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Compound lipophilicity for substrate
binding to human P450s in drug

metabolism

David F.V. Lewis, Miriam N. Jacobs and Maurice Dickins

Compound lipophilicity is of key importance to P450 binding affinity and
enzyme selectivity. Here, lipophilicity is discussed with reference to the
human drug-metabolizing P450 enzymes of families CYP1, CYP2 and CYP3.
From an extensive compilation of log P values for P450 substrates, and by
analysis of relationships between partitioning energy and substrate-
binding free energy, the relevance of lipophilicity and other factors
pertaining to P450 binding affinity is explained, leading to the formulation
of lipophilicity relationships within substrates of each human P450 enzyme
involved in drug metabolism. Furthermore, log P values for P450 substrates
appear to represent markers for enzyme selectivity. Together with the
important roles of hydrogen bonding and n-x stacking interaction energies,
the desolvation of the P450 active site makes a major contribution to the
overall substrate-binding energy and, consequently, a good agreement

with experimental information is reported based on this analysis.
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metabolism of drugs and other xenobiotics in
Homo Sapiens. In addition, they have endogen-
ous roles in, for example, the biosynthesis of
steroid hormones and the oxidative metabolism
of fatty acids [1-3]. In particular, it is enzymes
of the CYP1, CYP2 and CYP3 families that are
primarily involved in the phase 1 metabolism
of foreign compounds [4,5] and the relative
percentages of these enzymes have been esti-
mated by various methods [6,7]. However, it is
apparent that inter-individual variations exist,
in addition to established pharmacogenetic
factors encountered in ethnogeographical pop-
ulations, which have important ramifications
for drug development [8].

The P450 enzyme families
Each P450 enzyme family and subfamily ex-
hibits selectivity for substrates of a particular

type, although there can be a certain degree of
overlap depending on the chemical class of
compound in question [9]. Nevertheless, it is
apparent that lipophilicity is fundamentally
important to P450 substrate selectivity and
binding affinity or clearance [10-13], together
with showing some influence on relative cata-
lytic rate [14,15]. Hansch and colleagues have
published the details of several quantitative
SAR (QSAR) studies on P450 substrates, where
log P (the lipophilicity parameter, where P is the
octanol-water partition coefficient) is either the
main or sole descriptor [16,17]; log P is also im-
portant in estimating metabolic half-lives in
man based on rat data [18]. Consequently, from
these and other reported findings, it is apparent
that the primary component of substrate-
binding to P450 enzymes is one of lipophilicity,
probably due to desolvation, where the com-
pound log P (or log D, ,) represents a useful
marker of their overall lipophilic character [19].
Lipophilicity is one of the key parameters for
evaluating the ADME/Tox properties of new
chemical entities [20-23] and, therefore, it is
interesting to note that this quantity is also of
considerable relevance to the ability of com-
pounds to act as substrates for P450 enzymes.

Lipophilicity relationships in human P450
substrates

The role of compound lipophilicity in biologi-
cal activity and related interactions [24-28]
has been well established, particularly over
the past 30 years, following the pioneering
work of Corwin Hansch and Al Leo [29,30].
More recently, the importance of lipophilic
character to the success of drug discovery has
been underscored in the well-known Lipinski
‘rule of five’ concept [31].
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There have been several reports in the literature that

point to the relevance of P450 substrate lipophilic character

to enzyme binding, inhibition and metabolic clearance 6 .
[16,17,32-36]. For example, for a series of statins acting as

competitive inhibitors of CYP3A4, there is a good correla- 5 - o+ :

tion (R = 0.96) between log K; (where K; is the inhibition £ 4- oo

constant) and log D, , where log D, is a measure of com- < . s -

pound lipophilicity, this being the ionization-corrected 2 3 . : R%=0.9434
log P value at pH 7.0 [33]. A similar relationship is apparent 5 .'I\? %QKIT
for a more structurally diverse series of CYP3A4 inhibitors, ¢

some of which are also substrates [35]. CYP2D6 substrates 1

also display a broadly linear correlation between binding to

the enzyme and log D, , value [37]. Furthermore, in an 0 0 1' 2‘ 31 ‘i 5'
investigation on 7-alkoxycoumarins [38] the logarithm of log P brug Discovery Today

O-dealkylation mediated by CYP2B4 is found to be directly
: . Figure 1. The correlation between -log K, (x-axis) and log P
t l1tolog P. It 1d thatb bstrat: m

propor 19na 0108 wou a'ppear a.l .asm substrates (y-axis) for 16 structurally diverse substrates of CYP2B6, where P
tend to bind to CYP2B enzymes in the unionized state [39], is the octanol-water partition coefficient and K_,, is the apparent
as opposed to the situation encountered in CYP2D6. From Michaelis constant (data from Table 1).

these findings, and also those reported by Hansch and co-
workers [16,17], we have made a detailed

investigation of the possible relationships ~ Table 1. Dataset for CYP2B6 substrate lipophilicity relationship
between lipophilicity, in the form of either

log P or log D, , values, and binding to Compound ' log P K, (M) —logk, 4G, AGi
human P450 enzymes that are associated 7-Benzyloxyresorufin ~ 4.75 1.28 5.8928 -6.7377  -8.3587
with the metabolism of drugs and other  Testosterone 3.32 50.5 4.2967 —4.7093  -6.0947
xenobiotics [14,15]. The results of this  Benzphetamine 2.27¢ 93.4 4.0297  -3.2199 -5.7159
work have shown clearly that substrate 5 gy, coumarin (EC) 2.30 115 3.9393  -3.2625 -5.5878
binding affinity obtained from K, or (Kp) .
L . . Diazepam 2.86 113 3.9469 -4.0568 -5.5986
data exhibit linear correlations with log P, '
cither expressed as the corresponding ~BUPFopion 2.54 107.5 3.9686  -3.6029 —5.6293
partitioning energy or as the raw log P S-Mephenytoin 1.90 564 3.2487 -2.6951 -4.6082
values versus —log K. For example, when  $M-12502 1.06 1767 2.7528  -1.5036 -3.9047
considering a set of 16 structurally diverse  angipyrine 0.23 17700 1.7520  -0.3262 -2.4852
substrates of CYP2B6, there is a simple o hoipc 2.04° 33.7 4.4724  —41703 —6.3439
linear relationship between -log K, and
log P of the following form [Equation 1] R"DePreny! 2.90 33 44815  -4.1136 -6.3568
Propofol 3.70 10 5.0000  -5.2483 -7.0923
log K, =0.881 log P (+0.058) + 1.676 [Eqn 1]  Lidocaine 1.62 537.6 3.2695  -2.2979 -4.6377
Carbamazepine 1.98 700 3.1549 -2.8086 —4.4751
wheren=16;5=02378; R=097F=233. | iioramine 2.48 383 3.4168  -3.5178 -4.8466
Figure 1 shows a plot of this correla- Arteether 3.29 28 45528  -4.6668 —6.4581
tion for the CYP2B6 substrates listed in
Table 1. The K, values have been taken Regression Equation n s R F
from a review of the relevant litera- _jog K =0.881 log P (+0.058) + 1.676 16 0.2378 0.9713  233.45
ture [40], whereas the log P data have g -0.881AG , (+0.058)-2.377 16 03373 09713 233.45
been collated from several sources o —anx
bind = n 'm

[41,42] or calculated using the Pallas g™ _gpnp
part
software [19] from CompuDrug R=gasconstant (1.9872 cal deg"'mol™)
X . T = absolute temperature (310K)
(http'//WWW'Compudmg'Com)' Relations ¢ = calculated value (Pallas Software, CompuDrug, http://www.compudrug.com)
of the above type can be rewritten in terms  Reference to K data in reference [40].
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Table 2. Lipophilicity relationships in human P450 substrates

CYP No. of Correlation Slope Intercept
Compounds
1A1 5 0.964 0.694 -4.263
1A2 10 0.975 0.595 —-4.832
1B1 7 0.937 0.398 -5.857
2A6 5 0.973 1.617 -3.213
2B6 16 0.971 0.881 -2.377
2C8 5 0.963 1.859 -1.820
2C9 9 [6] 0.947 0.558 -3.366
2C19 6 [5] 0.963 1.119 -1.925
2D6 6 [5] 0.908 1.004 -4.027
2E1 7 [7] 0.998 1.102 -1.645
3A4 40+ Several Several  Several

Common interactions

One hydrogen bond and two n—r stacks
Two hydrogen bonds and one n—r stack
Two hydrogen bonds and two n—n stacks
One hydrogen bond and one n—r stack
One hydrogen bond and one n—r stack
One hydrogen bond

One hydrogen bond and one n—r stack
One hydrogen bond

One ion-pair

One hydrogen bond or two m-stacks

Different combinations of hydrogen bonding and n—r stacking

Numbers in parentheses refer to secondary parallel lipophilicity relationships in other substrates towards the same enzyme. These correspond to additional
hydrogen bond or n-r stacking interactions within the P450 active site region, although the statistical data presented only refers to the primary relationship.

Data obtained from reference [15]

of the corresponding free energy changes, AG, 4 and AG
[15] where [Equation 2]:

part

AGynq = RTInK,, and AG,,, = -RTInP [Eqn 2]
where R is the gas constant and T is the absolute tempera-
ture, usually taken as 310K

The utility of this transformation is that one can readily
obtain an estimation of the non-desolvation related con-
tributions to the enzyme-substrate binding energy from
the y intercept of the relationship expressed either graphi-
cally or via regression, together with a quantification of the
hydrophobic character of the P450 active-site environment
[15]. Table 2 presents a summary of these lipophilicity
relationships for many P450 substrates.

However, the following points should be borne in mind
in relation to these findings:
¢ The range of hydrogen bond energies for biological sys-

tems is from —-1.5 to —2.5 kcal mol-! with -2.0 kcal mol-!

representing an average value.

e The value of n—rn stacking energies is thought to range
from -0.8 to —1.0 kcal mol-! with —0.9 kcal mol-! repre-
senting an average value.

e It is common for there to be more than one linear
lipophilicity relationship for each P450 enzyme.

Contributory factors

There are several contributory factors that give rise to the
total enzyme-substrate binding energy, therefore, one of
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the useful aspects of lipophilicity relationships (Table 2)
is that one tends to observe several parallel lines for larger
groups of P450 substrates, thus indicating that the
number of hydrogen bond and n-r stacking interactions
might vary for a given P450, as is the case with CYP3A4
substrates [15]. In fact, the intercept of the lipophilicity
relationship directly provides a measure of the average

non-desolvation component, and this appears to be a

simple linear combination of the hydrogen bond and n—n

stacking energies, that have been reported as —2 kcal mol-!

and -0.9 kcal mol-!, respectively. Furthermore, the ranges
and averages of log P values for P450 substrates might
also be indicative of their enzyme selectivity, as shown in

Table 3.

Some points can be recognized from these and related
findings:

e Binding affinity is determined by log P, number of hy-
drogen bond acceptors and/or donors and n—n stacking
interactions (N) and number of rotatable bonds restricted
on binding [19].

e The site of substrate metabolism is determined by hy-
drogen bond acceptors and/or donors in the molecule
[19].

e The log P values of typical substrates are close to the
average value for the P450s in question (see Table 3).

e Lipophilicity relationships exist with AGy,; 4 for sub-
strates of all P450s investigated to date [15].

Combining this information can prove useful for eval-
uating the characteristic structural determinants for P450
binding and selectivity and, in addition to lipophilicity,
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Table 3. Ranges and average log P values for human P450 substrates of families CYP1, CYP2 and CYP3

% Drugs’ CYP Range of log P Average log P

values value (n)

3 1A1* 1.39 to 6.35 3.41 [16]
10 1A2 0.08 to 3.61 2.01[18]
1 1B1 1.40 to 6.35 3.73[12]
2A6 0.07 to 2.79 1.44 [18]

4 2B6 0.23 to 4.89 2.54[16]
2C8 0.06 to 6.98 3.38[12]

25 2C9 0.89 to 5.18 3.20[18]
2C19 1.49 to 4.42 2.56 [16]

15 2D6 0.75 to 5.04 3.08 [16]
3 2E1 -1.35to 3.63 2.07 [20]
N/A —2F1* 0.37 to 5.14 2.63[12]
36 3A4 0.97 to 7.54 3.10 [50]

Other characteristics

Planar PAHs and their diols
Planar amines and amides
Planar PAHs and their diols
Fairly small molecules
Basic (Unionized)

Acidic (lonized)

Acidic (Unionized)

Amides and amines

Basic (lonized)

Small molecules

Fairly small molecules

Large molecules

Typical substrate and log P

DMBA-3,4-diol 3.42
MelQ 1.98
BP-7,8-diol 3.87¢
Losigamone 1.46
Buproprion 2.54
Rosiglitazone 3.20
Naproxen 3.18
Proguanil 2.53
Propranolol 3.09
4-Nitrophenol 2.04
3-Methylindole 2.72°
Nifedipine 3.17

n = number of compounds investigated ¢ = calculated value (Pallas Software) N/A = data not available * = extrahepatic enzymes
DMBA = dimethylbenzanthracene MelQ = 2-amino-3,4-dimethylimidazo[4,5-f]quinoline BP = benzo(a)pyrene
" = percentage of total drug oxidations catalyzed by a given P450 enzyme based on information from reference 4 for a total of 2112 compounds.

Potentially important discriminants of P450 selectivity include:
Size (diameter), molecular mass or length of the molecule
Planarity (a/d”) or Rectangularity (I/w) of the molecule
Lipophilicity (log P or log D, )

Basicity/Acidity of the compound (pK)

Polarity (Dipole moment) of the molecule

the role of hydrogen bonding [43] should be emphasized
because this is a key component of enzyme-substrate in-
teractions [44,45]. Molecular modelling of human P450-
substrate complexes tends to be complementary to the
lipophilicity relationship analysis, although the dynam-
ics of substrate binding [46] might suggest the operation
of an entropy-driven desolvation process, which could be
related to compound lipophilicity. In addition, pharma-
cophore modelling and QSAR analysis [47,48] in the P450
field tend to support the molecular modelling approaches
[12,13] where substrate properties are taken into consid-
eration, with structural similarity representing another
useful characteristic [49]. Therefore, although important,
compound lipophilicty represents one factor that would
need to be augmented by other information to derive a
full profile of the likely P450 selectivity and metabolism
of a chemical.

Calculation of P450 substrate binding affinity and
log P data

The general expression for estimating the binding affinity
(AGy;nq) of P450 substrates can be formulated as follows
[Equation 3]:

AGying = AGp + AGyy, + AG, + AG,, + constant  [Eqn 3]

AG,,, relates to the desolvation component obtained
from the lipophilicity parameter log P, described previ-
ously; AGy, is the hydrogen bond component; AG_, is the
n—r stacking interaction energy, and AG,,, is the loss in
individual bond rotational energy when a small substrate
molecule binds to the P450 active site [19].

Using Equation 3, it is possible to make a calculation of
the overall binding energy in terms of the number of ac-
tive site interactions observed from molecular modelling
studies [19]. Each of these interactions are multiplied by
the average energy quoted in the literature, and the desol-
vation component is calculated directly from the experi-
mental log P value using Equation 2. For a total of 90 P450
substrate interactions, the correlation with experimental
binding affinity has been shown to be as high as 98% [19]
and the constant term is effectively zero. These findings
tend to suggest that the loss in substrate translational and
rotational energy upon binding to the P450 enzyme is
negligible, possibly due to some degree of translational and
rotational energy evident in the P450 itself, as it is embedded
in a relatively fluid phospholipid bilayer, which constitutes
the endoplasmic reticular membrane. Subsequent use of
this approach, using Equation 3, enabled calculation of
CYP3A4 substrate binding affinities, which gave good
agreement with experimental values [19].
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Table 4. Comparison between Pallas and ClogP systems for calculating

log P values of selected P450 substrates

representation (Pallas), where the lat-
ter system employs the Rekker frag-
mental methodology, together with

Compound Pallas ClogP
1,4-Cineole 2.53 2.83
1-Nitropyrene 4.94 4.69
3-Amino-1,2,4-triazole -0.83 -0.53
7-Ethoxycoumarin 2.15 2.27
7-Pentoxycoumarin 3.68 3.86
7-Propoxycoumarin 2.66 2.80
Artemether 2.89 291
Artemisinin 2.86 2.72
Camphor 1.82 2.18
Carbamazepine 3.52 1.98
Clarithromycin 3.03 2.09
Clofibric acid 2.73 3.26
Coumarin 1.75 1.41
Deprenyl (Selegiline) 2.85 2.52
Diltiazem 2.58 3.65
Hexamethylphosphoramide (HMPA) 0.28 0.11
Isoflurane 3.07 3.00
Lornoxicam 0.80 2.33
Melatonin 1.45 1.03
Methoxsalen 2.37 2.30
MPTP 2.58 2.81
Nifedipine 2.82 3.41

log P oo an ability to calculate pK, values and,

2.50 hence, log D for any pH required.
506 Table 4 shows a comparison be-
—0.87 tween these two methods for several
P450 substrates and, in fact, there is a
2.30 satisfactory agreement with experi-
3.92 mental log P data for each method,
2.86 particularly when relatively large
2.86 numbers of compounds are examined.
2.90 The excellent work by Pliska and
coworkers [55] contains further com-
2.38 parisons between a greater number of
2.19 log P calculators, but the results pre-
3.16 sented in this review are of a similar
2,57 order. Possibly the ClogP system is
139 somewhat superior to Pallas for drug
structures, although the latter is pre-
290 ferred for compounds such as cy-
2.80 closporin (where the Pallas value is
0.28 3.27, the ClogP value is 14.36 and log
2.06 Peype is 2.92) and other types of macro-
2.62 cycles. Consequently, it is of benefit
to have access to both systems for
1.01 the calculation of log P data in the
1.93 absence of experimental values.
2.71 However, there are other methods
217 that have been developed for the esti-

The correlation between ClogP and log P, is 0.91 for the 22 compounds listed above although

consideration of a larger compound dataset (>100) improves this to 0.98.

The correlation between Pallas and log P, is 0.87 for the 22 compounds listed above although

consideration of a larger dataset (>100) improves this to 0.98.

Information from molecular modelling

In the absence of information from molecular modelling,
one has to rely on the lipophilicity relationship solely be-
cause this is essentially the major contribution to the bind-
ing energy in most cases. In some examples, this is quite
satisfactory as shown by the study of CYP2B6 substrates
outlined previously. Clearly, there is a need for accurate log
P values in such calculations [50] and, in the absence of
experimental values for some compounds, one has to resort
to computational methods of log P calculation, of which
several systems are currently available [42,51-54]. For ex-
ample, the ClogP software package (Biobyte Corporation;
http://www.biobyte.com) and the Pallas system are able to
provide calculated values of log P for structural input in
the form of either a SMILES (Simplified Molecular Input
Line Entry System) string (ClogP) or via a graphical 2D
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mation of log P data, and some of
these are available online. For occa-
sions where experimental log P data
are difficult or time-consuming to
generate, many procedures for calculat-
ing these values can be used, which, in general, exhibit sat-
isfactory agreement with measured data. The generally
accepted methods for obtaining experimental values of log P
for various compounds include the ‘shake flask’ procedure
and from HPLC measurements [56] with the latter system
becoming the usual approach adopted by most workers
[36,55,57]. However, it should be noted that HPLC methods
generally give rise to log D, , values [34], which would require
information on the relevant pK, data [58,59] before the log P
value can be calculated using Equations 4 and 5 [55]:

log D =1log P —log (1 + 10rH-PKa) for weak acids
log D =log P —1log (1 + 10prka-pH) for weak bases

[Eqn 4]
[Eqn 5]

Consequently, it would appear that experimental log P val-
ues are able to provide useful determinants of the desolvation
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contribution to binding affinity both for P450 substrates
and in other systems. As such, simple correlation analyses
between activity and log P can provide useful insights
into the main contributions to overall binding affinity,
especially when this is performed on the associated energy
values.

According to the theoretical derivation [15], AGy;q4 = a
AG, + b where a is the hydrophobicity of the P450 active
site [19] and b is the combined contributions from hydro-
gen bonding, n-n stacking and other components of the
binding energy. Therefore, a plot of —log K, versus log P
(see Figure 1) should give a straight line of slope ‘a’ and a'y
intercept of —0.705b.

For example, with structurally diverse CYP2B6 substrates
we get Equation 6:

logK,, =0.8811og P (+0.053) + 1.676
n=16;s=0.2378; R=0.9713; F = 233.45

[Eqn 6]

Such that a = 0.881, indicating a fairly hydrophobic ac-
tive site, and b =-2.377 (-1.676/0.705), which implies that
the binding site interaction is likely to be a hydrogen
bond, as this is close to the average value of -2 kcal mol-!
although one can not rule out the possibility of some con-
tribution from n—n stacking. The degree of standard devia-
tion and error limits in the above expression satisfactory
encompass the likely variations in hydrogen bond energies
for O—O and O—N hydrogen bonds [44] and this accords
with the typical active site interactions shown from mol-
ecular modelling studies of CYP2B6 [60]. However, it
should also be recognized that weak hydrogen bonds can
form between aromatic ring systems and hydrogen bond
donors [61].

Lipophilicity and P450 selectivity
The lipophilicity of the potential substrate is crucial for
P450-mediated metabolism. In general, mammalian P450
substrates tend to possess log P values greater then zero
and, in fact, there are few that have a negative log P. The
likely reasons for this relate to membrane transport and
substrate binding to the P450 active site, where desolva-
tion of the haem environment hydrophobic ‘pocket’ usu-
ally represents the major contribution to binding affinity.
Human P450 enzymes display certain substrate selectivi-
ties, which are reflected, to some extent, in substrate log P
ranges and average log P values that are close to those of
highly selective substrates of the particular enzymes in
question. Indeed, the finding that some compounds might
act as substrates for more than one P450 can be explained,
in part, by their log P value lying within the ranges en-
countered for those enzymes. Particular ranges of log P for
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individual P450s can be rationalized in terms of variations
in hydrophobicity and local dielectric constant of each
P450 active site, and the slope of the lipophilicity relation-
ship for substrates of a particular P450 can provide a meas-
ure of the degree of hydrophobicity in the environment of
the haem.

Apparently, the log P value of a substrate can give an
indication of its P450 selectivity (although, in some cases,
a substrate might be metabolized by more than one en-
zyme) and provides a means of estimating its binding af-
finity if the lipophilicity relationship is already established,
especially for a congeneric series, and also provided that
the potential active site interactions (i.e. hydrogen bond-
ing and n-r stacking) are well characterized from mol-
ecular modelling. However, it is important to emphasize
that multiple parallel linear relationships are apparent
when a fairly large number of structurally diverse sub-
strates are examined for a given P450. Furthermore, other
factors should be taken into consideration when analyzing
P450 selectivity, although the lipophilicity relationships
facilitate a further analysis of binding affinity as the
hydrophobicity of the enzyme active site and substrate
interactions can be inferred.

In effect, the compound log P is crucial for the evalu-
ation of new chemical entities (NCEs) and, for ionizable
substrates, the log D, , can be more relevant, which effec-
tively means that consideration of the appropriate pK, val-
ues is essential. Procedures for calculating log P are useful
for HTS as the established experimental methods can be
time-consuming and obviously require chemical synthesis.
In fact, the most widely used software systems give good
correlations (with R values between 0.95 and 0.98) with
experimental values for log P and log D, ,, although some
compounds are notable outliers. Cyclosporin, for example,
is not well estimated by ClogP but the Pallas system pro-
vides a calculated value closed to the experimental one.
Consequently, it is advisable to make use of at least two log
P calculators in the evaluation of compound lipophilicity
for drug development.

Conclusions

In conclusion, therefore, it can be assumed that com-
pound lipophilicity will play a major role in substrate
binding to cytochromes P450 in mammalian systems and
this will have an effect on the overall clearance of such
compounds. By and large, the greater the value of log P
for a chemical, the more avidly it will bind to a given P450
enzyme, although, after a certain point, binding affinity
(and probably clearance) will start to fall with increasing
log P, as the compound will become too hydrophobic.
There is likely to be an optimum log P value for substrates
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of a given P450, with the majority of such selective com-
pounds falling within a certain range of log P values (see
Table 3). The precise lipophilic nature of the substrate will
therefore determine, at least to some extent, the P450 en-
zyme most likely to metabolize it and an approximate
binding affinity can be estimated from substrate log P, al-
though it is important to emphasize that other factors
might also be involved, such as polarity, hydrogen bond
donor and/or acceptor properties and the number of aro-
matic rings present in the molecule. Nevertheless, such
considerations could facilitate the process of NCE candi-
date selection during drug discovery and thus aid in the
overall development process.
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