
Investigating the Active Oxidants Involved in Cytochrome
P450 Catalyzed Sulfoxidation Reactions
Matthew N. Podgorski,[a] Tom Coleman,[a] Luke R. Churchman,[b] John B. Bruning,[c]

James J. De Voss,*[b] and Stephen G. Bell*[a]

Abstract: Cytochrome P450 (CYP) heme-thiolate monooxyge-
nases catalyze the hydroxylation of the C� H bonds of organic
molecules. This reaction is initiated by a ferryl-oxo heme
radical cation (Cpd I). These enzymes can also catalyze
sulfoxidation reactions and the ferric-hydroperoxy complex
(Cpd 0) and the Fe(III)-H2O2 complex have been proposed as
alternative oxidants for this transformation. To investigate
this, the oxidation of 4-alkylthiobenzoic acids and 4-meth-
oxybenzoic acid by the CYP199A4 enzyme from Rhodopseu-
domonas palustris HaA2 was compared using both monoox-
ygenase and peroxygenase pathways. By examining mutants
at the mechanistically important, conserved acid alcohol-pair
(D251N, T252A and T252E) the relative amounts of the
reactive intermediates that would form in these reactions
were disturbed. Substrate binding and X-ray crystal structures
helped to understand changes in the activity and enabled an

attempt to evaluate whether multiple oxidants can participate
in these reactions. In peroxygenase reactions the T252E
mutant had higher activity towards sulfoxidation than O-
demethylation but in the monooxygenase reactions with the
WT enzyme the activity of both reactions was similar. The
peroxygenase activity of the T252A mutant was greater for
sulfoxidation reactions than the WT enzyme, which is the
reverse of the activity changes observed for O-demethylation.
The monooxygenase activity and coupling efficiency of
sulfoxidation and oxidative demethylation were reduced by
similar degrees with the T252A mutant. These observations
infer that while Cpd I is required for O-dealkylation, another
oxidant may contribute to sulfoxidation. Based on the activity
of the CYP199A4 mutants it is proposed that this is the Fe(III)-
H2O2 complex which would be more abundant in the
peroxide-driven reactions.

Introduction

Cytochrome P450 (CYP) heme-thiolate monooxygenases are
most often associated with catalytic oxygenation of the C� H
bonds of organic molecules.[1] This reaction is initiated by the
active intermediate, so-called compound I (Cpd I), a ferryl-oxo
heme radical cation.[1a,2] Cpd I abstracts the hydrogen atom
from the substrate, generating a Fe(IV)-OH species (Compound
II, Cpd II) and an organic radical.[2b,f,3] These two species then

recombine to yield the alcohol product.[3] Under ideal reaction
conditions these two steps can merge into a dynamically
coupled process.[4]

In the archetypal physiological, NADH/O2-driven, P450
catalytic cycle, dioxygen activation requires two protons,
sourced from the surrounding solvent, and two electrons.[5] The
first electron is used to reduce the substrate-bound heme to
the ferrous form, enabling dioxygen binding. A second electron
is then transferred (Scheme 1) and the resulting ferric-peroxo
anion is protonated on the distal oxygen. This protonation may
be coupled to the electron transfer yielding the ferric-hydro-
peroxy intermediate (Cpd 0) in a single step.[5] Another
protonation on the distal oxygen triggers the rupturing of the
O� O bond, generating Cpd I.[5]

Both the ferric peroxo and Cpd 0 species (Scheme 1) have
been proposed as alternative intermediates for specific P450-
catalyzed reactions such as C� C cleavage of α-hydroxyketones,
sulfoxidation and epoxidation.[6b,7,8] For example, it was ob-
served that the T252A mutant of P450cam (CYP101A1) catalyzed
epoxidation (albeit less efficiently than the WT enzyme).[7a,8b]

Similar results were observed for the equivalent mutants of
other CYP enzymes strengthening the argument that Cpd 0 can
mediate epoxidation. Despite this experimental evidence in
favor of Cpd 0 in epoxidation, theoretical studies disputed Cpd
0’s involvement in this reaction and favored the use of Cpd
I.[2a,6c,9] The Fe(III)-H2O2 complex is an additional intermediate
that has been proposed to mediate sulfoxidation.[6b,10] Shaik has
reported that the Fe(III)-H2O2 complex would be a sluggish C� H
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hydroxylation catalyst[11] but should be eminently capable of
catalyzing sulfoxidation.[6b] In fact, it was calculated to catalyze
sulfoxidation more rapidly than it could transform into Cpd I.[6b]

Cpd 0, which has also been proposed to be another oxidant in
sulfoxidation, was calculated to be a weak oxidant.[6b,7a,9a,10,12]

Researchers conducting experimental research on sulfoxidation
reactions have reached different conclusions favoring Cpd I or
Cpd 0 being involved in this chemical transformation.[7a,13]

Correct, timely delivery of the two protons involved in the
CYP catalytic cycle is required for the efficient generation of
Cpd I. A conserved acid-alcohol pair of residues controls these
protonation steps in the majority of P450 enzymes. Mutation of
either residue of the acid-alcohol pair impairs the enzyme’s
ability to catalyze hydroxylation reactions as it is less able to
form Cpd I.[14] For example, the bacterial enzyme P450cam
hydroxylates camphor to give 5-exo-hydroxycamphor with
~100% coupling efficiency. The threonine to alanine (T252A)
mutant, described above, does not diminish the NADH
oxidation rate but the reducing equivalents are almost
exclusively used to generate H2O2.

[15,14–16] It has been proposed
that the hydrogen bond between Cpd 0 and the conserved
threonine in the WT enzyme (Figure 1) stabilizes Cpd 0 and
encourages protonation on the distal oxygen by increasing its
proton affinity.[1b,14] When T252 is mutated to alanine, con-
version of Cpd 0 into Cpd I is interrupted, leading to
accumulation of Cpd 0 and ultimately incorrect protonation on
the proximal oxygen with release of H2O2 (a process termed
uncoupling).[17]

Mutation of the conserved aspartate 251 residue of P450cam
to asparagine (D251N mutant), and the equivalent mutation in
other P450 enzymes, results in a significant reduction in the
rate of NADH oxidation (by a factor of 100 or more).[16b,19] The
role of this acidic residue is to deliver the protons required for
oxygen activation (Figure 1).[1b,18] Thus, mutation of D251
severely reduces the rate of the protonation steps with a
potential build-up of the ferric-peroxo intermediate.[16b,20] There-

fore, in theory, the threonine-to-alanine and aspartate-to-
asparagine mutants can be used to probe whether alternative
oxidants to Cpd I participate in P450
reactions.[1b,7a,8b,10,12a,14,16b,17,19]

The P450 enzyme CYP199A4, from Rhodopseudomonas
palustris strain HaA2 binds para-substituted benzoic acids with
high affinity. The oxidation activity of the enzyme is usually
restricted to the para-substituent.[21] For example, the CYP199A4
enzyme has a high affinity for 4-methoxybenzoic acid (Kd=

0.28 μM), and demethylates this substrate to form 4-hydrox-
ybenzoic acid with a product formation rate in excess of
1,000 nmol.(nmol-CYP)� 1.min� 1. CYP199A4 also exhibits similarly
high affinities for the closely related para-substituted benzoic
acid 4-methylthiobenzoic acid. However, this substrate under-
goes heteroatom oxidation rather than demethylation.[22] The
CYP199A4 system is comprised of the P450 and two electron
transfer partners: a [2Fe-2S] ferredoxin (HaPux) and a flavin
adenine dinucleotide containing ferredoxin reductase (HaPuR).
The ferredoxin reductase and ferredoxin mediate electron
transfer from NADH to CYP199A4, resulting in the high
monooxygenase activities observed with these para-substituted
benzoic acids.[21e,23] Several substrate-bound CYP199A4 crystal
structures have been solved. The benzoic acid moiety of these
substrates is involved in a coordinated and highly specific set of
interactions with the side chains of active site amino
acids.[9b,21c,d,22,24] These result in the para-substituent being held
over the heme in an ideal position for oxidation.

The T252A and D251N mutants of CYP199A4 have been
generated, studied and structurally characterized.[9b,25] In con-
trast to the equivalent variant of P450cam, the T252A mutant of
CYP199A4 displayed higher coupling efficiency.[25] Thus, muta-
tion of the conserved threonine has a less of a deleterious effect
on CYP199A4’s ability to form Cpd I although H2O2 was still
generated from the main uncoupling pathway.[25] While the
T252A mutant of CYP199A4 must still generate Cpd I, it does so
less efficiently than the WT enzyme. This CYP199A4 variant did
not significantly enhance epoxidation and differences with the
WT enzyme may be related to changes at other steps of the
catalytic cycle.[9b] The D251N mutant of CYP199A4 reduces the

Scheme 1. The intermediates formed during the cytochrome P450 catalytic
cycle (addition of dioxygen, two protons and two electrons, black) and the
peroxide shunt mechanism (addition of hydrogen peroxide, blue). Potential
active oxidants for sulfoxidation formed during CYP199A4 turnovers are
highlighted (Fe(III)-H2O2, Cpd 0 and Cpd I). Shaik and coworkers have also
proposed that Cpd I could be formed from the Fe(III)-H2O2 species in
hydrogen peroxide-driven reactions via an O� O homolysis/H-atom abstrac-
tion mechanism.[2a,6]

Figure 1. (a) In P450cam Thr252 is believed to accept a hydrogen bond from
Cpd 0, which encourages protonation on the distal oxygen to generate Cpd
I.[1b] (b) Asp251 is hypothesized to rotate in and out of the active site,
delivering protons into the active site.[1b,18] The potential in and out positions
of the D251 residue have been shown here with the rotation into the active
site to facilitate proton delivery highlighted by the arrow.
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rate of proton transfer and results in low activity towards
reactions such as hydroxylation, the O-demethylation of 4-
methoxybenzoic acid and the epoxidation of 4-vinylbenzoic
acid.[25] This is in accord with what is observed with other CYP
enzymes and implies a lack of reactivity of the ferric-peroxo
anion in these types of reactions.

The Fe(III)-H2O2 intermediate must be generated during the
H2O2-driven peroxide shunt reactions (by initial binding of H2O2

to the ferric iron; Scheme 1).[26] This intermediate would only be
formed during the native NADH/O2-driven catalytic cycle when
incorrect protonation on the proximal oxygen of Cpd 0 instead
of the distal oxygen occurs. Recently the T252E mutant of
CYP199A4 was shown to completely inhibit the monooxyge-
nase pathway but promote peroxygenase activity.[27]

As different mutations of the CYP199A4 enzyme at the
residues required for oxygen activation are available (T252A,
T252E and D251N) and have been generated and studied for
oxidative demethylation, this system is well suited for the
investigation of other cytochrome P450-catalyzed monooxyge-
nase reactions. By performing H2O2-driven reactions with the
T252E mutant, we can assess whether the Fe(III)-H2O2 inter-
mediate is likely to participate in certain P450 reactions. The
T252A and D251N variants can be used to assess the likely
involvement of Cpd 0 or the ferric-peroxo intermediate.
Reactions which can be effectively mediated by the Fe(III)-H2O2

species may be more efficiently catalyzed by the peroxygenase

pathway in the T252E mutant than those requiring Cpd I
formation. Here we compare the sulfoxidation of 4-methyl- and
4-ethyl-thiobenzoic acid with wild-type (WT) CYP199A4 and the
T252E, T252A and D251N mutants (Figure 2). By comparing the
activity of WT CYP199A4 and these mutants towards these
different substrates in NADH-supported and H2O2-driven reac-
tions, we can evaluate whether multiple oxidants participate in
P450-catalyzed sulfoxidation reactions.

Results

Substrate binding to the CYP199A4 mutants

The addition of 4-methylthiobenzoic acid to the T252A mutant
of CYP199A4 resulted in a 70% shift from the low-spin (LS) to
the high-spin (HS) ferric form, which is the same magnitude of
change as observed in the WT enzyme (Table 1). In contrast, a
significantly smaller shift (20%) was induced in the D251N
mutant. The addition of 4-ethylthiobenzoic acid to D251N did
not induce any discernible shift to the HS form (HS) but resulted
in a small red-shift of the Soret band (from ~420 nm to
~421 nm; Figure S1). Binding of the same substrate to the
T252A mutant induced a 35% shift to the HS form (Figure S1).
This is greater than the 10% shift to HS observed when it binds
to the WT enzyme.[22] The binding affinity for 4-methylthio- and
4-ethylthio-benzoic acids was highest with the D251N mutant
followed by the T252A mutant, and both these were higher
than the WT CYP199A4 (Figure S2, Table 1). Due to the small
red-shift of the Soret band observed with several of the
substrate/enzyme combinations, the binding affinity could not
be as accurately determined (Table 1). However, all of the
substrates were bound tightly by all of the CYP199A4 variants.

Both sulfur-containing substrates red-shifted the absorb-
ance maximum of the Soret band of the T252E variant by ~1.5–
~2.0 nm (Figure S3). While these shifts are small clear changes
were observed in the UV-vis difference spectra (Figure S2). 4-
Ethylthiobenzoic acid induced a type II difference spectrum

Figure 2. The para-substituted benzoic acid substrates investigated with WT
CYP199A4 and the T252E, D251N and T252A variants for NADH- and H2O2-
supported reactions.

Table 1. Binding and in vitro NADH oxidation assay data for WT CYP199A4 and the D251N, T252A and T252E variants with 4-methylthio- and 4-ethylthio-
benzoic acids. The data for 4-methoxybenzoic acid is shown for comparison.

Substrate/CYP199A4 BA benzoic acid Soret shift % HS Kd [μM] NADH [min� 1] PFR [min� 1] Coupling [%]

4-methylthioBA/WT 70 2.3�0.3 1260�20 ~1260 ~100
4-methylthioBA/T252A 70 1.4�0.1 1060�20 433�29 42�2
4-methylthioBA/D251N 20 0.83�0.08 10�1 3.5�0.1 34�2
4-methylthioBA/T252E ~1.5 nm red shift[a] 0.1�0.1 7�1 1�0.1 15�1
4-ethylthioBA/WT 10%[b] 0.99�0.05 139�0.4 138�0.9 100�1
4-ethylthioBA/T252A 35% 0.25�0.05 441�8 164�7 37�1
4-ethylthioBA/D251N ~1 nm red shift[a]* 0.12�0.25 7�1 1.1�0.1 15�1
4-ethylthioBA/T252E ~2 nm red shift[a] 0.02�0.06 6�1 0.2�0.02 4�1
4-methoxyBA/WT[c] >95 0.28�0.01 1580�20 1440�30 91�1
4-methoxyBA/T252A[c] >95 0.22�0.02 833�8 570�56 68�5
4-methoxyBA/D251N[c] >95 0.17�0.01 7�0.8 4�1 59�3
4-methoxyBA/T252E[c] 5 0.4�0.1 9�0.5 0.8�0.1 10�1

[a] The magnitude of the red shifts observed are relatively small and given the sensitivity of the instrument are provided as approximate values. The relative
magnitude of the reported red shifts are consistent over multiple measurements. * Addition of 4-ethylthiobenzoic acid to D251N red-shifted the Soret band
from 420!421 nm and induced an unusual difference spectrum (Figures S1 and S4). [b] Addition of 4-ethylthiobenzoic acid to WT CYP199A4 induced a
10% type I shift to HS but also red-shifted the Soret band from 418!419 nm.[22] [c] Data reported previously.[22,25]
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with a trough and a peak at 414 nm and 433 nm, respectively
(Figure S2). In contrast, addition of 4-methylthiobenzoic acid
resulted in a type I shift (peak 376 nm and a trough at 416 nm)
which was similar to the majority of those induced with the
other CYP199A4 variants and despite the small red shift in the
Soret band (Figure S2). The difference spectrum that arose
when 4-ethylthiobenzoic acid was added to the D251N mutant
was more unusual (Figure S4). This was compared to spectra
obtained on the addition of thioanisole and dithiothreitol to
P450cam and found to be distinct (Figure S4, Figure S5,
Table S1).[28] Overall, the binding of the alkylthiobenzoic acids to
the CYP199A4 variants resulted in greater variation in the
observed UV-vis spectra of the enzyme inferring different
changes in the environment of the heme with the different
combinations (Table 1). However, there was evidence that each
substrate was binding to the enzyme and that the binding
affinity across the variants was similar (Table 1).

Oxidation of the thiobenzoic acids by the CYP199A4 mutants

The rate of the P450 catalytic cycle, as measured by the NADH
oxidation rate, of the T252A mutant was 84% of the rate
observed with the WT enzyme for 4-methylthiobenzoic acid
(Table 1). Enzyme-catalyzed oxidation of each substrate with
T252A-CYP199A4 showed formation of the same sulfoxide
products as with the WT enzyme. However, the turnovers were
less efficiently coupled, resulting in lower levels of product
formation (Table 1). Oxidation reactions with the T252A mutant
showed elevated levels of H2O2 formation, which accounted for
the majority of uncoupled NADH equivalents. This is expected
as removal of the threonine residue is thought to destabilize
certain iron-oxy intermediates and promote hydrogen peroxide
uncoupling.[15,25,29] As with the oxidation of 4-methoxybenzoic
acid with the T252A variant the NADH equivalents not used for
the sulfoxidation of 4-methylthiobenzoic acid were mostly
channeled into H2O2 generation (31% and 38%, respectively).[25]

In line with the greater spin-state shift induced upon
binding of 4-ethylthiobenzoic acid to the T252A mutant (35 vs.
10%), the NADH consumption rate was ~3-fold faster for this
mutant compared to the WT enzyme (441 vs. 139 min� 1;
Table 1, Figure S6). The coupling efficiency was substantially
lower for the T252A mutant than for the WT enzyme (37 vs.
~100%). Overall, the T252A mutant generated the sulfoxide of
4-ethylthiobenzoic acid with a higher product formation rate
(164 vs. 138 min� 1; Table 1). A small amount of 4-mercaptoben-
zoic acid was detected (~2% of the product in the T252A
turnover and ~0.7% of the product in the WT turnover;
Figure S7, Table S2).

The NADH oxidation activity of both the D251N and T252E
mutants with each substrate was several orders of magnitude
slower than that observed for the WT enzyme (Table 1,
Figure S6, Figure S8). For both mutants, NADH was oxidized at a
rate comparable to the NADH leak rate of the WT enzyme in
the absence of substrate (�9 min� 1). The overall coupling
efficiency and consequently the product formation activity
towards sulfoxide formation was also greatly reduced with both
the D251N and the T252E mutants. In each instance, the 4-
alkylsulfinylbenzoic acid was the major product. The levels of
dealkylation product (4-mercaptobenzoic acid) were negligible
and no further oxidation metabolites were detected (Figure 3,
Figure S7, Figure S9 and Figure S10).

Comparison of the activity of H2O2-shunt driven P450
catalyzed sulfoxidation reactions

Reactions were performed to assess the T252E mutant’s ability
to catalyze sulfoxidation using H2O2 as a surrogate oxygen
donor (Table 2). Over a 20-minute period, the T252E enzyme
converted 114 μM of 4-methoxybenzoic acid into 4-hydroxy-
benzoic acid in reactions driven by 50 mM H2O2. The T252E
mutant displayed markedly higher activity towards sulfoxida-
tion of 4-methylthiobenzoic acid than oxidation of 4-meth-
oxybenzoic acid. The quantity of 4-methylsulfinylbenzoic acid

Figure 3. HPLC analysis of the NADH/O2-driven oxidation of 4-methylthiobenzoic acid by T252E (black) and WT CYP199A4 (blue). In red is a control reaction
omitting the P450. 4-Methylsulfinylbenzoic acid elutes at 4.7 min and 4-mercaptobenzoic acid at 12.5 min. The substrate appears at 13.6 min. Negligible levels
of 4-mercaptobenzoic acid were detected. No sulfone was detected. Gradient: 20–95% acetonitrile in H2O with 0.1% TFA. Detection wavelength: 254 nm.
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detected after a 20-minute reaction was 245�2 μM after
thioether conversion into the sulfoxide by H2O2 alone was taken
into account (Figure S11, Table S3). The average product
formation rate over the 20-min period was 1.9 and 4.1 μM
(μM� P450)� 1 min� 1 for 4-methoxybenzoic acid and 4-meth-
ylthiobenzoic acid, respectively (Table S3).

We next undertook H2O2-driven reactions with the WT,
T252E, D251N and T252A isoforms of CYP199A4 and their
activity towards oxidative demethylation and sulfoxidation
were compared over a longer time period (Table 2). Product

formation was monitored over a 4 h period and a time course
of product formation was constructed for each isoform (Fig-
ure S12–S15, Table S4). Given the propensity of the thioethers
to be oxidized by H2O2 a lower concentration (6 mM) was used
to minimize background oxidation to the sulfoxide. Control
reactions with CYP101B1 or heat-denatured T252E (sources of
heme or free iron) or when the P450 enzyme was omitted
entirely were undertaken. Importantly, only low levels of
product (or no product in the case of oxidative demethylation)
were detected in these control reactions (Figure S12, Table S4).

With the T252E mutant, peroxygenase mediated oxidation
of 4-methoxybenzoic acid produced more than twice the
amount of 4-hydroxybenzoic acid that was generated by the
WT enzyme (final concentrations were 379 vs. 156 μM;
Table 2).[27b] In contrast, the T252A and D251N mutants yielded
considerably less product (89 and 55 μM, respectively; Table 2).
While the T252E mutant was active for ~4 h, the T252A and
D251N mutants were readily inactivated and produced little
additional product after the first 20 minutes of the reaction
(Figure 4 and Figure S15).

The T252E mutant exhibited 10-fold higher activity towards
the sulfoxidation of 4-methylthiobenzoic acid than the WT
enzyme using 6 mM H2O2 (Figure 4, Table 2 and Figure S14). In
control reactions omitting the P450, the presence of 6 mM H2O2

resulted in only slow sulfoxidation of 4-methylthiobenzoic acid.

Table 2. Product generated by WT CYP199A4 and the T252E, D251N and
T252A mutants using the H2O2-shunt pathway during 240-min reactions.
The values given are mean � SD, with n�2.

Substrate Product concentration [μM]
BA benzoic acid T252E WT T252A D251N

4-methoxyBA 379�7 156�2 89�3 55�1
4-methylthioBA* 417�17 40�3 83�1 7�8
4-ethylthioBA* 107�4 1�8 38�11 ~0

* Lower levels of H2O2 (6 mM) were used for the enzyme catalyzed
oxidation of the thioethers compared to that (50 mM) used for 4-
methoxybenzoic acid turnovers. Note that the amount of product
detected in the control reactions without P450 has been subtracted from
the amount of product in the enzyme turnovers (See Table S4 for further
details).

Figure 4. (a) Time course of 4-methoxybenzoic acid conversion into 4-hydroxybenzoic acid by CYP199A4 isoforms. (b) HPLC analysis of the amount of 4-
hydroxybenzoic acid product (RT=5.8 min) generated by the CYP199A4 isoforms over 240 minutes. (c) Time course of 4-methylthiobenzoic acid conversion
into the corresponding sulfoxide by CYP199A4 isoforms. (d) HPLC analysis of the amount of the 4-methylsulfinylbenzoic acid product (RT=4.7 min) generated
by the CYP199A4 isoforms over 240 minutes. No sulfone (sulfone RT=6.9 min) was detected. Note that in the HPLC analysis the internal standard and
substrate peaks are not shown in the Figures above (see Figure S13 and S14 for further details and the full chromatograms).

Chemistry—A European Journal 
Research Article
doi.org/10.1002/chem.202202428

Chem. Eur. J. 2022, 28, e202202428 (5 of 12) © 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 15.12.2022

2272 / 273512 [S. 134/141] 1



Over a 4-hour period, the T252E mutant generated an
estimated 417 μM of sulfoxide, whereas the WT enzyme only
formed 40 μM (Table 2 and Table S4). The sulfoxide concen-
tration in the D251N reaction mixture was low (~7 μM over the
control at 4 hr) though at each time point there was always an
excess of the sulfoxide when compared to the controls
(Figure 4). The T252A mutant, on the other hand, displayed
elevated activity towards sulfoxidation compared to the WT
enzyme, yielding 83 μM sulfoxide (Table 2 and Figure 4).

Analogous results were obtained when we oxidized 4-
ethylthiobenzoic acid utilizing the peroxide shunt pathway
(Figure S15). Again, the substrate was only slowly converted
into the sulfoxide when exposed to 6 mM H2O2 in the absence
of P450 (Table 2 and Table S4). The T252E mutant formed the
most product (107 μM), while the T252A mutant generated less
(38 μM sulfoxide) but the latter was again more active towards
sulfoxidation than the WT enzyme. The concentration of
sulfoxide in the WT and D251N reaction mixtures was roughly
equal to that in control reactions lacking the P450 after 4 h;
therefore, the product formed by these isoforms is reported as
~1 μM and 0 μM, respectively. All CYP199A4 isoforms tested
were less active towards oxidation of 4-ethylthiobenzoic acid
than 4-methylthiobenzoic acid using H2O2.

Overall, in the H2O2-driven peroxygenase reactions, the
T252E mutant had higher activity towards sulfoxidation than O-
demethylation but in the NADH/O2-supported monooxygenase
reactions with the WT enzyme the activity of both was similar.

Crystal structures of the CYP199A4 T252E mutant in complex
with 4-methylthio- and 4-ethylthio-benzoic acid

Crystal structures were determined for the T252E mutant in
complex with 4-methylthiobenzoic acid and 4-ethylthiobenzoic
acid (Figure 5). The structures of both were determined at 1.66-
Å resolution (Table S5). The fold of the T252E mutant in
complex with these substrates was similar to that of the WT
enzyme and like the WT structures both contained a chloride
anion (RMSD ~0.4 Å, Figure S16, Figure S17).

Neither substrate displaced the heme-bound aqua ligand
and there was an interaction between the aqua ligand and
glutamate 252 residue.[27b] In the 4-ethylthiobenzoic acid
structure (Figure 5), the refined occupancy of the aqua ligand
was 100%, while in the 4-methylthiobenzoic acid structure the
occupancy was 80% (Table S6). The Fe� O distance was similar
in each structure (between 2.1–2.2 Å for the both 4-thioethyl
and 4-thiomethyl substrates) and comparable to the Fe� O

Figure 5. Crystal structures of the T252E mutant of CYP199A4 in complex with 4-methylthiobenzoic acid (a; PDB code: 7TP6) and 4-ethylthiobenzoic acid (b;
PDB code: 7TP5). A 2mFo-DFc composite omit map or feature-enhanced map of the substrate, the heme aqua ligand (W1), the E252 side-chain and the
phenylalanine 298 residue is shown as gray mesh contoured at 1.5 or 1.0 σ (1.5 Å carve). The sulfur of each substrate interacts with the iron-bound oxygen
ligand (3.3 Å and 3.1 Å, respectively).
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distance in the structure of T252E CYP199A4 with 4-meth-
oxybenzoic acid bound (Table S6).[27b] In both structures, the
substrate sulfur is in close proximity (�3.3 Å) to the heme-
bound oxygen donor and would be interacting with this ligand
(Figure 5).[30] In the 4-methylthiobenzoic acid structure, the
sulfur is 3.3 Å from the aqua ligand, while in the 4-ethyl-
thiobenzoic acid structure the sulfur is closer (3.1 Å; Table S6).
This set of interactions of the heme-aqua ligand with the sulfur
and the short Fe� O bond distance presumably contributes to
the observed red-shift of the Soret band upon addition of these
substrates to this enzyme.

The positioning of these substrates in the active site of the
T252E mutant was only subtly different to their positioning in
the WT enzyme (Table S6 and Figure S18). The overlaid
structures of WT CYP199A4 and the T252E mutant in complex
with 4-methylthio- and 4-ethylthio-benzoic acid demonstrate
that in the T252E structures, the substrates are positioned
further from the heme due to the presence of the heme aqua
ligand (Figure S18). As a result of this shift, the methylthio
moiety of 4-methylthiobenzoic acid is nearer to the phenyl-
alanine 298 residue (F298) in the T252E structure than in the
WT structure and consequently the phenyl ring of F298 rotates
to accommodate the methylthio moiety (Figure 5 and Fig-
ure S19a). When the larger 4-ethylthiobenzoic acid binds to the
T252E mutant, the ethylthio moiety displaces the side-chain of
F298, which moves away from the heme. An analogous
movement is also observed in the structures of the WT enzyme
when bulky ligands are bound.[22,24] The T252E mutation also
alters the structure of the I-helix including the position of the
D251 residue (Figure S19b).[27b]

The X-ray crystal structures of the D251N and T252A
CYP199A4 mutants with 4-methylthiobenzoic acid bound

We also determined the crystal structures for the T252A and
D251N mutants in complex with 4-methylthiobenzoic acid

(Figure 6). The structures were determined at 1.88-Å and 1.44-Å
resolution, respectively (Table S7). The fold of both mutants was
similar to that of the WT enzyme bound to the same substrate
(RMSD 0.167 Å for D251N and 0.437 Å for T252A, Figure S20,
Figure S21). While electron density for a chloride anion could be
found in the D251N variant this was absent in the T252A
mutant structure (Figure S22).

The structure of the T252A variant has an additional water
molecule in the active site (Figure 6). The occupancy of both
the substrate and this water molecule is 100% (Table S8).
However, this water (W126) is loosely bound to the heme in the
presence of the substrate (Fe� O distance 2.5 Å, Table S8). The
water molecule is offset from the axis of the Fe� S bond with an
S� Fe� OH2 angle of ~164° (Table S9, Figure S23). As noted
above an aqua ligand is present in the T252E variant, but no
water is present in the structure of the substrate-bound WT
enzyme (Table S9, Figure S24). Both the WT and the T252A
variant of CYP199A4 have a 70% HS ferric component after the
addition of 4-methylthiobenzoic acid. The distance of the water
ligand from the heme and its offset nature in the T252A variant
suggest it has a weaker interaction with the ferric iron. This
could result in the observation of a high-spin heme.[9b,31] In this
structure the binding orientation and interactions of 4-meth-
ylthiobenzoic acid within the active site were similar to those of
the WT enzyme. The S atom of the substrate was 3.3 Å from
W126 (Table S8). In common with other structures of the
T252ACYP199A4 variant there were no significant changes in the
conformation of the dioxygen binding groove.[25] However,
there were changes in the position of the D251 and N255
residues (Figure S26).

Changes were observed in the structure of the D251N
variant (Figure 6, Figure S27 and Figure S28). In this structure,
there was a heme-bound distal aqua ligand in addition to the
substrate. The occupancy of both the substrate and the heme-
bound aqua ligand (W1) is 100% (Table S8). The Fe-OH2 (W1)
bond length is shorter than in the T252A variant (2.3 Å vs. 2.5 Å,
Table S9) and the S� Fe� OH2 angle was ~169 °. The S atom of

Figure 6. Crystal structure of 4-methylthiobenzoic acid-bound to the T252A (a) and D251N (b) variants (PDB codes: 8DYB and 7TQM). These were determined
at 1.88-Å and 1.44-Å resolution, respectively. In green is the 4-methylthiobenzoic acid substrate, in yellow are active-site residues and in gray is the heme.
Waters are displayed as red spheres; the occupancy of the heme-bound aqua ligand in both (W1 and W126) is 100%. A 2mFo-DFc feature-enhanced map of
the substrate, heme-bound aqua ligand, and the A252 or the N251 mutant residue is shown as gray mesh contoured at 1.0 σ (1.5-Å carve radius). The F298
side chain in the D251N variant occupies multiple positions and the 2mFo-DFc feature-enhanced map is shown (see Figure S28 and S29 for further details). In
purple is the chloride which caps the active-site entrance (in D251N; it is absent in T252A).
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the substrate was 3.3 Å from W1 (Table S8). These observations
are consistent with the lower HS state heme content upon the
addition of substrate compared to the WT and the T252A
variant (Table 1 and Figure S24). We note here that the heme
conformation can also alter the spectroscopic properties of the
heme.[32] However, across all the substrates we report here the
heme conformation was similar. There are differences in how
far the iron was in the plane of the heme (Figure S30 and
Table S10). This displacement of the Fe was smaller for the 6-
coordinate heme structures compared to the 5-coordinate WT
structure (Table S10). However, there was not an obvious
correlation between the extent of this displacement in the 6-
coordinate species with the distal Fe� O interaction (Table S9).

The mutated residue (N251) is present in two conformations
(Figure 6). In one, the side chain has rotated into the active site
(60% occupancy). In the other conformation, N251 is pointing
away from the active site (40% occupancy; Figure S28, Fig-
ure S29, Figure S31). The electron density of the side chain of
F298 also infers it is present in two conformations, which have
occupancies of 46% and 54% (Figure 6). These two conforma-
tions are related by rotation of the F298 phenyl ring (Figure S27,
Figure S28, Figure S29).

Overall, the structures of the substrate binding pockets
across the WT enzyme and the three variants studied here are
similar when bound to 4-methoxybenzoic acid (Figure S32) and
4-methylthiobenzoic acid (Figure S33). However, perhaps due
to the different properties and large size of the sulfur atom
more changes are observed in the heme coordination and the
orientation of certain amino acid residues in the 4-meth-
ylthiobenzoic acid-bound set of structures relative to the 4-
methoxybenzoate structures (Figure S33). This highlights the
flexible nature of the substrate-binding pocket of these
enzymes.

Enantioselectivity of NADH/O2- and H2O2-driven sulfoxidation
of 4-ethylthiobenzoic acid

If a second oxidant other than Cpd I can mediate certain
reactions such as sulfoxidation and epoxidation (e.g. Fe(III)-H2O2

or Fe(III)-OOH)[6b,7a,8a], we would expect that the D251N, T252A
and T252E mutants could display different enantioselectivity
than the WT enzyme. This is because the active oxidants could
be positioned differently relative to the substrate.[7a] Therefore,
we measured the enantioselectivity of NADH-supported and
H2O2-driven sulfoxidation by these isoforms. The crystal struc-
tures of these mutants above revealed that the positioning of
the substrate within the active site is minimally altered by these
mutations (Figure S33). Therefore, changes in enantioselectivity
could be due to a change in the identity of the active oxidant.

Unfortunately, the enantioselectivity of CYP199A4-catalyzed
sulfoxidation of 4-methylthiobenzoic acid could not be deter-
mined as the enantiomers could not be separated.[22] NADH-
supported sulfoxidation of 4-ethylthiobenzoic acid catalyzed by
WT CYP199A4 proceeds with high enantioselectivity (83% ee,
Table 3, Table S11)[22]. The major enantiomer was the (S)-
sulfoxide for all the mutants in both the H2O2-driven and

NADH-supported reactions (Figure S34).[22] The measured enan-
tioselectivity of NADH-supported sulfoxidation of 4-ethylthio-
benzoic acid by the T252A mutant enzyme was 82%. That of
the D251N and T252E mutants was lower (38% and 68% ee,
respectively, Table 3, Table S11, Figure S34).

Accurate measurement of the enantioselectivity of the H2O2-
driven reactions was difficult due to background oxidation of
the thioether by H2O2 (Figure S32) which yields a racemic
sulfoxide (Figure S35). The measured enantioselectivities were
18% (T252E), 27% (WT), 18% (T252A) and 15% ee (D251N), but
these values would underestimate the true enantioselectivity of
the enzyme-catalyzed reactions due to background oxidation
(Table S11).

Discussion

It has been reported that the T268A P450BM3 (CYP102A1) mutant
(of the acid-alcohol pair) was able to perform the sulfoxidation
of thiafatty acids at the same rate and with the same coupling
efficiency as the WT enzyme.[7a] It was also found that the
sulfoxidation of thiafatty acids by P450BM3 occurred with
opposite enantioselectivity to the hydroxylation of fatty acids,
suggesting that an oxidant other than Cpd I could catalyze
sulfoxidation.[7a] As Cpd 0 should be more abundant in this
mutant and Cpd I formation would be hindered these results
implied that sulfoxidation was mediated by Cpd 0 and not Cpd
I in this mutant (although the results did not distinguish Cpd 0
from the Fe(III)-H2O2 complex that is formed from Cpd 0). Here,
the T252A mutant of CYP199A4 performed sulfoxidation of 4-
ethylthiobenzoic acid with a substantially lower coupling
efficiency compared to the WT enzyme but with a higher NADH
oxidation activity. The activity and the coupling efficiency of the
T252A variant for oxidation of 4-methoxybenzoic acid was
substantially lower than those observed for the WT enzyme.
The enantioselectivity of 4-ethylsulfinylbenzoic acid formed was
not altered when the T252A mutant was used. These results do
not indicate that Cpd 0 is a highly efficient oxidant for
sulfoxidation in this system and would be consistent with DFT
studies, which suggested that Cpd 0 is a weak oxidant.[6a,b]

In NADH-supported reactions, the T252E mutant had
minimal activity towards para-substituted benzoic acid sub-
strates with methylthio and ethylthio functional groups. The
product formation rate ranged from 0 to ~1 min� 1. This
confirms that the T252E variant is unable to operate efficiently
via the normal catalytic cycle. During the H2O2-driven reactions
it is hypothesized that H2O2 binds to the heme iron to give

Table 3. Enantioselectivity of sulfoxidation of 4-ethylthiobenzoic acid by
WT CYP199A4 and the T252E, D251N and T252A mutants.

CYP199A4 isoform
ee of 4-ethylsulfinylBA product (%) T252E WT T252A D251N

NADH/O2-driven reaction
[a] 68% 83% 82% 38%

[a] The enantioselectivity of the NADH/O2-driven reaction. BA: benzoic
acid.
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Fe(III)-H2O2, which can convert into Cpd I via Cpd 0 (Scheme 1).
The ferric-peroxo anion intermediate would be bypassed in
these reactions.[33] Shaik has also proposed that the Fe(III)-H2O2

complex can also convert into Cpd I via an O� O homolysis/H-
abstraction mechanism (Scheme 1).[6c] It was concluded that this
is the mechanism by which Cpd I is generated in the
peroxygenase enzyme P450SPα (and WT P450cam when it is
shunted with H2O2).

[6c,26a] Cpd I is required for hydroxylation and
O-dealkylation, but sulfoxidation may be supported by this
earlier Fe(III)-H2O2 complex that may be more abundant in the
peroxide-driven reactions.[8,10,34]

In NADH-supported reactions, WT CYP199A4 is marginally
more active towards O-demethylation of 4-methoxybenzoic
acid than the sulfoxidation of 4-methylthiobenzoic acid. In
H2O2-driven reactions, the T252E variant performed sulfoxida-
tion considerably more efficiently than O-demethylation. If
sulfoxidation was solely mediated by Cpd I, we would not
expect this reaction to have occurred more efficiently than O-
demethylation.[13] A plausible explanation for this is that the
Fe(III)-H2O2 complex is a second oxidant capable of catalyzing
sulfoxidation as proposed by Shaik.[6b] Our results agree with
earlier work which also found that in H2O2-driven reactions the
T268E mutant of P450BM3 performed sulfoxidation faster than
epoxidation and C� H hydroxylation.[12b]

In the H2O2-driven reactions WT CYP199A4 as well as the
T252A and D251N mutants were both less active than the
T252E mutant. The T252A mutant was also less active than the
WT enzyme towards O-demethylation. This implies that when
the WT enzyme is shunted with H2O2, the conserved acid-
alcohol pair still has a role in generating the active catalytic
species or in stabilizing the heme in the presence of hydrogen
peroxide. In contrast, the T252A mutant was more active
towards sulfoxidation of 4-methylthio- and 4-ethylthio-benzoic
acid than the WT enzyme, which also infers the involvement of
a second oxidant in sulfoxidation. Fe(III)-H2O2 would be
expected to form in greater quantities in this variant compared
to the WT enzyme as Cpd 0 requires protonation before H2O2 is
released in the uncoupling pathway. This could be an
alternative explanation for the results obtained with the T268A
mutant of P450BM3 and thiafatty acids.

The reduced peroxygenase activity of the D251N mutant
suggests that delivery of protons to the active site is still
important. The low peroxygenase activity of the T252A variant
agrees with previous studies that found substitution of the
conserved threonine in WT P450cam and P450BM3 with aliphatic
residues severely reduced their peroxygenase activity.[29,35] In
H2O2-supported reactions, WT P450cam was capable of hydrox-
ylating camphor, whereas the T252A mutant had minimal
activity.[29] Shaik proposed the greater peroxygenase activity of
WT P450cam is due to the fact that in the T252A mutant the
Fe(III)-H2O2 complex is unstable and H2O2 would dissociate,
whereas in the WT enzyme the threonine stabilizes the Fe(III)-
H2O2 species through hydrogen bonding interactions, so that it
can convert into Cpd I.[6c] Ma et al.[35a] similarly found that
substitution of the conserved threonine with valine in the F87A
mutant of P450BM3 abolished this enzyme’s ability to epoxidize
styrene using H2O2. These results and those here emphasize

that the conserved acid-alcohol pair can be important when WT
P450s are shunted using H2O2. When H2O2 binds to the iron, the
Fe(III)-H2O2 species may lose a proton to give Cpd 0. The
threonine would then be required to stabilize Cpd 0. The
aspartate would also be needed to shuttle protons into the
active site to protonate Cpd 0 on the distal oxygen, which leads
to O� O bond scission and formation of the active Cpd I species
(Scheme 1).

In conclusion, in H2O2-driven reactions, T252E displayed
higher activity towards sulfoxidation than O-demethylation and
higher sulfoxidation activity that the WT enzyme. This implies
the existence of a second oxidant capable of catalyzing
sulfoxidation that is more abundant in these H2O2-driven
reactions. Based on comparisons with the activity of the T252A
and the D251N mutants and the theoretical studies of others
we propose that this is the Fe(III)-H2O2 complex.

[6b]

Experimental Section
Production and purification of CYP101B1, ferredoxin (HaPux),
ferredoxin reductase (HaPuR), and WT, T252A, D251N and T252E
CYP199A4: The materials and instruments used have been
described previously.[27b,36] HaPux, HaPuR, WT (wild-type) CYP199A4
and the D251N and T252A mutants were prepared according to the
published procedures.[25,36] The T252E mutant of CYP199A4 was
produced and purified according to the previously described
method[27b]; this mutant was co-expressed with ferrochelatase to
improve heme incorporation[37] and the LB growth medium was
supplemented with 2 mM ferric ammonium citrate during protein
expression. WT CYP101B1, used for control reactions, was prepared
according to the published procedure.[38]

Pyridine hemochromogen assay: P450 extinction coefficients were
determined using the pyridine hemochromogen assay described
previously.[27b],[39] The values for the WT enzyme and the D251N,
T252A and T252E mutants were 125�3, 123�1, 120�4 and 119�
2 mM� 1 cm� 1, respectively. The extinction coefficient determined
from the CO binding assay was 122.6 mM� 1 cm� 1 and the literature
value for WT CYP199A4 is 119 mM� 1 cm� 1.[40]

Substrate binding and spin-state shift analysis: To determine the
substrate binding affinity (Kd) to the CYP199A4 isoforms, UV-Vis
titrations were performed as described previously using a Cary 60
UV-vis spectrophotomerter (Agilent).[25,27b,36] Spin-state shifts in-
duced by binding of substrates to the CYP199A4 isoforms were
measured using a Cary 60 UV-vis spectrophotomerter (Agilent). The
spectra were recorded between 700 and 250 nm using a scan rate
of 600 nm min� 1 (and repeated at 60 nm min� 1 to verify smaller
wavelength shifts in the Soret maximum).[36]

X-ray crystallography: X-ray crystallography was performed as
described previously.[27b,36] X-ray diffraction data for crystals of
T252ECYP199A4 bound to 4-methylthio- and 4-ethylthio-benzoic acid
were obtained at 100 K on the MX1 beamline at the Australian
Synchrotron.[41] The exposure time was 1 s, oscillation angle 1° and
wavelength 0.9537 Å. iMosflm[42] was used to index and integrate
the data, and the data were then scaled and merged using
Aimless[43] (part of the CCP4 suite of programs).[44] X-ray diffraction
data for the crystal of D251NCYP199A4 bound to 4-methylthiobenzoic
acid were collected at 100 K on the MX2 beamline at the Australian
Synchrotron.[45] Automatic data processing was carried out at the
Australian synchrotron using xdsme and Aimless.[45] PhaserMR in the
CCP4 suite of programs was used to solve the phase problem by
the molecular replacement method,[46] using a high-resolution
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CYP199A4 structure (PDB: 5UVB) as the search model. Coordinates
and restraints for the ligand were generated using Phenix eLBOW[47]

and the protein model was manually rebuilt in Coot.[48] Refinement
was performed using phenix.refine.[49] Solvent was added automati-
cally using phenix.refine and positive density in the anion binding
site of CYP199A4 was modeled as a chloride ion.[21d] The Fe� S(Cys)
and Fe-OH2 bond lengths were not restrained during refinement.
The occupancy of the substrate, alternative protein conformations
and water ligand, if present, was refined using phenix.refine.
Composite omit maps[50] and feature-enhanced maps[51] were
generated using Phenix to verify the presence of the ligand in the
enzyme’s active site. The validation tool MolProbity was used to
assess the quality of the model before the structure was deposited
into the Protein Data Bank (www.rcsb.org).[52] Images were
generated using PyMOL.[53] Crystal structure analysis was performed
with UCSF Chimera[54], PyMOL[53] and Coot[48]. The ferryl oxygen of
Compound I (Cpd I) was modeled 1.62 Å above the heme iron
(along the axis defined by the Fe� S bond) in PyMOL using the
“Create Atom Along Bond” script downloaded from https://
pymolwiki.org/index.php/CreateAtom. The ferryl oxygen was mod-
eled 1.62 Å above the heme iron based on computational studies
which calculated that the Fe=O bond length of P450 Cpd I is
1.62 Å.[55] This is similar to the Fe=O bond length of P450 Cpd I
measured using EXAFS (1.670 Å).[56]

In vitro NADH turnovers and quantification of H2O2 uncoupling:
In vitro NADH-supported CYP199A4 oxidation reactions were
performed according to the procedure reported in the
literature.[27b,36] For the reactions with WT, T252A and D251N
CYP199A4, an NADH concentration of ~320 μM was added at the
start of the reactions (corresponding to an initial NADH absorbance
of ~2.00 AU at 340 nm). These reactions were performed in the
presence of catalase (to determine product formation) and the
absence of catalase (to determine uncoupling due to H2O2

formation). The rate of NADH consumption by the T252E mutant in
the presence of substrate was slow (equivalent to the leak rate in
the absence of substrate (~9 min� 1)) and therefore half the quantity
of NADH (~160 μM NADH) was used in these reactions. NADH
consumption rates reported for the T252E and D251N mutant are
the initial rates over the first 10 minutes of the reaction. H2O2

generated via uncoupling during these in vitro NADH-supported
reactions was quantified using the horseradish peroxidase/phenol/
4-aminoantipyrine assay described previously.[36,57]

Oxidation products were quantified by HPLC as described
previously.[27b,36] A calibration curve could not be constructed for 4-
ethylsulfinylbenzoic acid as a pure sample of this compound was
not available. 4-Ethylsulfinylbenzoic acid generated in the P450
reactions was instead quantified using the calibration curve for 4-
methylsulfinylbenzoic acid.

Hydrogen peroxide driven turnovers: H2O2-driven oxidation reac-
tions with WT, T252E, T252A and D251N CYP199A4 were performed
according to the published procedure.[27b] Reaction volumes were
600 μL and contained 1 mM substrate, 3 μM P450 and 50 mM H2O2

in 50 mM Tris-HCl buffer (pH 7.4). Reactions were performed at
30 °C and 132 μL aliquots were quenched after 20 min by addition
of 10 μL of 10 mgmL� 1 bovine liver catalase. Internal standard (2 μL
of 10 mM 9-hydroxyfluorene in EtOH) and 66 μL of acetonitrile
before analysis by HPLC. Thioethers can be oxidized to sulfoxides
with H2O2.

[58] For subsequent 4-hour turnovers with the thioethers,
6 mM H2O2 was used instead of 50 mM to minimize background
oxidation. At time points of 0, 20, 60, 120 and 240 min, aliquots of
the reaction mixture (132 μL) were removed and quenched. For the
4-methoxybenzoic acid reactions, a H2O2 concentration of 50 mM
was used. Control reactions were performed which omitted the
P450, or contained CYP101B1 or heat-denatured T252ECYP199A4,
according to the published procedure.[27b]

Enantioselective HPLC analysis: Chiral products generated by WT
and mutant forms of CYP199A4 were analyzed using enantioselec-
tive HPLC. The 4-ethylthiobenzoic acid turnovers were extracted
with EtOAc (3×400 μL), and evaporated to dryness. Chiral analysis
was performed after conversion of the compounds into the methyl
esters with diazomethane. The column used was a cellulose
carbamate coated silica column (OD� H, 10 μm, 250×4.6 mm,
CHIRALCEL). The enantiomers were eluted with 5% isopropyl
alcohol in hexane at 0.8 mLmin� 1. The eluate was monitored at
270 nm.

Synthesis of 4-ethylsulfinylbenzoic acid: To 4-ethylthiobenzoic
acid (1 mM) in Tris-HCl buffer (50 mM, pH 7.4) was added 200 mM
H2O2 (Scheme 2).

[58] After 2 h the reaction was quenched with
catalase before being prepared for HPLC analysis as described
previously.[27b,36]
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CYP or P450, cytochrome P450; Cpd 0, compound 0, the ferric-
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TFA, trifluoroacetic acid; WT, wild-type.
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