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Abstract

Malonyl-CoA is a central metabolite in fatty acid biochemistry. It is the rate-determining
intermediate in fatty acid synthesis but is also an allosteric inhibitor of the rate-setting step in
mitochondrial long-chain fatty acid oxidation. While these canonical cytoplasmic roles of
malonyl-CoA have been well described, malonyl-CoA can also be generated within the
mitochondrial matrix by an alternative pathway: the ATP-dependent ligation of malonate to
Coenzyme A by the malonyl-CoA synthetase ACSF3. Malonate, a competitive inhibitor of
succinate dehydrogenase of the TCA cycle, is a potent inhibitor of mitochondrial respiration. A
major role for ACSF3 is to provide a metabolic pathway for the clearance of malonate by the
generation of malonyl-CoA, which can then be decarboxylated to acetyl-CoA by malonyl-CoA
decarboxylase. Additionally, ACSF3-derived malonyl-CoA can be used to malonylate lysine
residues on proteins within the matrix of mitochondria, possibly adding another regulatory layer to
post-translational control of mitochondrial metabolism. The discovery of ACSF3-mediated
generation of malonyl-CoA defines a new mitochondrial metabolic pathway and raises new
questions about how the metabolic fates of this multifunctional metabolite intersect with
mitochondrial metabolism.
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1. Introduction.

Malonyl-coenzyme A (malonyl-CoA) is positioned at a central regulatory node in
mammalian metabolism to coordinate the synthesis and oxidation of fatty acids, which are
spatially- and temporally-segregated processes. Malonyl-CoA is generated by the biotin- and
ATP-dependent carboxylation of acetyl-CoA by the highly regulated acetyl-CoA
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carboxylase (ACC) in the cytoplasm and on the cytoplasmic-surface of the mitochondrial
outer membrane (Foster, 2012; Kerner et al., 2014; Ruderman et al., 2003; Saggerson, 2008;
Wolfgang and Lane, 2006). Malonyl-CoA can then be used by fatty acid synthase (FASN) to
generate long-chain fatty acids, or be used for chain-elongation of fatty acids (Kerner et al.,
2014). Therefore, malonyl-CoA represents the rate-determining and committed metabolite in
de novo fatty acid synthesis. Concomitantly, malonyl-CoA acts as an allosteric inhibitor of
carnitine palmitoyltransferase 1 (CPT1), the rate-setting step in the mitochondrial p-
oxidation of long-chain fatty acids (Zammit et al., 1997). Therefore, malonyl-CoA, by
participating in fatty acid synthesis and inhibiting mitochondrial long-chain fatty acid
oxidation, is the metabolite that mediates the basic metabolic logic whereby fatty acid
synthesis and oxidation do not occur simultaneously. This regulatory role extends beyond
eukaryotes, as many bacteria utilize malonyl-CoA not only as a fatty acid biosynthetic
intermediate but also as a transcriptional regulator. The highly conserved bacterial fatty acid
and phospholipid regulator, FapR, acts as a transcriptional repressor to inhibit the expression
of genes responsible for the synthesis of saturated fatty acids (Schujman et al., 2003).
Malonyl-CoA binding to FapR signals the abundance of substrate for fatty acid biosynthesis,
and a conformational shift in FapR promotes its release from the operon to permit
transcription (Schujman et al., 2006). In these ways, malonyl-CoA represents an important
metabolic and regulatory node in fatty acid metabolism.

The synthesis of malonyl-CoA has garnered extensive investigation. Acetyl-CoA
carboxylase (ACC) is a well characterized enzyme that generates most of the cellular
malonyl-CoA and is highly sensitive to cellular energy charge. ACC is perhaps the best-
characterized canonical target of AMP-activated protein kinase (AMPK) as AMPK
phosphorylates and inhibits ACC under low energy status to suppress energydemanding fatty
acid synthesis (Hardie et al., 2012; Munday and Hemingway, 1999). ACC is encoded by two
separate genes in mammals, ACC1 and ACC2 that exhibit unique subcellular and tissue
distributions. ACC1 is a large enzyme that forms extensive filaments when activated by one
of its allosteric activators, citrate (Hunkeler et al., 2018; Meredith and Lane, 1978). ACC2
does not form filaments but is instead anchored to the outer mitochondrial membrane facing
the cytoplasm and is enriched in tissues that perform a high degree of fatty acid oxidation
such as skeletal muscle and heart (Abu-Elheiga et al., 2000; Ha et al., 1996). While the
acetyl-CoA used by ACC to generate malonyl-CoA is localized in the cytoplasm, most of
the acetyl-CoA is derived from the ATP-citrate lyase-dependent breakdown of citrate that
has been transported to the cytoplasm from mitochondria. This enables carbohydrates like
glucose and fructose to generate abundant substrates for fatty acid synthesis and intimately,
but indirectly, involves mitochondria.

ACC-derived malonyl-CoA can then be used to extend fatty acids by two-carbon units by
FASN or fatty acid elongases, which are both localized in the cytoplasm. Both acetyl-CoA
and malonyl-CoA are membrane-impermeable and almost all of the canonical enzymatic
machinery for the generation and use of malonyl-CoA that has been described is localized
exclusively to the cytoplasm. The main purpose of malonyl-CoA is to drive de novo fatty
acid synthesis, and pharmacological inhibition of FASN was sufficient to increase cellular
malonyl-CoA concentrations and was cytotoxic to cultured breast cancer cells (Pizer et al.,
2000; Wu et al., 2014). This increase in malonyl-CoA was ACC-dependent, and
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pharmacological inhibition of both ACC and FASN reduced the cytotoxicity of FASN
inhibition alone (Pizer et al., 2000). In a similar manner, pharmacological activation of
AMPK, particularly in combination with other inhibitors of metabolism or signal
transduction, may be a useful strategy to treat a variety of cancers (Candido et al., 2018).
Although the effects of malonyl-CoA concentrations in the context of disease are
incompletely known, there are physiologically relevant roles for malonyl-CoA beyond its
use as a lipogenic substrate and allosteric inhibitor of mitochondrial fatty acid oxidation.

Tissues with limited expression of FASN, such as mammalian muscle, generate cytoplasmic
malonyl-CoA via ACC to regulate fatty acid oxidation (Funai et al., 2013; Pender et al.,
2006). It has been proposed that ACC2 is anchored on the mitochondrial outer membrane so
that its product, malonyl-CoA is juxtaposed to its allosteric target, Cptlb (Abu-Elheiga et al.,
2001). However, empirical evidence for the physiological significance for this juxtaposition
on the regulation of fatty acid oxidation is lacking (Hoehn et al., 2010; Olson et al., 2010).
Muscle regulates malonyl-CoA concentrations primarily by its decarboxylation via malonyl-
CoA decarboxylase, MLYCD, rather than its use as a substrate for FASN (Rodriguez et al.,
2014; Saha et al., 2000). Curiously, MLYCD contains putative peroxisomal and
mitochondrial targeting sequences and can be readily found in mitochondria (FitzPatrick et
al., 1999; Kerner and Hoppel, 2002; Laurent et al., 2013; Sambandam et al., 2004). Its
localization to the cytoplasm is likely due to a weak initial Kozak sequence allowing
transcription to begin downstream of the putative mitochondrial targeting signal (Voilley et
al., 1999). The mitochondrial localization of MLYCD suggests that its substrate, malonyl-
CoA, may be present within that organelle. How malonyl-CoA, which is membrane-
impermeable, can be generated in or gain access to the mitochondrial matrix has been a
longstanding mystery. This has been at least partly resolved by the discovery of a eukaryotic
mitochondrial malonyl-CoA synthetase, ACSF3, localized to the mitochondrial matrix
(Chenetal., 2011).

2. ACSF3, a mitochondrial malonyl-CoA synthetase.

Acyl-CoA synthetase (ACS) enzymes are essential for activating fatty acids for further
metabolic processes by catalyzing the ATP-dependent ligation of CoA onto a diverse array
of fatty acids. Members of the ACS enzyme family are broadly distributed across tissues and
organelles and act upon a wide range of structurally diverse fatty acids (Ellis et al., 2015). In
addition to activating fatty acids, there is evidence that ACS isoforms can also direct fatty
acids into specific metabolic fates (Ellis et al., 2010; Ellis et al., 2011). ACSF3 was
originally described as an orphan member of the ACS family of enzymes because it was part
of a structurally unique and enigmatic branch of ACS enzymes and its preferred fatty acid
substrate was not known (Watkins et al., 2007). The Arabidopsis ACSF3 ortholog, Acyl
Activating Enzyme 13, was described as a eukaryotic malonyl-CoA synthetase essential for
plant growth and viability, especially in the presence of exogenous malonate (Chen et al.,
2011; Guan and Nikolau, 2016). Like other acyl-CoA synthetases, ACSF3 ligates Coenzyme
A to its co-substrate, malonate, in an ATP-dependent manner (Figure 1). Human ACSF3
localizes to the mitochondrial matrix to produce malonyl-CoA from malonate within that
organelle (Witkowski et al., 2011). Mitochondrial malonate is an endogenous dicarboxylic
acid that is a classic competitive inhibitor of succinate dehydrogenase, a component of the

Adv Biol Regul. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bowman and Wolfgang Page 4

tricarboxylic acid (TCA) cycle and Complex Il of the electron transport chain (Quastel and
Wooldridge, 1928). As such, malonate is often used as a metabolic toxin to destroy striatal
neurons in models of Parkinson’s disease (Beal et al., 1993; Moy et al., 2000; Zeevalk et al.,
1997) or to inhibit mitochondrial respiration (Salabei et al., 2014). Since malonate is an
effective inhibitor of mitochondrial respiration, a robust detoxifying enzyme would be
important to eliminate this endogenous antimetabolite and prevent it from disrupting normal
metabolism. In this way, ACSF3 may participate in a metabolite proofreading system to
clear endogenous malonate and prevent inhibition of mitochondrial respiration (Van
Schaftingen et al., 2013).

The source of malonate in mammalian systems has not been well worked out, but it likely
comes at least in part from the non-enzymatic hydrolysis of cytoplasmic malonyl-CoA. CoA
thioesters are highly susceptible to non-enzymatic hydrolysis, and malonyl-CoA
concentrations correlate with conditions of high de novo fatty acid synthesis
(Bandyopadhyay et al., 2006; Zhao et al., 2009). Malonyl-CoA concentrations are
maintained lower than other short-chain acyl-CoAs /n vivo (Sadhukhan et al., 2016), and this
may be related to the potency of malonate as an inhibitor of mitochondrial respiration. In
addition to non-enzymatic hydrolysis of malonyl-CoA, there could be a role for enzymatic
hydrolysis by the acyl-CoA thioesterase family of enzymes (Tillander et al., 2017). Another
possible source of malonate could be the unintended production from an enzymatic reaction
for which malonate precursors are not the primary substrates. For example, propionyl-CoA
carboxylase in the mitochondrial matrix can carboxylate acetyl-CoA to malonyl-CoA;
however, this reaction occurs at a rate 100 times slower than propionyl-CoA carboxylation
(Hegre et al., 1959). There is also evidence that, in plants and in pig heart, malonate could be
generated from the decarboxylation of oxaloacetate (de Vellis et al., 1963; Vennesland and
Evans, 1944). Additionally, some bacterial species can generate malonate from pyrimidines
(Hayaishi and Kornberg, 1952). A pathway of malonate generation from beta-alanine and
malonate semialdehyde has also been proposed in humans, but the enzymatic requirements
for these metabolic conversions have not been fully established (Scholem and Brown, 1983).
Malonate may also be formed from the oxidation of malondialdehyde, an indicator of
oxidative stress (Chen et al., 2011). While the sources of cellular malonate are incompletely
defined, nevertheless, a major role for ACSF3 is to activate the toxic, endogenous
antimetabolite malonate into malonyl-CoA that can be decarboxylated to acetyl-CoA and
therefore fully oxidized within the TCA cycle (Figure 1). Next, the metabolic consequences
of impaired malonate and malonyl-CoA metabolism in human disease are discussed.

3. Human genetics of malonate and malonyl-CoA metabolism

Inborn errors of MLYCD result in a combined malonic and methylmalonic aciduria
(FitzPatrick et al., 1999; Gao et al., 1999; Wightman et al., 2003). The severe malonic and
methylmalonic aciduria characteristic of MLYCD deficiency is accompanied by
developmental delay, seizure disorders, hypoglycemia, and cardiomyopathy. Recently,
patients that presented with combined malonic and methylmalonic aciduria that did not
exhibit mutations in MLYCD were found to have nonsynonymous mutations in the ACSF3
gene (Alfares et al., 2011; Sloan et al., 2011). The similarities in the phenotypes of MLYCD
and ACSF3 deficiencies suggest that they exist in the same biochemical pathway.
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Additionally, they are genetically linked in mammals suggesting their coinheritance may be
evolutionarily advantageous. This presents a metabolic rationale for why MLYCD is
localized within mitochondria—toxic malonate may be metabolized within mitochondria
through the subsequent activities of ACSF3 and MLYCD. Together, the mitochondrial
malonyl-CoA synthetase and decarboxylase perform a critical metabolic editing function,
allowing highly oxidative tissues to continue to respire unabated by malonate inhibition.
Importantly, malonate is a more potent inhibitor of succinate dehydrogenase than the other
acidemias that accompany these metabolic deficiencies (Kolker et al., 2003). In addition,
ACS enzymes are feedback inhibited by their product, therefore, the loss of MLYCD and
subsequent increase in malonyl-CoA would be predicted to inhibit ACSF3 activity and
overwhelm its ability to detoxify malonate. Therefore, the coordinated metabolism of
malonate by these two enzymes is critical for malonate metabolism.

While the evidence from human genetics presented above is rather convincing that mutations
in ACSF3 cause a devastating inborn error of metabolism, more recent evidence has called
this into question. Due to the serious nature of malonic and methylmalonic aciduria, some
regions have begun screening newborns for these metabolites. The screening has discovered
patients with malonic and methylmalonic aciduria that have mutations in ACSF3 with no
apparent adverse phenotype (Levtova et al., 2018). These mutations are not null for ACSF3;
therefore, it is not clear how much residual ACSF3 activity exists in these patients given that
the adverse actions of malonic and methylmalonic aciduria did not reach a clinically
significant threshold. Additionally, while a full phenotype of ACSF3 knockout mice has not
been described, a preliminary report suggests they have neurological impairments (Epping et
al., 2015). Clearly, more work is needed to elucidate the clinical significance of ACSF3
mutations.

One function of ACSF3 that has been proposed was that it generated malonyl-CoA in the
matrix of the mitochondria to enable mitochondrial type 1l fatty acid synthesis (Guan and
Nikolau, 2016; Witkowski et al., 2011). Mitochondrial fatty acid synthesis is to be
contrasted with type | fatty acid synthesis that exists in the cytoplasm of mammalian cells.
Type Il fatty acid synthesis is a more ancient form of lipogenesis that occurs exclusively in
the mitochondrial matrix to generate octanoyl-ACP (acyl-carrier protein), which is a
substrate for the synthesis of lipoic acid, a required cofactor for 2-oxoacid dehydrogenases
such as pyruvate dehydrogenase and a-ketoglutarate dehydrogenase (Hiltunen et al., 2010;
Hiltunen et al., 2009; Solmonson and DeBerardinis, 2018). Others have shown that ACSF3-
mediated generation of mitochondrial malonyl-CoA contributed to lipoic acid synthesis by
shRNA knockdown in cells /n vitro (Witkowski et al., 2011). Our laboratory has generated
human cells with a null mutation in ACSF3 by CRISPR/Cas9 genome engineering that
recapitulated many of the biochemical features of ACSF3 deficiency and could not
metabolize malonate (Bowman et al., 2017). These ACSF3-deficient cells, however, did not
exhibit any defects in protein lipoylation. Cells cannot scavenge lipoic acid from cell culture
media so this suggests that ACSF3 is not required for mitochondrial type Il de novo fatty
acid synthesis (Habarou et al., 2017; Mayr et al., 2014). Another putative source of
mitochondrial malonyl-CoA for type Il fatty acid synthesis is the carboxylation of acetyl-
CoA to malonyl-CoA by propionyl-CoA carboxylase in the mitochondrial matrix; however,
this reaction occurs at a very low rate compared to propionyl-CoA carboxylation (Hegre et
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al., 1959). The loss of lipoic acid synthesis or other components of mitochondrial type Il de
novo fatty acid synthesis results in a devastating phenotype and almost total loss of
mitochondrial respiration (Smith et al., 2012; Yi and Maeda, 2005). Given that ACSF3
deficiency does not phenocopy defects in lipoic acid synthesis, the genetics and
biochemistry do not support a requirement for ACSF3 in mitochondrial type Il de novo fatty
acid synthesis. Interestingly, some plants such as petunia flowers do utilize a malonyl-CoA
synthetase for lipid and pigment biosynthesis, including the anthocyanins that give them
their vibrant colors (Chen et al., 2017). While ACSF3-derived malonyl-CoA contributes to
biosynthetic routes in certain organisms, human cells are able to catabolize mitochondrial
malonyl-CoA. Another fate of mitochondrial malonyl-CoA is described next and depends on
the chemical energy that is used by ACSF3 to generate the malonyl-CoA thioester bond.

Lysine Malonylation.

The high-energy thioester bond of an acyl-CoA is ideal for acyltransferase reactions to
facilitate anabolic or catabolic metabolism. It also enables their transacylation to proteins
facilitated both by enzymatic transfer and non-enzymatic addition under high substrate
concentrations. Acetylation of proteins is the most well characterized post-translational
protein acylation having empirically established roles in regulating enzyme activity,
transcription factor regulation, and affecting histone-mediated transcriptional activity.
Although acetylation is the most widely studied, essentially all acyl-CoAs can have their
acyl group transferred to a protein substrate including the short-chain acyl-CoAs derived
from dicarboxylic acids: malonyl-CoA, succinyl-CoA, and glutaryl-CoA (Azevedo and
Saiardi, 2016; Hirschey and Zhao, 2015; Lin et al., 2012). These CoA esters of dicarboxylic
acids have been shown to robustly acylate lysine residues (Kulkarni et al., 2017; Pougovkina
et al., 2014; Wagner et al., 2017). While a dedicated enzyme responsible for malonylating
proteins has not been identified, there is a report of carnitine palmitoyltransferase 1a, Cptla,
exhibiting moonlighting activities as a succinyltransferase (Kurmi et al., 2018). While the
addition of acyl moieties to lysine residues occurs via an unidentified acyltransferase or via
non-enzymatic addition, Sirt5 has been shown to be an NAD-dependent lysine demalonylase
and desuccinylase that is localized mainly to the mitochondrial matrix (Du et al., 2011; Peng
etal., 2011). A knockout mouse model of Sirt5 is associated with a 2-fold increase in fasting
blood ammonia with modest suppression of Cpsl activity which is required for
mitochondrial urea cycle function (Nakagawa et al., 2009). It is not clear if the small change
in Cps1 activity in this model impacts the urea cycle, increases fasting blood ammonia
directly, or results in broader mitochondrial defects, but Sirt5 deficiency did not result in
further overt metabolic consequences (Yu et al., 2013). Recent studies suggest that Sirt5
regulates heart function and is protective in models of cardiac ischemia-reperfusion injury
and pressure overload (Boylston et al., 2015; Hershberger et al., 2017; Sadhukhan et al.,
2016). Proteomic investigations have demonstrated that the loss of Sirt5 drives the up-
regulation of succinylated, malonylated, and glutarylated proteins in multiple cellular
compartments (Nishida et al., 2015; Park et al., 2013; Rardin et al., 2013; Tan et al., 2014).
Reciprocally, the overexpression of Sirt5 down-regulates succinylated and malonylated
proteins, but mice that globally and robustly overexpress Sirt5 exhibit a fairly mild
phenotype (Bentley et al., 2018). Although examples of lysine malonylation and
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succinylation of specific target proteins have been highlighted as the parsimonious
explanation for the observed phenotypes of Sirt5 knockout mice, a broader explanation of
the biological function and regulatory potential of these modifications has not yet been
demonstrated.

Mouse models of obesity and diabetes that exhibit enhanced de novo lipogenesis, such as the
ob/ob mouse, show an increase in protein lysine malonylation (Bowman et al., 2017; Du et
al., 2015). Additionally, fasting, a time of suppressed de novo lipogenesis, correlates with a
decrease in malonylation (Nishida et al., 2015). These data suggest that protein malonylation
and fatty acid synthesis are linked and that cytoplasmic malonyl-CoA is likely an
endogenous source of malonate. Consistent with our model of malonate metabolism, the loss
of MLYCD generates a dramatic increase in mitochondrial malonylated proteins due to an
increase in malonyl-CoA concentration (Colak et al., 2015). Our laboratory has shown that a
loss of ACSF3 results in the inability of cells to malonylate mitochondrial proteins due to a
loss of mitochondrial malonyl-CoA without affecting succinylation (Bowman et al., 2017).
In a setting of ACSF3 loss-of-function, there are metabolic effects that are independent of
malonate-mediated inhibition of SDH, suggesting that malonylation can have independent
effects on mitochondrial function.

Eukaryotes express an abundant number of protein acyltranferses within the cytoplasm and
nucleus. However, it is not apparent that mitochondria express enzymes capable of lysine
acylation or at least evidence for their existence has not been strong. Alternatively, it has
been argued that mitochondrial lysine acylation occurs via hon-enzymatic addition (Weinert
et al., 2015). This mode of post-translational modification does not preclude an important
role in regulation, as this would likely be a way to evolve post-translational functionality.
However, it may suggest that for many of the sites identified as modified by acetylation,
succinylation, malonylation, etc., there may not be direct regulatory functions. Rather,
removal of the acyl modification may be required to retain efficient activity or protein-
protein interactions. The function of deacetylases and demalonylases may be less akin to a
novel regulatory function but may be a mechanism of protein quality control (Wagner and
Hirschey, 2014). None-the-less, a better understanding of the roles and mechanism of
mitochondrial protein acylation is needed.

5. Summary.

Malonyl-CoA lies at a critical metabolic mode in cellular metabolism. It has been shown to
play important roles in cytoplasmic fatty acid biochemistry as all of the canonical enzymatic
machinery for its production and use is located there. However, the discovery of a malonyl-
CoA generating enzyme within the matrix of mitochondria opens new avenues for discovery
of the roles and requirements of this important metabolite in an unexpected cellular location.
ACSF3 is a mitochondrial enzyme that generates malonyl-CoA from the toxic antimetabolite
malonate. Therefore, ACSF3 performs a critical metabolic editing function to enable highly
metabolically active cells to continue to respire. Although it is likely that malonate is
endogenously generated, the route of synthesis and how it is regulated needs to be defined
empirically. A better understanding of malonate generation and the effects of mitochondrial
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protein malonylation could also be used to devise rational nutritional and/or
pharmacological interventions for malonic acidurias.
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