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ABSTRACT

Three CYP3A4 substrates, midazolam, ticlopidine, and diazepam, dis-
play non–Michaelis-Menten kinetics, formmultiple primarymetabolites,
and are sequentially metabolized to secondary metabolites. We gener-
ated saturation curves for these compounds and analyzed the resulting
datasets usinganumberof single-substrate andmultisubstratebinding
models. These models were parameterized using rate equations and
numerical solutions of the ordinary differential equations. Multisub-
strate binding models provided results superior to single-substrate
models, and simultaneous modeling of multiple metabolites provided
better results than fitting the individual datasets independently.
Although midazolam datasets could be represented using standard
two-substrate models, more complex models that include explicit
enzyme-product complexes were needed to model the datasets for

ticlopidine and diazepam. In vivo clearance predictions improvedmark-
edly with the use of in vitro parameters from the complex models ver-
sus the Michaelis-Menten equation. The results highlight the need to
use sufficiently complex kinetic schemes instead of the Michaelis-
Menten equation to generate accurate kinetic parameters.

SIGNIFICANCE STATEMENT

The metabolism of midazolam, ticlopidine, and diazepam by
CYP3A4 results in multiple metabolites and sequential metabolism.
This study evaluates the use of rate equations and numerical meth-
ods to characterize the in vitro enzyme kinetics. Use of complex
cytochrome P450 kinetic models is necessary to obtain accurate
parameter estimates for predicting in vivo disposition.

Introduction

In vitro P450-mediated metabolism assays are used to predict in vivo
compound stability and potential for drug-drug interactions (Zhang and
Wong, 2005; Vieira et al., 2014; Di, 2017; Yadav et al., 2020). How-
ever, interpreting experimental in vitro data can be difficult because of
complex P450 enzymology. The need to metabolize a very large num-
ber of xenobiotics results in unusual kinetics with respect to ligand
selectivity (Ekroos and Sj€ogren, 2006). X-ray crystallography studies
confirm that many P450s have large and flexible active sites that
can simultaneously bind multiple substrates (Li and Poulos, 2004;
Nguyen et al., 2016; Sevrioukova and Poulos, 2017). This can
result in non–Michaelis-Menten (MM) or atypical kinetics, which
do not display standard hyperbolic saturation curves (Korzekwa et al.,
1998; Cameron et al., 2005; Kapelyukh et al., 2008; Schoch et al., 2008;
Shah et al., 2012). Thus, the estimation of in vitro kinetic parameters
(Vmax, Km, and Vmax/Km using MM approaches for compounds that dis-
play atypical kinetics (see part 1) may lead to overestimation or underes-
timation, especially with sigmoidal kinetics. The production of multiple
metabolites adds to the complexities in estimation of these in vitro

parameters (Wienkers and Rock, 2014). For example, for compounds
that follow MM kinetics, the product ratios are constant at different sub-
strate concentrations, whereas this ratio may not be constant for com-
pounds that exhibit atypical kinetics (see part 1).
Moreover, in addition to the pharmacological effect of the parent

drug, its oxidative metabolites may exhibit some efficacy at the intended
biologic target (Garattini, 1985; Caccia and Garattini, 1990; Obach,
2013). For example, norketamine, the active metabolite of ketamine,
may contribute equally to the pharmacological effect (Hijazi and Bou-
lieu, 2002). The topoisomerase 1 inhibitor irinotecan is a prodrug that
undergoes the hydrolysis to form SN-38, which exhibits over 1000
times more potency (Kawato et al., 1991). The primary metabolites
from drugs like ticlopidine (Yoneda et al., 2004; Farid et al., 2010) and
diazepam (Rouini et al., 2008) are further metabolized by P450s to
form the pharmacologically active metabolites. These examples high-
light the importance of sequential metabolism. To our knowledge,
no standard rate equations are available to characterize sequential
metabolism.
In part 1, we showed that numerical method analysis of the

non-MM kinetics provided a more accurate and precise estimation of
in vitro kinetic parameters. When used for enzyme kinetics, the
numerical approach does not rely on steady-state assumptions or ini-
tial-rate conditions and can model mechanistic complexities of P450
kinetics, including multiple-substrate binding and sequential metabo-
lism. In part 2, we use numerical methods to characterize the in vitro
metabolism of midazolam, ticlopidine, and diazepam. The standard
rate equations and ordinary differential equation (ODE) models
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describing single- and two-substrate binding kinetics were fit to mid-
azolam, ticlopidine, and diazepam saturation experiments. For each
dataset, various kinetic schemes were evaluated and compared.

Materials and Methods

Ticlopidine hydrochloride (TCP), midazolam (MDZ), 4-hydroxymidazolam,
diazepam (DZP), nordiazepam (NDP), temazepam (TZP), oxazepam (OXP), and
temazepam-d5 (TZP-d5) were purchased from Sigma-Aldrich (St. Louis, MO),
and 10-hydroxymidazolam was purchased from Cayman Chemical (Ann Arbor,
MI). Recombinant human CYP3A4 supersomes and NADPH-regenerating sys-
tem were purchased from Corning (Woburn, MA). The 2-oxo-TCP, and TCP
N-oxide were purchased from Toronto Research Chemicals (Toronto, CA). The
monobasic potassium phosphate, dibasic potassium phosphate, and EDTA used
for the potassium phosphate buffer were purchased from JT Baker (Center
Valley, PA). Phenacetin was a gift from the laboratory of Jeffrey P. Jones
(Washington State University).

CYP3A4 in vitro incubations: The CYP3A4-mediated metabolism (Fig. 1) of
three substrates, MDZ, TCP, and DZP, was evaluated. Substrate concentrations
were: 0.39–400 mMMDZ or 2.34–300 mMTCP in 100 mM potassium phosphate
buffer (pH 7.4) containing 0.1mMEDTAor 2.5–400mMDZP in 0.5% v/vmetha-
nol and buffer. Each substrate was preincubated with the recombinant human
CYP3A4 supersomes (0.0025 mM for MDZ, 0.005 mM for TCP, and 0.01 mM for
DZP) for 2.0 minutes (MDZ and TCP) or 5.0 minutes (DZP) to attain 37�C. Reac-
tion was started with the addition of NADPH. The NADPH-regenerating system
was 1.3 mM NADP1, 3.3 mM glucose-6-phosphate, 0.4 U/ml glucose-6-phos-
phate dehydrogenase, and 3.3 mM magnesium chloride. All incubations were
allowed to proceed at 37�C for 5.0 minutes for MDZ and TCP and 3.0 minutes for
DZP. The final reaction volume was 100 ml. The reaction was quenched by the
addition of 100 ml of acetonitrile containing internal standard (phenacetin for
MDZ and TCP and temazepam-d5 for DZP). All samples were then centrifuged at
10,000 ×g for 10 minutes (2,200 ×g for 60 minutes for DZP incubations), and the
supernatant was collected for liquid chromatography–tandem mass spectrometry
analysis. In addition to incubations with DZP as the substrate, separate incubations
were performed to evaluate OXP formation from either TZP or NDP. For these
incubations, all conditions were the same as the DZP incubations above.

Samples were analyzed using an Agilent 1100 series high-performance liquid
chromatography system (Agilent Technologies, Santa Clara, CA). Mobile phase
A consisted of 0.1% (v/v) formic acid in water, and mobile phase B comprised
0.1% formic acid (v/v) in acetonitrile. For MDZ and TCP metabolites, the chro-
matography was performed on a Zorbax Eclipse XDB-C8 (4.6 × 150 mm,
5 microns) column equipped with a C18 guard column (4 × 2 mm) (Phenom-
enex, Torrance, CA). The initial conditions were 30% mobile phase B for 0.5
minutes at 800 ml/min. Chromatographic separation was performed using a linear
gradient over 6 minutes to 100% mobile phase B. Mobile phase B was then held
constant for 0.5 minutes, and this was followed by a linear gradient back to 30%

mobile phase B over 0.1 minutes. Finally, the column was re-equilibrated to the
initial conditions over 3 minutes. The total chromatographic assay time is 9
minutes per sample.

For DZP metabolites, the chromatography was performed on a Luna 3 mm
C18(2), 50 × 2-mm column (Phenomenex, Torrance, CA) equipped with C18
guard column (4 × 2.0 mm). The initial conditions were 10% mobile phase B for
0.5 minutes at 400 ml/min. Chromatographic separation was performed using a lin-
ear gradient over 1 minute to 95% mobile phase B. Mobile phase B was then held
constant for 2 minutes, followed by a linear gradient back to 10% mobile phase B
over 0.5 minutes. The column was re-equilibrated to the initial conditions over 3.5
minutes. The total chromatographic assay time is 7.5 minutes per sample.

The quantitation of all metabolites was conducted on an API 4000 Q-Trap
mass spectrometry system (Applied Biosystems/MDS Sciex, Foster City, CA)
with turbospray ESI operating in positive ion mode. The analytes were detected
by multiple reaction monitoring mode using ions and mass spectrometer tune
parameters in Table 1.

The standard rate equations and ODEs describing two-substrate binding kinet-
ics were used (Fig. 2) to fit the model to the metabolite formation datasets. For
enzyme-substrate-multiple product formation (ESP1P2 for single substrate bind-
ing, and ESSP1P2 for multisubstrate binding) modeling, all metabolite data were
used simultaneously for model fitting. All association rate constants were fixed at
270 mM�1min�1. Therefore, dissociation rate constants define enzyme affinities
(Barnaba et al., 2016; Yadav et al., 2018). Eadie-Hofstee (EH) and product ratio
plots were also used to analyze the in vitro data sets.

The shape of EH plots of the raw data were used to initially diagnose sigmoidal,
biphasic, or substrate inhibition. For biphasic kinetics, an initial estimate of Km1,
Km2, kcat1, and kcat2 can be obtained from the EH plot (see Supplemental Fig. 1).
Km1 and Km2 can be estimated from the slope of the line through the highest
velocity/[substrate] data points: L1 and the lowest velocity/[substrate] data points

Fig. 1. Substrate metabolism via CYP3A. (A) Midazolam metabolism. (B) Ticlopidine metabolism. (C) Diazepam metabolism. Metabolites that are reported in the lit-
erature but were not analyzed in the present study because of lack of authentic available standards are in light gray.

TABLE 1

Mass spectrometer parameters for substrates and metabolites

Compound CE DP EP CXP MRM

10-Hydroxymidazolam 35 70 10 15 342.2 ! 324.1
4-Hydroxymidazolam 35 70 10 15 342.2 ! 234.0
2-Oxo-ticlopidine 15 70 10 15 280.2 ! 125.1
Ticlopidine N-oxide 15 70 10 15 280.2 ! 235.0
Diazepam 38 55 10 10 285.1 ! 192.8
Temazepam 15 50 10 15 301.1 ! 254.8
Nordiazepam 30 50 10 15 271.1 ! 139.8
Oxazepam 30 50 10 15 287.1 ! 240.9
Phenacetin (IS) 30 70 10 15 180.2 ! 110.1
Temazepam-d5 (IS) 32 55 10 18 306.1 ! 259.8

CE, collision energy; CXP, collision exit potential; DP, declustering potential; IS, internal
standard; MRM, multiple reaction monitoring
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and L2, respectively. Parameters kcat1 and kcat2 can be estimated from the intersec-
tion points between L1 and y-axis and L2 and y-axis, respectively. For substrate
inhibition, initial estimates of parameters except Km2 can be obtained with
EH plots (see Supplemental Fig. 1). It is difficult to estimate the kinetic
parameters for sigmoidal kinetics. As mentioned in part 1, sigmoidal kinet-
ics can be accounted for by several different cases. An initial estimate of
kcat2 can be obtained directly from the saturation curves if high enough con-
centration of substrate were used.

Mathematica 12.0 (Wolfram Research, Champaign, IL) was used for model
fitting and plot generation. The ODEs were numerically solved with NDSolve to
provide interpolated functions of each enzyme species. NonlinearModelFit func-
tion was used to parameterize the rate constants with 1/Y weighting. Specific
properties, including MaxSteps ! 100,000 and PrecisionGoal ! infinity(1) for
NDSolve, were assigned. If necessary, finite difference derivatives were used.
The corrected Akaike information criteria (AICc) was used to select the most
appropriate model when comparing several models for the same dataset (Akaike,
1974). Based on saturation curves, the ability for a model to simultaneously
model multiple metabolites, and product ratio curves, additional models were
constructed and explored.

In vitro clearance estimates obtained from the enzyme kinetic models were
scaled to predict human in vivo clearance for two compounds with known
fraction metabolized by CYP3A4—MDZ and DZP. Scaling was conducted
assuming a well stirred liver model and standard scaling factors scaling from
microsome to liver (Obach, 2011).

Results

For all substrates, single-substrate models (model 1) were compared
with two-substrate models since the industry standard is to use MM
kinetics. In all cases, two-substrate models were necessary to reproduce
the observed kinetics as determined by residuals and AICc values (see
Supplemental Table 1). Therefore, only two-substrate model results are
provided.
CYP3A4 metabolism of MDZ was monitored for the formation of

10-OH-MDZ and 4-OH-MDZ (Fig. 3). Initial inspection of the satura-
tion data and the EH plots for the formation of 10-OH-MDZ and 4-OH-
MDZ showed substrate inhibition and biphasic kinetics, respectively
(Figs. 3A and B). Metabolism of MDZ by human CYP3A4 has been
previously reported to exhibit substrate inhibition (Nguyen et al., 2016),
and the metabolite ratio plot at different concentrations of MDZ sup-
ports the need for two-substrate binding models (Fig. 3C). The results
for the two-substrate models (model 2) are shown in Table 2. Models
for the two metabolites were parameterized individually for each metab-
olite (model 2a) and simultaneously (model 2b, for ODE models only).

To converge to a model with meaningful parameter standard errors,
Km2 had to be fixed for model 2a. However, the Km1 values for P1 and
P2 formation were not identical, which is not consistent with model 2.
When P1 and P2 were modeled simultaneously, all parameters for
model 2b could be optimized and resulted in meaningful and consistent
parameter estimates. Also, the observed [P1]/[P2] ratio as a function of
[S] was well predicted by model 2b (Fig. 3C).
TCP undergoes sequential metabolism to form the pharmacologically

active metabolite UR-4501(Yoneda et al., 2004; Farid et al., 2010). For
this study, only the primary metabolites were monitored because of the
lack of availability of UR-4501. Many models were parameterized, and
the results are given in Tables 3 and 4 and Fig. 4. The saturation and
EH plots for 2-oxo-TCP showed sigmoidal saturation, and the formation
of TCP N-oxide is biphasic (Fig. 4). Using the rate equation for model
2a, meaningful parameter estimates for Km2 for P2 could not be
obtained even after fixing Km1. This was resolved when the ODEs were
used. However, the Km2 values for P1 (56 mM) and P2 (835 mM) were
inconsistent with model 2. Model 2b was able to provide acceptable fits
to the data for 2-oxo-TCP and TCP N-oxide, but the ratio plot was not
correctly modeled (Fig. 4C). Therefore, we explored additional models,
and the best fit (Fig. 4 and Table 4) was obtained with the scheme
shown in Fig. 2C (model 3). This model includes an explicit ESP1 com-
plex. This was included since P1 is ultimately converted to P3. How-
ever, in the absence of P3 data, the amount of P3 formed from ESP1
could not be defined. Any branching ratio (P1 to P3) gave identical fits.
Therefore, the simplest model (no P3 formation) is reported in Fig. 4
and Table 4. Model 3 reproduces P1 and P2 formation (see EH insets,
Fig. 4) and the P1/P2 ratios (Fig. 4C).
Formation of TZP and NDP from DZP shows sigmoidal kinetics

(Fig. 5), with higher sigmoidicity seen for TZP formation. Similar satura-
tion curves have been reported previously for diazepam metabolism (He
et al., 2003). Fitting the standard two-substrate model (model 2a) to the
individual metabolite data resulted in high parameter errors (Table 5). This
is expected because of the high covariance between Km1, Km2, kcat1, and
kcat2 for sigmoidal models. In contrast to MDZ and TCP for which one
metabolite shows substrate inhibition and biphasic kinetics, respectively,
DZP metabolites both show sigmoidal kinetics. Therefore, very low kcat1
values are possible and could be a concern when predicting clearance (see
part 1). Fitting model 2a to the individual datasets with kcat1 5 0 resulted
in poorer fits with AICc values �68.9 and �149.8 compared with �78.9
and �155.7 for TZP and NDP, respectively. Fitting model 2b to the

Fig. 2. (A) Model 1 with single (ES)-
binding kinetic models for single (model
1a)- or multiple-product (model 1b) for-
mation. (B) Model 2 two-substrate
(ESS) binding kinetic models for single
(model 2a)- or multiple-product (model
2b) formation. (C)Model 3, a sequential
metabolism model for ESS kinetics with
slow product release. (D) Model 4, a
sequential metabolism model with com-
plex formation between E and P2. (E)
Model 5, a sequential metabolismmodel
with complex formation between E and
P1, and E and P2.
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combined P1 and P2 dataset resulted in much lower parameter errors. Km,
kcat, and Km/kcat values are similar to those for model 2a.
Since oxazepam (P3) is available and was quantitated in the DZP incu-

bations, we attempted to fit several sequential models to the combined P1,

P2, and P3 datasets. Simple models with rapid release of P1 and P2 (e.g.,
Fig. 10, A and B in part 1) failed to adequately model the data. We there-
fore evaluated models that include enzyme-product complexes (e.g., mod-
els 4 and 5 in Fig. 2). Using the combined P1, P2, and P3 dataset, models

Fig. 3. Kinetic plots of midazolam metabolism by CYP3A4 (n 5 3) for the formation of (A) 10-hydroxymidazolam and (B) 4-hydroxymidazolam and (C) ratio of
10-hydroxymidazolam to 4-hydroxymidazolam. Insets represent EH plots with mean data. Solid lines represent the fit with model 2b.

TABLE 2

Scheme and kinetic parameters for midazolam metabolism with a two-substrate model
Parameters are bolded for the final “best-fit” scheme selected.

Kinetic Parameters ESS Rate Equation ESSP ODE ESSP1P2 ODE

10-OH-MDZ 10-OH-MDZ

Km1 (lM) 5 (k21k31k4)/ k1 5.0 (0.4) 4.7 (0.4) 4.8 (0.4)
kcat1(min

�1) 5 k3 43.4 (1.7) 43.1 (1.7) 43.3 (1.6)
kcat1/Km1 (ml min

�1nmol�1) 8.8 (0.8) 9.2 (0.9) 9.1 (0.8)
Km2 (lM)5 (k61k71k8)/ k5 100 (fixed) 100 (fixed) 103 (18)
kcat2(min

�1) 5 k7 14.2 (1.2) 14.3 (1.2) 14.1 (1.0)
AICc �164.3 �163.3

4-OH-MDZ 4-OH-MDZ

Km1 (lM) 5 (k21k31k4)/ k1 19 (5) 19 (5) 4.8 (0.4)
kcat1(min

�1) 5 k4 5.5 (1.2) 5.5 (1.2) 1.92 (0.26)
kcat1/Km1 (ml min

�1nmol�1) 0.29 (0.10) 0.29 (0.10) 0.40 (0.06)
Km2 (lM) (k61k71k8)/ k5 100 (fixed) 100 (fixed) 103 (18)
kcat2(min

�1) 5 k8 15.5 (0.5) 15.5 (0.6) 17.2 (1.0)
AICc �300.1 �300.1

ESSP, enzyme-substrate-substrate complex scheme with single product formation; ESSP1P2, enzyme-substrate-substrate complex scheme with two products formed.
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with P3 formation from varying combinations of EP1, EP2, ESP1, and
ESP2 fit the data equally well (unpublished data). The one constraint
across all models tested was that P3 formation was greater from P2 than
from P1. The fitted parameters for simplest of these models (model 4) is
shown in Table 6. For this model, Km1 was fixed to the value for model
2b. It was also necessary to optimize and fix Km3 as well.
The availability of data for the conversion of TZP and NDP to OXP

(see Supplemental Fig. 2) allowed us to characterize the relative forma-
tion of P3 from P2 versus P1. For formation of OXP from both TZP and
NDP, sigmoidal kinetics are observed. It was again necessary to fix Km2,
but varying Km2 between 4 and 450 mM gave relatively constant
kcat1/Km1 values of approximately 4. Also, all models for DZP, TZP, and
NDP metabolism all gave Km2/Km1 ratios of�0.5. This allowed us to

construct model 5, for which the fitted results are shown in Table 7.
In this model, P3 formation from EP2 and ESP2 is four times that
from EP1 and ESP1. Km values for the formation of ESP1 and ESP2
are half that for EP1 and EP2. With this model, all parameters could
be optimized with the exception of Km3, which had to be optimized
and fixed.
For MDZ, the mean clinical clearance value was 461 ml/min (obtained

from drugbank.ca), whereas the predicted clearance from ESS model
(model 2b) 5 677 ml/min versus predicted from MM (model 1a) 5 753
ml/min. Compared with the mean clinical clearance value (obtained from
drugbank.ca) for DZP (25 ml/min), the predicted clearance values were as
follows. For DZP, predicted clearance from ESS model (model 5) 5 47
ml/min versus predicted from MM (model 1a) 5 362 ml/min. Clearance

TABLE 3

Scheme and kinetic parameters for ticlopidine metabolism with a two-substrate model

Kinetic Parameters ESS Rate Equation ESSP ODE ESSP1P2 ODE

2-Oxo-TCP 2-Oxo-TCP

Km1 (lM) 5 (k21k31k4)/ k1 38.9 (fixed) 38.9 (fixed) 38.9 (fixed)
kcat1 (min

�1) 5 k3 2.6 (0.6) 2.6 (0.6) 3.6 (0.5)
kcat1/Km1 (ml min

�1nmol�1) 0.066 (fixed) 0.066 (fixed) 0.093 (fixed)
Km2 (lM)5 (k61k71k8)/ k5 56 (16) 56. (16) 124 (46)
kcat2 (min

�1) 5 k7 8.4 (0.5) 8.4 (0.9) 9.8 (1.0)
AICc �175.7 �175.7

TCP N-Oxide TCP N-Oxide

Km1 (lM) 5 (k21k31k4)/ k1 38.9 (fixed) 38.9 (fixed) 38.9 (fixed)
kcat1 (min

�1) 5 k4 3.1 (0.5) 3.09 (0.32) 2.3 (0.5)
kcat1/Km1 (ml min

�1nmol�1) 0.080 (fixed) 0.072 (fixed) 0.059 (fixed)
Km2 (lM) (k61k71k8)/ k5 1000 (2200)a 835 (108) 124 (46)
kcat2 (min

�1) 5 k8 21 (32)a 18.8 (3.2) 9.6 (1.0)
AICc �162.4 �162.4 �331.2

ESSP, enzyme-substrate-substrate complex scheme with single product formation; ESSP1P2, enzyme-substrate-substrate complex scheme with two products formed.
aParameter estimation is not valid as indicated by the high errors.

TABLE 4

Scheme and kinetic parameters for ticlopidine metabolism with a two-substrate model

Kinetic Parameters ESSP1P2 ODE Simultaneous Product Fit

2-Oxo-TCP TCP N-Oxide

Km1 (lM) 5 (k21k31k4)/ k1 38.9 (fixed) Km1 (lM) 5 k1/(k21k31k4) 38.9 (fixed)
kcat1 (min�1) 5 k3 2.8 (0.4) kcat1 (min 1) 5 k4 3.1 (0.4)
kcat1/Km1 (ml min�1nmol�1) 0.073 (fixed) kcat1/Km1 (ml min�1nmol�1) 0.079 (fixed)
Km2 (lM) 5 (k61k71k8)/ k5 707 (559) Km2 (lM) k5/(k61k71k8) 707 (559)
kcat2(min�1) 5 k7 3.5 (2.0) kcat2 (min�1) 5 k8 20 (10)
Km3 (lM) 5 (k101k11) /k9 0.32 (fixed)
kcat3 (min�1) 5 k11 59 (14) AICc �338.5

ESSP1P2, enzyme-substrate-substrate complex scheme with two products formed.
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predictions for TCP were not attempted because of contribution of several
enzymes besides CYP3A4 toward its systemic clearance.

Discussion

In part 1 we modeled P450 metabolism using simulated datasets that
included sigmoidal saturation kinetics and sequential metabolism. In
this paper we generated datasets and developed kinetic models for three
substrates that show both non–Michaelis-Menten kinetics and sequential
metabolism. For two of the substrates, MDZ and TCP, we had primary
metabolites available but no standards for secondary metabolites. This
is similar to the situation during lead optimization when clearances are
being predicted, but the fate of the primary metabolites is unknown, or
secondary metabolite standards are not available. For DZP, we have
very rich data, including the formation of primary and secondary metab-
olites from parent and metabolism data for the secondary metabolites.
Model 1a and b (MM kinetics) were fit to all datasets, and in most

cases, better fits were obtained with two-substrate models (Supplemental
Table S1; Tables 2–7). For 4-OH-MDZ and TCP N-oxide, similar AICc
values were obtained for MM and model2a, but the EH plots show that
the kinetics are clearly biphasic (Fig. 3B and 4B). For all substrates, dif-
ferences in calculated kcat/Km values varied between 1.25-fold for TCP
N-oxide and 14-fold for TZP.
Comparing the ESS rate equation models to the ESS ODE models,

model fits for MDZ and DZP are statistically identical. For TCP, the
rate equation does not converge to meaningful estimates for the TCP
N-oxide data, whereas the ODE model does. Rate equations are derived
from ODE models and should provide identical results. Differences
will occur when the assumptions used in the derivation (initial rates and
steady state) do not hold.

Multisubstrate binding kinetics for midazolam is well known, and a
recent report provides evidence for the binding regions for two midazo-
lam molecules (Denisov et al., 2021). For the models in this report, it is
not necessary to identify which substrate molecule is metabolized to
which product. Observed results, including changing product ratios,
require appropriate formation rates of 10-OH-MDZ and 4-OH-MDZ from
ES and ESS complexes. For MDZ metabolism, it was necessary to fix
one parameter because of covariance when P1 and P2 were modeled sep-
arately. When modeled together, all parameters could be solved for, with
P1 formation showing substrate inhibition and P2 formation showing
biphasic saturation kinetics. Consequently, kcat1/K1 can be well defined
for clearance prediction efforts. For the biphasic saturation curve, the sec-
ond binding site is adequately saturated such that Km2 and kcat2 can be
defined (Table 2). There do appear to be nonrandom residuals (Fig. 3A),
suggesting further complexities are not modeled. Since both 10-OH-MDZ
and 4-OH-MDZ are further metabolized, this could impact the saturation
curves. In the absence of the secondary metabolite standard, we were
unable to find a statistically better model than model 2a.
Classic cooperativity (e.g., the Hill equation) results in sigmoidal kinet-

ics due to cooperative binding of the second substrate once the first sub-
strate binds to the enzyme. This can be modeled as an ESS model. The
Hill equation is especially useful when the mechanism of enzyme/recep-
tor-substrate cooperativity is known. In drugmetabolism, parameterization
of sigmoidal kinetics can be problematic in two ways: first, since both
Km1 > Km2 and kcat2 > kcat1 can cause sigmoidicity, these parameters are
covariant when error is present. Second, very low kcat1 values can result in
kcat/Km values that are substrate-concentration dependent at low substrate
concentrations (Korzekwa, 2014). Sigmoidal kinetics was observed in the
metabolism of both TCP and DZP (discussed below). Although 2-oxo-
TCP shows sigmoidal kinetics based on the diagnostic hooked EH plot,
none of the model fits conform to classic cooperativity (Tables 3 and 4).

Fig. 4. Kinetic plots of ticlopidine metabolism by CYP3A4 (n 5 3) for the formation of (A) 2-oxo-ticlopidine and (B) ticlopidine N-oxide and (C) ratio of 2-oxo-ticlo-
pidine to ticlopidine N-oxide. Insets represent EH plots with mean data. The solid lines represent the fit with model 2b (red) and model 3 (black).
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Fits to models 2a and 2b clearly do not reproduce the EH plots or the
metabolite ratio plot (red lines in Fig. 4). Since we know that P1 is further
metabolized to P3, a number of other models for sequential metabolism

were tested. Models with rapid P1 release failed to improve the predic-
tions. The observed data could be modeled best by including an explicit
ESP1 complex. In the absence of P3 data, any ratio of P1 conversion to

Fig. 5. Kinetic plots of diazepam metabolism by CYP3A4 (n 5 3) for the formation of (A) temazepam, (B) nordiazepam, (C) oxazepam, and (D) ratio of temazepam
and nordiazepam. Insets represent EH plots with mean data. The solid lines represent the fit with model 5.

TABLE 5

Scheme and kinetic parameters for diazepam metabolism with a two-substrate model

Kinetic Parameters ESS Rate Equation ESSP ODE ESSP1P2 ODE

TZP TZP

Km1 (lM) 5 (k21k31k4)/ k1 112 (70) 110 (68) 92 (37)
kcat1 (min

�1) 5 k3 20 (15) 20 (15) 16 (9)
kcat1/Km1 (ml min

�1nmol�1) 0.18 (0.18) 0.18 (0.18) 0.18 (12)
Km2 (lM) 5 (k61k71k8)/ k5 47 (16) 47 (16) 51 (10)
kcat2 (min

�1) 5 k7 54 (3) 54.4 (3.4) 93 (37)
AICc �78.9 �78.9

NDP NDP

Km1 (lM) 5 (k21k31k4)/ k1 65 (50) 64 (51) 92 (37)
kcat1 (min

�1) 5 k4 6.1 (5.6) 6 (6) 8.9 (3.6)
kcat1/Km1 (ml min

�1nmol�1) 0.09 (0.11) 0.09 (0.11) 0.10 (0.06)
Km2 (lM) (k61k71k8)/ k5 58 (12) 58 (12) 51 (10)
kcat2 (min

�1) 5 k8 12.9 (1.0) 12.8 (1.0) 12.3 (0.8)
AICc �155.7 �155.7 �558.5

ESSP, enzyme-substrate-substrate complex scheme with single product formation; ESSP1P2, enzyme-substrate-substrate complex scheme with two products formed.
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either P1 or P3 provides identical fits. Therefore, the simplest model (no
P3 formation) is presented in Table 4.
All primary and secondary metabolites of DZP show sigmoidal satu-

ration kinetics. This complexity can be modeled only with the availabil-
ity of rich datasets. For DZP, we generated data of S being metabolized
to P1, P2, and sequentially P3 as well as P1 and P2 each metabolized to
P3. Even with this dataset, two assumptions were necessary: 1) The
affinity of the ESP complexes were twice those for the EP complexes,
and 2) the ratio of P3 formation from P1 versus from P2 was fixed at 4.
The first assumption is based on the observation that Km values for ESS
complexes are approximately half those for ES complexes (Tables 5–7).
The second assumption is based on the kcat1/Km1 values for conversion
of P1 and P2 to P3 (Supplemental Fig. S2). It is necessary to fix either
kcat3 or Km3 for any model with sequential metabolism since Vmax/Km

conditions will apply (Tables 4 for TCP and Tables 6 and 7 for DZP).
The clinical relevance of these studies is apparent for drugs with

atypical kinetics and for drugs with metabolites that are further

converted to either active or toxic metabolites. Accurate determination
of kcat/Km is essential for in vivo clearance predictions. Use of the
Michaelis-Menten model can result in highly inaccurate kinetic parame-
ters (Supplemental Table S1). Parameters from the MM model resulted
in poor predictions of in vivo clearance of both MDZ and DZP. On the
other hand, clearance was better predicted with ESS model parameters
(within 2-fold for both drugs). The importance of accurately modeling
sequential metabolism for prodrugs and drugs with active metabolites
cannot be overstated. These methods can also be used for other sequen-
tial metabolic pathways, including conjugation reactions that are often
reversible and result in enterohepatic recirculation in vivo.
It should also be noted that sequential metabolism within a closed

environment of an in vitro incubation may not accurately represent
sequential metabolism in an open in vivo system, such as a drug travers-
ing a liver sinusoid. Further research in this area is necessary. Finally, it
is clear that modeling complex kinetics (and simple kinetics as well)
can be easily performed using ODEs and numerical analyses.

TABLE 6

Scheme and kinetic parameters for diazepam metabolism with a two-substrate model and simultaneous fitting to P1, P2, and P3

ESSP1P2P3 ODE Simultaneous Product Fit

TZP NDP OXP

Km1 (lM) 5 (k21k31k4)/k1 92 (fixed) Km1 (lM) 5 (k21k31k4)/k1 92 (fixed) Km3 (lM) 5 (k101k11)/ k9 50 (fixed)
kcat1(min�1) 5 k3 15.9 (1.8) kcat1 (min�1) 5 k4 9.0 (0.7) kcat3 (min�1) 5 k11 10 (4)
kcat1/Km1 (ml min�1nmol�1) 0.17 (fixed) kcat1/Km1 (ml min-1nmol�1) 0.098 (fixed) kcat3/Km3 (ml min-1nmol�1) 0.20(fixed)
Km2 (lM) 5 (k61k71k8)/k5 50 (4) Km2 (lM) 5 (k61k71k8)/k5 50 (4) Km4 (lM) 5 (k121k13)/k9 25 (fixed)
kcat2 (min�1) 5 k7 56.5 (1.0) kcat2 (min�1) 5 k8 12.6 (0.4) kcat4 (min�1) 5 k13 3.6 (1.4)

AICc 5 �564.0

ESSP1P2P3, enzyme-substrate-substrate complex scheme with three products formed.

TABLE 7

Scheme and kinetic parameters for diazepam metabolism with a two-substrate model and simultaneous fitting to P1, P2, and P3 using metabolite incubation data

ESSP1P2P3 ODE Simultaneous Product Fit

TZP NDP OXP

Km1 (lM) 5 (k21k31k4)/k1 94 (30) Km1 (lM) 5 (k21k31k4)/k1 94 (30) Km3 (lM) 5 (k101k11)/k9 167 (fixed)
kcat1(min�1) 5 k3 17 (7) kcat1 (min�1) 5 k4 9.3 (3.0) kcat3 (min�1) 5 k11 18 (7)
kcat1/Km1 (ml min�1nmol�1) 0.18 (0.09) kcat1/Km1 (ml min�1nmol�1) 0.1 (0.05) kcat3/Km3(ml min�1nmol�1) 0.11 (fixed)
Km2 (lM) 5 (k61k71k8)/k5 50 (8) Km2 (lM) 5 (k61k71k8)/k5 50 (8)
kcat2 (min�1) 5 k7 55.6 (1.8) kcat2 (min�1) 5 k8 12.4 (0.6)

AICc 5 �561.9

ESSP1P2P3, enzyme-substrate-substrate complex scheme with three products formed.
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