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ABSTRACT: Metabolic stability measurements are a cri-
tical component of preclinical drug development. Available
measurement strategies rely on chromatography and mass
spectrometry, which are expensive and labor intensive. We
have developed a general method to determine the meta-
bolic stability of virtually any compound by quantifying
cofactors in the mechanism of cytochrome P450 enzymes
using fluorescence intensity measurements. While many
previous studies have shown that simple measurements of
cofactor depletion do not correlate with substrate conver-
sion (i.e,, metabolic stability) in P45S0 systems, the present
work employs a reaction engineering approach to simplify
the overall rate equation, thus allowing the accurate and
quantitative determination of substrate depletion from
simultaneous measurements of NADPH and oxygen deple-
tion. This method combines the accuracy and generality of
chromatography with the ease, throughput, and real-time
capabilities of fluorescence.

ytochrome P450 enzymes catalyze the majority of first-pass

drug metabolism and are involved in the metabolism of
approximately 75% of currently prescribed drugs.' As a result,
determining whether a drug candidate is subject to P450 catalysis
and the rate at which it reacts with all or individual P450s, known as
its metabolic stability, is a critical step in the optimization of
promising lead compounds for drug development.” The successful
advancement of bioactive early-screen hits to viable lead com-
pounds requires the multidimensional optimization of drug efficacy
and pharmacokinetic properties, including metabolic stability.”
Indeed, the simultaneous optimization of druglike properties and
efficacy is crucial to prevent costly late-stage attrition.*

Currently, the favored method for measuring metabolic
stability employs liquid chromatography coupled mass spectro-
metry (LC—MS/MS).®> This sophisticated instrumentation is
necessary to successfully quantify a diverse array of compounds
within the heterogeneous liver extracts that mimic in vivo drug
metabolism. Although recent advances in high-throughput chro-
matographic systems coupled with liquid-handling robots have
drastically increased the throughput of LC—MS/MS,° this
approach is burdened by high equipment costs, difficult assay
development, and the inherent sequential nature of chromato-
graphic measurements."” Fluorescence measurements are ideally
suited to quantify an analyte of interest within a heterogeneous
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Scheme 1. Schematic of the P450 System, Relevant Reac-
tions, and Overall Rate Equation for Metabolic Stability,
(—rrn), (a) before, and (b) after the Addition of the Anti-
oxidant Enzymes Superoxide Dismutase and Catalase”
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“Reaction 1 represents the general oxidation of a substrate, RH, to a
product, ROH, while Reactions 2—4 represent uncoupling pathways. A
full derivation of the rate equations can be found in the SL

system. Fluorescence measurements can be taken in parallel with
multiple replicates, require much less expensive equipment than
LC—MS/MS, and are nondestructive such that time-course data
rather than end points can be acquired.

Alternatives to LC—MS/MS, including fluorescence-based
methods, have thus far proven inadequate because they yield
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Figure 1. Measured rates of oxidation of (a) testosterone and (b)
dextromethorphan by CYP3A4, (c) diclofenac and (d) tolbutamide by
CYP2C9, (e) amitriptyline and (f) metoprolol by CYP2D6, and (g)
3-methylindole and (h) lidocaine by CYP1A2. Data for the CYP2D6
oxidation of amitriptyline were fit to substrate inhibition kinetics, while
all others were fit to Michaelis—Menten kinetics.

only qualitative estimates of substrate conversion rates (except
for fluorescent substrates, comprising a limited set of relevant
compounds). The inhibition of metabolism of fluorogenic® © or
luminogenic®® reporter substrates by a test compound is often
used as an indirect indicator of the P450 reactivity of that
compound. However, the complexity of P450—substrate binding
interactions can lead to marked variations in test-compound
inhibition with the reporter substrate used."’

Several groups have attempted to correlate the rate of oxygen
depletion, measured via qualitative methods, with P450
reactivity.”'" It is clear, however, from a kinetic analysis of the
P450 system, shown in Scheme 1a and derived in the Supporting
Information (SI), that P450-mediated oxygen depletion is not
necessarily coupled to test-compound depletion. Indeed, it is
well-known that simple measurements of cofactor depletion do
not correlate well with metabolic stability.'> Additionally, several
recent reports have described various systems linking indicators
of catalysis to easily assayed signal outputs.'> All of these
analytical systems offer valuable information but lack the rigorous
accuracy needed for preclinical drug development.

Clearly, a general and accurate method to quantify metabolic
stability using only fluorescence measurements would constitute
a highly useful tool for drug discovery. The inherent scalability of
such a method could readily provide the increase in throughput
necessary to advance metabolic stability measurements forward
in the drug discovery process, allowing multidimensional

optimization of pharmacokinetic properties at earlier stages in
drug development.

We have developed the Metabolizing Enzyme Stability Assay
Plate (MesaPlate), a simple and general system to quantify
metabolic stability using fluorescence intensity measurements
to determine the concentration of species in the P450 reaction
mechanism. These concentration measurements are then used to
solve the overall rate equation for substrate depletion. Due to the
large number of side products generated by P450 enzymes and
the high reactivity of hydrogen peroxide and superoxide, it is
impractical to measure all of the species that appear in the overall
rate equation. (Scheme 1a). Instead, we took a more efficient
approach by simplifying the rate equation with the addition of
superoxide dismutase and catalase. These antioxidant enzymes
act together to convert two of the side products, superoxide and
hydrogen peroxide, into the third side product, water, without
using additional reducing equivalents. Both of these reactions are
diffusion-limited and are extremely fast relative to all other
reactions in the system; thus, the net rates of superoxide
production (—ro,-) and of hydrogen peroxide production
(eroz) are negligible. Therefore, the rate of substrate oxidation
(—rrp), which equals the metabolic stability, can be calculated
using eq 6 shown in Scheme 1 from the depletion rates of
NADPH (—ryappn) and oxygen (—ro, ), which can be simulta-
neously quantified with fluorescence intensity measurements
using the intrinsic fluorescence of NADPH and a commercially
available oxygen probe.'* See SI for a detailed derivation of the
rate equation.

Proof of concept experiments were conducted with Baculo-
somes, a model P450 system. Representative NADPH and
oxygen depletion data for the CYP3A4 oxidation of testosterone
are shown in the SI. Metabolic stability data for several P450
isoforms are shown in Figure 1 as a function of substrate
concentration. Except for the oxidation of amitriptyline by
CYP2D6, which is known to display substrate inhibition, " all
data sets fit well to the Michaelis—Menten equation as shown by
Eadie—Hofstee plots in the SI. In addition, the calculated
catalytic constants and measured rates compare favorably with
traditional chromatographic assays (Tables 1, 2). To demon-
strate the measurement of P450 inhibition, the reversible and
irreversible inhibition of CYP3A4-catalyzed testosterone meta-
bolism is shown in Figure 2a,b. The calculated IC, values of 2.39 +
0.01 and 0.12 % 0.01 M for 1-phenylimidazole and 1-amino-
benzotriazole, respectively, compare well with literature values of
2.7"7 and 0.58 uM."® To demonstrate the MesaPlate with a more
pharmaceutically relevant system, isoform-specific substrates
were incubated with pooled human liver microsomes in the
presence or absence of 1-phenylimidazole (Figure 2c). A clear
trend is observed where the measured rate of P450 oxidation is
much lower in the presence of inhibitor, demonstrating the utility
of the MesaPlate for identifying substrates and inhibitors within
the heterogeneous, in vivo-like environment of human liver
microsomes.

It is important to emphasize that NADPH and oxygen
depletion rates alone cannot generally be used to calculate
metabolic stability. Without the addition of superoxide dismutase
and catalase, the pseudo-steady-state assumptions needed to
generate eq 6 are not valid. For example, applying eq 6 to data
sets in the literature'” that include rates of NADPH and oxygen
depletion measured in the absence of superoxide dismutase
and catalase yields incorrect values for metabolic stability.
These incorrect values result from a significant accumulation of
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Table 1. Comparison of Catalytic Constants k_,; and Ky
Determined from the MesaPlate and Reported in the
Literature."®

MesaPlate literature
Keat Km Keat Ky
isoform substrate (min~") (uM) (min™")  (uM)
CYP3A4 testosterone” 118+8 31+7 105 24
CYP3A4 dextromethorphan® 38 £8 106+ 64 27 210
CYP2C9 diclofenac 11+1 20+7 29 N
CYP2C9 tolbutamide 6+1 366+154 10 103

“ Literature values for overall substrate depletion were calculated from
published data on multiple product formation as described in SI.

Table 2. Comparison of Metabolic Stabilities Measured with
the MesaPlate and with Chromatography

MesaPlate  chromatography
isoform substrate conc. (uM) — Ry —rru”
CYP2D6  amitriptyline 60 6.7+£08 3.8+04
CYP2D6 metoprolol 100 122422 9.8+£23
CYP1A2 3-methylindole 500 15.8+1.8 10.7+£0.8
CYP1A2 lidocaine 300 9.9+0.6 9.7+12

“ nmol/min/nmol P450.
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Figure 2. Inhibition of CYP3A4-catalyzed testosterone metabolism in
Baculosomes by (a) the irreversible inhibitor, 1-aminobenzotriazole, and
(b) the reversible inhibitor, 1-phenylimidazole. Data were fit to a four-
parameter logistic equation. Metabolic stability results (c) for human
liver microsomes showing inhibition by 1-phenylimidazole (pim) of
CYP2D6 metabolism of dextromethorphan (dex), CYP2C9 metabolism
of diclofenac (dic), CYP1A2 metabolism of phenacetin (phen), and
CYP3A4 metabolism of testosterone (tst).

reactive oxygen species, evidenced by the large reported rates of
peroxide generation. In such cases, eq 5 would accurately
calculate metabolic stability but would require additional mea-
surements. In addition, the techniques used in these previous
reports (e.g,, electrochemical and end point colorimetric assays)
are not amenable to high-throughput studies. Thus the addition
of antioxidant enzymes simplifies the reaction system such that

eq 6 is valid and NADPH and oxygen depletion rates can be used
to quantify the rate of substrate depletion in a straightforward
manner. Much of this method’s value derives from its simplicity
when compared to alternate approaches.

Test compounds exhibiting strong UV absorbance or fluor-
escence could potentially interfere with the measured signal from
the fluorescent reporters used in this study. However, the
MesaPlate should still be suitable for use with fluorescent
compounds because it is possible to distinguish the spectral
contributions from overlapping fluorophores using well-known
techniques.”® Moreover, based on an analysis of the optical
properties of the top 30 bestselling drugs,*" only one compound
would be expected to exhibit interference (see SI for full details).

In conclusion, we have developed a simple and broadly
applicable high-throughput method to measure metabolic stabi-
lity based on P450 metabolism. This technology, based on
fluorescence intensity measurements of species present in all
P450-catalyzed reactions, promises to provide valuable decision-
making information at earlier stages of drug development. In
addition to screening a larger number of test compounds, the
MesaPlate could also be used to screen more P450 isoforms.
Including naturally occurring P450 mutants would provide more
accurate information on the metabolic capabilities and limita-
tions of relevant subpopulations or of specific individuals, an
essential objective in the growing field of personalized
medicine.”” Moreover, laboratory evolution techniques favored
to engineer P450 enzymes suffer from similar problems as lead
optimization, where rapid assays and high throughput are often
necessary.”> Thus, the MesaPlate is anticipated to provide a
useful tool in protein engineering efforts to harness and improve
the synthetic capabilities of P450 enzymes.
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