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ABSTRACT A novel molecular modelling study, involving inhibitors bound to a 'substrate-
heme complex’, is described for the binding of non-steroidal imidazole based inhibitors of the
17a-Hydroxylase (17a-OHase) component of the enzyme complex 17o-Hydroxylase/17,20-
Lyase to gain insight into the active site of the overall enzyme.

In the treatment of hormone dependent cancers such as prostate cancer, inhibitors of the
enzyme complex 17a-Hydroxylase/17,20-Lyase have been shown to have a beneficial role, for
example Ketoconazole until recently was considered a hopeful candidate in the treatment of
prostate cancer. In the absence of the crystal structure of the overall enzyme complex, we have
sought to elucidate the probable positioning of the P-450 heme of the individual components of
17a-Hydroxylase/17,20-Lyase with respect to the substrate backbone (progesterone and/or
pregnenolone). We have recently used a similar approach to consider the positioning of the
heme within another P-450 enzyme, Aromatase (AR), and have produced a 'substrate-heme
complex' as a representation of the AR active site!, using which, we have successfully
discussed the mode of action of several AR inhibitors (both steroidal and non-steroidal).

To determine the orientation of the iron within the active site of 17a-OHase with respect to the
steroid backbone, we considered the present hypotheses on the mechanism of hydroxylation of
the steroid C(17) position. On the basis that the mechanism of 17a-OHase hydroxylation is
similar to that of AR2:3, i.e. there is an initial involvement of a ferroxy radical, we
hypothesised that the oxygen radical must be positioned within approximate bonding distance
(and angle) to the C(17) such that when the Fe!V-OH species is formed, the C(17) radical can
be ‘neutralised' by the formation of a bond with the OH, resulting in the hydroxylation of the
C(17) position of progesterone and the reformation of Felll, From a review of the literature,

we discovered that 17a-OHase is also able to carry out the 16a-hydroxylation of progesterone*
and we thus concluded that the Fe-O- radical must closely approach both C(17) and C(16)
positions. We therefore constructed the appropriate structures (Figure 1) using Alchemy I1I5

molecular modelling program and placed the Fe-O bond at an appropriate bond length and
angle below the steroidal plane, in particular the C(17) and C(16) positions. This then resulted
in the 17a-OHase 'substrate-heme complex' (Figure 2) which was subsequently utilised in the
study of non-steroidal inhibitors.
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Figure 1. Substrates of 17a-OHase and some imidazole based inhibitors.

Figure 2. 17a-OHase substrate-heme complex.



Inhibitors of 17a-hydroxylase

Several workers have previously reported studies of inhibitors of 17a-OHase® and have shown

that imidazole based inhibitors such as Bifonazole and Ketoconazole were potent, Miconazole
and Econazole less potent and Metronidazole inactive against this enzyme.

In previous molecular modelling studies of 17a-Hydroxylase/17,20-Lyase, the inhibitors as
shown in Figure 1, were fitted onto the substrate progesterone and the C(17) to inhibitor heme

liganding hetero atom distance considered”. The basis of our novel approach utilises an idea

which has now been widely accepted for AR. That is, in the inhibition process by hetero atom-
(for example nitrogen or sulfur) containing compounds, the initial step is thought to involve the
Fe to inhibitor hetero atom bond formation8. We postulate that this is also the case for 17a-
OHase and that after this initial interaction, the inhibitors, containing polar groups capable of
mimicking the steroidal C(3) carbonyl group, then search [due to the free rotation of the Fe to
inhibitor hetero atom bond] for appropriate group(s) at the enzyme active site with which to
interact. It is also our hypothesis that this search leads most inhibitors to the group responsible
for H-bonding to the steroid C(3) carbonyl group of the steroidal backbone in the 17a-OHase
substrate-heme complex. The use of hydrogen bonding groups which may be expected to bind
the C(20) carbonyl of progesterone, or pregnenolone, within the active site is considered
unlikely since the C(20)=0 binding group at the active site would be required to be directly
above, and close to, the porphyrin. Thus, it is our hypothesis that the binding of the substrate
to the active site only involves the steroidal C(3) hydrogen bonding group.

We therefore carried out conformational analysis of the inhibitors above (Figure 1) using
Powersearch® and attempted to mimic the inhibition process by binding the low energy
conformer(s) of the inhibitors onto the 17a-OHase substrate-heme complex, i.e. the
conformer(s) were bonded directly to the Fe of the heme and the Fe to inhibitor hetero atom
bond rotated to find the minimum progesterone C(3) carbonyl! to inhibitor carbonyl mimicking
group distances - we postulate that this distance gives an indication of the strength of the
interaction and therefore an approximate indication of the potency of the inhibitor. In
compounds devoid of polar groups, we hypothesis that a logP (octanol/water partition
coefficient) factor probably plays a part in determining the overall inhibitory activity of
inhibitors of 17a-OHase. Therefore, we presume that there are only two main structural
features at the active site which interact with the inhibitors and substrates: i) the porphyrin ring,
and; ii} hydrogen bonding group which normally binds the steroid C(3) group. Thus, in
modelling studies there is no requirement for the inhibitors to precisely mimic the substrate
backbone and superimposition of inhibitors onto the substrate would appear to be misleading.

Binding Bifonazole to the complex and rotating the Fe-imidazole bond (Figure 3), we observe
that the Jow energy conformer appears to be able to occupy the same area as the steroid
backbone, thereby avoiding any unfavourable interactions with the remainder of the active site.
The lack of polar group(s) corresponding to the progesterone C(3) carbonyl results in
Bifonazole not undergoing hydrogen bonding with the active site. As a result, Bifonazole may
be expected to possess a lower inhibitory activity compared to inhibitors containing such polar
groups, but, as mentioned above, the logP of Bifonazole would appear to compensate for the
lack of favourable polar-polar interaction.
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Figure 3. Bifonazole bound to the 17a-OHase substrate-heme complex.

With Ketoconazole and Miconazole (Figures 4 and 5), polar-polar interaction appears to be
possible between the polar residue of the active site {which would hydrogen bond to the C(3)
carbonyl of the steroid substrate] and the 4-chlorophenyl part of the inhibitors, i.e. with these
types of inhibitors two favourable interactions exist : i) inhibitor hetero atom to heme bond
formation, and; ii) inhibitor polar group to active site polar group interaction. Both of these
interactions help to stabilise the enzyme-inhibitor complex, a loss of either may be expected to
lower the inhibitory activity, but we postulate that a large logP may help to overcome the
reduction in the polar-polar interaction, similar to that seen earlier for Bifonazole. Using the
substrate-heme complex we are able to suggest reasons for the observed difference in
inhibitory activity between the four enantiomers of Ketoconazole!0. It has been shown that of
the four, the 25,4R is the most active enantiomer whilst the 2R,4S is the least active. From the
present study we hypothesise that the binding profile of the 25,4R enantiomer probably allows
the low energy conformer of this enantiomer to fit within the active site such that it can utilise
the two important interactions outlined above without major conformational change
(AE=1.2kcal/mol between lowest energy and binding conformer). The 2R,4S enantiomer on
the other hand is thought to undergo conformational change (AE=5.7kcal/mol) so as to utilise
the favourable interactions resulting in reduced inhibitory activity. The lower inhibitory activity
possessed by Miconazole (whilst possessing a larger logP than Ketoconazole) would appear to
be due to the protrusion of the chlorine group beyond the C(3)=0 of the substrate backbone of
the substrate-heme complex, compared to the 25,4R enantiomer of Ketoconazole, i.e the
chlorine atom (of the 4-chlorophenyl group) is probably involved in steric interaction with the
group at the active site responsible for hydrogen bonding to the C(3) carbonyl group of the
substrate. Inhibition data for the enantiomers of Bifonazole or Miconazole are not available.
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Figure 4. (25,4R) Ketoconazole bound to the 17a-OHase substrate-heme complex.

Figure 5. Miconazole bound to the 17a-OHase substrate-heme complex.
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Binding Metronidazole to the substrate-heme complex (Figure 6), we observe that a steric
interaction may occur between the hydrogens of the methyl side chain on C(2) of the imidazole
ring and the porphyrin of the enzyme active site. Another more important factor may be the
strong electron withdrawing group (NO2) on the imidazole ring, which is postulated to reduce

the availability of the lone pair of electrons on the nitrogen undergoing co-ordination with the
heme. We therefore hypothesise that these two factors are responsible for the lack of inhibitory
activity observed with this compound, this is further supported by the observation that other
compounds containing similar groups on the imidazole ring (such as Nimorazole) are also

observed to lack inhibitory activity®.

Figure 6. Metronidazole bound to the 17a-OHase substrate-heme complex.

In conclusion, the present study has allowed us to consider and mimic the inhibition process
taking place within the 17a-OHase active site and study the probable mode of action of some
imidazole based non-steroidal inhibitors and their enantiomers.
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