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Abstract

Background Aldehyde oxidase (AOX) is an important molybdenum-containing enzyme with high similarity with xanthine
oxidase (XO). AOX involved in the metabolism of a large array of aldehydes and N-heterocyclic compounds and its activity
is highly substrate-dependent.

Objectives The aim of this work was to study the effect of five important phenothiazine drugs on AOX activity using ben-
zaldehyde and phenanthridine as aldehyde and N-heterocyclic substrates, respectively.

Methods The effect of trifluperazine, chlorpromazine, perphenazine, thioridazine and promethazine on rat liver AOX was
measured spectrophotometrically. To predict the mode of interactions between the studied compounds and AOX, a combina-
tion of homology modeling and a molecular docking study was performed.

Results All phenothiazines could inhibit AOX activity measured either by phenanthridine or benzaldehyde with almost no
effect on XO activity. In the case of benzaldehyde oxidation, the lowest and highest half-maximal inhibitory concentration
(ICs,) values were obtained for promethazine (ICs5,=0.9 uM), and trifluoperazine (ICs,=3.9 uM), respectively; whereas per-
phenazine (IC5,=4.3 uM), and trifluoperazine (ICs,=49.6 uM) showed the strongest and weakest inhibitory activity against
AOX-catalyzed phenanthridine oxidation, respectively. The in silico findings revealed that the binding site of thioridazine
is near the dimer interference, and that hydrophobic interactions are of great importance in all the tested phenothiazines.
Conclusion The five studied phenothiazine drugs showed dual inhibitory effects on AOX activity towards aldehydes and
N-heterocycles as two major classes of enzyme substrates. Most of the interactions between the phenothiazine-related drugs

and AOX in the binding pocket showed a hydrophobic nature.
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1 Introduction

Although cytochrome P450 enzymes (CYP) are by far the
dominant drug metabolizing systems, a shift in medicinal
chemistry strategies and advancements in the field of non-
CYP-mediated metabolism have caused an increase in the
involvement of non-CYP-mediated metabolic pathways,
and the number of compounds that serve as substrates for
these enzymatic systems has rapidly increased in recent
years [1-4].

Aldehyde oxidase (AOX; EC 1.2.3.1) is one of these
non-CYP enzymes that can metabolize a broad range of
aldehydes and N-heterocyclic compounds including some
important drugs such as famciclovir [5], ziprasidone [6],
6-mercaptopurine [7], zebularine [8], and methotrexate
[9]. Accordingly, the number of potential drug molecules
metabolized by this enzyme has markedly increased in
recent years, putting AOX a the center of attention of drug
screening and discovery programs [10-12].

AOX is a cytosolic molybdenum-containing hydroxy-
lase composed of two identical subunits of about 150 kDa,
with each subunit consisting of three distinct domains. It
is widely distributed through the animal kingdom, and can
be found in species as diverse as the sea anemone and man.
This enzyme is very closely related to an other molyb-
denum hydroxylase, xanthine oxidase (XO; EC 1.2.3.2),
sharing very similar characteristics, such as molecular
weight, cofactor composition, subunit structure, and sub-
strate specificities (both oxidize aromatic aldehydes and
N-heterocycles on an electrophilic carbon atom adjacent
to an oxygen or nitrogen atoms).

Given the role of AOX in drug metabolism, it is likely
that those compounds that can inhibit AOX activity inter-
fere with the metabolism of drugs catalyzed by AOX
following their co-administration. Drug interactions are
of great concern as they may lead to an increase in side
effects and reduce the drug efficiency [13, 14], and are
considered as one of the most important leading causes of
morbidity and mortality [15]. Inhibition of drug-metabo-
lizing enzymes is a frequent cause of clinically significant
drug interactions [16]. Therefore, identification of enzyme
inhibitors, elucidating the mechanism of inhibition and
understanding the modes of inhibitor binding are impor-
tant information required for drug discovery programs,
the optimization of enzyme inhibitors, and also for appro-
priate rational designs and the implementation of clinical
studies. There are numerous reports indicating that many
compounds, including some natural compounds [17, 18]
and important drugs [19, 20], can act as AOX inhibitors.

Some phenothiazines such as chlorpromazine are also
potent inhibitors of AOX activity [20, 21]. Phenothiazines
are an important group of drugs that have been widely
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used to treat psychiatric disorders such as schizophrenia
for over 50 years. In addition, they have a broad array of
other activities such as antitumor effects, antimicrobial
activity and anti-emetic action. Taking into account the
extensive use of phenothiazines on the one hand, and the
broad range of drugs and natural compounds that act as
AOX substrates and inhibitors on the other hand, there
would be great potential for drug interactions in concomi-
tant administration of these compounds.

The inhibitory profile can be dependent on the type of the
substrate used in the enzymatic reaction. This, in turn, can
markedly influence in vitro drug—drug interaction prediction.
Therefore, the use of a multiple substrate screening approach
has been suggested as an appropriate strategy in the design
of a drug—drug interaction study [22]. AOX shows extreme
substrate-dependent inter- and intra-species variation, and
some part of this variation arises from the type of the sub-
strate used in the enzyme activity measurement [12]. Unlike
XO activity, which is routinely monitored by xanthine as the
substrate, various substrates have been used for AOX activ-
ity assays, and the selection of an appropriate substrate for
AOX-based drug—drug interaction studies will be a critical
issue [12]. As has been mentioned, AOX is able to oxidize
a wide range of compounds which can be grouped into the
two major classes of N-heterocycles and aldehydes. We
have shown that the inhibitory effect of flavonoids on AOX
activity measured by aldehydes as the substrate is different
from assays by N-heterocyclic substrates [23]. In the present
study, the inhibitory effect of phenothiazines on AOX activ-
ity has been investigated using both benzaldehyde (an alde-
hyde) and phenanthridine (an N-heterocycle) as the enzyme
substrates. To the best of our knowledge, this is the first
comparative AOX inhibition profile study using aldehyde
and N-heterocyclic compounds as the enzyme substrates.
This study can provide a better understanding of the function
and mechanism of the AOX action.

2 Materials and Methods
2.1 Chemicals

Benzaldehyde, phenanthridine and xanthine were purchased
from Sigma-Aldrich (Poole, Dorset, UK). Trifluperazine,
chlorpromazine, perphenazine, thioridazine and prometh-
azine were a kind gift from Prof. Hadi Valizadeh, Tabriz
University of Medical Sciences, Tabriz, Iran. Other chemi-
cals were purchased from Merck (Darmstadt, Germany) and
were of analytical grade.
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2.2 Preparation of Partially Purified AOX and XO

Six 7- to 8-week-old male Wistar rats with body weights
between 250 and 300 g were obtained from the Animal
House of Tabriz University of Medical Sciences, Iran,
and used for the experimental studies. They were fed with
a standard laboratory diet and allowed food and water
ad libitum. The animals were maintained in a controlled
temperature (18 +£1 °C), humidity (50%) and lighting
cycle of 07:00-19:00 hours light and 19:00-07:00 hours
dark. They were handled with human care in accordance
with the National Institute of Health guidelines, and
the study was approved by the local and national ethic
committees.

The animals were killed by general anesthesia with
ether between 09:00 and 10:00 hours and the livers
were quickly excised after removing the excess fat and
gall bladder, and placed on ice-cold isotonic potassium
chloride solution (1.15% KCI w/v) containing 0.1 mM
EDTA. The livers were then homogenized on ice in a
homogenizer fitted with a Teflon pestle. A partially puri-
fied molybdenum hydroxylase fraction containing both
AOX and XO was prepared from the liver homogenate by
heat treatment and ammonium sulphate precipitation, as
described elsewhere [24]. The partially purified enzyme
fractions were kept in liquid nitrogen until required.

2.3 Enzyme Assays

All the enzyme assays were carried out using a Shimadzu
2550 UV/VIS spectrophotometer. It was controlled by
the Shimadzu UV Probe personal software package. The
instrument was connected to a Shimadzu cell tempera-
ture-controlling unit. AOX activity was measured using
phenanthridine and benzaldehyde as the substrates at 322
and 246 nm, respectively. XO activity was determined by
monitoring uric acid production from xanthine at 295 nm.

The substrates were incubated separately with the
enzyme fraction in Sorenson’s phosphate buffer (67 mM,
pH=7.0) containing 0.1 mM of EDTA at 37 °C at a final
concentration of 40 pM for phenanthridine, 100 pM for
benzaldehyde and 40 uM for xanthine. The reactions were
started by the addition of the enzyme fraction to the reac-
tion solution and measured for up to 5 min for phenan-
thridine and benzaldehyde and 30 min for xanthine. The
reactions were also carried out in the presence of pheno-
thiazine solutions (2-50 pM), and the results were com-
pared with the inhibitory effects of 1-100 pM menadione
(an AOX-specific inhibitor) and 1-100 pM allopurinol (a
potent inhibitor of XO).

2.4 Determination of Kinetic Constants

To obtain the Michaelis—Menten constant (K,,) and the max-
imum initial velocity (V,,,), the AOX-catalyzed oxidation
of benzaldehyde in Sorenson’s phosphate buffer (67 mM,
pH="7.0 containing 0.1 mM EDTA) in the absence and pres-
ence of phenothiazines was determined. Different concentra-
tions of benzaldehyde (10-100 pM) were incubated with the
enzyme fraction at 37 °C in the absence or presence of each
phenothiazine, and the initial oxidation rates were measured.
K, and V_,, values were determined from Lineweaver—Burk
double reciprocal plots of 1/[S] against 1/v. The line of the
best fit through the points on the plot was calculated using
linear regression by the least squares method (SPSS, v.16).
The ICs, values of the inhibitors were obtained from
the plot of the log of more than five concentrations of the
tested inhibitors versus the percent inhibition of the enzyme
activities. The inhibition constants were determined using
secondary plots (slopes and intercepts from the initial
Lineweaver—Burk plot vs. inhibitor concentrations). In the
case of mixed inhibition, where the inhibitor can bind to
the free enzyme and to the enzyme—substrate complex, two
inhibitor constants were defined: K; as the dissociation con-
stant of the enzyme—inhibitor complex, and K; as the dissoci-
ation constant of the enzyme—substrate—inhibitor complex. If
K; < K|, the inhibition was considered as a competitive—non-
competitive type; if K;> K|, the inhibition was considered as
uncompetitive—-noncompetitive.

2.5 Protein Determination

Protein concentrations of the partially purified enzyme frac-
tions were determined spectrophotometrically using Brad-
ford assay with bovine serum albumin as a standard protein.

2.6 Molecular Modeling Studies
2.6.1 Homology Modeling

The three-dimensional (3D) structure of rat AOX1 was
generated by homology modeling, as outlined below.
First, the amino acid sequence of rat AOX1 (Accession
number: Q9Z0U5) was obtained from the UniProt data-
base and subjected to BLAST search against the Protein
Data Bank to find homologous proteins with known 3D
crystal structures [25, 26]. The PDB crystal structure of
human AOX1 (PDB ID: 4UHX) was selected as an appro-
priate template [27]. Alignment of rat and human AOX1
(UniProtKB-Q06278) sequences was performed using
the ClustalOmega webserver [28]. The initial model was
generated by threading the sequence of rat AOX1 onto
the structure of human AOX1 guided by the sequence
alignment (Fig. 1). This initial model was submitted to
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RAT AO -MDPPQLLFYVNGQKVVENNVDPEMMLLPYLRKNLRLTGTKYGCGGGGCGACTVMISRYNPSTKSIRHHPVNACLTPICSLYGTAVTTVEGIGNTRTRLHPVQERIAKCHSTQCGFCTPG
HUMAN AO MDRASELLFYVNGRKVIEKNVDPETMLLPYLRKKLRLTGTKYGCGGGGCGACTVMISRYNPITKRIRHHPANACLIPICSLYGAAVTTVEGIGSTHTRIHPVQERIAKCHGTQCGFCTPG
P e N S s A A S A
RAT AO MVMSMYALLRNHPEPSLDQLTDALGGNLCRCTGYRPIIDACKTFCRASGCCESKENGVCCLDQGINGSAEFQEGDETSPELFSEKEFQPLDPTQELIFPPELMRIAEKQPPKTRVEFYSNR
HUMAN AO MVMSIYTLLRNHPEPTLDQLTDALGGNLCRCTGYRPIIDACKTFCKTSGCCQSKENGVCCLDQGINGLPEFEEGSKTSPKLFAEEEFLPLDPTQELIFPPELMIMAEKQSQRTRVFGSER
e S A e O S i S
RAT AO MTWISPVTLEELVEAKFKYPGAPIVMGYTSVGPEVKFKGVFHPIIISPDRIEELSIINQTGDGLTLGAGLSLDQVKDILTDVVQKLPEETTQTYRALLKHLRTLAGSQIRNMASLGGHIV
HUMAN AO MMWFSPVTLKELLEFKFKYPQAPVIMGNTSVGPEVKFKGVFHPVIISPDRIEELSVVNHAYNGLTLGAGLSLAQVKDILADVVQKLPEEKTOMYHALLKHLGTLAGSQIRNMASLGGHI T
o e A
RAT AO SRHLDSDLNPLLAVGNCTLNLLSKDGKRQIPLSEQFLRKCPDSDLKPQEVLVSVNIPCSRKWEFVSAFRQAQRQONALAIVNSGMRVLFREGGGVIKELSILYGGVGPTTIGAKNSCQKL
HUMAN AO SRHPDSDLNPILAVGNCTLNLLSKEGKRQIPLNEQFLSKCPNADLKPQEILVSVNIPYSRKWEFVSAFRQAQRQENALAIVNSGMRVFFGEGDGIIRELCISYGGVGPATICAKNSCQKL
e e g N
RAT AO IGRPWNEEMLDTACRLVLDEVTLAGSAPGGKVEFKRTLIISFLFKFYLEVLQGLKREDPGHYPSLTNNYESALEDLHSKHHWRTLTHQNVDSMQLPQDPIGRPIMHLSGIKHATGEAIYC
HUMAN AO IGRHWNEQMLDIACRLILNEVSLLGSAPGGKVEFKRTLIISFLFKFYLEVSQILKKMDPVHYPSLADKYESALEDLHSKHHCSTLKYQNIGPKQHPEDPIGHPIMHLSGVKHATGEAIYC
A e s S e O S S
RAT AO DDMPAVDRELFLTFVTSSRAHAKIVSIDLSEALSLPGVVDIITADHLODATTFG----TETLLATDKVHCVGQLVCAVIADSETRAKQAAKHVKVVYRDLEPLILTIEEAIQHKSFFESE
HUMAN AO DDMPLVDQELFLTFVTSSRAHAKIVSIDLSEALSMPGVVDIMTAEHLSDVNSFCFFTEAEKFLATDKVEFCVGQLVCAVLADSEVQAKRAAKRVKIVYQDLEPLILTIEESIQHNSSFKPE
S A S N S N N e s
RAT AO RKLECGNVDEAFKIADQILEGEIHIGGQEHFYMETQSMLVVPKGEDGEIDIYVSTQFPKHIQDIVAATLKLSVNKVMCHVRRVGGAFGGKVGKTSIMAAITAFAASKHGRAVRCTLERGE
HUMAN AO RKLEYGNVDEAFKVVDQILEGEIHMGGQEHFYMETQSMLVVPKGEDQEMDVYVSTQFPKYIQDIVASTLKLPANKVMCHVRRVGGAFGGKVLKTGIIAAVTAFAANKHGRAVRCVLERGE
e o e S S A
RAT AO DMLITGGRHPYLGKYKVGFMRDGRIVALDVEHYCNGGSSLDESLWVIEMGLLKMDNAYKFPNLRCRGWACRTNLPSHTALRGFGFPQAGLVTEACVTEVAIRCGLSPEQVRTINMYKQID
HUMAN AO DMLITGGRHPYLGKYKAGFMNDGRILALDMEHYSNAGASLDESLFVIEMGLLKMDNAYKFPNLRCRGWACRTNLPSNTAFRGFGFPQAALITESCITEVAAKCGLSPEKVRIINMYKEID
A G o A
RAT AO NTHYKQEFSAKTLFECWRECMAKCSYSERKTAVGKENAENSWKKRGMAVIPLKFPVGVGSVAMGQAAALVHIYLDGSALVSHGGIEMGQGVHTKMIQVVSRELKMPMSSVHLRGTSTETV
HUMAN AO QTPYKQEINAKNLIQCWRECMAMSSYSLRKVAVEKFNAENYWKKKGLAMVPLKFPVGLGSRAAGQAAALVHIYLDGSVLVTHGGIEMGQGVHTKMIQVVSRELRMPMSNVHLRGTSTETV
PP e S N A N ST
RAT AO PNTNASGGSVVADLNGLAVKDACQTLLKRLEPIISKNPQGTWKDWAQTAFDQSVSLSAVGYFRGYESNINWEKGEGHPFEYFVYGAACSEVEIDCLTGDHKNIRTDIVMDVGHSINPALD
HUMAN AO PNANISGGSVVADLNGLAVKDACQTLLKRLEPIISKNPKGTWKDWAQTAFDESINLSAVGYFRGYESDMNWEKGEGQPFEYFVYGAACSEVEIDCLTGDHKNIRTDIVMDVGCSINPAID
o o O i N S O P
RAT AO IGQVEGAFIQGMGLYTIEELSYSPQGILYSRGPNQYKIPAICDIPTEMHISFLPPSEHSNTLYSSKGLGESGVFLGCSVFFAIHDAVRAARQERGISGPWKLTSPLTPEKIRMACEDKET
HUMAN AO IGQIEGAFIQGMGLYTIEELNYSPQGILHTRGPDQYKIPAICDMPTELHIALLPPSONSNTLYSSKGLGESGVFLGCSVFFATIHDAVSAARQERGLHGPLTLNSPLTPEKIRMACEDKET
e o
RAT AO KMIPRDEPGSYVPWNIPV
HUMAN AO KMIPRDEPGSYVPWNVPI
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Fig. 1 Sequence alignment used for building the homology model of
rat AOX (target sequence) based on the structure of the human AOX3
crystal structure (PDB code: 4UHX the template structure). The sym-

the Swiss-Model web server for energy minimization and
further geometry refinement using the GROMOSE96 force
field [29]. The model quality was assessed from the geom-
etry point of view using the MolProbity server [30] and
evaluation of the atomic non-local interaction profile by
ANOLEA server [31].

2.6.2 Preparation of the Ligand Structures

The 3D structures of the studied phenothiazines (i.e., chlor-
promazine, perphenazine, promethazine, and trifluopera-
zine) were generated using HyperChem v.8 [32] and sub-
jected to energy minimization using MM + force field [33].
Then, the structures were fully optimized based on the semi-
empirical method, using the AM1 level of theory [34]. The
structures were saved in HIN format, and then converted to
Mol?2 file format using Open Babel software [35].
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bols *, : and . represent identical, conserved and semi-conserved sub-
stitutions, respectively

2.6.3 Molecular Docking

In order to determine the binding modes between phenothia-
zines and rat AOX1, the studied compounds were subjected
to docking calculations on the rat AOX1 model structure
using GOLD v.5.0. The 3D structure of human AOX1 co-
crystallized with thioridazine (4UHX) was used as the guide
for determining the binding sites for the rest of the studied
phenothiazines [27]. The multiple poses resulting for each of
the ligands were assessed by Shape-it v.1.0.1 [36] to select the
closest conformation to that of the co-crystalized thioridazine
bound to the human AOX1. The results were analyzed by the
LigPlot program v.1.4.5 [37].
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Table 1 Chemical structures and the effects of some phenothiazines at 10 pM on the oxidation of phenanthridine and benzaldehyde catalyzed by
rat liver aldehyde oxidase (AOX) and xanthine oxidation catalyzed by rat liver xanthine oxidase (XO)

Inhibition percent
Structure Name

Phenanthridine  Benzaldehyde Xanthine

Menadione
9143 7842 31T*

(10 uM)
Q Allopurinol
’fﬁjw 0.0 244 9843
NN (100 uM)

S
C|/©:Nj© Chlorpromazine 53+4 91+0 4427

H/N\) Perphenazine 78+1 95+2 3417

i TN
L I Promethazine 564 9645 4+1.41

S
\SJ@[NJQ Thioridazine 500 85+1 3+37T

(\ _CH,
N(\/N\CFJ
QL

*QOxidation rate increased

Trifluoperazine 216 664 327
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3 Results
3.1 Inhibition of Rat AOX by Phenothiazines

The percent of inhibition of a group of phenothiazines con-
sisting of chlorpromazine, perphenazine, promethazine,
thioridazine, and trifluoperazine on rat liver AOX and XO
has been evaluated and the results are set out in Table 1. The
maximum initial velocity for the oxidation of benzaldehyde
and phenanthridine by AOX were found to be 14.4+2.3 and
39.2 +3.7 nM/min/mg protein, respectively. All the tested
compounds could inhibit AOX activity measured either
by phenanthridine or benzaldehyde as the substrates with
almost no effects on XO activity. Interestingly, in the case
of all the phenothiazines, more inhibition was observed with
the benzaldehyde as an aldehyde substrate compared with
phenanthridine, the N-heterocycle substrate. These results
were contrary to that obtained with menadione as one of the
common inhibitors of AOX, whose inhibition was higher
with the N-heterocyclic substrate. Using phenanthridine
as the substrate, the highest and lowest inhibitions were
observed with perphenazine and trifluoperazine, respec-
tively. The corresponding values with the benzaldehyde oxi-
dation were obtained with promethazine and trifluoperazine,
respectively. No inhibition was observed in the XO activity
in the presence of either of the phenothiazines.

The oxidation rate of xanthine increased by 31% in the
presence of menadione. This enhancing effect of menadione
was almost completely inhibited in the presence of 100 uM
allopurinol. It has been shown that menadione acts as an
electron acceptor of XO and increases the rate of xanthine
oxidation [38].

The inhibition patterns were well reflected in the ICy
values (Table 2). In the case of benzaldehyde oxidation,
the smallest and largest IC5, values were exhibited by
promethazine and trifluoperazine, respectively; whereas

Table 2 The half-maximal inhibitory concentration (ICs,) values for
inhibition of rat liver aldehyde oxidase-catalyzed oxidations of phen-
anthridine and benzaldehyde with some phenothiazines

perphenazine and trifluoperazine produced the lowest and
highest ICs, values, respectively, against AOX-catalyzed
phenanthridine oxidation.

The ratio of IC, values for phenanthridine and benzalde-
hyde oxidations was also calculated to determine the relative
ability of the tested phenothiazines to discriminate between
their inhibitory effects on the N-heterocycle and aldehyde
oxidations. Larger values of the IC, ratio represent more
discrimination between the inhibitory effects of the phe-
nothiazine on phenanthridine and benzaldehyde oxidation
catalyzed by AOX. Interestingly, large values were obtained
for the ICs ratios with almost all the phenothiazines. Apart
from perphenazine, all the other ICy, ratios fell into the
range of 8—14. The ratio of ICs, values of phenanthridine to
benzaldehyde oxidations for perphenazine was calculated as
3. This means that all the tested phenothiazines could inhibit
benzaldehyde oxidation more potently than phenanthridine
oxidation.

In order to further investigate the inhibitory character-
istics of phenothiazines on the benzaldehyde oxidation by
rat liver AOX, the enzymatic kinetic parameters were also
determined spectrophotometrically from a Lineweaver—Burk
double reciprocal plot of 1/V against 1/[S] (Table 3).

AOX was inhibited by the tested phenothiazines in dif-
ferent manners. Both chlorpromazine and trifluoperazine
exerted their inhibitory effects on the AOX-catalyzed oxida-
tion of benzaldehyde in a non-competitive inhibitory manner
with kinetic constants of 0.79 and 6.5 pM, respectively.

However, the oxidation was inhibited by promethazine
and thioridazine in a mixed manner (competitive—noncom-
petitive type) with kinetic constants of K, < K. Perphenazine
was found to be an uncompetitive inhibitor of the benzalde-
hyde oxidation with a K, value of 0.29 pM. AOX has a rela-
tively large active/binding site with a marked flexibility and
distinct binding sites for both its substrates and inhibitors.
A variation in the active site of AOX isoforms has also been
postulated [39]. These may account for the various types of
inhibition observed for the tested phenothiazines towards
AOX activity.

Table 3 Inhibition kinetic parameters of the inhibitory activity of

Name ICs, (M) Ratio? phenothiazines on the oxidation of benzaldehyde by rat liver aldehyde
oxidase (AOX) for the AOX inhibition

Phenanthridine Benzaldehyde

oxidation oxidation Name Inhibition type K; (uM) K; (uM)
Chlorpromazine 114 1.0 11 Chlorpromazine Non-competitive 0.79 0.79
Perphenazine 4.3 1.4 Perphenazine Uncompetitive 0.29 -
Promethazine 8.2 0.9 Promethazine Mixed 1.91 2.9
Thioridazine 15.1 1.8 Thioridazine Mixed 1.41 5.2
Trifluoperazine 49.6 3.6 14 Trifluoperazine Non-competitive 6.5 6.5

Ratio of ICs, for phenanthridine oxidation and ICy, for benzaldehyde
oxidation
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K; dissociation constant of the enzyme—inhibitor complex, K; disso-
ciation constant of the enzyme—substrate—inhibitor complex
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Fig.2 a Cartoon representation of modeled rat AOX1 based on
homology modeling using human AOX1 (PDB ID: 4UHX). b
ANOLEA energy profile of rat AOX1 model. ¢ Ramachandran plot

Table 4 The outlier residues on rat aldehyde oxidase 1 (AOX1) based
on the predicted model human AO X1 crystal structure, 4UHX, in the
Ramachandran plot

Human AOX1 crystal struc- Rat AOX1 predicted model

ture 4UHX
Residue Phi Psi Residue Phi Psi
Glu®! 492  —-658  Ser'”’ —149.6 -353
GIn>** -1628 -50.8  Pro'*® —-0.1 94.2
Val¥!!” -1319 -868 Gn?*® —64.8 91.2
Arg®?! -376 1053 Arg*® 489  —1649
GIn'»7 62.3 101.5  Gu®” 51.4 -73.2
GIn>"” —160.1 —473
His>» -56.3 31.5
His 53.1 105.4
Asp’™ 1714 —1715
Glu® 49.9 150.5
Phe’!! 21.8 —60.2
Val$0* —131.1 —86.7
Ser®” 167.2 —49.9
Glu'>»?* 66.7 99.2

*The residues which were outliers in both structures

3.2 Evaluation of Predicted 3D Structure of Rat
AOX1 by Homology Modeling

In order to understand the interaction modes between the
phenothiazines and rat AOX1, a homology-based model
of the enzyme was built using human AOX as the template
[27], and a cartoon representation of the proposed model
is illustrated in Fig. 2. The quality of the model structure
of rat AOX1 and the crystallographic structure of human
AOX (as template) was assessed by means of different
metrics, such as a Ramachandran diagram and ANOLEA
energy profile (Fig. 2). According to the Ramachandran

of modeled rat AOX obtained from the MolProbity model evaluation
server. The results show that 98.9% of amino acids are in the allowed
regions. AOX aldehyde oxidase

plot for the predicted rat AOX1 model, 94.2 and 98.9%
of all residues are in favored and allowed regions, respec-
tively, while in the case of human AOX crystal structure,
these values are 96.8 and 99.6%. Fourteen residues in the
rat AOX model structure are outliers in terms of phi and
psi angles, while there are only five outliers in the human
AOX crystallography structure (Table 4). None of the out-
lier residues in the model structure are involved in ligand
interaction, and four of them are in common with the
human AOX experimental structure (see Table 1; Fig. 2).

Comparing the ANOLEA energy profile of the rat
AOX1 model to that of the human AOX structure indicates
an acceptable score for almost all the rat AOX1 model
residues with the exception of the residues for which there
was no equivalent residue in the template structure. Fur-
thermore, all the rat AOX1 model outlier residues were
located out of the ligand binding site (Fig. 2).

3.3 Molecular Docking

The results of docking experiments performed by the
GOLD program showed that Leu’’*, GIn’%, Asp>”’,
Ser!®5, Arg!%6, Lys!'%% Met!%, and Pro!%®! residues of
rat aldehyde oxidase are involved in hydrophobic interac-
tions with all the examined phenothizaines. Moreover, in
all the phenothizaines except chlorpromazine, Trp''?® also
participates in a hydrophobic interaction. Other hydropho-
bic interactions are Gly'!!> with perphenazine and trif-
luroprazine and Thr!!'® with perphenazine. Among all the
phenothiazines, the only hydrogen bond was observed in
perphenazine with Trp'!!'7. This residue is also involved
in hydrophobic interactions with thioridazine and trifluro-
praizne. The outlined interactions observed in the docking
studies are presented in Fig. 3.
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Fig.3 A 2D illustration of the interactions between chlorpromazine (a), perphenazine (b), promethazine (c), thioridazine (d) and trifluoperazine

(e) in the binding site of rat aldehyde oxidase

4 Discussion

Due to some changes in medicinal chemistry strategies, the
role of non-CYP enzymes has become more remarkable.
AOX is one of these enzymes that has recently received great
attention in drug discovery programs due to the increasing
number of compounds metabolized by this enzyme, along
with renewed interest in the physiological function of AOX
[12]. Accordingly, finding the inhibition profile of those
compounds that interfere with AOX activity would be of
great value.

On the other hand, substrate-dependent inhibition pro-
files in drug-metabolizing enzymes and in vitro drug—drug
interaction predictions are generally a known phenomenon.
AOX activity is highly substrate-dependent and the enzyme
activity from various species towards different substrates
shows a wide range of activity. Therefore, the selection of an
appropriate substrate for AOX-based drug—drug interaction
studies is a critical issue. However, these important aspects
of AOX have not received enough attention. Therefore, in
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the present study, the interaction of some phenothiazines
with AOX has been investigated. As the substrates of AOX
fall into two major groups of aldehydes and N-heterocyclic
compounds, this study has covered the interaction of pheno-
thiazines with both benzaldehyde (as an aldehyde substrate)
and phenanthridine (as an N-heterocyclic substrate).

All six investigated phenothiazines could inhibit AOX
activity towards both substrates. None of the tested pheno-
thiazines could inhibit XO. However, Coelho et al. [27] have
shown the inhibitory effect of thioridazine on pure bovine
XO, although the inhibition was about 10- to 20-fold weaker
than the human aldehyde oxidase-catalyzed oxidation of
phthalazine. Interestingly, all the phenothiazines inhibited
benzaldehyde oxidation more strongly than phenanthridine
oxidation. These results were in contrast to those obtained
with menadione, a putative inhibitor of AOX. This differ-
ence in the inhibitory effects of the phenothiazines on AOX-
mediated oxidations of phenanthridine and benzaldehyde
may arise from different interaction modes of the drugs with
the binding sites of the enzyme. It may also result from the
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oxidation of phenanthridine and benzaldehyde by different
isoforms of AOX, each with its own binding characteristics.
The rat has been employed in AOX-catalyzed metabolism
studies during the development of potential drugs; however,
in some cases, this animal does not serve as an appropriate
animal model for human AOX. Rat AOX also differs from
that of human in terms of its isoforms. Like rabbit, two iso-
forms have been reported for rat, AOX1 and AOX3, whereas
humans possess a single enzyme (AOX1).

Although partially purified AOX was used in this study,
the enzyme activity towards both substrates can be attrib-
uted to AOX. Aldehyde dehydrogenase is also able to oxi-
dize aldehydes, but its activity towards aromatic aldehydes
like benzaldehyde is low and, more importantly, it needs
NADH/NAD" as its cofactor. In addition, for the prepara-
tion of AOX in this study, the enzyme fraction was heated
at 55-57 °C for 10 min; however, aldehyde dehydrogenase
is not a thermostable enzyme and it is no longer able to
perform the desired tasks after exposure to heat stress.
Cytochrome P450 can metabolize phenanthridine to several
metabolites, but the enzyme uses NADPH/NADP™ as its
cofactor; furthermore, the enzyme is thermosensitive and
denatures easily into its inactive form. Therefore, under the
conditions used in the present study, the oxidations of ben-
zaldehyde and phenanthridine occur with AOX.

Few studies [40, 41] have investigated the differences in
the effects of AOX inhibitors on the AOX-catalyzed oxi-
dation of aldehydes and N-heterocycles as the two major
groups of enzyme substrates. In these studies, the inhibi-
tory effects of some flavonoids were studied using vanillin
(another aldehyde substrate of AOX) and phenanthridine as
the AOX substrates. Based on these studies, the vanillin oxi-
dation was inhibited more strongly than phenanthridine by
the tested flavonoids. Hamzeh-Mivehroud et al. [40] attrib-
uted this substrate-dependent difference in the inhibitory
effects to the binding mode of the two substrates. Accord-
ing to these authors, hydrophobic interactions are the most
important intermolecular forces involved in the binding of
phenanthridine to the AOX active site, while vanillin binds
mostly through hydrogen bonds to the enzyme.

The inhibitory effects of phenothiazines on AOX activ-
ity have been reported by others. Johns showed that 5 uM
chlorpromazine can inhibit both benzaldehyde and N-meth-
ylphenazine oxidations catalyzed by human and rabbit liver
AOX at about 50% [21]. Trifluoperazine caused more inhi-
bition on benzaldehyde oxidation than N-methylphenazine
oxidation (72 vs. 30%) by human liver AOX; however, the
inhibition of the rabbit liver was found to be 63 and 70% for
benzaldehyde and N-methylphenazine oxidations, respec-
tively. With promethazine, the N-heterocyclic substrate oxi-
dation was inhibited slightly more potently than the aldehyde
substrate metabolism by both human and rabbit liver AOX
[21]. These results indicate that the inhibitory effects of the

studied phenothiazines on AOX activity are substrate- and
species-dependent, and it is difficult to interpret these types
of findings with a single model.

In a study carried out by Obach et al. [20], the inhibitory
effects of 239 compounds including some phenothiazines on
human liver AOX were studied. The ICs, values reported in
this study for the phenothiazines were lower than our results.
The differences in the results may have originated from the
differences in the substrates and enzyme sources used in
two studies.

To evaluate potential drug interactions using in vitro
assessment of the inhibition of AOX by the tested phenothia-
zines, the ratio of the concentration of the inhibitors in vivo,
[I], to the inhibition constant, K;, (obtained for phenanthri-
dine oxidation) was used [13]. The inhibitor concentrations
used were as follows: (chlorpromazine)=0.5 uM [42], (per-
phenazine) =20 nM [43], (promethazine) =81 nM [44],
(thioridazine) = 1.7 nM [45], and (trifluoperazine) =7 nM
[46]. For all tested drugs, apart from chlorpromazine, the
[I/K; values obtained were around 1. This ratio for chlor-
promazine was calculated as 0.63. A value of > 1 is consid-
ered high risk for drug interactions, and a value of 0.1-1 is
considered moderate risk. If this value falls to less than 0.1,
a low risk of drug interactions is expected, generally indi-
cating that there is no need for further in vivo study [13], as
there is less likely to have a drug—drug interaction if these
phenothiazines are co-administrated with those drugs that
were metabolized by AOX. However, the highest concentra-
tion of AOX is found in liver, and the concentration of drugs
in liver, as the major metabolic site for most drugs during
the absorptive phase, may easily reach a higher level than
its concentration in the blood [13]. Therefore, the potential
of drug—drug interaction for chlorpromazine cannot be ruled
out, and further study is required to judge the implications
of these results to clinical drug interactions.

To determine the mode of interactions between pheno-
thiazines and rat AOX, a combination of homology mod-
eling and molecular docking was performed. In one study
carried out by Coelho et al. in [27], they indicated that the
binding site of thioridazine is near the dimer interference in
a groove, which is located at the enzyme surface, between
two loops (formed by residues 570-580 and 1058-1067),
and that it is far from the active site. They also showed that,
upon inhibitor binding, the binding pocket will be more
accessible by movement of the side chains from the His">
and Glu®”” residues. Also, the presence of some residues in
the 570 and 571 positions helps in the formation of helical
turns close to the thioridazine inhibitor binding site, upon
thioridazine binding, and, furthermore, Pro’’® for conferring
extra flexibility to the loop containing 570-580 residues is of
great importance. They proposed a similar mode of inhibi-
tion and the same binding site for other drugs with tricyclic
ring-based scaffolds similar to thioridazine [27].
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To predict the interactions between phenothiazines and
rat AOX, homology modeling was performed to obtain
the 3D structure of rat AOX. Our proposed model showed
favorable properties from geometrical point of view which
was used for docking studies. The involved residue in the
interaction were Leu>’*, GIn>’%, Asp>”7, Ser!®>®, Arg!9®,
Lysmsg, Met'%0 and Pro'%®! for phenothiazine, Glu!'" for
perphenazine and trifuroprazine, Thr!!® for perphenaizne,
Trp!'!” for thioridazine, perphenazine and trifulropra-
zine, and Trp!!'?° for all the drugs except chlorpromazine.
All the interactions (except the Trp''!'” interaction with
perphenizne) were hydrophobic which demonstrates the
importance of such interactions in the inhibition of AOX.

It was shown that the protein—protein association site
is a dimerization site and, in the case of mouse AOX1
residues located in the dimerization site (mAOX1 Arg1068,
Gly'%° and Glu'?"?), are important for the association
of the two monomers in forming the homodimer, and it
has generally been accepted that residue interment in the
protein interface between two monomers with exposed
areas above 40 A are important in the dimerization pro-
cess [13, 14]. As in this work, the binding site of pheno-
thiazines is near the dimer interference, it is likely that
the residues buried in this site are major contributors to
the dimerization process. It is generally accepted that all
the catalytically active form of AOX is a homodimer [47,
48], although the reason why AOXs are homodimers is
unknown, as it has been proven that the monomeric subu-
nit is functionally active [49], and therefore the studied
drugs in this work may inhibit the dimerization process
and prevent AOX action.

5 Conclusion

In summary, five important phenothiazine drugs (i.e., triflu-
perazine, chlorpromazine, perphenazine, thioridazine, and
promethazine) can inhibit AOX activity measured either by
benzaldehyde, an aldehyde compound, or by phenanthridine,
an N-heterocycle, as the substrates. With all the tested phe-
nothiazines (except perphenazine), the ratio of the ICs, value
for phenanthridine to that for benzaldehyde was found to
be around 10, while the value for perphenazine was 3. This
indicates that phenothiazines have dual inhibitory effects
on AOX activity towards aldehydes and N-heterocycles as
the two major classes of enzyme substrates. Although AOX
and XO have many common properties, no inhibition was
observed on XO activity with any of the five phenothia-
zines. The mode of interactions for phenothiazine-related
drugs and AOX in the binding pocket was identified and the
results showed that most of interactions are of a hydrophobic
nature.
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