
1521-009X/46/12/1847–1855$35.00 https://doi.org/10.1124/dmd.118.081919
DRUG METABOLISM AND DISPOSITION Drug Metab Dispos 46:1847–1855, December 2018
Copyright ª 2018 by The American Society for Pharmacology and Experimental Therapeutics

Metabolism of c-Met Kinase Inhibitors Containing Quinoline by
Aldehyde Oxidase, Electron Donating, and Steric Hindrance Effect s

Jiang Wei Zhang, Wen Xiao, Zhen Ting Gao, Zheng Tian Yu, and Ji Yue (Jeff) Zhang

China Novartis Institutes for BioMedical Research, Shanghai, People’s Republic of China

Received April 26, 2018; accepted September 10, 2018

ABSTRACT

Some quinoline-containing c-Met kinase inhibitors are aldehyde
oxidase (AO) substrates. 3-Substituted quinoline triazolopyridine
analogs were synthesized to understand the electron-donating
and steric hindrance effects on AO-mediated metabolism. Meta-
bolic stability studies for these quinoline analogs were carried out
in liver cytosol frommice, rats, cynomolgus monkeys, and humans.
Several 3-N–substituted analogs were found to be unstable in
monkey liver cytosolic incubations (half-life, <10 minutes), and five
of them (63, 53, 51, 11, and 71) were chosen for additional
mechanistic studies. Mono-oxygenation on the quinoline ring
was identified by liquid chromatography tandem mass spectrom-
etry. Metabolite formation was inhibited by the AO inhibitors
menadione and raloxifene, but not by the xanthine oxidase inhibitor

allopurinol. It was found that small electron-donating groups at the
3-quinoline moiety made the analogs more susceptible to AO
metabolism, whereas large 3-substituents could reverse the trend.
Although species differences were observed, this trend was
applicable to all species tested. Small electron-donating substit-
uents at the 3-quinoline moiety increased both affinity (decreased
Michaelis constant) and Vmax maximum velocity toward AO in
kinetic studies, whereas large substituents decreased both pa-
rameters probably as a result of steric hindrance. Based on our
analysis, a common structural feature with high AO liability was
proposed. Our finding could provide useful information for chem-
ists to minimize potential AO liability when designing quinoline
analogs.

Introduction

c-Met is a receptor tyrosine kinase for hepatocyte growth factor.
c-Met overexpression and mutation are associated with tumorigenesis,
metastasis, poor prognosis, and drug resistance (Cañadas et al., 2010;
Liu et al., 2010; Parikh and Ghate, 2018). c-Met has become an attractive
target for non–small cell lung cancer and other advanced cancers,
resulting in many small-molecule c-Met inhibitors in clinical trials (Fig. 1)
(Cañadas et al., 2010; Liu et al., 2010; Cui et al., 2013; Cui, 2014).
Aldehyde oxidase (AO) plays an important role in the metabolism of

aromatic aza-heterocycles (Kitamura et al., 2006; Pryde et al., 2010). As
an aza-heterocycle, quinoline is an essential bindingmotif in class Ib selective
c-Met inhibitors, such as capmatinib, OMO-1, AMG-208 (7-methoxy-4-[(6-
phenyl[1,2,4]triazolo[4,3-b]pyridazin-3-yl)methoxy]quinoline), SGX523 [6-
(6-(1-methyl-1H-pyrazol-4-yl)-[1,2,4]triazolo[4,3-b]pyridazin-3-ylthio)-
quinolone], JNJ-38877605 [6-(difluoro(6-(1-methyl-1H-pyrazol-4-yl)-
[1,2,4]triazolo[4,3-b]pyridazin-3-yl)methyl)quinolone], and PF-04217903
[2-(4-(3-quinolin-6-ylmethyl-3H-(1,2,3)triazolo(4,5-b)pyrazin-5-yl)pyrazol-
1-yl)ethanol] (Fig. 1) (Cui, 2014). Many quinolone-containing c-Met kinase
inhibitors were reported to be AO substrates, including SGX523 and
JNJ-38877605 (Diamond et al., 2010; Lolkema et al., 2015). The C–H
bond at the 2-quinoline position was metabolized by human AO to form
a lactammetabolite (M) (Kitamura et al., 2006; Pryde et al., 2010). Being
less soluble and prone to crystallize in the kidney, the lactam M was

believed to be the culprit of nephrotoxicity and ultimately clinical failure
for SGX523 and JNJ-38877605 (Diamond et al., 2010; Lolkema et al.,
2015). To overcome the AO metabolism–related low-solubility issue,
some efforts have been made to modify the quinoline moiety, such as
converting it to an imidazopyridine moiety in volitinib (Jia et al., 2014)
or replacing it with an isoquinolinone moiety (Ryu et al., 2011). In
addition, no AO liability was observed when some bulky substituents
were added at the 3-quinoline (Zhao et al., 2017). We have discovered
a series of triazolopyridine analogs to be potent c-Met inhibitors and
have attempted to add N-substituents at the 3-quinoline to block or
reduce AO-mediated metabolism (Chen et al., 2013). However, several
of these substituted analogs were found to be unstable in a cytosolic
stability assay, suggesting that they were still liable for AO-mediated
metabolism.
This study was aimed to evaluate the relationship between AO

metabolism and quinoline with different N-substituents at the 3-position
for triazolopyridine c-Met inhibitors. Electron-donating groups (EDGs)
and steric hindrance were found to affect AO metabolism. Our findings
could provide useful information for chemists to minimize potential AO
liability when designing quinoline analogs.

Materials and Methods

Chemicals. Triazolopyridine compounds, SGX523, and INC280 (2-fluoro-N-
methyl-4-[7-(quinolin-6-ylmethyl)imidazo[1,2-b][1,2,4]triazin-2-yl]benzamide)
were synthesized at China Novartis Institute of Biomedical Research (Shanghai,
People’s Republic of China) (Chen et al., 2013). Allopurinol and menadione were
purchased from Sigma-Aldrich (St. Louis, MO). Raloxifene was purchased from
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Shanghai DEMO Chemical Co. Ltd. (Shanghai, People’s Republic of China).
Pooled mouse liver cytosol (male CD1, n = 1000) and pooled rat liver cytosol
(male IGS SD, n = 400) were purchased from Xenotech (Lenexa, KS). Pooled
monkey liver cytosol (male cynomolgus) was purchased from IPhase Pharma
Service (Beijing, People’s Republic of China). Pooled human liver cytosol
(Ultrapool 150) was purchased from BD Biosciences (San Jose, CA). All other
reagents were of high-performance liquid chromatography grade or of analytical
grade.

Metabolic Stability. Parent (P) compound depletion in cytosolic incubation
was used to measure metabolic stability. The incubation, with a total volume of
200 ml, was conducted in 50 mM potassium phosphate buffer (pH 7.4) with liver
cytosol (2 mg/ml) and test compounds (1mM). Test compounds were dissolved in
dimethylsulfoxide (DMSO) to 10 mM, then further diluted in water to 2 mM. The
final concentration of DMSO was,0.1% for all incubations. After 15 minutes of
preincubation at 37�C, the reaction was initiated by adding the test compound.
After 0, 30, 60, and 120 minutes of incubation at 37�C, 40-ml aliquots were
removed and mixed with 100 ml of acetonitrile (ACN) containing internal
standard to terminate the reaction. The mixture was centrifuged at 3400g for
10 minutes at room temperature. The supernatants (50 ml) were diluted with
Milli-Q water (50 ml) and analyzed by liquid chromatography mass spectrometry
(LC-MS). Themass response of the P compound at 0minute was set at 100%. The
rate constant of substrate depletion, k, was the slope of the semi-logarithmic plot
of the percentage remaining versus time. The in vitro half-life (t1/2) was calculated
using the following equation: t1/2 = ln2/k.

The LC-tandem MS (LC-MS/MS) system consisted of the Shimadzu (Kyoto,
Japan) UFLC LC20A System, an AB Sciex (Framingham, MA) API5000 Mass
Spectrometer, and a Chromolith FastGradient C18 column (2.0� 50 mm; Merck

KGaA, Darmstadt, Germany). Mobile phases A and B were H2O and ACN,
respectively, with 0.1% formic acid as an additive in both solvents. Mobile phase
B was increased from 2% to 80% over 0.3 minute, and was kept at 80% for
another 0.4 minute before being changed back to 2%. The flow rate was
600ml/min with a total run time of 2 minutes. The ionization was optimized using
atmospheric pressure chemical ionization (+), and the detection was performed
via multiple reaction monitoring (MRM). Other mass parameters were as follows:
collision gas at 6 psi, curtain gas at 35 psi, ion source gas 1 at 50 psi, temperature at
450�C, nebulizer current at 3 V, entrance potential at 10 V, and collision cell exit
potential at 15 V.

M Identification. The incubation system was similar to that mentioned above
in the metabolic stability study. Briefly, in the incubation system with a total
volume of 200 ml, the test compound (5 mM) was incubated with 1.0 mg/ml
monkey liver cytosol in potassium phosphate buffer (pH 7.4, 50 mM) at 37�C for
120 minutes. The reaction was terminated by adding 400 ml of ACN. After
centrifugation, the supernatant was then transferred into a new vial and evaporated
to dryness in vacuo. The residue was reconstituted with 100 ml of 50% ACN in
H2O and subjected to direct LC-MS/MS analysis. The LC-MS/MS system was a
Thermo Accela high-performance liquid chromatography coupled with a Thermo
LTQ OrbriTrap XL ion-trap mass spectrometer (Thermo Fisher Scientific,
Waltham, MA) and an Agilent XDB-C18 column (4.6� 50 mm, 1.8 mm; Agilent
Technologies, Santa Clara, CA). Themobile phaseAwas 0.1% formic acid inwater,
and mobile phase B was 0.1% formic acid in ACN. The mobile phase B was
increased from 2% B to 98% B over 20 minutes using a flow rate of 300 ml/min.
The mass spectrometer was operated in a positive ion mode with an electrospray
ionization source. Samples were analyzed using a linear ion trap Q1 scan with
information-dependent acquisition–triggered product ion (MS2) scans. The

Fig. 1. c-Met inhibitors in clinical trials with quinoline or
quinoline mimics. Asterisks indicate an AO metabolism site.
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following detailed instrument settings were listed: capillary temperature at
275�C; sheath gas flow at 10 psi; source voltage at 4.5 kV; and capillary voltage
at 24 V.

Chemical Inhibition. Compounds 63, 53, 51, 11, and 71 were selected for
chemical inhibition study in human liver cytosol because of their highmetabolism

conversion rates. Chemical inhibition studies were performed by adding various
molybdenum hydroxylase inhibitors to identify the enzyme responsible for the
metabolism. In a total 50-ml incubation system, each compound (5 mM) was
incubated with human liver cytosol (0.5 mg/ml) for 30 minutes. Various
molybdenum hydroxylase inhibitors and their final concentrations were listed

TABLE 1

Kinetic study conditions for triazolopyridine compounds in liver cytosol incubation from different species

Species
Test Compounds

71 11 51 53 63

Compound concentration (mM) 0.23–30 0.47–60 0.23–30 0.23–30 0.47–60
Liver cytosol protein concentration (mg/ml) Monkey 0.1 0.2 0.1 0.1 1.0

Mouse 0.5 0.5 0.5 0.5 1.0
Human 0.5 0.5 0.5 0.5 1.0
Rat 0.5 0.5 0.5 0.5 1.0

TABLE 2

Structure, t1/2, molecular volume, DG, and docking score for the 3-substituted quinoline analogs

t1/2
Volume DG Docking score

Compound R Mouse Rat Monkey Human
min A3 kcal/mol

63 -H .500 .500 .500 .500 320.3 14.79 218.4
68 307 431 271 .500 423.0 8.98 215.5

2 .500 .500 .500 .500 409.0 14.68 2.0

23 .500 .500 .500 .500 427.6 7.49 215.6

5 .500 .500 .500 .500 409.5 8.44 21.5

53 15 229 9.1 88 378.7 9.33 221.9

15 .500 287 414 .500 445.7 9.50 29.4

47 192 182 .500 464 466.8 10.90 25.2

51 51 81 3.0 283 404.9 10.17 222.6

11 98 129 144 .500 423.0 10.71 217.0

12 .500 .500 266 .500 412.6 10.99 28.5

71 44 129 3.0 84 386.8 10.76 220.4

T1/2 values were determined with substrate concentration of 1 mM and liver cytosol protein concentration of 2 mg/ml.

Electron Donating and Steric Hindrance Effect on AO 1849
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as follows: menadione (50mM) (Johns, 1967), raloxifene (20mM) (Obach, 2004),
and allopurinol (50 mM) (Massey et al., 1970). These chemical inhibitors were
dissolved in DMSO and diluted with water to produce working solutions. For all
of the experiments, the final concentration of DMSOwas less than 0.15% (v/v). In
the controls, an equal volume of solvent was added. There was 10 minutes of
preincubation, and the reaction was initiated by the addition of the substrate. The
termination, centrifugation, and dilution steps were the same as in the metabolic
stability study. A 5 mM concentration was selected around the Km value so that
detectable M could be produced. Oxidative metabolites were detected by LC-MS
using predictive MRM methods derived from their corresponding P compounds.
The predicted MRMs for oxidative Ms and their P compounds were listed as
follows: 63 (P, 359 → 173; M, 375→ 173); 53 (P, 418 → 146; M, 434→ 146);
51 (P, 444→ 146; M, 460→ 146); 11 (P, 458→ 173; M, 474→ 173); and 71 (P,
430 → 400; M, 446 → 416). All incubations were performed in duplicate unless
stated otherwise.

Kinetic Studies. To estimate kinetic parameters, test compounds were
incubated with liver cytosol from different species for 30 minutes. The incubation
conditions such as substrate and cytosol concentrations were listed in Table 1. The
apparent Vmax and Km values were calculated by nonlinear regression analysis of
experimental data according to the Michaelis-Menten equation. Preliminary
experiments were performed to make sure that formations ofMs were in the linear
range for both reaction time and cytosol concentration. The Ms were measured
using an MRM mode. Due to the lack of M standards, the quantifications were
based on the calibration curves from corresponding parent compounds (5–1000
nM), assuming similar a mass response. All incubations were performed in
duplicate with S.D. values generally below 10%.

In Silico Methods. During AO catalyzed oxidation process, the formation
of a tetrahedral intermediate (-CHOH-NH-) was hypothesized by adding
H2O to the substrate on the -C=N- double bond (Torres et al., 2007; Dalvie
et al., 2012; Xu et al., 2017). The energy required to form the tetrahedral
intermediate (DG) is defined as follows: DG = Ginter-Gsub-GH2O, where
Ginter, Gsub, and GH2O represent the single point energy of intermediate,
substrate, and water, respectively. Single point energy was calculated
according to the methods reported (Torres et al., 2007; Dalvie et al., 2012;
Xu et al., 2017) with slight modifications. Briefly, 3D structures were first
optimized using Spartan’06 (Wavefunction Inc., Irvine, CA) using the
minimization function. Then single point energy was determined by Spartan
using the B3LYP/6-31G** basis set. No solvent model was considered
during the calculation.

Docking Studies. To evaluate the steric hindrance effect, molecular volume
was calculated and ligands were docked into the active site of AO receptor (PDB
entry 4uhx) (Coelho et al., 2015). Focus 3.83 software (Molsoft L.L.C., San
Diego, CA) was used for molecular volume calculation and docking studies
(Stiefl et al., 2015). Both the ligands and the receptor were optimized in Focus
before docking. A 40 � 40 � 40 point grid centered on phthalazine was used as
a docking region. The productive pose with the lowest docking score was used for
analysis.

Results

Metabolic Stability. The metabolic stability of quinoline analogs
was carried out in liver cytosol isolated from mice, rats, cynomolgus
monkeys, and humans (Table 2). SGX523 and INC280 were included as
controls, and the t1/2 values are listed in Supplemental Table 1.
Compound 63 had no substituent on the quinoline moiety and showed
slow turnover in liver cytosolic incubationwith t1/2 values.500minutes
in all four species tested. Some small N-substituents at the 3-position
made the compounds unstable. t1/2 values of less than 10 minutes were
observed for compounds 53, 51, and 71 in monkey liver cytosolic
incubations (Table 2). Similarly, these compounds were also unstable in
liver cytosolic incubation from mice, rats, and humans. Based on the t1/2
values, AO activity was the highest in monkeys, followed by mice, and
the lowest in rats and humans for compounds 68, 53, 51, and 71. This
rank of order was not applicable to compounds 11, 47, and 15.
Therefore, species difference seemed to be compound specific, and
there was no constant pattern (Sahi et al., 2008).

As the size of the N-substituent increased, the compounds became
more stable (longer t1/2). t1/2 values of.2 hours were observed in all four
species for compounds 68, 2, 23, 5, 15, 47, and 12. Compared with
compound 51, compound 11 had only one extra methylene linker and its
t1/2 value was much longer (144 vs. 3 minutes in the monkey). The
lowest molecule volumes were observed for compounds 53, 51, and
71, corresponding to the least stable compounds in the list (Table 2).
These observations showed that small EDG substituents increased
AO-mediated metabolism, while large substituents had an opposite
effect probably due to steric hindrance.
M Identification. The least stable compounds (53, 51, 11, and 71)

were chosen for M identification study in monkey liver cytosol.
Compound 63 was included for the comparison. Mono-oxygenated
Ms (m/z +16) with a longer LC retention time than parent compounds
were observed for these compounds using LC-MS (Fig. 2). The yields
were 83% (compound 71), 75% (compound 51), 57% (compound 53),
13% (compound 11), and 3% (compound 63) after 2 hours of incubation.
Compared with 63, N-substituents at the 3-position of quinoline moiety
made compounds less stable in cynomolgus monkey liver cytosol, as the
yield increased. A large N-substituent at the 3-position (11) reduced the
yield, indicating the steric hindrance effect. This finding is consistent
with the results obtained in a metabolic stability study.

Fig. 2. Ion extraction chromatography for selected triazolopyridine analogs (A:71;
B:51; C:53; D:11; E:63) and their corresponding mono-oxygenated Ms. Yield is
defined as the substrate conversion after a test compound (5 mM) was incubated with
monkey liver cytosol (1 mg/ml) for 2 hours.
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The MS/MS fragments of parent compounds and their proposed Ms
are listed in Supplemental Fig. 1 and Table 3. The oxidation was
proposed to occur on the quinoline part of the molecule based on
MS/MS fragmentation. Many studies showed that the vacant C–H bond
adjacent to the nitrogen atom in an aromatic heterocycle was metabo-
lized to form a lactam M by molybdenum hydroxylase (Kitamura et al.,
2006; Pryde et al., 2010). The 2-quinoline was assumed to be oxidized to
yield a lactam accordingly (Table 3). The structure assignment was
consistent with a longer retention time of a 2-oxo-quinolineM compared
with the parent compound observed for quinoline containing c-Met
inhibitors such as SGX523, capmatinib, and many others (Diamond
et al., 2010; Xu et al., 2017; Dick, 2018). No further study was
performed to confirm the M structures.
Chemical Inhibition. Molybdenum hydroxylase was involved in

the oxidative metabolism of these quinoline analogs in cytosol
without NADPH. To identify the enzyme involved in the metabolism,
molybdenum hydroxylase inhibitors were added to the incubation
system. Allopurinol (XO inhibitor) exhibited limited or no inhibition
(,17%) toward all of the analogs tested. Both menadione and
raloxifene (AO inhibitors) inhibited over 75% of the M formation
of compounds 63, 53, 51, and 71 (Fig. 3; Table 4). For compound 11,
the M formation was inhibited by 51% (menadione) and 35%
(raloxifene) in human liver cytosolic incubation. Relatively low
inhibition of compound 11 in human liver cytosolic incubation was
probably due to its low conversion rate. Therefore, an inhibition study
was repeated in mouse liver cytosol, in which a high conversion rate
was observed for compound 11. The metabolism of compound 11 was

inhibited by 93% and 86% by menadione and raloxifene, respectively.
These data revealed that AO, and not XO, was the enzyme responsible
for the quinoline metabolism.
Kinetic Study. To further explain the observed differences in the

metabolism of quinoline analogs, kinetic studies were performed in four
species (Fig. 4; Table 5). In agreement with the M identification
study, compound 63 had the lowest clearance judging from the
Vmax/Km value (,0.5 ml/min per milligram). The N-substituent at
the 3-position of the quinoline moiety increased AO metabolism
(increased Vmax/Km value). Compared with compound 63, de-
creased Km values were observed for all N-substituent analogs
in all species, indicating increased binding affinity. Compared
with compound 63, increased Vmax values were observed for all
compounds in all species except for compounds 11 and 51 in human
liver cytosol (Fig. 4; Table 5). Compound 11 had the lowest Vmax/
Km value among N-substituent analogs, again suggesting that large
N-substituents impede AO metabolism by steric hindrance. Species
differences were also observed. Cynomolgus monkeys had the
largest Vmax value for compounds 71, 11, and 51; whereas the Vmax/
Km value was the highest in mice for compounds 11, 51, 53, and 63.
The lowest Vmax/Km value was observed in humans for compounds
71, 11, and 51.

Discussion

There are many c-Met inhibitors containing a quinoline moiety in the
clinical trials (Fig. 1) (Cui, 2014), and AO has been reported to play a

TABLE 3

LC-MS/MS fragments of P compounds and their respective oxidative Ms

P Compound Proposed M Structure [M+H]+ Mass Fragments

63 P: 359 P: 146, 158, 173, 230
M: 375 M: 146, 158, 173, 176, 230

53 P: 418 P: 146, 157, 173, 230, 375, 400
M: 434 M: 145, 186, 204, 232, 416

51 P: 444 P: 158, 173, 230, 374, 416,
M: 460 M: 160, 230, 390, 442

11 P: 458 P: 173, 228, 259, 374, 386, 440
M: 474 M: 173, 196, 227, 244, 390, 427, 456

71 P: 430 P: 158, 173, 230, 400
M: 446 M: 145, 158, 186, 230, 416

Electron Donating and Steric Hindrance Effect on AO 1851
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major role in the quinoline metabolism (Xu et al., 2017). The clinical
failure of SGX523 and PF-04217903 was reported due to the low
solubility of their AO-mediated Ms, which precipitated in the kidney
and led to renal failure (Diamond et al., 2010; Lolkema et al., 2015). A
novel series of 3-N–substituted quinoline triazolopyridine analogs was
discovered as potent c-Met inhibitors with a clean PDE3 profile (Chen
et al., 2013). To monitor AO-mediated metabolism, AO liability was
routinely screened in monkey liver cytosol. In theory, extra substituents
should increase steric hindrance to deter AO metabolism. However,

several 3-substituted quinoline analogs were found to be less stable than
the unsubstituted quinoline. This prompted us to investigate the
mechanism.
In the present study, cytosol was used to measure AO metabolism.

The selection of cytosol would exclude other metabolizing enzymes or
transporters and simplify the system to consider cytosolic enzymes only.
The site of metabolism was ascribed to the quinoline moiety based on
the MS/MS fragmentation and the characteristic longer retention time
compared with the parent compound. An additional chemical inhibi-
tion study revealed that AO, but not XO, was the principal metaboliz-
ing enzyme. Small electron-donating N-substituents on the 3-quinoline
increased AO metabolism, whereas bulky N-substituents would exhibit
the steric hindrance effect. The EDG and steric hindrance effects
observed in this study were in agreement with the findings of these
reported studies (Jones and Korzekwa, 2013; Lepri et al., 2017; Xu
et al., 2017).
Molybdenum hydroxylases catalyzed oxidation by nucleophilic

attack at the carbon atom adjacent to the nitrogen in aromatic
heterocycles (Pryde et al., 2010). The energy needed to form the
tetrahedral intermediate (DG) was used to predict AO metabolism
(Torres et al., 2007). And a lowDGvalue favors AOmetabolism (shorter
t1/2). DG values were calculated, and the results are shown in Table 2.
Lower DG values were observed for all 3-N–substituted quinoline
compounds. DG values of at least 4 kcal/mol lower than that for
compound 63 were observed for the high-clearance compounds 53, 51,
11 and 71. However, low DG values were also observed for compounds
68, 23, 5, and 15 (,10.7 kcal/mol), which are rather stable compounds.
These observations suggest that the DG value alone cannot predict
AO stability.
In addition to DG, steric hindrance was reported as another main

factor affecting AO metabolism (Torres et al., 2007; Dalvie et al.,
2012; Lepri et al., 2017; Xu et al., 2017). To evaluate the steric
hindrance effect, these analogs were docked to the active site of AO
(Protein Data Bank entry 4UHX) (Coelho et al., 2015), and docking
scores are listed in Table 2. A docking score can reflect the steric
hindrance effect in ligand binding, and a lower docking score favors
the reaction. A docking score more than 2 U lower was observed for
good AO substrates such as compounds 53, 51, and 71. Low docking
scores were probably due to the extra hydrogen bond formation. The
tetrahydrofuran or oxetane moiety in compounds 51 and 71 provided
a hydrogen bond acceptor for residue G1019, and the hydroxyl
group in compound 53 supplied both a hydrogen bond acceptor and
a donor for residues G1017 and G1088, respectively. Higher
docking scores were observed for other analogs. The t1/2 difference
between two matched pairs (51 vs. 5 and 68 vs. 23) probably implied
the hydrogen bond donor was not well tolerated. Primary and
secondary amine analogs (compounds 2, 23, and 5) were stable in
cytosol (Table 2).
Many 4- or 5-linked quinoline compounds were AO substrates with

high clearance and short t1/2 in cytosol, such as ML-347 (5-[6-(4-

TABLE 4

Inhibition of quinoline analogs metabolism by various molybdenum hydroxylase inhibitors in liver cytosol fractions

Species
Percentage of Control Activity

Human Human Human Human Human Mouse

%
Inhibitor (concentration) Analog 63 53 51 11 71 11
Menadione (50 mM) 20 9 22 49 9 7
Raloxifene (20 mM) 23 2 13 65 2 14
Allopurinol (50 mM) 118 83 92 110 86 98

Fig. 3. Representative LC-MS in a chemical inhibition study. The AO M of
compound 53 appears at 1.12 minutes. The following inhibitors were used: solvent
control (A); menadione (50 mM) (B); raloxifene (20 mM) (C); and allopurinol
(50 mM) (D).
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methoxyphenyl)pyrazolo[1,5-a]pyrimidin-3-yl]-quinoline), LDN-193189
(4-[6-[4-(1-piperazinyl)phenyl]pyrazolo[1,5-a]pyrimidin-3-yl]-quinoline),
A-77-01 (4-[3-(6-methyl-2-pyridinyl)-1H-pyrazol-4-yl]-quinoline), zoni-
poride, and SB-277011 (N-[trans-4-[2-(6-cyano-3,4-dihydro-2(1H)-
isoquinolinyl)ethyl]cyclohexyl]-4-quinolinecarboxamide (Austin et al.,
2001; Dalvie et al., 2012; Dick, 2018). However, 6-linked quinoline
c-Met inhibitors such as SGX523 (Diamond et al., 2010), PF-04217903
(Zientek et al., 2010; Xu et al., 2017), BVU972 (6-[[6-(1-methylpyrazol-
4-yl)imidazo[1,2-b]pyridazin-3-yl]methyl]quinoline) (Xu et al., 2017),
and INC280 (Xu et al., 2017; Dick, 2018) were more stable.
Compound 63 is an AO substrate, but, like those 6-linked quinoline
c-Met inhibitors, its AO metabolism rate was slow (t1/2 . 2 hours) in
cytosolic incubations from both rodents and primates (Table 2). These

data could explain why so many 6-linked quinoline c-Met inhibitors
are in the clinical trials despite AO-mediated metabolism. The DG
values (in kcal/mol) for these 4- or 5-linked quinoline compounds
were calculated to be 13.4 (ML-347), 15.8 (LDN-193189), 20.5 (A-
77-01), 10.6 (zoniporide), and 19.3 (SB-277011). The low DG value
could explain the short t1/2 for zoniporide. The DG values for
ML-347, LDN-193189, A-77-01, and SB-277011 were comparable
or even higher than that for compound 63. Therefore, their high
AO-mediated metabolism rates were not caused by an electron
effect such as DG. These observations may suggest the quinoline
linkage positions exert a different steric hindrance effect and the
6-linkage is generally more resistant to AO metabolism than the
4- or 5-linkage.

Fig. 4. Michaelis-Menten plot of quinoline analog (A:53; B:71; C:51; D:11; E:63) metabolism in liver cytosol fractions from different species. Each triazolopyridine analog
(0.23–60 mM) was incubated with liver cytosol fractions (0.1–1 mg/ml) for 30 minutes.
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AO-mediated metabolism can also occur in the heterocyclic core
moiety in addition to the quinoline for some c-Met inhibitors. For
example, the AO M formed on the heterocyclic core moiety instead
of the quinoline was the major M for capmatinib (Xu et al., 2017;
Dick, 2018). Similarly, AO oxidation exclusively on the imidazole
core moiety was observed for c-Met inhibitor compound 1 (Zhao et al.,

2017). Many of our own c-Met inhibitors with t1/2 values,3 minutes
in cytosolic incubations were also mainly metabolized by AO on the
heterocyclic core moiety instead of the 6-linked quinolines (un-
published data; Fig. 5). Like compound 71, EDGs such as O- and
NH-linked cyclopropylmethyl moiety (examples 1 and 2; unpub-
lished data; Fig. 5) were observed for these compounds that were
unstable in cytosol. In addition to the aromatic aza-heterocycle with a
vacant C–H bond adjacent to a nitrogen atom (Pryde et al., 2010),
it seems that an EDG (N, O, phenyl) nearby would make the
heterocycle core ring more vulnerable to AO metabolism. Several AO
substrates with similar substructures from literature are listed in Fig. 5.
The meta-O-linked EDGs in XK-469 (2-[4-(7-chloroquinoxalin-2-yl)
oxyphenoxy]propanoate) (Anderson et al., 2005; Hutzler et al., 2012) and
VU0409106 [3-fluoro-N-(4-methyl-2-thiazolyl)-5-(5-pyrimidinyloxy)
benzamide] (Morrison et al., 2012), or the meta-N-linked EDG
in example 2, and compounds 20 (Lepri et al., 2017; Cruciani et al.,
2018) and 30 (Glatthar et al., 2016) made these compounds more
susceptible to AO metabolism (Fig. 5). Based on the examples
from literature and those we encountered in our internal c-Met
program, a structural feature with potentially high AO liability was
proposed as follows: 1) aza-heterocycle; 2) o-vacant C–H bond; 3)
m-small EDG (e.g., N, O, phenyl) (Fig. 5). It should be noted that
this substructure is not automatically translated to AO substrate,
since steric hindrance also plays a major role, as observed in this
study.
In summary, the EDG and steric hindrance affect AO-mediated

metabolism. For the triazolopyridine series of c-Met inhibitors, an
unsubstituted quinoline is a poor AO substrate, and small substituents of
EDG at the 3-quinoline increase the AO metabolism rate by decreasing
the DG, while large substituents impede AO metabolism as a result of
steric hindrance.

Fig. 5. Proposed common structural feature with high AO liability based on AO substrates from our internal c-Met program and the literature. Asterisks indicate an AO
metabolism site.

TABLE 5

Kinetic study of quinoline analogs in liver cytosolic fractions from different species

Each triazolopyridine analog (0.23–60 mM) was incubated with liver cytosolic fractions (0.1–
1 mg/ml) for 30 min.

Species Test Compounds Vmax Km Vmax/Km

pmol/mg per minute mM ml/min per milligram

Mouse 63 14 38 0.36
53 164 2.4 69
51 25 1.0 25
11 22 2.4 9.2
71 28 1.7 16

Rat 63 1.8 64 0.03
53 22 5.5 4.0
51 19 1.1 17
11 33 4.0 8.1
71 11 1.0 11

Monkey 63 7.1 64 0.11
53 72 2.7 27
51 95 4.3 22
11 39 20 2.0
71 229 5.9 39

Human 63 18 84 0.22
53 23 2.6 8.8
51 5.0 8.6 0.58
11 14 63 0.23
71 74 22 3.4
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