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Abstract

The unique photochemical properties of Ru(ll)-diimine complexes have helped initiate a series of
seminal electron transfer studies in metalloenzymes. It has thus been possible to experimentally
determine rate constants for long-range electron transfers. These studies have laid the foundation
for the investigation of reactive intermediates in heme proteins and for the design of light-activated
biocatalysts. Various metalloenzymes, such as hydrogenase, carbon monoxide dehydrogenase,
nitrogenase, laccase and cytochrome P450 BM3 have been functionalized with Ru(l1)-diimine
complexes. Upon visible light-excitation, these photosensitized metalloproteins are capable of
sustaining photocatalytic activity to reduce small molecules such as protons, acetylene, hydrogen
cyanide and carbon monoxide or activate molecular dioxygen to produce hydroxylated products.
The Ru(Il)-diimine photosensitizers are hence able to deliver multiple electrons to metalloenzymes
buried active sites circumventing the need for the natural redox partners. In this review, we will
highlight the key achievements of the light-driven biocatalysts, which stem from the extensive
electron transfer investigations.

1. Introduction

Considerable effort is currently devoted to the development of visible light-driven
approaches to produce biofuels or synthetic chemical reactions as sustainable alternatives to
meet the global energy needs.[1, 2] In this context, photosynthesis has provided a valuable
platform for understanding the underlying mechanisms of light harnessing and efficient
light-to-chemical energy conversion.[3] Following light absorption by the chlorophyli
antenna, rapid charge separation occurs and a cascade of proton coupled electron transfer
steps is promoted by a network of metalloenzymes and redox centers. Eventually, molecular
dioxygen is produced at a unique metal cluster active site with the release of electrons and
protons to reduce carbon dioxide.[4, 5]
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Electron transfers are at the essence of many important biological transformations and have
hence attracted a lot of interest from both experimental and theoretical perspectives. The
seminal work by Marcus has provided the theoretical framework to consider electrons
flowing between distant redox centers.[6] The semiclassical Marcus equation established the
critical parameters governing the rates of electron transfer between a donor and an acceptor
held at fixed distances and orientation. These parameters include the reaction driving force, a
nuclear reorganization factor, and the strength of the electronic coupling between the
reactants and products at the transition state. This electronic coupling term depends on the
distance between the redox centers and the nature of the medium separating them.[6]

Experimentally, the Gray group pioneered the use of ruthenium complexes to study electron
transfers in modified proteins.[7-10] The unique photochemical properties of the Ru(bpy)32*
prototype and its derivatives[11] have rendered these complexes valuable at triggering
electron transfer processes.[12] Due to their intense metal-to-ligand charge transfer band and
long lived excited state, the Ru(ll)-diimine complexes are amenable to flash photolysis
studies. Rapid charge separation and minimization of charge recombination via flash quench
techniques, generate powerful reductant or oxidant species to initiate redox reactions.
Moreover, the functionalization of the ancillary ligands on the Ru(ll) complexes has enabled
its covalent attachment to macromolecules and permitted intramolecular electron transfers in
proteins.

Expanding the application of Ru(ll)-diimine modified proteins to the field of light-driven
biocatalysis has been achieved in several catalytically competent metalloproteins. Early
successes with the reduction and activation of small molecules demonstrated the advantages
of harnessing the catalytic potential of enzymes. Indeed, metalloenzymes present unique
architectural and catalytic efficiency rarely matched by small molecule models. While there
have been many important contributions from light-driven small molecule models,[13-18]
this review focuses on the light-driven metalloenzymes functionalized with ruthenium-based
photosensitizers.

First, a brief background on Ru(ll)-diimine complexes and their excited state properties will
be presented. The following sections will introduce the various synthetic strategies to
covalently attach these complexes to proteins and the techniques to characterize their
attachment. Then, the significant contributions and conclusions from the extensive studies
on electron transfer in metalloproteins conducted by the Gray group [7-10] and others
[19-21] will be highlighted. These studies have paved the way for the detection of elusive
reaction intermediates in heme proteins and eventually to the development of light-driven
biocatalysis. The last part of the review will illustrate examples of light-driven
metalloproteins where Ru(I1)-diimine complexes deliver the necessary electrons to the
enzyme active sites for the efficient reduction and activation of small molecules toward the
generation of biofuels and hydroxylated products.

2. Background on Ru(ll)-diimine complexes

The db [Ru(LL)3]?* complexes where LL = diimine ligands such as bipyridine (bpy),
phenanthroline (phen) and their derivatives have been the class of metal complexes most
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deeply investigated from a photochemical point of view. This is due to their unique
combination of chemical stability, luminescence, excited-state lifetime and reactivity. As
these topics have been extensively reviewed and are well documented,[11, 22, 23] this
section will highlight the key properties of these photosensitizers relevant to electron transfer
processes and photocatalytic activity in metalloenzymes.

The most well-studied metal complex in this series, Ru(bpy)s2* (bpy = 2,2’-bipyridine),
exhibits a typical strong, broad absorbance in the visible range centered at 450 nm (¢ =
15,000 M~1cm™1) assigned to a metal-to-ligand charge transfer (MLCT) transition.[11]
Excitation into this band followed by rapid inter-system crossing results in the production of
a long-lived triplet excited state. This excited state can decay back to the ground state via a
radiative process or encounter other solute molecules called quenchers. The participation in
these bimolecular processes results in energy transfer or both reductive and oxidative
electron transfers (Figure 1). Depending on the nature of the quencher, a highly reductive,
Ru(bpy)s*, or oxidative, Ru(bpy)s3*, species can be photogenerated. Some of the most
commonly used reductive quenchers are ascorbic acid, dithionite, dithiocarbamate or p-
methoxy-dimethylaniline while the oxidative quenchers typically comprise methyl viologen,
[Ru(NH3)6]3* and [Co(NH3)sCI]2*. Both oxidative and reductive routes have been used to
promote electron transfers in metalloproteins and generate reactive intermediates in heme
proteins as described in later sections. In addition, modification of the ancillary ligands in
the Ru(lIl)-diimine complexes has permitted the tuning of their photophysical properties[11]
and their covalent attachment to various macromolecules.

3. Covalent attachment of Ru(ll)-diimine complexes to proteins

3.A. Synthetic strategies

Early attempts at electron transfer studies or light-driven biocatalysis have used Ru(bpy)s2*
complex in solution with the metalloprotein of interest. This bimolecular process often
resulted in marginal results requiring the need for efficient electron relay systems as
discussed below. Hence, strong efforts have been devoted to covalently attach the
photosensitizer to metalloproteins in order to promote unimolecular electron transfer
reactions. Various covalent strategies have been undertaken for the selective attachment of
Ru(11) complexes by taking advantage of the respective reactivity of amino acid side chains
as summarized in Table 1.

Initial reports involved the direct attachment to histidine residues using aquo complexes such
as Ru(NH3)5(H,0),[24, 25] Ru(bpy)2(Im)(H,0) or Ru(tpy)(bpy)(H,0) complexes (bpy =
2,2-bipyridine, Im = imidazole, tpy = 2,2":6/,2”-terpyridine) (Table 1, entry 1).[26] Peptide
coupling strategies have resulted in the attachment of Ru(ll) complexes bearing amino or
carboxylic acid moieties to proteins (Table 1, entries 2 and 3). On one hand, the amino group
of Ru(bpy),PhenA (PhenA = 5-amino-1,10-phenthroline) can be coupled with the
carboxylic acid side chains of aspartic or glutamic acids in the presence of crosslinking
carboxydiimide reagents.[27] On the other hand, the amino side chain of lysine residues can
react with N-hydrosuccinimide derivatives of the Ru(bpy),(dcbpy) complex (dcbpy = 4,4’-
dicarboxy-2,2’-bipyridine)[28] or the isocyanate moiety introduced on a phenanthroline
ligand (Table 1, entry 4). [29, 30]

Biochim Biophys Acta. Author manuscript; available in PMC 2017 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lam et al.

Page 4

Ultimately, the nucleophilicity of cysteine residues and their lower natural abundance [31]
have been very advantageous in the selective covalent attachment of various photosensitizers
(Table 1, entries 5-8). Sulfhydryl-specific labeling has been achieved via the introduction of
reactive maleimide,[32, 33] bromoalkyl,[34] and iodoacetamide[35] substituents onto
various luminescent complexes. We have also recently reported the selective sulfhydryl ring
opening of an epoxide moiety in several d® metal complexes containing the 5,6-epoxy-5,6-
dihydro-1,10-phenanthroline ligand.[36]

Alternatively, several groups have investigated the attachment of Ru(ll) photosensitizers
directly to protein cofactors (entries 9 and 10) such as the prosthetic heme group [37, 38] in
reconstituted heme proteins or the pterin cofactor of the inducible nitric oxide synthase.[39]

3.B. Characterization of the covalent attachment

A combination of spectrophysical and biological techniques have been utilized to confirm
the selective attachment of the photosensitizer to macromolecules by taking advantage of the
unique photophysical properties of ruthenium-based photosensitizers. The strong MLCT
band can be detected in covalent adducts of metalloproteins even in the presence of the
strong absorbing Soret band of the heme cofactor.[38, 40, 41] Measurements of the excited
state lifetime can also provide valuable information regarding the local environment around
the photosensitizer.[28, 42] Using mass spectrometry, a characteristic shift in the mass of the
protein is observed upon covalent attachment of the photosensitizer.[40] Recently, the use of
inductively coupled optical emission spectroscopy (ICP-OES) was valuable in establishing
the presence of a Ru(ll) complex in photosensitized nitrogenase mutants.[43]

X-ray crystallography has remained a unique tool to probe the local environment around the
covalently attached Ru(ll) photosensitizer and to determine the distances between redox
cofactors.[26, 40, 44] However, despite recent progress, crystallization of macromolecules
still remains a laborious process. Information on the selective covalent attachment can also
be obtained from tryptic digest of the labeled metalloenzymes and analysis of the peptidic
fragments.[25, 45] This method was initially used to establish the labeling of
ferricytochrome ¢ with pentaamineruthenium(l111) complexes. We recently used a similar
digestion to unambiguously confirm the position of covalent attachment of the
photosensitizer to cytochrome P450 BM3 heme domain mutants.[41] High sequence
coverage of the protein was obtained and the labeled peptide fragment could be easily
detected and identified using the unique isotopic distribution of the ruthenium atom as
fingerprint.

4. Phototriggered electron transfer processes in metalloproteins

4.A. Intramolecular electron transfer studies

First evidence of long range electron tunneling was reported in a Ru(NH3)s3* functionalized
ferricytochrome c in 1982,[24] paving the way for the pioneering work of the Gray group.
The Ru(NH3)53* complex was rapidly replaced by Ru(ll)-diimine complexes as their unique
photophysical properties enabled a wider range of measurements not possible with the
nonluminescent amino-based complexes.[9, 12] More than 30 proteins have been
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functionalized with ruthenium complexes, leading to the systematic investigation of
parameters governing electron transfer steps in these models.[7, 8, 10, 46] The proteins
comprise the blue copper proteins azurin, plastocyanin and stellacyanin, the high potential
iron-sulfur protein (HiPIP) as well as heme proteins such as myoglobin and the cytochromes
¢, b5 and b562. The measured rates of electron transfers were found to span 7 orders of
magnitude between redox centers separated by distances ranging from 12 to 26 A.[8] In a
tabulated timetable for long-range electron transfers, most of the determined rate constants
in proteins show exponential distance dependence and are dispersed around a decay
constant, B, of 11 nm~1.[7-10] This electron tunneling coupling efficiency is between the
efficiency across glassy toluene (3 = 12 nm~1) and an all-covalent alkane bridge ( = 10
nm~1), which reflects the heterogeneity and complexity of the protein tertiary structures in
mediating electron transfers. These extensive investigations and their implication to the
Marcus theory have been well documented in several reviews.[7-10]

In certain cases, electrons have been found to travel distances greater than 25 A in a
timescale not expected for single electron transfer steps. This process would then require
multi step tunneling or “hopping”. Gray and coworkers recently demonstrated such feat in
azurin where an engineered tryptophan is in van der Waals contact with the photosensitizer.
Oxidation of the azurin Cu(l) center occurred two orders of magnitude faster than expected
for electron tunneling over the same distance.[44]

4.B. Intermolecular electron transfer and proton coupled electron transfer studies

The phototriggering of electron transfer in metalloproteins has also been expanded to the
study of intermolecular processes in protein complexes, notably, the cytochrome ¢ oxidase
assembly.[20, 46, 47] Cytochrome c oxidase is the vital protein in the respiratory system of
mitochondria. It performs the four-electron reduction of molecular dioxygen to water
accompanied with the pumping of protons across the membrane.[48] The electrons are
provided from the redox partner cytochrome ¢ and enters the oxidase at the dinuclear copper
site, CuA. They are then transferred to the catalytic hemeA-CuB site where the dioxygen
reduction takes place. Millet, Durham and coworkers have used a cascade of electron
transfer steps initiated at the ruthenium modified cytochrome c to eventually promote the
reduction of cytochrome ¢ oxidase.[19, 20, 47] This approach has also enabled the study of
proton pumping across the membrane accompanying the oxygen reduction.[19]

An extension of the single electron transfer step is the concomitant motion of a proton
summarized as proton coupled electron transfer or PCET. Several reviews have elegantly
summarized the experimental and theoretical implication of the PCET mechanism.[49, 50]
Worth highlighting are the studies on deciphering the long-range electron transfer pathway
in the ribonucleotase reductase (RNR).[21, 51] RNR catalyzes the conversion of nucleotide
to deoxynucleotide via hydrogen atom abstraction to provide the precursors required for
DNA replication and repair in all organisms. Radical transport occurs over 35 A and
involves the side chains of conserved aromatic amino acids.[51] The electron transport
mechanism is thought to be closely coupled to proton motion based on a combination of
site-directed mutagenesis and photoinitiated radical transport. [21, 51]
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5. Study of elusive reactive intermediates in Ru(ll)-diimine modified

proteins

The ultrafast techniques developed for the study of electron transfer steps has also allowed
the investigation of high-valent reactive intermediates in heme proteins. In a flash quench
oxidative route, the excited state of the Ru(bpy)s%* complex is quenched by an electron
acceptor solute to generate a Ru(l1l) species with an estimated potential of 1.26 V vs NHE
(Figure 1).[11] Such photogenerated species has been used to oxidize heme cofactors in
various proteins.[52, 53] In both horseradish peroxidase and microperoxidase, initial
oxidation of the heme group occurred at the porphyrin ring followed by rapid conversion to
generate the high valent ferryl Compound Il species. A second round of photoexcitation
leads to the formation of Compound I, a ferryl porphyrin « cation radical. Oxidation of the
heme center was monitored by transient absorption and global fitting of the single
wavelength kinetic traces enabled the determination of rate constants for the individual
processes.[52, 53] In these proteins, it is worth noting that the heme cofactor is rather
surface exposed, and thus prone to oxidation by the photogenerated Ru(l11) species in
solution. However, no photooxidation could be observed in proteins with more buried active
sites.

In order to relay electrons to these buried sites, Ru(ll)-diimine based molecular wires were
developed to promote non-covalent binding to metalloproteins using their recognition
binding sites. A variety of molecular wires showed tight binding to the active site of P450
cam,[54, 55] amine oxidase[56] and nitric oxide synthase.[39] Only a few cases showed
heme reduction by the ruthenium-based molecular wires. [54, 55] Additional approaches
have emerged to covalently attach the Ru(ll) photosensitizer to heme prosthetic group or
pterin cofactor (Table 1, entries 9 and 10). Several synthetic steps are required to assemble
such systems and only marginal results have been observed. In the case of myoglobin where
the original cofactor could be replaced by a Ru(Il)-modified heme, a porphyrin radical has
been observed in two separate studies followed by formation of Compound 11 (Fe(1VV)=0) in
one case [37] or an amino acid radical in the other.[38] For the covalently modified pterin
cofactor, rapid heme reduction of the inducible nitric oxide synthase protein was
observed[39] but more work is still needed to form valuable reactive intermediates.

Eventually, photoxidation of the heme cofactor in cytochromes P450 was achieved using a
Ru(ll) photosensitizer covalently attached at an engineered non-native single cysteine
mutant of the P450 BM3 heme domain.[40] Upon photoexcitation and quenching with the
oxidative quencher, Ru(NHz)g3", rapid oxidation of the porphyrin ring was observed which
rearranged to the ferryl Compound 11 species. The pH dependence study further established
the protonated form of the ferryl species that is characteristic of cys-coordinated heme
proteins.[57]

6. Light-driven biocatalytic processes

Since Ru(Il) complexes could promote electron transfers in metalloproteins upon excitation,
there has been a strong motivation to drive catalytically competent enzymes with visible
light and capitalize on their unique synthetic ability. Early evidence of photocatalytic activity
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was provided using a derivative of sperm whale myoglobin functionalized with
pentaamineruthenium(111) complexes. This synthetic “oxidation-reduction” enzyme
catalyzes the reduction of dioxygen coupled with oxidation of ascorbate and
durohydroquinone with kg of 0.30 to 0.60 s~1.[58] From their strong absorption in the
visible range and unique photophysical properties highlighted in the previous sections,
Ru(ll)-diimine photosensitizers have become functional redox partners to activate
metalloproteins upon visible light excitation. Often, a reductive photocatalytic cycle,
highlighted in Figure 1, is used to deliver multiple electrons to their unique active sites.

This section will illustrate the various enzymes powered by Ru(ll) photosensitizers that
resulted in the photogeneration of valuable products. Dihydrogen production was established
in light-driven hydrogenase systems. Reduction of small molecules such as carbon dioxide
or protons, acetylene and hydrogen cyanide have been achieved with photosensitized carbon
monoxide dehydrogenase and nitrogenase, respectively. Meanwhile, under aerobic
conditions, reduction of molecular dioxygen was obtained with a light-driven laccase and
efficient O activation in Ru(ll)-diimine functionalized P450 BM3 enzymes has led to high
photocatalytic production of hydroxylated fatty acids.

6.A. Photoproduction of H, from photosensitized hydrogenases

Hydrogenases are a large class of metalloenzymes that catalyze the conversion of
dihydrogen into protons and electrons as well as the reverse reaction. There are three main
types of hydrogenases, depending on the metal present in their active site: an all iron active
site, the [FeFe] hydrogenase, a mixed metal [NiFe] hydrogenase and an [Fe] only
hydrogenase.[59] Hydrogenases are typically O sensitive, but a more O, tolerant subclass,
the [NiFeSe] hydrogenase, was identified where the coordinating cysteine group is replaced
by a seleno cysteine. The redox partners are either NAD(P)+ or a cytochrome of b- or c-

type.

Various contributions to powering hydrogenases with visible light have focused on the
interactions between the light harvesting units and the enzyme.[60] The first account of Hy
photoproduction using a Ru(ll) photosensitizer was reported more than 30 years ago by
Okura et al. using a [NiFe] hydrogenase.[61] Electron relays such as methyl viologen and
cytochrome c3 were necessary for activity (Figure 2A).[62] Nevertheless, the system suffers
from low efficiency due to high oxygen sensitivity. Improvements have followed using
photosystem | as the light harvester, leading to the H, production at a rate of 0.58 umol/mg
of enzyme/h.[63] More recently, entrapping the hydrogenase into a nanoporous glass plate in
the presence of Ru(bpy)s%* and methyl viologen has resulted in the production of hydrogen
with an efficiency of 3.7 pmol H, m=2 s~1 under external aerobic conditions.[64]

Dyer et al. confirmed minimal H, production with a Ru(bpy)s2*/ascorbic acid / [NiFe]
hydrogenase.[65] This system was found to be 100 times less efficient compared to a
quantum dot system. The difference was mainly attributed to a difference in binding of the
photosensitizer between the positively charged Ru(ll) based photosensitizer and the
negatively capped quantum dot.[65] The slow kinetics with the Ru(ll) system conveniently
enabled the observation and characterization of most intermediates in the hydrogenase
catalytic cycle. The direct attachment of a ruthenium photosensitizer to a [NiFe]-
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hydrogenase (Figure 2B) led to the production of dihydrogen with a rate of 16 nmol of
Hy/min/mg of protein, which corresponds to 592 units/uM of ruthenium photosensitizer.[27]
Armstrong et al. took on a different approach using a TiO, nanoparticle sensitized with a
Ru(l1) complex bearing phosphonate groups (Figure 2C).[66, 67] In this case, the TiO,
nanoparticle acts not only as anchor for both the enzyme and the light-harvesting compound
but also as an electron mediator in the process.[67] A first report established the
photoproduction of dihydrogen from the sensitized nanoparticle assemblies.[66] A more
systematic investigation of several hydrogenases and photosensitizers led to Hy production
at a rate of 50s™1 with the more dioxygen tolerant [NiFeSe]-hydrogenase.

6.B. Photoreduction of CO5, using a sensitized carbon monoxide dehydrogenase

The carbon monoxide dehydrogenase, CODH I, has an unusual [Ni-4Fe4S] active site that
catalyzes the reversible oxidation of CO to CO,. Following a similar system developed for
the hydrogenase, Armstrong and coworkers turned their attention to the two electron
reduction of CO5 to carbon monoxide using TiO, nanoparticles sensitized with the
phosphonated Ru(l11) complex.[68] In controlling the absorption of the CODH | enzyme onto
the nanoparticle, 5 pmol of CO was produced after four hours of irradiation, corresponding
to an average turnover number of 250 umol of CO/gram of TiOy/hour. Successive
improvements in the use of anatase/rutile TiO, and in the control of enzyme binding onto the
surface led to enhancements of the overall activity and tolerance to dioxygen.[69]

6.C. Photoreduction of small molecules in Ru(ll)-modified nitrogenase

Dinitrogen reduction to two molecules of ammonia is only achieved industrially through the
costly and high energy demanding Haber-Bosch process. Meanwhile, nitrogenase achieves
the biological eight-electron reduction of dinitrogen at its unique FeMoCo active site under
ambient conditions.[70, 71] The strictly required FeP protein couples the hydrolysis of ATP
molecules with the delivery of electrons, via the P cluster, to the catalytic FeMoCo cofactor
of the iron-molybdenum protein (MoFeP), where dinitrogen reduction occurs (Figure 3).
Recently, Tezcan and coworkers have covalently attached a Ru(ll) photosensitizer (Table 1,
entry 7) onto the MoFeP protein and demonstrated the two electron reduction of protons and
acetylene to their corresponding products Hy, and CoHy, respectively.[43] Three positions of
covalent attachment were investigated. While two of the positions did not lead to any
product formation, the third position (Ru-C158 in close proximity to the P cluster) lead to
the evolution of both products in equal quantities (Figure 3), with the average velocities of
16 nmol CoHy/min and 14 nmol Hy/min per mg of MoFeP. Photodriven CoH,4 and H,
production reached a plateau after 50 min despite the presence of excess reductive quencher,
dithionite, yielding a turnover number of ~110 per active site for both products. This light-
driven generation of products established that nitrogenase could be activated without the use
of its redox partner, FeP, protein and the high consumption of ATP (Figure 3). Later on, with
a similar MoFeP construct, the six-electron reduction of hydrogen cyanide to methane was
also established with an initial velocity of 0.4 nmol of CH4/min per mg of MoFeP, indicating
the ability of the photosensitizer to deliver multiple electrons to the active site.[72]

While the aforementioned light-driven biocatalysis was obtained under reduced oxygen
atmosphere, a challenging task has been to carry photocatalysis under aerobic conditions
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with Ru(Il)-diimine functionalized metalloenzymes. Indeed, dioxygen is known to react with
the Ru(ll) excited state and the photogenerated reductive species to yield detrimental
reactive oxygen species.[73] Singlet dioxygen is produced from energy transfer between
dioxygen and the Ru(ll) excited state while formation of superoxide or hydrogen peroxide is
due to reductive electron transfers from the photosensitizer. Nevertheless, recent examples
using laccase and the monooxygenase cytochrome P450 BM3 demonstrated the feasibility
of light-driven biocatalysis under aerobic conditions.

6.D. Photosensitized Laccase

Laccases belong to a class of blue copper enzymes found in fungi and plants that have the
ability to efficiently reduce molecular dioxygen at a trinuclear copper center.[74] The four-
electron reduction is usually coupled to oxidation of phenolic compounds, aromatic amines
and ascorbate. These enzymes have found potential use in diverse biotechnological and
environmental applications.[75] In biofuel cells, laccases have been immobilized on carbon
based polypyrrole film where various embedded Ru(ll) and Os(11) complexes act as redox
mediators to create biocathodes.[76, 77] Such redox hydrogel design has led to efficient
dioxygen electroreduction outperforming platinum-based catalysts.[76-78]

Toward light-driven biocatalytic applications, Tron et al. have utilized photocatalytic
reductive cycles to power laccase with various light-harvesting units.[79, 80] The first report
included Ru(bpy)32* as the photosensitizer with EDTA as the sacrificial electron donor.[80]
While modest O, consumption was observed with this system, higher rates (1.7 pmolL=1s71)
were achieved when switching to a soluble zinc porphyrin photosensitizer.[79]

6.E. Light-driven P450 BM3 biocatalysts

One attractive target for biocatalysis has been the superfamily of cytochrome P450 enzymes
due to their high regio- and stereoselective synthetic potential.[81] This superfamily of
enzymes catalyzes the insertion of an oxygen atom into unactivated C-H bonds of a wide
range of organic substrates using molecular dioxygen and two electrons.[82] The reducing
equivalents are delivered by the electron providing reductase from the NAD(P)H cofactor.

Our laboratory has initially focused on the soluble fatty acid hydroxylase, P450 BM3.[83]
Our earlier work on the photooxidization of the heme cofactor in a Ru(ll)-diimine
functionalized P450 BM3 mutant[40] established the electronic coupling between the two
redox centers. These findings prompted the investigation of a photoreductive route to
activate the P450 enzyme upon visible light irradiation and generate hydroxylated products.
Low turnover numbers in the hydroxylation of the model substrate, lauric acid, were
obtained with the initial mutants.[84] However, varying the position and nature of the
photosensitizer to optimize the electron transfer pathway[85] resulted in a mutant,
sL407C-2, containing a Ru(ll) photosensitizer with electron donating groups covalently
attached to an engineered cysteine residue at position L407C (Figure 4). This hybrid P450
BM3 mutant showed an enhanced activity in the light-driven hydroxylation of the C12 fatty
acid. More than 900 total turnover numbers were obtained with a fast initial reaction rate of
120 eg/min.[41] It is worth noting that the ratio of hydroxylated products in the
photocatalytic enzyme reaction is identical to that observed with the natural system. This
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light-driven P450 biocatalyst was also used in the one-step synthesis of a valuable synthon in
route to the synthesis of several natural products.[86] The high photocatalytic activity
establishes that the photogenerated reductive species is able to inject electrons to the heme
active site and sustain photocatalytic activity. In addition, this approach circumvents the use
of the natural electron transfer pathway, reductase and NAD(P)H cofactor, (Figure 4) and
could therefore be more applicable to other members of the large family of cytochrome P450
enzymes.

7. Conclusion

For more than three decades, the post-modification of proteins with Ru(ll)-diimine
photosensitizers has enabled the systematic study of intra- and intermolecular electron
transfers and the deciphering of parameters governing the electron transfer rates. These
investigations have also highlighted the importance of the protein tertiary structures in
mediating electron transfer steps. Building on this work, the field of Ru(ll)-diimine
functionalized metalloproteins has been expanded to catalytically competent enzymes. The
growing examples of light-driven systems establish that Ru(Il)-diimine photosensitizers are
amenable to deliver multiple electrons to buried active sites and sustain photocatalytic
activity upon visible light excitation under both anaerobic and aerobic conditions. Moreover,
the need for redox partner enzymes or expensive cofactors is often alleviated. While a
number of alternative photosensitizers such as nanoparticles, quantum dots, metal complexes
or organic dyes are emerging,[87-91] Ru(ll)-diimine photosensitizers still remain a premier
choice in light driven processes thanks to their unique tunable photochemical properties
combined with an ease of synthesis and derivatization.
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Photocatalytic cycle of a typical [Ru(bpy)s]2* complex. Encountering of its excited state
with a solute molecule, electron donor D or acceptor A, generates a highly reductive
([Ru(bpy)s]*, left) or oxidative ([Ru(bpy)s]®*, right) species, respectively.
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Fig. 2.

Stgr]ategies for the light-driven production of dihydrogen using photosensitized hydrogenases
(PDB ID: 3ZE9). A) The use of methyl viologen (MV) or a methyl viologen-cytochrome ¢
assembly (MV;) with Ru(bpy)s?* resulted in minimal H, production; B) Covalent
attachment of the photosensitizer to a [NiFe] hydrogenase in the presence of both methyl
viologen and EDTA improved the rate of hydrogen production; C) Higher H, production
rate was obtained with a more O, tolerant [NiFeSe] hydrogenase sensitized with a TiO,
nanoparticle containing a phosphonated Ru(lIl)-diimine complex. Adapted with permission
from [67]. Copyright 2009 American Chemical Society.
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.
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Fig. 3.

Li%ht—driven reduction of small molecules (acetylene, protons, hydrogen cyanide) using a
photosensitized component, FeMoP (dark gray), of nitrogenase. The covalently attached
Ru(l1)-diimine complex (red) is able to deliver the necessary electrons to the FeMoCo active
site and thus bypasses the need for the ATP dependent FeP protein (light gray) (PDB ID:
4WZB).
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R = CH,CH,CH, CHCH,

Fig. 4.
Light-driven hydroxylation of long chain fatty acids using Ru(Il)-diimine functionalized

P450 BM3 biocatalysts. The necessary electrons for the activation of molecular dioxygen at

the heme active site (blue) are delivered by the Ru(ll) photosensitizer covalently attached to

a non-native single cysteine (L407C) in place of the reductase cofactor (FMN domain shown
in light gray, PDB ID: 1BVY).
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Structures of ruthenium complexes used in the covalent attachment to protein amino acid side chain or
cofactors (bpy = 2,2’-bipyridine).

Table 1

Entry Photosensitizer Amino acid References
o Gy
1 i ol g His [24-26]
/
Mo | NHz
2 IHW}ZR(N, Asp or Glu [27]
gy
3 AL Lys 28]
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e =5
M w©
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|
a,
g ”\:}
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- Br
Mo |
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g N
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Covalent attachment to protein cofactors
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