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1. Introduction

1.1 Molybdoenzymes

Molybdenum is a transition metal in the fifth period and sixth row of the periodic system. The
name is derived from Ancient Greek MoAvBdog molybdos, meaning lead, derived from its
similarity to lead. Molybdenum is essential for most living organisms, primarily for its
chemical unique versatility and high bioavailability (Hille, 2002). It was discovered for the
first time by the Swedish chemist Carl W. Scheele in 1887.

Due to the solubility of its high valent oxides in water, the molybdenum is largely spread in
the biological systems and it is present in the active sites of enzymes that, in general,
catalytically transfer an oxygen atom either to or from a physiological acceptor/donor molecule
(Hille, 1996). The biologically usable form in nature is the molybdate (MoO4>).

In humans, the last step in the metabolism of sulfur-containing compounds requires the
molybdo-enzyme sulfite oxidase, which oxidizes sulfite to sulfate and, by cytochrome c,
transfers the electrons produced to the electron transport chain, allowing the generation of ATP
in oxidative phosphorylation with subsequent sulfate excretion (Johnson et al., 1984;
Rajagopalan & Johnson, 1992; Hille, 1999). In most organisms, a crucial stage in the
catabolism of purines is the oxidation of xanthine to uric acid, a reaction catalyzed by the
molybdo-enzyme xanthine oxidase.

Molybdenum is biologically inactive unless it is complexed by a cofactor and it is bound to a
pterin forming the molybdenum cofactor (Moco), the active compound present in the catalytic
site of molybdo-enzymes. Within the active site, the metal is found in three different oxidation
states (IV, V and VI). In the majority of molybdo-enzymes, the reduction of the molybdenum
(VD) is associated with the protonation of ligands to the metal and typically, from Mo=0O or
Mo=S groups to Mo-OH or Mo-SH, respectively (Hille, 1999). With the exception of the
bacterial nitrogenase (Rubio & Ludden, 2008) and the molybdenum-copper carbon monoxide
dehydrogenase (Dobbek et al., 2002), all molybdenum containing enzymes possess a single
metal in their active site and are termed as mononuclear molybdoenzymes (Hille, 1996). The
molybdenum atom is coordinated by a dithiolene group to the molybdopterin (MPT) mojety of

the molybdenum cofactor.



The structure of the molybdopterin (MPT) was identified by the analysis of its oxidative
products Form A and Form B obtained from chicken sulfite oxidase (Johnson & Rajagopalan,
1982). The proposed structure of MPT was later modified to the ring-closed form, following
x-ray crystallographic characterization structures of the aldehyde:ferredoxin oxidoreductase
from Pyrococcus furiosus (PfAOR) (Chan et al., 1995) and Desulfovibrio gigas (DgAOR
(Romao et al., 1995).

The Moco biosynthesis is characterized by the attachment of nucleotides as AMP, CMP, GMP
or IMP (present only in prokaryotic molybdoenzymes) to the cofactor (Kriiger & Meyer, 1986;
Kriiger et al., 1987; Satoh & Kurihara, 1987; Karrasch et al., 1990; Schindelin et al., 1996;
Boyington et al., 1997; Kisker et al., 1997).

All molybdenum-containing enzymes (with the exception of nitrogenase) are grouped into

three large families: DMSO reductase, sulfite oxidase and xanthine oxidase family (Fig. 1.1).
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Figure 1.1. Molybdenum-containing enzymes are grouped into three families: xanthine oxidase, sulfite oxidase
and DMSO reductase family. The xanthine oxidase family is characterized by a sulfurated Moco where sulfur
occupies the equatorial position. In the sulfite oxidase family the molybdenum coordinates two oxygens and a
cysteine ligand. The molybdenum cofactor of enzymes of the DMSO reductase family is coordinated by two
pyranopterin molecules, which are modified by an attachment of each GMP molecule. The two ligands (-X; -Y)
at the molybdenum can be either a sulfur or oxygen atom together with either a hydroxyl group or a cysteine,
selenocysteine, aspartate, or serine residue, derived from the protein backbone.

Enzymes of the DMSO reductase family are characterized by two MPT moieties, an oxo-
sulfido- or seleno- ligand as well as a cysteine-, selenocysteine- aspartate or serine- ligand
provided by the protein or a hydroxo ligand.

Enzymes of the sulfite oxidase family possess a Moco with two additional oxo-ligands and one
cysteine-ligand from the protein. The molybdenum in enzymes of the xanthine oxidase family
is penta-coordinated in a distorted square- pyramidal geometry (Romao ef al., 1995; Kisker et

al., 1997). In eukaryotic enzymes of the xanthine oxidases family, one MPT-ligand, an axial
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oxo-, an equatorial sulfido- and an hydroxo-ligand make up the coordination sphere of the
molybdenum. Notably, in humans only molybdoenzymes of the xanthine oxidase and sulfite
oxidase family are present. Aldehyde oxidases (AOXs) are categorized into the xanthine

oxidase family.

1.2 Sulfuration of the molybdenum cofactor

In order to generate the active form of Moco in eukaryotic enzymes of the xanthine oxidase
family, an equatorial oxo-ligand is exchanged by a sulfido ligand by means of a Moco sulfurase
enzyme in the last step of the Moco biosynthesis (Wahl & Rajagopalan, 1982; Amrani et al.,
2000; Heidenreich et al., 2005) (Fig.1-2). So far, no mammalian Moco sulfurase has been
characterized on the protein level and knowledge is mostly based on studies on the homologs
in Arabidopsis thaliana, Drosophila melanogaster and Solanum lycopersicum (Wahl et al.,
1982; Watanabe et al., 2000; Bittner et al., 2001; Sagi et al., 2002). Genetic studies on the
bovine and human cases indicate that deficiencies in predicted Moco sulfurases are the cause
for xanthinuria type II, a disease affecting only proteins dependent on the mono-oxo-Moco
(Watanabe et al., 2000; Ichida et al., 2001;Yamamoto ef al., 2003). Eukaryotic Moco sulfurases
belong to the NifS protein superfamily which are PLP-dependent proteins and carry the sulfur
as an cysteine-persulfide (Ichida et al., 2001; Heidenreich et al., 2005; Wollers et al., 2008).

s— MO’

\‘o-
di-oxo Moco j\/i/

MCSF l Sulfuration

s— Mo’

mono-oxo Moco \ o
32-
H,

Figure 1.2. Sulfuration of Moco is carried out by a molybdenum cofactor sulfurase (MCSF) in eukaryotes. The
figure was created by MarvinSketch Ver. 6.0.0.
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1.3 Characteristics of the Aldehyde oxidases

Aldehyde oxidases (AOXs) are a small group of structurally conserved cytosolic enzymes that
belong to the molybdenum hydroxylase family, together with xanthine dehydrogenase (XDH)
or xanthine oxidase (XO). In their catalytically active forms AOX, XDH and XO exist as a
homodimer with a molecular weight of around 300 kDa. Although aldehyde oxidese, xanthine
dehydrogenase and xanthine oxidase share a common genetic origin and have a high similarity
in the amino acid sequence, primary and secondary structure, cofactor composition and
molecular mass, they show a different substrate and inhibitor specificity (Vila et al., 2004).
This homology between mouse AOX and XOR is approximately 49% (Vila et al., 2004).
AOXs catalyze the oxidative hydroxylation of a large variety of substrates, like aliphatic and
aromatic aldehydes, heterocyclic nitrogen compounds and other different drugs. By contrast,
XDH and XO are involved in the catabolism of purines, as xanthine and hypoxanthine, and
pyrimidines (Garattini et al., 2008). For these characteristics, AOX possess a relatively large
substrate binding pocket with increased flexibility to accommodate a wider range of substrates
than XDH and XO (Coelho et al., 2015). In the FAD domain, the xanthine oxidoreductases
(XOR) present a conserved tyrosine in the central domain, which is responsible for the binding
of NAD". This amino acid is replaced by a cysteine in the mammalian AOXs , while in the
other AOXs is present a leucine or serine (Garattini et al., 2008). All AOXs use instead of
NAD" oxygen as electron acceptor and therefore, by the reduction of oxygen, reactive oxygen
species (ROS) as hydrogen peroxide and superoxide are formed. Indeed, the role of AOXs in

the oxidative stress in the cell is emerging.

1.3.1 Structure of Aldehyde oxidases

AOXs are enzymes that are active as a homodimers composed of two identical subunits of
about 150 kDa (Coelho et al., 2012; Coelho et al., 2015). The overall dimensions of the hAOX1
homodimer are approximately 150 A x 90 A x 65 A. Each monomer includes 1,336 residues
and consists of three domains (Fig. 1.3): an N-terminal domain (20 kDa) containing two
spectroscopically distinct [2Fe-2S] clusters, a 40 kDa intermediate domain containing a flavin
adenine dinucleotide (FAD) binding site, and a C-terminal domain (85 kDa) containing the
substrate binding pocket as well as the molybdenum cofactor binding site (Coelho et al., 2015).
The recently solved crystal structures of hAOX1 (Coelho et al., 2015) and mAOX3 (Coelho et
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al., 2012) revealed new structural insights about these molybdo-enzymes, regarding catalytic
differences between AOX and xanthine oxidoreductase (XOR) and regarding the FAD binding
site. Generally, the hAOX1 and mAOX3 overall structures confirmed to have high similarity
to XORs (Coelho et al., 2012; Coelho et al., 2015). The small N-terminal domain I contains
two spectroscopically distinct iron-sulfur centers and can be subdivided into two smaller
domains, each containing one [2Fe-2S] center. Domain I is connected to domain II by the linker

1 region (residues 166-231).

N-term domain

C-term domain (20 KDa)

(85 KDa)

Linkerll

Linker|

middle domain
(40 KDa)

Figure 1.3. General structure of the aldehyde oxidase monomer. The scheme shows the general structure of the
aldehyde oxidase monomer, consisting of three conserved domains separated by link regions. Protein subunits
consist of an amino-terminal 20-kDa domain containing two [2Fe-2S] redox centers, a 40-kDa intermediate FAD-
binding domain, and the 85-kDa carboxy-terminal domain characterized by the presence of the molybdenum
cofactor (MoCo) binding site.

Domain II accommodates the FAD cofactor, with the FAD isoalloxazine ring stacked between
two leucine residues (Leu344 and Leu438). In closed proximity of the flavin isoalloxazine ring
moiety two flexible loops are present and coordinate the environment surrounding the FAD
cofactor. The so-called FAD flexible loop I of hAOXI1 (Q430AQRQENALAI44g) is
superimposable with the one present in the bovine xanthine dehydrogenase (XDH). In bXOR,
such flexible loop is involved in the XO-XDH interconversion (Ishikita et al., 2012). At the
entrance of the FAD pocket, the flexible loop II (T1230RGPDQ235) is flipped almost 180° when
compared to the corresponding loop in mAOX3, bovine XO and bovine XDH. This loop adopts
a conformation so far only found in hAOX1 and sits approximately at the same position as the
nicotinamide ring in the bXDH-NADH complex structure (PDB: 3UNI), blocking access of

the electron acceptor to the isoalloxazine ring.
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The catalytic domain III is connected to domain II through linker 2 (residues 516-555). It
harbors the active site, with the Mo=0=S(-OH) catalytic center (Moco) being coordinated by
the dithiolene group of a pyranopterin molecule (MPT).

The substrate access to the Moco in AOXs is enabled by a wide and deep funnel that leads into
the active site pocket (Coelho et al., 2015). Several residues composing the entrance of the
funnel are mobile and they are located in two loop regions within the domain III. These loops
are located at the protein surface and form two gates (Gate 1 and Gate 2) which modulate the
access of substrates and inhibitors to the active site. The gate 1 (Ses2FCFFTEAEKgs; in
hAOX1) is mostly composed of bulky hydrophobic residues. In the mouse AOX3, the
corresponding loop is four residues shorter and lacks the hydrophobic patch (Gss2REEESes7).
The residues present within the gate 1 are not conserved among xanthine oxidoreductases (XO
and XDH), with the exception of glutamate in position 660 (hAOXT1). The gate 2 (LggsoDESLgs4
in hAOX1) consists of a shorter loop. Instead, in mAOX3 this same loop is highly ordered.

1.3.2 An evolutionary perspective: phylogeny of AOXGs.

AOX and XOR, in humans, are the products of distinct genes present on the p and q arms of
the chromosome 2 (Xu et al, 1994; Rytkonen et al., 1995; Terao et al., 1998). Such
organization seems to be similar also for most of the vertebrates (Fig. 1.4). Subsequently, it
was shown that its genomic organization is more complex and the identification of novel
murine genes showed several forms of aldehyde oxidases (Minoshima et al., 1995; Terao et
al., 2001; Kurosaki et al., 2004). Aldehyde oxidase genes present in plants, insects and
vertebrates are the result of different evolutionary modifications, such as separated gene
duplication and suppression events (Terao et al., 2000).

It is generally believed that the XDH coding gene is the ancestor of all aldehyde oxidase genes,
consequently resulting in at least two independent duplication events from the ancestral XDH
genes. This idea is also substantiated by the conserved exon organization (Garattini et al.,
2003). The most ancient gene of the vertebrate aldehyde oxidase family is the Aox/ gene,
differentiated from an orthologue gene present in an ancestral marine species. The AOX1 gene
underwent a further process of duplication in avians forming the AOX presents in the chicken
genome (Garattini & Terao, 2006).

Within the human genome, homologous genes to mouse AOX3 (Dupl. 1) and AOX2 (Dupl. 2)
were identified in the same genomic region but are not expressed in humans. The human AOX1

gene size approximately 80 kb of DNA and contains 35 exons. Dupll and Dupl2 are
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transcribed into mRNAs that do not seem to code for protein products, given the presence of

in-frame stop codons (Kurosaki et al., 2004).

Human p—
(H_ sapiens) _[ ’_H
AOX1 Dupl1 Dupl
(AOH1) 2(AOH3)

Rhesus monkey — = — ]
(M. mulatta) — ’_*_1 —

AOX1 AOH1 AOH2 AOH3

Mouse — — — H —
(M. musculus)
AOX1 AOX3 AOX4 AOX2

Figure 1.4. Scheme of the phylogeny of human, monkey and mouse aldehyde oxidases. Genetic map of aldehyde
oxiadse gene with pseudo-genes Dupll Dupl2. Direction of transcription is indicated by arrows; pseudogenes are
crossed.

1.3.3 Expression and regulation of hAOX1

Aldehyde oxidases are widely expressed in diverse mammalian tissues and organs. In humans,
the highest expression of this enzymes is found in liver (Rodriguez-Trelles et al., 2003) but
the enzyme is also present in lung, heart, kidney, central nervous system and olfactory tissue.
AOX is located in these several organs in different quantities and activities. The expression of
AOXI1 in the human central nervous system (Berger et al., 1995) was associated with the
product of the disease gene resulting in recessive familiar form of amyotrophic lateral sclerosis
(ALS). In this study, Berger et al. showed the presence of the AOX1 transcript affected glial
cell population in the spinal cord. This diversity in distribution and activity depends mostly on
the tissues where AOX are expressed as well as on post-translational regulation (Holmes,
1979).

Garattini et al. showed a possible post-translational regulation of AOX1 from testosterone, in
male and female mice with the same level of AOX1 mRNA (Kurosaki et al, 1999).
Additionally, sex hormones were shown to have an influence on the expression of the aldehyde
oxidase (Kurosaki et al., 1999). Of these, adeponectin, which is involved in the regulation of

fatty acid cycle and glucose metabolism and produced only in fat cells and bloodstream, likely
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has a role in the regulation of AOX. Adeponectin induces the activation of peroxisome
proliferator-activated receptor alpha (PPAR-alpha) to protect the liver against the fatty acids
degeneration. The level of liver hAOX1 activation is reduced by the PPAR-alpha, which may
be a connection between an increased level of hAOX1 and fatty liver diseases (Neumeier et
al., 2006). Endogenous as well as exogenous stimuli is thought to have a role in the expression
of AOX. An oral increment of phthalazine or 1-hydroyxpthathalzin in female mice showed an
increased specific activity of AOX and XOR in this tissue (Yoshihara & Tatsumi, 1997). It is
known that dioxin induces hAOX1, by induction of the mRNA levels, with involvement of the
aryl hydrocarbon receptor (AHR) and participation of the Nrf2 transcription factor (Rivera et
al., 2005). Maeda et al. in 2012, confirmed that the AOX1 gene is regulated by the Nrf2
pathway. Two Nrf2 binding consensus elements (antioxidant responsive element, ARE) were
identified, located in the 5' upstream region of the rat AOX1 gene. Molecular analyses showed

that Nrf2 binds such regions and strongly activates the rat AOX1 gene (Maeda et al., 2012).

1.3.4 Substrate specificity and reaction mechanism

The substrate specificity of aldehyde oxidases is very broad. The two main reactions catalyzed
by aldehyde oxidases are the oxidation of aldehydes into the corresponding carboxylic acids,
in presence of oxygen and water, and the hydroxylation of heterocycles (Terao et al., 2001).
Although the enzyme uses molecular oxygen as an electron acceptor, the oxygen atom which
is incorporated into the carboxylate product is derived from water (Hille, 2002).

The overall reaction mechanism of AOX, and also of the other members of the xanthine oxidase
family, is divided in the reductive and oxidative half-reactions of the catalytic cycle. In the
reductive half-reaction the molybdenum center becomes reduced from Mo(VI) to Mo(IV)
(Hille, 1999). In the oxidative half-reaction, the Flavin hydroquinone is re-oxidized by
molecular oxygen and subsequently a new catalytic cycle can start again (Pryde et al., 2010).
The multitude of possible physiological substrates is significantly large and the possible
involvement of AOX in many metabolisms is shown in several studies (Garattini et al., 2012;
Sanoh et al., 2015).

Of high interest is the comparison between AOX and XOR substrates specificities. Diversity
in substrate specificity between XOR and AOXs reflects different roles of several residues in
substrate recognition and activation (Yamaguchi ef al., 2007). Based on the crystal structure of

bovine XOR, R881 may form a hydrogen bond with xanthine, but not hypoxanthine. In the
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substrate—XOR complex, the side chain of E803 may interact with both xanthine and
hypoxanthine by hydrogen bonding. Considering mechanistic and structural similarities
between bovine or human XOR and R. capsulatus XDH, it appears that residue E1261 of the
bovine enzyme, corresponding to E1262 and E730 in humans and R. capsulatus enzyme,
respectively, is essential for activity. It has been reported that mutation of E730 in R. capsulatus
XDH resulted in complete loss of catalytic activity (Leimkiihler et al., 2004) and it was shown
that the mutation of E1262 to alanine in the human enzyme resulted in complete loss of
catalytic activity (Yamaguchi et al., 2007). By two mutants of human XOR, E803V and
R881M expressed in an E. coli expression system, Yamaguchi et al., showed the roles of active
site residues in binding and activation of purine substrate (Yamaguchi et al., 2007). The ES803V
mutation almost completely interrupted the activity towards hypoxanthine as substrate, but
very low activity towards xanthine remained. On the other hand, the R881M mutant lacked
activity towards xanthine, but retained low activity towards hypoxanthine. Both mutants,
however, exhibited significant aldehyde oxidase activity (Yamaguchi et al., 2007).

Garattini et al. showed the E1261 of bovine XOR is strictly conserved at the same position as
for all the aldehyde oxidase sequences analyzed. This residue is fundamental for the
mechanism of the reaction catalyzed by both XOR and aldehyde oxidases. Furthermore, site-
directed mutagenesis experiments demonstrated its important role in substrate specificity of
E802 and R880 residues (Okamoto et al., 2004).

In the AOXs, a highly conserved glutamate residue (E1265 in mAOX1, E1276 in mAOX2,
E1266 in mAOX3, E1267 in mAOX4 and E1270 in hAOX1) favors the extraction of a proton
from the Mo-OH group, leading a nucleophilic attack on the substrate. An hydrogen atom is
transferred from the aldehyde group of the substrate to the Mo=S, as a hydride. This results
in a loss of two electrons at the molybdenum, resulting in an oxidation state change from IV to
VI (Alfaro et al., 2009; Schumann et al., 2009; Hartmann et al., 2012; Mahro et al., 2013). A
water molecule carries the molybdenum to its original oxidized state.

Aldehyde oxidase is able to catalyze a wide range of substrates and therefore, by this feature,
AOX can play an important role in metabolism of drugs and xenobiotic in the human liver
cytosol. An in vitro study of Obach et al. revealed 239 pharmacologically relevant drugs which
inhibits AOX (Obach et al., 2004).

By heterologous expression system of mAOX1 in E. coli, Schumann ef al., have analyzed the
role of specific amino acidic residues at the active site. A site-directed mutagenesis exchanged
the residues E1265, V806, and M884 to the ones identified in the active site of XORs. The

result was a drastic decrease in the oxidation of aldehydes and no increase in the oxidation of
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purine substrates (Schumann et al., 2009). The double mutant VE06E/M884R and the single
mutant E1265Q were catalytically inactive enzymes towards aldehyde or purine substrates
(Schumann et al., 2009).

These results showed that for hAOX1 more factors determine the binding and conversion of
substrates than was shown for mAOX1, and subsequently the substrate specificity cannot be
converted to purine substrates by two amino acid exchanges at the active site (Schumann et al.,
2009). Data from Mahro et al. showed the fundamental role of the conserved K889 in the
molybdenum active-site of mAOX3 in substrate orientation and/or transition state stabilization,
similar to the conserved Arginine residue in the molybdenum active-site of XORs (Mahro et
al., 2013). Furthermore, in the proposed mechanism for mAOX3, S1085 and G918 coordinate
the position of E1266 in proximity to the Mo-OH moiety and increase the basic character of
E1266. Thus, E1266 becomes basic and close to the Mo-OH moiety to initiate catalysis. Once
the substrate is bound, the highly conserved, charged residue K889 stabilizes the substrate and
the transition state by electrostatic interaction. After passing the electrons to the iron-sulfur
centers and FAD, the molybdenum in the oxidation state +VI allows the hydrolysis of the
enzyme-product complex, releasing the product (Mahro et al., 2013).

Hartmann et al. analyzed the impact of SNPs of human AOX1 (Hartmann et al., 2012). They
characterized the amino acid exchanges resulting in the AOX1 variants H1297R, N1135S,
R802C, and R921H and analyzed for activities and cofactor saturations. The results showed
that the SNPs can be classified into three groups in general: fast metabolizers (FMs), poor
metabolizers (PMs), and those which have no effect on catalytic efficiency (Hartmann et al.,
2012).

Substrate-activity relationship of aldehyde oxidase metabolism were discovered by monitoring
the differences between rabbit liver aldehyde oxidase and bovine milk xanthine oxidase
(Krenitsky et al., 1972). High metabolic activities of aldehyde oxidase and xanthine oxidase
were observed in the cases of 2-hydroxypurine, 4-hydroxypteridine, 4- hydroxypyrido[2,3-
d]pyrimidine, 4-hydroxypyrido[3,2-d]pyrimi- dine, 4-hydroxypyrimidine, 2-mercaptopurine,
pteridine, purine, and 6-purinecarboxamide. Whereas aldehyde oxidase mainly metabolizes 6-
cyanopurine, 2-hydroxy pyrimidine, 7-hydroxy- (1,2,5)-thiadiazolo[3,4-d]-pyrimidine, and 3-
methylhypoxanthine, and xanthine oxidase mainly metabolizes 6,8-dihydroxypurine,
hypoxanthine, 1-methylxanthine, pterin, and xanthine (Krenitsky et al., 1972).

Structure and metabolism relationships were evaluated using single substitutions in
phthalazine, which is metabolized to 4-hydroxy phthalazine by aldehyde oxidase. In these
experiments, a greater lipophilicity of substitutions partially led to higher substrate affinity of
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aldehyde oxidase (Beedham et al., 1990). However, Pryde et al. reported no strong relationship
between aldehyde oxidase activity and lipophilicity (Pryde et al., 2010). Terao et al, 2016,
showed data indicating that 5-hydroxyindolacetic acid and tryptophan are novel endogenous
mAQOX4 substrates (Terao et al., 2016).

The structure-metabolism relationships of aldehyde oxidases may involve other factors in
addition to lipophilicity of aromatic heterocyclic compounds. ES803 and R881 mutations in the
active site of xanthine oxidoreductase decreased metabolic activities towards hypoxanthine and
xanthine, but they induced metabolic activities towards the aldehyde oxidase substrates
benzaldehyde and p-(dimethylamino)cinnamaldehyde (Yamaguchi et al., 2007) Moreover,
both conserved and nonconserved amino acid residues in active sites of aldehyde oxidase and
xanthine oxide reductase are central to their respective metabolic activities (Coelho et al.,
2012). These differences are critical for understanding of substrate specificity of aldehyde
oxidase and xanthine oxidoreductase, both of which mediate nucleophilic attack using

molybdenum cofactors.

1.3.5 The human aldehyde oxidase and its intraspecific variability

The human AOXI1 gene is encoded on the chromosome 2q32.3-2q33.1. The human genome
therefore keeps a single functional AOX1 gene and three tandem gene duplications with
similarity to mouse AOX2, AOX3 and AOX4 (Kurosaki et al, 2004).The most likely
hypothesis is that these duplications are pseudo-genes replacing the mouse AOX2, AOX3 and
AOX4 loci and that these genomic sequences submitted events of genetic suppression
(Kurosaki et al., 2004).

AOX activity was measured in 101 children in vivo, at different age range (Tayama et al.,
2007). Important connections resulted between AOX activity and several growth parameters
as age, body weight, body surface area, and liver volume. The AOX activity of the subjects
quickly increased with increasing of the age up to 1 year. These results showed that AOX
activity starts to increase soon after birth (Tayama et al., 2007). It has been confirmed that the
activity of AOX is increasing depending on the age (Wright ef al., 1997).

A reason explaining the intra-population differences in the activity level of hAOX1 could be
explained with the presence of single nucleotide polymorphisms (SNPs) within the human

genome (Yasuhara et al., 2005).
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For its role in the metabolism of xenobiotics, there is interest in gaining information on the
factors influencing the activity of AOX1 in humans, considering the importance in predicting
individual responses to drugs that are known to be metabolized by this enzyme. An example is
the catabolism of methotrexate which is controlled by the inter-individual levels of AOX1
activity in the human population (Garattini et al., 2004).

A major source of inter-individual variability in the human population is represented by the
presence of allelic variants of the AOX1 gene coding for proteins with increased or decreased
catalytic activity. Missense single nucleotide polymorphisms (SNPs) in the coding region of
the AOX1 gene may affect the catalytic function of the enzyme both in a negative and positive

fashion (Fig. 1.5).

Figure 1.5. Overall structure of the hAOX1 dimer and location of the SNP-based amino acid exchanges. Monomer
A is shown as surface representation (right) and the monomer B as cartoon (left) showing the Moco, 2x[2Fe2S]
centers and the FAD cofactor. In close proximity to the FAD cofactor the location of the SNP-based amino acid
exchanges characterized in this study are shown as red sticks. The Figure was generated using the PDB code
1UHW published by Coelho ef al., 2015.

Non-sense nucleotide mutations in the heterozygous state have been shown to decrease AOX1
activity by 50%, whereas, the same mutations in the homozygous state abolish the enzymatic
activity. Numerous SNPs of the human AOX1 gene are available in the NCBI dbSNP database,

although for the majority of them allelic frequency data are not available. The only results
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available on the effects of amino acid exchanges on the catalytic activity of AOX1 were
obtained in rats (Zientek et al., 2010). Relatively frequent SNPs in the coding region of the
AOXI1 gene using a cohort of 180 volunteers were identified, representative of the Italian
population (Hartmann et al., 2012) In this population, one non-sense mutation was identified;
one SNP was synonymous while five were non-synonymous. The non-sense mutation is
located in exon 5 and predicts a short and inactive protein. This mutation has a relatively high
incidence (allelic frequency, 2.6%) in the Italian population and is at the basis of a haplo-
insufficient phenotype, being observed only as a heterozygous trait (Garattini & Terao, 2011).
The most frequent missense mutation identified is a G/A substitution resulting in the presence
of an Arginine instead of a Lysine residue at position 1297 (R1297K). Exon 34 is likely to
represent a mutational hotspot, as another relatively frequent SNP (T/C) resulting in the
substitution of S1271L and a synonymous SNP are located in this exon. A relatively frequent
missense SNP corresponding to an A to G transition, resulting in the substitution of Asparagine
with a Serine residue at position 1135 is observed in exon 30. By the expression of recombinant
AOXs in E. coli, Hartmann et al., concluded that individuals characterized by the R802C and
the R921H variants may be considered poor metabolizers, since both variants are characterized
by reduced catalytic activity. In contrast, individuals with an N1135S and an H1297R genotype
can be classified as fast metabolizers, since the two variants show high catalytic activity with

all the tested substrates (Hartmann et al., 2012).

1.4 Reactive oxygen species (ROS) and Flavin cofactors

1.4.1 Reactive oxygen species in cell physiology

Although oxygen is considered to be the responsible for the expansion of life on Earth, this
molecule represents a source of injuries for living organisms. The oxygen present in the air is
a relatively nonreactive chemical (Holland, 2006). However, when oxygen is exposed to high-
energy or electron-transferring chemical reactions, it can be converted to various highly
reactive chemical forms collectively designated as ‘‘reactive oxygen species’” (ROS). ROS are
toxic to biological organisms because they oxidize lipids, proteins, DNA, and carbohydrates,

resulting in the damage to normal cellular, membrane, and reproductive functions.
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The term ROS is generally used to refer to the initial species generated by oxygen reduction,
mostly superoxide (O,") or hydrogen peroxide (H,0O,), as well as their secondary reactive
products (Fig. 1.6).

Although it is called “super-oxide”, this oxygen radical is not a strong oxidizing species.
Because of its lower reduction potential (=330 mV for the O,/O," redox couple), superoxide
often acts as a reducing agent rather than an oxidizing species. Indeed, the ferricytochrome c
reduction assay, a method for detecting superoxide, is based on the ability of superoxide to
reduce this small heme-containing protein (McCord & Fridovich, 1969). The ability of
superoxide to directly oxidize biomolecules, including lipids, proteins, and nucleic acids is
much limited. However, superoxide is an important ROS that can result in cell and tissue injury
(Fridovich, 1997). Superoxide has gradually taken central stage in the research field of ROS in
biology and medicine. Indeed, superoxide is considered the primary ROS that gives rise to
secondary ROS. This oxygen free radical is generated in a wide variety of biological systems
ranging from aerobic microorganisms to human cells, and also formed in the deep ocean and
the soils of Earth and possibly the soils of Mars as well. Superoxide is now recognized as an
important molecule that is formed via defined mechanisms and involved in diverse
physiological and pathophysiological processes (Winterbourn, 2008; Holmstrom & Finkel,
2014).

Other prominent oxygen radical, hydrogen peroxide (H,O;) is one of the most extensively
studied reactive oxygen species (ROS) in biology and medicine. It is generated constitutively
from various cellular processes either directly via two-electron reduction of molecular oxygen
or indirectly via dismutation of superoxide. Because of the high activation energy, H,O, reacts
poorly with most cellular constituents. However, it may oxidize the thiol groups in certain
proteins and enzymes, including these involved in cell signaling transduction. The potential of
H,O; to cause oxidative stress and tissue injury primarily results from its reactions with other
molecules to form secondary reactive species, including hydroxyl radical and hypochlorous
acid. While its tightly controlled production, H>O, plays important roles in various
physiological responses and overproduction of this ROS contributes to the pathophysiology of
a variety of disease processes and related conditions, including cardiovascular diseases,
diabetes, neurodegeneration, cancer, and aging, among many others (Winterbourn, 2008).
Another relevant ROS species is hydroxyl radicals (‘OH), highly reactive and consequently
short-lived molecule. The hydroxyl radical can damage all types of macromolecules:
carbohydrates, nucleic acids (mutations), lipids ( peroxidation), and amino acids (Reiter et al.,

1995). This makes it a very dangerous compound to the organisms (Pablos et al., 1995; Reiter
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et al., 1997). The hydroxyl radical has a very short in vivo half-life of approximately 10~
seconds and a high reactivity (Sies, 1993).

Unlike superoxide, which can be detoxified by superoxide dismutase, the hydroxyl radical
cannot be eliminated by an enzymatic reaction. Mechanisms for scavenging peroxyl radicals
for the protection of cellular structures includes endogenous antioxidants such as melatonin
and glutathione, and dietary antioxidants such as mannitol and vitamin E (Reiter et al., 1995).
Of high interest are also the reactive nitrogen species (RNS), reactive species derived from
nitric oxide. There is clearly overlap and crosstalk between the production, function and
decomposition of the two groups, especially because of the highly favored reaction between
superoxide and nitric oxide to give peroxynitrite (Rodriguez & Redman, 2005). Furthermore,
nitric oxide is a radical that, although not a good oxidant, forms nitrosothiols that show analogy
to thiol oxidation products in cell signaling and regulation.

Reactive oxygen species are produced in a broad range of physiological processes. They are
capable of causing biological damage and are implicated in aging and the pathology of many
conditions, including cancer and cardiovascular, inflammatory and degenerative diseases.
Before the discovery of superoxide dismutase (SOD), free radicals were considered to be of
little biological significance (Ray ef al., 2012). However, the realization that an enzyme exists
to break down free radicals opened up the field of free radical biology. Nowadays, a greater
knowledge is available about the chemistry of physiologically relevant reactive oxidants and
how they react with biological molecules (Winterbourn & Hampton, 2008). However,
molecular and cell biology studies emphasize the implication of oxidants in increasingly
diverse and complex processes, where the underlying chemical mechanisms are often not clear.
Identification of specific oxidants involved in a biological process has to be related to their
targets and to the reaction mechanisms. Some reactions, although theoretically possible, will

not be physiologically relevant.
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Figure 1.6. Reduction of oxygen to water. Generation of different ROS by energy transfer or sequential univalent
reduction of ground state triplet oxygen.

Although this nonspecific, random and damaging aspect of ROS biology persists, there is a
growing appreciation that oxidant species, such as superoxide (O, ) and hydrogen peroxide
(H,0,), can also have useful and beneficial effects.

A physiological aspect of those molecules is the redox-dependent signaling mechanism, a well-
conserved and presumably ancient feature that is primarily based on the oxidation and
reduction of crucial cysteine residues. The concept that oxidants can function as part of signal
transduction pathways is a fairly new idea that has gained importance in the last years
(Winterbourn, 2016). Both superoxide and hydrogen peroxide have been implicated as
potential messengers, although the greater stability of hydrogen peroxide seems to make it to
function as a signaling intermediate. Given the chemical simplicity of most ROS, the basis of
how redox signaling achieves any measure of specificity has been difficult to understand.
Recent evidence that oxidants and their targets might be spatially confined within the cell,
could provide at least part of the answer. Although many questions remain, ever growing
numbers of observations regarding ROS biology are rapidly shaping the understanding of a
range of topics, including metabolic regulation, innate immunity, stem cell biology, the

pathogenesis of cancer, and the aging (Holmstrom & Finkel, 2014).

1.4.2 Flavin cofactors and reactivity toward oxygen

The interaction between flavins and oxygen is one of the most fascinating reactions in
biochemistry. Flavins (generally FAD or FMN) are redox cofactors, able to receive up to two
electrons from reducing substrates and conveying them to electron acceptors (Fig. 1.7)

(McDonald et al., 2011). These protein cofactors play a role in networks of redox reactions to
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serve the cellular physiological homeostasis. Oxygen is easily available in aerobic organisms,
and therefore it is commonly employed as electron acceptor in flavoenzyme catalysis to
generate hydrogen peroxide (H»O,), which is emerging as a key cell signaling molecule
(Forman et al., 2010). Flavoenzyme oxidases are also among the most active generators of
ROS, the prime examples of this being the NADPH oxidases (Drummond et al., 2011),
mitochondrial Complex I (Pryde & Hirst, 2011), and the monoamine oxidases (Binda ef al.,
2011). They are important for cellular redox metabolism and homeostasis and many flavin-
dependent oxidases are well known drug targets (Makarov et al., 2009). A separate class of
flavoenzymes, the flavoprotein monoxygenases, uses oxygen to oxidize reduced flavin, but
initially forms a quasi-stable C4a(hydro) peroxyflavin, which can be considered an activated
form of oxygen that is capable of incorporating a single oxygen atom into an organic substance

(Torres Pazmino et al., 2010).

Isoalloxazine ring

D-ribitol

AMP

Figure 1.7. Structure of Flavin adenine dinucleotide. FAD consists of three main portions: an adenosine
monophosphate (AMP), a D-ribitol and the isoalloxazine ring. D-ribitol and the isoalloxazine ring form the flavin
mononucleotide, named riboflavin. Riboflavin is formed by a carbon-nitrogen (C-N) bond between the
isoalloxazine and the D-ribitol. Figure obtained using Pymol Mac 6.1.

How the reduced cofactor in flavin-dependent enzyme reacts with oxygen has been one of the
most controversial and actively investigated enigmas in enzymology and cofactor biochemistry
(Hunt & Massey, 1994). Reaction rates of reduced flavin with oxygen are immensely different
among various flavin-dependent enzymes (Mattevi, 2006). No other organic cofactor displays
such a range of versatility (Torres Pazmino et al., 2010). During the past several years there
have been many significant discoveries related to mechanistic models of how flavin-dependent

oxidases and monooxygenases control their reactions with oxygen. This biochemical issue is
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gaining further interest because of its direct connection to ROS physiology, and because of its
relevance to oxidative stress.

Studies on glucose oxidase has shown that a protonated active site histidine is the crucial
positively charged group that contributes to the preorganization energy to facilitate formation
of the superoxide radical (Klinman, 2007). Monomeric sarcosine oxidase displayed a
conserved lysine residue interacting with the flavin N5 atom via a water-mediated hydrogen
bond, a feature conserved in many amine oxidases (Jorns et al., 2010; Kommoju et al., 2011).
Site directed mutagenesis to replace the lysine side chain with methionine decreased the rate
constant for flavin oxidation by approximately 8000-fold (Zhao et al., 2008). Notably, the
enzyme retained the ability to oxidize sarcosine; the mutation effectively led to the conversion
of an oxidase into a dehydrogenase, because the enzyme was unable to effectively use oxygen
as electron acceptor. Similar mutations with enzymes in the same family such as N-
methyltryptophan oxidase and fructosamine oxidase also resulted in large (from 550 to 2500-
fold) decreases in the reoxidation rate constants of the enzyme bound reduced flavins
(Bruckner & Checchi, 2011; McDonald et al., 2011). A positive charge around the flavin
binding site was also shown to be a key feature for enhancing the oxygen reactivity in choline
oxidase (Gadda, 2012). Instead of using a positive charge from residues located near the flavin
ring, it is the trimethylammonium group of the reaction product that provides the positive
charge to generate an electrostatically favorable environment for the reaction of the reduced
cofactor with oxygen (Gadda, 2012). However, those evidences are not valid in other cases.
Indeed, replacing a positively charged lysine located near the flavin N5 with non charged
residues in dihydroorotate dehydrogenase does not result in a significant decrease of the
oxidation rates (McDonald et al., 2011). For mouse polyamine oxidase, pH-dependent studies
indicate that the neutral (rather than the positively charged) form of an active site lysine is
required for more efficient flavin oxidation (Henderson Pozzi & Fitzpatrick, 2010). It was
shown from Baron and colleagues that molecular oxygen diffuses through multichannel
pathways that guide the gas into a specific site in proximity to the flavin C4a position (Baron
et al.,2009). Similar features were also highlighted by computational studies on other oxygen
utilizing enzymes such as D-amino acid oxidase (Saam et al., 2010) and Lys-specific histone
demethylase 1 (Baron et al., 2011). These findings were confirmed by mutating residues that
were shown by the simulations to play a role in gating oxygen access to the flavin. A Phe-to-
Trp substitution in p-hydroxyphenylacetate hydroxylase decreased the reactivity of the reduced

enzyme with O, by 20-fold, and a Gly-to-Val substitution in D-amino acid oxidase decreased
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its activity 100-fold (Saam et al., 2010; Baron et al., 2011). Meaningful results were obtained
from the research on L-galactono-1,4-lactone dehydrogenase. An Ala-to-Gly substitution
targeting a residue adjacent to the flavin N5-C4a locus drastically increased oxygen activity,
practically converting the enzyme from being a dehydrogenase to an oxidase capable of
efficiently using oxygen as electron acceptor (Leferink et al., 2009a; Leferink et al., 2009b).
Another relevant study was performed on aryl-alcohol oxidase. In this case, substitution of a
flavin interacting phenylalanine with alanine resulted in a 120- fold decrease in oxidation rate,
whereas substitution of the same residue with a bulkier tryptophane yielded a remarkable 2-
fold increase in oxidation rate (Hernandez-Ortega et al.,2011). Similar observation was made
in choline oxidase, in which substitution of an active site valine with alanine led to a 50-fold
decrease in reaction rate of reduced flavin with oxygen (Finnegan et al., 2010). All these
previous investigations indicate that oxygen needs to reach the flavin and its access must not
be obstructed or hampered by residues that, by being in direct contact with the cofactor, can
represent a physical barrier for oxygen. However, an increase in hydrophobicity coupled to a
physically more confined environment around the oxygen reacting site can help to guide and

locate O,, facilitating its reaction with reduced flavin.

1.4.3 Reactive oxygen species and molybdo-flavo enzymes

Mitochondria and the NOX family of enzymes are the best characterized intracellular sources
of ROS, however, a wide range of enzymes can produce ROS, such as nitric oxide synthase,
cyclooxygenases, cytochrome P450 enzymes, lipoxygenases, and the molybdoflavo-enzyme
xanthine oxidase (XO) (Holmstrom & Finkel, 2014).

The ROS species produced by XO are mainly HO; and O, and a role of XO in reperfusion
injury and cardiovascular diseases has been suggested (Saito ef al., 1989). Xanthine oxidase is
an enzyme that exists in two forms, the oxidase form (XO) taking molecular oxygen as electron
acceptor and the dehydrogenase form (XDH) with a high preference towards NAD" as
oxidizing substrate at the FAD cofactor of the enzymes. The enzyme is originally expressed as
the XDH form and can interchangeably be converted to the XO form either reversibly by
formation of disulfide bridges or irreversibly by proteolytic cleavage within the protein
backbone (Saito et al., 1989; Nishino et al., 2008). A crucial event during the conversion is the
conformational change of the FAD flexible loop I (GIn422- Lys432 in the rat enzyme and
GIn423-Lys433 in the bovine enzyme) located near the FAD cofactor (Fig. 1.8). As
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consequence, a drastic change in the FAD electrostatic environment hampers the access of the
substrate NAD to its binding site (Kuwabara et al., 2003; Asai et al., 2007; Nishino et al.,
2008).

Another important difference between XDH and XO is the interaction of four specific amino
acid residues, which form a unique amino acid cluster (R334, W335, R426, F549 in the rat
enzyme and R335, W336, R427, F549 in the bovine enzyme) at the bottom of the FAD cavity.
This four-residues cluster is tightly packed in the XDH form but disrupted in the XO form
(Kuwabara et al., 2003; Asai et al., 2007; Okamoto et al., 2008). It was proposed that triggering
events, such as the formation of a disulfide bond between C535 and C992 or proteolysis of the
linker, relocate F549, resulting in disruption of the four amino acid cluster. Therefore, R426 is
then released from the cluster and moves the FAD flexible loop I that blocks the approach of
NAD'" to the flavin ring of the FAD moiety, as well as changing the electrostatic environment

(Nishino et al., 2008).

- \\
=~ FAD variable loop 1

=

Isoalloxazine FAD
ring system

FAD variable loop 1 FAD variable loop 2
hAOX1:430QAQRQENALA1440 hAOX1:1230TRGPD Q1235
bXO/bXDH: 423QASRREDDI AK433 bXO/bXDH : 1221 TRGP ST 1226

Figure 1.8. Close-up and superposition of the crystal structures of the FAD binding sites of hAOX1 (red, PDB
ID: 4UHW), bXO (green, PDB ID: 1FIQ) and bXDH (blue, PDB ID: 1FO4). Shown is the location of the residues
Leu438 of hAOX1 (dark red) and [le431 of bXO/bXDH (green/blue). The FAD variable loops 1 and 2 are located
in close proximity to the isoalloxazine ring of the FAD cofactors. The amino acid sequence alignment of the two
loops is shown.
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The conversion XDH/XO was related with physiological and/or unbalanced oxygen radicals
production in the cell (Lee ef al., 2014). An important argument, however, against XO as main
O, generating source in the cell is that this enzyme is primarily synthesized in the XDH form.
The formation of O, by the dehydrogenase form of this enzyme under physiological cellular
conditions would be blocked by NAD", due to higher affinity of XDH to NAD" instead of O,.
When the enzyme is converted to the XO form, i.e. under ischaemic conditions, only 15-20%
of the total electrons obtained from the substrate oxidation will be used to generate O, by this
enzyme form, while the majority of the generated product is H,O, (Nishino et al., 1989a;
Nishino et al., 1989b). Thus, it is still unclear whether XO indeed plays a significant role in
cellular O, production.

Of great interest but still unclear is the molecular mechanism of ROS production by XO and
XDH. It was proposed a crucial role of the FAD semiquinone radical in the formation of
superoxide anion in bovine XDH (Kobayashi et al., 1993). The flavin semiquinone is
thermodynamically stable in XDH but is unstable in XO (Massey et al., 1989; Nishino &
Nishino, 1989). The redox potential of FADH/FADH, couple is much lower than that of
FAD/FADH’ couple in XDH, due to thermodynamic stabilization of the flavin radicals (Hunt
et al., 1993). On the other hand, the redox potential of the FADH" /FADH; couple is always
higher than that of the FAD/FADH’ couple in XO. Such a stabilization of the semiquinone in
XDH seems to be due to flavin-protein interaction and not due to midpotential of flavin (Olson
et al., 1974). This property of flavin is maintained alson when the flavin has been replaced by
artificial flavins having higher redox potentials (Nishino et al., 2005).

Asai et al., generated a bXOR W335A/F336L mutant with the ability to produce a much higher
ratio of O,", regardless of potential DTT treatment. This mutant produces such amount of
superoxide because of its conformation, which is strongly shifted towards the XO form and its
FAD redox potential is higher than that of the wild type enzyme. By this mechanism, O," is
formed by the reaction of FADH  with molecular oxygen. Thus, FADH' is more
thermodynamically stable and accessible during the reaction. In the wild type XOR, the redox
potentials of the Fe/S 1II cluster and of FAD are in thermodynamic equilibrium, so the FAD
cofactor exists in both the FADH, and FADH" forms, producing HO, and O, , respectively,
when reacting with oxygen. In the double mutant bXOR W335A/F336L, the FAD redox
potential changes to a higher value, and during the catalytic turnover FAD can receive only
one electron from Fe/S II to form FADH' , which readily with oxygen and O," is produced
(Nishino et al., 1989; Harris and Massey, 1997; Asai et al., 2007).
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The highly XO-related molybdoenzyme present in most living organisms is aldehyde oxidase,
having an amino acid sequence identity of 49.8% to XO and existing only as oxidase form.
Both XO and AOX were suggested to be derived from a common ancestor by gene duplication
events (Kurosaki et al., 2004). The recently solved crystal structure of human AOX1 (hAOXT1)
enabled direct comparison of the FAD sites of both enzymes (Coelho et al., 2015). In hAOX1,
the FAD cofactor is located in the middle domain of the enzyme, with the isoalloxazine ring
stacked between two leucine residues (344 and 438). Notably, hAOX1 and bovine XDH
(bXDH) showed a similar conformation of a variable loop at the FAD site (named variable
loop I) ranging from amino acids 430-440, which is implicated in the coordination of the FAD
cofactor and in the XO/XDH interconversion (Fig. 1.9). In contrast, hAOX1 showed a different
conformation of a second loop at the FAD site ranging from amino acids 1230-1235 (named
variable loop II). At the entrance of the FAD pocket, loop II T1230RGPDQ 235 is flipped almost
180° in comparison to the corresponding loop in bXO and bXDH. This loop takes a
conformation so far only found in hAOX1, and sits approximately at the same position as the
nicotinamide ring of the bXDH-NADH complex structure blocking the access to the

isoalloxazine ring (Ishikita et al., 2012).

Figure 1.9. FAD binding site of the bovine xanthine oxidase (bXO). Shown as surface the bXO FAD binding site
(PDB:1FIQ). The blue region indicates the FAD flexible loop I and the magenta region indicates the FAD flexible
loop II. In sticks the FAD structure is represented.

AOX has been suggested to be a source of ROS and further, a role of the generation of nitric
oxide (NO) from nitrite reduction during ischemia has also been suggested (Kundu et al.,

2012). Thus, in addition to the metabolism of drugs, AOX could serve as an important
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biological source of ROS, NO, and reactive nitrogen species (RNS) and might play a crucial
role in ROS or RNS mediated signaling and tissue injury (Kundu et al., 2007). While previous
investigations on the reactivity of AOX were mainly based on studies using rat or rabbit
enzymes, investigations on the ROS production by the human enzyme have not been performed

so far.
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2. Aim of this work

The human Aldehyde Oxidase (hAOX) is a complex molybdoflavoprotein that belongs to the
family of xanthine oxidase enzymes. Like xanthine oxidase (XO), AOX is active as a
homodimer composed of two identical subunits of about 150 kDa. The primary difference in
the two enzymes, however, is that XO can exist in two interconvertible forms, xanthine oxidase
and xanthine dehydrogenase, while AOX exists only in the oxidase form. AOX utilizes only
molecular oxygen as an electron acceptor in contrast to XO, which can transfer electrons to
both oxygen and NAD". Contrarily to XO, the biochemical and physiological function of AOX
is still largely unclear. Notably, the substrate and inhibitor specificities of XO and AOX are
different. In general, AOX is able to react toward a broader range of substrates.

The aim of this study was to improve the expression system of hAOX1 by using a codon
optimized gene sequence in a E. coli heterologous expression system, to increase the yield of
protein in order to allow the biochemical characterization of this enzyme. Studies were planned
to analyze the kinetic mechanism and to determine the kinetic constants using several
substrates and inhibitors. The recently solved crystal structure of hAOX1 (Coelho et al., 2015)
provided crucial insights for more kinetics and mechanistic investigations. By site-directed
mutagenesis it was planned to study the FAD reactivity with a particular interest in the
elucidation of the role of crucial amino acids into the FAD active site of hAOX1. Additionally,
it was planned to insert the bXOR FAD flexible loop I (Q423ASRREDDIAKA433) into hAOX1
and study the reactivity toward NAD" or NADH. Furthermore, a main goal was to characterize
the reactive oxygen species (ROS) produced from the hAOX1 wild type and variants and to

determine the residues involved in the mechanism of ROS formation in hAOX1.



3. Materials and Methods

3.1 Materials

3.1.1 Chemicals

Chemicals used in this work are listed in the Appendix Table 1.

3.1.2 Media, buffer and solutions

Solutions and buffers were prepared with deionized Milli-Q water (Merck EMD Millipore
Corporation, Billerica, MA,) and listed in Appendix Table 2. The pH value of the solutions
were corrected using a glass pH sensor S 100 NE (Knick Elektronische Messgerite, Berlin)
with HCl or NaOH/KOH. Growth media were prepared with deionized water and autoclaved
(20 min, 1 bar, 121 °C). Media and media supplements were sterilized by autoclaving (20 min,

1 bar, 121°C) or by sterile filtration.

3.1.3 Plasmids and primers

A synthetic codon-optimized 240X! gene (GeneArt, Thermo Fisher Scientific, Sunnyvale,
CA) was used for the heterologous expression of the human Aldehyde Oxidase. The codon
optimized h4OX1 gene contains a DNA sequence that included codons predominantly used in
E. coli but do not result in a change of the amino acid sequence. The synthetic gene of hAOX1
was amplified using primers designed to permit cloning into the Ndel and Sall sites of the
expression vector pTrcHis (Temple & Rajagopalan, 2000). The resulting plasmid, which was
designated pTHco-hAOX1 (Hartmann, 2011), expresses hAOX1 as an N-terminal fusion
protein with a His,-tag. For site-directed mutagenesis and construction of the hAOX1 variants,
the expression construct pTHco-hAOX1 was used as a template, and base-pair exchanges were

introduced by polymerase chain reaction mutagenesis. Oligonucleotides and primers are listed



in the appendix and were produced from BioTeZ (Berlin Buch GmbH) in purified and desalted

quality. All the plasmids and vectors used in this work are listed in the appendix in Table 1.

3.1.4 Cell strains

E. coli strains are listed and characterized in Table 1. Growth conditions are shown in the

following sections.

Table 1: E. coli strains used in this work.

Cell

strain Genotype Reference/Source | Cultivation | Usage/Application
F-, supE44, AlacU169, (¢80 37°C Host for plasmids

DHS5Sa lacZ AM15), hsdR17, endAl, Hanahan, 1983 LB m’ dium and maintenance,
gyrA96, thi-1, reldl, recA56 CEIM " loning
araDD(argF-lac )U169 30°C

TP1000 | rpsLrelA fIbB ptsF devC rbsR Palmer et al., 1996 o Protein expression

LB medium
mobAB:kan
3.2 Methods

3.2.1 Molecular biological methods

3.2.1.1 Cultivation of E. coli strains

E. coli DHS a cells (maintenance and cloning strain) were grown in 5 mL LB medium (Bertani,
1951) composed of 5 g/L yeast extract, 10 g /L NaCl, 10 g/L tryptone at 200 rpm for 15 h at
37 °C (Minitron, Infors AG, Switzerland). Subsequently, selective bacterial growth was carried
out on agar Petri dishes (LB +2% w/v agar) to obtain individual colonies selected with
appropriate antibiotic. E. coli TP1000 expression strain was cultivated in LB medium
composed of 10 g/L NaCl, 5 g/L yeast extract and 10 g/L peptone per liter of ddH,O. Initially
E. coli TP1000 were grown in 50 mL LB pre-cultures overnight (14 h) in 1 mM sodium
molybdate (Na;M00Qs4,) 20 uM Isopropyl B-D-1-thiogalactopyranoside (IPTG) and 150 mg/mL

of ampicillin at 37°C in anaerobic condition. The main culture was inoculated 1:500 of the pre-
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culture with additional supply of the same concentrations of supplements used for the pre-

culture and grown for 24 h at 30°C and 130 rpm.

3.2.1.2 Competent E. coli cells

E. coli chemo-competent cells (Dagert, 1979) were used for genetic transformation (Hanahan,
1983). For uptake of extrachromosomal plasmid DNA, E. coli cells were treated with metal
cations to become competent. To obtain competent E. coli cells, 100 mL sterile LB containing
20 mM MgSO, was inoculated with a single cell colony and incubated while shaking at 250
rpm at 37°C until the cell density reached ODgop nm= 0.9. After cooling the cells on an ice bath
for 30 min the cells were harvested by centrifugation at 720 x g (2500 rpm) for 12 min at 0°C.
Cell pellets were resuspended in 16 mL MES-buffer and again incubated on ice for 10 min.
The cells were harvested afterwards by the same centrifuging process. Finally, the E. coli
pellets were resuspended in 4 mL MES-buffer and separated in aliquots of 100 ul, frozen
immediately in N, and stored at -80°C.

3.2.1.3 Transformation of plasmid DNA

For transformation of competent cells strain, a 100 xl aliquot was thawed in ice and plasmid
DNA was inserted into competent E. coli cells by heat shock transformation. Generally, 50-80
ng of plasmid were added to 100 ul competent E. coli cells at 4°C. After incubation for 30 min
on ice, the cells were incubated at 42°C for 90 seconds and again incubated on ice for 1 min.
750 ul of LB medium was added to the cells and the mixture was incubated one hour at 37 ° C
and 200 rpm. Subsequently, aliquots of 100-200 xl were spread on agar plates containing
antibiotics (ampicillin) for selection of transformed cells with plasmid DNA and incubated

overnight hypoxically at 37° C.

3.2.1.4 Isolation of plasmid DNA

All the cloned DNA plasmids in this work were purified by the silica-column based

NucleoSpin® Plasmid kit (Rev.07, MACHEREY-NAGEL GmbH & Co. KG, Germany) in

accordance to the manufacturers manual. Plasmid DNA obtained from 5 mL of £. coli DH5a
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cell culture was eluted with 50 uL of elution buffer AE (5 mM TrisxHCI pH 8.5) following 1

min incubation at room temperature and kept at -20 °C until usage.

3.2.1.5 Polymerase chain reaction (PCR) and Site Direct Mutagenesis

Amplification of double stranded DNA h40XI gene and site directed mutagenesis were
obtained using the polymerase-chain-reaction (PCR) method (Mullis et al., 1992) (Table 2-3).
Based on the site direct mutagenesis Quick-change method (Braman et al., 1996), a pair of
complementary mutagenic primers were used to amplify the entire plasmid in a thermo-cycling
reaction using a Herculase II fusion DNA polymerase. The primers used for the reaction were
characterized to be homologous to the cDNA template but containing a mutation within the
gene sequence (Fig. 3.1-2). Herculase II polymerase replicates both plasmid strands with high
fidelity and without displacing mutant oligonucleotide primers. The proofreading function of
the (3°-5")-exo-polymerase activity exhibits a low error rate. As template the vector pTrcHis
containing the cDNA of the codon optimized 740X gene was used. The Herculase II based
PCR reaction generated a nicked and circular DNA. Subsequently, the template DNA was
eliminated by enzymatic digestion with the restriction site Dpnl, which is specific for
methylated DNA. The template plasmid that is biosynthesized in E. coli will be digested, while
the mutated plasmid which is generated in vitro, and unmethylated, would be left undigested.
The hAOXI codon optimized wild type gene sequence (Quiagen, Germany) cloned into the
pTrcHis expression vector (pTHcoaox) was used as template for all the site direct mutagenesis

cloning experiments.

Table 2: Standard PCR reaction components:

Reagents Concentration Amount
Sterile Hyo 34.5 ul
Template DNA 500 ng/ul 1 ul
Primer Foward 50 pmol/ul 1 ul
Primer Reverse 50 pmol/ul 1 ul
dNTPs 10 mM 1.5 ul
Herculase II Buffer 5x 10 ul
Herculase II Polymerase 1U/ul 1 ul
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Table 3: Site directed mutagenesis PCR reaction components:

Reagents

Sterile H,o

Template DNA

Primer Foward

Primer Reverse

dNTPs

Herculase II Buffer
Herculase II Polymerase

Concentration

200-400 ng/ul
50 pmol/ul

50 pmol/ul

10 mM

5x

1U/ul

Amount

36 ul
0.5 ul
0.5 ul
0.5 ul
1.5 ul
10 ul
1 ul

The standard PCR program contained following steps:

3 min
30 sec
30 sec
2:30 min
10 min

95°C denaturation
95°C denaturation
57°C primer annealing
72°C elongation

72°C elongation

35 cycles

The site direct mutagenesis PCR program contained following steps:

5 min
30 sec
1 min
5 min

7 min

95°C denaturation

95°C denaturation
65-50°C primer annealing
68°C elongation

68°C elongation

18 cycles

Figure 3. 1. The standard (above) and the site direct mutagenesis (below) PCR program used in this

work.
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pTrcHis hAOX1

codon optimized

(<8400 bp)

Ndel 4037 bp Sall

l

Site direct mutagenesis PCR

pTrcHis hAOX1 + Mutagenic primers
,

(<8400 bp)

pTrcHis - mutant ZAOX1
(=8400 bp)

Figure 3. 2. Site Direct Mutagenesis by PCR: mutagenesis of a single base by using mutagenic primers.

3.2.1.6 Determination of DNA concentration and DNA sequencing

The concentration of the PCR products was determined by measuring the absorbance of DNA
at the wavelength of 260 nm. The concentration of the cloned DNA samples were determined
using a NanoDrop (Shimadzu Scientific). The instrument allows the analysis of 1.5 ul-2.0 ul
samples of nucleic acid, without the need for cuvettes or capillaries. Sequencing of plasmid
DNA was carried out by GATC Biotech AG, Germany. The required concentration of plasmid
DNA were 80 to 120 ng/ul within a total volume of 20 ul sterile H,O.
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3.2.2 Biochemical methods
3.2.2.1 Overexpression of human Aldehyde Oxidase in E. coli TP1000 strain

The overexpression of the human AOX1 was performed using E. coli TP1000 strain. The
genome of E. coli TP1000 strain contains a deletion in the mobA and mobB genes, therefore
highly indicated for expressing eukaryotic molybdoenzymes due to lack of guanine
dinucleotide (bis-MGD) form of the molybdenum cofactor (Palmer et al., 1996).

The initial step of the expression of hAOX1 was the preparation of a 50 mL pre-cultures,
containing 1 mM Na;MoOg, 20 uM IPTG and 150 mg/mL of ampicillin, incubated for 14 h in
anaerobic condition at 37°C. Subsequently, 2 mL (1:500) per liter of this culture were then
transferred to the main culture of supplemented LB medium additionally containing 1 mL of
stock solution 1 M Na;MoOs, 20 mM IPTG and 150 mg/mL ampicillin. The cultures were then
incubated for 24 hours at 30°C and 130 rpm. The bacterial cells were harvested by
centrifugation at 11 000 x g for five minutes and the cell pellets resuspended in 10 mL/L of

culture of 50 mM sodium phosphate, 300 mM NacCl, pH 8.0 and frozen at -20°C.

3.2.2.2 Cell lysis

As first step of hAOX1 purification, E. coli cells were lysed to isolate the overexpressed human
enzyme. The frozen cells were thawed on ice and lysed mechanically using a cell disruptor
system (TS Benchtop Series 0.75 kW equipped with a 2.72 kbar head; Constant Systems,
Northamptonshire, UK). DNAse I was added before lysis (1 ug/mL). The cells were disrupted
by two passages through the cell disruptor at 1.35 kbar. After cell disruption, the crude extract
was centrifuged at 21.000 x g for one hour (in 35 mL SS20 centrifugal tubes). The entire

purification procedure was performed at 4 °C to inhibit protease activity.

3.2.2.3 Affinity purification by Ni-NTA chromatography

A Ni-NTA matrix (Ni-NTA superflow) is a complex of Ni**-ions with nitrolo-tri-acetic acid
(NTA)functional for affinity protein purification. The six-histidine tag of hAOX1 (at N-

terminus) interacts specifically with the complexed Ni**-ions. The elution of the protein can be
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achieved by lowering the pH or addition of competitor such as imidazole or histidine. After
cell lysis the crude extract containing hAOX was first purified using a Ni-NTA-Superflow-
matrix. The cell extract was poured into a column with 0.3 mL of matrix per liter of cell culture.
Then the resin mixed to the crude extract was washed with 10 column volumes of 10 mM
imidazole, 50 mM sodium phosphate, 300 mM NaCl, pH 8.0, followed by a washing step of
10 column volumes of the same buffer with 20 mM imidazole. His-tagged hAOX was eluted
with 250 mM imidazole in 50 mM sodium phosphate, 300 mM NaCl, pH 8.0. Fraction
containing hAOX were taken to determine the quality of the protein by SDS-Page on 10%
SDS-gel. Since imidazole has a destabilizing effect on the AOX, the eluate was rebuffered,
using PD-10 column. The used matrix was regenerated according to the manufacturer’s

instructions.

3.2.2.4 Buffer exchange and desalting

Long incubation of hAOX1 WT or its variants in the presence of imidazole results in a damage
of the enzyme, rendering dialysis unsuitable in most cases. Buffer exchange was therefore
performed by means of PD-10 columns (GE Healthcare, Piscataway, NJ). The columns were
equilibrated with 25 mL of the target buffer and 2.5 mL of hAOX1 was loaded into the column-
matrix. Proteins were eluted by addition of 3.5 mL target buffer 50 mM KH,PO4, 0.1 mM
EDTA pH 7.4 (sulfuration buffer).

3.2.2.5 In vitro chemical sulfuration

After Ni-NTA affinity chromatography, 7 mL of hAOX1 25-30 uM was subjected to an in
vitro chemical sulfuration, following the methods originally reported from Wahl and
Rajagopalan (1982), with slight modifications and optimizations for the specific case of
hAOX1. The proteins were incubated under reducing conditions (500 mM dithionite) in an
anaerobic chamber (Coy Laboratory Products, Grass Lake, MI) in addition to sodium sulfide
(2 mM) as sulfur source. Methyl viologen (25 ©M) was used to confirm the absence of oxygen
during the reaction. After a 30-minutes incubation at room temperature (RT) the reaction was
stopped and the enzyme was exchanged into buffer of 50 mM Tris x HCI, 200 mM NacCl, and
1 mM EDTA, pH 8.0, by using PD-10 gel filtration columns.
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3.2.2.6 Size exclusion chromatography

Molecules of different size can be separated by size exclusion chromatography due to the
composition of the matrix particles which contain pores with tunnels in which the size can be
controlled depending on the size of molecules to be separated. Smaller molecules have a more
complex pathway to exit, than larger molecules. Thereby, larger molecules elute first and
smaller molecules elute last in size exclusion chromatography. Eluted protein was collected in
fractions and analyzed by SDS-PAGE as well as with UV/Vis detection at 280 nm, 450 nm
and 550 nm.

The final step of the purification of the human aldehyde oxidase consisted of a size exclusion
chromatography using a Superose 6 or Superdex 200 10/300 GL Column (GE Healthcare) on
an AKTA system. After the in vitro chemical sulfuration the protein was loaded onto the
column which was previously equilibrated with 50 mM Tris x HCl, 200 mM NaCl, 1 mM
EDTA, pH 8.0 buffer.

3.2.2.7 Ultrafiltration

Proteins were concentrated by ultrafiltration using Centriprep YM-50 concentrators (50 kDa

cut-off mambrane). The concentrators were used following the manufacturer’s instructions.

3.2.3 Analytical methods and enzymatic assays
3.2.3.1 Agarose gel electrophoresis

Agarose gel electrophoresis was used to separate a mixed population of macromolecules of
DNA in a matrix of agarose applying an electric field. Agarose gels (1% w/v in 40 mM Tris x
Acetate, 1 mM EDTA pH 8.00 containing 0.4 % EtBr (3,8 Diamino-5-ethyl-6-
phenylphenanthridinium bromide) were run at 90 V constant field (PowerPac 300, Bio-Rad
Laboratories, Inc) for 45 min in 10 cm running chambers (Mini-Sub Cell GT, Bio-Rad). DNA
intercalated with EtBr was visualized by UV-light exposure in an Gel Doc Universal Hood 11
(Bio-Rad) and fragment length was estimated by means of Gene Ruler TM 1kb DNA ladder

(Fermentas - Thermo-Fisher-Scientific GmbH, Germany).

46



3.2.3.2 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

hAOX1 WT and variants were qualitatively separated by SDS-PAGE under denaturing and
reducing conditions according to their molecular weight in discontinuous Tris/Glycine-SDS-
gels (Laemmli, 1970) (Table 4). It is used for the separation of protein mixtures in a containing
polyacrylamide gel and applied electric field. The anionic detergent sodium dodecyl sulfate or
SDS (Fig. 3.3), is incorporated in a ratio of 1:1.4 into the protein, denatures it and forms a
soluble complex. Because of the high negative charge of SDS, the movement of the proteins
depends only on their mass. Separation is improved by the discontinuity of the pH between the

lower separating and the upper stacking gel.

Figure 3. 3. Sodium Dodecyl Sulfate (SDS) structure.

Proteins samples were mixed with SDS-PAGE loading buffer and denatured for 5 min at 95°C.
Molecular weight of the separated proteins was determined by comparison with a protein
standard (Molecular Weight Marker, MWM, Fermentas). For the separation of proteins, gels
were run at constant 15 mA for 90 minutes at room temperature. Cause of the hAOX1 monomer
mass of 150 kDa 10% gels were used to obtain an effective separation. The composition of the

stacking and separation SDS-gels:

Table 4: Components for preparation of the SDS-gel.

Separation gel

Stacking gel
H20 2.1mL H20 114 mL
Lower Tris 4 x 1.25 mL Upper Tris 4 x 500 pL
bisaé:?y?/méieésn 1.67 mL bisaﬁf?l/;mzieésn 340 uL
TEMED 10 uL TEMED 254L
APS 25 L APS 10 uL
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3.2.3.3 Coomassie-Blue staining

For the staining of the proteins separated by SDS-PAGE Triphenylmethane dye Coomassie
Brilliant Blue R250 was used. In an acidic environment, Coomassie-Blue binds to the basic
groups of the amino acids lysine, histidine and arginine. After SDS-PAGE the gel was
incubated for 30 min - 1 h at room temperature in the Coomassie staining solution. The gel was
subsequently destained by a methanol/acetic acid based destaining solution until the protein
bands were visible on a colorless background. The sensitivity of Coomassie-Blue staining is
about lug protein/mm’ (Luo et al., 2006). Subsequently, the gels were documented on a

GelDoc (Bio-Rad).

3.2.3.4 Separation of proteins in native polyacrylamide gels

For native polyacrylamide gels, the separation gel contained 7% acrylamide, 0.325 M Tris x
HCI pH 8.8; 0,01% (v/v) TEMED and 0.1% (w/v) ammonium persulfate. The staking gel was
prepared using 3% acrylamide, 0.125 M Tris x HCI pH 6.8; 0.01% (v/v) TEMED and 0.1%
(w/v) ammonium persulfate. Samples were mixed with loading buffer containing bromophenol
blue as a color marker which is visible during electrophoresis to show the running front. For
separation of the proteins in a native conformation, gels were run at 15 mA for 3 hours in a

cold-room at 4°C.

3.2.3.5 Activity-stain for hAOX1

hAOXI1 can be visualized in native polyacrylamide gels with a staining solution containing
Nitro Blue Tetrazolium (NBT). Reduced NBT is seen as dark-blue color. The staining solution
contains 100-300 uM substrate, | mM NBT in 50 mM Tris/HCL, 200 mM NaCl, 1 mM EDTA
pH 8.0 buffer. The native gel was incubated in staining solution at 37°C until a specific color

change was visible representing hAOX1 enzymatic activity.

3.2.3.6 Characterization of hAOX1 by UV/VIS Spectroscopy
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Protein concentrations and photometric measurements were determined by utilization of the
equation of Lambert-Beer and the calculated molar extinction coefficient of hAOXs was based

on the absorbance of 450 nm wavelength.

Beer-Lambert law:

E=¢*c*d

E = absorbance at a certain wavelength
¢ = specific molar extinction coefficient in 1/mol*cm
¢ = protein concentration

d = path length of the cuvette

Determining the concentration of the hAOX1 was carried out by measurement the absorbance
at a wavelength specific for the hAOX1 bound FAD on a Shimadzu UV-2401PC
spectrophotometer. The absorption was measured at 450 nm to detect the FAD prosthetic
groups of hAOX. The specific molar extinction coefficient of hRAOX1 is 21 100 M x cm™ at
450 nm.

To measure the absorbance in the range of 250-800 nm 500 ul of protein solution was inserted
in an UV cuvette (Sarstedt, AG & Co., Germany) at room temperature. Absorption spectra
were recorded in 50 mM Tris x HCL, 200 mM NaCl, 1 mM EDTA, pH 8.0.

The concentration of hAOX was calculated as follows:

CAOX [1’1’101 /L] = E450/ 8450 [NI_1 : cm'l] : d [cm]

3.2.3.7 Photometric determination of the specific activity

Enzyme activity was assayed spectrophotometrically by detection of product formation (e.g.
phenanthridinone at 321 nm) or substrate degradation (e.g. cinnamaldehyde at 420 nm).
Several electron acceptors were used for detection of enzymatic activity (e.g. ferricyanide,
PMS, DCPIP).

The specific activity can be calculated:

Spec. Act. [mU / mg] = (AAbs € Vi d 1000)/(Ag & Mg Vg d)
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AAbs = Change in absorbance in mAU / min
€e = hAOXI extinction coefficient (21,100 M * cm™)

&s = substrate extinction coefficient (16,100 M “ cm™)
Vass = assay volume
Vi = volume of enzyme
Ag = adsorption of used hAOXI1 at 450nm
Mg = Molar Mass of hAOX1 (150,000 kDa)
d = thickness of the used cell

3.2.3.8 Reduction spectra

Measurement of reduction spectra allows the calculation of the active enzyme portion in
protein samples. The hAOX1, with a concentration of 4 uM was incubated in the anaerobic
chamber, to recreate anaerobic condition. The measurement of the spectrum was carried out on
a Varian Cary 50 Bio-photometer connected to an optic fiber cable inside the anaerobic
chamber. With addition of 500 uM benzaldehyde the hAOX1 was substrate reduced. The
recording of the spectrum was in the range between 800 and 250 nm. Complete reduction of

the sample was achieved with adding sodium dithionite (20 mM) (Leimkiihler et al., 2003).

3.2.3.9 Analysis of the Moco content by HPLC

High-performance liquid chromatography (HPLC) is a chromatographic technique used to
separate a mixture of compounds with the purpose of identifying, quantifying and purifying
the individual components of the mixture. The separation by means of HPLC is based on the
polarity of the compounds. It has a mobile phase and a stationary phase. The mobile phase is
continuously pumped at a fixed flow rate through the system and mixed by the pump. By this
method the molybdenum cofactor is converted to Form A (Johnson et al., 1984) and used for
semiquantitative detection of the molybdenum cofactor from the analyzed sample. For a single
measurement, 200 uL of 0.5/1 uM protein was combined with 25 uL of 1%I,/2%KI in 1 M
HCI and incubated overnight at room temperature. The denatured protein was removed by
centrifugation for 10 minutes at 12,000 rpm. The supernatant was added to 27.5 ul of freshly
prepared ascorbic acid (1% in ddH,O). The pH was adjusted to 8.3 by addition of 100 ul 1 M
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Tris. The phosphate monoester of Form A was cleaved by addition of 10 ul 1 M MgCl, and
one unit of alkaline phosphatase, and then incubated for 45 minutes at room temperature.
Reaction was stopped adding 10 ul of 50% acetic acid. Dephospho Form A was identified by
HPLC analysis. Reactions were analyzed by injection onto a C-18 reversed phase HPLC
column on an Agilent 1100 Series HPLC system inject (Thermo Scientific), equilibrated with
5 mM ammonium acetate with 15% methanol. Fluorescence was measured with excitation at

383 nm at emission at 450 nm using a FLD detector (Agilent 1100 Series).

3.2.3.10 Metal content

Inductively coupled plasma optical emission spectrometry with an Optima 2100 DV
(PerkinElmer Life and Analytical Sciences, Waltham, MA) was used to measure the metal
content of hAOX1 WT and variants. ICP-OES is an analytical technique used for the detection
of trace metals. It is a type of emission spectroscopy that uses the inductively coupled plasma to
produce excited atoms and ions that emit electromagnetic radiation at wavelengths
characteristic of a particular element. The intensity of this emission is indicative of the
concentration of the element within the sample (Stefansson et al., 2007).

500 wl of purified hAOX1 (about 10 M) and an equal volume of 65% nitric acid were mixed
to denaturate the protein at 100 °C overnight. Subsequently, the samples were diluted with 4
mL of millipore water. The buffer used as reference was 50 mM Tris HCI, 200 mM NacCl, and
1 mM EDTA, pH 8.0. The detection was performed at wavelengths of 203.845 nm, 202.031
nm, and 204.597 nm for molybdenum and 238.204 nm, 239.562 nm, and 259.939 nm for iron.
A standard was used for calibration and quantification of the detected metals (standard solution
XVI; MerckMillipore, Darmstadt, Germany). The resulting mass concentrations were
calculated and related as percent of protein saturated with molybdenum and iron corresponding

to the two [2Fe—2S] clusters.

3.2.3.11 Quantitation of the FAD cofactor

One mL of hAOX1 WT and variants (10 xM) was incubated with 150 M of trichloroacetic
acid (50% w/v) for 10 min on ice. The denatured protein was spin down at 14 000 g for 20 min,
and the pellet was resuspended in 200 ul of trichloroacetic acid (5% w/v) and spin down again

for 10 min. Both supernatants were combined, and 300 ul of 2 M K,;HPO4 was added. The
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released FAD was detected photometrically on a Shimadzu UV-2401 PC photometer
(Shimadzu Europa, Duisburg, Germany) at 450 nm. The hAOX1 WT and variants FAD
saturation was calculated from the specific extinction coefficient of free FAD (11,300 M ™' cm™
! at 450 nm) and from a calibration curve obtained from different concentrations of free FAD

in solution.

3.2.3.12 Redox titration of hAOX1

UV-VIS monitored redox titrations were performed anaerobically at room temperature (24 + 3
°C) under argon saturated atmosphere (Nippon Medical School, Tokyo, Japan). The redox
titrations were performed by reducing hAOX1 WT and variants with increasing amount of
dithionite (Na,S,04) or substrate (phenanthridine or benzaldehyde). Reaction mixtures
contained 5—10 uM of protein in 50 mM Tris, 200 mM NaCl, 1 mM EDTA pH 8.0 buffer in a
total volume of 1 mL. The reaction was performed into a glass-pipe fused quartz cuvette (T.
Nishino) filled with argon gas and tightly attached to a Hamilton syringe to allow a controlled
release of the reducing solution (Na,S;04 or substrate). The reaction mixture was titrated by
adding a strictly controlled amount of Na,S,04 or substrate injected into the protein solution.
Subsequently, UV-Vis spectra of the sample were obtained on a spectrophotometer (Shimadzu
Spectrophotometer) were taken over time. After stabilization of the inter-molecular electron
transfer, spectra were recorded in the range of 280 — 800 nm. Absorbance at 450 nm, 550 nm
(2[2Fe-28S] centers) and 620 nm (flavin semiquinone radical) were plotted as ratio 450/550 nm
and 550/620 nm.

3.2.3.13 Kinetics parameters of hAOX1

The determination of kinetic parameters k., and Ky, and the catalytic efficiency kcq./Km was
performed on a Shimadzu UV-2401PC photometer at 30°C. Steady-state enzyme kinetics were
performed with purified hAOXs in 50 mM Tris buffer, pH 8.0, containing 200 mM NaCl and
I mM EDTA at 25 C in a final volume of 500 ul. The substrates benzaldehyde and phthalazine
were used in a range of 1-100 uM using dichlorophenolindophenol (DCPIP; 100 M) or
ferricyanide (1 mM) as electron acceptors. For the substrate phenanthridine, in addition to
ferricyanide and DCPIP, molecular oxygen was used as an electron acceptor and the product

phenanthridone was detected at 321 nm. The substrate phenanthridine was used in a range of
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1- 100 uM. Total enzyme concentration varied between 100-200 nM. Reactions monitored
over a range of 30 seconds. Kinetics parameters were calculated using the extinction coefficient
of 16,100 M 'em™ at 600 nm for DCPIP, 2080 M 'cm™ at 420 nm for ferricyanide, and 6,400
M'em” at 321 nm for phenanthridinone. The obtained data from three individual
measurements were fitted nonlinear using the equation of Michaelis-Menten (eq. 1) to obtain

the kinetic constants Ky and turnover numbers (eq. 2).

_ Vimax [S]
V' K tIs] (1)
Vmax
kear = (2)
Et

Fitting of the Michaelis-Menten curves was carried out using the software OriginPro 8.1G

(Waltham, MA) considering the bi-substrate reaction mechanism (eq.3).

_ kcat [S1[0]
kcat,app - Kms[0]+Kmo[S1+[S1[0]+Kms Kmo (3)

Bisubstrate kinetics equation (Bisswanger 1% ed., 2002; Alberty, 2011) with Keat,app =

observed reaction rate, [S] = concentration of reducing substrate, [O] = concentration of
oxidizing substrate, k, = maximum rate under saturated non-inhibited conditions, K,, - =
Michaelis- Menten constant for the reducing substrate, Km = Michaelis Menten constant for
the oxidizing substrate. Further substrates wused were cinnamaldehyde, p-
Dimethylaminocinnamaldehyde (DMAC), vanillin and chloroquinazolinone. Furthermore,
additional electron acceptor as methyl viologen (MV), benzyl viologen (BV) and phenazine

methosulfate (PMS) were used (Table 5). The extinction coefficients used to calculate the

kinetics parameters are shown in Table 6.

53



Table 5: Electron acceptors used in this work.

Electron acceptor Redox potential Structure
Molecular oxygen +0.8V? 0=0
N§C ‘:‘ C/N
Potassium ferricynide +0.42V°P e Y
éc | ~c.
N ‘(‘:‘ N
N

Cl. Cl
2,6-
+0.22 Vb |

Dichlorophenolindopheno

(DCPIP) NQOH

Phenazine methosulfate o
+0.08VP
(PMS) CHo
Qo =0
Benzyl viologen -0.358 Vb &Q—@N

N N T e
Methyl viologen -0.430 v? HsC N/;>_<\:\//N CHs

2CI" *xH0

*Concepts and Models of Inorganic Chemistry, Problems Douglas, Bodie E., McDaniel,
Darl H., Alexander, John J. Published by Wiley, 1983.° Mediator compounds for the
electrochemical study of biological redox systems: a compilation. Mary Lou Fultz and
Richard A. Durst, 1982.
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Table 6: The extinction coefficients used to evaluate the enzymatic activity for hAOX1*

Detected molecule Extinction coefficients € (M cm™)
Phenanthridinone 6,380
4-(Dimethylamino)cinnamaldehyde (p-DMAC) 30,500
Vanillin 8,850
Cinnamaldehyde 25,100
Ferricynide 2,100
2,6-Dichlorphenolindophenol (DCPIP) 16,100
Phenothiazine methosulfate (PMS) 26,300
Methyl viologen 9,800
Benzyl viologen 8,700

*measured by spectro-photometric assay

3.2.3.14 Inhibition studies

Inhibition studies on hAOX1 WT and variants were performed using several inhibitors as
thioridazine, loxapine, raloxifene and DCPIP (Sigma-Aldrich). Furthermore, inactivation
exeperiments were performed using diphenyleneiodonium chloride (DPI) as irreversible
inhibitor of the FAD cofactor of hAOXs and XOR. All the inhibition studies were measured
by spectrophotometric assay (Shimadzu spectrophotometer) using phenanthridine,
phathalazine or cinnamaldehyde as substrates (1-100 puM) and molecular oxygen or
ferricyanide (1 mM) as electron acceptors. The concentrations of the inhibitors were variable
from 0 to 500 M. Inhibition experiments were performed also with bXO/bXDH using

xanthine/hypoxanthine as substrate and thioridazine or allopurinol as inhibitors.

3.2.3.15 Electrochemical measurments of H,O, formation

Electrochemical measurements were carried out with a PalmSens (Utrecht, Netherlands)
electrochemical station. Amperometric biosensors function by the production of a current when

a potential is applied between two electrodes. For H,O, detection, a platinum Clark electrode
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was used. This consists of a platinum cathode at which H,O, is oxidized and a silver/silver
chloride reference electrode. hAOX1 WT and variants were tested in air-saturated 50 mM Tris
buffer, 200 mM NaCl and 1 mM EDTA pH 8.0, in the presence of phenanthridine as substrate
and H,O, was quantified amperometrically using a Pt-Clark electrode at +0.6 V (H,0O;) in a
electrochemical cell (Fig.3.4 A). The system was calibrated with fixed concentration of H,0O,

in solution.

3.2.3.16 Cytochrome c reduction assay and determination of O2" production

The production of superoxide was monitored following its reduction of cytochrome c by one
electron transfer (Massey, 1959; McCord and Fridovich, 1969). The specificity for reduction
of Fe’™ to Fe** of the cytochrome ¢ heme cofactor by O, *~ was tested by adding superoxide
dismutase (10 ug/mL) or raloxifene (10 M), a potent specific hAOXI1 inhibitor, in the assay
(Fig.3.4 B). Furthermore, Catalase (100 U/mL) was used as further control.
Diphenyleneiodonium (DPI) was used as specific suicide inhibitor to confirm the location of
the reaction at the FAD site (Harris et al., 1999; Yesbergenova et al., 2005). The reduction of
cytochrome ¢ was spectro-photometrically measured by A,ps at 550 nm and the extinction

coefficient of 21,000 M™'cm™ was used to calculate the specific activity.

CytC .,
A B CcytC
Pt-electrode
(+0.6 V) H20,/ O
H,0 + O,
0,
02\}202 - , 2e-
hAOX1
S P

Figure 3. 4. Scheme of the Pt-electron H,O, measurments (A) and the Cyt ¢ assay for detection of
superoxide anion (B).
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3.3 Computational methods

3.3.1 Protein modelling

Protein crystal structures were obtained by the pdb files of hAOX1 WT pdb: 4UHW (Coelho
etal.,2015); hAOX1 in complex with phthalazine and thioridazine pdb: 4UHX (Coelho et al.,
2015); hAOX1 S1271L pdb: SEPG (Foti et al., 2016); mAOX3 pdb: 3ZYV (Coelho et al.,
2012); bXDH pdb:1FO4 (Enroth et al., 2000), bXO pdb:1FIQ (Enroth et al., 2000) and were
taken from the RCSB protein databank http://www.rcsb.org/pdb. All protein structures were
visualized by Pymol modelling software (MacPyMol 2006, Delano Scientific LLC).

3.3.2 Determination of Single nucleotide Polymorphisms

The Single Nucleotide Polymorphism Database (dbSNP) is a free public archive for genetic
variation within and across different species developed and hosted by the National Center for
Biotechnology Information (NCBI) in collaboration with the National Human Genome
Research Institute (NHGRI). All the SNPs produced in this work were obtain from dbSNP
https://www.ncbi.nlm.nih.gov/projects/SNP.
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4. Results

4.1. Expression and characterization of hAOX1: comparison of a codon optimized and
non codon optimized expression system

4.1.1 Heterologous expression of a h40X1 from a codon optimized gene construct

The heterologous expression of human genes in E. coli can result in a low yield of protein, due
to different codon usage by human and bacterial cells (Alfaro et al., 2009; Barr & Jones, 2011;
Hartmann et al., 2012). To overcome this limit, in this work we used a synthetic 240X gene
(hAOXI) which was constructed using the genetic code with the most frequently used codons
in E. coli. In this construct, the codons poorly used by the E. coli translation system are replaced
with the preferred codons, without changing the amino acids sequence of the synthesized
hAOXI1 protein (hAOXT1). The synthetic gene was cloned into the vector pTrcHis (Temple &
Rajagopalan, 2000), using the Ndel-Sall restriction sites and the resulting plasmid was named
pTHco-h40X1 (Hartmann, 2010). Subsequently, one misinserted codon was exchanged to the
correct one and the construct was further modified to obtain the correct sequence. Upstream of
the starting codon, the construct is fused to a sequence for a tag of six histidines (Hisg) for
expression of an N-terminal—Hise tag fusion protein that facilitates the protein purification.
The expression of the optimized gene sequence was conducted in E. coli TP1000 (AmobAB)
cells (Palmer et al., 1996) shown previously to be optimal for the expression of molybdopterin—
containing proteins owing to their inability to synthesize the bis-molybdopterin guanine
dinucleotide cofactor present in most E. coli molybdoenzymes (Palmer et al., 1996). The cell
cultures were incubated for 24 hours at 30°C and 130 rpm. The cells were harvested by
centrifugation at 11000 x g for five minutes and the cell pellets resuspended in 10 mL/L of
culture by 50 mM sodium phosphate, 300 mM NaCl, pH 8.0 buffer and frozen at -20°C upon
usage.

The expressed and purified protein obtained from the codon-optimized 240X gene was
compared with the non—codon optimized gene sequence containing a h4OXI gene (native
hAOXT) that was isolated from human cDNA (Hartmann et al., 2012). Both genes were cloned
into the same vector for better comparison (Temple & Rajagopalan, 2000) and both constructs

were expressed using equal conditions to allow subsequent analytical and comparative studies.



The codon optimized cDNA of hAOX1 was synthetized by GeneArt (Thermo Fisher Scientific,
Sunnyvale, CA) and the gene sequence is shown in the appendix (Fig.1 Appendix).

4.1.2 Purification of hAOX1

4.1.2.1 Ni-NTA affinity chromatography

The protein purification started with thawing the E.coli cell pellet followed with the cells lysis
by means of 2 cycles under 1.35 kBar of a cell disruption system, to obtain the cells crude
extract.

The resulting crude extracts of both native hAOX1 and hAOX1 were used for the subsequent
protein purification. The first purification step was a nickel-NTA affinity chromatography,
allowing purification of Hise tagged proteins. After cells disruption, the crude extract was
incubated with 0.3 mL of Ni-NTA matrix per liter of cell culture. The Ni-NTA matrix was
previously inserted into the column before the loading of the cell lysate. After two washing
steps, with 10 and 20 mM imidazole-containing buffer, the protein was eluted with a 250 mM
imidazole containing buffer, and the eluted fractions were analyzed by SDS-polyacrylamide
gel electrophoresis (Fig. 4.1). This first step already shows that the hAOX1 expression is
improved in terms of an increased yield of the protein, in comparison to the native hAOX1

expression construct.

hAOX1 Native hAOX1

A B
CE FT W1 W2 Elut. CE FT W1 W2 Elut.
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Figure 4. 1. 10% SDS-polyacrylamide gels fractions after Ni-NTA affinity chromatography purification of
hAOXI1 (A) and native hAOX1 (B). The red arrows indicate the eluted hAOX1s after 250 mM imidazole elution.
Shown are the crude extract (CE), the flow through (FT), the first washing step by 10 mM imidazole-containing
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buffer (W1), the second washing step with 20 mM imidazole-containing buffer (W2) and the eluted protein (Elut.).
0.3 mL of Ni-NTA matrix was used for the purification of both samples.

However, both enzymes as purified showed poor enzymatic activity of 113.6 = 34.1 mU/mg
and 141.4 + 29.8 for the native hAOX1 and hAOX1 respectively. The low levels of enzymatic
activity are caused due to a low insertion of the equatorial sulfido ligand at the molybdenum
atom in the active site. To increase the portion of the active protein, an in vitro chemical

sulfuration was performed (Wahl & Rajagopalan, 1982).

4.1.4.2 In vitro chemical sulfuration

hAOXI1 and all the members of the xanthine oxidase family possess a modified Moco with a
sulfur ligand complexed to the molybdenum atom in the equatorial position of the Moco. Such
sulfur ligand is essential for the catalytic activity of those enzymes (Wahl & Rajagopalan,
1982; Leimkiihler et al., 2004).

The specific activity of both proteins, native hAOX1 and hAOXI1, after purification was
comparable, with 141.4 6 29.8 mU/mg for the hAOX1 and 113.6 6 34.1 mU/mg for the native
hAOXI1 (Table 7). This result suggests that the activity of the purified protein was not affected
by the alteration of the codon optimized sequence. However, native hAOX1 and hAOXI1 as
purified showed poor levels of enzymatic activity caused by the inefficient sulfido ligand
incorporation to the Moco. Such low enzymatic activity of hAOXI1 as purified is caused by the
lack of the specie-specific human moco sulfurase enzyme (hMCSF) in E. coli cells, which
performs the last step of the Moco biosynthesis in humans (Sakamoto et al., 2001) consisting
in the insertion of the sulfido ligand to the molybdenum cofactor.

In this work, an in vitro chemical sulfuration was performed between the Ni-NTA affinity
chromatography and the size exclusion purification steps to increase the enzymatic activity of
hAOX1 (Table 7). The in vitro chemical sulfuration reaction was performed as described
previously (Wahl & Rajagopalan, 1982) with further modifications to raise the efficiency of
the procedure for hAOX1. After the Ni-NTA purification step, the protein was incubated under
anaerobic and reducing conditions with 500 M sodium dithionate, 2 mM sodium sulfide and
25 uM methyl viologen. After 30 minutes incubation at room temperature (RT) the protein was
further purified by a gel filtration step (PD-10 column) to separate all the reducing compounds
present in the chemical reaction from the enzyme. After that, the protein was purified by the

size exclusion chromatography on a Superdex 200 column.
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Table 7: Specific activity of native hAOX1 and hAOX1 before and after in vitro chemical sulfuration.

native hAOX1 hAOX1
Specific activity” (mU/mg) 113.6 +34.1 14144298
before in vitro chemical sulfuration
Specific activity” (mU/mg) after In vitro 1516.7 + 182.7 1459.1 = 170.5

chemical sulfuration

*specific activity of hAOX1 measured using phenanthridine as substrate and molecular oxygen as electron acceptor.
Data are mean values from three independent measurements (+ S.D.).

The results in Table 7 show that the in vitro chemical sulfuration resulted in a 8-10 fold increase
of the specific activity for hAOX1. The protein showed quite high stability during all the
procedure. The buffer used for the in vitro chemical sulfuration was KH,PO4x KOH 50 mM,
0.1 mM EDTA pH 7.4. Subsequently, several experiments were performed to optimize the in
vitro chemical sulfuration reaction for hAOX1. Different pH conditions were used to identify
the pH optimum for this chemical procedure in order to improve specific activity and stability

of the enzyme (Fig.4.2).
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Figure 4. 2. In vitro chemical sulfuration experiments: pH optimum and time range of incubation using hAOX1
(A-B) and native hAOX1 (C-D). Specific activity was measured by spectrophotometric assay using
phenanthridine as substrate and molecular oxygen as electron acceptor. The measurments were performed in Tris
50, mM NaCl 200 mM, 1 mM EDTA buffer pH 8.0 at 30°C. The protein concentrations used in this experiments
ranged 150-250 nM in the assay.

The pH optimum was identified as 7.4, which was the condition where the enzyme showed a
highest specific activity toward the phenanthridine:oxygen reaction. Furthermore, a timing
experiment was performed to select the right incubation time for the in vitro chemical
sulfuration of hAOX1. 30 minutes incubation time resulted as the more efficient, leading to the
highest specific activity (Fig. 4.2 B-D). Comparable results were obtained for both enzyme
expressed using the native 240X gene sequence and for the h240X1 (fig 4.2). After the 30
minutes reaction, the in vitro chemical sulfuration was stopped by de-salting the proteins using
PD-10 gel filtration columns. Subsequently, the enzymes were concentrated and prepared for

the last step of the purification procedure.
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4.1.2.3 Size exclusion chromatography

The last step of the purification procedure for hAOX1 was a size exclusion chromatography
(SEC) step using a Superdex 200 column on a FPLC system. The eluted fractions were
analyzed by 10% SDS-PAGE (Fig.4.3).

All the elution profiles of hAOX1 show a prominent peak after around 11.5 mL of elution
volume (Fig. 4.3). By standard curves obtained using known molecular weight proteins, the
elution peak at 11.5 mL demonstrates that hAOX1 is expressed mainly as dimer having a size
of around 300 KDa (Fig. 4.3 A-B). The profile also shows a minor part of multimeric and
monomeric form for both hAOX1 after the elution (Fig. 4.3 A-B). The codon-optimized
hAOX1 yielded mainly the dimeric form with an aggregation peak after around 7.5 ml of
elution volume, indicating an aggregated form of the enzyme (Fig. 4.3 A). Instead the native
hAOXI1 showed a significant portion of the monomeric hAOX1 (Fig. 4.3 B).The 10% SDS-
gels of both elution profiles shows lower amount of contaminants in the case of the hAOX1

expressed protein as compared to the native hAOX1(Fig. 4.3 C-D).
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Figure 4. 3. Size exclusion chromatography (Superdex 200 column) purification of hAOX1 and native hAOX1.
Shown are (A) the size-exclusion chromatogram (absorbance at 450 nm) of hAOX (B) the size-exclusion
chromatogram (absorbance at 450 nm) of native hAOX1, (C) 10% SDS-gel of the eluted fractions of hAOX1 and
(D) 10% SDS polyacrylimide gel of the eluted fractions of native hAOX1. The majority of the lower bands
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determined by SDS-PAGE were identified as degradation products of hAOX1. The black lines stand for the
pooled fractions.

For a better purification, we related the several elution fractions to the functionality of the
enzyme. The SEC eluted fractions for the hAOX1 were tested for their specific activity toward
phenanthridine as substrate and oxygen as electron acceptor. The result showed the highest
enzyme activity from the elution fractions 21-24 corresponding to the main peak for the dimeric
form of the enzyme, the only active form the of hAOX1 (Fig. 4.4). Therefore, those fractions

were collected for further enzymatic studies on the AOX1.
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Figure 4. 4. Specific activity for the eluted fractions. Specific activity measured by spectrophotometric assay
using phenanthridine as substrate and oxygen as electron acceptor in 50 mM Tris x HCI, 200 mM NaCl, 1 mM
EDTA pH 8.0 buffer.

The yield of the proteins expressed from the native hAOX1 construct and codon-optimized

hAOX1 (hAOX1) construct was compared (Table 8).

Table 8: Yield of protein of native hAOX1 and hAOX1?

native hAOX1 hAOX1

Total yield of protein (mg/L of culture) 0.09 £0.02 1.0+ 0.3

Proteins concentrations measured by absorbance at 450 nm. Data are mean values from three
independent measurements (+ S.D.).

The results show that the codon-optimized construct led to a 10-fold higher protein yield than
the construct containing the human codon sequence, with an average of 1.0 + 0.3 mg protein

per liter of E. coli culture.
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4.1.3. Characterization of purified hAOX1 (hAOX1)

4.1.3.1 Activity staining of hAOX1

After purification, the stability of the proteins was tested. hAOX1 obtained from both
expression systems, codon optimized and native sequence, showed quite high protein stability,
however, both proteins have a tendency to aggregate after several freezing and thawing steps.
The theoretical isolectric point (pI) was estimated of 6.79. The optimal condition to make
analytical assays was determined using the fresh purified protein, or directly after thawing on
ice. Only the dimeric form of the protein was used for analytical assays (fractions 22-24).
Besides hAOX1 protein band (=150 kDa) on the SDS-gel, weak protein bands could be also
detected (Fig. 4.5 A). The intensity of these lower bands is related to the intensity of the protein
bands of hAOXI on the gel. Such bands resulted to be degradation products of hAOXI1 as
reported previously (Hartmann, 2010).

Monkey and mouse but not rat AOX1 have a tendency to degrade in SDS-PAGE (Hoshino et
al.,2007; Asakawa et al., 2008; Schumann et al., 2009; Mahro et al., 2013). Native-PAGE and
activity gel staining of hAOXI1 obtained from both expression systems (Fig. 4.5 B-C) show
two major bands that seem to stand for the oligomeric form (upper band) and the dimeric form
(lower band). Analysis of the several elution fractions after purification showed that the more

catalytically active portion is the dimeric one.
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Figure 4. 5. 10% coomassie stained SDS-PAGE (A) 7% Native PAGE (B), activity staining gel (C) of native
hAOX1 and hAOXI1. Activity with benzaldehyde are shown for 10 pl of 5 uM hAOX1 loaded for native
polyacrylamide gel (8%) electrophoresis and stained for activity assay . The staining solution contains 500 uM
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benzaldehyde, ImM Nitro Blue Tetrazolium (NBT) in 50 mM Tris/HCI, 200 mM NacCl, pH 8.0 buffer. The native
gel was incubated in staining solution at 37°C until a specific color change was visible representing hAOX1
activity with benzaldehyde.

4.1.3.2 Metal content

Expression on molybdenum containing eukaryotic enzymes often have the disadvantage of low
cofactors saturation (Huang et al., 1999; Adachi et al., 2007; Yamaguchi et al., 2007). As a
measure for the quality of the recombinant expression system, the metal content of native and
codon optimized hAOX1 was performed.

Molybdenum and iron content (based on 2x[2Fe-2S] clusters) in the protein was determined
by using inductively coupled plasma optical emission spectrometry (ICP-OES). The
measurement was performed using a reference standard (Solution XVI, Merck), to exactly
quantify both elements. The concentration of the elements was calculated to a percentage scale
of saturation values (Table 9). The saturation of molybdenum was around 55% and 65% and
iron around 71% and 77% for native hAOX1 and hAOX1 respectively. This fact implies, that
40 — 45 % of recombinant hAOX1 was expressed in the Moco-free form. No major differences
were observed between the cofactor insertion in the enzymes obtained from the two expression

systems.

Table 9: Metal content for of native hAOX1 and hAOX1?.

native hAOX1 hAOX1
Mo content® % 552+ 841 66.4 +6.58
Fe content® % 71.2+10.37 76.7 +5.63

“determined by using inductively coupled plasma optical emission spectrometry (ICP-OES). Data are mean
values from three independent measurements (+ S.D.).

Furthermore, by trichloroacetic acid extraction assay, the flavin adenine nucleotide content of
hAOX1 was measured. The result shows a high FAD saturation of around 93% and 85% for
hAOXI1 and native hAOXI respectively. Among all three type of cofactors present in the

enzyme, the FAD has the highest insertion level into the mature protein structure.
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4.1.3.3 UV/Vis spectroscopy

The ultraviolet—visible (UV/Vis) spectrum of hAOX1 in its oxidized form displayed the typical
features of molybdo-flavoenzymes: absorption at 280 nm, typical of the aromatic amino acids,
absorption at 450 nm, characteristic for protein-bound FAD and the absorption shoulder at 550
nm, characteristic for protein bound 2x[2Fe-2S] cluster. Both native hAOX1 and hAOXI1
showed comparable UV/Vis absorption spectra features (Fig. 4.6).

Based on previous knowledge on the highly-related enzyme xanthine oxidase (XO), a way to
determine the purity of the protein and the saturation of the cofactors are the ratios of the
absorbance at 280/450 nm and 450/550 nm. The ratio 280:450 nm absorbance of 5.0 for the
recombinant protein indicates a high purity of the enzyme. A ratio of Azgo/Aa4so higher than 5
indicates impurities in the sample. The 450:550 nm absorbance ratio in the UV/Vis spectrum
of 3.0, demonstrates a correct ratio FAD:FeS. Generally, hAOX1 showed a 280:450 nm
absorbance ratio of 5.2-5.7 indicating the quite high purity of the enzymes, and the 450:550
nm absorbance ratio of around 3.0-3.3, demonstrating the correct saturation with FAD cofactor
(¢ haoxl, 280 nm = 114.600 M cm™) an equal relation of FAD and 2x[2Fe2S] clusters.
Measurement of the hAOX1 concentrations were performed by the absorption at 450 nm with
a specific hAOX1 extinction coefficient of 21.100 M em! (Alfaro et al., 2009; Hartmann et
al., 2012).
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Figure 4.6. UV/Vis spectrum of the native hAOX1 (A) and the hAOX1 (B) in their oxidized form with a
concentration of 18 uM. The UV-Vis spectra were determined using purified air-oxidized hAOX1 proteins in 50
mM Tris (pH 8.0) at RT.

67



To measure the active portion of hAOX1, a reduction spectrum was taken under anaerobic
conditions and using benzaldehyde 1 mM as reducing substrate and with subsequent full

reduction by sodium dithionite in a volume of 2 mL (Fig. 4.7).
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Figure 4. 7. UV/Vis reduction spectrum of hAOX. The reduction spectrum was performed under anaerobic
conditions using 1 mM benzaldehyde as reducing substrate after 1 minute. For the fully reduction of hAOX1 20
mM sodium dithionite was used. The hAOX1 concentration used was 7 pM in the assay.

The result showed a decrease at the absorption spectrum peak of 450 nm, corresponding to the
reduced FAD cofactor. The active portion of hAOX1 by reduction spectrum was calculated to
be around 30%, revealing that only around the 50% of the Moco was efficiently sulfurated.
This experiment was performed using the hAOX1 produced by the codon optimized expression

system considering the high amount of enzyme required for the assay.

4.1.4 Enzymatic activity

4.1.4.1 State-steady kinetics and substrate specificity

In this work, we determined enzymatic constants of the enzyme toward several substrates and
electron acceptors to elucidate new aspects about the catalytic mechanism of hAOX1.

Firstly, to assay the optimal condition for enzymatic activity measurements, the optimum pH
for the hAOX1 catalytic activity was measured (Fig. 4.8). The pH-dependent catalytic profiles
were measured within a pH range of 4.0-10.0, using 100 mM acetate buffer (4.0-7.0 pH), 50
mM Tris-HCI buffer (7.0-9.0 pH) and 100 mM phosphate buffer (7.5-10.0 pH). In general, the
pH optimum was obtained using 50 mM Tris-HCI buffer of around pH 8.0 for hAOX1 with
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phenanthridine as substrate and molecular oxygen as electron acceptor (Fig. 4.8) as well as for
the other substrates and electron acceptors. Therefore, all the steady-state kinetics were

determined at pH 8.0.
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Figure 4. 8. pH optimum for hAOX1 wild-type. Specific activity was measured by spectrophotometric assay
using phenanthridine as substrate and molecular oxygen as electron acceptor in air-saturated buffer. The
measurements were performed in Tris 50, mM NaCl 200 mM, 1 mM EDTA buffer pH 8.0 at 30°C.

The enzymatic activity of both native hAOX1 and hAOXI1 was measured by spectro-
photometric assays using several substrates and electron acceptors in combination. To
determine the kinetic parameters, hAOX1 was tested with phenanthridine, phthalazine and
benzaldehyde as substrates (Fig. 4.9) in combination with ferricyanide, 2,6-
dichlorophenolindophenol (DCPIP) and molecular oxygen as electron acceptors. Furtermore
p-dimethylaminocinnamaldehyde (p-DMAC), (2E)-3-phenylprop-2-enal (cinnamaldehyde), 4-
hydroxy-3-methoxybenzaldehyde (vanillin), 2-hydroxybenzaldehyde (salicylaldehyde) were

tested as substrates.

Figure 4. 9. Structure of phenanthridine (A), phthalazine (B) and benzaldehyde (C).

Kinetic experiments were performed by spectrophotometric assay following product formation

(phenanthridinone), the substrate decrease (p-DMAC:oxygen, Vanillin:oxygen,
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Cinnamaldehyde:oxygen) or the reduction of the electron acceptors (DCPIP, ferricyanide,
PMS, methyl viologen and benzyl viologen).
The steady-state kinetics of the hAOX1s showed the highest k _ values with phenanthridine as

substrate when molecular oxygen was used as electron acceptor, whereas with electron

acceptors like ferricyanide and DCPIP, the k_, values were decreased (Table 5). Generally,

cat

molecular oxygen as physiologic electron acceptor resulted in a higher k., compared with

cat

ferricyanide or DCPIP as electron acceptors. However, in all cases DCPIP drastically decreased

the k_ and K, for all three substrates tested. Phenanthridine was the substrate showing the

higher reactivity toward hAOXI1, followed by phthalazine and benzaldehyde (Table 5).
Notably, ferricyanide increased the Ky for all the substrates. Considering the highest catalytic
rate, the reaction phenanthridine:oxygen was used as standard activity assay for hAOX1 in this
work.

The fact that native hAOX1 and hAOX1 showed comparable kinetic constants indicates that
the codon-optimization of the gene and the resulting higher expression levels did not influence
the correct folding and cofactor insertion of the protein during expression in E. coli cells,
showing that the codon-optimized construct is suitable for further studies. Consequently, only

the codon optimized hAOX1 (hAOX1) was used for all the following studies.
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Table 10: Steady-state kinetics parameters for hAOX1 and native hAOX1*.

Kcat/ I<M

o -1
Enzyme Substrate Electron acceptor K, (min™) Ky (pM) (min'l M 1)

molecular oxygen 307 £ 12 163 19.3

phenanthridine | o rjcyanide 221+ 6 25+ 4 8.8

DCPIP 28+ 5 2+0.5 15.3

hAOX1
ferricyanide 272 £ 14 196 £ 11 1.4
phthalazine
DCPIP 27+4 22+4 1.2
ferricyanide 188 + 14 80+ 8 2.3
benzaldehyde
DCPIP 57+9 12+3 4.7
Molecular 285+ 11 27+ 7 10.7
oxygen

phenanthridine | o rjcyanide 292+ 16 2645 11.5
DCPIP 27+1 0.78 £ 0.1 34.4

native hAOX]1 ferricyanide 223+ 11 126 + 4 1.8

phthalazine
DCPIP 32+4 9+1 3.5
ferricyanide 204 £ 12 45+ 6 4.5
benzaldehyde
DCPIP 30+ 1 4 £0.3 6.5

*Kinetics paramenters uo to 100% molybdenum saturation. Substrates concentrations ranged between 1 and 100
pM. The hAOX1 concentration was ~200 nM. Activity measurement performed by spectrophotometrical assay.
Data are mean values from three independent measurements (£ S.D.).

4.1.4.2 Other electron acceptors

The enzymatic activity of the hAOX1 was also tested under anaerobic condition using
phenanthridine as substrate and PMS, methyl viologen and benzyl viologen as electron
acceptors (Fig. 4.10). As shown in Fig. 4.10, the reaction in presence of oxygen toward
phenanthridine with PMS, methyl viologen and benzyl viologen as electron acceptors was not
detectable because of the fast re-oxidation of the electron acceptors in presence of oxygen.
Instead, the reactions hAOXI1:phenanthridine using oxygen, ferricyanide and DCPIP as
electron acceptors showed around 1420, 1350 and 230 mU/mg, respectively.

Contrarily, under anaerobic conditions hAOX1 gained a considerable specific activity

particularly with PMS (2380 mU/mg of hAOX1) as electron acceptor. The reaction
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phenanthridine:methyl viologen gained a specific activity of around 1610 mU/mg of hAOXI,
comparable ferricyanide. Instead, benzyl viologen showed slightly lower catalytic activity

(1210 mU/mg of hAOX1) (Fig. 4.10).
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Figure 4. 10. Reactivity of hAOX1 toward phenanthridine as substrates and several electron acceptors, in
presence (A) or absence (B) of oxygen. Specific activity was measured by spectrophotometric assay using
phenanthridine as substrate and molecular oxygen, ferricyanide, DCPIP, PMS methyl viologen and benzyl
viologen as electron acceptors. The measurments were performed in Tris 50, mM NaCl 200 mM, 1 mM EDTA
buffer pH 8.0 at 30°C. Substrate concentrations ranged between 1 and 100 uM. The hAOX1 concentration was
~200 nM.

4.1.5 Comparison with bXO

Aldehyde oxidase and xanthine oxidase are related enzymes that share an amino acid homology
of around 50 %, showing common and overall structural features (Coelho et al., 2015).
However, the diverse substrate specificity indicates a different active site functionality for
AOX and XO (Marho et al., 2013). Considering XO as well studied enzyme of this family, a
comparison with hAOXI1 provides fundamental information regarding enzymatic activity and

structural characteristics of this enzyme.

4.1.5.1 Reactivity of the FAD active site of hAOX1

For a better characterization of the catalytic mechanism of hAOX1 and its FAD active site, we
compared the functional reactivity of the electron acceptors oxygen, ferricyanide and DCPIP,
with hAOX1 and bovine XO in presence of diphenyleniodonium (DPI) (Fig. 4.11). DPIl is a
well-known inhibitor of flavoenzymes, which covalently binds to the reduced FAD/FMN
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cofactors and consequently blocks the electron transfer pathway trough the flavin cofactors

(Chakraborty & Massey, 2002).

+
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Figure 4. 11. Structure of diphenyleniodonium chloride.

The results in Fig. 4.12 show the data obtained for hAOX1 in comparison to the ones obtained
for the bXO.

For both hAOX1 and bXO the obtained specific activities show that the
xanthine/phenanthridine:O, reaction and the xanthine/phenanthridine:ferricyanide reaction
were inhibited by DPI, whereas the xanthine/phenanthridine:DCPIP activity was not
influenced by the presence of DPI in the assay. This shows that both O, and ferricyanide are
accepting the electrons at the FAD site of hAOX1 and bXO, whereas DCPIP directly reacts at
the Moco active site, as previously suggested (Branzoli & Massey, 1974). In contrast to bXO,
hAOXI1 showed a significantly reduced specific activity with DCPIP as electron acceptor,
confirming that DCPIP is an inhibitor for hAOX1, but not for bXO (Barr & Jones, 2011; Foti
et al.,2016). The detected uncompetitive inhibition mode of hAOX1 with DCPIP likely shows
that DCPIP reacts with the reduced form of Moco (Foti et al., 2016) (Results section 4.1.7.2.).
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Figure 4. 12. The effect of diphenyleiodonium on hAOXI1 activity. Specific activities of (A) hAOX wild-type
with 80 uM phenanthrine as substrate and (B) of bXO with 50 pM xanthine as substrate. Assays were performed
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using molecular oxygen (air-saturated buffer) or 500 uM ferricyanide and 100 uM 2,6-dichlorophenolindophenol
(DCPIP) as electron acceptors either under aerobic or under anaerobic conditions. The effect of 5 pM
diphenyleneiodonium (DPI) on enzyme activity was assayed under these conditions.

4.1.5.2 NADH oxidase activity of hAOX1 and bXO

The human AOXI1, as well as other AOXs, is not able to react with NAD" but reacts toward
molecular oxygen as physiological electron acceptor (Garattini et al., 2008). Contrarily, some
AOXs can accept electrons and be reduced by NADH as shown for mouse AOX3 (Mahro et
al., 2013). Some previous works proposed for aldehyde oxidases a role as NADH oxidase in
the cell (Kundu et al., 2012).

In this work, we tested the hAOX1 for its capacity to oxidase NADH (Fig. 4.13). hAOX1 was
pre-incubated under anaerobic conditions to exclude oxygen from the reaction toward NADH.
The concentration of the enzyme in the assay was ~10 uM and the reaction was performed in
Tris x HCI 50 mM, NaCl 200 mM, EDTA 1 mM pH 8.0 buffer, under anaerobic conditions.
After 4 h of anaerobic incubation at 4 °C, to favor the exclusion of molecular oxygen from the
enzyme solution, hAOX1 was incubated with NADH 100 M and UV/Vis spectra were
measured over time from 0 to 20 minutes. Although hAOX1 was mixed with 10-fold larger
amount of NADH, no reduction of the FAD cofactor was observed during the assay. The result
clearly show the inability of hAOX1 to oxidize NADH (Fig. 4.13 A). As a control bXO was
tested under the same experimental conditions. bXO was also incubated with 100 uM NADH
under the same condition of hAOX1 and it showed a progressive and constant reduction of the
absorbance peak of around 450 nm, indicating the FAD reduction and the passage of the
electrons from NADH to bXO (Fig. 4.13 B). After 20 min of anaerobic incubation together
with NADH, to both enzymes Na,S,0, was added to a final concentration of I mM to show

the fully reduction of the enzymes.
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Figure 4. 13. UV/Vis spectra of hAOX1 in comparison to bXO reduced with NADH under anaerobic conditions.
The Figure illustrates UV-Vis spectra of 10 pM hAOX1 (A) and 10uM bXO (B) in the oxidized state (solid line)
and reduced enzyme with 0.1 mM NADH after 1 min, 10 min and 20 min (dashed lines) and of the enzyme
reduced with 1 mM sodium dithionite (NDT) (dotted line). The spectra were recorded in 50 mM Tris, pH 8.0.

4.1.6 Crystallization of hAOX1

It was of interest to solve the crystal structure of hAOXI1 in order to obtain new insights
regarding the structural-functional features of this enzyme, as well as the relation with the other
enzymes belonging to the same family. The number of the AOXs varies from the four isoforms
present in rodents to the single active gene present in humans (Kurosaki ef al., 1999). Due this
important inter-specific diversity, specie-specific AOX information are needful to clarify the
functions of those enzymes in different organisms. Therefore, extensive crystallographic

studies were performed on the human AOX1.
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By the collaboration with the group of Dr. Prof. Maria Jodo Romao (Universidade Nova de
Lisboa, Portugal), crystallization experiments were performed on the hAOX1 free enzyme and
also in presence of substrates and inhibitors.

Crystals of hAOX1 were obtained with the conditions of 4-6% polyethylene glycol 4000 (PEG
4K), 0.1 sodium malonate, pH 5.0 at 20 °C for the precipitation of the enzyme. Crystals
appeared a few hours after setting up the crystallization drops and generally grew to their
maximum size within 24 hours (Fig. 4.14). The hAOXI crystals resulted indeed fragile and
therefore were immediately flash-cooled in liquid nitrogen using a cryo-solution containing
15% glycerol. The crystallization experiments were carried out manually or by using an
automatized system. hAOXI crystallized in the presence of polyethylene glycol diffracted to
2.6 A resolution. The hAOX1 3-D structure was solved by C. Coelho employing crystals
obtained under similar conditions (Coelho et al., 2015). The overall dimensions of the hAOX1
homodimer are approximately 150 A x 90 A x 65 A, with the typical butterfly shape that is
observed in other dimeric members of the XO family (PDB 4UHW). Each monomer comprises
1,336 residues and can be divided into three distinct domains according to cofactor localization

(Coelho et al., 2015).

Figure 4. 14. Crystal of hAOX1 in the presense of phthalazine 20 mM for co-crystallization experiments.

To better understand the structural features of hAOXI1, catalytic and inhibition mechanism,
crystallization studies using different compounds were performed. Several experiments of co-
crystallized hAOX1 with the substrate phthalazine were carried out together with soaking
experiments using some of the most potent inhibitors reported (Obach et al., 2004).

Furthermore, soaking experiments with the inhibitor thioridazine were performed and a 2.7-A
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resolution crystal structure of hAOX1 in the presence of both substrate and inhibitor (hAOX1-
Pht-Thi, PDB 4UHX) was obtained from C.Coelho (Coelho et al., 2015). Analysis of the
hAOX1 complex bound with inhibitor-substrate structure showed that the Phthalazine
molecule is stacked between F885 and 11085, with one of its nitrogen atoms 3.8 A away from
the labile hydroxyl ligand. The binding of the substrate phthalazine at the active site cavity
caused clear changes in the orientations of the L812 side chain and the phenyl rings of F885
and F923 (Fig. 4.15).

lle1085

Phthalazine Leu880

. A Phe885
Glu1270 e s

R

Figure 4. 15. Overlay of the active site residues of hAOX1-free (blue) and hAOX1-phthalazine complex (green).
Adapted from Coelho et al., 2015.

The complex hAOXI1-phthalazine-thioridazine showed that the substrate and the inhibitor
molecules were bound at distinct sites 34 A apart and the thioridazine molecule stacked within
a novel inhibition pocket away from the active site. To confirm these structural observation

inhibition studies were performed.

4.1.7 Inhibition studies

To assay the effect of pharmacologically relevant molecules (Fig. 4.16) on hAOX1 enzymatic
activity, inhibition studies were performed by spectro-photometric measurements using
different substrates and electron acceptors. The condition for the standard inhibition assays was

Tris 50 mM, 200 mM NaCl, 1 mM EDTA pH 8.0 buffer at 30 °C. All data were fitted by non-
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linear regression to the appropriate model examined by plotting 1/Kcar.qpp VS 1/[substrate]

(Lineweaver-Burk plot).

Sons N B &

O

Figure 4. 16. Structures of thioridazine (A), loxapine (B), DCPIP (C) and raloxifene (D).

4.1.7.1 Inhibition studies with thioridazine

Thioridazine (phenothiazine drug family), a widespread antipsycotic drug, was tested for
inhibitory effects on the hAOXI1 and related enzymes as mAOX3, bXO and bXDH. To test the
impact of thioridazine inhibition on these enzymes, we performed steady-state kinetic
measurements with hAOX1 and mAOX3, using phtalazine as a substrate, and with bXO, using
xanthine as a substrate. The results show a noncompetitive type of inhibition for the
phthalazine-thioridazine inhibition of hAOX1 and mAOX3, using ferricyanide as electron
acceptor (Table 11). The inhibition constants we obtained were Kj i, of 1.3 £ 0.3 uM for
hAOX1 and K wmi, of 16.4 £ 1.4 uM for mAOX3. The kinetics of the xanthine-thioridazine
inhibition of bXO with molecular oxygen as electron acceptor showed a mixed type of

inhibition instead (Fig 4.17, table 11).

Table 11: Kinetic parameters of the phthalazine-thioridazine inhibition of hAOX1 and mAOX3, and
of the xanthine- thioridazine inhibition of bXO

Kin(uM) keat (min™") K (uM) K (uM)
hAOX1* 56.7+10.3 13.07+1.9 13+03 -
mAOX3* 6.45+3.7 17.43+1.2 164+ 1.4 -
bXO" 79+1.3 55.86 0.7 1989 590 + 28

*Inhibition of 0.2-0.5 uM of hAOX1 or mAOX3 using 1-40 uM phthalazine and 0.1-25 uM thioridazine in the presence of 1
mM ferricyanide as an electron acceptor; in buffer at 30 °C, pH 7.5.

PInhibition of 0.1 xM bXo using 5-200 xM xanthine and 1050 uM thioridazine in the presence of molecular oxygen as an
electron acceptor; in buffer at 30 °C, pH 8.0. Data are mean values + s.d. from three independent measurements.
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The inhibition was about 10- to 20-fold weaker than the phthalazine-thioridazine inhibition of
hAOX1 and mAOX3, with K tio =440 £ 31 uM and Kj; o= 70 £ 9 uM. These results suggested
a tight binding of the inhibitor to hAOX1 far from the active site and less effective in mAOX3
and in bXO. Although the binding of thioridazine to the inhibitor-binding pocket of hAOX1
and mAOX3 occurs to the same extent in the free and substrate-bound enzymes, in bXO the
inhibition constants are different. The mixed-inhibition mode suggested that binding of
substrate to the active site influenced the affinity of the inhibitor for the inhibitor-binding site.
In the following plot (Fig. 4.17) are shown the measurements using ferricyanide instead of

DCPIP as electron acceptor.
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Figure 4. 17. Kinetics of phthalazine-thioridazine inhibition of hAOX1 (A), mAOX3 (B), xanthine-thioridazine
inhibition of bXO (C) and phenanthridine-thioridazine inhibition of hAOX1 (D). Lineweaver-burk plots for
substrate-electron acceptor reaction of hAOX1, mAOX3 and bXO in the presence of thioridazine. A) inhibition
0f 0.2-0.5 uM hAOX1 using 1, 1.5, 2.5, 3.75, 5, 10, 20, 40 uM phthalazine and 0.1, 0.5, 1, 2.5, 5, 7.5, 10, 15 uM
thioridazine in the presence 1 mM ferricyanide as electron acceptor. Inset: the Ki value was obtained from the
secondary plot of the apparent 1/Vmax of the Linewaever-Burk plot. B) inhibition of 0.2-0.5 uM mAOX3 using
1, 5, 10, 20, 40 uM phthalazine and 1, 5, 10, 15, 25 uM of thioridazine in the presence 1 mM ferricyanide as
electron acceptor. Inset: the Ki value was obtained from the secondary plot of the apparent 1/Vmax of the
Linewaever-Burk plot. C) inhibition of 0.1 uM bXO using using 5, 10, 25, 10, 200 uM xanthine and 10, 25, 35,
50 puM thioridazine in the presence of molecular oxygen as electron acceptor. Inset: the K; and K;; values were
obtained from the secondary plot of the slope apparent 1/Vmax of the Linewaever-Burk plot, respectively. D) A)
inhibition of 0.2-0.5 uM hAOX1 using 1, 5, 10, 20, 40 uM phenanthridine and 0.1, 0.5, 1, 2.5, 5, 7.5, 10, 15, 20
uM thioridazine in the presence of molecular oxygen as electron acceptor. Inset: the Ki value was obtained from
the secondary plot of the apparent 1/Vmax of the Linewaever-Burk plot. Data are mean values from three
independent measurements (+ S.D.).
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To further confirm the inhibitory effect of thioridazine against hAOX1, inhibition experiments
using phenanthridine as substrate and oxygen as electron acceptor were performed. The results

for the phenantridine-thioridazine inhibition using O, as electron acceptor gave similar K;

values of phthalazine-ferricyanide experiments showing that the inhibition is not influenced by
the substrate or electron acceptor used. Further inhibition studies on XDH from Rodobacter
capsulatus were performed. In these experiments was used xanthine as substrate and NAD" as
electron acceptor. Those results showed no inhibition of XDH activity due to thioridazine.
Those results were consistent the crystal structure of hAOXI-thioridazione-phthalazine
showing a new inhibitor binding site far from the Moco active site (Coelho et al., 2015). Other
electron acceptors, as DCPIP (2,6-dichlorophenolindophenol), which is an inhibitor of hAOX1
(Barr & Jones, 2011) could not be employed.

4.1.7.2 Other inhibitors

To characterize the influence of DCPIP on the catalytic constants of hAOX1, inhibition studies
with varying concentrations of DCPIP were performed. Using hAOX1 and cinnamaldehyde as
substrate (substrate consumption detectable by decreased absorbance at 295 nm), inhibition
studies showed an uncompetitive inhibition pattern for hAOX1-DCPIP (Fig. 4.18) with a Kj
value of 41.7 uM. These data are consistent with previously reported parameters (Barr & Jones,
2011). Additionally, we determined the inhibitory effect of the potent inhibitor raloxifene. The
inhibitor showed an uncompetitive binding mode with a Kj value of 7.25 + 6 uM for hAOX1
wild type. Since the inhibition mode is uncompetitive, the inhibitor probably binds at a position

different from the active site.
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Figure 4. 18. Lineweaver-Burk plots of hAOX1 inhibition by DCPIP. Inhibition of hAOX1 using DCPIP
concentrations between 0 and 200 mM were measured: 200 mM (Gatchel ef al.), 100 mM (filled square), SO
mM (triangle), 10 mM (empty circle), 1 mM (empty square), and 0 mM (filled circle). Inset: secondary plot of
1/Vmax,,, and inhibitor concentration to determinate Ki value. The product formation was measured with 5—
100 mM cinnamaldehyde as substrate using molecular oxygen as electron acceptor. Data are mean values from
three independent measurements (+ S.D.).

Further inhibition studies were performed using loxapine, an antipsychotic drug belonging to
the dibenzoxazepine class, higly related to thioridazine (Fig. 4.19 B). The inhibition pattern
hAOX1-phenanthridine-loxapine showed non-competitive inhibition by the loxapine with a K
of 22 £5 uM (fig. 4.19). The same kind of inhibition reported for thioridazine and most likely
also the same interaction drug-enzyme. The estrogen raloxifene was already shown to be a
potent and selective inhibitor of the human aldehyde oxidase (Obach et al., 2004). Raloxifene
revealed an uncompetitive-type inhibition in the reaction with phenanthridine as substrate (fig.

4.19 A).

0.1 0.01
008 A . B
¥ 006 £ *
£ 0.25 A 0.005
S o 2 > 0.14 1
2 s
0.02 -
0.2
o
-30 70 170 270 -30 -10 10 30
[raloxifene] nM 0.15 4 [loxapine] pM 0.09 1
0.1
0.04 1
0.05 1
r T T T / T r T T T T T d
07 05 0.3 0.1 0.1 04 0ZB01 0 02 04 06 08 1
1/[phenanthridine] uM - 1/[phenanthridine] uM -

Figure 4. 19. Lineweaver-Burk plots of hAOX1 inhibition by raloxifene (A) and loxapine (B). Inhibition of
hAOX1 using raloxifene and loxapine concentrations between respectively 0- 20 uM and 0-50 uM were
measured. Inset: secondary plot of 1/Vmaxapp and inhibitor concentration to determinate K; value. The product

formation was measured with 1-100 pM phenanthridine as substrate using molecular oxygen as electron acceptor.
Protein concentration was around 200 nM in the assay. Data are mean values from three independent
measurements (= S.D.).
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4.2 Site-directed mutagenesis and studies of the effect of SNPs on hAOX1 activity

4.2.1 Mutagenesis, expression and purification of the hAOX1 variants

4.2.1.1 Introduction of SNPs into the hAOX1 gene for heterologous expression

Among the human population an intra-specific diversity effects the expression, the tissue
distribution and the enzymatic activity of hAOXI. In humans, a major reason for the
differences between individuals are considerably attributed to single nucleotide
polymorphisms (SNPs) located in the AOXI gene. An increasing number of SNP variations in
the AOXI genomic sequence are listed in the NCBI SNP gene data bank
(http://www.ncbi.nlm.nih.gov/snp) (Fig. 4.20) and several of these polymorphisms were
identified to be located in the space surrounding the FAD active site (Fig. 4.21).

Previous studies indicated that several of this SNPs can have an important role in the catalytic
activity of hAOX1, leading to the replacement of distinct highly conserved amino acids

effecting the enzymatic activity (Hartmann et al., 2012).
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Figure 4. 20. Amino acidic sequence of hAOX1 with some of the selected single nucleotide polymorphisms
selected on the hAOX1 gene from the SNPs data bank (http://www.ncbi.nlm.nih.gov/snp)

According to the single nucleotide polymorphism data bank, several promising SNPs, all
located in the vicinity of the FAD binding site of hAOX1, were chosen for these studies (Fig.
4.21-22-23). Figure 4.21 shows the amino acidic sequence of the hAOXI1 with the
polymorphisms present per each amino acid and particularly the variations present within the
FAD flexible loop sequence (Q430-1440) at the FAD binding site (middle domain).

Here we investigated the functionality of the FAD active site, in relation to its structural

properties, employing an extensive mutagenesis approach. The hAOX1 variants generated in
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this work are grouped in three categories: I) hAOX1 single nucleotide polymorphisms (SNP);
IT) XOR-FAD loop hAOX1 variants; I1I) additional single point hAOX1 variants.
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Figure 4. 21. Amino acid sequence alignment of hAOX1, mAOX3, hXO and bXO. Red boxes indicate the FAD
flexible loops. Figure created by CLC Sequence Viewer version 6.3.

A number of ten hAOX1 SNP variants were introduced into the hAOX1 gene by site directed
mutagenesis and a characterization was carried out. The SNPs variants produced are: hAOX1

G46E, hAOX1 G50D, hAOX1 G346R, hAOX1 H363Q, hAOX1 R433P, hAOX1 A437V,
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hAOX1 L438V hAOX1 A439E, hAOX1 R1231H and hAOX1 K1237N (Fig. 4.22). Those
variants might be grouped in three sub-categories: 1) mutations located on the variable loop 1
and 2 (hAOX1 R1231H, hAOX1 A439E, hAOX1 R433P, hAOX1 L438V, hAOX1 K1237N
and hAOX1 A437V); 2) mutations in closed proximity of the FAD cofactor (hAOX1 G346R,
hAOX1 H363Q); 3) mutation among the FeS center II and the FAD center (hAOX1 G46E,
hAOX1 G50D).

Figure 4. 22. The location of the SNP exchanged residues in the surrounding of the FAD cofactor of the hAOX1.
Red and green residues are located within the FAD loop I and II respectively. The yellow residues are located
between FAD and FeSII. The blue residue are located in the vicinity of the FAD cofactor. Figure created using
MacPymol 6.0.

As previously mentioned, a major structural difference between mammalian XOR and
aldehyde oxidases occurs at the FAD binding site (Fig.4.22). The structural differences are
functionally related to different properties of those enzymes: catalytic activity (kinetics

parameters), electron acceptors (O, and NAD") and reactive oxygen species (ROS) production.
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hXOR EGEYFSAFKQASRREDDIAKVTSGMRVLFKPGTTEVQEL 452
hAOX1 WT KWEFVSAFRQAQRQENALAIVNSGMRVFFGEGDGIIREL 460

hAOX1 R433P  KWEFVSAFRQAQPQENALAIVNSGMRVFFGEGDGIIREL 460
hAOX1A437V. KWEFVSAFRQAQRQENVLAIVNSGMRVFFGEGDGIIREL 460
hAOX1 L438V.  KWEFVSAFRQAQRQENAVAIVNSGMRVFFGEGDGIIREL 460
hAOX1A439E  KWEFVSAFRQAQRQENALEIVNSGMRVFFGEGDGIIREL 460

hXOR LFTLEELHYSPEGSLHTRGPSTYKIPAFGSIPIEFRVSLLR 1245
hAOX1 WT GLYTIEELNYSPQGILHTRGPDQYKIPAICDMPTELHIALLP 1244

hAOX1 R1231H  GLYTIEELNYSPQGILHTHGPDQYKIPAICDMPTELHIALLP 1244
hAOX1 K1237N  GLYTIEELNYSPQGILHTRGPDQYNIPAICDMPTELHIALLP 1244

hXOR DPETTLLAYLRRKLGLSGTKLGCGEGGCGACTVMLSKYD 59
hAOX1 WT DPETMLLPYLRKKLRLTGTKYGCGGGGCGACTVMISRYN 60
hAOX1 G46E DPETMLLPYLRKKLRLTGTKYGCGEGGCGACTVMISRYN ¢6o0
hAOX1 G50D DPETMLLPYLRKKLRLTGTKYGCGGGGCDACTVMISRYN 60

Figure 4. 23. Amino acid alignment of hAOX1 wild type and the SNP FAD variants.

In hAOXI1, the reduced FAD cofactor releases the electrons to the di-oxygen (electron
acceptor) generating either hydrogen peroxide or superoxide radical, allowing the re-oxidation
of the enzyme for a new cycle. A crucial portion within the FAD active site, in all XOR family
enzymes consist in the flexible loop I (Q423ASRREDDIAK433 in bXO/bXDH), essential for
conversion from XDH to XO and vice versa, due to its role in determining the redox potential
and the structural changes at the FAD site (Ishikita e al., 2012). bXOR contains more charged
residues within the loop than the hAOXI.

To better understand the role of this flexible loops in the function of hAOX1, XOR FAD-
flexible loop I was partially inserted in hAOX1 and six new variants were produced (XOD-
FAD loop hAOXI1 variants): hAOX1 A437D, hAOXI1 N436D/A437D, hAOXI
N436D/A437D/L438]I, hAOX1 N436D/A437D/L4381/1440K, hAOX1
Q434R/N436D/A437D/L4381/1440K (Fig. 4.24-25). The final aim was to obtain the flexible
loop I of bXOR in hAOX1 and to study the structural/functional impact.
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Figure 4. 24. FAD active site of hAOX1. Shown are the FAD flexible loop I and loop II (red cartoon), the FAD
structure (sticks) and the FeS I and FeSII (sticks). Figure created using MacPymol 6.0.

For additional detailed studies at the FAD active site of the hAOX1, other five new hAOX1
variants were generated: hAOX L438F, hAOX1 L438K, L438A, hAOX1 L344F and D1234H.
The residues F344 and H1234 are derived from the mouse AOX3 amino acidic sequence. The
residue Leu438 was exchanged to a Lys considering the fact that for many flavoenzyme the
proposed mechanism of superoxide production involves an interaction Lys-N5 of the

isoalloxazine ring of the FAD cofactor (Chaiyen et al., 2012).

hXOR  EGEYFSAFKQASRREDDIAKVTSGMRVLFKPGTTEVQEL 452
hAOX1WT ~ KWEFVSAFRQAQRQENALAIVNSGMRVFFGEGDGIIREL 460

hAOX1A437D  KWEFVSAFRQAQRQENDLAIVNSGMRVFFGEGDGIIREL 460
hAOX1 N436D/A437D KWEFVSAFRQAQRQEDDLAIVNSGMRVFFGEGDGIIREL 460

hAOX1 N436D/A437D/L4381  KWEFVSAFRQAQRQEDDIAIVNSGMRVFFGEGDGIIREL 460

hAOX1 N436D/A437D/L4381N1440k KWEFVSAFRQAQRQEDDIAKVYNSGMRVFFGEGDGIIREL 460
hAOX1 Q434R/IN436D/A437D/L43811440K KWEFVSAFRQAQRREDDIAKVNSGMRVFFGEGDGIIREL 460

Figure 4. 25. Amino acid alignment of hAOX1 wild type and the FAD loop variants.

Site-directed mutagenesis of the hAOX1 variants was performed using the expression vector
pTHcoaox (pTrcHis-hAOX1 codon optimized) as a template and base pair exchanges were
introduced using the protocol from the site directed mutagenesis kit (Quick Change, Agilent
Technologies) but with further modifications for the specific case of hAOX1 as indicated in

the material and methods section of this manuscript. Base pair exchanges were introduced into
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the hAOX1 gene by PCR mutagenesis. The introduction of the mutation was accomplished
using two primers containing the specific mutation of interest. The human codon optimized
AoxI gene was completely amplified by means of the mutagenic primers together with the

vector sequence.

4.2.1.2 Expression and purification of the hAOX1 variants

The first purification step was a NI-NTA affinity chromatography, allowing the purification
based on the binding of the His¢-tag fusion proteins to the Nickel beats present into the column.
Then, the hAOX1 variants were eluted by a 250 mM imidazole solution and de-salted by using
gel-filtration PD-10 columns. After that, an in vitro chemical sulfuration was performed for all
the expressed variants as well as for the wild type enzyme. As last step of the proteins
purification, a size exclusion chromatography was performed. All the procedure was carried
out under the same conditions used for the wild type hAOX1.

The general protein yield was about 1 mg of protein per liter of E. coli culture for most of the
variants (Table 12), apart from the variants hAOX1-G50D, which was purified with a 10-fold
lower yield as compared to the wild type protein, and the variants hAOX1
N436D/A437D/L4381 and hAOXIN436D/A437D/L4381/1440K which were also poorly
expressed (Table 12, Fig. 4.26 C-R-S). The variant hAOX1 L344F was not stable enough to
be purified, likely due to the impact of the residues exchange during its maturation.

The size exclusion chromatography elution profiles show all the expressed hAOX1 variants
eluted mainly as a dimer with a molecular mass of 300 kDa. The variants G46E, G50D, L438K
and N436D/A437D/L4381/1440K showed a higher aggregation peak (Fig. 4.26).
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Figure 4. 26. Elution profiles after size exclusion chromatography (superdex200 column) of hAOX1 WT and
variants. hAOX1 WT (A), G46E (B), G50D (C), G346R (D), H363Q (E), R433P (F), A437V (G), L438V (H),
A439E (I), R1231H (J), K1237N (K), L438F (L), L438K (M), L438A (N), D1234H (O), A437D (P),

N436D/A437D

Q)

N436D/A437D/L4381

R),

N436D/A437D/L4381/1440K

and

(S)

Q434R/N436D/A437D/L4381/1440K (T). All the variants were eluted in 50 mM Tris 'HCL, 200 mM NaCl, 1 mM
EDTA pH 8.0.
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The hAOX1 variants L438A, L438K, L438F and D1234H were all expressed with same yield
as the wild type enzyme (Table 12, Fig. 4.26). Overall, the majority of the single mutation
inserted into the FAD active site of hAOXI1 did not effect the oligomerization state of the
purified enzymes. Instead, the multiple hAOX1 variants undergo a stronger impact on the

structural organization of the enzyme, leading to a lower yield of purified protein.

Table 12: Protein yield of hAOX1 wild-type and variants®.

Yield of purified protein

Enzyme (mg/L E. coli culture)
hAOX1 wild-type 1.2+£0.3
G46E 0.9+0.2
G50D 0.1 +£0.05
G346R 1.1+0.2
H363Q 1.2+0.1
R433P 0.8+0.2
A437V 1.2+0.1
L438V 1+03
A439E 0.9+0.2
R1231H 0.9+0.3
K1237N 0.7+0.3
D1234H 1.3+0.1
L438A 1 +0.05
L438K 1.1+0.1
L438F 0.9+0.1
L344F n.d.
A437D 1+0.2
N436D/A437D 1.1+0.2
N436D/A437D/L4381 03+0.2
N436D/A437D/L4381/1440K 0.2+0.05
Q434R/N436D/A437D/L4381/1440K 0.5+0.2

*Concentrations measured by absorbarce at 450 nm. Data are mean values from three independent measurements (+
S.D.).

Notable is the case of the hAOXI1 variants N436D/A437D and N436D/A437D/L438I.

Although a drastic residue exchange in terms of charge and size, the hAOX1 variant
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N436D/A437D showed protein yield comparable to wild type enzyme. Instead, the variant
N436D/A437D/L438I, carrying a third mutation Leu to Ile in position 438, shows an impaired
folding giving a decreased yield of protein. A similar effect was observed for the variant
N436D/A437D/L4381/1440K. Surprisingly, the variant Q434R/N436D/A437D/L4381/1440K

partially restored the expression yield to 0.5 mg/L of cell culture.

4.2.2 Characterization of the hAOX1 SNP-based variants

To compare the overall characteristics of the generated hAOX1 variants, UV-Vis spectra were
recorded for the all the SNP mutants (Fig. 4.27). The UV/Vis spectra of hAOX1 wild type and
the SNP variants in their oxidized form displayed the typical features of molybdo-
flavoenzymes with a prominent absorption maximum at 450 nm and a shoulder at 550 nm,
representing the presence of FAD and the two [2Fe-2S] clusters. No major differences were
observed between SNP variants and wild type enzyme (Fig. 4.27).

The Coomassie-stained SDS polyacrylamide gels generally showed that the SNP variants were
obtained with high and comparable purity (Fig. 4.27) as the wild type hAOX1, however, the
poorly expressed variants generally showed more contaminants, due to the lower expression
yield. Particularly, the variants G50D, N436D/A437D/L4381 and
N436D/A437D/L4381/1440K showed more contaminants during the purification in

comparison to all the other variants.
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Figure 4. 27. Characterization of the hAOX1 SNP-based variants. The main graphs illustrate the UV-Vis spectra
of the indicated proteins isolated from E. coli. The UV-Vis spectra were recorded using purified air-oxidized
hAOXI1 proteins in 50 mM Tris, pH 8.0. The yield of protein after purification is indicated. (A) hAOX1 WT; (B)
hAOX1 G46E; (C) hAOX1 G50D; (D) hAOX1 G346R; (E) hAOX1 H363Q; (F) hAOX1 R433P; (G) hAOX1
A437V; (H) hAOX1 L438V; (I) hAOX1 A439E; (J) hAOX1 hAOX1 R1231H; (K) hAOX1 K1237N. The 10%
SDS-polyacrylamide gels of the indicated proteins after staining with Coomassie blue are shown in the rightmost

inset of each panel. The protein concentration for hAOX1 wild type and variants was ~18 uM.

4.2.2.1 Cofactor cotent of hAOX1 SNP-based variants

To determine the molybdenum and iron content of the variants of hAOX1, inductively coupled

plasma optical emission spectroscopy (IPC-OES) on an Optima 2100 DV was used. As
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reference the multi element standard solution XVI (Merck) was used. The calculated saturation
(percentage) are related to the theoretical full complement of Moco and the 2x[2Fe-2S]
clusters. In comparison to the hAOX1 wild type, the variants have a comparable saturation
level of iron, around 70% and molybdenum saturation around 55% (Table 13), indicating that
those mutations do not affect the incorporation of the Moco and the other cofactors into the
mature protein. Only the variants G346R, L438V and K1237N present a slightly decreased
incorporation of Moco. The variant G50D showed a slightly decreased iron content. Instead

the variants R433P, R1231H and K1237N showed a lower incorporation of the FAD cofactor.

Table 13: Molybdenum, Iron, FAD and FormA content of hAOX1 wild type and SNP-based variants®.

Enzyme Mo (cooA)r;tent Fe Eg/il)tent FAD s(a(l;)u)ration salzzf':lﬁ)n
(LU*s)
hAOX1 WT 62+9 69 + 8 93.2+4 248.33 £31
hAOX1 G46E 55+6 66+ 5 85.15+7 223.51 £26
hAOX1 G50D 63+7 58+ 13 84.5+10 265.12 £34
hAOX1 G346R 49 +£7 62+6 894 +5 227.1+19
hAOX1 H363Q 5611 71+3 90.4+3 233.15+£22
hAOX1 R433P 65+12 67+5 793+6 277.06 £31
hAOX1 A437V 61+5 72+£4 8295+ 6 228.26 £27
hAOX1 L438V 49 + 10 65+5 949 +£2 236.19 £29
hAOX1 A439E 51+8 71+6 86.25+5 236.73 £ 15
hAOX1 R1231H 57+9 64+5 75.52+£12 266.9 + 33
hAOX1 K1237N 48+6 65+7 79.3+9 221.3+£28

"Data are mean values from three independent measurements (+ S.D.).
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To further verify the correct incorporation of the molybdenum cofactor and to prove that the
molybdenum content of the enzyme is not originated from unspecific bound molybdenum on
the protein, FormA content was measured by high-performance liquid chromatography
(HPLC). By this method the molybdenum cofactor is converted to its fluorescent product Form
A and used for semiquantitative detection of the protein Moco (Johnson et al., 1984). Form A
is an oxidative product of molybdopterin which can be hydrolysed to Form A (dephospho) and
phosphate by alkaline phosphatase. The enzymes were additionally compared by their
saturation with Mo-MPT cofactors after conversion to its fluorescent derivative (FormA), to
exclude the unspecific incorporation with molybdenum, and the results showed comparable
levels of the cofactor in consistency with the molybdenum levels (Table 13). The saturation
levels with iron were around 65% for all the enzymes and reflected the saturation with 2x[2Fe-
28] clusters. Additionally, the loading of the enzymes with FAD was quantified. The results in
Table 13 show that all hAOX1 variants have FAD saturation of around 85%, similar to the
hAOX1 wild-type, revealing that the introduced amino acid exchanges did not influence the
overall cofactor saturation levels of the enzymes. The relative molybdopterin content was
confirming a correct insertion of the molybdenum cofactor and the specificity of the

molybdenum bound to the enzyme (Table 13).

4.2.2.2 Kinetic parameters of hAOX1 SNP-based variants

To compare the kinetic parameters of hAOX1 wild-type and the variants, steady-state kinetics
with phenanthridine as substrate and oxygen as electron acceptor were performed. The kinetics
constants for the variants were determined by quantification of the product phenanthridinone
following the absorbance increase at 321 nm. The Ky and ke, values calculated for each
hAOX1 variant are shown in Table 14. To obtain better comparability of the data among the
variants, the kinetic constants were corrected and normalized for a 100% molybdenum
saturation level of the purified enzymes (Table 14). While the Ky values of the variants were
comparable to the one of the wild-type enzyme and ranged around 6-14 uM, the k¢ values
showed some differences. In the case of variants G50D, G346R, R433P, A439E, R1231H and
K1237N, keat was significantly reduced with values around 20-50% of the value determined

for the wild type enzyme. In contrast, the amino acid exchanges G46E and L438V resulted in
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a 2-fold and 1.2-fold increase in kca, respectively, while the ke, of variants H363Q and A437V

was not changed in comparison to the wild-type enzyme.

Table 14: Steady state kinetic parameters of hAOX1 wild-type and variants’.

Enzyme Keat (min™) Ky (uM)
hAOX1 wild-type 273 +36 944
G46E 534 + 35 14+5
G50D 58+ 15 12+ 4
G346R 61 +17 6+1
H363Q 271 +£23 13+ 4
R433P 68 + 4 8+ 1
A437V 281 +23 11+3
L438V 343 +59 10 +3
A439E 49+3 10+2
R1231H 132 + 46 942
K1237N 76 + 6 6+2

*Kinetics performed using phenanthridine as substrate (1-100 pM) and oxygen as electron acceptor. Proteins concentration
were around 200 nM in the assay. Data are mean values from three independent measurements (+ S.D.).

To analyze the influences of the amino acid exchanges on the enzyme activity, we determined
the phenanthridine:DCPIP reactivities of the variants in the presence or absence of DPI.
Especially the phenanthridine:DCPIP reaction of the DPI-FAD inhibited enzymes, directly
occurs at the Moco site and does not involve intramolecular electron transfer through the other
cofactors and therefore a direct comparison with the data of the phenanthridine:O, activities
was carried out (Table 8). The data provide insights regarding the impact of the mutation on
the intramolecular electron transfer pathway and the electron transfer from the reduced FAD
to molecular oxygen. The results in Fig. 4.28 show that the specific activities of all hAOX1
variants were not influenced by the presence of DPI. In similarity with the turnover numbers
determined for the oxygen reactivity, the specific activities with DCPIP show some differences
between the variants (Figure 4.28).

In the case of variants G50D, G346R, R433P, A439E, R1231H and K1237N specific activities
were reduced with values around 50-75% of the value determined for the wild type enzyme. In

contrast, the amino acid exchange G46E resulted in a 1.5-fold increase in specific activity,
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while the values of variants H363Q, A437V and L438V were comparable to the ones of the
wild-type. In total, these results show that the differences in enzymatic activities detected for
the variants are not based on an altered electron transfer from FAD to O, but are rather based
on differences at the Moco site, which might be due to different sulfuration levels of the enzyme

variants or alterations on the redox potentials of the cofactors.
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Figure 4. 28. The effect of diphenyleiodonium on the activity of hAOX1 variants. Specific activities of hAOX1
wild-type and SNP-based variants with 80 uM phenanthridine as substrate and 100 uM 2,6-
dichlorophenolindophenol (DCPIP) as electron acceptor in absence or presence of 5 pM diphenyleneiodonium
(DPI). Protein concentrations Proteins concentration were around 200 nM in the assay.

4.2.2.3 UV/VIS monitored redox titrations of hAOX1 G46E and L4388V

UV-VIS monitored redox titrations of the hAOX1 SNP variant G46E and L438V were
performed at the Nippon medical school (Tokyo, Japan) in the laboratory of Dr. Prof. Takeshi
Nishino under the supervision of Dr. Prof. Ken Okamoto together with Yuko Yamaguchi. The
experiments were carried out in strictly anaerobic conditions at RT (Shimadzu UV
photometer). Firstly, the protein was deoxygenated by means of a glass-pipes system allowing
the degassing of hAOXI1 by several cycles of vacuum/Argon saturated atmosphere. During the
de-oxygenation procedure, the hAOX1 sample was placed in a quartz UV cuvette, fused with
a glass pipe system having a Hamilton syringe connected at the top. The top syringe allowed

the injection of defined amount of certain reagents, e.g. sodium dithionite or substrate, into the
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hAOXI1 solution. After injection, the protein was carefully mixed with the reagent and then
UV/Vis spectra were measured over time. The hAOX1 SNP variant G46E and L438V together
with the wild type enzyme were titrated using sodium dithionite. Subsequently, the same
titration experiment was carried out using the substrate phenanthridine (Fig. 4.29). The amount

of Na,S,04 employed was determined by standard curve measurements with riboflavin.
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Figure 4. 29. Redox titration using sodium dithionite of hAOX1 WT (A) and the SNP variants L438V (B) and
G46E (C). Redox titration by progressive addition of the substrate phenanthridine of hAOX1 WT (D), L438V (E)
and G46E (F). Reduction spectra by addition of 100 uM phenanthridine to hAOX1 WT (G), L438V (H) and G46E
(D). All the experiments were performed under strict anaerobic condition at room temperature or at 8°C.

The results show comparable redox titration pattern of hAOX1 WT, L438V and G46E. Only
the variant hAOX1 G46E shows differences in the absorbance ratio 550/450 nm (Fig. 4.29 C
inset) indicating a shift in the redox potential due to the amino acid exchange. Apart minor
alterations in hAOX1 G46E variant, none of them showed major changes in the absorbance

spectra and no typical absorbance at 620 nm for the semiquinone radical was detected.
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Compared to bXO, the hAOX1 enzymes show a slightly higher redox potential for the FAD
cofactor (Nishino et al., 1989; Barber et al., 1982; Marho et al., 2013).

4.2.3 Characterization of FAD loop hAOX1 variants

The hAOX1 FAD loop single and multiple variants were expressed and purified following the
same procedure as for hAOX1 WT and hAOX1 SNP-variants. All the variants were expressed
mainly in a dimeric form, as shown by size exclusion chromatography (Fig. 4.26).

The purity of the hAOXI1 variants is strictly related to the yield of protein expressed. Higher
yield of protein leads purer expressed enzyme (Fig. 4.30).

The protein yield of the single and double mutants was comparable to the wild type protein
(Fig. 4.30 B-C), consisting of around 1 mg of hAOX1 per liter of E.coli TP1000 cell culture.
The hAOX1 variants N436D/A437D/L4381 and N436D/A437D/L4381/1440K, showed a
significant decrease in protein yield (Fig. 4.30 D-E). Contrarily, hAOX1
Q434R/N436D/A437D/L4381/1440K, partially restored the expressed protein yield. The
UV/Vis spectra of the hAOX1 variants showed no major differences. All the variants showed
comparable absorbance peaks at 450 nm and 550 as for the wild type enzyme. Only the
quadruple hAOX1 variants showed slightly shifted FAD maximum absorption peak (Fig. 4.30
D).
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Figure 4. 30. UV/Vis spectra of the indicated proteins isolated from E. coli. The UV-Vis spectra were recorded
using purified air-oxidized hAOX1 proteins in 50 mM Tris, pH 8.0. The yield of protein after purification is
indicated. (A) hAOX1 WT; (B) hAOX1 A437D; (C) hAOX1 N436D/A437D; (D) hAOX1 N436D/A437D/L438I;
(E) hAOX1 N436D/A437D/L4381/1440K; (F) hAOX1 Q434R/N436D/A437D/L4381/1440K; The 10% SDS-
polyacrylamide gels of the indicated proteins after staining with Coomassie blue are shown in the rightmost inset
of each panel.

4.2.3.1. Kinetics constants for FAD loop hAOX1 variants

The FAD loop hAOX1 variants were quantified for molybdenum and iron content using
inductively coupled plasma optical emission spectroscopy (IPC-OES) on Optima 2100 DV.
The variants tested showed a saturation of molybdenum and iron highly comparable to the
hAOX1 wild type (Table 15). In all cases the molybdenum saturation was between 50-70 %
and the iron saturation between 65-75%. Despite the fact that some of the variants showed a
decreased expression, the metal content for all of them showed no alterations.

The catalytic activity was tested for all the hAOX1-FAD loop variants. The turn over number
(kcat) of the variants was alterated in a similar trend as for the expressed yield of protein. The
variants A437D and N436D/A437D showed ke values of 287 and 301 min’', highly
comparable to the wild type enzyme. Instead, the N436D/A437D/L4381 and
N436D/A437D/L4381/1440K mutants had clear decreased in the turn over number up to 52 and
6 min”, respectively around 5-fold and 40-fold lower than the wild type enzyme. The
Q434R/N436D/A437D/L4381/1440K variants partially restored the catalytic activity up to 79

min™'. Contrarily, the Ky values showed no significant differences within all the variants in
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comparison to the wild type enzyme, showing a range between 4 and 9 uM toward

phenanthridine as substrate.

Table 15: Steady state kinetic parameters of hAOX1 wild-type and variants and data for saturation with
molybdenum and iron”.

Mo content Fe content

Enzyme Keae (min™) Ky (pM) (%) (%)
hAOX1 wild-type 273 +36 9+4 62+9 69 =8
A437D 287 £ 41 6=+3 56+9 75+ 12
N436D/A437D 301 +35 7+4 56+ 11 77 £ 14
N436D/A437D/1L.4381 52 £9 5+1 72+ 13 79 £ 15
N436D/A437D/1.4381/1440K 6+2 4+1 65+7 73+9
Q434R/N436D/A437D/1.4381/1440K 79+4 6+2 52+10 66 £8

*Kinetics performed using phenanthridine as substrate and oxygen as electron acceptor. Proteins concentration were around
200 nM in the assay. Data are mean values from three independent measurements (+ S.D.).

Notably, the double mutant hAOX1 N436D/A437D showed highly comparable features as the
wild type enzyme. Despite the substitution of an Ala and Asn to two Glu residues, the overall
properties of the enzyme did not significantly changed. Instead, the insertion of the third and
fourth mutation disrupted the structural/functional stability of the enzyme. Surprisingly, the

fifth inserted mutation partially recovered the stability of the enzyme.

4.2.4 Characterization of additional variants of the FAD site of hAOX1

Additional hAOX1 FAD variants were expressed, purified and the kinetics parameters were
determined as for the wild type enzyme and the other variants. The hAOX1 variants L438A,
L438K, L438F and D1234H showed expression yield, UV/Vis spectra and purity similar to the
wild-type protein and with only minor differences (Fig. 4.31). Contrarily, the hAOX1 variant
L344F did not yield a stable enzyme and therefore, no data are reported.
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Figure 4. 31. UV/Vis spectra of the indicated proteins isolated from E. coli. The UV-Vis spectra were recorded
using purified air-oxidized hAOX1 proteins in 50 mM Tris, pH 8.0. The yield of protein after purification is
indicated. (A) hAOX1 WT; (B) hAOX1 D1234H; (C) hAOX1 L438A; (D) hAOX1 L438F; (E) hAOX1 L438K.
The 10% SDS-polyacrylamide gels of the indicated proteins after staining with Coomassie blue are shown in the
rightmost inset of each panel.

The metal saturation for all the expressed variants was comparable to the wild-type enzyme,
having a molybdenum and iron saturation of around 55% and 65% respectively (Table 16).
The kinetics constant ke, and K, were also comparable to the wild type enzyme. The variants
D1234H, L438K and L438F showed respectively values of 281 min™', 261 min™ and

269 min™' as turn over numbers. Only the variant L438A showed a slightly increased catalytic
activity than the other variants, with a ke, of 351 min" (Table 16). The K,, values for the
presented variants ranged from 7 to 14 uM. The enzymatic activity was measured using
phenanthridine as substrate and oxygen as electron acceptor, with the same condition as above

described for all the other variants.
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Table 16: Steady state kinetic parameters of hAOX1 wild-type and variants and data for saturation with
molybdenum and iron”.

Mo content Fe content

Enzyme "Keae (min™) Ky (M) %) %)
hAOX1 wild-type 273 £ 36 9+4 62+9 69+8
D1234H 281 +£27 10+2 50+7 66+9
L438A 351 +28 14+5 52+8 67 £11
L438K 261 36 8§+2 57+9 71+12
L438F 269 + 22 73 61=+8 63+13
L344F n.d. n.d. n.d. n.d.

*Kinetics performed using phenanthridine as substrate and oxygen as electron acceptor. Proteins concentration were around
200 nM in the assay. Data are mean values from three independent measurements (+ S.D.).

As for the substitution L438V, the variant L438 A shows a 1.2-fold increase enzymatic activity
compared to the wild type enzyme, suggesting an modulating role of the residue Leu438 in
relation to the space surrounding the FAD cofactor and particularly to the hydrophobicity

around the FAD-NS5 location within the active site.

4.3 Reactive oxygen species (ROS) production by hAOX1

4.3.1 hAOXI1 and O; reactivity

Molecular oxygen is the electron acceptor in the reaction catalyzed by hAOX1 and it can
undergo a two-electron reduction, to produce H,O,, or a single electron reduction to produce
O;". The anion superoxide is potentially more toxic than hydrogen peroxide within the cell, due
to its high reactivity against the cellular structures, leading oxidative damage to the cell (Ray
etal.,2012).

Considering that no published data about ROS production by the human AOX1 are available,
experiments using the Pt-electrode for H,O, and the cytochrome c reduction assay to measure
the rate of H,O,/O;" production by hAOX1 were performed. Detection of superoxide in this

assay is based on its ability to reduce ferricytochrome c.
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4.3.2 Hydrogen peroxide production by hAOX1 WT

For qualitative measurements of hydrogen peroxide production by hAOXI, activity
experiments were performed using a Pt-electrode system. This electrochemical method permits
to follow the reaction by detection of the production of hydrogen peroxide, a side product of
AOX reaction. On the Pt-electrode surface occurs the oxidation of the H>O, with consequent
detectable electron transfer. The potential used for the electrochemical measurments was +600
mV, typical for hydrogen peroxide detection. The results showed a clear production of
hydrogen peroxide from hAOXI1 after addition of the substrate (phenanthridine) into the
reaction solution (Fig. 4.32). The decrease of the signal reflects the consumption of the

substrate and therefore a decreased production of detectable hydrogen peroxide in solution.
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Figure 4. 32. Electrochemical measurements of hydrogen peroxide produced by the human AOX1 using and
phenanthridine as substrates.

Those experiments confirm the production of hydrogen peroxide from the hAOXI.
Furthermore, hAOX1 showed high stability in presence of H,O,. The enzyme showed
catalytical activity up to 5 mM of hydrogen peroxide in the solution assay. However, further
quantitative experiments are needed to specifically understand the impact of the oxygen radical

on hAOXI1 reactivity and stability.
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4.3.3 Superoxide production by hAOX1 WT and variants

AOXs have been reported to produce H>O, as the final reaction product, however, studies on
the amount of superoxide production of the purified human enzyme have not been performed
so far. The production of O, can be conveniently monitored by including cytochrome-c in the
reaction mixture. In fact, cytochrome-c reduction by O,” is considerably faster than
spontaneous O,” dismutation. The amount of O,” produced in the reaction mixture can be
estimated by comparison to a blank reaction run under the same conditions in the presence of
superoxide dismutase. The reduction of cytochrome ¢ was almost completely quenched by
superoxide dismutase 1 (Fig. 4.33). Since hAOX1 also catalyzes the two-electron reduction of
molecular oxygen to H,O,, which in turn can re-oxidize Fe*“cytochrome ¢ to Fe’“cytochrome
c, the reaction was performed in the presence of catalase (100 U/mL) that completely

decomposes H,O, (Fig. 4.33).
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Figure 4. 33. Superoxide production by hAOX1 wild-type. Superoxide production of enzymes were calculated by
following the reduction of 100 uM cytochrome ¢ at 550 nm in the presence of 50 uM phenanthridine in 50 mM
Tris, pH 8.0. 20 pM superoxide dismutase 1 (SODI1), 10 uM raloxifene, 25 pM catalase and 5 pM
diphenyleneiodonium (DPI) were included in the assays as indicated.

To confirm further that the observed cytochrome c reduction is based on the activity of hAOX1,

the reaction was carried out in the presence of the inhibitor raloxifene, which readily inhibited
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the reaction. As further control, the FAD site was inhibited with DPI, which completely
abolished cytochrome c reduction. In addition to the reduction of cytochrome c, another assay
was applied for superoxide detection, which is based on the reduction of NBT to formazan
(Masuoka & Kubo, 2016). By this assay comparative results with the cytochrome c reduction
assay were obtained. To obtain the percentage of O, production for hAOX1 wild-type and the
variants, the reduction of cytochrome ¢ (U/umol enzyme) was related to the overall rate of

phenanthridinone production (U/umol enzyme) (Table 17).

4.3.4 Superoxide and hAOX1 variants

The more relevant aspect of all the variants tested in this work resulted to be the production of
superoxide anion as side product of the oxygen reduction by hAOX1.The hAOX1 wild-type
enzyme is characterized by a percentage of superoxide production of 11%+3. While the
variants G46E, G50D and R433P showed similar values to the wild-type enzyme, the rate of
superoxide production was slightly increased in the variants G346R, A439E, R1231H and
K1237N with ratios around 15-18% and an even higher increased rate in variant A437V with
25% (Table 17). Interestingly, an imposing increased rate of superoxide production was
obtained for the variant L438V with 72% £10. The leucine residue in position 438 is located
within the flexible loop I (Q430AQRQENALAIL4) and in proximity of 3.42 A to the N5 of the
isoalloxazine ring (being stacked between residues L344 and L438). In addition to
phenanthridine, the rate of superoxide production was also followed with phthalazine and 4-
dimethylaminocinnamaldehyde (p-DMAC) as substrates, resulting in comparable numbers of

superoxide produced.
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Table 17: Rates of superoxide production from hAOX1 wild type and SNP variants®

Specific a.ct'ivity Specific .ac.tivity 0, production
Enzyme phenapthrldlne:Oz phenan_thrldlne:cyt c ratio (%)
(nmoles/min/mg of enzyme) (nmoles/min/mg of enzyme)

hAOX1 wild-type 1148 £ 151 126 +£16 11+3
G46E 2131177 256 +31 12+3
G50D 272+ 57 28+7 10+4
G346R 302 +41 45+9 15+3
H363Q 1291 £73 168 + 36 13+11
R433P 266 + 31 32+6 12+2
A437V 1192 +95 298 £ 39 25+3
L438V 1423 £193 1025 + 141 72+ 10
A439E 209 £ 45 33+5 16 +4
R1231H 689 + 104 124 + 35 18+7
K1237N 287 £ 53 43 + 12 15+5

*The ratio of superoxide production was calculated as ratio of the specific activity phenanthridine:O, (nmoles/min/mg of
enzyme) and Specific activity phenanthridine:cyt ¢ (nmoles/min/mg of enzyme). The substrate phenanthridine concentration
was 80 uM and cytochrome ¢ 250 uM in the assay. Proteins concentration were around 200 nM in the assay. Data are mean
values from three independent measurements (+ S.D.).

The FAD loop multiple variants did not show alterations in superoxide production. Only the
variant hAOX1 N436D/A437D showed a slightly decreased superoxide production of around
3-5% (Table 18).

Further insights were obtained by the measurement of the superoxide rate from the variants
hAOX L438F, hAOX1 L438K, L438A. The variants which had a substituted Leu438 residue
showed an altered superoxide production (Table 18). The variant hAOX1 L438K showed a
superoxide production of around the 36% on the total oxygen reduced. The variant L438F
(residue present in mAOX3) showed a O, production ratio of around 63%. The highest
superoxide rate production was shown from the variant L438A, producing 83% superoxide
from the reducing equivalent obtained by the oxidation of the substrate at the molybdenum
center. Variant hAOX1 D1234H showed a superoxide production comparable to the wild type

enzyme, of around 13%.
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Table 18: Rates of superoxide production from hAOX1 wild type and XOR-FAD single and multiple
variants®

Enzyme O, production ratio (%)
hAOX1 wild-type 11+3
A437D 21+5
N436D/A437D 5+3
N436D/A437D/1.4381 9+4
N436D/A437D/L4381/1440K 11+4
L438A 83+9
L438F 63+8
L438K 36+5
D1234H 13+4

*The ratio of superoxide production was calculated as ratio of the specific activity phenanthridine:O, (nmoles/min/mg of
enzyme) and Specific activity phenanthridine:cyt ¢ (nmoles/min/mg of enzyme). The substrate phenanthridine concentration
was 80 uM and cytochrome ¢ 250 uM in the assay. Proteins concentration were around 200 nM in the assay. Data are mean

values from three independent measurements (+ S.D.).

Altough the sustitutions L438V and L438A do not insert large changes in terms of size and
charge of the residues, their impact in superoxide production is considerable. Instead, the
sustitutions L438F and L438K gained lower amount of superoxide production but significantly

higher than the wild type enzyme.
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5. Discussion

5.1 Optimization of the expression of hAOX1

Evidences exist that low-frequency usage codons within a coding sequence can provide the
genetic instruction modulating the rate of protein synthesis ( Purvis et al., 1987; Marin & Xia,
2008). Studies on the E. coli genome and protein structure database identified that high-
frequency-usage codons are mainly associated with structural elements, such as alpha helices,
whereas clusters of lower frequency usage codons are more likely to be associated with beta-
strands and random coils (Thanaraj & Argos, 1996). It was confirmed that the positioning and
clustering of codons with different usage frequencies is non-random and plays a role in gene
expression (Ikemura, 1981; Bulmer, 1987; Wolin & Walter, 1988). Genetic redundancy at the
codon level increases the organism’s resistance to mutations, however, even a single nucleotide
exchange can effect protein expression, protein structure and function (Lithwick & Margalit,
2003; Plotkin & Kudla, 2011). From a practical point of view, the common causes for failures
in heterologous gene expression are primarily related to the disparities in codon bias, mRNA
secondary structure and stability, gene product toxicity, and product solubility (Makrides,
1996; Gustafsson et al., 2004). Nowadays, it is accepted that non-optimal codon content can
limit expression of heterologous proteins due to limiting available congenial tRNAs in the
expression host. Inserting of rare codons that are incongruent with the native gene sequence
during heterologous expression can lead to reduced translation rates and overall expression
levels (Kane, 1995; Goldman & Wilson, 1995). The disparities in codon usage can cause
significant stress on host cell metabolism and translational processes (Angov et al, 2011).
Several strategies have been employed to minimize the bias codon usage for heterologous
expressions, as codon optimization and codon harmonization (Angov et al., 2011).

Previous expression systems for the heterologous expression of hAOX1 in E. coli resulted in a
low yield of protein of about 50 ug per liter of E. coli cell culture (Hartmann et al., 2012).
Here, we have used a 740OXIcodon-optimized gene to increase the expression yield of the
purified protein. The results obtained reveal the importance in the selection of the strategies for
heterologous expression of complex human Moco—containing proteins in E. coli. In the case of

hAOX1, the number of rare codons resulted in low expression levels of the gene, which can be



overcome by introducing codons more commonly used in E. coli into the respective gene
sequence.

The expression of the codon-optimized hAOX1 resulted in a protein yield of around 1 mg per
liter of E. coli culture, which is about 10- to 20-fold higher than the yield obtained using the
native gene sequence in the same expression vector. With this higher level of protein
expression and higher protein concentration in the E. coli extracts, the purification of the
protein was additionally facilitated and a two-step purification by Ni-NTA chromatography
and size exclusion chromatography was sufficient to yield a highly pure protein, which could
be used for further studies.

The purified protein was mainly in a dimeric form, the active form of the enzyme, and lower
portions of monomeric and multimeric hAOX1 were separated by size-exclusion
chromatography. Subsequently, the purified hAOX1 derived from the codon optimized
expression system was compared to the one expressed by the native h4OXI gene. The
saturation for molybdenum was calculated to be around 50% whereas around 60% was the
saturation for iron (calculated to both 2x[2Fe-2S] cluster). As supposed, both expression
systems revealed the same cofactor content in hAOXI1. The absorption spectra resulted in a
typical molybdo-flavoenzyme absorption spectrum. FAD and iron sulfur clusters (2x [2Fe2S])
showed the characteristic absorption maxima at 450 nm and 550 nm.

However, the main problem remained to obtain a 100% active enzyme after expression of
hAOXI1 in E. coli. This drawback is related to the low saturation of the molybdenum cofactor,
considering that the specific system for Moco sulfuration of the human protein is not present
in E. coli (Mendel & Leimkuhler, 2015). The sulfuration is the last important step of the
biosynthesis of the mono-oxo molybdenum cofactor in the xanthine oxidase family of
molybdoenzymes. To have an active enzyme, it is necessary the fully sulfuration of the
cofactor, with a sulfido ligand bound to the molybdenum atom at the equatorial position.

In order to obtain an active sulfurated R. capsulatus XDH, E. coli needs to express a protein
capable of donating the terminal sulfur ligand to form active XDH. For the maturation of R.
capsulatus XDH expressed in E. coli, XdhC was shown to be required for the sulfuration of
Moco. XDH expressed heterologously in the absence of XdhC was shown to contain a
desulfurated form of Moco (Leimkiihler ez al., 2003).

Unfortunately, attempts to co-express the human Moco sulfurase (Peretz et al., 2007) in E. coli
to increase the sulfuration levels have failed, owing to its expression in inclusion bodies
(Hartmann, 2010). To overcome this low enzyme activity of the purified protein, a chemical

sulfuration step was included during the purification procedure (Massey and Edmondson,
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1970; Wahl and Rajagopalan, 1982). The chemical sulfuration proved to be successful and
resulted in a 10-fold increase in enzyme activity (Foti et al., 2016).

The purified protein from the codon-optimized construct showed a correct folding of the
protein, insertion of the cofactors (Moco, FAD, and the 2[2Fe-2S] clusters), in addition to the
level of Moco sulfuration and the overall activities. Also, the chemical sulfuration of the protein
yielded 10-fold increase of enzyme activity with every substrate tested. Thus, with this protein
all further characterizations were performed.

Considering together the emerging importance of aldehyde oxidase in the metabolism of
xenobiotics (Hutzler et al., 2013) and the specie-specific barrier for studies in model organisms
(Dalvie et al., 2010), a functional heterologous expression system for hAOX1 facilitates new
detailed in vitro investigations for a better understanding about this enzyme. In particular, the
availability of purified hAOXI in large scale may be needful for screenings of drugs as
substrates and inhibitors, and therefore, to carry the in vifro experimental data toward a

pharmacological and medical application in the future.

5.2 Characterization of the enzymatic activity of the hAOX1

In the work presented here, kinetic characterizations of the human AOXI1 and activity
measurements at the Moco active site were performed. To date, most of the data for substrate
specificity regarding the hAOX1 were obtained using human liver cell lysate , S9 liver fractions
or partially purified protein (Kitamura & Tatsumi, 1984; Beedham et al., 1995; Clarke et al.,
1995; Kawashima et al., 1999; Obach et al., 2004; Panoutsopoulos et al., 2004; Kitamura et
al., 2008; Dalvie et al., 2010; Barr & Jones, 2011; Linton et al., 2011; Zhang et al., 2011,
Hutzler et al., 2013). The majority of those studies show kinetic data detected using a liquid
chromatography-tandem mass spectrometry assay that monitored the formation of the product
after the enzymatic reaction.

Only few studies were performed using purified human protein from heterologous expression
systems (Alfaro et al., 2009; Hartmann et al., 2012). In a previous work (Hartmann et al.,
2012), the recombinant hAOX1 was measured with benzaldehyde, phthalazine, phenanthridine
and chloroquinazolinone as substrates using DCPIP and oxygen (only for phenanthridine) as
electron acceptors. The turnover numbers ranged from 5.6 min™ for chloroquinazolinone to
12.2 min™ for phenanthridine. In another work, the recombinant hAOX was measured using

several synthetized 6-substituted quinazolinones as substrates showing K, in a range from 27
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uM for R=CI up to 399 uM for R=H (Alfaro et al., 2009). Both studies showed enzymatic
activity in the order of 10-15 fold lower compared to the study presented here, due to a less
functional expression system (Alfaro et al., 2009) or for the inhibitory effect of the electron
acceptor DCPIP (Hartmann et al., 2012). More data are available about recombinant AOXs
from other organisms as cynomolgus Monkey AOX1 (Hoshino et al., 2007; Fukiya et al.,
2010), rat AOX1 (Adachi et al., 2007), bovine AOX1 (Calzi et al., 1995), murine AOX1 (Vila
et al., 2004; Schumann et al., 2009), murine AOX3 (Terao et al., 2001; Vila et al., 2004),
murine AOX4 (Terao et al., 2009), murine AOX2 (formerly AOX3I11) (Kurosaki et al., 2004)
and rabbit AOX1 (Hurwitz, 1955; Rajagopalan et al., 1962; Rajagopalan & Handler, 1964;
Krenitsky et al., 1972; Tomita et al., 1993; Itoh et al., 2009).

The kinetic data for the recombinant hAOX1 presented in this work were measured using
phenanthridine, phthalazine and benzaldehyde as substrates and oxygen, DCPIP and
ferricyanide as electron acceptors. The highest catalytic activity was obtained for the reaction
phenanthridine:oxygen with a ke of 306 min . Ferricyanide used as electron acceptor
increased the Ky for all the substrates tested, from 25 uM for phenanthridine to 196 uM for
phathalazine. The lowest catalytic efficiency (ke./Km) was obtained for the reactions
DCPIP:phthalazine and ferricyanide:phthalazine with 1.2 min"'xM™ and 1.4 min'uM’
respectively.

The catalytic activity of hAOX1 was also studied using phenanthridine as substrate and PMS,
methyl viologen and benzyl viologen as electron acceptors. The reaction of phenanthridine
with PMS, methyl viologen and benzyl viologen as electron acceptors was not detectable in
aerobic conditions due to the fast re-oxidation of the electron acceptors in presence of oxygen.
Instead, under anaerobic conditions hAOXI1 gained a considerable specific activity,
particularly with PMS as electron acceptor (2380 + 149 mU/mg hAOX1). The reaction
phenanthridine:methyl viologen (1610 £ 121 mU/mg hAOX) showed a specific activity
comparable to oxygen or ferricyanide (1420 + 110 and 1350 + 127 mU/mg hAOX,
respectively). Contrarily, benzyl viologen showed slightly lower catalytic activity (1210
mU/mg of hAOX1).

5.3 Structural insights of hAOX1 free and complexed with substrate-inhibitor

The mouse AOX3 was the first enzyme belonging to the aldehyde oxidase class to be
crystallized, revealing its overall 3D-structure (Coelho ef al., 2012). mAOX3 showed to have
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a molecular structure consistent with the xanthine oxidase enzyme family, however, important
differences were identified regarding the Moco active site and the FAD binding site (Coelho
et al., 2012). Although all the mammalian aldehyde oxidases have common origins, derived
from a duplication event of a XDH ancestor gene (Rodriguez-Trelles et al., 2003; Garattini et
al., 2008), several AOX isoforms are present in different organisms. The number of the AOXs
ranges from the four isoforms present in rodents to the single active gene present in humans
(Garattini & Terao, 2011). Due to this inter-specific diversity, species-specific information are
necessary to uncover the functions of AOXs in the different organisms.

The crystal structure of the hAOX1 free and the complex hAOX1-phthalazine-thioridazine
(Coelho et al., 2015) contributed with new insights for the human AOX1. The overall crystal
structure of hAOX1 resulted to be similar to the other enzymes of the same family with some
important difference at the active site, the substrate funnel and the FAD binding site (Coelho
et al., 2015). Furthermore, it was shown that in the complex hAOX1-substrate-inhibitor, the
inhibitor thioridazine bound in proximity to the dimer interface in a groove at the enzyme
surface and it is stacked between two loops (formed by residues 570—580 and 1058—1067) that
define the binding pocket of the tricyclic phenothiazine moiety (Fig. 5.1). Upon inhibitor
binding, the side chains from His575 and Glu577 moved, turning the binding pocket more
accessible to the inhibitor. Residues 570 and 571 are disordered in the hAOX1-free structure,
but after thioridazine binding, they become better structured and define one helical turn close
to the thioridazine inhibitor-binding site (Fig. 5.1). Although some of the residues forming the

inhibitor binding pocket are polar, the tricyclic aromatic moiety interacts mostly with the main

chain atoms via hydrophobic interactions.
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Figure 5. 1. Structure of the hAOX1 homodimer highlighting the inhibitor thioridazine binding pocket (left). The
zoom-in (right) shows the thioridazine molecule, represented in space-filling-mode, into the binding pocket overlay
of hAOX1 (blue), mAOX3 (orange) and bXDH (green). Picture produced by Pymol Mac 6.1 (adapted from Coelho
etal., 2015).

The binding of the substrate phthalazine molecule involved repositioning of two conserved
aromatic residues, Phe885 and Phe923, highly important for substrate orientation toward the
Moco catalytic site. There is a structural similarity for the inhibitor-binding pockets found in
complexes that have been already reported, in particular for prion protein (PrP) with promazine
and chlorpromazine (Baral et al., 2014) and for human MALT1 caspase with thioridazine
(Schlauderer et al., 2013). These findings strongly suggest that the inhibitor-binding site may
also be common for phenothiazine-derived drugs and that this might have a relevant impact on
drug-drug interactions and should be considered in the development of target-specific drugs.
The existence of this inhibitor-binding site far from the hAOXT1 active site was unexpected and

might be helpful for studies on novel therapeutic compounds.

5.4 Inhibition studies

An increasing number of compounds of medical and pharmaceutical interest resulted to be
inhibitors of hAOX1 (Obach et al., 2004). Aldehyde oxidase are involved in phase I drug
metabolism, performing its role in alternative or cooperative metabolic pathway in relation to
cytochromes ( Kitamura et al., 2006; Pryde et al., 2010; Barr & Jones, 2011). Selective
inhibitors resulted to be crucial for pre-clinical studies and for in vivo investigations (Garattini
& Terao, 2011). Many molecules have failed in the clinic trials because the clearance or toxicity
is underestimated by preclinical species (Barr et al., 2014). Furthermore, the functional
comparison to XOR is only partially useful due to the diversity of their active sites. In general,
AOX enzymes have a broader substrate specificity, acting on aldehydes, purines, and
heterocyclic compounds as substrates, whereas the selectivity of XOR enzymes is restricted to
manly purines as specific substrates.

To further characterize the substrate and inhibitor binding modes, structural and kinetic data
from the complex of hAOX1 with phthalazine (substrate) and thioridazine (inhibitor) provided
crucial information about this enzyme (Coelho et al., 2015). To test the impact of thioridazine
inhibition on these enzymes, we performed steady-state kinetic measurements with hAOX1
and mAOX3, using phthalazine as a substrate, and with bXO using xanthine as a substrate. Our

observations suggest a noncompetitive type of inhibition for the phthalazine-thioridazine
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inhibition of hAOX1 and mAOX3, using ferricyanide as electron acceptor. The inhibition
constants were Kirpi of 1.3 £ 0.3 4M for hAOX1 and Kirpi of 16.4 + 1.4 uM for mAOX3. The
kinetics of the xanthine-thioridazine inhibition of bXO with molecular oxygen as electron
acceptor showed a mixed type of inhibition instead. The inhibition was about 10- to 20-fold
weaker than the phthalazine-thioridazine inhibition of hAOX1 and mAOX3, with Kiryi = 440
+ 31 uM and Kiithi = 70 = 9 uM. These observations suggested a tight binding of the inhibitor
to hAOXI1 far from the active site and less effective in mAOX3 and in bXO. Although the
binding of thioridazine to the inhibitor-binding pocket of hAOX1 and mAOX3 occurs to the
same range in the free and substrate-bound enzymes, in bXO the inhibition constants are
different. The mixed-inhibition mode suggested that binding of substrate to the active site
influenced the affinity of the inhibitor for the inhibitor-binding site.

Taken together, the kinetic data revealed a noncompetitive mode of inhibition for the human
and mouse enzymes and a mixed inhibition type for bXO. Although the high similarity, the
different inhibition mode might be explained with the structural and catalytic differences
present between these enzymes. Further inhibition studies on hAOXI1 by loxapine, a
thioridazine-related molecule (Sperry et al., 1984), confirmed the same type of noncompetitive
inhibition. Notably, there is a large number of widespread phenothiazine-derived drugs, mostly
with antipsychotic and antihistaminic effects but also some that are antibiotics, anticancer or
antiprion agents, which are commonly used for treatment of several diseases (Declercq ef al.,
2013).

The structural similarity among the members of the XO family suggested previously that it
may underlie a more general mechanism of enzyme inhibition. Therefore, other drugs or drug-
like molecules with a tricyclic ring system similar to that of thioridazine might exhibit a similar
mode of inhibition of hAOX1 by binding to the same site. However, it should be tested in
future studies.

Moreover, our data are consistent with inhibition studies on hAOX1 by DCPIP which has been
reported before (Barr & Jones, 2011). The steady-state kinetics experiments and the inhibition
studies showed that DCPIP acts as an uncompetitive inhibitor of the human AOX1. DCPIP is
frequently used as electron acceptor in enzyme-catalyzed oxidation reactions. For bovine
xanthine oxidase, the rate of electron transfer from conventional substrates to DCPIP
approximates that for electron transfer to the physiologic acceptor, molecular oxygen (Bray,
1959). The electron transfer of the reducing equivalents from the substrate to oxygen takes
place at the FAD site (Komai et al., 1969), whereas DCPIP directly receive the electrons from
the reduced molybdenum atom (Massey et al., 1970). In hAOX1, the mode of inhibition was
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shown to be uncompetitive, and our data interpretation suggests DCPIP binding only to the
reduced enzyme. Furthermore, bXO was tested for the reaction xanthine:DCPIP and no
inhibition was detected. The differences between hAOX1 and bovine XO can be explained by
the different surrounding of the active site and resulting in charge differences, also revealed by
the different substrate specificity of both enzymes. The uncompetitive inhibition type suggests
that DCPIP binds to the reduced Moco and prevents the electron transfer from reduced form of
enzyme to molecular oxygen Furthermore, the structure of DCPIP suggests its access and

interaction within the active site of hAOXI.

5.5 Interaction of hAOX1 with NADH

In the crystal structure of human AOX1, the flexible loop II in proximity of the FAD pocket
(T1230RGPDQ235) is flipped by almost 180° to the relative in bXOR (Coelho ef al., 2015).
Interestingly, the conformation of this loop is unique in human AOXI, and occupies almost
the same position as the nicotinamide ring in the bXDH-NADH complex (Fig. 5.2) thereby
blocking access to the isoalloxazine ring (Ishikita ez al., 2012). To better understand this unique
loop II orientation and role, we further investigated the NADH oxidase activity of hAOX1.
NADH is found in all living cells and it is the major source of the electrons transported by the
mitochondria and responsible for the synthesis of ATP. Murine hepatic AOX preparations have
been shown to oxidize NADH generating the reducing equivalents necessary for O,
production from molecular oxygen (Kundu et al., 2007; Maia & Moura, 2011; Choughule et
al.,2015). Maia et al., suggested the involvement AOX in nitric oxide (NO) metabolism in the
cell (Maia et al., 2015). Notably, Kundu at al., proposed AOX as novel NADH oxidase

enzyme with an eventual important role in the cell physiology (Kundu et al., 2012).
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Figure 5. 2. Structure of bXDH-NADH complex. bXDH structure shown in surface and FAD-NADH structures
in sticks (PDB:3UNI). Shown as red surface is the exposed mojety of the FAD flexible loop I (Q423-K433) of
bXDH (Ishikita et al., 2012). Picture produced by Pymol Mac 6.1.

Our results, however, show that the human AOX1 does not react with NADH. Hence, it is not
possible that hAOX1 acts as a NADH oxidase due to electrochemical and structural
incompatibility. In previous studies mainly rat, rabbit and mouse enzymes were considered, for
which a NADH oxidase activity has been obtained (Kundu et al., 2012; Mahro et al., 2013).
Thus, the investigations on AOX enzymes need to be clearly divided into studies on the human
enzyme, containing only one AOX orthologue and studies on the rodent enzymes, containing
four orthologues with a significantly different substrate spectrum. As shown in Fig 5.3, the
hAOX1 presents a different structural arrangement at the FAD binding site in comparison to

mAOX3 and bXDH.

Figure 5. 3. Surface superimposition of the FAD binding site of hAOX1-mAOX3 (A) and hAOX1-bXDH
(B). In panel A the red-orange portion rapresents the FAD flexible loops I and II of hAOX1 and light blue and
magenta portions represent FAD flexible loops I and II of mAOX3. In panel B the red-orange portion rapresents
the FAD flexible loops I and IT of hAOX1 and yellow and magenta portions represent FAD flexible loops I and
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II of bXDH. The FAD structures are shown in sticks. Pictures produced by Pymol Mac 6.1. (Coelho et al., 2012;
Ishikita et al., 2012; Coelho et al., 2015).

Particularly, an Arg residue blocks the access to NAD'/NADH to the FAD cofactor. Beyond
that, the residues composition and overall charge of the FAD flexible loops is different among
hAOX1, mAOX3 and bXDH (Coelho et al., 2015). Especially in case of the bXDH, more
negatively charged residues are present on the FAD flexible loop I (Q423-K433) coordinating
a suitable electrostatic environment around the FAD cofactor for the interaction toward NAD"

or NADH.

5.6 Studies at the FAD active site of hAOX1

Phylogenetic studies by Rodriguez-Trelles et al., suggested that a selective amino acids
replacement at the FAD active site in AOXs is an evolutionary process promoting the switch
from NAD" to dioxygen as the final electron acceptor of those enzymes (Rodriguez-Trelles et
al., 2003).

XOR is known to be available in two inter-convertible forms, xanthine dehydrogenase (XDH)
and xanthine oxidase (XO) (Ishikita et al., 2012). Bovine XDH W336 is implicated in the
conformational changes of the active-site loop Q423-K433 around the FAD cofactor, which
causes the conversion of XDH into the XO form in mammals, and vice versa (Enroth et al.,,
2000; Kuwabara et al., 2003; Ishikita et al., 2012). This structural rearrangement blocks the
approach of NAD' to FAD, changes the electrostatic potential around FAD, and opens the gate
for the solvent channel, making it easier for dioxygen to reach the reduced cofactor (Kuwabara
et al., 2003). Furthermore, cysteine residues responsible for the conversion of XDH to XO,
identified as C535 and C992, are well conserved in all mammalian XDH. Notably, in AOXs
these residues are replaced by tyrosine residues excluding the conversion process for AOX
enzymes. While in their FAD domain all mammalian XOR proteins are endowed with a
particular tyrosine residue responsible for the binding of NAD", AOXs lacks this tyrosine
residue (Parks et al., 1988; Nishino & Nishino, 1989; Nishino et al., 2005). These selective
differences at the FAD region between those enzymes occurred in both invertebrate and
vertebrate AOX paralogs originated from XDH by duplications about 1 billion years ago
(Rodriguez-Trelles et al., 2003).

The cofactors reactivity and orientation in AOXs and XOR are related to the flow of electrons,

which are generated at the Mo active site during the substrate oxidation and then passed through
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the two FeS centers and to the FAD, from where they are released to the terminal electron
acceptor. XDH uses NAD" as the physiological oxidizing substrate and the enzyme can be
converted into the XO form which utilizes molecular oxygen as the electron acceptor (D/O
conversion) (Enroth et al., 2000). In addition, the inter-conversion of XDH into XO requires
structural  rearrangements of an eleven-residue loop (FAD variable loop
Q423ASRREDDAKU433). The loop movement leads to a change in the electrostatic environment
around the FAD cofactor (Ishikita et al., 2012). In the XO conformation, the loop blocks access
of NAD" to its binding site and as a consequence the enzyme uses oxygen as the final electron
acceptor.

Unlike XOR, AOXs cannot use NAD" as the final electron acceptor and they transfer the
electrons generated during the enzymatic reaction only to molecular oxygen. Consistent with
this, the amino acid composition of the Q423 ASRREDDAKU33 loop is very different in human
AOX1, mouse AOX3 and XORs of different origin. In the crystal structure of human AOX1
another loop close to the FAD pocket (T1230RGPDQ)235) is flipped by almost 180° relative to
mouse AOX3 and bovine XOR. Interestingly, the conformation of this loop is unique in human
AOX1, as it occupies almost the same position as the nicotinamide ring in the bXDH-NADH
complex structure and blocks access to the isoaloxazine ring (Fig. 5.2-5.3). The reason why
this conformation is observed only in human AOXI1 remains to be clarified. In the hAOX1
structure, the middle domain accommodates the FAD cofactor, with FAD isoalloxazine ring
stacked between two leucine residues (Leu344 and Leu438).

Our observations reveal the complexity of the equilibrium at the FAD active site and its specific
characteristics differ from the enzymes of the xanthine oxidase family.

The hAOXI1 variants generated in this work are divided in three groups: I) hAOXI single
nucleotide polymorphisms (SNP); II) XOR-FAD loop hAOXI1 variants; III) additional single
point hAOX1 variants. Our results show that the residue composition of the hAOX1 flexible
loop T (Q430AQRQENALAL4p) and loop II (T1230RGPDQ)235) is modulating the the overall
enzymatic activity of hAOXI1 and the electron transfer from the reduced FAD to the terminal
electron acceptor as molecular oxygen. Although alterations at the redox potential at the FAD
binding site are probable, the mechanism behind the impairment caused by those residues

exchanges remains unclear and further investigastions are required.
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5.6.1 Single nucleotide polymorphisms (SNPs) at the FAD active site of hAOX1

Single nucleotide polymorphisms are allelic variations between the human populations,
typically in one geographical or ethnic group (Nachman, 2001). Variations in the DNA
sequences of humans can affect how humans develop diseases and respond to pathogens,
chemicals, drugs, vaccines, and other agents. SNPs are also critical for personalized medicine
(Varela & Amos, 2010). Some SNPs are associated with alterations in the metabolism of
different drugs (Goldstein, 2001; Lee, 2004; Yanase et al., 2006). The association of a wide
range of human diseases like cancer, infectious diseases autoimmune, neuropsychiatric and
many other diseases, with different SNPs can be considered as relevant pharmacogenomic
targets for drug therapy studies (Nachman, 2001).

Here we report ten new hAOX1 SNP variants with a single point mutation in residues located
around the FAD binding site (central domain). The SNP-variants produced are hAOXI
R1231H, A439E, R433P, G46E, L438V, G346R, H363Q, K1237N, A437V and G50D. Those
variants are present: 1) on the variable loops 1 and 2 (hAOX1 R1231H, hAOX1 A439E,
hAOX1 R433P, hAOX1 L438V, hAOX1 K1237N and hAOX1 A437V); 2) in close proximity
of the FAD cofactor (hAOX1 G346R, hAOX1 H363Q); 3) between the FeS center II and the
FAD center (hAOX1 G46E, hAOX1 G50D). The reported experiments are focused on the
general characterization of the hAOX1 variants based on expression, purification and enzyme
activity. Furthermore, ROS production from hAOX1 WT and variants were investigated.

All hAOX1 SNP variants were heterogously expressed mostly in a dimeric form and with a
rather high purity level. Only the variant hAOX1 G50D showed less purity and decreased
protein yield. The residue G50, highly conserved in hAOX1, mAOX3, hXOR and bXOR,
seems to be involved in the coordination of the FeS II structure and its substitution to an Asp
residue prevents a correct insertion of the cofactor into the apo-protein with consequent
instability and degradation of the enzyme. However, further studies need to be performed to
clarify this aspect. The variant hAOX1 R1231H showed around 50% activity than wild type
enzyme. The residue R1231 gives a specific conformation to the flexible loop II
(T1230RGPDQ1235) forming a bridge at the entrance of the FAD active site and preventing the
access to large molecule e.g. NAD" or NADH (Fig.5.4).
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Figure 5. 4. Shown are the FAD active site of the hAOX1 wild type (A) and a model of the structure of hAOX1
R1231H SNP variant (B). The residue R1231 and H1231 are represented in orange. The FAD structure is shown
in sticks. The figure was created using MacPymol.

The variant hAOX1 R1231H was tested for reactivity toward NAD"and NADH but no electron
transfer was observed.

Further two residues showed to be relevant in the organization of the FAD active site of
hAOXI1, R433 and A439. Both residues are highly conserved in hAOX1, mAOX3, hXOR and
bXOR. The SNP variants hAOX1 A439E and R433P showed a decreased catalytic activity
around 5-fold lower than the wild type hAOXI1. The nature of the substitutions, in terms of
charge and size, showed a strong impact in the catalytic properties of the FAD active site. The
SNP variant hAOX1 K1237N and G346R resulted also in poorly active hAOX1 variants.
Interestingly, the SNP variant hAOX1 G46E showed twice the activity as compared to the wild
type enzyme. Such variant resulted in a “XO-like hAOX1” enzyme. The residue G46 in
hAOX1 is a glutamate in bXOR and hXOR. The redox titration of the variant G46E shows a
reduction profile with more similarities to XO compared hAOX1 (see results section). Those
evidences propose an important role of this Glu residue to facilitate the electron transfer trough
the FeS II and the FAD cofactor.

The variants hAOX1 L438V showed a 20 % increased activity as the hAOX1 wild type. The
variants hAOX1 H363Q and A437V showed comparable enzymatic activity as hAOX1 wild
type. The variants showed similar activity level either with O, or ferricyanide as electron
acceptors. These results point out the hypothesis that those mutations at the FAD site effect not
just the electron transfer to O, from FAD, but also the overall enzyme activity. The comparable
values obtained using diverse electron acceptors suggest that the entire internal electron
transfer can be affected. However, another possible reason for the altered enzymatic activity

regards the sulfuration level of the variants. The hAOX1 variants present amino acid exchange
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only in the surround of the FAD cofactor, however, such mutations can affect the overall
structure of the protein with consequences on the Moco sulfuration level.

The mechanistic reasons for the altered catalytic activities remain to be clarified, although the
modified redox potentials of the variants seem to have a crucial role. A different sulfuration

level among the variants can also have an effect on the divergent parameters.

5.6.2 Insertion of the bXOR FAD flexible loop I into the hAOX1 FAD active site

As previously described, the flexible loop (Q423ASRREDDIAK433 in bXOR) surrounding the
FAD cofactor and its conformational changes leads to the XO/XDH interconversion (Enroth
et al., 2000). The loop is a cluster of several residues which modulate the redox potential and
the structural conformation at the FAD binding site (Nishino et al., 2005).

To better understand the role of these loops on the activity of hAOX1, additional hAOX1 FAD
site directed variants were generated, with the final goal of inserting the flexible loop I of
bXOR in hAOX1.

The produced hAOX1 FAD multiple variants are: A437D, N436D/A437D,
N436D/A437D/L4381, N436D/A437D/L4381/1440K, Q434R/N436D/A437D/L4381/1440K.
The hAOX1 A437D and N436D/A437D variants showed characteristics, in terms of yield,
purity and catalytic activity, comparable to hAOX1 WT. The N436D/A437D/L4381 and
especially the N436D/A437D/L4381/1440K mutant showed decreased yield, purity and
catalytic activity. The turn over number for hAOX1 N436D/A437D/L4381 was around 52 min’
' and for hAOX! N436D/A437D/L4381/I440K was 6 min'. The hAOXI
Q434R/N436D/A437D/L4381/1440K variant partially restored yield of protein and enzymatic
activity relative to wild-type, with a ke value of about 56 min™'. For all the hAOX1 FAD
multiple variants the Ky values were between 4 and 13 uM for the substrate phenanthridine.
Thus, the affinity toward the substrate was not significantly changed. Taken together those
results confirm the importance of the FAD loops surrounding the FAD binding site, especially
the residue Leu438 which seems to be the crucial residue stabilizing and coordinating the

electron transfer through the FAD cofactor.
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5.7 Reactive Oxygen Species (ROS) and hAOX1

ROS represent prominent key molecules in physiological and pathological conditions in the
cell (Hayyan et al., 2016). Under controlled and physiological conditions, ROS are essential
species involved in homeostatic cellular processes as cell cycle, redox signaling and defense
against pathogens (Ray et al., 2012). In contrast, as the intracelluar ROS concentration
increases, they are a dangerous source of damage to several molecules within the cell. ROS
can cause damage to the DNA, leading to an oncogenic effect, damage to lipids with
consequent peroxidation and damage to residues or cofactors of proteins, e.g. iron-sulfur
clusters (Holmstrom & Finkel, 2014). So far mainly XOR has been implicated to generate
significant amounts of O," during the course of their catalytic activity against recognized
substrates (Kundu et al., 2007). A report by Kundu et al 2012 suggested, however, that hAOX1
represents a significant source of ROS in the cytosol and plays a critical role in in ROS-
mediated tissue injury under specific conditions (Kundu et al., 2012). This suggestion was
based on the levels of enzymatic activity of XOR and AOX in human liver, where AOX1 has
been calculated to have 24-fold higher enzyme activity than XOR (Krenitsky et al., 1972).
However, the reports by Kundu 2007 and 2012 investigated the rat liver AOX enzymes, which
represented a mixture of all four AOX isoenzymes since the isoenzymes were not separated
during purification. Further existing studies investigating the amount of ROS production by
AOX enzymes in the literature were also performed on either the rat, rabbit or mouse enzymes,
species containing various isoenzymes with different activities which were not investigated
separately ( Kundu ez al., 2012; Maia et al., 2015). Studies on the rate of superoxide production
by the human AOX1 enzyme have not been performed so far. In our study, the wild-type
hAOXI1 enzyme was shown to produce superoxide radical with a rate of around 10% as
compared to the overall reaction. This value, however, is lower than the Kundu, et al.2012
reported rates by Kundu, et al. (2012) of 16-20% for bXO and significantly lower than the rates
of 32% for the rat AOXs . Thus, hAOX1 as major superoxide producing source should be
analyzed carefully, since the keo=273 min™ with phenanthridine of the enzyme is significantly
lower than the kg = 1100 min” of human XO with xanthine (Yamaguchi et al., 2007).
However, hAOXI exists always in the oxidase form and does not need a conversion for oxygen
reactivity and further exists in 24-fold higher amount than XOR in the cell, thus, being a factor
to be considered for ROS generation in the cell.

In this study, we combined the study of hAOX1 SNPs variants and their effect on superoxide
generation. Among the ten SNPs located around the FAD site, the amino acid exchange L438V
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proved to be the most interesting one, since this variant produced a rate of around 75% of
superoxide radical. The unbalanced superoxide production by the L438V amino acid exchange
was unexpected considering the high similarity between the leucine and valine residues, both

with a hydrophobic side chain but with valine having a shorter side chain (Fig. 5.4).

Figure 5. 5. Model of the FAD enviroment sourrounding the residue Val in position 438 (right) in comparison to
the wild type (left). Figures were created with MacPymol built 0.99rc6.

Considering the high toxicity of the superoxide anion in the cell, the hAOX1-L438V SNP
variant should be considered an eventual candidate for critical or pathological roles of this
natural variant within the human population. Alterations can be caused by high and
uncontrolled oxygen radical production, particularly under pharmacological treatments where
aldehyde oxidase is especially active and catalyzing the reduction of molecular oxygen in
human liver hepatocytes (Garattini et al., 2008). All other SNP based amino acid exchanges in
the FAD loop I or loop II did not change the rate of superoxide production significantly, even
when the amino acid exchange was located directly in vicinity to the amino acid L438.

By comparison, an amino acid substitution in rat XO has been reported which resulted also in
an increased rate of superoxide production. A variant of rat XOR containing the amino acid
exchanges W335A/F336L resulted in a form of the enzyme that is stably locked in the oxidase
form. This enzyme variant was reported to produce O," and H,O; in a ratio of 6:1 (Asai, 2007).
The high rate of superoxide formation and the inability of the double variant to be converted
to the dehydrogenase form has been explained by significant changes at the FAD site.

Consequently, in the double variant a positive shift of the redox potential of the FAD cofactor
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was determined, with the result of the increased O, reactivity of the enzyme. In native XOR,
the reduction potential of the FeSI cluster and FAD are similar. Based on the thermodynamic
equilibrium of the electrons introduced into the wild-type enzyme, the FAD cofactor was
shown exists in both the FADH, and FADH" states in XO, which led to the H,O, and O,
produced, respectively. Due to the increase in the FAD midpoint potential in the
W335A/F336L variant, the electrons were explained to be more easily transferred from FeSI
to the FAD in a one-electron transfer step, resulting in the formation of more FADH" and thus
a higher O, production rate. In AOX, however, stabilization of the FADH" has not been
observed so far, thus, other factors than the stabilization of the FADH’ contribute to the
increased rate of O, production.

Unlike XOR, AOXs cannot use NAD" as the final electron acceptor and they transfer the
electrons generated during the enzymatic reaction only to molecular oxygen (Johns, 1967).
Consistent with this, the amino acid composition of the Q423 ASRREDDIAK433 flexible loop I
is different in human AOX1 and XORs. In the crystal structure of hAOX1, the flexible loop II
in proximity of the FAD pocket (T1230RGPDQi235) has a different orientation than to the
relative in bXOR.

Hepatic AOX preparations have been shown to oxidize NADH generating the reducing
equivalents necessary for O, production from molecular oxygen (Kundu et al., 2007; Maia &
Moura, 2011). Our results, however, show that hAOX1 does not react with NADH. It is not
possible that hAOX1 acts as a NADH oxidase which is capable of producing significant
amounts of O," in tissues. In previous studies mainly rat, rabbit and mouse enzymes were
considered, for which a NADH oxidase activity has been obtained.

The hAOX1 WT and the new hAOX1 variants were tested for production of superoxide radical
using the cytochrome C reduction assay. All the enzymes, WT and mutants, showed production
of superoxide radical. To prove the specific superoxide production by hAOX1 WT and all the
variants, several experiments were performed. As control, the reduction of cytochrome ¢ was
totally inhibited by SOD1. SOD1 is an enzyme that catalyzes the dismutation of the superoxide
(0O2") radical into either molecular oxygen (O,) or hydrogen peroxide (H,O,).

The most relevant result was obtained by the SNP variant hAOX1 L438V. The variant L438V
produced 75% of superoxide radical during the catalysis, then producing just a minor amount
of hydrogen peroxide. This result highlights two interesting points: 1) the crucial relevance of
the residue L438 in the coordination of the FAD cofactor and 2) the possible toxic effect of the
SNP L438V mutant within the human cells. The reason for the variant L438V to produce such

high superoxide radical is still unclear. Probably the coordination role of this residue is crucial
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for the stabilization of the FAD cofactor in the active site. The leucine in position 438 is the
closest residue within the flexible FAD loop (430-440), having a distance of only 3.37 A to the
to the N5 and 3.42 A to the C4a of the FAD isoalloxazine ring. Notable of attention is that,
from the 3D crystal structure, the FAD cofactor resulted to be stacked between two leucine
residues, located in position 438 and 344 (Fig. 5.6). Furthermore, in bXO/XDH the residues
having the same location, 1431 and F336, have an important role in the coordination of the
FAD cofactor. A probable explanation for these alterations could be related with the redox

potential at the FAD binding site.

Figure 5. 6. Location of the FAD cofactor between Leu438 and Leu344. Shown are the residues Leu438 and
Leu344 (red sticks), FAD and FeSII (sticks). Figures were created with MacPymol built 0.99rc6.

5.7.1 Mutagenesis of Leu438 and ROS overproduction

The reaction of oxygen at the flavin active site of enzymes is still an intriguing question.
Presently, more than 100 000 protein sequences are deposited in the NCBI database classified
as flavoenzymes (Chaiyen et al., 2012). Flavins as FAD and FMN are redox cofactors able to
get up to two electrons from reducing substrates and releasing them to electron acceptors of
diverse chemical nature (Palfey & McDonald, 2010). Oxygen is essential in aerobic organisms,
and therefore it is commonly used as electron acceptor in flavoenzyme catalysis to generate
hydrogen peroxide (H2O,), which is emerging as a key cell signaling molecule (Forman et al.,

2010). These proteins are involved in networks of redox reactions playing essential roles in
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cellular physiology. Flavoenzymes are also among the most active generators of ROS, for
example NADPH oxidases (Drummond et al., 2011), mitochondrial electron chain enzymes
(Pryde & Hirst, 2011), and monoamine oxidases (Binda et al., 2011). Reaction rates of reduced
flavin with oxygen are very different among the various flavo-enzymes (Palfey & McDonald,
2010). This biochemical issue is gaining further interest because of its direct connection to
ROS physiology, and because of its relevance to redox cellular homeostasis.

The mechanism of how the reduced cofactor in flavo-enzymes reacts with oxygen, a
hydrophobic molecule by nature, is one of the most controversial and actively investigated
questions in enzymology and biochemistry (Nishino, 1989; Hunt & Massey, 1994; Mattevi,
2006). It is generally believed that flavin and oxygen undergo an initial one electron transfer
to generate a radical pair between the neutral flavin semiquinone (one electron reduced) and
superoxide radical (Chaiyen et al., 2012). This initiating step is chemically required to bypass
the spin-inversion barrier, which is inherent to a reaction between molecules that are in singlet
(reduced flavin) and triplet (molecular oxygen) states. Because of its intrinsic instability, the
radical pair intermediate has never been captured and characterized (Chaiyen et al., 2012).

A protonated active site histidine was identified as the crucial positively charged group that
contributes to facilitate the formation of the anionic superoxide radical (Klinman, 2007).
Instead in the monomeric sarcosine oxidase, the crystal structure originally displayed a
conserved Lys residue interacting with the flavin N5 atom via a water-mediated hydrogen
bond, a feature conserved in many amine oxidases (Kommoju et al., 2011). Site directed
mutagenesis to replace the Lys side chain with Met decreased the rate constant for flavin
oxidation by approximately 8000-fold (Zhao et al., 2008).

A clearly emerging question is that the reaction is primarily affected by changes in the local
environment of the flavin N5-C4a locus. This is the site that is directly involved in the reaction
with oxygen, and changes in its environment and accessibility are the central factors that
control reactivity with oxygen and the outcome of the reaction.

Considering the crucial role of the residue Leu438 at the FAD active site of hAOX1 regarding
the oxygen radicals formation, further variants were produced and analyzed: hAOX1 L438A,
L438K and L438F. The residue Leu438 has a distance of 3.37 and 3.42 A from the N5 and C4a
respectively (Fig. 5.7).
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Leu 438

Figure 5. 7. Location of the residue Leu438 in hAOX1 and distances to the N5-C4a locus. Figures were created
with MacPymol built 0.99rc6.

The substitution Leu to Ala increase the superoxide up to 80-90% of the total electrons coming
from the Moco. Leu to Lys resulted in around 65% and Leu to Phe in around 35% of superoxide
respectively. Those results confirmed the previous observations made on other enzyme that
such reaction is primarily affected by changes in the local environment of the flavin N5-C4a
locus. This is the site that is directly involved in the reaction with oxygen, and changes in its
environment and accessibility are the central factors that control reactivity with oxygen and the

outcome of the reaction.
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6. Outlook

In this work on the human AOX1 new aspects regarding the catalytic activity, the structure-
function relationship and the reactive oxygen species (ROS) production were investigated.

By single point mutagenesis, twenty new hAOXI1 variants carrying mutations in the
surrounding environment of the FAD cofactor were generated and characterized. Notably, ten
of those variants are single nucleotide polymorphisms (SNP) variants present within the human
population. The flexible loops in the vicinity of the FAD cofactor display similarity and partial
superimposition within the xanthine oxidase enzyme family. Those flexible moieties play a
crucial role during the interconversion XDH/XO, changing orientation and modulating the
enzyme for the reaction toward NAD" or molecular oxygen. hAOX1 variants on these flexible
loops showed altered enzymatic activity, revealing the importance of the residues Gly46, Gly
50, Gly346, Arg433, Ala439, Argl231 and Lys1237, effecting the environment of the FAD
active site. Still unclear remains the mechanistic reason for the alteration of the electron transfer
pathway and the effect of different sulfuration levels within the variants analyzed.

Further studies are necessary to reveal more aspects regarding the FAD active site in the
hAOXI1. Stopped flow anaerobic kinetics might be needful to understand whether these
alterations effect the oxidative or reductive half reactions, or both together. The separation of
the two half reactions, obtaining the kg and ko, may clarify which part of the reaction is
mainly effected from the residues exchanges in the variants. Furthermore, stopped-flow
enzyme kinetics may be performed using the reduced enzyme toward controlled concentrations
of molecular oxygen. Of great utility will be the obtaining of the deflavo-hAOX1 form, as
control for the steady-state kinetics experiments.

Another important aspect regards the redox potential of the hAOX1 cofactors. As shown from
Martin Mahro (2013) the cofactor reduction potentials of hAOX1, mAOX3 and bXOR display
interesting differences (Fig. 6.1). XORs are characterized to have similar values for the
molybdenum reduction potentials, whereas AOXs shows a considerable discrepancy of the
molybdenum reduction potentials. Unique to AOXs is a FeSI reduction potential that is higher
than that of FeSII. In XDHs, the FAD/ FADH; pair has an unusually low reduction potential,
which shifts of around 180 mV positively upon NAD" binding ( Barber et al., 1982; Hunt et
al., 1993; Ishikita et al., 2012). Alterations of these reduction potential pairs would result in

differences in the electron transfer pathway and catalytic rate.
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Figure 6. 1. Cofactor reduction potential of AOXs, XOs and XDHs (adapted from PhD thesis of Dr. Martin
Mahro, 2013). Values of published cofactor reduction potentials of AOX (Barber & Siegel, 1982) XOs
(Cammack, 1976; Porras & Palmer, 1982; Barber et al., 1982; Harris et al., 1999) and XDHs (Barber, 1977;
Barber et al., 1980; Parschat ef al., 2001) are plotted according to their position in the protein electron transfer
chain. Values obtained by redox titration or EPR spectroscopy. Unique to AOXs is the degeneration of both
molybdenum reduction potentials and the more positive FeSI reduction potential in comparison to FeSII. XDHs
are characterized by a more negative FAD/FADH2 redution potential in comparison to FAD/FAD".

The hAOX1 shows the more positive reduction potential for the FAD in comparison to the
other enzyme of the same family and it might explain the high reactivity of the hAOX1 toward
molecular oxygen However, further studies are necessary for the correct understanding of the
impact of the FAD redox potential on the reaction with oxygen. Determination of the redeox
potentials by electrochemical approaches or electron paramagnetic resonance (EPR)
measurements might provide a breakthrough toward a better understanding of the redox
properties of hAOXI1, especially regarding the hAOX1 FAD variants which show clear
alterations in enzyme activity and ROS production.

The diversity in residues composition and spatial orientation of those flexible loops among the
XO enzyme family explains the different redox properties, and consequently the different
reactivity at the FAD cofactor toward oxygen or NAD". As opposed to mAOX3, bXO and
bXDH, the hAOX1 is unable to react with NADH. This information discard the possibilities to
consider the hAOX1 as a physiologically relevant NADH oxidase enzyme.

The hAOX1 variants generated in this work revealed interesting properties regarding reactive
oxygen species (ROS) production.

The variants 1438V, L438A, L438K and L438F showed unbalanced ratio of H,0,/O,"
production with an overproduction of superoxide anion (3-8 fold higher compared to the wild
type). For future studies the generation of new Leu438 variants may explain the correlation

between the substituted residue and the rate of superoxide production. Interestingly, the
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variants L438V results from polymorphism identified in a human individual. The
overproduction of superoxide by this SNP variant might cause an alteration in the oxidative
stress of those individuals carrying the mutation. This aspect employs future investigations at
the cellular level. Studies on human cell cultures represent a further step in the research on the
hAOXI1 that might provide insights about the physiological relevance of the knowledge
obtained by in vitro investigations. Although hAOXI is an enzyme evidently involved in the
phase I of the metabolism of xenobiotics, it performs the catalysis of only a small minority
(<1%) of the reactions that occur in the drug metabolism (Sanoh et al., 2015). The main
characters of the drug metabolism pathways are the cytochrome enzyme families, which
present alternative or complementary reaction pathways with the hAOX1. Therefore, another
cellular function for the hAOX1 might be reasonable. Indeed, the role of hAOX1in the cell is
still unclear. Considering the species-specific differences for AOXs, the investigations on AOX
enzymes need to be clearly divided into studies on the human enzyme, containing only one
AOX orthologue and studies on other organisms containing more orthologues with a
significantly different in substrates and inhibitors spectrum. The generation of knock-out cell
lines or genetically modified cell lines expressing the SNP L.438V overproducing superoxide,
might provide insights regarding a potential role of hAOX1 in oxidative stress and oxidative

signaling in the cell.
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7. Conclusion

The focus of this study was to understand the catalytic mechanism of hAOX1 with special
interest at the FAD reactivity toward oxygen and consequent oxygen radicals production. The
human AOX1 was compared to enzyme of the same family as murine AOX3 and bovine XOR.
Our results showed for the first time the complexity of the FAD active site of hAOX1 and its
role in the overall enzyme activity and superoxide anion formation.

Starting from the available information about the FAD active site of bXOR and its importance
in the interconversion dehydrogenase/oxidase form, we elaborated a strategy to uncover the
role of crucial residues coordinating the FAD cofactor in hAOX1. Particularly, the focus of the
study was to understand the relevance of the flexible loop I (Q430AQRQENALAI449) and the
flexible loop II (T1230RGPDQ))235) in relation to the overall enzyme reactivity and its impact on
the oxygen reduction. hAOX1 variants on these flexible loops displayed impaired catalytic
activity, revealing the importance of the residues Gly46, Gly 50, Gly346, Arg433, Ala439,
Argl231 and Lys1237, indicating a novel role for this residues cluster in the structure-function
relation in the FAD active site of hAOX1. Among the twenty new hAOX1 variants generated
in this study, of particular interest resulted to be the residue Leu438.

Four hAOXI1 variants were produced on this residue: L438V, L438A, L438F and L438K.
Those variants did not show important alterations in catalytic activity, expression level,
dimerization ratio and metal content but revealed a prominent overproduction of superoxide
anion as side product of the hAOXI catalytic activity. In the case of the variants L438V and
L438A, the superoxide rate produced was 70-90% of the total reducing equivalent generated
from the oxidation of the substrate. The L438K mutant showed around 65% of superoxide
production and the variant L438F around 35%. Clearly, the Leu438 coordinates the reaction
between the isoalloxazine ring of the FAD cofactor and molecular oxygen. Structural data
confirm the vicinity of this Leu residue to the N5 (3.42 A) and to the C4a (3.37 A) atoms of
the FAD alloxazine ring. This idea is supported by the observation that the locus N5-C4a of
the FAD alloxazine ring plays the crucial role in the interaction with oxygen and consequent
formation of the superoxide anion.

Several studies from V. Massey and coworkers focused on the interaction FAD:Oxygen in

xanthine oxidoreductases. It was shown that the primary pathway in the oxidation of xanthine



oxidase during the rapid phase of the reaction is a 2-electron transfer to form hydrogen
peroxide. Since the slow phase of the enzyme reaction is thought to reflect the oxidation of 1-
electron reduced xanthine oxidase molecules, superoxide anions was proposed to be generated
during this step. Indeed, the stabilization of the semiquinone FADH’ seems to be necessary to
gain superoxide anion production (Komai et al., 1969; Fridovich, 1970; Olson et al., 1974).
Asai et al., generated a bXOR W335A/F336L mutant with the ability to produce a much higher
ratio of O, . This feature is caused by its conformation, which is strongly shifted towards the
XO form and its FAD redox potential is higher than that of the wild type enzyme. By this
mechanism, O," is formed by the reaction of FADH" with molecular oxygen. In the double
mutant bXOR W335A/F336L, the FAD redox potential changes to a higher value, and during
the catalytic turnover FAD can receive only one electron from Fe/S II to form FADH' , which
readily react with oxygen and O," is produced (Nishino et al., 1989; Harris and Massey, 1997,
Asai et al., 2007). Analysis of the hAOX1 variants overproducing superoxide did not show
clear stabilization of semiquinone FADH" by specro-photometric detection. It might be due to
the inability to detect the semiquinone FADH" with the methods employed. The substitution
Leu to Val or Leu to Ala in hAOXI creates a larger and hydrophobic space around the N5 of
the FAD isoalloxazine ring facilitating the formation of superoxide. Notably, in the variant
L438A three consecutive Alanine residues (Ala437-Ala438-A439) surround the N5-C4a
moiety of the FAD creating an even larger and hydrophobic environment in the vicinity of the
FAD. The contribution of those results is amplified considering that the mechanism and the
effect of the production of oxygen radicals in living organism is still one of the biggest open
questions in biochemistry and cell biology (Winterbourn, 2008; Winterbourn & Hampton,
2008).
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8. Summery

In this work the human AOX1 was characterized and detailed aspects regarding the expression,
the enzyme kinetics and the production of reactive oxygen species (ROS) were investigated.
The hAOXI1 is a cytosolic enzyme belonging to the molybdenum hydroxylase family. Its
catalytically active form is a homodimer with a molecular weight of 300 kDa. Each monomer
(150 kDa) consists of three domains: a N-terminal domain (20 kDa) containing two [2Fe-2S]
clusters, a 40 kDa intermediate domain containing a flavin adenine dinucleotide (FAD), and a
C-terminal domain (85 kDa) containing the substrate binding pocket and the molybdenum
cofactor (Moco). The hAOXI1 has an emerging role in the metabolism and pharmacokinetics
of many drugs, especially aldehydes and N- heterocyclic compounds.

In this study, the hAOX1 was hetereogously expressed in E. coli TP1000 cells, using a new
codon optimized gene sequence which improved the expressed protein yield of around 10-fold
compared to the previous expression systems for this enzyme. To increase the catalytic activity
of hAOXI, an in vitro chemical sulfuration was performed to favor the insertion of the
equatorial sulfido ligand at the Moco with consequent increased enzymatic activity of around
10-fold. Steady-state kinetics and inhibition studies were performed using several substrates,
electron acceptors and inhibitors. The recombinant hAOX1 showed higher catalytic activity
when molecular oxygen was used as electron acceptor. The highest turn over values were
obtained with phenanthridine as substrate. Inhibition studies using thioridazine (phenothiazine
family), in combination with structural studies performed in the group of Prof. M.J. Romao,
Nova Universidade de Lisboa, showed a new inhibition site located in proximity of the
dimerization site of hAOX1. The inhibition mode of thioridazine resulted in a noncompetitive
inhibition type. Further inhibition studies with loxapine, a thioridazine-related molecule,
showed the same type of inhibition. Additional inhibition studies using DCPIP and raloxifene
were carried out.

Extensive studies on the FAD active site of the hAOX1 were performed. Twenty new hAOX1
variants were produced and characterized. The hAOX1 variants generated in this work were
divided in three groups: I) hAOX1 single nucleotide polymorphisms (SNP) variants; II) XOR-
FAD loop hAOXI1 variants; III) additional single point hAOX1 variants. The hAOX1 SNP
variants G46E, G50D, G346R, R433P, A439E, K1231N showed clear alterations in their



catalytic activity, indicating a crucial role of these residues into the FAD active site and in
relation to the overall reactivity of hAOX1.

Furthermore, residues of the bovine XOR FAD flexible loop (Q423ASRREDDIAK433) were
introduced in the hAOX1. FAD loop hAOX1 variants were produced and characterized for
their stability and catalytic activity. Especially the variants hAOX1 N436D/A437D/L438]I,
N436D/A437D/L4381/1440K and Q434R/N436D/A437D/L4381/1440K showed decreased
catalytic activity and stability. hAOX1 wild type and variants were tested for reactivity toward
NADH but no reaction was observed.

Additionally, the hAOX1 wild type and variants were tested for the generation of reactive
oxygen species (ROS). Interestingly, one of the SNP variants, hAOX1 L438V, showed a high
ratio of superoxide prodction. This result showed a critical role for the residue Leu438 in the
mechanism of oxygen radicals formation by hAOXI1. Subsequently, further hAOX1 variants
having the mutated Leu438 residue were produced. The variants hAOX1 L438A, L438F and
L438K showed superoxide overproduction of around 85%, 65% and 35% of the total reducing
equivalent obtained from the substrate oxidation.

The results of this work show for the first time a characterization of the FAD active site of the
hAOXI, revealing the importance of specific residues involved in the generation of ROS and
effecting the overall enzymatic activity of hAOX1. The hAOX1 SNP variants presented here
indicate that those allelic variations in humans might cause alterations ROS balancing and

clearance of drugs in humans.
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Appendix

Table A 1. List of chemicals used in this work.

Name Company

2-(N-morpholino)ethanesulfonic acid (MES) Sigma-Aldrich Corporation

4-(Dimethylamino)cinnamaldehyde

Sigma-Aldrich Corporation

Acetic acid

Sigma-Aldrich Corporation

Agarose SPI

Duchefa Biochemie B.V

Ammonium acetate

Carl Roth GmbH & Co. KG

Benzaldehyde

Sigma-Aldrich Corporation

Benzyl viologen

Sigma-Aldrich Corporation

Calcium chloride dihydrate

VWR International GmbH

Cinnamaldehyde

Sigma-Aldrich Corporation

Coomassie R250 brilliant blue

Ferak Berlin GmbH

Dichlorophenolindophenol

Sigma-Aldrich Corporation

diphenyliodonium chloride

Sigma-Aldrich Corporation

Dimethyl sulfoxide Carl Roth GmbH & Co. KG
Dipotassium phosphate Duchefa Biochemie B.V
Dithiothreitol AppliChem GmbH
Ethanol VWR International GmbH

Flavin adenine dinucleotide disodium salt

Sigma-Aldrich Corporation

Glycerol (98%)

Sigma-Aldrich Corporation

Hydrochloric acid, 37%

Sigma-Aldrich Corporation

Imidazole

Sigma-Aldrich Corporation

Isopropyl B-D-1-thiogalactopyranoside

Duchefa Biochemie B.V



L-ascorbic acid

Sigma-Aldrich Corporation

Magnesium chloride hexahydrate

Sigma-Aldrich Corporation

Methanol, HPLC grade

VWR International GmbH

Methyl viologen

Sigma-Aldrich Corporation

Monopotassium phosphate

Merck KgaA

NAD+, hydrate

Sigma-Aldrich Corporation

NADH, disodium salt, grade II

Roche AG

Nitric acid, 65% Suprapur

Millipore

Nitro blue tetrazolium chloride

Sigma-Aldrich Corporation

phenanthridine

Sigma-Aldrich Corporation

phenazine methosulfate

Carl Roth GmbH & Co. KG

phthalazine

Sigma-Aldrich Corporation

Peptone

Duchefa Biochemie B.V

Polyethylene glycol 4000 (PEG4000)

Fermentas Life Sciences

Potassium chloride

VWR International GmbH

Potassium cyanide

Sigma-Aldrich Corporation

Potassium hexacyanoferrate (I1I) (ferricyanide)

Potassium hydroxide

Merck KgaA

Potassium iodide

VWR International GmbH

Potassium thiocyanate

Carl Roth GmbH & Co. KG

Riboflavin dihydrate

Sigma-Aldrich Corporation

Riboflavin-5’-monophosphate sodium salt dihydrate

Sigma-Aldrich Corporation

salicylaldehyde

Sigma-Aldrich Corporation

Sodium molybdate dihydrate

Carl Roth GmbH & Co. KG

Sodium acetate

Sigma-Aldrich Corporation

Sodium bicarbonate

Sigma-Aldrich Corporation

Sodium chloride
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Sodium dithionite

Sigma-Aldrich Corporation

Sodium dodecyl sulfate

AppliChem GmbH

Sodium hydroxide

Carl Roth GmbH & Co. KG

Sodium nitrate

Carl Roth GmbH & Co. KG

Sodium sulfide

Sigma-Aldrich Corporation

Trichloroacetic acid

Duchefa Biochemie B.V

Tris(hydroxymethyl)aminomethane (Tris)

Duchefa Biochemie B.V

Tryptone

Duchefa Biochemie B.V

Yeast Extract

Duchefa Biochemie B.V

Table A 2. List of buffer and solutions used in this work.

Name Composition pH Sterilization  Storage
Al TE + 1:100 RNase premix 8.00 filtration 4°C
A2 200 mM NaOH, 1.25% w/v SDS - filtration >22°C
. 50% v/v glycerol, 40 mM Tris x Ac, 1 o
AGE-loading buffer mM Na2H2EDTA 8.00 - 4°C
Coomassie (de-) 40% v/v MeOH, 10 % v/v acetic acid,
. . . - - RT
stainingsolution (0.25 Coomassie-
K-MES 500 mM KOH x 2-(N-morpholino)- ¢ 5 filtration ~ -20 °C
ethanosulfonic acid
lysis buffer 300 mM NaCl, 50 mM NaH2PO4 8.00 filtration RT
MES.-buff 12% w/v glycerol, 50 mM CacCl2, 45 6.3 filtrati 400
-outiet mM MnCl2, 2% v/v K-MES ' Hration
Mini-prep Tris EDTA 50 mM Tris x HCI, 1 mM Nap H?
buffer EDTA 8.00 autoclave RT
. 250 mM Tris x HCI, 30% w/v glycerol, o
native-/(SDS)-PAGE- = 50/ 1\ brom- phenyl-blue, (10% 6.8 i 4°C

loading buffer

v/v B- mercaptoethanol, 3% w/v SDS)
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native-/ (SDS)- PAGE

192 mM glycine, 25 mM Tris, (0.1 %

running buffer w/v SDS) 8.2 i RT
M NaH2P °
NTA elution buffer S0m an2 0.4’ ?,OO mM NaCl, 250 8.0 filtration 4°C
mM imidazole
M NaH2P M NacCl, 1
NTA washing buffer I 50 mM NaH? 0.4’.300 mM NaCl, 10 8.0 filtration 4°C
mM imidazole
. MN .
NTA washing buffer II S0m aH2PO.4,.300 mM NaCl, 20 8.0 filtration 4°C
mM imidazole
50 mM Tris x HCI, 200 mM, NaCl, 1 .
standard assay buffer mM EDTA 8.0 filtration RT
50 mM Tris x HCI1, 200 mM, NaCl, 1 .
storage buffer mM EDTA 8.0 filtration RT
sulfuration buffer 50 mM Ky H};;; ZO4 , Na2 H2 74 filtration RT

Table A 3. Oligonucleotides used in this study. Primers were synthesized and desalted by
BioTez (BioTeZ Berlin-Buch GmbH).

oligonucleotide sequence purpose
hAOXlco Ndel For CACCATATGAAACAGGATCG Sequencing
hAOXIco_intl For ATCGTATTGAAGAACTGAGCG Sequencing
hAOXIlco int2 For CCGATTGGTCATCCGATTATGC Sequencing
hAOXIco_int3 For GATGGTCGTATTCTGGCACTGG Sequencing
hAOXIlco int4 For GGCACAGACCGCATTTGATGAA Sequencing
hAOXlco Intl Rv AAT CAG ACA TGC ATT TGC CG Sequencing

hAOXlco G1269R Forl CAGCAAAGgggigCGTGAAAG Cloning

hAOXlco GI1269R Revl CACCGC"{“l;"{Hgé(;gCAGACC Cloning

CAAATATGGTTGTGGTGAGGGT
hAOXlIco G46E For TTGTGGTGCATG GG Cloning
ATGCACCACAACCA TCA
hAOXlco G46E Rev CATGC (C:i A(é C AEE"ETS"EC(}: CACCA Cloning
hAOX1co_G346R_For TGGGCACCCTGGCACGTAGCC Cloning
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AGATTCGTA

TACGAATCTGGCTACGTGCCAG

hAOXlco G346R_Rev GGTGCCCA Cloning
hAOXlco L438V_For GCGTCA??Q??:;?EggTGGCAA Cloning
hAOXlco L438V_ Rev GCTATTA?S??E gfggéCTGCATT Cloning
TCATATTATTA T
hAOXlco H363Q For GaTC GATAGCG ATGCS"(C:}CA}; A(;;;GCCA Cloning
hAOXlco H363Q Rev GATTgég?ii?i;?zgéiigTGAc Cloning
hAOXlco K1237N For GGTCgégggiigiﬁg?§CATT Cloning
hAOXlco K1237N Rev CAC???;éi?g?gGAﬁggTTA Cloning
TGGTGGTGGTTGT
hAOXlco G50D_ For GG GC?F C?F CZ CGC%TTC;T%ATGC Cloning
hAOXl1co G50D Rev CATA: AC (? CC;TCA CCIfCCCCXICAETCAC Cloning
hAOXlco L438A For CG];}CCAAAAiixAGTA,? if’f i é} G Cloning
TA TTA ACA ATT
hAOXlco L438A Rev ¢ GCA TTS TCT TC?:ECC}}CT Cloning
AAA CATCT ACCTT
hAOXlco L344F For GCC A ((}: G"IG" Sgg Cfg T Cloning
hAOXlco L344F Rev 16 CC}}((:;? ?;‘%FZGTCGAT[;? GeT Cloning
AA GAA AAT
hAOXlco A437V_For ¢ iTT GTT /SAC:”?:;}F(? GTG Cloning
hAOXlco A437V_Rev GeT éflcﬂ}l;jiATi ??FCF ”??((}: CAG Cloning
hAOXlco L438K For CGE}S:Z:S"? g_;}rlf AC,}FCﬁGéAA Cloning
hAOXlco L438K Rev GC,I:F G%TZT?ATCTIQ??FE?X%ETT Cloning
T CAA GAA AAT
hAOXl1co L438F For G G CCA ATGT GTT A AFF}(ZEETC Cloning
T ATT AAC AA
hAOXlco L438F Rev GCT GC ATT ;:T C TEEG:CCG}AA Cloning
hAOXlco R433P For CGTCgiiiﬁiggigTCAA Cloning
GTGCATTTTCTTGA T
hAOXlIco R433P Rev TGCCTGAC GGGC G Cloning
TCAAGAAAAT
hAOXlco A439E For G T(":F GTSF} AATA GSSQ?,I?SCAAA Cloning
hAOXlco A439E Rev GCAiég“g}gil]:?;{é?f C?:g g Tee Cloning
hAOXIco RI1231H_ For GGTA;ggg}gi?Eig?riATGG Cloning
hAOXlco R1231H Rev TACTG?g}(éiCéii(;iézGGGTA Cloning

152



CAT ACC CGT GGT CCG CAT CAG

hAOXlco D1234H For TAT AAA ATT CCG Cloning
CGG AAT TTT ATA CTG ATG CGG .
hAOXlco D1234H Rev ACC ACG GGT ATG Cloning
AAA CAT CTG GGC ACC TTT
hAOXlco A437D F loni
OXlco_A437D_For GCA GGT A Cloning
TAC CTG CAA AGG TGC CCA .
hAOXlIco A437D Rev GAT GTT T Cloning
GCA CAG CGT CAA GAA GAT GAT :
hAOXl1co N436D/A437D For CTG GCA ATC GTT AAT AGC GGT Cloning
ACC GCT ATT AAC GAT TGC CAG .
hAOXlco N436D/A437D Rev ATC ATC TTC TTG ACG CTG TGC Cloning
AAT TTG TTA GCG CAT TTC
hAOXlco N436D/A437D/L4381 F loni
OXlco N436D/A437 381 For GTC AGG CAA GCC GT Cloning
ACG GCT TGC CTG ACG AAA :
hAOXl1co N436D/A437D/L4381 For TGC GCT AAC AAA TT Cloning
hAOXlco N436D/A437D/L4381/ AAT TTG TTA GCG CAT TTC Cloni
1440 K_For GTC AGG CAT CG onmeg
hAOXl1co N436D/A437D/L4381/ CGA TGC CTG ACG AAA TGC Clonin
1440 K_For GCT AAC AAA TT &
hAOXl1co Q434R/N436D/A437D/ CAC AGC GTC GAG AAG ATG Clonin
L4381/1440 K_For ATA TCG CAA AAG &
hAOXlco Q434R/N436D/A437D/ CTT TTG CGA TAT CAT CTT CTC Cloni
L4381/1440 K_For GAC GCT GTG onng
GGC AGC CAT ATG GAT CGT Cloning and
hAOXlco-Q-F
OXleo-Q-For GCA AGC GAA sequencing
TTC GCT TGC ACG ATC CAT Cloning and
hAOXlco-Q-Rev ATG GCT GCC sequencing
CAT ATG GAT CGT GCA AGC Cloning and
hAOXTco-Q2-For GAA CTG CTG TTT TAT sequencing
ATA AAA CAG CAG TTC GCT TGC Cloning and
hAOXTco-Q2-Rev ACG ATC CAT ATG sequencing
CGC GGC AGC CAT ATG GAT Cloning and
hAOXlco_L438QII_For CGT GCA AGC GAA sequencing
TTC GCT TGC ACG ATC CAT Cloning and
hAOXTco_L438QIL_Rev ATG GCT GCC GCG sequencing
Table A 4. Plasmids used in this study.
name lasmid Selection
P marker
pTHcoaox pTrcHis-hAOX1 codon optimized Amp
pFAOQ3 pTrcHis-hAOX1 G1269R codon optimized Amp
pFA04 pTrcHis-hAOX1 G46E codon optimized Amp
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pFAOQS5 pTrcHis-hAOX1 G50D codon optimized Amp
pFA06 pTrcHis-hAOX1 G346R codon optimized Amp
pFAOQ7 pTrcHis-hAOX1 H363Q codon optimized Amp
pFAO08 pTrcHis-hAOX1 R433P codon optimized Amp
pFAO09 pTrcHis-hAOX1 A437V codon optimized Amp
pFA10 pTrcHis-hAOX1 L438V codon optimized Amp
pFAll pTrcHis-hAOX1 A439E codon optimized Amp
pFA12 pTrcHis-hAOX1 R1231H codon optimized Amp
pFA13 pTrcHis-hAOX1 K1237N codon optimized Amp
pFA14 pTrcHis-hAOX1 A437D codon optimized Amp
pFAIS pTrcHis-hAOX1 N4§6D/A437D codon Amp
optimized
TrcHis-hAOX1 N436D/A437D/L4381
pFA16 pRretis o Amp
codon optimized
pTrcHis-hAOX1
pFA17 N436D/A437D/L4381/1440K codon Amp
optimized
pTrcHis-hAOX1
pFA18 Q434R/N436D/A437D/L4381/1440K codon Amp
optimized
pFA19 pTrcHis-hAOX1 D1234H codon optimized Amp
pFA20 pTrcHis-hAOX1 L438A codon optimized Amp
pFA21 pTrcHis-hAOX1 L438F codon optimized Amp
pFA22 pTrcHis-hAOX1 L438K codon optimized Amp
pFA23 pTrcHis-hAOX1 L433F codon optimized Amp
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Figure A. 1. Sequence alignment of the DNA sequence of the native hAOX1 and a synthetic codon
optimized sequence (co hAOX1). Identical bases in both sequences are boxed in black. Alignment
produced by CLC Sequence Viewer - QIAGEN Bioinformatics.
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substrate binding site

Figure A. 2. Amino acid sequence alignment of hAOX1, mAOX3, hXO and bXO. Higlhy conserved
residues in blue; partially conserved residues in black; non-conserved residues in red. FeS clusters
marked by red boxes, FAD domain marked by green box and Moco domain/substrate binding site
marked in yellow. Alignment produced by CLC Sequence Viewer - QIAGEN Bioinformatics.
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