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Ru(II)-diimine complexes and cytochrome P450 working hand-in-hand 
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A B S T R A C T   

With a growing interest in utilizing visible light to drive biocatalytic processes, several light-harvesting units and 
approaches have been employed to harness the synthetic potential of heme monooxygenases and carry out 
selective oxyfunctionalization of a wide range of substrates. While the fields of cytochrome P450 and Ru(II) 
photochemistry have separately been prolific, it is not until the turn of the 21st century that they converged. 
Non-covalent and subsequently covalently attached Ru(II) complexes were used to promote rapid intramolecular 
electron transfer in bacterial P450 enzymes. Photocatalytic activity with Ru(II)-modified P450 enzymes was 
achieved under reductive conditions with a judicious choice of a sacrificial electron donor. The initial concept of 
Ru(II)-modified P450 enzymes was further improved using protein engineering, photosensitizer functionaliza-
tion and was successfully applied to other P450 enzymes. In this review, we wish to present the recent con-
tributions from our group and others in utilizing Ru(II) complexes coupled with P450 enzymes in the broad 
context of photobiocatalysis, protein assemblies and chemoenzymatic reactions. The merging of chemical cat-
alysts with the synthetic potential of P450 enzymes has led to the development of several chemoenzymatic 
approaches. Moreover, strained Ru(II) compounds have been shown to selectively inhibit P450 enzymes by 
releasing aromatic heterocycle containing molecules upon visible light excitation taking advantage of the rapid 
ligand loss feature in those complexes.   

1. Introduction 

The heme-thiolate cytochrome P450 enzymes have attracted great 
attention due to their unique ability to activate molecular dioxygen to 
carry out selective oxyfunctionalization of a wide range of substrates 
[1]. They have emerged as valuable biocatalysts [2,3] for the synthesis 
of pharmaceuticals [4], the late stage diversification of natural products 
[5] and lead compounds in important biomedical [6], biotechnological 
[7] and industrial [8] applications. Moreover, several P450 enzymes 
are amenable to protein engineering using rational design or directed 
evolution approaches [9–11] as to confer unique properties and broad 
substrate scope and recently to expand their chemical reaction space 
towards abiological reactions [12]. 

The delivery of the necessary reducing equivalents has been a focal 
point as it often involves diverse redox partners [13] complementing 
the rich superfamily of P450 enzymes. These partners play a crucial role 
in the catalytic mechanism and the delivery of electrons, one at a time, 
towards a productive pathway. Misuse of the electrons leads to un-
coupled pathways and release of reactive oxygen species detrimental to 
the overall process [14,15]. The archetypical system is the P450 BM3 
holoenzyme from Bacillus megaterium [16] where the redox partner is 

fused to the heme domain in a single polypeptide resulting in a highly 
coupled system and the highest catalytic rate observed in the selective 
oxidation of long chain fatty acids. In order to address some of the 
limitations associated with electron delivery, redox-partners or cofactor 
dependence in many P450 enzymes, a myriad of alternative approaches 
have encompassed chemical [17,18] and electrochemical [19] reduc-
tions, cofactor regeneration [20,21], design of fusion proteins [22], use 
of peroxides via the peroxide shunt [23] as well as recently the use of 
light-harvesting units to activate various P450 enzymes [24]. 

Harnessing visible light to activate biocatalytic processes is cur-
rently gathering a lot of interest [25,26] and several light harvesting 
units have been employed to activate heme monooxygenases for the 
selective oxyfunctionalization of substrate CeH bonds. The focus herein 
is on the use of the inorganic Ru(II)-diimine complexes in conjunction 
with P450 enzymes. These metal complexes have been extensively in-
vestigated due to the unique nature of the excited state and the ability 
to initiate various single electron transfer events [27–29]. This review 
starts with a brief introduction on cytochrome P450 enzymes, the di-
verse photosensitizers used to activate monooxygenases or perox-
ygenases for selective CeH oxyfunctionalization, and the photo-
chemistry of Ru(II) complexes. A description will follow on strategies to 
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rapidly inject electrons into P450 active site using bound or covalently 
attached complexes leading to efficient photocatalysis in the Ru(II)- 
modified P450 BM3 heme domain mutants under reductive conditions. 
The next section is dedicated to the existing P450 crystal structures 
complexed with their natural or artificial redox partners. 

The concept of Ru(II) complexes coupled with P450 enzymes has 
been expanded in several directions which will be discussed in the 
context of current work on photobiocatalysis, protein assemblies, che-
moenzymatic reactions and P450 inhibitions. Specifically, we would 
like to focus on five areas: 1) protein engineering and tuning of the Ru 
(II) photophysical properties for the development of the next generation 
of hybrid P450 enzymes; 2) introduction of various groups on the an-
cillary ligands to promote covalent dimerization and heterogeneous 
P450 biocatalysts; 3) determination of the coupling efficiency in the 
hybrid enzymes and a complimentary approach in the light-activation 
of P450 enzymes with peroxygenase activity; 4) merging of chemical 
catalysis with the unique synthetic potential and evolvability of P450 
biocatalysts and 5) strained Ru(II) complexes that selectively inhibit 
P450 enzymes utilizing a rapid ligand photorelease feature. 

2. Background 

2.1. Cytochrome P450 enzymes 

The heme thiolate enzymes have attracted the interest of the sci-
entific community since their discovery in the early 1960s and the 
characterization of the red pigment in liver microsomes [30,31]. The 
following decades have seen a surge of attention from mechanistic, 
pharmaceutical, biophysical, protein engineering and biocatalytic ap-
plications. The reader is directed to some of the most recent reviews on 
those topics with a special emphasis on the unique P450 synthetic po-
tential [2–7]. 

The reducing equivalents necessary for the dioxygen activation are 
provided by several redox partners organized in various classes using 
mostly NAD(P)H as cofactor [13]. The redox active centers in the 
electron transfer machinery comprise flavin mononucleotide (FMN) or 
flavin adenine dinucleotide (FAD) flavins in P450 reductases and/or 
iron‑sulfur clusters in various ferredoxins. The redox partners can either 
be soluble or membrane bound. The consensus mechanism includes 
well-characterized intermediates illustrated in Fig. 1 leading to the 
formation of the highly oxidative Compound I, a ferryl species with a 
porphyrin radical [32]. Disruption of the electron delivery leads to the 
formation of reactive oxygen species, such as superoxide or hydrogen 
peroxide, detrimental to the enzymes [14,15]. A small class of P450 
enzymes is known to utilize hydrogen peroxide via the peroxide shunt 
pathway to sustain catalysis (Fig. 1) [23,33]. 

Due to their unique regio- and stereoselectivity, P450 enzymes have 
been of particular interest for biocatalytic applications. Protein en-
gineering of highly mutation tolerant P450 enzymes has provided op-
portunities to expand their reaction space and substrate scope from 
small alkanes to large hydrophobic molecules as well as to diversify 
natural products and produce valuable drug metabolites. Beyond site- 
directed mutations and rational design, directed evolution has con-
ferred unique properties to these enzymes [9–11] and recently enabled 
some abiological reactions [12,34]. Very innovative approaches have 
also emerged to complement protein engineering. Decoy molecules 
developed by Watanabe and Shoji are used to functionalize small sub-
strates by tricking the P450 BM3 holoenzyme in a conformation primed 
for catalysis [35]. Engineering of substrate anchoring or directing group 
has been successfully employed to alter the regioselectivity of enzy-
matic hydroxylation [36–38]. Alternatively, Gillam and coworkers 
pioneered ancestor reconstruction methodology in a vertebrate CYP3 
family to obtain mutants with enhanced thermal stability and broad 
substrate promiscuity [39]. The recent pursuit of light-harvesting units 
has enabled the photoactivation of several members of the P450 su-
perfamily. 

2.2. Light-harvesting units employed to power various heme 
monooxygenases 

Over the last two decades, efforts to convert light energy into bio-
chemical transformations have led to the use of various light-harvesting 
units, covering the visible range, to activate P450 enzymes or unspecific 
peroxygenases (UPOs) for the selective oxyfunctionalization of sub-
strate CeH bonds. The structure and absorption maxima of the various 
complexes ranging from organic to inorganic complexes as well as 
biological, nanostructures and semi-conductors are summarized in  
Fig. 2. 

To photoactivate P450 enzymes, three approaches have emerged 
[24]. First, the photosensitizer can interact with molecular dioxygen to 
generate reactive oxygen species that can be utilized for peroxygenase 
activity. The excitation of CdS quantum dots (Q.D.) has enabled the 
activation of the P450BSβ peroxygenase immobilized on the nanos-
tructures [40]. Urlacher and coworkers utilized various flavin mono-
nucleotide (FMN) derivatives to activate P450 members of the 
CYP152A family [41]. Hollmann recently leveraged several acridine 
derivatives covering the visible range to activate an evolved unspecific 
peroxygenase from Agrocybe aegerita [42]. The same group also re-
ported high total turnover numbers (> 60,000) in the light-driven 
oxyfunctionalization of ethylbenzene using a graphitic carbon nitride 
(g-C3N4) as photosensitizer and by physically separating the UPO en-
zyme [43]. Second, the reducing equivalents can be provided to the 
redox partners and, utilizing intrinsic electron transfer pathways, acti-
vate P450 heme domains. Deazaflavin, known to slowly react with 
molecular dioxygen in the reduced state, supported photocatalysis with 
the P450 BM3 holoenzyme but not with the heme domain [44]. Bio-
logical components, such as Photosystem I or II, have emerged as 
promising avenues [45]. Photosystem I in conjunction with a mem-
brane-bound CYP79A1 fused with ferredoxin was shown to produce the 
desirable cyanogenic glucoside, dhurrin, upon visible light excitation 
[46]. The Bibby group repurposed the wasted electrons from water 
oxidation in an engineered cyanobateria to activate an heterologous 
CYP1A1 enzyme [47,48]. The third approach has consisted in supplying 
the electrons directly to the heme domain circumventing the need of 
redox partners or cofactors. By confining the CYP3A4 enzyme in a 
microporous ordered silica and with a 2,9,16,23-tetra-
aminophthalocyanine cobalt (CoTAPc) stacked onto reduced graphene 
oxide nanosheets, modest photocatalytic activity was achieved in the O- 
demethylation of 7-ethoxytrifluoromethyl coumarin [49]. In a whole 
cell approach, Eosin Y has been employed with P450 heme domain 
mutants to access several drug metabolites [50]. Our group has focused 
on the use of Ru(II)-diimine complexes which exhibit a strong, broad 
absorbance in the visible range to sustain P450 photocatalysis [51]. 

2.3. Ru(II)-diimine complexes 

The d6 [Ru(LL)3]2+ complexes with LL = polypyridyl ligands have 
been the most deeply investigated class of metal complexes due to their 
unique combination of chemical stability, excited-state reactivity, lu-
minescence emission and excited-state lifetime (Fig. 3A) [27–29]. The 
long-lived excited state, *[Ru(LL)3]2+ can also encounter other solute 
molecules, quenchers, and participate in bimolecular processes such as 
energy transfer (1) and both reductive (2) and oxidative (3) electron 
transfers as shown in Fig. 3B. Thus, photoactivation of this complex has 
most commonly been used to drive redox processes. 

These complexes have been extensively used in triggering fast 
electron transfers in metalloenzymes [52] and more recently in in-
itiating radical processes in photoredox catalysis [53–55] and biocata-
lysis [56] to enable unique organic transformations. These complexes 
have also found important biological applications [57,58] in photo-
dynamic therapy [59] with the local generation of singlet oxygen or by 
taking advantage of the rapid ligand dissociation via populating a 
thermally accessible metal-centered ([3]MC) excited state (Fig. 3A) 
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[60,61]. 

3. Hybrid P450 enzymes featuring covalently attached Ru(II) 
complexes 

The field of P450 enzymes and Ru(II) converged around the turn of 
the century with the initial development of Ru(II) molecular wires de-
signed to bind to the substrate access channel of cytochrome P450 and 
several heme-thiolate enzymes [62]. Notably, rapid nanosecond re-
duction of the ferric resting state was achieved in the P450cam heme 
domain [63]. However, other elusive intermediates couldn't be detected 
and photobiocatalysis couldn't be achieved until the Ru(II) complex was 

covalently attached to the heme domain of P450 BM3 mutants [64,65]. 
The covalent attachment was accomplished with sulfhydryl specific Ru 
(II) complexes bearing iodoacetamido or epoxy moieties on the ancil-
lary ligands [66]. 

The Ru(II)-diimine functionalized P450 BM3 enzymes have been 
designed to use the photophysical properties of the Ru(II) excited state 
and stemmed from the vast study on intramolecular electron transfers 
in metalloenzymes [52]. The proof-of-concept establishing electronic 
communication between the photosensitizer and the light-harvesting 
unit came with the K97C-Ru1 hybrid enzyme where the Ru1 photo-
sensitizer, bis(2,2’-bipyridine)(5-acetamidophenanthroline)Ru(II), Ru 
(bpy)2PhenA (Ru1), was covalently attached to a non-native single 

Fig. 1. Abbreviated P450 mechanism with well-characterized intermediates (2–4) in the oxyfunctionalization of unactivated CeH bonds, uncoupling reactions 
producing reactive oxygen species (green dashed lines) and peroxide shunt pathway (red arrow). 

Fig. 2. The various light-harvesting units used to 
power heme enzymes for selective CeH oxyfunctio-
nalization ranging from biological, photosystem I 
(PSI) to organic (flavin, deazaflavin, phenosafranine 
and methylene blue) to inorganic complexes (Ru 
(bpy)3

2+ (bpy = 2,2'-bipyridine) and 2,9,16,23-tet-
raaminophthalocyanine cobalt, CoTAPc) and nanos-
tructures (quantum dots, Q.D.). 
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cysteine residue (K97C) of a P450 BM3 heme domain mutant. Under 
flash quench oxidative conditions (Fig. 3B), rapid generation of a highly 
oxidative Ru(III) species led to the oxidation of the porphyrin ring 
followed by intramolecular reorganization to the elusive Compound II 
species, a Fe(IV)-OH species [64]. The presence of the tryptophan at 
position 96 is proposed to mediate and enhance the oxidative electron 
transfer steps through a hopping mechanism [67,68]. 

Building on these initial results, our group utilized the hybrid P450 
enzymes in a reductive quenching approach to inject the necessary 
electrons, one electron at a time, into the heme active site and sustain 
photocatalysis (see Fig. 4) [51,69]. To this end, we screened a range of 
known natural reductive quenchers that would be suitable for 

photocatalytic activity in aerated aqueous buffer. 
The simple anion, diethydithiocarbamate (DTC) met all the neces-

sary requirements and allowed the production of hydroxylated products 
with the hybrid enzymes under flash quench reductive conditions. 
Modest photocatalytic activity was initially observed with the K97C- 
Ru1 and Q397C-Ru1 hybrid P450 BM3 enzymes [65]. We consequently 
explored various non-native single cysteine positions on the proximal 
side of the heme domain in the C and L helices region where the re-
ductase is binding [69]. The position 407 in a bowl-like cavity enabled 
close access to the heme active site and rapid electron injections. The  
sL407C-Ru1 mutant displayed exquisite photocatalytic activity sur-
passing any of the known artificial systems at the time with close to 

Fig. 3. A) Jablonski diagram and B) excited state properties of a typical Ru(II)-diimine complex.  

Fig. 4. Representation of the hybrid P450 BM3 enzyme (PDB ID: 5JTD [70]) featuring a Ru(II) complex covalently attached to activate P450 enzyme activity upon 
visible light excitation using the sacrificial electron donor, diethyldithiocarbamate (DTC). 
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1000 total turnover numbers in the hydroxylation of the natural sub-
strate lauric acid [51]. Using transient absorption measurement, the 
kinetics for the electron transfer could be mapped out revealing elec-
tron transfer rate constant orders of magnitude faster than with natural 
redox partner enzymes [70]. 

4. Crystal Structures of P450 heme domains with their redox 
partners 

Crystal structures of P450 heme domains interacting with their 
natural or artificial electron transfer partners have been highly pursued 
in order to gain insights into the proteins interface, their conformations 
and the key role of amino acids involved in the electron transfer 
pathway. The first such crystal structure was solved in 1999 by Poulos 
disclosing a proteolysed FMN domain complexed with the P450 BM3 
heme domain [71]. Fourteen years later, a 1,6-bismaleimidohexane 
linker was successfully used, by the same group, to crosslink the redox 
partner with a P450cam heme domain revealing the crystal structure of 
a functional complex and details of the effector role of the putidar-
edoxin [72]. Later on, NMR [73] and double electron-electron re-
sonance (DEER) studies [74,75] corroborated similar structures in so-
lution. Meanwhile, two crystal structures of the Ru(II)-modified 
enzymes were solved showing the unique location of the photo-
sensitizer on the proximal heme side (see Figs. 4 and 5). The distances 
between the two metal centers of 18 and 24 Å for the L407C-Ru1 and 
K97C-Ru1, respectively are well within single electron transfer 

distances [64,70]. In the L407C-Ru1 structure, the electron transfer 
pathway was proposed to involve two highly conserved residues (Q403 
and F393) and could be further enhanced by stacking aromatic residues 
as shown in the Q403W mutant [70]. Noteworthy, in most crystal 
structures in Fig. 5, a redox active tryptophan residue (i.e. W574 in-
teracting with the flavin ring, W106 at the putidaredoxin/P450cam 
interface, W96 and Q403W in the hybrid enzyme structures) is present 
in close proximity to each redox center and likely promotes electron 
transfer. In 2018, the crystal structure of a Co(III) sepulchrate in elec-
trostatic interaction with the P450 BM3 M7 heme domain variant was 
reported. The mediator compound was located at the entrance of the 
substrate channel [76] and the observed distance of 35 Å was prohi-
bitively long for electron transfer. The location in the crystal structure 
was in contrast with previous molecular dynamic simulations, which 
predicted alternative binding sites [77] in support of the high activity 
observed with this system [17,18]. While the crystal structure provided 
insights into the role of mutated residues, further studies are needed to 
identify the molecular mediator-protein interactions. 

5. Expanding on the Ru(II) complexes and P450 applications 

In this section, we would like to highlight and put into context some 
of the recent advances from our group (see Fig. 6) and others in com-
bining Ru(II)-diimine complexes and P450 biocatalysis. A special em-
phasis will be on 1) the development of the next generation of hybrid 
enzymes and the application of the photosensitizer covalent attachment 
to other P450 heme domains taking advantage of the highly conserved 
P450 tertiary fold; 2) the determination of coupling efficiency in the 
hybrid enzymes by indirect quantification of reactive oxygen species 
and the development of a complimentary light-driven bimolecular ap-
proach to activate P450 peroxygenases; 3) the functionalization of the 
Ruthenium complexes to enable the formation of dimers and protein 
aggregates; and 4) the development of a selective light-driven che-
moenzymatic approach. We will also introduce recent work by the 
groups of Turro and Glazer on strained Ru(II) complexes able to se-
lectively photorelease P450 inhibitors. 

5.1. Next generation of hybrid enzymes and application to other P450 heme 
domains 

The development of colorimetric and fluorimetric assays has fa-
cilitated the rapid and high-throughput screening of enzymatic activity. 
In the case of P450 BM3, chromogenic substrates containing a ni-
trophenoxy moiety were initially developed to mimic the natural long 
chain fatty acids [78] and thus enabled the rapid generation of mutants 
with exquisite catalytic activity. The assay was also compatible with the 
light-driven reaction conditions and thus enabled to rapidly probe the 
substrate scope and reactivity of the hybrid enzymes [79]. A wide range 
of compounds bearing the nitrophenoxy moiety could be synthesized 
and was tested with a panel of hybrid enzymes. With an interest in 
benzylic hydroxylation, we initially focused on the 1-benzyloxy-4-ni-
trobenzene derivative and implemented a directed evolution program 
to evolve the hybrid enzymes. The P450 BM3 D52-Ru1 mutant har-
boring 4 mutations was identified with three to ten-fold activity en-
hancement compared to the sL407C-Ru1 parent [80]. 

Because of the large superfamily of P450 enzymes and the vast 
redox partners library, considerable efforts have been dedicated to 
develop versatile redox partners [81,82]. The highly conserved tertiary 
fold in the cytochrome P450 enzymes prompted us to implement the 
light-driven approach to other P450 enzymes keeping the point of 
covalent attachment at the same location corresponding to the L407C 
mutation. As early attempts with the P450cam were promising [83], we 
recently turned our attention to the thermophile CYP119 from Sulfo-
lobus acidocaldarius. This CYP119 was an attractive candidate as it is 
considered an orphan cytochrome with no dedicated redox partner. The 
hybrid CYP119-Ru1 enzyme displayed high photocatalytic activity in 

Fig. 5. X-ray crystal structures of P450 heme domain (blue) with the natural 
and artificial redox partners: FMN domain (magenta, PDB ID: 1BVY) [71], Fe2S2 

cluster of putidaredoxin (yellow, PDB ID: 5GXG) [72] and ferredoxin (orange) 
[75], Ru(II) photosensitizers (blue, PDB ID: 3NPL [64] and 5JTD [70]) and Co 
(III) sepulchrate (green, PDB ID: 5E78) [76]. 
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the hydroxylation of the chromogenic substrate, 11-nitrophenox-
yundecanoic acid at elevated temperature (~50 °C). The determined 
kcat was the highest among reported CYP119 systems using natural 
redox partners [84]. Those findings establish the versatility of the 
covalently attached Ru(II)-diimine approach to activate various P450 
enzymes and the potential of directed evolution to improve the effi-
ciency of the hybrid enzymes and various artificial metalloenzymes 
[85,86]. 

5.2. Coupling efficiency and light-driven peroxygenase 

One of the premier concerns in P450 biocatalysis is the economical 
use of the reducing equivalents towards productive pathway, i.e. oxy-
genated product, as opposed to the leakage of detrimental reactive 
oxygen species (ROS) either as superoxide or hydrogen peroxide (see  
Fig. 1) [14,15]. In addition, excess holes generated at the heme active 
site are thought to be funneled away to the surface by chains of stacked 
aromatic residues [87]. Typically, those unproductive pathways are re-
flected in the coupling efficiency, which varies from few percents in 
human P450 enzymes [88–90] to 100% for the P450 BM3 holoenzyme. 
The formation of ROS species is usually surmounted with the use of ra-
dical scavengers or enzymes, such as superoxide dismutase or horse-
radish peroxidase. An elegant approach by Reetz has recently combined a 
P450 enzyme with a peroxygenase as to use the side product from one 
enzyme to initiate the second biocatalytic transformation [91]. 

The coupling efficiency is primarily determined from the rate of 
NAD(P)H, dioxygen or electrons consumption versus the rate of product 

formation. Moreover, simultaneous quantification of hydrogen per-
oxide produced has led to a more accurate determination of coupling 
efficiency [92]. 

For the light-driven hybrid enzymes, we recently took advantage of 
the dual properties of the sacrificial electron donor, DTC [84]. In ad-
dition of being a suitable quencher of the Ru(II) excited state, this so-
luble anion displays unique ROS scavenging properties leading to the 
formation of a dimeric oxidized species, DTC2, known as tetra-
ethylthiuram disulfide. The dimer formation can be quantified con-
comitantly with hydroxylated product using HPLC. We proposed that 
the DTC2 dimer formation can be used to quantify the formation of ROS 
generated over the course of the photoreaction and hence contribute to 
the determination of the coupling efficiency in the various light-driven 
hybrid enzymes [84]. As expected, an increase in the coupling effi-
ciency correlates with a gain in total turnover numbers. For example, 
the directly evolved mutant, D52-Ru1, displayed low turnover numbers 
and coupling efficiency (9%) in the photocatalytic hydroxylation of a 
long chain acid substrate mimic. However a 2.8-fold increase in turn-
over numbers was observed in the non-native substrate hydroxylation 
consistent with a higher coupling efficiency (32%) [84]. 

While working with dioxygen under reductive conditions has its 
own challenges [93], peroxygenases, that utilize directly hydrogen 
peroxide, have gathered increasing attention as valuable biocatalysts 
[94,95]. In particular, the recent identification of a class of fungal un-
specific peroxygenases (UPO) with a broad substrate scope is particu-
larly attractive albeit protein expression still being a major bottleneck 
[96,97]. 

Fig. 6. Recent advances encompassing Ru(II) photochemistry and P450 biocatalysis.  

C. Eidenschenk and L. Cheruzel   Journal of Inorganic Biochemistry 213 (2020) 111254

6



A small class of P450 enzymes and several P450 BM3 mutants have 
displayed unique peroxygenase activity [23,33]. Notably, a promising 
candidate for biofuel application is the OleT enzyme that decarbox-
ylates long chain fatty acids to the corresponding C-1 alkene. Recent 
work by Makris established that this enzyme is going through a Com-
pound I intermediate but the rebound mechanism is disfavored for the 
decarboxylation pathway [98,99]. In addition, clear evidence from the 
same group established that this enzyme is best suited to utilize hy-
drogen peroxide as it is sluggish to activate molecular dioxygen due to 
rapid autooxidation [100]. 

Utilizing directed evolution, Cirino and Arnold engineered a lineage 
of P450 BM3 heme domain enzymes with peroxygenase activity and 
enhanced thermostability [101,102]. Initially, a 21B3 mutant was 
evolved to display high peroxygenase activity with 10 mM H2O2 in the 
hydroxylation of long chain fatty acids [101]. 

As mentioned previously, several light-driven approaches have al-
ready been employed to activate peroxygenases. Urlacher and cow-
orkers utilized FMN derivatives to activate two members of CYP152A 
family [41] while Hollmann pioneered several light-driven strategies to 
activate unspecific peroxygenase [42,43,103]. 

As part of expanding the hybrid enzyme library, we initially gen-
erated the hybrid 21B3eRu1 enzyme where the photosensitizer Ru1 was 
attached to the L407C mutant of the 21B3 variant. No detectable ac-
tivity was noted in this hybrid enzyme compared to the efficient L407C- 
Ru1 mutant (see Fig. 7). 

However, a light-initiated bimolecular approach using Ru(bpy)3
2+ in 

solution and the sacrificial triethanolamine (TEAO) quencher producing 
in-situ hydrogen peroxide unveils high total turnover numbers with the 
21B3 variant rivaling those obtained with addition of 10 mM hydrogen 
peroxide (see Fig. 7). Noteworthy, in this bimolecular approach, no ac-
tivity is observed with the hydrogen peroxide sensitive L407C mutant or 
with the ROS scavenging DTC quencher. These findings strongly support 
that efficient electron delivery is achieved in the hybrid L40C-Ru1 en-
zyme and photocatalysis is enabled by the dual role of the sacrificial 
electron donor. No H2O2 is available to initiate the peroxygenase activity 
of the 21B3 mutant when DTC is used as the sacrificial electron donor. 
Also, the inability to activate molecular dioxygen in the 21B3eRu1 en-
zyme is consistent with rapid autooxidation as observed in the OleT 
enzyme [100]. These results confirmed key observations about the hy-
brid enzyme system and provide a complementary strategy for Ru(II)- 
diimine photoinduced P450 catalytic activity. 

5.3. Functionalization of the Ru(II)-diimine photosensitizers 

This section focuses on the selective functionalization of the ancil-
lary ligands to tune the complex photophysical properties and on the 
introduction of reactive groups to promote formation of protein as-
semblies (see Fig. 8). In a series of seven hybrid enzymes, we in-
vestigated the effect of altering the redox properties of the covalently 
attached photosensitizer by varying the para substituents on the bi-
pyridine ancillary ligands, from chloro to dimethylamino [104]. A 
three-fold increase in photocatalytic activity was observed for the tert- 
butyl derivative compared to the chloro substituent while the more 
electron donating methoxy and dimethylamino substituents resulted in 
a decreased photocatalytic activity. A concave Hammett plot was in-
dicative of a change in rate limiting steps, presumably from the electron 
injection to the quenching step with the sacrificial electron donor 
[104]. 

Furthermore, introduction of reactive groups such as carbox-
aldehyde or iodoacetamide to the homoleptic Ru(II) complex led to the 
formation of P450 cross-linked aggregates and dimers. The aldehyde 
groups on the tris(1,10-phenanthroline)Ru(II) complex could react with 
surface exposed lysine residues to yield cross-linked P450 enzyme ag-
gregates. Like in a classical chemical process, working with hetero-
geneous biocatalysts enables their recovery and re-use, and in the case 
of the cross-linked enzyme technology has often resulted in a catalytic 
efficiency enhancement [105,106]. In a quest to determine suitable 
cross-linkers, we recently demonstrated that Ru(II)-diimine compounds 
bearing aldehyde functionalities surpass currently available organic 
cross-linkers leading to P450 enzyme aggregates with greater activity 
recovery than the enzyme in solution and reusable for several rounds of 
reaction [107]. Meanwhile, the sulfhydryl specific iodoacetamido 
groups on the homoleptic phenanthroline Ru(II) complex reacted with 
surface-exposed non-native single cysteines to yield P450 heme domain 
homodimers. Protein gel electrophoresis and mass spectrometry con-
firmed the formation of dimers, that could be further separated from 
the monomer by size exclusion chromatography [108]. Overall, these 
examples illustrate the potential of those complexes to not only act as 
photosensitizers but also as building blocks to promote various protein 
assemblies [109] towards the development of heterogeneous photo-
biocatalysts. 

Fig. 7. Comparison of photocatalytic activity between the L407C and 21B3 variants using the electron injection approach with covalently attach Ru1 complex (left) 
versus the bimolecular peroxygenase system using Ru(bpy)3

2+ in solution (right). 

C. Eidenschenk and L. Cheruzel   Journal of Inorganic Biochemistry 213 (2020) 111254

7



5.4. Chemoenzymatic strategies with P450 enzymes 

The synthetic potential of P450 enzymes has been widely re-
cognized in the myriads of reactions and non-natural substrates that 
they are able to functionalize [3–5,7]. Several strategies have thus been 
put forth to employ monooxygenases in enzymatic cascades [110] as 
well as in chemoenzymatic reactions [111]. However, challenges re-
main in finding optimal reaction conditions (buffer, pH, substrate 
loading) for enzymatic and chemical compatibility [112]. While great 
advances have been made in enzymatic cascade reactions, especially in 
one-pot and whole cell biocatalysis [113], we wish to focus on the 
lesser investigated chemoenzymatic approaches marrying the ad-
vantages of the P450 biocatalysts with several chemical catalysts. 

Fasan and Arnold first demonstrated the use of P450 BM3 mutants 
combined with the selective fluorinating agent, diethylaminosulfur 
trifluoride or DAST, to access singly fluorinated compounds via deox-
yfluorination of the enzymatically oxidized products (Fig. 9A) [114]. 
The groups of Zhao and Hartwig use P450 BM3 mutants to selectively 
epoxide the cross-methasesis products from various alkenes starting 
materials (Fig. 9B) [115,116]. The Reetz laboratory relied on Pd cata-
lysis for selective amination of the P450 BM3 allylic hydroxylated 

cyclohexene-1-carboxylic acid methyl ester [117] and for Suzuki- 
Miyaura CeC coupling of an iodo intermediate to access several 
monooxygenated aryl compounds (Fig. 9C–D) [118]. The Flitsch group 
recently exploited a unique CYP166 variant to selectively hydroxylate 
long chain fatty acids at the 5th position and upon tosylic acid catalyzed 
cyclization produced chiral lactones (Fig. 9E) [119]. Macrolactoniza-
tion was also employed for the synthesis of the natural product puta-
minoxins using the chiral allylic alcohol intermediates obtained with a 
P450 BM3 mutant [120]. Since Ruthenium(II) complexes have recently 
enjoyed a renaissance in photoredox catalysis, our group combined the 
hybrid P450 enzymes with photoredox trifluoromethylation (Fig. 9F) in 
a light-driven chemoenzymatic approach. This strategy led to the se-
lective trifluoromethylation and oxyfunctionalization of several sub-
stituted arenes taking advantage of the unique selectivity of P450 BM3 
mutants [80]. 

5.5. Ruthenium complexes with photolabile P450 inhibitors 

Due to a thermally-accessible [3]MC from the [3]MLCT excited state 
(Fig. 3A), several strained Ruthenium complexes display loss of a che-
lating ligand. This feature has been advantageous in newly developed 

Fig. 8. Introduction of electron donating substituents (A) or reactive groups (B) on the Ru(II) complexes to alter their photophysical properties or promote various 
protein assemblies, respectively. 

Fig. 9. Various chemoenzymatic approaches marrying the advantages of chemical catalysis and P450 biocatalysis.  
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strategies to deliver drugs [61], target DNA [121] and more recently to 
inhibit several P450 enzymes [60]. 

The groups of Turro and Glazer independently reported on 
Ruthenium complexes containing chelated P450 aromatic heterocycle 
inhibitors (Fig. 10). Photoexcitation of Turro's complex releases one 
molecule of the steroidal abiraterone to selectively inhibit the cyto-
chrome CYP17A1 (Fig. 10A) [122]. The Glazer group demonstrated a 
dual modality with the Ru(II) complex shown in Fig. 10B where the 
photoreleased molecule binds to cytochrome P450 BM3 and the re-
sulting bis-chelated complex covalently bind to DNA [123]. Current 
work [124,125] is focusing on tuning the photophysical properties of 
the complexes. The photocaging approach offers unique advantages in 
the spatial and temporal control of biological activity, selective in-
hibition of a target of interest and drug release in selected tissues in 
vivo. 

6. Conclusion and perspectives 

Albeit major advances in the field of light-driven P450 enzymes, 
additional efforts are still needed to rival the well-established P450 
systems displaying high catalytic activity and coupling efficiency as 
well as the benefits of the regeneration strategies [20,21]. Valuable 
insights can be gained from this mature field to improve the efficiency 
of the light-driven processes. Ongoing work in various laboratories in-
cluding ours are centered around improving the electronic coupling 
between the photosensitizer and P450 heme domains and directing the 
electrons towards the enzyme active sites using various protein en-
gineering strategies [80,126]. 

Taking into account some of the current shortcomings limiting the 
light-driven P450 biocatalysis (i.e. generation of reactive oxygen, high 
levels of uncoupling…), there are several under explored areas where 
the use of Ru(II) photosensitizers could provide substantive advantages 
with their tunability, functionalization and importance in initiating 
various light-driven redox processes. For example, the recent utilization 
of Ru(II) complexes in biological applications [57] could be beneficial 
in whole cell light-driven biocatalysis following on the pioneering work 
with Eosin Y as photosensitizer [50]. In addition, to mirror some of the 
recent development in heterogeneous photocatalysis [127,128], 

heterogeneous photobiocatalysts could be an area of interest. Regarding 
P450 peroxygenases, expanding their substrate scope and stability 
would provide opportunities for in situ light-driven generation of hy-
drogen peroxide in a control manner and at desirable excitation wa-
velength as well as opportunity to expand the scope of chemoenzymatic 
reactions. Alternatively, the sacrificial electron donor in the light- 
driven system could be regenerated or even circumvented by coupling 
the reductive electron transfers to various oxidation processes. Some 
examples are starting to emerge using a water oxidation scheme with a 
light-driven peroxygenase [103] or chemical oxidation as proposed in a 
Ru(II)-modified laccase system [129]. The recent development of 
abiological reactions necessitating inert atmosphere [130] offers op-
portunities for the controlled delivery of the reductive equivalents using 
various photosensitizers with tunable redox potential. 

In conclusion, while biocatalysis is gaining increasing importance in 
biotechnological and industrial applications, significant headways to-
wards functional light-driven biocatalysts have been made in the last 
two decades. The use of visible light offers unique advantages to trigger 
biocatalytic processes with spatial and temporal controls. As high-
lighted in this review, Ru(II)-diimine complexes have been one of many 
valuable light-harvesting units employed to initiate light-driven P450 
biocatalysis. Their unique properties and tunability have also enabled 
the development of P450 assemblies, selective photocage inhibitor 
deliveries and their use in photoredox catalysis and biocatalysis thus 
expanding their application beyond photosensitization. The continuous 
optimization of biocatalysts with a recent influx from machine learning 
[131,132] combined with an ever-growing photosensitizer library 
[133] hold great promises for a bright future in light-initiated P450 
catalysis and photobiocatalysis in general. 

Abbreviations  

3MC and 3MLCT triplet metal centered and metal to ligand charge 
transferrespectively 
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with photosensitizer Ru1 
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DTC diethyldithiocarbamate 
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NAD(P)H Nicotinamide adenine dinucleotide (phosphate) 
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ROS reactive oxygen species 
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sL407C-Ru1 singly mutated (L407C) P450 BM3 heme domain labeled 

with photosensitizer Ru1 

UPO unspecific peroxygenase 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper. 

Acknowledgement 

This work was supported in part by the National Science Foundation 
(grant number 1807870) and the National Institutes of Health (grant 
number SC3 GM095415). L.C. gratefully acknowledges the Henry 
Dreyfus Teacher-Scholar Awards Program. The authors are deeply 
thankful to Prof. John Dawson for helpful discussions. 

Fig. 10. Photocaged Ru(II) complexes to deliver P450 inhibitors upon visible 
light excitation. 

C. Eidenschenk and L. Cheruzel   Journal of Inorganic Biochemistry 213 (2020) 111254

9



References 

[1] P.R. Ortiz De Montellano, Cytochrome P450: Structure, Mechanism, and 
Biochemistry, 3rd ed., Kluwer Acaemic/Plenum Publishers, New York, 2005. 

[2] Y.F. Wei, E.L. Ang, H.M. Zhao, Recent developments in the application of P450 
based biocatalysts, Curr. Opin. Chem. Biol. 43 (2018) 1–7. 

[3] A. Greule, J.E. Stok, J.J. De Voss, M.J. Cryle, Unrivalled diversity: the many roles 
and reactions of bacterial cytochromes P450 in secondary metabolism, Nat. Prod. 
Rep. 35 (2018) 757–791. 

[4] G. Di Nardo, G. Gilardi, Natural compounds as pharmaceuticals: the key role of 
cytochromes P450 reactivity, Trends Biochem. Sci. 45 (6) (2020) 511–525. 

[5] N.D. Fessner, P450 monooxygenases enable rapid late-stage diversification of 
natural products via C-H bond activation, Chemcatchem 11 (2019) 2226–2242. 

[6] Z. Li, Y.Y. Jiang, F.P. Guengerich, L. Ma, S.Y. Li, W. Zhang, Engineering cyto-
chrome P450 enzyme systems for biomedical and biotechnological applications, J. 
Biol. Chem. 295 (2020) 833–849. 

[7] V.B. Urlacher, M. Girhard, Cytochrome P450 monooxygenases in biotechnology 
and synthetic biology, Trends Biotechnol. 37 (2019) 882–897. 

[8] K. Yasuda, H. Sugimoto, K. Hayashi, T. Takita, K. Yasukawa, M. Ohta, 
M. Kamakura, S. Ikushiro, Y. Shiro, T. Sakaki, Protein engineering of CYP105s for 
their industrial uses, Bba-Proteins Proteom 1866 (2018) 23–31. 

[9] G.D. Roiban, M.T. Reetz, Expanding the toolbox of organic chemists: directed 
evolution of P450 monooxygenases as catalysts in regio- and stereoselective oxi-
dative hydroxylation, Chem. Commun. 51 (2015) 2208–2224. 

[10] Z. Sun, M.T. Reetz, Controlling the Regio- and Stereoselectivity of Cytochrome 
P450 Monooxygenases by Protein Engineering. Dioxygen-dependent Heme 
Enzymes, (2019), https://doi.org/10.1039/9781788012911-00274. 

[11] S.T. Jung, R. Lauchli, F.H. Arnold, Cytochrome P450: taming a wild type enzyme, 
Curr Opin Biotech 22 (2011) 809–817. 

[12] F.H. Arnold, Directed evolution: bringing new chemistry to life, Angew. Chem. Int. 
Edit. 57 (2018) 4143–4148. 

[13] F. Hannemann, A. Bichet, K.M. Ewen, R. Bernhardt, Cytochrome P450 systems - 
biological variations of electron transport chains, Bba-Gen Subjects 1770 (2007) 
330–344. 

[14] I.G. Denisov, T.M. Makris, S.G. Sligar, I. Schlichting, Structure and chemistry of 
cytochrome P450, Chem. Rev. 105 (2005) 2253–2277. 

[15] P.J. Loida, S.G. Sligar, Molecular recognition in cytochrome P-450: mechanism for 
the control of uncoupling reactions, Biochemistry-Us 32 (1993) 11530–11538. 

[16] C.J.C. Whitehouse, S.G. Bell, L.L. Wong, P450(Bm3) (Cyp102a1): connecting the 
dots, Chem. Soc. Rev. 41 (2012) 1218–1260. 

[17] J. Nazor, S. Dannenmann, R.O. Adjei, Y.B. Fordjour, I.T. Ghampson, M. Blanusa, 
D. Roccatano, U. Schwaneberg, Laboratory evolution of P450BM3 for mediated 
electron transfer yielding an activity-improved and reductase-independent var-
iant, Protein Eng Des Sel 21 (2008) 29–35. 

[18] L.Q. Zhao, G. Guven, Y. Li, U. Schwaneberg, First steps towards a Zn/Co(III)sep- 
driven P450 BM3 reactor, Appl Microbiol Biot 91 (2011) 989–999. 

[19] S.J. Sadeghi, A. Fantuzzi, G. Gilardi, Breakthrough in P450 bioelectrochemistry 
and future perspectives, Bba-Proteins Proteom 1814 (2011) 237–248. 

[20] L. Han, B. Liang, New approaches to NAD(P)H regeneration in the biosynthesis 
systems, World J Microb Biot 34 (2018). 

[21] W.Y. Zhang, F. Hollmann, Nonconventional regeneration of redox enzymes - a 
practical approach for organic synthesis? Chem. Commun. 54 (2018) 7281–7289. 

[22] F.S. Aalbers, M.W. Fraaije, Enzyme fusions in biocatalysis: coupling reactions by 
pairing enzymes, Chembiochem 20 (2019) 20–28. 

[23] O. Shoji, Y. Watanabe, Peroxygenase reactions catalyzed by cytochromes P450, J. 
Biol. Inorg. Chem. 19 (2014) 529–539. 

[24] H. Shalan, M. Kato, L. Cheruzel, Keeping the spotlight on cytochrome P450, 
Biochim. Biophys. Acta, Proteins Proteomics 1866 (2018) 80–87. 

[25] T. Gulder, C.J. Seel, Biocatalysis fueled by light: on the versatile combination of 
photocatalysis and enzymes, Chembiochem 20 (15) (2019) 1871–1897. 

[26] L. Schmermund, V. Jurkas, F.F. Ozgen, G.D. Barone, H.C. Buchsenschutz, 
C.K. Winkler, S. Schmidt, R. Kourist, W. Kroutil, Photo-biocatalysis: bio-
transformations in the presence of light, ACS Catal. 9 (2019) 4115–4144. 

[27] S. Campagna, F. Puntoriero, F. Nastasi, G. Bergamini, V. Balzani, Photochemistry 
and photophysics of coordination compounds: ruthenium, Photochemistry and 
Photophysics of Coordination Compounds I 280 (2007) 117–214. 

[28] K. Kalyanasundaram, Photophysics, photochemistry and solar-energy conversion 
with tris(bipyridyl)ruthenium(II) and its analogs, Coordin Chem Rev 46 (1982) 
159–244. 

[29] D.W. Thompson, A. Ito, T.J. Meyer, [Ru(bpy)(3)](2+)* and other remarkable 
metal-to-ligand charge transfer (MLCT) excited states, Pure Appl. Chem. 85 (2013) 
1257–1305. 

[30] M. Klingenberg, Pigments of rat liver microsomes, Arch. Biochem. Biophys. 75 
(1958) 376–386. 

[31] T. Omura, R. Sato, A new cytochrome in liver microsomes, J. Biol. Chem. 237 
(1962) 1375–1376. 

[32] J. Rittle, M.T. Green, Cytochrome P450 compound I: capture, characterization, 
and C-H bond activation kinetics, Science 330 (2010) 933–937. 

[33] A.W. Munro, K.J. McLean, J.L. Grant, T.M. Makris, Structure and function of the 
cytochrome P450 peroxygenase enzymes, Biochem Soc T 46 (2018) 183–196. 

[34] K. Chen, F.H. Arnold, Engineering new catalytic activities in enzymes, Nat Catal 3 
(2020) 203–213. 

[35] O. Shoji, Y. Aiba, Y. Watanabe, Hoodwinking cytochrome P450BM3 into hydro-
xylating non-native substrates by exploiting its substrate misrecognition, Accounts 
Chem Res 52 (2019) 925–934. 

[36] S.Y. Li, M.R. Chaulagain, A.R. Knauff, L.M. Podust, J. Montgomery, D.H. Sherman, 
Selective oxidation of carbolide C-H bonds by an engineered macrolide P450 
mono-oxygenase, P Natl Acad Sci USA 106 (2009) 18463–18468. 

[37] P. Le-Huu, D. Rekow, C. Kruger, A. Bokel, T. Heidt, S. Schaubach, B. Claasen, 
S. Holzel, W. Frey, S. Laschat, V.B. Urlacher, Chemoenzymatic route to oxyfunc-
tionalized cembranoids facilitated by substrate and protein engineering, Chem-Eur 
J 24 (2018) 12010–12021. 

[38] J.K. Xu, C.L. Wang, Z.Q. Cong, Strategies for substrate-regulated P450 catalysis: 
from substrate engineering to co-catalysis, Chem-Eur J 25 (2019) 6853–6863. 

[39] Y. Gumulya, J.M. Baek, S.J. Wun, R.E.S. Thomson, K.L. Harris, D.J.B. Hunter, 
J.B.Y.H. Behrendorff, J. Kulig, S. Zheng, X.M. Wu, B. Wu, J.E. Stok, J.J. De Voss, 
G. Schenk, U. Jurva, S. Andersson, E.M. Isin, M. Boden, L. Guddat, E.M.J. Gillam, 
Engineering highly functional thermostable proteins using ancestral sequence re-
construction, Nat Catal 1 (2018) 878–888. 

[40] L. Fruk, V. Rajendran, M. Spengler, C.M. Niemeyer, Light-induced triggering of 
peroxidase activity using quantum dots, Chembiochem 8 (2007) 2195–2198. 

[41] M. Girhard, E. Kunigk, S. Tihovsky, V.V. Shumyantseva, V.B. Urlacher, Light- 
driven biocatalysis with cytochrome P450 peroxygenases, Biotechnol Appl Bioc 60 
(2013) 111–118. 

[42] S.J.P. Willot, E. Fernandez-Fueyo, F. Tieves, M. Pesic, M. Alcalde, I.W.C.E. Arends, 
C.B. Park, F. Hollmann, Expanding the spectrum of light-driven peroxygenase 
reactions, ACS Catal. 9 (2019) 890–894. 

[43] M.M.C.H. van Schie, W.Y. Zhang, F. Tieves, D.S. Choi, C.B. Park, B.O. Burek, 
J.Z. Bloh, I.W.C.E. Arends, C.E. Paul, M. Alcalde, F. Hollmann, Cascading g-C3N4 
and peroxygenases for selective oxyfunctionalization reactions, ACS Catal. 9 
(2019) 7409–7417. 

[44] F.E. Zilly, A. Taglieber, F. Schulz, F. Hollmann, M.T. Reetz, Deazaflavins as 
mediators in light-driven cytochrome P450 catalyzed hydroxylations, Chem. 
Commun. (2009) 7152–7154. 

[45] D.A. Russo, J.A.Z. Zedler, P.E. Jensen, A force awakens: exploiting solar energy 
beyond photosynthesis, J. Exp. Bot. 70 (2019) 1703–1710. 

[46] S.B. Mellor, A.Z. Nielsen, M. Burow, M.S. Motawia, D. Jakubauskas, B.L. Moller, 
P.E. Jensen, Fusion of ferredoxin and cytochrome P450 enables direct light-driven 
biosynthesis, ACS Chem. Biol. 11 (2016) 1862–1869. 

[47] A. Berepiki, J.R. Gittins, C.M. Moore, T.S. Bibby, Rational engineering of photo-
synthetic electron flux enhances light-powered cytochrome P450 activity, Syn Biol 
3 (2018). 

[48] A. Berepiki, A. Hitchcock, C.M. Moore, T.S. Bibby, Tapping the unused potential of 
photosynthesis with a heterologous electron sink, ACS Synth. Biol. 5 (2016) 
1369–1375. 

[49] J.S. Lu, Y.F. Shen, S.Q. Liu, Enhanced light-driven catalytic performance of cyto-
chrome P450 confined in macroporous silica, Chem. Commun. 52 (2016) 
7703–7706. 

[50] J.H. Park, S.H. Lee, G.S. Cha, D.S. Choi, D.H. Nam, J.H. Lee, J.K. Lee, C.H. Yun, 
K.J. Jeong, C.B. Park, Cofactor-free light-driven whole-cell cytochrome P450 
catalysis, Angew. Chem. Int. Edit. 54 (2015) 969–973. 

[51] N.H. Tran, D. Nguyen, S. Dwaraknath, S. Mahadevan, G. Chavez, A. Nguyen, 
T. Dao, S. Mullen, T.A. Nguyen, L.E. Cheruzel, An efficient light-driven P450 BM3 
biocatalyst, J. Am. Chem. Soc. 135 (2013) 14484–14487. 

[52] J.R. Winkler, H.B. Gray, Electron flow through METALLOPROTEINS, Chem. Rev. 
114 (2014) 3369–3380. 

[53] C. Stephenson, T. Yoon, Enabling chemical synthesis with visible light, Acc. Chem. 
Res. 49 (2016) 2059–2060. 

[54] F. Teply, Visible-light photoredox catalysis with [Ru(bpy)(3)](2+): general prin-
ciples and the twentieth-century roots, Phys Sci Rev 5 (2020). 

[55] J. Twilton, C. Le, P. Zhang, M.H. Shaw, R.W. Evans, D.W.C. MacMillan, The 
merger of transition metal and photocatalysis, Nat Rev Chem 1 (2017). 

[56] Y. Nakano, M.J. Black, A.J. Meichan, B.A. Sandoval, M.M. Chung, 
K.F. Biegasiewicz, T.Y. Zhu, T.K. Hyster, Photoenzymatic hydrogenation of het-
eroaromatic olefins using ‘Ene’-reductases with photoredox catalysts, Angew. 
Chem. Int. Edit. 59 (26) (2020) 10484–10488. 

[57] M. Mital, Z. Ziora, Biological applications of Ru(II) polypyridyl complexes, 
Coordin Chem Rev 375 (2018) 434–458. 

[58] S. Thota, D.A. Rodrigues, D.C. Crans, E.J. Barreiro, Ru(II) compounds: next-gen-
eration anticancer metallotherapeutics? J. Med. Chem. 61 (2018) 5805–5821. 

[59] F. Heinemann, J. Karges, G. Gasser, Critical overview of the use of Ru(II) poly-
pyridyl complexes as photosensitizers in one-photon and two-photon photo-
dynamic therapy, Accounts Chem Res 50 (2017) 2727–2736. 

[60] A. Li, C. Turro, J.J. Kodanko, Ru(II) polypyridyl complexes as photocages for 
bioactive compounds containing nitriles and aromatic heterocycles, Chem. 
Commun. 54 (2018) 1280–1290. 

[61] L. Zayat, C. Calero, P. Albores, L. Baraldo, R. Etchenique, A new strategy for 
neurochemical photodelivery: metal-ligand heterolytic cleavage, J. Am. Chem. 
Soc. 125 (2003) 882–883. 

[62] S.M. Contakes, Y.H.L. Nguyen, H.B. Gray, E.C. Glazer, A.M. Hays, D.B. Goodin, 
Conjugates of heme-thiolate enzymes with photoactive metal-diimine wires, 
Struct. Bond. 123 (2007) 177–203. 

[63] A.R. Dunn, I.J. Dmochowski, J.R. Winkler, H.B. Gray, Nanosecond photoreduction 
of cytochrome P450cam by channel-specific Ru-diimine electron tunneling wires, 
J. Am. Chem. Soc. 125 (2003) 12450–12456. 

[64] M.E. Ener, Y.T. Lee, J.R. Winkler, H.B. Gray, L. Cheruzel, Photooxidation of cy-
tochrome P450-BM3, Proc. Natl. Acad. Sci. U. S. A. 107 (2010) 18783–18786. 

[65] N.H. Tran, N. Huynh, T. Bui, Y. Nguyen, P. Huynh, M.E. Cooper, L.E. Cheruzel, 
Light-initiated hydroxylation of lauric acid using hybrid P450 BM3 enzymes, 
Chem. Commun. 47 (2011) 11936–11938. 

[66] Q. Lam, M. Kato, L. Cheruzel, Ru(II)-diimine functionalized metalloproteins: from 

C. Eidenschenk and L. Cheruzel   Journal of Inorganic Biochemistry 213 (2020) 111254

10

http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0005
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0005
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0010
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0010
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0015
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0015
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0015
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0020
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0020
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0025
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0025
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0030
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0030
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0030
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0035
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0035
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0040
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0040
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0040
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0045
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0045
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0045
https://doi.org/10.1039/9781788012911-00274
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0055
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0055
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0060
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0060
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0065
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0065
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0065
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0070
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0070
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0075
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0075
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0080
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0080
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0085
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0085
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0085
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0085
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0090
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0090
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0095
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0095
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0100
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0100
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0105
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0105
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0110
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0110
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0115
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0115
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0120
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0120
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0125
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0125
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0130
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0130
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0130
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0135
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0135
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0135
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0140
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0140
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0140
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0145
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0145
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0145
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0150
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0150
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0155
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0155
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0160
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0160
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0165
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0165
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0170
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0170
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0175
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0175
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0175
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0180
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0180
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0180
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0185
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0185
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0185
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0185
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0190
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0190
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0195
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0195
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0195
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0195
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0195
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0200
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0200
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0205
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0205
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0205
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0210
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0210
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0210
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0215
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0215
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0215
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0215
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0220
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0220
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0220
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0225
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0225
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0230
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0230
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0230
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0235
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0235
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0235
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0240
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0240
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0240
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0245
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0245
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0245
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0250
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0250
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0250
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0255
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0255
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0255
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0260
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0260
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0265
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0265
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0270
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0270
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0275
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0275
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0280
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0280
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0280
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0280
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0285
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0285
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0290
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0290
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0295
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0295
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0295
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0300
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0300
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0300
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0305
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0305
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0305
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0310
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0310
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0310
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0315
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0315
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0315
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0320
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0320
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0325
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0325
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0325
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0330


electron transfer studies to light-driven biocatalysis, Biochim. Biophys. Acta 1857 
(2016) 589–597. 

[67] M.E. Ener, H.B. Gray, J.R. Winkler, Hole hopping through tryptophan in cyto-
chrome P450, Biochemistry-Us 56 (2017) 3531–3538. 

[68] M.L.H. Sorensen, B.C. Sanders, L.P. Hicks, M.H. Rasmussen, A.L. Vishart, 
J. Kongsted, J.R. Winkler, H.B. Gray, T. Hansen, Hole hopping through cyto-
chrome P450, J. Phys. Chem. B 124 (2020) 3065–3073. 

[69] N.H. Tran, N. Huynh, G. Chavez, A. Nguyen, S. Dwaraknath, T.A. Nguyen, 
M. Nguyen, L. Cheruzel, A series of hybrid P450 BM3 enzymes with different 
catalytic activity in the light-initiated hydroxylation of lauric acid, J. Inorg. 
Biochem. 115 (2012) 50–56. 

[70] J. Spradlin, D. Lee, S. Mahadevan, M. Mahomed, L. Tang, Q. Lam, A. Colbert, 
O.S. Shafaat, D. Goodin, M. Kloos, M. Kato, L.E. Cheruzel, Insights into an efficient 
light-driven hybrid P450 BM3 enzyme from crystallographic, spectroscopic and 
biochemical studies, Biochim. Biophys. Acta 1864 (2016) 1732–1738. 

[71] I.F. Sevrioukova, H.Y. Li, H. Zhang, J.A. Peterson, T.L. Poulos, Structure of a cy-
tochrome P450-redox partner electron-transfer complex, P Natl Acad Sci USA 96 
(1999) 1863–1868. 

[72] S. Tripathi, H. Li, T.L. Poulos, Structural basis for effector control and redox 
partner recognition in cytochrome P450, Science 340 (2013) 1227–1230. 

[73] W. Andralojc, Y. Hiruma, W.M. Liu, E. Ravera, M. Nojiri, G. Parigi, C. Luchinat, 
M. Ubbink, Identification of productive and futile encounters in an electron 
transfer protein complex, P Natl Acad Sci USA 114 (2017) E1840–E1847. 

[74] S.H. Liou, M. Mahomed, Y.T. Lee, D.B. Goodin, Effector roles of putidaredoxin on 
cytochrome P450cam conformational states, J. Am. Chem. Soc. 138 (2016) 
10163–10172. 

[75] A.M. Bowen, E.O.D. Johnson, F. Mercuri, N.J. Hoskins, R.H. Qiao, 
J.S.O. McCullagh, J.E. Lovett, S.G. Bell, W.H. Zhou, C.R. Timmel, L.L. Wong, 
J.R. Harmer, A structural model of a P450-ferredoxin complex from orientation- 
selective double electron-electron resonance spectroscopy, J. Am. Chem. Soc. 140 
(2018) 2514–2527. 

[76] S. Panneerselvam, A. Shehzad, J. Mueller-Dieckmann, M. Wilmanns, M. Bocola, 
M.D. Davari, U. Schwaneberg, Crystallographic insights into a cobalt (III) se-
pulchrate based alternative cofactor system of P450 BM3 monooxygenase, Bba- 
Proteins Proteom 1866 (2018) 134–140. 

[77] R. Verma, U. Schwaneberg, D. Holtmann, D. Roccatano, Unraveling binding ef-
fects of cobalt(II) sepulchrate with the monooxygenase P450 BM-3 heme domain 
using molecular dynamics simulations, J. Chem. Theory Comput. 12 (2016) 
353–363. 

[78] U. Schwaneberg, C. Schmidt-Dannert, J. Schmitt, R.D. Schmid, A continuous 
spectrophotometric assay for P450 BM-3, a fatty acid hydroxylating enzyme, and 
its mutant F87A, Anal. Biochem. 269 (1999) 359–366. 

[79] Q. Lam, A. Cortez, T.T. Nguyen, M. Kato, L. Cheruzel, Chromogenic ni-
trophenolate-based substrates for light-driven hybrid P450 BM3 enzyme assay, J. 
Inorg. Biochem. 158 (2016) 86–91. 

[80] V. Sosa, M. Melkie, C. Sulca, J. Li, L. Tang, J. Li, J. Faris, B. Foley, T. Banh, 
M. Kato, L. Cheruzel, Selective light-driven chemoenzymatic trifluoromethylation/ 
hydroxylation of substituted arenes, ACS Catal. 8 (2018) 2225–2229. 

[81] P.J. Bakkes, J.L. Riehm, T. Sagadin, A. Ruhlmann, P. Schubert, S. Biemann, 
M. Girhard, M.C. Hutter, R. Bernhardt, V.B. Urlacher, Engineering of versatile 
redox partner fusions that support monooxygenase activity of functionally diverse 
cytochrome P450s, Sci. Rep. 7 (2017) 9570. 

[82] S.J. Sadeghi, G. Gilardi, Chimeric P450 enzymes: activity of artificial redox fusions 
driven by different reductases for biotechnological applications, Biotechnol. Appl. 
Biochem. 60 (2013) 102–110. 

[83] M. Kato, Q. Lam, M. Bhandarkar, T. Banh, J. Heredia, A. U., L. Cheruzel, Selective 
C-H bond functionalization with light-driven biocatalysts, C. R. Chim. 20 (3) 
(2017) 237–242. 

[84] M. Kato, M. Melkie, J. Li, B. Foley, L. Leti, L. Cheruzel, Coupling efficiency in light- 
driven hybrid P450BM3 and CYP119 enzymes, Arch. Biochem. Biophys. 672 
(2019) 108077. 

[85] A.D. Liang, J. Serrano-Plana, R.L. Peterson, T.R. Ward, Artificial metalloenzymes 
based on the biotin-streptavidin technology: enzymatic cascades and directed 
evolution, Accounts Chem Res 52 (2019) 585–595. 

[86] M.T. Reetz, Directed evolution of artificial metalloenzymes: a universal means to 
tune the selectivity of transition metal catalysts? Accounts Chem Res 52 (2019) 
336–344. 

[87] J.R. Winkler, H.B. Gray, Electron flow through biological molecules: does hole 
hopping protect proteins from oxidative damage? Q. Rev. Biophys. 48 (2015) 
411–420. 

[88] A. Perret, D. Pompon, Electron shuttle between membrane-bound cytochrome 
P450 3A4 and b(5) rules uncoupling mechanisms, Biochemistry-Us 37 (1998) 
11412–11424. 

[89] R.C. Zangar, D.R. Davydov, S. Verma, Mechanisms that regulate production of 
reactive oxygen species by cytochrome P450, Toxicol Appl Pharm 199 (2004) 
316–331. 

[90] I.G. Denisov, B.J. Baas, Y.V. Grinkova, S.G. Sligar, Cooperativity in cytochrome 
P450 3A4: linkages in substrate binding, spin state, uncoupling, and product 
formation, J. Biol. Chem. 282 (2007) 7066–7076. 

[91] D. Yu, J.B. Wang, M.T. Reetz, Exploiting designed oxidase-peroxygenase mutual 
benefit system for asymmetric cascade reactions, J. Am. Chem. Soc. 141 (2019) 
5655–5658. 

[92] L.K. Morlock, D. Bottcher, U.T. Bornscheuer, Simultaneous detection of NADPH 
consumption and H2O2 production using the Ampliflu Red assay for screening of 
P450 activities and uncoupling, Appl. Microbiol. Biotechnol. 102 (2018) 985–994. 

[93] D. Holtmann, F. Hollmann, The oxygen dilemma: a severe challenge for the 

application of monooxygenases? Chembiochem 17 (2016) 1391–1398. 
[94] S. Bormann, A.G. Baraibar, Y. Ni, D. Holtmann, F. Hollmann, Specific oxyfunc-

tionalisations catalysed by peroxygenases: opportunities, challenges and solutions, 
Catal Sci Technol 5 (2015) 2038–2052. 

[95] Y.H. Wang, D.M. Lan, R. Durrani, F. Hollmann, Peroxygenases en route to be-
coming dream catalysts. What are the opportunities and challenges? Curr. Opin. 
Chem. Biol. 37 (2017) 1–9. 

[96] M. Hofrichter, H. Kellner, R. Herzog, A. Karich, C. Liers, K. Scheibner, 
V.W. Kimani, R. Ullrich, Fungal peroxygenases: a phylogenetically old superfamily 
of heme enzymes with promiscuity for oxygen transfer reactions, Grand 
Challenges In Fungal Biotechnology (2020) 369–403. 

[97] M. Faiza, S.F. Huang, D.M. Lan, Y.H. Wang, New insights on unspecific perox-
ygenases: superfamily reclassification and evolution, BMC Evol. Biol. 19 (2019). 

[98] J.L. Grant, C.H. Hsieh, T.M. Makris, Decarboxylation of fatty acids to terminal 
alkenes by cytochrome P450 compound I, J. Am. Chem. Soc. 137 (2015) 
4940–4943. 

[99] C.H. Hsieh, X.Y. Huang, J.A. Amaya, C.D. Rutland, C.L. Keys, J.T. Groves, 
R.N. Austin, T.M. Makris, The enigmatic P450 decarboxylase OleT is capable of, 
but evolved to frustrate, Oxygen Rebound Chemistry. Biochemistry-Us 56 (2017) 
3347–3357. 

[100] C.E. Wise, C.H. Hsieh, N.L. Poplin, T.M. Makris, Dioxygen activation by the bio-
fuel-generating cytochrome P450 OleT, ACS Catal. 8 (2018) 9342–9352. 

[101] P.C. Cirino, F.H. Arnold, A self-sufficient peroxide-driven hydroxylation biocata-
lyst, Angew Chem Int Ed Engl 42 (2003) 3299–3301. 

[102] O. Salazar, P.C. Cirino, F.H. Arnold, Thermostabilization of a cytochrome p450 
peroxygenase, Chembiochem 4 (2003) 891–893. 

[103] W.Y. Zhang, E. Fernandez-Fueyo, Y. Ni, M. van Schie, J. Gacs, R. Renirie, 
R. Wever, F.G. Mutti, D. Rother, M. Alcalde, F. Hollmann, Selective aerobic oxi-
dation reactions using a combination of photocatalytic water oxidation and en-
zymatic oxyfunctionalizations, Nat Catal 1 (2018) 55–62. 

[104] H. Shalan, A. Colbert, T.T. Nguyen, M. Kato, L. Cheruzel, Correlating the para- 
substituent effects on Ru(II)-polypyridine photophysical properties and on the 
corresponding hybrid P450 BM3 enzymes photocatalytic activity, Inorg. Chem. 56 
(2017) 6558–6564. 

[105] R.A. Sheldon, CLEAs, Combi-CLEAs and ‘Smart’ magnetic CLEAs: biocatalysis in a 
bio-based economy, Catalysts 9 (3) (2019) 261. 

[106] R.A. Sheldon, S. van Pelt, Enzyme immobilisation in biocatalysis: why, what and 
how, Chem. Soc. Rev. 42 (2013) 6223–6235. 

[107] M.Q. Do, E. Henry, M. Kato, L. Cheruzel, Cross-linked cytochrome P450 BM3 
aggregates promoted by Ru(II)-diimine complexes bearing aldehyde groups, J. 
Inorg. Biochem. 186 (2018) 130–134. 

[108] M. Kato, B. Foley, J. Vu, M. Huynh, K. Lucero, C. Harmon, L. Cheruzel, Promoting 
P450 BM3 heme domain dimerization with a tris(5-iodoacetamido-1,10-phenan-
throline) Ru(II) complex, Biotechnol. Appl. Biochem. 67 (4S) (2020) 536–540. 

[109] L.A. Churchfield, F.A. Tezcan, Design and construction of functional supramole-
cular metalloprotein assemblies, Accounts Chem Res 52 (2019) 345–355. 

[110] J.H. Schrittwieser, S. Velikogne, M. Hall, W. Kroutil, Artificial biocatalytic linear 
cascades for preparation of organic molecules, Chem. Rev. 118 (2018) 270–348. 

[111] E. King-Smith, C.R. Zwick, H. Renata, Applications of oxygenases in the che-
moenzymatic total synthesis of complex natural products, Biochemistry-Us 57 
(2018) 403–412. 

[112] F. Rudroff, M.D. Mihovilovic, H. Groger, R. Snajdrova, H. Iding, U.T. Bornscheuer, 
Opportunities and challenges for combining chemo- and biocatalysis, Nat Catal 1 
(2018) 12–22. 

[113] S. Gandomkar, A. Zadlo-Dobrowolska, W. Kroutil, Extending designed linear 
biocatalytic cascades for organic synthesis, Chemcatchem 11 (2019) 225–243. 

[114] A. Rentmeister, F.H. Arnold, R. Fasan, Chemo-enzymatic fluorination of un-
activated organic compounds, Nat. Chem. Biol. 5 (2009) 26–28. 

[115] C.A. Denard, H. Huang, M.J. Bartlett, L. Lu, Y.C. Tan, H.M. Zhao, J.F. Hartwig, 
Cooperative tandem catalysis by an organometallic complex and a metalloenzyme, 
Angew. Chem. Int. Edit. 53 (2014) 465–469. 

[116] C.A. Denard, M.J. Bartlett, Y.J. Wang, L. Lu, J.F. Hartwig, H.M. Zhao, 
Development of a one-pot tandem reaction combining ruthenium-catalyzed alkene 
metathesis and enantioselective enzymatic oxidation to produce aryl epoxides, 
ACS Catal. 5 (2015) 3817–3822. 

[117] R. Agudo, G.D. Roiban, M.T. Reetz, Achieving regio- and enantioselectivity of 
P450-catalyzed oxidative CH activation of small functionalized molecules by 
structure-guided directed evolution, Chembiochem 13 (2012) 1465–1473. 

[118] A. Ilie, K. Harms, M.T. Reetz, P450-catalyzed regio- and stereoselective oxidative 
hydroxylation of 6-iodotetralone: preparative-scale synthesis of a key intermediate 
for Pd-catalyzed transformations, J Org Chem 83 (2018) 7504–7508. 

[119] J. Manning, M. Tavanti, J.L. Porter, N. Kress, S.P. De Visser, N.J. Turner, 
S.L. Flitsch, Regio- and enantio-selective chemo-enzymatic C-H-lactonization of 
decanoic acid to (S)-delta-decalactone, Angew. Chem. Int. Edit. 58 (2019) 
5668–5671. 

[120] C. Bisterfeld, C. Holec, D. Bose, P. Marx, J. Pietruszka, Chemoenzymatic total 
synthesis of the proposed structures of putaminoxins B and D, J. Nat. Prod. 80 
(2017) 1563–1574. 

[121] B.S. Howerton, D.K. Heidary, E.C. Glazer, Strained ruthenium complexes are po-
tent light-activated anticancer agents, J. Am. Chem. Soc. 134 (2012) 8324–8327. 

[122] A. Li, R. Yadav, J.K. White, M.K. Herroon, B.P. Callahan, I. Podgorski, C. Turro, 
E.E. Scott, J.J. Kodanko, Illuminating cytochrome P450 binding: Ru(II)-caged in-
hibitors of CYP17A1, Chem. Commun. 53 (2017) 3673–3676. 

[123] A. Zamora, C.A. Denning, D.K. Heidary, E. Wachter, L.A. Nease, J. Ruiz, 
E.C. Glazer, Ruthenium-containing P450 inhibitors for dual enzyme inhibition and 
DNA damage, Dalton T 46 (2017) 2165–2173. 

C. Eidenschenk and L. Cheruzel   Journal of Inorganic Biochemistry 213 (2020) 111254

11

http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0330
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0330
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0335
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0335
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0340
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0340
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0340
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0345
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0345
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0345
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0345
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0350
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0350
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0350
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0350
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0355
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0355
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0355
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0360
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0360
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0365
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0365
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0365
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0370
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0370
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0370
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0375
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0375
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0375
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0375
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0375
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0380
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0380
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0380
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0380
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0385
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0385
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0385
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0385
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0390
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0390
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0390
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0395
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0395
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0395
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0400
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0400
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0400
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0405
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0405
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0405
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0405
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0410
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0410
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0410
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0415
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0415
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0415
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0420
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0420
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0420
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0425
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0425
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0425
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0430
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0430
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0430
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0435
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0435
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0435
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0440
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0440
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0440
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0445
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0445
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0445
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0450
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0450
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0450
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0455
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0455
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0455
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0460
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0460
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0460
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0465
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0465
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0470
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0470
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0470
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0475
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0475
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0475
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0480
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0480
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0480
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0480
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0485
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0485
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0490
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0490
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0490
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0495
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0495
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0495
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0495
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0500
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0500
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0505
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0505
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0510
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0510
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0515
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0515
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0515
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0515
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0520
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0520
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0520
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0520
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0525
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0525
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0530
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0530
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0535
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0535
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0535
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0540
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0540
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0540
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0545
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0545
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0550
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0550
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0555
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0555
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0555
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0560
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0560
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0560
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0565
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0565
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0570
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0570
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0575
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0575
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0575
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0580
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0580
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0580
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0580
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0585
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0585
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0585
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0590
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0590
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0590
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0595
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0595
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0595
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0595
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0600
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0600
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0600
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0605
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0605
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0610
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0610
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0610
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0615
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0615
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0615


[124] D. Havrylyuk, K. Stevens, S. Parkin, E.C. Glazer, Toward optimal Ru(II) photo-
cages: balancing photochemistry, stability, and biocompatibility through fine 
tuning of steric, electronic, and physiochemical features, Inorg. Chem. 59 (2020) 
1006–1013. 

[125] M.H. Al-Afyouni, T.N. Rohrabaugh, K.F. Al-Afyouni, C. Turro, New Ru(II) photo-
cages operative with near-IR light: new platform for drug delivery in the PDT 
window, Chem. Sci. 9 (2018) 6711–6720. 

[126] S.B. Mellor, M.H. Vinde, A.Z. Nielsen, G.T. Hanke, K. Abdiaziz, M.M. Roessler, 
M. Burow, M.S. Motawia, B.L. Moller, P.E. Jensen, Defining optimal electron 
transfer partners for light-driven cytochrome P450 reactions, Metab. Eng. 55 
(2019) 33–43. 

[127] Y.Q. Qu, X.F. Duan, Progress, challenge and perspective of heterogeneous pho-
tocatalysts, Chem. Soc. Rev. 42 (2013) 2568–2580. 

[128] A. Savateev, M. Antonietti, Heterogeneous organocatalysis for photoredox 

chemistry, ACS Catal. 8 (2018) 9790–9808. 
[129] V. Robert, E. Monza, L. Tarrago, F. Sancho, A. De Falco, L. Schneider, 

E.N. Ngoutane, Y. Mekmouche, P.R. Pailley, A.J. Simaan, V. Guallar, T. Tron, 
Probing the surface of a laccase for clues towards the design of chemo-enzymatic 
catalysts, Chempluschem 82 (2017) 607–614. 

[130] O.F. Brandenberg, R. Fasan, F.H. Arnold, Exploiting and engineering hemoproteins 
for abiological carbene and nitrene transfer reactions, Curr Opin Biotech 47 
(2017) 102–111. 

[131] G.Y. Li, Y.J. Dong, M.T. Reetz, Can machine learning revolutionize directed evo-
lution of selective enzymes? Adv. Synth. Catal. 361 (2019) 2377–2386. 

[132] K.K. Yang, Z. Wu, F.H. Arnold, Machine-learning-guided directed evolution for 
protein engineering, Nat. Methods 16 (2019) 687–694. 

[133] O.S. Wenger, A bright future for photosensitizers, Nat. Chem. 12 (2020) 323–324.  

C. Eidenschenk and L. Cheruzel   Journal of Inorganic Biochemistry 213 (2020) 111254

12

http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0620
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0620
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0620
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0620
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0625
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0625
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0625
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0630
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0630
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0630
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0630
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0635
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0635
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0640
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0640
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0645
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0645
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0645
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0645
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0650
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0650
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0650
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0655
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0655
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0660
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0660
http://refhub.elsevier.com/S0162-0134(20)30282-8/rf0665

	Ru(II)-diimine complexes and cytochrome P450 working hand-in-hand
	Recommended Citation

	Ru(II)-diimine complexes and cytochrome P450 working hand-in-hand
	1 Introduction
	2 Background
	2.1 Cytochrome P450 enzymes
	2.2 Light-harvesting units employed to power various heme monooxygenases
	2.3 Ru(II)-diimine complexes

	3 Hybrid P450 enzymes featuring covalently attached Ru(II) complexes
	4 Crystal Structures of P450 heme domains with their redox partners
	5 Expanding on the Ru(II) complexes and P450 applications
	5.1 Next generation of hybrid enzymes and application to other P450 heme domains
	5.2 Coupling efficiency and light-driven peroxygenase
	5.3 Functionalization of the Ru(II)-diimine photosensitizers
	5.4 Chemoenzymatic strategies with P450 enzymes
	5.5 Ruthenium complexes with photolabile P450 inhibitors

	6 Conclusion and perspectives
	Abbreviations
	Declaration of competing interest
	Acknowledgement
	mk:H1_19
	References


