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ABSTRACT

In the course of investigations of the kinetics of individual reactions
of cytochrome P450 (P450) enzymes, a number of points about the
complexity of P450 enzyme kinetics have become apparent. Several
of these are of particular relevance toworkwith P450 enzymes in the
course of drug development and lead optimization, particularly with
regard to estimating in vitro kinetic parameters and dealing with
enzyme inhibitors. Modern simulation modeling has been applied to
situations involving issues of preincubation time with moderate
strength and strong inhibitors, inhibition by tightly bound ligands that
have been identified in P450 enzymes, extensive substrate depletion,
P450 reactions with a rate-limiting step after product formation, and
the consumption of an inhibitor during a reaction by either a P450
enzyme being monitored or another one in a mixture. The results all
follow from first principles, and simulations reveal the extent of their
significance in various settings. The order of addition of substrate

and inhibitors can change the apparent outcome (inhibition con-
stant, Ki), and the effect of the order is more pronounced with
a stronger inhibitor. Substrate depletion alters parameters (Michae-
lis constant, Km) and can generate apparently sigmoidal plots. A
rate-limiting step after product formation lowers the apparent Km

and distortsKi. Consumption of an inhibitor during a reaction affects
Ki and differs depending on which enzyme is involved. The results
are relevant with P450 enzymes and other enzymes as well.

SIGNIFICANCE STATEMENT

Kinetic simulations have been used to address several potential
problems in enzyme kinetic analysis. Although the simulations done
here are general for enzyme reactions, several problems addressed
here are particularly relevant to cytochrome P450 reactions en-
countered in drug development work.

Introduction

Many in vitro assays are performed with human cytochrome P450
enzymes in the course of modern drug development (Zhang et al., 2008;
Pearson andWienkers, 2019). The approach has been highly successful,
in general, in allowing extrapolation of parameters to generate estimates
of in vivo pharmacokinetics (Polasek et al., 2018; Wakayama et al.,
2018). Another major goal of in vitro work is with P450 inhibitors,
largely in the context of predicting drug-drug interactions (Rodrigues
and Lin, 2001;Wienkers andHeath, 2005;McGinnity et al., 2008; Guest
et al., 2011; Guengerich, 2019).
However, there are several issues with the design of in vitro

experiments, the meaning of individual kinetic parameters, and the
interpretation of what some parameters really mean. One parameter of
considerable interest is kcat/Km (or Vmax/Km), termed the specificity
constant by biochemists (Johnson, 2003, 2019) and in vitro clearance
(Clint) by pharmacologists. There are also issues in the evaluation of
inhibition results, not only time-dependent (mechanism-based) but
even the simpler pure competitive inhibition.
In the course of our kinetic studies with several human P450 enzymes,

we have been using kinetic modeling/fitting software, including KinSim

(Bell and Guengerich, 1997), DynaFit (Guengerich et al., 2002), and
most recently KinTek Explorer (Chowdhury et al., 2010; Guengerich
et al., 2019a,b; Reddish and Guengerich, 2019). Most of our work has
been done in fitting experimental data, but the software can also be
very useful in modeling possible outcomes of experimental situations,
sometimes leading to a preferred approach.
Several issues could potentially be considered, but these were the five

areas investigated: 1) the effect of the order of mixing substrate and
inhibitor with an enzyme, including the length of preincubation time, 2)
the effect of a very tightly bound ligand on enzyme kinetics, 3) the effect
of substrate depletion, 4) the effect of a rate-limiting step after product
formation, and 5) issues related to changes in inhibitor concentration due
to biotransformation by the same enzyme or another in a mixture (e.g.,
microsomes). The modeling is generic for enzymes but highly relevant
to P450 enzymes.

Materials and Methods

All kinetic simulations were performed in KinTek Explorer software (version
8.0; KinTek Corp., Snow Shoe, PA) using an Apple iMac OSX 10.13.6 system.
GraphPad Prism v. 8.0 (GraphPad, San Diego, CA) was used for some of the
fitting: plots of rates or products formation versus substrate concentration
(specifically Fig. 2C, Fig. 3C, Fig. 4, B and C, Fig. 5B, Fig. 6D, and Fig. 8C).

The system used in all simulations was a two-stage mixing model (Supplemental
Figs. 1–8). The enzyme E was present in the first time component (t1 step), with or
without an inhibitor, with this “preincubation” time (t1) varying as described. The
enzyme (E) was then mixed (t2 step) with multiple concentrations of substrates (S),
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ABBREVIATIONS: CI, confidence interval; E, enzyme; EP, enzyme-bound product; I, inhibitor; kcat, maximum velocity for an enzyme reaction; Kd,
dissociation constant; Ki, inhibition constant; Km, Michaelis constant (substrate value at which half-maximal velocity is achieved); P, product; P450
(or CYP), cytochrome P450; S, substrate.
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and the product (P) wasmonitored as a function of time (generally 180 seconds5 3
minutes). The substrate, enzyme, inhibitor concentrations, and reaction time
were selected to reflect typical values that might be encountered in assays in
the pharmaceutic industry.

All steady-stateKi values were calculated using a simple competitive inhibition
equation (Segel, 1975):

Km;apparent 5
Km½I�
Ki

1Km

Most values are rounded to two significant digits.

Results

General Design of Simulations. Rates of binding of molecules to
enzymes were generally set to 106 M21 s21 (1 mM s21). This value is in
the range of values we have measured for human P450 enzymes
(Guengerich et al., 2019b). (Multiphasic binding is simplified here for
the modeling.) This rate constant is in the range generally accepted for
enzyme-ligand binding (Schreiber et al., 2009); higher rates (e.g.,
108–109 M21 s21) usually result from the influence of charges (Fersht,
1999; Zang et al., 2005; Schreiber et al., 2009; Guengerich et al., 2019b).
The final enzyme concentration in the assay was generally set to

0.05 mM, which is realistic in the context of many sensitive assays

done today using liquid chromatography with mass spectrometry
methods, much less than earlier assays done with colorimetric assays
(e.g., 1 to 2 mM) (Guengerich, 2014). Most of the simulations were
done with a range of substrate concentrations varying from 0.5 to
100 mM. The modeling also focused on Ki values in the range of 1
nM–10 mM, which are likely to be of most concern with P450
enzymes in drug development.
Effects of Preincubation Time with Inhibitors. The first model

used a Ki inhibitor (I) (1 mM) with with a 0.1 mM Kd value (Fig. 1).
When there was no preincubation period (i.e., I was added along
with S to start the reaction), a brief faster reaction was seen (most
easily at the highest S concentration) before the reaction was linear
(Fig. 1B). However, when the preincubation was performed with the
inhibitor present for 120 seconds (Fig. 1C), there was a noticeable
lag phase before the substrate displaced the inhibitor and the steady-
state (linear reaction) occured (again, most easily seen at the highest
concentration).
In the two analyses (Fig. 1, B and C), the respective kcat values were

0.0098 seconds and 0.0089 s21 (compared with 0.0097 s21 in the
uninhibited reaction). The respective Ki values (in Fig. 1, B and C) were
0.064 and 0.071 mM, both only slightly lower than the Kd of 0.1 mM set
for I in the model.

Fig. 1. Effect of preincubation time with an enzyme inhibitor. The kinetic model consisted of:

Step Reaction k1 k2 Kd

1 E 1 S ⇄ ES 1 mM21 s21 10 s21 10 mM
2 ES → EP 0.1 s21

—

3 EP ⇄ E 1 P 2 s21 1 mM21 s21 2 mM
4 E 1 I ⇄ EI 1 mM21 s21 0.1 s21 0.1 mM

with [E] 5 0.1 mM mixed with [S] 5 1, 2, 3, 4, 6, 7, 10, 15, 20, 30, 50, 80, 100, 150, and 200 mM, to yield final concentrations of one-half of these (see Supplemental
Information). (A) No inhibitor added. (B) [I] 5 2 mM added in preincubation for 0.1 seconds. (C) [I] 5 2 mM added in preincubation for 120 seconds, final [I] 5 1 mM after
mixing to initiate the reaction. The following parameters were estimated in each part:

Part kcat (s
21) Km,(app) (mM) Ki (mM)

A 0.0097 11.5 —

B 0.0098 190 0.064
C 0.0089 175 0.071

Enzyme Kinetic Models 1233
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The effect of preincubation time and order was also examined with
a 10-fold stronger inhibitor (Kd 10 nM set in model). The “burst”
(Fig. 2A) and lag (Fig. 2B) were clearly observable and are more
pronounced than in Fig. 1, as might be expected. The patterns shown in
Fig. 2A were very similar to the reactions in which the rate-limiting step
occured after product formation (as discussed later). As in Fig. 1, time is
needed for either the inhibitor to replace the substrate and act (Fig. 2A) or
for the substrate to replace the inhibitor (Fig. 2B) and be acted upon by
the enzyme.
The rates in these reactions could not be accurately fit by linear

extrapolations (especially Fig. 2A), so the concentration of product
measured at 180 seconds reaction time (3 minutes) was used as
a surrogate of the rate. This measurement would correspond to a value
determined by liquid chromatography with tandem mass spectrometry
typically measured in such a kinetic screen. The plots (vs. [S]) are not
saturating in either case (Fig. 2C), in keepingwith the very lowKi (which
could not be estimated by the usual criteria; seeMaterials andMethods).
It should be noted that the rates ([P] formation) measured after
preincubation with the inhibitor present (120 seconds) will ultimately
reach those with the inhibitor added at the same time as the substrate but
not within the 180-second reaction time.
A conclusion of the modeling presented here is that, in general,

preincubation with both substrate and inhibitor is preferred, particularly
if the inhibitor is tightly bound. In robotic systems, this design should be
incorporated. If crude systems are used (e.g., microsomes), it is
conceivable that the order of addition might be influenced by the
instability of an inhibitor, such as an esterase substrate (see the section
Issues with Consumption of an Inhibitor during Incubations for that
case).
Effect of a Very Tightly Bound Ligand on Reaction Rates. The

general concept of a very tightly bound inhibitor was examined. This
case corresponds to recombinant P450 enzymes that are purified but still
contain a ligand. Several examples of such behavior have been reported,
including fatty acids in P450 2C8 (Schoch et al., 2004) and bacterial
P450 119A1 (Krest et al., 2013) and indole in P450 2A13 (Smith et al.,
2007). Although the cited publications regarding these preparations
were of interest due to structural or mechanistic aspects, the point we
have addressed is that catalytic assays would be very problematic.
A related concern is purified P450 preparations that have been

prepared in the presence of strong ligands to stabilize the enzyme during
expression or purification, such as family 1A P450 enzymes (Sandhu
et al., 1994; Sansen et al., 2007;Wang et al., 2011). With these enzymes,
the presence of residual inhibitor may have to be critically analyzed to
permit careful studies on catalysis or inhibition. Although they are not

generally considered to be high affinity, nonionic detergents (Hosea and
Guengerich, 1998) and ionic steroidal detergents (Hobler et al., 2012;
Reddish and Guengerich, 2019) may be present in P450 enzymes and
produce artifacts of this nature.
In this model, a Kd of 1 nM was arbitrarily set, with [E] 5 0.05 mM

and one inhibitor present (in the t2 phase, after 2-fold dilution of enzyme
to start the reaction, i.e., [E] 5 0.10 mM in t1 phase). The quadratic
analysis indicated that;90% of the enzyme would be bound to I, so the
simulation was initiatedwith a mixture of 0.09mM[EI], 0.01mM [E]free,
and 0.01 mM [I]free in the t1 phase. The rate plots were concave upward,
due to the time required for the substrate to replace I (Fig. 3A). Although
the linear fits (Fig. 3A) were not perfect, the results yielded a reasonable
hyperbolic plot versus [S] (Fig. 3B). A more accurate inhibition plot was
seen when [P] (at 180 seconds) was plotted versus [S] (Fig. 3C). In the
latter analysis, the Km apparent was 16 mM, and Ki was estimated to be
71 nM, two orders of magnitude greater than the set Kd for I (1 nM).
Interestingly, kcat was also only 15% of the value obtained in the

absence of inhibitor, although this model is one involving competitive
inhibition.
Effects of Substrate Depletion. We also used same basic model

(Fig. 1) but with the final enzyme concentration ([E]) increased 40-fold
(to 2 mM) to run the reaction at lower substrate concentrations to
completion (Fig. 4A). As expected, in the reactions at lower [S] all of the
substrates had been converted to product; even with the higher substrate
concentrations, the reactions were no longer linear.
The plots (Fig. 4A) did not fit well to linear equations, so product

formation ([P]) at t 5 180 seconds was plotted versus [S] (Fig. 4B). As
expected, the plot was not saturating, but a Km value of 64 mM could be
estimated (6.4-fold . Kd). When enzyme-bound product (EP) was
included, the totals were expectedly higher (Fig. 4B), and aKm of 34mM
was estimated.
When the initial phase of the reaction was plotted, the results with [P]

generated an apparent sigmoidal curve (Fig. 4C). Many reports of Hill
plots with low n values (1.1–1.5) have been reported in the literature,
especially for P450 3A4, including some of our own (Ueng et al., 1997;
Korzekwa et al., 1998; Fowler et al., 2002; Frank et al., 2011). Analysis
of the [P]-only data (Fig. 4B) yielded a Hill n value of 1.11
(95% confidence interval [CI], 1.05–1.17). Use of only the [P] points
shown in Fig. 4C yielded n5 1.42 (CI, 1.37–1.47) (and S50 5 40 mM).
However, when the sum of [E]1 [EP] is considered, the sigmoidicity is
lost (Fig. 4C).
The extent to which this phenomenon is responsible for weak Hill

plots in the literature is unknown, in that few describe details of reaction
conditions. If the sum of [EP] 1 [P] is considered, then even running

Fig. 2. Effect of preincubation time and a strong enzyme inhibitor. The kinetic model was the same as in Fig. 1, except that k24 was 0.01 s21 (Kd 10 nM). I was added at
2 mM for a final concentration of 1 mM in the reaction. (A) Zero preincubation time with inhibitor before adding substrate. (B) Preincubation time of 30 seconds before
adding substrate. (C) Final product concentrations after 180 seconds produced in parts A (d) and B (j). In part C, the slope of the linear fit plot derived without
preincubation was 0.00269 6 0.00003 (S.E.M.), r2 0.9986; and the slope of the linear fit plot derived with preincubation was 0.00167 6 0.00002 (S.E.M.), r2 0.9978.
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reactions to completion cannot give a sigmoidal curve, at least in the
simplest case, in that doubling [S] can only double ([P] 1 [EP]) and
a linear fit will be seen (Fig. 4C).
In practice, running an assay in which the reaction was quenched

with a solvent (or acid) to release the enzyme-bound product would
yield P 1 EP (Fig. 4, B and C) and solve the problem. However, in
a continuous spectrophotometric (or fluorimetric) assay this would
not be the case, and the caveats could apply.
Issues with a Rate-Limiting Step after Product Formation. This

is a classic situation seen in enzyme kinetics (Walsh, 1979) and has
also been identified in some P450 reactions. It is best documented
in the cases of oxidation of ethanol and acetaldehyde by P450 2E1
(Bell and Guengerich, 1997; Bell-Parikh and Guengerich, 1999),
but less definitive cases have also been reported such as toluene
(rat liver microsomes, P450 unknown) (Ling and Hanzlik, 1989)
and 18-hydroxycorticosterone (bovine P450 11B1) (Imai et al.,
1998).
Such reactions are characterized by burst kinetics (Fig. 5A), with the

sharpness of the burst depending upon the relative rates of individual
reaction steps. In themodeling in Fig. 5A, step 3 was reduced to 0.02 s21

(10-fold). Such plots are usually fit to v 5 Ae2k
1
t 1 kss [S], where A is

a constant, kss is a steady-state rate, and k1 is an exponential (Johnson,
2003). A linear fit of Fig. 5A is not possible, and [P] at 180 seconds was
used as before (Fig. 5B).

As expected, the sum ([EP]1 [P]) was higher than [P] in that much of
the product remained bound. The kcat value was;20% of that observed
when k3 5 2 s21 (Fig. 3C) although the rate constant had been reduced
10-fold. The estimated Km was 4.0 mM when only [P] was considered
and was 2.1 mM when both [P] and [EP] were considered, compared
with Kd 5 10 mM for binding substrate in the model. The relationship
Km , Kd is a classic phenomenon when product release is rate limiting
(Walsh, 1979; Guengerich et al., 2003).
Another issue is the nature of competitive inhibition when the rate-

limiting step follows product formation (Fig. 6). The model used in
Fig. 5 was used with [I]5 1 mM, and theKd of I was set at 0.1 mM (with
a preincubation time of 120 seconds) (Fig. 6A). The burst character is
still obvious, at least at the higher substrate concentrations. Although
linear fits of the traces were less than ideal (Fig. 6B), the rate plots
generated a hyperbolic fit (Fig. 6C), with kcat 5 0.0019 s21 and
Km,apparent 21 mM, yielding Ki 5 0.95 mM. The plot of [P] (t 5 180
seconds) versus [S] gave a Km,apparent value of 11 mM, yielding Ki 5
0.23 mM. These Ki values differ and can be compared with the Kd of
0.1 mM set in the model.
Issues with Consumption of an Inhibitor during Incubations.

One issue with an enzyme inhibitor is that it is also a molecule and
subject to reaction. This can manifest in a role as a competitive inhibitor
—that is, to be transformed (to a noninhibitory molecule) by the enzyme
under investigation. A model was developed in which the enzyme

Fig. 4. Effect of long reaction time and substrate depletion on kinetic parameters. The starting concentration of [E] was raised to 4 mM (final [E] 5 2 mM). (A) Plot of [P]
versus time at varying substrate concentrations. (B) [P] at 180 seconds plotted versus [S] (d [P] only, m [P] 1 [EP]). (C) Expansion of plot from part B in low [S] region.
The Km,apparent values were 64 mM for P only and 34 mM for P 1 EP. In part B, the r2 values (hyperbolic fit) were 0.9783 for [P] 1 [EP] and 0.9947 for [P] only. In part C,
the r2 value (Hill equation, sigmoidal fit) was 0.9978 for [P] only.

Fig. 3. Effect of a very tightly bound ligand on an enzyme reaction. The model used in Fig. 1 was applied, without any preincubation. Here, [I] was set equal to [E], 0.1 mM,
both diluted to 0.05 mM in the reaction. At this concentration of [E] and [I] and Kd for the EI complex set at 1 nM (k24 5 0.001 mM in model for Fig. 1), a quadratic equation
indicates that ;90% of the E is bound as EI, so the reaction began with [EI] 5 0.09 mM, [E]free 5 0.01 mM, and [I]free 5 0.01 mM, mixed with substrate. (A) Time course of
reaction at varying substrate concentration. (B) Plot of apparent line fits of rates (part A) versus [S]. (C) Final concentration of product P formed in part A (d) compared with
uninhibited reaction ([I]5 0) (Fig. 1A), fit to Michaelis-Menten plot. In part C the kcat,apparent was 0.0015 s

21 (compared with 0.0097 s21 in Fig. 1A), Km,apparrent was 16 mM,
and KI was estimated to be 71 nM (compare with k24/k5 5 1 nM in the model setup). The r2 values were 0.9997 for the uninhibited reaction and 0.9998 for the inhibited
reaction.

Enzyme Kinetic Models 1235
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reacted with the inhibitor (I) at the same rate as the substrate (S) and was
then released from the enzyme (step 5 in Fig. 7). The result of the
transformation of the inhibitor can be seen in comparing Fig. 7, B and C.
The course of the disappearance of I is shown in Fig. 7D, with less
inhibitor being removed at higher concentrations of the substrate due to
competition. In this model, the calculated Ki was 0.13 mM without
inactivation of I (Fig. 7B) but rose to 0.70 mM in Fig. 7C when it was
transformed (compareKd of 0.10mM for I set in themodel). For this, kcat
was nearly identical in all situations (Fig. 7).
Another situation occurs with mixtures of P450 enzymes in

microsomes when an inhibitor of one P450 is being oxidized by

another P450; for instance, quinidine is an inhibitor of P450 2D6
but a substrate for P450 3A4 (Guengerich et al., 1986). Such
a model was set up, with a second enzyme (F) transforming I as
rapidly as E transforms S (Fig. 8). As in Fig. 7C, there is curvature
in the plots of [P] versus time, as I is removed from inhibiting E, but
the degree is more marked (Fig. 8A). A plot of the course of I during
the reaction shows only a limited effect of S on the course of I, as
expected and in contrast to Fig. 7D (Fig. 8B). A hyperbolic plot of
[P] (at t 5 180 seconds) versus [S] yielded kcat 5 0.0089 s21 (near
the uninhibited value) and KI 5 5.2 mM, 52-fold . Kd for I
(0.1 mM) (Fig. 8C).

Fig. 6. Inhibition of an enzyme with a slow step after product formation. The model of Fig. 5 (Fig. 1 with k3 5 0.02 s21) was used with [I] 5 1 mM, k4 5 1 mM21 s21, and
k24 5 0.1 second21 (Kd for I5 0.1 mM). The preincubation time with I was 120 seconds. (A) Plot of [P] versus Time. (B) Linear fits to curves in part A. (C) Rate versus [S]
(rates from part B). (D) Plots of total product formed after 180 seconds versus [S]: [P] only (d) and [P] 1 [EP] (m). The kcat was 0.0019 s21, Km,apparent was 21 mM, and Ki

was 0.95 mM (compared with Kd 5 0.1 mM in model). In part C, the r2 values (hyperbolic fit) were 0.9999 for [P] 1 [EP] and 0.9992 for [P] only.

Fig. 5. Effect of a rate-limiting step after product formation. The
basic model in Fig. 1 was used, except k3 was reduced to 0.02 s21

(10-fold). (A) Plots of product formation versus Time at varying
concentrations of substrate. (B) Plots of product formation versus
[S] for [P] only (d) and the sum of [P] 1 [EP] (m). The Km value
for P only was 4.0 mM, and the Km for (P 1 EP) was 2.1 mM
(compared with Kd 5 10 mM for S in model). In part C, the r2

values (hyperbolic fit) were 0.9835 for [P] 1 [EP] and 0.9820 for
[P] only.
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Discussion

Several relevant scenarios related to P450 enzymes were examined by
modeling. The results all follow from first principles, but some of the
findings may not be so obvious, particularly for individuals who are not
acquainted with enzyme kinetics. Modeling using modern software
allows ready prediction of some issues in kinetics.
One aspect not dealt with here but highly relevant is the use of

a relatively new approach to fitting actual v versus S plots—that is,
Michaelis-Menten kinetics. The original publication (Michaelis and
Menten, 1913, 2013;Michaelis et al., 2011) did not estimateKm directly,
as was done by Lineweaver and Burk (1934) and elsewhere. It can be
argued, and I definitely agree, that the two major parameters in steady-
state enzyme kinetics are kcat (Vmax) and kcat/Km (Northrop, 1998), the
latter of which Johnson terms ksp (specific constant) (Johnson, 2019).
Mathematically, the error is reduced in using a program to solve for

kcat and ksp (kcat/Km)—and then deriving Km from the quotient. The
process can easily be performed in GraphPad Prism software using the
equation

Y5 ðksppXÞ=ð11 ðksppX=kcatÞÞ

which we now do routinely in this laboratory. The error (e.g., S.D.) is
reduced in all cases compared with calculating kcat and Km and then

dividing. However, this approach was not used in this study because all
the data are synthetic (modeling).
The issue of the correct prediction of Ki may or may not be an issue in

predicting enzyme inhibition. Very weak and very strong inhibitions are
easy to spot regardless of the assays; however, in borderline cases,
providing the most accurate Ki (or at least EC50) may be critical to
correct prediction, even with only competitive inhibition.
The simulations presented in this study are relatively simple, with an

enzyme only binding to a single substrate (S) or inhibitor (I), and the rate
constants for binding and release of S, I, and product (P) varying.
However, P450 reactions can be much more complex. Heterotropic
cooperativity (i.e., activation) was recognized nearly 50 years ago
(Wiebel et al., 1971; Buening et al., 1978; Huang et al., 1981) and
homotropic cooperativity$25 years ago (Guengerich et al., 1994; Shou
et al., 1994; Ueng et al., 1997). Such allosteric phenomena are now
generally attributed to multiple occupancy (Dabrowski et al., 2002;
Schoch et al., 2004; Ekroos and Sjögren, 2006; Sohl et al., 2008; Muller
et al., 2015), which can have varying effects.
Multiple occupancy, which makes kinetic simulations—and data fitting

(Sohl et al., 2008)—much more complex, is beyond the scope of the
modeling presented here. Moreover, the more complex a mechanism,
the more ambiguous is the validity of a fit. Further, recent work has shown
the relevance of conformational selection—and possibly induced fit—in the

Fig. 7. Effect of consumption of inhibitor by an enzyme. The basic model of Fig. 1 was used, with Step 5 added in Part C.

Step Reaction k1 k2 Kd

1 E 1 S ⇄ ES 1 mM21 s21 10 s21 10 mM
2 ES → EP 0.1 s21

—

3 EP ⇄ E 1 P 2 s21 1 mM21 s21 2 mM
4 E 1 I ⇄ EI 1 mM21 s21 0.1 s21 0.1 mM
5 EI → E 1 X 0.1 0

(A) Plot of P versus Time at varying concentrations of X. (B) Same as in part A but with [I] 5 2 mM in Premix, k5 5 0. (C) Same as in Part B but with k5 5 0.1 s21 (same
as k2). No correction was made for a product of I binding to E. (D) Time course of [P] (red), [I] (green), and [EI] during reaction (in part C). (E) The v versus [S] plot for part
A. (F) The v versus [S] plot for part B. (G) The v versus [S] plot for part C. The following parameters were estimated:

Part kcat (s
21) Km,apparent (mM) Ki Kd(S) Kd(I)

A 0.0098 10.6 — 10 —

B 0.0090 187 0.13 — 0.10
C 0.0089 30 0.70 — 0.10

Enzyme Kinetic Models 1237
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substrate promiscuity of P450 enzymes (Guengerich et al., 2019a,b). Again,
modeling all the details of complex P450 reactions is beyond the scope of
this work, which is intended as a relatively simple primer on some issues
encountered in practical drug metabolism.
In summary, we have made the following conclusions. The order of

addition of substrate and inhibitors can change the apparent outcome
(inhibition constant Ki), and the effect of the order is more pronounced
with a stronger inhibitor. Substrate depletion alters parameters (Michae-
lis constant Km) and can generate apparently sigmoidal plots. A rate-
limiting step after product formation lowers the apparent Km and distorts
Ki. Consumption of an inhibitor during a reaction affects Ki and differs
depending on which enzyme is involved. This work may facilitate the
design and interpretation of better high-throughput assays in drug
development, and these approaches can be applied readily to issues with
assays of other enzymes.
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