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SUMMARY

Amino acid metabolism is a significant metabolic activity in humans, especially of
sulphur-containing amino acids, methionine and cysteine (Cys). Cys is cytotoxic and
neurotoxic in nature; hence, mammalian cells maintain a constant intracellular level
of Cys. Metabolism of Cys is mainly regulated by two thiol dioxygenases: cysteine
dioxygenase (CDO) and 2-aminoethanethiol dioxygenase (ADO). CDO and ADO
are the only human thiol dioxygenases reported with a role in Cys metabolism and
localized to mitochondria. This metabolic pathway is important in various human
disorders, as it is responsible for the synthesis of antioxidant glutathione and is also
for the synthesis of hypotaurine and taurine. CDO is the most extensively studied
protein, whose high-resolution crystallographic structures have been solved. As com-
pared to CDO, ADO is less studied, even though it has a key role in cysteamine
metabolism. To further understand ADO’s structure and function, the three-dimen-
sional structures have been predicted from I-TASSER and SWISS-MODEL servers
and validated with PROCHECK software. Structural superimposition approach
using iPBA web server further confirmed near-identical structures (including active
sites) for the predicted protein models of ADO as compared to CDO. In addition,
protein—protein interaction and their association in patho-physiology are crucial in
understanding protein functions. Both ADO and CDO interacting partner profiles
have been presented using STRING database. In this study, we have predicted a 3D
model structure for ADO and summarized the biological roles and the pathological
consequences which are associated with the altered expression and functioning of
ADO and CDO in case of cancer, neurodegenerative disorders and other human
diseases.
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Introduction

Stipanuk et al. 2011). These two mitochondrial proteins are
the members of cupin superfamily and contain a B-sandwich

Methionine (Met) and cysteine (Cys) are considered as prin-
cipal sulphur-containing primary amino acids. Metabolism
of the sulphur-containing amino acids is a crucial process
inside the cell. In mammalian cells, many processes result in
oxidation of thiol group, and thiol dioxygenation is an irre-
versible process. Mammalian thiol dioxygenase family com-
prises only two known proteins: cysteine dioxygenase
(CDO, EC 1.13.11.20) and cysteamine (2-aminoethanethiol)
dioxygenase (ADO, EC 1.13.11.19) (Dominy et al. 2007;
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central domain with jelly-roll topology and two consensus
sequences (Dominy et al. 2007). Cysteine dioxygenase was
first described in the 1960s by demonstrating that crude rat
liver extracts contain an enzyme that produced L-cysteine
sulphinic acid from L-cysteine (Lombardini et al. 1969;
Yamaguchi e al. 1971). In 1966, Cavallini and co-workers
demonstrated the presence of another protein, ADO in the
animal tissues, which converts cysteamine to hypotaurine
(Cavallini ef al. 1966). ADO has a much broader range of
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tissue expression than CDO. ADO has higher level of
expression in the brain and muscle, whereas CDO expres-
sion is more specific and is present in organs particularly to
liver, adipose tissue, lungs and little expression in the brain
(Simmons et al. 2005; Ueki & Stipanuk 2009). ADO adds
two atoms of oxygen to free cysteamine (2-aminoetha-
nethiol) to form hypotaurine. Hypotaurine further oxidizes
to taurine (Figures 1 and 2) (Stipanuk et al. 2011). In
response to dietary proteins or sulphur amino acid intake,
CDO concentration may change up to 45 times and cat-
alytic efficiency may change up to ten times. Overall,
dynamic efficiency changes up to 450-fold (Stipanuk et al.
2006, 2009). In mammals, Cys level is maintained by the
liver; and in rat, intracellular Cys level is kept in the range
of 20-100 nmol/g even though the sulphur amino acid
intake can vary (Stipanuk ez al. 2006). Cysteamine is an
aminothiol compound and is cytotoxic at 10~* to 107> M
concentration. It is experimentally proved that 10~* M con-
centration of cysteamine kill cells by apoptosis. A study in
3T3-L1 cells showed that CDO, CSDO and ADO protein
levels increased during adipogenic differentiation and also
significantly increased when these cells achieved a mature
adipocyte phenotype. These changes were accompanied by a
rise in hypotaurine and taurine production, particularly
when cells were treated with Cys and cysteamine (Ueki &
Stipanuk 2009). A study on rat and mouse model showed
most probable pathway for ADO is coenzyme A to cys-
teamine and finally to hypotaurine.

Human thiol dioxygenases: the cupin
superfamily members

Thiols are crucial in regulating oxidative stress, signal trans-
lation and transcriptional process in cells. Cysteamine, GSH,
hypotaurine and taurine are widely known sulphur com-
pounds that function as antioxidants. Cysteamine is known

as a scavenger of OH and protects the cell against ionizing
radiation (Guerin et al. 2001). There are only two thiol
dioxygenases in mammals: CDO and ADO (Dominy et al.
2007; Stipanuk et al. 2011). These two proteins are placed
in the cupin superfamily as they contain conserved cupin
motifs. These family proteins are widely distributed from
archaea, bacteria to eukaryotes. This superfamily has two
very short signature sequence motifs, GxsHxHx;_¢ExsG (cu-
pin motif-1) and Gx;.;PxGx,Hx3N (cupin motif-2), sepa-
rated by a less conserved intermotif, that is separated by
approximately 15-50 residues of amino acids. This two
motif structure is not as conserved as thought earlier. The
cupin superfamily is quite diverse and includes sugar-binding
metal-independent, as well as metal-dependent enzymes
possessing dioxygenase, decarboxylase, hydrolase and iso-
merase activities. In this family, other non-enzymatic func-
tions are also present, such as binding to
transcription factors and seed storage proteins (Woo et al.
2000; Adachi et al. 2001; Dominy ef al. 2007). According
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Figure 2 A comparison of the thiol dioxygenase reaction
catalyzed by the two cysteine dioxygenase (CDO) and
cysteamine dioxygenase (ADO) enzymes. These two enzymes
are the rate-limiting enzymes in cysteine metabolism.
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to the structural classification of proteins (SCOP), cupin
proteins are the members of the ‘RmIC-like Cupins’ super-
family within the double-stranded B-helix (DSBH) multicat-
alytic fold (Giraud et al. 2000; Fusetti et al. 2002). The
DSBH (also called as jelly-roll) topology comprises of eight
B-strands that form a B-sandwich structure comprised of
two-four-stranded anti-parallel B-sheets. However, there are
four types of jelly-roll topology possible, but the right-
handed class-I form is only present naturally (Uberto &
Moomaw 2013).

The recent work on CDO identified that the functional
enzyme is a monomer with a molecular weight of 23 KDa
and 200 amino acids long (Joseph & Maroney 2007).
Human CDO’s crystal structure revealed high structural sim-
ilarity to the mouse and rat origin. The conserved residues in
CDO include Tyr58, Arg60, Trp77, His86, His88, His140,
His155 and Tyr157, while Tyr58 is present at the entrance
of the active site (McCoy et al. 2006). In the core of the
active site, catalytically important ferrous ion is coordinated
by N-atom of His86, His88 and His140 (Ye et al. 2007).
There is a thioether bond between the active site in between
the residues Cys93 and Tyr157, a cross-link factor, which
was named as Cys-Tyr cofactor (Arjune et al. 2015). This
Cys-Tyr cofactor has been found to be involved in post-
translational modification (McCoy et al. 2006). Cysteine
dioxygenase catalyses the conversion of L-cysteine to
L-cysteine sulphinic acid, CSA (Figure 1). CSA becomes a
branch point, while one branch point leads to taurine via
hypotaurine, and other branch leads to 3-sulphinyl pyruvate,
finally producing sulphate. In this process, taurine and
hypotaurine synthesis is an important process, as taurine is
the second most abundant amino acid (Vitvitsky ez al. 2011).
Taurine has a role in various metabolic activities like main-
taining cardiac functions, protecting neural cells from excito-
toxicity and damage induced by ischaemia. Taurine has been
proposed as a neurotransmitter, as it is the second most
abundant amino (sulphonic) acid in the central nervous sys-
tem, CNS (Saransaari & Oja 2008). Taurine plays a key role
in stabilizing mammalian skeletal muscles. In a study carried
out by Vitvitsky ez al., the exposure of cells to Cys or cys-
teamine resulted in an elevated intracellular hypotaurine
without a corresponding increase in taurine levels. In addi-
tion, it was also suggested that oxidation of hypotaurine lim-
its taurine synthesis in the cells. Consistent with its role as
an organic osmolyte, taurine synthesis was stimulated by a
hypertonic condition in neurons (Vitvitsky ez al. 2011).

Another protein in mammals showing thiol dioxygenase
activity is cysteamine dioxygenase (ADQ), an ortholog of
CDO (Dominy et al. 2007). Dominy Jr. and co-workers
reported that ADO has thiol dioxygenase activity, which
shares some sequence similarity (14.2% identity) to CDO
(Dominy et al. 2007). In ADO, the conserved glutamate
(Glu) residue in cupin motif-1 is replaced by either glycine
(Gly) or valine (Val). These two proteins (CDO and ADO)
represent unique clades within the cupin superfamily. These
two proteins and many other proteins are also known as
domain of unknown function 1637 (DUF1637) family.
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ADO binds to a transition metal (i.e. Fe2*) which is essential
for its thiol dioxygenase activity (Dominy et al. 2007). It is
also well characterized that there is no cross-utilization of
these two proteins, as ADO never uses Cys as its substrate,
nor CDO uses cysteamine as its substrate (Dominy et al.
2006). In the brain, taurine gets synthesized, yet it has lit-
tle CDO’s expression (Dominy et al. 2004), to its contrast
ADQO’s expression is very high (Dominy et al. 2007).
One can say that ADO pathway is predominantly responsi-
ble for the hypotaurine and taurine biosynthesis in the
brain (Dominy et al. 2007) for metabolic functions of the
brain.

Disorder regions are responsible for protein
function and interaction

Disordered regions in various proteins have been confirmed
experimentally; they have often been found to be essential
for protein function (Hegde et al. 2008, 2010). Intrinsically
disordered regions are regions that lack stable secondary or
tertiary conformation, and 30% of the human proteins are
thought to contain large contiguous disordered regions
(Ward ef al. 2004). Interestingly, the intrinsic disorder
appears to be significantly correlated with certain terms
from functional ontologies and with specific functional
motifs (Hegde et al. 2010). The disordered regions in pro-
teins are involved in various functions like transcriptional
regulation, signal transduction, cell cycle control, DNA
damage sensing and repair, post-translational modifications,
such as phosphorylation, or sites of protein—protein interac-
tions, often fall into the regions that are locally disordered
or undergo order—disorder transition in different, biologi-
cally relevant situations (Hegde et al. 2008). Disordered
regions in proteins show higher rates of mutations, presum-
ably because changes in their protein sequences rarely affect
protein stability and function as severely as that in ordered
regions (Brown et al. 2002; Mittag et al. 2010). Recent
studies have indicated that ‘hub’ protein complexes are
widely present in higher eukaryotes, whose formation
mostly involves interaction with disordered regions. Bioin-
formatics analyses of known protein interactions are sugges-
tive that such interactions among disordered structures are
significantly preferred among human proteins.

Commonly used disorder region prediction tools include
PONDR, DisEMBL, MeDor, PrDOS, RONN, FoldIndex,
GlobPlot, IUPred and FoldUnFold, and these tools are avail-
able in the public domain. Among these, PONDR is the
most widely used and advanced version, which can predict
the information upon single sequences. The PONDRs are
typically feed-forwarded neural networks that use sequence
attributes taken over window of 9-21 amino acids. These
attributes, such as the fractional composition of particular
amino acids, hydropathy or sequence complexity, are aver-
aged over these windows, and the values are used to train
the neural network during predictor construction (Obrado-
vic et al. 2003). The VSL predictors in PONDR take advan-
tage of such differences to yield more accurate predictions.
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Figure 3 Multiple Sequence Alignment for ADO and CDO. (a) Multiple sequence alignment of ADO by Clustal Omega algorithm.
Color indicated shows following color coding. RED: Small [small+ hydrophobic (incl. aromatic -Y)], BLUE: Acidic, MAGENTA:
Basic-H, GREEN: Hydroxyl + sulfhydryl + amine + G and GREY: Unusual amino/imino acids; and (b) Multiple sequence alignment
of CDO by Clustal Omega algorithms.
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The PONDR score of 0.5 and higher indicates a disordered His194) and CDO (His86, His88 and His140). The disor-
structure in any given protein. dered regions are localized to the middle protein segment of

To understand the role of ordered and disordered regions both ADO and CDO proteins (Figure 4). ADO has a total
in the functioning of ADO and CDO, analyses with the of 270 amino acids and has disordered regions distributed

multiple sequence alignments (MSA) were performed (Fig- in seven regions. Amino acids 137 to 182 in ADO form the
ure 3a,b). MSA were carried out to observe the evolutionary longest disordered region of 46 amino acid residues, and this
conservation of functionally important residues in ADO region has highest average strength of 0.6627. In CDO, dis-

(His112, His114 and His194) and CDO (His86, His88 and ordered regions are distributed in five regions, and the long-
His140) (McCoy et al. 2006). In this study, we used est disordered region is localized from 115 to 128 amino
PONDR for prediction of CDO and ADO disordered acids with an average strength of 0.7634.

regions (Vucetic et al. 2003). ADO comprises of 43.70% of
disordered region and CDO contains 29% respectively.
MSA of ADO and CDO indicate the conservation of length
and location of disordered region in full-length ADO and Human ADO has no X-ray crystal structure reported till

In silico structure prediction of ADO

CDO. It also proves the intrinsic conservation amend func- now. The three-dimensional (3D) structure is an essential
tionally important residues in ADO (His112, His114 and requirement for understanding the structure and function of
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Figure 4 Comparison of disordered regions present in (CDO and ADO) thiol dioxygenase enzymes from the proteins of three
different (rat, mouse and human) species being predicted by the PONDR software.
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a protein. The 3D structure was predicted from I-TASSER
web server (Yang e al. 2015). I-TASSER is a hierarchical
protein structure modelling approach based on the sec-
ondary-structure enhanced Profile-Profile threading Align-
ment (PPA) and the iterative implementation of the
Threading ASSEmbly Refinement (TASSER). The most prob-
able predicted structure of ADO generated was validated
with Ramachandran plot (Yang & Zhang 2015). PRO-
CHECK analysis of protein revealed that approximately 3%
amino acid residues have disallowed phi/psi angles in
Ramachandran plot, and only approximately 55% amino
acid residues are in the most favoured region and Verify_3D
program showed good 3D_1D profile score of the residues,
that is approximately 86% residues had an average 3D-1D
score of >0.2 (Bowie et al. 1991; Laskowski et al. 1993).
According to I-TASSER prediction, the predicted structure
has C-score of 2.14 and estimated RMSD of 10.9 + 4.6 A.
This predicted structure has maximum coverage of 0.70 and
normalized Z-score of 1.06 with the template (PDB
ID-3ussA). According to Ramachandran plot, only approxi-
mately 55% amino acids of this model are in favoured
region. The predicted active site has iron centre with coordi-
nation with four amino acid residues (His112, His114,
His193 and Leu208). To understand the detailed picture
and to determine more accurate 3D model, SWISS-MODEL
server was employed. The predicted 3D-protein structure
has been analysed by PROCHECK, and Ramachandran
analysis of this protein revealed that approximately 2% of
amino acid residues have phi/psi angles in disallowed region.
The model has approximately 84% of amino acids in most
favoured region, approximately 12% amino acids are in
additional allowed region, and approximately 3% of amino
acids are in generously allowed region (Figures 5 and 6).
Ramachandran plot indicates that the protein is highly
stable. Both the models have 8.4 A RMSD and have
approximately 91% similarity with the backbone atoms of
complete template (CDO), but the active site of both models
is similar with three His molecules at the centre. These iron
coordination centres are organized in same geometry and
same location in the model. The model from SWISS-
MODEL server has a loose active site with 6.45 A distance
between His114 and His193; 5.80 A distance between
His193 and His112; and 6.07 A between His112 and
His114. The model predicted by I-TASSER has compact
active centre with 5.59 A distance between His114 and His
193; 6.07 A between His193 and His112; and 5.68 A
between His112 and His114. The predicted ADO’s 3D
structures are not totally similar; however, the core struc-
tures of both the models are identical, and the difference lies
in loop region and N- and C-terminal regions. To under-
stand more about ADO’s thiol dioxygenase activity and cor-
rectness of SWISS-MODEL server, predicted protein model’s
structural superimposition has been performed. Root mean
square deviation (RMSD), between backbone chain atoms
of the model and the respective template (PDB Id: 2IC1,
Figure 7), was calculated by structural superimposition
using iPBA web server (Tyagi et al. 2008). The comparative

study of ADO model and its CDO template (PDB Id: 21C1)
by iPBA web server showed a RMSD of 0.16 A. Both
I-TASSER and SWISS-MODEL models are shown in Fig-
ure 8, and the topology model of CDO and ADO is shown
in Figure 9.

In the CDO, active site Fe (II) ion is coordinated by the
N-atoms of His86, His88 and His140 residues (McCoy
et al. 2006). In ADO, the predicted Fe (II) ion is coordi-
nated by His112, His114 and His193 residues (Figure 10).
These amino acids are in ordered regions of both the pro-
teins and are conserved. ADO is composed of four helices,
including three alpha (o) helices (H1, H2 and H3) and one
single turn 3o helix and twelve B-strands, which forms two
anti-parallel B-sheets. CDO is structurally conserved cupin
B-barrel protein constituted by all the three PB-sheets, by
which the active centre at the chelated Fe** is surrounded
(McCoy et al. 2006). There is a high structural similarity
by 92% between human, mouse and rat CDO sequences
(Ye et al. 2007). As compared to CDO, ADO also shows
90-95% sequence similarity in human, mouse and rat and
it is also conserved through evolution, and this can be
observed in MSA of ADO protein (Figure 3a). There are
many similarities found between ADO and CDO structures
and their active sites too. A recent study by Sallmann and
group reported that a novel complex TpMe Fe
(SCH,CH,NH,;) which they have synthesized can act as a
speculative model for ADO. They also reported that its
reaction with O, led to the dioxygenation of the S atom
and thus to hypotaurine, therefore supporting the hypothe-
sis that the active sites of CDO and ADO are quite similar
(Sallmann et al. 2015).

Crosstalk of human thiol dioxygenases with
other proteins

Proteins are the main workhorses of the cell; proteins con-
trol all biological functions and processes of the cell. The
cellular responses are a dynamic process, and protein
expression changes with the responses it encounters.
Protein—protein interactions are governed by the interaction
of domains that directs specific interactions with various tar-
get proteins, relative affinities of the partner protein and
their modulation by covalent modifications as reviewed
recently (Thakur et al. 2015). There are many pathways
which are regulated by the protein—protein interactions.
Human thiol dioxygenase enzymes, both CDO and ADO,
interact with different proteins for regulation of different
physiological processes. The Search Tool for the Retrieval of
Interacting Genes/Proteins (STRING) database-based in sil-
ico interactions and known interactions of CDO and ADO
proteins are listed in Tables 1 and 2 and also diagrammati-
cally illustrated in Figures 11 and 12.

Interactions of CDO with other proteins

STRING is a database of known and predicted protein
interactions. The interactions include direct (physical) and

International Journal of Experimental Pathology
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Figure 5 (a) Modelled structure of cysteamine dioxygenase (ADO) [SWISS-MODEL server (Laskowski, 2009)]; (b) 2-D structure of
ADO from PDBsum is modelled from SWISS-MODEL modeling software; and (c) PROCHECK analysis and Ramachandran plot of
the 3-D structure of ADO. The protein model has 83.6% of amino acids in the most favored region, 11.7% of amino acids as
additional allowed region, 2.9% of amino acids generously allowed region, and 1.8% amino acids as disallowed region. Protein
structure analysis (Pro SA-web) predicted that ADO protein has Z-score of —5.79.

indirect (functional) association (Szklarczyk et al. 2015).
They are derived from the genomic study, high-throughput
experiments microarray analysis and previous resources.
CDO interacts with various proteins for different activities
are illustrated in Figure 11 and are listed in Table 1; cys-
tathionase (cystathionine gamma-lyase) [CTH] catalyses the
last step in the transsulphuration pathway from methionine
to cysteine (Sun et al. 2009), which generate endogenous
signalling molecule hydrogen sulphide (H,S), and con-
tributes to the regulation of blood pressure (Chiku et al.
2009). Glutamic-oxaloacetic transaminase (GOT) is a pyri-
doxal phosphate-dependent enzyme which exists in cytoplas-
mic and mitochondrial forms, GOT1 and GOT2
respectively. GOT plays a key role in amino acid metabo-
lism and in urea and tricarboxylic acid cycles. Cysteine
sulphinic acid decarboxylase (CSAD) acts as a rate-limiting
enzyme in  taurine  biosynthesis,  catalysing  the
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decarboxylation of cysteine sulphinate to hypotaurine
(Skoldberg et al. 2004). Glutamate decarboxylase or glu-
tamic acid decarboxylase (GAD) is an enzyme that catalyses
the decarboxylation of glutamate to GABA and CO,. GAD
is present in two forms, a 67-kDa and 65-kDa form (GAD1
and GAD2), one found in the brain, and the other one in
pancreatic islets and brain, respectively (Burbaeva er al.
2014). Deficiency of this enzyme has been shown to cause
the pyridoxine dependency with seizures. Alternative splic-
ing of this GAD1 gene results in two products, the predomi-
nant 67-kDa form and a less-frequent 25-kDa form (Curley
et al. 2011). Cell adhesion associated, oncogene-regulated
(CDON) encodes a protein containing three fibronectin type
III domains and five immunoglobulin-like C2-type domains.
This protein is a member of a cell surface receptor complex
that mediates cell—cell interactions between muscle precursor
cells and positively regulates myogenesis (Gibert et al.
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Figure 6 (a) Modelled structure of ADO predicted from the I-TASSER server; (b) 2-D structural details of ADO from PDBsum had
been modeled from I-TASSER modeling software; and (c) PROCHECK analysis and Ramachandran plot of the 3-D structure of
ADO. The Protein model has 54.5% amino acids in the most favored region, 33.3% amino acids in additional allowed region, 8.9%
of amino acids in generously allowed region, and 3.3% amino acids in disallowed region. Protein structure analysis (Pro-SA-web)

predicted that ADO protein has Z-score of —5.15.

2014). Glutamate-cysteine ligase also known as gamma-glu-
tamylcysteine synthetase is the first rate-limiting enzyme of
glutathione synthesis. The enzyme consists of two subunits,
a heavy catalytic subunit and a light regulatory subunit
(Lim et al. 2015). CDO also interacts with phosphopan-
tothenoylcysteine synthetase (PPCS) and catalyses the first
step in the biosynthesis of coenzyme A from vitamin B3,
where Cys is conjugated to 4’-phospho-pantothenate to form
4-phosphopantothenoylcysteine (Nakamura et al. 2012).
The protein—protein interactions predicted thus advocates
for further studies to understand CDO’s association towards
various biological functions.

Interactions of ADO with other proteins

STRING database-based interactions of ADO with other
proteins are illustrated in Figure 12 and are listed in
Table 2. ADO also interacts with CSAD, CDON, GAD1

and GAD2 proteins, which interact with CDO (described in
the section Interactions of CDO with other proteins). In
addition, ADO interacts with adenosine kinase (ADK),
ATP-dependent phosphorylation of adenosine and other
related nucleoside analogs to monophosphate derivatives
(Mathews et al. 1998), which serves as a potential regulator
of concentrations of extracellular adenosine and intracellular
adenine nucleotides (Mathews et al. 1998). Adenosine has
widespread effects on the cardiovascular, nervous, respira-
tory, and immune systems, and inhibitors of the enzyme
could play an important pharmacological role in increasing
intravascular adenosine concentrations and act as an anti-
inflammatory agent. ADO also interacts with ribose 5-phos-
phate isomerase A (RPIA); RPIA interconverts ribose-5-
phosphate and ribulose-5-phosphate. This enzyme also
plays an essential role in both carbohydrate anabolism and
catabolism; it is ubiquitous and is highly conserved evolu-
tionarily (Zhang et al. 2003).

International Journal of Experimental Pathology
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Figure 7 (a) 2-D structural details
(PDBsum) of Cysteine dioxygenase
(CDO); and (b) 3-D structure of CDO
(PDB Id: 2IC1).

Figure 8 Superimposed structures of the
predicted 3-D structure of ADO in
(green color) and CDO PDB Id: 2IC1
model of CDO in (red color) which have
been predicted by the iPBA webserver
(prediction based on structural
alignment and a structural alphabet).

According to STRING prediction, ADO also interacts with
complement component 3, generally called as C3, which is a
protein of immune system and plays a significant role in the
complement system and contribute towards innate immunity.
This C3 protein is essential for activating the complement sys-
tem. The presence of foreign invaders trigger the C3 protein
to be cut (cleaved) into two smaller pieces. C3 convertase pro-
cesses the central reaction in both classical and alternative
complement pathways. After activation, C3b can bind cova-
lently, via its reactive thioester, to cell surface carbohydrates
or immune aggregates (Suresh ef al. 2003). Tripartite motif
containing 33 acts as an E3 ubiquitin-protein ligase and pro-
motes SMAD#4 ubiquitination, nuclear exclusion and degrada-
tion via the ubiquitin-proteasome pathway. The activity of
adenosine Al, A2b receptors is mediated by the G proteins
that activate adenylyl cyclase (Okada et al. 1996). Potassium
inward-rectifying channel subfamily J] member 10 (KCNJ10)

International Journal of Experimental Pathology

Green= 2IC1 (CDO)
Red= Predicted model of ADO from SWISS-MODEL

are a specific subset of potassium selective ion channels. Seven
subfamilies have been identified in various mammalian cell
types and are also found in plants. KCNJ10 are the targets of
multiple toxins, and malfunction of the channels has been
implicated in several human diseases. ADO also interacts with
the family with sequence similarity 76, member B (FAM76B)
and chromosome 5 open reading frame 24 (C50RF24) pro-
teins. However, the biological consequences/functional impli-
cations associated with many of these proteins which are
interacting either with ADO or CDO warrant for further
studies in this regard.

Role of thiol dioxygenases in human health

Oxidative stress contributes significantly to many diseases
such as atherosclerosis, cancer, Alzheimer’s disease (AD) and
age-related macular degeneration. Sulphur exists stably in



10 B. Sarkar et al.

(a) (b)

tl]

Figure 9 Comparison of topology
model/diagram of CDO (PDB Id:
21C1); (a) topology model/diagram of
predicted model of ADO; and (b)
topology diagrams derived from the
PDBsum.

CcDO Predicted ADO

Active site of ADO

Figure 10 Active site prediction of ADO using PDBsum: Ball
and Stick representation of the geometry of the active site of
ADO (predicted structure SWISS-MODEL server). The iron
metallocenter in the (purple) is chelated by the three histidine
(His 114, His 112, and His 193) residues.

multiple oxidation states, which makes it a versatile compo-
nent in biological systems. The most highly active and most
reduced form of sulphur in biomolecules is the thiol, present
in the amino acid cysteine (Moriarty-Craige & Jones 2004).
Cys is present in many proteins specifically in an active site,
and this makes this amino acid a key target for many disease
studies.

Cancer

In recent years, Cys metabolism in various human cancers
has gained considerable interest, mostly focusing on its role

in generating the antioxidant glutathione (Prabhu et al.
2014). Study on Cys metabolism pathway demonstrated
the importance of this axis in glioma models (Chung et al.
2005; Ogunrinu & Sontheimer 2010). Yamaguchi and
co-workers reported the lack of CDO activity in malignant
tumour cells such as rat hepatoma cells (AHZ440 and
AH1009A) and mouse Ehrlich ascites tumour cells; it has
been shown that CDO expression alters in cancer
(Yamaguchi 1980). A study conducted by Dietrich et al.
identified cysteine dioxygenase 1 (CDO1) as a strong DNA
methylation biomarker in oestrogen receptor-positive,
lymph node receptor-positive breast cancer treated with
adjuvant anthracycline-containing therapy (Dietrich et al.
2010). Human CDO1 gene is frequently deleted in
advanced lung cancer (Ueno ef al. 1998). A study con-
ducted by Brait et al. identified promoter methylation of
CDO, a specific marker of multiple types of human can-
cers. They also discovered a statistically significant differ-
ence in the frequency of CDO1 promoter methylation
between normal and tumour tissue derived from colon,
breast, oesophagus, lung, bladder and stomach. In addition,
CDO1 also displayed tumour suppressive activities using
in vitro cell culture and iz vivo mouse model studies.
These studies provided enough evidence for novel tumour
suppressor activity of CDOI1 as epigenetic regulator of
human cancer (Brait ef al. 2012; Jeschke et al. 2013).
CDO1 also plays tumour suppressor role in human car-
cinogenesis; it was identified after use of algorithm utilizing
pharmacological unmasking microarray (Minatani et al.
2016). In this study, promoter DNA methylation status of
the CDOT1 gene in 172 primary breast cancer tumour tis-
sues, and strong association of CDO1 gene promoter DNA
methylation with poor prognosis, was shown in primary
breast cancer patients, especially for triple negative breast
cancer (Minatani et al. 2016).

Prabhu ef al. (2014) have identified a new metabolic path-
way responsible for cancer development in glioblastomas.
CDO1/cysteine sulphinic acid (CSA) pathway has been

International Journal of Experimental Pathology
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Table 1 Predicted functional partners of CDO

String  Prediction
S.No  Proteins Details of interacting proteins score tools
1. ' CTH Cystathionase (cystathionine gamma-lyase) catalyses the last step in the trans-sulphuration 0.942  STRING
pathway from methionine to cysteine (405 aa)
2. & GOT1 Glutamic-oxaloacetic transaminase 1, soluble (aspartate aminotransferase 1); biosynthesis of 0.922 STRING
L-glutamate from L-aspartate or L-cysteine. (413 aa)
3. 1 GOT2 Glutamic-oxaloacetic transaminase 2, mitochondrial (aspartate aminotransferase 2) catalyses 0.919 STRING
the irreversible transamination of the L-tryptophan metabolite L-kynurenine to form
kynurenic acid (KA). (430 aa)
4. & CSAD Cysteine sulphinic acid decarboxylase (520 aa) 0.907  STRING
5. 1 GAD1 Glutamate decarboxylase 1 (brain, 67 kDa) catalyses the production of GABA (594 aa) 0.903 STRING
6. & GAD2 Glutamate decarboxylase 2 (pancreatic islets and brain, 65 kDa) catalyses the production of 0.901 STRING
GABA (585 aa)
7. » CDON Cdon homolog (mouse): component of a cell surface receptor complex that mediates cell- 0.860  STRING
cell interactions between muscle precursor cells and promotes differentiation of myogenic
cells (By similarity) (1264 aa)
8. @ GCLC Glutamate-cysteine ligase, catalytic subunit (637 aa) 0.829 STRING
9. & GCLM Glutamate-cysteine ligase, modifier subunit (274 aa) 0.825 STRING
10. & PPCS Phosphopantothenoylcysteine synthetase; catalyses the first step in the biosynthesis of 0.800  STRING
coenzyme A from vitamin BS, where cysteine is conjugated to 4’-phosphopantothenate to
form 4-phosphopantothenoylcysteine (311 aa)
11. [ CYP17A  Steroid 17-alpha-hydroxylase/17 - Biogrid
12. UBC Polyubiquitin-C; ubiquitin - 12D
13. VHL Von Hippel-Lindau disease tumour suppressor - Biogrid
14. MAPK14 Mitogen-activated protein kinase 14 - Biogrid
15. JiP-4 C-Jun-amino-terminal kinase-interacting protein 4 - Biogrid
Table 2 Predicted functional partners of ADO
String  Prediction
S. No Proteins Details of interacting proteins score  tools
1. 1 CSAD Cysteine sulphinic acid decarboxylase (520 aa) 0.913  STRING
2. & GAD1 Glutamate decarboxylase 1 (brain, 67 kDa); catalyses the production of GABA (594 aa) 0.900 STRING
3.  GAD2 Glutamate decarboxylase 2 (pancreatic islets and brain, 65 kDa); catalyses the production 0.900 STRING
of GABA (585 aa)
4. & CDON CDON homolog (mouse); component of a cell surface receptor complex that mediates cell- 0.785  STRING
cell interactions between muscle precursor cells. Promotes differentiation of myogenic cells
(1264 aa)
5. 1 ADK Adenosine kinase; ATP-dependent phosphorylation of adenosine and other related 0.648  STRING
nucleoside analogs to monophosphate derivatives. Serves as a potential regulator of
concentrations of extracellular adenosine and intracellular adenine nucleotides (362 aa)
6. & RPIA Ribose 5-phosphate isomerase A (311 aa) 0.655  STRING
7. 2 C3 Complement component 3; C3 plays a central role in the activation of the complement 0.610  STRING
system. Its processing by C3 convertase is the central reaction in both classical and
alternative complement pathways. After activation, C3b can bind covalently, via its
reactive thioester, to cell surface carbohydrates or immune aggregates (1663 aa)
8. @ TRIM33 Tripartite motif containing 33: acts as an E3 ubiquitin-protein ligase and promotes SMAD4 0.583  STRING
ubiquitination, nuclear exclusion and degradation via the ubiquitin-proteasome pathway.
(1127 aa)
9. £ ADORA2B  Adenosine A2b receptor; receptor for adenosine. The activity of this receptor is mediated 0.581  STRING
by G proteins which activate adenylyl cyclase (332 aa)
10. & ADORA1 Adenosine A1 receptor; receptor for adenosine. The activity of this receptor is mediated 0.525  STRING
by G proteins which inhibit adenylyl cyclase (326 aa)
11. UBC Polyubiquitin-C; ubiquitin - 12D
12. KCNJ10 Potassium inward-rectifying channel subfamily ] member 10 - Biogrid
13. FAM67B Family with sequence similarity 76, member B - Biogrid
14. C50RF24 Chromosome 5 open reading frame 24 - Biogrid

International Journal of Experimental Pathology
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CDON

Figure 11 Protein-Protein interaction network for human CDO.
The figure shows a confidence view illustrating CDO-associated
protein interaction(s); those are displayed/predicted using
STRING database. The thicker lines represent a stronger
association between the proteins. Proteins which are interacting
with CDO are listed in the Table 1.

ADORAZE

TRIM33

Figure 12 Protein-Protein interaction network for human ADO.
The figure shows a confidence view illustrating ADO-associated
protein interaction(s); those are displayed/predicted using
STRING database. The thicker lines represent a stronger
association between the proteins. Interactions of various
proteins with ADO are listed in the Table 2.

found to be a common pathway in the brain, and CSA is a
by-product of Cys metabolism. CSA inhibits pyruvate dehy-
drogenase (PDH) activity in mitochondria and subsequently
attenuates oxidative phosphorylation, mitochondrial mem-
brane potential and ATP production. Such a cellular status
inhibits apoptosis and enhanced tumorigenesis in glioma
cells (Prabhu et al. 2014).

Neurodegenerative disorders

Elevated level of Cys has been reported to be both neuro-
toxic as well as cytotoxic due to oxidative damage via for-
mation of free radicals in the presence of iron (Stipanuk
et al. 2009). It is observed that elevated Cys to sulphate
ratio was found in patients with motor neuron disease
(MND), Parkinson’s disease (PD) and Alzheimer’s disease
(AD). The excess of Cys thiol group has been suggested to
interfere with the neuronal protein function (Heafield et al.
1990). In Hallervorden-Spatz disease, a rare progressive
extrapyramidal dysfunction and dementia, the activity of
CDO was reduced in the globus pallidus. Results suggest
that Cys accumulates locally in the globus pallidus in
Hallervorden—Spatz disease. Accumulated Cys may further
chelate iron, accounting for the local increase in iron con-
tent in Hallervorden-Spatz disease (Perry er al. 1985). The
combined excess of Cys and ferrous iron may generate free
radicals that damage neuronal membrane to cause the typi-
cal morphological changes which are observed in this disor-
der (Perry et al. 1985). Qusti et al. first developed the
human medulloblastoma cell culture model for CDO expres-
sion, in a tumour-derived cell line with a short doubling
time and low media requirements (Qusti ef al. 2000).
Sulphur metabolism is observed by the use of probe drug
S-carboxymethyl Cys and measured the production of
sulphoxides; this is an S-oxidation reaction with high heri-
tability that involves the enzyme CDO that converts Cys to
sulphate. Neurodegenerative disorders like PD, AD and
amyotrophic lateral sclerosis (ALS) in patients were all
poor at this reaction and patients with AD being by far
the worst (Williams et al. 1991). Research studies have
indicated that there is an alteration in the ratio of oxi-
dized to reduced glutathione (GSH) in the brains of
patients with AD (Owen & Butterfield 2010). Cys levels
are elevated in AD, and an increased Cys to the sulphur
ratio in AD advocates for the defect in sulphur metabo-
lism (Stipanuk etz al. 2006). Thus making both CDO and
ADO as susceptible targets associated with the vulnerabil-
ity of neurological disorders. In addition, the metal-
induced toxicity is a serious concern in patients with AD;
especially, aluminium (Al**) and magnesium (Mg>*) levels
in the brain are reported to be altered in patients with
AD as compared to control groups (Maynard et al. 2005;
Kawahara & Kato-Negishi 2011).

Other buman diseases

Mitochondria are the critical milieu for the synthesis of
many essential biomolecules and are critical for cellular
energy production (ATP synthesis) via oxidative phosphory-
lation (OXPHOS) (Scheibye-Knudsen ez al. 2015). CDO
directly regulates mitochondrial membrane potential
through inhibition of PDH activity. There are two path-
ways: one leads to taurine synthesis and other leads to glu-
tathione synthesis. Lower levels of cytochrome ¢ oxidase
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activity in liver mitochondria, higher levels of acid-labile sul-
phide in tissues (liver, pancreas and lung) and higher levels
of C4, C4-hydroxy, C5, CS5-hydroxy and C3-dicarboxylic
acylcarnitines in blood were observed in CDO ™~ mice com-
pared with CDO* mice (Ueki et al. 2011). The abnormali-
ties exhibited by CDO™~ mice have some similarities to
those reported for the rare human disease ethylmalonic
encephalopathy, which is caused by the mutation of the
Ethel gene as well as for the Ethel '~ mouse model. Ethel
was recently shown to encode the mitochondrial sulphur
dioxygenase, which catalyses a step in the mitochondrial
pathway for oxidation of sulphide to thiosulphate (Depew
2008; Mancardi et al. 2009; Ueki et al. 2011).

Mesenchymal stem cells (MSCs) are multipotent cells,
which can give rise to a variety of cell types, including adi-
pocytes and osteoblasts. CDO inhibits osteogenesis in mouse
bone marrow stromal cells. Zhao et al. identified that CDO
regulates Wnt signalling pathway in primary mouse bone
marrow stromal cells and regulates osteogenesis during cell
differentiation (Zhao et al. 2016). In rheumatoid arthritis
(RA), poor sulphoxidation and reduced formation of inor-
ganic sulphate are responsible for this condition (Bradley
et al. 1994). Cys regulates CDO1 turnover through ubiqui-
tin-26S proteasome-mediated degradation, and high levels of
Cys have been found to be cytotoxic, causing RA, PD and
AD and increased risk of cardiovascular disease (CVD) and
adverse pregnancy outcome (Heafield et al. 1990; Bradley
et al. 1994; Brait et al. 2012). A study by Roman and
co-workers demonstrated that in CDO™~ mouse, produc-
tion of the H,S/HS™ in tissues can exceed the capacity of
the animal to oxidize sulphide to sulphate. In addition, they
showed that lung and pancreas are more susceptible to the
toxicity from endogenous H,S/HS™ production than the
liver and kidney (Roman et al. 2013). Growing body of evi-
dences advocate for conduction of further studies focusing
on these two human thiol dioxygenases, especially ADO,
which is merely studied as it is discovered recently.

Conclusion and future perspective

Cys metabolism became a critical pathway in the normal
cellular activity as well as in the development and progres-
sion of various human diseases. Cys metabolic pathway
leads to the second most abundant amino acid, taurine.
ADO and CDO are human thiol dioxygenase enzymes
which are responsible for Cys metabolism. These two are
mitochondrial enzymes and are indirectly responsible for
oxidative stress management. Taurine and hypotaurine are
the most abundant amino acids in the human body, and
they also play a role as antioxidants. In human body, avail-
ability of ADO and CDO is not similar in all the tissues.
ADO is most abundant in the brain, heart, kidney skeletal
muscles and spleen, while CDO is mostly abundant in adi-
pocytes, lung and liver. These two thiol dioxygenase
enzymes are mainly abundant in the mitochondria; however,
it might be possible that they may localize to the nucleus
also, which requires further studies. Our study reports the
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3D structure of ADO based upon in silico studies with the
available literature. However, crystal structure studies are
required for its structure analysis and correlation towards its
biological functions. In addition, the role of disordered
regions in the function of these thiol dioxygenases should be
carried out. Moreover, both CDO and ADO proteins may
have crosstalk interactions with various proteins with key
biological functions associated with Cys metabolism and
thus may play a vital role in human health. Taurine has a
role in different metabolic pathways, and the two thiol
dioxygenases, CDO and ADO, have been correlated to be
associated with the onset of various human diseases such as
cancer, neurodegenerative disorders, rheumatoid arthritis
and also various metabolic disorders.
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