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ABSTRACT

Aldehyde oxidase-1 (AOX1) is a molybdenum-containing enzyme
that catalyzes the oxidation of a range of aldehyde compounds and
clinical drugs, including azathioprine andmethotrexate. The purpose
of this study was to elucidate the effects of single-nucleotide poly-
morphisms (SNPs) in the coding regions of the human AOX1 gene
on protein dimer formation and metabolic activity. Six variants
[Q314R (rs58185012), I598N (rs143935618), T755I (rs35217482), A1083G
(rs139092129), N1135S (rs55754655), and H1297R (rs3731722)], with
allele frequencies greater than 0.01 in 1 or more population, were
obtained from the genome aggregation and 1000 Genomes Project
databases. Protein expression and dimer formation were evaluated
using HEK293T cells expressing the wild-type (WT) or different SNP
variants of AOX1. Kinetic analyses of phthalazine oxidation were
performed using S9 fractions of HEK293T cells expressing WT or
each the different mutant AOX1. Althoughwe detected no significant
differences among WT AOX1 and the different variants with respect
to total protein expression, native PAGE analysis indicated that one

of the SNP variants, T755I, found in East Asian populations, dimer-
izes less efficiently than theWTAOX1. Kinetic analysis, using phtha-
lazine as a typical substrate, revealed that this mutation contributes
to a reduction in the maximal rates of reaction without affecting
enzyme affinity for phthalazine. Our observation thus indicates that
the T755I variant has significantly negative effects on both the dimer
formation and in vitro catalytic activity of AOX1. These findings may
provide valuable insights into the mechanisms underlying the inter-
individual differences in the therapeutic efficacy or toxicity of AOX1
substrate drugs.

SIGNIFICANCE STATEMENT

The T755l (rs35217482) single-nucleotide polymorphism variant of
the aldehyde oxidase-1 (AOX1) protein, which is prominent in East
Asian populations, suppresses protein dimer formation, resulting
in a reduction in the reaction velocity of phthalazine oxidation to
less than half of that of wild-type AOX1.

Introduction

Aldehyde oxidase (AOX) is a molybdo-flavoenzyme that contributes
to phase I drug metabolism. Although four AOX isoforms have been
identified in mammals, only AOX1 has been identified as an AOX func-
tional gene in humans (Garattini et al., 2008). The AOX1 protein has a
cytosolic localization, occurring primarily in the homodimeric or mono-
meric forms, and catalyzes the oxidation of a range of aldehydes and
N-containing heterocyclic drugs, including azathioprine, famciclovir,
and methotrexate (Obach et al., 2004; Kitamura et al., 2006), or the
reduction of aromatic nitro-compounds, including nitrazepam and dantro-
lene (Konishi et al., 2017; Amano et al., 2018). The findings of several
studies have indicated the clinical importance of drug-drug interac-
tions involving AOX1 substrates or inhibitors, as exemplified in a

recent case of methotrexate-induced liver toxicity following the co-
administration of favipiravir (a substrate of AOX1) in a patient
with osteosarcoma (Demir et al., 2022). In this respect, it is pre-
dicted that the inhibition of AOX1 would be an effective approach
in preventing methotrexate metabolism and thereby enhancing its
efficacy (Morgan and Baggott, 2019). Consequently, the enzyme
activity of AOX1 should be taken into consideration when patients
treated with AOX1 substrate drugs at standard doses exhibit abnor-
mal clinical responses.
Large interindividual differences in the expression level and enzymatic

activity of AOX1 have been observed among human liver samples. For
example, Fu et al. (2013) have previously reported approximately three-
fold differences in the expression of AOX1 protein in samples of hepato-
cyte cytosols collected from 20 human patients. Additionally, a greater
than 90-fold difference has been detected in the intrinsic clearance of car-
bazeran, a substrate of AOX1. Such interindividual differences in meta-
bolic activity and pharmacokinetics can often be ascribed to genetic
variation, and in this regard, several single-nucleotide polymorphisms
(SNPs) have been reported to have an influence on AOX activity. Among
these, the two SNPs N1135S (rs55754655) and H1297R (rs3731722),
located in the coding regions of the AOX1 gene, have frequently been
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investigated in clinical research, owing to their high allele frequencies.
For example, using an Escherichia coli expression system, Hartmann
et al. (2012) found that AOX1 harboring these SNPs is characterized
by a higher catalytic efficiency with phenanthridine as a substrate. The
N1135S variant has also been associated with the lack of a therapeutic
effect against inflammatory bowel disease in patients receiving azathio-
prine (Smith et al., 2009), whereas Hutzler et al. (2014) detected an at
least 17-fold difference in O6-benzylguanine oxidation activity using
cryopreserved human hepatocytes and reported that, although not sig-
nificant, AOX1 harboring the two SNPs showed a tendency for higher
catalytic activity. Another SNP, namely S1271L (rs141786030), found
in an Italian population, is located proximate to the E1270 residue,
which is essential for oxidation activity, and has been found to be asso-
ciated with lower catalytic constant and michaelis constant (Km) values
compared with those of the wild-type (WT) enzyme (Foti et al., 2016).
In addition to these SNPs, certain nonsynonymous SNPs (nsSNPs) are
assumed to induce protein structural labialization, based on the findings
of an in silico analysis (Coelho et al., 2019). Collectively, the findings
of the aforementioned studies indicate that AOX1 can play a poten-
tially important role in interindividual drug responses, and conse-
quently, it is of particular importance that we gain an understanding of
the molecular mechanisms underlying the interindividual variability of
this enzyme’s activity.
The goal of this study was to identify SNP variants associated

with differences in human AOX1 function. To this end, we
focused on the common nsSNPs found in some genome variation
databases representing different races. We identified six AOX1
mutations [Q314R (rs58185012), I598N (rs143935618), T755I
(rs35217482), A1083G (rs139092129), N1135S (rs55754655),
and H1297R (rs3731722)] and evaluated the oxidative activity of
the respective variants against phthalazine, a common substrate of
AOX1. Among these six variants, AOX1 harboring the T755I
(rs35217482) SNP was found to be characterized by a less effi-
cient dimerization compared with that of the WT protein and
exhibited lower catalytic activity with respect to the oxidation of
phthalazine.

Materials and Methods

Chemicals. Phthalazine was purchased from Sigma-Aldrich Chemical Corp.
(St. Louis, MO), phthalazone was obtained from Tokyo Chemical Industry Co.
(Tokyo, Japan), and carbamazepine was from FUJIFILM Wako Pure Chemical
Corp. (Osaka, Japan). All other chemicals and reagents were of commercial
origin and the highest grade available.

nsSNP Retrieval and Prediction of Protein Stability. nsSNPs of the
AOX1 gene were identified based on searches of the 1000 Genome Project
(1KGP) (Auton et al., 2015) and genome aggregation (gnomAD) (Karczewski
et al., 2020) databases. We specifically selected all common variants: 1) minor
allele frequency greater than 1% in each race and 2) located in the coding region.

Cloning of AOX1 Variants. The coding sequence (cDNA published in
NM_001159) of human WT AOX1 was custom synthesized by Eurofins Genomics
(Tokyo, Japan). The synthetic gene was subcloned into the NotI and XhoI sites of a
pcDNA3.1(1) vector (Invitrogen, Carlsbad, CA). AOX1 variants (Q314R, I598N,
T755I, A1083G, N1135S, and H1297R) were generated using a QuikChange II
Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA). The
sequences of the primers used for synthesis are listed in Supplemental Table 1. All
constructs were confirmed by dye-terminator sequencing techniques using a BigDye
Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific, Waltham, MA),
the results of which are shown in Supplemental Fig. 1.

Cell Culture and Transfection. Cells of the HEK293T line used in this
study were cultured in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum and incubated at 37�C in a 5% CO2 atmosphere. For the

expression of AOX1, the cells were transiently transfected with WT or variant
AOX1 plasmids using Lipofectamine 3000 (Invitrogen) at 24 hours after seeding.
Cells were harvested after 48 hour of transfection and suspended in water for
western blot analysis or in 0.1 M potassium phosphate buffer (pH 7.4) for evalu-
ation of AOX1 enzymatic activity. Cell suspensions were disrupted by sonication
and centrifuged at 9000g for 20 minutes at 4�C to obtain S9 fractions.

Visualization of nsSNPs in the Crystal Structure. A crystal structure of
AOX1 was obtained from among the crystal structures of human AOX1 (Protein
Data Bank: 4UHW) (Coelho et al., 2015). The locations of the targeted amino
acids and small molecules are shown by stick representation, and macromole-
cules are depicted by either a cartoon or surface representation using PyMOL.

SDS- andNative-PAGE/Western Blot Analysis. The expression and quan-
tities of AOX1 homodimers or monomers were evaluated by SDS- or native-
PAGE western blot analysis. The S9 fractions obtained from AOX1-
expressing cells were mixed with an equal volume of 2× SDS sample buffer
[0.1 M Tris-HCl (pH 6.8), 4% SDS, 10% 2-mercaptoethanol, 20% glycerol, and
0.004% bromophenol blue] for SDS-PAGE or 2× sample buffer [0.1 M Tris-
HCl (pH 6.8), 20% glycerol, and 0.004% bromophenol blue] for native-PAGE.
SDS-PAGE was performed using 10% polyacrylamide gels containing SDS, and
native-PAGE using 8%–25% gradient polyacrylamide gels. For both analyses,
proteins were transferred electrophoretically to polyvinylidene difluoride mem-
branes at 15 V for 90 minutes in transfer buffer (48 mM Tris, 39 mM glycine,
0.13 mM SDS, and 20% MeOH). The membranes were blocked with 1% nonfat
dry milk in phosphate-buffered saline containing 0.05% Tween 20 and incubated
overnight with a rabbit AOX1-specific primary antibody (19495-1-AP; Protein-
tech Group Inc., Rosemont, IL) at a 1:1000 dilution or a rabbit monoclonal anti-
actin antibody (ab179467; abcam, Cambridge, UK) at a 1:5000 dilution. Having
been washed with phosphate-buffered saline containing 0.05% Tween 20, the
membranes were incubated with mouse anti-rabbit IgG–horseradish peroxidase
secondary antibody (Santa Cruz Biotechnology, Dallas, TX) (diluted 1:4000).
Bands on the membrane were detected using enhanced chemiluminescence ac-
cording to the manufacturer’s instructions (GE Healthcare Life Sciences) and
quantified using ImageJ software.

Enzyme Assays. S9 fractions obtained from HEK293T cells in 0.1 M potas-
sium phosphate buffer (pH 7.4) were incubated for 3 minutes at 37�C (at final
concentrations of 1 to 1.4 mg protein per mL). Reactions were initiated by addi-
tion of the AOX1 substrate phthalazine in dimethyl sulfoxide (final concentration
of less than 0.1%) to the prewarmed S9 fractions. The volume of the total reac-
tion mixture was 50 mL. Following incubation, reactions were terminated by the
addition of methanol containing an internal standard (carbamazepine), and the
samples were then centrifuged at 16,000g for 15 minutes at 4�C. The superna-
tants thus obtained were used for analysis for the metabolite phthalazone using
ultra-performance liquid chromatography/tandem mass spectrometry (UPLC-
MS/MS), as described in the following section.

UPLC-MS/MS Analysis. UPLC-MS/MS analysis was conducted following
the procedures described by Obach et al. (2004). The concentration of phthala-
zone was monitored using a Waters ACQUITY UPLC H-Class System coupled
with a Xevo TQ-S mass spectrometer (Milford, MA). Individual samples
(10 mL) were injected into a Waters ACQUITY UPLC BEH C18 column
(1.7 mm, 2.1 × 50 mm) at 40�C and a flow rate of 0.4 mL/min. The mobile
phase consisted of methanol (mobile phase A) and 0.1% formic acid in water
(mobile phase B). The composition of the mobile phase was altered along a lin-
ear gradient as follows: 0%–70% A for 2.5 minutes, 70% A from 2.5 to 4 mi-
nutes, and 70%–0% A from 4 to 4.1 minutes, at which it was held to 6
minutes. Mass spectrometry analysis was conducted in positive interface elec-
trospray ionization mode using a Xevo TQ-S triple quadrupole mass spectrom-
eter (Waters). Phthalazone and carbamazepine were detected using a multiple-
reaction monitoring mode by recording m/z values from 147 to 118 and 237 to
194, respectively.

Curve Fitting and Statistical Analysis. The concentrations of substrates
and volumes of produced metabolites were plotted and analyzed using SigmaPlot
14.5 (Systat Software Inc., San Jose, CA). Kinetic parameters were determined
based on nonlinear regression analysis using the Michaelis-Menten kinetic model.
Statistical analyses of data were performed using an unpaired Student’s t test or
one-way ANOVA followed by Dunnett’s test and Tukey’s post hoc test. A
P value of less than 0.05 was taken to be indicative of a statistical significance.
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Results

Allele Frequency and Pathogenesis of nsSNPs in the AOX1
Gene. The AOX1 protein comprises 1338 amino acids grouped within
three different domains: [2Fe-2S] enclosed domain I (20 kDa), FAD do-
main II (40 kDa), and C-terminal domain III (90 kDa) containing a mo-
lybdopterin cofactor (Moco) (Garattini et al., 2003). On the basis of our
searches of the 1KGP and gnomAD databases, we identified six com-
mon nsSNPs of the AOX1 gene distributed among different races (Table
1), which, with the exception of Q314R (rs58185012) located in domain
II, were all detected in domain III. Among these, the N1135S
(rs55754655) and H1297R (rs37317222) mutations were frequently
detected in all assessed races, whereas I598N (rs143935618) was
found in two or more races, with the exception of European and South
Asian populations. Q314R and A1083G (rs139092129) were found in
only African and American populations, and T755I (rs35217482) was
detected only in East Asian populations.
Evaluation of Monomeric or Dimeric Expression of AOX1. To

determine the levels of WT or mutated AOX1 protein expression in
S9 fractions of transiently expressing HEK293T cells, we performed
SDS-PAGE and western blotting analyses. Compared with the mock-
treated cells, the levels of WT AOX1 protein expression were elevated
(Fig. 1A), and compared with the WT protein, we detected no signifi-
cant differences among the six variants (Fig. 1B). It has been estab-
lished that AOX1 activity is associated with the expression of the
dimeric form of this protein (Itoh et al., 2007), and thus, we further
conducted native-PAGE analysis to determine ratio of dimeric to
monomeric expression (Fig. 2). We accordingly observed that, com-
pared with the WT protein, abundance of the 300 kDa dimeric form of
the T755I variant was significantly downregulated by almost 30%,
whereas in contrast, little or no difference was detected with respect to
the other variants.
Time Course and Inhibition Assay of WT AOX1 Activity. To

analyze the time-dependent enzymatic activity of AOX1, we measured
the time course of WT AOX1 oxidation activity using phthalazine, a
specific and highly reactive substrate of this enzyme (Panoutsopoulos
and Beedham, 2004). Mixtures of phthalazine and cell lysate were incu-
bated for different lengths of time from 1 to 30 minutes, and we accord-
ingly detected a linear increase in amounts of the oxidative metabolite

phthalazone until 15 minutes in the S9 fraction of HEK293T cells
expressing AOX1 WT, although not in that of the mock cells (Fig. 3A).
Obach et al. (2004) have reported the pronounced inhibition of AOX1
activity by raloxifene (IC50 5 2.9 nM), and thus, we investigated the in-
hibitory effect of raloxifene on the oxidation of phthalazine by AOX1.
Irrespective of the initial phthalazine concentration, we found that the
amounts of phthalazone produced were reduced by raloxifene (Fig. 3B).
Phthalazine Oxidation by WT and Variant AOX1. Next, we

evaluated differences in the enzymatic activities of WT AOX1 and the six
variants (Fig. 4). We detected a significant downregulation in the activity of
the T755I variant compared with that of the WT enzyme. Lower reaction
velocities were also recorded for each of the other five variants, although in
all cases, the reduction in activity was found to be nonsignificant. These
observations would thus tend to imply that the T755I mutation either alters
the substrate affinity of the enzyme or modifies its oxidation activity. To cal-
culate the saturation kinetic parameters, we measured the concentration-
dependent oxidation of phthalazine and fitted the values obtained to the
Michaelis-Menten kinetic model. For WT AOX1, we obtained Km and
Vmax values of 2.28 ± 0.24 mM and 13.03 ± 4.08 nmol·min�1·mg
protein�1, respectively, whereas the reaction rate of T755I was found
to be approximately one-fourth that of WT AOX1 (Vmax 5 3.08 ±
1.40 nmol·min�1·mg protein�1) (Fig. 5). Similarly, the Km value (1.09 ±
1.14 mM) calculated for this variant was lower than that of the WT,
although the difference was statistically nonsignificant.

Discussion

In this study, one of the six candidate SNPs, selected based on
searches of the 1KGP and gnomAD databases, was shown to be associ-
ated with negative effects with respect to both the dimer formation and
in vitro catalytic activity of AOX1. To the best of our knowledge, this
is the first study to establish an association between AOX1 T755I
(rs35217482) and a lower activity of human AOX1.
Our initial selection of candidate SNPs (i.e., Q314R, I598N, T755I,

A1083G, N1135S, and H1297R) was based on the following two crite-
ria: 1) SNPs with a minor allele frequency greater than 1% and 2) SNPs
located within the coding regions of the human AOX1 gene. With the
exception of T755I, we detected no significant changes in the levels of
total protein expression or dimer formation in the remaining five AOX1

TABLE 1

Minor allele frequency of nonsynonymous mutation in the AOX1 gene
Data were obtained from the 1KGP and gnomAD databases. The sample size of each race is denoted in parentheses.

1KGP

NCBI SNP ID Aino Acid Change

Population (n)

African
(1322)

American
(694)

Europe
(1006)

East Asian
(1008)

South Asian
(978)

rs58185012 Q314R 0.027 0.001 0 0 0
rs143935618 I598N 0.002 0.042 0 0.012 0
rs35217482 T755I 0 0 0 0.010 0
rs139092129 A1083G 0.011 0.003 0 0 0
rs55754655 N1135S 0.268 0.072 0.121 0.003 0.021
rs3731722 H1297R 0.039 0.157 0.071 0.094 0.098

gnomAD

NCBI SNP ID Amino Acid Change

Population (n)

African American
(8128)

Latino/
Admixed American

(17,296)

Ashkenazi
Jewish
(5040)

European
(Finnish)
(19,824)

European
(non-Finnish)

(56,885)
East Asian
(9197)

South Asian
(15,308)

Other
(3070)

Overall
(125,748)

rs58185012 Q314R 0.023 0.001 0 0 0 0 0 0 0.002
rs143935618 I598N 0 0.065 0 0 0 0.012 0 0.007 0.010
rs35217482 T755I 0 0 0 0 0 0.012 0 0 0.001
rs139092129 A1083G 0.009 0.001 0 0 0 0 0 0 0.001
rs55754655 N1135S 0.255 0.070 0.093 0.092 0.138 0.003 0.043 0.129 0.109
rs3731722 H1297R 0.041 0.131 0.036 0.110 0.065 0.080 0.091 0.065 0.079

NCBI, National Center for Biotechnology Information.
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variants compared with those of the WT. Consistently, compared with
the WT AOX1, we found little differences in the phthalazine oxidation
activities of these five SNP variants, and thus, it can be assumed that
the catalytic efficiency of AOX1 is unlikely to be affected by these mu-
tations. Notably, Hartmann et al. (2012) have previously reported that
two of the candidate SNPs, namely N1135S and H1297R, examined in
the present study, were characterized by higher catalytic activities for
phenanthridine compared with the WT. However, consistent with our
observations, these authors detected no significant changes in the cata-
lytic activities toward phthalazine. Similarly, Hutzler et al. (2014) re-
ported no significant differences in the enzymic activities of these two
SNP variants, although they did note a tendency for a higher catalytic
activity for O6-benzylguanine using cryopreserved human hepatocytes.
In addition, the findings of several studies have indicated that N1135S
is a potentially clinically relevant mutation with respect to azathioprine
therapy. Accordingly, although the evidence accumulated to date indi-
cates that the effects of AOX1 SNPs on this enzyme’s catalytic activity
may depend on the substrate, further prospective studies in human pop-
ulations are required to confirm whether these SNPs are clinically
significant.
A notable finding of the present study is the suppression of dimer for-

mation in the T755I mutant in the absence of any marked changes in

protein expression. Furthermore, this mutant is associated with a reduc-
tion in the maximal rates of reaction without affecting enzyme affinity
for the substrate phthalazine. Although from the perspective of clinical
significance, our findings regarding this mutant are limited to a large
extent, given that we evaluated the activity of each SNP variant only
with respect to phthalazine as a substrate. Our findings do, nevertheless,
indicate the lower catalytic activity of the AOX1 variants compared with
that of the WT AOX1. The T755 site is found to be highly conserved in
a number of AOX1-like enzymes, such as mouse Aox1 (T750), mouse
Aox2 (T761), mouse Aox3 (T751), mouse Aox4 (T753), rabbit Aox1
(T751), monkey Aox1 (T755), and human xanthine dehydrogenase
(XDH) (T747), which show approximately 40% amino acid identity with
human AOX1 (Supplemental Fig. 2). Thus, the data imply that this resi-
due plays a pivotal role in the activity of AOX1. Further, the reduced
catalytic activity of the AOX1 T755 mutant is associated with the loss of
dimerization that does not entail a change in the configuration of the sub-
strate-binding pocket. In this context, it has previously been established
that the two subunits of XDH function cooperatively with respect to both
the binding and catalysis of substrates (Tai and Hwang, 2004). Moreover,
it has been reported that in the bacterium Rhodobacter capsulatus, the
dimeric form of XDH comprising two [2Fe-2S] clusters is essential for
Moco insertion and metabolic activation (Schumann et al., 2008). In

Fig. 1. The expression of WT and variant AOX1. (A) The expression of total AOX1 or b-actin protein was determined by SDS-PAGE/western blot assays. S9 frac-
tions containing 10 mg protein were applied. (B) AOX1 protein expression was quantified and normalized relative to that of b-actin. Data are the means plus or minus
S.D. of three independent experiments. n.s., not significant (Dunnett’s test).

Fig. 2. Dimeric or monomeric forms of WT
and variant AOX1. Dimeric or monomeric
forms of AOX1 were separated by native-
PAGE/western blot assays. The columns show
amounts of the dimeric form of AOX1 com-
pared with that of the WT. Dimer expression
was calculated based the ratio of the area of the
upper band (300 kDa) and total area of the up-
per and lower (150 kDa) bands. **P < 0.01
compared with WT; unpaired Student’s t test.
Data are the means plus or minus S.D. of three
independent experiments.
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contrast, our current understanding regarding the mechanisms underlying
the homodimerization of AOX1 is currently limited. Itoh et al. (2007)
have, nevertheless, demonstrated that a G110S mutation close to the
[2Fe-2S] cluster is associated with a lower degree of dimerization and a
poor metabolic activity of AOX1 in Donryu rats. The amino acid G111
in human AOX1, aligned with G110 in rats, was calculated to be at about
7.7–18.8 Å from the two [2Fe-2S] clusters (Supplemental Fig. 3). Simi-
larly, Hartmann et al. (2012) established that an R802C mutation in the
vicinity of the [2Fe-2S] cluster (11.5–19.6 Å) induces the loss of dimer-
ization in human AOX1 expressed in E. coli. In the present study, we
also found T755 to be located close to the dimerization domain and the
[2Fe-2S] cluster (Fig. 6). The distance between the T755 and [2Fe-2S]
clusters was found to be 11.2–11.7 Å, similar to that of G110 and R802.
Meanwhile, the N1135S SNP, located far from [2Fe-2S] clusters (�40
Å), does not change the monomer/dimer ratio compared with the WT
protein in proximity to the border of subunits. These findings collectively
indicated that [2Fe-2S] cluster insertion is a key event in folding the di-
merization domain of AOX1. The [2Fe-2S] cluster typically mediates
electron transfer from Moco to FAD. Additionally, the monomer of
AOX1 has been reported to be less saturated with iron and molybdenum
than the dimer in WT and R802C (Hartmann et al., 2012). This result
revealed the importance of the [2Fe-2S] cluster in dimer formation,
although the stabilizing effect of the structure remains to be determined.

Therefore, the reduced [2Fe-2S] cluster content in T755I may be respon-
sible for dimer formation and reduced enzyme activity. However, we did
not measure the saturation of the [2Fe-2S] cluster at SNPs. Therefore, the
effect of the AOX1 cofactor on the complex formation of the variant is
still unknown. Consequently, further studies are necessary to clarify the
role of the [2Fe-2S] cluster and the dimerization mechanism.
Data regarding the allele frequencies of AOX1 obtained from

genome databases revealed that the I598N, T755I, and H1297R mutants
are commonly detected in East Asian populations. Among these, we
found that I598N and H1297R tended to be associated with a reduction
in the activity of AOX1, albeit this correlation was nonsignificant. Com-
pared with the East Asian populations, N1135S, the most extensively
investigated variant, is more frequently detected in African or European
populations. However, although these differences in AOX1 variant
frequencies may be linked to ethnic differences with respect to the
pharmacokinetics and adverse effects of clinical drugs, at present, the
involvement of AOX1 polymorphisms in drug treatment has yet to
be reported in clinical studies of East Asian populations. Moreover,
in addition to SNPs in AOX1, it has been reported that variants of

Fig. 3. Enzymatic analysis using S9 fractions of WT AOX1-overexpressing HEK293T cells. (A) Time course of phthalazine oxidation. The substrates were incubated
for 1–30 minutes at a concentration of 10 mM. (B) Inhibition analysis of phthalazine metabolism. Raloxifene, a potent AOX1 inhibitor, was used at a concentration of
0.1 mM. Phthalazine (1 mM or 10 mM) was incubated for 10 minutes at pH 7.4. **P < 0.01 compared with the 1 mM phthalazine control; ††P < 0.01 compared with
the 10 mM phthalazine control; Tukey’s post hoc test. Data are the means plus or minus S.D. of three independent experiments.

Fig. 4. Comparison of the oxidation of 1 mM phthalazine using S9 fractions from
WT or variant AOX1 expressed in HEK293T cells. Assays were performed for
10 minutes at pH 7.4. *P < 0.05 compared with the WT; Dunnett’s test. Data
represent the means plus or minus S.D. of three independent experiments.

Fig. 5. Enzyme kinetic assay for the oxidation of phthalazine. Metabolism of
1–100 mM phthalazine to phthalazone was measured for 10 minutes at pH 7.4
using S9 fractions obtained from WT (filled circles) or T755I (open circles)
AOX1 expressed in HEK293T cells. Plots were fitted to the Michaelis-Menten
equation. *P < 0.05 compared with the WT; unpaired Student’s t test. Data repre-
sent the means plus or minus S.D. of three independent experiments.
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molybdenum cofactor sulfurase, which yields a cofactor of the mo-
lybdo-flavoenzyme, may influence the therapeutic effect of azathioprine
(Smith et al., 2009; Kurzawski et al., 2012). Consequently, when assess-
ing the clinical effects of SNPs associated with AOX activity, we
should ideally take into consideration not only AOX1 mutants but also
those of molybdenum cofactor sulfurase.
In conclusion, the T755I variant of the AOX1 protein was found to

be associated with a reduction in enzyme activity linked to the suppres-
sion of dimer formation, although in the absence of any marked effect
on protein expression. Given the broad substrate specificity of AOX1, it
can be speculated that a reduction in enzyme activity induced by the
T755I mutation—which appears to be particularly prevalent in East
Asian populations—may have an appreciable influence on the therapeu-
tic efficacy and/or toxicity of drugs in patients with this mutation. Fur-
ther studies are thus warranted to confirm the clinical significance of the
T755I variant and its influence on the treatment outcomes or toxicity of
AOX1 substrate drugs.
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Fig. 6. Location of T755 in WT AOX1. The three-dimensional structure was obtained from the 4UHW Protein Data Bank. T755, FAD, Moco, the [2Fe-2S] cluster,
and the malonate ion (MLI) are shown as stick representations. The AOX1 monomer of chain A is shown as a cartoon, and chain B as a surface representation. The
distance from the mutated amino acids is denoted by dashed lines.
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