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Abstract

Propionyl-CoA carboxylase (PCC) is the enzyme which catalyzes the carboxylation of propionyl-
CoA to methylmalonyl-CoA and is encoded by the genes PCCA and PCCBto form a hetero-
dodecamer. Dysfunction of PCC leads to the inherited metabolic disorder propionic acidemia,
which can result in an affected individual presenting with metabolic acidosis, hyperammonemia,
lethargy, vomiting and sometimes coma and death if not treated. Individuals with propionic
acidemia also have a number of long term complications resulting from the dysfunction of the
PCC enzyme. Here we present an overview of the current knowledge about the structure and
function of PCC. We review an updated list of human variants which are published and provide an
overview of the disease.
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INTRODUCTION

Propionyl-CoA carboxylase (PCC, E.C. 6.4.1.3) catalyzes the carboxylation of propionyl-
CoA with bicarbonate producing methylmalonyl-CoA which is then converted to succinyl-
CoA, an intermediate in the tricarboxylic acid cycle (TCA) (Figure 1A). Bi-allelic variants
that diminish or destroy the function of the PCCA or PCCB subunits result in Propionic
Acidemia (PA, OMIM 606054). PA is a devastating inborn error of metabolism which
causes substantial morbidity and mortality [1]. This review aims to provide an in depth
discussion of known structure, function, biochemistry and pathology of PCC.

MATERIALS AND METHODS

PubMed was searched for the term “Propionyl-CoA Carboxylase”. As of July 31, 2017, 689
papers were identified and reviewed for relevance. Additional papers were added to support
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the discussion as needed since they were not identified by the search term but clearly have a
role in its dysfunction, for example enzymatic inhibition by 3-hydroxypropionic acid.
Published variants were compiled from the literature and confirmed in ClinVar.

Propionyl-CoA Carboxylase Structure

PCC is 750 kDa heterododecamer composed of 6 propionyl-CoA carboxylase, alpha
(PCCA, OMIM 232000) and 6 propionyl-CoA carboxylase, beta subunits (PCCB, OMIM
232050). Biotin is an obligate co-factor [2-5]. PCC is part of a subgroup of small acyl CoA
carboxylases (YCC) which also includes acetyl CoA carboxylase, 3-methylcrotonyl-CoA
carboxylase, and geranyl- CoA carboxylase [6]. This family of enzymes shares a common
structure consisting of a biotin carboxylase domain (BC), carboxytransferase domain (CT),
and biotin-carboxyl carrier protein (BCCP) domain (Figure 2) [6]. The structure of PCC
appears to differ from that of other enzymes in the YCC family: PCC has a previously
unrecognized component in the alpha subunit (PCCA), the biotin transfer, BT domain,
formed by residues between the BC and BCCP. This segment is crucial for interactions with
the beta subunit (PCCB) [7].

The PCC enzyme has been localized and is loosely bound to the inner membrane-matrix
subcellular fraction [8]. It is often described as a matrix enzyme because it can dissociate
with sonication.

The PCCA precursor does not contain biotin until imported into the mitochondrion and
cleaved [2, 3, 9]. Biotin is loaded onto lysine 669 by holocarboxylase synthase (*60918;
E.C. 6.3.4.10) and must be present for normal function [10, 11]. PCCA also contains 3
glycines and one valine which are conserved in other members of the YCC family of
biotinylated mitochondrial enzymes [10]. PCCA may also be biotinylated in the cytosol but
is likely not functional [10].

PCCB has also been crystalized and characterized [12]. PCCB requires PCCA for stability
[13] and so is often absent in individuals who have no functional PCCA present. It also acts
as a chaperonin to help assemble the human enzyme when studied in E. coli[11]. PCCB
requires post-translational modification by Protease 1 that removes 7.5 kDa upon
translocation into the mitochondrial matrix [14, 15].

Propionyl-CoA Carboxylase (PCC) Function

PCC'’s primary function is to catalyze the carboxylation of propionyl-CoA to produce
methylmalonyl-CoA (Figure 1A). Propionyl-CoA is produced by catabolism of cholesterol,
valine, odd chain fatty acids, methionine, isoleucine and threonine (c-VOMIT) [2, 16-18].
Like other carboxylases, PCC is promiscuous and can carboxylate several other acyl-CoAs,
but has greatest affinity for propionyl-CoA (Km = 0.29 mM). It catalyzes the reaction with
acetyl-CoA at a rate about 1.5% of that of propionyl-CoA in experimental conditions [19].
The Km for bicarbonate, the usual source of the additional carboxylic group, is 3.0 mM [19].
Additionally, the catalysis requires ATP at a concentration of at least 3 mM [19].
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Enzyme function requires biotin bound to biotin-carboxyl carrier protein (BCCP) in the
active site. The biotin carboxylase domain (BC) first catalyzes the MgATP-dependent
carboxylation on the N1 nitrogen of biotin [20, 21]. This step is readily reversible [16, 22].
The carboxy-biotin is then translocated to allow interaction with the carboxytransferase
domain (CT), [6], after which the carboxyl group is transferred from biotin to the alpha-
carbon of propionyl-CoA. Interestingly, the maximum arc of the N1 of biotin bound to a
stationary BCCP is shorter than the distance between the BC and CT domains observed in
holoenzymes, therefore BCCP has been proposed to be a swinging domain, also
translocating in order to transport carboxy-biotin from BC to CT [6].

During the carboxylation process, hydrogen release is not in concert with CO2 binding
through biotin, but rather concomitant with the formation of CO2 (through a carbanion).
Thus, no base at the reaction center is needed [20, 21].

If biotin deficient, it takes 24 hours to restore activity following treatment with oral biotin in
rats and so short trials of biotin are not useful to determine responsiveness [23].
Interestingly, the potentially toxic products of PCC deficiency, 3-hydroxypropionic acid
(30HPA) and methylcitrate (MC) are not good markers of biotin deficiency in humans [24].

As illustrated in PCCA-knock out mice that are rescued by a transgene directed to the liver,
little enzyme activity is needed in the neonatal/infant period, and the need for functional
PCC increases with age [25].

PCC activity may be assayed via several different methods. It can be measured in
phytohemagglutinin-stimulated lymphocytes by high performance liquid chromatography
(HPLC) by measuring amount of methylmalonyl-CoA produced from unlabeled propionyl-
CoA [26]. In several types of tissues, enzyme assays look for the production of
methylmalonyl-CoA or succinyl-CoA by non-radiometric assays using HPLC or radiometric
assays following carboxylation by addition of radiolabeled CO2 [27-29]. Activity is
inhibited by avidin and so the enzyme is difficult to isolate after death [30].

Human Variants in PA

Bi-allelic variants in PCCA or PCCB which abrogate enzyme function result in PA (OMIM
606054). Initial studies by Gravel et al. described complementation early (group A and BC)
so 2 loci were suspected [31]. The genes PCCA and PCCB were later identified.

PCCA is located at 13932.3 encoding a protein which is 72-80 kDa, having three splice
isomers, but impact of these three isoforms to function has not been well characterized.
Isoform A is the longest isoform (NM_000282.3) which has 729 amino acids. This is the
typical isomer described and has 24 exons. Isoform B is shorter, contains 23 exons and 702
amino acids. Isoform C is shorter still, lacking an in-frame exon and so contains 23 exons
and is 681 amino acids long. The biotin binding site is at the N-terminus [4] and the C-
terminus is the location of the biotin carboxylase. An updated variant list may be found in
Figure 2A and APPENDIX 1. PCCA null variants, such as R288X and S537X, result in the
most severe phenotype [32]. Interpreting the severity of missense variants is difficult without
expression assays since in some cases abnormal folding will lead to early degradation and
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loss of protein [32]. Splice site variants are also seen and in general, result in milder disease
[33]. Of note, both N and C terminal of PCCA are necessary for holocarboxylase synthase
interaction and variants in these domains can perturb this interaction and cause disease [34].

PCCBIis located at 3g22.3 and encodes a protein of 58 kDa, 539 amino acids long encoded
in fifteen exons (57 to 83 base pairs each) [35]. The currently published variants are listed in
Figure 2B and Appendix 2 as well as the populations in which those variants have been seen.
PCCB gene variants (A497V, R512C and L519P as well as W531X) appear to disturb the
interaction between PCCA and PCCB, illustrating that these locations are important to this
dimeric association [7, 36].

Unfortunately, phenotype-genotype correlation is hindered since most affected individuals
are compound heterozygotes and so the severity of their PA becomes more complicated to
predict [1, 37].

Dysfunction of PCC leads to secondary biochemical disturbances

Disturbances in the function of PCC lead to accumulation of propionyl-CoA (FIGURE 1A
and B). In humans, it is difficult but possible (unpublished data) to detect elevations in
propionyl- CoA. However, the levocarnitine ester of propionyl-CoA, propionylcarnitine
(C3), is readily detectable in plasma, serum, and urine [38]. In addition, individuals have
elevations in methylcitrate (MC) and 3-hydroxypropionate (30OHPA) which are usually
assayed from urine clinically [39, 40]. MC is produced by conjugation of propionyl-CoA to
the TCA intermediate oxaloacetate, a reaction thought to be catalyzed by citrate synthase
(Figure 1A and 1B) [41]. 30HPA is thought to be produced by beta-oxidation of propionic
acid [39]. Intracellular accumulation of propionyl-CoA also inhibits mitochondrial
metabolism and reduces the synthesis of citrate, GTP and ATP (Figure 1B) [42].

PCC participates in anaplerotic replenishment of TCA intermediates as its product,
methylmalonyl-CoA, ultimately contributes to the succinyl-CoA pool (Figure 1A). In the
brain, PCC has an important role in anaplerosis, given that the alpha-ketoglutarate pool
contributes to production of GABA and glutamine. MR spectroscopy in humans with PA
demonstrated decreased glutamine/glutamate which may suggest deamination of those
compounds to supply TCA substrates and support TCA function [43].

Other than the direct contribution of PCC to anaplerosis, there is a complex interaction
between PCC and the TCA cycle which is influenced by the tissue type and intermediate
levels. For this reason, disturbance in one influences the other. This appears to not only be a
consequence of potential “toxins” produced by a dysfunctional PCC impacting other
enzymes such as pyruvate dehydrogenase (PDH) and alpha-ketoglutarate dehydrogenase
(aKGDH or OGDH), but also direct impact of PCC dysfunction on TCA intermediate pool
resulting in secondary effects on other pathways (Figure 1B). PCC dysfunction can alter
alanine and aspartate aminotransferase activity, thus altering oxaloacetate, malate, and
pyruvate concentrations [44], and secondarily the concentration of TCA intermediates.

Propionyl-CoA itself was showed to inhibit isolated aKGDH activity (Figure 1B) [45]. The
muscle biopsies from individuals with PA also demonstrated decreased oxidation of
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pyruvate, malate and succinate, intermediates in the TCA cycle in addition to decreased
enzyme activity from all the respiratory chain enzymes, COXI-1V (Figure 1B) [45]. Other
studies have shown that propionate inhibits succinate ligase (GDP), another important TCA
enzyme [46]. MethyIcitrate has been implicated in dysfunction of citrate synthase and
isocitrate dehydrogenase altering TCA cycle function [47].

Additionally, alterations in substrate availability may also affect TCA function. For example,
carboxylation of propionyl-CoA is reduced in the absence of glutamate (which can be
produced from alpha-ketoglutarate) in skeletal muscle. In heart muscle, a block in aKGDH
resulting in increased glutamate leads to a decrease in contractile function and this is
improved with contribution from the propionate pathway through PCC activity [48]. At rest,
if acetyl-CoA is present, there is less of a contribution from PCC to TCA, but during
exercise, there is an increase in PCC contribution to TCA [49]. Similarly, if glucose is
available, the heart does not use PCC, but it can be induced to do so if fat or propionate is
added to the system [44]. Glycine cleavage is decreased leading to elevations in plasma
glycine thus the historical name: ketotic hyperglycinemia for PA. PA individuals have
decrease H protein of the glycine cleavage system, which is suspected to be due to
propionyl-CoA accumulation [50, 51]. Glycine cleavage may also be impacted by
accumulation of other similar intermediates including isobutryl-CoA and 2-oxo-isovaleryl-
CoA [52].

Propionyl-CoA inhibits the PDH (E.C. 1.2.4.1, 2.3.1.12, and 1.8.1.4), presumed to be due to
alterations in propionyl-CoA/CoA ratios [42, 53]. Propionyl-CoA and propionate have been
demonstrated to inhibit function of PDH in kidney, pig heart and liver respectively [45, 53—
55]. Propionyl-CoA appears to directly inhibit carbamoyl phosphate synthase 1 (CPS1, E.C.
6.3.4.16) resulting in urea cycle dysfunction [53], but other studies implicate N-
acetylglutamate synthase (NAGS, E.C. 2.3.1.1) as the cause [56, 57]. Elevated ammonium
can also be seen in PCC models treated with methylcitrate [58]. Either CPS1 or NAGS
dysfunction appears to be the cause of hyperammonemia [59]. Our laboratory has
demonstrated the inhibition of CPS1/NAGS leading to high ammoniaand low urea in
hepatocytes fromPA individuals [60].

PCC is highly expressed in rat brain and so accumulation of toxins is expected to cause
cerebral damage [61]. For example propionic acid in rats have increases of free radicals and
carbonylation in their striatum as well as it induces seizures [62]. Propionic acid in glia
increases glutamine and so the glia may be at increased risk for damage. In the presence of
propionic acid, cerebellar neurons and astrocytes increase histone acetylation, another
potential source of injury [63].

Disruption of PCC leads to accumulation of odd-chain fatty acids (FA), as propionyl-CoA is
the end product of beta oxidation of odd-numbered FA. Similarly, accumulation of
propionyl-CoA may affect FA metabolism because it is the primer for the synthesis of odd-
numbered FA [64]. In individuals with PA, pentadecanoic (C15:0), heptadecanoic (C17:0)
and pentadecenoic (C15:1) acid can be assayed in plasma, are observed in erythrocyte
membrane lipids, and their concentrations may serve as a biochemical marker of metabolic
control, but currently are not used clinically [65, 66]. Of note, although odd chain fats are
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elevated, there are no differences in saturated and unsaturated FA in PA [67]. It has been
noted that there is slower metabolism of pristanic acid by skin fibroblasts in cells from PA
individuals [68]. As well, short chain FA like propionic acid upregulate fetal hemoglobin
[69].

There are some additional impacts of accumulation of the “toxic” intermediates produced by
dysfunction of PCC. Propionic acid, propionylcarnitine and MC can prevent normal function
of the potassium channels of the heart (like KCNHZ2) resulting in delay re-polarization which
can manifest as prolonged QTc [70]. This dysfunction has been postulated to explain the
cardiac arrhythmias observed in PA. Elevated propionyl-CoA intermediates and oxidative
stress molecules which impact TCA and oxidative phosphorylation function are also
implicated in the cardiomyopathy seen [71, 72]. Other studies have shown that there appears
to be tissue specific deficiencies in CoQ10 and carnitine [73, 74]. In addition, propionyl-
CoA and propionylcarnitine are essential energy sources for the ischemic heart and so
deficiency of succinyl-CoA from PCC dysfunction cannot be fully eliminated as a possible
cause of cardiomyopathy [75, 76]. Improvement of cardiomyopathy following liver
transplant which results in decreased circulating propionyl-CoA metabolites implies that the
cause may be more than one of these possibilities [77, 78]. Finally PCC can help with purine
metabolism during exercise by helping replenish the adenosine and guanosine stores needed
to produce ATP and GTP through its role in cataplerosis [44].

Oxidative phosphorylation disruption

The mitochondrial respiratory chain oxidative phosphorylase enzymes (OXPHOS enzymes
or cytochrome oxidases) have been demonstrated to have some dysfunction in explanted
organs from individuals with PA [72]. In one of two PA individuals, assays of the activity of
the OXPHOS enzymes in muscle, heart and liver showed decreased COXIllII:citrate synthase
and COXIV:citrate synthase ratios [72]. The second individual had normal ratios in all the
COXs. The first PA individual also had decreased nitric oxide, superoxide anions, hydrogen
peroxide, superoxide dismutase, and catalase levels in their fibroblasts. Liver from first PA
individual had normal succinyl-CoA ligase (both GDP/ADP subunits), succinate
dehydrogenase (SDH or COX2) and fumarase activity [72].

Inflammation and reactive oxygen species (ROS) appear to be elevated in individuals with
PA and their tissues [71, 79-81]. ROS levels assayed in fibroblasts from individuals with PA
after antioxidant use, showed some improvement. The antioxidant, tiron (scavenges
superoxides) showed a decrease of 50-80% of ROS. Similarly, MitoQ (prevents disruption
of mitochondrial function by acting as an antioxidant) decreased ROS by 25-50%. Trolox (a
vitamin E analog which prevents lipid derived oxidant progression) also decreased ROS by
15-30%. In addition, resveratrol (inhibits lipid perioxidation) also showed a 30-40%
decrease in ROS [79]. However, the traditional ROS scavengers including N-acetylcysteine
(which re-generates glutathione) and melatonin (a direct free radical scavenger) were not
successful in decreasing ROS implying that the best benefits are from stabilizers of
mitochondrial function or preventers of lipid peroxidation and progression [79]. Moreover,
free radical production in PA-derived fibroblast appears to be associated JINK and p38
signaling pathways [80]. These pathways may also be impacted by miRNAs which are
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dysregulated in PCC dysfunction further impacting the oxidative stress spiral [82].
Treatment of PA using currently available standard therapies decreases elevation of systemic
inflammatory markers including di-tyrosine and isoprostanes [81].

Potential for Moonlighting

Moonlighting is the process by which a compound, in this case the PCC enzyme, does
actions other than its major role. Several enzymes are thought to moonlight often by
impacting transcription. These include the molybdenum co-factor enzyme mARC [83],
holocarboxylase synthase [84], pyruvate kinase, lactate dehydrogenase, and succinate
dehydrogenase [85]. PCCB mRNA accounts for 0.02% total hepatic mMRNA [86] and this
may reflect moonlighting roles. One such role is seen in the pancreas in which the PCCB
precursor protein may interact with glucokinase for regulation of glycolysis [87].
Mineralocorticoid receptor interacts with PCCB precursor in the cytosol [88].

In the presence of dysfunctional PCC, there is increase in propionylation rather than
acylation of lysines. Since acylation is important to the regulation of cellular processes, this
may result in broader effects that are not directly related to the “toxic” intermediates or its
impact on energy metabolism [89].

Propionic acidemia

Individuals with classical PA are usually asymptomatic at birth, but present in the first few
hours to days of life due to symptoms of metabolic decompensation including poor feeding,
vomiting, hyper- or hypotonia, temperature instability, irritability, and lethargy [90-92].
Laboratory abnormalities at presentation may reveal severe, persistent wide anion gap
metabolic acidosis with ketosis, hyperlactatemia and hyperammonemia [90, 91, 93]. Since
the clinical presentations of PA individuals are non-specific, mistreatment or inadequate
treatment cause deterioration of metabolic decompensation and, if left untreated, lead to
death.

As newborn screening has become more available, many individuals are being ascertained
with elevated blood C3 (propionylcarnitine), often prior to clinical presentation. Newborn
screening leads to early diagnosis and treatment, however, PA individuals, either diagnosed
by newborn screening or those who survived from neonatal episode of metabolic
decompensation, may still have many sequelae of the disorder [37, 94-97].

Neurodevelopmental sequelae are among the most important concerns for PA individuals
and their families since more than 70% of the individuals are reported to have cognitive
deficit and developmental delay in gross motor skill, fine motor skill and language skill [94].
Attention deficit-hyperactivity disorder and autism are also reported [94, 98]. Some
individuals also suffered from acute psychotic episodes [99]. Neurological complications in
individuals with PA include seizures of which generalized tonic-clonic is the most common
type, metabolic stroke- like episode that mainly affects basal ganglia and optic nerve atrophy
[100, 101]. Some individuals present with only movement disorders without metabolic
decompensations [102].
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Leukopenia is the most common hematologic complication but thrombocytopenia and
anemia have also been described [37]. Immunological deficit was reported in some
individuals but is still controversial [37, 94, 103]. Cardiomyopathy, both dilated and
hypertrophic [77, 104], arrhythmia [105], pancreatitis [106] and failure to thrive [37] are
also seen.

Apart from classical type, some individuals presented with unusual symptoms. Late-onset
PA may present after infancy with the symptoms similar to acute neonatal metabolic
decompensation that are triggered by physical stress, mostly infections, but may also present
with any of the above complications [107]. A previous study has reported a previously
healthy adolescent individual suffering from isolated dilated cardiomyopathy without history
of metabolic decompensation also had reduced PCC enzyme activity and pathogenic variants
in PCCB gene [108]. Recently, a male neonate born with nephromegaly and acute kidney
injury with unknown cause was later found to have PA following a metabolic
decompensation episode at the age of three months [109]. It remains unclear whether the
congenital renal anomalies are related to this individual’s PA diagnosis. These uncommon
presentations remind the physicians that clinical characteristics of individuals with PA are
not totally elucidated and some individuals may be undiagnosed.

For individuals with suspected PA, urine organic acid and plasma amino acid analysis,
serum acylcarnitine profile should be performed to differentiate PA from other metabolic
diseases, such as, methylmalonic acidemia [1, 110]. However, definitive diagnosis of PA
relies predominantly on DNA analysis and occasionally on enzyme assay [1]. Residual
enzyme activity was shown to be correlated with milder diseases. However, molecular
genetics studies should be undertaken to attempt to predictt disease severity, but also genetic
testing is useful for carrier detection among family members and precise genetic counselling
[1]. A marker of oxidation, exhaled carbon dioxide (CO2) when using stable isotope labeled
propionate has been noted to be lower in individuals with severe PA, but this does not have
any clinical utility at this time since few centers can do these studies currently [111, 112].

PA individuals who are in acute metabolic decompensation, triggered by a hyper-catabolic
state, require sufficient calories and protein intake to prevent further protein catabolism [1,
90]. They may require dietary restriction of amino acids and odd-chain fatty acids which are
precursors to propionic acid. Acutely hyperammonemic individuals also require a
detoxification process, either pharmacological or extracorporeal, together with carnitine
supplement. Individuals who experience multiple decompensation episodes despite adequate
fluid and medical treatments are candidates for orthotopic liver transplantation [1, 96, 113,
114]. Long-term management includes dietary restriction, carnitine supplementation, and
surveillance to prevent or early detect possible complications, for example, growth and
developmental progress, neurologic evaluation, ophthalmologic evaluation,
echocardiography and relevant cardiologic evaluation, metabolic, nutritional and basic
hematologic and biochemical studies [1, 96]. The parents of a child with PA should be
informed to be cautiously aware when the individuals have illnesses, even with mild
symptoms, that these may lead to hypercatabolic state and metabolic decompensation. Apart
from management of the individuals themselves, genetic counselling should be performed in
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order to help individuals’ families cope with the disease and also carrier detection, family
planning and prenatal diagnosis [1, 110, 115].

CONCLUSION

PCC is a complicated, large mitochondrial enzyme which when dysfunctional, usually leads
to a severe metabolic disorder demonstrating significant morbidity and mortality.

Enzyme functional studies have identified and explained a number of the elevated
intermediates including MC, 30OHPA, propionic acid, propionylcarnitine, ammonia and
propionyl-CoA which are used as diagnostic markers in individuals, but also have been
studied to understand the pathophysiology of the disease. Studies have also illustrated the
impact on TCA and oxidative phosphorylation of both these abnormal intermediates, but
also the implications to function by a limitation in succinyl-CoA. The impact on TCA and
OXPHOS probably explains the longer term complications which resemble energy
deficiencies like primary mitochondrial disorders.

A greater understanding of the impact and pathophysiology of PCC will enable development
of improved therapies for individuals. Active preclinical research is ongoing looking at
enzyme replacement using mitochondrial matrix targeting and cell penetrating peptides
[116]. Moreover, understanding of the gene and enzyme structure has brought to our
attention a number of possible gene therapies which are currently being studied in mice
[117-119]. The field continues to explore the impact of antioxidants [79] and anaplerotic
supplementation [120].

Current therapy continues to be inadequate in preventing long term complications but insight
has been gained by various therapies including carnitine supplementation which increases
propionylcarnitine excretion, [121], liver transplant to attenuate disease, and other toxin
scavengers (e.g., ammonia scavengers) are being used to mitigate toxin complications. An
important endeavor for the community is to continue to develop new therapies for PA and
understanding the pathophysiology and biochemistry of PCC is essential.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A. Diagram of TCA cycle and Propionate pathways with toxic intermediate sources

PDH: pyruvate dehydrogenase complex, CS: citrate synthase, ACO2: mitochondrial

aconitase, IDH2/3: mitochondrial isocitrate dehydrogenase 2 and 3 (NAD/NADP), OGDHc:

2- oxoglutarate dehydrogenase complex, C-VOMIT: cholesterol, odd chain fatty acids,

methionine, isoleucine, threonine, PCC: propionyl-CoA carboxylase, MUT: methylmalonyl-
CoA mutase, MCEE: methylmalonyl-CoA epimerase, MMAA: Cobalamin A, MMAB:
Cobalamin B, SS: succinate synthase (succinyl-CoA ligase), SDH: succinate dehydrogenase,
FH: fumarase, MDH2: mitochondrial malate dehydrogenase 2. B. Schematic illustrating
current knowledge about the metabolic intermediates of dysfunctional PCC and their

impact on other pathways. UC: urea cycle, MC: methylcitrate, CPS1: carbamoyl
phosphate synthase 1, OX PHOS: oxidative phosphorylation system, PDH: pyruvate

dehydrogenase complex.

Mol Genet Metab. Author manuscript; available in PMC 2018 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Wongkittichote et al.

Page 20

B

G o v e i

BB e

EEEEE

FIGURE 2.

A. Schematic of PCCA variants which are also listed in Appendix 1 Regions of the
protein are also delineated. The transcript used for exon-intronic boundaries was
NM_000282.3 which is the longest known isoform. B: Schematic of PCCB variants,
exons and introns as listed in Appendix 2. Intronic-exonic boundaries as defined by
Rodriguez- Pombo [35]. Abbreviations: A: Alanine; R: arginine; N:asparagine; D: aspartic
acid; C: cysteine; E: glutamic acid; Q: glutamine; G: glycine; H: histidine; I: isoleucine; L:
leucine; K: lysine; M: methionine; F: phenylalanine; P: proline; T: threonine; Y: tyrosine; W:
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tryptophan; V: valine; X: frameshift or stop; BCCP: biotin-carboxyl carrier protein; BC:
biotin carboxylase domain; BT: biotin transferase region
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