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ABSTRACT: Recent experiments suggested that, contrary to traditional belief, the third
step of aromatase-catalyzed estrogen formation should be effected by compound I (Cpd
I), rather than by ferric peroxide. We performed QM/MM calculations to address the
question of how Cpd I drives the aromatization process. Surprisingly, the calculations
show that the reaction begins with hydrogen abstraction from the O—H bond of a gem-
diol substrate, which is followed by barrierless homolytic C—C bond cleavage and then
1f-H-abstraction. Proton-coupled electron transfer enables the cleavage of the strong
O—H bond. Another product, carboxylic acid, can be formed from either the gem-diol or

aldehyde.

KEYWORDS: aromatase, Cpd 1, QM/MM, H-abstraction, PCET

In view of their remarkable versatility and ubiquity,
cytochrome P450 enzymes (P450s) are clearly among the
most important metalloenzymes that exist in nature.' > For us
humans, xenobiotic metabolism and hormone biosynthesis are
the two major functions of P450s, and a specific P450 called
aromatase (CYP19A1) is responsible for the latter. As shown in
Scheme 1, aromatase catalyzes the oxidative conversion of
androgens such as androstenedione and testosterone (1) into
the respective aromatized estrogens (4) and HCO,H in three
steps, each of which requires O, and NADPH.™® Because only
aromatase can catalyze these essential biosynthetic steps, the

Scheme 1. A Possible Reaction Sequence for CYP19A1-
Catalyzed Estrogen Formation®

“The red carbon denotes C19.
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enzyme has been a promising drug target for the treatment of
breast cancer.

In the aromatase-catalyzed reaction of androgens (Scheme
1), there is now little doubt that compound I (Cpd 1)”' acts as
the reactive species in the first two hydroxylation steps (steps 1
and 2 in Scheme 1). By contrast, there is ongoing debate
regarding the nature of the reactive species involved in step 3.
Cpd I and ferric peroxide have been implicated as likely
candidates. Until recently, the most convincing mechanism
involved nucleophilic attack of the ferric-peroxo species on
aldehyde 3. This ferric-peroxide-driven mechanism was
supported by the '8O-labeling experiments performed by
Akhtar et al'' and by Caspi et al,'” as well as by the
theoretical calculations performed by Senn and Hackett."”

However, recent experimental studies using the techniques of
resonance Raman spectroscopy (Mak et al)'* and kinetic
solvent isotope effect (Kharti et al.)'> implicated the
involvement of Cpd I. More recently, Yoshimoto and
Guengerich performed '®O-labeling experiments with more
sensitive techniques and instruments than had been used
previously for such studies and demonstrated that the
aromatization mechanism could be rationalized only in terms
of Cpd L'° Surprisingly, in the latter study, no '*0,-derived
oxygen atom was found in the produced formic acid. Thus, the
ferric-peroxide mechanism, in which 8O is inevitably
incorporated into the formic acid, could not explain this
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Figure 1. (a) Energy profiles (kcal/mol) for the reactions of gem-diol with Cpd L (b) Transition-state geometries. Key bond distances are shown in
A

experimental observation. These recent ground-breaking
experimental outcomes and arguments raised the need for a
reinvestigation of the role of Cpd I in the aromatase reaction. In
particular, if Cpd I is the reactive species, how does Cpd I effect
the enzymatic aromatization? We herein report the results of
our hybrid quantum mechanics and molecular mechanics
(QM/MM) study, which has been conducted to address this
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conundrum. To our delight, we could derive an unprecedented
mechanism through extensive QM/MM calculations.

An X-ray crystal structure of human aromatase determined
by Ghosh et al. at 2.90 A resolution (PDB code 3EQM) was
used for our QM/MM study.'” The methyl group of
androstenedione at the C19 position (see Scheme 1) in the
crystal structure was slightly modified to gem-diol 2 and
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aldehyde 3, and the reactions of these substrates were
examined. Note that although the aldehyde is often assumed
to act as the sole substrate (Scheme 1), Yoshimoto and
Guengerich determined the ratio of the gem-diol to the
aldehyde in D,O (pH 7.8) to be 1.5:1.0, which may imply that
the gem-diol is slightly more stable.'® They also showed that
either the gem-diol or the aldehyde could be the substrate. The
ONIOM(QM/MM) method implemented in Gaussian 09 was
used for all QM/MM calculations.’®™*° In the ONIOM
calculations, B3LYP/[SDD(Fe),6-31G*(others)] was used for
the QM calculation step,”' >* whereas the AMBERO3 force
field was used for the MM calculations (GAFF was used for the
substrate) through the “amber=softfirst” option of Gaus-
sian.”*® The mechanical embedding (ME) scheme of
ONIOM was used with these methods for geometry
optimization and frequency calculations. Single-point energy
calculations were performed by using the 6-311+G(d,p) basis
set and the electronic embedding (EE) scheme of ONIOM.
The doublet spin state was considered. The reported energy
data were obtained from single-point energy calculations and
zero-point energy corrections. UCSF Chimera was used for
visualization of protein molecules,”” and Molekel was used to
plot orbitals.”® Full details of the QM/MM calculations are
given in the Supporting Information (SI).

We first studied the reaction of the gem-diol substrate. Three
pathways (A—C) were considered. The initial steps of paths A—
C are H-abstraction from the O—H bond on C19 (A), H-
abstraction from the C—H bond on C19 (B), and H-abstraction
from the 1f-carbon of the cyclohexenone ring (C). Figure 1
shows the reaction energy profiles and the optimized
geometries of transition states obtained for these pathways.
Interestingly, paths A and B are seen to have relatively low
energy barriers (10.7 and 10.3 kcal/mol, respectively) for the
first step; thus, both H-abstractions from the O—H bond via
TS1a and from the C—H bond via TS1b should be plausible in
the first step of the reaction. In path A, H-abstraction is
followed by a barrierless, homolytic C—C bond cleavage to
form an intermediate (Intla) that involves HCO,H, a substrate
radical, and a protonated ferryl (Cpd II). As a result of an
electron transfer from porphyrin to Fe and a proton transfer
from formic acid to Cpd II, a somewhat more stable
intermediate (Intla’) containing a porphyrin-z-cation-radical-
ligated Fe(III)-H,O species and HCO,™ can be formed, and
hydrogen is then abstracted from the 1f-carbon via TS2a to
establish a new C—C double bond within the 6-membered
steroid-A ring of the substrate (Int2a). Note that the proton,
which was transferred temporarily from HCOOH to Fe(III)-
OH in Intla’, is donated back to HCOO™ in Int2a. Additional
density functional theory (DFT) calculations showed that the
cyclodienone moiety in Int2a can easily undergo keto—enol
tautomerization to form phenol, especially if there are two
water molecules in the vicinity of the carbonyl group (Figure
S1). Therefore, it is probable that the produced cyclodienone
species may be released first from the active site, and that a
phenol-type product may be formed through keto—enol
tautomerization in a water-rich environment outside the
enzyme.

Interestingly, the H-abstraction from the C—H bond via
TS1b in path B is followed by barrierless H-abstraction from
one of the two O—H bonds on the same carbon (C19),
resulting in the formation of a molecule bearing a carboxylic
acid group (Int2b). The relatively low energy barrier for path B
suggests that this route is one possible channel leading to a
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carboxylic acid product. Indeed, in their experiments,
Yoshimoto and Guengerich observed a carboxylic acid as
another product of the aromatase-catalyzed reaction of 19-oxo
androstenedione (3).'°

The third pathway, which starts with H-abstraction from the
1f-carbon on the cyclohexenone ring (path C) and involves
TSI, has a much higher barrier (17.3 keal/mol). In this case,
the H-abstraction is followed by a facile radical rebound step to
form an intermediate containing a hydroxylated cyclohexenone
molecule. H-abstraction from the 1f-carbon is often postulated
as a viable mechanism for the third step effected by Cpd 177"
However, according to our comparative analyses, path C is
apparently a less favorable pathway. The reason for the higher
barrier for path C should be the steric restriction imposed on
the substrate within the active-site pocket.

In general, O—H bonds of alcohols are stronger than their
C—H bonds.” Despite this, our calculations predicted that
TS1a and TS1b are almost equally stable. To gain insight into
this somewhat counterintuitive outcome, we performed an
additional spin natural orbital (SNO) analysis.”” Figure 2 shows

(b) TS1b

(a) TS1a

Figure 2. SNO:s for (a) TS1a and (b) TS1b.

the SNOs (with an eigenvalue ~ —1) for TSla and TSIb.
Interestingly, the SNO for TSla is not localized on the
breaking O—H bond, but it has a lone-pair-like distribution
perpendicular to the bond. This is an orbital signature typical of
proton-coupled electron transfer (PCET), and the PCET effect
contributes to transition-state stabilization in the reactions of
oxoiron(IV) species.”” > By contrast, the SNO for TS1b is
firmly localized on the forming and breaking bonds, and in this
case, H-abstraction is characterized as H atom transfer. The
trend observed here is also reminiscent of the experiment
results reported by Wang et al,, who showed that a synthetic
diiron(IV) complex cleaved the O—H bonds of alcohols, rather
than the weaker C—H bonds.*® In addition, low energy barriers
for H-abstraction from an O—H bond were obtained
computationally for other reactions of P450s.”’~*

The reaction of the aldehyde substrate has also been
examined (paths D and E, Figure 3a). Interestingly, the barrier
for the H-abstraction from the formyl group via TS1d (Figure
3b) in path D was low (6.0 kcal/mol). After the H-abstraction,
a carboxylic acid product (Int2d) was obtained without a
rebound barrier. Provided that the aldehyde is slightly less
stable than the gem-diol, path D should also constitute another
channel for the formation of a carboxylic acid product. An
aldehyde hydroxylation mechanism was previously discussed by
Wang (one of the authors) et al. for the reaction of CYP2E],
on the basis of DFT computational results.*>*" Yoshimoto and
Guengerich suggested that H-abstraction from the aldehyde
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Figure 3. (a) Energy profiles (kcal/mol) for the reactions of aldehyde with Cpd L. (b) Transition-state geometries. Key bond distances are shown in
A

may also be possible in the aromatase reaction; this mechanism
explains why the amount of the carboxylic acid product
decreased significantly when the aldehyde hydrogen on C19
was replaced by deuterium.'® Our result is consistent with their
argument, and the deuterium substitution may also affect the
barrier height of path B. The possibility of 1f-H-abstraction
from the aldehyde substrate (path E) was also examined, but
similar to path C, this pathway has a high energy barrier (20.5
keal/mol, Figure 3a).

We have seen above that the gem-diol substrate can be
converted into an estrogen or a carboxylic acid (via path A or B,
respectively), whereas the aldehyde is converted into a
carboxylic acid (path D). Scheme 2 summarizes the computa-
tionally derived mechanistic scenario. An O,-derived oxygen
atom will be included in Cpd I as an oxo group (shown in red
in Scheme 2) because O, undergoes O—O bond cleavage to
form Cpd 1* If the gem-diol undergoes O—H cleavage, an
aromatized product is eventually formed, and in this case, an
O,-derived oxygen atom (in Cpd I) will not be incorporated
into HCO,H. Rather, the oxygen will be found in the produced
water molecule (see Figure 2). The lack of an O,-derived
oxygen in the produced HCO,H in path A is consistent with
the results of 18O-labelin§ experiments performed by
Yoshimoto and Guengerich,1 and this agreement reinforces
our argument that aromatization should occur via O—H bond
cleavage. Importantly, our computational study identified the
O—H cleavage pathway (path A) as the sole low-energy-barrier
channel to the aromatized product.

Scheme 2 also shows that both of the gem-diol and aldehyde
substrates can be converted into a carboxylic acid; nevertheless,
the fate of the oxo oxygen in Cpd I is different in these two
cases. Thus, if a gem-diol undergoes C—H cleavage at C19, the
oxo oxygen must be incorporated into a water molecule. By
contrast, in the aldehyde reaction, the oxo oxygen is
incorporated into the carboxyl group. Yoshimoto and
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Scheme 2. Summary of the Mechanisms Derived from Our
QM/MM Study
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Guengerich found that the ratio of the amount of the carboxylic
acid containing "*O (coming from '®0,) to the amount of the
carboxylic acid without '*O was 3:1. A comparison of the
experimental and computational data leads us to suggest that
the pathway for the formation of the carboxylic acid containing
80 (path D) should be somewhat more favorable than path B.

In conclusion, on the basis of the recent experimental results,
which suggested that it should be Cpd I that actually effects
step 3 of the aromatase-catalyzed aromatization of androstene-
dione, we have performed QM/MM calculations on this
particular reaction. Our QM/MM calculations have revealed an
unprecedented mechanism for the aromatization reaction that
features H-abstraction from the O—H bond of the gem-diol.
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The O—H bond is strong, but PCET lowers the energy barrier
and thereby enables this process. We also found that a
carboxylic acid product can be formed via H-abstraction from
the C—H bond of either the gem-diol or the aldehyde. Our new
mechanistic scenario explains the latest experimental data for
step 3 of the aromatase reaction very well.
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