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Abstract

The uricosuric diuretic agent tienilic acid (TA) is a thiophene-containing compound that is
metabolized by P450 2C9 to 5-OH-TA. A reactive metabolite of TA also forms a covalent adduct
to P450 2C9 that inactivates the enzyme and initiates immune-mediated hepatic injury in humans,
purportedly through a thiophene- S-oxide intermediate. The 3-thenoyl regioisomer of TA, tienilic
acid isomer (TAI), is chemically very similar and is reported to be oxidized by P450 2C9 to a
thiophene- S-oxide, yet it is not a mechanism-based inactivator (MBI) of P450 2C9 and is reported
to be an intrinsic hepatotoxin in rats. The goal of the work presented in this manuscript was to
identify the reactive metabolites of TA and TAI by the characterization of products derived from
P450 2C9-mediated oxidation. In addition, /n sifico approaches were used to better understand
both the mechanisms of oxidation of TA and TAI and/or the structural rearrangements of oxidized
thiophene compounds. Incubation of TA with P450 2C9 and NADPH yielded the well-
characterized 5-OH-TA metabolite as the major product. However, contrary to previous reports, it
was found that TAI was oxidized to two different types of reactive intermediates that ultimately
lead to two types of products, a pair of hydroxythiophene/thiolactone tautomers and an S-oxide
dimer. Both TA and TAI incorporated 180 from 180, into their respective hydroxythiophene/
thiolactone metabolites indicating that these products are derived from an arene oxide pathway.
Intrinsic reaction coordinate calculations of the rearrangement reactions of the model compound
2-acetylthiophene- S-oxide showed that a 1,5-oxygen migration mechanism is energetically
unfavorable and does not yield the 5-OH product, but instead yields a six-membered oxathiine
ring. Therefore, arene oxide formation and subsequent NIH-shift rearrangement remains the
favored mechanism for formation of 5-OH-TA. This also implicates the arene oxide as the
initiating factor in TA induced liver injury via covalent modification of P450 2C9. Finally, /n
sificomodeling of P450 2C9 active site ligand interactions with TA using the catalytically active
iron-oxo species revealed significant differences in the orientations of TA and TAI in the active
site which correlated well with experimental results showing that TA was oxidized only to a ring
carbon hydroxylated product, whereas TAI formed both ring carbon hydroxylated products and an
S-oxide.
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Introduction

Thiophene is a five-membered heteroaromatic ring that contains one sulfur atom. Although
thiophene is quite stable and the sulfur is relatively inert, oxidation can be achieved using
hydrogen peroxide. The primary products isolated are mixed S-oxide Diels-Alder dimers
known as “sesquioxides”. In addition to the dimer product, a sulfone is formed, and both of
these products are derived from a thiophene-S-oxide intermediate.! Thiophene-S-oxides in
general are not stable except in cases where bulky substituents are present at the 2- and 5-
positions.?

The electron rich pi-system explains why thiophene, in highly acidic conditions, undergoes
peracid oxygenation at the 2 position of the ring to form 2-oxothiophene or thiophene-2-one.
This product was proposed to be formed in a pathway that involves protonation of the
thiophene ring prior to arene oxidation to generate a thiophene epoxide intermediate.3
Presumably, the thiophene epoxide undergoes an NIH shift rearrangement like other arene
oxides to form a thiolactone, and subsequently a phenol, due to the energy gained from re-
aromatization.# However, unlike phenols, only the thiolactone of thiophene was obtained,
and it was formed in small quantities relative to the S-oxide dimer suggesting that in peracid
conditions sulfur oxidation is preferred.

The mechanism of cytochrome P450-mediated oxidation of thiophenes is different than
peracid oxidation. This is because the species involved in the catalytic oxidation is a highly
electron deficient thiolate heme-oxo species dubbed P450 compound 1.5 This iron (1V) oxo,
or ferryl species with an additional oxidizing equivalent delocalized over the porphyrin and
thiolate ligands (hereafter referred to as iron-oxo species), can react in a free radical process
with the pi-orbital ring electrons of thiophene to produce arene oxide intermediates.® This
same intermediate can also react with the lone pair electrons on the sulfur atom to form a
sulfoxide. Since there is more than one possible type of oxidation event, it is often
ambiguous which pathway, arene oxidation vs. S-oxidation, is occurring.

A classic example of the ambiguity thiophene metabolism presents is that of the simplest
case, unsubstituted thiophene. Two major metabolites were isolated from the urine of rats
treated with thiophene. These metabolites were determined to be two isobaric mercapturic
acid metabolites containing the elements of an additional water molecule. These
mercapturates were postulated to be formed through an arene oxide intermediate.” However,
they were later re-characterized by TH NMR and found to be diasteromeric
dihydrothiophene- S-oxide mercapurates that were postulated to be derived from a
thiophene-S-oxide intermediate.® Further evidence for the intermediate S-oxide came from
the identification of sesquioxides that were isolated from rat liver microsomal (RLM)
incubations containing thiophene.l In terms of characterization of a sulfoxidation pathway,
formation of sesquioxides is the most convincing evidence to date.

Although there is substantial evidence for the cytochrome P450-mediated S-oxidation of
thiophenes-8-17 there also is evidence that cytochrome P450s (P450s) will catalyze the
arene oxidation of some thiophenes.13:17-20 Dye to their instability, the highly electrophilic
S-oxide and arene oxide intermediates that are formed from thiophenes have been
characterized indirectly as products trapped by nucleophiles, most commonly glutathione
(GSH), which is found in high concentrations in most cells.

Tienilic acid (TA, [2,3-dichloro-4-(thiophene-2-carbonyl)phenoxyJacetic acid) (Figure 1) is
an antihypertensive agent that has both potassium-sparing uricosuric and diuretic
activities.?! It was removed shortly after its introduction because of an immune-mediated
liver injury that occurred in a small percentage of the patient population.22 TA is primarily
metabolized by P450 2C9 and is oxidized at the C-5 position of its thiophene ring. This
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metabolite, 5-OH-TA, exists in equilibrium with its thiolactone tautomer.23 TA was also
found to cause mechanism-based inactivation of P450 2C9 most likely via covalent
adduction of a reactive metabolite of TA with P450 2C9.24 A covalent adduct of TA with
P450 2C9 is immunologically recognized by sera from patients with TA-induced hepatitis
and is thought to act as a neo-antigen.2> The P450 2C9 adduct originally was proposed to
arise via a reactive thiophene-S-oxide.1025 However, an arene oxide also could be the
reactive species that inactivates the enzyme.24

Although there was no direct evidence for its involvement in the mechanism of
hydroxylation of TA, a thiophene-S-oxide intermediate was inferred from comparisons with
the metabolism of the 3-thenoyl regioisomer of TA that is referred to as tienilic acid isomer
(TAI, [2,3 dichloro-4-(thiophene-3-carbonyl)-phenoxy]-acetic acid) (Figure 1). TAl is
oxidized by P450 2C9 and the rat orthologue P450 2C11 to an electrophilic thiophene S
oxide based on experiments where the S-oxide was trapped as thiol conjugates.®25:26 These
results led to the hypothesis that 5-OH-TA was formed by 1,5-migration of the oxygen of an
initially formed TA S-oxide (see Scheme 1).2” We have investigated the possibility of this
reaction theoretically, with the model compound 2-acetylthiophene-S-oxide, using Intrinsic
Reaction Coordinate (IRC) calculations. Experimentally, the reaction was attempted using
benzothiophene- S-oxide, the only stable thiophene-S-oxide that has a carbon alpha to the S
oxide that is available for oxygen migration. We also re-investigated the metabolism of TA
and TAI by P450 2C9, and have constructed models of TA and TAI docked into the active
site of the P450 2C9 crystal structure based on our findings that the metabolic profiles of
these regioisomers are different.

Materials and Methods

Materials

The synthesis of TA and TAI are described in the Supporting Information and were based on
previously described procedures.?8:29 Structures and purity were confirmed by LC-UV, LC-
MS, and 1H NMR. Trizma base and other reagents were purchased from Sigma-Aldrich (St.
Louis, MO). LC solvents were purchased from Fisher Chemical Co. (Fairlawn, NJ) and all
were LC-MS OPTIMA grade. P450 2C9 and P450 2C11 Supersomes co-expressing
cytochrome 65 and P450 reductase, were purchased from BD Biosciences (San Jose,

CA). 180, (98%180,) gas was purchased from Isotech (Champaign, IL). D,O was
purchased from Cambridge Isotopes (Andover, MA).

Incubation Conditions and HPLC-qTOF MS Analysis of the Metabolites of TA and TAI

Incubations were performed at 37 °C using a 100 M solution of either TA or TAI in 50
mM Tris buffer (pH 7.4) or 50 mM kPi which was pre-incubated with Supersomes
containing 20 pmols of P450 2C9 (20 pL) for 3 min. This was followed by the addition of
30 pL of a 10 mM solution of NADPH to give a 1 mM NADPH solution. The total reaction
volume was 300 pL. Reactions were quenched after 30 min by the addition of 150 p.L of
ice-cold ACN containing 0.1% (/) formic acid. The samples were then placed on ice for
10 min followed by centrifugation at 13,000xg for 10 min.

Liquid chromatography was performed using a Shimadzu SC1 10A HPLC system coupled
to a Waters (Milford, MA) Synapt High Resolution Quadrupole TOF mass spectrometer via
an ESl interface. For parent ion detection in full scan mode (50-1500 m/2), the cone voltage
was 25 eV and the collision and transfer cell energies were both 4 eV. MS expression (MS€)
was used for fragmentation analysis. The cone voltage was 35 eV with the collision cell set
to 6 eV and trap cell set to 4 eV. Fragmentation in the MS® mode was induced by using a
collision cell energy ramp from 15-30 eV with the transfer cell maintained at 10 eV. For
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both modes, the capillary voltage was 3.5 KeV with a source temperature of 120°C and a
desolvation temperature of 350°C. Leucine enkephalin was used as a lockspray reference
with a sampling interval of 10 s and scan rate of 0.5 s. The instrument was calibrated with
sodium formate over a range of 50-1500 7/ prior to every use. Data were acquired in the
centroid mode. The spectra were combined using Masslynx software and also were analyzed
by mass defect filtering with the Masslynx software program Metabolynx using the parent
mass with a tolerance of 72 mDa. The elemental composition and mass error was calculated
using Masslynx. Parent ion and high energy MS¢ spectra were generated by spectral
combination of peaks about their apex using Masslynx.

Separation was achieved using a 2.1x100 mm RX-C8 column from Agilent (Santa Clara,
CA) was used. A gradient program consisting of Solvent A (99.9% H»O solution containing
0.1% formic acid (/1) and Solvent B (99.9% ACN containing 0.1% (v/V) formic acid) was
used. Solvent A was held at 90% for 3 min, followed by a linear gradient to 50% B over 17
min. Then solvent B was increased using a linear gradient to 60% B at 25 min then to 95%
B at 27 min where it was held for 3 min. The column was pre-equilibrated at 90% A for 5
min prior to each injection.

HPLC-UV Analysis

For HPLC-UV analysis of TA metabolites, a Schimadzu SC1-10A HPLC system with
LC-10AD binary pumps was coupled to a Schimadzu SPD-M10A diode array that was set to
scan from 190-600 nm over 0.1 s. The solvent flow rate was 1.0 mL/min and a Phenomenex
Synergi® Polar-RP column (4.6x150 mm, 5 um particle size) was used. The gradient
solvent system was identical to the LC-ESI-MS analysis except for the flow rate.

For the separation of TAI metabolites, an Agilent XD-C8 column was used (4.6x150 mm, 5
pm particle size). The solvent system consisted of Solvent A (H,O containing 0.1% (v/4)
formic acid) and Solvent B (ACN containing 0.1% (v/) formic acid) at a flow rate of 1 mL/
min. Solvent A was held for 3 min at 90% A followed by a linear gradient to 60% B over 20
min followed by a gradient to 95 % B at 25 min which was held for 3 min.

Measurement of 180 Incorporation

Incubations were performed in 1.5 mL polypropylene vials sealed with rubber septa. The
vials were purged with N, gas five times prior to pre-incubation and after adding all of the
incubation components except for NADPH. Saturation of the incubation vessels with 180,
was achieved by purging with 99% 180, gas three times via syringe and an oxygen
regulator. Between purge cycles the vessels were evacuated using a gastight syringe.
Incubations were maintained at a slight positive pressure of 180,. The samples were then
incubated for 3 min at 37 °C prior to the addition of 30 p.L (via syringe) of an N, gas-purged
solution of 10 mM NADPH. The final concentration of NADPH was 1 mM. In order to
quantify the percentage of 180 relative to 160 in the metabolites, tolbutamide was co-
incubated at a final concentration of 100 LM as an internal standard with the concentration
of TA or TAIl at 10 M. Liquid chromatography was performed using a Shimadzu SC1 10A
HPLC system coupled to a Waters (Milford, MA) Quattro Micro mass spectrometer
operating in the negative electrospray ionization (ESI) mode using Single lon Monitoring
(SIM). For parent ion detection in SIM mode the cone voltage was 25 eV with a capillary
voltage of 3.0 keV. SIM was conducted by monitoring //z channels 285, 287, 345 and 347
with a dwell time of 0.2 s for each channel. Calculation of %180 was performed using an
equation based on Brauman's least squares method.30
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[(M+H+2) peak area — 0.7 (M+H) peak area]

100%
[(M+H) peak area+ (M+H+2) peak area — 0.7 (M+H) peak area)] % v

B0 incorporation=

NMR Analysis of TAI-M1 and TAI-M2

An incubation consisting of 100 .M TAI and 500 pmol of P450 2C9 Supersomes in 5 ml of
50 mM KkPi (pH 7.4) was incubated at 37°C for 1 hr in the presence of 1 MM NADPH. The
incubation mixture was then split into two 2.5 mL aliquots to which there was added 1.25
mL of ACN containing 0.1% v/v formic acid and centrifuged at 3,000xg for 20 min. The
metabolites were then extracted using a C1g solid phase extraction cartridge (Bakerbond®,
JT Baker) according to the manufacturer's instructions. The metabolites and parent were
eluted with MeOH and concentrated to 200 pL. The metabolites were separated from the
parent using the conditions mentioned above with DO replacing H,O as an eluting solvent.
A total volume of 300 L was collected over the peak width of the co-eluting TAI-M1 and
TAI-M2. One dimensional 'H NMR analysis of this mixture was performed on a 600MHz
Bruker Avance I1I fitted with a CPTCI cryoprobe and operating at 273K. Data was analyzed
using Topspin V2.1 software. A total of 12,288 scans were acquired into 32K data points
with solvent suppression at 4.7 ppm and 2.3 ppm.

Hydrogen/Deuterium Exchange

The incubations were carried out as described above. Reaction mixtures were quenched
using an equal volume of ACN and centrifuged for 10 min at 13,000xg. The supernatant was
removed, diluted with D,O and loaded onto a 6 mL SepPak C,g cartridge from JT Baker
(Phillipsburg, NJ) according to the manufacturer's instructions. The Cqg cartridge was then
washed with 99% D0 (2x2mL) and eluted using 1 mL of ACN containing 0.1% formic
acid. The eluent was dried and reconstituted in 150 pL of D,O containing 20% ACN and
immediately analyzed by LC-qTOF-MS as described above, but using a solvent mixture of
97% D,0 and 0.1% formic acid (v/v) as solvent A.

Density Functional Theory (DFT) Calculations

Quantum-Mechanical (QM) calculations were performed with GAMESS (version number 1
October, 2010 (R1)). Calculations used restricted Hartree-Fock Mgller-Plesset, or DFT
(B3LYP) methods. GAMESS implemented DFT used a Euler-Maclaurin quadrature with 96
radial points, with theta and phi set to 12 and 24 for the number of angle grids in the Gauss-
Legendre quadrature. Initial geometries for model thiophene and thiophene oxides were
constructed in Avogadro using Monte Carlo conformational searches and energy
minimization with the MMFF94 force-field. Molecular coordinates for QM calculations
utilized systematically generated delocalized internal coordinates generated from Cartesian
coordinates in the GAMESS input file. Basis sets for geometry optimization, saddle point
searches, Hessian (vibrational analysis), and Intrinsic Reaction Coordinate (IRC)
calculations were 6-31G+(d,p)//6-31G+(d,p), implemented as spherical harmonics unless
indicated otherwise. All geometry minima were validated by a separate Hessian calculation
indicating no imaginary frequencies. Transition states were also analyzed and had only one
imaginary frequency. IRC calculations in the forward and reverse directions were given the
transition-state geometry and Hessian as input, and followed the imaginary vibration mode
to stationary points (products) from the starting point (transition state). When implemented,
the solvent model used was the Polarizable Continuum Model (PCM), using GAMESS
defaults for solvent parameters (H,O). Zero point energy corrections were scaled at 298.15
K. All calculation parameters unless otherwise mentioned used GAMESS default settings.
GAMESS output was visualized using MacMolPlot.
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Molecular Modeling

Molecular modeling simulations were conducted using a Silicon Graphics Octane
workstation with Insight Il software (Accelrys, San Diego, CA). The crystal structure of
P450 2C9 (Protein Data Bank ID: 1R90) was used for docking.3! Structures of TA and TAI
were constructed using Insight 11/Builder module and optimized. Energy minimization and
molecular dynamics (MD) simulations were carried out using the Insight 11/ Discover
module with the consistent valence force field. The parameters for heme and iron-oxo
species were as described previously.32: 33 The non-bond cutoff was 16 A, and all other
parameters were set at their default values. Water molecules and flurbiprofen substrate were
removed from the CYP2C9 crystal complex (1R90) prior to docking studies.

Dynamic Docking with T1 NMR Restraints

Initially, TA and TAI were manually placed into the active site of P450 2C9 on the distal
side of the heme, in such a way that the distances between the protons of the substrates and
the heme iron were close to the distances obtained previously from T; NMR relaxation
studies.3# The TA/TAI-P450 2C9 complex was then minimized by 1000 steps of steepest
decent gradient, with heme fixed to prevent structural disturbances. The system was then
subjected to 5-ps MD simulations with NMR-based distance restraints imposed. After the
MD run, the structure was minimized with the same force of the distance restraints for the
2000 steps of steepest descents and 2000 steps of conjugate gradients minimizations, as
described previously.3® In addition, distance restraints (3.13-3.85 A) were also applied
between Arg108 and the carboxylate groups of TA and TAI as a result of ionic salt bridge
interactions. The non-bond cutoff was set to 16 A and a distance-dependent dielectric
constant was used to simulate aqueous environment. Residues located with 3 A from TA or
TAI were identified as important for ligand binding.

Results and Discussion

Incubations of TA with P450 2C9-containing Supersomes yielded 5-OH-TA (TA-M1) as the
major oxidative metabolite with a protonated molecular ion at /2 347 consistent with the
molecular formula C13HgO5SCl, which has a calculated /2 of 346.9548. By accurate mass
it was found to have an m/z of 346.9550 amu (+0.6 ppm) as determined by high resolution
MS in the positive ion mode. Three predominant daughter ions at /2 247 (4-keto-2,3-
dichlorophenoxyacetic acid fragment), m/z 189 (4-keto-2,3-dichlorophenol fragment) and
m/z 127 (5-oxo-2-keto-thiophene fragment) were observed in both MS/MS and MS€ modes.
There were lesser abundant ions at /7/2 301 and 287, which are products derived from the
cleavage of the acetic acid moiety. A UV spectrum of this metabolite showed an absorbance
with a Amax at 381 nm and at 262 nm (pH 2.5) similar to what has been observed by
others.36

In order to determine the origin of oxygen incorporation into 5-OH-TA, incubations of TA
with P450 2C9 Supersomes were conducted in an 180, environment. It was observed that 97
+ 2% of the oxygen was incorporated from molecular oxygen, which is consistent with what
was observed previously by Belghazi et al.?” In addition, H/D exchange of this metabolite
yielded a deuterated parent ion (M+D) at m/z 351. This represents a net exchange of four
deuterium atoms for four hydrogen atoms. In addition to the M+D ion, one deuterium is
exchanged with the carboxyl hydrogen while the other two deuterium atoms are
incorporated by keto/enol tautomerism at the C-4 position of the thiophene ring. This is
because 5-OH-TA is in equilibrium with its thiolactone tautomer, with the thiolactone
structure favored by 4.5 kcal/mol based on DFT (Density Functional Theory) calculations in
the gas phase (B3LYP/6-31+G(d,p)). Previous studies have already shown that the
formation of 5-OH-TA is primarily mediated by P450 2C9 although to a minor extent by
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other P450's, and that this is a major urinary metabolite of TA in humans.2325 No S-oxide
dimers of TA were detected in incubation mixtures with or without the inclusion of GSH.
This suggests that the primary mechanism of oxidation of TA is through arene oxidation and
thus offers an explanation for the retention of oxygen in the TA-P450 2C9 adduct observed
by Koenigs et al.2*

Incubation of TAI with P450 2C9 Supersomes in the presence of NADPH yielded two
metabolites (TAI-M1 and TAI-M2) with protonated molecular ions at /m/z 347. Further
analysis by high resolution MS revealed that TAI-M1 and TAI-M2 had protonated
molecular ions at m/z 346.9540 and 346.9538, respectively, that are accurate (-2.3 ppm and
-2.8 ppm) for the molecular formula of TAI+O (C13HgCl,05S with a calculated 7/ of
346.9548). They also produced nearly identical fragmentation patterns with major daughter
ions at m/z 247 and m/z 189 as shown in Figure 2, consistent with addition of oxygen to the
thiophene ring. A UV spectrum was generated for each of the metabolites at tg 15.3 (TAI-
M1) and 16.2 min (TAI-M2) (Figure S1, Panel B, Supporting Information). TAI-M1 had
Amax's at 216 nm and at 294 nm, and TAI-M2 had Aaxs at 214 nm and 303 nm. A 1H NMR
spectrum of TAI-M1 and TAI-M2 in a mixture of D,O/ACN showed resonance absorption
for three aromatic protons: two doublets at 7.65 ppm (d, /=8.5 HZ) and 7.35 ppm (d, /8.5
H?2) corresponding to the dichlorophenoxy ring protons, and one singlet at 7.50 ppm,
corresponding to a proton either at the C-2 or C-4 position of the thiophene ring (Figure S2,
Supporting Information). Unfortunately, TAI-M1 and TAI-M2 could not be resolved well
enough using the chromatographic conditions necessary for NMR analysis of the individual
metabolites.

Incubations with TAI and P450 2C9 in an atmosphere of 180, in the presence of NADPH
yielded metabolites that incorporated 96 + 3 % 180. Both of these metabolites exchanged 4
deuterium atoms, similar to what was observed with 5-OH-TA. Based on these results, we
are proposing that the two mono-oxygenated TAI metabolites are closely related isomers.
Since under many different LC conditions the two peaks merged and the NMR spectrum
indicates only one thiophene ring proton, TAI-M1 and TAI-M2 are probably thiolactone
tautomers, one with the double bond in the 3,4 position, or exoisomer, and the other with
the double bond in the 2,3 position, or the endo isomer (Scheme 2B). Separation of
thiolactone tautomers by LC has been observed with the 2-oxo metabolite of prasugrel.37
The thiolactone structure would also explain the differences in UV spectra that were
observed between TAI-M1/M2 and the UV spectrum of TA-M1. Moreover, at equilibrium
the exo- (TAI-M1) and endo- (TAI-M2) thiolactones of TAI (see Scheme 2B) are favored
over the hydroxythiophene structures by 11.0 and 8.1 kcal/mol, respectively, as determined
by DFT calculations in the gas phase (B3LYP/6-31+G(d,p)). The H/D exchange and UV
spectra also suggest that TAI-M1 and TAI-M2 cannot be oxygenated at the C-2 position as
this would result in the exchange of only 1 deuterium atom on the thiophene ring, and the
Amax's Of TAI-M1 and TAI-M2 would be shifted to higher wavelength as observed for 5-
OH-TA due to conjugation of the anionic form with the ketone as is observed with other 5-
hydroxy-2-aroylthiophenes.23.24

An S-oxide dimer of TAI (TAI-M3) also was identified. It produced a protonated molecular
ion consistent with a molecular formula of CygH16Cl1409S, which has a calculated m/z of
676.9063 and was found by accurate mass to be 7/2676.9061 (-0.3 ppm). This metabolite
was only observed in incubations in the presence of NADPH, and only when TAI was
incubated in kPi buffer. The parent ion spectrum of TAI-M3 showed the loss of 16 amu
consistent with loss of oxygen presumably from an S-oxide. The filtered daughter ion
spectrum from the MS€ mode produced fragment ions at /7/z 247 and 189 that are common
to the TAI substructure (Figure 3). The dimer, TAI-M3, most likely is formed by Diels-
Alder coupling of the TAI-S-oxide metabolite with TAI as shown in Scheme 2B. Since the
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substrate TAI is present throughout the incubation period at much higher concentrations
than its S-oxide metabolite, the mono-S-oxide sesquioxide dimer would be anticipated rather
than the di-S-oxide dimer. Based on these findings, it appears that TAI is capable of forming
both arene oxides as well as thiophene-S-oxides as reactive intermediates, the latter of which
is consistent with the thiophene-S-oxide GSH conjugates previously characterized by
Valadon et. al.12 Because TAI is a reported intrinsic hepatotoxin in rats, these results
suggest that the intrinsic hepatotoxic effects of TAI are likely due to the S-oxide pathway.12
More work is needed with radiolabeled in order to measure the quantity of each pathway for
TAI, but these compounds are not commercially available.

The formation of thiolactone metabolites of TAI with 180 incorporation, although consistent
with arene oxide formation and rearrangement, does not exclude the putative 1,5-oxygen
migration mechanism previously proposed.2” In order to address this experimentally,
benzothiophene-S-oxide was prepared (see Supporting Information) and was incubated with
RLMs in the presence and absence of NADPH. The mixture was extracted, concentrated and
then dissolved in a mixture of ACN and D,O for analysis by direct injection ESI-MS on an
LTQ-FT-ICR mass spectrometer. Direct injection on the LTQ-FT was used because
ionization of benzothiophene and its metabolites could not be achieved using non-grounded
ionization sources. The anticipated M+H of 151 (M+D, 153) was not observed, but rather a
2M+Na* cluster ion consistent with the molecular formula C1gH1,0,S,Na that has a
calculated /m/z of 323.0165 and was found to have a m/z of 323.0156 (-2.8 ppm). This
apparent benzothiophene- S-oxide sodium ion cluster is observed with synthetic
benzothiophene- S-oxide as well (see Supporting Information) and is formed in the LTQ-FT-
ICR ion source (refer to Supporting Information for additional details). H/D exchange did
not occur with benzothiophene-S-oxide on its own or after incubation with rat liver
microsomes, which suggests that the rearrangement of this S-oxide to a hydroxythiophene
does not occur. Furthermore, this S-oxide did not undergo hydration which is consistent with
the lack of incorporation of oxygen from water into metabolites of TA or TAL.

To further address the possibility of a 1,5-migration of oxygen from a thiophene-S-oxide to
a hydroxythiophene, IRC calculations were carried out to obtain energy barriers for the
reaction. Figure 4A shows a reaction coordinate diagram for the rearrangement of the model
thiophene S-oxide, 2-acetylthiophene-S-oxide, to a six-membered oxathiine structure.
Saddle-point geometry searches followed by Hessian vibrational analysis calculations at two
levels of theory (DFT-B3LYP and MP2) as well as DFT with implicit quantum solvent, give
similar results as indicated by the relative energies. We had sought to calculate the energy of
the 1,5-o0xygen migration reaction, and were at first surprised by this result. However, the
rearrangement reaction to an oxathiine is in good agreement with photolytic rearrangements
observed with other thiophenes.38 The important conclusion from the calculations on S
oxide rearrangement is that the reaction has a relatively high energy of activation of ~30
kcal/mol (Figure 4A), and the transition state and product at multiple levels of theory are
identical. Importantly, a transition state to link the S-oxide to the formation of a
hydroxythiophene/-thiolactone product could not be identified; the product identified from
the transition state is in each case the six-membered oxathiine ring and not a
hydroxythiophene/thiolactone as shown in Figure 4B. From this information we believe that
a 1,5-oxygen migration mechanism for the generation of hydroxythiophene/thiolactones
from S-oxides does not occur. Based on these results, the thiophene-S-oxide pathway is not
possible and leaves only the formation of arene oxide intermediates as a source of 5-OH-TA
and by extension, hydroxy thiophene/thiolactone metabolites in general. Thus the formation
of an arene oxide intermediate of TA is likely responsible for the idiosyncratic hepatotoxic
effects as well as the mechanism-based inactivation observed by others.10:24
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Since P450 2C9 catalyzed the incorporation of oxygen at the C-5 position of the thiophene
ring of TA, and at both C-5 and on the sulfur atom of TAI, it seemed likely that the favored
orientations of TA and TAI in the active site of P450 2C9 were different. The active site
dynamics of TA and TAI in P450 2C9 have been previously modeled using NMR-T;
relaxation data.32 However, the conclusions drawn seemed to disagree somewhat with the
experimental findings presented here. In order to better explain our results, the binding
orientations of TA and TAI in the active site of the P450 2C9 crystal structure were
determined by MD simulations and minimization using the T; NMR distance constraints
from Poli-Scaife et. al.32 in conjunction with the catalytically active iron-oxo species. When
the resting-state ferric heme was used, the results indicated that the distances were relatively
similar between TA and TAI, as shown in Table 1, and similar to what was observed
previously.32

As shown in Table 2, when the active iron-oxo species is used, TA is oriented in such a
manner that the iron-oxo species is much closer to the C-4,5 hydrogens of the thiophene
ring, which correlates well with our experimental findings indicating that only 5-OH-TA is
formed as a metabolite. In fact, the C-5 hydrogen is the closest in proximity to the iron-oxo
oxygen with a calculated distance of 3.35 A. This does provide a possible explanation for
the lack of S-oxidation of TA. In contrast, TAI is oriented further away from the oxidizing
species, with the closest distances being 6.02 A and 6.41 A for the C-2 hydrogen and sulfur
atoms of the thiophene ring, respectively (see Table 2). Figure 5 (Panel A for TA, Panel B
for TAI) shows that TA and TAI have distinctly different orientations in the active site, and
that the oxyacetic acid carboxylic acid groups of both isomers interact with Arg108 forming
a possible salt bridge or dipolar interaction. Considering the greater distances away from the
P450 2C9 heme iron of the thiophene ring hydrogens of TAI compared to TA, the model
raises the possibility that oxidation of TAI is catalyzed by a ferric peroxy complex of P450
2C9. Additional studies with mutants of some of the threonines in the active site of P450
2C9 may help address this possibility

Finally, considering the proximity of the C-2 hydrogens of TAI to the P450 2C9 iron-oxo
species in our model, it raises the possibility that TAI-M1 and/or TAI-M2 are oxidation
products at the C-2 position. Additional work with synthetic standards will be required to
confirm this. However, as mentioned earlier and based on previous studies,3 the exo
tautomer of thiophene-2-one has only two exchangeable hydrogen atoms, which indicates
that it is not in equilibrium with the endo tautomer in acidic medium as this would result in
the net exchange of 3 deuteriums. Base-catalyzed rearrangement to the endo tautomer has
been observed with other thiolactones such as that of clopidogrel.3® Thus, under our
conditions, it would be expected that TAI-M1 and TAI-M2 would exchange 2 deuteriums as
is observed.

Conclusion

We conclude that, in terms of cytochrome P450-mediated oxidation, some thiophene
derivatives such as TAI are oxidized to thiophene- S-oxides, while others such as TA are
oxidized to hydroxythiophene/thiolactones via mechanisms related to the formation and
rearrangement of arene oxides.® Since the orbital energies of the thiophene HOMOs do not
differ significantly between the 2- and 3-keto isomers (MP2/6-31+G(d,p), data not shown),
our findings suggest that TA and TAI are oxidized at select positions primarily because of
their different orientations in the active site of P450 2C9. These conclusions are based on the
results of experiments which showed that 1) the oxygen in the product hydroxythiophene/
thiolactones of TA and TAI were solely derived from atmospheric molecular oxygen, 2)
TAI but not TA formed a thiophene S-oxide dimer, 3) rearrangement of thiophene- S-oxides
to hydroxythiophene/thiolactones is neither observed theoretically nor experimentally, and
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4) TA and TAI dock in different orientations in the active site of P450 2C9 that are
consistent with the formation of 5-OH-TA from TA and not an S-oxide, and with the
formation of both hydroxythiophene/thiolactones and an S-oxide from TAI. This may have
toxicological importance since it is known that TA is an idiosyncratic immunotoxin in
humans and TAI is a reported intrinsic hepatotoxin in rats.®

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

TA tienilic acid

TAI tienilic acid isomer

MBI mechanism-based inactivator

kPi potassium phosphate buffered saline

NMR nuclear magnetic resonance

TLC thin layer chromatography

LC-MS liquid chromatography mass spectrometry

5-OH-TA 5-hydroxy tienilic acid

NADPH nicotinamide adenine dinucleotide phosphate

ACN acetonitrile

DFT Density Functional Theory

IRC Intrinsic Reaction Coordinate
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Figure 1.
Structures of tienilic acid and its 3-thenoyl regioisomer.

Chem Res Toxicol. Author manuscript; available in PMC 2013 April 16.

Page 13



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Rademacher et al.

189

191 0

»

1330 1930
99 1360 1940

o4

50 100 150 200

Figure2.
MSe€ spectrum of TAI-M1

m/z247

m/z99 o (o}

Cy m/z189
o="
Ry (@]
O
(o]
247
2490
2510 430
LL PN 2l

T Y

250 300 350 400

Chem Res Toxicol. Author manuscript; available in PMC 2013 April 16.

450 m/z

Page 14



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Rademacher et al.

247.0

| | | |11L||u

\ \ |l|i|1ll]| mIETn

699.0
(M+Na)
677.0
(M+H)
661.0

duJhk,.

140 180 220 260 300 340 380 420 460 500 540 580

Figure 3.
MS¢€ spectrum of TAI-M3

Chem Res Toxicol. Author manuscript; available in PMC 2013 April 16.

620 660 700

Page 15



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Rademacher et al. Page 16

29.6(29.5) [31.6]
A
o
& o
0.0(0.0) [0.0] 0
S
e
B LN 113.9(-9.9) [-10.8]
(G * !
; C) . . \s+ (__ . S
b 2 o N |

Figure 4.

Reaction coordinate for the rearrangement reaction of 2-acetylthiophene-S-oxide Panel A.
The product of the rearrangement is an oxathiine and not a hydroxythiophene. Energies are
reported in kcal/mol normalized to S-oxide, and are DFT gas phase (DFT PCM water) [MP2
gas phase]. Panel B. A proposed mechanism for the formation of 2-acetyloxathiine from 2-
acetylthiophene-S-oxide via the putative 1,5-thioxirane intermediate.
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(A)
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Figure5.
Positioning of TA (A) and TAI (B) relative to the iron—oxo heme in the active site of P450

2C09.
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Scheme 1.
Possible mechanisms for oxygen incorporation into 5-OH-TA.
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Scheme 2.

Proposed mechanisms for the formation of the oxidized metabolites of TA and TALI.
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