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S U M M A R Y 

The results of homology modell ing of C Y P 2 D 6 based on the 
mammal ian P450 crystal structure of rabbit CYP2C5 are reported. It is 
found that many CYP2D6-select ive substrates are able to fit closely 
within the putative active site of the enzyme where there are favour-
able contacts with complementary amino acid residues, including 
aspartate-301 which has been probed via site-directed mutagenesis . 
The homology model of C Y P 2 D 6 is consistent with available 
experimental evidence from selective substrate metabolism and site-
specific mutation data. Quantitative structure-activity relat ionships 
(QSARs) with substrate binding affini ty based on Kd values and 
inhibition data (K, values) demonstrate the importance of hydrogen 
bonding, π-π stacking and relative molecular mass in describing 
variat ions in avidity towards the C Y P 2 D 6 enzyme, al though the 
compound lipophilicity (log D74) appears to be the most important 
single descriptor for C Y P 2 D 6 inhibition. Calculation of substrate 
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binding affinity based on contributions from active site interactions 
and lipophilic character gives satisfactory agreement with experi-
mentally determined Kd values. 

KEY WORDS 
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INTRODUCTION 

The cytochromes P450 (CYP) constitute a superfamily of haem-
thiolate enzymes of which over 2,000 individual members are 
currently known, and these play key roles in both endogenous and 
exogenous metabolism of organic substrates in species from all five 
biological kingdoms /1-5/. In Homo sapiens, the majority of Phase 1 
drug metabolism is catalyzed by P450 enzymes from families CYP1, 
CYP2 and CYP3 /6,7/, and about 40% of human P450-dependent drug 
metabolism is carried out by polymorphic enzymes /8/. The most 
important human drug-metabolizing P450 exhibiting polymorphism 
191 is CYP2D6, which mediates in about 20% of the known P450 
oxidations for drugs in current clinical use 161, and the activities of 
CYP2D6 allelic variants have also been reported /10/. Selective 
marker substrates for this enzyme include debrisoquine, bufuralol and 
metoprolol, whereas quinidine is a well-documented selective high-
affinity inhibitor of CYP2D6 /11-14/. More recently, two high affinity 
substrates for the enzyme have been reported /15,16/ obtained, 
respectively, from investigation of a diltiazem metabolite and from 
novel compound design. Table 1 provides a summary of selected 
CYP2D6 substrates, their positions of metabolism and Kd values 
although, in some cases where Kd has not been measured, the Ks or 
Km value is given instead. 

In general, the characteristics of CYP2D6 substrates (Fig. 1, 
Table 1) include a basic nitrogen atom in the molecule, which is 
protonatable at physiological pH (pKa values range from 8.3 to 13.01) 
and lying at a distance of either 5 or 7 Ä from the site of metabolism, 
depending on the type of compound /17-25/. However, many (but not 
all) CYP2D6 substrates also contain an aromatic ring which either lies 
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Fig. 1: A selection of typical CYP2D6 substrates showing their sites of 
metabolism (f) , position of positive charge (+) and location of hydrogen 
bond acceptors and donors (*). 
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close to the position of metabolism or includes it within the ring 
structure. Furthermore, there are hydrogen bond donor/acceptor atoms 
in the molecule, often at specific locations relative to the site of 
metabolism (see Fig. 1) but, again, this is not an essential feature of 
CYP2D6 substrates. 

In order to investigate the potential utility of the recently available 
rabbit cytochrome P450 structure, CYP2C5 1261, for homology 
modelling of human drug metabolizing P450s, we have constructed a 
three-dimensional model of CYP2D6 based on sequence alignment 
within the CYP2 family. We have also made use of information from 
substrate metabolism 1211 and site-directed mutagenesis studies /28-
33,40-43/ to assist in the alignment process and also as a means of 
validating the model itself /27-46Λ 

METHODS 

An alignment between a number of CYP2 family enzymes 
including CYP2D6 and that of the crystallographic template, 
CYP2C5, has been reported previously /36,42/. This multiple 
sequence alignment was generated using the GCG software package 
(Genetics Computer Group Inc., Madison, WI, USA) and involved a 
small amount of manual editing within the B-C loop region to account 
for an additional three residues (namely, ProArgSer) in CYP2D1 and 
CYP2D6 relative to the other CYP2 enzymes. 

The raw model of CYP2D6 was constructed from the X-ray crystal 
structure coordinates 1261 of the CYP2C5 enzyme (pdb code: ldt6) 
using the Sybyl Biopolymer module (Tripos Associates Inc., St. Louis, 
MO, USA). This involved changing individual amino acid residues as 
required by the alignment with CYP2C5, together with a small 
number of short peptide insertions of no more than three residues in 
length. These were produced via loop searching of the protein 
databank using the Biopolymer module, and the most appropriate loop 
was chosen in each case on the grounds of homology and root mean 
square (rms) value relative to the peptide backbone surrounding the 
loop insertion. The raw model was initially refined to relax any 
unfavourable steric interactions produced by the first stages of the 
procedure, and this was then energy minimized via the Tripos force 
field to give a low energy geometry after several hundred iterative 
cycles of molecular mechanics. 
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The final enzyme model was then probed using known CYP2D6 
substrates such that a molecular template of superimposed substrate 
molecules was produced within the putative active site. This involved 
interactive docking of each substrate on the basis of the proximity of 
its known site of metabolism to the haem iron and optimal ionic, 
hydrogen bond and π-π stacking interactions between the substrate and 
CYP2D6 active site amino acid residues. This process was facilitated 
by prior knowledge of site-directed mutagenesis studies (summarized 
in Table 2) on individual amino acid residues /28-33,40-43/, and by 
the inferred location of a docked substrate (progesterone) in CYP2C5 
/26/. 

All molecular modelling procedures were carried out using the 
Sybyl software package implemented on a Silicon Graphics Indigo2 

IMPACT 10000 graphics workstation operating under UNIX. KD 

TABLE 2 

A summary of site-directed mutagenesis and 
allelic variants in SRS regions of C Y P 2 D 6 

Change 2C5 + SRS Comments References 

T 1 0 7 I a LI 03 1 lowers catalytic activity /40/ 

E216G L208 2 possible cationic contact /33/ 

R296C a V285 4 lowers catalytic activity /41/ 

D301G D290 4 main cationic contact /28/ 

S304G G293 4 possible hydrogen bond contact /42,33/ 

V374M a L363 5 affects metoprolol regioselectivity /30 / 

L380F* L363 5 affects bufuralol metabolism /31/ 

F481L N471 6 possible π-π stacking residue /29/ 

F483I F473 6 possible π-π stacking residue /32 / 

S 4 8 6 T a V476 6 lowers catalytic activity 741/ 

a = allelic variant; * = site-specific mutagenesis in CYP2DI, the rat orthologue of 
CYP2D6; f = corresponding residue position in the CYP2C5 template. 
Review reference: /43/. 
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values were determined by UV-visible spectroscopy using purified 
human P450 via methodology which has been described previously 
/27/. Briefly, this involved measurement of absorbance changes at 
418 nm while keeping the enzyme concentration constant in 0.1 Μ 
phosphate buffer at pH 7.5, and varying substrate concentrations from 
30 to 400 μΜ. 

RESULTS AND DISCUSSION 

Figure 2 shows the putative active site of CYP2D6 containing the 
bound substrate propranolol orientated for 4-hydroxylation via a 
combination of π-π stacking and electrostatic interactions with 

I 

Fig. 2: The interaction between propranolol and the putative active site of 
CYP2D6. Hydrogen bonds are shown as dashed lines. 
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complementary amino acid residues. In particular, the side-chain of 
aspartate-301 forms an ion-pair with the protonated nitrogen atom of 
the substrate, and phenylalanine-483 enters into aromatic π-π stacking 
with the naphthalene ring of propranolol. There is also another π-π 
stacking interaction with the side-chain of phenylalanine-120, and the 
isopropyl group of propranolol forms hydrophobic contacts with 
leucine-121 and isoleucine-106 and possibly with another comple-
mentary residue, leucine-121, although this has been omitted from 
Figure 2 to improve clarity. These interactions cooperate in orientating 
the substrate such that the hydrogen atom in the 4-position of 
propranolol lies directly over the haem iron at a distance of 3.1 Ä 
(Table 3). Of these residues contacting the substrate, aspartate-301 and 
phenylalanine-483 have been the subject of site-directed mutagenesis 
experiments in CYP2D6 /28,29/. Consequently, the active site inter-
actions described above accord well with what is known from 
experimental findings reported on CYP2D6 and its substrates. 

TABLE 3 

Distances between sites of metabolism and haem iron for 
CYP2D6 substrates investigated in this study 

Compound Route of 
metabolism 

Reference to 
metabolism data 

Distance 
(A) 

Propranolol 4-hydroxylation Ι2ΊΙ 3.145 

Debrisoquine 4'-hydroxylation /28/ 2.612 

Bufuralol 1 '-hydroxylation 1291 4.017 

Metoprolol O-demethylation /30 / 3.102 

M D M A O-demethylation /44/ 3.986 

MPTP N-demethylation /45/ 3.713 

Ondansetron 7-hydroxylation /46/ 3.430 

Quinidine inhibition 132/ 2.816 * 

MDMA = methylenedioxy-N-methylamphetamine. 
MPTP = l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine. 
* Distance between quinoline nitrogen atom and haem iron. 
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Structurally related substrates, such as bufuralol and metoprolol, 
also fit well inside the CYP2D6 active site, making similar contacts 
with the nearby amino acid residues described above, such that a 
superimposed molecular template with these and propranolol can be 
produced, as shown in Figure 3. Another residue lying close to the 
active site orientations of metoprolol and bufuralol is valine-374, and 
this has also been investigated using site-specific mutation /30/. 
Substitution of valine at this point with methionine can be shown to 
have a marked effect on the regioselectivity of metoprolol metabolism, 

metabolism to the haem iron and reinforced contacts with active site amino 
acid residues. Hydrogen bonds are displayed as dashed lines. 
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whereas alteration of the corresponding residue in the rat orthologue, 
CYP2D1, has been found to affect bufuralol metabolism /31 /. The 
distance between the methoxy group (hydrogen) of metoprolol and the 
haem iron is 3.1 Ä in the complex presented as Figure 3, whereas the 
1 '-position in bufuralol lies somewhat further from the iron atom at a 
distance of 4.0 Ä in the CYP2D6 substrate template (Table 3). 

Other amino acid residues present in the CYP2D6 active site 
region have also been investigated using site-directed mutagenesis. 
These include phenylalanine-481 /32/ and glutamate-216 /33,34/ both 
of which appear to have a role in the en2yme-substrate interaction 
(Table 2). It appears that glutamate-216 may be important /35/ in 
substrate recognition and access to the haem environment; this can be 
inferred from its position relative to the haem pocket, where it is 
located above the haem but possibly too far away from the active site 
to be directly involved in substrate binding associated with oxidation. 
In contrast, phenylalanine-481 has been proposed as a substrate 
contact residue /32/, although this appears to be somewhat removed 
from the main area of substrate binding within the haem locus of the 
CYP2D6 structure. As far as the current model is concerned, phenyl-
alanine-483 seems more likely to act as one of the π-π stacking 
contacts with substrates containing aromatic rings at the appropriate 
position relative to the site of oxidation, but a role for phenylalanine-
481 cannot be ruled out. In addition, valine-374 lies within the 
putative active site and acts as a hydrophobic contact for substrates in 
some cases, such as metoprolol (see Fig. 3). This residue has been 
shown to be responsible for the regioselectivity of metoprolol 
metabolism (O-demethylation) via a combination of techniques, 
including site-specific mutation /30/. 

Consequently, the template of several typical CYP2D6 substrates 
overlaid within the active site exhibits a consistency with known 
experimental evidence. However, other substrates of the enzyme 
showing different structural characteristics also fit well within the 
current model. These include debrisoquine, MPTP, MDMA and 
ondansetron, where their respective sites of oxidation lie at distances 
of 2.6 Ä, 3.7 Ä, 3.9 Ä and 3.5 Ä from the haem iron, as listed in Table 
3. In addition, Figure 4 provides a template of these substrates 
superimposed within the CYP2D6 active site where there are certain 
common contacts with nearby amino acid residues, including those 
mentioned previously. The model can, therefore, account for the fact 
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Fig. 4: A second template of CYP2D6 substrates including debrisoquine, MPTP, 
MDMA and ondansetron, orientated within the putative active site of 
CYP2D6. Hydrogen bonds are shown as dashed lines. 

that unusual substrates such as MPTP are able to become metabolized 
via CYP2D6 at positions inconsistent with previously documented 
requirements for CYP2D6 selectivity, such as the possession of a 
protonated nitrogen at 4-7 Ä from the site of metabolism. In the case 
of ondansetron, the imidazole nitrogen is weakly basic and lies at a 
distance greater than 7 Ä from the known site of oxidation. Further-
more, the selective inhibitor, quinidine, can be shown to fit closely 
within the putative active site of CYP2D6 by entering into favourable 
contacts with complementary amino acid residues described previously, 
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including aspartate-301 which is common to all of the compounds 
mentioned in this study. The interaction shown in Figure 5 indicates 
that quinidine could interact with the haem iron via nitrogen ligation 
from the quinoline moiety, although this possibility remains to be 
verified experimentally. 

QSARS AND ESTIMATION OF BINDING AFFINITY 
FOR CYP2D6 SUBSTRATES 

Table 4A presents information relating to the properties of 
CYP2D6 substrates, and it is possible to make use of these data to 

Fig. 5: The selective CYP2D6 inhibitor, quinidine, is shown orientated within the 
putative active site for haem ligation. Hydrogen bonds are displayed as 
dashed lines. 
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formulate quantitative relationships (QSARs) between structural 
characteristics and binding affinity towards CYP2D6, as determined 
by the enzyme-substrate K d values. The energy of substrate binding, 
AGbind, has been calculated from the KD data using the expression 
AGbind = RTlnKo, where R is the gas constant and Τ is the absolute 
temperature at which the K d values were determined. In addition, 
information on inhibition of CYP2D6 has been collated from the 
literature /47/ and certain physico-chemical characteristics of the 
inhibitors are presented in Table 4B /48-50/. In this case, it appears 
that compound lipophilicity is important and the relative molecular 
mass does not exhibit a correlation with the K j data. For substrates of 
CYP2D6, Table 4A provides the dataset which produced a QSAR for 
binding affinity towards CYP2D6. It can be appreciated that the 
numbers of hydrogen-bonded and π-π stacking interactions appear in 
the relevant QSAR expression (equation 1 in Table 4) which exhibits 
a fairly good agreement (R = 0.94) with experimental data. Additional 
descriptors relate to the overall size of the substrate molecule (relative 
molecular mass, Mr), and it is possible that this quantity may be 
associated with the desolvation of the active site on substrate binding. 
However, the appearance of the log M r term may relate to the 
contribution made to the binding affinity due to loss in translational 
and rotational energy of the substrate upon binding to the enzyme ß 6/. 
It is unusual for both terms to be important in the QSAR; however, the 
correlation is significantly lowered when either is excluded. Neverthe-
less, one should exercise caution with regard to this expression due to 
the obvious similarity between the two descriptors associated with 
molecular size. 

For CYP2D6 inhibitors, Table 4B shows the dataset which 
produced a very good correlation (R = 0.98) with inhibitory potency 
(pKj values) and this relationship (equation 2 in Table 4) indicates that 
hydrogen bond potential and desolvation of the active site, together 
with overall substrate lipophilicity, help to explain the variation in 
inhibitory activity. The distribution coefficient (log D7 4) also appears 
to show a linear relationship with pKj values for a limited number of 
CYP2D6 inhibitors (seven out of a total of 11 compounds as shown in 
equation 3, Table 4) although one requires additional descriptors to 
explain the variation in activity for all 11 compounds, as exemplified 
by equation 2 in Table 4. Furthermore, a consideration of the various 
contributory factors to overall binding affinity (namely partitioning, 
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hydrogen bonding, π-π stacking and rotational energy) can lead to a 
satisfactory agreement (R = 0.98) with experimental AGbind values of 
CYP2D6 substrates, as shown in Table 5. In this case, eight out of the 
ten compounds investigated gave an excellent agreement (R2 = 0.96) 
with experiment, whereas desipramine appears to be a slight outlier, 
possibly due to an over-estimation of the lipophilic contribution to the 
binding affinity. Nevertheless, the agreement between experimental 
and calculated binding energies is good (R2 = 0.95) for the inclusion 
of desipramine; and for all ten compounds the correlation is still 
satisfactory for the substrates under consideration. 

This type of approach is also applicable to other human P450s 
involved in Phase 1 drug metabolism /36,37/. Compound lipophilicity 
has also been shown to have importance in CYP2D6 substrate binding 
/38/, albeit for a relatively small number of compounds. However, 
when the effect of substrate ionisation is taken into account (i.e. by 
consideration of the log D7 4 value) there appears to be a good 
correlation (R = 0.98) with CYP2D6 inhibition as shown in Table 4. 
Nevertheless, it is necessary to include a different set of descriptors 
(although related to log D7 4) in order to give a satisfactory explanation 
of the full set of inhibition data presented, and equation 2 in Table 4 
provides this information. In this case, log Ρ is involved in the QSAR 
expression, together with the number of basic nitrogens, number of 
hydrogen bond acceptors and relative molecular mass of the substrate, 
thus showing that a combination of factors explains the inhibition data 
for 11 compounds (R = 0.98). Clearly, therefore, lipophilicity is 
important for substrate and inhibitor interaction with CYP2D6, 
although other factors such as hydrogen bond potential and number of 
π-π stacking interactions need to be included to explain the variation in 
biological data relating to CYP2D6 activity. It would not be 
appropriate to combine the datasets for substrates and inhibitors, 
however, due to the fact that the biological quantities, namely K d and 
Kj, respectively, are quite different parameters and measured via 
entirely different procedures. However, when examined separately, the 
data for substrates and inhibitors of CYP2D6 exhibit both similarities 
and differences in terms of the various compound descriptors which 
correlate with activity in each case. 

204 
Authenticated | xajibim@mail.ru

Download Date | 6/16/12 12:16 AM



Vol. 19, No. 3, 2003 Molecular ModeI ofCYP2D6 

Ό 
C 
3 ο 
Ο w 
Ο. 
ε a 
Ο 3 
υ 03 

>η SO Ο m 00 ο ΓΛ ,—, OS 
ro 1—1 Os ο ο r - Γ- fN 

<Ν r » VI τ Γ - ο Γ Ί »—ι 
Ο SO t-; Os SO t - SO Os 
SO SO wi SO "Λ SO 

SO ΟΟ SO 00 SO t—I ΟΟ (N Ο 
r - OS ο OS m Ο so 

sO r—l m SO <3- T SO OO SO 
ο m o — «Λ t— • t 

·—' 
Γ- SO v i t— t— SO Γ - SO Ι - 00 

OO so SO 
^ ° o • 

so so so 
m m m 

(Ν (N 
— Tf 

Os OS Os OS OS 
d ö ö ö ö 

OS 0\ 
Ö Ο 

ο 
t s 

ο ο 
<N (Ν 

ο ο ο ο ο ο ο 
Tf Tf ^t 

SO OO VI so OO SO ΟΟ <N ο 
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C O N C L U S I O N S 

The generation of a 3D model of CYP2D6 from the CYP2C5 
crystal structure provides a means of explaining several features of 
CYP2D6 substrate selectivity and metabolism. In general, the model is 
consistent with experimental evidence from site-directed mutagenesis 
and the known CYP2D6-mediated metabolism of typical substrates. 
Moreover, QSAR analyses of substrates and inhibitors of CYP2D6 
can lead to an understanding of the likely factors involved in binding 
to the enzyme, and this is underscored by a satisfactory agreement 
between experimental binding affinity and that derived from a 
consideration of the potential contributions to overall binding energy 
in selected CYP2D6 substrates. It is hoped that this type of approach 
may also be applicable to other examples of P450-substrate inter-
actions. 
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