples have 

an established functional consequence. Of the ~700 acetylated mitochondrial proteins, there 

are 26 proteins that display functional effects when acetylated (Figure 3 and Table 1). This 

relatively low number is largely due to the technical challenges of acquiring biochemical 

evidence for altered function. It is even more difficult to determine which biochemical 

feature is affected: enzyme activity, protein-protein interactions, protein-DNA interactions, 

stability, localization, allostery, etc. The most rigorous approach to validate a possible 

regulatory function is to prepare and characterize a fully unacetylated form and a site-

specifically acetylated form that is stoichiometrically modified. Genetic incorporation of an 

acetyl-lysine onto recombinant proteins using an orthogonal acetyllysl-tRNA synthetase–

tRNA pair is one such approach. This system produces homogenous recombinant protein 

containing an acetyl-lysine at defined sites [9,47]. Another commonly used method to probe 

acetyl-lysine function is using site-directed mutagenesis. A lysine-to-glutamine (K→Q) 

substitution is often considered an acetyl mimic due to the resemblance of the uncharged 

functional group. Likewise, a lysine-to-arginine (K→R) substitution preserves the positively 

charged functional group and is often utilized as an unmodified lysine mimic. However, 

such mimics are not classical isosteres and accordingly do not always yield the expected 

results, as illustrated in a recent study on the autoacetylation of a histone acetyltransferase in 

which both the K→Q and K→R substitutions yielded protein that was ~100-fold less active 

than the active wild type auto-acetylated species [48]. As an alternative, in vitro acetylation 

of a target protein can be obtained by using enzymatic or chemical methods [13,49]. The use 

of a highly specific acetyltransferase can generate a homogenous population of acetylated 

protein, however the lack of strong sequence specificity of lysine acetyltransferase (KAT) 

complexes limits this method from widespread use. Reactive acetylating agents, such as 

acetic anhydride and sulfo-N-hydroxysuccinimide (NHS)-acetate are chemical methods to 

assess the functional impact of protein acetylation. Both strategies suffer from the difficulty 

of achieving high stoichiometry and issues of targeting acetylation to only the appropriate 

lysine residues. These genetic, enzymatic and chemical tools have enabled identification of 

functionally relevant sites and will continue to be key tools in determining the broader roles 

of protein acetylation.
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General Trends in Mitochondrial Protein Acetylation

The accumulated evidence suggests that mitochondrial acetylation is widespread and that the 

acetylation status of many sites is controlled by the enzymatic activity of the NAD+-

dependent deacetylase Sirtuin 3 (SIRT3) [32,33,40,50]. Other sirtuin family members that 

reside in the mitochondria include SIRT4 and SIRT5, however SIRT3 is the only 

mitochondrial member with robust deacetylation activity [51]. SIRT4 has been shown to 

possess deacetylation as well as delipoylation and debiotinylation activity, while SIRT5 

removes malonyl, succinyl, and glutaryl moieties from lysine residues [52–56]. A definitive 

mitochondrial acetyltransferase has not been identified, however nonenzymatic acetylation 

has been discussed as a possible mechanism to explain the extent of protein acylation [57–

60]. Baeza et al. demonstrated that the chemical reactivities of lysine residues towards 

acetyl-CoA (as a function of second order rates) might be sufficient to explain the observed 

acetylation found in tissues [61].

Although there are some reports that suggest metabolic proteins can be activated upon 

acetylation, the majority of well documented cases indicate that acetylation of mitochondrial 

enzymes is an inhibitory mark (Table 1). Overall, the trend suggests that oxidative 

metabolism is inhibited by higher levels of acetylation among these central metabolic 

enzymes. Such a regulatory mechanism would serve to sense the overproduction of acetyl-

CoA and provide negative feedback to mitochondrial metabolism. Thus, mitochondria 

utilize targeted acetylation to decrease the flux through metabolic pathways that operate in 

oxidative mode. Many of these central enzymes are deacetylated by SIRT3, which reverses 

the inhibitory effect of acetylation, leading to enhanced oxidative metabolism [27,33,62], 

and the accompanying stimulation of ROS-mitigating systems, such as Isocitrate 

dehydrogenase (IDH2) and Superoxide Dismutase 2 (SOD2) [62–67]. SIRT3 expression is 

induced by fasting and chronic caloric restriction [62,68], two conditions that necessitate 

increased oxidative metabolism of fatty acids and amino acids.

Hebert et al. quantified the fold-change acetylation in SIRT3 wild-type and knockout mice 

fed either a control or calorie restricted diet [33]. Three classes of acetylation sites emerged 

from clustering analyses: Class 1 are acetylation sites that were controlled by SIRT3 

expression; Class 2, acetylation sites that were primarily affected by a calorie restricted diet; 

and Class 3, acetylation sites that display minimal or no change under the four conditions 

[33]. Interestingly, Class 3 sites were enriched in loops with a general acidic stretch of 

amino acids, while Class 2 sites were enriched in more hydrophobic sequences. Class 1 sites 

meet the criteria as targets of SIRT3, with basic amino acids as preferred features around the 

acetylation site [69]. Collectively, these data suggest that Class 3 sites might represent 

spurious acetylation, whereas Class 1 and 2 are regulated sites with Class 1 sites modulated 

by SIRT3 and Class 2 sites being partially buried and inaccessible to SIRT3.

Quantitative Acetylomics using Stoichiometry

Relative quantitation-based mass spectrometry has been crucial for understanding 

acetylation dynamics and mechanisms that modulate mitochondrial metabolism. However 

these methods do not provide direct information on stoichiometry; that is, the fraction of 
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protein that is modified. Stoichiometric information is necessary to provide a more complete 

picture for the role of acetylation as a regulatory mechanism. Consider the case where two 

peptides are quantified in two different biological conditions using a relative quantitation-

based method and each peptide displays a 2-fold change. Applying a stoichiometry-based 

method, the same two peptides are measured as 1 to 2% change and 25 to 50% change. In 

this scenario, the two ‘2-fold’ changes may have very different effects on the system, given 

that the level of inhibition (or other regulatory effects) likely scales with the proportion of a 

protein modified. Whether this scaling is linear or in some way cooperative and nonlinear is 

an open question. Resolving this question will bring us closer to discerning whether acetyl-

peptides in the medium stoichiometry range (5–15%) can have significant biological/

regulatory effects.

Two methods have been described for measuring stoichiometric information on a proteomic 

scale. The first is a direct method that utilizes stable isotope chemical labeling followed by 

digestion and MS analysis [36]. Comparison of the light (endogenous) and isotopic 

(chemically labeled) acetyl peptides provides a direct measurement of the stoichiometry. 

The second method, which is used to estimate stoichiometry, utilizes the quantitative fold-

change measurements by correlating relative changes of a modified peptide to a 

corresponding unmodified peptide in two biological conditions while correcting for overall 

protein levels [38,39]. This approach circumvents the need to account for varying ionization 

efficiencies when measuring two different peptides. Both methods are subject to the 

limitation that they are unable to account for other potential lysine modifications, and so the 

ratios that are reported are the ratio of the acetyl-peptide to the acetyl-peptide plus the 

unmodified corresponding peptide.

Initial stoichiometry measurements suggest that the average level of acetylation across all 

detected lysine-containing peptides is in the 0–5% range, with most acetylated lysines 

showing levels below 1%. [39]. In Escherichia coli and Saccharomyces cerevisiae, reported 

estimated acetylation stoichiometry values range from less than 1% – 98% [34,36,38]. Using 

an indirect approximation, Weinert et al. estimated that 48 SIRT3 regulated sites would 

exhibit stoichiometry >1% in SIRT3 knockout mice, with one site predicted to be up to 87% 

acetylated. Together, these observations suggest that most lysine residues detected in MS 

acetyl-proteomic analyses harbor relatively low acetylation stoichiometry. This raises many 

questions about the roles played by site-specific acetylation events. One could argue that 

such low overall stoichiometry means that most acetylation is spurious and of no biological 

consequence. This argument has merit and is supported by the existence of class 3 

acetylation sites that were not altered by SIRT3 expression or dietary restriction. However, 

such a blanket argument does not account for the existing biochemical and biological data 

supporting functionally relevant acetylation. Also, the current data is limited to a few 

biological conditions, and the possibility that cellular stresses could greatly induce high 

stoichiometry remains to be evaluated. Nevertheless, a logical conclusion is that spurious 

acetylation co-exists with targeted (functional) acetylation, and the overall steady-state 

levels are a function of the rate of acetylation, deacetylation and protein turnover, which are 

subject to metabolic flux, enzyme expression, activity and protein stability.
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Regulatory mechanisms that feature low stoichiometry

While it might appear reasonable to discount very low stoichiometry as spurious, and to 

assign functional meaning to only very high stoichiometry, we must explore the possibility 

that many regulated acetylation sites with significant but low stoichiometry (e.g. 5–15%) are 

sufficient to induce clear phenotypes. In the following discussion, we explain potential 

models where low but significant acetylation can impact function.

Stoichiometry of acylation

The large scale mass spectrometry methods mapping acetyl, malonyl, succinyl, and glutaryl 

moieties on lysine residues have treated each modification as a unique entity. Each 

modification alters the charge state from z = +1 (unmodified) to z = 0 (acetyl) or z = −1 

(malonyl, succinyl, glutaryl). Additionally, butyrylation and propionylation have also been 

documented in liver mitochondria [70,71]. Each of these acylations are most likely derived 

from their Coenzyme A derivatives possibly through a nonenzymatic mechanism [38,59–

61,71–73]. Based on these observations, there is potential for other acylations on lysine 

residues awaiting discovery (Figure 4). Specific acylations may be enriched on metabolic 

enzymes belonging to the pathway that generates the respective acyl-CoA. For example, 3-

hydroxy-3-methylglutarylation and acetoacetylation may be found on enzymes involved in 

ketogenesis such as acetyl-CoA acetyltransferase 1 (ACAT1), 3-Hydroxy-3-Methylglutaryl-

CoA Synthase 2 (HMGCS2) and Hydroxymethylglutaryl-CoA lyase (HMGCL), while 

isobutarylation (a valine derivative), isovalerylation (a leucine derivative), and α-

methylbutarylation (an isoleucine derivative) may be found on enzymes involved in 

branched chain amino acid catabolism. In a biochemical pathway, sets of different lysine 

modifications are likely to exist among a protein population, and might have similar 

regulatory outcomes. Therefore, we need to account for the full distribution of a peptide 

across all possible modification states (including, but not limited to the above acylations). 

The current stoichiometry methodology only accounts for the ratio of the unmodified 

peptide to the corresponding acetylated peptide. Tools to query the full range of possible 

acylations at the proteome scale are needed.

Shared functional outcome of multi-site acetylation on individual proteins

Some documented cases show that a single acetylation site directly controls enzymatic 

activity, such as for Acetyl-CoA Synthetase 2 (AceCS2) [13,14]. In other cases, multiple 

sites affect activity, such as with ACAT1 (sites K260, K265), HMGCS2 (sites K310, K447, 

K473) and SOD2 (sites K122, K53, K89, K68) (see Table 1). On most proteins, the impact 

of acetylation is observed consistently across many studies, yet the functional impact of 

multi-site acetylation has not been experimentally determined. For example, Carbamoyl-

phosphate synthase (CPS1) has 59 documented acetylation sites, but no one regulatory 

acetyl-site in particular is known to affect activity, even though Sirt3−/− mice exhibit CPS1 

hyperacetylation and an altered urea cycle, where CPS1 plays a vital role in removing 

ammonia from the cell [33]. Given that proteins are digested into peptides prior to mass-

spectrometry analysis, one cannot discern whether multi-site modifications exist on the same 

protein molecule or on different protein molecules. There are two mechanisms by which low 

stoichiometry across multiple sites can have additive effects on activity: 1) acetyl-sites co-
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occuring on the same molecule could ratchet down (or up) activity in accordance with how 

many sites are occupied, or 2) acetyl-sites on different molecules with similar functional 

effects could in each contribute to dampening (or enhancing) activity.

Cumulative effect of low-stoichiometry acetylation across a pathway

While a low level of acetylation on one particular enzyme may have a limited effect on its 

catalytic capacity, the low-stoichiometry acetylation of multiple enzymes in a metabolic 

pathway, each causing a small decrease (or increase) in activity, could cumulatively result in 

physiologically meaningful alteration in metabolite flux. Hebert et al. reports nine multi-

enzyme mitochondrial pathways that have perturbed metabolite concentrations in Sirt3−/− 

mice. Beta oxidation, which was found to have altered metabolites, contains five enzymes 

targeted by SIRT3 [33]. Similarly, Dittenhafer-Reed et al. demonstrated dysregulated ketone 

body utilization in the brain of mice lacking SIRT3, a pathway which in brain tissue was 

found to have 13 predicted SIRT3 targeted acetyl-sites distributed over five proteins 

involved in ketone body utilization [40]. In light of this, it is quite possible that not one 

enzyme in particular is culpable, but rather the observed metabolite concentration changes 

are the additive effects of low stoichiometry modulating several enzymes in the same 

pathway.

Acetylation and cooperativity in multimeric enzyme complexes

Metabolic enzymes often function as higher-ordered complexes including hetero and homo-

oligomerization of polypeptide chains. Glutamate dehydrogenase (GDH) is a homohexamer 

which displays cooperativity effects upon ligand binding [74,75]. GDH contains an 

‘antenna’ domain that protrudes from the structure and was proposed to be an intersubunit 

communication link during cooperativity [76]. Two lysine sites (K477 and K480 on bovine 

GDH) are found acetylated at the apex of the antenna and interestingly these sites displayed 

the highest reactivity towards acetyl-CoA [33,61]. How would acetylation affect the 

cooperativity of the enzyme complex? What level of stoichiometry would be needed to 

disrupt protein-protein interactions between multimeric enzymes? Would the acetylated 

monomer weaken the interactions among the rest of the complex? It is tempting to suggest 

that acetylation could disrupt complex formation or the communication between monomers 

in which case having a low stoichiometry would have a non-linear effect.

Acetylation measurements are an aggregate of many levels of biological hierarchies

When acetylation stoichiometry is discussed in a particular biological condition, it is 

important to note that mass spectrometry measurements collapse many levels of biological 

hierarchies into one number. In a cell culture study, these data produce one value that 

represents the average stoichiometry over the whole population of cells in the sample, over 

the whole population of mitochondria within each cell, and over sub-compartmental, local 

concentrations of proteoforms, all of which could contain significant heterogeneity. This 

issue is compounded in studies of bulk tissue, which additionally contain a heterogenous 

population of cell types and functionality. What appears to be very low stoichiometry in the 

aggregate could be a combination of highly acetylated populations and populations with no 

significant modifications, or any intermediate between these extremes. For instance, 

mitochondria within the same cell or between cells in a population might display very 
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diverse protein acetylation levels, but with the current approaches, these are averaged during 

analysis. It is intriguing to suggest that mitochondrial dysfunction caused by high levels of 

protein acetylation might drastically impair functionality organelle-wide and initiate 

mitophagy. Such a scenario might predict that highly acetylated mitochondria are rapidly 

turned over which would contribute to low observable stoichiometry under steady state 

conditions. Such catastrophic events could be induced by supra-physiological levels of 

mitochondrial acetyl-CoA perhaps combined with loss of SIRT3 function. It would not be 

unprecedented for acetyl-CoA levels to induce the degradation machinery; cytosolic 

depletion of acetyl-CoA has recently been shown to stimulate autophagy [77].

A comparison of nuclear and mitochondrial protein (de)acetylation reveals fascinating 

dichotomies. To date, the general trends suggest that histone and nuclear protein acetylation 

is enzyme-catalyzed, usually leading to up-regulated processes such as transcriptional 

activation. In mitochondria, current evidence supports nonenzymatic mechanisms for 

acetylation, and most acetylated proteins exhibit loss of function, particularly those involved 

in oxidative metabolism. Both organelles utilize deacetylases to remove these modifications. 

High levels of acetyl-CoA in the nucleus and cytosol might represent pro-growth or cellular-

response states, where acetyl-CoA serves as a precursor for lipid synthesis and as a co-

substrate for transcriptional activation. In the mitochondria, increased levels of acetyl-CoA 

beyond demand is a signal to slow flux through oxidative energy production. By inducing 

acetyl-CoA dependent protein acetylation, a substrate-level braking system is applied. When 

energy demands require more oxidative metabolism, induced SIRT3 expression relieves the 

brake, allowing the cell to push the accelerator for more energy production.
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TRENDS BOX

• Improvements in mass-spectrometry-based proteomics have uncovered protein 

acetylation as a prominent post-translational modification, and the latest 

methods report fold-change and stoichiometry.

• Mitochondria appear to harbor a disproportionately high number of acetylated 

proteins.

• Mitochondrial acetylation is thought to be largely non-enzymatic, mediated by 

reactive lysine residues and acetyl-CoA.

• The NAD+-dependent deacetylase SIRT3 removes mitochondrial acetylation, 

and loss of SIRT3 function is linked to increased ROS and altered oxidative 

metabolism.

• Protein acetylation in mitochondria typically leads to loss of function in 

pathways associated with organelle integrity and oxidative metabolism.

• Additional endogenous lysine acylations (e.g. succinylation, glutarylation) occur 

and can be catalytically removed by members of the sirtuin family.
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Outstanding questions BOX

• What mechanisms are responsible for mitochondrial protein acetylation?

• Is mitochondrial protein acetylation driven by levels and/or flux of acetyl-CoA?

• Does mitochondrial protein acetylation occur via non-enzymatic or enzymatic 

reactions or both?

• What are the functional consequences of specific protein acetylation?

• Can we distinguish spurious from functionally relevant acetylation?

• How does knowledge of site-specific stoichiometry influence our understanding 

of functionally relevant modifications? For example, can low stoichiometry at 

multiple sites synergize to modulate catalytic activity or alter protein:protein 

interactions?

• Are there different functional outcomes between diverse acyl-groups on the 

same lysine residues? For example, is succinylation functionally equivalent to 

acetylation?

• Are there other acylations waiting to be discovered?
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Figure 1. Acetylated Proteins in the Context of Global Metabolism
A large proportion of metabolic enzymes are acetylated. Mitochondrial proteins (in blue) 

and cytoplasmic proteins (in green) that have been found acetylated in M. musculus are 

overlaid on the KEGG Metabolic Pathways reference pathway. The labeled pathways have 

had between 8% and 30% of their total lysines acetylated [46,98].
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Figure 2. Timeline of Detected Acetylated Peptides per Publication, 2006–2015
The number of acetylated peptides reported per acetyl-proteome study, grouped by year. 

Included experiments used liquid chromatography coupled mass spectrometry (LC-MS) to 

query the acetylation on the proteome level with the data type indicated by fill color. 

“Identification” studies report a list of peptides, “quantification” studies report the change in 

relative abundance in an acetyl-peptide between two experimental conditions, and 

“stoichiometry” studies report the ratio of acetyl-peptide to the amount of acetyl-peptide 

plus the unmodified corresponding peptide. The papers include experiments performed in 

the following organisms: M. musculus, H. sapiens, S. enterica, D. melanogaster, S. 

cerevisiae, R. norvegicus, and E. Coli.
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Figure 3. Overview of proteins in mitochondrial metabolism with functional consequence caused 
by reversible acetylation
Representative mitochondrial metabolic proteins that contain known regulatory acetylation 

site(s) are depicted. The pathways represented display only those enzymes or subunits that 

contain acetylation site(s), which cause a functional consequence on enzymatic activity (See 

Table 1).
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Figure 4. Described and Potential Lysine Acylations
Lysine has been shown to be modified by a number of acyl-groups (in blue), which are often 

donated from the corresponding acyl-CoA. Acetylation, succinylation [99], propionylation 

[100], butyrylation [70,101], malonylation [54], glutrarylation [53], myristoylation [102], 

and crotonylation [103] are among lysine modifications previously discovered. Other acyl-

CoAs that are present in the mitochondria are likely to also modify lysines (in green), 

particularly if the acylation process is primarily nonenzymatically driven.
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