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Electrochemistry of bacterial cytochrome P450,
(CYP176A) reveals that, unusually, substrate binding does
not affect the heme redox potential, although a marked pH
dependence is consistent with a coupled single electron/
single proton transfer reaction in the range 6 < pH < 10.

The cytochromes P450 (P450s) comprise a superfamily of
heme-thiolate proteins that are ubiquitous in Nature. They play
essential roles in a variety of biosynthetic and biodegradative
pathways and catayse an impressive array of oxidative
transformations.t These reactions utilise O, as the ultimate
electron acceptor, and include the energetically demanding
insertion of an O-atom into an unactivated C-H bond.

P450 mechanism continues to be a major research focus.2
Protein crystallography has revealed a ferric heme b active site
in the resting state of the enzyme bearing an axially coordinated
cysteinate residue.3 The ‘distal’ sixth coordination site may be
occupied by a variety of ligands during catalysis (H,O, OH—,
O, or O2-) or it may be vacant. The mechanistic steps in P450
catalysis have been known for some time, based on the most
thoroughly investigated example, the bacterial PA50.,y from
Pseudomonas putida.!Most mechanistic investigations have
focused on the generation and the nature of the reactive, high-
valent, oxo-iron species and its interaction with substrate.?
Much less attention has been given to the initial stages of the
reaction cycle eg. substrate binding and heme reduction,
athough it has been proposed that they are important in
controlling catalysis.* Reduction to ferrous P450 in the absence
of substrate, but in presence of O, hasthe potential to consume
electrons (and energy) and rel ease toxic reactive oxygen species
such as O,— and H,0O,. The origin of selective substrate
oxidation in preferenceto simple O, reduction in P450 catalysis
remains poorly understood.

Some time ago, it was reported* that ferric P450cam
undergoes a low-to-high spin transformation in its electronic
ground state upon substrate binding, and subsequently this has
been found to be a characteristic feature of many other P450s.
Substrate binding in P450.,m was accompanied by an anodic
shift from —300 to —173 mV (En, 70, VS NHE) in the Felli/l
redox couple as determined by potentiometry> and later by
cyclic voltammetry (CV).6-10 Similar substrate-dependent an-
odic shiftswere found for the bacterial P450g\ 31t and alimited
number of mammalian P450s.12This gave support to the
hypothesi s> that a substrate-induced thermodynamic switch was
operative in raising the heme potential to a value above that of
its natural electron donor. This model offered an attractive
explanation of the tightly coupled substrate hydroxylation
activity of these enzymes; ferrous P450 cannot be generated in
the absence of substrate thus futile reduction of O, to
superoxide or peroxide is avoided.

Herein we report an electrochemical study of the recently
isolated bacterial P450, (CYP176A)13 that raises important
questions regarding P450 electron transfer and catalysis.
P4504, hydroxylates the hydrophobic monoterpene 1,8-ci-
neole, and substrate saturation induces a characteristic ferric
P450 low-to-high spin conversion as reflected in a hypso-
chromic shift in the Soret maximum. In this sense, P450.n

418

Electrochemistry of P450.,: new insights into P450 electron transfer

Kondo-Francgois Aguey-Zinsou, Paul V. Bernhardt,* James J. De Voss and Kate E. Slessor
Department of Chemistry, University of Queensland, Brisbane 4072, Australia.
E-mail: P.Bernhardt@mailbox.uq.edu.au; Fax: +61 7 3365 4299; Tel: +61 7 3365 4266

Received (in Cambridge, UK) 26th November 2002, Accepted 17th December 2002
First published as an Advance Article on the web 13th January 2003

resembles other bacterial P450s yet, as we will demonstrate, its
electrochemical properties are unique.

Potentiometry was performed within the pH range 6 to 9
employing dithionite as reductant and 2-hydroxynaphthoqui-
none and benzyl viologen as mediators using standard proce-
dures.24 The titrations were chemically reversible in phosphate
buffer by reoxidation with ferricyanide. CV experiments were
performed across the pH range 5 to 10, with the enzyme
immobilized within a didodecyldimethylammonium bromide
(DDAB) surfactant film cast onto an edge-plane pyrolytic
graphite (EPG) working electrode as described.”.15 The po-
tentiometrically determined P450, Fel!'"' redox potentials
(Em, Fig. 1) are essentially unaffected by substrate binding, and
exhibit a pH dependence of —59 mV/pH unit both in the
presence and absence of cineole. Totaly reversible single
electron responses were al so observed with CV (Fig. 2), and the
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Fig. 1 Midpoint potentials of P450., determined by CV (A substrate free
and ¥ substrate bound) and potentiometry (@ substrate free and Bsubstrate
bound) as a function of pH.
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Fig. 2 Cyclic voltammograms for P450., in the presence (broken curve)
and absence of cineole. (Sweep rate 50 mV s—1; working electrode EPG
modified with a DDAB surfactant film, pH 7.4).
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same —59 mV/pH unit dependence of the redox potentials was
seen.t This pH dependence is unambiguous evidence for a
coupled single electron/single proton transfer reaction inde-
pendent of substrate. There is no suggestion of a break in the
E./pH profile at the high-pH end of this range, which indicates
that reduction to ferrous P450, liberates a strong base (pK, >
10) at the heme active site.

Despite a complete low-to-high spin conversion of ferric
P450i,, upon addition of cineole, the heme redox potential is
unchanged. A correlation between the position of the high spin/
low spin equilibrium and the heme redox potential was
identified in P450., complexed with a range of substrates.16
However, redox potentials are dependent upon the energies of
both the oxidised and reduced forms of the couple, whereas the
position of the spin equilibrium considers only theferric form of
the enzyme. Therefore, this correlation does not have a firm
theoretical basis. In contrast, shiftsin redox potential (AE) upon
complex formation are well understood, and reflect differential
binding of the substrate (S) between the oxidised and reduced
forms of the enzyme (egn. 1)17

AE=EIn{M} ®
F 1+ Ky [9

whereK;, and K|, arethe enzyme: substrate formation constants
in the ferrous and ferric forms, respectively. In P450,, the
absence of a shift merely indicates that ferric and ferrous
P450i,, have an equal affinity for cineole, whereas the anodic
shifts seenin other P450s reflect tighter substrate binding by the
reduced form of the enzyme.

The paradigm of asubstrateinduced gating of the heme redox
potential has not been universally embraced. It has been
proposed!8 that a redox based thermodynamic gate in P450sis
practically flawed as, in vivo, the P450 redox potentia is
coupled to O, binding by the ferrous heme, thus raising its
apparent redox potential (egn 1, with O, asthe substrate and K|,
> Ky;;) and over-riding any substrate-induced effects. Kinetic
studies have also shown that P450 reduction may occur equally
rapidly in the absence or presence of substrate.1® Our datareveal
no shift in the P450,;,, redox potentials accompanying substrate
binding, so some other mechanism must clearly be operative to
prevent futile cycling of electronsin the absence of substratein
the tightly coupled P450,,, and presumably other P450s.

The P450,,, redox potential pH dependence (Fig. 1) suggests
a hydroxo ligand in the distal coordination site of the ferric
heme, which undergoes protonation and then dissociation upon
reduction.¥ We presume that the ensuing five-coordinate
ferrous P450, has a structure similar to that identified
crystallographically in ferrous P450.4y.2°An amino acid residue
isunlikely to be responsible for the observed pH dependence as
the more than five orders of magnitude change in K,
accompanying reduction is difficult to reconcile unless the base
is coordinated to the metal. Although the redox potential pH
dependence of P450.4m2! is similar to that seen here, the site of
protonation in P450.,, upon reduction remains to be ex-
plained.

The presence of the same pH profile in substrate free and
substrate bound ferric P450;,, indicates that both forms are six-
coordinate hydroxo-Fe!!'! complexes. Although binding of
substrate influences the position of the high-spin/low-spin
equilibrium in P450s, it does not follow that the distal sixth
ligand is lost in forming high spin ferric heme. In P450cam,
crystallography has indicated that the low-to-high spin trans-
formation (upon binding camphor) is accompanied by dissocia-
tion of the axialy bound aqualigand.2® However, there are a so
several crystallographically characterized examples involving
P450.am where a high-spin (substrate bound), six-coordinate
heme has been identified.22That is, coordination number and
spin state are not necessarily coupled. In the absence of
variations in coordination number, the change in electronic
ground state in P450s can be explained by subtler outer-sphere

interactions related to changes in local dielectric constant and
the electric field of the protein upon substrate binding.23

Finaly, the substrate free redox potential for P450, (Em,7.4
—182 mV) isatypically high for a P450. Kassner proposed that
a magjor contributing factor to heme cofactor redox potentials
was the dielectric constant of the active site;24 hydrophobicity
inducing a more positive redox potential. This model has been
supported by subsequent experimental and theoretical studies.2s
Modeling studies of P450., based on its known amino acid
sequence predict that the distal coordination environment is
more hydrophobic than seen in other bacterial P450s3 and the
relatively high potential redox couples with and without
substrate are consistent with this concept.

In conclusion, we have shown that substrate induced redox
potential shiftsmay be completely absent in P450 chemistry, the
ferric heme electronic ground state and coordination number are
not coupled and heme protonation in P450, accompanies
reduction. The questions raised by these results concerning the
mechanism by which P450s oxidise substrates in preference to
O, reduction will be addressed in future work.

We gratefully acknowledge financial support of the Austra-
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