- HHS Public Access
W

Author manuscript

j Biochim Biophys Acta. Author manuscript; available in PMC 2019 January 01.

1duosnuely Joyiny 1duosnuey Joyiny 1duosnuel Joyiny

1duosnuepy Joyiny

Published in final edited form as:
Biochim Biophys Acta. 2018 January ; 1866(1): 80-87. doi:10.1016/j.bbapap.2017.06.002.

Keeping the spotlight on Cytochrome P450

Hadil Shalan!, Mallory Kato!, and Lionel Cheruzell”
1San José State University, Department of Chemistry, One Washington Square, San José, CA

Abstract

This review describes the recent advances utilizing photosensitizers and visible light to harness the
synthetic potential of P450 enzymes. The structures of the photosensitizers investigated to date are
first presented along with their photophysical and redox properties. Functional photosensitizers
range from organic and inorganic complexes to nanomaterials as well as the biological
photosystem | complex. The focus is then on the three distinct approaches that have emerged for
the activation of P450 enzymes. The first approach utilizes the /n situ generation of reactive
oxygen species entering the P450 mechanism via the peroxide shunt pathway. The other two
approaches are sustained by electron injections into catalytically competent heme domains either
facilitated by redox partners or through direct heme domain reduction. Achievements as well as
pitfalls of each approach are briefly summarized.
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1. Introduction

The activation of inert C-H bonds under mild conditions using molecular dioxygen has
rendered the cytochrome P450 enzymes of high interest for biotechnological applications.
[1-3] This class of heme-thiolate enzymes catalyzes the regio- and stereoselective
functionalization of unactivated hydrocarbon bonds, offering major advantages over
traditional methods. The catalytic mechanism involves the generation of a ferryl porphyrin
radical species called compound I,[4] via the reductive activation of molecular dioxygen at
the heme active site. Alternatively, hydrogen peroxide and various organic peroxides can
generate the same highly oxidative species via the so-called peroxide shunt, highlighting the
peroxygenase activity of some members of the P450 superfamily.[5] Cytochrome P450
enzymes share a conserved tertiary structure despite low sequence homology while
displaying great diversity in substrates and redox partners.[5-7]

In terms of biotechnology, cytochrome P450 enzymes show promise toward the synthesis of
high value chemicals and natural products[8-10] as well as in the detection and
identification of drug metabolites for toxicological studies.[11, 12] With respect to the
former, these enzymes often trump their chemical catalyst counterparts on the grounds of
reaction rates, specificity and feasibility.[1] In addition, they are amenable to protein
engineering, allowing the catalysis of non-canonical chemical reactions as well as the
expansion of their substrate repertoire.[13, 14]

One area that has captured the imagination of scientists has been the innovation of
alternative methods to promote P450 catalysis. These approaches are diverse in their scope
and have already been reviewed.[15] We encourage the reader to refer specifically to those
regarding electrochemical reduction,[16] fusion of redox partners and catalytic domains,[17]
the use of peroxide[5] as well as cofactor regeneration systems.[18] Arguably, the most
limiting factors across these approaches are the timely delivery of electrons and the
minimization of uncoupled reactions.[19] Uncoupling resulting from inefficient electron
transfer is problematic not only due to the waste of reducing equivalents, but additionally for
its generation of reactive oxygen species, which are detrimental to the enzyme.

In this review, we would like to turn the spotlight to the emerging approaches that take
advantage of light energy to drive P450 reactions. These approaches utilize a light-
harvesting unit with the appropriate excited state properties and reduction potential to
initiate the P450 catalytic mechanism (See Figure 1). Two separate paths have been pursued:
the first relies on the /n situ reduction of dioxygen and subsequent peroxide shunt pathway;
the second mimics the natural pathway through the stepwise delivery of electrons and
activation of dioxygen at the heme active site. While the first approach is limited to
applications in hydrogen peroxide tolerant P450 members[5] or evolved strains,[20]
widespread use of the second requires the rapid injection of electrons to catalytically
competent heme domains. Two unique strategies have been employed for direct heme
reduction. One approach is dependent on redox partners to mediate electron transfers from
the photosensitizer to the heme domain, whereas the second utilizes a photogenerated
reductive species to directly inject electrons to the heme active site, and is thus independent
of redox partners (Figure 1B and C). Examples of all three strategies paired with unique
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photosensitizers are detailed below, each demonstrating the use of light to activate P450
enzymes.

2. Survey of photosensitizers

The following characteristics are desired of a suitable photosensitizer: 1) water solubility
and dioxygen compatibility; 2) light-harvesting capability, preferentially in the visible region
of the spectrum and not overlapping with the intense heme Soret band, 3) a photogenerated
species with a redox potential suitable to carry on the reduction in the appropriate time scale
and 4) compatibility with the P450 enzymes of choice. Regarding the activation of P450
enzymes, various photosensitizers have been investigated ranging from nanomaterials, such
as quantum dots,[21] to organic molecules (deazaflavins,[22] isoalloxazine-type flavins, [23]
and eosin Y[24]) and inorganic complexes (d® metal polypyridyl complexes[25, 26]), as well
as biological systems through the use of Photosystem | [27, 28]. In addition, their
photophysical properties such as absorption, emission and redox properties can be tailored.
The properties of quantum dots can be tuned through size variations and different shell
capping.[29, 30] Meanwhile, varying the substituents in the organic and inorganic
photosensitizers is known to tune their properties in a predictable manner.[31, 32]

One of the main considerations in utilizing highly reducing species to activate P450 enzymes
is the tight balance between reductive dioxygen activation at the heme active site in a
productive pathway versus dioxygen reduction leading to the generation of reactive oxygen
species. This conundrum has been nicely depicted in a recent review.[19] In addition,
regarding electron transfer (ET) considerations, the semi-classical Marcus theory lays the
theoretical framework and the crucial parameters to consider for the optimization of ET rate.
[33] The parameters include the driving force between the donor and the acceptor, the
electronic coupling between the two redox centers as well as the distance separating them.

Summarized in Table 1 are the structures of the various photosensitizers successfully
functioning in conjunction with P450 enzymes, alongside their photophysical properties and
reduction potentials of the photogenerated species. The photosensitizer absorptions span the
entire visible range of the spectrum from 400 to 710 nm. Their rich photochemistry enables
access to reductive potentials ranging from —0.22 V to about —=1.28 V (vs NHE) in
comparison to the natural NADPH/NADP™* cofactor redox potential of —0.32 V in standard
aqueous solutions.

3. Light driven formation of reactive oxygen species

A peculiar class of P450 enzymes grouped primarily into the CYP152 family display
peroxygenase activity.[5] The typical candidates include the P450gsg, CYPCla and OleT e
proteins. The latter catalyzes the decarboxylation of long chain fatty acid to the
corresponding alkene. The peroxide shunt pathway has traditionally been of interest owing
to low costs[38, 39] in contrast to the redox partners and cofactors. Despite the capacity for
this class of P450 enzymes or engineered P450 BM3 variants to be compatible with
hydrogen peroxide induced activity, the high concentrations necessary for productivity are
often problematic considering its destabilizing effect on proteins. To maintain an adequate
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supply of hydrogen peroxide for efficient reactions and still retain enzyme stability, there has
been recent interest in the /n situ controlled generation of its analogs using light.

3.1 CdS Quantum Dots

The finding that fluorescent semiconductor quantum dots form radical species in aqueous
solution upon visible light excitation motivated the investigation of their use to drive P450
peroxygenase activity.[21, 34, 40, 41] The following method pioneered the development of
nanohybrids comprised of P450gsg enzymes adsorbed to the surface of quantum dots.[21]
The nanohybrids were prepared via electrostatic attraction of the histidine tagged P450
enzymes and the negatively charged mercaptoacetic acid shell of the Cadmium Sulfide
(CdS) quantum dots (See Figure 2). Each quantum dot was saturated with a total of six
molar equivalents of enzyme as predicted based on their size. Upon visible light irradiation,
due to their highly reductive conduction band potential, CdS quantum dots produce
superoxide and hydroxy! radicals from molecular dioxygen in aqueous solutions. These
reactive oxygen species (ROS) were utilized by the surface adsorbed P450 enzymes to carry
out the hydroxylation of myristic acid.

The nanohybrids generated hydroxylated products similar to the native enzyme despite a
turnover rate that was six times slower. The retention of steady turnover numbers and
solubility after continuous irradiation for 20 minutes established the feasibility of the
nanohybrid approach.

Potential sources for the slow reactivity included impediment of conformational flexibility
or denaturation of the enzymes due to binding with the nanoparticles. The reusability of the
enzymes was noted unsuccessful, and this was likely due to aforementioned denaturation.
Further investigations included the expansion of the nanohybrid approach to other
peroxygenase enzymes[40] as well as additional P450 enzymes including the xenobiotic
metabolite generating CYP2D6.[42, 43] Another promising approach to the field is carbon
dots, which are soluble in aqueous solutions and can readily be functionalized at their
surface, but have yet to be associated with P450 enzymes.[44]

3.2 Isoalloxazine flavins

As an alternative route toward the use of the peroxide shunt pathway, photoexcitable
isoalloxazine type flavins such as riboflavin (RBF), flavin mononucleotide (FMN), and
flavin adenine dinucleotide (FAD) have been explored, often in conjunction with the
inexpensive electron donor EDTA, to generate hydrogen peroxide /n situ. [23, 39] The
approach was proven successful by Hollmann and coworkers with chloroperoxidase.[45]
The FMN/EDTA approach surpassed the stoichiometric addition of hydrogen peroxide
leading to total turnover numbers greater than 20,000 in the catalytic oxidation of
thioanisole.

Urlacher et al. then explored the photoreactivity of P450 peroxygenases powered by flavins.
[23, 39] Light-driven reactions were carried out using either P450gsg or P450C1a
peroxygenases with each flavin and myristic acid as the substrate (See Figure 3).[23] Using
riboflavin, P450gsg generated a 91% product conversion in 20 minutes. Using FMN, 81%
conversion was achieved and only 3% conversion occurred in the FAD-containing system.
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The typical reaction conditions included 40 pM flavin per pM of P450 enzymes with 1 mM
EDTA and 200 uM of myristic acid. The use of P450C1a generated product conversions
around half those of P450gsg with each respective flavin. The reaction was shown to
proceed primarily by the peroxide shunt pathway but residual activity in the presence of
catalase suggested that partial reduction of the heme domain by the flavins was possible.

More recently, the same FMN/EDTA approach was also employed to power OleT;g.[46] Up
to 99% yield was obtained in 2 hours for the decarboxylation of stearic acid with a 3.3:1
ratio of 1-alkene to B-hydroxy acid. The reaction yield shows dependence on FMN
concentration with a maximum obtained with 10 yM FMN and 50 mM EDTA for 200 uM
OleT ;g crude cell extracts.

4. Light driven heme reduction mediated by redox partners

4.1 Deazaflavins

In an attempt to induce catalysis in P450 enzymes without the requisite NAD(P)H cofactor,
a light-powered flavin cofactor regeneration system was initially employed. Using EDTA as
sacrificial electron donor, a flavin mediator was sought to reduce the enzyme-bound FMN
cofactor and initiate catalysis, but with negligible product formation. To minimize oxidative
damage and regenerate enzyme efficiency under the aerobic conditions necessary for
monooxygenases, the use of reduced deazaflavins, which reportedly undergo slow reaction
with oxygen, was explored in place of the isoalloxazine flavins.[35] The deazaflavin system
was modeled on the prototype holoenzyme P450 BM3[47] with lauric acid as substrate.

When the flavin mediators were compared, FAD generated no appreciable heme reduction,
and the deazaflavin approach was clearly superior with the caveat that an input of a catalytic
amount of NADP* was necessary for its function. Whereas proven to not be involved in an
alternate pathway, NADP™* induced P450 structural changes required for effective catalysis.
Light reactions were performed on this NADP™ supplemented system and generated 74% of
hydroxylated lauric acid products after 17 hours, with unaffected regioselectivity with
respect to the natural system, demonstrating enzyme catalysis. The final total turnover
frequency reported was 117 h™1 suffering in comparison to the 4500 min~1 reported rate in
the native enzyme. Nevertheless, the deazaflavin approach had thus far established the proof
of concept to reduce the heme domain while balancing the /n situ reduction of molecular
dioxygen.

4.2 Photosystem | with ferredoxin as electron mediator

The conversion of light energy into chemical energy has been adopted to drive the P450
reactions in the most biological sense, using the photosynthetic machinery.[27, 28, 48] With
a redox potential of —=1.2 V and a quantum yield near 1, Photosystem | (PSI) is the strongest
reductant in nature, establishing its suitability for the replacement of NAD(P)H in the
activation of P450 enzymes.[36] To that end, pioneering work by Jensen and coworkers
successfully demonstrated that photoreduction of the CYP79A1 heme domain, a P450
enzyme involved in tyrosine oxidation, can be carried out directly by PSI using the electron
carrier partner, ferredoxin (Fd), common to both systems.[27] Upon photoactivation, the
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electron transport chain readily supplies the necessary electrons to power the P450. The
electron carrier ferredoxin was crucial to mediating electron transfer and a linear dependence
was noted with the highest activity requiring a 1000-fold excess of free ferredoxin. As a
proof of concept, L-tyrosine oxidation by CYP79A1 to its corresponding oxime was
achieved in a key step along the synthesis pathway that produces the cyanogenic glucoside
dhurrin (See Figure 5).

As is the theme with the P450 approaches, the necessity for a powerful reductant is paired
with the challenge for ensuring that the electrons are successfully delivered to the P450
itself. The requisite for extreme saturation of Fd was a limitation that was combated in the
next generation, through the use of a fused Fd/CYP79A1 construct.[28] The most successful
fusion construct included a 15 amino acid long linker joining the ferredoxin to the C
terminal end of the protein. This fused variant outperformed the CYP79A1 with its natural
reductase (CPR) system by 2 fold with a caveat that the CPR was only in a stoichiometric
ratio.[28] Following these results, the same research groups evaluated the possibility of
powering the entire metabolic pathway using PSI. A tour de force was achieved when the
system was successfully introduced in tobacco plants and the generation of dhurrin was
quantified.[48, 49]

While showing high potential, the current successes are thus far limited to the natural
enzyme substrate and with requirement for the electron mediator ferredoxin. The future of
this approach resides in the cost-effective generation of specialized natural metabolites in
plants.[50]

5. Direct Light-driven heme reduction

5.1 EosinY

The idea of diversifying the light activation of P450s using a common system was explored
by Park and coworkers using the fluorescent dye eosin Y (EY) as a photosensitizer.[24] This
strategy capitalizes on the whole cell biocatalysis potential of cytochrome P450 for
biotechnological applications. In this /7 vivo approach, P450 holoenzymes or heme domains
are expressed in the cytoplasm of E. coli cells. Confocal microscope experiments confirmed
the colocalization of the organic dye with the cytochromes. The EY photosensitizer is
proposed to use triethanolamine (TEOA) to directly transfer electrons to the heme active
site. Spectral binding studies show that the EY molecule binds directly at the enzyme active
site, as typical type | and 11 binding modes were observed with the mutants studied. This
could potentially be problematic during catalysis with the photosensitizer competing with
substrate binding. Preliminary electron transfer studies showed that 34% of the heme
domain can be reduced by the eosin Y/TEOA system in 5 min of continuous irradiation as
compared to sodium dithionite reduction.

The approach is marked by its simplicity, where the photosensitizer in solution is readily
uptake into cells producing the desired P450 enzymes (See Figure 6). The O-dealkylation of
7-ethoxycoumarin by the BM3m2 mutant (Y51F/F87A) was utilized as a proof of concept
for this approach. The EY platform system was then shown to be compatible with multiple
P450 BM3 variants known to produce human drug metabolites[12] as well as several human
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P450 enzymes. Among those enzymes was the human CYP3A4, which functionalizes
greater than 50 percent of human drugs. Examples of high impact substrates compatible with
the EY photosensitizer include the marketed drugs simvastatin, omeprazole, and lovastatin,
and the steroid 17p-estradiol. Turnover numbers for all enzymes in the study are rather low
ranging between 8 to 180 (uM) product / (UM) P450 for a 10 to 24h reaction time. Greater
activity was obtained with the P450 BM3 mutants than with the human P450 enzymes. In
light of the current review, it has, however, not been ruled out that peroxygenase activity
contributes to the overall turnover numbers, since EY and TEOA are known to efficiently
reduce dioxygen.[51]

The EY platform pioneered the light-driven P450 reaction on the oxyfunctionalization of
commercial drugs and steroids in a particularly exciting new development in this field. The
straightforwardness and apparent wide applicability would place this whole cell
photosensitizer approach at the forefront of the field, but the slow enzyme productivity
suggests that improvements are necessary for its wider use and scalability.

5.2 Covalently attached Ru(ll)-diimine complexes

In order to overcome the limitations associated with bimolecular processes in the electron
transfer machinery, our group has undertaken the covalent attachment of the photosensitizer
to P450 heme domains.[25, 26, 52] The photosensitizer of choice used in those studies is the
Ru(ll)-diimine complex taking advantage of the wealth of knowledge on their photophysical
properties as well as their wide application in single electron transfer studies in
metalloenzymes and light-driven enzymatic activation of small molecules.[53] The covalent
attachment was achieved utilizing the unique nucleophilicity of the cysteine amino acid side
chain and the introduction of a sulfhydryl reactive moiety on the Ru(ll)-diimine complexes.
[25, 26] Under the photocatalytic cycle shown in Figure 7a highly reductive species with the
necessary driving force can be photogenerated and was shown to reduce the heme domain
with rate three orders of magnitude faster than those observed with the reductase.[54]

Our initial attempts to maximize the electron transfer focused on optimizing the distance
between the photosensitizer and the heme domain by varying the site of the single cysteine
mutation.[26] An ideal location (L407C) was identified which led to high photocatalytic
activity (900 total turnover numbers) and initial reaction rate (120 min~1) in the selective
hydroxylation of lauric acid.[55] The covalent attachment has thus enabled high initial
reaction rates compared to the bimolecular process with the photosensitizer freely diffusing
in solution.[56] Determination of coupling efficiency in the hybrid enzyme has been
hampered by the high concentration of reductive quencher, DTC, present.

The recently solved crystal structure of the efficient hybrid enzyme reveals that the
photosensitizer is located in a unique position on the proximal side of the heme where the
redox partner is thought to bind.[54] The position of the photosensitizer is ideal to take
advantage of the natural electron transfer pathway involving highly conserved amino acid
residues F393 and Q403. Mutagenesis of the Q403 residue (Q403W) resulted in enhanced
electron transfer and a 60% increase in photocatalytic activity using nitrophenoxy
chromogenic substrates.[57]
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The hybrid enzyme approach requires the post-modification and site-directed mutagenesis of
the heme domain for assembly. However, having the photosensitizer covalently attached
offers unique opportunities for rapid electron injection into the heme domain and high initial
reaction rate as well as the thorough characterization of the hybrid enzyme (e.g. X-ray
structure and single electron transfer kinetic studies).[57] Current work in our laboratory
focuses on protein engineering of the next generation of hybrid enzymes and on expanding
the Ru(ll)-diimine approach to other P450 heme domains, taking advantage of their
conserved tertiary structure.

6. Conclusion

In summary, each light-driven approach with its respective photosensitizer shows unique
promise to power P450 enzymes using visible light energy. These systems utilize either the
direct reduction of molecular dioxygen to initiate the P450 catalytic cycle through the
peroxide shunt or the injection of the necessary electrons in order to activate molecular
dioxygen at the heme active site. While these proofs of concept have been established with
various photosensitizers and P450 systems, several challenges still remain in the light-driven
powering of P450 enzymes, especially in terms of protein stability, activity and coupling
efficiency in the direct heme reduction. The field of light-driven P450 enzymes is still in its
infancy and greater efforts are needed in order to improve the photocatalytic activity and
rival their natural counterpart.
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Highlights
. Light-driven approaches to harness the synthetic potential of P450 enzymes.
. Photosensitizers generating reactive oxygen species coupled with P450
peroxygenase activity.
. Light-harvesting units to inject electrons and initiate the P450 catalytic

mechanism.
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Fig. 1.
Strategies employed to carry out P450 reactions, (A) via the formation of reactive oxygen

species (peroxide or superoxide) using the peroxygenase activity of specific P450 enzymes
or via heme reduction with redox partners (B) or directly (C).
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OH

Fig. 2.
Schematic representation of the nanohybrid approach composed of histidine tagged P450gsg

enzymes adsorbed to the negatively charged mercaptoacetic acid shell of the Cadmium
Sulfide (CdS) quantum dots. Excitation of the quantum dots leads to the generation of
reactive oxygen species utilized by the P450 enzymes via the peroxide shunt pathway to
perform the selective hydroxylation of myristic acid.
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Fig. 3.
Schematic representation of isoalloxazine flavin approach (RBF: Riboflavin; FMN: flavin

mononucleotide and their reduced forms (RBFH, and FMNH,, respectively) for the /n situ
generation of H0; to power P450 enzymes (P450gsg (CYP152A1) or P450C1a
(CYP152A2)) with peroxygenase activity.
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Fig. 4.

Schematic representation of the oxygen tolerant deazaflavin/EDTA approach using the
CYP102A1 (P450 BM3) holoenzyme for the selective hydroxylation of lauric acid.

Biochim Biophys Acta. Author manuscript; available in PMC 2019 January 01.



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

Shalan et al. Page 17

e O
M L-Tyrosin 0
,,, . L
\ o Dhurrin CN
(P~ e e O
UGTesB1 HO OH
stroma HO HO

OO0 0000000000000000000000000000000

000006 ......00.0..Q....O0.0Q...
thylakoid
lumen

CYP79A1

Photosystem|

Plastocyanin

Fig. 5.
Schematic representation of Photosystem | approach for the light-driven CYP79A1

oxidation of L-tyrosine en route to the synthesis of cyanogenic glucoside dhurrin.
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Fig. 6.

Schematic representation of the whole cell biocatalysis approach using the eosin Y platform.
The organic photosensitizer readily penetrates the cell wall of cytochrome P450 producing
E. colito promote the oxyfunctionalization of several marketed drugs.
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Fig. 7.
Schematic representation of the hybrid P450 enzyme containing a Ru(l1)-polypyridyl

complex covalently attach to P450 BM3 heme domain mutants (PDB entry: 5JTD).[54] The
photogenerated reductive species is able to deliver the necessary electrons to the heme
domain to catalyze the hydroxylation of various substrates.
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