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ABSTRACT: Quantum mechanical/molecular mechanical calcula- Product
tions address the longstanding-question of a “second oxidant” in 'ﬂ .9
P450 enzymes wherein the proton-shuttle, which leads to formation H' -

of the “primary-oxidant” gompound I (Cpd 1), was severed by CPd! — ‘m :> :> Cpdl
mutating the crucial residue (in P450cam: Threonine-252-to-Alanine, Coupling-1 Cvss Cpd 0 Coupling-II CysS

hence T252A). Investigating the oxidant candidates Cpd I, ferric WD = (T2524) F(O,1,) Produet
hydroperoxide, and ferric hydrogen peroxide (Fe'"'(O,H,)), and their B

reactions, generates reactivity networks which enable us to rule out a “second oxidant” and at the same time identify an additional
coupling pathway that is responsible for the epoxidation of 5-methylenylcamphor by the T252A mutant. In this “second-coupling
pathway”, the reaction starts with the Fe'(O,H,) intermediate, which transforms to Cpd I via a O—O homolysis/H-abstraction
mechanism. The persistence of Fe'(O,H,) and its oxidative reactivity are shown to be determined by interplay of substrate and
protein. The substrate S-methylenylcamphor prevents H,O, release, while the protein controls the Fe'(O,H,) conversion to
Cpd I by nailing—through hydrogen-bonding interactions—the conformation of the HO® radical produced during O—O
homolysis. This conformation prevents HO® attack on the porphyrin’s meso position, as in heme oxygenase, and prefers H-abstraction
from Fe""OH thereby generating H,0 + Cpd I Cpd I then performs substrate oxidations. Camphor cannot prevent H,0, release
and hence the T252A mutant does not oxidize camphor. This “second pathway” transpires also during H,O, shunting of the
cycle of wild-type P450cam, where the additional hydrogen-bonding with Thr252 prevents H,0O, release, and contributes to a
successful Cpd I formation. The present results lead to a revised catalytic cycle of Cytochrome P450cam.

1. INTRODUCTION critical evidence’™" for the presence of an additional oxidant
species, and make an attempt to identify it.

Cytochromes P450 (CYPs) are versatile heme enzymes that
In the present work we perform hybrid quantum

catalyze a variety of oxygenations of organic substrates, such as

hydroxylation, sulfoxidation and epoxidation reactions.'™ mechanical/molecular mechanical (QM/MM) and molecular

There is a consensus that the species responsible for these dynamics (MD) studies of CYP101, so-called P450cam, and its
oxygenation reactions is the coupled high-valent iron(IV)—oxo T252A mutant, wherein the proton-shuttle pathway for the
porphyrin z-cation radicals species, the principal oxidant of the conversion of Cpd 0 to Cpd I is severed. This mutant is likely
enzyme, so-called Compound I (Cpd 1).'~¢ However, to be the best candidate for finding such an additional oxidant,
accumulating experimental results suggest1’3a’7_16 the presence should such one exists. Using reaction-network schemes (e.g.,

of a “second oxidant” in oxygenation reactions. Figure 4 later), which consider all the potential oxidants and
The issue of a second oxidant has known ups and

downs. 3™ Nevertheless, the telltale experimental evidence
for an additional oxidant species, besides Cpd I, has continued
to linger. There are compelling results® which show that the
substrate controls the outcome of the reactions in the T252A
mutant of P450cam. Thus, in the presence of S-methylenyl-
camphor (S1) the mutant enzyme leads to epoxidation of the
C=C bond, whereas in the presence of the native substrate,
camphor (S2) there is hardly any oxidation and the enzyme
releases H,0, (“uncoupling”). As such, our group, formerly an Received: March 17, 2015
opponent of the idea,””"*° had to face the accumulating Published: May 26, 2015

pathways for epoxidation of S1 in P450cam T252A, enables us
to identify the alternative coupling pathway in P450, in which the
intermediacy of Fe™(0,H,) is indispensable. The QM/MM-based
reaction-networks show that the mutant enzymes do not
involve a “second oxidant”, but rather utilize a “second coupling
pathway” that converts Fe''(0,H,) to Cpd I in a manner that is
both substrate and protein dependent. It is shown that this new
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picture is general and applicable also to the cases where the
cycles of wild-type (WT) enzymes are shunted by peroxides.

2. BACKGROUND: THE CATALYTIC CYCLE OF P450

To provide an appropriate background, we show in Scheme 1
an abbreviated version of the consensus catalytic cycle by which

Scheme 1. Abbreviated Consensus Catalytic Cycle of P450
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the P450cam and many other CYPs operate.' ™ It starts with a
resting state, which is generally the aqua-ferric complex 1.

The cycle is gated by the entrance of the substrate (see Sub
in 2 in Scheme 1), which expels the aqua ligand and other water
molecules in the active site, and thereby elicits the reduction of
2 followed by O, uptake to generate the superoxide complex 3
(called also “oxyferrous”) that undergoes a second reduction to
form 4. Being a very powerful base, 4 abstracts a proton and
generates the ferric hydroperoxide species S, which is called
also Compound 0 (Cpd 0).

As shown by the two red arrows in Scheme 1, Cpd 0
undergoes a second protonation. If this protonation occurs on
the distal OH group, this will be attended by a liberation of a
water molecule and formation of the species known as Cpd 1.*
This species oxidizes the substrate and generates thereby the
product complex Fe™-OSub, 7. Subsequently, the oxidized
substrate is replaced by a water ligand to restore the resting
state 1. This is the major process in WT P450 enzymes.

If, however, the protonation of Cpd 0 occurs on the proximal
oxygen, this leads to the formation of hydrogen peroxide that
generally escapes the active site and thereby regenerates the
terriheme species, 2. This process, in which substrate oxidation
is aborted, is called also “uncoupling”.l_3’43 The abortive H,O,
loss becomes dominant whenever the proton channel
machinery, required for the O—O activation and formation of
Cpd I, is disrupted. This disruption occurs by mutations of the
acid/alcohol residues that shuttle protons through a water
chain. In the case of P450cam, the crucial alcohol residue is
Thr252. When this residue is replaced by Ala, this and
analogous mutants still perform substrate oxygenation,”™” and
in some cases even can lead to enhanced reactivity relative to
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the WT enzyme,’ it is here where the second oxidant has been
proposed, and as such, the T252A mutant is the focus of the
present study.
The initial suggestions of the second oxidant focused on Cpd
0, however, this species was amply demonstrated to be
unreactive, either in heme or in nonheme model systems.'” >
Interestingly, nonheme Fe-OOH complexes bearing an N-
methylated cyclam ligand, and possessing high spin-ground
states, were found to lead to H-abstraction®® and sulfoxida-
tion®® reactions. The other candidate of the “second oxidant” is
the hydro%en peroxide complex, Fe"(O,H,) 8. With rare
exceptions,'®*® 8 is not considered during normal catalysis,
since hydrogen peroxide is a weakly bound ligand, and the
formation of 8 should generally imply a loss of H,0,."~>*
However, there is crucial experimental evidence seemingly in
favor of the presence of the ferric hydrogen peroxide complex 8
in the mutant enzyme. Thus, Dawson and Sligar® reported that
the T252A mutant of P450cam had little if any activity in
hydroxylation of camphor (S2 in Scheme 2a), but it was still

Scheme 2. (a) Substrates S1 and S2, and (b) All Possible
Transformation Pathways of Cpd 0/S1

(a)
0, o)
Cl]
S1 S2
(b) H,0,
Product
lvﬂ
H O
+ % H
D | DT e
\%
CysS
8, Fe'''(0,H,) Product

Product

capable of epoxidizing S-methylenylcamphor (S1 in Scheme
2a). Subsequently, Davydov et al.” carried out cryogenic EPR/
ENDOR investigation of the same mutant in the presence of a
variety of substrates (including camphor, S-methylenylcam-
phor, etc.). Davydov et al.? found that release of H,0, was the
major outcome (abortive uncoupling) in the T252A mutant of
P450cam, when bound to S2. However, when the mutant
enzyme was bound to S1, it caused primarily epoxidation of the
substrate to the corresponding ethylene oxide.” As such, 5-
methylenylcamphor (S1) may induce the formation of an intact
Fe''(O,H,) 8 complex, which is potentially a strong oxidant
that may lead to the epoxidation of the substrate via path IV in
Scheme 2b. Alternatively, the lack of H,O, liberation may arise
from either, a hypothetical high reactivity of Cpd 0 in the
presence of this substrate (path III) tacitly, or from the
conversion of Fe'(O,H,) to Cpd I (path V), as is assumed to
be happening during a typical shunt experiment*® > wherein
H,0, is used as a surrogate oxygen donor (see the blue arrow
in Scheme 1).
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Figure 1. (a) QM/MM(UB3LYP/B2) relative energies (kcal/mol) for the competing reactions of Cpd 0 in the presence of S1 (RC1). The blue
energy profile to the left generates Fe'(O,H,). The black energy profile to the right describes the epoxidation of S1 via the homolytic mechanism.
(b) Schematic drawings of key intermediates along the reaction pathways. For IC1a, we show key bond distances (in A).

As the above description shows, in answering the intriguing
question, “which oxidant or pathway is really responsible for
epoxidation of S1 in the T252A mutant of P450cam”, it is
necessary to inspect all three candidates and their interconver-
sion processes. This will be done here by usage of QM/MM
calculations,”** which lead to an atomistic description of
structures and mechanism within the native environment of the
protein,®**** and has been proven as a reliable method in
numerous studies.”>**

Scheme 2 summarizes the targets of the QM/MM studies.
Thus, we are going to consider all the possible candidates and
pathways in the epoxidation of S1. By generating a full
reactivity network of Cpd 0/S1 as shown in Scheme 2b, our
calculations can identify which oxidant or pathway is likely to
be responsible for epoxidation of S1 in T252A mutant of
P450cam. Finally, we shall explore the substrate depend-
ence,””* namely why $2 does not undergo much, if any,
hydroxylation by the mutant, whereas S1 undergoes substantial
epoxidation? This result will be contrasted with the successful
hydroxylation of $2 by the WT enzyme using H,0, shunt.”®

As the following sections will show, considering the full
reactivity networks of Cpd 0/S1 in P450cam T252A will
identify the exclusive pathway to epoxide product. In this
pathway, our calculations show that the reaction proceeds via
the Fe'(O,H,) intermediate, which then converts to Cpd I via
the O—O homolysis/H-abstraction mechanism. It is Cpd I that
is indeed responsible for the epoxidation of S1 substrate. The
difference between S1 and S2 in steering the reactivity of
T252A will be discussed, and some generalizations will be made
on the catalytic cycle of P450s.

3. COMPUTATIONAL METHODS AND DETAILS
3.1. Setup of the Cpd 0 and Fe''(O,H,) Systems and MD

Runs. The initial structure of the enzyme—substrate complex was

7381

generated on the basis of the X-ray structure of camphor-containing
P450cam (PDB code* 1dz9). Only chain A was kept while chain B
was omitted. Thr252 was mutated into Ala252, while the axial H,O
ligand was converted into OOH group. Asp251 was protonated since
it serves as the proton source in the subsequent transformations of
Cpd 0, which has been well recognized by both experiment and
theory. 944554 guhsequently, following Altarsha et al,>” an extra
water molecule (WatS) was added to connect the O, of OOH group
and the Asp251 residue, as shown in Figure 1b. The protonation states
of titratable residues (His, Glu, Asp) were assigned on the basis of pK,
values based on PROPKA calculations** in combination with careful
visual inspection of their local hydrogen bond networks. Solvation and
protonation procedures followed the protocols in previous studies.*
The resulting system had a net charge of 87, which was neutralized by
protonating the titratable residues on the surface of the protein (the
neutralization was shown to have little effect on the barrier of the rate-
determining step, the O—O bond homolysis of Fe(O,H,); see Figure
S13). The generated neutral protein was solvated with a 16 A layer of
TIP3P water molecules (yielding a total of ca. 30 000 atoms). After
these procedures, a productive MD run was performed for 20 ns for S1
using the CHARMM?22 force fields implemented in the CHARMM
program.*’

The Fe"™(0,H,) system was set up based on the pre-built Cpd 0
model by changing the OOH moiety to HOOH. With Fe"™(0,H,)
inside the pocket, Asp251 is in its deprotonated state. Then, a
productive MD run was performed for 20 ns for both S1 and S2 by
letting all the system fully relax, and using published force field
parameters for the Fe-O,H, fragment.4

For the Fe™(O,H,) complex of the WT enzyme in the presence of
S2, there was no need for an extra water molecule (WatS) to be added
between H,0, and Asp25 1.7 All other features (except of course for
the T252A mutation) were the same as in T252A mutant.

3.2. QM/MM Methodology. All QM/MM calculations were
performed using ChemShell,** combining Turbomole®® for the QM
part and DL,_POLY®' for the MM part. The electronic embedding
scheme®” was used to account for the polarizing effect of the enzyme
environment on the QM region. Hydrogen link atoms with the charge-
shift model*® were applied to treat the QM/MM boundary. In QM/
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MM geometry optimizations, the QM region was treated by the hybrid
UB3LYP*® functional with two basis sets. A recent extensive
benchmark study of H-abstraction by an iron-oxo species recom-
mended the usage of UB3LYP as the best functional for such
systems.54

For geometry optimization we used a basis set B1 consisting of 6-
31G* for sulfur and LACVP for iron and 6-31G for other atoms. The
energies were further corrected with the large all-electron basxs set
def2-TZVP, labeled as B2. The CHARMM?22 force field*® w
employed throughout this study for the MM region.

In general, we identify all the transition states (TSs) in two steps:
first we trace the relaxed potential energy surface (PES) scans, which
connect all the reactants, intermediates, and products rigorously. Then
we take the saddle point structure to do full TS optlmlzatlons using
the P-RFO optimizer implemented in the HDLC code.*® In our past
experience these two steps yield reasonably reliable TSs in QM/MM.
For further checks, we carried out in the present work frequency
calculations on the TSs of Fe™(O,H,) and Cpd I-mediated reactions
(Figures S8—S10 and S16), and verified that all these TSs possess a
single imaginary frequency.

We also tested the zero-point energy (ZPE) corrections for the
Fe™(0,H,)-mediated epoxidation reactions. As shown in Figure S11,
the ZPE corrections systematically reduce the barrier by 0.8—1.6 kcal/
mol. In the Cpd 0-mediated epoxidation reactions, the QM region (87
atoms) is significantly larger than Fe'"(O,H,) systems (71 atoms), and
the QM/MM frequency calculations are very time-consuming. Since
the ZPE corrections for the Fe(O,H,) reactions (Figure S11) do not
affect any of the conclusions, these corrections are not expected to
affect the analogous reactions of Cpd 0. As such, all the barriers in in
the following sections are given without ZPE correction.

3.3. Choice of Spin States for the Reactions of Cpd I, Cpd 0,
and Fe'"(OZHz) As all the oxidants have a few closely lying spin
states, our first task was to determine the reactive-spin states. This is
simple for Cpd 0 and Cpd I, which possess S = '/, (doublet) ground
states.” For Cpd 0, the S = 3/, (quartet) state lies significantly above S
=/, and can be ignored for this study. For Cpd I, in most reactions,
the S = 3/, and S = !/, states exhibit rather similar barriers for bond
activation reactions, such that no added information is provided by
studying both states.® Furthermore, since Cpd I is generated from Cpd
0, it will anyway be formed in the S = '/, state. As such, all the
reactions of these two species were studied in the S = 1/, states.

Fe"(O,H,) is prepared in the cycle by protonation of Cpd 0 on the
proximal O position of the OOH ligand (Scheme 2), and hence the
ferric hydrogen peroxide complex will be generated in its S = '/, state.
Fe(0,H,) has, however, three closely lying states, S = '/, (doublet),
S =3/, (quartet) and S = 3/, (sextet), among which the doublet is the
only reactive spin-state in oxidation processes.”® This is verified here
too by QM/MM calculations of the rate-determining step of
Fe"(0,H,) reactions in the three different spin states (see Figure
S12).

To explore the relative energies of the different spin states of
Fe"(0,H,) in the P450cam protein environment, we computed all
spin states using QM/MM with B2. The results are similar to the
previous QM-only calculations,”® namely, the ground state is S = 3/,,
which lies ca. 4.0 kcal/mol below the S = '/, state (See Figure S21).
The S = 3/, state lies in between. The Fe-Op bond lengths are 2.21,
2.79, and 2.80 A for S =1/, § = 3/, and S = */,, respectively. As such,
both S =3/, and S = 3/, will preferentially liberate hydrogen peroxide,
while S = '/, will be the reactive state in substrate oxidation.

Nevertheless, since the spin-states dynamics may cause the
generation of the higher spin states, this factor has at least to be
con51dered The crossing point between the S = l/2 and S =3/, can be
estimated®” to lie ~2 kcal/mol above the S = !/, state. This is not
much, but as S = !/, and S = %/, differ by two units of spin angular
momentum, the direct spin—orbit coupling (SOC) is strictly zero,*®
and the two states can be coupled only indirectly through spin—orbit
mixing with the S = 3/, state. One may therefore envision two
potential scenarios: (i) if the spin inversion probability (SIP) is
negligible, then the crossover will be slow, and the prepared S = '/, of
Fe''(0,H,) will perform primarily substrate oxidation, and (ii) if the

7382

SIP is efficient, then we might expect spin crossover from S = '/, to S
=3/, and then to S = %/,. If the spin-crossover and H,O, liberation are
faster than the oxidation reaction of the S = !/, state, then the reactive
state will be depleted and the only outcome is H,O, liberation. If,
however, as in the case of S1,° the H,0, liberation is not observed
(since, as we show later, S1 barricades H,0,,) there will then be pre-
equilibrium between the spin states; as the Fe—O distance oscillates
from long to short the Fe™(O,H,) complex will flip spin from S = 5/,
to S = '/, which will react further since it has the lowest barriers in its
follow-up reactions (e.g,, Figure S12). Thus, even if FeIH(OZHz) S =
!/, has only a minor population in the pre-equilibrium,*® still the
complex may participate in a follow-up reaction, especially when the
latter is a thermodynamically favorable and hence an irreversible
process. As shown later, Fe™(O,H,) S = '/, is preferentially converted
to Cpd I with the lowest barrier and in an exothermic reaction (—21.4
kcal/mol), such that the reaction is both kinetically and
thermodynamically driven. We therefore proceed with the S = !/,
state of Fe™(O,H,).

Thus, based on the above discussion, the reactivities of Cpd 0, Cpd
I, and Fe"(0,H,), were restricted to the respective S = !/, states.

4. RESULTS AND DISCUSSION

4.1. Reactivity of Cpd 0 with S1. To study the reactivity
of Cpd 0, Asp251 should be protonated since it has to serve as
proton donor in the proton-shuttle reactions. [Note that
Asp251 has access to the bulk water, and it can control the
proton shuttle through a “carboxylate switch”. As sug%ested
long ago based on experimental considerations,®>> the
deprotonated Asp251 blocks the water entry, since it is
engaged in salt bridges with Argl86, but upon protonation,
Asp251 will flip to the inside of the active site and open the
channel to water molecules. As shown before,® the protonation
is quite facile, since Asp251 can rotate off the salt bridge by 40°
at a small energy expense.] In accordance with the study of
Altarsha et al.,>” the protonated Asp251 forms a stable proton
channel with the proximal oxygen O, of Fe"—-OOH (Figure
S1) throughout the MD simulation. Thus, in order to treat the
system in an unbiased manner, all the surrounding water
molecules as well as the protonated Asp251 were incorporated
in the QM region as schematically shown in Figure 1.

Starting from the Cpd 0/substrate complex (RC1) species,
there are generally three competing pathways. The first one is
the Cpd I formation, which requires an initial H-bond shift
from O, to Oy4 followed by O—O cleavage of Cpd 0 to form
Cpd I fFlgure S2). In agreement with ref 27., the calculated
barrier for Cpd I formation from Cpd 0 is high, 20.6 kcal/mol
(Figure S2), and noncompetitive with formation of
Fe"'(O,H,). Figure la shows the other two competing
pathways: one to the left in blue is the formation of the
Fe''(O,H,) complex, the other to the right in black is the Cpd
0-mediated epoxidation. In the Cpd 0-mediated epoxidation,
we present the homolytic cleavage pathway; the alternative
concerted nucleophilic attack pathway exhibits a prohibitively
high barrier (Figure S3), in consistency with previous QM-only
model calculations.”***

Consider first the blue energy profile for Fe'(O,H,)
formation by proton transfer from Asp251 via the water
chain (Wat 2, Wat 3) to the O, site of Cpd 0 (Figure 1a). As
was found before by Altarsha et al”” and here too, the so
formed ICla complex maintains a very strong hydrogen-bond
(H-bond) with the chain of the two waters and the Asp251
anion, such that the O,-H bond of H,0, is elongated to 1.08 A
(also see in Figures S4), as if forming an intermediate state in
between Fe™(O,H,) and Cpd 0. As shown by our MD
simulations (Figure S7) of Fe''(O,H,), the negatively charged
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Figure 2. (a) UB3LYP/B2 relative QM/MM energies (kcal/mol) for the reactions of the Fe™(O,H,)/S1. Starting from the protonated Cpd II/HO*
radical complex, IC2a, we show three competing follow-up pathways: the *OH radical abstracts an H atom from the iron hydroxo complex and leads
to Cpd I (blue curve), or attacks the meso-position of the porphyrin (red curve), or adds to the double bond in S1 (black curve). (b) Schematic
drawings of key intermediates along the reaction pathways. (c) QM/MM optimized structures for the reactant complexes of Fe™(O,H,), RC2, and
the respective intermediate complexes Fe"' OH---"OH formed by O—O bond homolysis, IC2a. Key bond lengths are given in angstroms.

carboxylate of Asp251 will rotate quickly upward to make salt
bridges with Arg186.>*®® This in turn leads to the breakage of
the water chain (Wat2, Wat3) that connects to H,0, by H-
bonding, thus generating a fully formed Fe™(O,H,) complex
with a normal O,—H bond.

The black energy profile in Figure 1a depicts the mechanism
for the epoxidation of S1 via initial O—O bond homolysis of
Cpd 0. Interestingly, the homolytic cleavage of the O—O bond
occurs in concert with *OH radical attack on the double bond,
leading to the radical intermediate (IC1b) that involves the
hydroxylated radical, S1I—OH®, and the Fe™'=0" species, so-
called Compound II (Cpd II). This radical complex, Cpd 11/
S1-OH®, undergoes epoxide formation in two steps. Initially
the O, moiety of Cpd II abstracts a proton from Asp251 via the
water chain, thus generating the complex PorFe"OH/S1—
OH?, IClc. Subsequently, C—Oy formation coupled with Hy
shift to O, leads to ring closure and epoxide product (PC1)
formation.
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Comparison of two pathways in Figure la shows that the
Fe'"(O,H,) formation is hugely favorable over the epoxidation
pathway. Using two other snapshots (Figure SS and S6), led to
the same conclusion. Thus, in the presence of the olefin substrate
S1, the mutant's Cpd 0 will exclusively generate Fe™(O,H,).
Therefore, in accord with former QM results,"”” "* this
computational evidence leads to the conclusion that Cpd 0
can be excluded as a potential oxidant in the T252A mutant of
P450cam.

4.2, Reactivity of Fe"'(O,H,) with S1. We considered the
reactivity of the Fe(O,H,) species, which is exclusively
formed from the reaction of Cpd 0/S1. MD simulations
showed the initial water chain between O, of Fe"(O,H,) and
the Asp251 anion is quite unstable. This water chain broke
down quickly during the MD simulation even with gentle
heating (Figure S7), and in the equilibrated structure Asp251
flipped far away and underwent strong H-bonding to Argl86,
Thr18S, and the nearby water molecules. Therefore, Asp251 is
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Figure 3. Importance of the conformation of the *OH Radical: (a) UB3LYP/B2 relative QM/MM energies (kcal/mol) for the reactions of the
constrained-Fe'(0,H,) complex in the presence of S1. Starting from the reactant complex, RC3, the homolysis of the O—O bond (black curve) yields
the protonated Cpd II/HO® radical complex, IC3a. Starting from IC3a, the *OH radical abstracts an H atom from the iron hydroxo complex and
leads to Cpd I (black curve), or attacks either the meso-position of the porphyrin (red curve), or the double bond in S1 leading subsequently to the
epoxide product (blue curve). (b) Schematic drawings of key intermediates along the reaction pathways. (c) QM/MM optimized structures for the
reactant complexes of RC3 and the intermediate complexes of IC3a. Key bond lengths are given in angstroms.

not expected to act as base catalyst in the following reactions of
Fe"(O,H,) species.

Figure 2a shows the calculated lowest-energy profiles for the
reactivity of the Fe(O,H,) species in the presence of SI,
starting from the reactant complex of RC2. The lowest energy
pathway involves a homolytic O—O bond cleavage, leading to
the protonated Cpd II/HO® radical complex, IC2a, in which
the *OH radical is hydrogen-bonded by the iron-hydroxo
moiety. This reaction, which is facilitated by push effects from
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the thiolate ligand,*>> transpires with a moderate energy barrier
of 15.5 kcal/mol. The alternative nucleophilic “assisted”
mechanism, whereby the z-component of the double bond of
S1 attacks the ligated HO—OH molecule of S1 on the distal Oq4
position, was found to have a much higher barrier of 36.1 kcal/
mol (Figure S8). As such, the first step of Fe(O,H,)
activation involves IC2a formation.

Starting from the IC2a (Figure 2a), we considered three
competing follow-up reactions. The most favorable pathway in
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the blue curve leads to Cpd I formation, which occurs via the
H-abstraction from Fe'VOH by the *OH radical. Cpd I
formation is seen to be nearly barrier free. In the alternative
follow-up pathways, the coordinated *OH radical either attacks
the meso-position of the porphyrin (red curve), or the double
bond (black curve) in S1 where it leads to a carbon radical on
the C® atom of the camphoryl moiety intermediate of IC2d, en
route to the epoxide product (Figure S10). As can be seen
clearly from Figure 2a, Cpd I formation is clearly favored over the
other two pathways, and the reactions of Fe"(O,H,) will
exclusively lead to Cpd 1. Using two other snapshots (Figures
S14 and S15), led to the same conclusion as those presented in
Figure 2a, namely, that Cpd I formation is much favored over
other pathways. We also tested the ZPE corrections for the
Fe'(O,H,)-mediated epoxidation reactions. The ZPE correc-
tions do not change the overall trend and in fact, further reduce
the barrier for Cpd I formation (Figure S11). Starting from
Cpd I, we further investigated the C=C epoxidation of S1 by
Cpd I based on MD-equilibrated snapshots (Figures S16—S18).
In accord with all previous findings,> the reaction is stepwise
where in the first step Cpd I attacks the C=C bond to form a
carbon-based radical intermediate, which undergoes ring
closure to the epoxide product. The calculated barrier for the
first step is 17.3, 19.1, and 21.6 kcal/mol, depending on the
snapshot.

As shown in Figure 2c, Hy of Fe(O,H,) forms a H-bond
with the carbonyl oxygen of Gly248 in RC2, which is
maintained throughout the 20 ns MD simulation (Figure
§22). This H-bond is extremely important for the control of the
reactivity and regioselectivity of *OH radical. In the QM/MM
optimized structure of IC2a (Figure 2¢), the *OH radical forms
a fairly strong H-bond with Gly248 (1.7S A IC2a), which
prevents the rotation of nascent HyO;" radical, while the O,—H,
moiety is in a favorable conformation to form an H-bond with
Oy (Fe"O,H,--*O4H,). In this conformation, the H 04"
radical is perfectly juxtaposed to abstract a hydrogen atom
from FeWOP—Hp to form the Cpd I Because this juxtaposition
is unfavorable for meso-site and double bond attack by HiO4°
radical, these processes entail significant conformational
changes and encounter significant barriers.

To gain further insight into the manner whereby the protein
controls the HO® radical behavior by a simple H-bonding
interaction, we performed a comparative study in which the
above H-bond between H, and Gly248 was artificially severed. In
brief, we run a constrained MD simulation, in which the Hy
atom is rotated and pointing down, while the coordinates of the
entire Fe'"(O,H,) and heme units are fixed. This constrained
radical IC3a and its reactivity patterns are shown in Figure 3,
which can be contrasted with IC2a in Figure 2. Thus, in the
constrained MD-equilibrated structure, the carbonyl oxygen of
Gly248 cannot form the H-bond with Hy of the H,O, moiety,
but instead Gly248 switches partners and forms an H-bond
with the Ala252 (see Figure 3c). In this case, the O—O
homolysis results in an upturned HqO4® radical, which forms a
very strong H-bond with O, in Fe"V(H,)O,~-H404" (IC3a in
Figure 3c). In the IC3a conformatlon, the HdOd radical shows
a high reactivity toward addition to the C=C bond (TS3c)
and porphyrin-ring hydroxylation (TS3d), while the formation
of Cpd I by abstracting a hydrogen atom from the H,—O, bond
of FeYO,—H, (TS3e) requires now a much hlgher barrier
compared to the former two pathways (Figure 3a). It is clear
that H-bonding between Hy and Gly248 directs Fe™(0,H,) to
form Cpd I in Figure 2, while the removal of such H-bonding in
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Figure 3 would have resulted in C=C epoxidation and meso-
hydroxylation.

4.3. Why Does P450cam T252A Perform Efficient
Epoxidation of S1? To answer this question we have to
consider the full reactivity networks of Cpd 0/S1 in the mutant
enzyme. Figure 4 depicts this network in a triangle that

Fe-OH,
(-54.9)

TIS.O
o

H+

Fe'll/S1

7.4 20.5

[Fe!"l(0,H,)/s1]
( 0.2)

|Cpd Us1 |

15.5

(-21.6)
FeWOH+HO-/S1 J

72 i 9.7) 4.

m meso -site Felll 1 O<]
Fe-OH, + O<] hydroxylation N
(-49.9) (-38.6) (-50.5)

Figure 4. Reaction network of Cpd 0/S1 in T252A mutant of
P450cam. The black arrow penetrating the triangle from the middle
left-hand side corresponds to the series of step leading to Cpd 0 (see
Scheme 1). The barriers near the respective arrows are in kcal/mol
and belong to the rate-determining step in the respective forward
transformations, while the energies of species relative to Cpd 0/S1
(taken as 0.0 kcal/mol) are shown in parentheses. The green pathway
is the sole pathway for epoxidation of S1, while the red roads are not
taken.

corresponds to the evolution of the initially formed Cpd 0/S1
cluster. Penetrating into the triangle from the left-hand side is
the reaction sequence that generates Cpd 0 (see Scheme 1),
which is placed in the center of the triangle. Inside the triangle,
we have the various processes connecting the species. The
green pathway is the least-resistance winning path, while the
red pathways are the ones that are “not taken”.

Starting with Cpd 0 in the triangle’s center, this species can
trifurcate to yield an epoxidation product (red) toward the
upper corner, or downward to the Fe™(O,H,) complex (in
green) and/or to Cpd I (in red). It is seen that the lowest
barrier, by far, is the one leading to Fe'(O,H,), along the
green path. The later species forms protonated-Cpd II/HO®/
S1 (IC2a in Figure 2), which can trifurcate to the meso-site
hydroxylation (red) product, the epoxide (red) product, or to
Cpd I (green). It can be seen that IC2a collapses in a virtually
barrier free fashion to the Cpd I (green path), while the other
two pathways (in red) require sizable barriers. The final oxidant
of Cpd I can perform the epoxidation of S1.

Thus, our QM/MM calculations reveal a likely exclusive
pathway to epoxide formation (in green), in which the
Fe''(O,H,) species is a requisite intermediate while Cpd I is
the sole and final oxidant. Purely based on the reactivity
network, we can make two predictions: (a) if the Fe"(0,H,)
species is not persistent and the reaction leads to the release of
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(@) (b)

Fe''(0,H,)/s1 Fell'(O,H,)/S2
Figure 5. Representative structures of the active site of Fe™(O,H,) in the presence of S1 and S2 from the MD trajectory: (a) for S1 and (b) for S2,
where we show as well the type of configurational change occurring within initial 3 ns of the MD simulations. Key bond lengths are given in
angstroms.
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Figure 6. Reactivity of wide-type (WT) P450cam toward S2 upon H,0, shunting: QM/MM(UB3LYP/B2) relative energies (kcal/mol) for the O—
O bond homolysis of Fe"(0,H,)/S2 cluster, RC4, to yield the IC4a intermediate, and its subsequent reactivity patterns. Key intermediates along
the reaction energy profile are schematically drawn. The QM/MM optimized structures for RC4 and IC4a are drawn underneath the energy profiles,
with key bond lengths in angstroms.

H,0,, then there will be no formation of Cpd I and therefore no
formation of epoxide product; (2) if the Fe™(0,H,) species is

4.4. Why Is Camphor (S2) Only Minimally Oxidized in
sufficiently stable and the reaction does not lose H,0,, then the

the T252A Mutant of P450cam? As the reaction network in

Figure 4 revealed, the only accessible oxidant in the T252A
. . 11
overall reaction will exclusively go through the green pathway to mut'fmt is Cp gII that de?rlves from Fe (OZHZ)A' Tl.xerefore, .the
i » duct. Both dicti tch th . wal survival of Fe"'(O,H,) is key to the overall oxidation reaction.
¢ epoxide product. BOth predictions match the experimenta According to our QM/MM calculations, we can already deduce
findings that the Cpd 0/S1 does not release H,0,, but leads
exclusively to epoxide product in the T252A mutant of

that the poor oxidations of 82 should originate in the instability of
P450cam.’

Fe™(0,H,) in the presence of S2, such that the conversion of
Fe"(O,H,) into Cpd I is turned off and S2 hydroxylation
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Figure 7. (a) MD equilibrated Fe™(O,H,) complex in the WT P450cam. (b) Reaction network for the three oxidants in the hydroxylation of S2 by
H,0, shunting, in the WT P4S0cam. The barriers near the respective arrows are in kcal/mol and belong to the rate-determining step in the
respective forward transformations, while in parentheses we show the energies of the species relative to Fe"(O,H,)/S2. The italicized values for H-

abstraction of S2 are taken from ref S.

cannot take place. This conclusion deduced from the QM/MM
reactivity-network matches the experimental finding that the
fate of Cpd 0/82 reaction is the loss of H,0,.

To ascertain the differences between the Fe(O,H,)
intermediates in the presence of S1 and S2 in the active site
of the mutant enzyme, we investigated the mobility of the two
substrates in the presence of the FeHI(HOp—OdH) inter-
mediate, by means of MD simulations (Figure S$22). The
representative structures are summarized in Figure S. Thus, the
S1 substrate forms a relatively stable orientation in the
P450cam T252A binding pocket throughout the MD
simulations, and is keeping the olefinic moiety, C’=CH,,
near and above the H,0, moiety as shown in Figure Sa.
Therefore, S1 barricades the H,0, moiety and prevents its
escape from the active site. However, as shown in Figure Sb, the
substrate S2 behaves quite differently. It is seen that S2 which
initially orients its C°—H toward the H,0, moiety, rotates
within the initial 3 ns of MD simulations. This mobility of S2
originates in the greater free space that is created when the
bulkier Thr252 is mutated to Ala252. In the upturned structure
(Figure Sb, right structure), C°—H is distant from H,O,,
whereas the bridge methyl groups of S2 are very close to H, of
H,O,. This proximity may sterically destabilize the H,0, or
simply prevents its trapping in the enzyme’s active site. Thus,
unlike S1, the S2 substrate contributes in fact to the instability
of Fe"(O,H,), and finally to the H,O, release as observed by
experiment.

4.5. Why Does the Wild-Type P450cam Enzyme
Hydroxylate Camphor (S2) Using H,O, Shunting?
When the WT enzyme is shunted with H,O,, the starting
point of the oxidation is the Fe™(O,H,) complex in the
presence of S2, which is also the starting point for the T252A
mutant. However, in contrast to the T252A mutant
enzyme,®”***® the WT P450cam was found to be a very
efficient H,O,-shunt system that produces with §2 100% yield
of the corresponding hydroxyl camphor product.*® To
understand the difference compared to the T252A mutant,
we considered also the structure and reactivity of Fe"(O,H,)
in the WT P450cam. Figure 6 presents the QM/MM calculated

7387

relative energy profile for the reactivity Fe(O,H,) species in
the WT P450cam.

Inspection of the Fe™(O,H,)/S2 cluster in the WT enzyme,
RC4, reveals that in addition to the H-bond formed in the
T252A mutant between Hy of H,O, and the carbonyl oxygen
of Gly248, the WT has an additional H-bond donated by
Thr252 to O4 of H,0,. This double H-bond in the WT enzyme
stabilizes the Fe™(O,H,) intermediate compared with the
situation in the mutant and helps preventing the escape of
H,0,, thus potentiating the conversion of this intermediate to
Cpd 1. The other difference is the substrate mobility in the two
enzymes. Thus, as we argued above in T252A, the Ala252
which replaces Thr252 creates more free space in the bonding
pocket and allows S2 to flip upward, and further destabilizes the
H,0, ligand by steric repulsion with the bridge methyl groups
of S2 (see Figure S above). The result is that the Fe'"(O,H,)
complex in the mutant simply releases H,O,. In contrast, the
Fe'(O,H,) complex of the WT enzyme (RC4) is persistent
and its S2 substrate properly juxtapose, so that oxidation can
transpire.

As such, O—O bond homolysis leads to IC4a (Figure 6) that
involves an HyjO,® radical, which is H-bonded by both Thr252
and Gly248 and oriented in the HjO,*---O(H,)Fe(IV) manner,
precisely as in IC2a in Figure 2 in the presence of S1 (in
T252A). Therefore, the radical in IC4a is geared toward Cpd I
formation in the presence of S2. Indeed, as shown in the blue
energy profile in Figure 6, the IC4a intermediate transforms to
Cpd I with a tiny barrier, which is much lower than those for
both the C°-~H bond hydroxylation and porphyrin ring
hydroxylation (black and red curves in Figure 6). Thus, the
H,0,-shunt of the WT P450cam is remarkably successful due
to H-bonding from Gly248 and Thr252, which lends some
persistence to the Fe'(O,H,) intermediate and steers the HO®
radical to form exclusively Cpd I,>*7>° which then hydroxylates
S2.

To ascertain the identity of oxidant in the shunted WT
enzyme, we must further consider also the feasibility of forming
Cpd 0/Substrate from Fe"(O,H,)/Substrate, followed by
substrate oxidation by Cpd 0. Inspection of Fe"(O,H,)/S2
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in Figure 7a shows that the carboxylate group of Asp251 is
oriented upward due to the salt bridges it maintains with the
neighboring residues (Arg 186, Lys 176, etc.**®®). Therefore,
the Asp2S1 carboxylate is 10 A away from the H,0, moiety,
and its water channel to this moiety is completely absent. This
in turn means that deprotonation of Fe"'(O,H,) to yield Cpd 0
in the mutant would require significant amount of protein (and
water) reorganization, and hence, it would not be facile.
Moreover, according to the QM/MM calculations of Altarsha
et al,”” the deprotonation of Fe™(O,H,) in the WT enzyme,
requires a barrier of ~20 kcal/ mol,27 and this is even without
consideration of the protein reorganization. Figure 7b shows
the reactivity network of Fe'(0,H,)/S2 in the WT enzyme. As
just argued, the formation of Cpd 0/S2(C—H) from
Fe'(O,H,)/S2(C—H) is crossed out as being “forbidden”.
The allowed pathway is the green path, which is nascent from
Fe"(O,H,)/S2. As was already shown above, this pathway
proceeds via O—O bond homolysis to the FeVOH---HO®
intermediate (IC4a), which in turn favors greatly the formation
of Cpd I over H-abstraction from S2 and porphyrin-ring
hydroxylation. Cpd I then performs the hydroxylation of S2.
4.6. A Revised Catalytic Cycle of P450cam. Based on all
these findings, we propose a modified catalytic cycle for
P450cam. Starting from Cpd 0, if the second protonation
occurs on the distal OH group and a water molecule is
liberated, this will directly generate the Cpd 1. This process is
the well-known coupling process in P450cam catalytic cycle
(coupling-I in Scheme 3). However, as we just showed there is

Scheme 3. Updated Catalytic Cycle of P450cam
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an alterative coupling pathway in P4SOcam (coupling-II in
Scheme 3). Thus, whenever the protonation of the proximal
oxygen becomes more favorable over the O—O bond breakage
(the rate-determining step in the Cpd 0 — Cpd I trans-
formation), or both processes co-transpire, this will generate
the Fe(O,H,) species. Fe"(O,H,) will either converts to Cpd
I via a O—O homolysis/H-abstraction mechanism or lose H,O,
in the uncoupling pathway.
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The competition of these two pathways depends on the
persistence of Fe"(O,H,) intermediate, which is jointly
affected by the substrate and the protein. In WT P450cam,
H-bonding interactions from Thr252 and Gly248 can
sufficiently stabilize Fe™(O,H,) intermediate, as we saw in
the shunted process (section 4.5), so that Fe™(O,H,) can
efficiently transform into Cpd I that carries out the oxidation.
This behavior in the WT enzyme is not much substrate-
dependent. By contrast, in the case of the T252A mutant of
P450cam, on the one hand, the replacement of Thr residue by
Ala completely removes the H-bond between O4 and Thr252,
and on the other, the smaller size of Ala creates more “free
space” around the H,0, moiety thereby conferring higher
mobility on it as well as on the substrate. In that case, the
substrate would play a key role in the stabilization of the
Fe''(O,H,) intermediate. Thus, as we demonstrated above, the
bulkier olefinic moiety of the substrate S1 tends to barricade
the H,0, moiety and prevents its escape from the active site by
olefinic moiety, while S2 (camphor) behaves like a bystander
and flips during MD, thus conferring instability (Figure S) on
Fe''(O,H,) that consequently loses H,O,.

It is believed that the T252A mutant in P450cam turns off
the coupling-I process (Cpd 0 — Cpd I). However, this
mutation also opens a door to the alternative pathways for Cpd
I formation via the Fe™(O,H,) intermediate (coupling-II in
Scheme 3).

While the details described above concern P450cam, its
T252A mutant, and the substrates S1 and S2, nevertheless, the
results of this study lead to a general message: Thus, even when
an enzyme and its mutant share the same active species (Cpd I),
the final outcome can still be different and will depend on the
substrate binding and the H-bond machinery which keeps the
oxygen intermediates intact and steers their reactivity, as we found
here for Fe™(O,H,) in the T252A mutant of P4SOcam. This
general message may have implications on the intriguing
regioselectivity changes observed upon T—A mutations of
P450-BM3"* and P450 A2EL.” Such changes may still arise
from a single oxidant species, Cpd I, which is formed via the
coupling-II process in the mutant enzymes, and in the native
coupling-I process in the WT enzymes, provided the
regiochemical-binding modes for Cpd I/substrate differ in the
mutated proteins vs their WT enzymes and are non-
interchangeable.'® It would be worthwhile to address these
regioselectivity changes in future QM/MM and MD studies,
and generalize our present findings.

5. CONCLUSIONS

This study constitutes a comprehensive QM/MM investigation
of the reactions of the potential oxidative pathways in the WT
and T252A mutant of P450cam. By generating a full reactivity
network for the three potential oxidants (Cpd I, Cpd 0, and
Fe"(O,H,)) and all the possible epoxidation pathways, the
QM/MM calculations enable us to identify the likely exclusive
accessible pathway for the epoxidation of S-methylenylcamphor
(S1), in which the Fe'(O,H,) species is a requisite
intermediate and the Cpd I is the sole and final oxidant.
Thus, our QM/MM study reveals the “alternative coupling
pathway” in the catalytic cycle of P450cam. In this alternative
pathway (coupling-1I in Scheme 3), the reaction proceeds via
the doublet Fe''(O,H,) intermediate, which then generates the
ultimate oxidant Cpd I via the O—O homolysis to
FeVOH--*OH followed by H-abstraction and formation of
H,0 + Cpd L The latter then performs substrate oxidations.
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The substrate and protein jointly exert their effects on the
stability of Fe'(O,H,) intermediate. The substrate may be
required to barricade H,O, and confer persistence on
Fe''(O,H,), as occurred in the T252A mutant of P450cam.
The protein on the other hand, can use its hydrogen bonding
(H-bonding) machinery to control the reactivity of Fe'(O,H,)
by forcing the *OH radical to assume a conformation that leads
to Cpd I formation, rather than one that leads to the
autoxidation of the porphyrin ring, like in Heme Oxygenase.
As such, the study not only resolves the longstanding question
of the “second oxidant” in P450cam and its mutant, but also
reveals that other cases of suspected “second oxidant” activity,
may in fact use the new coupling pathway in the catalytic cycle
of P450cam enzymes. The present findings have far-reaching
implications in the field of P450 enzymes.
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