
Chemical and physiological features of mitochondrial acylation

Alison E. Ringel#‡, Sarah A. Tucker#‡, and Marcia C. Haigis‡,**

‡Department of Cell Biology, Harvard Medical School, Boston, MA 02115, USA; Ludwig Center 
for Cancer Research at Harvard, Boston, MA 02115, USA

# These authors contributed equally to this work.

Abstract

Growing appreciation of the diversity of post-translational modifications (PTMs) in the 

mitochondria necessitates reevaluation of the roles these modifications play in both health and 

disease. Compared to the cytosol and nucleus, the mitochondrial proteome is highly acylated, and 

remodeling of the mitochondrial “acylome” is a key adaptive mechanism that regulates 

fundamental aspects of mitochondrial biology. It is clear that we need to understand the underlying 

chemistry that regulates mitochondrial acylation, as well as how chemical properties of the acyl 

chain impact biological functions. Here, we dissect the sources of PTMs in the mitochondria, 

review major mitochondrial pathways that control levels of PTMs, and highlight how sirtuin 

enzymes respond to the bioenergetic state of the cell via NAD+ availability to regulate 

mitochondrial biology. By providing a framework connecting the chemistry of these 

modifications, their biochemical consequences, and the pathways that regulate the levels of acyl 

PTMs, we will gain a deeper understanding of the physiological significance of mitochondrial 

acylation and its role in mitochondrial adaptation.

eTOC Blurb:

Lysine acyl modifications are highly enriched on mitochondrial proteins. In this review, Ringel et 

al. explore mechanisms that dynamically remodel the matrix “acylome” in response to nutrient 

cues and discuss central regulatory roles for mitochondrial sirtuins by coupling lysine deacylation 

to the metabolic state of the cell.

A brief history of lysine acylation

Histones were the first class of acetylated proteins to be identified and functionally 

characterized, when Allfrey et al. observed incorporation of radiolabeled acetate into calf 

thymus histone fractions in the mid 1960’s (Allfrey et al., 1964). Since then, lysine 

acetylation has become a hallmark of actively transcribed chromatin, where the acetylation 

of histones in gene promoters is associated with gene expression (Eberharter and Becker, 
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2002; Grunstein, 1997; Mizzen and Allis, 1998; Struhl, 1998). In the nucleus, lysine 

acetylation contributes in two major ways to transcriptional regulation. Overall, acetylation 

neutralizes the positive charge on lysine residues, breaking nucleosome-nucleosome contacts 

and opening up chromatin domains to transcriptional machinery (Bannister and Kouzarides, 

2011; Shogren-Knaak et al., 2006). In addition, specific lysine acetylation marks are 

recognized by chromatin “reader” domains that recruit downstream transcriptional effectors 

(Musselman et al., 2012; Su and Denu, 2016; Yun et al., 2011). The development of 

increasingly sensitive mass spectrometry methods coupled with new separation and 

enrichment techniques has expanded the search for acetylated proteins beyond the nucleus, 

increasing the number of known acetylated proteins to ~1170 in mouse and ~3200 in human, 

spanning all major cellular compartments (Dittenhafer-Reed et al., 2015; Svinkina et al., 

2015).

The first proteome-wide study of lysine acetylation was conducted in 2006, and proteome-

scale surveys of other acyl modifications have closely followed their discovery in vivo (Kim 

et al., 2006). Within the next decade, reports of lysine propionylation (Chen et al., 2007; 

Cheng et al., 2009), butyrylation (Chen et al., 2007), crotonylation (Tan et al., 2011; Wei et 

al., 2017), succinylation (Weinert et al., 2013; Xie et al., 2012; Zhang et al., 2010), 

malonylation (Colak et al., 2015; Peng et al., 2011; Xie et al., 2012), glutarylation (Tan et 

al., 2014), 2-hydroxyisobutyrylation (Dai et al., 2014; Huang et al., 2018), and β-

hydroxybutyrylation (Xie et al., 2016) significantly expanded the inventory of known acyl 

modifications (Ex. Peng et al. MCP 2011, Zhang et al. NCB 2011). These studies have 

uncovered the surprisingly broad range of lysine PTMs that comprise the lysine acylome, 

which differ with respect to steric properties (branching, acyl chain length) and charge 

(Figure 1). The discovery that a constellation of lysine modifications exists in cells set the 

stage for exploring lysine acylation as a regulatory modification and revealed that 

acetylation is just one example of a much larger class of lysine PTMs.

Chemical diversity of lysine acyl modifications

The biological role of lysine acylation is impacted by the fundamental chemistry of the 

modification (Figure 1). Acylation changes the size, charge, and hydrophobicity of the lysine 

side chain, but the net effect of the modification depends on the chemical properties of the 

particular acyl modification. At physiological pH, protonation of the lysine epsilon amino 

group imparts a positive charge to the lysine side chain. Neutral acyl modifications contain 

saturated or unsaturated hydrocarbon chains connected through an amide bond linkage 

between the epsilon amino group of lysine and the acyl chain, neutralizing the charge on the 

epsilon amino group. Acetylation is a small acyl PTM that adds two carbon units to lysine. 

Longer acyl PTMs vary in length from three and four carbon units (propionyl and butyryl/

crotonyl PTMs, respectively) to sixteen carbon units (palmitoylation), and thus are larger 

and more hydrophobic than acetyl modifications. The distinct physical properties of 

acylation can be quantified by calculated LogD values (pH-adjusted water-octanol 

partitioning coefficient) that increase proportionally with hydrocarbon chain length (Figure 

1). Lysine malonylation, succinylation, and glutarylation belong to a subgroup of negatively 

charged modifications that contain a terminal carboxylate. So far, malonylation is the 

smallest of the negatively charged acyl PTMs to be identified, containing a three-carbon 
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backbone. Succinylation and glutarylation are bulkier modifications, with four- and five-

carbon backbones, respectively. Both negatively charged and branched modifications include 

3-hydroxy-3-methylglutaryl (HMG) lysine, 3-methyl-glutaconyl (MGc) lysine, and 3-

methylglutaryl (MG) lysine. As lysine acylation is a broad, chemically diverse family of 

PTMs, understanding the chemical properties of these modifications may reveal new insights 

into their biological consequences.

Acyl-CoA levels connect fuel availability with lysine acylation in the 

mitochondria

Since CoA metabolic intermediates provide activated acyl chains for lysine PTMs, the 

varieties of acyl-CoA metabolites present in the mitochondria dictates the chemical diversity 

of acyl lysine. Acyl-CoA pools fluctuate with nutrient levels and are compartmentalized in 

ways we still do not fully understand. Different arms of mitochondrial metabolism generate 

specific classes of acyl-CoA molecules, and cells depend on these metabolic pathways to 

varying extents in response to fuel availability (Figure 2A). For example, mitochondrial 

acetyl-CoA is derived from pyruvate, fatty acid oxidation (FAO), as well as ketone body 

catabolism in extra-hepatic tissues (Pietrocola et al., 2015). Fasting triggers a switch from 

glycolysis to FAO, which raises mitochondrial acetyl-CoA levels and, consequently, 

increases overall mitochondrial protein acetylation (Pougovkina et al., 2014). Thus, direct 

links exist among fuel switching from glucose oxidation to FAO, acetyl-CoA levels, and 

mitochondrial acetylation.

We are just beginning to realize the impact of metabolism on generating the cellular 

repertoire of acyl-CoA pools, and this is an exciting area of study. Oxidation of odd-chain 

fatty acids generates propionyl-CoA (in addition to acetyl-CoA); however, it is unknown 

how levels of mitochondrial propionyl-CoA fluctuate with fuel switching. Branched chain 

amino acid catabolism is another source of acyl-CoA metabolites in the mitochondria. 

Leucine is a ketogenic amino acid that is metabolized into HMG-CoA via two CoA 

intermediates (3-methylcrotonyl-CoA and 3-methylglutaconyl-CoA), and in extra-hepatic 

tissues further converted to acetyl-CoA (Figure 2A). Additionally, HMG-CoA is produced 

via ketogenesis in the liver, which is reversed by ketolysis in non-hepatic tissue to regenerate 

acetyl-CoA. Isoleucine and valine are metabolized first to propionyl-CoA and then to 

succinyl-CoA, which enters into the TCA cycle or is used for porphyrin synthesis. Lysine 

and tryptophan catabolism feed glutaryl-CoA pools, which are converted to crotonyl-CoA 

and then to acetyl-CoA. Other pathways that produce acyl-CoA in the mitochondria include 

ATP-dependent malonate detoxification via the mitochondrial enzyme ACSF3 to form 

malonyl-CoA (Bowman et al., 2017; Witkowski et al., 2011) and acetate condensation by 

AceCS2 (Fujino et al., 2001). In sum, acyl-CoA molecules are produced by many different 

arms of mitochondrial metabolism, and the relative composition of these acyl-CoA pools is a 

read-out of the metabolic state of the cell.

It is interesting to note that specific types of acyl modifications tend to be enriched within 

pathways that produce the corresponding acyl-CoA, which may experience elevated local 

concentrations of the reactive metabolite. For example, succinylation is enriched on enzymes 
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invoved in succinyl-CoA producing pathways, such as the Val-Leu-Ile degradation pathway, 

TCA cycle, and propionate metabolic pathway (Park et al., 2013). A more recent study 

dissected the contribution of two enzymes involved in HMG-CoA versus glutaryl-CoA 

production to the enrichment of either lysine HMGylation or glutarylation on proteins 

involved in the respective pathways (Wagner et al., 2017). In hydroxymethylglutaryl-CoA 

lyase (HMGCL) knockout (KO) mice, which accumulate HMG-CoA, all the enzymes 

involved in the ketogenic pathway are enriched with HMG-lysine. By contrast, mice lacking 

glutaryl-CoA dehydrogenase (GCDH) accumulate glutaryl-CoA, and the corresponding acyl 

modification is enriched on proteins involved in lysine catabolism, which is the pathway that 

feeds glutaryl-CoA pools. Together, these observations hint that local pools of acyl-CoA 

molecules are a major source of lysine acyl PTMs.

Mitochondria provide a unique metabolic niche for acylation

The subcellular environment of the mitochondrial matrix provides a unique hotspot for 

lysine acylation. Thus far, specific enzymes to catalyze mitochondrial acyl transfer have not 

been identified, and current evidence suggests that mitochondrial acylation is nonenzymatic 

and depends on the abundance of acyl-CoA metabolites (Ghanta et al., 2013; Wagner and 

Hirschey, 2014). Conditions in the mitochondrial matrix favor nonenzymatic modification of 

lysine residues by reactive acyl-CoA molecules for several reasons. First, many acyl-CoA 

metabolites are present at high concentrations in the matrix; mitochondrial acetyl-CoA 

achieves millimolar concentrations and steady-state succinyl-CoA concentrations range 

between 0.1 to 0.6 mM (Garland et al., 1965; Hansford and Johnson, 1975). Second, proton 

pumping by complexes I, III, and IV of the electron transport chain (ETC) makes the matrix 

pH basic by moving H+ ions from the matrix to the intermembrane space. Since the pKa of 

free lysine is ~9, increasing pH promotes deprotonation of the lysine epsilon amino group, 

which increases the nucleophilicity and overall reactivity of lysine to acyl-CoA thioesters. 

Reproducing these conditions in vitro by incubating BSA, lysine-containing peptides, or 

mitochondrial extracts with acetyl-CoA at basic pH initiates robust dose- and time-

dependent nonenzymatic acetylation (James et al., 2017; Simic et al., 2015; Wagner and 

Payne, 2013; Wagner et al., 2017). Finally, chemical properties that increase the intrinsic 

reactivity of acyl-CoA molecules also increase rates of nonenzymatic acylation. For 

example, classes of acyl-CoA molecules that can form reactive intermediates via 

intramolecular catalysis, such as succinyl-CoA, glutaryl-CoA, and HMG-CoA, readily 

modify proteins in vitro via nonenzymatic mechanisms, and do so at rates up to 150-fold 

faster than acetyl-CoA (Simic et al., 2015; Wagner et al., 2017). A recent study 

demonstrated that lysine acetylation can be potentiated by nearby S-acetylation of a cysteine 

residue, followed by intramolecular and irreversible SN-transfer to lysine (James et al., 

2017). Thus, fundamental biochemical properties of the matrix produced by normal 

mitochondrial physiology support nonenzymatic lysine acylation.

In vivo studies mirror the concentration dependence of lysine PTMs on acyl-CoA pools, 

providing evidence that nonenzymatic mitochondrial acylation is physiologically relevant. 

For example, dietary interventions that increase FAO in the liver, such as calorie restriction 

(CR) and fasting, dial up both acetyl-CoA levels and mitochondrial lysine acetylation 

(Pougovkina et al., 2014; Schwer et al., 2009; Still et al., 2013). Mice lacking the key FAO 
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enzymes adipose triglyceride lipase (ATGL) or long chain acyl-CoA dehydrogenase 

(LCAD) do not increase levels of mitochondrial acetylation upon fasting (Pougovkina et al., 

2014; Weinert et al., 2015), suggesting that acetyl-CoA derived from FAO is the carbon 

source for lysine acetyl modifications. In addition, stress conditions, such as long-term high 

fat diet (HFD) and chronic alcohol consumption, also increase mitochondrial protein 

acetylation (Fritz et al., 2012; Hirschey et al., 2011; Kendrick et al., 2011). It is important to 

note that some metabolic enzymes that can bind acyl-CoAs for other purposes may 

moonlight as acyltransferases. A recent study revealed CPT1A, an enzyme better known as a 

carnitine acyltransferase, can also succinylate proteins (Kurmi et al., 2018). In addition, a-

ketoglutarate dehydrogenase complex (KGDHC) activity has been reported to mediate 

lysine succinylation in yeast and mouse neurons, although whether this effect is direct or 

indirect via succinyl-CoA concentrations remains to be determined (Gibson et al., 2015; 

Weinert et al., 2013). Future studies may uncover additional categories of mitochondrial 

enzymes that are capable of modifying lysine residues with particular kinds of acyl chains, 

but do not belong to traditional classes of lysine acyltransferases.

Emerging roles for sirtuins removing chemically diverse acyl modifications

Yeast Sir2 is the founding member of the widely conserved sirtuin family of enzymes. 

Mechanistic insight into sirtuin biochemistry has continually evolved since the initial 

discovery of yeast sir2 from genetic screens for mating viability in the late 1970s (Haber and 

George, 1979; Klar et al., 1979; Rine and Herskowitz, 1987; Rine et al., 1979). The first clue 

that sirtuins might possess enzymatic activity came in 1998 with the realization that sirtuins 

share sequence homology with Salmonella typhimurium CobB, an enzyme that binds 

nicotinic acid mononucleotide (NaMN) (Trzebiatowski and Escalante-Semerena, 1997; 

Tsang and Escalante-Semerena, 1998), thus raising the possibility that sirtuins might bind 

metabolites related to NaMN such as NAD+. Two subsequent studies revealed weak ADP-

ribosyltransferase activity (Frye, 1999; Tanny et al., 1999), followed soon after by the 

seminal discovery that acetylated histone tails could be deacetylated by sirtuins, and that this 

reaction was coupled to the consumption of NAD+ (Imai et al., 2000; Smith et al., 2000). 

These studies built upon one another to show that sirtuins hydrolyze NAD+ to catalyze 

transfer of the acetyl group from acetyl lysine to ADP-ribose, forming 2’/3’-O-acetyl-ADP-

ribose, free nicotinamide (NAM), and free lysine (Landry et al., 2000; Tanner et al., 2000; 

Tanny and Moazed, 2001). The discovery of widespread lysine acylation on histone and 

non-histone proteins alike prompted a comprehensive reevaluation of sirtuin acyl chain 

specificity, which revealed that mammalian sirtuins remove a diverse array of acyl 

modifications from lysine (reviewed in (Bheda et al., 2016)). These studies have reclassified 

sirtuins as a family of lysine deacylases, each with unique acyl chain specificity, which 

collectively target a chemically diverse array of acyl PTMs for removal.

Mitochondrial sirtuins

In mammals, there are three sirtuin enzymes within the mitochondrial matrix, SIRT3-5, 

which catalyze the removal of lysine acyl modifications using NAD+ as an essential 

cofactor. The three mitochondrial sirtuins remove distinct types of acyl PTMs. SIRT3 is the 

best studied mitochondrial sirtuin and early studies of this enzyme demonstrated robust 
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deacetylase activity that modulates mitochondrial acetylation levels (Lombard et al., 2007; 

Onyango et al., 2002). SIRT3 deletion causes an increase in lysine acetylation in mouse 

liver, and acetylation changes associated with SIRT3 loss are larger than those associated 

with dietary interventions like caloric restriction (CR), indicating that SIRT3 exerts a 

dominant effect suppressing mitochondrial acetylation (Dittenhafer-Reed et al., 2015; Hebert 

et al., 2013; Rardin et al., 2013a; Weinert et al., 2015). Proteomic surveys of mitochondrial 

acetylation revealed that SIRT3 deacetylates a subset of mitochondrial proteins involved in 

mitochondrial metabolism and stress response (Dittenhafer-Reed et al., 2015; Hebert et al., 

2013; Rardin et al., 2013a). Furthermore, the SIRT3 interactome demonstrates that SIRT3 

binding partners are enriched for acetylation sites (Yang et al., 2016). In total, biochemical 

studies reveal that SIRT3 influences the acetylation status of a coordinated set of metabolic 

pathways, and that SIRT3 deacetylates many targets simultaneously in the mitochondrial 

matrix to reestablish homeostasis in response to stress conditions.

By contrast, SIRT4 and SIRT5 possess weak to undetectable deacetylase activity in vitro. In 

2011, the first evidence that mammalian sirtuins might possess alternate deacylating acitivity 

came to light. Structural and kinetic studies from Lin and coworkers revealed that SIRT5 

preferentially removed succinylation and malonylation from lysine, with 29- to 1000-fold 

greater catalytic efficiency than that observed for acetylated substrates (Du et al., 2011). The 

structure of SIRT5 in complex with a succinylated peptide revealed that two residues, 

Tyr102 and Arg105, confer specificity for negatively charged acyl chains by interacting with 

the terminal succinyl carboxylate, and mutation of these residues significantly increased the 

SIRT5 KM for succinyl peptide (Du et al., 2011). Consistent with its specificity for 

negatively charged acyl modifications, SIRT5 also deglutarylates lysine in vivo and in vitro 
(Tan et al., 2014). Mitochondrial lysine succinylation, malonylation, and glutarylation 

increase in SIRT5 KO tissue and cells, mirroring the acyl chain specificity of SIRT5 

(Nishida et al., 2015; Park et al., 2013; Rardin et al., 2013b; Tan et al., 2014).

The lack of a robust in vitro enzymatic activity for SIRT4 has made defining in vivo 
substrates challenging. Individual substrates targeted by SIRT4 have been identified 

corresponding to a variety of SIRT4 enzymatic activities, such as ADP-ribosylation of 

glutamate dehydrogenase (GDH) (Haigis et al., 2006), deacetylation of malonyl-CoA 

decarboxylase (MCD) (Laurent et al., 2013a), demethylglutarylation of methylcrotonyl-CoA 

carboxylase (MCCA) (Anderson et al., 2017), and delipoylation of pyruvate dehydrogenase 

(PDH) (Mathias et al., 2014). So far, all SIRT4 substrates validated in vivo produce, 

consume, or interconvert acyl-CoA pools, supporting a central role in metabolic regulation 

(Figure 2A). A recent study determined the structure of SIRT4, revealing that SIRT4 can 

remove hydroxymethylglutaryl chains from lysine (Pannek et al., 2017). Furthermore, the 

structure of SIRT4 revealed a hydrophobic channel near the active site. The observation that 

free lipoic acid inhibits SIRT4 deacetylation and de-HMGylation activity in vitro suggested 

that SIRT4 activity may be sensitive to endogenous metabolites. Interestingly, the nuclear 

sirtuin, SIRT6, also contains a hydrophobic channel, and its deacetylase activity is potently 

stimulated by free fatty acids in vitro (Feldman et al., 2013). It is possible that better acyl 

substrates for SIRT4 exist, particularly in the presence of activating metabolites.
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Sirtuins act as key sensors that integrate multiple external cues to regulate mitochondrial 

pathways (Figure 2B). Studies show that SIRT3 coordinates the physiological response to 

stress and nutrient deprivation. For example, SIRT3 coordinates the reduction in oxidative 

stress and damage associated with CR by deacetylating and activating the mitochondrial 

isoform of superoxide dismutase, SOD2 (Qiu et al., 2010). Likewise, SIRT3 protects 

hematopoietic stem cells (HSCs) from oxidative damage associated with stress or age 

(Brown et al., 2013). Increased reactive oxygen species (ROS) due to SIRT3 loss are pro-

tumorigenic by stabilizing hypoxia-inducible factor-1α (HIF1α) (Finley et al., 2011b). 

SIRT3 localization within the mitochondria provides another level of regulation over SIRT3 

activity. In polarized mitochondria, SIRT3 forms a complex with ATP synthase at the inner 

mitochondrial membrane, sequestering SIRT3 away from potential matrix substrates. 

Uncoupling disrupts this interaction via a pH-dependent mechanism. In this way, changes in 

membrane potential alter SIRT3 localization and facilitate the deacetylation of SIRT3 

substrates (Yang et al., 2016). With respect to nutrient deprivation, CR and fasting are 

associated with both an increase in overall mitochondrial acetylation as well as upregulation 

of SIRT3 expression (Hallows et al., 2011; Hirschey et al., 2010; Schwer et al., 2009). As a 

result, while overall levels of mitochondrial acetylation rise with fasting, acetylation at 

SIRT3-targeted sites decreases or does not change (Weinert et al., 2015). SIRT3 KO mice 

gain more weight and are more insulin resistant on a HFD (Hirschey et al., 2011), which is 

in line with biochemical identification of TCA cycle, oxidative phosphorylation, and FAO 

proteins as SIRT3 targets (Dittenhafer-Reed et al., 2015; Hirschey et al., 2010; Sol et al., 

2012). SIRT3 regulates basal energy homeostasis as well, since in the absence of SIRT3, 

levels of resting ATP are reduced in key metabolic organs such as the heart, liver, and kidney 

(Ahn et al., 2008). Thus, SIRT3 coordinates the metabolic response to fasting and stress by 

targeting multiple arms of metabolism.

In contrast to SIRT3, the activity of SIRT4 appears to be most physiologically important 

during times of nutrient abundance. Fasting reduces SIRT4 expression (Laurent et al., 

2013b), and SIRT4 KO mice gain less weight on a HFD (Laurent et al., 2013a). Energy-

sensing signaling pathways are also involved in regulating SIRT4 levels, as mTORC1 

represses the transcription of SIRT4 (Csibi et al., 2013). The future identification of 

additional SIRT4 substrates and validation of robust SIRT4 deacylase activities will foster a 

deeper understanding of SIRT4 function in the mitochondria.

The physiological role of SIRT5 is not well understood either, although the discovery of 

SIRT5 desuccinylase activity has provided fresh insight and raised new questions regarding 

its biological roles. Fasting does not affect hepatic expression of SIRT5 (Nakagawa et al., 

2009), even though succinylation levels increase under the same conditions (Park et al., 

2013). SIRT5 redirects carbon metabolism in the mitochondria by desuccinylating and 

inhibiting PDH, although the relationship with nutrient deprivation has yet to be determined 

(Park et al., 2013). However, mitochondrial nitrogen metabolism has been connected to 

SIRT5 funtion on both molecular and organismal levels. SIRT5 activates GDH and CPS1 by 

deglutarylation and desuccinylation, respectively (Park et al., 2013; Wang et al., 2018; 

Weinert et al., 2013). GDH activation by SIRT5 increases the flux of glutamine carbon into 

the TCA cycle, which liberates free nitrogen that can be recaptured by CPS1 for 
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detoxification. Mice lacking SIRT5 exhibit hyperammonemia with fasting, consistent with a 

role for SIRT5 regulating nitrogen metabolism (Nakagawa et al., 2009).

In cases where NAD+ concentrations are limiting for sirtuin activity, NAD+ levels may 

provide an additional layer of regulation. Mitochondrial NAD+ rises more than two-fold in 

the liver after a 48 hour fast (Nakagawa et al., 2009; Yang et al., 2007) spanning a 

concentration range that can stimulate sirtuin activity based on reported KM values for 

SIRT3-5 (Fischer et al., 2012; Hirschey et al., 2011; Laurent et al., 2013a). Mitochondrial 

NAD+ availability would be predicted to change much more quickly than transcription, 

providing a rapid regulatory switch for sirtuin activity. Indeed, mitochondrial lysine 

deacetylation has been observed only two hours after fasting/refeeding and well before any 

changes in SIRT3 protein expression occur (Still et al., 2013). Thus, sirtuins integrate 

information from multiple environmental cues (co-substrate availability and acylation 

burden) to act as sensors that can rapidly alter mitochondrial biology in response to fuel 

stress.

Sirtuins may participate in feedback mechanisms by regulating enzymes that control acyl-

CoA levels. A growing number of studies have implicated deacylation of specific metabolic 

enzymes by SIRT3-5 in the regulation of mitochondrial pathways that control acyl-CoA 

pools. Deacetylation by SIRT3 regulates the activity of enzymes that change acetyl-CoA 

levels such as LCAD (Bharathi et al., 2013; Hirschey et al., 2010), VLCAD (Zhang et al., 

2015), ACAT1 (Dittenhafer-Reed et al., 2015; Still et al., 2013), AceCS2 (Hallows et al., 

2006; Schwer et al., 2006), and PDHA (Jing et al., 2013), as well as HMGCS2 (Shimazu et 

al., 2010) that makes HMG-CoA (Figure 2A). SIRT4 de-methylglutarylates and activates a 

subunit of the MCCC complex, which participates in the ketogenic catabolism of leucine to 

acetyl-CoA and directly consumes β-methylcrotonyl-CoA to produce β-methylglutaconyl-

CoA (Anderson et al., 2017). SIRT4 also deacetylates and represses the activity of MCD, 

which converts malonyl-CoA to acetyl-CoA (Laurent et al., 2013a). Desuccinylation by 

SIRT5 regulates the activity of two enzymes involved in FAO, VLCAD and ECHA, which 

contribute to acetyl-CoA pools when cells burn fatty acids for energy (Boylston et al., 2015; 

Zhang et al., 2015). SIRT5 also regulates the activity of HMGCS2 by desuccinylating 

residues two lysine residues, one of which overlaps with the SIRT3-targeted sites (Rardin et 

al., 2013b). Furthermore, SIRT5 desuccinylates multiple subunits of the PDH complex to 

inhibit PDH activity, which reduces the number of carbon units from glycolysis that enter 

the TCA cycle (Park et al., 2013). SIRT5 also deglutarylates GDH, which increases flux 

through glutaminolysis (Wang et al., 2018). Since mitochondrial enzymes that regulate acyl-

CoA pool sizes are also substrates for SIRT3-5, sirtuins are poised to balance nutrient 

abundance cues with the activation or inhibition of other metabolic pathways.

Given the unique metabolic demands and fuel preferences associated with specific tissues, it 

remains to be seen whether each mitochondrial sirtuin targets the same repertoire of acylated 

substrates and removes the same acyl PTMs among different tissues. The impact of SIRT3 

loss on the acetyl proteome has been compared across five tissue types (brain, heart, kidney, 

liver, and skeletal muscle) to identify common regulated substrates as well as tissue-specific 

activities for SIRT3 (Dittenhafer-Reed et al., 2015). This study revealed that tissue-specific 

pathways regulated by SIRT3 tend to reflect the core metabolic processes that comprise 
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distinguishing features of the tissue (i.e. ketone body utilization in the brain versus ketolysis 

in the liver) (Dittenhafer-Reed et al., 2015). Thus, tissue context changes SIRT3 activity and 

specificity. Whether tissue-specific functions are a common feature among all three 

mitochondrial sirtuins remains to be seen. Another area that is lacking in mechanistic 

understanding are the metabolic and/or cellular features that may regulate tissue-specific 

sirtuin activities. For example, acyl-CoA pool size differs among tissue types. Studies 

comparing the metabolite composition of mouse tissues have revealed that acyl-CoA levels 

not only differ among tissue types, but that these differences are mirrored in the 

mitochondrial lysine acylome (Sadhukhan et al., 2016). Pools of succinyl-CoA as well as 

levels of protein succinylation are much larger in the heart than in the liver, kidney, brain, or 

muscle(Sadhukhan et al., 2016). Accordingly, the increase in succinylation associated with 

SIRT5 loss is larger in cardiac tissue than in other tissue types (Sadhukhan et al., 2016). 

Even though SIRT5 can remove multiple kinds of negatively charged acyl chains from 

lysine, SIRT5 predominately acts as a desuccinylase in the heart, as malonylation and 

glutarylation levels are not altered to the same extent with SIRT5 loss (Hershberger et al., 

2017; Sadhukhan et al., 2016). These data raise the exciting possibility that tissue 

physiology may tune sirtuin substrate preference as well as acyl chain specificity. Since all 

three mitochondrial sirtuins possess multiple deacylating activities (Table 1), future studies 

unraveling unique versus overlapping acyl chain and lysine site specificities for 

mitochondrial sirtuins will significantly advance this field.

Functional consequences of lysine acylation and deacylation by sirtuins in 

the mitochondria

It is interesting to speculate how acylation might change the activity of proteins at the 

molecular level, as well as mechanisms connecting these changes to biologically impactful 

outcomes. PTMs may alter biology downstream via numerous mechanisms, including by: 

altering protein multimerization, activity, or subcellular localization (Figure 3). For example, 

the chemical properties, charge, and hydrophobicity may initiate or inhibit protein complex 

assembly and stability. Bulky PTMs that occur near a protein active site or on a regulatory 

loop may directly alter enzyme activity in cis by altering substrate binding or changing the 

chemical properties of the active site. Alternatively, PTMs may drive differential subcellular 

localization, depending on the hydrophobicity of the modification. These mechanisms may 

have dramatic effects on protein function and significant regulatory consequences for 

mitochondrial biology.

The stoichiometry of mitochondrial acetylation tends to be lower overall than for PTMs that 

are present in other cellular compartments (Weinert et al., 2015). It is likely that many other 

acyl modifications are also present at low stoichiometries, although rigorous measurements 

still have to be performed. According to one study, fewer than 50 SIRT3-targeted acetylation 

sites attain stoichiometries >1% in SIRT3 KO tissue (Weinert et al., 2015). By contrast, 

PTMs that are catalyzed achieve much higher stoichiometries. For example, phosphorylation 

in mammalian cells can attain stoichiometries >30% (Tsai et al., 2015), and the acetylation 

stoichiometry at histone H3K14 and H4K16 in HeLa cells is 27.8% and 35.7%, respectively 

(Zheng et al., 2013). It is interesting to ponder how such low stoichiometry events may 
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regulate substrate function and impact biological pathways. This is an area of sirtuin 

research that is lagging in mechanistic understanding. Whether PTM changes cause 

dominant or cumulative effects on biological functions is an important aspect of pathway 

regulation and may involve several mechanisms, including: (i) multivalent acylation 

collectively dials the activity of a protein up or down, (ii) small effects on multiple enzymes 

in the same pathway exert an aggregate effect on total flux through a single pathway, and 

(iii) modification sites exist in multi-subunit complexes that affect either cooperative 

complex assembly or allosterically change the activity of other subunits (Baeza et al., 2016; 

Yang et al., 2016). For example, modifications that promote the assembly of fully functional 

multi-protein complexes could exert dominant regulatory roles. In addition, removing a low 

stoichiometry modification that enhances activity can switch the pathway from on to off. 

While the majority of modifications that mitochondrial sirtuins remove appear to be 

inhibitory, sirtuins do remove a handful of activating modifications. For example, SIRT3 

deacetylates and inactivates aconitase to repress flux through the TCA cycle (Fernandes et 

al., 2015). For a subset of sirtuin modifications, these mechanisms can explain the impact of 

low stoichiometry events on cellular physiology.

It has also been suggested that mitochondrial sirtuins may clean up “carbon stress”, when 

nonenzymatic modification of lysine residues produces spurious acylation that inhibits host 

protein function (Wagner and Hirschey, 2014). Thus, sirtuin remodeling of the mitochondrial 

acylome may impact a hierarchy of biological functions, ranging from site-specific 

deacylation events that promote or inhibit the activity of individual enzymes to guarding the 

mitochondrial proteome against carbon lesions that impair mitochondrial homeostasis.

The intersection between mitochondrial NAD+ metabolism, NAD+ 

availability and sirtuin activity

Sirtuins are the only class of enzymes catalyze the removal of lysine acyl PTMs in the 

mitochondria. Thus, the combined activities of SIRT3, SIRT4, and SIRT5 are the only 

known cellular factors that are capable of remodeling the mitochondrial lysine acylome. The 

sirtuin reaction mechanism explicitly depends on the availability of NAD+. In contrast to 

other NAD+-dependent enzymes, which are predominantly involved in redox transactions, 

sirtuins couple NAD+ consumption to lysine deacylation by cleaving off nicotinamide and 

covalently linking the acyl chain to ADP-ribose (ADPr). As a result, mitochondrial NAD+ 

levels simultaneously regulate and are regulated by sirtuin activity. Thus, the availability of 

mitochondrial NAD+ and the status of the mitochondrial acylome are inextricably linked 

through sirtuins.

Sirtuins require NAD+ for catalysis, which connects the regulation of the mitochondrial 

acylome to all other cellular pathways that use NAD+ as an essential cofactor. NAD+ is 

utilized by diverse metabolic pathways ranging from bioenergetics to transcriptional 

regulation (Canto et al., 2012; Cerutti et al., 2014; Mouchiroud et al., 2013). Although NAD
+ is traditionally appreciated as a redox cofactor that acts as a hydride acceptor, NAD+ can 

also be funneled into other kinds of cellular pathways. For example, approximately 10% of 

cellular NAD+ is utilized as a precursor for NADP+/NADPH, which is used for reductive 
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biosynthetic pathways and ROS detoxification (Ying, 2008). In addition to sirtuins, NAD+ 

can also be consumed by several classes of enzymes that include poly ADP-ribose 

polymerases (PARPs) and cyclic ADP-ribose synthases CD38/CD157 (Aksoy et al., 2006; 

Chambon et al., 1963; De Flora et al., 2004; Haigis and Sinclair, 2010). Collectively, the 

balance between NAD+ synthesis, salvage, redox state, and consumption regulates 

compartmentalized NAD+ levels.

Regulation and maintenance of mitochondrial NAD+

In mitochondria the maintenance of NAD+ levels as well as the NAD+/NADH ratio is crucial 

for homeostatic mitochondrial function and ATP production. The mitochondrial NAD+ pool 

is maintained separately from the nuclear and cytoplasmic NAD+ pools, and the matrix 

houses distinct biosynthetic and regulatory pathways (Pittelli et al., 2010; Yang et al., 2007). 

Cytoplasmic and nuclear NAD+/NADH ratios are typically maintained between 60 and 700 

in eukaryotes depending on cell type, while the mitochondrial ratio is much lower, around 

7-8 (Veech et al., 1972; Williamson et al., 1967; Zhang et al., 2002). Additionally, 

mitochondria contain a large proportion of cellular NAD+, with estimates ranging from 

40-70% of the total cellular NAD+ pool (Alano et al., 2007; Di Lisa et al., 2001; Tischler et 

al., 1977). Both the low mitochondrial NAD+/NADH ratio and high concentration of NAD+ 

relative to other cellular compartments are requirements for optimal oxidative 

phosphorylation and ATP production. Due to the critical energy-producing and redox roles 

that mitochondria perform, cells guard the pool of mitochondrial NAD+ from stressors that 

disrupt total cellular NAD+ levels. For example, although PARP activation downstream of 

genotoxic stress depletes cytosolic and nuclear NAD+, mitochondrial pools of NAD+ are 

preserved to support the pro-survival functions of SIRT3 and SIRT4 (Yang et al., 2007).

Cellular NAD+ pools are fed by two major biosynthetic pathways: de novo synthesis and 

regeneration (Figure 4). De novo synthesis from tryptophan occurs in the cytosol and 

contributes to a small fraction of the overall NAD+ pool (Krehl et al., 1945; Liu et al., 2018; 

Powanda and Wannemacher, 1970; Schutz and Feigelson, 1972). Three pathways regenerate 

NAD+ from different precursor molecules: NAM via the salvage pathway, nicotinic acid 

(NA) or niacin through the Preiss-Handler pathway, or synthesized from nicotinamide 

riboside (NR) (Bieganowski and Brenner, 2004; Magni et al., 1999; Priess and Handler, 

1958b, 1958a). Sirtuins generate NAM as a reaction byproduct, which can be used by the 

salvage pathway to regenerate NAD+ through conversion to nicotinamide mononucleotide 

(NMN) by nicotinamide phosphoribosyltransferase (NAMPT) and subsequent conversion of 

NMN to NAD+ by NMN adenylyltransferases 1-3 (NMNAT1-3) (Berger et al., 2005). 

Unlike NAD+, in mammalian cells NMN can cross the inner mitochondrial membrane and 

has been shown to undergo conversion to NAD+ in isolated mitochondria (Barile et al., 

1996; Nikiforov et al., 2011). While yeast transport NAD+ across the inner mitochondrial 

membrane via two nucleoside deoxyribosyltransferases, Ndt1 and Ndt2, a mammalian 

mitochondrial NAD+ transporter has yet to be identified (Todisco et al., 2006). Therefore, 

the current model for mitochondrial NAD+ biosynthesis is that NAD+ precursors and 

intermediates in the cytoplasm undergo conversion to NMN, which is transported into 

mitochondria for NAD+ biosynthesis by mitochondria-specific NMNAT3. However, since 

exogenous NAD+ increases mitochondrial NAD+ levels more than cytoplasmic levels, it is 

Ringel et al. Page 11

Mol Cell. Author manuscript; available in PMC 2019 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



likely that undiscovered mitochondrial transport mechanisms exist for NAD+ precursors, 

intermediates, or even NAD+ itself (Billington et al., 2008; Pittelli et al., 2010, 2011; Yang et 

al., 2007). Indeed, stable isotope tracing studies have revealed that NAD+ can be directly 

imported into mammalian mitochondria, and that the majority of mitochondrial NAD+ 

originates from the cytoplasmic pool rather than from imported NMN (Davila et al., 2018). 

To better understand how mammalian cells maintain mitochondrial NAD+ levels, further 

studies are needed to identify the specific transporters that move NAD+, NMN and other 

NAD+ precursors into the mitochondria.

In addition to total NAD+ levels, the NAD+/NADH ratio is both highly regulated and 

dynamic. Mitochondrial health is tightly linked to the NAD+/NADH ratio, which plays a 

role in regulating ROS, mitochondrial permeabilization, and membrane potential (Green and 

Reed, 1998; Song et al., 2017). Mitchondria are also the site of the TCA cycle and oxidative 

phosphorylation by the ETC, processes which both rely on the mitochondrial balance of 

NAD+ versus NADH. To maintain the appropriate NAD+/NADH ratio, reducing equivalents 

are shuttled across the inner mitochondrial membrane through the activity of two NAD+/

NADH redox shuttles. NADH generated by glycolysis can be transferred into the 

mitochondrial matrix through the malate/aspartate and glycerol-3-phosphate shuttles, which 

move reducing equivalents into the mitochondria in the form of NADH or FADH2, 

respectively (LaNoue and Tischler, 1974; Ying, 2008). Cells employ multiple layers of 

regulation to manage NAD+ pools, which are sensitive to metabolic flux via the NAD+/

NADH ratio as well as the availability of precursor metabolites.

Diet and aging: key modulators of NAD+

A variety of nutritional and environmental cues, as well as circadian oscillation, modulates 

NAD+ biosynthesis as well as the ratio of NAD+ to NADH, highlighting that NAD+ levels 

are dynamic and tightly regulated. NAD+ levels are sensitive to dietary cues. In the liver and 

skeletal muscle, several studies have shown that mitochondrial NAD+ levels rise in response 

to CR and fasting (Canto et al., 2010; Fulco et al., 2008; Nakagawa et al., 2009; Yang et al., 

2007). In contrast, HFD reduces overall NAD+ levels in the liver and white adipose tissue 

(WAT) (Yoshino et al., 2011). Alterations in NAMPT expression parallel the changes in 

NAD+ observed with fasting, CR, or HFD. Whereas fasting, CR, and excercise induce 

NAMPT expression two- to threefold, HFD reduces NAMPT protein levels in the liver and 

WAT (Yoshino et al., 2011). Likewise, the mitochondrial sirtuins are transcriptionally 

regulated by diet and stress, as discussed above. NAD+ levels are also under the control of 

circadian transcription factors, which regulate the activity of sirtuins (Ramsey et al., 2009). 

During the daytime, NAD+ levels increase as a result of NAMPT expression (Ramsey et al., 

2009). Rising NAD+ levels periodically activate SIRT3, resulting in circadian patterns of 

mitochondrial protein acetylation that promote oxidative phosphorylation (Mauvoisin et al., 

2017; Peek et al., 2013; Sato et al., 2017). Finally, aging dramatically reduces NAD+ levels 

by decreasing NAMPT expression (Braidy et al., 2011; Gomes et al., 2013; Massudi et al., 

2012; Mouchiroud et al., 2013; Someya et al., 2010; Zhang et al., 2016). Sirtuin activity 

fluctuates with NAD+ availability, which connects NAD+ metabolism to biological 

adaptations mediated by sirtuins.
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Biological functions for metabolites downstream of sirtuin biochemistry

All sirtuins, including SIRT3-5, use NAD+ as an acyl chain acceptor, resulting in the 

conversion of NAD+ to NAM and the production of 2’/3’-O-acyl-ADPribose (OAADPr). 

Most measurements of mitochondrial NAD+ report concentrations of at least 250 μM, which 

can rise to millimolar levels (Nakagawa et al., 2009; Yang et al., 2007). Dependence on 

NAD+ as a cosubstrate raises the possibility that sirtuins act as NAD+ sensors. Reported 

NAD+ KM values for SIRT3 (880 μM) and SIRT5 (980 μM) fall within the range of 

physiological changes in NAD+ (Fischer et al., 2012; Hirschey et al., 2011). On the other 

hand, NAD+ availability is unlikely to regulate SIRT4 activity, since the SIRT4 KM for NAD
+ is an order of magnitude lower than the other mitochondrial sirtuins, and thus may be 

below physiological relevant concentrations (Laurent et al., 2013a; Pannek et al., 2017).

A number of metabolites with structural similarity to NAD+ are found in the mitochondria, 

which provides additional layers of regulation for sirtuin activity that intersect with the 

metabolic state of the cell. For example, the sirtuin reaction byproduct, NAM, is a non-

competitive inhibitor for all three mitochondrial sirtuins at physiological concentrations, 

although the potency in vivo remains to be determined (Feldman et al., 2015; Pannek et al., 

2017). Reduction of NAD+ by the TCA cycle and other redox pathways produces NADH, 

which can compete with NAD+ for the sirtuin NAD+ binding pocket. Physiological NADH 

levels range from 50 to 100 μM in skeletal muscle, which are far below the millimolar 

concentrations of NADH required to inhibit SIRT3 and SIRT5 in vitro (Madsen et al., 2016; 

Pirinen et al., 2014). SIRT4 is better tuned to respond to NADH levels, since the IC50 of 

SIRT4 for NADH is 142 ± 54 uM, a concentration where NADH regulation of SIRT4 

activity becomes plausible (Pannek et al., 2017). However, the significance of NADH-

mediated inhibition of SIRT4 in vivo has yet to be addressed. Thus, environmental cues that 

change NAD+ metabolism in different ways can precipitate distinct functional outcomes for 

each of the three mitochondrial sirtuins. It is also important to consider the regulatory 

consequences of the ratios of NAD+-like metabolites, which are produced and consumed by 

parallel metabolic pathways within the mitochondria. For example, changes in the NAD
+/NAM ratio affect the activity of all three mitochondrial sirtuins, and is a read-out of sirtuin 

activity (via NAM production) versus the rate of NAD+ salvage (Feldman et al., 2015). 

Further studies elucidating mitochondrial mechanisms of NAD+ salvage from NAM are 

necessary to better understand the fate of mitochondrial NAM and its biological relevance as 

a mitochondrial sirtuin inhibitor. The unique biochemical properties of the mitochondrial 

sirtuins could provide insight into the distinct roles SIRT3-5 play in adaptation to metabolic 

changes.

Biological roles for another byproduct of the sirtuin-catalyzed reaction, OAADPr, are not 

well understood, although studies in yeast and HEK293 cells have shown that 2’/3’-O-

acetyl-ADP-ribose (OAcADPr) affects gene silencing and gating of the TRPM2 cation 

channel, respectively (Grubisha et al., 2006; Liou et al., 2005; Martino et al., 2009; Perraud 

et al., 2005). The discovery that sirtuins remove a number of chemically diverse acyl chains, 

producing acylated ADPr and not just acetylated ADPr, has significantly expanded the 

possible metabolic functions for these molecules. Several mitochondrial enzymes are 

reported to metabolize OAcADPr, such as macrodomain proteins, glycohydrolases and 
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NUDIX hydrolases (Figure 4). Among macrodomain proteins, MacroD1 is the only known 

example that localizes to the mitochondria (Agnew et al., 2018). Likewise, ARH3 is the only 

member of the glycohydrolase family found in the mitochondria to date (Ono et al., 2006). 

MacroD1 and ARH3 hydrolyze acetyl groups from OAcADPr to generate ADPr and free 

acetate (Chen et al., 2011; Ono et al., 2006). NUDIX hydrolases cleave ADPR into 2’/3’-O-

acetyl ribose-5-phosphate and AMP (Rafty et al., 2002). Whether enzymes exist that break 

down other acylated forms of OAADPr remains to be seen and the ultimate fates of 

metabolites generated from these hydrolysis reactions remain unknown, especially whether 

and where the acyl chain carbon reenters metabolism. Taken together, these findings are 

highly suggestive of still undiscovered fates and new cellular roles for the rapidly expanding 

class of OAADPr species as secondary messengers.

Coupling protein deacylation with NAD+ levels facilitates cellular adaptation 

to stress

Importantly, a body of work supports the hypothesis that NAD+ biosynthesis and changing 

mitochondrial NAD+ levels regulate biological processes by changing the activity of 

mitochondrial sirtuins. For example, Nampt upregulation and rising mitochondrial NAD+ 

levels protect against cell death caused by genotoxic stress, a phenotype that requires intact 

SIRT3 and SIRT4 (Yang et al., 2007). Genotoxic agents induce the expression of SIRT4 as 

well, which coordinates a metabolic checkpoint to DNA damage (Jeong et al., 2013). In 

addition, CR protects mice from aging-dependent deafness, but this effect is lost upon SIRT3 

deletion, thus suggesting the wildtype aging-dependent deafness on normal diet was a result 

of decreased mitochondrial NAD+ levels (Someya et al., 2010). SIRT3 overexpression or 

administration of NR also protects mice from trauma-induced hearing loss, indicating that 

NAD+ levels are limiting for SIRT3-mediated neuroprotective activity (Brown et al., 2014). 

Since SIRT3-5 are implicated in numerous metabolic and aging-related pathologies such as 

diabetes, cancer, and neurodegenerative diseases, further studies on the intersection between 

NAD+ homeostasis and mitochondrial sirtuin activity are of central importance.

Conclusions and future perspectives

The unique chemical properties of the mitrochondria facilitate lysine acylation on the 

mitochondrial proteome, and changing patterns of acyl modifications regulate nearly every 

aspect of mitochondrial biology. The mitochondrial lysine acylome is emerging as a new 

factor that may be altered in disease, due either to changes in sirtuin activity that catalyze 

acyl PTM removal or to differences in acyl-CoA pool sizes that nonenzymatically modify 

lysine side chains. Since SIRT3 and SIRT4 expression levels are often reduced in neoplasia, 

mitochondrial sirtuins have been primarily studied as tumor suppressors. For example, 

SIRT3 loss, which is widely observed across multiple human cancers, promotes 

tumorgenicity by increasing ROS levels that: (i) ultimately stabilize HIF1α (Bell et al., 

2011; Finley et al., 2011a) and (ii) enhance cell migration via the activation of Src/focal 

adhesion kinase signaling (Lee et al., 2018). SIRT3 loss also increases cellular glutamine 

consumption and de novo nucleotide biosynthesis by promoting mechanistic target of 

rapamycin complex 1 (mTORC1) signaling (Gonzalez Herrera et al., 2018). Decreased 
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SIRT4 expression has been shown to promote the growth of tumor cells by enhancing 

glutaminolysis via the regulation of GDH activity (Jeong et al., 2013, 2014). A number of 

reviews exploring roles for sirtuins in cancer have been published, and the topic will not be 

explored in greater depth here (Chalkiadaki and Guarente, 2015; German and Haigis, 2015; 

Kumar and Lombard, 2015). Overall, these pro-tumorigenic effects observed downstream of 

sirtuin loss were historically linked to changes in specific pathways or individual substrates 

regulated by sirtuins. However, the impact of genetic and environmental factors that drive 

tumorigenesis on global remodeling of the mitochondrial acylome is a relatively new and 

exciting field of study. For example, mitochondrial proteins from IDH1 mutant cancers that 

produce high levels of the oncometabolite R-2HG are hypersuccinylated, since R-2HG 

inhibits SDH and increases local pools of succinyl-CoA. These hypersuccinylated cells are 

more resistant to apoptotic stimuli, which can be reversed by SIRT5 overexpresson (Li et al., 

2015). The tumor microenvironment can also provide external stimuli that impact the 

mitochondrial acylome. Mitochondrial acetylation levels increase with tumor 

microenvironment acidosis, due to metabolic reprogramming that causes cancer cells to rely 

on FAO (Corbet et al., 2016). These studies highlight how the mitochondrial acylome can be 

remodeled in response to both cell-intrinsic and environmental cues, and that this 

remodeling can be pathogenic (as in cancer) or adaptive (as in response to fuel switching).

Biochemical and in vivo studies have revealed that the mitochondrial lysine acylation 

landscape is shaped by the activity of sirtuin enzymes, and defined sites of lysine acylation 

that sirtuins regulate. Sirtuins coordinate competing arms of mitochondrial metabolism by 

remodeling the lysine acylome in response to fluctuations in nutrient availability and stress. 

By integrating bioenergetic information from multiple sources, mitochondrial sirtuins 

execute pivotal regulatory roles in the matrix. The revelation that sirtuins are deacylases 

rather than deacetylases has raised a number of critical questions going forward. First, 

defining roles for particular acyl PTMs or classes of acyl PTMs that are linked to chemical 

properties of the acyl modification will shed light on new regulatory mechanisms that 

operate in the mitrochondrial matrix. Second, it is not known whether NAD+-like 

metabolites regulate sirtuin deacylation activities to the same degree, and whether the 

sensitivity to inhibition for a specific sirtuin differs among acyl chain substrates. Third, 

sirtuin crystal structures have revealed active site features that may bind metabolites that 

modulate sirtuin activity. Determining whether sirtuins can sense concentrations of small 

molecules linked to metabolic pathways is an open area of research. Fourth, dissecting 

mechanisms by which cells recycle the acyl carbon on OAADPr will reveal new connections 

between fuel sourcing, mitochondrial carbon stress, and metabolism. Finally, understanding 

whether and to what extent the activity of each sirtuin contributes to lysine deacylation under 

different conditions will prove highly relevant in studies of pathophysiologies that alter 

matrix acyl PTMs.
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Figure 1. 
Lysine acyl modifications possess diverse chemical properties. (A) Table summarizing the 

chemical properties (structure, charge, hydrophobicility) and metabolic sources of lysine 

acyl PTMs. (B) The hydrophobicity of lysine acyl PTMs based on pH-adjusted water 

octanol partitioning coefficient varies widely. Abbreviations: FAO – fatty acid oxidation. 

BCAA – branched chain amino acid. MCD – malonyl-CoA decarboxylase.
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Figure 2. 
Overview of mitochondrial roles for sirtuins in metabolism. (A) Sirtuins remove lysine 

PTMs from enzymes that produce, consume, or interconvert mitochondrial acyl-CoA pools. 

Green arrows denote deacylation activities that enhance the catalytic activity of the 

substrate. Red bars highlight deacylation activities that inhibit substrate activity. 

Abbreviations: ACAT1 – Acetyl-CoA Acetyltransferase 1, AceCS2 – Acetyl-CoA 

Synthetase 2, BCAA – Branched chain amino acids, CPT1A – Carnitine 

Palmitoyltransferase 1A, GDH – Glutamate Dehydrogenase, HmgCS2 – 3-Hydroxy-3-
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Methylglutaryl-CoA Synthase 2, LCAD – Long Chain Acyl-CoA Dehydrogenase, MCCC – 

Methylcrotonyl-CoA Carboxylase, MCD – Malonyl-CoA decarboxylase, MPC1 – 

Mitochondrial Pyruvate Carrier 1, PDH – Pyruvate Dehydrogenase, SDH – Succinate 

Dehydrogenase, VLCAD – Very Long Chain Acyl-CoA Dehydrogenase. (B) Overview of 

metabolic pathways regulation by mitochondrial sirtuins.
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Figure 3. 
Mechanisms connecting the physical properties of lysine acyl PTMs to changes in 

macromolecular function.
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Figure 4. 
The activity of mitochondrial sirtuins connects fluctuations in NAD+ metabolism to changes 

in protein acylation. Abbreviations: Ac – Acetate, ADPr – ADPribose, AMP – adenosine 

monophosphate, NAD+ – Nicotinamide Adenine Dinucleotide, NADH – Nicotinamide 

Adenine Dinucleotide Hydride, NA – Nicotinic Acid, NaAD – Nicotinic Acid Adenine 

Dinucleotide, NAM – Nicotinamide, NaMN – Nicotinic Acid Mononucleotide, NMN – 

Nicotinamide Mononucleotide, NR – Nicotinamide Riboside, OAcADPr – O-Acetyl-

ADPribose, OAADPr – O-Acyl-ADPribose.
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Table 1:

Summary of the acyl PTMs targeted by mitochondrial sirtuins

Sirtuin: Acyl PTM targeted: References:

SIRT3 2-Hydroxyisobutyryl
Acetyl
Crotonyl

(Bao et al., 2014; Bharathi et al., 2013; Dai et al.,2014; Dittenhafer-Reed et al., 2015; Hallows et al.,
2006; Hirschey et al., 2010; Jing et al., 2013; Schwer et al., 2006; Shimazu et al., 2010; Still et al., 2013; 
Zhang et al., 2015)

SIRT4 Acetyl
Hydroxymethylglutaryl
Methylglutaryl

(Anderson et al., 2017; Laurent et al., 2013a; Pannek et al., 2017)

SIRT5 Acetyl
Glutaryl
Malonyl
Succinyl

(Nakagawa et al., 2009; Nishida et al., 2015; Park et al., 2013; Rardin et al., 2013b; Tan et al., 2014; 
Wang et al., 2018)
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