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SUMMARY 

The structural characteristics of human cytochrome P450 substrates 
are outlined in the light of extensive studies on P450 substrate 
specificity. Templates of superimposed substrates for individual P450 
isozymes are shown to fit the corresponding enzyme active sites, where 
contacts with specific amino acid residues appear to be involved in the 
interaction with each structural template. Procedures leading to the 
evaluation of likely P450 specificity, binding affinity and rate of 
metabolism are described in the context of key examples in which 
molecular modelling appears to rationalize experimentally observed 
findings. 

1. INTRODUCTION 

The important roles of mammalian cytochrome P450 isoforms in 
the Phase 1 metabolism of drug substrates and other xenobiotics have 
been well established /1-4/. In particular, there is growing interest in 
the rationalization of P450-mediated drug metabolism in man /3,4/ 
where evidence is accumulating for the role of individual P450 
isozymes in the clearance of the majority of chemicals in current 
clinical use 15,61. 

Recently, Smith and colleagues have drawn attention to the status 
of human P450 models /3/ and to the characteristics of substrates and 
inhibitors of human P450 isoforms /4/. The purpose of this review 
article is to build on the work previously expounded by Smith and 
coworkers /3,4,7,8/ (which has also been explored by others /9,10/) on 
the structural basis of P450 substrate specificity by demonstrating that 
there is an emerging pattern exhibited by recent mammalian P450 
models which concords satisfactorily with current evidence on P450-
mediated metabolism of drug substrates in Homo sapiens. 

2. SUBSTRATES OF P450 ISOFORMS FROM FAMILIES CYP1, CYP2 
AND CYP3 

For mammalian microsomal P450s involved in the metabolism of 
foreign compounds, it is possible to formulate some general character-
istics of substrates for certain P450 families and subfamilies, despite 
the fair degree of structural diversity that is known to exist in the 
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compounds which are relatively specific for different P450 isoforms. 
Table 1 summarizes some recent information /5/ on human hepatic 
P450s and their substrates, inducers and inhibitors, together with the 
average percentages of the individual P450s in human liver. The 
general characteristics of the substrates for mammalian P450 isoforms 
associated with the metabolism of xenobiotics are summarized in Table 
2, although it should be appreciated that structurally diverse 
compounds may, nevertheless, be substrates of the same P450, 
provided that the criteria for binding to that particular P450 are 
fulfilled. This could involve, for example, the possession of a hydrogen 
bond potential at a certain distance relative to an aromatic ring system, 
such that orientation for metabolism is governed by key interactions 
with complementary active site residues. 

Some of the species differences in metabolism of xenobiotics can be 
explained on the basis of small but, nevertheless, significant changes in 
the active site regions of the relevant orthologous P450s. For example, 
there are differences in the metabolism of coumarin by rat, mouse and 
human CYP2A orthologues which appear to be rationalized in terms of 
amino acid residue contacts within the putative substrate binding sites 
in the P450s concerned /11/. Furthermore, the hepatic complement of 
P450 isoforms differs within mammalian species, particularly between 
Homo sapiens and experimental animals, such as rat, mouse and rabbit, 
in which there are alterations in P450 regulation and expression which 
affect the way in which certain xenobiotics are metabolized. However, 
as far as the metabolic activation of carcinogens is concerned, it would 
appear that the same P450 orthologues (namely:- CYP1A1, CYP1A2 
and CYP2E1) are involved for both human and experimental rodent 
species /12-14/, presumably because there are relatively few differences 
between the orthologous P450 proteins in these cases. This is sup-
ported by high sequence homologies between the different mammalian 
species /12/. 

Based on accumulated evidence from physicochemical and struct-
ural data, Smith and colleagues formulated a number of general rules 
for human P450 substrate selectivity /4/. These centre primarily on 
compound lipophilicity and degree of ionization at physiological pH 
(i.e. 7.4) such that likely P450 specificity can be governed by substrate 
partitioning between aqueous and lipid phases. The important quant-
ities in this respect are: log P, pKa and logD74, where log Ρ is the 
logarithm of the n-octanol/water partition coefficient, pKa is the 
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TABLE 2 

Characteristics of mammalian P450 substrates 1251 

CYP Broad classification of specific substates 

1A1 Planar polyaromatic hydrocarbons and their derivatives 

1A2 Planar polyaromatic/heterocyclic amines and amides 

2A Relatively low molecular weight compounds including ketones and 
nitrosamines 

2B Non-planar molecules many with V-shaped structures 

2C Relatively non-planar molecules including amides and 
sulphonamides 

2D Basic compounds with a nitrogen atom protonable at physiological 
PH 

2E Low molecular weight compounds of diverse structure 

3A High molecular weight compounds of diverse structure 

Notes: 1. There is some degree of overlapping substrate specificity for: CYP1A1 
and CYP1A2, CYP2A and CYP2E, CYP2B and CYP2C, although 
certain characteristics such as lipophilicity and hydrogen bond forming 
potential can provide a means of distinguishing between specific 
substrates in each category. 

2. Phenobarbital and other barbiturates induce P450s of subsfamilies 
CYP2A, CYP2B, CYP2C and CYP3A, whereas dexamethasone induce 
both CYP3A and CYP2A. Moreover, TCDD and other polyaromatics 
induce both CYP1A and CYP2A subfamilies. However, CYP2E is 
induced by acetone, ethanol and benzene, indicating that there are both 
similarities and differences in the regulatory mechanisms of 
mammalian P450s. 
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negative logarithm of the acid/base dissociation constant, and log D7.4 

is the logarithm of the distribution coefficient at pH 7.4. The log D 
value is related /15/ to log Ρ and pKa by the following expressions:-

log D = log Ρ - log (l+10pH-pKa) for weak acids 

log D = log Ρ - log (1 +lOpKa-pH) for weak bases 

although these only apply to monoprotic compounds, and more 
complex expressions are required for diprotic and triprotic substances. 
Computer programs, such as Prolog Ρ and Prolog D /16/ from 
CompuDrug Limited, enable the calculation of log P, pKa and log D7 4 

for compounds for which the experimental values are unavailable, and 
it has been reported that the degrees of correlation between calculated 
and experimental log Ρ values are about 0.98 for simple organic 
compounds /17/. The following subsections describe various physico-
chemical characteristics for the major human P450 substrates, 
indicating how some of these properties are related to active site 
interactions. 

a) CYP2D6 

From considerations of the partition coefficients, ionization 
constants and distribution coefficients of various human P450 
substrates, Smith and coworkers have reported, for example, that pKa 
values for CYP2D6 substrates vary from 7.4 to 12.9 111 with log D7 4 

values of between -3.0 and 1.1 /8/. Although these basic compounds 
exhibit relatively low lipophilicity due to the effect of ionization at pH 
7.4, there is a good correlation between log Kj and log D 7 4 for a series 
of ß-blockers displaying inhibitory potential against dextromethorphan 
O-demethylation activity, which is CYP2D6 mediated /4/. Such 
findings point to the likelihood of hydrophobic interactions between 
CYP2D6 substrates in terms of their basicity, with sites of metabolism 
being around 5-7Ä from the basic nitrogen, but with some degree of 
lipophilicity when only the neutral form is considered /4/. There is also 
the likelihood of hydrogen bond formation at distances from the site of 
metabolism comparable to those reported for the protonable nitrogen 
/18/. As shown in the following section, the putative active site of the 
enzyme appears to have complementary amino acid residues for the 
binding of the basic, hydrophobic and hydrogen bond donor/acceptor 
groupings encountered in the majority of CYP2D6 substrates /19/. 
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b) CYP2C9 

In contrast, most CYP2C9 substrates tend to be weakly acidic with 
pKa values of between 4.5 and 5.9, thus leading to log D7 4 values in 
the octanol/water system ranging from 0.2 to 2.4 which, consequently, 
exhibit some degree of overlap with those recorded for CYP2D6 
substrates /4/. Furthermore, the ionizable acidic function generally lies 
between 7 and 11Ä of the site of metabolism in CYP2C9 substrates 
111. It should be recognized, however, that not all CYP2C9-specific 
chemicals are weak acids; neither do they all contain a carboxylic acid 
functional group. Nevertheless, those which possess amide or 
sulphonamide groupings may become weakly ionizable at physiological 
pH and, moreover, can enter into hydrogen bonded interactions with 
donor or acceptor groups within the CYP2C9 active site. The 
hydrogen bond potential of CYP2C9 substrates can be appreciated by 
comparing their log D 7 4 values between octanol/water and cyclo-
hexane/water systems /4/. The use of the hydrocarbon solvent relative 
to octanol unmasks the hydrogen bond forming properties of CYP2C9 
substrates such that their log D7.4 values are substantially lower in the 
cyclohexane system, some of which become negative in value /4/, thus 
indicating hydrophilic character. It has also been established that the 
hydrogen bond donor/acceptor atoms in CYP2C9 substrates generally 
lie between 5 and 7Ä from their sites of metabolism by this enzyme 
/20/, although greater distances have been observed in some instances. 

c) CYP3/t4 

The effect of changing the solvent from octanol to cyclohexane in 
log Ρ determinations also enables discrimination between CYP2C9 and 
CYP3A4 substrates /4/, because the difference (Δ log P) is less 
pronounced in the latter. The inference drawn from these findings is 
that CYP3A4 substrates are generally more hydrophobic than those of 
CYP2C9 /4/. In the octanol/water system, the log D7 4 values of most 
CYP3A4 substrates are within the range 0.8 to 8 or more with an 
average value of around 3 /8/, thus confirming their relatively lipophilic 
nature coupled with a variable degree of ionization. However, 
consideration of the molecular structures of a superimposed template 
of CYP3A4-specific compounds indicates that these also possess a 
hydrogen bond donor/acceptor site at between 5 and 8Ä from their 
sites of metabolism /21/ despite considerable variations in both 
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molecular mass (ranging from 288 for testosterone to 1203 for 
cyclosporin) and chemical structure; although many CYP3A4 sub-
strates are characterized by relatively large-sized molecules compared 
with the substrates of other P450s /21/. There is, furthermore, some 
evidence that another potential hydrogen bond donor/acceptor atom is 
present in a substantial number of CYP3A4 substrates, but at a greater 
distance from the site of metabolism. In fact, there appear to be two 
hydrogen bond donor/acceptor amino acid residues within the putative 
active site of CYP3A4 which correspond to the distance constraints in 
most substrates /21/. 

Smith and coworkers have drawn attention to the hydrophobic 
character of many CYP3A4 substrates /4/ which indicates that the 
enzyme active site comprises an essentially lipophilic environment, so 
one would expect that there are hydrophobic amino acid sidechains 
lining the haem pocket which may complement groupings on typical 
CYP3A4 substrates. The following section (§3) will demonstrate that 
homology modelling of CYP3A4 shows that a substantial number of 
aromatic and aliphatic hydrophobic residues are present within the 
putative haem environment of the enzyme which can bind equivalent 
hydrophobic portions of CYP3A4 substrates /21/. Moreover, the 
relatively large and open nature of the putative active site of CYP3A4 
would explain the fact that some substrates are oxidized at more than 
one position in the molecule , as rotation of the structures of substrates 
(such as cyclosporin and terfenadine) within the CYP3A4 binding site 
helps to rationalize their CYP3A4-mediated metabolism at different 
regions of the molecule. 

d) CYP2E1 

In contrast, substrates of CYP2E1 are characterized as relatively 
small-sized molecular structures 1221, although their log Ρ or log D7 4 

values indicate that enzyme-substrate interactions are generally 
hydrophobic in nature /4/. These neutral, small molecular weight com-
pounds may be either aromatic or aliphatic with log D7.4 ranging from -
0.3 for ethanol to 2.3 in the case of halothane /4/, and some CYP2E1 
substrates have hydrogen bond forming potential relatively close to 
their sites of metabolism. By and large, the more lipophilic CYP2E1 
substrates tend to be either carcinogenic or hepatotoxic, with 

*This feature is not exclusively shown by CYP3 A4, however. 
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compound polarity playing an important role in discriminating between 
toxic and relatively non-toxic chemicals 1221, although frontier orbital 
energy levels and, in particular, their difference (ΔΕ) are also 
differentiating factors especially with regard to dialkyl nitrosamines 
1221. Active site modelling of CYP2E1 substrates shows that both 
hydrophobic and hydrogen-bonded interactions are possible, due to the 
presence of complementary amino acid residues which, to some extent, 
explain how typical substrates may become orientated for metabolism 
at the experimentally observed positions 1221. 

e) CYP1A2 

As far as CYP1A2 is concerned, its substrates are probably most 
readily characterized structurally, as a recurrent feature is an aromatic 
or heterocyclic ring system, which imparts a relatively planar geometry 
to the molecule /23/. Although such compounds are fairly lipophilic, a 
generally basic character of many CYP1A2 substrates tends to give rise 
to somewhat lowered log D 7 4 values relative to those of CYP 1 Al , 
especially for caffeine (log D 7 4 -0.1) and the inhibitor, enoxacin (log 
D7.4 -2.2). For the compounds tabulated by Smith et al. /4/, the range 
of log D74 values extends from -2.2 to 3.0, with pKa values varying 
from 0.6 to 14.0, although the majority are weak bases with pKa 
values in the region of 8 to 10 /4/. 

In addition to the possession of at least one aromatic or 
heteroaromatic ring, CYP1A2 substrates contain one or more 
hydrogen bond acceptor atoms, usually coinciding with the common 
basic group present in many CYP 1 A2-specific chemicals /4,23/. The 
aromatic ring system of CYP1A2 substrates appears to enter into π-π 
stacking interactions with coplanar aromatic amino acid residues in the 
putative active site of the enzyme /23/, whereas the formation of two 
hydrogen bonds between donor amino acid sidechains (possibly 
threonines) and substrate acceptor atoms is a recurring feature of 
CYP1A2 active site interactions. Consequently, the common structural 
characteristics of many CYPlA2-specific chemicals are reflected in the 
disposition of key amino acid residues in the enzyme's binding site 
region /23/. 
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o CYP2C19 

With respect to the CYP2C family isozymes, substrates of the 
polymorphic form CYP2C19 exhibit certain structural differences 
compared to those of the homologous CYP2C9 /4,24/, although these 
are not obvious from consideration of their physicochemical properties 
such as log Ρ or log D7 4 /4,20/. However, the general preference for 
weakly acidic compounds by CYP2C9 is not apparent in CYP2C19, 
which appears to be able to accept both neutral and basic substrates 
/4/. CYP2C19-specific chemicals usually contain an aromatic ring 
system and exhibit the potential for hydrogen bond formation; many 
CYP2C19 substrates contain two hydrogen bond donor/acceptor 
atoms that are situated about 5-8Ä from the site of metabolism /20/. 
There is, furthermore, a fairly well-defined distance range between 
these two hydrogen bond forming atoms of between 3-6Ä with an 
average value of around 4.5Ä /20/. Active site modelling of CYP2C19 
indicates that two hydrogen bond donor/acceptor amino acid residues 
are positioned relative to the haem moiety such that the formation of 
two hydrogen bonds between enzyme and substrate assist in 
orientation for metabolism at the known positions /20/. Moreover, a 
phenylanine residue is situated in the putative active site region of 
CYP2C19 to enable π-π stacking interactions between its phenyl ring 
and complementary aromatic groups on most CYP2C19 substrates. 
There is also a non-conservative change, K72E, between CYP2C9 and 
C YP2C19 which could explain the preference of the former for weakly 
acidic substrates as these could form ion pairs with Lys72 in CYP2C9, 
but not in the CYP2C19 binding site because of the change to an 
oppositely charged glutamate residue (Glu72). 

Table 3 summarizes the physicochemical and structural information 
for substrates of the major human hepatic drug-metabolizing P450s, 
whereas the key interatomic distances encountered in human and some 
rodent P450 substrates are presented in Table 4, together with other 
structural information on chemicals specific for individual P450s 
present in mammalian liver. These findings provide opportunities for 
proposing schemes for evaluating the likely P450 specificity of 
untested compounds which could, for example, involve a decision tree 
approach. Figure 1 represents one possibility that can be used 
predictively for the pre-screening of development chemicals, although 
some form of automation would facilitate analysis of combinatorial 
libraries. 
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CYP2A Substrates 

low log high log Ρ 

CYP2B Substrates 

Fig. 1: A proposed Decision Tree Approach for predicting P450 substrate 
specificity/71,107,109/. 
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Notes to Figure 1: 

1. By and large, the logP values of P450 substrates are greater than 
zero, although there are exceptions, such as some CYP2D and 
CYP2E substrates. On average, the log Ρ values of CYP2B 
substrates (log Ρ -2.5) are greater than those of CYP2A6 (log Ρ 
-1.7). 

2. CYP2D6 substrates usually possess a protonatable nitrogen atom 5-
7Ä from the site of metabolism. 

3. CYP2C9 substrates generally possess a hydrogen bond 
donor/acceptor atom 5-8Ä from the site of metabolism. 

4. Some compounds can be substrates for more than one P450, 
especially where there is indication of overlapping specificity from 
the structural characteristics of the molecules. Moreover, the above 
scheme does not necessarily apply to steroids and other endogenous 
chemicals which can be substrates of several P450s. 

5. The volume characteristics of P450 substrates facilitates 
discrimination between CYP3 (average 390Ä3), CYP2E (average 
75Ä3) and other CYP2 family enzymes (average 215Ä3). 
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3. HOMOLOGY MODELS OF HUMAN P450s 

The crystal structure of the unique bacterial P450 CYP102 
currently represents the preferred template for homology modelling of 
human and other mammalian microsomal P450s /4,25/. The reasons for 
this choice lie in the fact that CYP102 exhibits the highest homology of 
all crystallized bacter;ai P450s with the mammalian microsomal forms, 
which may be due to their similarity of redox partner, as an NADPH-
dependent FAD- and FMN-containing oxidoreductase flavoprotein is 
common to the redox systems of both CYP102 and liver microsomal 
P450s /26/. Since the crystal structure ΙΠΙ of the haemoprotein 
domain of CYP102 has been available, various researchers have 
produced homology models of microsomal P450s and it has, in many 
instances, been possible to rationalize the substrate specificity of such 
modelled P450 isoforms /11,19-23,28-35/. 

More recently, the crystal structure of substrate-bound CYP102 has 
been published /3 6/ and this may represent an improved starting 
template for microsomal P450 modelling, particularly as there are clear 
conformational changes in the haemoprotein which have occurred 
following substrate binding, such that the derived models of 
microsomal P450s exhibit closer concordances with experimental 
information /34/. 

Consequently, the P450 models outlined in this work are produced 
from the substrate-bound CYP102 crystal structure (pdb code: lfag), 
and it will be interesting to note any additional changes which may 
occur following reduction of the substrate-bound haemoprotein, as the 
structure of this form is currently being determined crystallographically 
(J A. Peterson, personal communication). However, movement of 
substrate towards the haem iron has already been observed spectro-
scopically via *H NMR paramagnetic shift measurements /3 7/ and, 
therefore, some degree of reorientation of substrate can be assumed 
once the original position (i.e. that of palmitoleic acid in CYP102) has 
been used as a guide for the docking of other molecules in P450 
homology models. Based on the structures of known P450-substrate 
complexes, it would appear that the site of metabolism lies between 3 
and 4Ä from the haem iron. The closest analogy to the dioxygen-
bound P450 substrate complex is P450cam.CC) /38/ in which it is found 
that the substrate moves almost 1Ä away from the haem relative to its 
position in the initial substrate-bound state 1391. Consequently, one can 
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utilize these findings to model various stages in the P450 catalytic 
cycle. 

An important prerequisite of any protein homology model, 
however, is the preparation of a satisfactory amino acid sequence 
alignment between the crystal structure template and the target protein. 
Some of the problems encountered using the CYP101 sequence, such 
as generally low homology and significant gaps in the alignment, have 
been largely overcome with CYP102 because this form shows higher 
homology with microsomal P450s with relatively few short gaps in its 
alignments when compared with CYP101 1251. Fortunately, sequence 
alignment between P450s is facilitated by the large body of information 
reported from site-directed mutagenesis and other experimental studies 
on specific residues likely to be in contact with substrates or with 
redox partners, especially for the CYP2 family (reviewed in /34/). 
Despite reservations expressed regarding the utility of P450 models 
constructed by homology /39/, it has been found that all of the recent 
microsomal P450 structures produced from CYP102 are, in fact, 
highly consistent with experimental observations on substrate 
specificity /11,19-23,28-35/. In particular, the previously outlined 
substrate characteristics preferred by individual P450 isoforms can be 
explained by specific contacts with amino acid residues in the 
respective P450 active site regions, such that superimposed molecular 
templates of known P450 substrates will fit satisfactorily within the 
binding sites of the given human P450 isoforms, including CYP1A2 
1231, CYP2A6 / I I / , CYP2B6 /33/, CYP2C9 and CYP2C19 1201, 
CYP2D6 /19/, CYP2E1 1221, CYP3A4 /21/ and CYP4A11 /40/. Some 
notable examples of these cases will now be discussed, in the light of 
the newly derived models based on substrate-bound CYP102 /34/. 
Important contact points in human P450 active sites are shown in 
Table 5. 

4. CYP1A2 ACTIVE SITE INTERACTIONS 

The specific marker substrate, caffeine, is N-demethylated in three 
different positions by human and other mammalian P450s (reviewed in 
/34/) with the N-3 position representing the preferred site. The 
preference of CYP1A2 for relatively planar molecules with some 
hydrogen bond potential is consistent with the putative active site, as 
shown in Figure 2, which contains caffeine orientated for N3-
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demethylation. It appears that there are two main hydrogen bond 
donor residues which can position the caffeine molecule in three 
possible orientations due to the presence of three hydrogen bond 
acceptor atoms in caffeine, namely, two carbonyl oxygens and a 
heterocyclic nitrogen /23/. Two threonine sidechains can donate 
hydrogen bonds to the two carbonyl oxygen atoms of caffeine which 
results in the N3-methyl group being positioned directly above the 
haem iron such that oxygenation can occur, thus leading to 
demethylation at this site (see Figure 2). Furthermore, the preference 
for planar substrates by CYP1A2 can be explained by the presence of 
two coplanar aromatic residues (phenylalanine and tyrosine) which 
flank the haem pocket, thus facilitating π-π stacking interactions with 
complementary substrates /23/. Other aromatic amino acids tend to 
restrict the size and shape of the CYP1A2 substrate binding site such 
that only molecules of a certain type can occupy the region. This 
probably explains the limitations on length and width for relatively 
planar substrates, whereas hydrogen bond donor residues (including 
the aforementioned threonines), and their placement with respect to the 
haem moiety, are able to provide a rationalization for CYP1A2 
substrate preferences, such as 7-methoxyresorufin /23/. 

Furafylline is a specific inhibitor of CYP1A2 with a marked 
preference for the human isoform /41/, and it has been shown that the 
mechanism of inhibition involves hydroxylation at the Cg-methyl group 
/42/. It is possible to show that furafylline can occupy the putative 
active site of CYP1A2 in an orientation which presents the Cg-methyl 
above the haem iron for hydroxylation to occur /23/. Such an 
orientation involves two hydrogen bond interactions between the same 
threonines as shown in Figure 2 for caffeine. Although it is difficult to 
explain the enhanced selectivity of this inhibitor for human CYP1A2 
relative to the rat orthologue, it is possible that only one or two key 
residue changes in the haem environment are responsible for the 
species difference. 

5. CYP2A6 ACTIVE SITE INTERACTIONS 

Coumarin 7-hydroxylation is a specific CYP2A6-catalyzed reaction 
/5/, and Figure 3 shows how this substrate may occupy the putative 
active site in an orientation which is consistent with the formation of 7-
hydroxycoumarin / l l / . Complementary amino acid residues flank the 
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substrate binding site which include Phel81, His437, Gln74 and 
Arg72; these contact the substrate via intermolecular attractions and 
position the molecule in such a way that brings the 7-hydrogen directly 
above the haem iron. In particular, His437 and Gln74 donate hydrogen 
bonds to the coumarin carbonyl and pyrone oxygen atoms, respect-
ively; whereas Phel81 forms π-π stacking interactions with the 
aromatic ring system of the substrate. Although present in the putative 
active site, Arg72 only appears to be involved in binding certain 
CYP2A6 substrates, with Asn260 representing an additional hydrogen 
bond donor residue for a relatively small number of known CYP2A6-
specific compounds. 

Some of the aforementioned residues have been demonstrated, by 
site-directed mutagenesis in the CYP2A subfamily, to be involved in 
substrate binding. For example, position 74 corresponds with Glnl04 
in CYP2A11 that is known to alter substrate regioselectivity; whereas 
Phe209 in CYP2A5 maps onto position 181 in the alignment, and its 
change to leucine dramatically affects substrate specificity in CYP2A4 
and CYP2A5 /43/. Consequently, there is a satisfactory degree of 
support from site-specific mutagenesis for the current alignment and 
the CYP2A6 model derived from it /11/. 

6. CYP2B6 ACTIVE SITE INTERACTIONS 

In general, CYP2B6 possesses similar substrate specificity /5/ to its 
more extensively investigated orthologues in experimental mammalian 
species, namely, CYP2B1 and CYP2B4 /44/. However, certain 
differences exist and it has been reported /45/ that the N-demethylation 
of (S)-mephenytoin may represent a drug oxidation specifically metab-
olized by CYP2B6, although O-deethylation of 7-ethoxy-4-trifluoro-
methyl coumarin also appears to be CYP2B6-specific /5/. In fact, both 
of these substrates are able to occupy the putative active site of 
CYP2B6 in a manner which is consistent with their known routes of 
metabolism. For example, Figure 4 shows how (S)-mephenytoin may 
fit the CYP2B6 active site, where complementary interactions with key 
amino acid residues orientate the molecule such that the N-methyl 
group is positioned directly above the haem iron. In particular, the 
phenyl ring of (S)-mephenytoin can form a π-π stacking interaction 
with the benzene ring of a phenylalanine residue in the F-helix (F206) 
which has been shown to have a bearing on substrate interactions in the 
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orthologous rat enzyme CYP2B1 /46/. Furthermore, the ethyl group in 
(S)-mephenytoin may enter into a hydrophobic interaction with the 
complementary sidechain of Ilel 14 (corresponding to Phe87 in 
CYP102), where the analogous situation in CYP2B1 and CYP2B4 is 
known to modulate the regioselectivity of steroid metabolism /30,47/. 
Moreover, the amide NH moiety on the hydantoin ring of (S)-
mephenytoin is able to form a hydrogen bond with the acidic sidechain 
of Glu474, with Cys475 possibly donating a weak hydrogen bond to 
the amide carbonyl oxygen of the substrate. These energetically 
favourable interactions orientate the molecule for N-demethylation and 
can be expected to make contributions to the overall binding affinity, 
which may be closely related to the apparent Km value of 564 μΜ /45/. 

Although structurally dissimilar, it is possible to superimpose the 
molecular structure of the CYP2B6 marker substrate, 7-ethoxy-4-
trifluoromethyl coumarin, with that of (S)-mephenytoin in the putative 
active site of the enzyme where some portions of the specific marker 
may interact with most of those amino acid residues encountered for 
(S)-mephenytoin. Additionally, the pyrone carbonyl oxygen of the 7-
ethoxy-4-trifluoromethyl coumarin substrate can accept a hydrogen 
bond from Ser210, which is one position downstream of a mutation 
site in CYP2B1 /48/. There is also the possibility of a second hydrogen 
bond being donated from the sidechain of Ser294 to one of the fluorine 
atoms of the 4-trifluoromethyl group on this substrate. The corres-
ponding residue in CYP2B4 has been shown to be important for 
androgen regioselectivity 1301, and also Leu363 can form a hydro-
phobic interaction with the ethyl group of 7-ethoxy-4-trifluoromethyl 
coumarin. This residue is analogous to a homologous valine in 
CYP2B1 that is also known to affect androgen regioselectivity 1301. 
Clearly, therefore, the docking of substrates in the putative active site 
of CYP2B6 is consistent with both site-specific mutagenesis 
experiments and CYP2B6-mediated metabolism. 

7. CYP2C9 ACTIVE SITE INTERACTIONS 

The specific marker substrate for this major human hepatic isoform 
is tolbutamide, and hydroxylation of its 4-methyl group is CYP2C9-
mediated /49/. However, other substrates are known to exhibit lower 
Km values towards this isoform, including diclofenac, (S)-warfarin and 
tienilic acid (reviewed in !20i). Of these, the likely distances between 
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key atoms on tienilic acid and the haem iron of CYP2C9 have been 
estimated using NMR spectroscopy /50/, thus providing an opportunity 
for evaluating the possible residue contacts involved in the binding of 
this substrate. Figure 5 shows how tienilic acid may interact with 
amino acid residues within the putative active site of CYP2C9, thus 
steering the substrate for metabolism on the thiphene ring. The 
substrate orientation (shown in Figure 5) relative to the haem iron is 
broadly consistent with reported NMR data on proton paramagnetic 
shifts /50/, with the suggested cationic site for ion-pairing represented 
by Arg97. This residue is only two positions upstream of Ile99, which 
is a known point of contact for substrates binding within the CYP2C9 
haem pocket /51/. 

Many CYP2C9 substrates contain an acidic grouping which will be 
ionized at physiological pH /7,20/. Consequently, CYP2C9 substrates, 
such as tienilic acid, diclofenac and Ibuprofen, can be expected to bind 
via ion-pairing to Arg97 (or to another basic residue) thus determining 
that the likely site of metabolism will be about 8Ä from their ionized 
carboxylate moiety 152/. Moreover, such electrostatic interactions are 
likely to make significant contributions to the overall binding affinity 
and, presumably, therefore explain the relatively low Km values for 
these substrates (reviewed in /20/). 

In addition to this anionic contact, two hydrogen bond interactions 
are apparent in the binding orientation of tienilic acid within CYP2C9 
(see Figure 5). These are Asn474 and Thr364, each of which donate a 
hydrogen bond, respectively, to the carbonyl and phenoxy oxygen 
atoms in the substrate. Furthermore, both of these amino acids are 
adjacent to mutation sites in CYP2C subfamily enzymes: Asn474 is 
one position downstream of the residue corresponding to Val473 in 
CYP2C1, which has a bearing on enzyme activity /53/, whereas 
Thr364 lies one residue upstream of a serine that is equivalent to 
Ser364 in CYP2C3, a position known to modulate progesterone 
regio selectivity /54,55/. The aromatic rings of tienilic acid are in close 
contact with two hydrophobic sidechains in the putative binding site of 
CYP2C9 (see Figure 5). In particular, the benzene ring of the substrate 
could form π-π stacking interactions with PhelOO, which is adjacent to 
the mutagenesis site of Ile99; whereas one edge of the thiophene ring 
on tienilic acid is orientated near to Vail 13, a position corresponding 
to related hydrophobic residues in CYP2C1, CYP2C2 and CYP2C3 
that have been shown via site-specific mutagenesis to affect catalytic 
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activity /55-57Λ Consequently, it appears that a combination of key 
active site interactions is able to explain the known CYP2C9-mediated 
metabolism of tienilic acid, which is consistent with site-directed 
mutagenesis experiments and NMR spectroscopic observations. 
Similarly, the binding orientations of other CYP2C9 substrates can be 
rationalized, together with explaining some of the differences in 
substrate specificity far CYP2C9 and CYP2C19 120/. 

8. CYP2D6 ACTIVE SITE INTERACTIONS 

Metoprolol is an example of a substrate known to be metabolized 
specifically by CYP2D6,with regio-selectivity of metabolism for O-
demethylation exhibited by the R(+)-enantiomer /28/. In Figure 6, 
metoprolol is shown fitted within the putative active site of CYP2D6 
and orientated for metabolism at the O-methyl group, which is 
positioned directly over the haem iron. A recurrent feature of CYP2D6 
substrates is a basic nitrogen atom, protonated at physiological pH, 
situated on average between 5 and 7Ä from the CYP2D6-mediated site 
of metabolism, as has been described previously /3,4/. 

Moreover, an active site aspartate residue (Asp301) has been 
identified as representing the most likely anionic partner in an 
electrostatic interaction with CYP2D6 substrates /58/. Figure 6 shows 
that metoprolol can be orientated such that ion-pairing between its 
protonated nitrogen and the carboxylate moiety of Asp301 occurs. 
Moreover, the substrate's benzene ring π-stacks with the phenyl group 
of Phe481, which is also thought to be involved in substrate binding 
based on mutagenesis data /59/. It has also been shown that an active 
site valine residue (Val374) probably forms a hydrophobic interaction 
with the methoxyethyl substituent of metoprolol /28/. This amino acid 
is in close contact with the substrate's 4-substituent according to the 
docking interaction presented in Figure 6, and is possibly directing the 
position of the methoxy group relative to the haem iron. Additionally, 
Vail 19 at the opposite edge of the CYP2D6 binding site could 
represent another hydrophobic contact with the substrate; in this case, 
there is clear complementarity between the isopropyl moiety of 
metoprolol and the valine sidechain. 

Furthermore, hydrogen-bonded interactions between enzyme and 
substrate may occur via the sidechain of Thrl07, although Glu216 
could represent an alternative point of contact with CYP2D6 
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substrates /19/. Threonine-107 is modified in an allelic variant of 
CYP2D6, in which the change Τ1071 brings about a lowering of 
catalytic activity /105/. Therefore, the majority of active site 
interactions between metoprolol and CYP2D6 displayed in Figure 6 
have been explored via mutagenesis and, moreover, indicate that they 
are indeed likely to form contacts with this and other CYP2D6 
substrates, thus directing the routes of CYP2D6-mediated metabolism. 

9. CYP2E1 ACTIVE SITE INTERACTIONS 

The specific marker substrate for human and other mammalian 
CYP2E1 isozymes is p-nitrophenol /60/, which binds to human 
CYP2E1 with an apparent Km of 21 μΜ /61/. Although 4-methyl 
pyrazole is regarded as a specific inhibitor for human CYP2E1 /5/, 
inhibition of p-nitrophenol hydroxylase in rat liver microsomes was 
achieved preferentially by pyridine, with an apparent Ki of 0.4 μΜ 1621. 

Figure 7 illustrates a possible mode of binding for p-nitrophenol 
with human CYP2E1 which is consistent with hydroxylation at the 2-
position 1221. Interactions between the substrate molecule and putative 
active site residues include π-π stacking and hydrogen bonding with 
complementary sidechains which orientate p-nitrophenol such that the 
2-position lies directly above the haem iron atom (Figure 7). These 
binding contacts include π-stacking between the substrate's benzene 
ring and the corresponding phenyl group of Phe207, a residue position 
which is analogous to phenylalanines that have been the subject of 
mutagenesis experiments in the CYP2A and CYP2B subfamilies 
(reviewed by Lewis /34/ and mentioned above). Additionally, two 
hydrogen-bonded contacts from putative active site basic residues, 
ArglOO and His475, appear to 'anchor' the p-nitro group of the 
phenolic substrate and thus position the site of metabolism over the 
haem moiety. Both of these amino acids map onto regions of CYP2A 
and CYP2B subfamily isoforms in which site-specific mutations have 
been carried out, as outlined above. 

Furthermore, the hydroxyl group of p-nitrophenol may hydrogen 
bond with the conserved distal threonine residue (Thr303 in CYP2E1). 
This has been mutated in the rabbit orthologue, showing alterations in 
fatty acid substrate regioselectivity /63/. It is also possible 1221 that 
other CYP2E1 substrates (such as chlorzoxazone) may form hydrogen 
bonds with alternative active site residues, such as Thr301 and/or 
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Asn367, and each of these lie with known substrate recognition sites 
/64/ which have also been explored by site-directed mutagenesis in the 
CYP2 family (reviewed in /25/ and /34/). Consequently, a variety of 
complementary sidechains are available for substrate binding within the 
putative active site of human CYP2E1, which is also relatively 
compact and, therefore, may only accept low molecular weight 
substrates, in agreement with the known substrate specificity of this 
isozyme /4/. 

10. CYP3A4 ACTIVE SITE INTERACTIONS 

Although CYP3A4 catalyzes a large number of drug oxidations 
involving many structurally diverse substrates /5,65/ it can be 
demonstrated that a relatively small number of key interactions are 
likely to be involved in binding typical CYP3A4-specific compounds 
/21/. Figure 8 indicates how aflatoxin Bi (AFBi) may become 
orientated within the putative active site of CYP3A4 such that 3 a -
hydroxylation may occur, which is the major site of CYP3A4-mediated 
AFBi metabolism 1661. In fact, it is also known that the presence of a -
naphthoflavone (aNF) modulates the binding and metabolism of AFBi 
and other CYP3A4 substrates, suggestive of an allosteric effect 
operating within the haem environment 1661. 

Site-directed mutagenesis of a region likely to correspond with the 
putative F-helix in CYP3A4 has indicated that decreased stimulation by 
aNF is associated with mutations to alanine of residues Leu210, 
Leu211 and Phe213 /67/, and molecular modelling of CYP3A4 shows 
that this stretch of peptide lies directly above the haem pocket /21/. 
The majority of CYP3A4 substrates appear to bind via hydrogen bond 
interactions primarily with Asnl04, but occasionally with Thrl03, 
depending on the presence and disposition of appropriate hydrogen 
bond acceptors in the molecule /21/. Although these residues have not 
been the subject of site-directed mutagenesis in CYP3^4, the region 
conforms with SRS1 in the CYP2 family and, consequently, has been 
probed via mutagenesis experiments in several CYP2 isozymes, as 
mentioned above. Furthermore, a phenylalanine residue (Phel02 in 
CYP3A4) can enter into π-π stacking interactions with coplanar 
aromatic rings on most CYP3A4 substrates, including AFBi. Figure 8 
shows that AFBi is positioned for 3a-hydroxylation by hydrogen bond 
formation with the sidechain of Asnl04, with Thrl03 possibly playing 

31 

Authenticated | xajibim@mail.ru
Download Date | 6/16/12 6:30 AM



Vol. 15, No. 1, 1999 Cytochrome P450 Substrate Specificities 

a secondary role in fixing the substrate orientation. Moreover, the 
phenyl ring of Phel02 aligns with the aromatic nucleus of AFBi, thus 
complementing the aforementioned interactions. Consequently, the 
putative active site of CYP3A4, which is enlarged by the presence of 
glycines Gly479 and Gly480 /21/, exhibits a consistency with known 
substrates and inhibitors, including high molecular weight compounds 
such as cyclosporin A. 

11. ESTIMATION OF SUBSTRATE BINDING AFFINITY 

The apparent Km values obtained from kinetics measurements of 
P450-mediated reactions provide a reasonable means of evaluating 
likely substrate binding affinities. Although the enzyme-substrate 
dissociation constant, KD, represents a more accurate determination of 
this quantity, these are rarely reported whereas the Km data are more 
common. Consequently, the latter have been employed as determinants 
of experimental binding affinity for the purposes of comparison with 
calculated values. Table 6 lists the relevant Km data for typical 
substrates of the major human hepatic P450s involved in xenobiotic 
metabolism, together with the derived experimental binding energy 
(AGexpt.) based on the relationship: 

AG = RT In Km 

where R is the gas constant (1.9872 cal deg^ mole"1), Τ is the absolute 
temperature and In Km is the natural logarithm of the Km value. In 
addition, experimental log Ρ values are provided for each substrate in 
Table 6, except in some cases for which the Prolog P-calculated values 
are given due to the unavailability of the experimental data. To some 
extent, the log Ρ value can be used to estimate the desolvation 
component /68/ of the substrate binding energy based on the equation: 

AGpart. = RT In Ρ 

where R is the gas constant, Τ is the absolute temperature, and AGpart. 
is the partitioning energy between octanol and water, in the case of log 
Poct, which represents an analogy to the lipophilic environment 
encountered within the endoplasmic reticular membrane. Although this 
type of relationship correlates closely with desolvation energies for 
hydrophobic molecules, compounds with several polar groupings 
generally give poor comparisons due to the effect of hydrogen 
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bonding. Consequently, a potentially improved method of calculating 
desolvation energies involves the use of solvent-accessible surface 
areas with the relationship: 

AGdeSoi. = -25SA/1000 

where AGdeSOi. is the free energy change due to desolvation, and SA is 
the Connolly surface area in Ä2 /69/. It should be recognized, however, 
that the 25 factor in the above equation represents an average of 
several determinations and, moreover, may be an underestimate of the 
actual value 1691. Nevertheless, the currently accepted hydrophobic 
factor of 25 appears to give satisfactory results for a wide range of 
structurally diverse chemicals, including the small number evaluated in 
this study (Table 6). 

Although there are several components to the overall binding 
energy /70/, some of these are relatively minor and, as far as substrate 
binding to P450 is concerned, it would appear that the desolvation and 
electrostatic components constitute the major factors Π I/. 
Consequently, the total calculated binding energy, AGcak., as shown in 
Table 6, can be approximated by the following expression: 

A G c a l c . = A G d e s o l . + A G e l e c . 

where A G d e s o i and A G e i e c . are the desolvation and electrostatic 
contributions, respectively, to the total calculated binding energy. It 
has been found, however, that for relatively large molecules, the loss in 
translational and rotational energy becomes significant, as seems to be 
the case for omeprazole binding to CYP2C19 /35/. 

In Table 6, the electrostatic component, AGciec., is measured directly 
from the enzyme-substrate complex based on the employment of 
Gasteiger-Marsili charges and assuming a local dielectric constant of 
unity. Clearly, this factor represents an estimate of the actual electro-
static contribution to the binding energy, which would require a more 
rigorous calculation of the partial atomic charges such as that exhibited 
under the molecular orbital (MO) formalism. In fact, initial results on 
the P450cam system indicate that semi-empirical procedures (e.g. AMI 
and PM3) for MO calculation are able to provide a more satisfactory 
estimate for the electrostatic contribution to the enzyme-substrate 
binding energy, although this also involves certain approximations 
inherent in the methodology. Nevertheless, the results presented in 
Table 6 are quite reasonable, considering the assumptions made in this 
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approach, and therefore seem to be fairly promising for future studies 
in this area. 

12. EVALUATION OF P450-MED1ATED REACTION RATES 

In contrast to substrate binding affinity, the rates of P450-catalyzed 
reactions are somewhat difficult to quantify in theoretical terms. The 
reason for this lies in the complexity of P450-mediated processes 
together with many different enzyme systems and potentially thousands 
of substrates. However, it is thought that the rate-determining step in 
most P450 reactions is the second reduction which precedes the 
formation of product following rearrangement of the oxygenated 
complex (reviewed in 1251 and Π2Γ). Nevertheless, it is the binding of 
substrate which triggers the entire catalytic cycle of P450, and it can be 
demonstrated that the rate of reaction is governed by the nature of the 
substrate itself, especially since many key events in the catalytic 
sequence are substrate-dependent, including the modulation of spin-
state and redox equilibria of the haemoprotein (reviewed in 1251 and 
Π2ί). It is helpful, therefore, to summarize the various stages involved 
in the P450 catalytic cycle and then outline factors likely to be related 
to overall reaction rates in P450 systems. 

First of all, the substrate binds to P450 in its low-spin Fe3+ state, 
which leads to the desolvation of the haem environment such that the 
iron moves to the high-spin state, and a resulting conformational 
change in the haemoprotein occurs that may 'prime' the P450 for 
interaction and reduction by its redox partner 1251. Associated with this 
substrate-induced modulation of the iron spin-state equilibrium is a 
lowering of the ferric/ferrous redox potential, which facilitates electron 
transfer such that reduction of ferric P450 can proceed. Sligar and 
coworkers have shown that there is direct coupling between these two 
processes, which is in close agreement with the theoretical treatment of 
the micro-equilibria involved 113-16/. Moreover, Blanck and coll-
eagues have reported that the rates of N-demethylation mediated by 
CYP2B isozymes appear to be coupled with both spin and redox 
equilibria for a series of benzphetamines 111-79/. 

Consequently, it appears that the structural characteristics of the 
substrate determine the rate of metabolism and binding affinity for a 
given P450 and its redox assembly which, in the case of hepatic 
microsomal P450 system, involves cytochrome bs, NADPH-dependent 
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FAD-FMN oxidoreductase and membrane phospholipid /80/. Once the 
haem iron of P450 has been reduced to the ferrous state, oxygenation 
occurs and then a second reduction step takes place which is probably 
rate-limiting in both microsomal and bacterial systems (reviewed in 
/25/). The oxygenated complex then rearranges to form the metabolite 
(together with a water molecule) and returns the enzyme to its resting 
state, i.e. ferric low-spin. 

Due to the fact that the second reduction of P450 is the rate-
determining step /81/ in most cases, it can be expected that there is a 
relationship between redox potential (E°) and rate of P450-mediated 
metabolism. Indeed, this appears to be borne out experimentally on the 
basis of data reported by Guengerich /82/ for hepatic microsomal 
P450s. Table 7 shows the relevant information for a number of purified 
rat liver P450s; their iron (Fe2+/Fe3+) redox potentials correlate closely 
with substrate-free turnover number for NADPH oxidation. 

TABLE 7 

Rat hepatic P450 redox potentials (substrate-free) 
and turnover of NADPH oxidation 782/ 

CYP E° (mV) Turnover (min1) 

1A2 -305 61 

2A1 -327 47 

2B1 -311 56 

2C6 -336 22 

2C11 -321 32 

3A1 -350 18 

Based on theoretical considerations, the rate of reduction of P450 
can be expressed as follows:-

rate = Ka kET [P450] [Fpt] 

where Ka is the binding affinity for flavoprotein reductase (Fpt) and 
P450 of concentrations shown as the bracketed terms, and kET is the 
rate constant for electron transfer between reductase and P450 /80/. 
Calculations show that the electron transfer rate constant is likely to be 
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related to the distance between interacting redox centres in the two 
components in the P450 system /25,72/; whereas the binding affinity 
may be a consequence of the disposition of surface charges on P450 
and its redox partner, and it has been demonstrated that a microsomal-
type bacterial P450 like CYP102 possesses a well-defined molecular 
dipole /83/ which could be relevant to redox interactions. 

It is probable that substrate occupancy of the P450 active site 
ensures a change in redox potential of the haemoprotein by altering the 
extent of haem exposure to the environment 1251. For a range of 
different haemoproteins, it has been shown that there is a direct 
relationship between haem exposure and redox potential /84/ in 
accordance with the expression:-

E° = -14.94% exposure + 343.88 

where E° is the Fe2+/Fe3+ redox potential for seven haemoproteins 
ranging from +320mV to 20mV, and where the correlation coefficient 
is 0.96 1251. Extrapolation of this relationship to the P450 system 
indicates that substrate binding may reduce the percentage of haem 
surface area exposed to the environment from 44 to 35% for CYP101 
1251. Assuming that substrate-induced desolvation of the haem pocket 
is responsible for lowering the P450 redox potential which then 
facilitates reduction of the haem iron, one might anticipate that volume 
(or surface area) of the substrate solvent-accessible surface will 
correlate with rate of metabolism. This is, in fact, found to be the case 
for P450-mediated hydroxylation of p-substituted toluenes /85/ and the 
relevant OS AR equation is presented in Table 8. Furthermore, a similar 
relationship (involving surface area) is shown for the N-demethylation 
of 2,4-dichlorophenoxy-N-alkyl N-methylethylamines /86/, and this is 
also listed in Table 8. 

It is likely, however, that other factors contribute to P450-mediated 
rates of metabolism. For example, inclusion of dipole moment 
improves the correlation between molecular volume and the logarithm 
of hydroxylation rate for 8 p-substituted toluenes /85/, as shown in 
Table 8. It should also be noted that the oxygen binding affinity is 
directly proportional to the Fe27Fe3 redox potential in both porphyrins 
/87/ and haemoproteins /88/, with the cysteine proximal ligand in P450 
likely to play a role in both oxygen binding and activation /89/. 
Consequently, there is the suggestion that the substrate-induced 
lowering of the Fe2+/Fe3+ redox potential in P450 facilitates oxygen-
ation in addition to enabling electron transfer from the redox partner. 
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Although there is a direct correlation between substrate-induced 
modulation of iron spin-state equilibria and redox potential in P450 
systems /73,77,90/ which appears to be largely determined by the 
extent of desolvation of the haem environment (vide supra), there is 
evidence to suggest that the substrate redox potential is also an 
important factor in determining the rate of P450-mediated metabolism 
/91,92/ and, in some cases, compound redox potential relates closely 
with ionization potential /93/. As ionization potential (IP) is a readily 
calculated quantity via molecular orbital (MO) procedures, one could 
gain insight into variations in P450 substrate metabolism from the 
relative magnitude of their MO-calculated ionization potentials. 
Several examples in the literature clearly demonstrate that ionization 
potential (or energy of the highest occupied MO) correlates with the 
logarithm of P450-catalyzed rate of metabolism (reviewed in Π2ί). In 
particular for series of anilines /94,95/, toluenes /85/, halothanes /96/ 
and alkenes /97/, log rate relates with either IP or E(HOMO) values in 
such a way that indicates an underlying similarity of mechanism; this is 
because IP represents a measure of molecular nucleophilicity and, 
therefore, suggests that the active oxygen species is an electrophile in 
these examples. 

The fact that the rate of reaction with hydroxyl radicals correlates 
with IP for a relatively large number of structurally diverse chemicals 
/98/ points to the possibility of OH* or a similar electrophilic oxygen 
species being associated with many P450-mediated oxygenations, 
although there is also evidence for nucleophilic attack in some cases 
(reviewed in Π2ί). Table 8 provides a summary of the various inter-
relationships outlined above, and it should be added that plotting rate 
data against IP for some of the series of compounds mentioned 
previously shows lines of approximately equivalent slope but with 
displaced intercepts ΠΜ. Consideration of the theory underlying such 
reactions can provide some degree of rationalization for these findings, 
however. 

According to the Transition State (TS) theory of reaction kinetics 
(see, for example, reference /99/) the rate constant, k, for any chemical 
reaction can be equated with the thermodynamics of the TS-formation 
process as follows:-

RT k = — exp(AS* / R) exp(-AH* / RT) 
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where R is the gas constant, Τ is the absolute temperature, Ν is the 
Avogadro number, h is Planck's constant, and AS" and ΔΗ* are, 
respectively, the entropy and enthalpy changes involved in the 
formation of the transition state. 

Taking the logarithm of both sides of the above equation gives :-

where the first term will be constant for a given temperature, but AS1 

and ΔΗ* will vary depending on the type of reaction and may be 
obtained from the van't Hoff plot which records the variation in log k 
at different temperatures. In the case of P450-catalyzed reactions, it is 
possible that the AS* term could be related to the desolvation entropy 
change which accompanies substrate binding (but also modified by the 
loss in translational and rotational freedom of the molecule) and, as 
described previously, this can be estimated from the solvent-accessible 
surface area or volume of the substrate molecule which may also, in 
turn, correlate with the log Ρ or log D 7 4 value /71/. The final term in 
the above equation could be related to ionization potential of the 
substrate and, consequently, would readily explain the frequent 
correlations between log rate and IP outlined previously. However, it 
is possible that other electronic structural parameters (e.g. E(LUMO), 
ΔΕ , dipole moment and electron densities) may be at least as 
important, together with the energy change required for hydrogen 
abstraction from the substrate because this is generally thought to 
concord with a transition state intermediate formed in P450 reactions. 
In this respect, the active oxygen species is presumed to abstract a 
hydrogen atom from the substrate, and this is followed by a rapid 
recombination between a resulting hydroxy species and the 
deprotonated substrate to form the hydroxylated metabolite, according 
to the general reaction sequence:-

where RH represents a typical hydrocarbon substrate, [O] signifies the 
active oxygen species (possibly a bare oxygen atom) and ROH 
corresponds with the metabolite formed by the P450 oxygenation 
reaction. 

RH + [Ο] -> R· + OH* -> ROH 

* ΔΕ = E(LUMO) - E(HOMO) 
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Yin and coworkers have demonstrated that ΔΗ values for the 
hydrogen abstraction reaction in halothane derivatives correlates well 
with rate of P4502E1 -mediated metabolism /96/. However, it can also 
be shown that inclusion of ionization potentials improves this 
correlation fairly significantly /96/, and the relevant equations are 
presented in Table 8. 

Finally, it should be recognized that the metabolic clearance of 
P450 substrates can, under certain conditions /108/, be simplified to a 
straightforward ratio of catalytic rate and binding affinity, as follows:-

V 
CL in t = - = -lilt ΤΛ 

m 

where CL int is the intrinsic clearance, Vmax is the maximal velocity of 
the reaction, and Km is the apparent Michaelis constant representing a 
measure of the substrate's binding affinity towards the relevant P450 
isoform involved. 

Taking the logarithm for both sides of the above equation produces 
a simple linear combination relating log clearance with rate and binding 
energy of the interaction, namely:-

log CL int = log V m a x " log Km 

Therefore, although this is an approximation, the relative clearances of 
substates within a structurally-related series may be proportional to a 
linear combination of their compound lipophilicity and ionization 
potential, assuming that log Vmax correlates with -IP, and that -log Km 

is primarily determined by log Ρ (or log D 7 4 ) values, although other 
structural properties may also be involved. It is interesting to note that, 
for a combination of two different series of chemicals, log clearances 
do, in fact, correlate with their log D7.4 values and ionization energies. 
The relevant QSAR equation governing this relationship is shown in 
Table 8 and utilizes the clearance and log D 7 4 data reported by Smith 
/100/. 

In conclusion, it would appear that relatively simple expressions 
may be employed in the assessment of P450-mediated rate of 
metabolism and binding. However, it is important that some degree of 
active site modelling is employed, in order to investigate the likely 
structural factors contributing to binding affinity, and to probe the 
possible steering of metabolism towards certain positions in the 
substrate under consideration. 
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