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Abstract

Background—In order to perform selective C-H functionalization upon visible light irradiation,
Ru(ll)-diimine functionalized P450 heme enzymes have been developed. The sL407C-1 enzyme
containing the Ru(bpy),PhenA (bpy = 2,2"-bipyridine and PhenA = 5-acetamido-1,10-
phenanthroline) photosensitizer (1) covalently attached to the non-native single cysteine L407C of
the P450BM3 heme domain mutant, displays high photocatalytic activity in the selective C-H
bond hydroxylation of several substrates.

Methods—A combination of X-ray crystallography, site-directed mutagenesis, transient
absorption measurements and enzymatic assays was used to gain insights into its photocatalytic
activity and electron transfer pathway.

Results—The crystal structure of the sL407C-1 enzyme was solved in the open and closed
conformations revealing a through-space electron transfer pathway involving highly conserved,
F393 and Q403, residues. Several mutations of these residues (F393A, F393W or Q403W) were
introduced to probe their roles in the overall reaction. Transient absorption measurements confirm
rapid electron transfer as heme reduction is observed in all four hybrid enzymes. Compared to the
parent sL407C-1, photocatalytic activity was negligible in the dF393A-1 enzyme while 60%
increase in activity with total turnover numbers of 420 and 90% product conversion was observed
with the dQ403W-1 mutant.
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Conclusions—In the sL407C-1 enzyme, the photosensitizer is ideally located to rapidly deliver
electrons, using the naturally occurring electron transfer pathway, to the heme center in order to
activate molecular dioxygen and sustain photocatalytic activity.

General Significance—The results shed light on the design of efficient light-driven biocatalysts
and the approach can be generalized to other members of the P450 superfamily.
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1. Introduction

The superfamily of cytochrome P450 heme thiolate enzymes has received considerable
attention due to their biological importance and the chemical reactions that they carry out in
the regio- and stereoselective functionalization of unactivated C-H bonds.[1-3] These
enzymes use two reducing equivalents to activate molecular dioxygen at the heme center and
produce a high-valent Fe(1V)-oxo porphyrin radical species responsible for the C-H bond
functionalization via a rebound mechanism.[4] In most P450 enzymes, the mechanism is
initiated by substrate binding, which displaces the water bound to the ferric resting state
resulting in a low-to-high spin conversion and a higher reduction potential to facilitate the
first electron injection.[1] The necessary electrons are supplied in successive steps and in a
timely manner by the redox partners, reductases, in order to achieve efficient oxygen
activation and minimize the formation of reactive oxygen species from uncoupling.

In order to circumvent the use of redox partners and perform P450 reactions upon visible
light excitation, our laboratory has developed hybrid P450 enzymes containing a Ru(l1)-
diimine photosensitizer covalently attached to the heme domain of various P450 enzymes.[5,
6] This approach stems from the extensive use of these photosensitizers in long range
electron transfer studies in metalloproteins and their applications in the light driven
activation of small molecules with several enzymes.[7] In the hybrid P450 enzyme, the
photosensitizer has been designed to deliver electrons to the heme domain upon visible light
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irradiation and sustain photocatalytic activity without the need for reductase and cofactor.
The covalent attachment of the photosensitizer enables intramolecular electron transfers and
provides control over its position relative to the heme center. The sL407C-1 hybrid enzyme,
containing the Ru(bpy),PhenA photosensitizer, 1, (bpy = 2,2”-bipyridine, PhenA = 5-
acetamido-1,10-phenanthroline) attached to the non-native single cysteine residue (L407C)
in the P450 BM3 heme domain, showed high photocatalytic activity in the selective
hydroxylation of various substrates.[8, 9] The high total turnover numbers and initial
reaction rates suggested efficient coupling between electron delivery and oxygen activation
at the heme center. We have then employed a combination of X-ray crystallography, site-
directed mutagenesis, transient absorption measurements and enzymatic assays to gain some
insights into the electron transfer pathway and the photocatalytic activity. The sL407C-1
enzyme was crystallized following reported conditions and the structures were solved in the
open and closed conformations. The closed conformation contains a tightly bound substrate,
N-palmitoylglycine (NPG) in the active site channel. In both conformations, the tertiary
protein fold is not affected by the presence of the photosensitizer and the only noticeable
contacts are C-H---rt interactions between the ancillary ligands on the photosensitizer and
several protein residues. A through-space electron transfer pathway was identified involving
the F393 and Q403 residues, highly conserved among the P450 superfamily. These residues
are known to participate in the natural electron transfer pathway in the P450 BM3
holoenzyme.[10] In order to probe individually the role of these residues, we introduced
additional single point mutations in the sL407C-1 hybrid enzyme. Accordingly, we
generated three doubly mutated hybrid enzymes, dF393A-1, dF393W-1 and dQ403W-1,
containing the photosensitizer 1 attached to the L407C residue with the additional F393A,
F393W or Q403W mutations, respectively. The F393A and F393W mutations in the
holoenzyme were shown to alter the heme redox potential, electron transfer rate and stability
of the oxy-ferrous adduct.[11-14] The novel Q403W mutation was sought to enhance the
electronic communication between the photosensitizer and the heme via the staggering of
multiple aromatic rings. We determine the kinetics of the first electron transfer using
transient absorption measurements as heme reduction is observed in the four hybrid
enzymes. A colorimetric assay compatible with the light-driven process was used to assess
the photocatalytic activity of the double mutants relative to the sL407C-1.[15] Photocatalytic
activity is negligible in the dF393A-1 enzyme while a 60% increase in activity with total
turnover numbers of 420 and 90% product conversion is observed in the dQ403W-1 enzyme.

2. Materials and methods

2.1. Mutagenesis, Expression, and Purification of hybrid P450 BM3 mutants

The mutants of the P450 BM3 heme domain were generated as described previously.[15]
The following primers were used to create the desired mutations: F393A 5'-
GCGTTTAAACCGGCTGGAAACGGTCAG-3’; F393W 5'-
GCGTTTAAACCGTGGGGAAACGGTC AG-3”; Q403W 5’-
CGTGTATCGGTTGGCAGTTCGCTTGC-3". The underlined regions indicate the section
of the oligonucleotides modified from the sL407C sequence to produce the codon change
required for the desired amino acid substitutions. The proteins were then expressed, purified
and labeled at the L407C position with the Ru(bpy),PhenA (1) photosensitizer to yield the
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sL407C-1 and the doubly mutated dF393A-1, dF393W-1, dQ403W-1 hybrid enzymes. An
additional purification step by fast protein liquid chromatography using a Superose 12
column produced homogeneous sL407C-1 enzyme for crystallographic studies.

2.2. Crystallization

The hybrid P450 BM3 enzyme, sL407C-1, was crystallized by the sitting drop method at

4 °C using reported procedures.[16] Sitting drops were prepared by adding 2 uL of mother
liquor to 2 pL of 15 mg/ml enzyme. N-palmitoylglycine (NPG) was used as preferred
substrate for crystallization.[17] The NPG-bound crystals were obtained by crystallizing
purified substrate bound enzyme while the open conformation structure with a DMSO bound
to the heme resulted from cocrystallization experiments. High quality crystals were obtained
by microseeding techniques. Crystals were formed in both cases after 2 days. Crystals were
immersed in cryoprotectant (glycerol), before being mounted on a nylon loop and flash-
cooled in liquid nitrogen.

2.3. Data Collection, Structure Elucidation, and Refinement

The data used for refinement were collected at the Swiss Light Source (SLS). Crystals were
cooled at 100 K, and diffraction data were collected in oscillations of 0.2°. Data processing
were carried out with the program XDS.[18] Both structures were solved via molecular
replacement. The crystal structures, PDB ID: 1JPZ[17] and 3NPL[19], were used as the
starting model for the DMSO- and NPG-bound structures, respectively. Data collection and
final refinement statistics are given in Table 1. The atomic coordinates and structure factors
for both crystal structures have been deposited in the Protein Data Bank with codes 5JTD
and 5JQ2 for the DMSO and NPG-bound structures, respectively.

2.4. Transient Absorption measurements

All measurements were conducted at the Beckman Institute Laser Resources Center at
Caltech. A degassed solution of 10 uM of each hybrid enzyme in Tris buffer (25 mM, pH =
8.2) containing 100 mM diethyldithiocarbamate was exposed to laser excitation (3mJ/pulse)
as described elsewhere.[20] For the substrate bound experiments, 15 pL of a N-
palmitoylglycine solution (1 mM) in DMSO was added to the protein solution prior to
degassing. UV-vis spectra were collected before and after degassing to ensure complete
substrate binding. Two sets of signal amplifiers were used to cover the range from 10 ns to
0.1 s. Kinetics traces were collected from 390 to 440 nm, every 10 nm. Single wavelength
kinetics traces were fitted to a sum of exponential functions as described elsewhere[19] to
produce the observed intramolecular electron transfer rate constants summarized in Table 2
and the lines of best fit in black (Fig. 2 and S2).

2.5. Photocatalytic reactions
For the photocatalytic reactions, a solution of 1 uM hybrid enzyme in Tris buffer (25 mM,
pH = 8.2) containing 100 mM diethyldithiocarbamate and 375 uM of the chromogenic
substrate, p-nitrophenoxyhexadecanoic acid (16-pNCA), was irradiated for 90 min. The
reaction was then quenched by the addition of 10 pL of 6 M NaOH and the absorbance of
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the product was read at 405 nm using a molar absorbance coefficient of 13,200 M~1cm=1.
The enzyme kinetics parameters were determined as previously reported.[15]

3.1. Crystal Structures of the open and closed conformations

High quality protein crystals were obtained using reported conditions and micro seeding
techniques.[17] The open conformation structure was solved at 1.5 A resolution and
contained two molecules in the asymmetric unit, as did the substrate bound structure, which
was solved at 2.0 A (See Table 1). N-palmitoylglycine (NPG) was used as substrate due to
its tight binding to the heme domain. It has also been found in the substrate channel of
several P450 BM3 heme domain structures.[17, 21, 22] The two molecules in the
asymmetric unit of the open conformation structure contain a DMSO molecule bound to the
ferric ion via the sulfur atom with a d(Fe-S) distance of 2.35 A. The structures are identical
to the Hi-DMSO[23] (PDB ID: 2J1M) with rmsd of 0.16 A using the structurally invariant
residues described by Haines ef a/[17]

For the NPG bound structures, the most noticeable difference between the two molecules in
the asymmetric unit is the mode of binding of the substrate. In molecule A, the NPG
conformation is identical to the one observed in the 1JPZ structure with rmsd of 0.18 A.[17]
The carboxylate group of the NPG in chain A is hydrogen bonded to the amide backbones of
Q73 and A74 with Van der Waals contact of 2.8 A, and the amide carbonyl group is
hydrogen bonded to Y51 with a close contact of 2.6 A. The molecule B, however, matches
the 4KPA structure (rmsd of 0.21 A) where the NPG molecule forms a strong hydrogen
bond with the R47 residue as noted previously.[21] In all four molecules, the photosensitizer
could be identified in the difference map and modeled as covalently attached to the L407C
residue. The distance between the two metal centers, d(Ru-Fe) is 19 A (See Fig. 1).

Close examination of the photosensitizer environment reveals strong interactions involving
aromatic C-H bonds on the photosensitizer with several protein residues (See Fig. 1C). The
methylene groups of the proline 382 side chain form edge-to-face interactions with one of
the bipyridine rings of the photosensitizer with a distance of 3.8 A. Interestingly, motion of
the 31¢-helix containing the P382 is noticed in several molecules with up to 2.1 A motion
while still maintaining the C-H---w interactions (See Fig. S1). The second bipyridine ring of
the photosensitizer is also involved in a strong C-H---rt interaction with the carbonyl
backbone of the K309 residue with a short distance of 2.9 A. The remaining ancillary
phenanthroline ligand is involved in a bifurcated interaction involving the N319 side chain
and a C-H bond on the phenyl ring with distances of 3.2 and 3.6 A, respectively (See Fig.
1C).

The sulfur of the non-native single cysteine at the 407 position is 4.1 A away from the F393
phenyl ring and the photosensitizer amide linkage is 6 A from the Q403 residue (See Fig.
1C). Subsequently, the Q403 residue is involved in a strong face-to-face interaction with the
F393, having only 3.4 A between the carbonyl carbon of the Q403 residue and the phenyl
ring of the 393 residue. The F393 residue participates in an edge-to-face C-H---m interaction
with the pyrrole ring of the heme, with a distance of 3.8 A (See Fig 1C).
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3.2. Electron transfer studies

We used transient absorption measurements to monitor, under flash quench reductive
conditions, the heme reduction of the low-spin (LS) and NPG bound high-spin (HS) ferric
heme species in the four hybrid enzymes (sL407C-1, dF393A-1, dF393W-1, dQ403W-1).
The typical transient absorption traces are shown in Fig. 2 and S2. Traces were recorded
from 390 to 440 nm every 10 nm and span from 10 ns to 0.1 s. A highly reductive [Ru]*
species is photogenerated within the first 100 ns from the biomolecular quenching of the
Ru(I)* excited state with diethyldithiocarbamate (DTC) according to Scheme 1. For the
substrate free (SF, Fig. 2A), a new feature is observed within 100 ps as noted in the 390 and
400 nm traces with concomitant signal bleach in the 410 and 420 nm traces. For the NPG
bound (Fig. 2B), a new feature is observed in the 410-440 nm traces while the signal
disappearance is mainly detected in the 390 nm trace.

Transient absorption data points taken at 100 ps for the six different wavelengths were
plotted against the theoretical difference spectra generated from the actual ferric and ferrous
spectra (Fig 2C.,D. and Fig. S2-S3). The spectrum for the reduced Fe(ll) heme was
generated spectroelectrochemically following reported procedures and is identical for both
species (See Fig. S3).[24] This unambiguously confirms that heme reduction was achieved
in all four mutants for both low and high spin species. Additionally, the traces were fitted to
a set of differential equations[19, 20] to extract the intramolecular rate constants for heme
reduction (kg in Scheme 1) and their values are summarized in Table 2. The lines of best fit
are shown in black (Fig. 2 and S2).

3.3. Photocatalytic activity of the four mutants

We used a colorimetric assay compatible with the light-driven conditions[15] to determine
the Michaelis-Menten parameters and total turnover numbers (TTN) at the end of the
reaction for the four hybrid enzymes in the hydroxylation of the long chain fatty acid analog,
16-pNCA, upon visible light-irradiation. The data are summarized in Table 2 and Figure S4.
The dF393A-1 mutant showed minimal photocatalytic activity, while the dF393W-1 shows a
Kcat OF 21 eg/min and TTN of 192, a 20% decrease in activity compared to the values
determined for the sL407C-1.[15] The k¢4t for the dQ403W-1 is 42 eg/min and the TTN
values are 60% higher (420) than those observed for the sL407C-1.

4. Discussion

The consensus P450 mechanism involves two successive one-electron transfer (ET) steps
from the electron providing reductase to the heme center and the formation of several well-
characterized intermediates.[25] The first electron transfer gated by substrate binding is
thought to be rate determining in most P450 enzymes, however, other steps such as the
second electron transfer step, dioxygen binding or product release can then become the rate
limiting step.[10] In addition, the sequential delivery of electrons needs to be well
orchestrated in order to achieve high catalytic efficiency and minimize the formation of
reactive oxygen species via uncoupled pathways.
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In order to circumvent the need for the reductase and cofactor, several alternative approaches
to deliver electrons and activate P450 heme domains have emerged. These include the use of
fusion P450 proteins,[26] surrogate oxygen atom donors[27, 28], direct chemical[29, 30]
and electrochemical reductions[31] as well as light-activated approaches[32-36]. The main
challenges still reside in the timely delivery of the electrons to achieve high activity and limit
the unproductive pathways [37, 38]. The light-driven approach used in the hybrid P450
enzymes[5, 6, 8, 9, 15] is taking advantages of the photochemical properties of Ru(ll)-
diimine photosensitizers and the extensive electron transfer studies in metalloproteins.[7]

Despite the relevance of P450 enzymes and their importance for biotechnological
applications, structural information on cytochrome P450 heme domains interacting with
their redox partners remains scarce. To date, only three crystal structures have been solved
with the heme domain in close contact with its redox partner [39-41]. An early structure
from the Poulos group shows a proteolytically cleaved FMN domain, one component of the
reductase, interacting with the P450 BM3 heme domain.[40] Recent molecular dynamics
(MD) simulations using the crystal structure as starting point identified putative electron
transfer pathways from the FMN cofactor to the heme.[42, 43]

Crystal structures of the hybrid enzymes in the open and closed conformations were solved
at 1.5 and 2.0 A resolution, respectively. This expands the crystallographically characterized
structures of Ru(l1)-diimine modified P450 BM3 enzyme[19] and metalloproteins.[44, 45]
The X-ray structures confirm the covalent attachment of the Ru(ll) photosensitizer to the
non-native L407C residue as previously established using various techniques.[7] The
photosensitizer resides in a bowl-shaped cavity on the proximal side of the heme domain
(See Fig. 1A) where the reductase is binding. The structures reveal minimal perturbation of
the heme domain by the presence of the photosensitizer as both structures are identical to
previously reported crystal structures of the wild type heme domain. The only noticeable
contacts involve the aromatic rings of the photosensitizer in strong C-H---rt interactions with
several protein residues especially the side chain of the proline 382. There is mounting
evidence that C-H---rt interactions involving either aliphatic or aromatic C-H bonds play a
determining role in stabilizing tertiary structures and folding of proteins and in molecular
recognition.[46]

In the current hybrid enzyme structures, the photosensitizer is found in the same location as
the FMN cofactor determined from MD calculations.[40, 43] The d(Fe-Ru) distance is 19 A
well within the range for electron transfer tunneling [44] and is 5 A shorter than in the
tK97C-1 structure previously reported.[19] To support the fast electron transfer rate
constants (Table 2), a through-space pathway is preferred rather than a through-bond
pathway via the protein backbone (C407 to C400). Based on the close distances highlighted
in Fig. 1C, the through-space pathway originating at the phenanthroline ring of the
photosensitizer involves the pair of Q403/F393 residues en route to the porphyrin edge.
While the F393 residue is highly conserved among the P450 superfamily and has been the
subject of several studies, [11-14] the Q403 residue has not been investigated much despite
the fact that is in very close contact (3.4 A) with the F393 residue. It is worth noting that the
403 residue is also highly conserved among P450 heme domains, especially human P450
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enzymes, with the occurrence is either Q or E at this position in more than two thirds of the
sequences (See Fig. S5).

In order to probe the role of the F393 and Q403 residues, we generated three additional
mutants of the sL407C-1 hybrid enzyme and studied their electron transfer properties and
photocatalytic activity. These new hybrid enzymes include the doubly mutated dF393A-1,
dF393W-1 and dQ403W-1. In the holoenzyme, the F393A and F393W mutations were
shown to alter the heme redox potential as well as the stability of the oxy-ferrous
intermediate.[11-14] Introduction of the tryptophan residue at the 403 position was sought
to enhance the electronic communication between the photosensitizer and the heme via the
staggering of multiple aromatic rings. Pecht and coworkers showed in the extensively
studied electron transfer protein azurin that introduction of the V31W mutation in close
contact with the native W48 resulted in an electron transfer rate increase [47]. It was
proposed that the aromatic residues in successive positions could act as an extended relay
enhancing the electronic coupling between the electron donor and acceptor.

The electron transfer kinetics and photocatalytic activity were determined for the four hybrid
enzymes and the data are summarized in Table 2. The transient absorption measurements
confirm rapid electron transfer from the photosensitizer upon visible light excitation as heme
reduction is observed in all hybrid enzyme mutants within 100 ps after the laser pulse. Under
flash quench reductive conditions according to Scheme 1, a highly reductive [Ru]* species,
with an estimated reduction potential of —1.28 V, is photogenerated within 100 ns (See Fig.
2). Successively, new spectral features are observed within 100 ps as shown in Fig. 2A and
B. The generated difference spectra from Figure 2C and D unambiguously confirm that the
[Ru]* species is able to rapidly reduce the substrate free and substrate bound species. The
rate constants for heme reduction range from 5x10% to 2x10° s~ with lower values for the
substrate bound high spin species compared to the substrate free low spin species. These
values are in good agreement with the ones predicted from the semi-classical Marcus
equation. [48] For example, the rate constant for the reduction of the LS heme ferric species
(E° = -427 mV vs SHE) [14] by the photogenerated [Ru]* species with an estimated
potential of —1.28 V vs NHE is predicted to be 2.2x10° s~1 considering the 19 A distance
between the two redox centers, a reorganization energy of 0.8 eV and a distance decay
constant (B) of 1.1 A~1 [44, 45]. The heme reduction rate constants in the hybrid enzymes
are three orders of magnitude higher than those observed for the holoenzyme, typically
ranging around 200 s~1.[14] The high driving force of the photogenerated [Ru]* enables the
rapid reduction of the starting LS ferric species and thus potentially alleviating the gating
system of substrate binding towards the functionalization of non-natural substrates with
minimal low-to-high spin conversion. There are only few variants of the P450 BM3
holoenzyme that are able to reduce the low-spin ferric spin with the same rate constant as the
high-spin ferric species[10]. Such variants as KT2[49] or 1401P[50] show high catalytic
activity towards a wide range of non-natural substrates and display first electron transfer rate
constant at least an order of magnitude higher than the turnover rate.

The photocatalytic activity of the doubly mutated enzymes was compared to the sL407C-1
using a colorimetric assay compatible with the light-driven reaction conditions. As noted
previously with P450 BM3 holoenzyme variants,[10] the differences in kgg; among the four
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hybrid enzymes (Table 2) correlate with the differences in the first electron transfer rate
constants, except for the dF393A-1 mutant. Negligible photocatalytic activity was observed
despite the photosensitizer still able to deliver electrons to the heme domain (Table 2, Fig.
S2). The lack of photocatalytic activity reflects high level of uncoupling, most likely in the
second electron delivery as proposed for the holoenzyme mutant.[14] Meanwhile,
introduction of the non-native Trp in the dQ403W-1 mutant resulted in a 60% increase in
photocatalytic activity due to a better electronic coupling between the photosensitizer and
the heme domain as reflected in the electron transfer rate constants (Table 2).

5. Conclusion

The crystallographic data reveals that the photosensitizer is found in the same location as the
reductase FMN cofactor and at a distance of 19 A to the heme. In addition, the presence of
the Ru(lIl)-diimine photosensitizer does not alter the protein fold as minimal interactions
with the heme domain are noticed. The proposed through space electron transfer pathway in
the hybrid enzyme involves highly conserved F393 and Q403 residues, which are known to
participate in the natural electron transfer pathway. The spectroscopic measurements
confirm the ability of the photosensitizer to rapidly deliver electrons to the heme domain and
the enzymatic data supports the important role of these residues in the photocatalytic activity
of the hybrid enzymes. Altogether, the data indicate that the photosensitizer in the sL407C-1
hybrid enzyme is ideally located to deliver electrons to the heme center using the naturally
occurring electron transfer pathway to sustain photocatalytic activity. This approach could
then be generalized to other members of the P450 superfamily using the identified electron
transfer pathway.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Hybrid P450 BM3 enzyme crystal structures in the open and closed
conformations.
. ET rate constant three orders of magnitude greater than in the
holoenzyme
. Single point mutation (Q403W) results in 60% increase in
photocatalytic activity.
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Fig. 1.

A)gSurface representation of the sL407C-1 hybrid enzyme with contour map at 1.6 A around
the photosensitizer; B) Superposition of the DMSO (green) and N-palmitoylglycine bound
(blue) conformation showing the photosensitizer in stick representation; C) Close-up of the
interactions between the photosensitizer (blue) and several protein residues.
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Transient absorption traces for the dQ403W-1 recorded from 390 to 440 nm and spanning 10
ns to 0.1 s showing the formation of the reduced heme species noticeable at 390 and 400 nm
in the substrate free conformation (A) and at 410-440 nm in the NPG bound form (B) with
the lines of best fit in black. Panels C and D show the difference spectra for the actual AOD
data points at 100 ps versus the theoretical difference spectra generated from original Fe(l1)
and Fe(111) spectra for the low spin substrate free (C) and high spin NPG bound (D).
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k
(1)  [Ru]**+ DTC I —» [Ru]*+DTC*

k
(2)  [Ru]* + Fe3* =—> [Ru]?* + Fe?*

(3)  Fe? + Oxi K Fes

Scheme 1.
Proposed scheme for the reduction of the ferric species by the photogenerated [Ru]* in the

hybrid enzymes. Oxidizing species, Oxi, such as [DTC]* or dioxygen traces are involved in
the back electron transfer (3).
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Statistics of data collection, refinement and validation

Table 1

DMSO bound NPG bound

Data collection?

Space group P2, P2,2,2

Unit-cell parameters (A, ©) a=58.7,b=1454,c=629 a=59.9, b=1125,c=156.4
p=971

Radiation source PXI11-X10SA, SLS PXI11-X10SA, SLS

Wavelength (A) 1.0 1.0

Temperature (K) 100 100

Resolution range (A)

No. of observed reflections

47.36- 1.4 (1.5-1.4)
613594 (63761)

4754 -1.9 (2.0-1.9)
418751 (60114)

No. of unique reflections 183724 (22601) 83423 (11822)
Multiplicity 3.3(2.8) 5.0 (5.0)
Wilson B factor (A2) 17.3 247

Ilo (1) 13.2(1.3) 10.5(1.4)
Rmerge (%0) 4.9 (92.6) 12.9 (110.4)
CC ) (%) 99.9 (48.5) 99.7 (57.3)
Refinement

Resolution range used for refinement  47.36 - 1.50 4754-20
No. of reflections 153091 68037
Observed (%) 96.7 99.1
Reflections in test set (%) 5.0 5.0

R work/R free (%) 17.3/19.8 17.4/21.8
Reflections in test set (%) 5.0 5.0

RMSD bond/angles (A))/(°) 0.011/1.6 0.015/1.8
Average B factor (A2) 23 29.0
Ramachandran plot

Favored (%) 97.04 96.17
Additional allowed (%) 2.49 3.72
Number of outliers 1 1

PDB accession code 5JTD 5JQ2

a\/alues in parentheses are for the highest resolution shell.
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Kinetic data for the four hybrid enzymes

Table 2

dF393A-1

dF393W-1

sL407C-1

dQ403W-1

reduction rate (kgr)

SFb nd.a
SB 1.04x105 + 0,02 571

kst (eQ.min7Y), <2

K (UM) 11.3

TTNG <5

1.20x10% + 0.06 s7*

6.25x10% + 0.01 572
21

5.0

192

1.49x105 + 0.02 571
7.32x104 +0.04 571
36¢

11.0¢
230

2.02x10° +0.01s71

1.45x105 + 0.02571
44

9.5

420

cvalue determined previously[15]

bSF: Substrate free and N-palmitoylglycine bound (SB);

acould not be determined as the SF-dF393A-1 was unstable under the laser experiments leading to the SB-F393A-1 species;

d. .
TTN: total turnover numbers as nmol of products / nmol of enzymes at the end of the reaction.

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

Page 18



	Abstract
	Graphical abstract
	1. Introduction
	2. Materials and methods
	2.1. Mutagenesis, Expression, and Purification of hybrid P450 BM3 mutants
	2.2. Crystallization
	2.3. Data Collection, Structure Elucidation, and Refinement
	2.4. Transient Absorption measurements
	2.5. Photocatalytic reactions

	3. Results
	3.1. Crystal Structures of the open and closed conformations
	3.2. Electron transfer studies
	3.3. Photocatalytic activity of the four mutants

	4. Discussion
	5. Conclusion
	References
	Fig. 1
	Fig. 2
	Scheme 1
	Table 1
	Table 2

