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ABSTRACT

Gefitinib and erlotinib are epidermal growth factor receptor-tyrosine kinase inhibitors
(EGFR-TKIs) with activity against metastatic non-small cell lung cancer. Aldehyde oxidase-1
(AOX1) is a cytosolic drug-metabolizing enzyme. We conducted an experimental and molecular
docking study on the effect of gefitinib, erlotinib, and select metabolites on the in vitro catalytic
activity of AOX1, as assessed by carbazeran 4-oxidation, and determined the impact of AOX1
inhibition on hepatic metabolism of zaleplon and methotrexate. Gefitinib,
desmorpholinopropylgefitinib, erlotinib, desmethylerlotinib (OSI-420), and didesmethylerlotinib
inhibited human hepatic cytosolic carbazeran 4-oxidation by a competitive mode, with inhibition
constants (Ki) in submicromolar or low micromolar concentrations. Desmethylgefitinib did not
affect AOX1 catalytic activity. A similar pattern was obtained when investigated with human
kidney cytosol or recombinant AOX1. The differential effect of gefitinib on human, rat, and mouse
hepatic AOX1 catalytic activity suggest species-dependent chemical inhibition of AOX1. Erlotinib
was considerably more potent than gefitinib in decreasing hepatic cytosolic zaleplon 5-oxidation
and methotrexate 7-oxidation. Molecular docking analyses provided structural insights into the
interaction between EGFR-TKIs and AOX1, with key residues and bonds identified, which
provided favorable comparison and ranking of potential inhibitors. Based on the U.S. Food and
Drug Administration guidance to assess the risk of drug-drug interactions, the calculated R1 values
indicate that further investigations are warranted to determine whether gefitinib and erlotinib
impact AOXl-mediated drug metabolism in vivo. Overall, erlotinib desmethylerlotinib,
didesmethylerlotinib, gefitinib, and desmorpholinopropylgefitinib are potent inhibitors of human
AOX1 catalytic function and hepatic metabolism of zaleplon and methotrexate, potentially

affecting drug efficacy or toxicity.
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Statement of Significance
As epidermal growth factor receptor-tyrosine kinase inhibitors (EGFR-TKIs), gefitinib and
erlotinib are first-line pharmacotherapy for metastatic non-small cell lung cancer. Our
experimental findings indicate that clinically relevant concentrations of gefitinib,
desmorpholinopropylgefitinib, erlotinib, desmethylerlotinib, and didesmethylerlotinib, but not
desmethylgefitinib, inhibit human aldehyde oxidase (AOX1) catalytic activity and hepatic
cytosolic metabolism of zaleplon and methotrexate. Molecular docking analysis provide structural
insights into the key AOX1 interactions with these EGFR-TKIs. Our findings may trigger improved

strategies for new EGFR-TKI design and development.
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Introduction

Belonging to the ErbB family of receptor tyrosine kinases, epidermal growth factor receptor
(EGFR) is involved in cell growth, proliferation, and survival, and is overexpressed in 40-80% of
non-small cell lung cancer (Chan and Hughes, 2015). Gefitinib and erlotinib (Supplemental Fig.
S1) are first generation EGFR-tyrosine kinase inhibitors (EGFR-TKIs) approved by the United
States Food and Drug Administration as first-line pharmacotherapy for metastatic non-small cell
lung cancer in tumors with EGFR mutations (Kujtan and Subramanian, 2019). These drugs
reversibly and competitively inhibit EGFR by binding to the ATP-binding site of the tyrosine
kinase domain. Gefitinib undergoes oxidative metabolism catalyzed mainly by CYP2D6 to form
desmethylgefitinib (major metabolite, Supplemental Fig. S1) and by an unidentified enzyme to
form desmorpholinopropylgefitinib (minor metabolite, Supplemental Fig. S1) (McKillop et al.,
2004; Li et al., 2007). By comparison, erlotinib is metabolized mainly by CYP3A4/CYP3AS to
form desmethylerlotinib (a major metabolite also referred to as OSI-420, Supplemental Fig. S1)
and by an unidentified enzyme to form didesmethylerlotinib (minor metabolite, Supplemental Fig.
S1) (Ling et al., 2006; Li et al., 2007).

Aldehyde oxidase (AOX) is a molybdenum-cofactor-containing phase I cytosolic drug-
metabolizing enzyme. Multiple isoforms of this enzyme exist in rodents: Aox1, Aox3, Aox4, and
Aox3l1, but only one isoform (AOX1) in human (Dalvie and Di, 2019). This enzyme is expressed
predominantly in liver and adrenal glands, and to a lesser extent in kidneys, respiratory tissue, and
skin (Moriwaki et al., 2001; Nishimura and Naito, 2006; Manevski et al., 2014). AOX has a broad
substrate specificity and it is involved in the oxidation of aldehydes, nitrogen- and oxygen-
containing heterocycles, as well as reduction reactions (Dalvie and Di, 2019). Of particular interest
in drug metabolism is the ability of AOX1 to oxidize azaheterocycles, which are common scaffolds

in medicinal chemistry. Various drugs, including zaleplon (Lake et al., 2002) and methotrexate
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(Jordan et al., 1999), are substrates of human AOX1. Specific endogenous substances have also
been identified as AOX substrates, as reported in animal studies showing retinaldehyde metabolism
catalyzed by rabbit AOX (Tomita et al., 1993), whereas N1-methylnicotinamide (Stanulovic and
Chaykin, 1971) and pyridoxal (Stanulovic and Chaykin, 1971) metabolism are catalyzed by mouse
Aox, and M1dG DNA adduct (Otteneder et al., 2006; Wauchope et al., 2015) and NADH (Kundu
et al., 2012) metabolism catalyzed by rat Aox. Studies are also emerging to investigate the role of
AOX in adipogenesis and locomotor activity (Qiao et al., 2020).

Previous studies reported certain drug classes, such as selective estrogen receptor
modulators, are capable of inhibiting the in vitro catalytic activity of human AOX1 (Obach, 2004;
Obach et al., 2004; Chen et al., 2019). Whether EGFR-TKISs as a drug class are chemical inhibitors
of AOXI is not known, but as shown in Supplemental Fig. S1 and S2, common chemical structural
features exist between both EGFR-TKIs and several known lipophilic, azaheterocycle-containing
AOX]1 substrates such as carbazeran, zaleplon, and methotrexate. As part of an overall aim to
identify chemical inhibitors of AOX with potential clinical relevance, experiments in this study
were designed to: 1) determine the inhibitory potential of erlotinib, gefitinib, and select metabolites
on human AOXI catalytic activity, as assessed by carbazeran 4-oxidation, an AOX1-selective
catalytic marker (Xie et al., 2019); 2) characterize the enzyme kinetics of AOX1 inhibition by these
EGFR-TKIs; 3) conduct molecular docking analysis to elucidate the mechanisms by which EGFR-
TKIs compete directly with AOX1 substrates to inhibit the catalytic activity of AOXI; and 4)
evaluate the impact of AOXI1 inhibition on hepatic cytosolic metabolism of clinically prescribed
therapeutic agents (i.e., zaleplon and methotrexate) known to be AOX1 substrates. The results of
this study highlight the potent inhibition of AOX1 catalytic function and hepatic cytosolic drug

metabolism by clinically relevant concentrations of erlotinib and gefitinib.
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Materials and Methods

Chemicals, Reagents, and Enzymes. Desmethylgefitinib, desmorpholinopropylgefitinib,
erlotinib, desmethylerlotinib, didesmethylerlotinib, carbazeran, 4-oxo-carbazeran (4-
hydroxycarbazeran), zaleplon, 5-oxo-zaleplon, methotrexate, 7-oxo-methotrexate (7-
hydroxymethotrexate) were purchased from Toronto Research Chemicals, Inc. (North York, ON,
Canada). Raloxifene, hydralazine, sodium valproate, tolbutamide, and dimethylsulfoxide (DMSO)
were purchased from Sigma-Aldrich Corp. (St. Louis, MO). Gefitinib and methotrexate were
bought from Cayman Chemicals (Ann Arbor, MI). All other commercially available chemicals
were of analytical or high-performance liquid chromatographic grade. The details of human liver,
human kidney, rat liver, and mouse liver cytosols used in this study are described in Supplemental
Table S1. Human recombinant AOX1 enzyme (catalog CYP150, lot 150011B) and control cytosol
(isolated from Escherichia coli host cells; catalog CYP099, lot INTO16E18C) were purchased from
Cypex Ltd. (Dundee, Scotland, UK).

Carbazeran 4-Oxidation Assay. Carbazeran 4-oxidation assay was conducted as
described in our previous study (Chen et al., 2019), except that the final concentration of DMSO
in all samples was 0.5% v/v, which was shown not to affect the catalytic activity of AOX1 (Behera
et al., 2014).

Zaleplon 5-Oxidation Assay. Each incubation mixture (200 pl) contained potassium
phosphate buffer (100 mM, pH 7.4), zaleplon (80 uM), and human liver cytosol (60 pg, 0.3 mg/ml
final concentration), unless otherwise specified in the figure legend. The mixture was pre-warmed
for 3 min at 37°C in a shaking water bath. Enzymatic reaction was initiated by adding liver cytosol
and the mixture was incubated for 20 min. The reaction was terminated by adding an equal volume

(200 ul) of ice-cold acetonitrile containing tolbutamide (25 nM final concentration; internal
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standard). Each sample was mixed, placed immediately in an ice bath, and centrifuged at 16,000
x g for 15 min at 4°C. The supernatant was transferred to a 96-well microplate for analysis of 5-
oxo-zaleplon and tolbutamide by ultra-high performance liquid chromatography-tandem mass
spectrometry (UPLC-MS/MS).

Methotrexate 7-Oxidation Assay. Each incubation mixture (200 ul) contained potassium
phosphate buffer (100 mM, pH 7.4), methotrexate (1.5 mM), and human liver cytosol (100 pg, 0.5
mg/ml final concentration), unless otherwise specified in the figure legend. The mixture was pre-
warmed for 3 min at 37°C in a shaking water bath. Enzymatic reaction was initiated by adding
liver cytosol and the mixture was incubated for 180 min. The reaction was terminated by adding
an equal volume (200 pl) of ice-cold acetonitrile containing tolbutamide (25 nM final
concentration; internal standard). Each sample was mixed, placed immediately in an ice bath, and
centrifuged at 16,000 x g for 15 min at 4°C. The supernatant was transferred to a 96-well
microplate for analysis of 7-oxo-methotrexate and tolbutamide by ultra-high performance liquid
chromatography-tandem mass spectrometry (UPLC-MS/MS).

Quantification of 4-Oxo-carbazeran, 5-Oxo-zaleplon, and 7-Oxo-methotrexate by
UPLC-MS/MS. The UPLC-MS/MS system and the chromatographic and mass spectrometric
conditions for analyzing 4-oxo-carbazeran and tolbutamide (internal standard) were described in
detail in our previous study (Xie et al., 2019). The amount of 5-oxo-zaleplon and 7-oxo-
methotrexate was quantified using an Agilent 1290 Infinity LC system (Agilent Technologies,
Santa Clara, CA) coupled with a triple quadrupole mass spectrometer (AB SCIEX Triple Quad™
3500 LC/MS/MS system with a Turbo V™ jon source (AB Sciex LLC, Framingham, MA) and
interfaced with the Analyst® software, version 1.6.2 (AB Sciex LLC). Chromatographic separation

was carried out using a Waters ACQUITY UPLC BEH Cis VanGuard pre-column, 2.1 x 5 mm
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i.d., 1.7 um and a Water ACQUITY UPLC BEH Cis column, 2.1 x 50 mm i.d., 1.7 um (Waters
Corporation, Milford, MA). MultiQuant software, version 3.0.1 (AB Sciex LLC) was used to
integrate the chromatographic peaks and quantify the analytes in each sample.

The autosampler temperature and column temperature were maintained at 4°C and 45°C,
respectively. The solvent flow rate was 0.5 ml/min, and the sample injection volume was 5 pl. The
mobile phase consisted of (A) 0.1% v/v formic acid in water and (B) 0.1% v/v formic acid in
acetonitrile. In the analysis of 5-oxo-zaleplon and zaleplon, the optimized elution conditions were:
isocratic at 5% B from 0 to 1 min, linear increase from 5% to 95% B from 1.0 to 2.0 min, isocratic
at 95% B from 2.0 to 3.5 min, linear decrease from 95% to 5% B from 3.5 to 3.6 min, and isocratic
at 5% B from 3.6 to 4.5 min. In the analysis of 7-oxo-methotrexate and methotrexate, a stepwise
elution was used: isocratic at 5% B from 0 to 1 min, 5% to 20% B from 1.0 to 1.5 min, 20% B from
1.5 min to 2.5 min, 20% to 95% B from 2.5 to 2.6 min, 95% B from 2.6 min to 3.5 min, 95% to
5% B from 3.51 to 3.6 min, and isocratic at 5% B from 3.6 min to 4.5 min. The chromatographic
eluate was diverted into the mass spectrometer from 1.4 to 3.5 min (for 7-oxo-methotrexate) and
1.5 to 3.5 min (for 4-oxo-carbazeran and 5-oxo-zaleplon). The analytes were detected in the
positive electrospray ionization mode. Each analyte was monitored using two multiple reaction
monitoring (MRM) transitions. The mass-to-charge (m/z) transitions, compound-dependent mass
spectrometry parameters, and ion source parameters are shown in Supplemental Table S2.

The preparation of the standard curve for 4-oxo-carbazeran and validation of the method
were described in our previous study (Xie et al., 2019). To construct a calibration curve for each
experiment, 5-oxo-zaleplon (3 to 10,000 uM in DMSO) or 7-oxo-methotrexate (5 to 3000 uM in
DMSO) stock solutions were freshly added to the incubation mixture to give final concentrations

of 3 to 10,000 nM (0.6 to 2000 pmol in 0.1% v/v DMSO) or 5 to 3000 nM (1 to 600 pmol in 0.1%
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v/v DMSO), respectively. Lower limit of quantification and quality control samples were prepared
by adding known amount of metabolite standard (0.6, 1.5, 30, or 300 pmol 5-oxo-zaleplon; 1, 3,
30, or 300 pmol 7-oxo-methotrexate) into the incubation mixture. Both standard and quality
control samples were subjected to the same procedures as described under Zaleplon 5-Oxidation
Assay or Methotrexate 7-Oxidation Assay. Matrix effect was evaluated by analyzing low, mid, and
high quality control samples in the absence or presence of enzymes (60 pg for 5-oxo-zaleplon and
100 ug for 7-oxo-methotrexate). A calibration curve was constructed using weighted (1/x?) linear
least-squares regression analysis of the peak area ratio (analyte to internal standard) versus amount
of the metabolite standard added into the incubation mixture. The amount of 7-oxo-methotrexate
quantified in a blank sample containing methotrexate only was subtracted from the amount of 7-
oxo-methotrexate quantified in each sample to calculate the net amount of 7-oxo-methotrexate
formed by the enzymatic reaction.

Enzyme Kinetics and Enzyme Inhibition Experiments. Enzyme kinetic experiment was
performed as described previously (Chen et al., 2019). The intrinsic clearance (Clint = Vmax / Km)
was calcuated by dividing Vmax by Km. Enzyme inhibition was determined by conducting the assays
in the presence of an inhibitor or the vehicle (0.5% v/v DMSO) at concentrations specified in each
figure legend. In the concentration-response experiment, the half-maximal inhibitory
concentration (ICso) value was determined by curve-fitting the experimental data to the following
equation (Sigmaplot 12.5):

Emax - EO

Effect = Ey + 1+ (x/ICgy) Hillslope

where x is the inhibitor concentration, Eo is the minimum effect, EFmax is the maximum effect, and

Hillslope is the Hill coefficient.

10
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To determine the enzyme kinetics of AOX1 inhibition by EGFR-TKISs, the carbazeran 4-
oxidation and zaleplon 5-oxidation assays were conducted in the presence of multiple
concentrations of carbazeran (0.5, 2, 5, 10, or 20 uM) or zaleplon (20, 40, 60, or 80 uM) and
multiple concentrations of an EGFR-TKI, as specified in the figure legend. The Ki (equilibrium
dissociation constant for the enzyme-inhibitor complex) value and mode of inhibition were
determined by non-linear least-squares regression analysis of the metabolite formation data at
various concentrations of the inhibitor and substrate, using equations for full and partial
competitive, noncompetitive, uncompetitive, and mixed-mode inhibition (Sigmaplot 12.5). The
best-fit model was determined by the corrected Akaike information criterion (AICc), R?, Sy.x
(standard deviation of the residuals), and visual inspection of the data in the Lineweaver-Burk and
Dixon plots. The equations for the full competitive inhibition model (Equation 1) and the partial

competitive inhibition model (Equation 2) are:

v Vmax E 4 1
= uation
1+(Km/S)=(1+1/KQ) 4
Vmax .
vV=—T—7" Equation 2
Km 1+?
1+ (7)o K
axKi

where S represents the substrate concentration, / represents the inhibitor concentration, Vmax
represents the maximum reaction velocity, Km represents the substrate concentration at which the
reaction rate is half of Vmax, and Ki represents the equilibrium dissociation constant for the enzyme—
inhibitor complex.

Rapid Equilibrium Dialysis and Determination of the Unbound Fraction. Nonspecific
binding of test chemicals to human liver cytosol was determined using a Rapid Equilibrium
Dialysis Kit (Thermo Fisher Scientific, Waltham, MA), as described in detail in our previous

publication (Xie et al., 2019). Briefly, a mixture (total volume of 200 pul) containing potassium

11
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phosphate buffer (100 mM, pH 7.4), a test chemical (1 or 10 uM in a final concentration of 0.5%
v/v DMSO), and human liver cytosol (20 ug total cytosolic protein) was added to the sample
chamber of the dialysis plate, while potassium phosphate buffer was added to the buffer chamber.
The dialysis was conducted at 37°C for 4 h on an incubator/mixer (ThermoMixer C, Eppendorf
AG, Hamburg, Germany) set at an orbital rotating speed of 300 rpm. At the end of the incubation
period, a 25 pl aliquot of the incubation mixture from each of the buffer and the sample chamber
was transferred into a microcentrifuge tube and mixed with 475 pl of ice-cold acetonitrile
containing 5 nM erlotinib (internal standard for analysis of gefitinib and its metabolites; final
concentration of 4.75 nM in 500 pl final volume) or 200 nM gefitinib (internal standard for analysis
of erlotinib and its metabolites; final concentration of 190 nM in 500 pl final volume). The
unbound fraction (fu) of a chemical was calculated as the ratio of the chemical concentration in the
buffer chamber to that in the sample chamber.

Quantification of Gefitinib, Erlotinib, and Select Metabolites by UPLC-MS/MS.
These drugs and metabolites were quantified by a UPLC-MS/MS system, as described under
Quantification of 4-Oxo-carbazeran, 5-Oxo-zaleplon, and 7-Oxo-methotrexate by UPLC-MS/MS.
The calibration standards consisted of a combined mixture of gefitinib, desmethylgefitinib, and
desmorpholinopropylgefitinib or a combined mixture of erlotinib, desmethylerlotinib, and
didesmethylerlotinib with final concentrations of 0.01-10 uM in 0.1% DMSO in the incubation
mixture. Ice-cold acetonitrile (475 pl) containing an appropriate internal standard (final
concentration of 4.75 nM erlotinib or 190 nM gefitinib in 500 pl solution) was added to 25 pl of
the standard mixture, similar to that described for the samples above. The autosampler temperature
and column temperature were maintained at 4°C and 45°C, respectively. The solvent flow rate was

0.5 ml/min, and the sample injection volume was 5 pl. The mobile phase consisted of (A) 0.1%
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v/v formic acid in water and (B) 0.1% v/v formic acid in acetonitrile. In the analysis of gefitinib,
desmethylgefitinib, and desmorpholinopropylgefitinib, the optimized elution conditions were:
isocratic at 5% B from 0 to 1 min, 5% to 95% B from 1.0 to 2.0 min, isocratic at 95% B from 2.0
to 3.5 min, 95% to 5% B from 3.5 to 3.6 min, and isocratic at 5% B from 3.6 to 4.5 min. In the
analysis of erlotinib, desmethylerlotinib, and didesmethylerlotinib, the optimized elution
conditions were: isocratic at 5% B from 0 to 1 min, 5% to 80% B from 1.0 to 2.0 min, isocratic at
80% B from 2.0 to 3.5 min, 80% to 5% B from 3.5 to 3.6 min, and isocratic at 5% B from 3.6 to
4.5 min. The chromatographic eluate was diverted into the mass spectrometer from 1.5 to 3.5 min.
The analytes were detected in the positive electrospray ionization mode. Each analyte was
monitored using two multiple reaction monitoring (MRM) transitions. The mass-to-charge (m/z)
transitions, compound-dependent mass spectrometry parameters, and ion source parameters are
shown in Supplemental Table S3.

Molecular Docking. We used the molecular docking methodology described in our
previous study (Chen et al., 2019). An initial exploratory docking study was conducted from which
a cluster sample of conformation (60 for the erlotinib family, 30 in the gefitinib family) were
reviewed manually. The initial study generated poses for erlotinib which were oriented similarly
to the urate ligand in xanthine oxidoreductase (Protein Data Bank #3 AMZ) (Okamoto et al., 2010).

Statistical Analysis. Data were analyzed by one-way or two-way analysis of variance and,
where appropriate, was followed by the Student-Newman-Keuls multiple comparison test
(SigmaPlot 12.5). Data obtained from experiments with two groups were analyzed by the student’s

t-test (one-tail). The level of statistical significance was set a priori at p <0.05.

13
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Results

Effect of Gefitinib, Erlotinib, and Select Metabolites on AOX1 Catalytic Activity.
Carbazeran 4-oxidation is an enzyme-selective catalytic marker of AOX1 (Xie et al., 2019).
Therefore, optimization experiments were conducted to identify the linear range of the carbazeran
4-oxidation assay with respect to the amount of cytosolic protein (Supplemental Fig. S3A-F) and
incubation time (Supplemental Fig. S4A-F). Carbazeran 4-oxidation catalyzed by human, rat, and
mouse liver cytosol preparations was best described by the Michaelis-Menten model
(Supplemental Fig. SSA-F). The enzyme kinetic constants are summarized in Supplemental Table
S5. The assay conditions for human recombinant AOX1-catalyzed carbazeran 4-oxidation were
optimized previously (Chen et al., 2019).

Gefitinib and desmorpholinopropylgefitinib, but not desmethylgefitinib, decreased human
recombinant AOX1-catalyzed carbazeran 4-oxidation (Figs. 1A, 1B, 1C and Supplemental Fig.
S6A). By comparison, erlotinib, desmethylerlotinib, and didesmethylerlotinib were equally
effective in inhibiting recombinant AOX1 catalytic activity (Figs. 2A, 2B, 2C and Supplemental
Fig. S6A). A similar pattern was observed for the inhibition of AOX1 catalytic activity in human
liver cytosol and human kidney cytosol by gefitinib, desmorpholinopropylgefitinib, erlotinib,
desmethylerlotinib, and didesmethylerlotinib (Figs. 1D, 1E, 1F, 2D, 2E, 2F and Supplemental Figs
S6B and S6C). A comparison of experimentally-derived ICso values indicated that erlotinib,
desmethylerlotinib, and didesmethylerlotinib were more potent than gefitinib and
desmorpholinopropylgefitinib in the inhibition of human liver cytosolic AOXI1 activity
(Supplemental Table S6). The negative control, sodium valproate (Obach et al., 2004), and the
positive controls, hydralazine and raloxifene (Obach, 2004), yielded the expected results in

experiments involving recombinant AOX1 or tissue cytosols (Supplemental Fig. S6A-C).
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Comparative experiments showed that the decrease in carbazeran 4-oxidation by gefitinib
was the greatest in enzymatic incubations containing human liver cytosol, lesser in incubations
containing rat liver cytosol, and the least in incubations containing mouse liver cytosol, whereas
the extent of the decrease by erlotinib in carbazeran 4-oxidation was similar in incubations
containing each of these types of cytosols (Supplemental Figs. S6B, S6D, and S6E). By
comparison, the rank order of the decrease in carbazeran 4-oxidation by raloxifene was human liver
cytosol > mouse liver cytosol > rat liver cytosol, whereas that by hydralazine was rat liver cytosol
~ mouse liver cytosol > human liver cytosol. Overall, these results suggest that the species
differences in chemical inhibition of AOX catalytic activity are inhibitor-specific.

Enzyme Inhibition Kinetics and Mode of Inhibition of Human Liver Cytosolic AOX1
Catalytic Activity by Gefitinib, Erlotinib, and Select Metabolites. To determine the Ki and the
mode of inhibition of carbazeran 4-oxidation by gefitinib, erlotinib, and select metabolites, liver
cytosol was incubated with various concentrations of substrate and a test chemical. The Kivalues
were comparable between gefitinib and desmorpholinopropylgefitinib and also among erlotinib,
desmethylerlotinib, and didesmethylerlotinib (Table 1). As shown in Fig. 3A-E and summarized
in Table 1, desmorpholinopropylgefitinib and erlotinib inhibited carbazeran 4-oxidation by partial
competitive mode, whereas gefitinib, desmethylerlotinib, and didesmethylerlotinib inhibited it by
full competitive mode.

Molecular Docking of Erlotinib and Select Metabolites to the Active Site of Human
AOXI1. Structural modelling of the orientation of erlotinib and select metabolites within the pocket
(Fig. 4A) shows that erlotinib, desmethylerlotinib, and didesmethylerlotinib all bind in a broadly
similar orientation. = Didesmethylerlotinib has a stronger interaction than erlotinib and
desmethylerlotinib as its unique hydroxyl group allows it to make an additional hydrogen bond

with the thioether group in Met-889, increasing the stability of the ligand in the binding site.
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Desmethylerlotinib has a weaker interaction than erlotinib as the preserved carbonyl group is not
able to make a hydrogen bond with Met-889, but the new hydroxyl group diminishes its van der
Waals compatibility with the edge of the pocket, forcing it to adopt an overall different and less
energetically favorable configuration. Table 2 summarizes key distances and interactions observed
in the molecular docking of erlotinib and metabolites. There is a clear contrast with the predicted
binding of hydralazine (Fig. 4B), which is indicated to be a relatively poor inhibitor primarily due
to the high activation energy cost of displacing the coordinated OH from the molybdenum cofactor,
and the small size of the ligand limiting the number of coordinating interactions it can make with
surrounding residues.

Molecular Docking of Gefitinib and Select Metabolites to the Active Site of Human
AOXI1. Structural modelling of the orientation and key ligand-residue interactions of gefitinib and
select metabolites within the pocket support the role of gefitinib and desmorpholinopropylgefitinib
(Fig. 4C) as reversible inhibitors. = The poses generated for gefitinib (Fig. 5A) and
desmorpholinopropylgefitinib (Fig. 5B) indicated key interactions with dioxothiomolybdenum
(VD) ion (MOS), Phe-885, and Glu-888, which were previously implicated in our work on the
reversible inhibition of this protein by selective estrogen receptor modulators (Chen et al., 2019).
Analysis of the key interactions of gefitinib and desmorpholinopropylgefitinib (Table 2) supports
them as reversible inhibitors. Structurally, gefitinib is able to form a stronger hydrogen bond with
MOS due to its large side-chain giving it a slightly different orientation in the pocket, whereas
desmorpholinopropylgefitinib is better-coordinated by the surrounding phenylalanine residues.

Desmethylgefitinib had little or no inhibitory effect on AOXI-catalyzed carbazeran 4-
oxidation, as determined in enzymatic incubations containing human recombinant AOX1 (Fig. 1B)
or human liver cytosol (Fig. 1E). It appears that the different structure of the side-chains in the

desmethyl form (Supplemental Fig. S1) is responsible for its rejection from the pocket. A high-
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affinity conformation in the pocket entrance was observed in the desmethyl form (Fig. 5C) that
was not observed in the other forms, in which Asn-1084 made two hydrogen bonds to two oxygen
atoms in the main ring which were inaccessible in the other forms of gefitinib. Although the
halogenated ring binds in the correct sub-pocket, forming the same interactions with Phe-885 and
Glu-888 (albeit notably weaker), it is the strong binding to Asn-1084 (Table 2) which ensures the
central body of the ligand cannot coordinate with the cofactor in the molybdenum chamber of the
pocket. Indeed, the bulk of the ligand binds obliquely to the outside of the broad pocket entrance,
in an orientation that suggests the ligand might easily be rejected from the vicinity of the pocket,
not entering the pocket or interacting with the cofactor in the molybdenum chamber of the protein.
As shown in Fig. 4D and 5C, bound desmethylgefitinib projects outwards from the pocket and does
not appear to affect access to the molybdenum chamber for typical substrates of the enzyme,
thereby not acting as an inhibitor.

Impact of AOX1 Inhibition by Gefitinib, Erlotinib, and Select Metabolites on Human
Liver Cytosolic Metabolism of Zaleplon and Methotrexate. Our next research question was
whether the inhibition of AOX1 by EGFR-TKIs impact the metabolism of therapeutic drugs
catalyzed predominantly by AOXI, such as zaleplon (Lake et al., 2002) and high-dose
methotrexate (Jordan et al., 1999). Initial experiments were performed to validate the UPLC-
MS/MS methods for the quantification of 5-oxo-zaleplon and 7-oxo-methotrexate (Supplemental
Fig. S7 and Supplemental Table S4), optimize the enzymatic conditions of the human liver
cytosolic zaleplon 5-oxdation (Supplemental Figs. S3G, S4G and S5G) and methotrexate 7-
oxidation assays (Supplemental Figs. S3H, S4H, and S5H), and characterize the kinetics of these
enzymatic reaction (Supplemental Table S5). Enzyme inhibition experiments showed that gefitinib
and desmorpholinopropylgefitinib, but not desmethylgefitinib, decreased zaleplon 5-oxidation

(Fig. 6A-C and Supplemental Fig. S8A) and methotrexate 7-oxidation (Fig. 7A-C and
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Supplemental Fig. S8B). In contrast, erlotinib, desmethylerlotinib, and didesmethylerlotinib
efficaciously decreased zaleplon 5-oxidation (Fig. 6D-F and Supplemental Fig. S8A) and
methotrexate 7-oxidation (Fig. 7D-F and Supplemental Fig. S8B), with a left-shift in the respective
concentration-response curves (Fig. 6D-F and 7D-F) when compared to the concentration-response
curves for the inhibition of zaleplon 5-oxidation (Fig. 6A and 6C) and methoxtrexate 7-oxidation
(Fig. 7A and 7C) by gefitinib and desmorpholinopropylgefitinib. The ICso values were in the low
micromolar concentrations for the inhibition of zaleplon 5-oxidation and methotrexate 7-oxidation
by gefitinib and desmorpholinopropylgefitinib, whereas the ICso values were in the nanomolar
concentrations for the inhibition of these drug metabolism reactions by erlotinib,
desmethylerlotinib, and didesmethylerlotinib (Supplemental Table S6). As expected, raloxifene
and hydralazine (positive controls) decreased zaleplon 5-oxidation and methotrexate 7-oxidation,
whereas sodium valproate (negative control) had no effect (Supplemental Fig. S§A and S§B).
Enzyme Inhibition Kinetics and Mode of Inhibition of Human Liver Cytosolic
Zaleplon 5-Oxidation by Gefitinib, Erlotinib, and Select Metabolites. Additional experiments
were performed to delineate the enzyme kinetics and mode of inhibition of zaleplon 5-oxidation
by gefitinib, erlotinib, and select metabolites. As indicated in Table 1, the Ki values for the
inhibition  of liver cytosol-catalyzed zaleplon 5-oxidation by  gefitinib and
desmorpholinopropylgefitinib were greater than those by erlotinib, desmethylerlotinib, and
didesmethylerlotinib by an order of magnitude. Nonlinear regression analysis and Lineweaver-
Burk plots (Fig. 8A-E) show that gefitinib, desmorpholinopropylgefitinib, erlotinib,
desmethylerlotinib, and didesmethylerlotinib inhibited zaleplon 5-oxidation by a competitive

mode.
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Discussion

As shown in our in vitro study, submicromolar concentrations of erlotinib and gefitinib are
effective in inhibiting the catalytic activity of human AOX1. Possessing a quinazoline moiety,
which is a common scaffold for good AOX1 substrates (Lepri et al., 2017), gefitinib and erlotinib
fit well into the AOX1 active site and support the competitive mode of AOX1 inhibition by these
drugs. A comparison of the Kivalues (Table 1) suggests that erlotinib is more potent than gefitinib
in AOX1 inhibition. This could be due to the different substituents on the quinazoline and phenyl
groups of these drugs (Supplemental Fig. S1). Erlotinib has an alkynyl group substituted on a
benzene ring, whereas gefitinib has fluorine and chlorine groups substituted on a benzene ring.
These structural differences may influence the interactions between the drug and the amino acid
residues located near or at the binding site. As corroborated by molecular docking analysis,
erlotinib binds through a hydrogen bond to the MOS group and interacts with Phe-923, whereas
gefitinib also interacts through a hydrogen bond to the MOS group, but forms a halogen bond with
Glu-888 and interacts with Phe-885 (Table 2).

Erlotinib, desmethylerlotinib, and didesmethylerlotinib were shown to be potent
competitive inhibitors of AOX, with submicromolar concentrations as their experimentally-derived
K, or ICso values. Among this group of chemicals, erlotinib and didesmethylerlotinib were more
potent than desmethylerlotinib. A comparison of their chemical structures (Supplemental Fig. S1)
shows that the least potent AOX1 inhibitor in this group (i.e., desmethylerlotinib) has the terminal
methyl group replaced by hydrogen on the Cs side chain of the quinazoline ring of the erlotinib
scaffold. In the case of didesmethylerlotinib, the additional replacement of the terminal methyl
group with hydrogen on the C7 side chain of the quinazoline ring appears to prevent the decrease
in the potency of AOX1 inhibition. Our molecular docking analysis supports the relative potencies

of erlotinib and its metabolites. Erlotinib forms a shorter stronger hydrogen bond with the MOS
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group (3.71 A) than either desmethylerlotinib (3.79 A) or didesmethylerlotinib (3.88 A), although
the binding effects of the weaker MOS hydrogen bond for didesmethylerlotinib is likely to be
compensated somewhat by an additional hydrogen bond with Met-889 (3.05 A).

Gefitinib, desmorpholinopropylgefitinib, but not desmethylgefitinib, inhibited AOX1
catalytic activity. The experimental findings on these structurally-related chemicals suggest that:
1) the methyl group at the C7 side chain of the quinazoline ring of gefitinib is critical for inhibitor
binding to the AOX1 active site; 2) alternatively, the acidic phenol group exposed from the loss of
the C7 methyl group (in desmethylgefitinib) may hinder binding to the AOX1 active site; 3)
indirectly, the C7 substituent could also alter the quinazoline propensity to interact with AOX1, as
studies have shown that electronic effects (electron withdrawing/donating) of substituents have
large effects on the quinazoline ring and impacts on substrate-enzyme binding (Lepri et al., 2017);
and 4) the morpholinopropyl side chain, along with its basic nitrogen, at the Cs position of the ring
is not essential for the inhibitory activity of gefitinib. Molecular docking analysis indicated similar
key interactions between gefitinib and human AOX1 and between desmorpholinopropylgefitinib
and this enzyme, consistent with the experimental findings that that these chemicals have efficacy
as inhibitors of this enzyme.

Zaleplon, a non-benzodiazepine sedative-hypnotic, is metabolized primarily by AOX1
and partly by CYP3A (Lake et al., 2002). In a human study, cimetidine, an inhibitor of AOX1
(Renwick et al., 2002) and CYP3A4 (Martinez et al., 1999), was reported to increase the Cmax
and AUC of zaleplon by 83% and 85%, respectively (Renwick et al., 2002). Given that
gefitinib and erlotinib are far more potent AOX1 inhibitors (submicromolar to low micromolar
Ki, present study) than cimetidine (Ki of 155 uM) (Renwick et al., 2002) and that erlotinib is
also a dual inhibitor of AOX1 (present study) and CYP3A4 (Dong et al., 2011), a potential

drug-drug interaction between gefitinib/erlotinib and zaleplon may occur. The U.S. Food and
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Drug Administration guidance on in vitro drug interaction studies has a model to assess the risk of
in vivo drug-drug interactions. It involves the calculation of Ri, which is equal to 1 + Imaxw/Ki,u,
where Imax,u is the maximal unbound plasma drug concentration (Table 3) and Kiu is the product of
Ki, and the fraction unbound (Supplemental Table S7). A Ri value > 1.02 represents a risk for in
vivo inhibition and potential drug-drug interactions (Food and Drug Administration, 2020). Based
on the calculated Ri values (Table 3), further investigations are warranted to determine whether
erlotinib and gefitinib inhibit the in vivo metabolism of zaleplon. This is relevant because sleep
disorder in cancer patients is prevalent, affecting about half of lung cancer patients undergoing
chemotherapy (Mercadante et al., 2015), and a drug such as zaleplon may be used to treat
insomnia in cancer patients administered erlotinib or gefitinib.

As shown in the present study, submicromolar concentrations of erlotinib,
desmethylerlotinib, and didesmethylerlotinib inhibited human liver cytosolic methotrexate 7-
oxidation. Methotrexate is an antifolate drug used in the treatment of various diseases (Widemann
and Adamson, 2006). It is oxidized by AOXI1 into its less active metabolite, 7-oxo-methotrexate
(also known as 7-hydroxymethotrexate) (Jacobs et al., 1976) (Supplemental Fig. S2). Both
methotrexate and 7-hydroxymethotrexate may precipitate in renal tubules when methotrexate is
administered at high dosages (> 500 mg/m?), contributing to the development of renal toxicity
(Widemann and Adamson, 2006). Although the R: value for the interaction between erlotinib and
methotrexate could not be determined due to the high substrate concentration (1.5 mM) needed in
the methotrexate 7-oxidation assay, the reported maximum plasma concentration of methotrexate
is in the millimolar range in high dose methotrexate therapy used for certain cancers (e.g. acute
lymphoblastic leukemia, lymphomas, osteosarcomas) (Howard et al., 2016). Overall, the

inhibitory effect by submicromolar concentrations of erlotinib, desmethylerlotinib, and
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didesmethylerlotinib (Fig. 7D-F) would serve as impetus for future investigations to determine
whether erlotinib influences the in vivo metabolism and toxicity of methotrexate in human patients.
As reported in a clinical study, a triple metronomic chemotherapy consisting of methotrexate,
erlotinib, and celecoxib is efficacious for the treatment of refractory/advanced oral cancer (Patil et
al., 2019).

Our study indicates differences in the magnitude of the inhibitory effect of gefitinib and
desmorpholinopropylgefitinib on carbazeran 4-oxidation catalyzed by human, rat, and mouse liver
cytosol (largest decrease in incubations containing human liver cytosol, smallest decrease in
incubations containing mouse liver cytosol). In contrast, the magnitude of the inhibitory effect of
erlotinib, desmethylerlotinib, and didesmethylerlotinib on carbazeran 4-oxidation was the same,
regardless of whether the source of enzyme was human, rat, or mouse liver cytosol. In agreement
with previous findings (Sahi et al., 2008; Apenova et al., 2018), species differences in chemical
inhibition of AOX1 catalytic activity were also obtained with raloxifene and hydralazine, which
were included as positive controls in our experiments. The reason for species-dependent chemical
inhibition of AOX catalytic activity is unknown, but differences in size, shape, and amino acid
residues in the active site of AOX1 have been postulated to affect binding by substrates (Dalvie
and Di, 2019), and presumably also affects binding by competitive inhibitors.

In conclusion, gefitinib, erlotinib, and select metabolites, except for desmethylgefitinib,
were shown to be potent competitive inhibitors of AOXI1 catalytic activity. Nanomolar
concentrations of erlotinib, desmethylerlotinib, and didesmethylerlotinib were sufficient to inhibit
the hepatic cytosolic metabolism of zaleplon and methotrexate. Our molecular docking analyses
provide structural insights into the key AOXI interactions with erlotinib, desmethylerlotinib,
didesmethylerlotinib,  gefitinib, desmethylgefitinib, and desmorpholinopropylgefitinib.

Furthermore, the emergence of a framework that systematically identifies key residues, bonds and
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other interactions and their energies, and therein allows comparison and ranking of potential
inhibitors provides an opportunity for integration of strategies for the rational design and

development of new EGFR-TKIs for therapeutic purposes.
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Figure Legends

Fig. 1. Concentration-response relationship in the inhibitory effect of gefitinib, desmethylgefitinib,
and desmorpholinopropylgefitinib on carbazeran 4-oxidation catalyzed by human recombinant
AOX1 and liver cytosol. Recombinant AOX1 (30 pg protein) or pooled liver cytosol (20 pg protein)
was incubated with carbazeran (5 uM) and varying concentrations of (A, D) gefitinib (0.1-60 uM
for recombinant AOX1; 0.1-100 uM for liver cytosol), (B, E) desmethylgefitinib (3-100 uM), (C,
F) desmorpholinopropylgefitinib (0.1-100 uM), or DMSO (0.5% v/v; vehicle) at 37°C for 15 min
(recombinant AOX1) or 5 min (liver cytosol). Data are expressed as percentage of activity in the
vehicle-treated control group and expressed as mean + S.E.M. of three or four independent
experiments conducted in duplicate or triplicate. *Significantly different from the vehicle-treated

control group (p < 0.05).

Fig. 2. Concentration-response relationship in the inhibitory effect of erlotinib, desmethylerlotinib,
and didesmethylerlotinib on carbazeran 4-oxidation catalyzed by human recombinant AOX1 and
liver cytosol. Recombinant AOX1 (30 pg protein) or pooled liver cytosol (20 pg protein) was
incubated with carbazeran (5 uM) and varying concentrations of (A, D) erlotinib (0.01-10 pM for
recombinant AOX1; 0.1-60 uM for liver cytosol), (B, E) desmethylerlotinib (0.03-30 uM for
recombinant AOX1; , 0.1-30 uM for liver cytosol), (C, F) didesmethylerlotinib (0.01-60 uM), or
DMSO (0.5% v/v; vehicle) at 37°C for 15 min (recombinant AOX1) or 5 min (liver cytosol). Data
are expressed as percentage of activity in the vehicle-treated control group and expressed as mean
+ S.E.M. of three independent experiments conducted in duplicate or triplicate. *Significantly

different from the vehicle-treated control group (p < 0.05).
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Fig. 3. Lineweaver-Burk plots for inhibition of human liver cytosolic AOX1-mediated carbazeran
4-oxidation by gefitinib, erlotinib, and select metabolites. Pooled liver cytosol (20 pg protein) was
incubated with carbazeran (0.5, 2, 5, 10, or 20 uM) and varying concentrations of (A) gefitinib (0,
1, 3, 6, or 10 uM), (B) desmorpholinopropylgefitinib (0, 1, 3, 6, or 10 uM), (C) erlotinib (0, 0.3,
0.6, 1, or 3 uM), (D) desmethylerlotinib (0, 1, 3, or 6 uM), (E) didesmethylerlotinib (0, 0.3, 0.6, 1,
or 3 uM), or DMSO (0.5% v/v; vehicle) at 37°C for 5 min. Data are expressed as mean + S.E.M.
reciprocal metabolite formation of three independent experiments conducted in duplicate.

*Significantly different from the vehicle-treated control group (p < 0.05).

Fig. 4. Molecular docking of compounds to the active site of human AOX1. The predicted binding
of the compounds is shown with the molybdenum cofactor MOS visible towards the centre of each
frame. The key residues are shown as labelled. (A) Molecular docking of erlotinib in the active
pocket of AOXI1. Desmethylerlotinib and didesmethylerlotinib bind in a similar overall
orientation. (B) Docking of hydralazine to AOXI1 occurred at a greater distance from the
molybdenum cofactor than erlotinib and with fewer interactions with surrounding residues. (C)
Docking of gefitinib to AOXI1. Desmorpholinopropylgefitinib binds similarly. (D)
Desmethylgefitinib binds at the entrance of the pocket, and extrudes out from it, rather than gaining

full access to the active site.

Fig. 5. (A) Key interactions of gefitinib with human AOX1. The larger morpholinopropyl side

chain affects the orientation of the ligand slightly, creating a stronger H-bond to MOS but drawing

it away from Phe-923. (B) Key interactions of desmorpholinopropylgefitinib with human AOX1.
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Phe-885 and Phe-923 are proximal to the halogenated ring, and the ligand chlorine forms an X-
bond to Glu-888. The central ring forms a H-bond to MOS. (C) Key interactions of the inactive
desmethylgefitinib with human AOX1. The halogenated ring enters the Phe-885 / Glu-888 sub-
pocket and maintains interactions with those two residues. However, the double-ring system has
a newly exposed H-bond donor because the carbonyl group is truncated to a hydroxyl, allowing it
to donate a H-bond to the carbonyl group in Asn-1084. In this orientation, the asparagine amine
can in turn donate a H-bond to the remaining carbonyl in the side chain of the ligand. This very

tight bond to Asn-1084 prevents the ligand from moving into the molybdenum chamber.

Fig. 6. Concentration-response relationship in the inhibitory effect of gefitinib, erlotinib, and select
metabolites on zaleplon 5-oxidation catalyzed by human liver cytosol. Pooled liver cytosol (60 pg
protein) was incubated with zaleplon (80 uM) and varying concentrations of (A) gefitinib (0.03-
100 uM), (B) desmethylgefitinib (1-60 M), (C) desmorpholinopropylgefitinib (0.1-200 uM), (D)
erlotinib (0.001-30 uM), (E) desmethylerlotinib (0.003-30 uM), (F) didesmethylerlotinib (0.001-
30uM), or DMSO (0.5% v/v; vehicle) at 37°C for 20 min. Data are expressed as percentage of
activity in the vehicle-treated control group and expressed as mean + S.E.M. of three or four
independent experiments conducted in triplicate. *Significantly different from the vehicle-treated

control group (p < 0.05).

Fig. 7. Concentration-response relationship in the inhibitory effect of gefitinib, erlotinib, and select
metabolites on methotrexate 7-oxidation catalyzed by human liver cytosol. Pooled liver cytosol
(100 pg protein) was incubated with methotrexate (1.5 mM) and varying concentrations of (A)

gefitinib (0.1-200 uM), (B) desmethylgefitinib (0.1-100 uM), (C) desmorpholinopropylgefitinib
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(0.1-200 uM), (D) erlotinib (0.001-30 puM), (E) desmethylerlotinib (0.003-30 pM), (F)
didesmethylerlotinib (0.0003-30 uM), or DMSO (0.5% v/v; vehicle) at 37°C for 180 min. Data
are expressed as percentage of activity in the vehicle-treated control group and expressed as mean
+ S.E.M. of three or six independent experiments conducted in duplicate. *Significantly different

from the vehicle-treated control group (p < 0.05).

Fig. 8. Lineweaver-Burk plots for inhibition of human liver cytosolic zaleplon 5-oxidation by
gefitinib, erlotinib, and select metabolites. Pooled liver cytosol (60 pg protein) was incubated with
zaleplon (20, 40, 60, or 80 uM) and varying concentrations of (A) gefitinib (0, 2.5, 5, 7.5, or 10
uM), (B) desmorpholinopropylgefitinib (0, 2.5, 5, 7.5, or 10 uM), (C) erlotinib (0, 0.125, 0.25, 0.5,
or 0.75 uM), (D) desmethylerlotinib (0, 0.125, 0.25, 0.5, or 0.75 uM), (E) didesmethylerlotinib (0,
0.125,0.25,0.5, or 0.75 uM), or DMSO (0.5% v/v; vehicle) for 20 min at 37°C. Data are expressed
as mean + S.E.M. reciprocal metabolite formation of three independent experiments conducted in

duplicate. *Significantly different from the vehicle-treated control group (p < 0.05).
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TABLE 1

Enzyme kinetic analysis of the inhibition of human liver cytosolic AOX1-mediated carbazeran 4-oxidation a

gefitinib, erlotinib, and select metabolites

Data are expressed as mean + S.E.M. for three independent experiments conducted in duplicate.

dse-jed | wouy pe@qumoq

IS

Carbazeran 4-Oxidation

Zaleplon 5-8xidation
QD

Chemical Ki (uM) Mode of Inhibition Ki (uM) l\:ﬁéode of Inhibition
>
g
_|
Gefitinib 1.74 £ 0.39 Competitive (Full) 3.24+£0.38 C;%mpetitive (Full)
QD
Desmethylgefitinib n.d. n.d. n.d. S nd
°
Desmorpholinopropylgefitinib 1.58+0.11 Competitive (Partial) 7.64+1.67¢ Gpmpetitive (Full)
S
N
Erlotinib 0.26 £ 0.02 Competitive (Partial) 0.10 £ 0.01 Competitive (Full)
Desmethylerlotinib 0.51+0.05¢ Competitive (Full) 0.22 £0.03¢ Competitive (Full)
Didesmethylerlotinib 0.28 £0.01 Competitive (Full) 0.11 £0.01 Competitive (Full)

n.d., not determined because there was no clear concentration-dependent decrease in activity.

4 Significantly different from the parent drug group (p < 0.05).

zaleplon 5-oxidation by
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TABLE 2 §
Molecular docking analysis of human AOX1 and inhibitors g
Experimental Inhibitor O-Mo Key H-bonds Halogen Bonds Otger Key Carbazeran 4-
Rank Distance R_%sidues Oxidation in Human
o}
(based on ICso) (A) g Liver Cytosol
:é Log ICso (M)
Gefitinib and Metabolites %
1 Desmorpholinopropylgefitinib 3.49 MOS Glu-888 (2.49 A) P§6-885 -5.39
(H-bond) P£G-923
o
2 Gefitinib 3.12 MOS Glu-888 (2.50 A) 1’_%&:-885 -5.31
(H-bond) %
N/A Desmethylgefitinib 6.593 Asn-1084 (3.03 A) Glu-888 (3.38 A) Phe-885 n.d.
(No bond) Asn-1084 (3.09 A)
Erlotinib and Metabolites
1 Erlotinib 3.71 MOS Phe-923 -6.10
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(H-bond)

2 Didesmethylerlotinib 3.88 MOS, Met-889
(H-bond) (3.05 A)

3 Desmethylerlotinib 3.79 MOS
(H-bond)

e-923

e-923

-5.98

-5.76

I1Cso values were determined as described under Materials and Methods.

%20z ‘8T [1dV uo sfeuinor 1349V e Bio'sjeuino [B@Bd! wo.} per;e%lumoa
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TABLE 3

Calculated R1 values for the in vitro inhibitory effect of gefitinib, erlotinib, and select metabolites on human

peojumoq

1

ver cytosolic carbazeran

2]
4-oxidation and zaleplon 5-oxidation g
Shown are unbound inhibition constant (Kiu) values, literature values of plasma protein binding, and unbou%d maximum plasma drug
ol
concentrations [Imax], and calculated Ri1 values. Unbound Kiu data are expressed as mean = S.E.M. g
Chemical Carbazeran  Zaleplon 5-  Plasmafu.  Plasma Drug  Unbound Plasmajé Carbazeran  Zaleplon 5-
4-Oxidation  Oxidation Concentration Drug % 4-Oxidation  Oxidation
Kin (UM)? Kiu (UM)? [Tmax] (M) Concentration g Ri Value? Ri Value?
QD
[l (uM) §
2
Gefitinib 1.23+£0.28  2.30+0.27 0.10¢ 0.94 —2.38¢ 0.094-0.238 5 1.08-1.19 1.04-1.10
Desmorpholinopropylgefitinib ~ 1.40 = 0.10 6.74+1.70  Unknown Unknown N/A % N/A N/A
Erlotinib 0.23+0.02  0.09+0.01 0.074 4.41-539 0.31-0.38 235-2.65 4.44-522
Desmethylerlotinib 045+0.04 0.19+0.03 Unknown  0.11—0.268 0.0077 - 0.02 1.02-1.04 1.04-1.11
Didesmethylerlotinib 0.26+0.02  0.10+0.01 Unknown 0.002-0.011" 0.0001 —0.0008 1.00 1.00 - 1.01

n.d., not determined

4, Kin = fu x Kj, where fu was calculated from 10 uM of chemicals in human liver cytosol (Supplemental Table S7).
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b Rivalue =1 + [Imaxu]/Kiu. According to the U.S. Food and Drug Administration guidelines for in vitro dru@interaction studies (Food

2
and Drug Administration, 2020), a R:1 value > 1.02 requires further investigations of potential in vivo inhibit%n. Shown in bold are R
value > 1.02. 3

2
¢, Gefitinib (IRESSA®), package insert, 2015. .;%

£

4_Erlotinib (TARCEVA®), package insert, 2016. For desmethylerlotinib and didesmethylerlotinib, the f, is aéumed to be similar to the
58

T Bl

parent drug.
>

¢, For advanced non-small cell lung cancer patients administered with 250 mg/day of gefitinib, the Cmax Vﬁas 418 ng/ml (0.94 uM)
o]

(Motonaga et al., 2015) or 662 ng/ml (1.48 uM) (on Day 3) to 1064 ng/ml (2.38 uM) (on Day 8) (Nakamura gt al., 2010).

(]
/. For cancer patients administered with 150 mg/day of erlotinib, the Cmax was 1737 — 2120 ng/ml (4.41 — 5.39 uM) (on Day 24 or 28)

(Hidalgo et al., 2001).

¥20¢ ‘8T |

g, For healthy non-smoker volunteers administered with a single 150 mg dose of erlotinib, the Cmax was 43.5 — 98.3 ng/ml (0.11 — 0.26

uM) (Hamilton et al., 2006).
h. For cancer patients administered with 150 mg/day of erlotinib for 1-2 months, the C24n was 0.86 — 4.2 ng/ml (2.35 — 11.49 nM)

(Svedberg et al., 2015).
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