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Abstract

In the present work, we performed Density Functional Theory calculations to explore the bioactivation mechanism of
thiophene-containing molecules mediated by P450s. For this purpose, relatively large size compounds, 2,5-diaminothio-
phene derivatives were selected particularly for this investigation. Here we found the successive regio-selectivity triggered
by conformational turn played a significant role in the occurrence of bioactivation. 2,5-Diaminothiophene was oxidized to
a 2,5-diimine thiophene-reactive intermediate by Compound I (Cpd I) through successive activations of two N-H bonds
(H3-N11 and H1-N6). This reaction exhibited three special characteristics: (1) self-controlled regio-selectivity during the
oxidation process. There was a large scale of conformational turn in the abstraction of the first H atom which triggers the
selection of the second H for abstraction. (2) Proton-shuttle mechanism. In high spin (HS) state, proton-shuttle mechanism
was observed for the abstraction of the second H atom. (3) Spin-selective manner. In protein environment, the energy barrier
in HS state was much lower than that in low spin state. The novel proposed bioactivation mechanism of 2,5-diaminothiophene
compounds can help us in rational design of thiophene-contained drugs avoiding the occurrence of bioactivation.

Keywords DFT calculations - Cytochrome P450 - Self-controlled regio-selectivity - Bioactivation mechanism - Thiophene-
contained compound

Introduction

Idiosyncratic adverse drug reactions (IADRs) have been
attributed as the major cause of drug withdrawn from the
market. Among these, the most common [ADRs, drug-
induced liver injury (DILI), accounts for 50% of the acute
liver failure cases [1]. Recently published epidemiologic
data demonstrate that DILI occurs with an annual incidence

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s00775-019-01699-6) contains
supplementary material, which is available to authorized users.

M Yi-Zhou Jiang
jiangyz@szu.edu.cn

Institute for Advanced Study, Shenzhen University,
Shenzhen, Guangdong, China

Key Laboratory of Optoelectronic Devices and Systems

of Ministry of Education and Guangdong Province, College
of Optoelectronic Engineering, Shenzhen University,
Shenzhen, Guangdong, China

School of Life Science and Medicine, Dalian University
of Technology, Panjin, Liaoning, China

of about 14-19 per 100,000 inhabitants [2]. In most
instances, the metabolic bioactivation of drug into chemi-
cally reactive metabolites has been generally believed to be
responsible for the occurrence of IADRs. This is because
the reactive metabolite has the ability to covalently modify
cellular macromolecules, i.e., proteins, lipids, and nucleic
acids, resulting in protein dysfunction, lipid peroxidation,
DNA damage, and oxidative stress [3, 4]. It has been eluci-
dated that mammalian cytochrome P450s are involved in the
majority of oxidations of electrophiles [5-8].

Some of certain functional groups, i.e., the acetylenes,
thiophenes, arylamines, quinones, and numerous oth-
ers have been reported to predispose the molecule to be
metabolized by particular P450 enzymes that account for
the generation of reactive metabolites [9]. At same time
they are often effective pharmacophores in drug discovery,
like thiophene rings, and represents as attractive isosteric
replacements for improved potency and selective SAR
[10]. Actually, about 50% of the 200 most frequently pre-
scribed drugs in the US possess more than one structural
alert [11, 12]. However,most of them do not show IADRs.
A wide concern arises whether compounds containing these
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functional groups will be bioactivated into reactive interme-
diates, and what kind of structures will avoid the metabolic
bioactivation.

Thiophene group is a useful isosteric building block that
can improve pharmacokinetic and pharmacodynamic prop-
erties of a drug [10, 13]. Compounds containing thiophene
always exhibit varieties of pharmacological efficacies, such
as nematocidal, antifungal, antiviral effects, etc. [14—16].
Meanwhile, it is a structural alert. In the past decades, some
thiophene-containing drugs such as tienilic acid (TA),
suprofen, methapyrilene, etc., have been reported of IADRs
[17-21], which has been associated with their P450-medi-
ated oxidative metabolic activation [22-24]. Generally,
thiophenes can be biotransformed into three kinds of elec-
trophilic intermediates, e.g., thiophene S-oxides, thiophene
epoxides, and sulfenic acids through oxidative metabolism
of P450s [12, 25-27]. Hu et al. investigated the P450s-medi-
ated metabolic activation of an anti-inflammatory agent,
1-(3-carbamoyl-5-(2,3,5-trichlorobenzamido)thiophen-2-yl)
urea) and its derivatives through in vitro method [28]. They
proposed a novel mechanism, the 2,5-diaminothiophene
moiety undergoes oxidation to a 2,5-diimine thiophene-
reactive intermediate [28]. How does this reaction occur?
Can this bioactivation be avoided?

P450s accomplish the most important oxidation reactions
through the catalytic cycle. In the cycle, the putative high-
valent iron (I'V)-oxo porphyrin radical cation species called
Compound I (Cpd I) was usually considered to be respon-
sible for the oxidation with the incorporation of an oxygen
atom into organic substrates, such as C—H hydroxylation,
C=C epoxidation and sulfoxidation et al. [29, 30]. Cpd I and
its surrounding amino acids constitute the active pocket for
the substrate to situate in. The substrate selectivity is, thus,
tightly associated with its binding into the pocket that directs
the eventual catalysis.

The selectivity of oxidation is determined by many fac-
tors, such as the nature of rate-limiting step, the binding
interaction-related steric and electrostatic effects, as well as
the catalysis-related intrinsic electronic reactivity [31]. In
most cases, it is more influenced by the interaction-related
factors regarding the substrate binding site of individual
cytochromes P450, and for this reason, methods like molecu-
lar docking and molecular dynamics simulation are widely
employed to mimic the stereo- and regio-selectivity. On the
other hand, very few studies are available on the regio-selec-
tivity determined by the oxidation process. Previous stud-
ies on regio-selectivity in the oxidation mediated by P450s
were explored in terms of the selectivity of allylic hydroxy-
lation or double bond for small molecules like cyclohexene,
propene and DHA, etc. [32-34]. What these investigations
focused on was the first-attack regio-selectivity by Cpd 1.
However, it has been rarely investigated that: how two or
more regio-sites could be selected for successive reaction
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steps during the oxidation process? Particularly, can such
selectivity take place when the two sites are far away from
each other for some relative big compounds?

The present study was designed to explore the succes-
sive regio-selectivity of two sites in the bioactivation of
thiophene compound with the iron (IV)-oxo species, Cpd
I. 2,5-diaminothiophene derivatives were selected particu-
larly and Density Functional Theory (DFT) method was
employed to mimic the catalytic process of bioactivation
along which we can find out how successive regio-selectivity
occurred during oxidation without the aid of amino acids
that was critical for the formation of the active intermediate.
The objective of present study was to specify the underlying
bioactivation mechanism of 2,5-diaminothiophene that will
shed light to the avoidance of the occurrence of bioactivation
in the discovery of thiophene-containing drugs.

Method and model

Six 2,5-diaminothiophene derivatives were concerned in the
context, which were labeled as no. 1-6. Molecule 1 was
selected for the full analysis of the reaction mechanism and
the others were used to assess the role of conformational
turn in the occurrence of bioactivation.

We first computed the bond dissociation energy (BDE)
of C-H or N-H bonds of Molecule 1 to assess which regio-
site was first preferred by Cpd 1. The H-abstraction energy
of thiophene-containing compound was studied by comput-
ing the C—H and N-H bond dissociation energy (BDE) at
the UB3LYP/6-311+ G* level to assess which regio can be
added to Cpd I first. The BDE was computed as the dif-
ference of 2,5-diaminothiophene-H energy and the energy
of radicals (2,5-diaminothiophene- and H-). The energy of
2,5-diaminothiophene- moiety and 2,5-diaminothiophene all
corresponded to their final optimized geometries [31].

2, 5-diaminothiophene — H = 2, 5-diaminothiophene-

+ H- + BDE(C—H or N-H).

Subsequently, we performed DFT computations to mimic
the catalytic pathways of 2,5-diaminothiophene bioactivated
by P450s. The DFT computation used spin-unrestricted
hybrid density functional UB3LYP which has proved to be
accurate in Cpd I-mediated reactions [35, 36]. Two basis
sets was used: (1) the LACVP basis set on iron, and the
6-31G basis set on the remaining atoms (BS-I in brief) for
geometry optimization, and (2) the LACV3P + * basis set on
iron, SDD on chlorine, and the 6-311 + G* basis set on all
the other atoms (BS-II) for single-point energy calculations.
We evaluated the bioactivation reaction in gas phase and
non-polar enzymatic environment, respectively. Polarizable
continuum model (PCM) solvation model was employed to
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simulate the effect of polarization by the electric field, where
a dielectric constant of e=5.7 was set for the protein envi-
ronment [37, 38]. The transition state was optimized and
then verified by intrinsic reaction coordinate (IRC) calcula-
tions that connected the reactants and products. Mulliken
population analysis was carried out to analyze the charge
and spin populations of the final energy calculations [39].

Cpd I was modeled as an iron-oxo- porphyrin complex,
Fe**0%*~(C,,N,H,,)"(SH)~, without any side chains but
with a proximal thiolate ligand [35, 40]. The ground state
of Cpd I show a quasi-degenerate pair of triradicaloid states,
which gives rise to two close-lying electronic states, e.g.,
doublet and quartet spin states or referred as the low-spin
(LS) and high-spin (HS) states [41]. In the present investi-
gation, we optimized the geometries in LS and HS states,
respectively. We used 2 and 4 to denote the LS and the HS
species in the context, respectively. Previous study sug-
gested the SH™ ligand along with these simple mimics of
the environmental effects represents the state of Cpd I in
the protein pocket quite well when they were compared with
the QM/MM simulations [42]. All of the calculations were
performed with Gaussian 09 package distributed upon high-
performance computer systems in National Supercomputing
Center in Shenzhen, China [43].

Results and discussion

In present study we first assessed that which regio-site was
preferred by Cpd I by computing the BDE of C—H or N-H
for Molecule 1. As shown in Fig. 1, the BDEs of N-H,
e.g., site N6 and site N11 were much smaller than those
of C-H bonds. So we assumed site N6 and site N11 would
be preferred by the oxo species. Considering there will be
stereo-hindrance effect between the porphyrin ring and thio-
phene-containing molecule when N6-H1 was appended to
the F=0O moiety, we assumed that site N11-H3 would be
preferred first. In this way, an upstanding pose of 2,5-diami-
nothiophene with H3 in adjacent to Fe =0 moiety of Cpd I
was prepared as the original conformation for the subsequent
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Fig.2 Geometries of the transition state in the oxidation process of
2,5-diaminothiophene Molecule 1 mediated by Cpd I. Data out of the
parenthesis and in the parenthesis represent bond length (in A) for the
LS and HS states, respectively. 2 and 4 denote the LS and the HS,
respectively

optimization. As expected, we obtained the reactant with
2,5-diaminothiophene-upstanding conformation. On these
bases, the reaction mechanism of the bioactivation mediated
by P450s was explored. We proposed that two H abstraction
steps would be needed to form the reactive intermediate:
H3 transfers in first step and H1 transfers in second step.
The point is how to complete the two H-transferring steps
because H1 is a bit far away from H3. Will the two steps
occur successively or independently? Will the conforma-
tion of the big molecule 2,5-diaminothiophene be turned
for regio-selectivity during the catalytic process? With
these questions, we tried to search the transition states of H
transferring from 2,5-diaminothiophene to Cpd I with DFT
method, which was further verified by IRC method.

Both the LS or HS reaction pathway for Molecule 1 were
explored. For the H3-transfering step, there was small dif-
ference of geometrical change between the two spin states.
For the subsequent abstraction of H1, the two spin states
demonstrated distinguished reaction paths: i.e., the LS was
observed of one step to accomplish the abstraction of H1
whereas the HS was scanned of two successive transition
states for H1 transferring. Geometries of transition states
were shown in Fig. 2. Geometrical information of other
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Fig.3 The geometrical changes of 2,5-diaminothiophene Molecule
1 along the LS and HS reaction pathways. 2 and 4 denote the LS and
the HS state, respectively. Fe—N- represents the porphyrin ring of Cpd
1

reaction species can be found in Figure S1 in the Supple-
mentary file. The reaction pathway is summarized in Fig. 3.
The H3-transfering transition states (**TS,) were obtained
with 2,5-diaminothiophene added to the Fe = O moiety of
Cpd I in an upstanding style. The two endpoints of the IRC
along >*TS, were optimized to find the reactant complexes
(RC) and the intermediates (IM). As expected, Z4RC were
in poses with 2,5-diaminothiophene upstanding upon the
porphyrin ring, whereas, a conformational turn occurred for
2,5-diaminothiophene after H1 was transferred to Cpd I. As a
result, >*IM, were in styles with 2,5-diaminothiophene lying
upon the ring. Cpd I accepted H3 to form Fe—O—H moiety,
which was referred as Cpd II in some literature [44]. As for
24IM,, the phenyl group of 2,5-diaminothiophene turned
approximately parallel to the porphyrin ring and the other
moiety was oblique to the ring. H1 was toward the porphyrin
ring. For the instance of 2’4IM1, the distance between H1
and the pyrrol nitrogen of Cpd I was 3.654/3.951 A and the
distance between H1 and=0 of Cpd I was 3.534/3.688 A.
The conformational turn means a regio-select behavior can
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take place during the oxidation catalysis without the aid of
amino acids. There is lack of information about large-scale
conformational turn in the oxidation mediated by Cpd I. Our
study demonstrates that it was an intrinsic behavior which
triggered the regio-selectivity of the second site (H1) to form
the reactive intermediate.

Based on 2’4IM1, the subsequent LS and HS transition
states were obtained by scanning the potential surface. The
imaginary frequency vibration suggested that in the confor-
mation of >*TS,, HI was vibrated towards the nitrogen atom
of porphyrin ring. From *IM, to *TS,, the bond length of
N6-H1 extended to 1.301/1.316 1&, the distance between H1
and the nitrogen of porphyrin was shortened to 1.371/1.330
A. With the optimization of the endpoints of IRC along
with 24TS,, we got different geometries of the subsequent
intermediates of LS and HS, respectively. For LS, H,O was
formed directly with H1 in addition to Fe-O-H3 moiety,
and F-O bond was dissociated. As a result of losing two
hydrogen (H3 and H1), the reactive intermediate complex
(ZRIMC), 2,5-diimine thiophene with the resting state of
porphyrin, was formed concertedly. Whereas, the HS dem-
onstrated a distinct pathway: H1 transferred like a shuttle.
Leaving N6, H1I first arrived in the nitrogen of the porphy-
rin to form an N-protonated complex (4IM2), then it trans-
ferred to Fe~O—H moiety via *TS; to form H,0 molecule.
With such proton-shuttle transferring process, the complex
of 2,5-diimine thiophene reactive intermediate with a rest-
ing state of the heme was generated (*RIMC). 2,5-diimine
thiophene possesses a macroconjugated moiety, as shown in
Fig. 3, and the C4 site will be attacked by nucleophile like
GSH to generate the adduct. It can be seen that the abstrac-
tion of H3 give rise to a conformational turn that triggered
the selectivity of H1 to form the final reactive intermediates.
Additionally, in the catalytic cycle of P450s, one molecule
of water will re-enter the pocket to restore the resting state
of Heme after Cpd I monooxygenates the substrate. During
bioactivation of 2,5-diaminothiophene, Cpd I turned to Cpd
II by accepting one H atom and then returned to the resting
state with the abstraction of another hydrogen atom.

The charge and spin density analysis demonstrated a
mixed cationic and radical nature for the H3 and H1-trans-
ferring transition states, as illustrated in Table 1. More
details are shown in Tables S1-S4 and Figures S2—S5 in the
Supplementary file. There were spin and charge transferred
to the substrate. As for the LS reaction path, a decreased
trend can be observed for the spin densities upon O atom of
Cpd I, from 0.86 of R, to O of P,. The transfer from Cpd I to
the substrate mainly occurred in the first step of H abstrac-
tion. The spin densities upon Fe of Cpd I was relatively
equivalent, except for the increase in TS,1. As for the HS,
the distribution trend of spin densities upon O atom of Cpd I
was similar to that of LS path. An obvious increase trend can
be seen for the spin densities upon Fe of Cpd I, from 1.15 of
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Table 1 The distribution of group spin density (p) and charge (Q) upon the 2,5-diaminothiophene Molecule 1 moiety in the complex with Cpd I,

where 2 and 4 denote the LS and HS state, respectively

R TS, M, TS, ™, TS, RIMC
2 0.00 -0.39 1.00 0.00 - - 0.00
0 0.02 0.14 0.42 0.85 - - 0.90
V) 0.01 0.40 1.00 0.37 0.01 0.01 0.00
‘0 -0.01 0.13 0.49 0.68 0.90 0.93 0.89
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Fig.4 The spin densities on Fe of 2T81 (a) and 2IM1 (b). a 2TS] showed a Fe(IV) property; b 2IMI showed a Fe(III) intermediate

R, t03.06 of P, suggesting there can be electronic excitation
in the bioactivation process. Specially, the spin density on
Fe of 2IM, shows a Fe(III) intermediate but the TS, shows
a Fe(IV) property, as shown in Fig. 4. This suggested that
one electron transferred to the iron for 2IM,.

Figure 5 demonstrates the relative energies of bond acti-
vation transition states for the abstraction of H3 and H1 of
2,5-diaminothiophene Molecule 1 under different computa-
tional conditions. More detailed energy analysis at different
computation level is summarized in Figures S6-S10 and
Tables S5, S6 in the Supplementary file. We first discuss
the energy profile in gas phase. (1) H3-transferring step. It

was a step that computational level exerted great influence
upon the activation barriers of LS and HS. At BS-I level,
the activation energy of LS is much higher than that of HS
by about 16-17 kcal mol~!, and the BS-II/BS-I level com-
putation lowered the activation energy. However, it makes
the barrier of HS higher than that of the LS about 2-3 kcal
mol~!. At BS-II/BS-I level, *RC needed to overcome a bar-
rier of 15.63 kcal mol~! to form 4TSI. (2) Hl-transferring
step. Computational level produced smaller influence upon
the energy profile of this step. BS-II/BS-I level just low-
ered the activation energies without any change of the spin
effect. Both at the two levels, the activation barriers of HS
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Fig.5 Relative energies (in kcal mol™") of bond activation transition
states for the abstraction of H3 and H1 from 2,5-diaminothiophene
Molecule 1 under different computational conditions. For each level
we show two energy values: relative energy (out of the parentheses)
and relative energy with ZPE corrections (within the parenthesis)

LS 32.08 ‘,.v"VZTSl":: -35.34 24.56 -46.82
HS 13.33 i -21.90 18.64 -22.47  0.85 -37.67
Y\ 2RIMC
| H3 abstraction | H1 abstraction "‘RIMq

| l |

Fig.6 Energy profiles (in kcal mol™!) of protein environment for the
HS and LS bioactivation of 2,5-diaminothiophene Molecule 1 leading
to the reactive intermediate, 2,5-diimine thiophene

were much higher than those of LS. In HS, 36.18 kcal mol~!
of energy was required to accomplish the transfer of H1 at
BS-1I/BS-I level. (3) proton-shuttle step. This step only
occurred in HS, and the energy barrier was negligible
(1-4 kcal mol™!) at any computational level. For LS, it is
hard to predict that which step is rate-determining because
the activation barriers of TS, and TS, were equivalent BS-1I/
BS-I level; whereas for HS, rate-determining step can be
clearly attributed to the second step. Assuming the LS and
HS pathways occurred independently on account of slow
spin crossover, the LS state could be preferred by the bioac-
tivation of 2,5-diaminothiophene in gas phase.

Here we also investigated the influence of polarizing
medium on the energy profile. Figure 6 shows the energy
barriers obtained in the protein environment. Either for
H3-transferring or H1-transferring step, the barriers of LS
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were higher than those of the HS (by 18—19 kcal mol~! for
TS, and 5-6 kcal mol™! for TS,). In HS, 13.34 kcal mol ™'
was required by “RC to cross “TS, and then 18.65 kcal mol™!
was taken to form *TS,. The proton-shuttle process only
spared a small energy of 0.85 kcal mol~!. Therefore, the
RDS of the reaction was the H3-transferring step. The envi-
ronmental factors can be found to prefer clearly the HS tran-
sition states for the abstraction of H3 and H1. Considering
the biological system, in human bodies, the reaction will
probably be underway in HS.

The parenthetical data in Fig. 5 are relative energies of
the transition states for the abstraction of H3 and H1 with
zero-point energy (ZPE) correction. More detailed data were
shown in Tables S5, S6. Whether for gas phase or protein
environment, it can be seen that the ZPE correction brought
down all the activation barriers of TS, and **TS, by
4-5 kcal mol™". The effect ZPE was smaller on *TS, than the
first two step that lowered the barriers by about 2 kcal mol™".

We expect to know whether the conformational turn was
a necessary step for the occurrence of the bioactivation.
Therefore, DFT simulations have been carried out to inves-
tigate the of H3-abstration process for the other five deriva-
tives of 2,5-diaminothiophene at BS-I level. Either LS or
HS state was considered for each molecule. Computational
results suggested conformations of Molecules 3 and 5 all
turned both in LS and HS states, whereas, Molecule 4 did
not exhibit any conformational turn either in LS or HS state.
Molecules 2 and 6 can be observed of conformational only
in LS state. Correspondingly, the experimental result sug-
gests that the percentage of GSH or NAC adducts were rela-
tive small for Molecules 2, 4 and 6 [28], as shown in Table 2.

Comparing the bioactivation process of 2,5-diaminothio-
phene with the previous reported hydroxylation or epoxi-
dation mediated by P450s, the catalysis of bioactivation
exhibited its own characteristics. It is not a typical oxida-
tion reaction because no oxygen atom is incorporated into
the substrates, instead, two hydrogen atoms were abstracted.
The hydroxylation of C—H or epoxidation of C=C is usu-
ally associated with one regio-site of the substrate, mostly
two adjacent sites [32—34]. However, previous investiga-
tions on regio-selectivity were mainly focused on that:
which site would be oxidized or which reaction may occur.
For 2,5-diaminothiophene, the bioactivation is associated
with two far away sites. How these two sites been selected
is also an import topic to explore. With the analysis of DFT
computational results, we found a conformational turn
occurred in the first step of H3 abstraction that triggered
the occurrence of the second step of H1 abstraction. Such a
turn demonstrated the self-controlled regio-selectivity char-
acteristics of the substrate in the oxidation process without
the aid of amino acids. Therefore, we cannot acquire an
expected answer if we employed the structure-based method
like docking method to test whether the bioactivation will
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Table2 The occurrence of conformational turn for 2,5-diaminothiophene derivatives and the in vitro detection of metabolic activation in the

presence of GSH or NAC
Molecule Structure Spin state Conformational %GSH adduct %NAC adduct
turn
1 HoN o cl LS Yes 55% 30%
Y Q HS Yes
HN s > f %
‘ NH
HzN\‘gi); cl cl
o}
2 HN o F LS Yes 33% 23%
g 9 : HS No
HN s
| NH
HoN / F F
o}
3 HzN o cl LS Yes 57% 76%
he 9 HS Yes
HN s
| NH
H,N / al
o]
4 H,N o F LS No 17% 9%
\]/ Q HS No
HN s
| NH
H,N F
o]
5 HoN o LS Yes 21% 13%
\]/ 0 HS Yes
HN s
| NH :
HaN / F F
o]
6 HzN\]/O LS Yes 11% N.A.
0
HN S >—<:> ----- il HS No
NH
P,
o}

The in vitro data were cited from literature [28]

occurred or which site will be bioactivated for molecules
like 2,5-diaminothiophene. So it can be speculated that the
conformational- turn-triggered regio-selectivity is crucial for
the bioactivation of 2,5-diaminothiophene derivatives. Per-
haps, it will be queried whether such a big molecule can take
a conformational turn in the P450s pocket. The experiment
performed by Hu et al. demonstrated that the bioactivation
of 2,5-diaminothiophene derivate was mainly mediated by

P450 3A4 [28]. The large and flexible active cavity of 3A4
allows the possibility for 2,5-diaminothiophene turned from
a upstanding style to a lying one during oxidation [45].
Another characteristic of the reaction was the spin selec-
tive manner. Previous theoretical studies revealed a two-state
reactivity (TSR) scenario for the hydroxylation mechanism
of alkanes [46, 47], which originates in the closely lying
triradicaloid states of Cpd I: a HS state and a LS state.
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However, it was different for 2,5-diaminothiophene. There
existed a large gap of energy barrier between the HS and LS
state, for instance, in protein environment the barrier gap
between “TS, and *TS, is 18.75 (19.23) kcal mol~! without
(or with) ZPE corrections. It is not common for P450s to
show relatively higher energy on doublet state energy sur-
face. Li et al. proposed rather similar energy between *TSy
and TSy, (N-H abstraction) in their research on N-hydroxy-
lation of aromatic amines [48]. The relative energy between
“RC and ?RC is small but actually the calculated energy
indicated that >RC is significantly lower in energy than that
of “RC, as shown in Table S5. That is also the reason of
higher relative energy on doublet state. It is worthy of note
that membrane environment played a significant role in the
alteration of affinity between the heme iron and cytochrome
b5, the redox partner of P450s. The addition of b5, as well as
the phospholipids can boost the conversion of LS to HS state
that is favorable for catalysis [49]. The experimental result
provided considerable support for our simulation result that
HS reaction pathway in this system is preferred in protein
environment. Moreover, the proton-shuttle mechanism was
observed in HS state. The H1 abstraction process became
much easier and more integral with the proton-shuttle mech-
anism involved. Proton-shuttle mechanism was first reported
in the hydroxylation of aromatic ring, where the proton
transferred via the nitrogen of Cpd I to form the hydroxyl
group on the aromatic ring [30]. Here, the proton transferred
via the nitrogen of porphyrin to form the H,O. This process
drove the heme to return to the resting state that will reenter
the new cycle of the catalysis.

Understanding the bioactivation mechanism of 2,5-diami-
nothiophene we can found the amine groups adjacent to
the sulfur atom (C2 and C5) are capable of generating the
reactive intermediate. The molecule without amine groups
linked to C2 or C5 will avoid the bioactivation mediated
by P450s. Hu et al.’s experimental result suggested that
none of the 2-amino or 2,4-diaminothiophene derivatives
formed GSH conjugates under the same reaction conditions
to that of 2,5-diaminothiophene [28]. They speculated on the
basis of the in vitro experiment that 2,5-diaminothiophene
might be bioactivated into 2,5-diimine thiophene. However,
in their work they did not perform further investigation to
explore whether the reaction is possible or how the reac-
tion took place. Our theoretical studies further proved their
speculations. Moreover, we provided deep mechanism of
the bioactivation among which we found the phenomenon
of successive region-selectivity for two far away sites of
2,5-diaminothiophene during the oxidation. Our novel pro-
posed mechanism could enable us to rationally design thio-
phene-containing drugs with the avoidance of bioactivations.

It should also be stressed that cytochrome P450s were
transmembrane proteins. The investigation in the current
study mainly concerned the soluble domain of P450s.

@ Springer

However, the membrane environment of P450s might exert
a lot influence on the folding and stabilized structures, the
spin state of the heme, as well as the catalytic mechanism.
In the past decades, the useful method to obtain the crystal
structure of P450s was the removal of the trans-membrane
domain of P450s. It has to be admitted that there are many
limitations for the common use of crystal structures of the
soluble domains of P450s in understanding the mechanism
of drug metabolism. Recent studies about the structures of
membrane-bound cytochrome P450 complex [50-52] have
provided solid foundation to explore the influence of the
lipid membrane on the function of P450 [53]. It has been
suggested that anchorage of the proteins in a lipid bilayer is
a minimal requirement for P450s catalytic function, which
leads to more efficient transfer of electrons from P450s redox
partners, e.g., cyt b5 and CYP450-reductase (CPR) [51, 52].
In addition, lipid membrane can induce conformational
changes in the fl-FBD-P450s complex, which contribute to
the higher affinity between the redox partners [54]. Moreo-
ver, the membrane environment can modulate the changes in
the spin multiplicity equilibrium of the heme, which may be
related to the heme solvent exposure [49]. Furthermore, the
lipophilic substrates likely participate in the P450s-mediated
reaction via the hydrophobic core of the lipid membrane
rather than the cytosol. The “hydrophobic channel” exposed
to leaf of membrane plays an essential role in the migration
of ligands to the active site [55]. Thus, in the membrane
environment, the introduction of substrate not only can affect
the dynamic interplay between P450s and redox partners
greatly, but also can alter the spin state of heme iron. With
the recent finding of the important role of the membrane and
local lipid heterogeneity on P450’s structure and function
[56], it is not enough to understand the metabolic mecha-
nism only considering the soluble domain of P450s. There-
fore, in the near future, we will put more effort to explore
the drug metabolism mediated by P450s in the membrane
environment.

Conclusions

In summary, on the basis of the DFT computational result,
we found that 2,5-diaminothiophene, the thiophenes-
containing molecule, can be bioactivated into 2,5-diimine
thiophene-reactive intermediate by Cpd I through the suc-
cessive abstraction of two hydrogen atoms. Regio-selectiv-
ity occurred during the abstraction of the first H atom as a
result of the self-controlled conformational turn to deposit
the second H atom near the porphyrin. The second hydrogen
was abstracted through a proton-shuttle mechanism via the
formation of porphyrin N-protonated complex in HS state.
This reaction path was preferred in HS because the energy
barrier in HS was much lower than that in LS in protein



JBIC Journal of Biological Inorganic Chemistry (2019) 24:1023-1033

1031

environment. With the discovery of such a mechanism, we
can know that molecules with such a bioactivation mecha-
nism will not be suitable to use structure- based methods to
predict the regio-selectivity. Also it will help us to avoid the
occurrence of bioactivation in rational design of thiophene-
contained drugs.

Tables S1-S7, Figures S1-S10, and Cartesian coordinates
of the geometries discussed in the context were shown in the
Supplementary file.
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