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ABSTRACT: Drugs carrying an unsaturated C=C center (such as furans) form reactive epoxide metabolites and cause
irreversible mechanism-based inactivation (MBI) of cytochrome P450 (CYP450) activity, through covalent modification of
amino acid residues. Though this reaction is confirmed to take place in the active site of CYPs, the details of the reactions of
furan (epoxidation and epoxide ring opening), the conditions under which MBI may occur, the residues involved, the importance
of the heme center, etc. have yet to be explored. A density functional theory (DFT) study was carried out (i) to elucidate the
reaction pathways for the generation of furan epoxide metabolite from furan ring by the model oxidant Cpd I (iron(IV)-oxo
heme-porphine radical cation, to mimic the catalytic domain of CYPs) and (ii) to explore different reactions of the furan epoxide
metabolite. The energy profiles of the competitive pathways and the conditions facilitating MBI of CYPs by the reactive epoxide
metabolite are reported. The rate-determining step for the overall metabolic pathway leading to MBI was observed to be the
initial epoxidation, requiring ~12 kcal/mol under the enzymatic conditions. The covalent adducts (inactivator complexes) are
highly stable (~—46 to —70 kcal/mol) and may be formed due to the reaction between furan epoxide and nucleophilic amino

acid residues such as serine/threonine, preferably after initial activation by basic amino acids.

B INTRODUCTION

Epoxides are very important versatile intermediates in organic
and biosynthetic pathways and undergo a plethora of reactions
such as nucleophilic substitution reactions (Syl and Sy2) and
hydrolysis reactions, giving rise to a variety of products.'”
Several scientific groups have reported the chemistry of
epoxidation reactions and highlighted the role of the epoxide
ring-opening process in synthetic reactions. Many experimental
studies on the epoxidation reaction and epoxide ring openin§
under bioinorganic conditions are available in the literature.*~"
Nam et al. studied the epoxidation of olefins by hydrogen
peroxide (HOOH) catalyzed by iron(III) porphyrin complexes
in protic and aprotic solvents.*” Song et al. studied the
influence of reaction conditions on the competitive reactions,
olefin epoxidation, alkane hydroxylation, and C=C epoxida-
tion, by in situ generated oxoiron(IV) porphyrin z-cation
radicals."®

A few quantum chemical studies have also been reported on
the epoxidation reaction by metal complexes, such as
metalloporphyrins containing iron, chromium, and manganese,
metal cyclam complexes, peroxo complexes of Cr(VI), Mo(VI),
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and W(VI), etc."®™"® The epoxidation reaction has also been
studied in the presence of model oxidants mimicking the
catalytic domain of cytochromes P450 (CYP450).>°~>* Shaik et
al. studied alkene epoxidation with Cpd I (iron(IV)-oxo heme
porphine radical cation with SH™ as the axial ligand) and
showed a preference for the epoxidation of cis-alkenes over
trans-alkenes.”® Kumar et al. reported the fundamental factors
responsible for the epoxidation in substrates such as ethene,
cyclohexadiene, 1-butene, styrene, etc.?! de Visser et al
reported a comparative study of the epoxidation reaction and
the allylic hydroxylation reaction of propene with Cpd 1>
Lonsdale et al. reported a comparative study of epoxidation and
hydroxylation of cyclohexene and propene, using hybrid
quar;’éum mechanical/molecular mechanical (QM/MM) meth-
ods.

Epoxides are also present naturally in biological systems such
as in enzyme vitamin K epoxide reductase, which participates in
the blood coagulation process.”* Epoxide hydrolases are being
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Scheme 1. Metabolic Pathway of Furan Ring via (i) Epoxidation by Cpd I and (ii) Ring Opening by Nucleophilic Amino Acid
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Figure 1. Structures of drugs and natural compounds containing furan ring leading to MBI of CYPs via epoxidation.

utilized as a therapeutic target for the control of blood pressure,
acute inflammation, and cardiovascular diseases.>

In biological systems, epoxidation is a key metabolic step,
catalyzed by CYPs, for several drugs containing functional
groups such as alkenes, furan, thiophene, phenyl, pyridine, etc.
Sometimes, this epoxide metabolite being highly reactive and
electrophilic leads to the covalent modification of active site
nucleophilic amino acid residues in CYPs (Scheme 1).2¢73%
This phenomenon is known as irreversible Mechanism-Based
Inactivation (MBI) of CYPs, which leads to drug—drug
The epoxide
metabolite is termed as the mechanism-based inactivator
which interferes with the catalytic cycle of CYPs and distorts
its structure via covalent adduct formation (inactivator
complex). This inactivation being irreversible underlies its

interactions and associated drug toxicity.*’

concern in drug metabolism.

MBI by the reactive epoxide metabolite is mostly observed in
drugs containing furan ring, thiophene, and an alkene group.*”
Drugs containing thiophene moiety undergo competitive S-
oxidation reaction, along with epoxidation.’® Alkene group
containing drugs lead to MBI via alkylation of the heme-
prosthetic group.z’gc’f’h’i On the other hand, drugs and natural
compounds containing a furan ring (Figure 1) lead to MBI of
CYPs via the reactive epoxide metabolite, as evidenced by
reported experimental studies.”*>*

Sesardic et al. reported the inhibitory potential of furafylline
(1,8-dimethyl-3-(2’-furfuryl)methylxanthine) toward
CYP1A2.%° Kunze and Trager carried out a detailed study on
the isoform selective MBI of CYP1A2 by furafylline.”” Chiba et
al. studied the mechanism for MBI of CYP3A4 by the HIV
protease inhibitor L-754,394, which was proposed to occur via
epoxide ring opening by nucleophilic amino acid residues.”®

13497 dx.doi.org/10.1021/ic401907k | Inorg. Chem. 2013, 52, 13496—13508



Inorganic Chemistry

4 1.39(1.41), C1-C2
2.09(1.97), C1-0
98.1(102.7) X ) 129.9(133.7)
1.67(1.?0]1
PSPPI BB
| 2.42(238)
-2

20.00 Ts114.13

15.00 - 12.33
__10.00 -
°
€ 500 -
=
m 4
g 0.00

-5.00 A
c -10.00 -
w

-15.00 -

-20.00 -

-25.00

1.62(1.62)

-30.00 - . A
oo od ek
170.5(1727) | 2.57(257)

=

*.

100.6(107.9)
1.96(1.91)

J—)’

- Cpd!doublet
Cpd | quartet

(1.50), C1-C2
(1.36), C1-0
(107.8)
1306
(1.93) } t_ )}
; <
| (2.40)
]
-25.09 1.48(1.48), C1-C2
1.41(1.41), C1-0
1.51(1.51), C1-C2
1.33:1.35: €1-0 PC 1.48(1.48), C2-0
133.2(131.4) | 339i5.83)
o o 294 S
2.38(2.39) 176.9(179.7) . 2.22(2.40)
o

Figure 2. Reaction profile and optimized geometries for furan epoxidation by Cpd I (doublet and quartet spin states). Energy values are given in
keal/mol, bond distances in A, and bond angles in deg. Values written in boldface are on the doublet spin state of Cpd I, and those within
parentheses are on the quartet spin state of Cpd I. Color code: red, oxygen; sky blue, carbon; white, hydrogen; blue, nitrogen; gray, iron; yellow,

sulfur.

Lightning et al. reported that the enzyme inactivation by L-
754,394 was not reversible upon extensive dialysis.>” Koenigs et
al. reported the CYP2AG irreversible inactivation by methoxsa-
len, via the epoxide metabolite.*

Tinel et al. reported the suicidal inhibition of CYP activity by
methoxsalen via the loss of spectrally observable heme.*'
Schmiedlin-Ren et al. discussed the MBI of CYPs by the
coumarin derivative corandrin, similar to methoxsalen.>*
Alvarez-Diez et al. reported time and concentration-dependent
irreversible inactivation of more than 80% of CYP3A4 by 4-
ipomeanol.>> Edwards et al. reported the inhibitory potential of
6’,7'-dihydroxybergamottin and its parent compound, berga-
mottin.>* He et al. and Girennavar et al. reported the
inactivation potential of bergamottin toward CYP3A4 via the
modification of the apoCYP450 in the active site of the
enzyme.>>*® Guo et al. discussed the CYP3A4 inhibitory
potential of furanocoumarin bergapten (S-methoxypsoralen),
present in grapefruit peel oil and some plant foods such as
parsley, parsnips, and celery.”” Ueng et al. have reported the
MBI of CYP2A6 by chalepensin in human liver microsomes
and proposed the involvement of epoxide metabolite in this
inactivation.*®

Thus, the reported experimental studies point to the
limitations of furan ring containing drugs and natural
compounds and have highlighted the formation of covalent
adducts of epoxide metabolite with amino acid residues.
Though a few of the above studies proposed possible
mechanisms, the molecular level details for the epoxidation
and nucleophilic ring opening leading to MBI are still elusive;
the conditions favorable for MBI and the residues involved have
not been reported in the literature. Several lead compounds

with furan rings are in the early phase of testing and clinical
trials, and the furan epoxide metabolite is acting as a
perpetrator for potential adverse reactions and MBI Hence,
it becomes imperative to study these details to avoid this
phenomenon in the early phase of drug discovery. The in-depth
analysis and accurate prediction of MBI requires an under-
standing of the reaction mechanisms responsible for the
formation of these RMs and their reactivity. This can be
achieved by employing quantum chemical methods, such as in
the reported studies to address MBI by RMs such as nitroso,
carbenes, alkynes, and hydrazines.‘“)’41

Quantum chemical studies reported in this article explore (i)
the mechanism of epoxidation of furan (model substrate) and
(ii) the reaction pathways available for the reactive epoxide
metabolite. Thus, understanding the mechanistic details
associated with the reactive epoxide metabolite formation due
to the furan ring would aid in focusing the efforts of
computational, medicinal, and metabolism scientists toward
metabolically safe compounds with a furan ring or any other
unsaturated moiety, at earlier stages of drug discovery and
development.

B COMPUTATIONAL METHODOLOGY

DFT (density functional theory)** was utilized to understand the
process of epoxidation and epoxide ring opening of furan and elucidate
the metabolic reaction pathway leading to covalent modification of
CYPs. The Gaussian03 suite™ of programs was used to carry out all
the geometry optimizations on the metabolic path of the furan ring
and estimate the absolute energies. The B3LYP hybrid density
functional was used for geometry optimizations and frequency
calculations in CYP related studies, where the LanL2DZ basis set**
was used on iron and the 6-31+G(d) basis set™ was used on all the
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Scheme 2. Proposed Pathways for the Biotransformation of Furan Ring to Various Intermediates”
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“Abbreviations: TS1, transition state for Cpd I catalyzed furan epoxidation; P1, furan epoxide; , transition state for furan ring cleavage; P2, cis-2-
butene-1,4-dial; P2,44, covalent adduct with MeSH; TS3, transition state for direct hydrolysis by water; P3, furan vicinal diol; TS jyjations transition
state for acid-assisted ring opening; CI, covalent intermediate; TSyyqrolysiy transition state for ester hydrolysis; P3’, complex of furan diol with
carboxylate anion and carboxylic acid; TS4, transition state for epoxide ring opening by neutral nucleophile; P4, nucleophilic adduct of furan
epoxide; TSS, transition state for epoxide ring opening by anionic nucleophile; PS, anionic nucleophilic adduct of furan epoxide.

remaining atoms; the basis set is denoted as BSI. Frequency
calculations were also performed with the same basis set to
characterize the stationary points to minima and transition states to
first-order saddle points with one imaginary frequency vibrational
mode.*® Zero-point energy (ZPE) values were obtained after
incorporating a scaling factor of 0.9806.* Cpd I was used as the
model oxidant to mimic CYPs, which are iron(IV)-oxo radical cations
with heme-porphine and SH™ as the axial ligand.** The axial ligand
represents the cysteinate linkage by which the heme is linked to the
protein in CYPs. This model has been reported in several metabolism-
related studies on CYP-catalyzed reactions and provides reasonable
energy estimates.”’ >>** The mechanistic studies were explored on
both the doublet and quartet spin states of Cpd I. Single-point energy
calculations were carried out using the TZVP triple-{ basis set for
iron*® and the 6-311+G(d) basis set for all the remaining atoms; this
basis set is denoted as BS2. Solvent-phase calculations were performed
using the integral equation formalism variant of the polarizable
continuum model (IEFPCM)*® with implicit solvent chlorobenzene (&
= 5.7) to mimic the dielectric constant in the active site of cytochrome
enzyme; this basis set is denoted as BS3. Previous studies of our group

13499

and other groups have showed that the combination of these basis sets
gives reliable geometries and energetics.”' ~>>*%*"*® Spin densities and
charge distribution were obtained using Mulliken population analysis
and the NBO®' method, respectively. The Atoms in Molecules
(AIM)** method was employed to identify the intramolecular
hydrogen bonding interaction in cis-2-butene-1,4-dial, using the
AIM2000 software package. The bond critical point and ring critical
points were determined using the AIM method. Electrophilicity and
nucleophilicity parameters were calculated using standard equations
mentioned in the Supporting Information (S1).>*** The geometric
parameters and energies discussed in this article are based on basis set
BS3, unless otherwise specified. The structures of the intermediates,
transition states, and products on the reaction pathways are elucidated
and the potential energy profile of the reactions is traced.

B RESULTS AND DISCUSSION

In this article, the results are presented in two sections: (i)
furan epoxidation using Cpd I and (ii) plausible reactions of the
furan epoxide metabolite.

dx.doi.org/10.1021/ic401907k | Inorg. Chem. 2013, 52, 13496—13508
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Figure 3. Potential energy surface and optimized structures for pathway A. All energy values are given in kcal/mol, bond distances in A, and bond
angles in deg. Color code: red, oxygen; sky blue, carbon; white, hydrogen; blue, nitrogen; gray, iron; yellow, sulfur.

Furan Epoxidation by Cpd I. Several studies have been
reported on the epoxidation of a range of substrates such as
ethene, propene, 1-butene, trans-2-butene, cyclohexadiene,
styrene, etc. using Cpd I as the model oxidant.”'”>* The
mechanism of epoxidation has been reported to involve two
steps, initial C—O bond formation via C=C bond activation
and the rebound step leading to the generation of the epoxide
product.” 7** The epoxidation reaction of furan was studied on
both the doublet and quartet spin states of Cpd I using the BS3
basis set, incorporating implicit solvent (chlorobenzene) effects
and zero point vibrational corrections.

Figure 2 shows the whole reaction pathway for the furan
epoxidation starting from the isolated reactants,”* Cpd I and
the model furan ring. The reaction mechanism involved (i) an
initial C1=C2 activation (TS1) leading to the formation of the
radical intermediate (I) with a C1—O bond, followed by (ii)
ring closure generating the epoxide metabolite (PC, a complex
of furan epoxide denoted as P1 and heme-porphine; Figure 2).
The estimated barriers are 12.33 and 14.13 kcal/mol on the
doublet and quartet spin states of Cpd L The corresponding
barriers at the BS2 basis set were 8.80 (doublet) and 9.44
(quartet) kcal/mol, respectively, which are similar to reported
barriers for the epoxidation of the substrates ethene (14.29 and
14.13 kcal/mol), propene (12.60 and 13.13 kcal/mol), 1-
butene (13.52 and 11.06 kcal/mol), styrene (9.53 and 8.95
kcal/mol), 1,3-cyclohexadiene (9.42 and 7.90 kcal/mol), 1,4-
cyclohexadiene (13.12 and 11.94 kcal/mol), etc.”' ">* Kumar et
al. reported barriers of 9.1 and 17.3 kcal/mol for epoxidation of
1,3-cyclohexadiene and 1,4-cyclohexadiene with the BS3 basis
set on the doublet spin state.’” Kumar et al. reported an
increase in activation barrier values for a majority of substrates
with the BS3 basis set with the inclusion of implicit solvent
conditions (¢ = 5.7). This increase can be attributed to an
enhanced localization exerted by the medium polarization effect
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of chlorobenzene solvent.*” The spin density shifts more on the
porphyrin ring, instead of the cysteine ligand. Thus, owing to
the different behavior of Cpd I in the presence of the implicit
solvent (external conditions), several scientific groups have
characterized Cpd I as a chameleon species.”’ "> Owing to the
smaller activation barrier on the doublet spin state at all the
three basis sets used in the study, the rest of the discussion on
the reaction mechanism has been limited to the doublet spin
state of Cpd L

The transition state TS1 showed a marginal elongation of the
C1—C2 bond (1.36 to 1.39 A), while the C1---O(Fe) bond
was observed to be 2.09 A on the doublet spin surface of Cpd I
(Figure 2). The Fe---O bond distance was observed to be
marginally increased to 1.67 A in TS1 from 1.62 A (Cpd I).
This transition state was also characterized by Fe—O—C1 and
O—-C1-C2 bond angles of 129.9 and 98.1° respectively,
indicating a change in the orientation of furan to undergo
oxygen insertion. I is the intermediate complex (AH = —14.81
kcal/mol), which was characterized by further elongation of the
C1-C2 bond to 1.51 A, giving it a significant single-bond
character. The C1—O bond distance was observed to be
reduced to 1.33 A, while the Fe—O distance increased to 1.96
A, as shown in Figure 2. This step is followed by subsequent
ring closure to generate the furan epoxide product complex
(PC). This step involved a smaller rebound barrier of 0.64
kecal/mol on the quartet spin state (TSg.) as shown in Figure 2,
whereas it occurred via a barrierless reaction on the doublet
spin state. PC was characterized by a weak Fe- - -O electrostatic
interaction (2.37 A), and was stable by —21.63 kcal/mol on the
doublet spin potential energy (PE) profile.

PC (global electrophilicity index @ = 2.48 eV) was found to
be more electrophilic than I (w = 0.99 eV); hence, it can
undergo ring-opening reactions preferably. The epoxide oxygen

dx.doi.org/10.1021/ic401907k | Inorg. Chem. 2013, 52, 13496—13508



Inorganic Chemistry

1.55,C1-C2
1.31,C2-O(epoxide)

‘f
281

1.49,C1-C2
1.38,C2-O(epoxide)

2 2.17,C1-O(epoxide)

< £97.8,C1-C2-Ofepoxide)

b 2.40,C1-O(epoxide) 173.9 1 947
4 9£113.9,C1-C2-O(epoxide) J—‘y‘m‘l)-q
& 2.26
1.58‘: o
TS3 153 TS3heme
60 -
52.24
50 -
40 -
= ;
30 TS3heme
£ 20.03 R -
g 207 R L (155 c1-c2
& 0229 N\ s -
}_‘ 10 _ , -.*. -— o e * \ al on
%ﬁ /’l" 10.73 \,s Tsalltviatiuﬂ-heme P3
s 0 "\
-10 - .'.
L § — — — -15.98 Clyeme
-20 - < -22.32 P3
1.56, C1-C2 TesTeaTeedT L7330 P3jome
-30 - -24.76 Cl
1768 224

s . . ]
2.23

-2
P3 heme

Figure 4. Potential energy surface on pathway B: direct hydrolysis (black line); heme-porphine catalyzed hydrolysis (dotted black line); acid assisted
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the direct hydrolysis pathway are also shown. Bond distances are given in A and bond angles in deg. Other optimized structures are shown in Figure
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was observed to be oriented directly above the heme-iron, with
an Fe—O bond distance of 2.37 A.

Reactions of Furan Epoxide Metabolite. Several
scientific groups have proposed various consequences of the
furan epoxide metabolite,””>> which can be categorized into
three pathways as shown in Scheme 2. Pathway A involves
furan ring cleavage leading to the formation of the electrophilic
dialdehyde intermediate P2 (eventually leading to P2,44uc),
which is implicated in carcinogenicity.**®*> Pathway B involves
the hydrolysis of the epoxide ring to yield the vicinal
dihydrodiol metabolite (P3). It may also occur via the
assistance of a carboxylic acid, similar to that observed in
epoxide hydrolases,” to generate the complex of a diol
metabolite (P3’). Pathway C involves epoxide ring opening by
nucleophiles (TS4/TSS), leading to the generation of covalent
adducts (P4/PS), which block the catalytic site, eventually
leading to MBI of CYPs.2™** Pathway A does not involve the
role of CYPs; pathway B may occur in CYPs depending on the
presence of water molecules in the active site. On the other
hand, pathway C is CYP-catalyzed and involves the crucial role
of nucleophilic amino acid residues in the covalent modification
of the enzyme.

Pathway A: Non-CYP-Catalyzed Furan Ring Cleavage. A
few furan ring containing drugs undergo internal rearrangement
after epoxidation, as shown in Scheme 2, to generate the
electrophilic intermediate (P2).>* This rearrangement involves
the assistance of the lone pair of electrons on furanyl oxygen in
the simultaneous ring opening of the epoxide. The electrophilic
intermediate is cis-2-butene-1,4-dial, which undergoes nucleo-

13501

philic addition reactions with glutathione (GSH), DNA
nucleobases (2'-deoxyguanosine and 2'-deoxyadenosine), or
amino acids such as N-acetylcysteine.>® It has been reported
that furan as such is inactive in the Ames assay for
mutagenicity; however, the unsaturated dialdehyde metabolite
is observed to be mutagenic in this assay.*® The addition
reactions to this dialdehyde metabolite subsequently give rise to
mutagenic and carcinogenic adducts.

Figure 3 shows the energy profile on pathway A, where the
rearrangement of P1 occurs via TS2 involving a barrier of 7.12
kcal/mol. TS2 was characterized by an increase of the C1---
Ofyran distance to 1.61 A from 1.36 A in furan. Figure 3 shows
the 3D structure of TS2, where the epoxide ring was observed
to be partially broken, as indicated by the C2---O bond
distance of 1.95 A and C2—C1-0O bond angle of 88.6°. TS2
generates the stable dialdehyde intermediate P2 (AH = —26.32
kcal/mol with respect to furan epoxide, P1). P2 can undergo
nucleophilic addition reaction with methanethiol (MeSH, a
model nucleophile for glutathione) via TSy (E, = 19.79
kcal/mol) to form the highly stable Int, which after proton
transfer and ring closure (T8, E, = 7.39 kcal/mol) forms the
stable adduct P2, 44, (AH = —28.39 kcal/mol). All attempts to
locate the protonated intermediate connecting Int and TS,
did not yield any viable structure. Both barriers involved in the
nucleophilic addition reaction with respect to P1 were
significantly higher (>40 kcal/mol), hence undermining the
probability of a nucleophilic addition reaction to P2 to form
P2 440 Further on this pathway, P2 and Int are sufliciently
stable and no driving force for the formation of P2,44, can be

dx.doi.org/10.1021/ic401907k | Inorg. Chem. 2013, 52, 13496—13508
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envisaged. P2 was characterized by an intramolecular H-
bonding interaction (C—H- - -Ogyn, = 2.35 A), supported by
AIM analysis (Figure S1, Supporting Information).

Since P2 is electrophilic in nature, similar to furan epoxide
(P1), global and local electrophilicity indices were estimated for
both intermediates (Table S2, Supporting Information). The
global electrophilicity index (@) indicates that P2 (@ = 3.894
eV) is more electrophilic than P1 (w = 1.072 eV). In P1, the
most electrophilic center is C1, whereas in P2, the most
electrophilic center is C2 (Table S2, Supporting Information).

The rate-determining step on pathway A was observed to be
nucleophilic addition to P2, as shown in Figure 3. Since the dial
(P2) formation from P1 has been reported in a few
carcinogenicity experiments, it may be possible that the
formation of P2 occurs outside the active site cavity of CYPs.

13502

Moreover, the barriers for steps 2 and 3 in the process are too
high for an enzymatic system; hence, it is unlikely that this
process takes place in the enzyme. Inside the cavity of CYPs,
heme center dependent pathways (pathways B and C) may
prevail.

Pathway B: Hydrolysis by Water Molecule(S) In the Active
Site Cavity of CYPs. Furan epoxide metabolite can undergo
hydrolysis by nearby water molecule(s) in the active site cavity
of CYPs.**® However, this possibility is generally small, owing
to the hydrophobic character of active sites of CYPs (Figure S2,
Supporting Information). This reaction results in the formation
of vicinal diols (Scheme 2), which are generally nontoxic in
nature. This reaction may occur via two mechanisms: (i) direct
attack of the water molecule on the epoxide ring or (ii) a
carboxylate ion and carboxylic acid assisted process (covalent
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intermediate formation followed by hydrolysis), similar to the
case for epoxide hydrolases.”” Quantum chemical analysis was
carried out to explore both possibilities, and this comparative
study helped in identifying the catalytic role of the nucleophile
(carboxylate ion) and the acid catalyst (carboxylic acid) in the
ring opening.

(i). Direct Hydrolysis of Furan Epoxide by Water Molecule.
Figure 4 shows the energy profile for the direct hydrolysis of
furan epoxide, which involved a higher activation barrier of
52.24 kcal/mol (TS3) without the involvement of heme-
porphine. TS3 involved the attack of the water molecule on C1
of the epoxide ring, leading to the formation of the covalent
adduct P3. In TS3, Cl---O(water) and Cl---O(epoxide)
distances were observed to be 1.68 and 2.40 A, respectively. P3
was observed to be stable by —22.32 kcal/mol (with respect to
P1). The epoxide ring opening in P1 was also studied in the
presence of a heme-porphine center, as shown in Figure 4. The
transition state structure TS3p.,. was observed to be
geometrically similar to TS3. The energy barrier was observed
to be significantly reduced to 20.03 kcal/mol from 52.24 kcal/
mol under the influence of heme-porphine. This decrease in the
barrier might have arisen due to the oxygen (epoxide)
coordination to the heme-iron, as evident by the decrease in
Fe- - -O distance to 2.02 A (in TS3,.p.) from 2.37 A (in PC).
The oxygen atom of the incoming water in TS3y,y, attacks C1
and leads to epoxide ring opening, as indicated by d(C1---
Oyater) = 2.33 A and d(Cl- - -Ogpoyiae) = 2.17 A. The C2-0
distance was observed to be 1.38 A, while the Fe—O—C2 angle
was 120.9° in TS3}.,.. The ring-opened oxygen was found to
be oriented in a perpendicular orientation to the heme-iron
(the S—Fe—O bond angle is 173.9° similar to that in the
epoxide product (PC)). This indicates that even after the ring-
opening reaction epoxide oxygen resides above the heme-iron
owing to a strong electrostatic interaction (Fe---0 = 2.02 A).
The Fe- - -O distance of 2.24 A was observed in P3y,,,,, stable
by —23.39 kcal/mol. It was observed that the electrostatic
interaction between heme-iron and oxygen remained through-
out the metabolic pathway of the furan ring.

(ii). Carboxylate lon Assisted Pathway for Hydrolysis. Since
the energy barriers for the diol formation without (52.24 kcal/
mol) and with (20.03 kcal/mol) the support of heme-porphine
were very high, direct water attack may not take place inside the
catalytic environment of CYPs. The active site cavity of a
majority of CYP isoforms contains amino acids with the
carboxylic acid side chain (such as glutamic acid); hence, the
diol formation from P1 may be assisted by this residue. A
similar mechanism has been reported in epoxide hydrolase,>’
where the epoxide ring opening is assisted by amino acids with
a carboxylic side chain.

The reaction path in this study was modeled using the
nucleophilic acetate ion and proton donating acetic acid. This
path involved two key steps, alkylation and hydrolysis, as shown
in Figure S. Initially, a reactant complex (Figure S3, see the
Supporting Information) was formed, where the nucleophilic
acetate showed H-bonding interactions with the hydrogen
attached to C1 (2.03 A) and hydrogen of the water molecule
(1.78 A). The other hydrogen of water was involved in an H-
bonding interaction with acetic acid (H---O = 2.17 A), while
the hydrogen of acetic acid showed an H-bonding interaction
with the epoxide oxygen (1.74 A). In TS,y jhon (Figure $),
nucleophilic acetate is located at a distance of 2.40 A from C1,
and the C1---O(epoxide) distance increased to 1.47 A. The
O.cetate—C1—C2 bond angle was observed to be 101.6°,

indicating favorable attack of the nucleophile in the epoxide
rin%—opening reactions, similar to those reported by Laitinen et
al>® The proton transfer from acetic acid also takes place
simultaneously, where the H---O(epoxide) distance was
decreased to 1.47 A, while the H---O(acetic acid) distance
was elongated to 1.06 A. The water molecule still showed an H-
bonding interaction with acetate (H---O = 1.90 A) and with
acetic acid (1.91 A). The alkylation step required a low barrier
of 12.29 kcal/mol (Figure 4), leading to the formation of the
stable covalent intermediate CI (AH = —24.76 kcal/mol). In
CI, a covalent bond was formed between C1 and acetate, along
with the protonation of the epoxide oxygen (1.01 A).

The Cl---O(acetic acid) distance was elongated to 2.46 A,
as compared to 1.06 A in TS, ikylations indicating the donation of
the proton to the epoxide oxygen. The covalent intermediate
(CI) formed can undergo hydrolysis (TShydmlysis) by the water
molecule on its ester linkage. The water molecule attacks the
carbonyl carbon atom, where the Oy - -Ceabonyy bond
distance was observed to be 1.54 A, while the hydrogen of
water was observed to be located in proximity to the ester
oxygen (2.07 A). The O—C bond in the ester was found to
become weaker in TSy 401ysis (1.64 A). The energy barrier for
this step was calculated to be nearly barrierless (0.67 kcal/mol,
not shown in Figure 4). This step leads to the formation of the
complex of a highly stable (AH = —31.95 kcal/mol) diol
product, P3’ (Figure 4). This reaction path was also studied in
the presence of the heme center, as shown in Figures 4 and S.
The covalent intermediate (Clyem,) formed via TS iation-heme
(E, = 10.73 kcal/mol) was observed to be less stable (AH =
—15.98 kcal/mol) in comparison to CI The covalent
intermediate undergoes a similar barrierless hydrolysis step as
discussed above to form the less stable product complex of
vicinal diol (P3'pemes AH = —14.58 kcal/mol). The transition
state was modeled on the basis of optimized geometries of
similar reactions in epoxide hydrolases, reported by Hopmann
et al,>” wherein similar bond distances were observed for the
hydrolysis step. The optimized geometries in Figure S show the
presence of heme iron and epoxide coordination at each step. It
can also be observed that the epoxide oxygen is oriented
perpendicularly to the heme-iron at each step, as indicated by
S—Fe—O bond angles of 173.6—174.9° (Figure S). This metal—
oxygen coordination is the crucial factor, resulting in the
decrease of the overall energy barrier on pathway B to 10.73
kecal/mol (Figure 4).

Overall, the reactions envisaged in pathway B can be possible
with a barrier of ~11 kcal/mol. This is possible only when an
acidic center (glutamic acid, E308 in CYP3A4) comes close to
the heme-substrate complex inside the cavity during induced fit.
In CYP3A4, E308 is relatively far away; this decreases the
possibility of diol formation during the catalysis by CYP3A4.

Pathway C: Epoxide Ring Opening by Nucleophilic
Residues Leading to MBI of CYPs. CYPs have a few
nucleophilic amino acid residues in their active site, which
have been proposed to be responsible for the furan epoxide ring
opening and covalent adduct formation, leading to MBI of
CYPs (Scheme 2).2°73? For this purpose, a systematic analysis
of the crystal structures of various CYP isoforms (taken from
the Protein Data Bank) was carried out. The analysis showed
the presence of nucleophilic amino acids, serine and threonine,
in the active site cavity of a majority of CYPs (CYP3A4, 2C9,
and 2D6) within S A from the heme-porphyrin unit (Figure S4,
Supporting Information). Moreover, the threonine residue is
present and conserved in most of the CYPs (with a different
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residue number), and this residue is involved in the proton
relay mechanism from the carboxylate side chain to the distal
oxygen of Cpd 0 (ferric-hydroperoxy species) leading to the
formation of Cpd 1.°°

Hence, it can be ascertained that there is a higher probability
of epoxide ring opening by nucleophilic serine/threonine
present in the active site cavity of CYPs. These nucleophilic
residues are active at the ROH group. The lone pair of
electrons on the oxygen atom attacks the electrophilic C1
center of furan epoxide. Alternatively, the OH group may also
get ionized first to RO™ with the help of basic residues
(arginine) and subsequently the nucleophilic attack by the
residue in anionic state can take place.

(i). Epoxide Ring Opening by Neutral Nucleophiles. The

nucleophilic residues are modeled using oxygen-based meth-
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anol (MeOH) as the nucleophile. Figure 6 shows the 3D
structures of the transition state (TS4) and product complex
(P4) for the epoxide ring opening by MeOH. In TS4, the
Cl---Opon distance was observed to be 1.62 A, while the
Cl---Ogpoxige bond was elongated to 2.40 A. The C1-C2
distance was marginally increased to 1.56 A from 1.48 A (furan
epoxide). The C1—C2—O bond angle was observed to be
112.9°, confirming the epoxide ring-opening process. The
energy barrier for this process has been estimated to be very
high (40.27 keal/mol, Figure 7). The ring opening results in the
formation of the stable covalent adduct P4 (AH = —22.26 kcal/
mol), as evident from the CI---O distance (1.39 A) and the
transfer of a hydrogen atom from MeOH to the epoxide

oxygen.
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Owing to the higher energy barrier observed in the above
case, the ring-opening reaction was studied in the presence of
the heme-porphine unit. TS4y,,. shows the nucleophilic attack
of methanol on the CI center of furan epoxide, where the
Cl---Oyon distance as observed to be 1.52 A, while the
Cl- - -O¢poxige bond was elongated to 2.47 A. During this ring-
opening process, the epoxide oxygen was observed to be
coordinated to heme-iron (1.98 A) and oriented in a
perpendicular orientation to the heme-porphine unit (the S—
Fe—O angle is 173.9°). This process also required a high barrier
of 32.49 kcal/mol, as shown in Figure 7. The formation of the

stable adduct P4y, was observed to be an exothermic process
(—24.28 kcal/mol, with respect to PC). Thus, the barriers were
observed to be higher with the model nucleophile MeOH in
both instances (without and with heme-porphine). This
prompted us to search for alternative pathways which could
occur in the active site cavity of CYPs, leading to MBL

(ii). Epoxide Ring Opening by Nucleophiles in Their
Anionic State. A close examination of the crystal structures
revealed the presence of a basic amino acid residue, arginine, in
close proximity to the nucleophilic residue, serine (CYP3A4;
Figure S4, Supporting Information); proton transfer from
serine to arginine can generate the anionic state of serine. Thus,
methoxide anion (MeO~) was used as the model of anionic
nucleophilic residues leading to the covalent modification of
CYPs and, ultimately, MBI of CYPs. This pathway was also
studied in the absence and presence of a heme-porphine unit.
TSS and PS represent the transition state and product
geometries in the absence of a heme-porphine unit (Figure
6). TSS was observed to be similar to TS4, with a C1- - -Opo”
distance of 2.24 A and C1- - O,y bond elongation to 1.78
A. The energy barrier for this process has been estimated to be
14.34 kcal/mol. This reduction in the barrier was significant
(~26 kcal/mol), in comparison with epoxide ring opening by
the neutral nucleophile MeOH (40.27 kcal/mol). This
reduction could be due to the strong nucleophilic character
of MeO™ (global nucleophilicity, N = 5.78 eV) in comparison
to MeOH (N = 2.00 eV). This process results in the formation
of the covalent adduct PS, which is stable by 28.93 kcal/mol.

The process of epoxide ring opening by MeO™ in the
presence of heme-porphine (TSSp.m.) gives a transition state

P4 Pdy e

MO energy
V)
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HOMO p-LPof epoxide oxvgen
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pE
o

P 189
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Figure 8. Orbital interaction diagram for the interactions between P4 and heme-porphine leading to P4y, (left-hand side) and interactions
between PS and heme-porphine leading to PSy.,. (right-hand side). The orbitals have been ordered according to the calculated eigenvalues in
electronvolts (eV). The red line indicates an orbital interaction between p-LP (p-type lone pair) of epoxide oxygen and d of heme-iron, and the

purple line indicates an orbital interaction between p-LP and a,,.
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and product complex geometries similar to those in the above
case (TSS, Figure 6). TSSpme shows the nucleophilic attack of
MeO™ at the Cl1 center of furan epoxide, where the Cl1---
Opeo~ distance was observed to be 2.38 A, while the Cl1---
Oepoxide bond elongation was observed to be 1.65 A. The C1-
C2 distance marginally increased to 1.54 A from 1.48 A in the
furan epoxide product (PC).

The ring-opened epoxide oxygen lies at a distance of 2.09 A
from heme-iron, in a perpendicular orientation (S—Fe—O bond
angle, 173.8°). The energy barrier for ring opening by MeO™ in
the presence of heme-porphine decreased considerably to 7.21
kcal/mol (Figure 7). This decrease of ~7 kcal/mol indicates
the significant role played by the metal center (heme-iron)
which is in coordination with the epoxide oxygen, along with
the stronger nucleophilicity of MeO™ as discussed above.
PSieme represents the covalent adduct of furan epoxide with
MeO~ in the presence of heme-porphine, where the C1-C2
bond distance was observed to be 1.57 A, and a strong
coordinating interaction between epoxide oxygen and heme-
iron (1.89 A) was observed. The S—Fe—O bond angle of
174.1° further highlights this coordination. Owing to this
stronger interaction, PS5y, . was observed to be a highly stable
(48.58 kcal/mol, with respect to PC) covalent adduct capable
of inactivating CYPs, leading to MBL In an overall reaction
starting from furan, the covalent adducts are observed to be
highly stable (P4pepne, —45.91 kcal/mol; PSyepe, —70.22 keal/
mol), thereby confirming them as inactivator (inhibitor)
complexes of CYPs, similar to so-called suicidal complexes of
terminal olefins with heme-porphyrin in CYPs.>

(iii). Molecular Orbital (MO) Analysis of Inactivator
Complexes P4ueme and P5peme A detailed analysis for the
electronic structure of the inactivator complexes P4y,
(—24.28 kcal/mol) and PS5y, (—48.58 kcal/mol) was carried
out using the fragment molecular orbital approach (Figure 8).
The HOMOs of both ligands participate in the interaction,
whereas the LUMOs of the ligands remain unperturbed.
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The energy of the HOMO in PS (—1.90 eV) is much higher
as compared to the energy of the HOMO in P4 (—6.62 eV).
The interaction with the heme-porphine center (d, orbital)
stabilizes the electrons in PS, whereas it destabilizes the
electrons in P4. Thus, PSy.,. formation involves stabilizing
forces, whereas P4y, formation involves destabilizing forces.
This is reflected in a lower barrier for the formation of PS; e
(Figure 7). On the other hand, molecular orbitals of PSy, are
much higher in energy in comparison to the molecular orbitals
of P4y.pn.. This would prompt PSy,,. to pick up a proton and
form P4y, eventually breaking the Fe- - -O bond and leaving
the heme-porphine center free. Because of the covalent adduct
thus formed between serine and furan epoxide, the catalytic
activity of CYPs gets blocked.

The detailed study of all the reaction pathways reported in
this article emphasized that furan epoxide can undergo
nonenzymatic furan ring cleavage (pathway A) on a more
likely pathway, which may not lead to MBI of CYPs. Pathway B
involving uncatalyzed or acid-assisted hydrolysis does not lead
to MBI of CYPs and involves an overall barrier of ~11 kcal mol.
Pathway C involving nucleophilic epoxide ring opening via an
overall barrier of ~7 kcal/mol and with the support of heme
center and basic amino acid residues is the most likely and
favorable reaction pathway leading to MBI of CYPs (Figure 9).

B CONCLUSIONS

The mechanistic details for the formation of reactive epoxide
intermediates from compounds containing a furan ring, leading
to the covalent modification of CYPs and MBI, were explored
using quantum chemical methods. A DFT study was carried out
to elucidate the mechanistic details for the epoxidation of the
furan ring with Cpd I. The activation barrier for the transition
of the furan ring to furan epoxide was observed to be 12.33
kcal/mol. This implied that the epoxidation of furan by CYPs
directly involving the heme-porphine center is a highly feasible
process. The furan epoxide metabolite can follow three
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pathways leading to different products. The furan ring cleavage
(pathway A) leading to the formation of a carcinogenic
dialdehyde intermediate is a highly probable process requiring
only ~7 kcal/mol. The hydrolysis (pathway B) required the
assistance of the carboxylate anion and the heme center, with
an overall barrier of ~11 kcal/mol. This pathway was favored in
the presence of water molecule(s) in the active site cavity of
CYPs. On the other hand, the possibility of MBI via a
nucleophilic ring-opening reaction required ~7 kcal/mol and is
largely facilitated by the initial activation of nucleophilic serine/
threonine and the support of the heme center. Hence, it can be
established that the three different reactions occurring on the
furan epoxide are highly competitive.

The molecular level insights gained from this quantum
chemical study provide clues, for the first time, regarding the
three competitive reactions of the epoxide metabolite and
answer several questions about the pathway of furan
metabolism leading to the covalent modification of CYPs.
The initial epoxidation of furan by CYPs is the rate-determining
step on the whole reaction pathway leading to MBL

The key factors which facilitate MBI by the reactive epoxide
metabolite are (i) the availability of the nucleophilic amino acid
residue(s) (serine/threonine) in the vicinity of the epoxide
ring, (ii) initial activation of these residues by nearby basic
amino acids (such as arginine), (iii) the absence of water
molecule(s) in the active site cavity of CYPs to avoid
competitive hydrolysis reactions, (iv) participation of a heme
center at every step on the metabolic pathway of the furan ring.
The molecular level details of the mechanism of MBI by the
reactive epoxide metabolite provide information on the likely
liabilities and help in dealing with the MBI of CYPs in early
drug discovery. This study provides the atomic level and
energetic details for the reaction pathway leading to MBI by the
epoxide metabolite, which would aid the experimental and drug
metabolism scientists in minimizing the likelihood of CYP
inactivation. Such an analysis is a significant step for creating an
opportunity to consider carrying out synthetic modifications on
lead molecules to eliminate the tendency to generate such
undesirable, reactive, and toxic metabolites.
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