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ABSTRACT: This work uses combined quantum mechanical/molecular
mechanical and molecular dynamics simulations to investigate the
mechanism and selectivity of H,0,-dependent hydroxylation of fatty
acids by the P450gp, class of enzymes. H,0, is found to serve as the
surrogate oxidant for generating the principal oxidant, Compound I (Cpd
I), in a mechanism that involves homolytic O—O bond cleavage followed
by H-abstraction from the Fe—OH moiety. Our results rule out a
substrate-assisted heterolytic cleavage of H,O, en route to Cpd I. We
show, however, that substrate binding stabilizes the resultant Fe—H,O,
complex, which is crucial for the formation of Cpd I in the homolytic
pathway. A network of hydrogen bonds locks the HO- radical, formed by the
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O—O homolysis, thus directing it to exclusively abstract the hydrogen atom from Fe—OH, thereby forming Cpd I, while
preventing the autoxoidative reaction, with the porphyrin ligand, and the substrate oxidation. The so formed Cpd I subsequently
hydroxylates fatty acids at their a-position with S-enantioselectivity. These selectivity patterns are controlled by the active site:
substrate’s binding by Arg241 determines the a-regioselectivity, while the Pro242 residue locks the prochiral a-CH,, thereby
leading to hydroxylation of the pro-S C—H bond. Our study of the mutant Pro242Ala sheds light on potential modifications of
the enzyme’s active site in order to modify reaction selectivity. Comparisons of P450gp, to P450p; and to P450gs reveal that
function has evolved in these related metalloenzymes by strategically placing very few residues in the active site.

1. INTRODUCTION

The cytochrome P450 class of enzymes catalyzes a wide range
of reactions such as hydroxylation, epoxidation, reductive
dehalogenation, amine dealkylation and sulfoxidations." The
coupled high-valent iron(IV)—oxoporphyrin z7—cation radical,
so-called compound I (Cpd I), is the reactive intermediate that
performs all these reactions, once it is formed in the catalytic
cycle of P450s. The native process for Cpd I formation involves
reductive activation of molecular oxygen, by NADPH or
NADH, followed by double protonation on the distal oxygen
and departure of a water molecule." Alternatively, Cpd I can be
generated from a ferric hydrogen peroxide (FeIH(OZHZ))
complex (or other peroxides), by shunting the native cycle."”
This latter mode of generating Cpd I could have been in
principle very efficient, since the catalytic system is no more
dependent on electron donating cofactors, such as NADPH or
NADH, which slow down the catalytic cycle.' However, in
practice, shunting is generally less common for native enzymes
that use reducing cofactors.

In 1994, Matsunaga et al.’ made an important discovery of
the first H,O,-dependent P450 enzyme, which was isolated
from Sphingomonas paucimobilis.” Matsunaga et al, further
reported that this P450 performs the hydroxylation of long

-4 ACS Publications  © 2016 American Chemical Society

6786

chain fatty acids in an a-regioselective manner (a- is the CH,
position adjacent to the carboxylate; see Scheme 1b), and was
hence called P450gp, (or CYP1S52B1 in the systematic
nomenclature).* The authors corroborated the H,0, depend-
ency of enzyme in line with a previous report on fat metabolism
in plants where an HZO2 generating system was a prerequisite
for the a oxidation.”” This regioselectivity can be contrasted
with that of P450g,;, which hydroxylates fatty acids at the CH,
groups @-1/@-2/w-3 in the hydrophobic tail’ It is also
different than the f regioselectivity found for the closely related
P4505s4 enzyme.” How do these three related hydroxylases
acquire different functions? This is an interesting question,
which is pondered in this work.

In 2003, the first crystal structure of another H,O,-
dependent P450g5; was reported by Lee et al,® and was
found to catalyze the hydroxylation of fatty acids dominantly at
the 8 position.® This crystal structure revealed that the distal
pair of acid—base residues that are crucial for Cpd I formation
in the “normal” catalytic cycle were absent in this H,O,-
dependent P45054 enzyme.6 Furthermore, unlike in P450gy3
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“(a) A mechanistic scheme of substrate-assisted catalysis and homolytically-initiated pathways in P450gp,, a hydroxylase of fatty acids. (b) A fatty

acid with indications of its & and f positions, and the corresponding

pro-R and pro-S C—H bonds.

where the fatty acid is bound by its carboxylic head near the
protein surface, here in P4505, the carboxylate head goes deep
into the distal side of the heme where it gets bound by Arg242.
It was proposed,’ that the amino acid residue Arg242 teams
with the carboxylate of the fatty-acid substrate, which together
constitute the requisite acid—base pair needed for heterolytic
O—0 cleavage and generation of Cpd I, as depicted in Scheme
la. The proposal of substrate-assisted catalysis was tested using
a related H,0,-dependent enzyme, P45055; (CYP152A1)
enzyme, which could hydroxylate styrene and ethylbenzene in
the presence of carboxylic acid with short side chain,” but failed
to do so in the absence of the carboxylic acid. These reports
seemed to confirm the crucial role of carboxylate binding in
substrate oxidations.

Subsequently, in 2011, Fujishiro et al.” reported the H,0,-
dependent hydroxylation of myristic acid, CH;(CH,),,COOH,
by the P4505p, enzyme with high a-regio- and S-stereo-
selectivities (see Scheme 1). They also reported the selectivity

of two mutants along with wild type, and showed that the regio-
and stereoselectivity can go up to >99% and 97%, respectively.

Summing all the above information, P450gp, has a few
intriguing features: (a) the enzyme seems to possess a novel
substrate-dependent mechanism of Cpd I formation via Cpd 0,
and (b) its hydroxylation activity is highly selective for the a-
position and for the pro-S C—H bond. Does Cpd I formation in
this H,0,-dependent enzyme proceed via Cpd 0? What are the
factors that control these selective modes of hydroxylation?
And why are these modes of P450gp, so different compared
with the P450py; and P450554; enzymes? These issues form the
focus of the present paper, which seeks detailed atomistic
insight into the emergence of function using QM/MM
calculations and MD simulations.

The first issue concerns the mechanism of Cpd I formation.
Starting from an Fe(O,H,) complex, the O—O bond can
either undergo homolytic or heterolytic cleavages. Homolytic
cleavage in the active site of a P450 enzyme, is generally viewed
with skepticism since it “liberates” hydroxyl radicals,” which
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Figure 1. (a) Schematic representation of the QM region used in the study. (b) An MD snapshot showing the QM system inside the enzyme cavity,
with marking of the H-bonds, and key residues (e.g,, Phe288, Arg241 and Pro242).

may destroy the enzymatic activity. The common wisdom is
that P450s evolved by nature to ensure the dominance of the
heterolytic pathway. Heterolytic cleavage begins with the
formation of Cpd 0 in the catalytic cycle.' A basic residue
near the active site can abstract the proximal proton from the
Fe"(O,H,) complex. This step is followed by a heterolytic
cleavage of the O—O bond which eventually leads to the
formation of the Cpd I However, this generally accepted
proposal has also some exceptions with cases where Cpd 0 is
bypassed.'® Thus, Sicking et al. showed that O—O homolysis of
a Fe'(O,H,) complex leads to the formation of Cpd L'
Subsequently, this mechanism was found to be quite facile in
Nitric oxide synthase'** and more recently in P450¢,y and its
T252A mutant.'” In all these cases, the O—O homolysis is
followed by selective and very fast hydrogen atom abstraction
(H-abstraction) from the Fe(IV)—OH by the nascent HO-
radical, which is held and directed by a net of H-bonds with the
surrounding protein. We shall therefore test the two alternative
hypotheses for Cpd I, as depicted in Scheme 1: the O—O
homolysis/H-abstraction mechanism vs the heterolytic mech-
anism, whereby the carboxylic group of the substrate could
trigger acid—base catalytic function. The selectivity issues may
derive from constraints in the binding channel of the substrate,
and would require an atomistic calculation within the native
protein.

To study all these issues we use combined quantum
mechanical/molecular mechanical (QM/MM) and molecular
dynamics (MD) simulations. As such, we elucidate a detailed
mechanism of the Cpd I formation from the Fe™(O,H,)
complex, and unravel the preferable interactions within the
active site, which cause this feat of selectivity. As we
demonstrate, the mechanism of Cpd I formation involves
homolytic O—O cleavage followed by selective and exclusive
hydrogen abstraction from the Fe(IV)—OH by the nascent
HO- radical, as demonstrated in recent studies.'’” Further-
more, we show that the substrate binding by Arg241 and with
assistance from Phe288 bring about the a-CH, regioselectivity,
while Pro242 and the enzyme’s cavity apply diastereomeric
interactions which lead to S-hydroxylaton at the a-CH, position.
This will be followed by comparison of the different functions
of the three related enzymes: P450gp,, P450554 and P450gy;.

6788

2. COMPUTATIONAL METHODS AND DETAILS

2.1. System Setup. The initial structure of the enzyme was taken
from the X-ray structure of the CYPI52B1 with palmitic acid,
CH,(CH,),,COOH, as substrate (PDB code 3AWM).® The crystal
structure has a resolution of 1.65 A. For determination of the
protonation state of residues, the pK, values of amino acid residues
were calculated with PROPKA software.'> The protonation states of
the histidine residues were assigned based on the pK, values and the
neighboring structures for possible hydrogen bonds. On the basis of
such judgments, the histidine residues 91, 93, 230, 255, 321, 355, 359,
376, and 412 are protonated at the & position (HSE) while 138, 179,
219, and 223 are protonated at the § position (HSD). The resulting
protein had a 4~ charge, which based on previous experience does not
make much of a difference in the final QM/MM results (a recent
report from our lab, which showed that an enzyme with a charge 8~
and the corresponding neutralized one have little effect on Fe(O—0O)
bond homolysis in Fe(O,H,) complex'*).

2.2. MD Simulation. The crystal structure had an axial water
molecule coordinated to Fe'™. This water molecule was modified to
model the structures of both Cpd I and Fe™(O,H,) complex. A water
layer of 16 A from protein exterior was added with TIP3P'® water
model using solvate package of VMD.'* For the purposes of preparing
the QM/MM calculation runs,15 we initially followed the standardized
procedure for protein solvation usir}%’ non periodic simulations, as
suggested by Thiel and co-workers.">*” Minimization was performed
in two steps; first keeping the protein fixed and then a whole system
minimization without any restraints using 5000 steps of conjugate
gradient algorithm, to remove any of the steric clashes during system
setup. Thereafter, equilibration dynamics was performed using
Langevin dyna.mics16 with damping coefficient of 1 ps’l, which was
preceded by system annealing at the target temperature of 300 K. All
simulations were performed in nonperiodic boundary conditions using
spherical boundary and switching potential function with a cutoff of 12
A. We used CHARMM?22 force field for protein and solvation'” and
previously published force field for Fe-(O,H,) fragment.'® We
continued 25 ns of production dynamics for Cpd I and 10 ns for
Fe"™(0,H,) complex using the same system setup and MD procedure.
All MD simulations were carried out with NAMD software package."

2.3. QM/MM Methodology. All QM/MM calculations were
performed with ChemShell software.”® Turbomole*" was used for the
QM region and DL, POLY?” for the MM part. The polarizing effect of
the enzyme on the QM region was accounted by the electronic
embedding scheme.” As shown in Figure 1, we included in the QM
region the following molecules and protein residues: the truncated
heme unit, the carboxyl end of the fatty acid with the @ and §§ carbon
atoms, the guanidinium end of Arg241 and the two crystal water
molecules. Since the heme unit was carved from the enzyme at the
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Figure 2. (a) The scanned energy profile for Cpd 0’s formation from Fe(O,H,) at the QM(B1)/MM level of theory. (b) Geometries of

Fe"(0,H,), denoted as RC1, and Cpd 0.

sulfur of the cysteinate ligand, we used a hydrogen link atom with
charge shift model,zo for the QM/MM boundary.

Unrestricted B3LYP functional was used for the QM calculations.>*
It was reported that UB3LYP functional shows better accuracy,
compared with a variety of other functionals, for an Fe-oxo system in
hydrogen abstraction reactions.”> For geometry optimization we
employed a basis set, so-called B, consisting of 6-31G* for sulfur,
LACVP for iron and 6-31G for all other atoms.* Single point energies
were calculated at the more extended basis set, def2-TZVP, which is
labeled as B2.*”

Transition state (TS) optimizations were carried out in two steps.
First, a relaxed potential energy scan was performed along the reaction
coordinate with a step size of 0.1 A, going from reactants to products.

6789

The highest energy point on this potential energy surface (PES) was
further optimized without any constraints using P-RFO optimizer in
the HDLC code.”® Frequency calculations of all optimized geometries
were used to ensure that the minima and transition states are genuine.
Optimized reactants and products were devoid of any imaginary
frequencies. All the transition states showed single imaginary
frequency except for the one for meso hydroxylation (vide infra),
which was difficult to characterize, as it did not show any imaginary
frequency. To verify it as the genuine highest energy point, the relaxed
potential energy scan was repeated by steps of 0.02 A units.”” These
entire scan profiles are given in Figure S1 of Supporting Information
(SI). The lowest energy difference between any of the two competitive
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Scheme 2. Potential Reaction Pathways after the Homolysis of Fe"'(O,H,) Complex
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pathways in the following discussions is more than 6 kcal/mol. So the
methods applied here are robust enough to handle the present study.

Gaussian 09 was used to perform single point calculations® for
analysis of the distortion and interaction energies in the transition
states.”*> To determine these quantities we calculated the QM system
embedded in a solvent having approximately the dielectric constant of
a nonpolar protein (diethyl ether, € = 4.24). Details of this method are
given in the Supporting Information (SI) document (page S9).

Reactive spin states for Cpd I and Fe"(O,H,) involve the doublet
spin states (S = 1/2).*® Details of the ground state and reactive spin
states of Fe™(O,H,) complex were reported in a QM-only study and
in protein environment by QM/MM studies.'’>** The ground state
for Fe™(O,H,) is the sextet state (S = 5/2), followed by the quartet
state (S = 3/2) and the doublet state. However, since the doublet state
is the only bound state, and it also has the smallest barrier for O—O
bond homolysis,"*** we used this state throughout the study. The
sextet and quartet states have a long Fe—O distance, and hence are
thought to lead to H,O, liberation in P450.'°° However, for this
H,0,—dependent enzyme, the H,O, liberation is obviously irrelevant,
as the H,O, is held by H-bonding in a tight space among the substrate,
heme and the enzyme surroundings (see Figure 1b and the discussion
of the MD simulation in the following section). These surroundings
can barricade the liberation of H,O,.

3. RESULTS AND DISCUSSIONS

The catalytic cycle of the reaction starts with the formation of
the Fe™(O,H,) complex. The MD study showed that the
Fe"(O,H,) complex is indeed a stable intermediate, such that
during the entire simulation of 10 ns H,O, never departed from
the heme unit. Similar stable Fe-(O,H,) complexes are
reported in our previous study on Horseradish peroxidase
enzymes also.”* Indeed, as we mentioned above, the H,O,
molecule so coordinated to Fe is stabilized by hydrogen
bonding with the carboxylate group of fatty acid, and the
barricades raised by the active site surroundings. The distal
proton, Hy (Figure 1) makes a hydrogen bond with the
carboxyl group of the fatty acid. This hydrogen bonding is
found to be stable during the entire simulation time. The
distance of this hydrogen bonding is shown in Figure S2 of the
SI document along with the Fe—O distance for the entire
simulation of 10 ns. The distance of the proximal O—H,
(Figure 1a) proton from the carboxyl group is always long
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during the dynamics. Water molecules are consistently present
in the distal pocket of the heme and these molecules further
stabilize the complex through hydrogen bonding. The salt
bridge between Arg241 and the carboxylate group of substrate
is also found to be stable. This salt bridge holds the substrate
tightly in the active site. Also, the coordination of H,O, does
not affect the conformation of the substrate fatty acid molecule.
Figure 1b shows a proper representation of the crucial
hydrogen bonds, salt bridge, orientation of H,O, and the
conformation of fatty acid substrate at the active site of enzyme.

3.1. Formation of Cpd 0 via a Substrate Assisted
Mechanism. Generally, Cpd 0’s formation is considered as the
prerequisite for the eventual formation of Cpd L' Abstraction
of the proximal proton, H, (Figure la), of H,0, by the
substrate’s carboxylate could in principle generate Cpd 0. The
potential energy surface for the proton abstraction, obtained by
a scan from the Fe(O,H,) complex (RC1), is shown in Figure
2, and is seen to require two steps and a high energy expense.
The first step in Figure 2, involves H-bonding reorganization.
Thus, throughout the dynamics of the substrate inside the
active site, it is the distal proton, Hy, that maintains H-bonding
with the carboxylate group of fatty acid, while Cpd 0 formation
requires abstraction of the proximal proton, H,,, by the carboxyl
group. Therefore, juxtaposing the carboxylate and H, requires
reorganizing the Fe™(O,H,) complex to a conformation that is
prepared for the ensuing proton abstraction of H,. An upper
limit for this reorganization energy was found to be 9.8 kcal/
mol at the QM (B1)/MM level of theory. Subsequently, proton
transfer can transpire, but at the point where the carboxylic OH
distance became 0.901 A, the formation of COOH turned out
to be highly endothermic by 20.2 kcal/mol. The reason for this
endothermicity is the disruption of the salt bridge between
Arg241 with the carboxylate group, which attends Cpd 0
formation. As such, this highly endothermic formation of Cpd 0
is ruled out as a feasible process for the enzyme. Additionally,
because of this endothermicity, all our attempts to optimize the
carboxylic acid product always resulted back in the formation of
Fe"'(O,H,) complex. A similar finding was reported in an
earlier study also,'”* where Cpd 0 formation was found to be
endothermic of the amount 15.0 kcal/mol.
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3.2. Cpd | Formation through the O-O Bond
Homolyis/H-Abstraction Mechanism. Since formation of
Cpd 0 has been reasonably ruled out above, we turn here to
consider the alternative mechanistic hypothesis. As shown in
Scheme 2 (see corresponding electronic structures and spin
density data in Figure S3 and Table S1 to S4 in the SI
document), this mechanism commences with the homolysis of
the O—O to form the IM1 intermediate, which involves a HO-
radical bound to Fe(IV)—OH complex, and thereafter the
intermediate can in principle participate in three competing
follow-up reactions: H-abstraction from the substrate by the
HO- radical, attack of the HO- radical on the meso carbon of
the porphyrin ligand, and Cpd I formation by H-abstraction
from Fe(IV)—OH. Note that the meso hydroxylation of the
porphyrin ligand is a well-known heme degradation pathway,””
while H-abstraction from the substrate represents the direct
oxidative pathway by H,O,.

Figure 3 shows the energy profiles corresponding to these
mechanistic pathways, while Figures 4 and S5 show the

48.5/46.5
TSy

13.7/10.9

-17.9/-19.3
Ca- radical

RCl1 A\ 24.3/235

meso -OH

-26.3/-26.5 Cpd 1

Figure 3. Potential energy profile of the homolysis of Fe"(O,H,)
complex. Energies (in kcal/mol) are represented as QM(B2)/MM
followed by QM (B2+ZPE)/MM levels of theory.

geometries of RC1, TS1 and IMI1 and the TSs for the
follow-up reactions of the intermediate. As seen from Figure 3,
the O—O bond homolysis has a low barrier of 10.9 kcal/mol
(including ZPE correction), leading to the low-energy
intermediate IM1, which undergoes follow up reactions.
Among these reactions the most facile by far is the formation
of Cpd L The meso attack and H-abstraction from the substrate
have much higher barriers. It is very clear therefore that P450gp,

enzyme evolved to steer the Fe"'(O,H,) complex directly to the
formation of Cpd I, without any side reactions.

Figure 4 provides some clues for the specifically targeted
pathway of the Fe(O,H,) complex. Thus, inspection of IM1
reveals that the carboxylate head of the substrate and the
Arg241-crystal-water moiety hold the HO- radical tightly,
thereby orienting its radical end (on the O) toward the H-O
bond of Fe(IV)—OH. This orientation is further visible in TSI,
which is highly stabilized by these H-bonds. Apart from these
hydrogen bonds, the surrounding water networks as shown in
Figure 1b at the active site ensure continued proximity of water
molecule and as such, a significant stabilization of IM1. This
highlights the importance of the substrate and surrounding
water molecules. In fact, in the O,-dependent P450s too, the
hydrogen bonding network of surrounding water molecules
provide a proton relay channel that is crucial for activating the
O—-0 bond of O,, thus leading to Cpd I generation.10C

The geometrical features of IM1 reveal minute changes in
comparison to TS1. The O—O bond distance increased from
1.83 to 2.18 A. Intramolecular hydrogen bonds are intact as
evidenced by the hydrogen bond distances, 04—H, and, O,—
Hy which are respectively 2.37 and 2.17 A. Because of this
arsenal of H-bonds, the intermediate IM1 that is formed by an
intrinsically endothermic O—O bond breakage nevertheless lies
only at 4.4 kcal/mol relative to RC1 as shown in Figure 3.
Thus, the substrate’s carboxylic head plays a role in catalyzing
Cpd I formation, but this is expressed via the homolytic
breakage of O—O bond in Fe''(0,H,).

The H-bonding machinery controls also the selectivity of the
IM1 intermediate by raising the energies of the TSs in the
disfavored follow-up reactions, while lowering it for the favored
one. This is reflected also in the corresponding transition state
geometries in Figure S. Thus, TSy is quite and close to IM1;
the Fe—O bond distance is still long, the Fe—S distance is short
(237 A) and the O,—H, is still short, while the H-bond
network is largely intact. Furthermore, Cpd I is thermodynami-
cally favored as noted by the exothermicity of —26.5 kcal/mol,
which makes reaction irreversible. All these factors ensure an
efficient formation of Cpd I, thus creating function for the enzyme.

The TS, species involves deformation of the heme, but
most of its distortive features reflect the need to release the
radical from the clutches of the H-bonding machinery and bring
it to a bond making distance to the meso carbon. These changes
are reflected in the much higher barrier of 14.8 kcal/mol, at the

RC1

TS1

Op-0d 1.83
Od-Hp 2.21
Op-Hd 2.09

Figure 4. Optimized geometries of species involved in the O—O bond homolysis of Fe"'(O,H,) complex at the QM(B1)/MM level of theory.

Distances are given in A
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Figure S. Optimized transition state geometries of Cpd I formation and its competitive pathways at the QM(B1)/MM level of theory. Distances are

given in A and angles are in degrees.

Scheme 3. General Mechanism of Hydroxylation of Substrates by Cpd I1*
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QM(B2+ZPE)/MM level, for meso hydroxylation vs. Cpd I
formation.

Finally, the a-hydrogen abstraction needs more geometric
rearrangements, since the pro-S hydrogen atom at the Ca of
fatty acid are 3.95 A away from distal oxygen at the optimized
geometry of IM1. At the transition state this distance is reduced
to 1.56 A. This shortening could disrupt the water network and
force the substrate to change its position. All these interactions
with the enzyme get disrupted during the relocation of the
substrate. The cumulative effects of all these factors increase the
barrier of hydrogen atom abstraction, such that Fe™(O,H,)
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plays no direct role in hydroxylation. Geometries of all these
products are given in Figure S4 in SI document.

3.3. Regio- and Stereoselective Hydroxylation by Cpd
l. Let us discuss the regio- and stereoselectivity of hydroxylation
by Cpd I These selectivity features may originate from
substrate dynamics as well as from diastereomeric interactions
within the active site, which together cause the a-C—H to be
closer to Cpd I (than f-C—H) while at the same time
juxtaposing the prochiral a-C—H vis-a-vis Cpd 1. A detailed
explanation of how the substrate binding and architecture of

the active site lead to observed regio/stereoselectivity follows.

DOI: 10.1021/jacs.6b01716
J. Am. Chem. Soc. 2016, 138, 6786—6797


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b01716/suppl_file/ja6b01716_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b01716

Journal of the American Chemical Society

A generic mechanism of hydroxylation by Cpd I is depicted
in Scheme 3. The first step involves a hydrogen atom transfer
(HAT) from the a-CH, group to the Fe-oxo moiety of Cpd I
Subsequently, HAT is followed by the rebound step that
transfers the hydroxyl group from Fe to the a carbon radical
and yields the hydroxylated product. The resultant enantiose-
lectivity of hydroxylation will be determined by the accessibility
of a given prochiral hydrogen atom to the Fe-oxo moiety. Since
the carboxyl head of the substrate is tightly bonded via its H-
bonds/salt bridges, the resultant & carbon radical can not flip its
configuration, such that stereoselectivity is determined by the
juxtaposition of one of the prochiral hydrogens. Consequently,
the HAT step is expected to be the selectivity-determining step.

Figure 6 shows the distance fluctuations between the oxygen
ligand of Cpd I and the four prochiral hydrogen atoms, a-R, a-
S, f-R and f3-S, of the fatty acid over the course of the 25 ns of
dynamics. The prochiral a-S hydrogen atom was found to be
invariably the closest one to the Fe-oxo (see the blue MD
distance fluctuations in Figure 6).

To understand the relative proximities of the four hydrogens
to the oxo ligand in Figure 6, we can first compare the
positioning of the a and f carbons and subsequently those of
the a-R and a-S hydrogen atoms. Thus, during the entire
duration of the 25 ns of dynamics, the substrate did not exhibit
any translational motion. In other words, the substrate is stuck
and unable to slide further into or out of the active site.
Inspecting the intermolecular interactions in the active site
reveals that the cause of this restricted motion is the salt bridge
between the fatty acid and Arg241 (see Figure 1b for visualizing
the salt bridge). Indeed, this salt bridge was found to be
extremely stable throughout the dynamics study. The close
superposition of the initial and final structures of the substrate
after 25 ns of MD is shown in Figure S5 in the SI document.
The salt bridge renders the hydrogen atoms of the § carbon
(Cp) completely inaccessible to the Fe-oxo moiety, and thus
essentially eliminates the possibility of their undergoing
abstraction. By comparison, in P4505s; the salt bridge occurs
with Arg242, which now provides access to the hydrogen atoms
of the p-carbon (Cp), thus leading to S-C—H/a-C—H
hydroxylation ratio of 60:40.° Further comparative analysis of
the active sites of P450ps; and P450gp, reveals the former
enzyme lacks a residue analogous to Phe288 in its active site. As
shown in Figure 1b, in P450gp, this residue is snuggled in
between the substrate and heme and thereby it hinders the
approach of the f-CH, to Fe-oxo. As such, the a-carbon of the
substrate is placed close to Fe-oxo group at a distance 2.8 A
while the 8 carbon is 4.2 A away from it (see Figure S6).
Additionally, due to the steric push of Phe288, the substrate has
no room for any conformational changes. In P450g4 which
lacks a residue analogous to Phe288 between the heme and the
substrate, both a and f§ carbons stay relatively further away (3.5
and 4.8 A respectively, in Figure S6) from the Fe-oxo group,
and there is much more space for substrate dynamics in
P450ps4 than in P450gp,. Therefore, these considerations reveal
that the salt bridge and the steric pushing of the substrate’s chain by
Phe288 create function for the P4S0gp, enzyme and are major
factors responsible for the observed regioselectivity of >99% for a
carbon hydroxylation. The absence of the steric push in P450g
determines in turn the function in this latter enzyme.

3.3.1. Stereoselectivity in P450gp, vs Its Pro242Ala Mutant.
Let us turn now to comprehend the enantioselectivity of
P450gp,. An analysis of the active site reveals that the Pro242
residue exerts a diastereomeric interaction that pushes the pro-S
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C—H cdloser toward Fe-oxo, as shown in Figure 7. Thus, the
substrate adopts a conformation favoring the abstraction of this

Figure 7. Pro242 and its interaction with the pro-S (a-C—H) bond of
the substrate. The hydrophobic surface of the substrate channel is
shown. Here, dodger blue represents most hydrophilic site and orange
reddish shows the most hydrophobic surfaces. Distances are given in
A

pro-S C—H over the pro-R C—H. In order to better elucidate
the effect of this steric “push”, we have mutated the Pro242
residue with alanine and repeated the simulation for 10 ns. In
the Pro242Ala mutant, it is the pro-R C—H that stays closer to
the Fe-oxo during dynamics. These contrasting results for the
wild type (WT) and mutant enzymes confirm that steric
induction by Pro242 creates function for the enzyme. It steers
the pro-S C—H toward the Fe-oxo moiety, and is the major
interaction dictating the diastereoselectivity of hydroxylation
(see Figure S7 in SI document). Figure 7 shows how this steric
induction brings the pro-S C—H closer than the pro-R C—H
(2.6 vs 33 A) to the Fe-oxo moiety of Cpd I In addition,
Figure 7 reveals that the substrate access channel is lined up
with hydrophobic residues, providing significantly less room for
the substrate’s twisting: such rigidity is likely to reinforce the S-
stereoselectivity induced by Pro242.

To verify the MD predictions in the WT enzyme, we carried
out QM/MM optimizations of the diastereomeric transition
states for the prochiral HAT, using snapshots from 12 ns into
the trajectory, when the S and R prochiral hydrogen atoms are
2.34 and 3.20 A, respectively, away from the oxygen atom. The
potential energy profiles for the doublet-spin states are
displayed in Figure 8 (as shown in Figure S9, the energy
profiles for the doublet- and quartet-spin states are close). The
optimized transition states have relative energies of 22.4 and
30.9 kcal/mol for TS2(S) and TS2(R) with respect to the Cpd
I—substrate complex at the QM(B2+ZPE)/MM level of theory.

These calculations reproduce the experimentally observed
stereoselectivity and lend support to the MD prediction of a
favored juxtaposition of the pro-S C—H. Let us then try to
understand the root cause of the difference in the barriers. It
turns out that, out of the total QM/MM energy difference of
9.7 kecal/mol at the B2 level of theory, the contribution from
the QM region to the barrier difference is 4.8 kcal/mol, and the
contribution from the MM region is 4.9 kcal/mol. One factor
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35.6/30.9
TS2(R)

Xz

4.9/52
IM2(S) -33.0/-31.4

IM3

CpdI-Substrate

Figure 8. Potential energy profiles for the R and S hydroxylation
reactions at the o carbon atom of the fatty acid. Energies are
represented as QM(B2)/MM followed by QM(B2+ZPE)/MM levels
of theory in kcal/mol. The red profile is the path not takes.
Geometries are named as in Scheme 3.

that surely influences both the QM and MM contributions to
this difference in barrier heights is the greater proximity of the
pro-S C—H to the oxygen atom of the Fe-oxo moiety. One
would expect that being close to Fe-oxo, the pro-S hydrogen
would be abstracted without afflicting significant strain on
either the substrate or the enzyme, due to rearrangement
required to achieve the transition state. The root cause for the
QM contribution to the enantioselectivity can be revealed by a
quantitative analysis of the distortion and interaction energies
of the respective transition states, TS2(S) and TS2(R), in
Figure 9.

Thus, one can generally express the barrier as a sum of the
following two components:*"*>

AEi = AEiclist + AEiint (1)

In the current scenario both diastereomeric transition states
originate from the same reactant cluster (Cpd I-Substrate).
AFE# is the distortion energy of the reactant fragments, Cpd I
and the appended residues of the protein, and the substrate
(see Figure 9), in their TS geometries relative to their relaxed
geometries at the reactant cluster (Cpd I-Substrate in Figure 7).

AE%, is the corresponding interaction energy of the two
distorted fragments in the TS (see Methods and the SI
document, page S9). The TS distortion energies are, 28.4 kcal/
mol for TS2(R) and 24.7 for TS2(S). On the other hand, the
relative interaction energies are repulsive, +3.9 for TS2(R) and
+2.0 for TS2(S), thus essentially conveying that TS2(R) is
more destabilized compared to TS2(S). In summary, therefore,
TS2(S) is favored over TS2(R) in terms of both distortion and
interaction energies.

The more demanding geometric changes required to abstract
the R prochiral hydrogen are visible in Figure 9, for TS2(R)
compared to TS2(S). The hydrogen bond (H2—02) of the salt
bridge in TS2(R) is elongated to 1.73 A vs. 1.64 A in TS2(S).
In addition, the TS2(R) transition state has a more eclipsed
CC,C,C, dihedral angle of 24.6° than TS2(S) wherein dihedral
angle is 57.2°. All these factors taken together raise the energy
of TS2(R) vs TS2(S).

Searching for the causes of the higher MM contribution to
the barrier for R-hydroxylation, we found that the formation of
TS2(R) increases the substrate-Pro242 repulsive interactions.
Thus, a superposition of the both diasteromeric transition states
given in Figure S8 of the SI document reveals that in TS2(R)
the a-carbon atom of the substrate is only 2.8 A away from
Pro242, whereas in TS2(S) the distance is 3.2 A away. It
follows, therefore, that the active site of P450sp, and specifically
its Pro242 residue play the major role in destabilizing the pro-R
transition state relative to the pro-S one, and in inflicting greater
distortion energy for abstraction of the pro-R C—H atom
compared with the pro-S C—H. These decisive effects (4.8 kcal/
mol in the QM and the rest in the MM), are sufficient to render an
enantiomeric excess larger than 90%, and endow P450gp, with
enantioselective function.

So far, we have shown the reactivity on the doublet-spin
state, and one may wonder what about the ubiquitous two state
reactivity (TSR)"™** due to the virtually degenerate doublet-
and quartet- spin states of Cpd I This was tested and the TSR
mechanism was ascertained. Indeed, here too, the quartet spin
state lies only 0.5 kcal/mol above the doublet state, while in the

N1
H1
b
Olg 164 N2
Sgcy cg™o2 H2

%
Ca
CB Pt x
.
¢ NS \? y ~/.\
C-CaCpCy572) A

1.81

Op

25.9/22.4
TS2(S)

35.6/30.9
TS2(R)

Figure 9. QM(B1)/MM Optimized geometries of H-abstraction transition states, TS2(S) and TS2(R). The Relative energies vis-d-vis the reactant
cluster are indicated below the structures at the QM(B2)/MM followed by QM(B2+ZPE)/MM levels of theory. Distances are given in A and angles
are in degrees. The fragments used for the energy component analysis are the fatty acid substrate (Fragment 1) and the rest of molecules (Fragment

2).
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H-abstraction TS the energy difference is 1.0 kcal/mol, similar
to earlier findings (the TSR energy profile is shown in Figure
S9 in the SI). Since the HAT is the rate-determining step, and
since the radical produced by HAT is locked in position, the
final chirality is unaffected by the rebound barriers, such that
TSR has no consequences on the final chemical outcome.

3.4. Comparison of P450g,, to P450g,; and to
P450gg5. P4505y; is another fatty acid hydroxylase that
performs regio- and enantioselective hydroxylation of fatty
acids, but very differently than P450gp,.° Thus, P450gy;
hydroxylates the fatty acid at the C-terminal (at the ®-1, ®-2
and @-3 CH, sites) of the fatty acid instead of carboxylic
terminal as done by P450gp,. Both enzymes are stereoselective
hydoxylases. What are the minimal factors that make these two
fatty acid hydroxylases function differently?

On the basis of our previous study’* and the present one, the
major factor that determines the function of P450g; vis-a-vis
P450sp, is the different mode of substrate binding as shown in
Figure 10. Thus, in P450g);, the fatty acid head is bound by

o Carboxyl end

Methyl End

Carboxyl end

Figure 10. Modes of binding of fatty acids in P450p; (left) and in
P450gp, (right). The CH, sites @-1, -2 and ®-3 are accessible for
hydroxylation in P450g3.

Arg47 and TyrS1, which reside at the opening of the substrate
channel, near the protein surface. Consequently, the substrate’s
C-tail goes into the inside of the active site near the heme. The
free movement of the C-tail, within the active site, requires
conformational assistance by Phe87 which resides near the
heme and causes the C-tail to curl and expose its nonterminal
CH, positions (w-1/w-2/@-3) to Cpd L°° By contrast, in the
active site of the P450gp, enzyme, the fatty acid is held by its
carboxylate head through a salt bridge with Arg241. As such,
this bonding mode sequesters the a-CH, group of the fatty acid
in proximity to Cpd I leading to a regioselective a-
hydroxylation. By comparison, in P450gs; the salt bridge
occurs with Arg242 and thereby provides access to the
hydrogen atoms of the J-carbon (Cﬁ), thus leading to
preference of f-C—H hydroxylation. The P450z55 enzyme
further lacks the steric push from Phe288 as compared to
P4505p,. These observations highlight the uniqueness of each
class of enzymes. In P450g)3, Phe87-controlls the dynamics of
the fatty acid tail inside active site and determines the
regioselectivity, while in P450gp, and in P450gs, the extent
of sequestering of the fatty acid by its head leads to the
reported regioselectivity. The enantioselectivity may be a
byproduct of this sequestering.
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Furthermore, in the absence of Arginine near the heme in
P450g,;, the formation of Cpd I follows the native catalytic
cycle, with reductive activation of molecular oxygen, whereas
due to the presence of the carboxylate head of the substrate, the
Arg241/Arg242 and two crystal waters near the heme in
P450gp,/P450gsp the native process of these enzymes is the
creation of Cpd I via H,O,. Evidently, very few residues and
crystal waters are necessary to create different functions for these
related P450 hydroxylases.

4. CONCLUSIONS

Combined QM/MM and MD simulations revealed the
following mechanistic aspects of H,O, dependent hydroxyla-
tions of fatty acids by the P450gp, enzyme.

As in other P450s studied,'” when H,0, is the surrogate
oxidant, Cpd I's generation in P450gp, follows an “effectively
concerted nonsynchronous” mechanism, whereby H,0, disso-
ciates homolytically in the active site of the enzyme, while the
HO- radical, which is sequestered by Arg241, the substrate’s
carboxylate head, and two crystal waters, can only abstract the
hydrogen from the ferric-hydroxo moiety to generate Cpd L
What creates this function is the fatty acid binding by Arg241,
which stabilizes the Fe(II1)-H,0, complex. Our results show that
the generation of Cpd 0 (Fe(III)-OOH) through “substrate
assisted catalysis” is a high energy and hence an inefficient
process and not feasible.

The regio- and stereoselectivity of hydroxylation in P450gp,
are due to the fatty acid binding by Arg241 and the nearby
Pro242 residue, which controls the movements of the two C—
H bonds of the a-CH, group of the fatty acid. Thus, Arg241
forms a salt bridge to the substrate’s carboxylate head, and this
causes proximity between the a-CH, group and Cpd I, thereby
leading to exclusive a-hydroxylation. This regioselectivity is
further assisted by the steric factors induced by Phe288 in the
active site. At the same time, Pro242 makes the selection
between the two a-hydrogens, by pushing the pro-S C—H
toward the Fe-oxo group of Cpd I, while hydrophobic
interactions with the substrate channel create a rigid active
site that prevents the substrate’s twisting. These cumulative
diastereomeric interactions lead to the oxidation of only the pro-S
C—H bond. The function of Pro242 is further confirmed by an
MD simulation with a Pro242Ala mutant enzyme, which brings
the pro-R C—H bond closer to the Fe-oxo group.

QM/MM calculations of the HAT barriers reveal the
exclusive pro-S selectivity. Comparing the two transition states,
we find that the pro-R transition state distorts more than the
pro-S transition state, due to partial disruption of the salt bridge
with Arg241, and to excessive repulsive interaction of the pro-S
C—H with Pro242 in the pro-R transition state. These factors
create a much higher barrier for the pro-R transition state and
prefer the pro-S C—H activation. It is apparent therefore that
the enzyme penalizes reactions of improperly juxtaposed
moieties of the substrates.

Finally, comparison of P450gp, to the other fatty acid
hydroxylases, P450py;; and P450ggs shows that in each case
very few residues are required to create specific function. This
minimal requirement for “function” accounts for the huge versatility
of the P450 superfamily.
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