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Abstract

The series of diamondoids: adamantane, diamantane, triamantane, 2-isopropenyl-2-methyladamantane and 3-isopropenyl-3-
methyldiamantane (3-IPMDIA), were employed to elucidate the molecular basis of their interaction with the active site of
cytochromes P450 (CYP) of a 2B subfamily. These potent inhibitors of CYP2B enzymes were docked into the homology
model of CYP2B4. Apparent dissociation constants calculated for the complexes of CYP2B4 with docked diamandoids
agreed closely with the experimental data showing inhibition potency of the compounds and their binding affinity to CYP2B4.
Superimposed structures of docked diamondoids mapped binding site residues. As they are mainly non-polar residues, the
hydrophobicity plays the major role in the binding of diamondoids. Overlapping structure of diamondoids defined an elliptical
binding cavity (5.9 A inner diameter, 7.9 A length) forming an angle of ~43° with the heme plane. CYP2B specific
diamondoids, namely 3-IPMDIA, showing the highest binding affinity, should be considered for a potential clinical use.

Keywords: Cytochrome P450 2B, CYP2B4, enzyme inhibition, diamondoid compound, homology model, substrate binding

Abbreviations: ADA, adamantane; CHAPS, 3-[(3-cholamidopropyl)dimethyl-ammonio]-1-propane sulfonate; CYP,
cytochrome P450; DIA, diamantane; DMSO, dimethyl sulfoxide; ICs,, inhibitor concentration causing 50% of inhibition;
Ki, inhibition constant; Km, Michaelis constant; Ks, spectral dissociation constant; Kd, kinetic dissociation constant; K/POy,
potassium phosphate; PB, Phenobarbital; PROD, 7-pentoxyresorufin O-depentylation; TRIA, triamantane; 2-IPMADA,
2-isopropenyl-2-methyladamantane; 3-IPMDIA, 3-isopropenyl-3-methyldiamantane

Introduction

The cytochrome P450 (CYP) monooxygenases are
heme-containing mixed-function oxidases playing a
key role in metabolism of mostly hydrophobic
endogenous substrates (sterols, prostaglandins, fatty
acids) and ingested foreign compounds, xenobiotics,
(e.g. drugs, carcinogens, food components, pollutants)
[1]. Although CYDPs generally convert xenobiotics to
less toxic products, the reactions frequently involve
the formation of reactive intermediates or the leakage

of free radicals capable of causing toxicity or
carcinogenicity [2]. Thus, the inhibition of CYPs
seems to be logical to prevent the CYP-mediated
carcinogen activation and/or chemical toxification.
Naturally occurring compounds, flavonoids, for
example, have been recognized as chemopreventive
agents acting as effective inhibitors of several CYPs
metabolizing xenobiotics, namely: CYP1A1, 1A2, 1B1
and 3A4, and one steroidogenic CYP19 [3]. Moreover,
some drugs, i.e. ketoconazole and troleandomycin, are
efficient inhibitors of CYP3A4, the most abundant
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human CYP [4]. Though, CYP2B6, another member
of the human multigene family, is generally regarded as
a minor CYP [5], it catalyzes the oxidation of various
xenobiotics including drugs and carcinogens such as
nicotine [6], aflatoxin B1 [7], styrene [8] and
aminochrysene [9]. However, selective and potent
inhibitors of CYP2B6 have not yet been established.
There have been few reports describing the inhibitors
of CYP2B6 (e.g. diethyldithiocarbamate, 4-methyl-
pyrazole, quercetin, ellipticine, troleandomycin,
methoxsalen) [10], however, the results suggest that
none of these are selective inhibitors of this enzyme at
the concentrations used [11]. Only recently,
compounds of diamond-like structure (diamondoids),
recognized as highly specific substrates of rat CYP2B1
and rabbit CYP2B4 [12-16], were proved to inhibit
human CYP2B6-mediated formation of tamoxifen-
DNA adducts, which are responsible for carcinogenic
tamoxifen side-effects [17]. Hence, these compounds
warrant consideration as candidates for preventing
endometrial cancer development in humans treated
with this drug.

Due to the general importance of CYPs in
carcinogen bioactivation and drug metabolism,
elucidation of the key structural elements responsible
for inhibitor and substrate recognition and consequent
binding to the CYP active center is of considerable
interest [18]. Understanding the principle of CYP
binding specificity is essential because of their
clinically important role in the metabolism of
xenobiotics and endogenous compounds. However,
our knowledge of this process has been limited by the
lack of three-dimensional (3D) structures for mam-
malian CYPs. Until recently, the membrane-bound
microsomal CYPs have not been amenable to crystal-
lography, making it necessary to utilize other
approaches to obtain structure-function data on
mammalian enzymes. Since tertiary structure appears
to be conserved throughout the CYP superfamily
[19], hypothetical 3D molecular models of mamma-
lian CYPs have been constructed based on analogy to
the known crystal structures of bacterial CYPs [20].
Homology modeling has become an essential tool in
understanding the structural basis of CYP function
[21]. Although crystal structures of the truncated,
solubilized rabbit CYP2C5, 2C9 and 2B4 are now
available [22-24], structural data provided by other
approaches are still important. That is why it is hard to
rule out the possibility that in the CYP crystal some
perturbations of CYP native structure might occur as
a consequence of significant structural changes prior
to the microsomal CYP crystallization (elimination of
N-terminal transmembrane domain, modification of
N-terminus, addition of C-terminal 4xHis tag) and/or
caused by the process of crystallization itself (e.g. CYP
dimerization). The reported crystal structure of
rabbit CYP2B4 shows an unusually large open
cleft (extended to the heme moiety) that is trapped

by homodimer formation [24]. This open conforma-
tion does not agree with photoaffinity labeling data,
obtained with the native enzyme in solution, and some
data from the site-directed mutagenesis [25—28]. It is
not known whether the wild type of CYP2B4 is also
able to adopt the open conformation, seen in the
crystal of truncated substrate-free CYP2B4 [24].

Thus, homology modeling is a well applicable
alternative for structural studies of CYP2B enzymes
[29-32]. This technique in conjunction with data
from other structural studies (e.g. site-directed
mutagenesis) allows insight into the relationship
between CYP structure and function, providing a
base for rational inhibitor and drug design. It may also
help to predict the possible metabolic fate of drugs and
carcinogens in organisms.

In this study, the interactions of potential inhibitors
of CYP2B enzymes, adamantane (ADA), diamantane
(DIA), triamantane (TRIA) and two derivatives,
2-isopropenyl-2-methyladamantane (2-IPMADA)
and 3-isopropenyl-3-methyldiamantane (3-IPMDIA)
(Figure 1) with these enzymes was examined. Using
the new generation homology model of CYP2B4
verified experimentally, binding of these compounds
to the enzyme active center was explored on a
molecular basis. Results of “in silico” docking of
diamondoid compounds, as well as kinetic, inhibition
and binding assays revealed that 3-IPMDIA is the
most efficient inhibitor of CYP2B among compounds
tested in this study. Structural determinants of
CYP2B, governing diamondoid binding and inhibi-
tion, are discussed.

Materials and methods
Chemicals

7-Pentoxyresorufin and 7-hydroxy-4-trifluoromethyl-
coumarin were purchased from Fluka Chemie AG
(Switzerland). 7-Ethoxy-4-trifluoromethylcoumarin,
glucose 6-phosphate, NADP*, NADPH, 3-[(3-
cholamidopropyl)dimethylammonio]-1-propane sulfo-
nate (CHAPS), dilauroyl phosphatidylcholine and
dithiothreitol were obtained from Sigma Chemical Co.
(St. Louis, MO, USA). Dimethyl sulfoxide (DMSO)
and methanol were purchased from Merck
(Darmstadt, Germany). Phenobarbital was from
Kulich Co. (Hradec Kralové, Czech Republic). Glucose
6-phosphate dehydrogenase was from Serva
(Heidelberg, Germany). Bicinchoninic acid was from
Pierce (Rockford, IL, USA). All chemicals were of a
reagent grade or better. Adamantane, diamantane
and triamantane were obtained from J. Janku and
J. Burkhard (Prague Institute of Chemical Technology,
Praha, Czech Republic). 2-IPMADA and 3-IPMDIA
were synthesized according to Olah ez al. [33]
(purity 99.8%). Supersomes™, microsomal samples
isolated from insect cells transfected with baculovirus
co-expressing human CYP2B6 enzyme and
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Figure 1. Structure of diamond-like compounds.

NADPH:CYP reductase, were from Gentest Corp.
(Woburn, MA).

Awmimal pretreatment

Adult male rabbits (2.5-3.0kg) and male Wistar rats
(150-200 g) were fed ad libitum on pellet chow and water
one week before treatment. Rabbits and rats were
pretreated with phenobarbital (0.1% in drinking water
for 6 days) to induce liver CYP2B enzymes. Animals
were killed after 18 h of starvation by cervical dislocation.

Preparation of microsomes and isolation of CYP enzymes

Microsomes were isolated from the livers of rabbits
and rats pretreated with phenobarbital by procedures
described previously [34] and stored at —80°C. Total
CYP content was measured based on the complex of
reduced CYP with CO [5]. CYP2B4 and CYP2B2
were isolated from the liver microsomes of rabbit
and rat induced by phenobarbital as described earlier
[25, 36]. Rabbit liver NADPH:CYP reductase was
purified as described by Hodgson and Strobel [37].
The activity of NADPH:CYP reductase was measured
according to Williams and Kamin [38] using
cytochrome ¢ as a substrate. The concentration of
NADPH:CYP reductase was estimated as described
earlier [39]. Protein concentration was determined
using the bicinchoninic acid protein assay with bovine
serum albumin as a standard [40].

Enzyme assays

CYDP2B specific activity, 7-pentoxyresorufin O-depen-
tylation, was measured in 1ml reaction mixture

3-Isopropenyl-3-methyldiamantane

containing: 0.1 M K/PO,, pH 7.4, 0.25-5pM 7-
pentoxyresorufin, 0.25mM NADPH and 0.1 pM
CYP present in microsomes isolated from the liver of
rats and rabbits pretreated with PB (PB-microsomes).
After 10 min incubation at 37°C (shaking incubator)
the reaction was terminated by 2 ml of methanol. The
amount of resorufine formed was measured fluoro-
metrically using a Perkin Elmer LS-5B spectro-
fluorometer [41]. Reconstitution of CYP2B2 and
CYP2B4 with NADPH:CYP reductase was carried
out using 0.5pM CYP2B, 0.5uM NADPH:CYP
reductase, 0.5 mg/ml CHAPS, 0.1 mg/ml liposomes
(D,L-dilauroylphosphatidylcholine), 3mM reduced
glutathione and 50mM HEPES/KOH, pH 7.4
followed by 7-pentoxyresorufin O-depentylation
assay [42]. The activity of CYP2B6 was determined
fluorimetrically in a reaction mixture containing
0.04 puM CYP (present in Supersomes™), 0.1 mM
7-ethoxy-4-trifluoromethylcoumarin and a NADPH-
generating system in 0.1 M K/PO,, pH 7.4, as
described earlier [17].

Inhibition studies

The inhibitory effect of diamondoid compounds,
ADA, DIA, TRIA, 2-IPMADA and 3-IPMDIA on
individual CYP2B enzymes (present in microsomes
isolated from the livers of rats or rabbits pretreated
with PB, Supersomes™ or reconstituted CYP enzymes
of a 2B subfamily) 7-pentoxyresorufin O-depentyla-
tion or 7-ethoxy-4-trifluoromethylcoumarin deethyla-
tion was determined in the presence of 0.17—-150 uM
concentrations of these compounds and NADPH.
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All diamondoid compounds were applied to the
reaction mixture as DMSO stock solutions. The I1Cs,
values were estimated from concentration curves by
interpolation and Ki values from Dixon plots as
described earlier [43].

Spectral binding studies

Interaction of cytochrome P450 with diamondoid
compounds was followed by difference spectroscopy
(Specord M-40, M-42, Carl Zeiss, Jena, Germany)
[44]. PB-induced microsomes and pure CYP2B
enzymes were diluted with 0.1 M K/PO, buffer, pH
7.4 to 3.3uM and 2pM CYP, respectively. After
recording the “base-line”, the CYP in the sample
cuvette was perturbated with gradually increasing
amounts of diamondoid compound (0.1-50 pM).
The same volume of the compound solvent
(methanol), not exceeding 2% of total volume,
was added to the reference cuvette. The resulting
high—low spin shift of heme iron was monitored as
difference spectra from 350 to 500 nm [45]. Spectral
dissociation constants (Ks) were determined as
described elsewhere using a nonlinear regression
method (Origin 6.0 software) [17].

Docking experiments

The three-dimensional structure of rabbit CYP2B4
was built based on the crystal structures of CYP2C5
[22], CYP51 [46], and CYP102 [47] as described
previously [32]. Briefly, after the generation of
sequence alignment (Modeller 6.2, ClustalX) the
known structures were spatially aligned (Modeller
6.2) and the loop residues were added to the CYP2C5
sequence. Finally, the CYP2B4 was aligned from
N-terminal residue 45 to the created alignment among
CYP51, CYP102, and CYP2C5 and the F-G loop in
CYP2B4 was constructed. After the heme group
docking the structure had been subjected to several
energy minimizations.

All of the substrate structures were docked into the
model. For docking the Autodock 3.05 software was
employed, using the genetic algorithm method, with
27000000 generations and 200 populations, with 20
runs for each substrate [48]. The conformation having
the lowest energy was chosen as the result.

Results and discussion

Cytochromes P450 (CYP) of a 2B subfamily show
strong preferences for binding of “bulky” compounds
having a low value of compound area/depth? ratio and
rather high compound volume [49]. That is why,
highly hydrophobic compounds of diamond-like
structures, adamantane (ADA) and diamantane
(DIA), are well accommodated by rat CYP2B1 and
rabbit CYP2B4 [12,36]. In order to understand

further the structural determinants driving CYP2B
substrate binding and investigate the shape and size of
the CYP2B binding site, additional compounds were
employed in the present study. Namely, another
member of the diamondoid series, triamantane
(TRIA), a molecule containing one diamond crystal
cage more than DIA, and derivatives of two
former compounds, 2-isopropenyl-2-methyladaman-
tane (2-IPMADA), and 3-isopropenyl-3-methyl-
diamantane (3-IPMDIA) [17], were utilized in the
study. Structures of diamondoid compounds used are
depicted in Figure 1. Results of their docking into the
enzyme active site of a CYP2B4 model structure in
combination with data from metabolic (inhibition)
and binding assay (spectral substrate titration)
studies, focused on CYP2B4, provided an insight
into CYP binding site topology of this enzyme and
allowed us to explain features of its interactions with
substrate/inhibitor.

Spectral binding studies of diamondoid compounds

Using difference spectroscopy, the interaction of CYPs
with compounds of the diamondoid structure was
monitored. These experiments were carried out using
liver microsomes of rats and rabbit enriched in
CYP2B1/2 and 2B4, respectively, after animal treat-
ment with phenobarbital (strong inducer of CYP2B
enzymes). All the compounds elicited substrate
binding spectra of type I with typical absorption
extremes: maximum at about 390 nm and minimum at
421 nm [12,44]. An analysis of the difference spectra
revealed an apparent spectral dissociation constant
(Ks), reflecting the enzyme binding affinity for the
respective compound. The values of this spectral
binding parameter are shown in Table I. When Ks
values for the series of non-substituted diamondoid
compounds ADA, DIA, TRIA are compared, it is
obvious that diamantane appears to be the compound
with the highest affinity for CYP2B4 binding in the
microsomal samples. To gain more detailed informa-
tion on structural requirements of the enzyme binding
site, derivatives of ADA and DIA having an increased

Table I.  Spectral dissociation and inhibition constants of diamond-
oid compounds.

Rabbit PB-microsomes

Purified CYP2B4

Compound Ks [uM] Ki [uM] Ks [uwM]
ADA 9.75 4.36 1.57
2-IPMADA 2.24 1.95 0.59
DIA 0.83 0.81 0.50
3-IPMDIA 0.44 0.33 0.19
TRIA 0.89 1.61 0.40

Ks, spectral dissociation constant; Ki, inhibition constant. Numbers
in the Table are the average of three parallel experiments (standard
deviations were less than 10%).
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molecular size, 2-IPMADA and 3-IPMDIA, were used
in further experiments. The data listed in Table I
demonstrate the increased binding affinities of
CYP2B4 for both isopropenylmethyl-derivatives in
comparison to the parent adamantane and diaman-
tane. The same conclusion could be drawn from results
obtained with the liver microsomes of PB-treated rats
(data not shown). To exclude the involvement and/or
interference of other CYPs (present in microsomes) on
the diamondoid binding experiments with purified
CYP2B4 were carried out. Ks values determined with
the pure enzyme (Table I) confirmed, in accordance
with the preceding results, a pronounced preference of
the CYP2B4 binding site for 3-IPMDIA. Differences
between both sets of Ks values for microsomes and
purified CYP2B4 are likely to be associated with the
substrate hydrophobicity that appears to be a common
feature, especially, for microsomal CYPs. It is thought
that membrane interactions play an important role in
the process of substrate binding [49]. As shown in our
previous study, also in systems containing purified rat
CYP2B2 or human CYP2B6 in Supersomes™,
3-IPMDIA was proven to be the compound with the
lowest Ks of all the diamondoids tested.

Inhibition of CYP2B enzymes by diamondoid compounds

To confirm the observation that 3-IPMDIA best fits to
the enzyme binding cavity of CYP2B enzymes, its
ability to inhibit oxidation of CYP2B substrates,
7-pentoxyresorufin for CYP2B1/2/4 and 7-ethoxy-4-
trifluoromethylcoumarin for CYP2B6, was deter-
mined. Table I summarizes values of the inhibition
constants (Ki) determined for the whole set of
diamondoid compounds with the rabbit experimental
system. The presence of the isopropenylmethyl-
moiety in the diamondoids, ADA and DIA, led to
their improved inhibition efficiency. Thus, in accord-
ance with data from binding experiments, the most
effective inhibitor of CYP2B4 enzymatic activity is
3-IPMDIA. Further increase in the molecular size of a
diamondoid structure results in impaired binding to
the enzyme active center and, consequently, in an
enhanced Ki, determined in the case of triamantane.
To further clarify that 3-IPMDIA binds strongest to
CYP2B, the inhibition experiments were performed
also with purified CYP2B4 reconstituted with
NADPH:CYP reductase. The determined Ki values
of 2.09 and 0.27 pM for 2-IPMADA and 3-IPMDIA,
respectively, were very similar to those determined in
the microsomal system. The Ki values of 5.27 and
2.17 M for 2-IPMADA and 3-IPMDIA, respect-
ively, were found for CYP2B6. Although they are one
order of magnitude higher than for CYP2B4, they are
still micromolar and indicate strong affinity for
CYP2B6 [17].

Both isopropenylmethyl-compounds (2-IPMADA
and 3-IPMDIA) were shown to be metabolized into

Binding of diamondoids to CYP2B 29

mono-, di- and trihydroxy-derivatives, like non-
substituted diamondoids, when incubated with rabbit
PB-microsomes [17]. These experiments revealed
Km values of 128 and 92 uM, for 2-IPMADA and
3-IPMDIA, respectively [17]. The Km values for both
compounds are several order of magnitude higher
than their Ks values, as well as relatively slow rates
(~1min~ ') for their oxidation suggesting these
diamondoids to be poorly metabolized by enzymes
of a CYP2B subfamily.

Diamondoid docking in CYP2B4

In order to explain the molecular basis of interactions
of diamondoid compounds with the active center of
CYP2B enzymes information on their 3D structure
are necessary. However, the recent crystal structure of
rabbit CYP2B4 [24] (revealing an unusual open
conformation) places several predicted active-site key
residues in locations less compatible with substrate
binding/turnover. Moreover, the location of the
C-helix in the open conformation alters the site
proposed to be important for binding of NADPH-
CYP reductase and cytochrome bs. That is why, the
new homology model of CYP2B4 [32], based mainly
on the crystal structure of CYP2C5, was utilized to
elucidate structural features of diamondoid com-
pounds determining CYP2B inhibition. The confi-
dence that the homology model corresponds to the
native structure of a CYP2B4 active center has been
gained by projecting the experimental data of
photoaffinity labeling and diamantane metabolism to
the CYP2B4 theoretical structure [25,32]. Thus, the
evaluated CYP2B4 model was chosen to serve as a 3D
prototype structure of the highly homologous CYP2B
enzyme subfamily. This type of structural data is
important for the orthologous human CYP2B
enzyme, CYP2B6, because there is still no crystal
structure for this membrane-bound human CYP.
Docking of the test set diamondoids revealed amino
acid residues lining the active site of the CYP2B4
model within a distance of 4A from the diamondoid
carbon skeletons (see Table II). From the twelve
identified residues only two, Asp105 and Thr302, are
polar. Most of these residues identified in this study
match those which have been predicted previously by
mutagenesis and modeling studies to be important for
substrate binding or catalytic activities of the CYP2B
subfamily [27,30,50]. Mapped residues (Ilel14,
Ile363), making close contact with the isopropenyl-
methyl moiety of 3-IPMDIA, have also been found to
be critical for CYP2B4 inhibition [28]. The involve-
ment of two hydrophobic residues, Leul99 and
Leu201, in substrate/inhibitor binding have not
previously been suggested. In our 3D model structure
these residues are located in the upper part of the
binding site cavity, close to the access channel
opening. The closest predicted active site amino acid
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Table II. Key active site amino acid residues of CYP2B4 model structure in contact with diamondoids.

CYP2B4 amino acid residue

Sequence position ADA 2-IPMADA DIA 3-IPMDIA TRIA
101 [30] - Tle** Tle** Ile** Tle**
105 [30] - Asp Asp Asp Asp*
114 [27,31] Tle** Ile* Ile* Tle** Tle*
115 [27] - Phe Phe Phe Phe
199 - - - - Leu* Leu*
201 - - - - Leu* Leu*
297 [30] Phe* Phe* Phe* Phe* Phe*
298 [27] Ala* Ala* Ala Ala* Ala**
302 [27] Thr* Thr** Thr* Thr* Thr*
363 [27,31] Tle* Tle* Ile* Ile* Tle*
367 [27] - Val* Val* Val Val**
477 [27] Val* Val* Val** Val** Val**

Listed amino acid residues are within 4 A distance (residues marked by asterisks * and ** are within 3.5 and 3.0 A, respectively) from the
diamondoid carbon skeleton. Residues interacting with the isopropenylmethyl-moiety are in bold letters. References to papers predicting that
the amino acid residue is at the active center are shown in parenthesis.

residues, Phe202 and Phe206, spanning to helix F,
were suggested by Chang er al., [29,50] (based on the
homology modeling approach). It is interesting to note
that although diamondoids of increasing size were
docked in the active site, the side chains of the active
site amino acid residues did not have to move to
accommodate them. As judged by the values of the
apparent dissociation constants (Kd) calculated for
the complexes of CYP2B4 with docked diamondoid
compounds (Table III) all these diamondoids (with the
exception of ADA) made a good fit with the substrate
binding cavity of the CYP2B4 model. The Kd values
agreed well with experimentally determined Ks and Ki
values for with native CYP2B4 in microsomes.
Correlation coefficients (Table IV) of 0.993 for Kd
and Ks values, and 0.931 for Kd and Ki show a close
relation of both sets of experimental data with Kd
values. On the other hand, when the CYP2B4 crystal
[24] is used for the docking, the calculated values of
Kd (see Table III) differ significantly from those of Ks
(or Ki) determined experimentally. Correlation
coefficients of the CYP2B4 crystal structure shown
in Table IV clearly document a looser correlation of
theoretical and experimental data in comparison with

the homology model of the CYP2B4 protein
molecule.

Assessment of docked diamondoids

Although there is considerable structural diversity
in CYP substrates, hydrophobicity appears to be a
common feature, especially for microsomal CYPs,
where it is thought that membrane interactions play an
important role [49]. All diamond-like compounds
tested in the present study are of highly hydrophobic
structures. The first compound of the diamondoid
series, ADA, having the highest Ks, Ki and Kd values,
seems to be loosely bound in the active center of
CYP2B4. ADA docked in the active center is oriented
in accordance with metabolic data since it is facing the
apical carbon atom (C1) which undergoes hydroxy-
lation to the heme [51]. The ADA skeleton is in
contact (distance 3—4 A) with only six of the twelve
side chains of the active site amino acid residues.
Desolvation energies tend to equate with substrate
hydrophobicity which are, to the some extent, related
to the size of the relevant CYP active site and, also,
to that of the substrate itself [49]. Thus, ADA of

Table III. Binding parameters of diamondoid compounds docked in CYP2B4 structures.
CYP2B4 model CYP2B4 crystal

Compound Volume [A3] Estimated Kd [pM] Docked E [kcal/mol] Estimated Kd [pM] Docked E [kcal/mol]
ADA 145 41.3 —5.98 28.1 —6.21
2-IPMADA 207 3.9 —-17.71 20.1 —6.74

DIA 196 1.7 —17.88 4.3 —17.33
3-IPMDIA 256 1.2 —8.08 8.1 —17.21

TRIA 238 1.9 —17.82 1.0 —8.17

Kd, apparent dissociation constant calculated from docking; Docked E, free energy of binding.
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Table IV. Correlation analysis of diamondoid binding and inhibition parameters with apparent dissociation constants Kd of CYP2B4 model

and crystal structures.

Correlation coefficients

CYP2B4 model

CYP2B4 crystal

Correlated values Kd vs. Ks
Experimental system:

PB-microsomes 0.993
Purified CYP2B4 0.972

Kd vs. Ki Kd vs. Ks Kd vs. Ki
0.931 0.853 0.813
nd 0.820 nd

Kd, estimated dissociation constant; Ki, inhibition constant; Ks, spectral dissociation constant; nd, not determined. Correlation coefficients

were calculated using a built-in module of Microsoft Excel 97.

a relatively low hydrophobicity (and small size) shows
a poor fit with the substrate binding cavity. That is why
it is probably less effective in water molecules
displacement and consequently in the heme iron
spin shift that is detectable by difference spectroscopy
(Ks). Introduction of isopropenylmethyl moiety to
the ADA structure resulted in stronger binding
to the homology model of the CYP2B4 enzyme. An
increased number of contacting hydrophobic amino
acid residues to nine is reflected in a significantly
lowered Kd value (compared to that of ADA). The
isopropenylmethyl group of docked 2-IPMADA is
facing heme, while the ADA skeleton is rotated and
moved further from the heme. Thus, the size of
2-IPMADA matches better with the enzyme binding
site than the parent compound. These theoretical
results are consistent with data from spectral titration
and inhibition studies showing a 2—4 fold decrease in
the Ks and Ki values for 2-IPMADA (relative to
ADA). It is worth noticing that in contrary to the
present data, the docking of ADA and 2-IPMADA to
the crystal structure of CYP2B4 [24] revealed
unexpectedly close Kd values 28.1 and 20.1 pM,
respectively. Docking of the next member of the
diamondoids, DIA, to the CYP2B4 model structure
resulted in DIA orientation relative to the heme
allowing a preferred apical C4-hydroxylation that has
also been determined experimentally [12] The DIA,
similarly to 2-IPMADA, is able to map the same active
center amino acid residues of CYP2B4. According to
Kd, Ks and Ki values the DIA molecule better
complies to the size and shape of the enzyme binding
site than 2-IPMADA. In addition, the effect of ADA
substitution with the isopropenylmethyl moiety that
markedly elevated its binding affinity was also tested
with the DIA skeleton. Resulting 3-IPMDIA showed
elevated binding affinity (based on Kd value)
compared to DIA. In contrast to 2-IPMADA, the
isopropenylmethyl group is pointing away from the
heme towards the substrate access channel. All twelve
contact active site residues are within a distance of 4 A
from the 3-IPMDIA skeleton (see Figure 2). The
structure of 3-IPMDIA complements the binding site
of the CYP2B4 model very well. There is close contact
of the isopropenylmethyl group with five hydrophobic

active site residues (Ile101, Leul99, Leu201, Phe297,
Ile363) that contribute significantly to the strength of
the binding interaction. That is why this compound is
the most potent inhibitor of CYP2B4-mediated
oxidation of substrates as well as the substrate with
the highest binding affinity in spectral titrations of all
the diamondoids tested. TRIA, having a compact
“V?”-like structure composed of three diamond crystal
cages, seems to be rather bulky to be accommodated
in the binding cavity. Thus, the reason for slightly
impaired inhibition capacity and binding affinity most
likely originates from the TRIA size/shape, which, to
some extent, exceeds the structural restrains of the
active site, which are achieved by the other
diamondoids.

Leu199

Leu201
lle101

Val367 347
lle363

Thr3o02

Asp105

Phe297

Phe115

Figure 2. The active site of CYP2B4 model with docked
3-isopropenyl-3-methyldiamantane (3-IPMDIA). Amino acid
residues (polar in red) lining the substrate binding cavity within a
distance of 4 A from the carbon skeleton of 3-IPMDIA (in green) are
presented.
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Inhibitor template structure

Docking of all diamondoids into the CYP2B4 model
revealed the topology of the active site and the character
of key amino residues, which are the major determi-
nants of the binding. As both the side-chains of residues
and diamondoids are non-polar, the contacts formed
by the protein and these compounds are predominantly
hydrophobic. On the other hand, docking data
also predicted plausible orientation of diamondoids
in the CYP2B4 active center. When overlapping
their docked structures a prototype molecular
template of well accommodated compound was
generated (see Figure 3). The compound of such
a bulky structure and a molecular volume of 320 A’
should exert an excellent inhibitory capacity. Focusing
on the diamondoid skeletons of diamondoids with the
highest binding affinity, the active site space occupied
by them might be approximated as an elliptical
structure with an internal diameter and
length of 5.9A and 7.9A (including H atoms),
respectively. The closest distance of the carbon
skeleton from the heme iron is 4.6 A. A longitudinal
axis of the elliptical structure forms an angle of ~43°
with the plane of heme. While ADA, DIA, TRIA, 2-
IPMADA and the DIA skeleton of 3-IPMDIA span the
described elliptical structure, the isopropenyl group of
3-IPMDIA partially exceeds that common structure
(see Figure 4). However, the isopropenylmethyl moiety
brings about a further increase in the binding affinity by
interaction with residues Ile101, Leul99, Leu201,
Phe297 and Ile363 in its close vicinity.

In the process of preparation of this paper
several articles reporting mammalian CYP crystal
structures appeared [54—56]. Readers are advised to
review the CYP2B4 “closed structure” obtained in
the presence of 4-(4-chlorophenyl)imidazole [56] to
get the entire view of the actual knowledge of this CYP
structural feature.

Figure 3. Template structure generated by superposition of
docked diamondoids: ADA (blue), 2-IPMADA (yellow), DIA
(red), 3-IPMDIA (black), TRIA (green).

Leu201
)\ ”

lle101

Figure 4. View of the CYP2B4 binding cavity with the heme
(in blue) showing the elliptical structure (in yellow) approximating
docked diamondoids. The isopropenylmethyl moiety of 3-IPMDIA
(in green) makes a close contact with binding site amino acid
residues Ile101, Leul99, Leu201, Phe297 and Ile363.

Conclusion

The docking of diamondoid compounds to the
CYP2B4 model in combination with metabolic and
binding studies provides detailed knowledge of the
molecular basis of the interaction of compounds with
the enzyme active site. It helps to establish a base for
the rational design of selective inhibitors for CYP2B
subfamily enzymes. The DIA derivative, 3-IPMDIA,
was confirmed to be a potent inhibitor of rabbit
CYP2B4, rat CYP2B2 and human CYP2B6 [17]. As
a result of the postulated role of CYP2B in the
metabolism of several drugs or in activation of some
carcinogens [11], selective inhibition of CYP2B may
regulate pharmacological or carcinogenic potencies of
such compounds. While 3-IPMDIA showed strong
inhibition of CYP2B with high selectivity towards
these CYP enzymes, this compound seems to be
ineffectively metabolized by CYP2B as judged by the
relatively slow rate of their oxidation (~1min ).
This observation is of high significance since potential
inhibitors derived from the diamondoid skeleton may
persist in an organism long enough to exert their
therapeutic effects. Thus, along with diamondoid
compounds already wused as antiviral agents
(e.g. against influenza infection) [52] and in the
management of Parkinson’s disease [53], 3-IPMDIA,
showing a high selectivity and inhibition potency
towards CYP2B, might have a future clinical use.
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