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Studies of metabolic enzyme inhibition are necessary in
drug development and toxicity investigations as potential
tools to limit or prevent appearance of deleterious me-
tabolites formed, for example, by cytochrome (cyt) P450
enzymes. In this paper, we evaluate the use of enzyme/
DNA toxicity biosensors as tools to investigate enzyme
inhibition. We have examined DNA damage due to cyt
P450cam metabolism of styrene using DNA/enzyme films
on pyrolytic graphite (PG) electrodes monitored via Ru(b-
py)3>-mediated DNA oxidation. Styrene metabolism
initiated by hydrogen peroxide was evaluated with and
without the inhibitors, imidazole, imidazole-4-acetic
acid, and sulconazole (in micromolar range) to monitor
DNA damage inhibition. The initial rates of DNA
damage decreased with increased inhibitor concentra-
tions. Linear and nonlinear fits of Michaelis—Menten
inhibition models were used to determine apparent
inhibition constants (K;*) for the inhibitors. Elucida-
tion of the best fitting inhibition model was achieved
by comparing correlation coefficients and the sum of
the square of the errors (SSE) from each inhibition
model. Results confirmed the utility of the enzyme/
DNA biosensor for metabolic inhibition studies. A
simple competitive inhibition model best approximated
the data for imidazole, imidazole-4-acetic acid and
sulconazole with K;* of 268.2, 142.3, and 204.2 uM,
respectively.

Metabolic enzymes catalyze the formation of more soluble
metabolites from lipophilic foreign molecules to assist with
clearance from the body.! * However, these enzymes can also
bioactivate molecules to reactive metabolites that react with DNA,
proteins, and other biomolecules.” 7 Inhibition of enzyme activity
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by ingested molecules or drugs can cause serious toxicity
problems by allowing concentrations of co-metabolized substances
to reach dangerous levels. This is well-known in the pharmaceuti-
cal industry in which these so-called drug-drug interactions (DDI)
can adversely influence the concentrations or biological action of
other administered drugs.®~!? These interactions are either
inhibition or induction of drug metabolism which can lead to either
increased drug concentration (inhibitory) or reduced drug levels
(induction) in the body.® The cytochrome P450 (CYP) enzymes
are responsible for ~75% of oxidative xenobiotic metabolism and
are especially important for DDI.3*® Understanding the levels
of DDI typically requires measuring the inhibition constant (K7)
and the rate of drug metabolism.!**®

We have developed electrochemical biosensors featuring films
containing cyt P450s and DNA to screen metabolic bioactivation
and genotoxicity of xenobiotic compounds and drugs.**~* The
required films can be made on single pyrolytic graphite electrodes
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nanoparticles for product generation and LC-MS analysis.
Studies conducted on these various biosensor formats include the
metabolism and genotoxicity of styrene,'”1%?227-2% henzo[a]py-
rene,?’ N-nitrosamines, '%2° and the genotoxicity of arylamines as
activated by N-acetyltransferase.?! In addition to formation of
reactive metabolites and genotoxicity, the enzyme/DNA biosen-
sors have been developed to examine tandem metabolism by
phase I (Cytochrome P450 1A2) and phase II (N-acetyltransferase)
enzymes,! to study the inhibitory effects of antioxidants on pro-
carcinogenic metabolism,?! and to determine ICs, values for the
competitive inhibition of N-nitrosamine metabolism with rat
liver microsomes by competitive inhibitors of CYP3A4 and
CYP2E1.%2

We have previously shown that antioxidants afforded protection
of DNA in our biosensor by scavenging reactive oxygen species
(ROS). The antioxidants employed (flavinoids and Vitamin C) were
effective at the active site of the enzyme in films reducing the
generation of ROS’s.?! However, those experiments did not yield
any mechanistic data on the mode of inhibition beyond demon-
strating decrease in DNA damage signals by antioxidants.

In this paper, we evaluate enzyme/DNA biosensors to measure
enzyme inhibition constants and inhibition kinetics on a model
system. The sensor contained bacterial cyt P450cam (CYP101)
DNA, and the test substrate, styrene. Styrene was chosen as the
model substrate because of its metabolism by cyt P450cam and
metabolite genotoxicity toward guaninenucleobasesin DNA, 192226293436
Herein, we followed inhibitory effects of imidazoles by measuring
the level of DNA damage from the styrene metabolite, styrene
oxide. The imidazoles exert inhibitory effects by direct coordina-
tion with the heme iron via the N3 position on the imidazole ring
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Scheme 1. Structures of Imidazole Inhibitors
Used in Inhibition Studies®
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and/or by acting as an antioxidant (Scheme 1).”7*¢ Using
ruthenium tris(2—2' bipyridine) [Ru(bpy)s*T] as the electro-
chemical catalyst for DNA oxidation,*”*° we monitored changes
in the sensor signals in the presence of inhibitors. Styrene
oxide—guanine adducts in DNA cause localized bulges in the DNA
allowing closer approach of Ru(bpy)s*" which facilitates electro-
catalytic detection.?82°*° Therefore, DNA is the mode by which
signals arise from our biosensor, and it is thereby sensitive to
changes in the amounts of genotoxic metabolites that cause the
damage. Changes in initial rates of DNA damage because of
cytochrome P450cam conversion of styrene to styrene oxide as a
function of inhibitor concentrations are evaluated and used as the
basis for the determination of inhibition constants. Data were
evaluated using Michaelis—Menten models to obtain inhibition
parameters. The inhibition constants are directly related to the
sensor action and indicate the changes in substrate metabolism
or DNA adduct formation in the presence of the inhibitor.

EXPERIMENTAL SECTION

Chemicals and Materials. Tris(2,2'-bipyridyl) dichloro-ruthe-
nium(II) hexahydrate Ru(bpy)sCls, double stranded salmon
testes DNA (st-DNA), poly (diallydimethylammonium-chloride)
(PDDA, MW < 200,000), imidazole, imidazole-4-acetate sodium
salt, sulconazole nitrate, 4-methyl-2-phenyl-imidazole, styrene,
and dimethylsulfoxide (DMSO) where obtained from Sigma-
Aldrich. All other chemicals were reagent grade. Water was
purified with a Hydro Nanopure system with specific resistance
>16 MQ cm. Cytochrome P450cam (CYP101, MW 46,500), was
expressed in Escherichia coli DH5a clone J5 followed by
isolation and purification. The method developed by Omura
and Sato®® was used to determine enzyme concentration.
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Experimental Analysis. The (PDDA/DNA/CYP101/),PDDA/
DNA films were assembled on PG electrodes in a procedure
described in earlier literature.?8?%52 Quartz crystal microbal-
ance (QCM) measurements were used to validate film formation
and determine amounts of DNA and cyt P450cam as previously
reported.®>*? The DNA/CYP101 LBL films were incubated in a
similar method as previously published with the exception of
stirring the incubation solutions at ~300 rpm during experiments
and addition of inhibitors.?»**?° Safety note: Styrene and its
metabolites are suspected carcinogens. All procedures were done while
wearing gloves and under closed hoods. Square wave voltammetry
was conducted with CH instrument potentiostats in analogous
method as illustrated in the literature with the caveat of 10 Hz
frequency and 50 mM NaH,PO4 pH 7.0/ 50 mM NaCl.21:%829
Liquid chromatography experiments with 2% styrene, 500 uM
inhibitors, and cyt P450cam in biocollodal films were conducted
in a similar fashion as previously reported.®

Michaelis—Menten constant (K,) Determination.®® Using
the LBL-enzyme/DNA electrochemical sensor an apparent
Michaelis—Menten constant (K,*) was determined for styrene.
The electrochemical signal observed for styrene oxide DNA
damage was observed as function of % styrene from 0—1min.
Initial rates of DNA damage signal as a function of % styrene
were obtained from the slopes of the ratio of damage signal to
undamaged signal (Ipr/Ipy) versus incubation time (Ipp/Ip; vs
min). The percent styrene was varied from 0.05—2%. The
percent styrene in the incubation cells was converted to
dispersion concentration using the density of styrene and
applied in the Michaelis—Menten equation. A plot of the initial
rate of DNA damage versus styrene concentration was used
to determine an apparent K, and V;,, (maximal velocity (rate))
by employing the nonlinear (1) and linear (2) forms of the
Michaelis—Menten equation.>

_VmaX*S )

P K, +S W
1 K, 1

v " Vo *S Vo @

Michaelis—Menten Inhibition Kinetics. **Using the LBL-
enzyme/DNA electrochemical sensor, relative initial rates as a
function of inhibitor concentrations were used to determine the
inhibition constant. The initial rates at each inhibitor concentration
(I) were obtained from plots of the ratio of damage signals to
undamaged signals versus time ((Ipg/Ipy) vs min). The plots
generated were fitted using the various Michaelis—Menten
inhibition models in Kaleidagraph (Synergy Software) to
determine the apparent inhibition constant (K7*). The inhibition
models include competitive (3), uncompetitive (4), and noncom-
petitive (5). In addition to those standard Michaelis—Menten

(51) Lvov, Y. M.; Lu, Z.; Schenkman, J. B.; Zu, X,; Rusling, J. F. ittt
Soc. 1998, 120, 4073-4080.

(52) Lvov, Y. M. Nanostructured Materials, Micelles and Colloids. In Handbook
of Surfaces and Interfaces of Materials; Nalwa, H. S., Ed.; Academic Press:
New York, 2001; Vol. 3.

(53) Voet, D.; Voet, J. G.; Pratt, C. W. Fund
and Sons, Inc.: New York, 1999.

tals of Biochemistry; John Wiley

718 Analytical Chemistry, Vol. 81, No. 2, January 15, 2009

inhibition models, a simple competitive inhibition model (6)>*
based only on the equilibrium of enzyme and the inhibitor and
the competitive model that has been rearranged by 1/K,, (7) were
employed. °° Fittings were conducted with the previously
estimated values of apparent K, and V;,. The equations used
to estimate Kj are shown below.

Vi S
b= R\ 1 ®)
K+ (") +S
Vi *S
1)0:—5*1 (4)
K, +S+ ()
Vi S
v, = Kool 57 ®)
Km+( /KI)+S+( /KI)
1% v+ (4%
v, = ma)} T 1 ( ;{I) ®)
HE 1+E
(Vmax*S)/K
v:—m (7)
0 I S

The unknowns in the equations above are as follows; v, is
initial rate, V,,,, is the maximal velocity (rate), S is the substrate
concentration, / is the inhibitor concentration, K, is the
Michaelis constant, K is the inhibition constant, and V] is the
maximal velocity (rate) due to the enzyme—inhibitor state.

Regression Analysis.> Application of a goodness of fit error
analysis was used to validate the Michaelis—Menten inhibition
constant. The correlation coefficients obtained from fits were used
as the initial goodness of fit criteria, followed by an analysis of a
sum of the squares of the errors (SSE) to ascertain the inhibition
model and constant. SSE analysis is a calculation of the sum of
squared difference between measured and calculated values using
the estimated parameters. The SSE values for each fitting method
are compared, with the lowest SSE being indicative of the best
fit. The equation for SSE (8) is as follows;

SSE(m1) = Z (YMeasA - YCach (xw ml))2 ®

For SSE, Yuess. is the measured value, and Ycu (x,,m1) is the
calculated value from the appropriate expression as a function
of a given x and fitted value m1.

RESULTS

Detection of DNA Damage. We previously used enzyme/
DNA sensors to detect damage of DNA caused by the cyt
P450cam metabolite, styrene oxide.'%?22%2° Briefly, films were
incubated with styrene, and the enzyme was activated by 1 mM
hydrogen peroxide. After incubation, sensors were rinsed and then

(54) Rusling, J. F.; Kumosinski, T. In
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Figure 1. Square wave voltammetry (SWV) of (PDDA/DNA/CYP101/),-PDDA/DNA films in 50 mM NaH,PO, pH 7.0/50 mM NaCl with 50 uM
Ru(bpy)sCl, as the mediator. Incubations were conducted in 10 mM sodium acetate pH 5.5/50 mM NaCl at 37 °C with and without 2% styrene
and 1 mM H,O,. (A) SWV at various incubation times. (B) Sensor Ratios (Ipe/Ip)) between background (no incubation) and at each incubation
time. SWV parameters; amplitude 25 mV, frequency 10 Hz and step 4 mV.
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Figure 2. Sensor ratios (Ipg/Ip;) determined from SWV with increasing inhibitor concentrations. Incubations were conducted in 10 mM sodium
acetate pH 5.5/50 mM NaCl at 37 °C with and without 2% styrene and 1 mM H,O, and inhibitor. For clarity, sensor ratios for 100 M and 250
uM inhibitor concentrations were removed from the above plots. (A) Imidazole, (B) Imidazole-4-acetic acid, and (C) Sulconazole.

probed by square wave voltammetry (SWV). We employed the
Ru(bpy)s®*-mediated electrocatalytic oxidation of DNA as
diagnostic of DNA damage.*”~*° Upon formation of styrene oxide
DNA adducts, localized bulges in the DNA helix allow closer
access to additional guanines yielding faster oxidation and larger
electrocatalytic signals for damaged DNA. As shown in Figure
1A, the SWV electrocatalytic signal increases with increased
incubation time with styrene and hydrogen peroxide up to 1 min.
The signals leveled off above 1 min because of steady state styrene
oxide DNA damage indicating no further increase in DNA damage
with incubation time. To better illustrate the signal increase, the
ratio of peak currents (Ipr, X min) after incubation and
background peak currents (Ip;, 0 min) versus incubation time
were generated. The plot of the sensor ratios (Ipr/Ipy) versus
incubation time is shown in Figure 1B with increasing signals
up to 1 min. This change was characteristic of the relative increase
in DNA damage.?>*” From the initial slope of sensor ratio versus
time, a relative rate for DNA damage of 0.142 + 0.013 min~! was
estimated.

Inhibition of DNA Damage. Inhibition experiments were
done in a similar fashion as described for styrene metabolism
except for the addition of inhibitors. Sensors featuring DNA and
cyt P450cam were incubated with styrene, hydrogen peroxide,
and a specific inhibitor concentration. After the period of incuba-
tion, with imidazole, imidazole-4-acetic acid or sulconazole, sensors
were rinsed in water and analyzed by SWV to evaluate the extent
of inhibition. The sensor ratio plots for imidazole, imidazole-4-
acetic acid, and sulconazole (Figure 2) decreased with increasing

inhibitor concentration, signifying the inhibition of styrene oxide-
mediated DNA damage by the imidazole inhibitors. Control
experiments using only inhibitors indicated no contribution of the
inhibitor to the electrochemical signal (Supporting Information,
Figure S6). Additionally, control experiments with 4-methyl-2-
phenylimidazole in the presence of styrene and hydrogen peroxide
gave a similar response to the uninhibited system (Supporting
Information, Figure S5). Substitution at the 2 and 4 positions on
imidazole has been shown to significantly reduce its interaction
in the cyt P450 active site.*? In comparison to imidazole-4-acetic
acid and sulconazole, the combination of the 2 and 4 substituents
negate any inhibitory effects.*” The initial rates were calculated
for each inhibitor using the sensor ratio (Table 1). The initial rates
decreased with increased inhibitor concentration for each inhibi-
tor. An illustration of these trends is shown for each inhibitor in
Figure 3. These data were fitted with the Michaelis—Menten
inhibition models to determine the inhibition constants.

To ensure that imidazoles were directly inhibiting cyt P450cam,
incubations of styrene, inhibitors, and cyt P450cam were con-
ducted in the absence of DNA. Films of cyt P450cam and PDDA
were generated on silica nanospheres to form biocolloid reactors.
The biocolloid reactors were incubated with styrene, hydrogen
peroxide, with and without 500 xM inhibitors followed by liquid
chromatographic analysis. Liquid chromatography analysis of
styrene oxide formation was conducted for 10 min incubation time
at 37 °C. A comparison of the percent inhibition versus the
uninhibited control (Styrene and hydrogen peroxide only) was
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Table 1. Initial Rates of Inhibition As Determined from Sensor Ratio Plots at Each Concentration of Inhibitor

inhibitor imidazole imidazole-4-acetic acid sulconazole

uM Vo R? R Vo R
0 0.142 £ 0.013 0.98

50 0.138 £ 0.011 0.99 0.121 £ 0.013 0.98 0.101 + 0.023 0.82
100 0.113 £ 0.013 0.72 0.096 + 0.007 0.93 0.090 + 0.006 0.96
150 0.107 + 0.029 0.91 0.085 + 0.009 0.99 0.082 +0.023 0.83
250 0.092 + 0.015 0.99 0.059 + 0.023 0.95 0.082 + 0.003 0.89
500 0.081 + 0.0157 0.98 0.057 + 0.002 0.85 0.036 + 0.002 0.56

%y, is the initial rate. ® R? is the correlation coefficient linear fits of initial rate.

o e e J
o 2 L4 4 o
@ = N & o

e
=3
&

Initial rate (min™'}

g
o
B

Imid.AA sul.

0.02 T T W O
-100 0 100 200 300 400 500 Gj
[nhibi

Figure 3. Inhibitor concentration versus initial rates for imidazole
(Imid.), imidazole-4-acetic acid (Imid.AA), and sulconazole (Sul.) as
determined from SWV sensor ratios. Error bars (standard deviations
for n = 3) are included for every initial rate.
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Figure 4. Inhibition of cyt P450cam metabolism of styrene using
imidazole inhibitors in the absence of DNA on biocolloid nanoreactors.
Liquid chromatographic responses observed for styrene, hydrogen
peroxide, with and without 500 «M inhibitor. Signals expressed as
percentage of control (no inhibitor) after 10 min incubation at 37 °C.
Abbreviations: Imidazole (Imid.), imidazole-4-acetic acid (Imid.4AA),
and sulconazole (Sul.) were used in the inhibition.

generated (Figure 4). Signals attributed to styrene metabolism
reduced after 10 min of incubation with 500 M of each inhibitor.
This ensured that inhibition of DNA damage was occurring in
our enzyme/DNA biosensor because of inhibitor interactions with
the enzyme active site.

Evaluation of Michaelis—Menten Constant (K,,*). In order
determine the Michaelis—Menten inhibition constants, an appar-
ent Michaelis—Menten dissociation constant (K,,*) was needed.
To evaluate K,,*, sensor signals were determined as a function
of the amount of styrene (v/v) at 0.05% (4.35 mM), 0.10% (8.70
mM), 0.15% (13.05 mM), 0.25% (21.75 mM), and 0.5% (43.5
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mM). The noted concentrations are the dispersed concentra-
tions of styrene (Cgsp). The sensor ratio (Ipg/Ipp versus
incubation time at each % styrene is shown in Figure 5A. The
sensor ratios increased with increasing styrene concentration
initially, followed by a leveling at high concentration. The
Michaelis—Menten equation was used to fit the nonlinear plot
yielding values of apparent K,,* and V,,* (Figure 5B). Addition-
ally, a double reciprocal plot (Lineweaver—Burk plot) of initial
rate and styrene concentration allowed extrapolation of K,* (—x
intercept) and V,,* (y intercept, Figure 5C) as is shown. The
nonlinear fit of the Michaelis—Menten equation yielded a K;,* of
2.6 £ 0.5 mM and a V,* of 0.176 = 0.006 min~! for styrene.
The values extrapolated from the double reciprocal plot for K,*
and V,*, 3.0 mM and 0.182 min~!, respectively, were in good
agreement. The determined Michaelis—Menten constant is
indicative of the cyt P450cam metabolism of styrene as detected
from the electrochemical signal that arises because of styrene
oxide DNA damage. The apparent Michaelis—Menten constant
and maximal velocity (rate, V) was used in nonlinear fits to
evaluate inhibition constants.

Evaluation of Michaelis—Menten Inhibition Constants.
Using the estimated K,* and V,* for the biosensor, the
Michaelis—Menten inhibition models (eqs 3—7) were used to
approximate inhibition constants (with the exception of applying
the simple competitive model with and without V;,*). To achieve
this, the initial rates versus concentration trends were fitted
using the competitive, uncompetitive, and noncompetitive
inhibition models (eqs 3—7). The data were evaluated using the
graphical program KaleidaGraph, with an initial estimated value
of the unknown parameter (Ki*, 100 uM) followed by nonlinear
regression fitting. The apparent Michaelis—Menten constant,
maximal velocity, and styrene concentration were also em-
ployed as constants for fitting. After convergence, a value of
the inhibition constant was displayed along with a correlation
coefficient and y? (chi squared). Examples of fits using the
uncompetitive and simple competitive (without V,,*) models
for imidazole, imidazole-4-acetic acid, and sulconazole are
shown in Figure 6 and 7, respectively (see Supporting Informa-
tion, Figures S7—S9 for additional fits of inhibition models). The
corresponding values of Ki* from the uncompetitive, simple
competitive fits, and selected inhibition models are shown in
Table 2 (see Supporting Information, Table S1 for the complete
table). Attempts of nonlinear fits using the competitive (eq 3) and
noncompetitive (eq 5) models yield unstable values of the apparent
inhibition constant. In the case of the competitive inhibition model,
the correlation coefficient and apparent inhibition constant were
negative. Fits with the noncompetitive model yielded values of
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Figure 5. Evaluation of apparent Michaelis—Menten constant (K*) using initial rates of DNA damage obtained from the slopes of sensor
ratios at various styrene concentrations. Sensor ratios determined from SWV of (PDDA/DNA/CYP101/), PDDA/DNA films in 50 mM NaH,PO,
pH 7.0/50 mM NaCl with 50 «M Ru(bpy)sCl.. (A) Ratio currents versus incubation time as a function of styrene concentration. (B) Michaelis—Menten
nonlinear fit to initial rates versus styrene concentration. (C) Lineweaver—Burk plot used in secondary analysis of Ky*.
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Figure 6. Nonlinear fits using the uncompetitive model (eq 4) to determine the apparent K" for imidazole (A), imidazole-4-acetic acid (B), and
sulconazole(C). The apparent K, and Vi, values were used for these nonlinear fits. An estimated K| value of 100 uM was used as starting point

for iteration.
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Figure 7. Nonlinear fits using the simple competitive (no estimated values, eq 6) model to determine the apparent K;" for imidazole (A), imidazole-
4-acetic acid (B), and sulconazole (C). The apparent K, and Vi, values were used in these nonlinear fits as predetermined constants. An

estimated K value of 100 uM was used as starting point for iteration.

the apparent inhibition constant that were either unusually large
or negative, indicating, an inability to approximate the inhibition
trends.

Results of the nonlinear fits were compared to the Michaelis—
Menten inhibition models that were linearized by taking the
double reciprocal (Lineweaver—Burk).>® The inhibition data were
plotted as the inverse of initial rate (v~!, min) versus inhibitor
concentration (Dixon Linear plot).>®*” The apparent inhibition

(56) Dixon, M. Bidehiied 1953, 55, 170-171.
(57) Cortes, A.; Cascante, M.; Cardenas, M. L.; Cornish-Bowden, A. Rigekel
2001, 357, 263-268.

constants were determined by fitting the linearized inhibition
model to the Dixon plots for imidazole, imidazole-4-acetic acid,
and sulconazole. The apparent Ki* determined are shown in
Table 2. The noncompetitive models yielded unstable apparent
inhibition constants in a similar fashion as the nonlinear fits. While
the values of Ki* were evaluated from fits of various inhibition
models, the mechanism of inhibition remained unclear. To
correctly assess the appropriate inhibition mechanism, good-
ness of fit criteria were employed.

Goodness of fit criteria were used to determine how well the
mathematical expressions approximated measured values. The
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Table 2. Values of Inhibition Constants As Obtained from Linear and Nonlinear Fits Using the Various Inhibition

Mechanisms?
imidazole
model p4 value R
uncomp. K~ 268.2 £ 59.8 0.44
simple comp. (val.) K*° 89.5 + 66.35 0.61
Vi€ 0.06 + 0.03 ’
simple comp. K* 245.0 £ 139.3
Vin® 0.15+ 0.01 0.96
Vi 0.05 + 0.02
DLU K™ 360.0 + 51.6 0.58

imidazole-4-acetic acid sulconazole
value R? value K

149.8 £ 31.4 0.67 124.0 £ 30.1 0.64

67.3+42.1 58.1 +44.7

0.04 £ 0.02 0.75 0.04 £ 0.03 0.68
142.3+4.5 204.2 £ 154.2

0.14 £ 0.01 0.98 0.14 £ 0.01 0.92

0.03 £ 0.01 0.01 +0.04
213.3 + 25.1 0.76 139.0 + 12,5 0.91

¢ See full table in Supporting Information, Table S1. All cases except the simple competitive mechanism (no estimated values) employed both
the apparent K,,* and V,,*. ® In units of micromolar. ¢ V;,, V; (in units of min™). ¢ Unknown parameter (P) evaluated by fitting. V; in the simple
competitive mechanisms is the maximal velocity associated with enzyme—inhibitor complex.>* Abbreviations: Comp. (Competitive, eq 3), Uncomp.
(Uncompetitive, eq 4), DLC (Dixon linear competitive, linearized eq 3), DLU (Dixon linear Uncompetitive, linearized eq 4), Comp. K,,"! (rearranged
competitive model caused by division of K, eq 7), Simple Comp. (Simple competitive model eq 6).
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Figure 8. Sum of the squares of the errors (SSE) obtained using measured and calculated initial rates for each inhibitor. Calculated initial rates
determine for each inhibition mechanism and resultant apparent inhibition constant. (A) Imidazole, (B)Imidazole-4-acetic acid, (C) Sulconazole.
Abbreviations: DLC (Dixon linear competitive), DLU (Dixon linear Uncompetitive), Unc. (Uncompetitive), SC (Simple Competitive), SCV (Simple
Competitive with estimated maximal velocity), and 1/K,, (Competitive 1/K, rearrangement).

criteria included the analysis of correlation coefficients (%), and
the evaluation of the sum of the squares of the errors (SSE).
The correlation coefficient (R?) was the initial diagnostic of how
well a specific inhibition model fits the data. The best R? values
were obtained with the simple competitive inhibition with no
estimated values in the nonlinear fit (Table 2). On the basis of
R?, the simple competitive model (no V,*) gave the best
approximations of apparent Ki* for each inhibitor. However,
while the correlation coefficients from the competitive and
uncompetitive linear fits were poor for imidazole and imidazole-
4-acetic acid, for sulconazole the R? values for those two
mechanisms were similar to the value obtained for simple
competitive model (no estimated values). Using the correlation
coefficient as the initial goodness of fit criteria, while apparently
successful for imidazole and imidazole-4-acetic acid, was
inconclusive in determining the correct mechanism for sul-
conazole. Therefore, additional goodness of fit criteria were
needed to properly discern the correct model of inhibition.
Additional goodness of fit criteria were evaluated by generating
a comparison of the calculated model versus experimentally
measured data. Using the calculated and experimentally measured
initial rates, a sum of the square of the errors (SSE) analysis was
undertaken.” As described in the Experimental Section, SSE is
calculated by taking the difference between measured and
calculated values, squared, and summed. The lowest value of SSE
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as determined for each inhibition mechanism represents the best
model for a given inhibitor. SSE values calculated for each
inhibition mechanism and inhibitor are graphically displayed in
Figure 8. The simple competitive model (SC, no V,,* in the fit)
yielded the lowest SSE values for each inhibitor. Using the SSE
analysis, the best fitting method for imidazole, imidazole-4-
acetic acid, and sulconazole was the simple competitive model
(eq 6, no V,*). The other inhibition methods had higher SSE
values, and the calculated initial rates were not as good an
approximation of the measured values. Using the goodness of
fit criteria, we concluded that the simple competitive model
(eq 6) was the mechanism of inhibition occurring in our enzyme/
DNA biosensor, and the respective apparent inhibition constant
represents the magnitude of inhibition for imidazole, imidazole-
4-acetic acid, and sulconazole. Furthermore, the best inhibitor was
imidazole-4-acetic acid because of a low K;* relative to the other
inhibitors.

DISCUSSION

Results presented above showed that enzyme/DNA biosensors
with catalytic voltammetric detection are effective tools for rapid
quantitative investigation of cyt P450 enzyme inhibition. As
expected, sensor results showed that imidazole, imidazole-4-acetic
acid, and sulconazole efficiently inhibited DNA damage that was
facilitated by cyt P450cam metabolism of styrene to its genotoxic


http://pubs.acs.org/action/showImage?doi=10.1021/ac802179s&iName=master.img-008.png&w=441&h=129

product styrene oxide. The signal-to-noise of the sensor response
was sufficient to allow the evaluation of Michaelis—Menten
inhibition models to extract apparent inhibition constants. In the
absence of inhibitors, the DNA damage signals increased with
incubation time indicating cyt P450cam metabolism of styrene to
styrene oxide and concurrent styrene oxide-DNA adduct formation
(Figure 1AB), as reported previously.'®?2?82° Control experi-
ments with styrene only and hydrogen peroxide only showed no
increase in sensor ratios with incubation time, indicating no
styrene oxide production without the initiator, and no contribution
of hydrogen peroxide to observed signals (Figure 1B). The robust
DNA damage signal obtained from the sensor was integral for
monitoring changes in the presence of inhibitors.

For all inhibitors, increasing the inhibitor concentration caused
a decreased DNA damage signal (Figure 2). The corresponding
initial rates taken from the sensor ratio slopes for each inhibitor
decreased with increased concentration (Figure 3). The observed
changes in the DNA damage signal were in good agreement with
previous reports.2*? Furthermore, liquid chromatography experi-
ments with styrene, 500 M inhibitors, and cyt P450cam in
biocolloidal films confirmed inhibition of styrene oxide production
(Figure 4). Control experiments conducted with only inhibitors
had no increase in sensor ratios with respect to background
(Supporting Information, Figure S6). This indicated that electro-
chemical signals were not impacted by the addition of inhibitors.
The observed decrease in initial rates therefore was directly
related to inhibition by imidazole, imidazole-4-acetic acid, and
sulconazole.

Imidazoles have two chemical modes of inhibition. First, the
N3 position in the ring can interact with the iron heme in
cytochrome P450 isozymes.*”~1° Imidazole, for example, has a
binding constant of 7.5 uM with cyt P450cam.?” The imidazole
binding interaction spectroscopically appears as a red shift cyt
P450cam Soret band, representative of a shift from water bound
to imidazole bound states.>”° This affinity for the cytochrome
P450 active sites was a key component in imidazole inhibition,
affecting heme reduction as well as oxygen binding. Second,
imidazoles are capable of exerting antioxidant activity by quench-
ing reactive oxygen species (ROS).*'~%6 Reports have demon-
strated the ability of imidazoles to scavenge singlet oxygen,
hydroxyl radicals, and nitric oxide species. In the current system
the metabolite styrene oxide is considered to be a ROS whose
DNA damage has been reduced in presence of flavinoids and
vitamin C.*! Styrene oxide has been shown to react with imidazole
and the histidine residue in proteins.’®*® Therefore the inhibitors
can exert bifunctional inhibition (CYP binding and/or styrene
oxide scavenging) of DNA damage in our biosensor. The control
experiment with 4-methyl-2-phenylimidazole showed no significant
inhibitory effects (Supporting Information, Figure S5). This result
was rationalized as a significant reduction in cyt P450 active site
interaction (due 2 and 4 substituents on imidazole*?) and reduction
of antioxidant effect because of steric clashes with styrene oxide.

We successfully demonstrated the inhibition of DNA damage
using our enzyme/DNA biosensor. Sensor ratios decreased with
increased inhibitor concentration signifying the inhibitory effect.

(68) Torregrosa, R.; Pastor, I. M.; Yus, M. dugiclgdaeg 2007, 63, 469-473.
(59) Kaur, S.; Hollander, D.; Haas, R.; Burlingame, A. L. fuligheislgid 1989,
264, 16981-16984.

Using the inhibition trends (Figure 5) we evaluated apparent
inhibition constants (K;*) for each inhibitor by employing the
predetermined values of Michaelis—Menten dissociation con-
stant (K,*) and maximal velocity (V,*) in fits of each inhibition
model (eq 3—7). Representative fits of the uncompetitive (eq 4,
Figure 6) and the simple competitive (no values, eq 6, Figure 7)
demonstrates how the values of Ki* arose (Table 2). The
magnitude of the Ki* indicates the level of dissociation for each
inhibitor in the presence of enzyme and substrate. The smaller
the value of Ki* the less dissociation occurs indicating good
inhibition. By this standard the lowest Ki* indicates the best
inhibitor and the appropriate mode of inhibition. However, since
regression analyses were used to evaluate Ki* then the
goodness of fit of each inhibition model to the actual inhibition
trends dictates the proper mechanism of inhibition and concur-
rently, the magnitude of the inhibition constant. Therefore, the
values of Ki* (Table 2) by themselves do not yield any critical
information in this analysis. To properly elucidate the appropriate
inhibition model, and hence K;*, goodness of fit analyses were
undertaken. The goodness of fit criteria employed were a
comparison of correlation coefficients (®%) and a sum of the
square of the errors analysis (SSE).

The correlation coefficients (R?, Table 2) reflect how well a
fit (linear or nonlinear) approximates the data. The values are
typically internally determined when employing fits in graphical
programs. The closer R? is to unity the better the fit of an
equation to the data. Of the values listed (Table 2), the simple
competitive model (no estimated values) yielded the best R? for
all inhibitors with the exception of linearized competitive and
uncompetitive models for sulconazole. At this juncture we could
have concluded that the simple competitive method was the
mode of inhibition for these inhibitors; however, the conflict
that arose with sulconazole suggested that R? by itself, was
not the best diagnostic of the inhibition mechanism.

We then turned to the sum of the squares of the errors (SSE)
to ascertain the mode of inhibition. SSE analysis calculates the
difference between measured and calculated values (initial rates
as calculated with Ki* determined from fits) followed by
squaring of each difference and then finally the summation of
all squared differences. From evaluating SSE for the inhibition
models employed in fits, the simple competitive model had the
lowest SSE for each inhibitor indicating that it was the best fit
(Figure 8). Of all the inhibition models, the simple competitive
model (no estimated value) gave calculated initial rates similar to
the experimentally measured initial rates. Combining the goodness
of fit criteria, we established that the simple competitive model
(no estimated values) and corresponding Ki* values represented
the mode of inhibition for imidazole, imidazole-4-acetic acid,
and sulconazole as observed with our enzyme/DNA biosensor.
Therefore, the inhibitors competed with the styrene substrate
for cyt P450cam active site and/or acted as antioxidant toward
styrene oxide causing a reduction in the amount of DNA
damage signals observed.

In summary, using electrochemical DNA-cyt P450 sensors, we
observed inhibition of DNA damage using imidazole inhibitors
(imidazole, imidazole-4-acetic acid, and sulconazole) and evaluated
inhibition constants for each inhibitor. We demonstrated through
goodness of fit criteria that these inhibitors act via a simple
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competitive mechanism. The inhibitors competed with styrene for
the enzyme active site and/or competed with DNA damage sites
for interaction with styrene oxide. Of the inhibitors used, imida-
zole-4-acetic acid exhibited the lowest Ki*; therefore, it was the
best inhibitor in our system. These model inhibition experi-
ments allow the use of enzyme/DNA sensors as rapid screen-
ing tools for drug-drug interactions of pharmaceutical candidates.
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SUPPORTING INFORMATION AVAILABLE

Additional experimental methods and nine supplementary
figures detailing sensor film formation monitored by quartz crystal
microbalance, square wave voltammograms at each inhibitor
concentration, control 4-methyl-2-phenylimidazole sensor re-
sponse, sensor signals for inhibitor controls, a complete table of
inhibition constants evaluated for each inhibition model, and
addition fits of Michaelis—Menten inhibition models are shown.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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