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Abstract

We developed a biosensor based on the redox properties of human CYP3A4 to directly monitor electron transfer to the heme protein.
Enzyme films were assembled on gold electrodes by alternate adsorption of a CYP3A4 layer on top of a polycation layer. Direct, reversible
electron transfer between the electrode and CYP3A4 was observed with voltammetry under anaerobic conditions. In the presence of
oxygen, the oxidation peak of the hemoprotein disappeared, and the reduction peak increased 2- to 3-fold. Addition of CYP3A4 substrates
(verapamil, midazolam, quinidine, and progesterone) to the oxygenated solution caused a concentration-dependent increase in the
reduction current in cyclic voltammetric and amperometric experiments. Product analyses after electrolysis with the enzyme film showed
catalytic activity of the biosensor depending on substrate concentration, its inhibition by ketoconazole, and a minor contribution of H,O,
to the catalytic cycle. These results suggest that electron exchange between the electrode and the immobilized CYP3A4 occurred, and that
metabolic activity of the enzyme was maintained. Thus, important requirements for the application of human CYP biosensors in order to

identify drugs or drug candidates as substrates or inhibitors to the attached enzyme are fulfilled.

© 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

The members of the P450 enzyme superfamily often
mediate rate-limiting steps in the metabolism of xenobio-
tics, including many drugs and environmentally relevant
small molecules. The P450s may inactivate drugs or toxic
chemicals or activate them to effective, mutagenic, and/or
carcinogenic forms [1,2]. P450s also metabolize endogen-
ous compounds, such as steroids, fatty acids, and prosta-
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glandins [3,4]. Thus, characterization of these enzymes is a
key issue in pharmacokinetics and in toxicokinetics as well
as in regulation of some endogenous metabolic pathways.

Activity of P450s is currently determined from the rates
of formation of metabolites. Measurement of metabolite
concentration requires development and maintenance of
methods for each metabolic pathway examined. Another
possible approach that is applicable, irrespective of the
substrate and the individual P450, is to measure the con-
sumption of co-factors of the reaction, i.e. of oxygen and
NADPH. However, these co-factors need to be present in
excess in order to avoid any influence on enzyme activity,
and it is not always possible to reliably determine small
changes in concentrations of these co-factors.

As a direct approach based on the redox properties of
P450s, we have developed an amperometric biosensor
which allows one to follow its catalytic cycle by monitor-
ing electron transfer to the enzyme. A biosensor could
replace existing techniques of measuring enzyme activity.
No natural redox partner is required because an electrode
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directly supplies the electrons required to drive P450-
mediated catalysis. The direct monitoring of electron
transfer may also be useful to further elucidate the complex
chemical processes taking place during P450-mediated
reactions.

Achieving an electrical communication between an
electrode and an enzyme is the pivotal step in the devel-
opment of amperometric biosensors [5]. However, usually
the protein matrix may insulate the redox site from direct
electron transfer [6]. Additionally, adsorptive denaturation
of the enzyme and macromolecular impurities on the
electrode may impede electron transfer. These problems
may be overcome by a specific binding of the enzymes to
the surface of an electrode [7,8]. While various enzyme
immobilization techniques have been reported to establish
electrical communication in enzyme-electrode assemblies,
methods must often be designed empirically for the spe-
cific enzyme under study [6]. With respect to P450 bio-
sensors [9,10], there are currently only a few reports
available. Most studies used the soluble CYP101. Direct
electron transfer to CYP101 has been shown for a variety of
electrode interfaces, including pyrrolytic graphite [11,12],
gold [13], glassy carbon [14], platinum [10], and indium tin
oxide [15]. CYP101 embedded in polyion films on elec-
trodes was used to catalyze the oxidation of styrenes to
styrene oxides [13,16]. In addition, catalytic activity had
been shown by the hydroxylation of camphor. For biosen-
sors with membrane-bound CYPs, non-human enzymes
bound to a mediator such as fusion proteins of CYPs with
NADPH-cytochrome P450 (CYP) oxidoreductase [17] or
CYPs covalently bound to small molecules such as ribo-
flavin [18] have been used. Again, electron transfer and
catalytic activity could be shown.

The objective of the present work was to develop such a
biosensor for a membrane-bound human P450 not mod-
ified by mediators bound to the enzyme. Its intended
application is to identify drugs or drug candidates as
substrates or inhibitors to the enzyme bound to the bio-
sensor. We focused on CYP3A4 because it is currently
believed to be the most important of the P450s in drug
metabolism.

2. Materials and methods

Purified CYP3A4 (MW 51500 Da) was prepared as
described [19]. Chemicals used for film assembly were
poly-(dimethyldiallylammonium  chloride)  (PDDA)
(Aldrich) and 3-mercapto-1-propenesulfonic acid (MPS)
(Fluka). The substrates of CYP3A4 (verapamil, quinidine,
and progesterone) and superoxide dismutase were pur-
chased from Aldrich. Midazolam (MDZ) was obtained
from Hoffmann-La Roche AG. Catalase and ketoconazole
were purchased from ICN Biomedicals GmbH. Quantofix
Peroxide sticks for the detection of H,O, were from
Machenerey-Nagel.

2.1. Instrumentation

A Quartz Crystal Microbalance (QCM; USI System)
was used to monitor the formation of enzyme films on the
electrode. The quartz resonators (AT-cut; USI System)
used were covered by gold electrodes on both faces and
their resonance frequency was 9 MHz. A BAS 100 B/W
electrochemical analyzer was used for cyclic voltammetry
(CV) and square wave voltammetry (SWYV). Electrolysis
experiments and amperometry were done with a potentio-
stat model PGSTAT 10 (Metrohm). The three-electrode
electrochemical cell had a saturated calomel electrode
(SCE) or a Ag/AgCl electrode as reference electrode
and a palladium wire counter electrode. Working electro-
des for CV, SWYV, and amperometry were ordinary gold
discs (3 mm diameter; Metrohm). A 2.2cm x 1.1 cm gold
foil (Alpha Aesar) was used as working electrode for the
electrolysis.

2.2. Methods

2.2.1. Preparation of enzyme electrodes

Single layer and multilayer films were assembled on
gold electrodes of the QCM resonator and on gold discs as
follows [13]: First, electrode surfaces were washed with a
cleaning solution (ethanol:water:KOH; 60:39:1) and
polished with aqueous slurries of alumna. A negatively
charged gold surface was then prepared by coating with
MPS (1 mM). Films were grown by alternate adsorption
from an aqueous solution of PDDA (2 mg/mL) or from a
19.4 uM suspension of human CYP3A4 in 50 mM phos-
phate buffer containing 100 mM KCI and 6.2% glycerol.
To this end, electrodes were first immersed for 20 min in
the PDDA solution and then for 20 min in the enzyme
suspension, with intermediate washing with ultrapure
water. Films were dried under a stream of nitrogen at
room temperature after each immersion in the sensor
reagents. Up to 10 molecular layers of enzyme were
coated over the gold resonator for monitoring of film
growth. For the electrochemical experiments, single layer
and multilayer enzyme film-coated gold electrodes were
prepared.

2.2.2. Monitoring of enzyme film formation by QCM

To monitor film growth, the change in the resonance
frequency of the MPS-modified gold electrode was regis-
tered after each adsorption step. The mass increase that
occurred for each adsorption step was estimated from the
frequency change Afusing the Sauerbrey equation (Eq. (1))
[20].

__fi M
e

where Af, change in frequency (Hz); fy, fundamental
resonance frequency of the crystal (Hz); N, frequency
constant (1670 kHz m?); pg» density of quartz (g/em?),
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A(M/A), change in mass M (g) per area A on which the
deposit of the film occurs, corresponding to an apparent
area of the quartz crystal placed between QCM electrodes
(cm?).

As the fundamental resonance frequency of the QCM is
known, the measured frequency shifts for dry films can be
directly transformed into a mass increase, resulting in the
simplified Sauerbrey equation (Eq. (2)).

Af = —1.832 x 108A<ZZ> )

For explanation of symbols, see legend to Eq. (1).

From the area of the deposition (0.16 = 0.01 cm?), the
thickness of the films on both sides of the electrode was
then derived as described in Eq. (3) [21] assuming an
approximate density of 1.3 +0.1 g/cm3 for enzyme and
1.2 4 0.1 g/em® for polyion film [22].

d(A) ~ —0.16 Af (Hz) 3)

where d is the thickness of the film.The moleculoar diameter
of CYP3A4 was assumed to be about 35-40 A.!

2.2.3. Electrochemistry

CV, SWV, amperometry, and electrolysis were applied.
For CV an initial potential is changed in a linear manner up
to a pre-defined limit and then reversed to the initial value.
During this process, the Faradaic current response is
measured. The resulting cyclic voltammogram and its
parameters, mainly the two peak currents and two peak
potentials (Fig. 1), provide the basis for analyzing the
redox reaction. In SWYV the potential is applied as a ramped
square wave and the current is measured between just
before and near the end of each pulse. CV and SWV
experiments were carried out in a 10 mL electrochemical
cell containing 0.05 M phosphate buffer (pH 7.4) with
100 mM KCl in which were placed a palladium counter
electrode and a saturated calomel reference electrode
(SCE). Single and multiple layer enzyme-loaded gold discs
were used as working electrodes to examine the number of
electroactive layers; because only the first layer was found
to be electroactive (see below), further experiments were
conducted with single layer electrodes. Temperature was
controlled at 25°. The working electrode was cycled
between initial and switch potentials of 300 and
—600 mV, respectively. Prior to CV and SWYV, solutions
were degassed by bubbling with purified nitrogen (cyclic
voltammetric experiments) or argon (amperometric experi-
ments) for 30 min and a layer of the respective inert gas
was maintained on the top of the cell. When needed, pure
oxygen was added to the solutions. Voltammograms were
taken in the absence and in the presence of oxygen and/or
substrates to observe the enzyme—oxygen—substrate inter-
action.

! Personal communication with Dr. D. Kirill, European Bioinformatics
Institute, Cambridge, UK.
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Fig. 1. A typical cyclic voltammogramm of an electroactive redox couple.
I, 2: anodic peak current; I, .: cathodic peak current; E,,: anodic peak
potential; E, .: cathodic peak potential.

The formal potential of CYP3A4 was estimated from
cyclic voltammetric data as a midpoint potential (Eq. (4)).

Eyn = % (Ep,a + Ep,c) (4)
where E,, , and E, . are anodic peak potential and cathodic
peak potential, respectively.

Integration of the reduction peak observed for electron
transfer by CV using anaerobic conditions gave the amount
of charge (Q) transferred on reduction of CYP3A4. The
surface concentration of electroactive enzyme on the elec-
trode was then estimated by assuming the one electron
transfer by using Faraday’s Law:

Q = mF ®)

where Q, charge (C); m, mass of electroactive species
(mol); F, Faraday’s constant (96485 C/mol).

For amperometric measurement, a 10 mL electrochemi-
cal cell thermostated at 25° was used in a three-electrode
configuration, consisting of a palladium counter electrode
and a Ag/AgCl reference electrode. The working electrode
(single layer CYP3A4 adsorbed gold disc) was polarized at
—450 mV vs. Ag/AgCl. Prior to injecting 10 mL of oxygen
gas into the 50 mM phosphate solution containing 100 mM
KClI, the cell was degassed as described above. The back-
ground current was allowed to decay to a steady state, then
aliquots of 400 pL of 10 mM verapamil (for resulting
concentrations of verapamil in reaction cell see Fig. 5)
were added at regular intervals. The solution was stirred
constantly throughout the whole experiment and steady-
state amperograms were recorded. Amperometric experi-
ments were also done with other CYP3A4 substrates
(MDZ, progesterone, and quinidine).

Electrolyses were carried out for the catalytic dealkyla-
tion of verapamil and hydroxylation of MDZ at —500 mV
vs. Ag/AgCl in a 5 mL electrochemical cell containing
50 mM phosphate solution with 500 pM verapamil or
50 uM MDZ, respectively. A 2.2cm X 1.1 cm gold foil
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(effective area) loaded with a single layer of CYP3A4 on For every layer of CYP3A4, QCM frequency (f)
both sides was used as the working electrode. Since oxygen decreased by (mean £ SD) 250 & 11.4 Hz. Each PDDA
is essential to activate CYP3A4 for the catalytic reaction, adsorption step caused a frequency decrease of about
electrolyses were carried out in aerobic conditions. During 50 £ 2.2 Hz. According to Egs (1)—(3) (see above), a mean
the electrolysis, samples were taken at pre-defined points mass increase of 225 and 45 ng was found for one layer of
of time up to 2 hr and analyzed by LC/MS for metabolite CYP3A4 and PDDA film, respectively. This means that
formation. Samples were also taken after 60 min and about 27 pmol of CYP3A4 was present per cm® on the
analyzed with Quantofix Peroxide sticks to detect hydro- surface of the biosensor. These masses correspond to a
gen peroxide. Further, electrolyses of verapamil and MDZ 40 + 4 A thickness for each CYP3A4 layer and 8 £ 0.8 A
were carried out in the presence of ketoconazole, a thickness for the polycation layer.

CYP3A4 inhibitor (500 pM), and of catalase (60 U/mL)
or superoxide dismutase (700 ng/mL) to assess the role of 3.2. Electroactivity of the CYP3A4/polycation film
reactive oxygen in metabolite formation. Incubations of

500 uM verapamil for 40 min and of 50 uM MDZ for Electrochemical characterization of the enzyme-bound
30 min were also carried out with 100 uM H,0, in a 4 mL film was done by CV and by SWV. Cyclic voltammograms
glass vessel under the same experimental conditions used of a solution of 7.3 nM CYP3A4 in an anaerobic buffer at a
for electrolysis in the presence and in the absence of bare electrode gave no redox peaks (Fig. 2). The CYP3A4/
enzyme-coated electrode without using an electromotive PDDA film-loaded gold electrode gave well-defined redox

force. Products of incubations were analyzed by LC/MS. peaks by CV (Fig. 2), which could be observed only after an
The LC/MS analyses of verapamil metabolites [23] and equilibration time of 50-60 min. Gold electrodes loaded
MDZ metabolites (procedure not published) were carried with multiple layers of CYP3A4 gave similar CVs with

out in Dr. Margarete Fischer, Bosch, Institut fiir klinische nearly the same peak currents as those for a single enzyme
Pharmakologie, Stuttgart, Germany, and in Bayer AG, Abt. layer. Redox potential of the CY3A4 (Fe'")/(Fe™) couple in
Metabolismus und Isotopenchemie, Wuppertal, Germany, the film, estimated as the midpoint (E,,,) between anodic and
respectively. cathodic peak potentials, was 98 + 5 mV vs. normal hydro-

gen electrode (NHE). The separation between the reduction
and the oxidation peaks, which had nearly the same heights,

3. Results was about 98 mV. The peak current showed a linear depen-
dence on the scan rate from 100 to 2000 mV/s. Integration

3.1. Assembly of the CYP3A4/polycation film of the reduction peak showed that about 1.9 uC/cm2 was
transferred on reduction of CYP3A4. This means that about

Assembly of films containing alternate layers of 19.6 pmol of electroactive CYP3A4 was present per cm? on

CYP3A4 and positively charged PDDA was characterized the surface of the biosensor (Eq. (5)). This was about 70% of
by QCM. The QCM monitoring showed a linear change of adsorbed enzyme determined using the QCM.

the resonance frequency with cycles of adsorption on MPS- Reversible SWVs were obtained for the CYP3A4 bio-
modified gold electrodes. This indicates a linear increase of sensor. An E,, value of about 91 mV vs. NHE was esti-
film mass with increasing number of cycles. mated from the forward and reverse redox peaks.
T T T T T T T
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Fig. 2. Cyclic voltammograms showing the enhanced electron transfer between gold electrode and immobilized enzyme compared to a dilute enzyme
suspension (7.3 nM). Experiments were carried out at 100 mV/s in pH 7.4 phosphate buffer containing 100 mM KCl. (a) Bare gold electrode in buffer
containing 7.3 nM CYP3A4. (b) Au/MPS/PDDA/CYP3A4 film in buffer containing no enzyme. (¢) Au/MPS/PDDA electrode without CYP3A4 in buffer
containing no enzyme.
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Fig. 3. Effect of oxygen on the behavior of the CYP3A4 biosensor. (A) Cyclic voltammetry of Au/MPS/PDDA/CYP3A4 electrode in 0.05 M phosphate
buffer/0.1 M KCl in the absence (solid line) and in the presence of oxygen (dashed line). (B) Amperometric response of Au/MPS/PDDA/CYP3A4 electrode

upon the injection of 10 mL oxygen into the 10 mL buffer solution. The gold electrode was polarized at —450 mV for the amperometric experiments.

3.3. Catalytic activity of the CYP3A4 biosensor

CV (Figs. 3A and 4) and amperometry (Figs. 3B and 5)
were used to study the catalytic behavior of the of MPS/
PDDA/CYP3A4 films. In the presence of oxygen, greatly
increased reduction peaks (at 200 mV/s) and almost no
oxidation peaks were observed. At scan rates higher than
500 mV/s, the oxidation peak was again visible. Direct
reduction of oxygen occurred at —500 mV vs. SCE on gold
electrodes loaded only with PDDA.

The effect of substrates on the electroactivity of the
CYP3A4 biosensor was studied by CV, SWYV, and ampero-
metry. Fig. 4 shows the voltammetric responses of the
CYP3A4-loaded gold electrode in the presence and in the
absence of verapamil. Voltammograms showed a markedly
increase in the reduction current upon the addition of
verapamil to the oxygen-containing solution. In the
absence of oxygen, the addition of substrates to the buffer
solution gave no noticeable change in reduction current
and in reduction potential.

The amperometric measurements showed a measurable
change in current upon the subsequent addition of vera-
pamil up to a final concentration of 2.85 mM. Fig. 5 shows
the steady-state responses of the biosensor and steady-state
calibration curve for verapamil. The response time to reach
95% of the steady state was approximately 15-25 s. The
enzyme electrode exhibited a linearity of calibration up to

2.2 l l I | I I ll l |
<20 | |} l _
5 |
§ 1.8 | | 1

8 10 12 14 16 18 20 22 24 26
Time [Min]

Current | [uA]

100 -200 -300
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Fig. 4. Voltammetric response of the CYP3A4 biosensor upon the addition
of verapamil. Cyclic voltammograms at 10 mV/s for the Au/MPS/PDDA/
CYP3A4 electrode were recorded (a) in the absence of oxygen and
substrate, or following injection of 10 mL of oxygen gas and (b) 0 mM
verapamil, (c) 0.87 mM verapamil, (d) 248 mM verapamil, or (e)
3.21 mM verapamil.

2.85 mM. The slope of the linear range was 1.46 x 10 pA/
M with a correlation coefficient of 0.998. The typical
plateau in calibration curves derived from enzymatic reac-
tions could not be observed. The poor solubility of ver-
apamil in buffer (<4 mM in phosphate buffer, pH 7.4) at
higher concentrations did not allow us to measure the real
response to this substrate at a concentration above
2.85 mM. The amperometric studies with other substrates
(MDZ, progesterone, and quinidine) also showed a con-
centration-dependent change in reduction current upon
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Fig. 5. Steady-state amperometric responses of the CYP3A4 biosensor upon addition of verapamil, a CYP3A4 substrate. Four hundred microliters aliquots of
10 mM verapamil (see calibration curve for concentration of verapamil in the reaction cell) were added successively (]) into the electrochemical cell
containing 10 mL of 50 mM phosphate buffer/100 mM KCI. The amperometric response of the Au/MPS/PDDA/CYP3A4 electrode at —450 mV (left) gave a

calibration curve for verapamil (right).



Table 1
Verapamil dealkylation under different experimental conditions

System® Verapamil metabolites® Midazolam metabolites®
D-617 Norverapamil (uM) 1’-Hydroxymidazolam 4-Hydroxymidazolam
Concentration Product Concentration Product Concentration Product Concentration Product
(uUM) formation (UM) formation (nM) formation (nM) formation
rate? rate’ rate’ rate’
Electrolysis with Au/MPS/PDDA electrode 0.27 n.a. 0.21 n.a. 6.5 n.a. 8 n.a.
Electrolysis with Au/MPS/PDDA/CYP3A4 electrode 3.18 5.31 2.44 4.12 264 0.588 45 0.098
Electrolysis with Au/MPS/PDDA/CYP3A4 electrode/500 pM 0.65 1.08 0.48 0.82 48 0.100 12 0.027
ketoconazole
Electrolysis with Au/MPS/PDDA/CYP3A4 electrode/catalase 1.61 2.68 1.6 2.68 195 0.433 35 0.077
(60 U/mL)
Electrolysis with Au/MPS/PDDA/CYP3A4 electrode/superoxide 3.51 5.82 2.48 4.12 334 0.742 37 0.082
dismutase (700 ng/mL)
Incubation, no voltage impressed (Au/MPS/PDDA/CYP3A4 1.32 2.22 1.01 1.86 57 0.126 12 0.027
electrode + 100 uM H,0,)
Incubation, no voltage impressed (no electrode, 100 uM H,0,) 0.12 n.a. 1.1 n.a. <Detection limit  n.a. <Detection limit  n.a.

Electrolyses of verapamil (500 pM) and midazolam (50 uM) were carried out at —500 mV vs. Ag/AgCl under aerobic conditions in phosphate buffer, pH 7.4. Additional incubations with H,O, were carried out
without using an electromotive force under the same experimental conditions used for electrolysis. Metabolite concentrations were determined by LC/MS. Detection limits for metabolites of verapamil and

midazolam were 1 pmol and 150 fmol, respectively.

* Contains 500 pM verapamil or 50 uM midazolam, 50 mM phosphate buffer (pH 7.4), 100 mM KCI.

" Electrolysis and incubation time was 40 min.
¢ Electrolysis and incubation time was 30 min.
4 Unit: nmol/min/nmol CYP3A4.
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Fig. 6. Metabolites formation during electrolysis. Electrolyses of verapa-
mil (500 uM) were carried out using Au/MPS/PDDA/CYP3A4 electrodes
under aerobic conditions in phosphate buffer, pH 7.4. The working
potential was —500 mV vs. Ag/AgCl. Metabolite concentrations were
determined by LC/MS. The diagram shows time-dependent formation of
verapamil metabolites.

their addition in to the reaction cell. As the reaction for
these substrates followed Michaelis—Menten Kkinetics,
apparent K,,, values could be calculated from amperometric
data for MDZ, progesterone, and quinidine and reached
547 £57 uM, 271 =71 pM, and 1082 £ 353 pM, respec-
tively.

Electrolyses at —500 mV vs. Ag/AgCl in pH 7.4 buffer
solutions containing 500 pM verapamil in the presence of
oxygen using the CYP3A4 biosensor produced N-methyl-
4-(3,4-dimethoxyphenyl)-4-cyano-5-methylhexylamine
(D-617), the dealkylated metabolite and norverapamil, the
demethylated metabolite, as major products. The amounts
of products increased with electrolysis time (Fig. 6). Yield
of D-617 was 13-fold larger compared to control electro-
lyses using the same electrode with no CYP3A4 loading.
The average product formation rates we measured for D-
617 and for norverapamil were 5.05 and 4.23 nmol/min/
nmol CYP3A4, respectively (Table 1). Ketoconazole
inhibited the product formation by about 80%. Presence
of catalase in the reaction mixture led to a 50% reduction of
product formation. Superoxide dismutase showed no
obvious influence on metabolite formation (Table 1).
The incubation of verapamil with H,O, and CYP3A4-
coated electrode without using an electromotive force
yielded D-617 and norverapamil as products (Table 1),
but the product formation rates were reduced to 30%.
When enzyme was omitted from the incubation system,
only norverapamil was detected. Clearly more H,O, (2—
3mg/L) was detected after 1 hr electrolysis with a
CYP3A4-coated electrode than in control electrolysis with
an electrode not coated with CYP3A4 (<0.5 mg/L).

Electrolysis of 50 pM MDZ at —500 mV vs. Ag/AgCl
under aerobic conditions using the CYP3A4 biosensor
yielded 1’-hydroxymidazolam and 4-hydroxymidazolam
as products. The product formation rate for 1’-hydroxyla-
tion and for 4-hydroxylation was 0.59 and 0.10 nmol/min/
nmol CYP3A4, respectively. The concentration of meta-
bolites increased almost in a linear relationship to time of
electrolysis. The influence of catalase, H,O,, ketocona-
zole, and superoxide dismutase on the MDZ metabolism

was comparable with that found for verapamil metabolism
(Table 1).

4. Discussion

The present study demonstrates the feasibility of using a
detergent-solubilized and purified membrane-bound P450
deposited as monolayers on electrodes as biosensors. The
CYP3A4/polycation films constructed on MPS/gold elec-
trodes by alternate layer-by-layer adsorption of protein
were mechanically and electrochemically stable for 10-15
days, about the same period for which the enzyme is active.
Alternate adsorption of layers of polycation and enzyme on
electrode surfaces was confirmed by QCM. QCM fre-
quency changes for polycation and enzyme adsorption
steps correlate approximately with their respective mole-
cular weights. Estimated enzyme layer thickness suggests
monolayer formation. However, this conclusion is valid
only if orientation, packing density, and hydration of the
enzyme in the layer do not have a significant influence on
enzyme layer thickness.

CV and SWV done with the enzyme-loaded gold elec-
trode showed that reversible electrochemical conversion of
the CYP3A4 (Fe™) to CYP3A4 (Fe") was achieved in the
PDDA/CYP3A4 film. The reduction peak on the forward
scan suggests direct electron transfer from the electrode to
the heme protein. The peak on the reverse scan indicates
the re-oxidation of the reduced enzyme. Electron transfer
between the electrode and the adsorbed enzyme at the
concentrations used is much improved over that in solu-
tion, where it could not be observed by voltammetry
(Fig. 2). Possible reasons for the improved Fe'"/Fe" elec-
trochemistry in the films include the relatively high con-
centration of enzyme close to the electrode and inhibition
of adsorption and denaturation of proteins on electrodes by
adsorbed ionic film components [5].

The midpoint potential for immobilized CYP3A4
obtained from voltammetry is not the same as that mea-
sured for P450s in solution by the potentiometric titration
method. Compared to the measured midpoint potential of
CYP101 of —250 mV [24], E,, is shifted by about 350 mV
in the positive direction. This discrepancy may be caused
by the possible differences in the heme environment of the
P450 in solution and in immobilized state. The electrostatic
interaction of enzyme—polyion in the film may signifi-
cantly control the redox potential of the heme iron. [25].
For instance, compared to the solution value, the redox
potential of myoglobin in polyion film is shifted by
133 mV in the negative direction [26], whereas the poten-
tial of CYP10I bound to a glassy carbon electrode mod-
ified with sodium montmorillonite was positively shifted
by 164 mV compared to the potential of the enzyme in
solution [14].

The appearance of voltammetric redox signals only after
an equilibration time of an hour in buffer may be explained
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by the need for full hydration of the film, and possible
reorientation of the enzyme. Surface reorganization of
polyions after an initial rapid adsorption to surfaces has
been documented previously [26]. After equilibration, the
linear dependence of the peak current on scan rate and the
nearly equal oxidation and reduction peak heights indicate
the so-called “‘thin layer” electrochemical behavior [27],
in which all electroactive CYP3A4 in the ferric form in the
film is converted to the ferrous form on the forward scan
and reconverted from ferrous to ferric form on the reverse
scan. The similar CV peak currents for gold electrodes
coated with a single layer or multilayers of enzyme suggest
that only the first enzyme layer was electroactive, as also
found for other hemoproteins in polyion films on smooth
gold resonator electrodes [13,25].

The increase in the reduction signal and the disappear-
ance of the oxidation signal observed by voltammetry
(Fig. 3A) and amperometry (Fig. 3B) of the enzyme
electrode in the presence of oxygen suggest coupling of
the CYP3A4 redox reaction with the dioxygen binding to
the reduced CYP3A4. The re-appearance of oxidation peak
at scan rates higher than 500 mV/s suggests that the rate of
binding of oxygen to the reduced CYP3A4 may be slower
than this scan rates. Thus, the re-oxidation of reduced
hemoprotein could be observed at high scan rates even
in the presence of oxygen. As confirmed spectroscopically
for reduction of myoglobin—dioxygen complexes [28], it is
likely that the CYP3A4 (Fe'') generated by electrochemi-
cal reduction reacts readily with dioxygen in the films as in
nature, followed most likely by the electrochemical reduc-
tion of CYP3A4 (Fe™)O,. Thus, this is a key reduction in
the catalytic oxidation cycle of heme enzymes [29]. Direct
reduction of oxygen on these electrodes occurs only at a
more negative potential, about —500 mV [13]. Detection
of significantly more H,0, after electrolysis using the
CYP3A4 film compared to electrolysis without CYP3A4
suggests a P450-mediated reduction of O, to H,O,, as
auto-oxidation of the CYP3A4 (Fe'HO, complex with a
rate constant of 2 x 107 s is too slow to be important for
catalytic production of H,O, [30].

Under anaerobic conditions, addition of verapamil to the
solution showed no change in the reduction potential of
CYP3A4 in films. This is contrary to results reported by
Kazlauskaite et al. [11] and Sligar and Gunsalus [31] for
CYP101. They observed a positive shift on the reduction
potential of CYP101 in the presence of its substrate. The
most likely explanation would be that verapamil is not
displacing water as the sixth axial ligand from the active
site. Thus, no conversion of the heme to high spin would
occur, and without spin shift the reduction potential is also
unchanged. No spin shift has also been described for
binding of other CYP3A4 substrates in different experi-
mental settings [32]; thus, the absence of reduction poten-
tial shift does not imply a lack of substrate binding.

Under aerobic conditions in the presence of a substrate,
voltammograms showed an increase in the catalytic reduc-

tion current for oxygen (Fig. 4). This reflects an increase in
turnover of dioxygen affected by the substrate, and sug-
gests that substrate is metabolized by CYP3A4, which is in
turn regenerated for the next catalytic cycle. Changes in
reduction currents measured in amperometric and voltam-
metric experiments upon the addition of substrates were
dependent on substrate concentration, and represent bio-
sensor transduction. The apparent K,, values obtained for
the substrates tested were two orders of magnitude higher
than the corresponding values published for microsomal
incubations with MDZ [33], quinidine [34], and progester-
one [35], and enzyme saturation was not observed at the
highest substrate concentrations that could be dissolve in
the buffer. Possible explanations for this phenomenon,
include (i) rate-limiting diffusion of the substrate to the
immobilized enzyme across the Helmholtz layer causing
that the effective substrate concentration in the enzyme
film was much lower than that in bulk; (ii) absence of a
lipid bilayer as part of the active enzyme complex in
CYP3A4 films compared to microsomal preparations, an
effect which has previously been reported to decrease
substrate affinity of purified enzyme in the presence of
detergent [36,37]; or (iii) a change of enzyme affinity to the
substrate caused by structural changes during the immo-
bilization procedure. Further experiments are required to
clarify this issue.

Product analyses after the electrolysis with the enzyme
film confirmed the catalytic activity of the biosensor. The
observed time-dependent product formation suggests that
the activity of the enzyme remains constant throughout the
electrolysis. Metabolites formed by electrode-driven
enzyme catalysis are the same as produced by the micro-
somal incubation of human CYP3A4 with an NADPH
generating system and corresponding substrates [38,39].
The product formation rates for electrochemically produced
verapamil and MDZ metabolites are comparable to those
found for the microsomal incubations when taking CYP3A4
content in a microsomal preparations into account. This rate
is also comparable to the product formation rates achieved
in electrochemically driven P450-catalyzed conversion of
camphor [40] and progesterone [41].

The results obtained from the various electrolyses sug-
gest that different mechanisms may involved in CYP3A4
electrode-driven metabolism of verapamil or MDZ. A
minor role of reactive oxygen species in the formation
of metabolites was identified. Whereas H,O, was formed
at the CYP3A4-coated electrode and made a small con-
tribution to metabolite formation, there was no evidence
for O, to mediate verapamil or MDZ metabolism
(Table 1). Thus, it appears that the major fraction of
metabolites was formed by completion of the natural
catalytic cycle of CYP3A4. Further studies will be required
to understand all the reaction steps in this electrochemical-
driven enzyme catalysis.

Despite this limitation, our results suggest that the
human enzyme immobilized on the gold electrode is
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electrically and catalytically active. Besides, using this
kind of enzyme electrode, the natural electron delivery
system which is necessary for the CYP catalytic cycle can
be replaced by an electromotive force. In conclusion, our
work has demonstrated the feasibility of utilizing adsorp-
tion of human CYP3A4 on top of a polycation layer on
conventional gold electrodes for construction of a biosen-
sor for P450s. Thus, important requirements for the appli-
cation of human CYP biosensors in order to identify drugs
or drug candidates as substrates or inhibitors to the
attached enzyme are fulfilled.
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