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SUMMARY 

The results of quantitative structure-activity relationship (QSAR) 
analyses are reported for structurally diverse series of chemicals which 
act as substrates or inhibitors for human hepatic microsomal cyto-
chromes P450 (CYP). In particular, this study focuses on the major 
catalysts of drug metabolism in man, namely CYP1A2, CYP2B6, 
CYP2C9, CYP2C19, CYP2D6 and CYP3A4. It is found that good 
correlations (with correlation coefficients ranging from R = 0.94 
to 0.99) with P450 binding affinity (KM and KD) or competitive 
inhibition (Kj) values are obtained in each case, especially when 
consideration of hydrogen bonding parameters are included in the 
QSAR analysis, together with the number of π-π stacking interactions. 
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INTRODUCTION 

Enzymes of the cytochrome P450 (CYP) superfamily are present in 
all biological kingdoms I I I and in most species investigated to date 
12,31. In Homo sapiens, it is apparent that hepatic microsomal P450s 
are associated with the majority (over 90%) of drug oxidations; the 
main human isoforms mediating Phase 1 metabolism include CYP1A2, 
CYP2A6, CYP2B6, CYP2C9, CYP2C19, CYP2D6, CYP2E1 and 
CYP3A4 !M. An understanding of the substrate selectivity of these 
eight enzymes /5,6/ is important for the pre-screening of pharma-
ceutical agents, whereby an early assessment of potential routes of 
metabolism in human subjects can be advantageous for future 
development of new chemical entities (NCEs). 

Table 1 shows the percentages of various P450 enzymes which 
make up the human hepatic P450 complement, together with their 
relative involvement in drug oxidations /4/. From this table, it can be 
appreciated that enzymes of the CYP3A (34%), CYP2D (19%) and 
CYP2C (24%) subfamilies represent the most extensive catalysts of 
human Phase 1 metabolism, with those of the CYP1A (10%), CYP2E 
(4%) and CYP2B (3%) subfamilies being of lesser importance. The 
CYP2A (2%) and CYP2F (1%) subfamilies can be regarded as of 
relatively minor consequence with respect to drug oxidations in man, 
although CYP2A6 is relevant to the metabolism of halothanes, cyclo-
phosphamide and AZT (3'-azido-3'-deoxythymidine) /4/. With the 
exception of the major polymorphic forms, CYP2D6 and CYP2C19, 
there is overall a very good correlation (R = 0.99) between the average 
relative percentages of six human liver P450s and their percentage 
participation in drug metabolism 111. However, it should be 
appreciated that there is also a considerable individual variation in 
human hepatic P450 complement, with the data presented in Table 1 
corresponding to average values. 

It is apparent that some degree of substrate selectivity exists in 
human hepatic P450 enzymes /5,6,8/. It is known, for example, that 
CYP2D6 substrates are all basic with at least one protonatable 
nitrogen lying at a distance of between 4Ä and 7Ä from the site of 
metabolism, although some exceptions exist 191. Tables 2 to 7 provide 
summaries of substrate selectivity for the major human P450 enzymes 
/6,8/ based on extensive analyses of many compounds which act as 
substrates for individual P450s. However, in order to distinguish 
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TABLE 1 

H u m a n hepa t i c P 4 5 0 s a n d d r u g o x i d a t i o n s / 4 , 2 7 / 

CYP % P450 Complement* % Drug oxidations 

1A1 <1 2 .5 

1A2 - 1 3 8.2 

1B1 <1 N / A 

2A6 ~ 4 2 .5 

2B6 <1 3 .4 

2C8,2C9 - 1 8 15.8 

2C18, 2C19 - 1 8.3 

2D6 <2.5 18.8 

2E1 < 7 4.1 

2F1 <1 - 1 . 3 

3A4, 3A5 < 2 8 34.1 

4A11 - 1 4 N / A 

* There is extensive variability in the levels of some P450 enzymes and the 
figures shown here represent average values. 
N/A = data not available. 

between substrates of different human P450s it is usually necessary to 
consider several parameters which describe various properties of the 
compounds concerned, which may be both physicochemical and 
structural in nature /10,11/. In this study, we focus on the major 
human hepatic P450 enzymes involved in drug metabolism such that 
QSARs describing the variations in binding affinity or inhibitory 
activity can be formulated for future screening programmes. Ekins and 
co-workers have employed three-dimensional QSAR methodology to 
investigate inhibitors of CYP2D6 /12/, CYP3A4 /13/, CYP2C9 /14/ 
and CYP2B6 /15/ substrates. Although these studies involved the 
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consideration of different sets of compounds to those described in this 
one, it would appear that there is generally good agreement with 
results of homology modelling of the enzymes themselves for both 
approaches. The methodology involved in our own studies is now 
described. 

METHODS 

Biological data in the form of dissociation constants (Kd values) 
for substrates binding to human P450s were determined by UV-visible 
spectroscopy. For this procedure, human P450s were purified by 
methods that were very similar to those published previously /16/. 
Changes in absorbance at 418 nm were measured keeping the enzyme 
concentration constant (5-8 μΜ) in 0.1 Μ phosphate buffer (pH 7.5). 
Substrate concentration was varied from 30 to 400 μΜ, whereas Kd 
values were calculated according to the method described by He and 
coworkers /17/. Michaelis constants (Km values) for substrate inter-
actions with individual P450s were collated from the literature, as was 
the inhibition data (Kj values) in some cases (i.e. for CYP2C19 and 
CYP2D6 inhibitors). The free energy of binding (AG^nd) for the 
enzyme-substrate interaction /18/ was calculated using the following 
equation: 

AGbind = RT In KD (or RT In Km) 

where R is the gas constant and Τ is the absolute temperature (a value 
of 31 OK corresponding to 37°C has been used throughout). Physico-
chemical properties of various substrates and inhibitors were either 
obtained from the literature /19-22/ or, in a few cases, calculated using 
the Pallas system (CompuDrug Ltd., Budapest). 

Quantitative structure-activity relationships (QSARs) were gene-
rated via stepwise linear multiple regression analysis (MRA) of the 
biological and structural data using standard statistical procedures. 
The variables employed are listed in Tables 2 to 8 and, in some cases, 
the number of hydrogen bond donors and acceptors were included, 
together with the numbers of hydrogen-bonded and π-π stacking 
interactions present in the enzyme active site. For CYP1A2 substrates, 
molecular orbital (MO)-calculated frontier orbital energies were 
included, together with molecular shape parameters, area/depth2 and 
length/width. In the case of CYP3A4 substrates, the frontier orbital 
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energy values of the highest occupied MO (HOMO) and lowest 
unoccupied MO (LUMO) were also included in the analysis. The total 
number of variables utilized in each QSAR analysis varied from 8 to 
16, depending on the P450 enzyme and numbers of substrates 
employed for which binding or inhibition data were available. The 
MRA results were examined for possible cross-correlations and the 
most statistically valid expressions were then selected, following the 
elimination of covariant equations, as being sufficiently robust QSARs 
for further study. 

RESULTS AND DISCUSSION 

Table 2 presents the relevant physicochemical and biological data 
for a number of human CYP1A2 substrates, and Table 3 lists similar 
information for CYP2B6 substrates. Tables 4 and 5 contain data for 
CYP2C9 and CYP2C19 substrates, and those for CYP2D6 substrates 
are presented in Table 6. Table 7 provides the physicochemical and 
biological data for substrates of CYP3A4, and the relevant QSARs 
produced from correlation analysis of these P450 substrates are 
summarized in Table 8. The results of QSAR analysis are now 
discussed under each P450 type. 

1. CYP1A2 substrates 

Table 2 provides information on 14 selective substrates of human 
CYP1A2, and binding data in the form of Km values are presented for 
11 compounds. A general structural characteristic of these substrates is 
their molecular planarity, although binding affinity does not appear to 
correlate with indices of planarity, such as area/depth2, probably due 
to the fact that the variation is relatively small. However, a second 
shape parameter, namely rectangularity, as measured by length/width 
ratio (1/w), occurs in the QSAR expressions governing binding free 
energy (AGbind), as shown in Table 8, Section 1. Other factors contri-
buting to the binding affinity include dipole moment (μ) and energy of 
lowest unoccupied molecular orbital (EL). Equation la in Table 8 
represents a QSAR with these three descriptors, and this gives a good 
correlation (R = 0.95) with experimentally-derived values for 
CYP1A2 binding affinity. However, this correlation can be improved 
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Delta G(Calc) 

Fig. 1: A comparison between observed and calculated AGbind values for several 
CYP1A2 substrates based on data presented in Tables 2 and 8. Points 1 to 
11 refer to compounds 1 to 11, respectively, in Table 2. 

somewhat (R = 0.97) by the inclusion of another variable, this being 
the number of hydrogen bonds formed (NHB) between each substrate 
and the putative active site of CYP1A2 /23/. The relevant QSAR 
expression is shown as Equation lb in Table 8, and this gives a very 
good agreement (see Fig. 1) between experimentally observed values 
for AGbind and those calculated using the relevant equation ( l b in 
Table 8). Consequently, it appears that the avidity of binding to human 
CYP1A2 is determined by substrate polarity (μ term), rectangularity 
(1/w term) and electron-accepting ability (EL), with active site 
hydrogen bonding playing a role in the enzyme-substrate interaction. 

2. CYP2B6 substrates 

Table 3 indicates physicochemical and binding data on various 
CYP2B6 substrates, some of which show selectivity towards this 
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isoform. It can be appreciated from inspection of Table 3 that typical 
CYP2B substrates are either weakly basic or neutral in character, and 
with a medium lipophilic nature as evidenced by their log Ρ and log 
D7 4 values. These substrates of CYP2B6 tend to possess non-planar 
molecules of medium relative molecular mass, and there are usually 
several hydrogen bond donor/acceptor groups in the molecule. It 
appears that the number of hydrogen bonds formed in the CYP2B6 
putative active site is of importance to binding affinity when combined 
with the numbers of hydrogen bond donors and acceptors in the 
molecule. Equation 2a in Table 8 shows that these three parameters 
provide a good description of binding energy for substrates of 
CYP2B6 with high correlation (R = 0.97) and Figure 2 provides 
a comparison between experimental and QSAR-calculated values. 
Homology modelling of CYP2B6 and subsequent interactive docking 
of various substrates of the enzyme within the putative active site 

- 8 - 7 - 6 - 5 - 4 - 3 - 2 
Delta G(Calc) 

Fig. 2: A comparison between observed and calculated AGbmd values for several 
CYP2B6 substrates based on data presented in Tables 3 and 8. Points 1 to 
10 refer to compounds 1 to 10, respectively, in Table 3. 
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indicates that hydrogen-bonded interactions with amino acid residues 
are important for orientating the substrate molecule for metabolism at 
the experimentally observed position /24/. Consequently, there is 
reinforcement of the modelling studies by the results of QSAR 
evaluations on CYP2B6 substrates. Furthermore, several key amino 
acid residues lining the haem pocket have been shown to have an 
importance for substrate binding and selectivity based on the results of 
site-directed mutagenesis experiments on CYP2B subfamily enzymes 
/24/. 

3. CYP2C9 substrates 

The physicochemical and binding data for several substrates of 
CYP2C9 are presented in Table 4, from which it can be appreciated 
that all compounds listed are weakly acidic in character. Table 8 
(Section 3) provides details of QSARs conducted on several CYP2C9 
substrates. Equation 3a (Table 8) refers to analyses carried out on 
compounds 1-7 in Table 4, whereas Equation 3b (Table 8) gives 
information on a QSAR produced when compound 8 (naproxen) is 
included in the analysis (see Fig. 3 for a comparison between 
experimental and QSAR-calculated values). The latter compound was 
included in the analysis following the more recent availability of Km 

information. The two equations, however, are very similar in terms of 
the descriptors involved and their relative coefficients, although the 
variance ratio (F value) is somewhat lower for eight compounds 
(Equation 3b, Table 8). These expressions, nevertheless, indicate the 
importance of lipophilicity (log P, log D) and acidic character (pKa) to 
the overall binding affinity of CYP2C9 substrates for the enzyme. 
Furthermore, the number of hydrogen bond donor atoms in the 
substrate clearly has a bearing on binding energy, presumably due to 
the extensive hydrogen-bonded interactions thought to be present in 
the CYP2C9 active site when a typical substrate binds to the enzyme 
1251. Although the appearance of both log Ρ and log D terms is 
unusual, there is little correlation between these variables, and it is 
possible that they could be describing different aspects of the substrate 
binding affinity. 
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Fig. 3: A comparison between observed and calculated AGbi„d values for several 

CYP2C9 substrates based on data presented in Tables 4 and 8. Points 
8 refer to compounds 1 to 8, respectively, in Table 4. 

to 

4. CYP2C19 substrates 

Table 5 presents information on CYP2C19 substrates and inhibi-
tors in terms of binding affinities and physicochemical properties. The 
relevant QSAR equations governing binding and inhibition are shown 
in Table 8, Section 4, for 8 and 10 compounds, respectively. It can be 
appreciated from inspection of Equations 4a, b and c in Table 8 that 
similar descriptors are associated with both enzyme inhibition and 
substrate binding, although somewhat different groups of compounds 
were employed. These include relative molecular mass (M r) and the 
number of hydrogen bond donors/acceptors (Equations 4b and c, 
Table 8) in the case of inhibition of CYP2C19, whereas for substrate 
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binding affinity, the log Ρ value becomes more important than the 
number of hydrogen bond acceptors (Equation 4a, Table 8). The 
presence of log Mr as a descriptor variable suggests that the loss of 
translational and rotational energy in the substrate molecule is an 
important factor in explaining either the binding or inhibition data. 
However, hydrogen-bonded interactions are of relevance to substrate 
binding within the CYP2C19 active site, as has been shown for 
derived molecular models of the enzyme-substrate complexes based 
on homology with the bacterial P450 enzyme CYP102 125/. A 
comparison between experimental and QSAR-calculated values for 
substrate binding affinity is shown in Figure 4. 

5. CYP2D6 substrates 

Structural, physicochemical and biological data for selected 
CYP2D6 substrates are shown in Table 6. As provided in Section 5 of 

Delta G b i n d
< C a l c ) 

Fig. 4: A comparison between observed and calculated AGblnd values for several 
CYP2C19 substrates based on data presented in Tables 5 and 8. Points 1 to 
8 refer to compounds 1, 4, 5, 6, 8 to 11, respectively, in Table 5. 
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Table 8, QSAR expressions governing inhibition and binding affinity 
towards the CYP2D6 enzyme include relative molecular mass, log P, 
hydrogen bond properties and π-stacking interactions within the 
putative active site of CYP2D6 191. For 10 compounds for which KD 

values have been measured, there is a very good correlation (R = 0.98) 
between pKj (Equation 5a, Table 8) and a combination of log P, Mr, 
log M r, number of hydrogen bonds in the putative active site and 
number of π-stacking interactions between substrate and enzyme 
(Equation 5b, Table 8). Binding to CYP2D6 appears to be explained 
by a combination of hydrogen bond formation, π-π interaction, 
desolvation (M r term) and loss in translational/rotational energy (log 
M r term), whereas the number of basic nitrogen atoms in the molecule 
is of relevance to inhibition of the enzyme, together with a 
consideration of compound lipophilicity (log Ρ term). Consequently, 
there is a satisfactory explanation (see Fig. 5 for a comparison 
between experimental and QSAR-calculated values) of the binding 

Delta G(Calc) 

Fig. 5: A comparison between observed and calculated AGbind values for several 
CYP2D6 substrates based on data presented in Tables 6 and 8. Points 1 to 
10 refer to compounds 1 to 10, respectively, in Table 6. 
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affinity data (R = 0.94) for CYP2D6 substrates, although the 
correlation for inhibition is better (R = 0.98). 

6. CYP3A4 substrates 

The relevant biological and physicochemical data for several 
CYP3A4 substrates are presented in Table 7, and the corresponding 
QSAR expression governing binding affinity is provided in Table 8, 
Section 6. In this case, a four-variable expression correlates well (R = 
0.96) with Ko-derived AG values; Figure 6 shows a plot which 
compares experimental and QSAR-derived binding affinity. The 
structural descriptors employed in this correlation include the frontier 
orbital energies (EHOMO and ELUMO values), the number of CYP3A4 
active site hydrogen bonds and π-π stacking interactions between 
enzyme and substrate, as determined from molecular modelling of 
CYP3A4 1261. It is noteworthy that two of these parameters relating to 
active site contacts also appear in the QSAR equation governing 
substrate binding to CYP2D6, whereas the number of hydrogen bonds 
formed between enzyme and substrate are important features in 
expressions for substrate binding affinity towards CYP1A2 and 
CYP2B6, as mentioned above. 

CONCLUSIONS 

The factors which contribute to the free energy of binding for 
substrates of human P450s involved in drug metabolism include, 
primarily, hydrogen bond interactions, frontier orbital energies and 
lipophilicities of the compounds themselves. However the QSAR 
expressions differ somewhat between the various enzymes involved 
due to specific properties of the P450 substrates themselves, such as 
the acidity of CYP2C9-selective compounds and the rectangularity of 
CYP1A2 substrates. The particular expressions presented in Table 8 
indicate that binding to human P450s involves a different set of 
substrate properties in each case, despite the common occurrence of 
hydrogen bonding terms. These equations may be applicable for the 
estimation of binding affinities for novel development compounds, 
although it is also useful to consider the likely mode of substrate 
interaction within the particular P450 active site. It is hoped that 
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Delta G(Calc) 

Fig. 6: A comparison between observed and calculated AGblnd values for several 
CYP3A4 substrates based on data presented in Tables 7 and 8. Points 1 to 
10 refer to compounds 1 to 10, respectively, in Table 7. 

further analyses of human P450 enzyme substrate interactions will 
elucidate additional features governing binding affinity and selectivity. 

A C K N O W L E D G E M E N T S 

The financial support of Glaxo Wellcome Research and Develop-
ment Ltd., Merck, Sharp and Dohme Ltd. and the University of Surrey 
Foundation Fund is gratefully acknowledged by one of us (DFVL). 

239 

Authenticated | xajibim@mail.ru
Download Date | 6/16/12 12:18 AM



Vol. 18, No. 3-4, 2001 QSARs in Human P450 Substrates 

ττ ΟΊ 

τ ο — Τ TT 

ω (Ν ίΛ fN 
+ /—ν 
τ Ο +1, 
ν is 

χ Ζ ο 

ο 
ν 2a 
<3\ 

v i 00 

Ο ο 
+1 +1 > ' i =L m ο Ό m d d 

Ο Ο < <1 

ο +1 < 
CD 
Χ fN ON 

ο +1 
α CQ Χ 

2 ζ 
-w 00 S ON 

Γ- Γ-o\ Tt rn ON Tt (Ν 
ON ON ON ON 

Π t— r- (N — fN Ο Ö 

Ο* fN •<t Τ 
+ + 
I/-1 ON 
d d 
iL iL Q Q CQ CQ 
X I oo r-u~> u-i ο © 
+ + 
- — \ *—-VI (N NO NO d d 
+1 +1 Ν·-* V < 
a η 

X Uä α. α ô ο (Ν 
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