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ABSTRACT

Cells, the smallest structures showing the structural and functional characteristics of a living being, obtain their biomass from inorganic
carbon. Metabolites involved in central carbon metabolism are utilised within the TCA cycle for numerous biosynthetic purposes, such as
synthesizing amino acids and fatty acids. To replenish the intermediates of the TCA, many organisms use anaplerotic reactions, usually
involving enzymes such as pyruvate carboxylase, glutamate dehydrogenase, PEP carboxylase, and transaminase reactions. Carboxylases are
important in fatty acids, amino acids, carbohydrate metabolism, polyketide biosynthesis, urea utilisation, and other cellular processes.
Acetyl-CoA carboxylase, propionyl-CoA carboxylase, 3-methylcrotonyl-CoA carboxylase, and pyruvate carboxylase are carboxylase group
enzymes that have been studied, and their roles in metabolism are well known. As a result of a problem in the production of enzymes
involved in metabolism or a situation that prevents them from fulfilling their catalytic activities, abnormal and harmful organic acid
metabolites accumulate in the cell. In metabolism, differential diagnoses are important to determine enzyme deficiencies and/or the
determination of the catalytic activity of the relevant enzyme. Diagnosis of enzyme deficiencies can be made by genetic, biochemical,
imaging, and molecular methods. It should be considered that these enzymes, whose catalytic activities are examined only in a few rare
diseases, may be one of the underlying causes of diseases that occur in the metabolic process. Therefore, developing highly accurate, cost-
effective, and reproducible methods for analyzing carboxylase group enzymes will greatly benefit patients in terms of the treatment process.

Keywords: Acetyl-CoA carboxylase. Propionyl-CoA carboxylase. 3-methylcrotonyl-CoA carboxylase. Pyruvate carboxylase.
Biochemistry. Metabolism.

Karboksilaz Simfi Enzimlerin Yapisi, Biyokimyasal Rolii ve Metabolizmadaki Onemi

OZET

Organizmalar, tim hiicre biyokiitlesini heterotrofik ve ototrofik yollar ile inorganik karbondan (CO,) elde ederler. Merkezi karbon
metabolizmasinda yer alan metabolitler amino asitler ve yag asitlerinin sentezi gibi ¢ok sayida biyosentetik amaglar i¢in TCA dongiisiinden
kullanilir. TCA dongiisiinin ara maddelerini yeniden doldurmak igin, birgok organizma genellikle piruvat karboksilaz, glutamat
dehidrogenaz, PEP karboksilaz, glutamat dehidrogenaz, transaminaz tepkimeleri gibi bir karboksilasyon reaksiyonu kullanan anaplerotik
reaksiyonlardan yararlanir. Dogada yaygin olarak bulunan karboksilazlar yag asitleri, amino asitler, karbohidrat metabolizmasinda, poliketid
biyosentezinde, iire kullaniminda ve diger hiicresel siireglerde 6nemli rollere sahiptirler. Asetil-CoA karboksilaz (ACC), propiyonil-CoA
karboksilaz (PCC), 3-metilkrotonil-CoA karboksilaz (MCC) ve piruvat karboksilaz (PC) calisilmig ve metabolizmadaki rolleri bilinen
karboksilaz grubu enzimlerdir. Metabolizmada gorevli enzimlerin iiretilmesinde bir sorun veya katalitik aktivitelerini yerine getiremesine
engel bir durumun olugmas: sonucunda hiicre igersinde anormal ve zararli organik asit metabolitlerinin birikimi s6z konusu olmaktadir.
Metabolizmada enzim eksiklikleri ve/veya ilgili enzime ait katalitik aktivite tayinini belirlemek i¢in ayirici tanilar énem arz etmektedir.
Enzim eksikliklerinde tan1 genetik, biyokimyasal, goriintiileme ve molekiiler yontemler ile konulabilmektedir. Sadece bazi nadir
hastaliklarda katalitik etkinlikleri incelenen bu enzimlerin metabolik siiregte meydana gelebilecek hastaliklarin altinda yatan sebeplerden biri
olabilecegi goz onlinde bulundurulmalidir. Bu nedenle karboksilaz grubu enzimlerin analizlerine yonelik gelistirilecek dogrulugu yiiksek,
uygun maliyetli ve tekrarlanabilir analiz metodlar hastalarin tedavi siireci agisindan biiyiik fayda saglayacaktir.

Anahtar Kelimeler: Asetil-CoA karboksilaz. Propiyonil-CoA karboksilaz. 3-metilkrotonil-CoA karboksilaz. Piruvat karboksilaz.
Biyokimya. Metabolizma.
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Inorganic carbon and the importance of the
tricarboxylic acid cycle in carbon metabolism

Cells are the smallest structures exhibiting the
structural and functional characteristics of a living
being andobtain their biomass from inorganic carbon
(CO,)". For biomass synthesis, microorganisms must
obtain carbon through autotrophic and heterotrophic
pathwaysz. The autotrophic pathway involves carbon
dioxide fixation, which enables the conversion of CO,
into biomass®. During this fixation, which takes place
in autotrophic pathways, carboxylating enzymes
convert CO, into acetyl-coenzyme A, pyruvate (PA),
or one of the intermediates of the tricarboxylic acid
(TCA) cycle (Citric acid cycle, or Krebs cycle), which
is a central junction in carbon metabolism* (Figure 1).
However, some biomolecules synthesised in
metabolism can be degraded and converted into
biomass by an essential carboxylation step. After the
central metabolites are produced in anabolism, they
are consumed for the biosynthesis of other molecules,
ultimately leading to the depletion of TCA cycle
intermediates’. To replenish the intermediates of the
TCA cycle, many organisms utilise anaplerotic
reactions, usually involving a carboxylation process
catalyzed by enzymes such as pyruvate carboxylase
(PC), or other enzymes like glutamate dehydrogenase,
PEP carboxylase, and transaminase reactions’.
Molecules in the TCA cycle synthesize metabolites
such as fatty and amino acids. For the metabolic
system's continuity, the TCA cycle's main metabolites
must be continuously replenished through anaplerotic
reactions’. The conversion of PA  or
phosphoenolpyruvate (PEP) to oxaloacetic acid
(OAA) by the enzymes PEP carboxylase and biotin-
dependent PC is the best-known anaplerotic reaction’.
The four-carbon OAA produced is used in protein
synthesis to form arginosuccinate, a metabolite of the
urea cycle. In addition, OAA is converted to aspartate,
which is derived from glutamate and then used to
form y-aminobutyric acid (GABA, which acts as a
neurotransmitter. OAA deficiency also leads to a
deficiency in NADH production®. With glucose
deficiency and/or slowing down of the glycolysis
pathway in the body, mitochondrial OAA formed in
the TCA cycle is converted into PEP and the
gluconeogenesis pathway is activated. Inorganic
carbon is used to facilitate fatty acid biosynthesis by
activating the acetyl-CoA molecule. In order to extend
the fatty acid chain, malonyl-CoA is provided through
the reaction catalyzed by the acetyl-CoA carboxylase
enzyme’.

The first part of this review aims to provide a
comprehensive overview of the different functions of
carboxylases in metabolism and the principles
underlying the carboxylation reactions involved, to
enable the reader to explore the chemical and
functional diversity of the carboxylase class of
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enzymes. The second part presents the methods and
challenges of determining the deficiency of
carboxylase enzymes, as well as discussions and
suggestions for future studies on carboxylases
affecting metabolism.

Carboxylase Class Enzymes and Structures

Carboxylases are a group of enzymes that play a
critical role in biochemical processes, catalyzing
reactions by adding carbon dioxide (CO:). These
enzymes are important in basic biological functions
such as energy production, metabolic regulation, and
biosynthesis. Understanding the mechanisms of
carboxylase enzymes provides deeper insights into
cellular processes and contributes to the development
of potential therapeutic strategies in medicine and
biotechnology.  Therefore, the discussion of
carboxylase enzymes' structural and functional
properties is of foremost importance for both basic
biology and applied sciences.

Carboxylases, which were discovered many years ago,
are one of the most studied enzymes due to their
functions in metabolism®. In addition to carbohydrate,
fat, and amino acid metabolism, carboxylases
involved in urea and polyketide synthesis have
important roles in many biochemical processes. PC,
MCC, PCC, and ACC are enzymes of the carboxylase
group that have been studied, and their roles in
metabolism are known’. These biotin-dependent
carboxylases catalyse carboxylation reactions through
two enzymatic activities: a biotin carboxylase (BC),
which functions in processing CO,, and a carboxyl
transferase (CT) component that catalyses the transfer
of the CO, molecule. Biotin-dependent carboxylases
contain four domains: the biotin carboxylase domain
(BC), the biotin carboxyl carrier protein domain
(BCCP), the carboxyltransferase domain (CT), and the
domain linking the BC domain and the CT domain
(BC-CT). The catalysis mechanism briefly follows:
covalently binding to a lysine side chain in the biotin
carboxyl carrier protein (BCCP) component via an
amide bond, catalyzes CO, transfer by acting like an
arm that moves back and forth'.

Carboxylase enzymes are a group that plays a critical
role in the regulation of various metabolic pathways in
biological systems. These enzymes have structural and
functional similarities and differences depending on
their specific roles in metabolism. Carboxylases
generally carboxylate substrates by adding carbon
dioxide (CO:). The fact that different types of
carboxylases have different cofactors and specific
substrates is a crucial factor that functionally
distinguishes them from each other (Table I). The
following table will provide a valuable resource for
understanding carboxylase group enzyme functional
similarities and differences. The metabolic pathways
and target substrates indicated for each enzyme will



Importance of Metabolic Functions of Carboxylases

....... -

A
Phosphoenolpyruvate
(PEP) h
\

sshjoal o

Pyruvate
A

PC \

(EcEa11) Y | \
’I""J-. \E“;A:sp?a;[a%e:==================-======:"~‘¢

n o Malata
n

" Tca
" eyele
W Suceinate

n Proplo:wl{o.a

" A

A Oxaloacetate
; 7

Glyceroneogenesis

Glycerol-3-p

‘, Gluconeogenesis
1

Acetyl-CoA %

Triacylglycerides and
Membraie lipids.

Fatty acid synthase

Palmitoyl-CoA <

P-oxidation b

Malonyl-CoA

N\
ACC \

(EC.6.4.1.2)

»
Palmitoyl-CoA W

.
.
L

Citrate

L
Mcc

) (EC.6.4.1.4)

a-ketoglutarate

n
1] \ /
" Succinyl-Co

i 4 pcc
] {£.C6.4.13)

Alanin

1
“. Valing, Thregnine, Isoleucine,
v

v Methionine, Odd-chain fatty

¥ acids, Cholesterol side

#

Cytoplasma

chain

Pyruvate

“ou,
** 3-Methylcrotonyl-Coa

Leucing n

Isovalerate

N

Acetyl-CoA

* Citrate

Glutamate

Glutamine

Glutamate

Figure 1:

General appearance of carboxylases in metabolic pathways together with the TCA cycle. Acetyl-CoA
carboxylase (ACC) and pyruvate carboxylase (PC) are located in the cytoplasm, while propionyl-CoA

Table I. Comparative overview table of carboxylase enzymes: structural and functional similarities and

carboxylase (PCC) and 3-methylcrotonyl-CoA carboxylase (MCC) are located in the mitochondria.

differences
Enzyme . Associated Structural Functional
Name Cofactor Metabolic Role Target Substrate Metabolic Pathways |Similarities Differences References
Produces - Plays a crucial role in
. Biotin-binding .
- oxaloacetate for Gluconeogenesis, . f gluconeogenesis, i

PC Biotin . Pyruvate domain, multi- . 11-13,63,64

gluconeogenesis and Krebs cycle . requires ATP and
; domain structure

energy production CO,.
Initiates fatty acid Biotin-binding and Critical role n fatty

ACC Biotin  [biosynthesis and Acetyl-CoA eqty acid sypthems, catalytic domains, acid biosynthesis, 9202

lipid metabolism o produces malonyl-

energy storage dimeric form CoA
Regulates the . . Biotin- Involved in amino acid
conversion of Amino a.0|d dependency, metabolism

PCC Biotin S Propionyl-CoA metabolism, energy 0 . P 4803
propionic acid for ) monomeric or particularly propionic

: production . ) .
energy production dimeric structure |acid metabolism.
Biotin-binding and | Converts

Important in Amino acid carboxylation methylcrotonyl-CoA to

McC Biotin  |isoleucine Methylcrotonyl-CoA |metabolism, energy  |features, 3-methylglutamate, ~ [3%4165
metabolism production heteromeric linked to genetic

structure disorders.

ACC: Acetyl-CoA carboxylase, PC: pyruvate carboxylase, PCC: propionyl-CoA carboxylase, MCC: 3-methylcrotonyl-CoA carboxylase

provide important benefits in better understanding

diseases and following therapeutic developments.

Pyruvate carboxylase (PC) (EC 6.4.1.1.1)

PC is an enzyme composed of four subunits. PC is an
anaplerotic
regenerating intermediates of the TCA cycle for the
biosynthesis of glucose, fatty acids, amino acids, and

essential

enzyme

with an

role,

other molecules by carboxylating pyruvate to OAA"'
(Figure 2). PA is the end product of glycolysis and an
important carbon flux source into the TCA cycle. The
mitochondrial PA carrier transports Cytosolic PA into
the mitochondrial matrix. Mitochondrial PA can then
be converted to OAA by the reaction catalysed by the
PC enzyme or to acetyl-CoA by the reaction catalysed
by pyruvate dehydrogenase (PDH)'2. The PC enzyme,
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which is localised in the mitochondrial matrix, shows
catalytic activity in gluconeogenesis in the liver and
kidney, lipogenesis in adipocytes, and the biosynthesis
of glutamate, which functions as a neurotransmitter®.
In starvation, PC and phosphoenolpyruvate
carboxykinase activities increase, increasing PA flux
through gluconeogenesis. PC, whose activity is
allosterically regulated by acetyl-CoA in liver, brain,
fat and pancreatic B-cells, increases the production of
OAA, which will combine with acetyl-CoA to form
citrate'.

Glucose === Pyruvate === Oxaloacetate =————==TCA Cycle

Figure 2:
The reaction catalysed by pyruvate carboxylase
enzyme (PC).

As a result of increased PC activity in starvation, the
gluconeogenesis pathway is also activated. Thus,
glucose is supplied to organs that use only glucose as
fuel®. Citrate, produced by the combination of OAA
and acetyl-CoA in the TCA cycle, is transported to the
cytoplasm and is broken down to synthesize fatty
acids in lipogenesis. In addition, OAA produced by
PC can be converted to malate, catalysed by the
enzyme malate dehydrogenase, depending on the
concentration of TCA cycle metabolites and the needs
of the cell. Thus, high mitochondrial acetyl-CoA
levels stimulate the conversion of cytoplasmic PA to
OAA to feed the TCA cycle. The acetyl-CoA
molecule is the product of the PDH enzyme and the
substrate of the PC enzyme. Therefore, the interaction
between these two enzymes regulates carbon flow
during fasting or satiety. Malate transported to the
cytosol is converted to PA in a process catalyzed by
pyruvate decarboxylase.

Meanwhile, NADP" is reduced to NADPH, which is
then used to convert oxidised glutathione (GSSG) to
reduced glutathione (GSH). The reducing power of
NADPH is then utilised for ATP production, which
maintains glucose homeostasis by influencing the
secretion of insulin, an anabolic hormone''. Besides
its anaplerotic role in the TCA cycle, PC plays a key
role in synthesizing reducing molecules for protection
against oxidative stress. GSH, which reduces
hydrogen peroxide to water, is one of the most
important antioxidants in the body. In addition to its
importance in metabolic pathways, PC is closely
related to controlling the body’s oxidative stress
levels".

In case of deficiency in the functioning of the PC
enzyme, various metabolic disorders occur. In PC
deficiency, PA accumulated in plasma is converted to
lactate and causes an increase in plasma lactic acid
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concentration. Due to the decrease in PA
concentration, OAA production also decreases. This
increases gluconeogenesis and promotes
hypoglycaemia. With hypoglycaemia, acetyl-CoA
oxidation derived from PA and fatty acids is inhibited,
and the concentration of ketone bodies (acetoacetic
acid, acetone, and B-hydroxybutyric acid) increases'*.
Since the energy required for brain functions cannot
be produced due to PC deficiency, developmental
delay, recurrent seizures, neurological disorders, and
metabolic acidosis occur in newborns'”. Deficiency in
PC activity is a rare autosomal recessive metabolic
disorder in humans. It has been associated with three
clinical manifestations: Forms A, B, and C. In Form
A, there is chronic, mild to moderate lactic acidemia,
psychomotor retardation, and hypotonia, and most
patients die within a few years after birth. In Form B,
severe lactic acidemia is associated with the most
severe  symptoms, including  hypoglycaemia,
hyperammonemia, anorexia, and convulsions. Patients
usually die within the first months of life. In Form C,
mild lactic acidemia and mild neurological symptoms
may occasionally be seen'®. In recent years, studies
investigating the role of PC during tumour
development and growth have gained momentum.
Many studies have indicated that PC-mediated
anaplerosis plays an important role in the growth and
survival of cancer cells*'”'®. These studies suggest
that, in addition to the anaplerotic role of PC in
producing OAA in normal cells, it also plays a vital
role in supporting the metabolic requirements of
cancer cells due to its functions in gluconeogenesis,
amino acid, and de novo fatty acid synthesis.
Therefore, targeting the PC enzyme may provide
additional tools for tumour clearance and/or control'.

Acetyl-CoA carboxylase (ACC) (E.C. 6.4.1.2)

Acetyl-CoA, the starting compound for the TCA
cycle, is an important precursor in lipid biosynthesis
and the source of all fatty acid carbons’ (Figure 3). In
the functional structure of ACC, a multidomain
polypeptide catalyzes three different activities. The
carboxylation of biotin occurs in the BC domain by
consuming ATP and bicarbonate first. Then, the
carboxyl moiety is transferred to the CT domain via
the BCCP domain, which functions as a swinging arm,
and subsequently transferred to acetyl-CoA to produce
malonyl-CoA®. This is the first and decisive step in
synthesizing long-chain saturated fatty acids catalysed
by fatty acid synthase. The ACC enzyme provides the
two-carbon building block for de novo fatty acid
biosynthesis and regulates the rate-limiting steps in
their conversion to fatty acids’.

ACCI1, a member of the ACC family, is located in the
cytosol of the liver, adipose, and other lipogenic
tissues. ACC1 converts cytoplasmic acetyl-CoA to
malonyl-CoA for lipogenesis. It catalyses the
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biosynthesis of palmitate and longer chain fatty acids
used in the synthesis of triglycerides (TG) and very-
low-density lipoproteins (VLDL)*' (Figure 1). ACC2,
a member of ACCs, is associated with the outer
mitochondrial membrane and is most abundant in
heart and skeletal muscle mitochondria. Carnitine
palmitoyltransferase I (CPT-I) ensures the transport of
long-chain fatty acyl-CoAs into mitochondria for B-
oxidation. Malonyl-CoA produced by the ACC2
isoform allosterically affects the activity of CPT-I?.
In mammals, the activity of both ACC1 and ACC2 is
stimulated by citrate, inhibited by long-chain saturated
acetyl-CoA and inactivated by phosphorylation,
particularly by AMP-activated protein kinase and
cAMP-dependent protein kinase®. Acetyl-CoA is a
precursor of the neurotransmitter acetylcholine® and
positively regulates PC activity”. Histone acetylases
use acetyl-CoA as a donor of acetyl groups in post-
translational acetylation reactions involving histone
and non-histone proteins™.

Acetyl-CoA =—f€€=— Malonyl-COA e Fatty Acids

Figure 3:
The reaction catalysed by the enzyme acetyl-CoA
carboxylase (ACC).

In addition to their known roles in metabolism, acetyl-
CoA and malonyl-CoA regulate the
physiopathological processes of cells by participating
in signalling pathways and cellular regulation. ACC
activity increases in the presence of excess nutrients
and energy, which is stored as fatty acids. ACC
activity is suppressed in starvation. In both cases, the
regulatory sensor that acts on ACC, whether
phosphorylated or dephosphorylated, is the enzyme
AMP-activated protein kinase (AMPK)*'. In addition
to phosphorylation, the activity of ACCs can be
regulated allosterically by factors such as citrate
levels. Fatty acid oxidation disorders are diseases
caused by impaired f-oxidation via the
carnitine/palmitoyl shuttle pathway or genetically
inborn impairment of fatty acid transfer'>. ACCs play
important roles in the interaction of multiple
biological processes by facilitating the connection
between fatty acid synthesis and other metabolic
pathways. Acetyl-CoA deficiency was first recognized
by Blom et al”®. Deficiency of the ACCIl enzyme
significantly affects lipid metabolism. A problem in
lipid metabolism leads to significant disruptions in
various cellular metabolic pathways such as cell
motility, cell growth, and cell death. Therefore, it is
associated with many diseases such as cancer and
metabolic diseases™.

Propionyl-CoA carboxylase (PCC) (EC 6.4.1.3)

PCC, activated by monovalent cations (K", NH,", Cs+)
in the mitochondrial matrix, is an enzyme of the
carboxylase class that catalyses the conversion of
propionyl-CoA to methylmalonyl-CoA by
carboxylation with bicarbonate® (Figure 4). The
resulting methylmalonyl-CoA is converted to
succinyl-CoA and participates in the anaplerotic
regeneration of TCA intermediates. PCC is crucial for
the catabolism of methionine and B-branched amino
acids (Thr, Val, Ile), cholesterol side chain, and fatty
acids with an odd number of carbon atoms®. The
structure of the PCC holoenzyme consists of four
layers (a3-B3-B3-B3-03) with three subunits in each
layer. At BCCP in the active site, carboxylation occurs
via BC in the presence of MgATP; then, as a result of
interaction with CT, the carboxy group is transferred
from biotin to the a-carbon of propionyl-CoA,
resulting in the synthesis of methylmalonyl-CoA™".
The participation of methylmalonyl-CoA in the
anaplerotic regeneration of TCA intermediates is
ensured through succinyl-CoA formed by the catalysis
of methylmalonyl-CoA mutase, methylmalonyl-CoA
epimerase, and the Cobalamin A and B enzymes.

Valine

Iscleucine

Methioning s Propionyl-CoA=fE€= Methylmalonyl-CoA====sTCA Cycle
Threonine

QOdd chains fatty acids

Figure 4:
The reaction catalysed by the enzyme propionyl-CoA
carboxylase (PCC).

Since the decrease in the activity of PCC affects the
activities of alanine and aspartate aminotransferase
enzymes, the concentrations of OAA, malate, and PA
formed as a consequence of transamination reactions
may also change™.

Intracellular ~ propionyl-CoA  accumulation also
inhibits mitochondrial metabolism and reduces citrate,
GTP, and ATP*. Propionyl-CoA is the end product of
the beta oxidation of odd-numbered fatty acids.
Inhibition of PCC activation may lead to the
accumulation of single-chain fatty acids and affect
anabolic reactions®.

Symptoms of propionic acidemia (PA), which is
caused by hereditary deficiencies in PCC activity, first
appear in the neonatal period*. PA may be caused by
mutations in one or both genes encoding PCCA or
PCCB, which are propionyl-CoA carboxylase (PCC)
subunits, or a deficiency of coenzymes such as
biotin®. Neurodevelopmental problems, attention
deficit-hyperactivity disorder, leukopenia,
immunological deficiency, cardiomyopathy,
arrhythmia, pancreatitis, and developmental delay are
conditions associated with PA*®. The spectrum of PA
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ranges from neonatal-onset disease to late-onset
disease™***7*® PCC is expressed in the brain and may
be important for neurodevelopment, so it is thought
that PCC deficiency may be associated with
neurological effects, including epilepsy and seizures™’.

Methylcrotonyl-CoA carboxylase (MCC) (EC 6.4.1.4)

MCC carboxylates 3-methylcrotonyl-CoA to form 3-
methylglutaconyl-CoA in the leucine catabolic
pathway® (Figure 5). Leucine is a ketogenic amino
acid converted to acetyl-CoA in a six-step pathway,
the fourth step of which is catalyzed by MCC. MCC,
located in the inner membrane of mitochondria,
utilises ATP and bicarbonate in the reaction required
for leucine and isovalerate catabolism™. MCC, highly
expressed in the kidney and liver, is a heterodimeric
enzyme composed of o and P subunits in (af)6
configuration, with MCCa containing the biotin-
carboxylation and biotin transporter domains, and
MCCB containing the carboxyltransferase domain®'.

Leucine =——3-Methylcrotonyl-CoA—IHEE=3-Methylglutaconyl-CoA==Acetyl-CoA===TCA Cycle

Figure 5:
The reaction catalysed by the enzyme 3-
methylcrotonyl-CoA carboxylase (MCC).

Enzyme deficiencies in leucine catabolism lead to
hypervalineemia, hyperleucine-isoleucinaemia, maple
syrup urine disease, isovaleric acidemia, isolated 3-
methylcrotonyl-CoA carboxylase deficiency,
methylcrotonylglycinuria, methylglutaconic aciduria,
and 3-hydroxy-3-methylglutaric aciduria®. In humans,
deficiencies in MCC activity are linked to 3-
methylcrotonylglycinuria (MCG), one of the most
frequently observed inborn errors of metabolism®.
The clinical manifestations of MCG are highly
variable, ranging from asymptomatic individuals to
severe cases with neonatal onset that can result in
death™.

Diagnostic Methods in Carboxylase Deficiency

Differential diagnoses are important for determining
enzyme deficiencies and the catalytic activity of the
related enzyme in metabolism. Genetic, biochemical,
imaging, and molecular methods can diagnose enzyme
deficiencies. The enzymatic diagnosis of carboxylase
enzyme deficiency is made by identifying the
deficiency of the relevant carboxylase enzyme in
whole blood in a proband with supporting metabolic
analyte findings. Genetic mutations of the PC, ACC,
MCC, and PCC enzymes cause deficiency of the
relevant carboxylase enzyme. Enzyme activity tests
performed in fibroblasts are also confirmatory
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molecular tests used to determine enzyme deficiency.
In addition to molecular and genetic tests, biochemical
diagnostic tests are performed to detect the relevant
enzyme deficiency.

Genetic tests and enzyme activity measurements are
important diagnostic tools in carboxylase enzyme
deficiencies. Genetic tests are used to detect mutations
in the genes encoding carboxylase enzymes. For
example, conditions such as PC or PCC deficiency
can be determined by gene mutations. Measurement of
enzyme activity in fibroblast cell lines (e.g., skin cells)
or other biopsy samples is also used to confirm the
diagnosis®. The table at the end of the chapter
summarises the diagnostic methods, with references
that may provide additional details for each approach
(Table II).

Genetic testing methods may include combining
single gene testing, multi-gene panel gene-targeted,
multi-gene panels, and comprehensive genomic
testing, such as exome and genome sequencing®.
Gene-targeted testing requires the clinician to identify
which gene is or genes are likely to be involved,
whereas comprehensive genomic testing does not
require such identification. Molecular genetic
diagnosis of the enzyme deficiency of interest is
established by identification in molecular genetic
testing of biallelic PC pathogenic variants in a
proband, supported by metabolic analyte findings*’. In
individuals with carboxylase enzyme deficiency,
cultured fibroblasts or lymphocyte-based enzyme
activity is usually less than 10% of that observed in
controls*®.

Although genetic testing is a powerful tool in
diagnosing metabolic disorders such as carboxylase
enzyme deficiencies, interpretation of variants has
many limitations and challenges, such as accessibility,
cost, and training®. These limitations can make
accurate diagnosis difficult and affect the treatment of
patients. Variants are a natural part of the genetic
makeup of many people. This can make it difficult to
determine whether certain variants are associated with
the disease clearlyso. In carboxylase enzyme
deficiencies, a single genetic variant may not always
be the cause of the entire disease. Multigenic
interactions or environmental factors may play a role
in the development of the disease, which complicates
the interpretation of genetic test results’’. Genetic
tests, especially those that detect genetic mutations,
may not be sufficiently accessible in some regions due
to transportation, inadequate infrastructure, genetic
expertise, and counselling“. In particular, advanced
genetic analyses and sequence-based tests are often
costly, as they require specialised laboratories and
high-tech equipment, and repeat studies are often
performed in rare diseases. These costs may prevent
some patients from receiving these tests and slow
down the diagnostic process’. On the other hand,
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Table II. Diagnostic methods for carboxylase enzyme deficiency

Diagnostic

Method Description Carboxylase Enzyme Deficiency References
i i i inati 66,67
Clinical Thorgugh patient hllstory and physpal e?(ammatlon o . Identifying clinical signs of metabolic
. identify symptoms like metabolic acidosis, hypoglycemia, . ]
Evaluation disorders but not definitive.
and lethargy.
Detects accumulation of specific 68,69
Plasma/Serum - . metabolites. Elevated C3
ie Measures the levels of acylcarnitines, which can be . i
Acylcarnitine X S (propionylcarnitine) or C5
. elevated in carboxylase deficiencies. ; s
Profile (isovalerylcarnitine) levels may suggest
carboxylase enzyme defects.
Plasma or Abnormal results may suggest a defect in
- . |Measures abnormal metabolites in the plasma or urine, like |propionyl-CoA carboxylase or 70-72
Urine Organic o . : .
. methylmalonic acid, propionylglycine, or others. methylmalonyl-CoA mutase (e.g., Propionic
Acids C BONRNA
acidemia, Methylmalonic acidemia).
Direct measurement of enzyme activity from blood, tissue
(e.g., fibroblasts, leukocytes), or muscle. . '
The activity of th interest from the blood | Direct confirmation of carboxylase enzyme
Enzyme car? sg ;Vr:z;;sedebir::zﬁggeltﬂce gisﬂu:)(;g]mete}ic Omoethsfdns]p ° deficiency by measuring activity. Common
’ i i - 48,73-75
Activity Assay |following hydrolysis of the enzyme's natural or artificial assays include propionyl-CoA carboxylase,

normal enzyme activity below 10%.

substrates, by means of initially defined radioassays.
Confirmatory tests are performed in patients with a mean

methylmalonyl-CoA mutase, and pyruvate
carboxylase activity.

(DNA
Sequencing)

deletion/duplication analysis is performed.

Genetic analysis identifies mutations in the carboxylase
enzyme genes. Verification can be performed by mutational
Genetic Testing |analysis of the gene of the enzyme concerned. Genetic
tests for this are performed by single gene testing. Firstly,
the enzyme is sequence analysed. In the absence or
presence of a single pathogenic variant, gene-targeted

Confirmatory for specific enzyme
deficiencies (e.g., MUT gene for 7679
methylmalonyl-CoA mutase, PCCB for
propionyl-CoA carboxylase).

Cerebrospinal

Elevated levels of specific metabolites may

. CSF analysis identifies organic acid accumulations and support the diagnosis of carboxylase 80-82
Fluid (CSF) . C X
. neurochemical changes. deficiencies affecting the central nervous
Analysis
system.
Biotin Biotin-responsive disorders like
(Coenzyme) Assessment of response to biotin supplementation in cases [holocarboxylase synthetase deficiency 45.78.83.85

Response Test of biotin-responsive carboxylase deficiencies.

(HCS) show improvement in enzyme
function with biotin treatment.

genetic analyses based on large databases may contain
some inaccuracies, such as misinterpretation of

variants and false negatives or positives™*.

Biochemical methods are performed by measuring the
concentrations of metabolic products. As a result of a
problem in the production of enzymes involved in
metabolism or a situation that prevents them from
fulfilling their catalytic activities, abnormal and
harmful organic acid metabolites accumulate in the
cell. Since high concentrations of metabolites are
excreted due to organic acidemia, it is possible to
detect these metabolites in urine and blood. Organic
acidemia can occur at any age, as early as the newborn
period”. As a result of the accumulation of free
organic acids, the body's pH balance is disturbed, and
an anion deficit occurs™. In the case of deficiency of
carboxylase group enzymes, it is extremely important
to monitor the patient's organic acids, amino acid
profile, free carnitine and acyl carnitine profile,
ammonia, lactate, and leukocyte counts®®. In PCC
deficiency, high propionyl carnitine levels determine

PA. Propionyl-CoA, propionate, methyl citrate, B-
hydroxypropionate, propionylglycine, tiliac acid, and
ketone levels are high in patients with PCC enzyme
deficiency™.

In isolated MCC deficiency, urinary levels of 3-
hydroxyisovaleric acid and 3-methylcrotonylglycine
are generally increased. Plasma levels of 3-
hydroxyisovaleryl carnitine increase, while serum
levels of free carnitine decrease. In addition, 3-
hydroxyisovalerylcarnitine is characteristically found
in blood and urine. Many patients develop a severe
secondary carnitine deficiency, and urinary levels of
3-methyl citrate, propionic acid, and propionyl
carnitine are increased. Molecular analyses in
leukocytes or fibroblasts show low or absent 3-MCC
activity, while other carboxylase enzymes have
normal activity’’. In PC deficiency, abnormal levels of
amino acids, organic acids, glucose, and ammonia
constitute the biochemical diagnosis. As a result of a
high lactic acid level, the lactate/pyruvate ratio
increases, indicating TCA cycle disorders. Lactic
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acidosis (serum lactate), lactate, organic acids, and
ketone bodies in urine, hyperglycaemia, and ammonia
are analyzed to determine PC enzyme activity
deficiency™.

It is well known that accumulated metabolites can lead
to neurological symptoms60 in carboxylase enzyme
deficiencies. Metabolic disorders, particularly those
caused by organic acidemia, can have detrimental
effects on the brain. These conditions often lead to
neurological findings such as lethargy, seizures, motor
disorders, and developmental delay™. Due to organic
acidemia, symptoms such as metabolic acidosis,
hypoglycaemia (low blood sugar), vomiting,
dehydration, and liver enlargement may also occur.
These symptoms can occur very quickly at the onset
of the disease®. In diagnosing carboxylase enzyme
deficiencies, genetic testing, measuring enzyme
activity, detecting biochemical parameters (especially
the accumulation of organic acids), and understanding
the relationship between neurological findings and
enzyme activity are of great importance’’. These
methods can help accurately recognise the disease and
treat it early. Disruption of metabolic pathways due to
enzyme deficiency, combined with clinical symptoms
(neurological and metabolic findings) and biochemical
data, confirms the diagnosis®.

Discussion and Conclusion

Carboxylases are enzymes that play crucial roles in
metabolic processes involving the transfer of carboxyl
groups. These biotin-dependent enzymes have vital
functions in gluconeogenesis, lipogenesis, and amino
acid catabolism. In addition, substrates and/or
products of ACC, PC, MCC, and PCC carboxylase
group enzymes have been shown to affect signal
transduction mechanisms. Therefore, deficiency of
these enzymes leads to severe metabolic disorders.
Carboxylase group enzymes, which are involved in
extremely critical steps in metabolism, are not only
associated with genetic defects, but are also regarded
as molecules that should be monitored regularly due to
their effects on the metabolic process molecules that
should be monitored regularly. These enzymes, which
are usually investigated in rare metabolic disorders,
should be considered in metabolic pathologies and
their catalytic functions.

Biochemistry and metabolism laboratories analyse the
activity of carboxylase enzymes. Metabolic substrate
measurement, product quantification, and enzyme
activity determination in biological materials are
difficult due to matrix interferences and low
concentrations.  Laboratory  accreditation,  pre-
analytical procedures, methods of analysis, analytical
instruments, and qualified technical staff are necessary
to overcome these difficulties. On the other hand, it is
of utmost importance to develop faster and more
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sensitive analysis methods and to search for new
biomarkers by taking advantage of today's sensitive
and advanced technological devices.

Genetic mutations cause carboxylase enzyme
deficiencies. Therefore, significant efforts have been
made in recent years to repair missing or impaired
enzyme functions through gene therapy (e.g., viral
vectors or nanoparticle-based delivery systems) and
gene editing technologies (e.g., CRISPR-Cas9).
Enzyme replacement therapy, one of the most widely
used treatment methods, is the external administration
of the missing or dysfunctional enzyme to compensate
for genetic deficiencies. This approach has been
successfully used in the treatment of some metabolic
diseases. However, in cases where some enzymes,
such as carboxylase enzymes, must function
intracellularly, this treatment can become more
complex. The deficiency of carboxylase enzymes can
disrupt important metabolic pathways in the cell,
resulting in the accumulation of organic acids and
metabolic acidosis. Therefore, modulation of
metabolic pathways may be part of therapeutic
strategies.

Research areas such as therapeutic targeting of
carboxylase enzyme deficiencies and bioinformatics
approaches offer significant opportunities in managing
and treating genetic disorders. Research in this area
has enormous potential for more effective treatment
and faster diagnosis of genetically based diseases.
Bioinformatics databases, artificial intelligence (Al),
and machine learning can be used to collect data on
new and rare mutations and correlate these data with
population genetics. These databases will also provide
useful data to determine the degree of pathogenicity of
mutations and optimise treatment approaches.

Carboxylase enzymes catalyse several biochemical
reactions in the body, playing a critical role in cellular
energy production and metabolic control processes.
Deficiencies of these enzymes can accumulate
harmful metabolites in the body and cause serious
metabolic disorders such as organic acidemia. Since
neurological and metabolic symptoms characterise
these disorders, developing accurate diagnosis and
treatment methods is very important. Understanding
carboxylase enzyme deficiencies and therapeutically
targeting these deficiencies may improve patients'
quality of life and pave the way for new therapeutic
strategies. Furthermore, using advanced research
methods such as bioinformatics and genetic analyses
may offer critical opportunities to enable more
effective management of the functions and
deficiencies of these enzymes. The development of
biochemical analysis methods and advances in
genetics, bioinformatics, and Al will help to make
accurate diagnoses, develop individualised treatment
strategies, and make treatment processes more
effective.
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