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Type II cytochrome P450 (CYP) ligands cause inhibition by direct coordination to the heme iron atom.
This interaction usually leads to high inhibitory potential, which can cause drug-drug interaction. The
approach to design compounds with diminished CYP inhibition is different depending on whether
the compound binds (type II ligand) or not (type I ligand) to the iron atom of the heme group. In this study,
the structural characteristics of nitrogen-containing compounds, which bind to the iron atom in two CYP
isoforms (CYP2C9 and CYP3A4), were investigated. The in Vitro assays applied were fluorescence inhibition
assay, difference spectra measurements, and Ks determination. Computational modeling as an alternative
method to difference spectra measurements to distinguish between type I and type II ligands was also explored.
Since two CYP isoforms were used, information about the isoform specificity of type II ligands was also
analyzed. The in silico method developed in this study applied together with the information gained from
the experimental measurements may result in better decisions during the drug discovery process.

Introduction

The cytochrome P450 (CYP) enzymesa play an essential role
in the metabolism of xenobiotics by catalyzing the monooxy-
genation of a broad diversity of substrates. CYPs are most
abundant in the liver, where a few isoforms, CYP1A2, CYP2C9,
CYP2D6, and CYP3A4, account for 80% of the total hepatic
metabolism.1 Inhibition of CYPs can lead to a high risk of
drug-drug interactions with potentially serious clinical implica-
tions.2 Therefore, it is of high importance to discover these
inhibitors and to reduce their inhibition potential early in the
development of new chemical entities. Some nitrogen-containing
heteroaromatic xenobiotics such as pyridine, imidazole, and
triazole derivatives3 are known to inhibit CYP enzymes by direct
coordination the heme iron (type II ligands).4 The approach to
the design of new compounds with a decreased CYP inhibition
profile is different depending on the type of inhibition. In the
case of a type I ligand, which does not coordinate to the iron
atom in the heme group, the design involves disruption of the
interactions with amino acids in the active site. For compounds
that bind to the heme iron atom, i.e., type II ligands, the strategy
is instead to break the nitrogen-iron bond. Therefore, it would
be desirable to be able to determine if the CYP inhibition is
due to direct coordination to the heme iron atom or not.
Modeling of the direct coordination to the heme has been
published by Verras et al.; the goal was to find strong azole-
based CYP inhibitors.5

Experimentally, it is possible to distinguish between type I
and type II ligands by UV spectral analysis. The binding of a
type II ligand to the pentacoordinated heme iron atom of the

CYP enzyme causes a spin shift of the iron from the high to
the low spin state. This shift is characterized by a difference
spectrum with a Soret maximum at 425–435 nm and a trough
at 390–405 nm. The binding of a type I ligand is characterized
by a difference spectrum with a Soret maximum at 385–390
nm and a trough at 420 nm.6 The ability of difference spectra
to accentuate changes in the high-spin state makes them more
apt to reveal multiple substrate binding modes and/or binding
modes that are more peripheral to the heme group.7 Therefore,
difference spectra and not absolute spectra were used in the
experimental study for the determination of the binding mode
of the compounds.

In this study, the structural characteristics of type II ligands
were investigated by measuring CYP inhibition, difference
spectra, and the spectral dissociation constant (Ks) for a subset
of selected nitrogen-containing compounds. The possibility of
distinguishing between type I and type II ligands by modeling
direct coordination to the heme was also investigated. Two CYP
isoforms were used, CYP2C9 and CYP3A4, which provided
information about the isoform specificity of type II ligands.

Results and Discussion

Compound Selection. The selection of the set of compounds
to use in the in Vitro assays that allows the analysis of type II
ligands was based on the hypothesis that the binding of ligands
is affected by the size of the active site and the steric
hindrance,8–10 basicity,11,12 and lipophilicity13,14 of the ligand.
In order to study the different factors that may influence the
binding of compounds, two different types of interactions were
considered, i.e., the part of the ligand that might interact with
the heme and the part of the ligand that might interact with
amino acids in the active site. Therefore, the goal was to select
two different compound classes with (a) identical heme-
interacting groups but different active site interacting groups
and (b) identical active site interacting groups but different
heme-interacting groups (Figure 1). It was not possible to find
commercially available compounds with identical interacting
groups; instead, the selection of compounds was based on a

* To whom correspondence should be addressed at AstraZeneca R&D
Mölndal. Tel: +46 31 776 1274. Fax: +46 31 776 3787. E-mail:
marie.m.ahlstrom@astrazeneca.com.

† AstraZeneca R&D Mölndal.
‡ Göteborg University.
§ Lead Molecular Design, S.L.
4 Universitat Pompeu Fabra.
a Abbreviations: ACD, Available Chemicals Directory; CYP, cytochrome

P450 enzyme; SHOP, Scaffold HOPping; MFC, 7-methoxy-4-trifluoro-
methylcoumarin; BFC, 7-benzyloxy-4-(trifluoromethyl)coumarin.

J. Med. Chem. 2008, 51, 1755–1763 1755

10.1021/jm701121y CCC: $40.75  2008 American Chemical Society
Published on Web 03/01/2008



similarity search where the interaction pattern of different groups
was compared. The starting point was to build a database
containing compounds with typical type II ligand groups
containing nitrogen atoms with different coordination properties.
This was achieved by performing a compound substructure
search (Table 1) in the MDL Available Chemicals Directory
(MDL ACD) using a size filter of 300–500 Da. The hits from
the substructure search in the MDL ACD database were added
to the program SHOP,15,16 where a searchable database was
generated. The default parameters were used to generate the
SHOP database. Two searches, using the default parameters,
were performed: (search 1) to find compounds with similar
heme-interacting groups but different active site interaction
patterns and (search 2) to find compounds with similar active
site interaction patterns but different heme-interacting groups
(Figure 1). The well-characterized type II ligand 1-(2,4-dichloro-
�-[(2,4-dichlorobenzyl)oxy]phenethyl)imidazole (miconazole)
was used as a query.17

The compounds selected from search 2 can be divided into
two classes based on the heme-interacting group: one class based
on pyridine (1, 2, 8-14) and one on triazole (16-18) derivatives
(for structures see Table 2). Compound 14, which has two
methyl groups flanking the pyridine nitrogen atom, was selected
to investigate the influence of steric hindrance on the interaction
with the heme. To investigate if the nitrogen atoms in the central
pyrimidine ring 8 could participate in type II binding, a structural
analogue without the pyridine was selected (7). From search 1,
where compounds with similar heme-interacting groups were
identified, different nitrogen-containing compounds were se-
lected. The compounds contained moieties such as tetrazole (3),
isoxazole (4), imidazole (19), both a triazole and a pyrazole
(20), and imidazole (15 and 21). In the case of pyridines, a series
of 2- (9), 3- (10), and 4-substituted (11) pyridines were selected.
In addition to the compounds that have the coordinating
nitrogen-containing group positioned in one end of the molecule,
two compounds with the nitrogen-containing heterocycle in the
center of the molecule were selected. These compounds
contained an isoxazole (5), pyrimidine (7), and a triazole moiety
(6), respectively.

Difference Spectra and Inhibition Measurements. The
inhibition of recombinant human CYP2C9 and CYP3A4 was
measured as the ability to perform a demethylation of 7-meth-
oxy-4-trifluoromethylcoumarin (MFC) or a debenzylation of
7-benzyloxy-4-trifluoromethylcoumarin (BFC), respectively. The
type of inhibition was examined in detail by determining the
spectral binding properties of compounds 1-21. The membrane-
bound enzymes usually used in fluorescence inhibition assays
could not be used in the difference spectra measurements
because of too high turbidity; instead, soluble purified CYP2C9
and CYP3A4 were used. The results provided a comprehensive
picture of the inhibition of CYP2C9 and CYP3A4 in the

presence of nitrogen-containing heteroaromatic compounds
(Table 2). Compounds containing 4-substituted pyridines (1, 2,
8, 11, 12, and 13) were classified as type II ligands in both
CYP isoforms except compound 2, which only showed a type
II spectrum in CYP3A4. This result was somewhat surprising
since 2 is an analogue to 1, which was classified as a type II
ligand in both enzymes. Compound 14, which contained a 2,6-
disubstituted 4-pyridine moiety, showed a characteristic type I
spectrum in both CYP isoforms. This means that the water
molecule ligated to the heme iron had been displaced, but no
direct coordination to the heme iron was achieved. This
demonstrated that the compound was bound in the active site
but that the pyridine nitrogen atom was sterically hindered and
not able to interact with the heme. Compounds with sterically
accessible triazoles could be classified as type II ligands.
However, if the triazole was located in the center of the molecule
(6) a characteristic type I spectrum was achieved using CYP2C9,
but no clear difference spectrum was achieved using CYP3A4.

Isoxazoles 4 and 5 did not show type II spectra in any of the
two CYP isoforms; hence, this structural moiety does not interact
directly with the heme iron. The IC50 values showed that the
compounds interacted with the active site and caused moderate
inhibition of both enzymes. This active-site interaction was also
detected with difference spectra for 4, which showed a typical
type I pattern. Compound 5, on the other hand, did not show
any shift. This observation demonstrated that the accessible
isoxazole group in 4 probably displaced the ligated water
molecule. Compound 5 could not remove the ligated water
molecule; the isoxazole moiety is not as accessible in 5 as in 4.
Therefore, the inhibition of CYP2C9 (IC50 ) 39 µM) and
CYP3A4 (IC50 ) 33 µM) should be due to interactions with
the active site further away from the ligated water molecule.

The imidazoles (15, 19, 20, and 21) showed inhibition of
both CYP isoforms; the IC50 value was 10-fold lower for
CYP3A4 compared to CYP2C9. Type II spectra were recorded
for these compounds, which indicated that the strong inhibition
was due to direct coordination of the imidazole ring to the heme
iron. Introducing two additional nitrogen atoms in the hetero-
cyclic ring (tetrazole) reduces the coordination potential via the
nitrogen electron pair due to the electron-withdrawing effect of
the additional nitrogen atoms.18 Tetrazoles have been reported
to be substrates19 and weak inhibitors20 of CYP2C9, but the
type of interaction has not been established. The tetrazole (3)
did not show strong inhibition of CYP2C9 or CYP3A4; UV
absorbance of the ligand unfortunately prevented further char-
acterization of the binding spectra.

The series of compounds with 2- (9), 3- (10), or 4-substituted
(11) pyridine moieties demonstrates how the inhibitory potential
increased when the nitrogen atom was moved from the 2- to
the 4-position (Table 2). This trend was observed in both
CYP3A4 and CYP2C9. Additional measurements of the binding
of these compounds in CYP3A4 showed that they interacted
with the active site in different modes. No difference spectra
could be detected for 9; hence, the minor inhibition caused by
9 was not due to direct coordination to the heme iron.
Compounds 10 and 11 were type II ligands, but the 4-substituted
pyridine derivative (11) had a lower spectral binding constant
for CYP3A4 (data not shown) compared to the 3-substituted
derivative (10).

One explanation to why nitrogen-containing compounds
showed larger inhibition potential in CYP3A4 compared to
CYP2C9 could be the larger active site of CYP3A4 (Figure
2a), compared to CYP2C9 (Figure 2b). In the CYP3A4 cavity,
the heme iron atom is more accessible for direct interaction with

Figure 1. Miconazole was used as a query in the searchable database,
created in the program SHOP. One search (search 1) was performed
to find compounds with similar heme-interacting groups containing
different active site interacting groups (X) and another search (search
2) to find compounds with similar active site interacting groups but
with different heme-interacting groups (Y).
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the nitrogen-containing heterocycles. Compound 12 was the only
compound that had a stronger inhibition potential (20-fold) for
CYP2C9 than for CYP3A4. The structural analogue 13 showed
equal inhibition of CYP2C9 and CYP3A4; the IC50 values were
0.50 and 0.23 µM, respectively. The compound was character-
ized as a type II ligand in both enzymes, but the spectral binding
constant was almost 10-fold lower for CYP3A4 (Ks ) 0.38 (
0.086 µM) compared to CYP2C9 (Ks ) 3.6 ( 2.0 µM). The
titrated difference spectra are shown in Figure 3.

Compound 8 showed a strong inhibition (IC50 ) 1.3 µM) of
CYP3A4, and spectral studies showed that the inhibition was
due to direct coordination to the heme iron. The structural
analogue 7, which lacks the pyridine moiety, did not inhibit
CYP3A4 and did not show a type II spectrum. These data
illustrate that the nitrogen atoms in the central pyrimidine ring
could not interact directly with the heme iron due to the
surrounding bulky groups. Compound 17 had a 30-fold lower
IC50 value in CYP3A4 than its structural analogue 18. The
difference spectrum showed that the main contribution to the
inhibition was due to direct coordination to the heme iron.
Further studies of these interactions, including Ks measurements,
showed that 17 (Ks ) 0.21 ( 0.076 µM) had a 16-fold lower
spectral binding constant for CYP3A4 (Figure 4a) than com-
pound 18 (Ks ) 3.5 ( 1.9 µM) (Figure 4b). The heme-
interacting groups are the same in these two compounds; hence,
the lower spectral binding constant in 17 seems to be due to

more favorable interactions in the binding pocket compared to
that of 18. Compounds with a high IC50 value (>50 µM) could
be type II ligands (8 and 20), but within this subset of
compounds most of the type II ligands had an IC50 value below
20 µM. Compounds 1 and 2 illustrated, in the same way as 17
and 18, the likely influence of the amino acid interactions for
type II ligands. The two compounds showed typical type II
difference spectra with CYP3A4, but 1 had a 30-fold lower IC50

value than 2.
Computational Modeling. Compounds that inhibit one or

several CYP isoforms may cause drug-drug interactions. The
modifications to alter the inhibition are different depending on
the type of binding. For this reason, it would be helpful to be
able to predict if a compound is a type I or a type II ligand.
Difference spectra from a type II ligand are correlated with the
presence of a nitrogen atom with an electron pair sterically
accessible.23 Therefore, one way to discriminate between type
I and type II ligands would be to investigate if the compounds
contain any sterically accessible nitrogen atom that can coor-
dinate to the heme iron atom. Another important characteristic
to take into account during the modeling is the direction of
interaction, i.e., the direction of the orbital containing the lone
pair of the nitrogen atom.

To be able to study this a grid probe, mimicking the heme,
was generated. This probe does not contain the heme
carboxylic acid chains because they do not contribute to the

Table 1. Substructures Used in the MDL ACD Search and the Number of Hits Identified
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Table 2. Binding Type, IC50 Values, and Calculated ClogP of 1-21 in CYP2C9 and CYP3A4
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interaction between the iron and the nitrogen atom of the
ligand. The compound structures were submitted as smiles
strings and converted to mol2 files using Mizer.24 The
approach to generate conformations was to dock the com-
pounds in the active site of CYP3A4 (PDB: 2J0C) using the
GRID25,26-based program GLUE.24 The docking conforma-
tions within 5 Å from the heme were used for the study, and
approximately four conformers of each compound were
within this distance. The isoform CYP3A4 was used because
of its large less restrictive active site. This approach to
generate conformers will add information from the active
site into the conformers. Finding potential interacting nitrogen
atoms was achived by MoKa,24 which was used for the pKa

calculations. To guarantee that at least 50% of the compounds
would be uncharged at pH 7.4, only the nitrogen atoms with
a pKa lower than 6.5 were taken into account for further
computation. The orientation of the orbital containing the
lone pair was taken into account by the addition of a reference
point 1.5 Å from the basic nitrogen. When calculating the
direction of this reference point, the three atoms bound to
the nitrogen atom were used for sp3-hybridized nitrogen
atoms (Figure 5a), while for sp2-hybridized nitrogen atoms

the two atoms bound to the nitrogen atom plus the atom in
the 4-position to the nitrogen atom were used (Figure 5b).

A grid box is defined arround the molecule, and the grid
points used in the calculation were within a radius of 5 Å from
the reference point. To decrease the amount of time needed for
the calculation, all grid points within a radius of 2 Å from the
nitrogen atom were deleted (Figure 6a). This could be done
without affecting the quality of the modeling because no
interactions can take place that close to the nitrogen. The
orientation of the probe was optimized at each grid point to
minimize the angle between the line formed between the
nitrogen atom and the lone pair and the line between the iron
atom and the nitrogen atom (Figure 6b). When the heme was
positioned according to these geometrical parameters, the
interaction energy between the basic nitrogen atom in the ligand
and the atoms in the heme probe were calculated. The total
interaction energy (Etot) is the sum of interactions (Ei) multiplied
by a penalty function (eq 1).

Etot ) ∑
atom

Eie
-

(a - 0)2

20 (1)

Table 2. Continued

a No shift. b Ligand absorbance prevented characterization. c Ligand fluorescence prevented IC50 determination.

Figure 2. Analysis of the active site cavities of (a) CYP3A4 (PDB: 2J0C)21 amd (b) CYP2C9 (PDB: 1R9O)22 using GRID fields, which illustrates
the larger active site of CYP3A4 compared to CYP2C9. The analysis was done in the flexible mode, using the C3 probe at -0.1 kcal/mol, with a
grid step of 0.5 Å covering only the heme proximity.
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The two angles (90° and 180°) shown in Figure 6c are the
average values calculated from crystal structures available in
PDB. The criterion was that the heme protein should be
cocrystallized with a ligand that contains a nitrogen atom, which
coordinates to the heme moiety. Observations from these crystal
structures indicated that the heme plane should be kept
perpendicular to the line formed by the nitrogen and the iron
atoms. If the angle deviates more than 20° from the optimal
angle (180°) between the sulfur, iron, and the nitrogen atom,
the penalty function will decrease the total interaction energy
(Etot).

Compounds 4 and 14, which show distinct type I difference
spectra in both CYP isoforms, were correctly predicted as type I
ligands. The compounds that showed evident type II difference
spectra (1, 8, 10-13, and 15-21) in both CYP isoforms were
correctly predicted as type II ligands. No difference spectra in any
of the CYP isoforms could be detected for 3, 5, 7, and 9. This
phenomenon has previously been reported for known type I ligands
such as diclofenac, (S)-warfarin, flurbiprofen, naproxen, and
phenytoin.27–29 Since no difference spectra were obtained, it could
not be determined if the compounds were type I or type II ligands,
and therefore, it was not possible to evaluate the predictions of
these compounds. The compounds tested in this study indicate that
a difference spectrum is achieved if the compound is a strong type
II ligand. This is due to the fact that direct coordination to the
heme iron is strong and the majority of the enzyme molecules will

exist in the low spin state. It is more difficult to achieve a type I
than a type II spectrum because of the absence of strong interaction
with the heme iron atom. Instead, several binding modes within
the active site of the enzyme are possible, where in some cases
the compound displaces the ligated water molecule and in some
cases not. Hence, the mixture of enzyme and ligand could contain
some enzyme molecules in the high spin state and some in the
low spin state, which means that no difference spectra can be
achieved. Considering this, the compounds with no difference
spectra (3, 5, 7, and 9) were assumed to be type I ligands. If this
assumption is valid the predictions of 3 and 7 were correct, as these
compounds were predicted to be type I ligands. Compounds 5 and
9 on the other hand were predicted to be type II ligands, which
then should be “incorrect”. These initial predictions were only based
on the interactions of the compounds with the heme probe, which
means that the model was isoform independent. To perform a
complete prediction, the analysis should include structural informa-
tion about the specific isoform. That can be accomplished by the
alignment of the compound and the heme probe with the isoform
of interest using the heme in the crystal structure as a reference.
After this step the atom that interacts with the heme iron is fixed
only allowing the other part of the compound to move inside the
active site. This showed that compounds 5 and 9 could not fit into
the active site when the nitrogen atom was coordinated to the heme
iron, they were too sterically hindered around the nitrogen atom.

Figure 3. Binding spectra of compound 13 in 50 mM potassium phosphate buffer, pH 7.4 containing 200 mM KCl, 2 mM DTT, 1 mM EDTA,
and 20% glycerol (v/v) in 1 µM CYP2C9 (a) or CYP3A4 (b).
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Hence, this shows that the compounds could not be classified as
type II ligands.

Conclusions

The binding of a ligand to the heme in cytochrome P450
enzymes is influenced not only by the coordination of substrates
to the heme iron but also by the interactions between the
compound and the active site amino acids. To be able to
discriminate between type I and type II ligands one important
factor to consider is the orientation of the orbital that contains
the lone pair of the nitrogen atom. The driving force in docking
procedures is mainly electrostatic, which is independent of this
factor. The script developed in this study considers the direction
of the orbital. Using this information together with information
about the active site structure of the specific CYP isoform active

site provided a model, which could discriminate between type
I and type II ligands. The set of compounds tested has
considerably increased the knowledge about interactions im-
portant for binding of type II ligands in CYP3A4 and CYP2C9.
All 4-pyridines were type II inhibitors, and this inhibition
potential was decreased when the nitrogen atom was moved
from the 4-position to the 2-position. Isoxazole and tetrazole
moieties did not interact with the heme iron atom, while
the compounds that contained sterically accessible triazoles,
were classified as type II inhibitors. Compounds interacting with
the heme iron atom do not necessarily have strong inhibitory
potential (8, 17, 18, and 19) and a type II ligand can show strong
inhibitory potential for one isoform, but not for another (17).
The method developed in this study can be a valuable tool in
the drug discovery process when designing compounds with
decreased or no inhibition potential. This together with the
information gained from the experimental measurements may
result in better decisions during the drug discovery process.

Experimental Section

Materials. Sulfaphenazole, ketoconazole, 7-methoxy-4-trifluo-
romethylcoumarin (MFC), KCl, DTT (D,L-dithiothreitol), EDTA
(ethylenediaminetetraacetic acid trisodium salt), and NADPH were
purchased from Sigma Chemical Co. (St. Louis, MO, USA).
7-Benzyloxy-4-(trifluoromethyl)coumarin (BFC) was purchased
from BD Bioscience (Erembodegem, Belgium). K2HPO4 and

Figure 4. Binding spectra of 1 µM CYP3A4 in 50 mM potassium phosphate buffer, pH 7.4 containing 200 mM KCl, 2 mM DTT, 1 mM EDTA,
and 20% glycerol (v/v) and compound 17 (a) or compound 18 (b).

Figure 5. Calculation of the orientation of the orbital containing the
lone pair. (a) In the case of an aliphatic nitrogen, the three atoms bound
to the nitrogen atom were used. (b) In the case of an aromatic nitrogen
atom, the two neighboring and 4-positioned atoms were used for the
calculation.
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KH2PO4 were purchased from Kebo Laboratory (Stockholm,
Sweden) and acetonitrile and formic acid from Merck (Darmstadt,
Germany).

Enzymes. Recombinant human CYP2C9 and CYP3A4 expressed
in Saccharomyces cereVisiae30 used in the fluorescent inhibition
assay and soluble CYP2C9 and CYP3A4 expressed in E. coli21

used in the difference spectra analysis were obtained from Astra-
Zeneca Biotech Laboratory (Södertälje, Sweden).

Computational Modeling. All calculations were performed in
a Linux environment on a 32 MB personal computer. The software
utilized in the computational modeling was GRID v. 22, GLUE,
Mizer, MoKa, and SHOP v. 2.0 (Molecular Discovery Ltd.). The
compounds (1-21) were docked into (PDB: 2J0C)21 using the
GRID25,26-based docking program GLUE.24 The modifications
done to the protein were to delete the water molecules and to
remove the ligand from the binding site. The PDB file had to be
modified before being imported into GLUE, which is performed
by Greater that converts the PDB format to the format of the input
files (kout files) required to run the docking procedure. The box
size used was 20 × 20 × 20 Å, centered round the crystallographic
ligand coordinates. The default probes, representing the different
atoms,31 were used when performing the binding site precalculations
in GLUE, and default values were used when performing the
docking.

Inhibition Studies. The fluorometric assays32 were done in black
Costar 96-well plates (Corning Incorporated, Corning, NY). Ad-
dition of reagents to the 96-well plates was done by a multipipette.
The total reaction volume was 200 µL, and each reaction mixture
contained CYP expressed in S. cereVisiae. The enzyme, potassium
phosphate (KPO4) buffer, NADPH, and substrate assay concentra-
tions in the two CYP isoforms are shown in Table 3.

The substrates were dissolved in 40% acetonitrile in water, and
the concentrations in the assays were at Km. Test compounds and
positive control inhibitors were dissolved in 50% acetonitrile in
water. The final acetonitrile concentration in the assay was 2%.
Before running the assay, it was verified that the compounds did
not interfere with the assay, i.e., fluorescence at the same wavelength
as the MFC metabolite (CYP2C9) or BFC metabolite (CYP3A4).
The inhibitors were serially diluted to give final concentrations,
ranging from 0.018 to 40 µM. Sulfaphenazole was used as a positive
control in the CYP2C9 assay and was serially diluted to give final

concentrations, ranging from 0.005 to 12 µM. Ketoconazole was
used as a positive control in the CYP3A4 assay and was serially
diluted to give final concentrations ranging from 0.001 to 2.0 µM.
The reactions were started by the addition of NADPH after a
preincubation of 10 min at 37 °C. To stop the reaction, 75 µL of
20% 0.5 M Tris and 80% acetonitrile were added. The fluorescence
was measured using a SpectraMax Gemini XS (Molecular Devices
Corporation, Sunnyvale, CA).

Difference Spectra. Binding spectra were recorded at room
temperature on a Shimadzu UV-2401 PC (Shimadzu Duisburg,
Germany), and data were analyzed using UVProbe software
(Shimadzu Duisburg, Germany). All experiments were carried out
at room temperature in matched microcuvettes (2 mm × 10 mm
internal) containing 1 µM purified CYP2C9 or CYP3A4 and 200
mM KCl, 2 mM DTT, 1 mM EDTA, and 20% glycerol (v/v) in 50
mM potassium phosphate buffer pH 7.4. To obtain difference
spectra, a baseline was recorded with the CYP enzyme and buffer
in both the sample and the reference cuvettes followed by substrate
titration into the sample cuvette and solvent titration of the same
volume into the reference cuvette. Spectra were recorded between
340 and 500 nm after each substrate aliquot addition. For type I
binding, the peak absorbance was ∼390 nm and the trough was
∼420 nm, while for type II spectra, the trough was ∼405 nm and
the peak was ∼435 nm. To obtain absolute spectra, a baseline was
recorded with the buffer mixture in the sample and reference
cuvettes. Next, the enzyme was added to the sample cuvette
followed by titration of the compound into both cuvettes so that
the majority of any interfering signal of the compound was
subtracted.

Data Analysis. Nonlinear regression (GraFit version 4.0.13,
Erithacus Software Limited, Middlesex, U.K.) was used to deter-
mine the IC50 by using the equation y ) range/(1 + (x/IC50)s). In
this equation, range is the fitted uninhibited value, and s is a slope
factor. The equation assumes that y falls with increasing x. Because
of the high affinities of the ligands (Ks within 5-fold of the CYP
concentration), a nonlinear regression analysis using a quadratic
equation (GraphPad Prism version 4.00, San Diego, CA) was
applied to determine the Ks for all the ligands reported in this study:
∆A ) A0 + (Bmax/2[E]){(Ks + [E] + [L]) - {(Ks + [E] + [L])2 -
4[E][L]}1/2}, where A is the absorbance difference, Bmax is the
maximum absorbance difference extrapolated to infinite ligand
concentration, L is the ligand concentration, and E is the total
enzyme concentration (A0 is a coefficient in each analysis and not
relevant here).
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Figure 6. (a) Grid points used in the script are within the yellow area. (b) Optimization of the angle between the lines formed between the nitrogen
atom and the lone pair and the line between the iron and the nitrogen atom. (c) Empirical mean values of the angles calculated from all available
heme proteins cocrystallized with ligands that contain a basic nitrogen atom, which coordinate to the heme moiety.

Table 3. Fluorescence Assay Conditions

in vitro
assay

enzyme
(pmol)

KPO4

buffer pH
7.4 (mM)
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(µM)

NADPH
(mM)

incubation
time (min)

CYP2C9 3.0 0.025 50 1 50
CYP3A4 2.0 0.20 13 1 50
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