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ABSTRACT: The intriguing deactivation of the cyto-
chrome P450 (CYP) 2B4 enzyme induced by mutation of
a single residue, Phe429 to His, is explored by quantum
mechanical/molecular mechanical calculations of the O−
OH bond activation of the (Fe3+OOH)− intermediate. It is
found that the F429H mutant of CYP 2B4 undergoes
homolytic instead of heterolytic O−OH bond cleavage. Thus,
the mutant acquires the following characteristics of a heme
oxygenase enzyme: (a) donation by His429 of an
additional NH---S H-bond to the cysteine ligand combined
with the presence of the substrate retards the heterolytic
cleavage and gives rise to homolytic O−OH cleavage, and
(b) the Thr302/water cluster orients nascent OH• and
ensures efficient meso hydroxylation.

Cytochrome P450s (CYPs) and heme oxygenase (HO) are
O2-activating enzymes that convert O2 to the ferric

hydroperoxide species [Fe3+OOH−, the so-called Compound 0
(Cpd 0)] and then diverge in function. In the usual CYP
function (Scheme 1), Cpd 0 abstracts a proton and splits off a
water molecule to form the iron−oxo species Compound I
(Cpd I), which oxidizes a wide range of organic compounds
and performs biosynthesis.1 In contrast, HO stops at Cpd 0 and
uses it to activate the α-meso position of the porphyrin, which
is subsequently degraded and frees iron, which is believed to be
essential for iron homeostasis.2 In both cases, water molecules
play a major role; in CYPs, they shuttle protons to Cpd 0,3a

while in HO, a water cluster safeguards Cpd 0 against
conversion to Cpd I and directs homolytic O−OH cleavage
and meso hydroxylation by nascent OH radical.3b Considering
the orthogonal functions of these enzymes, we report herein
evidence that a single-site mutation converts the CYP 2B4
enzyme to a hybrid CYP/HO enzyme.
Our interest in this problem was triggered by a recent

experimental study4 reporting that although cryoreduction of
the oxyferrous complex in CYP 2B4 and its F429H mutant
(MT) generated the same amounts of Cpd 0, the F429H MT
exhibited only 4−5% product formation relative to the wild-
type (WT) enzyme.4a Thus, mutation of a single Phe residue near
the cysteinate ligand (Phe429) to His leads to deactivation of the
enzyme, apparently by disrupting conversion of Cpd 0 to Cpd

I. The position of the mutation near the cysteine ligand, along
with the fact that Phe429 is a conserved P450 residue that plays
a role in the electron-transfer pathway from the reductase to
heme in CYP 2B4,4b makes the outcome of the mutation
intriguing and requires elucidation. We studied the impact of
this mutation using hybrid quantum mechanics/molecular
mechanics (QM/MM) calculations, which showed that the
mutation leads to HO activity of the F429H MT enzyme as a
result of a subtle interplay of electronic effects with changes
caused by the substrate and the water structure in the active
site.
The QM/MM study was carried out using our usual software

combination5a−c and followed the same protocols1b,5d as in
previous studies.3b,5e,f Details are given in the Supporting
Information (SI), and those more specific to the paper are
given here briefly. Since Cpd 0 has been experimentally shown
to exist in both the WT and MT enzymes, we started from the
WT structure (PDB entry 1SUO),6a replaced the inhibitor by
the OOH group, added missing H atoms, took care of the
protonation states of the acidic and basic residues,3b,5d,f and
followed with geometry optimization and molecular dynamics
(MD) simulations. The F429H MT was initially generated by
replacing Phe429 by His and then minimizing the protein. The
resulting WT and MT enzymes were both found to generate
Cpd I with minor quantitative differences in the barriers for
heterolytic cleavage (Table S1, SI). We therefore extended the
MD simulation to 60 ns and extracted from the MD trajectories
the most highly sampled conformational basins,6b called LWi
and LMi, where L stands for long MD, W/M for the WT/MT
enzyme, and i for the basin number. The WT enzyme prefers
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Scheme 1. Conversion of Cpd 0 to Cpd I versus the HO
Option of Generating a Hydroxylated Heme
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conformations LW1 and LW3. Similarly, the MT enzyme
prefers mostly LM3 and then LM1, while the unstable LM2
basin spontaneously decays to LM3 (Figure S1, SI). These
most sampled conformations were used subsequently. Docking
in the substrate (benzphetamine) and reoptimizing the
enzymes led to expulsion of water from the pocket (Figures
S2 and S3).4a,7 In LW1,3 and LM1−3, the water molecules
mostly remained near the distal OH group of Cpd 0 near the
Glu301 and Thr302 residues, which can shuttle protons to
cause heterolytic cleavage.5e,8 Thus, as expected, the entrance of
the substrate disfavors generation of H2O2 (“uncoupling”) via
proximal-O protonation and prefers protonation of the distal
OH group.9 The uncoupling barriers did not give a clue about
the incapacitation of the MT enzyme. We therefore relegate the
uncoupling processes to the SI (Figure S1, Tables S1 and S2)
and focus herein on the O−OH cleavage using the
conformations that retained water molecules in the pocket
near Glu301 and Thr302. The QM/MM geometry optimiza-
tion involved the QM system of the WT/MT enzyme and the
residues and waters within 6 Å of the heme (∼645 atoms; see
the SI). As before,5e,8 the QM subsystem was computed with
B3LYP10a using a split-valence LACVP10b basis set (B1) for
geometry optimization and a triple-ζ valence-polarized
(TZVP)10c basis set (B2) for energy correction.
Figure 1 shows typical QM/MM-optimized snapshots for

Cpd 0 of the WT and MT enzymes. It is evident that the two

species are similar in their geometries, except for a trans effect
in the MT enzyme (shorter Fe−O distance) caused by the
additional H-bonding11a,b between His429 and the S ligand
(Figure 1b), thereby weakening its “push effect”.11c In fact, the
two Cpd 0 species have the same electronic structure and are
similar in most respects, having a doublet-spin ground state and
a quartet-spin excited state.5e,f Thus, Cpd 0 gave no obvious
clues about the mutation effect, so we next considered the
features of the O−OH cleavage mechanisms.
As before,5e,f,8a the O−OH cleavage process was scanned

along the O−O distance with QM/MM optimization of all
other parameters. The top of the scan was refined in a
transition state (TS) search. Scheme 2 shows generic energy
profiles of the two processes for the LW and LM
conformations: one is Cpd I formation and the other is HO
activity leading to meso hydroxylation of the heme.
Table 1 shows barriers and reaction energies for the two

processes for the WT and MT enzyme conformations. The
barriers are similar to ones computed previously for Cpd I
formation.5e,f,8 However, while the two conformations of the

WT enzyme lead to Cpd I formation, two of the three
conformations of the MT enzyme lead to meso hydroxylation
and the third (LM2) to Cpd I. Comparison of the barriers for
Cpd I formation in the WT and MT enzymes shows that this
process is not much affected by the mutation.What is af fected is
the appearance of the HO mechanism in the MT enzyme in LM3
and LM1. Since LM2 spontaneously decays to LM3, it follows
that for the MT enzyme, the HO pathway competes favorably
with Cpd I formation, while the WT enzyme favors Cpd I
formation.
Importantly, the two processes compete along the same O−

OH stretching coordinate. As before,5e,f,8a we found that
initially the O−OH bond breaks homolytically and then
nascent OH• accepts an electron from the heme and a proton,
which is shuttled from the acidic residue Glu301 through the
water chain and Thr302, leading to Cpd I in a proton-coupled
electron transfer (PCET) process.5e,f When the PCET is
interrupted by shortcutting the ET, nascent OH• can attack the
meso position of the heme before it diffuses away.3b Clearly,
F429H mutation affects the PCET process of the MT enzyme,
leading to a preference for the homolytic cleavage pathway.2a,3a

Figure 2 shows the TS structures TSO−O(het) for the
heterolytic process leading to Cpd I in the WT conformations
LW1 and LW3. Figure 3 shows the two TSs TSO−O(hom) for
the homolytic process leading to meso hydroxylation in the MT
conformations LM1 and LM3 and TSO−O(het) for LM2. An
additional structure for LM3, IH in Figure 3d, is an intermediate
point along the O−O scan after TSO−O(hom) and just before
collapse to the meso hydroxylation product (a similar structure
for LM1 is shown in Figure S4).
The heterolytic TS of the MT enzyme in Figure 3b is similar

to those for the WT enzyme in Figure 2, except that the O−O
distances in the WT enzyme (1.931 and 2.041 Å) are
significantly shorter than the MT O−O distance (2.351 Å).
This long O−O bond already shows diminished push effect due
to the H-bonds to the thiolate. The long O−O distance also
typifies the two TSO−O(hom) structures in the MT enzyme
(Figure 3a,c). Moreover, in the LM3 IH structure in Figure 3d,
nascent OH has a spin density of −0.99 and clearly is a radical.

Figure 1. B3LYP-optimized geometries (Å and deg) and doublet/
quartet energy gaps 2/4ΔE (kcal/mol) of Cpd 0 in conformations (a)
LW1 and (b) LM1. The NH···S H-bond in (b) should be noted.

Scheme 2. Generic Energy Profiles Starting from Cpd 0
(Doublet Ground State) and Leading to (Right) Cpd I
Formation and/or (Left) Meso Hydroxylation HO Activity

Table 1. Barriers and Reaction Energies (kcal/mol) for 2Cpd
0 to 2Cpd I Conversion or HO Meso Hydroxylation

conformation ΔECpd I
⧧ , ΔECpd I ΔEHO⧧ , ΔEHO

LW1 9.7, −27.8 not observed
LW3 16.0, −19.0 not observed
LM1 not observed 14.9, −6.1
LM3 not observed 17.4, −9.0
LM2 13.3, −10.7 not observed
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Thus, the proton- and electron-transfer events in the MT
enzyme appear to lag behind the O−OH cleavage, so nascent
OH• can either attack the meso position of the heme (Figure
3a,c) or be captured by the electron and proton to form Cpd I.
On the other hand, as O−OH cleavage begins in the WT
enzyme, the electron and proton capture nascent OH• and
release it as water, giving it no chance to attack the heme.
The appearance of a competitive HO pathway in the mutant

originates from the interplay of factors that adversely affect
PCET: an electronic factor that delays ET to nascent OH• and
a structural factor that holds the OH• moiety close to the meso
position of the heme. The structural factor is apparent from
Figure 3, which shows that Thr302 and the surrounding three
water molecules hold nascent OH• quite close to the heme by
an array of H-bonds (e.g., in Figure 3a, OH···Cmeso = 3.256 Å),
precisely as observed in the original HO enzyme, where the

(H2O)6 cluster orients OH
• and forces it to stay close to the α-

meso position of the porphyrin.2b,c,3b

However, the structural factor by itself would be insufficient
if there were no electronic effects that disrupt the PCET
process by preventing the ET that converts the OH• to OH−,
which easily abstracts a proton. This effect is elucidated with aid
of electron-shift diagrams: As the O−OH bond stretches
(Scheme 3a), an electron initially in the iron dxz orbital shifts to

nascent OH moiety, while the dxz orbital becomes πxz*(FeO),
thus forming a Compound II (Cpd II) ferryl species with a
triplet configuration in the FeO bond (Scheme 3b). This is
what we found for all TSOO(het) and TSOO(hom) species: the
electronic structure involves a triplet Cpd II antiferromagneti-
cally coupled to an electron in a nascent OH• species. What
matters is what transpires immediately afterward. At this
juncture, when the a2u orbital of porphyrin lies sufficiently high,
an electron shifts to the σOH orbital of nascent OH•, which
simultaneously accepts a proton from the nearby Glu/Thr
proton channel to form Cpd I and a water molecule (Scheme
3c). In contrast, when the a2u orbital is low-lying and the
protein electric field is improperly oriented, the electron does
not shift to σOH, and OH• (in red) instead attacks the
porphyrin and generates a hydroxylated porphyrin (Scheme
3d).3b What determines whether OH• attacks the porphyrin or
diffuses away is the arrangement of the water cluster and the
Thr302 residue, which in this 2B4 MT enzyme in the presence
of the benzphetamine substrate appears to assume a directing
effect, as does the protein2 in the HO enzyme.
What factors stabilize the a2u orbital in the MT enzyme and

retard the ET? As mentioned above, the His429 residue
maintains a NH···S H-bond to the S ligand ( Figure 1b). This
lowers the energy of the S 3pσ orbital1b,12 and minimizes its
mixing with the a2u orbital (Scheme 4), which thus remains low
in energy. Hence, significant O−OH cleavage is required for
transfer of the requisite electron to nascent OH•. Additionally,
entrance of the substrate, which expels and reorients water
molecules, changes the direction of the intrinsic electric field
that the MT protein exerts on the FeOOH moiety in such a
way that the negative pole of the f ield in LM3 and LM1 is oriented
in the direction of nascent OH• (Figures S5 and S6), thereby
retarding the electron flow.13

Thus, the combination of the H-bond of His429 in F429H
CYP 2B4 and the reorientation of the protein electric field in

Figure 2. Key bond distances (Å) in the QM region in TSO−O(het) for
(a) LW1 and (b) LW3.

Figure 3. Key bond distances (Å) in (a) TSO−O(hom) for LM1, (b)
TSO−O(het) for LM2, (c) TSO−O(hom) for LM3, and (d) the
homolytic intermediate structure IH for LM3.

Scheme 3. Electron-Shift Diagrams during (a) O−OH
Cleavage of 2Cpd 0 and (b) PCET and OH Expulsion after
2TSO−O, and Electron Configurations of the (c) 2Cpd I and
(d) 2Heme−OH Products
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LM1,3 disrupts the PCET process and enables homolytic O−
OH cleavage to take over, producing the hybrid HO/CYP
activity predicted here. This proposed impact of the H-bonding
of His429 matches the recently reported blue-shift in
absorption spectra of ferrous and ferric NO and ferrous CO
complexes of the F429H mutant of CYP 2B4.14 The presence
of Phe429 in the proximal side of CYP 2B4 (Figure 1a) near
the cysteine ligand may have evolved to protect the sulfur f rom
assuming too many H-bonds,11a,b thereby regulating its “push
effect”.11c The fact that a proximal Phe is a conserved residue in
CYPs may support the suggestion that Phe performs a
regulatory function in modulating the redox potential of the
heme14,15 so it can participate in the PCET process that leads
to Cpd I formation, rather than allowing a homolytic O−OH
cleavage. This fine-tuning of CYPs’ function by a single residue
is a very intriguing feature of these enzymes. This delicate
balance is highlighted by findings that the peroxide complexes
of CYPs exhibit a mixture of homolytic and heterolytic bond
cleavages3a,16 and even a propensity toward heme degrada-
tion.16b

In conclusion, our QM/MM results show that MT enzyme
F429H of CYP 2B4 develops characteristics of a HO enzyme:
(a) its NH···S H-bond to the cysteine ligand and changes in the
protein electric field induced by entrance of the substrate retard
the heterolytic cleavage and result in a preference for homolytic
O−OH cleavage; (b) its Thr302/water cluster and the bulky
substrate structurally orient nascent OH• close to the
porphyrin, enforcing meso hydroxylation. We have not
explored other competitive processes (e.g., diffusion of OH•

followed by H abstraction from the surrounding protein
residues), nor did we consider H abstraction by the sulfur from
His429 and generation of the inactive P420 form.14 Still,
however, the meso hydroxylation is barrier-free, so the
predicted HO activity should be observable.
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