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The affinities of a diverse set of 500 drug-like molecules to cytochrome P450 isoforms 2C9 and 2D6 were
measured using recombinant expressed enzyme. The dose-response curve of each compound was fitted
with a series of equations representing typical or various types of atypical kinetics. Atypical kinetics was
identified where the Akaike Information Criterion, plus other criteria, suggested the kinetics was more complex
than expected for a Michaelis-Menten model. Approximately 20% of the compounds were excluded due
to poor solubility, and approximately 15% were excluded due to fluorescence interference. Of the remaining
compounds, roughly half were observed to bind with an affinity of 200µM or lower for each of the two
isoforms. Atypical kinetics was observed in 18% of the compounds that bind to cytochrome 2C9, but less
than 2% for 2D6. The resulting collection of competitive inhibitors and inactive compounds were analyzed
for trends in binding affinity. For CYP2D6, a clear relationship between polar surface area and charge was
observed, with the most potent inhibitors having a formal positive charge and a low percent polar surface
area. For CYP2C9, no clear trend between activity and physicochemical properties could be seen for the
group as a whole; however, certain classes of compounds have altered frequencies of activity and atypical
kinetics.

Introduction

The cytochrome P450 enzymes (CYPs) are versatile enzymes
that can oxidize a wide variety of hydrophobic compounds. The
ability to metabolize a diverse set of substrates is required for
the eventual removal of foreign compounds. This versatility is
accomplished because the enzymes generate highly reactive
species of oxygen,1,2 have relatively nonspecific substrate bind-
ing interactions, and because there is a superfamily of CYPs
with overlapping substrate selectivities. Three CYPs 3A4, 2D6,
and 2C9 are responsible for the microsomal oxidation of a
majority of drugs in the human. Because relatively few enzymes
are responsible for the metabolism of many different drugs,
administration of one drug can result in the inhibition of the
metabolism of other co-administered drugs. As a result, inhibi-
tion of CYPs by a drug is an important cause of drug-drug
interactions (DDIa). To avoid dangerous interactions as well as
prevent the need for specially designed clinical trials to assess
DDI potential, it is advantageous to select clinical candidates
that are not high-affinity inhibitors of the major CYPs. For this
reason, in vitro screens have been extensively used to measure
the affinity of drug candidates to the CYPs. In routine screening
protocols, the accurate determination of CYP affinity is often
hampered by several factors, including compound or metabolite
fluorescence in a fluorescent substrate assay, limited compound
solubility, and atypical kinetics.3

Atypical or non-Michaelis-Menten kinetics is most likely a
result of multiple substrates or effectors simultaneously binding
to the CYP. The result is nonhyperbolic saturation kinetics for
a single substrate or mixed inhibition kinetics or activation for
two substrates.3 Interpretation of atypical kinetics can be
complicated. The impact of one molecule on the metabolism
of another can vary with different substrates. A molecule may
inhibit the metabolism of one substrate and activate the
metabolism of another. This suggests that inhibition of a single
probe substrate may not adequately predict the drug interaction
potential of that compound for all drugs.

Although atypical kinetics are most commonly observed for
CYP3A4,3-6 they have been reported for other enzymes
including CYP2C9,5,7-9 CYP2D6,10,11and CYP1A2.12 However,
the frequency of atypical kinetics for the different P450 isoforms
is generally unknown.

Here we report the generation and analysis of inhibition data
over a diverse set of 500 drug-like molecules against recom-
binant CYP 2C9 and 2D6 enzymes. A method to distinguish
typical from atypical kinetics is presented. By measuring a
diverse compound set, we have obtained statistics on the
frequency of limited solubility, fluorescence interference, and
atypical kinetics for 2C9 and 2D6. In addition to these statistics,
the dataset we have collected provides a diverse data set free
of compounds with uncertain affinity due to atypical kinetics,
which can be used for the construction of quantitative structure-
activity relationship (QSAR) models.

Methods

Compound Selection.A set of 500 compounds were selected
from the Merck sample repository based on two different criteria.
First, some well-known generic drugs for which a sample was
present in the Merck repository were retrieved, excluding com-
pounds with low purity as determined by mass spectrometry or for
which insufficient sample was available. Second, an additional
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diverse set of Merck proprietary compounds was added, making
sure that (1) the same availability and purity criteria applied, (2)
they were drug-like in the sense of Lipinski’s rule-of-five,13 and
(3) none of them had high structural similarity to any of the generic
drugs.

Enzymology. To characterize the inhibition (or activation)
kinetics of a cytochrome P450 reaction, both single and multiple
binding site equations must be used.14 Competitive inhibition occurs
when the binding of one compound to the active site prevents the
binding of other substrates, and saturating concentrations of a
competitive inhibitor eliminates substrate metabolism. For competi-
tive inhibition, one should use standard hyperbolic inhibition
equations that are consistent with 100% activity remaining at zero
inhibitor concentration and approach 0% activity remaining at very
high inhibitor concentration. Atypical kinetics occurs when one
compound does not completely displace the second substrate at
saturating concentrations. This can result in partial inhibition,
activation, or more complex behavior such as activation followed
by inhibition. For partial inhibition, increasing the concentration
of inhibitor decreases the rate of substrate metabolism until a plateau
is reached, corresponding to the rate of metabolism observed for
the enzyme-substrate-inhibitor (ESI) complex. For activation, an
increase in the rate of metabolism is observed until a plateau is
reached, corresponding to the increased rate of metabolism observed
for the ESI complex. When two substrates can simultaneously bind
to the enzyme, more complex behavior is also possible. The most
easily observed behavior is activation followed by inhibition. This
presumably occurs when binding of a test compound results in an
increase in substrate metabolism. However, at higher concentrations
of the test compound, the substrate can be displaced from the active
site by a second molecule of the test compound. The result is
activation at low concentrations of test compound followed by
inhibition at higher concentrations.

P450 Inhibition Assay. All reagents were purchased from
Sigma-Aldrich (St. Louis, MO), except AMMC, which was
purchased from BD Gentest (Franklin Lakes, NJ). The inhibition
versus concentration data for each compound was determined in
cDNA expressed CYP2C9 and CYP2D6 microsomes in a 96
microtiter plate format. The CYP marker substrate was 3-[2-(N,N-
diethylamino)ethyl]-7-methoxy-4-methylcoumarin (AMMC) for
CYP2D6 and 7-methoxy-4-(trifluoromethyl)coumarin (MFC) for
CYP2C9. Inhibition was measured by the addition of the test
compound dissolved in 50:50 acetonitrile/water to an assay solution
containing deionized water, 0.5 M KPO4, pH 7.4, glucose-6-
phosphate dehydrogenase (1000 units per mL), and a cofactor
solution consisting of B-NADP (20 mg/mL), MgCl2 (13.3 mg/mL),
and glucose-6-phosphate (20 mg/mL). The final inhibitor solvent
concentration in the assay was 1%. The plate was then preread on
a Tecan Safire fluorescent plate reader (Tecan, Ma¨nnedorf,
Switzerland) under the following conditions: for CYP2C9, ex. 430
nm, em. 535 nm, 12 nm bandwidth, gain) 75, 20µs integration
time, 20 flashes; for CYP2D6, ex. 390 nm, em. 465 nm, 12 nm
bandwidth, 20µs integration time, 20 flashes.

A solution prepared from cDNA expressed microsomes (final
enzyme concentrations of 25 pmol/mL for CYP2C9 and 20 pmol/
mL for CYP2D6) plus substrate (final concentration of 50µM MFC
for CYP2C9 and 1.5µM AMMC for CYP2D6, equal to theKm in
both cases) was then added to the serially diluted test compound.
After incubation (15 min for CYP2C9 and 45 min for CYP2D6) at
37 °C, the reaction was stopped by the addition of a 0.5 M Tris/
acetonitrile solution. The plate was then read on a Tecan Safire
fluorescent plate reader under the same conditions as described
above. The incubations did not contain cytochrome b5; Hummel
et al. have shown that the presence of cytochrome b5 can alter a
compound’s CYP2C9 inhibition profile.15

Fluorescence Interference.Several controls on the assay plate
were used to determine fluorescence interference from components
in the assay mixture. These included a control to assess the con-
tribution of fluorescence of enzyme and cofactors, a control to assess
the contribution of fluorescence from the substrate, a control to
assess any quenching effects on product response from any meta-

bolite formed, and controls to assess the contribution of fluorescence
from potential inhibitors and from the metabolites formed.

Solubility Determination. Stock compound was diluted in a
solution of 0.5 M KPO4, pH 7.4, and deionized water to mimic the
initial compound dilution in the fluorescent inhibition assay. These
compound dilutions and the stock compound solution in 50%
acetonitrile/water were injected through the BD Biosciences
Solubility Scanner (Franklin Lakes, NJ), which measures particle
sizes from 100 nm to 5 microns using 90° light scatter in a flow
cell using a 635 nm laser. Particle counts from the stock compounds
and the diluted compounds were compared to background values
of the solution of 0.5 M KPO4, pH 7.4. Compounds exhibiting
greater than 2000 particle counts were excluded from further
analysis.

Data Analysis. Titration curves were analyzed by fitting the
percent control versus compound concentration data to four separate
equations, corresponding to a simple mean and one-, two-, and
three-parameter hyperbolic fit functions. The nonlinear fits were
performed using Mathematica, version 5.2 (Wolfram Research, Inc.,
Champaign, IL, 2005). For each fit, the residual sum of squares
(RSS) and fit parameters were derived and used to interpret the
fits, as described below.

The first function, shown in eq 1, determines the mean of the
data points and is intended to fit titration curves of compounds
with no affinity for the enzyme. The second equation is a one-
parameter hyperbolic function, which fits competitive kinetics; the
parameterc2 indicates the binding affinity, which under ideal
Michaelis-Menten kinetics equals the IC50. Equation 3 is a two-
parameter hyperbolic fit; the parameterc3 is analogous to parameter
c2 in eq 2, while parameterb3 indicates the final inhibition. A value
of b3 between 0 and 1 would, therefore, indicate apparent partial
inhibition, while a negative value ofb3 indicates apparent activation.
Finally, a three-parameter equation (eq 4) was introduced to handle
more complex behavior, such as activation at a low concentration
followed by inhibition at a higher concentration.

Initial guesses for the parameters were as follows:c2 ) 10,
b3 ) -2, c3 ) 1, b4 ) -2, c4 ) 10, andd4 ) 10. To determine
which fit best described the data, we utilized the Akaike Information
Criterion (AIC) equation, corrected for small datasets (AICc,
eq 5).16

RSS is the residual sum of squares from the fit,k is the number
of parameters, andn is the number of datapoints. A lower value of
AICc is obtained for better fits (smaller RSS) and for simpler
models (smallerk); therefore, AICc is a formal method to evaluate
model quality and simplicity. Because of the presence of some
experimental uncertainty in the determination of percent control at
each concentration, occasionally a very good fit could be obtained
with one of the simple equations, but addition of more parameters
caused an even better fit to the experimental noise; therefore, further
criteria were introduced based on the fit parameters. Compounds
that exhibited fluorescence or poor solubility, as determined by the
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particle count, were excluded from further analysis. A flowchart
for assignment of the titration curves is presented in Figure 1.

Compounds were deemed inactive if eq 1 yielded the smallest
AICc, if the RSS for eq 1 was less than 100 or if eq 2 yielded the
smallest AICc, butc2 was>200 µM. Compounds for which eq 2
yielded the smallest AICc, or for which RSS2 was<100, and with
c2 <200 µM were deemed competitive inhibitors. For curves that
fit to eq 3, the interpretation depends on the value ofb3. For very
small values ofb3, between-0.15 and 0.15, the curve could not
reliably distinguish a flat line from a compound showing very slight
partial inhibition or activation due to the level of noise in the assay;
these were, therefore, considered inactive. Values ofb3 < -0.15
indicate possible activation. However, fluorescence is another
possible cause of apparent activation. In the case of fluorescence,
however, the apparent degree of activation should be linear with
compound concentration, yielding a straight line and very large
values forb3 andc3 that have no meaningful physical interpretation.

For example, in our dataset, we found several compounds with a
value ofb3 less than-1011, andc3 greater than 1014 µM. Of the
remaining cases of apparent activation, several compounds with
observable fluorescence gaveb3 in the range of-10 to-20, while
the largest negative value forb3 in our set for a compound with no
observed fluorescence was-6.3. Based on this distribution and
on the degree of activation typically described for CYP activators
described in the literature, which ranges up to around 6-fold,4,5,17-20

we set a minimum cutoff forb3 at-10. Figure 2 displays activation
curves for a compound with true activation and a compound thought
to be fluorescent or generating a fluorescent metabolite.

Among compounds where eq 4, the three-parameter fit that
allows for more complex kinetics, gave the smallest AICc, many
had very small values ofb4 and c4, which allowed the curve to
better fit the data at low concentration due to small shifts in the
baseline. Therefore, ifb4 was between-0.15 and 0.15, the data
was considered to be a case of normal kinetics. Whenb4 was less
than-0.15, the percent control activity was observed to increase
as seen in activation and then decrease again at higher concentration.
These curves were therefore labeled “activation/inhibition”. Finally,
whenb4 > 0.15, the curve showed close to normal kinetics but did
not quite fit a hyperbolic curve. In these cases, when the affinity
parameterc4 was within 2-fold of the hyperbolic affinity constant
c2, the deviation from typical kinetics was considered not to be
significant and the typical kinetics binding affinityc2 was used.
Whenc2 andc4 differed by more than 2-fold, the observed kinetics
were judged “unusual”.

Compounds were tested at concentrations up to 100µM.
Although this limits the ability to assign accurate affinity values to
around 50µM or below, for QSAR modeling purposes we wished
to have as broad a dynamic range in our data as possible, even at
the expense of some slight uncertainty in the exact affinity for weak
inhibitors. For our purposes, we used a cutoff for estimating affinity

Figure 1. Flowchart describing data analysis based on AICc and fit
parameters.

Figure 2. Dose-response curves for a compound displaying activation
(top, b3 ) -1.932,c3 ) 5.44 µM) and one displaying fluorescence
(bottom, b3 ) -19.130, c3 ) 489.6 µM). Concentration of test
compound is on thex-axis and percent control fluorescence is on the
y-axis. Individual data points appear as filled circles. Fits to eqs 1-4
appear in black, red, green, and blue, respectively.
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of 200 µM; compounds with calculated affinity greater than this
value were considered inactive.

Calculated Properties.Percent polar surface area was calculated
from 3D structures using the method of Clark.21 Calculated logD
values were obtained using ACDLabs logD prediction software,
version 8.07 (Advanced Chemistry Development, Inc., Toronto,
Ontario, 2004).

Results

Statistics on the number of compounds exhibiting inhibition,
partial inhibition, activation, unusual kinetics, or no effect are
tabulated in Table 1 for each of the two isoforms. The two
isoforms have similar proportions of active and inactive
compounds. However, the range of inhibitor potencies observed
for the two isoforms differs somewhat. Figure 3 shows the range
of inhibition curves for 2D6 and 2C9. For 2C9, a range in

affinities of roughly 2 orders of magnitude could be determined,
while for 2D6, the range is around 2.5 orders of magnitude.

Examination of the final value ofb3 over the full set of
compounds revealed that a large number of compounds hadb3

in the range of 0.8 to 0.9 for 2D6 but not for 2C9. In Figure 4,
the distribution ofb3 for each isoform is plotted as histograms
depicting the value of parameterb3 on thex-axis versus the
number of compounds on they-axis. Plotting each of the
isoforms separately reveals a relatively uniform distribution of
b3 for 2C9, whereas the 2D6 distribution shows few compounds
from 0.1 to 0.8, with a large number of compounds from 0.8 to
1.0, indicating that few compounds decreased the percent control
fluorescence completely. We presume that a true partial inhibitor
caused by two molecules in the active site would have a
relatively random distribution of degree of partial inhibition
(indicated byb3) and that the nonuniform distribution of 2D6
indicates that the large number of compounds withb3 in the
range of 0.8-0.9 do not show partial inhibition but rather normal
competitive inhibition. The reason for the small degree of
residual fluorescence is unknown.

Table 2 summarizes the findings for the compounds display-
ing atypical kinetics in our dataset, with the exception of a small
number of Merck proprietary structures.

To study the influence of molecular charge and hydrophobic-
ity on compounds’ affinities for CYP2C9 and CYP2D6, net
molecular charge and percent polar surface area were calculated.
Figure 5 shows the average inhibition constant on a logarithmic
scale as a function of percent polar surface area and molecular
charge, while Figure 6 displays the inhibition of the individual
compounds. For this purpose, compounds that were determined
to have an inhibition constant greater than 200µM were
assigned a value of 200µM, and compounds displaying atypical
kinetics were excluded.

Figure 3. Overlaid inhibition curves for 2C9 (top) and 2D6 (bottom).

Table 1. Frequency of Typical and Atypical Kinetics, Fluorescence, and
Solubility Issues for 2C9 and 2D6a

classification

number (%) of
compounds for

2C9

number (%) of
compounds for

2D6

inactive (IC50 > 200µM) 160 (52.8) 159 (51.3)
active 143 (47.2) 151 (48.7)

MM kinetics 117 (38.6) 149 (48.1)
non-MM kinetics 26 (8.6) 2 (0.6)

partial inhibition 7 (2.3) 1 (0.3)
activation 8 (2.6) 0 (0.0)
activation/inhibition 9 (3.0) 1 (0.3)
unusual 2 (0.7) 0 (0.0)

determined 303 (67.3) 310 (67.7)
fluorescence interference 78 (17.3) 69 (15.1)
poor solubility 104 (23.1) 110 (24.0)
solubility not determined 1 (0.2) 3 (0.7)

a The number of compounds is listed along with percentages in
parentheses.
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The distributions of active to inactive compounds and of
atypical to competitive inhibitors for 2C9 were also determined
as a function of compound class and molecular properties (Table
3). First, although approximately half of the compounds were
active, <10% of the compounds with calculated logP values
<0.5 were active. Next, for compounds with a carboxylic acid
group, a clear separation can be found between logP and polar
surface area. Eighteen out of 19 compounds that have logP<
1.0 or PSA> 80 Å2 are inactive, while 17 out of 20 compounds
with logP > 1.0 and PSA< 80 Å2 are active. Of those active
carboxylic acids, 8 out of 17 display atypical kinetics. This
percentage (47%) is much higher than the 18% that is observed
for all active compounds. Like carboxylic acids, the activity of
sulfonamides depended on compound hydrophobicity; however,
only 2 of the 25 active sulfonamides showed atypical kinetics.
For the compounds with a basic nitrogen and a logP< 1.0, 25
of 26 are inactive. Finally, 10 out of 10 quaternary amines are
inactive for CYP2C9.

Discussion

Inhibition of cytochrome P450 enzymes by drugs is a major
cause of DDI and is, therefore, closely monitored during the
drug discovery process. Although thousands of compounds are
measured for their ability to inhibit the major drug-metabolizing
isoforms 3A4, 2D6, 2C9, and 1A2, the actual affinity of the
drug molecule to the enzyme may often be poorly determined
due to insolubility, fluorescence, or atypical kinetics.

Solubility. Solubility has become more of an issue in
analytical assays because the hydrophobicity of drug candidates
is increasing.22 Precipitation of a compound during an analytical
procedure can result in false values. For P450 inhibition
experiments, the expected substrate concentrations cannot be

increased beyond their solubility limit. The resulting inhibition
curves have the appearance of partial inhibition when the
solubility limit is reached before the enzyme is saturated. When
standard amounts of liver microsomes are used for inhibition
experiments, for example, 250µg microsomal protein, the excess
lipid can increase the apparent solubility of the test compound.
In reality, the solubility of the test compound is the same and
the concentration of the free test compound is decreased. The
decreased free concentrations in the incubation result in an
apparent increase in the IC50.23-26

For the experiments reported here, expressed enzymes were
used. The higher specific content results in a very small amount
of lipids in the incubation, thereby minimizing the partitioning
of substrate in the incubation and minimizing the uncertainty
in substrate concentration. For the compounds tested, ap-
proximately 20% of the compounds were found to have poor
solubility. For the purposes of our analysis, we cannot distin-
guish a compound reaching its solubility limit from the
compound having partial inhibition, so these compounds were
excluded from further analysis. In a drug discovery environment,
however, the apparent partial inhibition by poorly soluble
compounds can be evaluated to help determine the potential
for clinical interactions.

Fluorescence Interference.When a fluorescent assay is used
to measure P450 inhibition, a substrate is used that produces a
fluorescent metabolite. The advantage of this assay is speed
and accuracy; the disadvantage is that fluorescence from the
test compound or its metabolite can interfere with detection of
probe metabolite fluorescence. Therefore, it is necessary to run
controls with test compound only, both in the presence and
absence of NADPH. For this test set, approximately 15% of
the compounds failed due to fluorescence interference and were
removed.

Aggregation.Figure 3 reveals that, although the vast majority
of compounds examined for 2D6 inhibition gave curves with a
slope expected for competitive kinetics, with a change from 10%
to 90% inhibition over an 81-fold change in concentration, there
are several compounds with markedly steeper dose-response
curves. Shoichet has recently analyzed steep dose-response
curves in inhibition assays and concluded that a common cause
of such behavior is compound aggregation.27 Shoichet and co-
workers have examined a number of drugs and drug-like
molecules for their propensity to aggregate;28,29 we therefore
looked to see whether any of the compounds in our dataset were
among the Shoichet aggregation data or were structurally similar.
We found five molecules that overlapped these two sets, namely,
clotrimazole, econazole, miconazole, nicardipine, and sulcona-
zole. All five of these compounds were found to have poor
solubility in our turbidimetric assay and had, therefore, been
removed. The compounds with steep dose-response curves in
Figure 3 were not assayed in the Shoichet sets. In most cases,
no similar compounds were found in Shoichet set either. One
of the steep curves was that of phenolphthalein, which was
assigned by our algorithm as exhibiting atypical kinetics for
2D6. Tetraiodophenolphthalein has been reported by Shoichet
et al. to form aggregates, and it is possible that phenolphthalein
itself has similar behavior. However, the phenolphthalein
inhibition curve for 2C9 did not display a steep slope and could
be fit well with a hyperbolic equation. It is conceivable that
compounds may show aggregation with particles too small to
be detected by the turbidimetric assay performed by us, but the
observation that all the known aggregators were identified by
turbidimetry suggests that this is unlikely to explain most of
the steep curves we observed. It should also be noted that

Figure 4. Histograms of the distribution ofb3 for 2C9 (top) compared
with 2D6 (bottom).
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the 3-fold dilution series we performed may not provide
sufficient data to reliably identify steep dose-response curves,
as the change of a single data point due to experimental error
could result in an apparently steep slope.

Frequency of Non-Michaelis-Menten Kinetics for 2C9
and 2D6.Removal of compounds whose analyses are compli-
cated by solubility or fluorescence allows the frequency of
non-Michaelis-Menten kinetics to be more reliably determined.
In order to objectively evaluate the dataset, the rule-based
method described under Methods and outlined in Figure 1 was
created. As seen in Table 1, the occurrence of non-Michaelis-
Menten kinetics is much higher for 2C9 than for 2D6.
Only two cases of non-Michaelis-Menten kinetics were ob-
served for isoform 2D6. In contrast, the rate of atypical
kinetics for 2C9 was approximately 9% of all compounds and
18% of all actives, with a roughly equal number of cases of
partial inhibition, activation, and activation followed by inhibi-

tion at higher concentration. These data are similar to results
observed previously when CYP2C9 and CYP2D6 reactions were
characterized using 26-pointKi determinations and mass
spectrometric analyses (Camitro Corporation, unpublished
results).

It should be noted that we may have missed a few CYP2C9
compounds that bind to the active site but show no apparent
activation or inhibition. Compounds that showed less than
10% activation or partial inhibition could still be binding
to the active site yet be classified as inactive. The same could
be said for CYP2D6, but the almost complete absence of
non-Michaelis-Menten kinetics for this enzyme makes it
unlikely.

Interpretation of Non-Michaelis-Menten Kinetics. When
non-Michaelis-Menten kinetics is observed in an inhibition
assay, caution must be taken in interpreting the results. For P450
reactions, partial inhibition or activation suggests that both

Table 2. Structures and Kinetic Parameters for Compounds Displaying Atypical Kinetics
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substrate and test compound are present in the active site. The
resulting inhibition or activation curve is a result of affinities
and velocities of the enzyme-substrate, enzyme-effector, and
enzyme-substrate-effector complexes. As described previ-
ously,5,30,31the binding constants for these reactions are substrate
dependent, that is, change when a different probe substrate is
used.

Non-Michaelis-Menten kinetics can have an effect on the
prediction of DDI. For a drug primarily eliminated by the P450

pathway being studied, the increase in exposure due to a
competitive inhibitor is given by eq 6

where AUCi/AUC is the increase in exposure due to inhibition,
[I] is the inhibitor concentration at the active site, andKi is the
competitive inhibition constant. For competitive inhibition, the

Figure 5. Histogram showing the relationship between molecular charge and percent polar area on inhibition of CYPs 2D6 (left) and 2C9 (right).
The average inhibition constant is indicated by bar height and is expressed as-log(IC50).

AUCi

AUC
) 1 +

[I]
Ki

(6)
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inhibition constant is not substrate dependent. When non-
Michaelis-Menten kinetics are observed, theKi value from one
reaction may not be the same as theKi value for another.
Therefore, it may be necessary to determine the inhibition
potential for possible co-administered drugs. Due to the high
frequency of non-Michaelis-Menten kinetics for CYP3A4,
inhibition constants are usually measured with at least two
different substrates.24

Structural Characteristics of Competitive and Non-
Michaelis-Menten Binders. These results and the results of
others suggest that the frequency of non-Michaelis-Menten

kinetics is minimal for CYP2D6,∼20% for CYP2C9, and most
common for CYP3A4. The simplest explanation for these
differences would be differences in active site size. Although
CYP3A4 can certainly metabolize very large substrates such
as erythromycin and cyclosporine, there is no clear size
difference between CYP2C9 and CYP2D6 substrates. The active
site of CYP2D6 is smaller than those of CYP3A4 and CYP2C9
in the apo crystal structures.32 However, the size of an active
site may be substrate dependent. A recent paper reported that
the active site volumes for CYP3A4 were 950, 1650, and 2000
Å3, for ligand-free, ketoconazole-bound, and erythromycin-
bound crystal structures, respectively.33 The active site volumes
of CYP2C9 in ligand-free, flurbiprofen-bound, and warfarin-
bound crystal structures are similar; however, the shape of the
active site cavities differs in these structures due to changes in
the loops between helices B and C and between helices F and
G.34,35Overall, the crystallographic evidence suggests that both
the volume and the flexibility of the active site may play a role
in the frequency of non-Michaelis-Menten kinetics.

Cytochrome P450 2D6 has previously been found to display
a preference for cations, due to the presence of acidic residues
Asp216 and Glu301 in the active site, and for hydrophobic
compounds.32,36 These preferences were confirmed in our
dataset. As shown in Figure 5, almost all cationic compounds
with polar area below 20% were active, while compounds with
polar area>40% were nearly all inactive.

For CYP2C9, substrate preference is more complicated. There
was much less effect of molecule net charge on activity, with
only a slightly higher average activity for neutral compounds
relative to anions, while cations were for the most part inactive
(Figure 5). The tendency for heteroactivation of this enzyme
has been documented in several reports.5,7-9 In a recent paper,
Egnell et al. screened 1504 compounds and found 37 compounds
to be heteroactivators of CYP2C9.7 Although the percentage is
lower than the combined activators and activator/inhibitors in
this study, characterization as an activator in the Egnell report
required at least 50% activation. Of the activators reported by
Egnell, six were present in our dataset. Five of those six,
amiodarone, flurbiprofen, hydroflumethiazide, meclofenamate,
and tolmetin, displayed activation in our hands. Three are
classified as activators or activator/inhibitors in Table 2;
amiodarone and flurbiprofen were excluded from classification
due to high particle count in the solubility assay. One compound
found to be an activator by Egnell et al., diflunisal, showed
competitive inhibition kinetics in our assay. The reason for this
discrepancy is unknown.

Analysis of the CYP2C9 data from this study revealed several
relationships between compound activity and structural class
and properties (Table 3). Nearly all the hydrophobic molecules
containing a carboxylic acid were found to be active, and a
significantly higher proportion of these active molecules showed
atypical kinetics than for the full set of active compounds. The
2C9 active site contains a basic residue, Arg108, on the opposite
side of the active site from the heme, which binds to the
carboxylate of flurbiprofen and has been implicated in the
binding of other acid-containing compounds such as benzbro-
marone.35,37If the compound is small enough, there could remain
space in the active site for binding of the substrate as well,
resulting in partial inhibition or activation.

Conclusion

In summary, we have measured the inhibition of CYP2C9
and CYP2D6 by a diverse set of drug-like molecules and present
here a method for the analysis of the inhibition data. This data

Figure 6. Plot of percent polar surface area versus 2C9 (top) and 2D6
(bottom) inhibition for cations (blue), anions (red), and neutral
compounds (green).

Table 3. Categorization of CYP2C9 Compounds by Subclassa

cmpd category category
active/

inactiveb,c
atypical/

competitivec

all CYP2C9 all 143:159 26:117
all CYP2C9 log P< 0.5 4:47*** 2:2
all CYP2C9 log Pg 0.5 139:112* 24:115
carboxylic acids all 18:21 9:9***
carboxylic acids log P< 1.0 or

PSA> 80
1:18*** 1:0*

carboxylic acids log P> 1.0 and
PSA< 80

17:3*** 8:9**

sulfonamides log P< 0 0:5* 0:0
sulfonamides log P> 0 25:6*** 2:23
basic nitrogen log P< 1.0 1:25*** 1:0*
basic nitrogen log P> 1.0 52:58 6:46
quaternary amines 0:10** 0:0

a *p < 0.05; **p < 0.01; ***p < 0.001.b Active compounds include
competitive inhibitors and compounds with atypical kinetics.c Significance
reported for rows 2-11 is thep-value for the difference from all CYP2C9
results reported in row 1 determined using the chi-squared test.
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set gives insight into the frequency of inhibition and non-
Michaelis-Menten kinetics that can be expected in drug
discovery programs, and into the molecular features associated
with inhibition and atypical kinetics and also represents a diverse
and consistently generated data set for QSAR modeling efforts.
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