informa

healthcare

Fournal of Enzyme Inhibition and Medicinal Chemistry, August 2006; 21(4): 385-389

Lipophilicity Relationships in Inhibitors of CYP2C9 and CYP2C19
Enzymes

DAVID E.V. LEWIS!, BRIAN G. LAKE?, YUKO ITO?, & MAURICE DICKINS*

LSchool of Biomedical and Molecular Sciences University of Surrey, Guildford, Surrey, GU2 XH, UK, ?Leatherhead Food
International, Randalls Road, Leatherhead, Surrey, KT22 7RY, UK, 3 Department of Bioscience and Bioinformatics, Kyushu
Institute of Technology, 680-4 Kawazu, lizuka-City, Fukuoka, 820-8502, Japan, and 4Pﬁzer Central Research, Ramsgate
Road, Sandwich, Kent, CT13 9N¥, UK

(Recerved 30 November 2005; in final form 27 February 2006)

Abstract

Quantitative structure-activity relationships (QSARs) within a series of cytochrome P450 2C9 (CYP2C9) and cytochrome
P450 2C19 (CYP2C19) inhibitors are reported. In particular, it is noted that compound lipophilicity, in the form of log P
values (where P is the octanol/water partition coefficient), is an important factor in explaining the variation in inhibitory
potency within these series of compounds, many of which also act as substrates for the respective enzymes. In addition, there is
a role for hydrogen bonding and -1 stacking interactions within the P450 active site which represent secondary factors in the

binding processes of these compounds.
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Abbreviations: CYP, cytochrome P450 NSAIDS, Non-steroidal anti-inflammatory drugs; P, octanol/water partition
coefficient; pK,, — log K, where K, is the acid/base dissociation constant; D7 4, distribution coefficient at pH 7.4

Introduction

The cytchromes P450 (CYP) are a superfamily of
heme-thiolate enzymes which are present in species
from all five biological kingdoms [1-3], and
about 4500 individual members are currently known
(D.R. Nelson, personal communication). In mamma-
lian systems, it is apparent that enzymes of the CYP1,
CYP2 and CYP3 families are primarily associated
with the Phase 1 metabolism of drugs and other
xenobiotics [3-5]. This situation holds true for
human drug metabolism where CYP1A2, CYP2C9,
CYP2D6 and CYP3A4 enzymes metabolize the
majority of known drug substrates [3]; there are
smaller contributions from CYP2A6, CYP2B6,
CYP2C8, CYP2C19 and CYP2EIl, however. The
CYP2C subfamily overall plays a significant role in the
Phase 1 metabolism of many drug substrates,
including:- omeprazole (CYP2C19), S-warfarin

(CYP2C9), S-mephenytoin (CYP2C19), diclofenac
(CYP2C9), phenytoin (CYP2C9 and CYP2C19),
taxol (CYP2C8) and carbamazepine (CYP2C8), for
example [6]. Selective inhibitors are known for
CYP2CS8 (quercetin), CYP2C9 (sulfaphenazole) and
CYP2C19 (N-benzylnirvanol and N-benzylpheno-
barbital) with the latter exhibiting stereoselectivity
towards this enzyme [7-8].

Two human CYP2C subfamily enzymes have been
resolved crystallographically [9-11] and a rabbit
CYP2C isoform (namely, CYP2C5) has also had its
crystal structure determined, with and without the
presence of a bound substrate [12—14]. Structural
models of CYP2C8 and CYP2C9 built by homology
with CYP2C5 have been shown to possess confor-
mations close to that of the CYP2C8 and CYP2C9
crystal structures [15] with average root mean square
distances for the a-carbons of 1.2A and 1.5A,
respectively. Consequently, it would appear that
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modelling by homology from an optimal crystal-
lographic template within the same subfamily, where
primary sequence identities are between 75% and
80%, represents a satisfactory method for investi-
gating enzyme-substrate and enzyme-inhibitor inter-
actions in P450s.

Methods

Using a multiple sequence alignment of CYP2 family
enzymes, models of CYP2C9 and CYP2C19 were
constructed via homology with substrate-bound
CYP2C5 (pdb code: 1n6b), which is of known
structure [12] and the methodology employed has
been published previously [6]. These models were
used for the docking of inhibitors of both CYP2C9
and CYP2C19, in order to establish their likely mode
of binding to the respective enzymes. The procedures
involved an interactive docking process in Sybyl
(Tripos Associates) which also utilizes a dynamic
hydrogen bond facility. In this way, the hydrogen bond
forming possibilities can be monitored as the substrate
is docked within the active site, and the presence of a
bound substrate, dimethyl-2-phenyl-2H-pyrazol-3-
ylbenzenesulfonamide (DMZ), in the active site
region of the CYP2C5 crystal structure aids in this
process [12].

The CYP2CO9 crystal structure produced by the
Astex group [9] represents a useful template for
homology modelling of CYP2C19, where there is a
91% sequence identity. In addition, this crystal
structure of a mutant form of the enzyme contains a
proline residue at position 220, which is the same as
that encountered in CYP2C19, and is thought to play
a crucial role in substrate recognition and selectivity,
as has been reported from site-directed mutagenesis
experiments [16]. Consequently, it would appear that
the Astex CYP2C9 crystal structure (pdb code: 1og5)
is the most appropriate for constructing a homology
model of CYP2C19, and this was our preference in
the present study. However, for the docking of
CYP2C9 substrates and inhibitors, the recently
published crystal structure [11] was employed (pdb
code: 1r90) although some missing sections of peptide
required loop-searching of the pdb for their addition,
followed by energy minimization using molecular
mechanics (Tripos force field) to provide a satisfactory
protein geometry. These three-dimensional structures
of CYP2C9 and CYP2C19 were employed for
substrate and inhibitor docking in order to identify
the possibility of hydrogen-bonded and m-m stacking
contacts between the substrate/inhibitor and enzyme
active site residues.

The biological data on inhibitors of CYP2C9 and
CYP2C19 has been taken from the literature [17—-18]
and the K, or K; values converted into the negative
logarithmic form, or into the related free energies,
AGy;ng, for the generation of QSARs and lipophilicity

relationship analysis (see Table I). We have found
previously [19-21] that this is a useful method for
exploring the lipophilicity relationships of P450
substrates in general. In particular, the intercept on
the y axis of such a relationship enables a direct
estimation of the enzyme-substrate interaction energy.
This is presumed to be composed of a combination of
hydrogen bond and -7 stacking energies, as distinct
from the desolvation component to the binding energy
estimated from compound lipophilicity. In fact,
findings so far appear to support this approach by
agreement with the molecular modelling, QSAR and
experimental approaches.

Results and discussion

Table I presents a dataset for 15 CYP2C9 inhibitors
with biological data (in the form of affinity for
CYP2C9) expressed as either K; or K., values taken
from the literature [17]. These raw data were
converted into their logarithmic form, —log K; or
—log K,,, for the purposes of correlation, and they
were also expressed as AGying values where AGyjg =
RTInK, where K may refer to either K; or K, in this
context, R is the gas constant and T is the absolute
temperature, taken as 310K. We have shown
previously [20—21] that the employment of such
conversions into energy values facilitates the appli-
cation of lipophilicity relationships in P450-substrate
interactions, in addition to that of other forms of
QSAR analysis which tend to employ logarithmic
forms of the biological activity. Such transformations
of the raw data seem to work well in establishing the
likely contributions to the overall binding energy,
including those not related to lipophilic character,
such as hydrogen bonds and - stacking interactions.

It is apparent that linear relationships exist between
compound lipophilicity and CYP2C9 inhibition/bind-
ing for the 15 compounds including several NSAIDs
listed in Table I, despite the fact that some of the
values are for inhibition (K;) and some are for
metabolism (K.,). Although the slopes are almost
identical, the two sets of equations are of different
intercept and, in graphical terms, these appear as two
parallel lines of essentially equivalent gradient
(namely, 0.369 and 0.328). The likely mode of
binding for a typical CYP2C9 inhibitor, such as
sulfaphenazole, is shown in Figure 1, where potential
hydrogen-bonded contacts with active site residues are
indicated.

Table II presents data for 10 inhibitors of CYP2C19
with K; values taken from the published literature
[22-24]. The AGy,,. values generated from log P data
on the 10 compounds shows a good correlation with
AGying for the inhibitory activity, although it is
apparent that the numbers of non-lipophilic active
site interactions varies within the dataset. This has
been compensated for by evaluating the baseline
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Table I. Dataset for CYP2C9 inhibitors.

Compound log P pK, log D74 Affinity (WM) AGying
1. Aspirin 1.19 3.5% —-1.15 200 (Ky) —5.2469
2. Mefenamic acid 5.12 4.2% 2.00 7 (K) —7.3121
3. Diclofenac 4.40 4.22° 1.13 6 (Kyn) —17.4070
4. Tbuprofen 3.50 5.22 1.07 30 (K) 6.4156
5. Indomethacin 4.27 4.5° 1.00 40 (Kp 6.2383
6. Piroxicam 3.06 6.3% 1.98 40 (K,,) 6.2383
7. Pirprofen 2.84° 3.29% -0.97¢ 40 (K —6.2383
8. Temoxicam 0.81 5.3% —-0.32 40 (K,) —6.2383
9. Amlopidine 3.42°¢ 9.0° 1.80 8 (Ky) —17.2298
10. Fluconazole 0.50 2.03° 0.50 22 (K) —6.6066
11. Ketoconazole 3.72 6.51° 3.72 20 (K —6.6653
12. Phenytoin 2.26 8.33° 2.26 56 (K)) —-6.0311
13. Sulfadoxine 1.06 7.29%0t 0.70 47 (Kp) —6.1390
14. Sulfamethizole 0.54 5.45% —1.41% 114 (K) —5.5931
15. Sulfaphenazole 1.52 6.50% 0.89 0.2 (Ky) —9.5023
QSAR Expression* n s R R? F
1. AG{)‘}ﬁd =0.369 AGp, - 4.672 8 0.1020 0.990 0.980 295.51
2. AG™! = 0.328 AGpy - 5.476 5 0.1762 0.980 0.961 73.52

2 = acidic. ® = basic. ¢ = calculated (Pallas software, CompuDrug Ltd., Budapest). ™' = interpolated from log D7 4 and log P values obtained
from the literature [25]; [26]; Bowman and Rand, 1988[27]). ° = back calculation from pK, and log D 4 values obtained from the literature
using the equations: log D = log P — log (1 — 10P" PX%) for Acids. = forward calculation from pK, and log P values obtained from the
literature using the equations: log D = log P — log (1 — 10PX* PH) for Bases. & = inhibition constant (M) K,,, = Michaelis constant for
metabolism (wM). *Not all of the inhibitors have been included in the correlations presented above and it is also likely that these may operate

via alternative mechanisms. Reference to K; and K, data: [17]

lipophilicity relationship graphically to reveal outliers
and then correcting the binding energy data accord-
ingly, based on the energy differences between outlier
and baseline relationship (data not shown). The
particular compounds involved are noted in Table II,
together with the energy corrections made for -
stacking and hydrogen bonding. By this procedure,
an overall correlation of 0.98 can be achieved
(R®*=0.96) thus illustrating the utility of this
approach to lipophilicity analysis. The probably
mode of binding for a typical CYP2C19 inhibitor,

such as fluconazole, is shown in Figure 2, where
potential hydrogen-bonded contacts with active site
residues are indicated.

The two figures represent examples of how
inhibitors of CYP2C9 and CYP2C19 may bind to
their respective enzymes and interact with
complementary residues in the two active sites. In
general, the molecular modelling tends to support the
findings from the various lipophilicity relationships
reported in this work. Indeed, it is possible to explain
some of these findings by consideration of the likely
active site interactions encountered for different
inhibitors.

lle-205 \/-q- Furthermore, the graphical construction process
S | Ser-209 leading to the lipophilicity relationships shown in
— Tables I and II enables the estimation of common

Gly-296
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Figure 1. The active site region of CYP2C9 containing the bound
inhibitor, Sulfaphenazole (pink), with close contact residues labelled
and hydrogen bonds shown as dashed lines.

interaction energies from the intercept on the y-axis,
and also the treatment of outliers, in terms of
additional active site interactions. As such, this
would appear to be a more informative and rational
approach to investigating enzyme-substrate binding
interactions within the human P450s. In most cases,
more than one lipophilicity line is observed and these
tend to run parallel to each other with differing
intercepts on the y-axis, corresponding to more than
one common non-lipophilic interaction, such as an
additional hydrogen bond or aromatic -1 stacking
interaction. In this way, the lipophilic relationships,
and their analysis in the light of substrate/inhibitor
interactions within the P450 active site, help to explain
the observed differences in binding affinity and
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Table II. CYP2C19 Inhibitors and their physicochemical and binding characteristics.
Compound log P pK, AGpare AG{;‘Qd K; (M)
1. S-Mephenytoin 1.90 8.1% —2.6951 —5.9885 60
2. Omeprazole 2.23 8.7° —3.1632 —7.6416 4.1
3. Propranolol 2.98 9.45° —4.2270 —5.6041 112
4. Diazepam 2.99 4.75° —4.2412 —5.6739 100
5. Warfarin 2.70 5.0% —3.8299 —6.3758 32
6. Phenytoin 2.47 8.1% —3.5036 5.0396 280
7. Rabeprazole 1.79¢ 5.47°¢ —2.5107 —17.1437 9.2
8. Fluconazole 0.50 2.03° —0.7092 —8.0838 2.0
9. Tranylcypromine 1.49 8.2° —2.1135 —17.2298 8.0
10. Desmethyldiazepam 2.94 Neutral —4.1703 —5.5878 115
QSAR Expression n s R R? F
AGIR, = 0.695 AGpar - 5.570 10 0.1804 0.978 0.956 172.59

2 = acidic;. ® = basic;. © = calculated value (Pallas Software, CompuDrug Limited, Budapest, Hungary). log P and pK, values were obtained
from the literature apart from that of rabeprazole. K; = inhibition constant (uM) for CYP2C19-mediated metabolism. Compounds 1 and 5
have had -1.5 kcalmol ! added to their AGg}Ed values, whereas compounds 3,4,6 and 10 have — 3.0 kcalmol ! added to their AG{)';}I}d values, in
order to allow for additional 7-7 stacking and hydrogen bond interactions, as revealed by molecular modelling. References to K; data: [22];

[23]; [24]

relative extent of inhibition associated with enzymes in
the human CYP2C subfamily.

Distinctions between compounds which are selec-
tive towards these two closely-related enzymes centre
upon the generally more acidic character of CYP2C9
substrates and inhibitors, and the likely reationale for
this stems from the presence of an active site basic
residue, although it is probable that other residues are
also involved in substrate discrimination, including
those close to the periphery of this region of
the enzymes concerned, as has been reported from
site-directed mutagenesis studies [16].

Conclusions

Inhibition of the human CYP2C subfamily enzymes,
CYP2C9 and CYP2C19, can be rationalized in terms

Asn-204

\

Phe-114

Figure 2. The active site region of CYP2C19 containing the bound
inhibitor, Fluconazole (pale pink), with close contact residues
labelled and hydrogen bonds shown as dashed lines.

of the lipophilicity character of the compounds
concerned. In particular, the construction of lipophi-
licity relationships facilitates an understanding of the
structural determinants leading to inhibition brought
about by specific interactions within the enzymes’
active sites. These specific interactions may be due to
hydrogen bonding, -1 stacking or a combination of
the two, and this likelihood is evidenced by the
different intercept values obtained in the various
lipophilicity relationship expressions. Interestingly,
the findings from the QSAR analyses are consistent
with those obtained from molecular modelling studies
of the enzymes concerned, which indicates a degree of
complementarity between the two approaches.
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