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Density functional theory calculations were performed in order to reveal themysterious catalytic step of the

biosynthesis of estrogens. The results indicated two reactive oxidants, ferric-peroxo and ferryl-oxo

(compound I) species, to participate in the conversion of androgens to estrogens. The ferric-peroxo

species was determined, according to our derived mechanism, to act in the oxidation of 19-OH

androgen to yield the 19,19-gem-diol intermediate and generate the ferryl-oxo (compound I) species.

This species was then modeled to effect, in the final step, an abstraction of H from an O–H group of

19,19-gem-diol to give the experimentally observed products. We considered our new mechanistic

scenario to reasonably explain the latest experimental observations and to provide deep insight

complementing the newly accepted compound I (Cpd I) mechanism.
Introduction

Cytochrome P450 enzymes are ubiquitous hemoproteins that
contribute to vital processes, such as drug metabolism,1,2 the
biosynthesis of steroids or lipids, and the degradation of
xenobiotics.3,4 With a signicant role in maintaining hormone
balance,5 this aromatase has drawn considerable interest for its
ability to construct an aromatic ring and as a promising
inhibitor target in the treatment of hormone-dependent breast
cancer.6,7 Some of the crucial functions of cytochrome P450
include alkane hydroxylation,8 epoxidation,9 heteroatom
oxidation,10 and the biosynthesis of estrogen from androgen,
the latter of which has been studied for a few decades.11–14

Several mechanisms responsible for its nal catalytic step have
been proposed, both experimentally and theoretically, e.g., 4,5-
epoxidation,15 2b-hydroxylation,16 10b-hydroxyestr-4-ene-3,17-
dione formation,17 ferric peroxide and compound I (Cpd I)-
mediated hydrogen abstraction, the latter two of which have
become the most popular. For the ferric peroxide mechanism
(Scheme 1(A)), a proton-assisted nucleophilic attack of the ferric
peroxide intermediate onto C19 of the aldehyde group was
theoretically calculated by Hackett et al.13 to support the
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1

experimental nding of the incorporation of 18O atoms into the
produced formic acids reported by Akhtar et al.12 Recent
experimental studies, including resonance Raman spectroscopy
and kinetic isotope effect 18O-labeling with high-resolution
mass spectrometry, have indicated that Cpd I as a reactive
species could be involved in the nal step of the production of
aromatized estrogens from androgens,7,18 with 18O exclusively
incorporated into the water, rather than into the formic acids
(Scheme 1(B)).

More recently, the above Cpd I mechanism was further sup-
ported by the theoretical works of Hirao et al., showing that Cpd I-
mediated hydrogen abstraction of the O–H bond of 19,19-gem-diol
has the exclusive low-energy-barrier channel to access the formic
acid, the half-aromatized product and 18O-incorporating water.19

This conclusions of this work were in contrast to the previous
Scheme 1 (A) Nucleophilic attack mechanism. (B) Compound I
mechanism.

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Model systems used in this study.
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concepts and provided an unprecedented understanding of the
third step of aromatase-catalysed estrogen formation. However, in
light of the recent experiments of Guengerich and co-workers who
employed 19-aldehyde as the starting substrate, the hydration of
19-aldehyde is now considered a prerequisite for the abstraction of
hydrogen from the 19,19-gem-diol substrate by Cpd I. Therefore,
evaluating the feasibility of isomerization (hydration and dehy-
dration) between 19-aldehyde and 19,19-gem-diol is highly impor-
tant for providing evidence for the Cpd I mechanism proposed by
Hirao et al. In particular, Guengerich reported the nonenzymatic
hydration of the 19-aldehyde to the 19,19-gem-diol to be about 4-
fold faster than the enzymatic formation of estrogen from 19-OH
androgen.14 Thus, when Cpd I is the only active species, either the
rate of hydroxylation of the second step or the rate of hydrogen
abstraction of the third step would be expected to be lower.
Otherwise, this issue leaves us with an open-ended question: is
there another oxidative species that can function as Cpd I in the
aromatase-catalysed formation of estrogen? Here we conducted
a computational study with the aim of answering the question
listed above and providing deeper insight complementing the
newly accepted Cpd I mechanism.
Computational details
Theoretical methods

All calculations were performed using the G09 package.20 We
carried out density functional theory (DFT) calculations, using the
M06L function with a standard 6-311G(d) basis set for the geom-
etry optimization. Each transition state was performed by the
presence of one imaginary frequency. Intrinsic reaction coordina-
tion (IRC) calculations were used to verify the connections of the
corresponding intermediates in the respective potential energy
surface.21 Solvent effects were considered by carrying out single-
point calculations on the gas-phase stationary points in water
solvent with Solvation Model Density (SMD) continuum solvation
model.22 The M06 functional with a 6-311+G(d,p) basis set (SDD
basis set for Fe) was used to calculate the solvation single-point
energies because of its improved description of nonbonding
interactions that provide more accurate energy information.23,24

Unless otherwise specied, all subsequently discussed energies
refer to solvation free energy (DGsol, kcal mol�1) values, which were
estimated as DGsol ¼ DEsol(SMD) + DGcorrection(gas), where DEsol
refers to the calculated solvation single point energy and
DGcorrection refers to the calculated thermal correction in the gas
phase to the Gibbs free energy. To reduce the overestimation of the
entropy contribution of the results, a correction of �2.6 (or
2.6) kcal mol�1 for 2 : 1 (or 1 : 2) transformations was considered.
Similar corrections have been deployed in other computational
studies.25,26 3D structures for the optimized stationary points were
prepared with CYLview.27 Additional computational results are
shown in the ESI.†
Scheme 2 Proposed oxidative steps of the conversion of androgens
to estrogens catalyzed by cytochrome P450 19A1.
Model systems

P450 catalyses the formation of estrogens from androgens, which
are quite large substrates. In this study, we simplied the model
This journal is © The Royal Society of Chemistry 2018
of reactants and oxidant species of the P450 enzyme, as shown in
Fig. 1.
Results and discussions

In order to assess whether the Cpd I species could be a unique
active species for the formation of estrogen, we rst investigated
the water-assisted isomerization between 19-aldehyde and
19,19-gem-diol (III-1 to III-2, Scheme 2).

Water molecules play a signicant role in many catalytic
reactions.28–31 Experimental outcomes reported by Yoshimoto
and Guengerich showed the presence of the 19-aldehyde and
19,19-gem-diol in a ratio of 1.0 : 1.5 in D2O at a pH of 7.8.14

Inspired by this nding, herein, we decided to add water
molecules that can actively participate in the isomerization of
19-aldehyde to 19,19-gem-diol. As shown in Fig. 2, the water
molecules explicitly added into the reaction system had
a signicant effect on the hydration of 19-aldehyde to 19,19-
gem-diol. This effect was reected by the fact that the barrier to
the conversion of 19-aldehyde to 19,19-gem-diol decreased as
the number of water molecules added was increased. That is,
upon increasing the number of water molecules from one to
three, the barrier to the reaction decreased from 42.6 kcal mol�1

to 21.9 kcal mol�1. This decrease could be ascribed to the water
molecules serving as the H shuttles, markedly reducing the ring
repulsion of transition states like (TS)3 with an eight-
membered-ring transition state. All attempts to locate the
transition states with four water molecules were unsuccessful.
We envisioned the barriers to the hydration reactions assisted
by more water molecules to not change too much in energy,
similar to the calculated ndings reported by Phillips et al.28,29 It
is worthwhile noting that the conversion of the 19-aldehyde to
the 19,19-gem-diol in biological conditions is very different from
nonenzymatic hydration reaction counterpart and could be
RSC Adv., 2018, 8, 15196–15201 | 15197
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Fig. 2 DFT-calculated energy diagram for the isomerization between
19-aldehyde and 19,19-gem-diol, showing the computed structures
of the key transition states, and selected bond distances (Å).

Fig. 4 DFT-calculated energy diagram for the oxidation of 19,19-
gem-diol by Cpd I species in doublet and quartet states; shown are the
computed structures of key transition states, and selected bond
distances (Å). The values outside of the parentheses are bond lengths
in the doublet state, while those in the square brackets are in the
quartet state.
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a rapid process. Unfortunately, there is a lack of experimental
results for the enzymatic hydration reaction. As such, further
investigation with more reliable methodologies, such as QM/
MM simulations or QM dynamics, are needed to give more
reliable results on the above hydration reactions.

We next performed theoretical calculations on catalytic steps
2 and 3 of the enzymatic estrogen formation from 19-OH
androgen (II to IV, Scheme 2) mediated by two potential active
species: ferric-peroxo and ferryl-oxo (Cpd I).

Fig. 3 shows the reaction energy proles and the optimized
structures of intermediates and transition states for the oxida-
tion of 19-OH androgen by Cpd I species. Although the nal
catalytic step (step 3, Scheme 1) has previously been analyzed
using QM/MM calculations by Hirao et al.,19 for the convenience
of making comparisons, we recalculated the oxidation of 19,19-
gem-diol by the Cpd I species at the same level of theory as was
used for the calculation of isomerization between 19-aldehyde
and 19,19-gem-diol.
Fig. 3 DFT-calculated energy diagram for the oxidation of 19-OH
androgen by Cpd I species in doublet and quartet states. Shown are
the computed structures of key transition states and intermediates,
and selected bond distances (Å). The values outside of the parentheses
are bond lengths in the doublet state, while those in the square
brackets are in the quartet state.

15198 | RSC Adv., 2018, 8, 15196–15201
As seen in Fig. 3 and 4, the reaction barriers to step 2 and
step 3 to form estrogen catalysed by the Cpd I species, i.e., the
hydroxylation of 19-OH androgen (10.8 kcal mol�1, Fig. 3) and
the nal catalytic step of the oxidation of 19,19-gem-diol
(2.1 kcal mol�1, Fig. 4), were lower in energy than that of the
nonenzymatic hydration of 19-aldehyde with three water
molecules (21.9 kcal mol�1, Fig. 2), respectively. We considered
this difference to be inconsistent with the recent experimental
ndings indicating the enzymatic formation of estrogen from
19-OH androgen (II to IV, Scheme 2) to be slower than the
nonenzymatic hydration of 19-aldehyde.14 Therefore, Cpd I is
unlikely to be the only active species in the formation of
estrogen from 19-OH substrate. And we anticipated that
another active species, one that may function as a Cpd I species,
might participate in aromatase-catalysed estrogen formation.
This issue was the key point that we aimed to highlight in this
work.

The identity of oxidant species of cytochrome P450 enzyme in
the conversion of androgen to estrogen remains poorly under-
stood.32,33 To our knowledge, aside from the metal–oxo34,35 and
hydroperoxo complexes36 and the FeIII(H2O2) complex,37 metal-
peroxo species has more recently received a lot of attention since
it has been considered as an alternative reactive oxidant for C–H
bond activation of substrates in catalytic reactions of nonheme
iron and copper enzymes.38–40Herein, the involvement of the ferric-
peroxo species in the aromatization of androgen, which has been
characterized using EPR and resonance Raman spectroscopy,41,42

was investigated computationally as shown in Fig. 5.
Fig. 5 shows the activation of the C–H bond mediated by the

ferric-peroxo species. DFT calculations revealed the ferric-
peroxo-catalysed oxidation of 19-OH androgen to start with
abstraction of H from the C–H bond of 19-OH androgen, fol-
lowed by a barrierless rebounding process of a hydroxyl group to
the C19 radical. This transformation was determined to yield
Cpd I and the intermediate b3 (Fig. 5). The latter has been
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 DFT-calculated energy diagram for the oxidation of 19-OH
androgen by ferric-peroxo species in the doublet and quartet states;
shown are the computed structures of key transition states and
intermediates, and selected bond distances (Å). The values outside of
the parentheses are bond lengths in the doublet state, while those in
the square brackets are in the quartet state.
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shown to be a necessary precursor for the newly accepted Cpd I
mechanism (Scheme 1 and Fig. 4).19 Our calculation showed the
abstraction of hydrogen by the ferric-peroxo species to require
an activation free energy of 23.4 kcal mol�1 (Fig. 5), i.e., higher
in energy than that of nonenzymatic hydration of 19-aldehyde.
This calculation provided a rationale for the experimental result
showing the nonenzymatic hydration of the 19-aldehyde to be
more rapid than the enzymatic estrogen formation, indicating
that the ferric-peroxo species might serve as a potential active
oxidant in the conversion of 19-OH androgen to 19,19-gem-diol
(step 2, Scheme 2).

An interesting feature was found regarding the oxidative
conversion of 19-OH androgen (Fig. 3 and 5). Why is the reac-
tivity of the ferric-peroxo species more variable than that of the
Cpd I species? Frank Neese et al. showed the electronic struc-
ture and reactivity to be intimately linked.43 To gain more
insight into the chemistry of the reaction mechanism, we
carried out a natural bond orbital analysis of the frontier
Fig. 6 The frontier molecular orbital (FMO) and electronic evolution
for the activation of 19-OH androgen via the Cpd I species in the
doublet state (right) and ferric-peroxo species in the quartet state (left).

This journal is © The Royal Society of Chemistry 2018
molecular orbital pertinent to electronic evolution in the acti-
vation of the sCH bond.

Fig. 6 illustrates formally the electronic evolution for the
oxidation of 19-OH androgen by two potential oxidants. The NBO
analysis indicated the a-electron, for the doublet state of the Cpd
I species, to ow from the sCH bond of the substrate to the cor-
responding singly occupied a2u orbital (�4.66 eV) to ll the
porphyrin radical cationic hole (Fig. 6, right)—but the b-electron
of the sCH bond, in the case of the quartet state of ferric-peroxo
species (Fig. 6, le), to move into the singly occupied dyz orbital
(b-LUMO+1, �3.88 eV) of iron. Application of FMO theory
implied the oxidation of 19-OH androgen mediated by the Cpd I
species to require a lower reaction barrier due to the smaller
energy gap between the partially occupied a2u orbital of Cpd I
species and the sCH-HOMO of the substrate. This interpretation
was in accordance with our calculated results (Fig. 3 and 5). On
the other hand, inspection of the transition state structures of
2a1-ts and 4b1-ts showed a side-on attack mechanism, with such
a side-on approach of the C–H bond to the oxygen atom of ferryl-
oxo and that of ferric-peroxo being best explained to be a result of
optimizing steric considerations and orbital overlap.44 We also
tried to locate the transition state with a vertical approach of the
C–H bond towards the porphyrin plane, which involved
producing an overlap between the electron-accepting orbital
(p*

o]o, b-LUMO) and electron-donating orbital (sCH). However,
several trials failed to produce the desired stationary point.

As described above, hydroxylation and H-abstraction catalysed
by Cpd I were determined to have low reaction barriers (10.8 kcal
mol–1, Fig. 3 and 2.1 kcal mol–1 Fig. 4), indicating Cpd I to unlikely
be the sole oxidant in the formation of estrogen from 19-OH
substrate. The ferric-peroxo species could be another potential
active oxidant participating in the conversion of 19-OH androgen
to 19,19-gem-diol, due to the reaction barrier of the formation of
19,19-gem-diol from 19-OH androgen catalysed by ferric-peroxo
species being higher than that of the nonenzymatic hydration of
19-aldehyde. This possibility is consistent with the experimental
results showing the reaction constant of the enzymatic formation
of estrogen from 19-OH androgen to be lower than that of the
nonenzymatic hydration reaction of the aldehyde. In addition,
would the ferric-peroxo species compete with the Cpd I species in
the nal catalytic step? Part of the DFT-computed energy prole is
shown in Fig. 7 (the unabridged energy diagram is shown in
Fig. S1†). This calculation revealed the reaction to occur via an
Fig. 7 DFT-calculated energy diagram for the aromatized reaction by
ferric-peroxo species in doublet and quartet states; shown are the
computed structures of key transition states, and selected bond
distances (Å). The values outside of the parentheses are bond lengths
in the doublet state, while those in the square brackets are in the
quartet state.

RSC Adv., 2018, 8, 15196–15201 | 15199
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Scheme 3 The refined mechanism for the oxidation of 19-OH
androgen to estrogen.
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abstraction of H from an O–Hbond of 19,19-gem-diol, which could
not occur in the case of the Cpd I species due to the strikingly high
reaction barrier of 24.8 kcal mol�1 (compared to that
2.1 kcal mol�1). Taken together, for the conversion of androgen to
estrogen, we concluded the 19-OH androgen to initially undergo
hydroxylation catalysed by a ferric-peroxo species, and the gener-
ated Cpd I species to then participate in the nal oxidative
abstraction of H from 19,19-gem-diol (III-2, Scheme 3).

Conclusions

In summary, DFT calculations were conducted on the formation
of estrogens from 19-OH androgen. The study revealed the
ferric-peroxo species in conjunction with the Cpd I species to be
responsible for the conversion of 19-OH androgen to estrogen.
The computations afforded the mechanism shown in Scheme 3,
with this mechanism involving the initial reaction of the ferric-
peroxo species with the 19-OH androgen (II) to yield 19,19-gem-
diol (III-2), followed by the Cpd I-catalysed abstraction of H
from an O–H bond of 19,19-gem-diol to give the products
experimentally observed by Guengerich and co-workers. This
work provided a further explanation for the recent experimental
ndings, and a deeper understanding of the newly accepted
Cpd I mechanism.
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