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Abstract Cytochrome P450 (P450) from Pseudomonas
putida was immobilized on Ag electrodes coated with
self-assembled monolayers (SAMs) via electrostatic and
hydrophobic interactions as well as by covalent cross-
linking. The redox and conformational equilibria of the
immobilized protein were studied by potential-depen-
dent surface-enhanced resonance Raman spectroscopy.
All immobilization conditions lead to the formation of
the cytochrome P420 (P420) form of the enzyme. The
redox potential of the electrostatically adsorbed P420 is
significantly more positive than in solution and shows a
steady downshift upon shortening of the length of the
carboxyl-terminated SAMs, i.e., upon increasing the
strength of the local electric field. Thus, two opposing
effects modulate the redox potential of the adsorbed
enzyme. First, the increased hydrophobicity of the heme
environment brought about by immobilization on the
SAM tends to upshift the redox potential by stabilizing
the formally neutral ferrous form. Second, increasing
electric fields tend to stabilize the positively charged
ferric form, producing the opposite effect. The results
provide insight into the parameters that control the
structure and redox properties of heme proteins and
contribute to the understanding of the apparently
anomalous behavior of P450 enzymes in bioelectronic
devices.
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Introduction

Cytochromes P450 (P450) represent a large family of
heme-containing enzymes, found in all types of living
organisms. The P450 isozymes catalyze a variety of
biological oxidation reactions in the degradation of
exogenous compounds as well as in biosynthesis. The
P450 family includes soluble and membrane-bound
proteins with quite different overall structures. Common
features of all P450 isozymes, however, are the unique
ligation pattern of the redox site, in which a thiolate is
coordinated to the heme iron, and the mechanism of the
reaction cycle which involves the activation of molecular
oxygen as the key step. The substrate binds in proximity
to the heme to allow for the reaction with activated
oxygen. The unique structure of the substrate binding
pocket ensures substrate selectivity, product selectivity,
and regioselectivity of the enzymatic reaction, which are
very high for many isozymes [1-7].

Owing to the large variety of oxygenic reactions that
different P450s perform with high efficiency and selec-
tivity, this superfamily constitutes an enormous source
of potential biocatalysts for chemical synthesis, and has
indeed stimulated considerable research activities in this
field [8—11].

A widely used approach for fabricating P450-based
biocatalytic devices consists in immobilizing the en-
zymes on electrodes that may serve as a controllable
electron source to drive the reaction cycle [12-20].
Previous studies have in fact shown that P450 can be
immobilized in an electroactive form, although the re-
ported redox potentials span a range of more than
0.15 V in the various immobilized systems and, more-
over, differ substantially from that of P450 in solution
[13-20]. The origin of these shifts of potentials is yet
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unclear and structural changes of the protein caused by
the immobilization cannot be ruled out. So far,
immobilized P450 has not been monitored in situ by
spectroscopic techniques that provide insight into the
active-site structure.

Such information can be provided by resonance
Raman (RR) spectroscopic techniques that selectively
probe the vibrational bands of the heme group upon
excitation in resonance with its electronic transition.
When heme proteins are in close proximity to an Ag
surface, the RR bands are further enhanced by several
orders of magnitude (surface-enhanced RR, SERR)
such that it is possible to probe the redox site solely of
the immobilized proteins. This technique has been
successfully applied to electron-transferring cyto-
chromes using Ag electrodes that were coated with self-
assembled monolayers (SAMs) with various head
groups [21]. In this way, direct contact of the protein
with the metal surface, which may cause severe per-
turbations of the native structure, is avoided. Up to
now, this approach has not yet been employed to P450
adsorbed on coated electrodes, but it has been shown
that preadsorption of organic anions on Ag colloids
may provide a ‘“‘biocompatible” surface that largely
reduces the protein structural changes of the bound
enzyme [22-24].

In this work, we have investigated the interfacial
redox processes of the soluble P450 from Pseudomonas
putida, which is the best characterized member of the
P450 superfamily. For this P450 isozyme, crystal
structures have been determined for various states and
the reaction cycle has been analyzed in great detail by
a variety physicochemical techniques [23, 25-35]. Thus,
the large body of available structural, thermodynamic,
kinetic, and spectroscopic data serves as a reference for
the present study in which P450 is immobilized on
SAM-coated Ag electrodes. SAMs were prepared from
alkyl thiols of different chain lengths and tail groups
that allow for different modes of immobilization. We
have analyzed the adsorption-induced and potential-
dependent structural changes of the heme site by
SERR spectroscopy, and determined the redox poten-
tials of the enzyme immobilized under different
conditions.

Materials and methods
Protein isolation and purification and chemicals

P450 from P. putida was overexpressed in Escherichia
coli and purified as described elsewhere [36]. Camphor-
bound P450 was prepared as previously described [37].

Mercaptoacetic acid (C,), 3-mercaptopropionic acid
(C3), l1-mercaptoundecanoic acid (C;;), l6-mercapto-
hexadecanoic acid (C;g), ethanethiol, pentanethiol,
I-decanethiol, and 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC) were purchased from Sigma and
were used without further purification. 5-Carboxy-1-

pentanethiol (Cg), 6-aminohexanethiol, and 11-ami-
noundecanethiol were purchased from Dojindo Labo-
ratories.

Electrode modification and protein immobilization

Protocols for the preparation of the SERR-active Ag
surfaces as well as subsequent coating of the electrode
(geometrical surface approximately 0.75 cm?) with
SAMs of various carboxylate-, amino-, and methyl-ter-
minated alkylthiols followed published procedures [38].

For electrostatic adsorption, the SAM-coated elec-
trodes were immersed into a 0.1 pM solution of P450
(12.5 mM potassium phosphate, 12.5 mM K,SO,)
adjusted to pH 7.5 and left to equilibrate for 45 min.

Covalent cross-linking was accomplished with EDC
to form amide bonds between the carboxyl groups of the
SAMs and basic amino acid residues on the protein
surface. The reaction conditions were optimized by
varying the concentration of EDC (0.1-5 mM), incu-
bation times (1-5 min), and potential of the electrode
(—0.35to +0.15 V) during incubation. After completion
of the reaction the electrodes were rinsed and immersed
in the electrochemical cell containing buffers of different
pH values (6.5-7.5).

RR and SERR spectroscopy

RR and SERR spectra were measured with the 413-nm
line of a krypton ion laser (Coherent Innova 302), using
a confocal spectrograph (Jobin Yvon, XY) equipped
with a grating of 1,800 lines mm ™' and a liquid nitrogen
cooled back-illuminated CCD camera. The spectral
resolution was approximately 2 cm ™' and the increment
per data point approximately 0.47 cm ™.

RR spectra were obtained from 10 uM aqueous
solutions of P450 (20 mM potassium phosphate buffer,
pH 7.5), contained in a rotating cuvette. Reduction was
achieved by addition of dithionite. The acquisition time
for the spectra was approximately 40 s, using a laser
power of 1.2 mW.

In SERR spectroscopic experiments, the laser beam
was focused onto the surface of a home-built rotating
electrode with a power of approximately 3.5 mW at the
sample. A detailed description of the electrochemical
setup is given elsewhere [38]. The spectral accumulation
time was typically 60 s.

All experiments were carried out with buffered solu-
tions (12.5 mM potassium phosphate, 12.5 mM K,SOy)
adjusted to pH 7.5, unless stated otherwise. Prior to and
during the SERR experiments, the electrochemical cell
was purged by a continuous stream of catalytically
purified oxygen-free argon gas. All the potentials cited in
this work refer to the normal hydrogen electrode.

After background subtraction the spectra were sub-
mitted to component analysis in which the spectra of the
individual species were fitted to the measured spectra
[39].



Results and discussion

Structure of P450 immobilized on negatively charged
surfaces

Substrate-free P450 was electrostatically immobilized on
Ag electrodes coated with SAMs of w-carboxyl alkan-
ethiols of different chain lengths, containing between 1
and 15 methylene groups. The adsorption of the protein
to the negatively charged surfaces was monitored by
SERR spectroscopy under conditions that allow for the
sensitive detection of the heme groups solely of the ad-
sorbed species without interference of protein molecules
in the bulk solution.

At all monolayers, the adsorbed P450 gives rise to
qualitatively the same SERR spectra although the
overall intensity displays the expected decrease with
increasing chain length of the SAM. Upon switching the
electrode potential from —0.4 to +0.34 V, the oxida-
tion-state-sensitive marker bands v,, v3, and v4 of the
heme undergo frequency upshifts of approximately
10 cm ™', indicating that the adsorbed heme protein is
redox-active (Fig. 1, spectra b, c) [26].

A similar immobilization strategy has been success-
fully applied to different heme proteins, e.g., cyto-
chrome ¢ (cyt-¢) [21] and cytochrome c¢3 (cyt-c3) [40,
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Fig. 1 Surface-enhanced resonance Raman (SERR) and resonance
Raman (RR) spectra of cytochrome P450 on a 1l-mercaptoun-
decanoic acid (C;;) self-assembled monolayer (SAM) coated
electrode and in solution, respectively. « RR, dithionite reduced
form. b SERR, ferrous form at —0.40 V. ¢ SERR, ferric form at
0.34 V. d RR, ferric form
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41]. Unlike P450, these proteins possess well-defined
positively charged binding domains around the par-
tially exposed heme redox center that allow for a lar-
gely uniform orientation of the protein in electrostatic
complexes and guarantee good electronic communica-
tion with the electrode. In the case of P450, the heme
group is buried in the protein matrix and no extended
cationic patches can be identified on the protein surface
by visual inspection of the crystal structure (Protein
Data Bank entry IPHC). However, a few positively
charged residues on the proximal side of the protein
(around Argl12) have been shown to be involved in
electrostatic interactions with putidaredoxin such that
the closest approach of the two redox centers is
approximately 8 A [31, 33, 42]. Although the present
study does not provide direct information on the ori-
entation of the adsorbed species, it is very likely that
the same residues are involved in the electrostatic
immobilization to negatively charged SAM-coated
electrodes.

A comparison of the SERR spectra of the immobi-
lized P450 recorded at negative potentials
(below —0.1 V) with the RR spectrum of the fully re-
duced protein in solution (Fig. 1, spectra a, b, Table 1)
shows that electrostatic immobilization induces sub-
stantial alterations of the protein structure on the level
of the heme pocket.

The reduced form of substrate-free P450 possesses a
five-coordinated high-spin (5cHS) heme in which the
axial ligand is a thiolate (Cys 357) [30]. Owing to the
electron density push from the negatively charged
sulfur ligand to the iron, a stronger iron-m back-
donation to the porphyrin 7 system is induced,
thereby specifically weakening the C—N bonds. This
effect is reflected by an unusually low frequency of the
v4 mode of ferrous P450 (approximately 1,350 cm™")
[25, 26, 34]. In the SERR spectra, however, the v,
frequency is found at 1,361 cm™', which is as high as
in “normal” ferrous hemes and thus indicates the
replacement of the thiolate by a less-electron-donating
ligand. Furthermore, the positions and relative inten-
sities of the v,, vs, and v, marker bands of the ad-
sorbed enzyme are consistent with a six-coordinated
low-spin (6¢cLS) configuration of a ferrous heme [43].
Thus, the SERR spectrum is closely related to the RR
spectrum of the ferrous pressure-induced cytochrome
P420 (P420) form of the enzyme as reported by Wells
et al. [34]. In this largely inactive state, which is
common to all members of the P450 superfamily, the
protein undergoes a structural change that involves a
modification of the ligation pattern including the re-
moval or the protonation of the thiolate ligand [27,
34, 35, 44, 435].

A comparison of the SERR spectrum of the adsorbed
enzyme in the oxidized (above +0.1 V) state with the
RR spectrum of P450 in solution shows less pronounced
yet distinct differences (Fig. 1, spectra ¢, d). Whereas the
marker bands in the RR spectrum of the substrate-free
ferric P450 reflect the 6¢cLS configuration of the heme
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Table 1 Positions v; and intensities / (v;) (arbitrary units) of the v,, v3, and v4 bands of the six-coordinated low-spin (6¢LS) and five-
coordinated high-spin (5¢HS) species, detected by surface-enhanced resonance Raman spectroscopy upon formation of cytochrome P420
(P420) on sulfate-coated electrode in this work, and based on resonance Raman spectra reported by Wells et al. [34]

6¢cLS ScHS

Reduced Oxidized Reduced Oxidized
valem™) 1360.6 1,361% 1373.6 1,374% 1357.9 1371.6
I (vq) 1 1 1 1
v3(cm™) 1491.9 1,493 1503.9 1,503% 1470.1 1,470% 1491.2 1,491%
I (v3) 0.112 0.154 0.120 0.595
va(em™) 1,584 1,583% 1,590 1,588 1,562 1,560* 1,570 1,572
I(vy) 0.198 0.287 0.05 0.310

“Based on resonance Raman spectra reported by Wells et al. [34]

with a thiolate and a water molecule serving as axial
ligands, the SERR spectra of the adsorbed oxidized
protein suggest an equilibrium between at least two
different heme structures. This is particularly reflected
by the v; region, where two distinct bands can be
identified at 1,504 and 1,491 cm™', as well as by the
substantial broadening of the v, band envelope. The
band-fitting analysis indicates that all SERR spectra of
the ferric adsorbed protein can be consistently simulated
with two components, corresponding to a 6¢cLS and a
5cHS heme. Again, we note far-reaching similarities
with the RR spectra of ferric P420 reported by Wells
et al. [34] which also display the characteristic signature
of a 6¢LS/5cHS coordination equilibrium.

Upon substrate binding, ferric P450 is also trans-
formed into the 5cHS configuration and the spectral
differences between P450 and P420 are less pronounced
in the ferric state [25, 32, 34]. However, immobilization
of the substrate-free and the substrate-bound P450
yielded essentially the same SERR spectra with the same
5cHS/6¢LS distribution. Furthermore, formation of the
adsorbed ferric 5cHS and 6¢LS species from the ferrous
P420 is reversible (vide supra) in several oxidation—
reduction cycles. Thus, we conclude that in the ferrous
and the ferric state the enzyme exists in the P420 form,
generated upon binding of P450 to the SAM-coated
electrode.

The main difference between the SERR spectra of the
adsorbed P420 and the RR spectra reported for P420 in
solution [34] refers to the coordination equilibrium. In
contrast to P420 in solution, no ferrous 5cHS species can
be detected in the adsorbed state. This discrepancy can
be understood by taking into account that the P420 state
may not be characterized by a uniform and well-defined
protein structure [45]. The transformation from P450 to
P420 can be caused by changing a variety of parameters,
including temperature, pH, ionic strength, detergent,
and solvent composition [28, 29, 34, 35, 44, 46-51]. Al-
though each of these P420 forms lacks the strong elec-
tron-donating capacity of a thiolate ligand, structural
details of their heme pockets may be different. In the
immobilized state, the crucial parameter that is likely to
cause the conversion from P450 to P420 is the electric
field strength, which results from the (distance-depen-

dent) interfacial potential drop across the SAM and the
local distribution of charges on the SAM surface [21, 38,
52, 53].

The putative interaction domain of P450 for binding
to the anionic surface lies directly above the cysteine
axial ligand on the proximal side [33]. Thus, electrostatic
interactions through this region can be expected to affect
the heme coordination as is observed even for the P450—
putidaredoxin complex [31]. In this case, the native thi-
olate ligand remains preserved but the S5cHS/6¢LS
equilibrium of the ferric substrate-bound P450 is shifted
towards the 6¢LS configuration.

The strength of the interfacial electric fields at SAM-
coated Ag electrodes has been found to be sufficient to
destabilize even the compact heme pocket structure of
the electron-transferring protein cyt-c¢ [21, 38]. Specifi-
cally, the coordinative Fe—-Met bond is weakened such
that in the adsorbed state native cyt-¢ (BI state) is in
equilibrium with a new state (B2) that lacks the Met
ligand but retains the native secondary structure. Upon
increasing the electric field strength the B2-to-B1 equi-
librium ratio increases such that at short chain lengths
(high electric fields) B2 prevails, whereas at the longest
chain lengths the immobilized cyt-c remains exclusively
in the native B1 state. Since there is no indication for the
native P450 state even at the longest (C;4) monolayer,
we conclude that the conversion of the immobilized
P450 to P420 occurs even at relatively weak electric
fields.

The interfacial electric field does not only induce the
formation of P420, but also appears to weaken the li-
gand field in the immobilized P420 itself since it forms a
S5cHS/6¢LS equilibrium in the ferric state. In contrast,
the ferrous P420 exclusively exists in the 6¢cLS configu-
ration regardless of the SAM chain length. These find-
ings imply that the two axial ligands form stronger
coordinative bonds in the reduced than in the oxidized
heme, which is consistent with the coordination by a
histidine and either a water or a protonated cysteine [54,
55]. The situation is different when the carboxyl-termi-
nated thiol monolayers are replaced by divalent anions
(sulfate) that are specifically adsorbed on the bare Ag
electrode. Under these conditions the electric field
strength is increased and then also the ferrous state of



the immobilized P420 displays marker bands that are
characteristic of a ScHS configuration, such as a band at
1,470 cm™' (v; mode) and a dominant feature at
1,358 cm ™! (v4 mode) (Fig. 2, spectra a).

At all potentials the SERR spectra of P420 immobi-
lized on sulfate-coated electrodes can be quantitatively
simulated on the basis of the same components deter-
mined for SAM coatings, i.e., 6cLS™¢, 6¢cLS°, and
5cHS®*, plus an additional component spectrum of a
ferrous 5cHS heme, 5cHS™ (Fig. 2, Table 1).

Further immobilization strategies

In order to avoid or, at least, to reduce the conversion of
P450 to P420 induced by the electric field, we employed
various immobilization strategies. The electric field
strength experienced by the heme site is controlled by the
potential drop across the SAM and the charge distri-
bution in the SAM/solution interface [21, 38] and thus
may be lowered either by reducing the charge density at
the binding site for the protein or by increasing the SAM
thickness. The latter possibility was not considered to be
a promising approach. Namely, the distance-dependent
decrease of the SERR effect impairs the spectroscopic
analysis of the protein bound to SAMs that contain
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Fig. 2 SERR experimental and component spectra of cyto-
chrome P420 (P420) immobilized on two different coatings. «a
P420 on a sulfate-coated electrode, measured at —0.15 V. b P420 on
a C;; SAM coated electrode measured at 0.10 V. Black lines
experimental and fitted spectral, red lines oxidized five-coordinated
high-spin (5¢HS’*) component, green lines reduced five-coordi-
nated high-spin component. Blue lines oxidized six-coordinated
low-spin (6¢LS°*) component, orange lines reduced six-coordinated
low-spin (6¢LS™! component)
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distinctly more than 15 methylene groups, which would,
however, be required for a significant reduction of
the field strength. Our studies, therefore, focused on
the modification of the local charge distribution in the
SAM/protein interface. Increasing the ionic strength
from 60 to 160 mM, which compresses the electrical
double layer and thus lowers the field strength at the
heme pocket, did not affect the P420 formation. Higher
ionic strengths caused desorption of the protein from the
SAM surface such that a SERR spectroscopic analysis
was not possible.

In an attempt to reduce the charge density on the
SAM surface, mixed monolayers of w-carboxyl-alkan-
ethiols and methyl-terminated alkanethiols were formed
with molar ratios ranging from 1:10 to 1:1. The SERR
spectra did not provide any indication for the native
enzyme in any of the cases, suggesting that the dilution
effect is compensated by a decrease of the pK, of the
carboxylate groups such that the overall surface charge
density remains largely unchanged. Reducing the charge
density by decreasing the pH from 7.5 to 6.5 did not
produce any significant effect either. Even lower pH
values induce protein desorption. Covalent cross-linking
via EDC either to carboxylate-terminated or to amino-
terminated SAMs and subsequent lowering of the pH
was also unsuccessful in preserving the native P450 form.
Noncovalent immobilization of the enzyme to methyl-
and amino-terminated monolayers also yielded the
inactive P420 state but the surface concentration of the
protein was substantially lower than on anionic coatings
as judged from the SERR intensities. All immobilization
strategies were tested with substrate-bound and free en-
zyme at different temperatures (4-25 °C) and laser
powers (0.5-5 mW). However, in none of the cases could
the native P450 state be stabilized.

Electrostatic modulation of the redox potential

The electrochemical response of substrate-free P450
electrostatically adsorbed to negatively coated Ag elec-
trodes was probed by potential-dependent SERR mea-
surements in the range between —0.4 and 0.34 V
(Fig. 3).

At all potentials, the SERR spectra of the enzyme
immobilized on SAM- and sulfate-coated electrodes
could be consistently analyzed on the basis of the four
component spectra of the ferric and ferrous 6¢cLS and
5cHS forms of P420. In this analysis the spectral
parameters remain unchanged such that the only vari-
ables are the amplitudes of the individual component
spectra [;. These amplitudes are related to the relative
concentrations ¢; according to

o S

(1)

where the factors f; are proportional to the relative re-
ciprocal SERR cross sections of the species i. For the
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various species of P420, the f; factors are not known.
Therefore, apparent redox potentials E? ~ were esti-
mated from fits to the relative intensities /; (instead of
relative concentrations) plotted as a function of the
electrode potential (Fig. 4), i.e., setting all the f; factors
equal tol.

The deviation from the true redox potential E°
depends on the f,.q/fox ratio according to

RT fred
E'=EF +—— 2
app + ZF nfox I ( )

where z is the number of transferred electrons and R, T,
and F have the usual meaning. For other heme proteins
the fieq/fox ratios have been determined to be between
0.15 and 0.35 [56]. Most likely also for the adsorbed
P420 the ratio falls within this range, which would imply
that E° is more negative by 30-50 mV than the experi-
mentally determined Egpp. The analysis was restricted to
the 6¢cLS redox couples since, except for the sulfate-
coated electrode, the reduced 5cHS species was not
detectable.

The apparent redox potentials of the 6¢cLS redox
couple display a pronounced variation with the chain
length of the SAM (Fig. 5a, Table 2) such that they
steadily decrease from 0.21 V (Ci4) to 0.14 V (Cy).

An even lower value (—0.13 V) was determined for
the sulfate-coated electrode. These shifts of E?  cannot
be attributed to the interfacial potential drops, which for
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Fig. 3 Selected SERR spectra of P420 immobilized on a merca-
ptoacetic acid SAM coated electrode recorded as a function of the
potential. Potentials from top to bottom —0.2, —0.05, 0.05, 0.2, and
03V
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Fig. 4 Relative intensities of the ScHS and 6¢LS species of P420
immobilized on a C;; SAM coated electrode, as a function of the
potential. Squares 6¢cLS™, triangles 6¢LS®, circles 5¢cHS*
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negatively charged SAMs on an Ag electrode display the
opposite tendency [38]. Instead, taking into account
these potential drops, Egpp spans a range from
approximately 0.26 (Cyg) to 0.15 V (C,).

The decrease of the Egpp values on the SAM- and
sulfate-coated electrodes seems to be related to the
strength of the electric field, which increases upon
shortening the chain length. Crucial parameters that
control the electric field at the protein binding site are
the electrode potential, the SAM length, and particularly
the surface charge density oc, which for the SAM
coatings can be estimated from the pK, values of the
carboxylic head groups according to

10PH-PKY)
=1+ 10(H-PK,)

(3)

where o,c=—0.816 C m “ is the maximum charge
density for a fully deprotonated SAM, estimated by
geometrical considerations. For the sulfate-coated elec-
trode, an experimentally determined value for oc of
—0.449 C m~? was adopted from the literature [57]. As
shown in Fig. 5b, the apparent redox potentials decrease
upon increasing oc.

We have previously employed an electrostatic model
for the description of the interfacial potential distri-
bution at electrode/SAM/protein interfaces [38]. Within
the framework of this model, the electric field strength
(Er) at the surface of the coated electrode is expressed
by

ge

2

eskE

B €0&sKEpyc + 0c
ec + eskdc

E ,
F o(ec + eskdc)

(4)
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Fig. 5 Variation of the apparent redox potential of electrostatically
adsorbed P420 with: a chain length of the SAM coating, b charge
density of the SAM surface, and c electric field strength at the SAM
surface

where dc denotes the thickness of the coating, Ep,
(—0.773 V) the potential of zero charge, ¢c (2.26) and &g
(78) the dielectric constants of the SAM and the solvent,
respectively, and x the Debye length. On the basis of Eq.
4, Er was determined for F = Egpp, neglecting the po-
tential-dependent variations of oc. The error associated
with this approximation does not qualitatively affect the
calculations within the potential range and pH values
used in the present study.

The data clearly show that the redox potential de-
creases with increasing electric field strength (Fig. 5c,
Table 2), which, hence, is considered to be a crucial
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determinant for the redox potential of the immobilized
enzyme. A recent experimental and theoretical study of
cyt-c3 immobilized on a SAM(Cy)-coated electrode [40]
revealed pronounced electric-field-induced negative
shifts of the redox potentials as compared with the
protein in solution. Moreover, these shifts are similar to
those observed for cyt-c3 upon complex formation with
its natural redox partner. They were rationalized in
terms of the stabilization of the ferric state in the local
field of the anionic SAM head groups. Accordingly, one
would expect the largest negative redox potential shift
for P420 on the sulfate-coated electrode and the smallest
for the SAM(C,¢)-coated electrode. However, the
opposite tendency is observed upon comparing the
present data with the redox potential of P420 in solu-
tion. For the pressure-induced P420, a redox potential of
—0.211 V has been reported [44] that refers to an equi-
librium between a dominant 6¢cLS form and a minor
5cHS species. Thus, the redox potential of the 6¢cLS form
of P420 in solution may be even slightly more negative
than —0.211 V taking into account the spin-state
dependence of the redox potential of P450 [32]. Hence,
there is a positive redox potential shift of at least 0.4 V
for the 6cLS form of P420 upon adsorption to
SAM(C,¢)-coated electrodes.

Positive shifts of redox potential have generally been
observed upon immobilization of P450 to electrodes
coated by lipids, detergents, polyelectrolytes, and clays
[12-20]. Unfortunately, the electrochemical techniques
that have been employed in most of these studies do not
provide information about the nature of the electroac-
tive species. Thus, a (partial) conversion to P420 and a
shift of the spin equilibrium toward a 5cHS state, which
would both correspond to an intrinsic redox potential
upshift, cannot be ruled out in each case. However, the
redox potentials reported in these studies are generally
much more positive than that of P420 in solution, even
taking into account a shift of the spin equilibrium to-
ward the 5cHS state. Moreover, it has been shown by
measurements in solution that P450 binding to clays [16]
or lipids [19] that were employed as coating materials in
some of these studies does not induce P420 formation.
Specifically for these systems, the electrostatic interac-
tions are likely to be distinctly weaker than for SAMs
with carboxylate headgroups. Thus, most likely, the
large positive upshift of the redox potential of P420 is
not a peculiarity of the electrostatic adsorption on SAM-
coated electrodes but appears to be a general phenom-
enon of immobilization of this enzyme. Since there is no
detectable spectral difference between the RR and
SERR spectra of P420 in solution and in the immobi-
lized state, major structural changes in the heme pocket
such as a ligand exchange are not very likely to be the
origin of the potential shift. However, subtle structural
changes as well as changes of the surrounding medium
may have a substantial impact on the redox potentials of
heme proteins [58—69]. An increasing hydrophobicity of
the heme environment tends to upshift E° owing to
stabilization of the formally neutral ferrous form in an
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Table 2 Apparent redox

potential E® for cytochrome Immobilization conditions E° (V) oc (mC m™) Er (Vm~'x107°%)
P450 (P450) and P420 species
under different conditions, Ag/SO,>~/P420 —0.126" —449 2.84
charge density oc, and electric ~ Ag/C,/P420 0.143* —136 1.73
field strength Ep at the surfaces  Ag/C;/P420 0.177% —74 1.36
of the electrode coatings as Ag/C4/P420 0.197* -9 0.83
calculated from Eqs. 3 and 4 Ag/C;1/P420 0.199% —0.4 0.50
(see text) Ag/C6/P420 0.212* —0.03 0.40
P420 (solution) —0.211° 3 3
e P450 (substrate free; solution) —0.303¢ _ _
bThls work P450 (camphor bound; solution) —0.17¢ _ _
From Ref. [44] GCE/clay/P450 —0.139¢ _ _
JFrom Ref. [59] PG/DMPC/P450 —0.113¢ B B
_From Ref. [10] Au/MPS/PEI/PSS/P450 —0.006" _ _
From Ref. [19] PG/DDAB/P450 0.006° _ _

From Ref. [17]

environment of low dielectric constant. Likewise, a re-
duced water accessibility of the heme results in positively
shifted E° values. Thus, it is possible that in the P420/
SAM complex water molecules are removed from the
surface binding domain and expelled from the heme
pocket. Such effects have not been noted for electron-
transferring proteins like cyt-c or cyt-cz, neither upon
immobilization to coated electrodes nor in complexes
with the respective partner proteins [21, 38, 40]. Thus,
the immobilization-induced dehydration may be a spe-
cific property of P450. Indeed, the redox potential of
P450 shifts up by approximately 0.13 V upon binding of
camphor [59], which is known to displace water mole-
cules from the substrate binding site [30]. On the other
hand, the redox potentials for P450 on clay-modified
electrodes [16] as well as for P420 in solution [44] are
insensitive to the addition of camphor, suggesting that
the binding site is already dehydrated in both cases. This
interpretation may hold as well for P420 on SAM-
coated electrodes, which is also insensitive to camphor.
However, the large upshifts of the redox potentials ob-
served in the present work with respect to P420 in
solution cannot be ascribed to a further dehydration,
which, according to Kassner’s relation [42, 61], would
have a maximum effect of less than 0.2 V. Most likely,
the adsorption of the enzyme to negatively coated elec-
trodes leads to a P420 form whose heme environment
differs from that of the pressure-induced P420 in solu-
tion. Small structural differences, which would be spec-
troscopically silent, can have a substantial effect on the
local electrostatics and therefore on the redox potentials.
This interpretation is supported by the fact that the
5cHS/6¢LS equilibria are different for the immobilized
and the pressured-induced P420 (vide supra).

Whereas immobilization-induced dehydration and
alteration of local electrostatics may be the essential
origin for the high redox potential of P420 at long SAM
lengths, the opposite effect of the electric field strength
gains importance with decreasing SAM length, as
reflected by the steady decrease of the redox potential.
Thus, we conclude that the electric-field dependence of
the redox potential of the immobilized P420 reflects the
interplay between two opposing effects, the increased
hydrophobicity of the heme environment in the SAM/

enzyme complex and the destabilization of the ferrous
state by the electric field which tend to shift the redox
potential to positive and negative values, respectively.

Conclusions

P450 can be efficiently attached to SAM-coated metal
electrodes via electrostatic or hydrophobic interactions
as well as via covalent cross-linking. In each case, the
spectra indicate that the immobilized enzyme is con-
verted to the inactive P420 form which, hence, can be
induced by qualitatively different intermolecular inter-
actions. It is very likely that primary adsorption-induced
structural changes of the protein may be different for the
various monolayers, but in each case they lead to the
same changes of the coordination pattern, i.c., the re-
moval or protonation of the thiolate ligand. P420 evi-
dently represents a thermodynamic trap within the
conformational space of the protein such that different
changes of the protein environment may trigger this
conformational transition as is also documented by the
various procedures for producing P420 in solution [28,
29, 34, 35, 44, 46-51]. Nevertheless, the substantial dis-
crepancy in the redox potential between the immobilized
P420 and the pressure-induced P420 in solution [44]
cannot be understood without stressing structural dif-
ferences in the heme pocket. These differences may refer
to the strength of the coordinative bonds of the axial
ligands, which appears to be higher at least in the ferrous
heme of the immobilized P420 since on SAM-coated
electrodes no ferrous 5cHS form is observed in contrast
to P420 in solution. The other factors that control the
redox potential of the immobilized P420 are ascribed to
the dehydration of the enzyme in the protein/SAM
interface and the electric-field-induced destabilization of
the ferrous state. These factors which affect the redox
potential in opposite directions may also be relevant for
the P450 state. Thus, the redox potential alone is not a
criterion for distinguishing between P450 and P420. An
indispensable tool for checking the integrity of the
immobilized P450 is the analysis of its active-site struc-
ture by spectroscopic techniques such as SERR spec-
troscopy.
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