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Abstract

3-methylglutaric (3MG) acid is a conspicuous C6 dicarboxylic organic acid classically associated
with two distinct leucine pathway enzyme deficiencies. 3MG acid is excreted in urine of
individuals harboring deficiencies in 3-hydroxy-3-methylglutaryl (HMG) CoA lyase (HMGCL) or
3-methylglutaconyl CoA hydratase (AUH). Whereas 3MG CoA is not part of the leucine catabolic
pathway;, it is likely formed via a side reaction involving reduction of the a-8 #ans double bond in
the leucine pathway intermediate, 3-methylglutaconyl CoA. While the metabolic basis for the
accumulation of 3MG acid in subjects with deficiencies in HMGCL or AUH is apparent, the
occurrence of 3MG aciduria in a host of unrelated inborn errors of metabolism associated with
compromised mitochondrial energy metabolism is less clear. Herein, a novel mitochondrial
biosynthetic pathway termed “the acetyl CoA diversion pathway”, provides an explanation. The
pathway is initiated by defective electron transport chain function which, ultimately, inhibits acetyl
CoA entry into the TCA cycle. When this occurs, 3MG acid is synthesized in five steps from
acetyl CoA via a novel reaction sequence, providing a metabolic rationale for the connection
between 3MG aciduria and compromised mitochondrial energy metabolism.
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Introduction

1.1 Primary 3MG aciduria.

3-methylglutaric (3MG) acid was originally identified as an organic acid present in urine of
individuals harboring one of two distinct leucine catabolic pathway enzyme deficiencies.
3MG aciduria is known to occur in individuals with mutations in either 3-hydroxy-3-
methylglutaryl CoA (HMG CoA) lyase (HMGCL) [1] or 3-methylglutaconyl CoA hydratase
(AUH) [2]. In these disorders, leucine catabolism is effectively blocked (Figure 1) resulting
in “primary” 3MG aciduria. When the leucine metabolic pathway is blocked in this manner,
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the resulting accumulation of upstream pathway intermediates leads to the formation of
characteristic organic acids that are excreted in urine. For example, in HMGCL deficiency,
abundant organic acids include HMG acid, 3-methylglutaconic (3MGC) acid, 3-
hydroxyisovaleric (3HIV) acid and 3MG acid. Likewise, in the case of AUH deficiency (see
Figure 1), 3 major organic acids are produced including 3MGC acid, 3HIV acid and 3MG
acid. As expected, HMG acid accumulation is not observed in AUH deficiency. Moreover,
consistent with a block in the leucine catabolic pathway, administration of leucine to
subjects with primary 3MG aciduria leads to increased excretion of these organic acids [3].

It is generally considered that the final step in organic acid production is thioester hydrolysis
of the corresponding acyl CoA. In the case of HMG acid and 3MGC acid, for example, as
the leucine pathway intermediates HMG CoA and / or SMGC CoA accumulate, acyl CoA
thioesterase (ACOT)-mediated thioester hydrolysis is the only reaction involved. In the case
of 3HIV acid, however, this organic acid is thought to arise from alternate metabolism of the
leucine catabolism pathway intermediate, 3-methylcrotonyl CoA. As the concentration of 3-
methylcrotonyl CoA increases as a result of a downstream enzyme deficiency, it undergoes a
side reaction, presumably catalyzed by crotonase, a member of the enoyl CoA hydratase
superfamily [4, 5]. In this reaction, the a- #rans double bond in 3-methylcrotonyl CoA is
hydrated, forming 3HIV CoA. As 3HIV CoA levels increase, it serves as a substrate for
ACOT-mediated thioester hydrolysis, generating 3HIV acid and free COASH. The final
organic acid that accumulates in these disorders is 3MG acid. As with 3HIV CoA, 3MG
CoA is not part of any known biochemical pathway and is presumed to arise directly from a
side reaction involving reduction of the a- #rans double bond in the leucine pathway
intermediate, 3BMGC CoA. As 3MG CoA levels increase in mitochondria, it becomes a
substrate for ACOT-mediated thioester hydrolysis, generating 3MG acid and free CoOASH.
Insofar as mitochondrial COASH is involved in fatty acid and intermediary metabolism,
ACOT-mediated thioester hydrolysis of these acyl CoAs effectively serves a protective role
by replenishing the free CoASH / acyl CoA ratio. Moreover, release of CoOASH reduces
toxicity associated with increased concentrations of acyl CoAs [6].

Among the reactions involved in production of these four organic acids, all but three are well
characterized. Of the three less well studied reactions, the enzyme involved in the conversion
of 3-methylcrotonyl CoA to 3HIV CoA is likely to be crotonase [7, 8]. Crotonase normally
catalyzes hydration of crotonyl CoA to 3-hydroxybutyryl CoA. In the present case, however,
crotonase is postulated to accept 3-methylcrotonyl CoA as an alternate substrate, yielding
3HIV CoA (Figure 1). Although there are many members of the enoyl CoA hydratase
enzyme family [4], including AUH, given the structural similarity between crotonyl CoA
and 3-methylcrotonyl CoA, crotonase is the most likely member of the enoyl CoA hydratase
enzyme family to catalyze this reaction. Given that 3HIV acid does accumulate under
normal physiological circumstances, it may be inferred that 3-methylcrotonyl CoA is not a
preferred substrate for crotonase and, therefore, this enzyme is unlikely to compete with 3-
methylcrotonyl CoA carboxylase for this substrate. On the other hand, when there is a
downstream block in the leucine catabolism pathway, causing 3-methylcrotonyl CoA levels
to rise dramatically, this side reaction does proceed. Whereas conversion of short chain (i.e
C5 or C6) acyl CoAs to the corresponding organic acid undoubtedly involves an ACOT, as
many as 15 unique ACOT enzymes exist in the cell and several of these localize to
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mitochondria [9]. Based on studies of their subcellular localization and substrate specificity,
it may be inferred that ACOT 9 plays a role in production of one or more of the four organic
acids under discussion here [10].

Conversion of 3MGC CoA to 3MG CoA is also likely to occur via a side reaction. However,
since few, if any, mitochondrial enzymes catalyze the reduction of frans a.-8 double bonds in
acyl CoA substrates, the identity of the responsible enzyme has eluded investigators.
Considering the chemistry required for conversion of 3SMGC CoA to 3MG CoA, Faull et al
[11] proposed two possible enzyme-mediated routes. First, they surmised that isovaleryl
CoA serves as an alternate substrate for 3-methylcrotonyl CoA carboxylase, an enzyme
which normally carboxylates 3-methylcrotonyl CoA to form 3MGC CoA (see Figure 1). If
this mechanism were operative, however, one would expect 3MG acid to appear in urine of
patients with isovaleric aciduria caused by a deficiency in isovaleryl CoA dehydrogenase,
yet this is not observed [12]. A second possibility is that SMGC CoA serves as an alternate
substrate in a reversal of the reaction normally catalyzed by isovaleryl CoA dehydrogenase,
an enzyme that converts isovaleryl-CoA to 3-methylcrotonyl CoA in the leucine metabolism
pathway. This scenario is also unlikely since 3aMGC CoA is a dicarboxylic compound while
3-methylcrotonyl-CoA is monocarboxylic. Other investigators have simply described the
formation of 3MG CoA from 3MGC CoA as catalyzed by a “non-specific reductase”
[13,14]. At this point more work is necessary to identify the enzyme involved in this
reaction.

1.2 Secondary 3MG aciduria.

Understanding the biochemical origin of 3MG acid has taken on additional importance given
its occurrence in numerous, seemingly disparate, inherited mitochondrial disorders
collectively referred to as “secondary” 3MG acidurias. Importantly, in every instance of
secondary 3MG aciduria, 3MG acid is present together with 3MGC acid, further supporting
a precursor / product relationship between 3MGC CoA and 3MG CoA. In contrast to
primary 3MG acidurias, however, neither 3HIV acid nor HMG acid (specific to HMGCL
deficiency) are present in secondary 3MG aciduria. Moreover, no leucine pathway enzyme
deficiencies have been reported in cases of secondary 3MG aciduria and, unlike primary
3MG aciduria, no further accumulation of 3MGC acid or 3MG acid occurs upon leucine
loading [3]. Thus, it may be concluded that, in secondary 3MG aciduria, characteristic
organic acids arise via a biosynthetic route that is independent of leucine catabolism. Clues
as to the nature of the biosynthetic pathway involved may be obtained through an
understanding of various inborn errors of metabolism that manifest 3MG aciduria as a
phenotypic feature (Table 1). An example of such a disorder is Barth Syndrome. The genetic
defect in Barth Syndrome is a mutation in the tafazzin (742) gene, which encodes a
cardiolipin transacylase. Ikon and Ryan [15] described how altered cardiolipin content and
composition in this disorder causes organic aciduria and, ultimately, cardiomyopathy.
Briefly, 7AZ mutation-induced defects in the content and composition of cardiolipin damage
inner mitochondrial membrane integrity which, in turn, impairs electron transport chain
(ETC) function. Two consequences of this are 1) reduced aerobic ATP production and 2)
increased reliance on anaerobic glycolysis, resulting in hypoglycemia and lactic acidemia.
The observation that, in at least 8 distinct mitochondrial disorders (Table 1), 3MGC acid and
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3MG acid accumulate, despite the absence of defects in the leucine catabolism pathway,
supports the existence of an alternate biosynthetic pathway in these disorders. Directly or
indirectly, each of the gene mutations listed in Table 1 impair mitochondrial function in a
way that perturbs oxidative metabolism. As described below, when this occurs, 3MGC acid
and 3MG acid are produced via a novel biosynthetic pathway.

1.3 The acetyl CoA diversion pathway.

In each of the gene mutations listed in Table 1, it is proposed that 3MG CoA is synthesized
de novo from acetyl CoA in five steps. Key to this reaction scheme is an accumulation of
acetyl CoA in the mitochondrial matrix due to a functional defect in the ETC. Such defects
affect one or more of the following: mitochondrial membrane lipid content and composition,
inner membrane protein/enzyme function or assembly of ATP synthase. Directly or
indirectly, these mutations have an impact on ) electron flux via the ETC, b) establishment
of a proton gradient or ¢) productive coupling of an established proton motive force to ADP
phosphorylation. When any of these functions is impaired, ATP production and energy
metabolism are compromised. Under these circumstances, NADH and FADH, generated
during oxidative metabolism of fuel molecules are not able to efficiently donate electrons to
the ETC. As levels of NADH rise in the mitochondrial matrix, enzymes that generate NADH
are subject to end product inhibition, thereby impeding key metabolic pathways, including
the TCA cycle. Given the tight coupling of FADH, oxidation to the ETC via electron
transferring flavoprotein activity, when ETC activity slows, decreased flavoenzyme FADH,
oxidation interferes with the activity of acyl CoA dehydrogenase enzymes (e.g. succinyl
CoA dehydrogenase).

As ETC activity slows in cardiac / skeletal muscle mitochondria as a result of these inborn
errors of metabolism, matrix levels of acetyl CoA rise, initiating the acetyl CoA diversion
pathway (Figure 2). Above a threshold level of matrix acetyl CoA, acetoacetyl CoA thiolase
(T2) functions in the reverse direction, catalyzing condensation of two acetyl CoA to
generate acetoacetyl CoA. In the second reaction, HMG CoA synthase 2 catalyzes the
condensation of acetoacetyl CoA and acetyl CoA, generating HMG CoA and CoASH.
Subsequently, this leucine pathway intermediate is dehydrated to 3MGC CoA by AUH in a
reversal of its usual direction in leucine metabolism [16]. Note that under normal
physiological circumstances, HMG CoA is a substrate for HMG CoA lyase, generating
acetoacetate and acetyl CoA. This reaction does not occur in this case because a) HMG CoA
lyase levels in heart / skeletal muscle tissue mitochondria are only a fraction of that in liver,
where it functions in ketone body production and b) accumulating acetyl CoA serves as an
end product inhibitor of the enzyme. Once formed, 3MGC CoA is unable to proceed further
upstream in the leucine catabolic pathway because the next reaction, catalyzed by 3-
methylcrotonyl CoA carboxylase, is irreversible. Thus, 3MGC CoA levels continue to rise,
driven by the accumulation of acetyl CoA in an environment where it is unable to undergo
oxidative metabolism. At this point 3MGC CoA has three possible fates: 1) if acetyl CoA
levels normalize it can be hydrated to form HMG CoA (via AUH activity) followed by
HMG CoA lyase-mediated conversion to acetoacetate and acetyl CoA (Figure 1). A second
possible fate of 3MGC CoA generated via the acetyl CoA diversion pathway is ACOT-
mediated thioester hydrolysis, generating 3MGC acid. Finally, a third fate of 3SMGC CoA is
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enzymatic reduction to form 3MG CoA. The enzyme responsible for this conversion is not
known and has been referred to as a “non-specific reductase” [13,14]. As described in
section 1.1, the reaction involves reduction of the a-B frans double bond in 3MGC CoA to
the corresponding saturated acyl CoA (i.e. 3MG CoA). In all likelihood, 3MGC CoA is not
the natural substrate for the enzyme in question but, instead, as its concentration increases in
the mitochondrial matrix, it serves as an alternate substrate. Once 3MG CoA is formed,
3MG acid is generated by ACOT-mediated thioester hydrolysis. As described below,
however, 3MG CoA can undergo other reactions as well.

1.4 Detection, differentiation and frequency of 3MG acidurias.

Detection of 3MG aciduria (primary and secondary) can be achieved by gas chromatography
— mass spectrometry analysis of patient urine samples [17]. This method is routine for many
organic acids and is generally correlated to mmol/mol creatinine. Alternatively, NMR
spectroscopy can be used as a method to detect 3MG acid [18].

Once the presence of 3MG acid has been verified, distinguishing between primary and
secondary 3MG aciduria can be achieved by one or more of the following analyses. In cases
of primary 3MG aciduria, a leucine loading test will result in increased levels of 3SMGC acid
and 3MG acid as a direct result of mutations in leucine pathway enzymes. On the other
hand, no such increase occurs in secondary 3MG aciduria [3]. Likewise, in primary 3MG
aciduria increased levels of 3HIV acid will be present while this acid is not produced in
secondary 3MG aciduria [19]. A third distinguishing feature is the ratio of 3MGC acid to
3MG acid (see section 1.6 below). It should be noted, however, that a definitive diagnosis
requires identification of the specific gene defect underlying the symptoms presented.

In terms of the frequency of these disorders, primary 3MG aciduria, caused by mutations in
HMG CoA lyase or 3-methylglutaconyl CoA hydratase (AUH), are considered rare [20], and
extremely rare [21], respectively. Likewise, the frequency of secondary 3MG acidurias is
rare to extremely rare. For example, the frequency of Barth syndrome (see Table 1) is
between 1 in 300,000 and 1 in 400,000 [22]. Because the responsible gene in Barth
Syndrome is X-linked, it is considered that this disorder may be more prevalent than other
inborn errors of metabolism listed in Table 1. In the case of mutations in DNAJC19,
however, the frequency of this disorder is more frequent in Canadian Dariusleut Hutterite
families, as a result of consanguineous relationships [23]. The remaining gene mutations that
give rise to this phenotype are considered very rare to extremely rare.

1.5 Alternate metabolic fates of 3MG CoA.

Once 3MG CoA is formed, because it is not part of a metabolic pathway, it is not able to
undergo energy yielding metabolism. Rather, its fate is restricted to three possible outcomes
(Figure 3). As mentioned above, 3MG CoA can undergo ACOT-mediated thioester
hydrolysis, forming 3MG acid. This organic acid product is destined for excretion in urine,
resulting in 3MG aciduria. A second potential fate involves a nonenzymatic intramolecular
rearrangement, forming a symmetric cyclic anhydride and free CoASH [14]. Once formed,
3MG anhydride is a reactive intermediate, capable of acylating lysine side chain amino
groups of mitochondrial proteins [24]. Studies of this phenomenon in HMG CoA lyase
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deficient mice have revealed that the NAD* dependent deacylase, sirtuin 4, enzymatically
removes 3MG from proteins. Consistent with this, sirtuin 4 knockout mice manifest
increased protein 3MGylation. Interestingly, proteins subject to this post translational
modification include leucine pathway enzymes, suggesting a potential regulatory function
[24]. Third, when sufficient amounts of free carnitine are available, 3MG CoA serves as a
substrate for carnitine acyltransferase-mediated formation of 3MG carnitine [13]. Carnitine
derivatization of small organic molecules is a widely known mechanism for exporting “dead
end” metabolites that would otherwise accumulate in the mitochondrial matrix. Indeed, in
newborn blood spot analysis, 3MG carnitine, detected by mass spectrometry, is used to
diagnose HMG CoA lyase deficiency. 3MG carnitine has also been reported in AUH
deficiency [25] and is likely to occur in secondary 3MG acidurias as well. To our
knowledge, however, the presence of 3MG carnitine in secondary 3MG aciduria has yet to
be reported.

Curiously, despite the fact that levels of 3SMGC acid (in AUH deficiency) or HMG acid (in
HMGCL deficiency) vastly exceed those of 3MG acid in primary 3MG acidurias, little, if
any, 3BMGC carnitine or HMG carnitine are formed [13]. This makes physiological sense
because 3BMGC CoA and HMG CoA are key metabolic intermediates in an important
biochemical pathway (i.e. leucine degradation). Since carnitine derivatization of small
organic molecules amounts to an export signal, this would result in waste of their carbon
skeletons. On the other hand, 3MG CoA (or 3HIV CoA) is not a metabolic pathway
intermediate and, once formed, its carbon skeleton cannot be used for energy production. In
this case it makes sense that, as small amounts of 3MG CoA are generated, carnitine
esterification provides a means to export it. However, given the relative amounts of 3MG
acid excreted in urine versus 3MG carnitine, it is evident that, in primary and secondary
3MG aciduria, ACOT-mediated formation of 3MG acid is a quantitatively important
reaction. It may be that, when the cell is replete with free carnitine, the relative proportion of
3MG carnitine versus 3MG acid formed, will increase. Likewise, when small amounts of
3MG CoA are generated, the preferred means to recover its COASH moiety and excrete the
carbon skeleton is carnitine ester formation. When aberrant physiological processes result in
increased 3MG CoA production, however, ACOT-mediated thioester hydrolysis becomes
active. In this case, free carnitine will be preserved for essential functions while, at the same
time, the pool of free CoOASH will be retained for vital metabolic processes. As they are
produced, both 3MG acid and 3MG carnitine are destined for export from mitochondria and
excretion in urine.

1.6 On the ratio of 3BMGC acid to 3MG acid.

In secondary 3MG aciduria, where no leucine pathway enzyme deficiencies exist, levels of
3MGC acid and 3MG acid in urine are far lower than values observed in cases of primary
3MG aciduria. At the same time, in general, the amount of 3MG acid relative to 3MGC acid
is higher in secondary 3MG aciduria. For example, in a case of HMGCL deficiency (primary
3MG aciduria), Santarelli et al [26] reported urinary 3MGC acid levels = 4100 pmol/mmol
creatinine (control value, 6 umol/mmol creatinine). In this individual, 3MG acid levels were
348 umol/mmol creatinine (control value, 7 pmol/mmol creatinine). While this SMGC acid
value is extremely high, the 3MG acid value is only modestly higher that values reported in
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Table 1 for secondary 3MG acidurias. Moreover, as mentioned above, leucine loading has
little or no effect on organic acid accumulation in secondary 3MG acidurias. In these
disorders, neither 3MGC acid or 3MG acid is produced from leucine catabolism but, rather,
they are synthesized de novo via the acetyl CoA diversion pathway. Differences observed in
the ratio of 3MGC acid to 3MG acid correlate with the nature of the metabolic defect
underlying their production. When 3MG aciduria is caused by a leucine metabolic enzyme
deficiency massive gquantities of 3MGC acid and relatively lower amounts of 3MG acid are
observed. On the other hand, when 3MG aciduria results from an inborn error of metabolism
associated with compromised mitochondrial energy metabolism, far lower amounts of
3MGC acid are present and the relative proportion of 3MG acid to 3MGC acid increases.
For example, the ratio of 3MGC acid to 3MG acid is in the range of 10 to 12 in primary
3MG acidurias [26,11,27,28] while it is closer to 4 in secondary 3MG aciduria (Table 1).

1.7 3MG acid toxicity.

Accumulation of 3MG acid has been reported to be toxic to neuronal tissue. Colin-Gonzalez
et al [29] found that 3MG acid exerts toxicity through early activation of an oxidative stress
response, resulting in mitochondrial dysfunction. It is conceivable that toxic effects elicited
by 3MG acid could act as a triggering factor for neurodegeneration during progression of
disorders associated with 3MG aciduria. In another study using rat brain tissue, da Rosa et al
[30], reaffirmed that oxidative damage is caused by organic acids, specifically HMG acid
and 3MG acid. These authors reported that intra-striatal injection of 3MG acid or HMG acid
increased the frequency and index of lipid and protein oxidation. In another study Ribeiro et
al [31] reported that accumulation of 3MG acid increases the potential for
neurodegeneration. Taken together these findings are consistent with the occurrence of
cerebral alterations in HMG CoA lyase deficiency and suggest the presence of two
independent mechanisms for export and excretion of 3MG acid (i.e. 3MG carnitine and
3MG acid) may serve a protective role by preventing irreparable tissue damage.

2.1 Conclusions.

Two distinct types of 3MG aciduria have been identified, termed primary and secondary. In
both types, 3MG acid is always accompanied by 3MGC acid. The observation that, without
exception, 3MGC acid is quantitatively more abundant that 3MG acid, the term 3MGC
aciduria is often used, with the implication is that 3MG acid will also be present. A key
outstanding question in this field relates to the nature of the enzyme responsible for
conversion of 3BMGC CoA to 3MG CoA. Improved knowledge of this reaction should
provide insight into the underlying mechanism whereby mitochondrial defects give rise to its
formation and explain the enzymology underlying a rare, if not unheard-of, mitochondrial
enoyl CoA reduction reaction. Moreover, characterization of this “non-specific reductase”
activity may yield insight into why secondary 3MG aciduria is associated with a higher
proportion of 3MG acid versus 3MGC acid, as compared to primary 3MG acidurias.
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AUH methylglutaconyl CoA hydratase
3HIV 3-hydroxyisovaleric

ACOT acyl CoA thioesterase

ETC electron transport chain
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Figure 1. Biosynthesis of organic acids associated with two leucine pathway enzyme deficiencies.
The leucine catabolism pathway is depicted on the left and right with the position of enzyme

deficiencies for HMG CoA lyase (left) and AUH (right) depicted by red filled rectangular

boxes. Molecules in the center depict side reactions caused by the buildup of pathway

intermediates that ultimately lead to the organic acid products (red boxes) that appear in
urine. Numbers refer to specific enzymes (see list). BCAA, branched chain amino acid.
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Figure 2. The acetyl CoA diversion pathway.
A sequence of five enzyme-mediated reactions that lead to 3MG acid from acetyl CoA is

depicted. Initially, T2 thiolase catalyzes a Claisen condensation of 2 acetyl CoA.
Acetoacetyl CoA generated by this reaction reacts with acetyl CoA in a second Claisen
condensation, catalyzed by HMG CoA synthase 2. Subsequently AUH hydratase dehydrates
HMG CoA to 3MGC CoA in a reversal of the leucine catabolic pathway reaction. 3SMGC
CoA is then reduced to 3MG CoA by an unknown “non-specific reductase”. Finally 3MG
CoA is hydrolyzed to 3MG acid by a mitochondrial ACOT.
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Figure 3. Alternate fates of 3MG CoA.
When 3MG CoA is formed in mitochondria, it has three potential fates. ACOT-mediated

thioester hydrolysis (left) gives rise to 3MG acid and CoASH. 3MG CoA can also undergo a
nonenzymatic intramolecular cyclization, with loss of CoASH, generating 3MG anhydride
(center). Once formed, 3MG anhydride can react with H,O to form 3MG acid or with
protein lysine side chain amino groups, forming a covalent protein adduct. In a third possible
fate, 3MG CoA can be converted to 3MG carnitine, with loss of CoASH, via the action of
carnitine acyltransferase (CrAT). Once formed, 3MG acid and 3MG carnitine are targeted
for export from mitochondria and excretion in urine.
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Table 1.

Gene defects associated with secondary 3MG aciduria
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Affected Gene Gene Function Location 3MGe acidl 3MG acidl Reference
(mmol/mol (mmol/mol
creatinine) creatinine)
TAZ Cardiolipin transacylase Inner mitochondrial 58.4 75 [32,33]
membrane
DNAJC19 Chaperone protein; Inner mitochondrial 130 14 [34]
mitochondrial protein import membrane
120-130 95 [35]
SERACI1 Phosphatidyl-glycerol Localized to interface 182-420 42-360 [36]
remodeling between ER and
mitochondria 119 38 [37]
TMEM70 Complex V (ATPase) assembly Inner mitochondrial 32-167 8-54 [38]
membrane
60-122 15-41 [38]
121 33 [39]
91-284 20-83 [40]
CLPB AAA* protease and chaperone Mitochondria + + [41]
involved in disaggregation of
misfolded proteins
Mitochondrial - Mitochondria + + [42]
DNA deletions
QIL/MICI3 Component of the Inner mitochondrial + + [43]
mitochondrial cristae membrane
organizing system
TIMM50 Subunit of mitochondrial Intermembrane space 53-508 20-220 [44]

import machinery

Where indicated “+” signs indicate the organic acid was present but not quantified.
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