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Abstract

Post-translational modification of lysine residues via reversible acylation occurs on proteins from
diverse pathways, functions, and organisms. While nuclear protein acylation reflects the
competing activities of enzymatic acyltransferases and deacylases, mitochondrial acylation
appears to be driven mostly via a non-enzymatic mechanism. Three protein deacylases, SIRT3,
SIRT4 and SIRTS reside in the mitochondria and remove these modifications from targeted
proteins in an NAD+-dependent manner. Recent proteomic surveys of mitochondrial protein
acylation have identified the sites of protein acetylation, succinylation, glutarylation and
malonylation and their regulation by SIRT3 and SIRT5. Here, we review recent advances in this
rapidly moving field, their biological significance and their implications for mitochondrial
function, metabolic regulation and disease pathogenesis.

Introduction

Lysine acylation was first identified on the amino terminal tails of histone proteins. The
simplest form of acylation, the addition of an acetate group, is called acetylation and was
first discovered on histone tail lysine residues (reviewed in (Verdin and Ott 2015)). Histone
acetylation is under the control of competing enzymatic activities: histone acetyltransferases
and histone deacetylases (Verdin and Ott 2015);(Choudhary et al. 2014)). During the past 20
years, the scope of protein acetylation has dramatically expanded beyond histones to every
subcellular compartment and most cellular processes: a recent proteomic survey identified
more than 3,000 distinct sites of protein acetylation ((Choudhary et al. 2009)). During the
same period, a growing number of acetyltransferases and protein deacetylases have been
identified ((Choudhary et al. 2014)). More recently, the field has come to the realization that
acetylation is only one of many acyl modifications that include butyrylation, propionylation,
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succinylation, glutarylation, malonylation, and others. These modifications are found on
proteins across all kingdoms of life and regulate diverse cellular processes including
transcription and metabolism.

Mitochondrial sirtuins: SIRT3, SIRT4 and SIRT5S are protein deacylases

An unexpected aspect of the broader investigation of acetylation was the early realization
that the NAD+-dependent protein deacetylase, SIRT3, was a mitochondrial protein ((Schwer
et al. 2002), (Onyango et al. 2002)) suggesting that acetylation was also present in
mitochondria. This was directly demonstrated by the identification of the first mitochondrial
acetylated protein and target of SIRT3, acetyl-CoA synthetase 2 ((Schwer et al. 2006),
(Hallows, Lee, and Denu 2006)), and by the demonstration that mitochondrial protein
acetylation represents a significant fraction of the cellular acetylproteome ((Kim et al.
2006)).

Early experiments using western blotting analysis and antisera specific for acetyl-lysine
showed globally increased mitochondrial protein acetylation in mice lacking SIRT3
((Lombard et al. 2007)), indicating that SIRT3 was the major mitochondrial protein
deacetylase. Interestingly, mice lacking the homologous proteins SIRT4 and SIRT5 showed
no such increased protein acetylation, suggesting that these proteins targeted low-abundance
or a limited subset of acetylated proteins or, alternatively, targeted other lysine modifications
((Lombard et al. 2007)). Since no deacetylase activity could be found associated with
purified, recombinant SIRT4 or SIRTS5, a search for novel possible targets was initiated. This
work resulted in the identification of novel modifications targeted by SIRT5: succinylation,
malonylation and glutarylation as described in details below ((Du et al. 2011{Zhang, 2011
#16);(Peng et al. 2011);(Tan et al. 2014)}.

To date, SIRT4 remains the least understood member of the mitochondrial sirtuins in terms
of its enzymatic activity. Recent evidence indicates that it might function as a weak protein
deacetylase on a limited number of substrates ((Laurent et al. 2013)), as a lipoamidase
(delipoylation) and de-biotinylase ((Mathias et al. 2014)), and as a demethylglutarylase
((Anderson 2017)).

Mitochondrial protein acetylation is regulated by SIRT3

The first proteomic analysis of lysine acetylation was reported in 2006 ((Kim et al. 2006))
and used a novel pan-acetyl-lysine polyclonal antibody raised against acetyl-lysine-
containing peptides to enrich an input pool of trypsin-generated peptides for mass
spectrometry, a strategy previously employed in studies targeting other post-translational
modifications. This enriched pool of peptides was then separated and analyzed by liquid
chromatography-tandem mass spectrometry (LC-MS/MS). Using this proteomics approach,
388 sites of acetylation were identified in 195 proteins in the cytosolic and nuclear fractions
of HeLa-S3 cells and isolated mouse liver mitochondria. Only 13 of the 195 acetylated
proteins they identified were known previously. Unexpectedly, more than half of the
acetylation sites and proteins were found on mitochondrial proteins, a surprising observation
given that no mitochondrial proteins had been previously reported to be acetylated. Of 277
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acetyllysine sites identified in 133 mitochondrial proteins from mouse liver, many were
metabolic proteins, including many dehydrogenases. This study showed that lysine
acetylation is abundant in the mitochondria and provided the conceptual framework for a
distinct and regulated ‘mitochondrial acetylome’.

Using the novel affinity enrichment proteomic approach established by Zhao et al., two
groups followed up with more sensitive, more accurate, and higher-resolution mass
spectrometry instrumentation. In the first of these reports, Choudhary and colleagues
((Choudhary et al. 2009)) greatly expanded the cellular acetylation landscape by cataloguing
3600 lysine acetylation sites in 1750 proteins. They further fractionated the enriched
acetyllysine peptide fraction by isoelectric focusing to increase coverage and employed
stable isotope labeling by amino acids in cell culture (SILAC) (Ong et al. 2002) to compare
the responses of the acetylome after the addition of two different lysine deacetylase
inhibitors. A key finding of this study was that acetylation seems to be functionally
important mediator of protein-protein interactions. Based on their results, the cellular
‘acetylome’ affects proteins involved in nearly all cellular functional categories.

The same affinity-enrichment discovery approach was employed to assess acetylation sites
in proteins from human liver samples. ((Zhao et al. 2010)). They separated nuclear,
mitochondrial and cytosolic fractions, and analyzed the cytosolic and mitochondrial
fractions for acetylation. Over 1300 acetylated peptides and 1047 proteins were identified by
mass spectrometry, mapping acetylated proteins to metabolic pathways including fatty acid
metabolism, glycolysis, and the TCA and urea cycles, in agreement with the previous
observations from cell line experiments that mitochondrial metabolism represented an
enriched category of acetylated proteins.

Having established that metabolic pathways are modified by acetylation, and that those
acetylations can have functional effects, the natural next step was understanding how protein
acetylation is regulated through attachment and removal. Although the origin of protein
acetylation is now generally accepted as non-enzymatic, the removal is performed by the
Sirtuins. Sites of acetylation regulated by sirt3 have been determined by comparing the
acetylation profiles of wild-type and SIRT3-deficient mice (Sirt3—/-) ((Schwer et al. 2002),
(Onyango et al. 2002)). SIRT3-deficient mice exhibit significant and widespread protein
hyperacetylation, unlike mice lacking SIRT4 or SIRT5 ((Lombard et al. 2007)). The Gibson
and Verdin labs exploited this opportunity in a global, in depth analysis of acetylation sites
starting with purified mitochondria from SIRT3 WT and KO mouse liver ((Rardin, Newman,
et al. 2013)). They employed a novel label-free quantification (LFQ) proteomic approach
and a mixture of two commercial anti-acetyllysine antibodies ((Schilling et al. 2012)) (see
Figure 1a). This analysis led to the identification of 2187 acetylation sites in 483 proteins, of
which 283 sites in 136 proteins (or about 13% of all quantifiable sites) were significantly
increased (>2-fold) in mice lacking SIRT3. These results were surprising in several ways.
First, only a small fraction of all modified acetyllysine sites appeared to be removed by
SIRT3. Second, the degree of regulation (i.e. differential acetylation in the presence vs.
absence of SIRT3) varied considerably ranging 1.5 to 20-fold. Third, many of the ‘regulated
sites’ were concentrated on a subset of the proteins identified; for example, 8 sites in 3-
hydroxy-3-methyglutaryl-CoA synthase isoform 2 (HMGCS2) and 16 sites in the
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trifunctional protein complex. These proteins with many regulated sites mapped to various
KEGG pathways, including fatty acid p-oxidation (FAO), the TCA cycle, branched chain
amino acid catabolism (BCAA), ketone body metabolism, electron transfer proteins (ETC),
the urea cycle and pyruvate metabolism. Using the same SIRT3 KO vs. WT model and
proteomic workflow, the same groups subsequently identified 549 acetylated peptides
among 147 proteins in skeletal muscle mitochondria ((Jing et al. 2013)), including
acetylation of K336 in PDH Elalpha subunit leading to inhibition of pyruvate
dehydrogenase activity. Collectively, these results depict SIRT3 coordinately regulating
mitochondrial function via multiple pathways

Additional reports examined the SIRT3-regulated acetylome and came to similar
conclusions Choudhary and colleagues ((Sol et al. 2012)) isolated mouse embryonic
fibroblasts (MEFs) from WT and SIRT3 KO mice and again employed an isotopic
metabolic-labeling method in cell cultures or SILAC to differentially label proteins in SIRT3
MEFs (see Fig 1b). They identified over 1500 acetyllysine sites, with 933 sites in common
and quantifiable. Of these sites, over 100 showed a >2-fold increase between SIRT3WT and
SIRT3KO cells with the majority of these annotated as mitochondrial. The majority of
acetylation sites showing a statistically significant increase in the SIRT3KO cells were of
mitochondrial origin. Mapping of these putative SIRT3-regulated sites onto enzymes in the
TCA cycle and FAO metabolism showed good correlation between the mouse MEFs and
human cell cultures (U20S) and with data from the label-free proteomic study mentioned
above ((Rardin, He, et al. 2013)).

In a separate study, the Coons and Denu labs reported that calorie restriction (CR) alters
mitochondrial protein acetylation ((Hebert et al. 2013)). They employed a multiplexed
chemical labeling strategy that allowed them to quantitatively compare the acetylation levels
of proteins form mouse tissues under four conditions simultaneously, i.e., WT and SIRT3
KO mice under ad libitum feeding or CR. They also employed extensive fractionation after a
4-plex tandem mass tagging (TMT) of each individual sample but prior to immuno-affinity
purification (see Fig. 1c). With this experimental design, they identified 3285 acetylation
sites, 2193 of which could be assigned to 434 mitochondrial proteins. Interestingly, cluster
analysis revealed three classes of acetylation sites that could be distinguished by comparing
these four regimens or conditions, each with distinct functional and structural features. The
first class (Class | acetyl sites) are responsive to SIRT3 expression levels: low under
conditions where SIRT3 expression is high, such as CR, and elevated when SIRT3 was
absent (SIRT3KO). The acetylation level of class Il sites increased under CR only but were
sirtuin-insensitive, whereas class I11 sites showed minimal change under any of the three
experimental conditions tested.

The same group recently examined lysine acetylation in skeletal muscle in rats selectively
bred for high running capacity and their controls under regimens of both running and resting
conditions ((Overmyer et al. 2015)). Key enzymes in oxidative pathways (e.g., oxidative
phosphorylation, fatty acid metabolism, and BCAA degradation) underwent rapid
deacetylation under running conditions, a process that was more pronounced in the high
running capacity animals. This study also examined acetylation in 5 tissues (brain, heart,
kidney, liver and skeletal muscle) in WT and SIRT3 KO mouse backgrounds under fasting
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conditions. Overall, they identified 6286 sites of acetylation, quantified the abundance of
80% of these sites in all five tissues, and found a relatively small set of 87 shared sites, with
a much larger number of sites unique to each tissue, i.e., 893 kidney, 451 brain, 389 liver,
306 heart, and 89 muscle. This complicated overlap suggests a common set of core
mitochondrial processes shared and perhaps similarly regulated in these diverse tissues such
as the citrate cycle and oxidative phosphorylation, but also implies that additional tissue
types will reveal as-yet-unexplored patterns of acetylation. Further studies of this type will
be important to unravel the complexities of how nutrient stress might play out across these
different tissues in the organism, and provide deeper understanding of protein acetylation
dynamics that are under SIRT3 regulation.

The acidic acyl modifications, lysine succinylation, malonylation and

glutarylation are regulated by SIRT5

a. Lysine succinylation was first identified in E. coli as a new acyl modification carrying a
carboxylic acid ((Zhang et al. 2011)). Similar to studies surveying the acetylome landscape,
an anti-succinyl-lysine immunoprecipitation was used to find 69 succinylation sites in 14
proteins. Hening Lin’s group solved structure of SIRT5 while attempting to explain its lack
of deacetylase activity and found that its substrate binding pocket contains an arginine
residue, suggesting that SIRT5 might bind and target an acidic acyl group ((Du et al. 2011)).
NAD-dependent desuccinylase activity of SIRT5 was then demonstrated /n vitro, as well as
indirectly /n vivo by showing an increase in protein succinylation in a SIRT5 KO mouse
proteins probed with anti-succinyllysine antibodies. Independently, another study confirmed
that SIRTS regulates lysine succinylation and another acid acyl group, malonylation, of
mammalian and prokaryotic proteins /n vitroand in vivo ((Peng et al. 2011)).

Two additional, independent studies provided evidence for the extensive presence of
mitochondrial succinylation and its regulation by SIRT5. Using liver tissue and MEFs from
a Sirt5 KO mouse ((Park et al. 2013)), 2565 succinylation sites in 779 proteins were
identified. KEGG pathway analysis identified mitochondrial BCAA metabolism and TCA
cycle as the top two pathways and a strong enrichment in mitochondrial proteins, although
the nuclear and cytosolic compartments were also highly represented, particularly for
histones and ribosomal proteins. One of their more contentious findings was the high
stoichiometry of succinylation, reported to be over 10% for the majority of sites seen in the
Sirt5 KO cells, and only slightly less in WT MEFs (32% of sites). These stoichiometry
values were determined indirectly using a previously reported method developed for
estimating phosphorylation site occupancy, that requires SILAC ratios from both modified
and unmodified peptides along with overall protein values ((Olsen et al. 2010)). This method
assumes that the site of interest is only modified by the modification of interest, which is
likely true for phosphorylation which modifies amino acids that only contain a limited range
of modifications, serine, threonine, and tyrosine, but is almost certainly not true for lysine
residues, which accommaodate a myriad of modifications.

Different results have obtained when comparing the sites of succinylation and acetylation.
Park et al. reported a small overlap (28%) between succinylation and acetylation sites in
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MEFs ((Park et al. 2013)) while the Gibson and Verdin groups ((Rardin, He, et al. 2013))
found a significant (79%) overlap of lysine acetylation and succinylation in mouse liver
mitochondria. The discrepancy between these two studies may be due to differences in
source material and growth condition, i.e., in vitro MEFs vs. in vivo mouse liver. However, it
should be noted that while overall acetylation and succinylation have a strong overlap in
sites in liver mitochondria, the regulated site sets for deacetylation and desuccinylation by
SIRT3 and SIRTS are different with only a minority overlap (24%). Pathway analysis of the
liver mitochondria succinylome identified fatty acid oxidation (FAO), BCAA catabolism,
TCA cycle, and ATP and ketone body synthesis as enriched pathways — similarly to
acetylation - with all four enzymes of the ketogenesis pathway and most enzymes in the
FAO pathways carrying one or more SIRT5-regulated succinyllysine site. In agreement with
this data, fatty acid oxidation was decreased in SIRT5 KO mice hepatocytes and plasma
levels of B-hydroxybutyrate were decreased in SIRT5 KO mice.

b. Lysine Malonylation was identified as a novel lysine modification that could also be
removed by SIRT5 /n vitro ((Peng et al. 2011)). Using a newly developed and highly
selective anti-malonyllysine antibody, the Verdin and Gibson groups found malonylated
proteins in multiple tissues ((Nishida et al. 2015)); in the absence of SIRTS5,
hypermalonylated proteins were more prevalent in kidney and liver, particularly in the
cytoplasmic fraction. This observation contrasted with SIRT5-dependent succinylation,
which was more prevalent in liver mitochondria and barely detected in a cytoplasmic
fraction following mitochondrial depletion ((Rardin, He, et al. 2013)). Label-free mass
spectrometry of immunoprecipitated malonyllysine peptides from SIRT5 wt and KO livers
identified 1137 unique malonylation sites in 430 total proteins of which 183 sites (13%)
were increased, and therefore presumably regulated, in mice lacking SIRT5. Pathway
analysis of the SIRT5-regulated proteins showed the cytoplasmic gluconeogenesis and
glycolysis pathways as the two most enriched, and the urea cycle as third. Closer
examination of this data revealed 8 out of 10 glycolytic enzymes carrying a SIRT5-regulated
malonyl-lysine site and study of primary hepatocytes derived from SIRT5 KO versus WT
mice showed decreased production of lactic acid and glycolytic flux in mice lacking SIRT5
((Nishida et al. 2015)).

As three of the proteomic survey studies of SIRT3 and SIRT5 KO mice all used a similar
proteomic approach with liver as the source material ((Rardin, He, et al. 2013), (Rardin,
Newman, et al. 2013), (Nishida et al. 2015)) these investigators compared the overlap
between the three modifications, malonylation with acetylation and succinylation.
Interestingly, and in contrast to succinylation, mitochondrial malonylated peptides showed
distinctly lower overlap with mitochondrial acetyl-and succinyl-lysines. Coupled with the
predominantly cytoplasmic localization of malonylation, this indicates a very different
pattern of modification for malonylation than for previously studied lysine acylations.

A separate large-scale analysis of protein malonylation was recently carried out in db/db
mice, a type 2 diabetes mouse model ((Du et al. 2015)). Using affinity enrichment and LC-
MS/MS, a total of 573 malonylated lysine sites were identified on 268 proteins, with an
over-representation of metabolic processes such as oxoacid metabolism, glucose catabolism,
and organic acid metabolism. The demonstration that db/db mice show enhanced lysine
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malonylation suggests that this modification might play a pathogenic role in the metabolic
disturbances associated with the db mutation.

Similarly, another study used malonyl-CoA decarboxylase deficiency (MCD-/-) in human
fibroblasts to show that the increased level of malonyl-CoA present in these cells resulted in
hypermalonylation, mitochondrial dysfunction, and impaired fatty acid oxidation ((Colak et
al. 2015)). This study identified a staggering 4943 malonyllysine sites, 461 of which showed
an increase of greater than 2-fold abundance in MCD-/- cells. The authors propose that
protein hypermalonylation and may be partially responsible for the pathophysiology of
malonic aciduria.

¢. Lysine glutarylation, Glutarylation of lysine residues was recently reported as yet another
modification regulated by SIRTS5 ((Tan et al. 2014)). Glutaryl-CoA is produced as an
intermediate in the mitochondrial catabolism of amino acids including lysine, during which
it presumably reacts with mitochondrial proteins. Lysine -hydroxy-3-methylglutarylation
(HMG-K), -methyglutaryl-lysine (MG-K), and 3-methylglutaconyl-lysine (MGc-K) of
lysine residues was recently reported as yet another modification regulated by SIRT5 ((Tan
et al. 2014)). (Wagner et al., 2017) Collectively, these modifications’ reversal points to a
paradigm of side reaction regulation by SIRT5 in which the enzyme promiscuously reverts
any negatively charged acylation species capable of fitting into its active site from whichever
mitochondrial protein lysine residues it can access.

The Emerging Targets of SIRT4

The third mitochondrial sirtuin, SIRT4, has lagged behind SIRT3 and SIRTS5 in the study of
its targets and specificities; however, recent work has illuminated many aspects of its
function. One study has shown that SIRT4 can regulate the levels of both lipoyl- and
biotinyl-lysine modifications in pyruvate dehydrogenase and likely other proteins ((Mathias
et al. 2014)). Whether this is the only or the most important activity of SIRT4 is not yet
clear, as previous reports have shown that SIRT4 can also function as an ADP-ribosyl
transferase and regulate insulin secretion in pancreatic  cell mitochondria ((Haigis et al.
2006)) ((Ahuja et al. 2007)).

Recently, three additional target acylations have been identified for SIRT4. Methylglutaryl-,
hydroxymethylglutaryl-, and 3-methylglutaconyl-lysines have all been identified on
mitochondrial enzymes, including those involved in leucine catabolism and its production of
branched-chain acyl-CoA intermediates (Anderson 2017). Recombinant SIRT4 was
sufficient to demethylglutarylate lysine residues, and SIRT4-overexpressing cells contained
lower levels of these branched-chain acyl-lysines. As SIRT4KO mice are known to exhibit
increased insulin secretion in response to BCAA stimulation ((Haigis et al. 2006),(Ahuja et
al. 2007),(Anderson 2017)) the generation of these newly described acyl-lysine species from
BCAA catabolites finally provides a molecular mechanism linking SIRT4’s putative target
modifications to the observed phenotypes in SIRT4KO models.

The recent publication of a crystal structure for the Xenopus sequence of SIRT4 may
reconcile these seemingly conflicting observations (Pannek et al. 2017). The authors
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described catalytic activities for SIRT4 against a variety of target acylations, with the highest
reported for the nonnatural modification 3,3-dimethylsuccinylation. The next highest
activities were reported against HMGylation and octanoylation, with biotinylation and
lipoylation removed at ~80% and ~40% of the efficiency of octanoylation. Lysine
octanoylation is reversed by multiple sirtuins (Feldman, Baeza, and Denu 2013), and the
structurally related lipoylation modification required for pyruvate (and other 2-oxoacid)
dehydrogenase function may represent a biologically important side reaction for this shared
specificity of SIRT4. This crystallographic study also revealed an unusual sensitivity of
SIRT4 to inhibition by NADH (Pannek et al. 2017); if HMGylation and other branched-
chain acylations are also targeted by SIRT5, perhaps SIRT4’s unique contribution is redox-
sensitive regulation of its target modifications.

Other lysine acylations targeted by sirtuins

Evidence is also emerging that most sirtuins may act on multiple acyl substrates, at least /n
vitro ((Feldman, Baeza, and Denu 2013)). These include propionylation, butyrylation,
crotonylation, hexanoylation, octanoylation, decanoylation, dodecanoylation, myristoylation,
palmitoylation, and lipoylation. Of note, de-decanoylase (C-10 acyl group) activity is
associated with all three mitochondrial sirtuins, and SIRT3 further exhibits significant
depalmitoylase activity. This raises the possibility that the mitochondrial sirtuins may
regulate currently uncharacterized mitochondrial modifications.

A Menu of Mass Spectrometry Options for Studying Mitochondrial

Acylation

The wealth of acylomic studies mapping out mitochondrial acylation over the past several
years can be hard to compare from an outside perspective; different technical approaches to
acylomic studies offer different strengths and weaknesses, and selecting an appropriate tool
for a project is both challenging and essential. Mass Spectrometry-based proteomics
methods for quantifying protein acylation directly measure either: (1) relative changes, or (2)
less commonly, stoichiometry, which refers to the % of a given modification site occupied
by acylation. Stoichiometry can be used to infer relative changes, but the converse is not
true. Methods for relative quantification of acylation discussed here include: (1) label-free
quantification (LFQ), (2) stable isotope labeling by amino acids in cell culture (SILAC), and
(3) multiplexed, isobaric chemical tagging (e.g. TMT). Here (and in Fig. 1D) we provide a
discussion of the pros and contras of these methods as applied to acylation profiling, but
previous reviews cover them more generally and in greater depth (Bantscheff et al. 2012),
(Meyer and Schilling 2017).

Measuring Relative Changes in Acylation Levels

The first strategy, LFQ (Fig. 1A), is easily applied to any mass spectrometry dataset, even in
hindsight after data collection, with no additional cost. However, some LFQ strategies are
better than others (see (Rardin et al. 2015)). Compared to isotope labeling-based
quantification methods, where ratios of acylation between conditions are locked-in at the
point of sample mixing, LFQ is more sensitive to slight differences in sample preparation
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and mass spectrometry data collection. Importantly, LFQ is most easily applied to human or
mouse tissue, but has relatively low throughput, because each replicate requires an separate
mass spectrometry data collection.

The second strategy, SILAC (Fig 1B), is less sensitive to differences in sample preparation
because the ratio of treatment to control is locked-in before much of the sample
manipulation, ideally based on cell count before lysis. Therefore, when using SILAC,
peptides can be pre-fractionated before mass spectrometry analysis, which increases
identifications and quantification quality. Because at least two SILAC samples are mixed,
this strategy can have slightly greater throughput compared with LFQ. However, SILAC is
not as easily applied to human or mouse tissue, because stable-isotope metabolic labeling of
whole animals can be expensive.

The final strategy, isobaric labeling (e.g. TMT, Fig. 1C), of peptides offers several benefits
over the other two methods at the greatest reagent cost. The cost is further amplified in
studies of PTMs, where a large amount of input material (usually 1-20 mg of protein) must
be chemically labeled before enrichment. Cost aside, isobaric labeling has several
advantages over the other two methods. TMT allows the greatest multiplexing, up to 10
sample conditions can be quantified from a single mass spectrometry acquisition. This
method is also easily applied to animal tissue as the isotopic labeling occurs in vitro after
protein digestion. However, TMT requires the newest mass spectrometry, such as the
Thermo Orbitrap Fusion, to realize the highest quality data (McAlister et al. 2014).

Among the available methods for quantification of acylation, we propose that despite the
advantages of the isobaric labeling such as TMT, the cost is often prohibitive, and LFQ can
be the most accurate, comprehensive, low-cost, and applicable method for a variety of
experimental designs.

Measuring Acylation Stoichiometry Directly

While differences between samples can illuminate gene functions and the effects of
metabolic perturbations, evaluating which of the thousands of acylation sites discovered are
most biologically significant demands absolute numbers; a ten-fold increase from 0.1% to
1% occupancy may have no effect on enzyme function, while an increased occupancy from
10% to 100% may completely block an enzyme’s activity. New proteomic methods using
differential labeling of all lysine residues with stable isotope-labeled acetic anhydrides (e.qg.,
2H6- or 13C2-acetic anhydride) may answer this question (table 1) ((Baeza et al. 2014),
(Nakayasu et al. 2014)). In an similar approach that incorporates several levels of partial
acetylation to provide internal quality control of measurement accuracy, Choudhary and
colleagues have come to the conclusion that the stoichiometry of nearly all acetylation sites
is low and consistent with a nonenzymatic process for lysine acetylation ((\Weinert,
Moustafa, et al. 2015), (Weinert et al. 2017b)). However, both methods struggle with
peptides containing multiple lysine residues; this is particularly problematic as trypsin,
commonly used to cleave protein samples into peptides, fails to cleave at lysine following
chemical acetylation.
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In 2016, two additional new methods for stoichiometry measurement were reported, both of
which enabled the determination of stoichiometry from peptides with multiple lysine
residues. Yue Chen’s group demonstrated a creative method with optimized labeling
chemistry and a data analysis package that uses both precursor and fragment intensities to
determine acetylation stoichiometry (Zhou et al., 2016). Subsequently, the Schilling group
published another strategy using fragment-ion quantification from DIA to reduce
quantification interferences (Meyer et al., 2016). The latter method also enables, for the first
time, measurement of succinylation stoichiometry, but there are not yet published reports of
this applied to interesting biological questions.

mitochondrial protein acylation occur?

In the nucleus, histone acetyltransferase activity is associated with many transcriptional
coactivators such as GCN5, PCAF, p300/CBP, MOF and others. These proteins specifically
acetylate individual lysine residues on histone and non-histone proteins associated with
transcriptional regulation. Though the bulk of histone acetylation is enzymatically driven by
these enzymes, histones have long been known to react with acetyl-CoA in a non-enzymatic
manner, particularly at high pH ((Paik et al. 1970)).

Many facts support the hypothesis that the bulk of mitochondrial protein acylation could also
be driven by a non-enzymatic process. These facts include: 1. The very large number of
identified acylation sites and the apparent lack of specific sequence surrounding the sites of
acylation (discussed above); 2. Recent mass spectrometry evidence that most sites, but not
all, exist at relatively low stoichiometry in yeast ((Weinert et al. 2014)) and in mice
((Weinert, Moustafa, et al. 2015)), with few residues reaching a stoichiometry of 1%
modification; 3. The higher pH of mitochondrial matrix (7.9) which is associated with the
deprotonation of the e-amino groups of lysine and makes them more susceptible to
acylation; 4. The high local concentration of several acyl-CoA species within the
mitochondrial matrix.

Manipulation of these variables /n vitro allowed Wagner and Payne to demonstrate
nonenzymatic acylation of mitochondrial proteins on a physiologically relevant time scale
((Wagner and Payne 2013)). They highlighted experimentally the importance of both a basic
pH and acyl-CoA levels and showed both progressive and non-selective hyperacetylation of
denatured mitochondrial proteins over a period of hours. Another recent study further
demonstrated that non-enzymatic acetylation of proteins is semi-selective. Site-specific,
nonenzymatic acetylation rates were measured for 90 sites in eight native purified proteins.
Lysine reactivity to either acetyl-coA or acetylphosphate (see below) ranged over 3 orders of
magnitude with the most highly reactive sites located within clusters of basic residues,
whereas low reactivity lysines were engaged in strong attractive electrostatic interactions
with acidic residues ((Baeza, Smallegan, and Denu 2015)). Acetyl-phosphate, which drives
acetylation under conditions of growth arrest and abundant glucose in bacteria, is an
alternative acylation source currently unknown in mammals ((Weinert et al. 2013)); while
acetate kinase is found in some eukaryotic microbes ((Ingram-Smith, Martin, and Smith
2006)), the pathway leading to acetylphosphate synthesis is apparently absent from higher
organisms. A reactive phosphoacyl species of greater relevance to mammalian systems is
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1,3-bisphosphoglycerate, a cytosolic intermediate in glycolysis recently reported to non-
enzymatically modify lysine residues - particularly those found in enzyme binding sites -
and inhibit enzyme function ((Moellering and Cravatt 2013)). Though neither 1,3-BPG nor
acetyl-phosphate are found in the mitochondrial environment, they provide additional
evidence for the idea that metabolic intermediate acyl species can be intrinsically reactive
with potential physiological consequences, and that acyl groups’ transfer to lysines can
readily occur in the absence of lysine acyltransferases.

Recent work has further shown that some acyl-CoA species can modify lysines via a cyclic
anhydride intermediate (Wagner et al. 2017). Divalent acyl groups such as succinyl- and
glutaryl-CoA can use this alternative non-enzymatic reaction mechanism to achieve higher
reaction rates than monovalent acyl species such as acetyl-CoA. Furthermore, anhydride
intermediates may be formed by other, less well-documented acyl-CoA metabolites such as
the branched-chain glutaric acid derivatives produced during amino acid catabolism.

As an added twist on semi-enzymatic acylation, proximity to thiols such as those provided
by cysteine residues apparently increases the rate of acylation for nearby lysines (James et
al. 2017). This redox-sensitive mechanism means that certain acetylation sites observed in
mitochondria may be regulated by glutathione redox balance and glyoxalase 11 in addition to
mitochondrial sirtuins. This mechanism has been shown to affect both acetylation and
succinylation; other acylation modifications are likely to be similarly affected. Furthermore,
S-acylation by long-chain fatty acids such as palmitate and myristate has been shown to be
important for membrane localization of proteins; these fatty acyl groups could conceivably
transfer over to nearby lysine residues using the same mechanism, suggesting as-yet-
undescribed long-chain acylations with similar membrane-anchoring functions.

Mitochondrial Acyltransferases: enzymatic and pseudo-enzymatic acylation?

As nuclear and cytosolic acylation are driven by acyltransferases, a considerable amount of
work has been poured into finding a mitochondrial acyltransferase to little success; it seems
likely that no such general acyltransferase exists. However, the possibility remains that
canonical acyltransferases may localize to mitochondria under some conditions, and that
enzymes with other functions may moonlight as acyltransferases. Two putative lysine
acyltransferases have been identified and characterized and are discussed below.

GCNB5L1 is localized to mitochondria and displays significant homology with a prokaryotic
acetyltransferase (GCNS5) although it lacks a significant fraction of its catalytic domain.
Genetic knockdown of GCN5L1 blunts mitochondrial protein acetylation, and its
reconstitution in intact mitochondria restores protein acetylation. GCN5L1 interacts with
and promotes acetylation respiratory chain target proteins and reverses global SIRT3 effects
on mitochondrial protein acetylation, respiration and bioenergetics ((Scott et al. 2012)).
Many questions remain unresolved, such as how does GCN5L1 mediate acetylation without
an intact catalytic domain? In which tissues and under which conditions is its function most
important?

An interesting possibility raised by recent work is that acyltransferases responsible for
conjugating acyl-CoA species to non-protein substrates may aid in lysine acylation as a side
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reaction. In particular, acetyl-CoA acetyltransferase (ACAT1), which synthesizes
acetoacetyl-CoA by condensing two molecules of acetyl-CoA as a precursor for ketone body
synthesis, may be a driving source of acetylation of the pyruvate dehydrogenase complex
component PDHAL and its activating phosphatase PDP1 by associating with these proteins
((Fan et al. 2014)). Assuming that ACAT1 is capable of holding a reactive acetyl-CoA
molecule in place for long enough, increasing the local concentration of reactive thioester, a
semi-enzymatic mechanism may account for increased acetylation to PDP1/PDHAL.

Regulation of mitochondrial protein acylation

Diet

Even as the mechanistic details of mitochondrial acylation continue to be revealed, many
systemic factors affecting it have been discovered. These provide, to date, the best
therapeutic opportunities to manipulate the processes of acylation and deacylation in
humans. Broadly, dietary inputs and the metabolic demands of various tissues create acyl-
CoA concentrations with interact with molecular contexts in mitochondria to drive acylation
at differing rates for different targets; gene expression of and NAD+ supply to sirtuins then
reverses this process.

Both over- and under-nutrition create abnormal metabolic states with high levels of acyl-
CoAs. During fasting, acetyl-CoA is mobilized from stored energy reserves for fuel, and
both glucose and ketone bodies are produced by the liver and to a lesser extent the kidneys.
Loss of SIRT3 has been shown to inhibit fatty acid oxidation ((Hirschey et al. 2010)); the
same study showed decreased gluconeogenic production of glucose in response to cold
challenge and decreased production of the ketone body beta-hydroxybutyrate during fasting.
Mitochondrial hyperacetylation thus tends to limit the metabolic adaptations necessary for
proper function during fasting; SIRT3 is upregulated during fasting to combat this process
(Hirschey et al. 2010), and many mitochondrial proteins are hyperacetylated during fasting
(Still et al. 2013).

Calorie restriction (CR) represents a longer-term but less extreme metabolic intervention
triggering similar responses to fasting. Metabolic supplier organs such as the liver and
kidney demonstrate mitochondrial hyperacetylation under CR, as does the heart (Schwer et
al. 2009); brain mitochondrial acetylation was unchanged, however, and skeletal muscle
acetylation decreased. Proteomic characterization of the changes in liver reveals a
complicated landscape of alterations, but an overall increase in acetylation levels for
mitochondrial proteins but not those found in other cellular compartments during CR
(Hebert et al. 2013).

In contrast to fasting and calorie restriction, hypernutrition to the point of obesity has been
shown to predominantly decrease mitochondrial acetylation in liver (Still et al. 2013).
However, prolonged hypernutrition leads to type 2 diabetes, and has been shown to impair
skeletal muscle glucose uptake in a manner exacerbated by the loss of SIRT3 (Jing et al.
2013),(Lantier et al. 2015).
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Local acyl-CoA concentrations and molecular context

Many mitochondrial metabolic pathways use high-energy coenzyme A thioesters as key
intermediates (Figure 3). Acetyl-CoA generated from pyruvate represents the main input to
the TCA cycle and succinyl-CoA is another key intermediate in this pathway. Furthermore,
amino acid and fat catabolism progress through a diversity of acyl-CoA intermediates: each
length of carbon chain for beta oxidation proceeds through no less than four distinct species
(saturated, enoyl, 3-hydroxy, 3-keto-acyl-CoA) prior to chain shortening. If the emerging
non-enzymatic mechanism for mitochondrial lysine acylation holds, the relative abundance
of distinct acyl-CoA species represent the main force driving differences in acylation
between tissues.

The role of change in mitochondrial matrix acyl-coA concentrations was recently
highlighted in another experimental system. Mice with short-chain acyl-CoA dehydrogenase
(SCAD) deficiency accumulate high levels of butyryl-CoA and show increased protein
lysine butyrylation ((Pougovkina et al. 2014)). Similarly, and from the same study, human
SCAD-deficient fibroblasts show increased lysine butyrylation, patients with malonyl-CoA
decarboxylase (MCD) deficiency exhibit increased protein malonylation and finally,
propionyl-CoA carboxylase (PCC) deficient patient cells show increased lysine
propionylation.

Local mitochondrial concentrations of individual acyl-coAs is also likely to be modulated
via intercompartmental trafficking. Acyl species are exchanged between mitochondria and
the cytosol using carnitine rather than coenzyme A as a cofactor, and use specific proteins to
ferry carnitines with and without acyl payloads across the mitochondrial inner membrane.
\Woltage-dependent anion channels (VDACS) are outer mitochondrial membrane proteins
with tissue-dependent expression patterns and are part of the acylcarnitine translocase
pathway ((Lee, Kerner, and Hoppel 2011)); their partners on the inner membrane, adenine
nucleotide translocases (ANTS), are known to be acetylated and some sites are predicted to
be functionally important to channel function (Mielke et al. 2014).

The intramolecular context for mitochondrial proteins’ lysines affects how likely they are to
be acylated. For example, denatured proteins are more rapidly acetylated by coincubation
with acetyl-CoA (Wagner and Payne 2013), indicating that local structure slows acylation;
past studies have shown that sirtuins favor either unstructured regions (Khan and Lewis
2005, Smith et al. 2011) or, in the case of SIRT3, beta sheets (Smith et al. 2011). Another
variable likely to influence the level of non-enzymatic modification of specific lysines is
their pKa. Lysine residues with altered pKa, and therefore, decreased or increased positive
charge, become more or less able to perform nucleophilic attack, respectively. For example,
lysine residues near arginine may have decreased pKa and be more likely to have no charge,
leaving their free electron pair available for acylation. Excellent reviews have discussed the
variables affecting the pKa of individual lysines ((Pace, Grimsley, and Scholtz 2009)).

Regulation of Sirtuin Expression

The mitochondrial sirtuins responsible for controlling mitochondrial protein acylation can be
upregulated in stress conditions. SIRT3 is upregulated during fasting (Hirschey et al. 2010)
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and more generally by PGC-1a (Kong et al. 2010), which allows it to best control the
hyperacetylation caused by acetyl-CoA-dependent metabolic processes such as fatty acid
oxidation and ketone body metabolism. Similarly, SIRT4 is upregulated as part of the DNA
damage response via ATF4 (Jeong et al. 2013). Less is known about SIRT5’s transcriptional
regulation, and the process of splicing which distinguishes cytosolic from mitochondrial
SIRTS5 production is also not well-understood.

NAD+ Availability

As mentioned previously, the only known deacylases in the mitochondrial matrix are
sirtuins, which require NAD+ as a cofactor for function. NAD+ has many other roles in
mitochondrial metabolism and signaling, most notably as an electron transfer currency for
oxidative phosphorylation, the TCA cycle, and fat synthesis and catabolism. Addition of
exogenous NAD+, or precursor compounds which are converted to NAD+ /in7 vivo, is
currently a hot topic in the field of aging biology due to recent successes in enhancing tissue
function and health ((Yoshino et al. 2011), (Canto et al. 2012)).

One potential route for NAD+’s beneficial effects on health may be linked to mitochondrial
acylation. Supplementation of NAD+ levels in C elegans ((Mouchiroud et al. 2013)) extends
worm lifespan via the induction of the mitochondrial unfolded protein response and
upregulation of mitochondrial superoxide dismutase. The authors note that increased
MnSOD/SOD?2 activity in the affected worms lags behind increased expression by a period
of several hours, and postulate that MnSOD acetylation (as discussed in Section 3) may play
a key role. As NAD+ supplementation also results in potentially beneficial production of N-
methylnicotinamide via sirtuins ((Schmeisser et al. 2013)), evidence such as the link to
MnSOD affirms roles for acylation both as a direct effector modulated by NAD+ and in
transducing NAD+ into an N-methylnicotinamide signal.

There is also evidence that NAD precursor may work via altering mitochondrial protein
acetylation. Hearing loss is induced by intense noise exposure. Administering the NAD
precursor nicotinamide riboside prevents noise-induced hearing loss and degeneration of
spiral ganglia neurite degeneration. These effects appear to be mediated in the mitochondria
because SIRT3-overexpressing mice are resistant to noise-induced hearing loss and SIRT3
deletion abrogates the protective effects of nicotinamide riboside ((Brown et al. 2014))

Mitochondrial acylation from the bottom up: From individual targets to

biological effects

Most mitochondrial acylation appears to be functionally inhibitory in enzymes in which it
has been tested. This stands in contrast to protein acetylation in other cellular compartments
which can be either inhibitory or activating ((Choudhary et al. 2014)). For example, histone
acetylation can activate various functions by bromodomain binding and subsequent effector
protein recruitment. Biochemistry in the mitochondrial matrix frequently uses small, anionic
substrates - amino and carboxylic acids, nucleotide conjugates, superoxide - which interact
with positively charged protein patches, frequently lysine residues, in or near enzyme active
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sites. Neutralization of these positive patches by conjugating negatively charged acyl groups
is thus likely to represent a shared mechanism for enzymatic inhibition.

As discussed above, a strong overlap between lysines modified by different acyl groups such
as acetylation and succinylation has been noted (Rardin, He, et al. 2013). Below we review a
few of the key enzymes and pathways that have been extensively characterized.

Pyruvate dehydrogenase

Pyruvate catabolism in the mitochondria is a key entry point for mitochondrial oxidative
metabolism. Flux through the multiprotein pyruvate dehydrogenase complex (PDC) limits
TCA cycle activity; its acetyl-CoA product drives the cycle forward. PDC is thus tightly
regulated, most notably by the competing activities of various kinases (PDKs) which
inactivate the PDC by phosphorylating it and pyruvate dehydrogenase phosphatase (PDP)
which reverses this inhibitory phosphorylation. Mammalian pyruvate dehydrogenase is a
large, symmetrically constructed complex with five unique protein sequences: DLAT is the
lipoylated core protein, with DLD and its adaptor protein E3BP occupying pores in the
DLAT structure and outer tethered subunits consisting of PDHAL and PDHB. Lysine
acetylation has been observed on DLD and PDHAL at multiple residues ((Rardin, Newman,
et al. 2013)), but a functional role for acetylation has only been demonstrated for
modification of lysine 321 of PDHAL ((Jing et al. 2013)). Acetylation of PDHA1 K321
recruits PDK leading to PDC phosphorylation and inhibition of its enzymatic activity. In
contrast, SIRT3 activates PDC at two different levels. First, SIRT3 deacetylates K321 and
second, SIRT3 also deacetylates PDP, enhancing its phosphatase activity on PDC and
thereby decreasing PDC phosphorylation. ((Fan et al. 2014)).

Lysine succinylation has been observed on DLAT in addition to DLD and PDHAL, including
multiple succinylations controlled by SIRT5 ((Rardin, He, et al. 2013)). However, the best-
demonstrated lysine acylation on the PDC is not metabolically-driven acetylation or
succinylation but rather lipoylation, which transfers acetyl groups from thiamine
pyrophosphate to coenzyme A as a key part of the enzyme complex’s function. Lipoylation
occurs at two sites in the E2 N-terminal region (K132 and K259 in the human sequence),
and is enzymatically reversed by SIRT4 ((Mathias et al. 2014)). Thus, SIRT3 and SIRT4
regulate the PDC in opposing directions; SIRT3’s clearance of lysine acetylation allows for
efficient PDC function, while SIRT4’s removal of enzymatically active cofactors from
specific lysine residues inhibits the PDC. The effect of SIRT5-mediated removal of PDC
succinylation is not known but would be expected to activate the enzyme similar to SIRT3.

Lipid Metabolism

SIRT3 promotes the efficient utilization of lipids as a primary source of acetyl-CoA during
fasting by activating long-chain acyl-CoA dehydrogenase, a key enzyme in the p-oxidation
of fatty acids, via deacetylation at K42 ((Hirschey et al. 2010)). Mice lacking SIRT3
accumulate p-oxidation precursors and intermediates, including triglycerides and long-chain
fatty acids. These mice also share other characteristics of human disorders of fatty acid
oxidation, including cold intolerance and reduced basal ATP levels ((Hirschey et al. 2010)).
SIRT3 also deacetylates (at K642 in the human protein or K635 in mice) and activates
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acetyl-CoA synthetase 2, an enzyme in extrahepatic tissues that activates acetate into acetyl-
CoA ((Schwer et al. 2006); (Hallows, Lee, and Denu 2006)). Acetate itself is produced in
the liver from acetyl-CoA and can be subsequently used in extrahepatic tissues as a form of
energy. SIRT3 therefore facilitates the catabolism of fatty acids in the liver and the
peripheral use of lipid-derived acetate and ketone bodies during fasting.

Ketone body synthesis

Increasing evidence support an important role for lysine acylation and sirtuins in regulating
ketone body biosynthesis. Ketone bodies are small lipid-derived molecules, which are
primarily produced in the liver under fasting conditions and distributed via the bloodstream
to metabolically active tissues, such as muscle or brain, and used as an alternative energy
source under glucose-sparing conditions. During hepatic ketogenesis, acetyl-CoA derived
from fatty acids via mitochondrial B-oxidation goes through four consecutive enzymatic
reactions and produces B-hydroxybutyrate as the end product. Interestingly, all the four
enzymes involved in this process (Thiolase, HMG-CoA synthase, HMG-CoA lyase, and
BOHB dehydrogenase) are heavily modified by lysine acylations including acetylation,
succinylation, glutarylation and malonylation ((Rardin, Newman, et al. 2013))((Rardin, He,
et al. 2013))((Park et al. 2013))((Tan et al. 2014))((Nishida et al. 2015)). Certain enzymes
contain more than a dozen modified sites and almost every enzyme contains at least one site
subject to SIRT3 or SIRTS5 regulation. Mice lacking SIRT3 or SIRT5 have reduced levels of
ketone bodies upon fasting, supporting a positive role for sirtuins in regulating ketone body
biosynthesis ((Shimazu et al. 2010))((Rardin, He, et al. 2013)).

The ketone body synthesis enzyme 3-hydroxy-3-methyglutaryl-CoA synthase isoform 2
(HMGCS2) catalyzes the rate limiting and irreversible step of condensation of acetyl-CoA
with HMG-CoA. SIRT3 and SIRT5 both positively regulate HMGCS2 activity via
respectively deacetylating and desuccinylating it ((Shimazu et al. 2010))((Rardin, He, et al.
2013)). SIRT3 deacetylates HMGCS?2 at lysines 310, 447, and 473 ((Shimazu et al. 2010)).
Structural simulations show that /in silico deacetylation of these three lysines causes
conformational changes of HMGCS2 near the catalytic site, suggesting acetylation might
interfere with the enzymatic activity via changing its conformation ((Shimazu et al. 2010)).
In agreement with this model, mutation of these lysines to arginines, which prevent
acetylation, enhance HMGCS2 enzymatic activity ((Shimazu et al. 2010)). SIRT5, on the
other hand, desuccinylates HMGCS2 at multiple lysine residues; two of the top regulated
sites, K83 and K310, are in close proximity to the substrate binding site of the catalytic
pocket ((Rardin, He, et al. 2013)). Structural analysis shows that the substrate binding site
for acetyl-CoA and HMG-CoA features a lysinerich highly positively charged patch
necessary for binding to the negatively charged phospho-ADP element in coenzyme A. This
highly positive microenvironment might be disrupted when the two lysines are modified by
negatively charged succinyl groups leading to a reduction in enzymatic activity. SIRT5, by
removing these succinyl groups, restores the positively charged microenvironment and
facilitates enzymatic function. Substitution of these two lysines with a succinyl-mimicking
amino acid (such as the a negatively charged glutamic acid), resulted in a complete loss of
enzymatic activity. Moreover, HMGCS?2 is also subject to glutarylation and malonylation
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((Tan et al. 2014))((Nishida et al. 2015)). Little is known regarding how these two
modifications might affect enzymatic activity of HMGCS2.

The health or disease consequences of disrupted ketone body production in the absence of
SIRT3 or SIRT5 have not been extensively studied. In addition to its crucial role in
intermediary metabolism, ketone bodies also possess signaling activities (Newman &
Verdin, 2014). Beta-hydroxybutyrate is an endogenous inhibitor of HDACs and can thereby
affect gene expression via chromatin modifications and regulate the response to oxidative
stress ((Shimazu et al. 2013)). Once can therefore speculate that a decrease in ketone body
production might increase sensitivity to oxidative stress.

The urea cycle was the first metabolic pathway found to be regulated by mitochondrial
sirtuins ((Nakagawa et al. 2009)). It primarily takes place in the liver and is the main
mechanism for the body to clear nitrogen waste resulting from protein turnover. Five
enzymes are involved in a series of reactions that occur both in mitochondria and cytosol
(Figure 3). The two mitochondrial enzymes, carbamoyl phosphate synthetase 1 (CPS1) and
Ornithine transcarbamylase (OTC), which carry out the first two steps of urea cycle
reactions, are both regulated by the activities of mitochondrial sirtuins.

CPS1, which catalyzes the initial step of the urea cycle by synthesizing carbamoyl phosphate
from ammonia and bicarbonate, is a target of lysine acetylation, succinylation, glutarylation
and malonylation ((Nakagawa et al. 2009))((Rardin, Newman, et al. 2013))((Du et al. 2011))
((Rardin, He, et al. 2013))((Park et al. 2013))((Tan et al. 2014))((Nishida et al. 2015)). CPS1
is the most heavily modified protein in mitochondria, possibly due to its high abundance and
relatively large size. At least 52 lysine sites are found to be acetylated, 44 sites succinylated,
33 sites glutarylated and 29 sites malonylated. SIRTS positively regulates CPS1 activity by
mediating desuccinylation, deglutarylation and possibly by deacetylation across multiple
sites ((Du et al. 2011))((Tan et al. 2014))((Nakagawa et al. 2009)). During fasting, calorie
restriction, or a high protein diet, CPS1 activity increases to adapt to the increase in amino
acid catabolism. Mice lacking SIRTS5 fail to upregulate CPS1 activity and show elevated
blood ammonia under these conditions ((Nakagawa et al. 2009))((Tan et al. 2014)).

SIRT3 is also an important regulator of the urea cycle. It targets the other mitochondrial
enzyme, ornithine transcarboxylase (OTC), by deacetylation of lysine 88 ((Hallows et al.
2011)). Metabolomic analysis of fasted mice lacking SIRT3 shows metabolite alterations in
the urea cycle ((Hallows et al. 2011)). Calorie restriction stimulates the urea cycle and up-
regulates OTC activity; this up-regulation of OTC activity is lost in the absence of SIRT3,
leading to increased orotic acid levels, a known outcome of OTC deficiency ((Hallows et al.
2011)). Interestingly, lysine 88 is also a target of succinylation and glutarylation ((Rardin,
He, et al. 2013))((Tan et al. 2014)). Whether SIRTS5 also regulates OTC activity by
mediating desuccinylation and deglutarylation has not been studied.

The three other enzymes in the urea cycle are located in the cytosol and are also malonylated
at multiple sites with demalonylation at some sites by SIRT5 (Nishida et al. 2015). These are
argininosuccinate synthase (ASSY), argininosuccinate lyase (ARLY), and arginase
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(ARGI1); ASSY is demalonylated by SIRTS at 2 of 11, ARLY at 1 of 6, and ARG at 3 of
16 malonyllysine sites. Given that SIRT5 is present in the nucleus and cytoplasm in addition
to mitochondria ((Matsushita et al. 2011))((Park et al. 2013))((Nishida et al. 2015)), it will
be interesting to test whether SIRT5 modulates the activity of the urea cycle via targeting of
both mitochondrial and cytosolic enzymes, or whether one compartment’s effects dominate.

Besides SIRT3 and SIRTS5, SIRT4 is also involved in the regulation of the urea cycle activity.
Glutamate dehydrogenase (GLUD?1) catalyzes the oxidative deamination of glutamate to a.-
ketoglutarate and ammonia, thereby providing a source of ammonia to enter the urea cycle.
SIRT4 inhibits GLUD1 function in pancreatic B cells ((Haigis et al. 2006)), raising the
possibility that mitochondrial sirtuins might oppose each other to fine tune the activity of
urea cycle via modulating different post-translational modifications on various enzymes in
this pathway.

Oxidative Stress

Reactive oxygen species (ROS) such as the superoxide anion (O57), hydroxyl radical (OH*)
and hydrogen peroxide (H,0,) are produced during metabolic activity and both directly
damage cellular components and drive signaling cascades throughout the cell ((Merksamer
et al. 2013)). As ROS production is chiefly mitochondrial, defenses against oxidative
damage in the mitochondrial matrix are particularly important. Mitochondrial protein
acylation can suppress the activity of key enzymes that protects again oxidative stress. The
mitochondrial SIRT3 deacetylates two of these enzymes: manganese superoxide dismutase
(MnSOD) (Tao et al. 2010) and isocitrate dehydrogenase 2 (IDH2)(Someya et al. 2010).
SIRT3 also deacetylates key enzymes that produce ROS such as unique subunits of the
electron transport chain ((Rahman et al. 2014)) and 2-oxoacid dehydrogenases ((Quinlan et
al. 2014)).

Manganese superoxide dismutase (MnSOD) catalyzes the decomposition of superoxide to
oxygen and hydrogen peroxide. Both MnSOD and the various mitochondrial superoxide
sources are acylated ((Rardin, Newman, et al. 2013), (Rardin, He, et al. 2013);(Tan et al.
2014)); MnSOD also carries glutarylation, succinylation, and acetylation at functionally
required lysine residues near its active site, K122 in particular bears all three modifications
((Tao et al. 2010)).

Hydrogen peroxide is detoxified by glutathione peroxidases and peroxiredoxins in the
mitochondrial matrix. These enzymes use reversible oxidation of catalytic selenol or thiol
groups to transfer electrons to an inter-glutathione disulfide bond, to glutathione
peroxidases, or to thioredoxins which are subsequently reduced by oxidizing glutathione.
Oxidized glutathione thus underpins all mitochondrial H,O, detoxification, and is reduced
by NADPH-dependent glutathione reductases ((Merksamer et al. 2013)). The NADPH
required for this process is generated from NADP* by the activities of either IDH2 or
glutamate dehydrogenase (GLUD1). IDH2 competes with NAD+-dependent IDH3 for
isocitrate; tuning the activity of IDH2 thus regulates available NADPH for H,0,
detoxification. IDH2 function is inhibited by acetylation, and its deacetylation by SIRT3
restores function ((Schlicker et al. 2008)). GLUDL1 is inhibited by SIRT4 ((Haigis et al.
2006)) and by acetylation which can be reversed by SIRT3 ((Schlicker et al. 2008)).
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Mitochondrial acylation from the top down: System-wide effects in disease

and in health

Cancer

A growing body of evidence links disturbances in mitochondrial protein acylation with
unique diseases, typically using whole-body genetic knockout mice but also via
identification of mutations in human genes. In contrast to the highly specified molecular
sites described above, the intermediates linking acylation to these associated disease states
are not known. Given the generally low stoichiometry of mitochondrial acylation sites, each
disease is likely mediated by multiple presently-unidentified acylations, each slightly but
cooperatively impairing mitochondrial function. These system-level confirmations that loss
of deacylation alters biology at the organismal level are therefore necessary rebuttals to the
contention that low-stoichiometry acylation is biologically insignificant.

Given the range of mechanisms giving rise to cancer, it is perhaps unsurprising that SIRT3
can play various roles in tumorigenesis, tumor growth and metastasis depending on context.
One potentially key role for mitochondrial acylation in tumorigenesis is in the initiation of
the Warburg effect, or the shift to glycolysis as the key energy source of the cell from
oxidative metabolism. SIRT3’s attenuation of reactive oxygen species production appears to
inhibit a glycolytic shift in potentially cancerous cells ((Finley et al. 2011); (Fan et al.
2014)). SIRT4 might also seem to drive a dependence on glucose via its inhibition of fat
oxidation and glutamine catabolism, but its overall growth-inhibiting effect results in
decreased metabolism and a sensitization to glucose inhibition rather than a Warburg-type
shift (Jeong et al, JBC 2014).

SIRT3 has been reported as pro-apoptotic ((Allison and Milner 2007)) and SIRT3 loss is
associated with a tumor-permissive environment via the inhibition of ROS production ((Kim
et al. 2010);(Bell et al. 2011);(Finley et al. 2011)). On the other hand, studies have indicated
a role in mediating tumor survival ((Alhazzazi et al. 2011);(Cheng et al. 2013)).
Additionally, dysfunctional mitochondria in certain types of cancer may be abetted in their
effects on cell survival, proliferation, and anabolism by SIRT3’s ability to combat
hyperacetylation.

SIRT4 likewise appears to control tumorigenesis ((Jeong et al. 2013), (Csibi et al. 2013)) by
inhibiting the high rate of glutamine metabolism associated with cancer growth; ADP-
ribosylation of glutamate dehydrogenase limits TCA cycle anaplerosis and NAD[P]H
generation ((Haigis et al. 2006)), and SIRT4’s delipoylation activity ((Mathias et al. 2014))
also suggests the potential for inhibitory delipoylation of the downstream oxoglutarate
dehydrogenase complex, which functions similarly to pyruvate dehydrogenase (discussed
above). SIRT4 control of tumorigenesis is therefore particularly relevant to c-Myc-driven,
mitochondrially active, glutamine-dependent tumors, while SIRT3 prevents less
mitochondrially active tumors.
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Neurological Disease

Given the effects already demonstrated of mitochondrial acylation in allowing tumorigenesis
and increasing production of reactive oxygen species, it should come as no surprise that
mitochondrial acylation can modulate neuronal function - and, more interestingly, that its
removal by sirtuins can help improve health. Recent work on sleep-related cognitive decline
found a role in for SIRT3 in maintaining defenses against oxidative damage in the
wakefulness-driving nucleus accumbens ((Zhang et al. 2014)). Similarly, SIRT3 function has
been shown to attenuate cell death after excitotoxic stress, and mediates the protective effect
of exercise against such stress ((Cheng et al. 2016)), possibly via deacetylation of
cyclophilin D ((Cheng et al. 2016),(Amigo et al. 2017)). Options for therapeutically
assisting sirtuins in maintaining low levels of mitochondrial acylation in the brain are,
however, limited - the blood-brain barrier precludes large classes of compounds from
reaching neurons. Recently, NAD+ supplementation via its precursors nicotinamide riboside
and nicotinamide mononucleotide has been shown to enhance SIRT3 function in tissues such
as skeletal muscle ((Canto et al. 2012)); the dosage scheme used in this study was
insufficient to induce deacetylation in neurons, but longer-term or higher-dose
administration may yet offer the best path towards assisting SIRT3 in neuronal
deacetylation.

Age- and noise-associated hearing loss

Caloric restriction extends life span and slows the progression of age-related hearing loss, an
age-related disorder associated with oxidative stress. Remarkably, SIRT3 is necessary for the
protective effect of calorie restriction on age-related hearing loss supporting a key role for
SIRT3-dependent mitochondrial adaptations against aging in mammals (Someya et al.
2010). SIRT3 also protects against hearing loss in response to intense noise exposure
(Brown et al. 2014).

As discussed above, intense noise exposure causes hearing loss by inducing degeneration of
spiral ganglia neurites that innervate cochlear hair cells. Cochlear NAD(+) levels increased
in mice after administering nicotinamide riboside, a precursor to NAD(+) and prevented
noise-induced hearing loss. These effects are dependent on SIRT3, since SIRT3-
overexpressing mice are resistant to noise-induced hearing loss and SIRT3 deletion
abrogates the protective effects of NR.

Metabolic syndrome, obesity, and diabetes

Hypernutrition and its associated disease states, such as obesity and type 2 diabetes, are
characterized by an increased availability of the acyl-CoA precursors which are believed to
drive the bulk of mitochondrial acylation. As already described, increasing NAD+ by
exogenous supplementation can protect against obesity ((Canto et al. 2012)) in part by
limiting mitochondrial acylation - but can mitochondrial acylation actually cause the disease
symptoms associated with excess calorie intake?

Current research argues both for and against a causative role for mitochondrial protein
acylation in metabolic disorders. SIRT3 knockout mice exhibit metabolic changes similar to
those observed in the human metabolic syndrome ((Hirschey et al. 2011);(Jing et al. 2013)),
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and a human SIRT3 polymorphism associated with reduced SIRT3 deacetylase activity is
associated with increased risk of metabolic syndrome in humans ((Hirschey et al. 2011). The
V2081 mutation caused by this polymorphism both increased the K, of SIRT3 for NAD+
and reduced the Vmax of the enzyme towards peptide substrate, reducing overall catalytic
efficiency and mimicking the effects of reduced SIRT3 expression at the whole-body level
and creating a ~1.4-fold increase in risk for metabolic syndrome ((Hirschey et al. 2011)).
However, tissue-specific knockdown of SIRT3 in liver or skeletal muscle does not
recapitulate these metabolic alterations, despite similar patterns of hyperacetylation in
C57Black6 mice ((Fernandez-Marcos et al. 2012)). The reason for this discrepancy is not
clear.

Pulmonary Arterial Hypertension

Aging

Idiopathic pulmonary hypertension is characterized by a progressive loss of blood
oxygenation due to increased blood pressure and fibrosis of the arteries supplying blood to
the lungs. Recent work by the Michelakis’s group has identified loss of SIRT3 function as a
potential cause of this disease ((Paulin et al. 2014)) via identification of a SIRT3
polymorphism previously associated with metabolic syndrome ((Hirschey et al. 2011) in a
cohort of 162 patients and controls. Increased acetylation of mitochondrial proteins in the
affected smooth muscle leads to mitochondrial hyperpolarization, increased proliferation,
suppressed apoptosis, and eventually to progressive arterial thickening. In other cell types,
loss of SIRT3 function leads to mitochondrial depolarization via impaired oxidative
phosphorylation and subsequent NAD+ synthesis. This hypertension study thus adds a new
dimension to the connection between acylation and disease; the same polymorphism can
lead to pathological gain of function in arterial cells and pathological loss of function in
metabolism. Loss of SIRT3 activity thus limits the functional envelope of mitochondria in
multiple directions, with the precise failure mechanism for a given disease depending on
which of many connected mitochondrial pathways is most taxed and thus most sensitive to
hyperacetylation.

A wide variety of diseases — including those previously discussed in this section — feature
age as a major risk factor. Accordingly, sirtuins’ role in protecting against multiple aging-
associated diseases places them squarely as “anti-aging” proteins; while sirtuins may not
alter the overall rate of organismal aging, their ability to forestall disease states makes their
function key to maximizing healthy lifespan. Additionally, aging has consequences for
sirtuin function at the organismal level outside the bounds of individual diseases. In
particular, age-dependent decreases in NAD+ limit sirtuin function; the NAD-destroying
enzyme CD38 was shown to induce mitochondrial dysfunction during aging in part by
limiting SIRT3’s ability to control mitochondrial hyperacetylation ((Camacho-Pereira et al.
2016)).

Senescence is an aging-associated defense against tumorigenesis which is characterized by a
permanent exit from the cell cycle and by a proinflammatory senescence-associated
secretory phenotype (SASP) which, early in life, assists in the clearance of senescent cells
and late in life causes pathological alterations to tissue structure and function. Recent work
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shows that SIRT3 and SIRT5 attenuate the SASP, in part by preventing dysfunctional
decreases in NAD+/NADH ratios ((Wiley et al. 2016)). The CD38-induced loss of NAD+
with age thus leads to increases in inflammatory SASP cytokines, which in turn lead to
proliferation of CD38-expressing cells; SIRT3 function, by attenuating the resulting loss of
mitochondrial function, helps keep this loop in check.

One of the few potential clinical interventions which works against aging across multiple
organisms is calorie restriction, which limits dietary intake to upregulate stress resistance
pathways and reroute metabolism. SIRT3 is required for many protective aspects of this
adaptive shift ((Someya et al. 2010); (Qiu et al. 2010); (Amigo et al. 2017)), such as
oxidative stress resistance and attenuated hearing loss. This fits with the larger paradigm of
SIRT3 playing a key role in adaptive responses to stress ((Cheng et al. 2016)); SIRT3 thus
fights aging by attenuating the development of systemic stressors such as NAD+ loss and by
enhancing our ability to survive the resulting insults.

Where Does Acylation Go from Here?

Current work has given us several large, and possibly comprehensive, datasets cataloguing
acylation modifications to a vast array of protein targets. In conjunction with this, we have a
modest - but growing - list of mitochondrial proteins where the contributions of acylation
have been verified to affect enzymatic function, and the beginnings of an understanding of
the mechanisms of acylation and its regulation. A remaining key question in the field is to
determine the stoichiometry of most acylations. Recent studies have begun to address this
key question in bacteria ((Baeza et al. 2014); (Baeza, Smallegan, and Denu 2015); (Weinert,
Moustafa, et al. 2015); (Weinert et al. 2017a)), and other systems ((Weinert, Moustafa, et al.
2015); (Weinert, lesmantavicius, et al. 2015); (Meyer et al. 2016)). With the exception of the
SILAC-based indirect stoichiometry method (which overestimates stoichiometry via
crosstalk with other lysine modifications), all the chemical labeling methods have concluded
that most of the mitochondrial protein acetylation sites are occupied at less than 1% on
average. This result raises significant concerns regarding the functional relevance of
acetylation in biological systems. Unless these modifications impart new function or activate
enzymes, inhibition by acetylation at a level of 1% seems unlikely to be relevant /in vivo. On
the other hand, mice lacking SIRT3, SIRT4 or SIRT5 exhibit significant biological metabolic
phenotypes that parallel the pathways that are shown to be hyperacylated. Given that studies
often find pathway-wide acylation, it may be that the cumulative effect of dozens of low-
occupancy modifications mediates biological effects. Future work in the field will need to
focus on addressing these key issues.

Furthermore, the rapidly expanding set of known acyl modifications should be further
expanded into the currently undiscovered products of nucleophilic reactions by various fatty
acid and amino acid intermediates found as thioester conjugates to coenzyme A. Past this,
one wonders whether other targets will in fact be found to be spontaneous acylated,; thiol
residues are as capable as deprotonated amines of mediating nucleophilic attack, if not more
so0, and are found in large numbers in the mitochondrial matrix ((Requejo et al. 2010)). A
recent study demonstrated spontaneous acetylation of thiols as a pathway towards lysine
modification ((James et al. 2017)). Both technical tools and case studies of biology
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developed to date through studying lysine acylation will frame future studies into post-
translational modifications in the mitochondria caused by reactive metabolites.
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Carrico et al. review recent advances in mapping and understanding acylation
modifications to mitochondrial proteins, such as acetylation and succinylation, and their
regulation by the sirtuins SIRT3-5. Best practices for proteome-wide mass spectrometry
are discussed, followed by case studies of how acylation modulates protein function and
health.
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Figure 1. Mass Spectrometry Methods for Relative Quantification of Site-Specific Protein

Acylation

Workflows pictured here reflect the respective studies from the text, and are representative of
the most common strategy although slight variations are used. The number of arrows along
each workflow indicates where sample mixing occurs, if at all. A, Workflow for Label-Free
Quantification (LFQ). B, Workflow for metabolic labeling of MEFs from mutant mice using
SILAC. C, Workflow for /in vitroisobaric labeling of peptides using TMT reagent. D,
Comparison of relative strengths and weaknesses among the methods in (A-C). All
strategies use protein isolation, trypsin digestion, immuno-affinity enrichment of the low-
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abundance peptides containing acetyl-lysine, and LC-MS/MS for identification and
quantification. All strategies can be combined with fractionation before LC-MSMS to
increase the number of identified acetylation sites, but this greatly complicates LFQ data
analysis.
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Figure 2. Mitochondrial Acylations are Regulated by SIRT3-5 by Structural Class
Any unmodified lysine residue can react non-enzymatically with the acyl-CoAs found in the

mitochondrial matrix. Which sirtuin reverses the resulting acyllysine is determined by
structural features of the product. SIRT3 reverses short-chain modifications such as
acetylation. SIRT5 reverses divalent modifications including succinylation, malonylation,
and glutarylation. SIRT4 reverses branched-chain modifications such as methylglutarylation.
Each sirtuin thus regulates the side products of acyl-CoAs corresponding to different facets
of mitochondrial metabolism.
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Figure 3. Mitochondrial Acylation and Sirtuin-Mediated Deacylation Affect The Urea Cycle At
Multiple Points

The urea cycle allows cellular disposal of nitrogen from mitochondrially catabolized
glutamate via mitochondrial conversion to carbamoyl phosphate, citrulline shuttling to the
cytosol, and loss of urea from arginine. Each enzyme in the pathway is depicted with the
number of known sirtuin-regulated sites of each acyl-lysine type shown. SIRT5
desuccinylates and deglutarylates CPS1 to allow efficient clearance of mitochondrial
ammonia; and SIRT3 deacetylates Ornithine Carbamoyltransfrase (OTC) to maintain its
function. Furthermore, SIRT5 expression in the cytosol maintains the conversion of
citrulline to argininosuccinate by demalonylating ASSY.
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Figure 4. Acyl-CoA Thioesters Are Common Intermediates In Mitochondrial Metabolism
All major nutrient classes - carbohydrates, fats, proteins, and ketone bodies - are catabolized

in part through mitochondrial pathway mediated by acyl-CoAs. Acetylation and
succinylation by acetyl-CoA and succinyl-CoA respectively are associated with TCA cycle
through all nutrient types, and have been characterized at the proteomic level by mass
spectrometry. Similar studies have identified glutarylated, malonylated, and propionylated
proteins in mitochondria. Whether the wide variety of lower-abundance acyl-CoA species
are in turn transduced into mitochondrial lysine acylation remains to be seen.
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