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We have developed a series of hybrid P450 BM3 enzymes to perform the light-activated hydroxylation of
lauric acid. These enzymes contain a Ru(II)-diimine photosensitizer covalently attached to single cysteine
residues of mutant P450 BM3 heme domains. The library of hybrid enzymes includes four non-native single
cysteine mutants (K97C, Q397C, Q109C and L407C). In addition, mutations around the heme active site, F87A
and I401P, were inserted in the Q397C mutant. Two heteroleptic Ru(II) complexes, Ru(bpy)2phenA (1) and
Ru(phen)2phenA (2) (bpy=bipyridine, phen=1,10-phenanthroline, and phenA=5-acetamido-1,10-
phenanthroline), are used as photosensitizers. Upon visible light irradiation, the hybrid enzymes display var-
ious total turnover numbers in the hydroxylation of lauric acid, up to 140 for the L407C-1 mutant, a 16-fold
increase compared to the F87A/Q397C-1 mutant. CO binding studies confirm the ability of the
photogenerated Ru(I) compound to reduce the fraction of ferric high spin species present in the mutants
upon substrate binding.

Published by Elsevier Inc.
1. Introduction

Cytochromes P450 are heme-thiolate enzymes capable of catalyz-
ing the selective oxidation of unactivated C-H bonds in a variety of or-
ganic substrates by utilizing two reducing equivalents and molecular
dioxygen [1]. The consensus mechanism involves two successive one-
electron transfer (ET) steps from the electron provider reductase [2]
to the heme center and the formation of several well characterized in-
termediates (Fig. 1) [3]. The catalytic cycle is often initiated by bind-
ing of substrate, resulting in a displacement of the water molecule
bound to the resting ferric species and a shift from low to high spin
(Fig. 1, Step 1) [4]. This gating step is important in bacterial P450 en-
zymes; however, it might not be necessary in all human P450s [5].
The binding of the substrate is also associated with a change in the
heme redox potential, which promotes the first electron reduction
and rapid binding of dioxygen to the reduced ferrous heme. The
resulting oxyferrous species is then further reduced by a second elec-
tron and protonated (Step 5) to generate a hydroperoxo intermedi-
ate, Compound 0. Protonation of the distal oxygen in the Fe(III)-
OOH species (Step 6) results in O-O bond cleavage and the formation
of a high-valent Fe(IV)-oxo porphyrin radical species, Compound I.
Compound I is responsible for the oxygen atom insertion into sub-
strate C-H bond via a rebound mechanism [6,7]. The sequential
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delivery of electrons by the reductase is well orchestrated in order
to achieve high catalytic efficiency and minimize the formation of re-
active oxygen species via uncoupled pathways (autooxidation and
peroxide shunts).

Due to their great synthetic potential, the P450 enzymes have
been of interest for biotechnological applications [8–10]. However,
the dependence on the reductase domain and the use of NAD(P)H
to initiate the ET cascade remain challenging in their development
as biocatalysts [11]. Alternative approaches to deliver electrons have
emerged [12], which include artificial fusion P450 proteins [13], re-
generation system [14], surrogate oxygen atom donors [15], direct
chemical reduction [16,17], and electrochemical reductions [18] as
well as light-activated approaches [19,20].

We recently reported an alternative light-activated approach to
perform P450 reactions using hybrid P450 BM3 enzymes [21,22].
The hybrid enzymes consist of a Ru(II)-diimine photosensitizer,
Ru(bpy)2phenA (1) (bpy=bipyridine and phenA=5-acetamido-1,
10-phenanthroline), covalently attached to non-native single cyste-
ine residues (K97C and Q397C) of the archetypal P450 BM3 heme do-
main [23]. Under flash quench reductive conditions [24], the
photogenerated Ru(I) is sought to provide the necessary electrons
to the heme domain in successive one-electron reduction steps.
Upon light activation, these hybrid enzymes showed catalytic hy-
droxylation of lauric acid with total turnover numbers of up to 80.

We have since expanded the library of hybrid enzymes in order to
improve their activity, stability and total turnover numbers as well as
to gain insights into their mechanism. New non-native single cysteine
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Fig. 1. P450 catalytic cycle showing the individual steps and intermediates involved in the mechanism as well as the uncoupling reactions (autooxidation and peroxide shunts) and
the formation of Fe(II)-CO adduct.
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mutations at position 109 and 407 were generated along with addi-
tional mutations, F87A and I401P, around the heme active site of
the Q397C mutant. The first set of mutations was engineered in
order to modify the distance between the photosensitizer and the
heme center. The second set was introduced to alter substrate recog-
nition properties of the heme domain (F87A) [25] as well as the heme
redox potential and catalytic activity (I401P) [26]. Aside from the pre-
viously used Ru(bpy)2phenA (1), we synthesized and covalently at-
tached another heteroleptic Ru(II) photosensitizer, Ru(phen)2PhenA
(2) (phen=1,10-phenanthroline) in order to increase the Eo(Ru(II)/
Ru(I)) potential [27]. Overall, the current library comprises seven la-
beled mutants as follows: K97C-1, Q109C-1, L407C-1, Q397C-1,
F87A/Q397C-1, Q397C/I401P-1, and Q397C-2. These hybrid enzymes
display different activities and total turnover numbers in the hydrox-
ylation of lauric acid upon light activation. Substrate and CO binding
experiments were performed to determine the effects of mutations
and covalent attachments of the photosensitizers. In addition, the
ability of the photosensitizer to reduce the ferric heme species was
investigated in the presence of CO atmosphere under flash quench re-
ductive conditions.

2. Experimental

2.1. Material and reagents

Site-directed mutagenesis on the P450 BM3 heme domain plasmid
was performed using the Stratagene QuikChange Mutagenesis kit. Oli-
gonucleotides were purchased from Eurofins MWG Operon. All other
reagents used in this work were of analytical grade and purchased
from Thermo Fisher Scientific. Accurate mass spectrometry data were
obtained from an Agilent 6520 Quadrupole Time-of-Flight LC/MS in-
strument. Fatty acid analyses were performed on an Agilent 6890N
gas chromatography (GC) system equipped with a flame ionization de-
tector and an HP-5MS capillary column. UV-visible (UV–vis) spectra
were recorded on a Cary 60 UV–vis spectrophotometer.

2.2. Site-directed mutagenesis and protein expression

The following primers were used for the mutagenesis reac-
tions to create the desired non-native single cysteine mutants:
F87A 5′-AGAGACGGGTTAGCGACAAGCTGGAC-3′; Q109C 5′-CTTACTTC
CAAGCTTCAGTTGCCAGGCAATGAAAGGCTATC-3′; L407C 5′-CGGTCAG
CAGTTCGCTTGCCATGAAGCAACGCTGG-3′. I401P 5′-GTCAGCGTGCGTGT
CCGGGTCAGCAGTTCGC-3′. The underlined regions indicate the section
of the oligonucleotides modified from the wild-type (WT) sequence to
produce the codon change required for the amino acid substitutions.
Mutated heme domain plasmids were amplified by PCR using the men-
tioned primers. PCR was performed using PfuTurbo DNA polymerase
(Stratagene). Conditions were as follows: 10 ng template DNA, 125 ng
primers, 100 μM dNTPs, 2.5 units of PfuTurbo polymerase in a 50 μL
total reaction volume. PCR was performed using an Eppendorf
Mastercycler Thermocycler for 18 cycles of 95 °C (50 s), 60 °C (50 s),
and 68 °C (7 min) for denaturation, annealing, and extension, respective-
ly. Plasmids were transformed into E. coli XL1 Blue and selected on LB
agar/ampicillin plates. DNA sequencing confirmed the correct generation
of the desiredmutations. Expression and purification ofmutant heme do-
mains were carried out as described previously [28]. The E. coli BL21
(DE3) competent cells were used to express the mutant heme domains.
Cells were cultured in Terrific Broth (TB) medium enriched with mineral
supplements at 37 °C under vigorous agitation. At an OD600 of 0.9, gene
expressionwas induced by the addition of Isopropylβ-D-1-thiogalactopy-
ranoside (1 mM) and δ-aminolevulinic acid (1 mM), and the culture was
continued for an additional 27 h at 30 °C before harvesting cells. Bacterial
cells expressing the heme domains were lysed by sonication on ice, and
the solution was centrifuged (17,000 rpm, 60 min, 8 °C). The heme do-
mains containing a His6 tag were first separated using a 5 mL HisTrap
HP column and then on a Superdex 200 size exclusion column connected
to an ÄKTA Purifier. The integrity and purity of the purified proteins were
confirmed by UV–vis spectroscopy, CO-binding, SDS-PAGE and mass
spectrometry. After mass spectral deconvolution, the experimental mass
values for the purified proteins agreewith calculatedmass values indicat-
ed in parentheses: 53547.3 (53547.2) for K97C, 53547.3 (53547.2) for
Q397C and Q109C, 53562.3 (53562.2) for L407C, 53471.2 (53471.1) for
F87A/Q397C, and 53531.3 (53531.2) for Q397C/I401P.

2.3. Ru(II)-diimine photosensitizer synthesis

Ru(bpy)2Cl2 and Ru(phen)2Cl2 were prepared following reported
procedures [29]. The corresponding 5-acetamido-1,10-phenanthroline
(phenIA) derivatives were prepared using literature method [30] in 70
and 65% yields, respectively. The experimentally determined masses for
the productswerem/z=388.514 [M2+] for Ru(bpy)2phenIA (calculated:
388.514) and m/z=412.514 [M2+]for Ru(phen)2phenIA (calculated:
412.514).

2.4. Labeling reaction and hybrid enzyme purification

The labeling reaction for covalent attachment of Ru(II) photosen-
sitizers to non-native single cysteine residues was performed follow-
ing reported procedures [21].
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Upon completion, the reaction mixture was concentrated using
centrifugal filtration, and excess label was removed using a desalting
column connected to an ÄKTA Purifier. The labeled heme domain was
then separated from unlabeled protein by anionic exchange using a
HiTrap Q column with a stepwise elution gradient (Solvent A: 10 mM
Tris pH=8.2; Solvent B: 10 mM Tris with 300 mM NaCl, pH 8.2). The
purified hybrid enzyme was characterized using UV–vis and lumines-
cence spectroscopy as well as mass spectrometry. After mass spectral
deconvolution, the hybrid enzymes have experimental mass values as
follows, consistent with calculated values in parentheses: 54196.3
(54196.3) for K97C-1, 54196.3 (54196.4) for Q397C-1 and Q109C-1,
54211.4 (54211.3) for L407C-1, 54120.2 (54120.3) for F87A/Q397C-1,
and 54180.3 (54180.3) for Q397C/I401P-1, and 54244.4 (54244.3) for
Q397C-2.
2.5. Enzyme activity in photochemical experiments

In a typical experiment, the reaction was initiated by exposing
an aerated solution containing 3 μM of hybrid enzymes with
1.5 mM lauric acid and 100 mM sodium diethyldithiocarbamate
(DTC) to visible light irradiation from an Orion 1000 W Xenon
arc lamp. The solution was maintained at 20 °C using a water
bath.

The activity of the enzyme was determined following the general
procedure highlighted in our previous study [21]. Briefly, 500 μL al-
iquots were sampled from the reaction mixture at different time
intervals. After addition of 12-hydroxy-dodecanoic acid as inter-
nal standard, the products were extracted with dichloromethane.
The solvent was evaporated and the residue was silylated using
N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA) and Pyridine.
After a two-fold dilution with dichloromethane, 1 μL of the solu-
tion was injected into the GC/MS apparatus.
2.6. Substrate binding titrations

The dissociation constants, Kd, for lauric and palmitic acids were
determined for all the hybrid mutants by optical titration with
DMSO solutions of the respective fatty acids, keeping the maximum
concentration of DMSO below 2.5% (v/v). All hybrid enzyme solutions
were at 2.5 μM in 100 mM Tris at pH 8.2 and room temperature.
Lauric acid was added to a final concentration of 600 μMwith aliquots
of 10 mM and 40 mM stock solutions, whereas a final palmitic acid
concentration of 100 μM was achieved through additions of 1 mM
and 10 mM palmitic acid solutions. The difference spectra between
350 and 650 nm were recorded 30 s after each addition, using the
substrate-free hybrid enzyme solution as the reference spectrum.
The peak-to-trough difference between 390 and 420 nm was plotted
against substrate concentrations. Substrate dissociation constants
were extracted from fitting the data of triplicate experiments to a
rectangular hyperbolic function.
Fig. 2. Cartoon representation of the mutated residues Q109C, K97C, Q397C and L407C
(red) in the series of hybrid enzymes adapted from the K97C-1 crystal structure (PDB
ID: 3NPL). The estimated distances from the Cβ carbon of the side chain residue to the
Fe center are indicated.
2.7. CO binding study

A 2.5 μM solution of each hybrid enzyme in 100 mM Tris at pH 8.2
was used. After addition of 150 μM of substrate and 50 mM sodium
diethyldithiocarbamate (DTC), the solution was degassed for 30 min
with N2 and then bubbled with CO for 1 min. The solution was then
exposed to light irradiation from the Orion 1000 W Xenon arc lamp.
After 2 min of exposure, the UV–vis difference spectrum from 350
to 500 nm was obtained using the CO-saturated solution before irra-
diation as the reference spectrum. All solutions were at room temper-
ature, and the enzyme solution was kept in a 20 °C water bath during
light irradiation.
2.8. Percent high spin (%HS) determination

The high spin fraction for each hybrid enzyme solutionwas obtained
from the UV–vis spectrum recorded after addition of substrates. The
percent high spin (%HS) was calculated from the absorbance at
391 nm and 417 nm using Eq. (1), adapted from ref. [31].

%HS ¼ εLS417A391−εLS391Α417

A391 εLS417−εHS417
� �

−Α417 εLS319−εLS319
� � ð1Þ

A391 and A417 are absorbance at 391 nm and 417 nm, respectively.
Themolar extinction coefficient (ε) values determined for the hybrid en-
zymes are: ε391LS =42.8 mM−1 cm−1; ε391HS =92.4 mM−1 cm−1; ε471LS =
103.3 mM−1 cm−1; and ε417HS =54.5 mM−1 cm−1.

3. Results and discussion

Building on previous work with the Q397C-1 and K97C-1 mutants
[21], we have expanded the series of hybrid enzymes to include new
mutations and another photosensitizer. These mutants were generat-
ed in order to improve the catalytic activity of the hybrid enzymes
upon light activation as well as to gain insights into their mechanism.

3.1. Library of hybrid enzymes

Depending on the type of mutants and photosensitizers, the li-
brary of mutants can be divided in two series: one consists of non-
native single cysteine mutants (Q397C, L407C, K97C, Q109C) labeled
with Ru(bpy)2PhenA (1) photosensitizer, and the second includes
the non-native single cysteine mutant Q397C with additional muta-
tions around the active site (F87A or I401P) as well as different pho-
tosensitizers (1 and 2) containing bipyridine or phenanthroline as
ancillary ligands.

In the first series, the position of the covalent attachment relative
to the heme domain was modified as illustrated in Fig. 2. The posi-
tions of the mutated cysteine residue are selectively varied on the dis-
tal face of the heme where the Cys400 is coordinating to the iron
center. The K97C and Q109C mutations are located on the C-helix
and the L407C mutation on the L-helix. The Q397C mutation is on
the highly conserved region close to the thiolate ligating Cys400 res-
idue. The distances from the Cβ carbon of the side chain residue to the
Fe center, d(Fe-Cβ) could be estimated from the K97C-1 crystal

image of Fig.�2


Scheme 1. Proposed photocatalytic cycle for the hydroxylation of lauric acid by the hy-
brid enzymes upon light activation and in the presence of a reductive quencher,
diethyldithiocarbamate (DTC). The structures of the Ru(II) photosensitizers (1 and 2)
used in this study are shown.

Fig. 4. Degradation profiles monitored at 417 nm for the hybrid enzymes during the
photochemical reaction and for the wild-type (WT) heme domain in control reactions.
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structure [22] to be 10.0, 13.9, 16.2 and 17.9 Å for the four mutants
L407C, Q397C, Q109C and K97C, respectively.

In the Q397C hybrid enzyme series, it is possible to investigate the in-
fluence of the redox potential difference (ΔE) between the electron
donor, the photogenerated Ru(I), and the electron acceptor, the ferric
heme species. The potential difference in the hybrid enzymes can be
tunedby (1) changing the ancilliary ligands on theRu(II) photosensitizer;
(2) changing the potential of the heme by site-directed mutagenesis
(I401P mutant) and (3) by binding different type-I substrates, such as
lauric or palmitic acids, to the active site.
3.2. Enzyme activity and stability in photochemical experiments

We have studied the ability of the hybrid enzymes to hydroxylate
lauric acid upon visible light activation using the photocatalytic cycle
highlighted in Scheme 1. Upon light excitation into the metal-to-
ligand charge transfer transition, the Ru(II) excited state, Ru(II)*,
can be quenched in a bimolecular process by the irreversible sacrifi-
cial electron donor, sodium diethyldithiocarbamate (DTC), to form
the highly reductive Ru(I) intermediate. Under this flash quench re-
ductive condition, the photogenerated Ru(I) species in the hybrid
Fig. 3. (A) Progress curves for the series of hybrid enzymes in the light-activated hydroxylat
centration) vs. time. Representative chromatograms (B) and mass spectrometry fragmentat
ucts (ω1, ω2, ω3, ω4, ω5) are shown with their respective structures. 12-Hydroxydodecanoi
enzymes is sought to provide the two necessary electrons to the
heme domain in successive one-electron transfer steps.

The catalytic activity of the hybrid enzymes was determined fol-
lowing procedures described in Section 2.5. The results are summa-
rized in Fig. 3A, which shows progress curves as turnover numbers
(concentration of hydroxylated products/enzyme concentration) vs.
time. The concentrations and relative distribution of the hydroxylated
products were determined by gas chromatography after derivatiza-
tion (Fig. 3B). Their identity was confirmed from their unique mass
fragmentation patterns (Fig. 3C).

In the series of non-native single cysteine mutants containing the
Ru(bpy)2phenA (1) photosensitizer, the L407C-1 mutant has the
highest turnover numbers (TON) of 140 after 150 min, followed by
Q109C-1 (95), Q397C-1 (80), and K97C-1 (60). In the Q397C series,
the Q397C-1 shows higher activity than the Q397C-2 and the
Q397C/I401P-1 mutants. The F87A/Q397C-1 shows only total TON of
9, 16 times less than that of the L407C-1 mutant. Hydroxylation of
lauric acid at the γ- and δ-positions, characteristic of the F87A muta-
tion [25], is observed in the F87A/Q397C mutant (Fig. 3B and C). The
apparent specific activities for the hybrid enzymes range from
0.16 min−1 for F87A/Q397C-1 to 0.93 min−1 for L407C-1. It is also
worth noting that the initial reaction rates are also different in all
ion of lauric acid, displaying turnover numbers (concentration of product/enzyme con-
ion patterns (C) for the trimethylsilylated (TMS) derivatives of the hydroxylated prod-
c acid was used as internal standard (I.S., 10 nmol).
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Fig. 5. Plots of peak-to-trough separations in the difference spectra upon binding titra-
tions of (A) palmitic acid, PA, and (B) lauric acid, LA, to 2.5 μM hybrid enzymes in
100 mM Tris at 20 °C and pH=8.2.

Fig. 7. Linear correlation between the concentration of Fe(II)-CO adduct formed upon
light excitation and the percent high spin (%HS) observed upon binding of palmitic acid
to various non-native single cysteine hybrid mutants (L407C-1, Q109C-1, K97C-1,
Q397C-1, and Q397C/I401P-1).
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the mutants as indicated by the difference in TON after 15 min, with
reaction rates varying up to five-fold (Fig. 3A).

In addition, the heme Soret absorption band was monitored at
417 nm in order to probe the stability of the hybrid enzymes during
the course of the reaction (Fig. 4). The hybrid enzymes show faster
protein degradation compared to the controls using wild-type (WT)
heme domain with and without one equivalent of [Ru(bpy)3]2+.
Some hybrid enzymes are stable only for 30 min under the current
photocatalytic conditions (F87A/Q397C-1 and Q397C/I401P-1), while
others, such as the Q109C-1 and L407C-1, are active for more than 3 h.
Fig. 6. CO difference spectra showing the formation of the Fe(II)-CO adduct with char-
acteristic absorption at 450 nm in the hybrid enzymes under photoreductive condi-
tions and CO atmosphere. (Conditions: 2.5 μM hybrid enzymes with 150 μM palmitic
acid and 50 mM DTC).
3.3. Substrate binding

Binding of the type-I ligand lauric and palmitic acids to the hybrid
enzymes induced the characteristic ferric spin shift with the appear-
ance of a peak at 390 nm and a trough at 420 nm. The peak-to-
trough separations in the difference spectra binding titration curves
for palmitic acid are shown in Fig. 5A. For three of the mutants, the
curves are typical of single site reversible binding of substrate and
were fitted using a rectangular hyperbolic function. The determined
binding constants for Q109C-1, F87A/Q397C-1 and Q397C-1 are 2.4,
2.7 and 2.8±0.1 μM, respectively. However, different binding curves
are obtained for the titration of palmitic acid to the K97C-1 and
L407C-1 hybrid mutants. Such binding behavior is also observed
with the parent unlabeled K97C and L407C heme domains. It is con-
sistent with a four palmitate binding model involving additional allo-
steric sites, recently reported for WT P450 BM3 heme domain [32].
The binding curves could then be fitted using an equation developed
previously assuming hyperbolic behavior for all sites [33]; however, it
was not possible to extract accurate binding constants for these mu-
tants because of a lack of independent variables in the fit.

The binding titration curves for lauric acid (Fig. 5B) were also
fitted to rectangular hyperbolic function, giving similar binding con-
stants for all enzymes. The Kd values are 199±18 μM for Q109C-1,
214±17 μM for Q397C-1, 224±22 μM for K97C-1, 258±12 μM for
F87A/Q397C-1, and 260±35 μM for L407C-1 compared to 280±
25 μM for WT.

Overall, the mutations and the covalent attachment of the Ru(II)
photosensitizer do not significantly alter the binding of substrates to
their respective heme domains.

3.4. CO binding study

We probed the ability of the photogenerated Ru(I) species to per-
form the first reduction step in the hybrid enzymes (Fig. 1, Step 2) by
monitoring the formation of the characteristic Fe(II)-CO adduct at
450 nm. Typically, a degassed solution of hybrid enzymes with reduc-
tive quencher and substrate was saturated with CO atmosphere and
exposed to visible light. The difference spectra in Fig. 6 show signifi-
cant amounts of Fe(II)-CO formed in the hybrid enzymes upon light
irradiation, while no peak at 450 nm was observed for the WT
under identical conditions. When one equivalent of [Ru(bpy)3]2+

was added to the solution, only a small amount of Fe(II)-CO adduct
was detected.
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Fig. 8. Linear correlation between the concentration of Fe(II)-CO adduct formed upon
light excitation and the calculated difference in redox potential (ΔE) between the elec-
tron donor and acceptor. (SF=substrate-free, LA=lauric acid and PA=palmitic acid).
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Palmitic acid is mainly used in this study as it leads to greater
amounts of high spin ferric species compared to the lauric acid.
While the palmitic dissociation constants for all the mutants are sim-
ilar (Section 3.3), the spin shift conversion in these mutants is differ-
ent and reflects small changes in the protein conformation likely due
to the mutated residue and/or the presence of the photosensitizer.

In the series of non-native single cysteine mutants, the different
amount of Fe(II)-CO adduct correlates well (ρ=0.996) with the per-
cent high spin (%HS) observed in the presence of palmitic acid
(Fig. 7). The obtained correlation confirms that the photogenerated
Ru(I) species is capable of reducing the high spin ferric fraction.

In contrast, no direct correlation is observed between the %HS and the
concentration of Fe(II)-CO formed for the Q397C-1, Q397C-2 andQ397C/
I401P-1mutants. For example, the hybrid enzymes Q397C-1 andQ397C-
2 have the same %HS but different concentrations of Fe(II)-CO adduct are
generated. A linear correlation (ρ=0.989) is obtained when plotting the
[Fe(II)-CO] formed vs. the calculated ΔE (Fig. 8). The ΔE was calculated
using the heme reduction potentials for the substrate-free WT, the
substrate-bound WT and I401P mutant [23], and the E°(Ru(II)/Ru(I))
for [Ru(bpy)2Phen]2+ and [Ru(Phen)3]2+ [27] with respect to NHE. The
correlation in the Q397C series reveals that an increase in the redox po-
tential difference, ΔE, between the electron donor Ru(I) and the electron
acceptor ferric heme species leads to larger amounts of Fe(II)-CO species
formed.
3.5. Interpretation of the trends observed among the hybrid enzymes

In P450 BM3 and many bacterial P450 enzymes, substrate binding
gates the first electron transfer by displacing the water molecule co-
ordinated to the heme Fe(III) center, resulting in a low to high spin
conversion and a shift to more positive redox potential. A second
electron injection to the oxyferrous species coupled with protonation
steps lead to the formation of the hydroperoxo intermediate and ulti-
mately to Compound I (Fig. 1). The timely delivery of the electrons by
the reductase and a well-coupled mechanism prevent the formation
of reactive oxygen species via the autooxidation and peroxide shunt
pathways and lead to high catalytic efficiency.

In the hybrid enzymes, the introduction of mutations and/or cova-
lent attachment of the Ru(II) photosensitizer do not significantly alter
the binding of lauric or palmitic acid (Section 3.3). Moreover, the ratio
of hydroxylated products in the photocatalytic reaction is maintained
relative to that observed with the holoenzyme (Fig. 3B) [23]. The only
noticeable difference between the mutants occurs in the percent high
spin observed upon substrate binding, especially with palmitic acid
(see Section 3.3).
However, the hybrid enzymes display different catalytic activities in
the light-initiated hydroxylation of lauric acid, with variation of up to
16-fold in total turnover numbers and up tofive-fold in apparent specif-
ic activities and initial reaction rates (Section 3.2 and Fig. 3). They also
show protein degradation faster than that of theWT heme domain con-
trols under the photocatalyic reaction conditions (Section 3.2). This
suggests that the hybrid enzyme degradation could be due to oxidative
damages caused by reactive oxygen species (ROS) produced from the
autooxidation and peroxide uncoupling pathways as well as from the
reduction of dioxygen by the photosensitizer excited states [34]. At-
tempts to measure the amount of ROS have been limited by the high
concentration of diethyldithiocarbamate present.

Overall, the hybrid enzymes showing large turnover numbers and
slow degradation rates also have low amounts of Fe(II)-CO formed in
the CO binding studies (e.g. L407C-1 and Q109C-1 in Figs. 3, 4 and 6).
The observed trends in TON and hybrid enzyme degradation, in con-
junction with the results from the CO binding studies, suggest differ-
ences in the degrees of uncoupling reactions during the photocatalytic
cycle. These variations could arise from differences in stability of the
oxyferrous species and/or in rates of electron transfer (Fig. 1, Steps 2
and 5) [35,36]. According to the semi-classical Marcus equation [37],
the changes in distance and in redox potential between the Ru(II) pho-
tosensitizer and the heme center in the hybrid enzymes should result in
different intramolecular electron transfer rates. Experiments to deter-
mine the electron transfer rates and stability of the oxyferrous species
in the hybrid enzymes are currently ongoing in our laboratory.
4. Conclusion

We have expanded the family of hybrid enzymes by site directed
mutagenesis and by modifying the nature of the Ru(II)-diimine pho-
tosensitizer, resulting in diverse catalytic activities in the hydroxyl-
ation of lauric acid upon light activation. The L407C-1 mutant shows
the highest TON of 140 and the slowest degradation rate during the
course of the reaction. In addition, upon light activation and in the
presence of reductive quencher, the photogenerated Ru(I) species is
able to reduce the fraction of high spin ferric heme species. The trends
in TON, enzyme degradation and amount of Fe(II)-CO formed suggest
differences in stability of the oxyferrous species or in electron transfer
rates, which are the focus of ongoing research in our laboratory. These
hybrid enzymes can be a valuable alternative approach for biotechno-
logical applications using light to initiate P450 reactions.
Abbreviations

%HS percent of high spin ferric species
Bpy 2,2′-bipyridine
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