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l Hydroxylation

Mechanistic Insights into the Regio- and Stereoselectivities of
Testosterone and Dihydrotestosterone Hydroxylation Catalyzed

by CYP3A4 and CYP19A1

Junhao Li,” Yun Tang,”™ Weihua Li,*™ and Yaoquan Tu*"

/Abstract: The hydroxylation of nonreactive C—H bonds can
be easily catalyzed by a variety of metalloenzymes, especial-
ly cytochrome P450s (P450s). The mechanism of P450 medi-
ated hydroxylation has been intensively studied, both exper-
imentally and theoretically. However, understanding the
regio- and stereoselectivities of substrates hydroxylated by
P450s remains a great challenge. Herein, we use a multi-
scale modeling approach to investigate the selectivity of tes-
tosterone (TES) and dihydrotestosterone (DHT) hydroxylation
catalyzed by two important P450s, CYP3A4 and CYP19A1.
For CYP3A4, two distinct binding modes for TES/DHT were
predicted by dockings and molecular dynamics simulations,
in which the experimentally identified sites of metabolism of

-

TES/DHT can access to the catalytic center. The regio- and
stereoselectivities of TES/DHT hydroxylation were further
evaluated by quantum mechanical and ONIOM calculations.
For CYP19A1, we found that sites 1, 2 and 19 can access
the catalytic center, with the intrinsic reactivity 23> 18 >19.
However, our ONIOM calculations indicate that the hydroxyl-
ation is favored at site 19 for both TES and DHT, which is
consistent with the experiments and reflects the importance
of the catalytic environment in determining the selectivity.
Our study unravels the mechanism underlying the selectivity
of TES/DHT hydroxylation mediated by CYP3A4 and
CYP19A1 and is helpful for understanding the selectivity of
other substrates that are hydroxylated by P450s. )

Introduction

The human cytochrome P450 superfamily includes 57 isoforms
of heme-enclosed enzymes that catalyze the redox reactions of
a variety of endogenous and exogenous compounds.” Cyto-
chromes P450s (P450s) are classified as monooxygenases be-
cause in most reactions an oxygen atom is inserted into the
C—H bond and the substrate is thereby hydroxylated.”’ The
molecular mechanism of this reaction has been a subject of in-
tense studies both experimentally and theoretically® and is
currently recognized as a hydrogen atom transfer (HAT) fol-
lowed by a radical “rebound” step.”** However, details of the

|u

[a] J.Li Dr. Y. Tu

Department of Theoretical Chemistry and Biology
KTH Royal Institute of Technology
Roslagstullsbacken 15, 10691 Stockholm (Sweden)
E-mail: yaoquan@kth.se

Dr. Y. Tang, Dr. W. Li

Shanghai Key Laboratory of New Drug Design
East China University of Science and Technology
Meilong Road 130, 200237 Shanghai (PR. China)
E-mail: whli@ecust.edu.cn

[b

Supporting information and the ORCID identification number(s) for the
author(s) of this article can be found under:

https ://doi.org/10.1002/chem.201905272.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA.
This is an open access article under the terms of the Creative Commons At-
tribution License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

e

&,

Chem. Eur. J. 2020, 26, 6214 -6223 Wiley Online Library

6214

mechanism leading to regio- and stereoselective P450 mediat-
ed hydroxylation are still not clear.®”

In the human body, hydroxylation reactions catalyzed by
P450s are important in phase | metabolism."™ Studying the
mechanisms of the regio- and stereoselectivities of the hydrox-
ylation reactions is beneficial for understanding the occurrence
of reactive phase | metabolites and for finding ways to avoid
the occurrence.™ For instance, by studying the regioselectivity
of tienilic acid hydroxylation, which occurs at site 5, the mech-
anism for the occurrence of the reactive metabolites was dis-
closed. Many experimental and theoretical studies have been
carried out for predicting the selectivity of P450 catalyzed hy-
droxylation reactions.”” Given the complexities of the P450
pocket and catalytic cycle and the diversity of substrates, un-
derstanding the selectivity of P450 hydroxylation remains a
great challenge.*”

As an important case,’“® the mechanism of selective hy-
droxylation reactions of steroid substrates catalyzed by two
P450 isoforms, CYP3A4 and CYP19A1, is still unclear. CYP3A4 is
the most abundant P450 and is responsible for the metabolism
of about 50% of clinically used drugs."™® It also plays impor-
tant roles in the regulation of endogenous steroids, the main
component of hormones.”” CYP19A1, also known as steroid ar-
omatase, mainly converts androgens into estrogens and is
therefore involved in the pathological progress of estrogen-de-
pendent diseases, such as breast and ovary cancers."” Downre-
gulation of CYP19A1’s activity has been deemed as a promis-
ing strategy for treating such diseases.""

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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In this work, we focus on the hydroxylation of two impor-
tant steroid molecules, testosterone (TES) and dihydrotestos-
terone (DHT), catalyzed by CYP3A4 and CYP19A1. TES is a nec-
essary male sex hormone and anabolic steroid."? In a natural
biotransformation process, TES is transformed either into DHT
by the 5a-steroid reductase or into estradiol by the aroma-
tase.'”” DHT is an androgen and is more potent than TES be-
cause it can directly activate the androgen receptor, al-
though DHT and TES share similar chemical structures and con-
formations. In experiments, TES and DHT are hydroxylated by
CYP3A4 at different sites. TES is hydroxylated at sites 6f3, 2f3,
15B, and 1B, whereas DHT is hydroxylated only at sites 18
and 19.19 In contrast, both TES and DHT are hydroxylated at
site 19 by CYP19A1 (Figure 1)." To date, the mechanism of se-
lective hydroxylation of TES/DHT by CYP3A4 and CYP19A1 has
remained elusive.®?

Here, we used a multi-scale modeling approach, which in-
volves molecular dockings, molecular dynamics (MD) simula-
tions, quantum mechanics (QM) calculations, and quantum
mechanics/molecular mechanics (QM/MM) calculations, to in-
vestigate the mechanism underlying the selective hydroxyl-
ation of TES and DHT by CYP3A4 and CYP19A1. The accessibili-
ty of each potential site of metabolism (SOM) to an enzyme’s
reaction center was evaluated by 100-ns long MD simulations.
The intrinsic reactivities of the potential SOMs were explored
by using a prevailing truncated heme model. Together with
the QM/MM calculations, our results unravel the mechanism
underlying the selectivity of hydroxylation of TES and DHT by
CYP3A4/CYP19A1.

Results and Discussion
Binding modes of TES

There are several sites of TES that could potentially be oxidized
by P450s. The experimentally determined oxidation sites of
TES by CYP3A4 are 6f3, 23, 158 and 1f3, and the corresponding
reaction rates in the recombinant CYP3A4 enzyme are 83, 11,
5.0, and 4.8 min~', respectively."™ By contrast, the experimen-
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Figure 1. Chemical structures of TES and DHT and the corresponding SOMs.
The bonds connecting the o hydrogen atoms are represented as dashed
lines. The SOMs of TES/DHT by CYP3A4 and CYP19A1 are colored in red and
blue, respectively; the SOM that can be hydroxylated by both CYP3A4 and
CYP19A1 is colored in cyan.
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tally determined oxidation site of TES by CYP19A1 is the 19
site.l'

Since the crystal structure of the CYP3A4-TES complex is not
available, molecular docking was used to predict the initial
binding mode of TES with CYP3A4. The experimental SOMs of
TES are distributed in different rings, which means that multi-
ple binding modes of TES could exist in the CYP3A4 active
site. To consider the effect of active site residues on the bind-
ing of TES, multiple CYP3A4 crystal structures were used for
docking.

We have analyzed the root mean square fluctuation (RMSF)
for each residue averaged over the 11 CYP3A4 crystal struc-
tures (Figure S1). The RMSFs for about 80 % of the residues are
below 1.0 A and those for the active site residues are mostly
above 1.0 A, especially for the residues of the F-F" helix, which
show high RMSFs (ca. 4-5 A). We therefore believe that the dif-
ference in the selected crystal structures is large enough for
generating reasonable binding modes for TES to CYP3A4. By
using these structures as the docking receptors, all experimen-
tal SOMs and the angular methyl groups were found to
expose to the oxo moiety in the top ranked poses, named 6§3-
4K9V, 23-3UA1, 1p-414G, 15B-4K9T, 18-2VOM, and 19-4D78. As
shown in Figure 2, two distinct binding modes of TES, 17-OH-
UP and 17-OH-DOWN, were identified. In the 17-OH-UP bind-
ing mode, the 17-OH group points to the upper hall of the
active sites, as shown in 23-3UA1, 13-414G and 19-4D78. The 3-
ketone group forms a hydrogen bond with Ser119, which is a
key residue for the interactions between CYP3A4 and its sub-
strates.”” In addition, the 17-OH group in the 23-3UA1 mode
forms a hydrogen bond with the backbone atoms of Arg369
(Figure 2A). In the 17-OH-DOWN binding mode, 17-OH points
to the B-C loop, as shown in 6[3-4K9V, 158-4K9T and 18-2VOM.
The hydrogen bond between 17-OH and Ser119 was only ob-
served in the 6[3-4K9V mode.

Accessibility profiles of TES and DHT

MD simulations have been widely used in the study of P450
enzymes for a broad range of interests, including flexible con-
formational sampling,"® ligand binding free energy calcula-
tion,"™ conformational transitions,”” allosteric regulation,?"
and substrate accessibility evaluation.”” The accessibility pro-
file obtained from the equilibrated MD simulations (Figure S2)
can be used to describe the extent of a site exposure to the

(

Figure 2. Binding modes predicted by molecular docking. A) The three rep-
resentative 17-OHUP binding modes: 194D78 (magenta), 134l4G (yellow)
and 2B3UA1 (green); B) The three representative 17-OHDOWN binding
modes: 634K9V (yellow), 1534K9T (green) and 182VOM (magenta).

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

85U8017 SUOWILIOD B e8I 3|qet(dde aup Aq peusenob a e sajole YO ‘@S Jo SNl 10} AriqiT8uluO /8|1 UO (SUORIPUOD-pUB-SWLBIW0D A8 | im ATelq 1 Ul |UO//SdNL) SUORIPUOD PUe swe | 8y} 88s *[1202/20/S0] Uo A%iqiTauluo Ae|im ‘tejoxsBoH exsiuxp L eb11Buny Aq Z/ZS06T0Z Weud/z00T 0T/I0p/wod A8 | im Ariq pul|uoadone-Ansiweyo//sdny woiy papeoumod ‘sz ‘080z ‘S9.ETZST


http://www.chemeurj.org

Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Chemistry—A European Journal doi.org/10.1002/chem.201905272

90 90
80 80
70 4 70
60 - 60 -
[} [}
) o}
& 50 1 & 50
© c
8 40 8 404
© ©
o o
30 4 30
20 20
10 A 10 4
0 t II 0 II Il T
68 6a 28 2a 158 150 1B 1a 18 19 8 68 6a 2B 2a 158 15a 1B 1a 18 19 8 4a 4B
(A) CYP3A4-TES (B) CYP3A4-DHT
100 100
80 80
[} (2]
0 60 & 60+
8 8
[ C
S S
8 40+ B 40+
20 20
0 T T — T T T - T T T 0 T T — T T T - T T T T T

68 6a 2B 2a 158 150 1B 1a 18 19 8

(C) CYP19A1-TES

68 6a 2B 2a 158 15a 1B 1a 18 19 8 4a 4B

(D) CYP19A1-DHT

Figure 3. Accessibility profiles from the MD simulations. The percentage for a site is the number of snapshots in which the site was accessed divided by the

number of snapshots for all the accessed sites.

oxo moiety of Cpd | and can provide useful information for un-
derstanding P450 catalytic selectivity.”** The evaluation of
the accessibility profile was based on the distance between
the SOM hydrogen atom and the oxo atom of Cpd | (denoted
as “H-oxo”) as well as the angle formed by the SOM hydrogen,
oxo, and iron atoms (denoted as “H-oxo-FE”).*? Based on the
geometry from the typical HAT species for C—H hydroxylatio-
n,%? the conformation for an accessible site, which is also re-
ferred to as the near attack conformation,”” should satisfy the
criterion of the H-oxo distance in the range of 2.0-3.5 A and
the H-oxo-FE angle above 120°.

By applying the criterion, the accessibility for each site in
the 12 CYP3A4 systems (corresponding to six docked TES and
six superimposed DHT binding modes) and two CYP19A1 sys-
tems was evaluated as summarized in Figure 3. All CYP3A4 sys-
tems exhibited multiple accessible sites (the DHT-2[3-3UA1
system has the largest number of sites, in which sites 2f3, 2a,
1a, 19, 40 and 4f are accessible, see the red columns in Fig-
ure 3B), indicating that the binding modes of TES/DHT under-
went changes frequently during the 100-ns MD simulations.
This is not surprising because the size of the CYP3A4 binding
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pocket is relatively large, which allows different sites of TES/
DHT to access the oxo moiety. In some systems (TES-1[3-414G,
DHT-63-4K9V, DHT-23-3UA1, DHT-18-2VOM and DHT-19-4D78,
Figure 3A and B), even the steroid scaffold could flip, leading
to a small proportion (less than 5%) of a sites exposed to the
Cpd | oxo moiety.

For the 19-4D78 system, the 6f3 site of TES is the dominant
accessible site (ca. 54%, magenta column in Figure 3 A), reflect-
ing the strong preference for 68 hydroxylation in 4D78, which
explains the experimental results. Nevertheless, for the 6f3-
4K9V, 23-3UA1 and 1[3-414G systems, site 19 has the highest ac-
cessibility, followed by the respective 63, 23 and 1§ sites (see
the black, red, and green columns in Figure 3A). It seems that
there exists competition between site 19 and sites 6[3, 23, and
1B for accessing the oxo moiety, since the three hydrogen
atoms of site 19 are very close to sites 6f3, 2f and 10, respec-
tively (Figure S3). These results also reflect the intricacy in pre-
dicting the TES binding modes in the large and flexible active
site of CYP3A4. The complexity has also been observed experi-
mentally, which indicated that CYP3A4 can bind up to three
TES molecules and alter the binding kinetics.””

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

25UBD117 SUOLWILIOD BA1IEBID B (a1 ddke 3L Ag PeLIBAOE 212 ORI YO '8N J0 SBINI 10y ARRIq 1 2UIIUO AB|IA UO (SUO I IPUOD-PUE-SULBIALIO"AB| 1M ARiq] 1 [ou 1 UO//StL) SUORIPUOD PUR SULR L 83 885 [1202/20/50] U0 ARIqIT2UIIUO 411 ‘Ue|ossBoH exsiLxp L BBIIBUNY A 2/2S06T0g WeUD/Z00T OT/10p/LI0d" A8 ARe.qpujuo adoane-ANIS LU/ Sy o1 pepeolumod ‘8z ‘040z ‘SOLETZST


http://www.chemeurj.org

Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Chemistry—A European Journal doi.org/10.1002/chem.201905272

Similarly, it becomes more complicated to predict the bind-
ing modes of DHT in the CYP3A4 binding pocket. For the 2f3-
3UA1 system, the additional 4f3 and 4a sites in ring A were
also the accessible sites (see in Figure 3B). For the 6[3-4K9V
and 2B-3UA1 systems, the most accessible sites are 18 and 4,
respectively. Similar to the CYP3A4-TES system, site 18 was
more optimal to access to the oxo moiety in the 153-4K9T sys-
tems (see the blue columns in Figure 3A and B). As we can
see, not all systems show the results matching the experimen-
tal selective profile of DHT hydroxylation by CYP3A4 (e.g., the
23-3UA1 system). Nevertheless, sites 18 and 19 were still the
dominating accessible sites in all the MD simulations of
CYP3A4-DHT (Figure 3B). Thus, the accessibility profile pro-
vides an explanation of why CYP3A4 mainly hydroxylates DHT
at sites 18 and 19, instead of the reactive f3 sites.

In the MD simulations of the CYP19A1-TES/DHT systems, the
frequencies of shifting accessible sites are much lower than
those in the CYP3A4 systems, because more than 85% of the
observed accessible sites are located at site 19 (Figure 3C and
D). The 6 site did not access the active site, which also means
that site 19 is much more competitive than site 6f3 in accessing
the oxo moiety (Figure S2). Unlike in CYP3A4, replacement of
TES with DHT hardly changed the binding mode in CYP19A1,
because the hydrogen bonds between TES/DHT and Asp309
and Met374 of CYP19A1 (see E-F in Figure S4) are more stable
than that between TES/DHT and Ser119 of CYP3A4 (see A-D in
Figure S4). Thus, our analysis of the accessibility profiles ex-
plains why the more reactive 6f or 2f3 site is not hydroxylated
in CYP19A1 and agrees with the aromatic mechanism of
CYP19A1.%

After inspection of the accessibility profiles, we conclude
that the potential SOMs of TES/DHT are in competition for
being exposed to the reaction center. The regio- and stereose-
lectivities of TES/DHT hydroxylation reactions could be ex-
plained by the accessibility profiles. However, MD simulations
only reflected the “competition” between certain sites. The
mechanisms underlying such site “competition” will be further
clarified by the subsequent QM and QM/MM calculations.

Activation barriers
Intrinsic reactivity of potential SOMs

The HAT process for the P450 catalyzed C—H hydroxylation is a
rate-limiting step and the corresponding activation barrier gov-
erns the reaction.” Both the intrinsic reactivity of the sub-
strate and the environment of the enzyme active site can
affect the activation barrier that dominates the selectivity of
hydroxylation.”’ Here, we firstly investigate the intrinsic reactiv-
ity of the potential SOMs of TES to understand its role in the
selectivity of TES hydroxylation. Since DHT has a similar scaf-
fold to TES, we believe that the intrinsic reactivity of a DHT site
could be deduced from that of the corresponding TES site.
The activation barriers for the 6f3, 6a, 23, 2a, 1503, 15a, 16,
1a, 8, 18 and 19 sites were calculated and are presented in
Table 1. The activation barriers for the 6f3, 23, 153 and 1§ sites
are 5.3, 9.9, 10.2 and 13.5 kcalmol ™, respectively, which are in
good agreement with the experimental data."* For the four 8
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Table 1. Activation barriers for the potential SOMs of TES [kcalmol~'].

Site DFT® D3-DFT®
Ta 18.7 144
1P 19.1 135
2a 15.4 134
2B 13.0 9.9
6a 18.1 12.2
6p 10.3 53
15a 17.9 149
156 155 10.2
18 204 13.0
19 228 18.3
8 21.1 10.0

[a] The activation barrier is the energy difference between the reactant
complex (RC) and transition state (TS) calculated using the B3LYP func-
tional with the BS2 basis set. The energies were corrected with ZPE using
the BS1 basis set. [b] The activation barriers were calculated using the
B3LYP-D3 functional and Becke-Johnson damping with the BS2 basis set.
The energies were also corrected with ZPE using the BS1 basis set.

sites, the activation barriers are also very close to those calcu-
lated in the previous study when the dispersion interaction is
not considered.”” The high reactivity of the 63 and 2f sites do
not come as a surprise because of the electron-delocalization
effect of the conjugated carbonyl moiety, which significantly
stabilizes the TS structures. Both 23 and 6[3 are next to the
conjugated carbonyl moiety, but the 2f site is closer to the
ketone group, which makes it less reactive than the 6f site.
The activation barriers for all the a sites are higher than the
corresponding 3 sites. Especially, the activation barrier for the
6a. site is ca. 7 kcalmol™" higher than that of the 6f site. Com-
pared with the TS structures for the a sites, the TS structures
for the P sites can be stabilized by the interactions between
the angular methyl group and Cpd |, which lowered the activa-
tion barriers for the {3 sites. For sites 8, 18 and 19, the activa-
tion barriers are higher than those for the a and f sites when
the dispersion correction was not considered.

Since the C—H bond-dissociation energy (BDE) contributes
significantly to the intrinsic reactivity of hydroxylation,?® the
BDEs of all the C—H bonds of TES were calculated (Ta-
ble S1).The BDEs for sites 6, 2, 15 and 1 show the same trend
as in the work by other research groups®’** and are in accord-
ance with the experimental distribution of the TES hydroxyl-
ation sites."”™ However, due to the planar shape of the carbon
radical, we are unable to use BDE to predict the stereoselectiv-
ity, that is, o or § hydroxylation, in the TES hydroxylation.

Activation barriers predicted by ONIOM calculations

Even though it has been revealed by the QM calculations that
sites 18 and 19 of TES are much less reactive, these sites can
still be preferentially hydroxylated by different isoforms of
P450s. The MD simulation results have been used to explain
the selectivity of the above hydroxylation reactions. To further
understand the mechanism underlying the selectivity of TES/
DHT hydroxylation reactions catalyzed by CYP3A4 and
CYP19A1, ONIOM calculations were performed. For CYP3A4,
we chose the snapshots from the MD simulations of the 19-
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4D78 and 6[3-4K9V systems to represent the binding modes of
17-OH-UP and 17-OH-DOWN, respectively. For CYP19A1, the
representative snapshots from the MD simulations were used
for the ONIOM calculations.

The 19-4D78-TES/DHT system

In MD simulations, the 17-OH group of TES/DHT was close to
the upper region of the active site and was able to interact
with the side chain of Glu308 (Figure 4A) or the backbone of
Leu482 (Figure 4B) via a water bridge. Meanwhile, the hydro-
gen bond between the 3-ketone group and the side chain of
Ser119 remains stable during the MD simulations. This binding
mode favors sites 19 and 40 of DHT or sites 19 and 6f3 of TES
to approach the oxo moiety. PES scanning indicated that the
hydroxylation at site 63 of TES and site 19 of DHT is more fa-
vorable than at other sites. Significantly, the activation barriers
for sites 6p of TES (10.9 kcalmol™', Figure 4A) and 19 of DHT
(15.5 kcalmol™', Figure 4B) are lower than those for the other
sites, which are in good agreement with the experimental ob-
servations."®

It should be noted that the 6f site of TES in the 17-OH-UP
mode has a higher HAT barrier than that from the QM calcula-
tion (10.9 vs. 5.3 kcalmol™', Figure 4A and Table 1). Although
the orientations of TES in the reactant complex (RC) and transi-
tion state (TS) for site 63 from the ONIOM calculations are simi-
lar to those from the QM calculations, it is likely that the small-
er “H-oxo-FE” angle and more overlap between ring A of TES
and the heme plane (Figure S5A) contribute to the lower barri-
er of 60 in the QM model. The 4§ site of DHT is in the o-posi-
tion of the 3-ketone group, which could have similar reactivity
to the 2f site. However, for the 4 site, the hydrogen bond be-
tween the 3-ketone group and Ser119 provides a steric hin-
drance, which raises the barrier. Although the binding modes
of TES/DHT in the CYP3A4 active site are very similar (Fig-
ure S5B), there still exists rather significant difference between
TES and DHT in “H-oxo” and “H-oxo-FE” for the same site,
which contributes to the change of the hydroxylation selectivi-

ty.

The 6f-4K9V-TES/DHT system

In the 17-OH-DOWN mode, TES/DHT is parallel to the heme
plane. The activation barriers for sites 19, 63 and 8 of TES are
22.1, 10.8 and 16.6 kcalmol™' (Figure 4C), respectively. Notably,
the activation barrier for the 63 site of TES in this system is
almost the same as in the 19-4D78 system (10.9 kcalmol™),
suggesting that the 6 site of TES is rather reactive and its acti-
vation barrier is hardly affected by the binding modes. The
high reactivity of the 6f site has been predicted in the QM
model and is considered as the main driving force for the se-
lective hydroxylation of TES by CYP3A4.

Similar to the 19-4D78-DHT system, the 6f3 site of DHT could
not access the oxo moiety either, since the “H-oxo-iron” angle
was almost linear and unfavorable for shifting electrons to the
substrate. For sites 19, 18 and 8, the activation barriers were
21.5, 23.5 and 25.8 kcalmol ™' (Figure 4D), respectively. The re-
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sults from 19-4D78 and 6[3-4K9V demonstrate that the prefer-
ence of DHT hydroxylation is at the angular methyl group, al-
though the activation barriers can be different in the two sys-
tems (15.5 vs. 21.5 kcalmol™' in 19-4D78 and 6(3-4K9V for site
19 of DHT). By using the spin natural orbital (SNO) analysis,*?
we could further explain the significant difference in the acti-
vation barrier for site 19 in the 19-4D78 and 6[3-4K9V DHT sys-
tems. As depicted in Figure 5, the electron distribution contri-
buting to the HAT process can be differentiated for the two
systems. In the 19-4D78 system the HAT process was dominat-
ed by the a electrons (Figure 5A), whereas in the 6(3-4K9V
system it was dominated by the 3 electrons (Figure 5D). The
SNO distributions indicate that the 17-OH-UP binding mode
favors the shift of the a electrons to the substrate and lowers
the C—H activation barrier for site 19 of DHT.

The CYP19A1-TES/DHT system

The hydroxylation of site 19 is the first step in CYP19A1 medi-
ated TES aromatization, which finally produces estrogens.!'*
The mechanism of the last step in aromatization is still contro-
versial and has attracted much attention.®® However, less at-
tention has been paid to the question of why site 19 is easier
for hydroxylation than the more reactive adjacent sites 23 and
1B in the first step. Interestingly, upon replacing TES with DHT,
the hydroxylation sites unexpectedly switch to sites 18 and 19
for CYP3A4, while for CYP19A1, the hydroxylation still occurs
at site 19.

From the QM calculations, we learned that the 6f3 site of TES
is most reactive. However, this site is far away from the Fe
atom and even beyond the “6 A” rule in the crystal structure of
CYP19A1-TES,®¥ which shows a binding mode similar to that
in 17-OH-DOWN where the steroid scaffold is parallel to the
heme plane. In the active site of CYP19A1, the scaffold of TES
is perpendicular to helix | and stabilized by the two hydrogen
bonds formed by TES with the two distant residues in the
edges of the active site, which are the protonated side chain
of Glu308 in helix | and backbone of Met374 in the 3 sheet
(Figure S6). The PES scanning was able to locate the TSs for
sites 19, 2f3 and 18 of TES. Of the three sites, site 19 has the
lowest activation barrier (15.4 kcalmol™', Figure 4E), showing
that hydroxylation at site 19 is most favorable. Cheng et al. ob-
served that CYP19A1 is about 10°fold more efficient than
CYP3A4 in generating the 19-hydroxylated DHT"® As we can
see from Figure 4, the activation barriers correlate with the ex-
perimental observations.

For each site in DHT, the corresponding activation barrier is
lower than that in TES (Figures 4E and F). Replacing TES with
DHT slightly shortened the “H-oxo” distance in the TSs, which
could be one of the reasons for the lower activation barriers
for DHT. Additionally, the SNO analysis of the TS for site 19 of
TES indicates that the o and 8 electrons contribute almost
equally to the HAT step (Figure 6 A and B), whereas for site 19
of DHT, the HAT step is mainly determined by the behavior of
the a electrons (Figure 6C and D). Referring to our previous
SNO analysis of the 17-OH-DOWN system, we believe that a

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. A) TS structures for sites 19 (in cyan) and 6f (in magenta) of TES in the 194D78 system. B) The TS structures for sites 19 (in cyan) and 4f3 (in green)
of DHT in the 194D78 system. C) The TS structures for sites 19 (in cyan), 63 (in magenta) and 8 (in blue) of TES in the 634K9V system. D) The TS structures for
sites 19 (in cyan), 18 (in yellow), and 8 (in blue) of DHT in the 6[34K9V system. E) The TS structures for sites 19 (in cyan), 13 (in light pink) and 2§ (in blue) of
TES in the CYP19A1 system. F) The TS structures for sites 19 (in cyan), 1f (in light pink) and 2 (in blue) of DHT in the CYP19A1 system. The activation barrier
(in kcalmol™) for each site is shown in parentheses. The H,yacec—0X%0 and Hapgracrea—Cite distances are in A.

modest difference in the P450 active site configuration could Conclusion

significantly affect the site-preference of the HAT step.
CYP3A4 and CYP19A1 exhibited different regio- and stereose-
lectivities of hydroxylation towards TES/DHT. In this work, we
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Figure 5. Spin natural orbital (SNO) distributions for the TS structures for site
19 in the CYP3A4-DHT systems: A) the a electron density in 17-OHUP; B) the
B electron density in 17-OHUP; C) the a electron density in 17-OHDOWN;

D) the {3 electron density in 177-OHDOWN. The SNOs were generated by the
Multiwfn 3.6 package™ and visualized using VMD 1.9.3"" with isoval-
ue=0.02.
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Figure 6. Spin natural orbital (SNO) distributions for the TS structures for site
19 in the CYP19A1 systems: A) the a electron density in CYP19A1-TES;

B) the f electron density in CYP19A1-TES; C) the a electron density in
CYP19A1-DHT; D) the 3 electron density in CYP19A1-DHT. The SNOs were
generated by the Multiwfn 3.6 package® and visualized using VMD 1.9.35"
with isovalue =0.02.

examined these reactions in depth by taking into account the
ligand reactivity and enzyme environment.

By using the docking approach, we found that there exist
two binding modes of CYP3A4-TES; namely, 17-OH-UP and 17-
OH-DOWN. MD simulations verified the stability of these bind-
ing modes. Furthermore, 63 was the most accessible site in
the TES-19-4D78 system, with the accessibilities of sites 18 and

Chem. Eur. J. 2020, 26, 6214 -6223
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19 being significantly higher than other sites, especially in the
DHT systems. From the QM calculations, we found that all the
[ sites are more reactive than the corresponding a sites, which
explains the stereo-selectivity of TES hydroxylation by CYP3A4.
The results from the ONIOM calculations indicate that the hy-
droxylation of TES at the 6f3 site is independent of the binding
mode, which explains why the 6f3 site is a major SOM. In the
CYP3A4-DHT systems, site 19 is more reactive in the 17-OH-UP
binding mode than in 17-OH-DOWN because the activation
barrier for site 19 is lower in 17-OH-UP.

Although the crystal structure of CYP19A1-TES has provided
some clues for understanding the selectivity of hydroxylation,
the structure still cannot be used to explain why the more re-
active juxtaposition sites of TES/DHT are not the first choice of
hydroxylation.* Our MD simulations and ONIOM calculations
indicate that site 19 of DHT is easier to be hydroxylated by
CYP19A1 than that of TES.

In conclusion, our study has revealed the mechanism of the
TES/DHT hydroxylation selectivity mediated by CYP3A4 and
CYP19A1. Our results are also useful for understanding the
regio- and stereoselectivities for the hydroxylation of other ste-
roid molecules catalyzed by P450s.

Experimental Section
Molecular docking

The initial model of CYP3A4 in complex with TES was obtained by
molecular docking, which was executed by using GOLD Suite
5.2.29 There are more than 30 crystal structures of CYP3A4 avail-
able at present. Based on the shape of the active sites, 11 crystal
structures were selected for molecular docking and the root mean
square fluctuation for each residue averaged over these structures
was analyzed. The PDB codes of these structures are 1TQN,"”
2V0M,[38] 3NXU,[38] 3UA1,[39] 4D78,[40] 4|4G,[4” 4K9T,[42] 4K9V,[42]
4K9W,“? 5TE8"™ and 5VC0."¥ They were prepared using the pro-
tein preparation wizard in Schrédinger suite 2016-1.¥ The coordi-
nates of missing residues were added by Prime™’ and the proton-
ation states of ionizable residues were assigned by Protassigner,“
while all co-crystalized ligands and water molecules were removed.
The Cpd | form of heme was manually prepared in Maestro 10.5."”

The docking center was set on the Cpd | oxo atom and the space
within 15 A around the center was defined as the docking site.
Fifty docked poses were generated for each docking and ranked
by ChemScore with the scoring template parameterized for heme-
proteins.*¥ Because DHT is highly similar to TES in both chemical
structure and conformation, the initial CYP3A4-DHT complexes
were obtained by superimposing DHT onto each of the top-ranked
TES poses. The initial structure of the CYP19A1-TES complex was
taken from the crystal structure (PDB code: 5JKW)."? Similarly, DHT
was superimposed to TES to obtain the CYP19A1-DHT complex.

MD simulations

All the complexes obtained from the above step, that is, 12
CYP3A4-TES/DHT and 1 CYP19A1-TES/DHT, were subjected to 100-
ns MD simulations. The pmemd.cuda module®® of Amber16F" was
used for the MD simulations with random seeds for the initial ve-
locities. The Amber14SB®? and general Amber force field (GAFF)®3!
were applied for the protein and the ligands, respectively. The crys-
tallographic water molecules were recovered for the docked/super-

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

25UBD117 SUOLWILIOD BA1IEBID B (a1 ddke 3L Ag PeLIBAOE 212 ORI YO '8N J0 SBINI 10y ARRIq 1 2UIIUO AB|IA UO (SUO I IPUOD-PUE-SULBIALIO"AB| 1M ARiq] 1 [ou 1 UO//StL) SUORIPUOD PUR SULR L 83 885 [1202/20/50] U0 ARIqIT2UIIUO 411 ‘Ue|ossBoH exsiLxp L BBIIBUNY A 2/2S06T0g WeUD/Z00T OT/10p/LI0d" A8 ARe.qpujuo adoane-ANIS LU/ Sy o1 pepeolumod ‘8z ‘040z ‘SOLETZST


http://www.chemeurj.org

Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Chemistry—A European Journal doi.org/10.1002/chem.201905272

imposed CYP3A4-TES/DHT complexes, with the protonation states
of ionizable residues remaining the same as in the docking proce-
dure. Similarly, PROPKA 3.1 in Schrédinger Suite was employed to
determine the ionizable residues’ protonation states in CYP19A1.5
The TES and DHT geometries were optimized by using Gaussian 09
at the B3LYP/6-31G* level, followed by using the standard restrain-
ed electrostatic potential (RESP) fitting procedure to derive the
atomic charges.”™ The truncated octahedron TIP3P water box and
counterions were used to solvate and neutralize each system, re-
spectively.®® The force field parameters for the Cpd | moiety were
adopted from Shahrokh'’s work."”

For each system, the energy optimization was carried out using
the gradually decreased force constant restraints on the heavy
atoms of the protein and ligand. The temperature of the system
was then gradually raised from 0 K to 300 K in 80 ps using the NVT
ensemble with the restraints the same as in energy minimization.
An 80-ps equilibration at 300 K without constraints on atoms was
carried out using the NPT ensemble. Finally, the unrestrained pro-
duction run was conducted for 100 ns using the NPT ensemble
with a 2-fs time step and 10-A cutoff for the nonbond interactions.

All covalent bonds containing a hydrogen atom were constrained
using the SHAKE algorithm.®® The particle mesh Ewald (PME)
method® was used to handle the long-range electrostatic interac-
tions. A collision frequency of 1.0 ps~' was adopted to control the
temperature. The cpptraj module® and the python package MDA-
nalysis®" were used for the trajectory analysis.

QM calculations

A truncated Compound | (Cpd I) model®” with the doublet spin

state was used to investigate the reactivity of TES' potential SOMs.
Density functional theory (DFT) calculations were performed to es-
timate the activation barriers for breaking the corresponding C—H
bonds of potential SOMs with the B3LYP functional® implemented
in the Gaussian 09 package (Rev. D.01).*” For the geometry optimi-
zation, the basis set BS1 was used, where the LANL2DZ pseudopo-
tential/basis set was used for the iron and 6-31 g(d) basis set for
the rest of atoms.™ Transition state (TS) structures were located
by flexible potential energy surface (PES) scanning, followed by full
geometrical optimization and verified by vibrational frequency cal-
culations. The single-point (SP) energies were calculated at the
same level of theory as geometry optimization using the larger
basis set 6-311+g(d,p)/LANL2DZ (denoted as BS2), with the polar-
izable continuum model (PCM, ¢=4) for recovering the solvent
effect.®™ Dispersion correction was included by using the B3LYP-D3
functional® with Becke—Johnson damping®’ for the SP energies.
The frequency calculations were employed using the same level of
theory and basis set as geometry optimizations and the corre-
sponding thermal zero-point energies (ZPE) were added to the SP
energies. The intrinsic reaction coordinate (IRC) calculations™ were
performed at the B3LYP level using BS1 to confirm that a TS struc-
ture was indeed connecting the reactant and product.

QM/MM (ONIOM) calculations

For TES and DHT, the potential SOMs are located on the A, B, D
rings and the angular methyl groups. In this study, QW/MM calcula-
tions were carried out to evaluate the activation barriers of poten-
tial SOMs in the protein environment. The QM/MM calculations
were accomplished using the ONIOM method in Gaussian 09.”
The representative snapshot, which is closest to the major cluster
extracted from the MD simulation of each of the CYP3A4 and
CYP19A1 complexes, was first energetically minimized by the
pmemd module of Amber16. The geometrical optimization was
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then carried out with the ONIOM method. Thereafter, the TS struc-
tures for the SOMs were located using the flexible PES scanning.
Each TS structure was further confirmed to have only one imagina-
ry frequency. The procedure of preparing input files is similar to
our previous study using the TAO package.” Since the reactivities
predicted by S=1/2 and $=3/2 states for Cpd | mediated reac-
tions are generally similar, only the doublet state of Cpd | was con-
sidered.”®”" The net charge for each layer was determined by the
chargesum module in TAO. The atoms in the QM region and the
corresponding link atoms were optimized using the same level of
theory and basis set as in the QM calculations. The SP energy was
calculated using BS2 without applying any implicit solvent model
and corrected using the same B3LYP-D3 functional as in the QM
calculations. For the molecular mechanics part, the AMBER force
field was employed. Only the mechanical embedding scheme was
considered in the geometry optimizations and single-point energy
calculations.

The ONIOM calculations were performed using six representative
MD snapshots, including four snapshots for CYP3A4; namely, TES-
19-4D78, DHT-19-4D78, TES-6p3-4K9V and DHT-63-4K9V, and two
snapshots for CYP19A1 complexes, for predicting the activation
barriers of potential SOMs. For each system, the atoms of the near-
est residues in the bottom area of the binding site together with
the substrate and some other residues were selected as the QM
region atoms. For 19-4D78, atoms forming the hydrogen-bond net-
work TES-water-Glu308 and DHT-water-Leu482, together with
Ser119, Ala305, Thr309, lle369 and Ala370, were included in the
QM region. For 6[3-4K9V, the atoms of Ser119, Thr282, Ala305,
Ala370 and Leu482 were included in the QM regions. For the QM
regions of the CYP19A1 systems, lle132 and Thr310 were treated
as the bottom area residues and Asp309, Val370, Met374 and
Leu477 were included.
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