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We report the synthesis, biochemical evaluation and rationalisation of the inhibitory activity of a range of
(4-substituted phenyl)sulfonate derivatives of 4-hydroxybenzyl imidazole against the two components of
17a-hydroxylase/17,20-lyase (P45017a), namely, 17a-hydroxylase (17a-OHase) and 17,20-lyase (lyase).
The results show the compounds to be highly potent inhibitors with limited selectivity towards the lyase
component [e.g., toluene-4-sulfonic acid 4-imidazol-1-ylmethyl-phenyl ester (4) possessed an IC50 value
of 40 nM against 17a-OHase and 30 nM against lyase].

� 2010 Elsevier Ltd. All rights reserved.
The cytochrome P450 enzyme 17a-hydroxylase/17,20-lyase
(P45017a) is involved in the production of the C19 containing andro-
gen precursors from the C21 containing steroids such as the pregn-
anes and progestins (Fig. 1). Steroids such as androstenedione (AD)
and dehydroepiandrosterone (DHEA) are therefore synthesised as a
result of the action of P45017a on progesterone and pregnenolone,
respectively,1 involving an initial 17a-hydroxylation [via 17a-
hydroxylase (17a-OHase)], followed by the cleavage of the
C(17)–C(20) bond [via 17,20-lyase (lyase)]—both hydroxylation
and C–C cleavage steps require NADPH and oxygen.2,3

P45017a is a potential biological target in the treatment of hor-
mone-dependent diseases such as prostate cancer which has been
shown to be androgen-dependent in its early stages. A number of
compounds has therefore been investigated, including the antimy-
cotic ketoconazole (KTZ) and abiraterone acetate (Fig. 2). The latter
compound is currently in clinical trials, however, KTZ, a known
azole-based P45017a inhibitor (albeit an unselective inhibitor of
steroid biosynthesis and which has been shown to inhibit other
steroidogenic enzymes whilst possessing weak activity towards
P45017a), has been used previously in the treatment of prostate
cancer, however, was withdrawn for this use due to serious ad-
ll rights reserved.

d).
verse effects. In more recent studies, however, KTZ has been eval-
uated against hormone-refractory prostate cancer in lower doses.4

Previously, we have outlined the synthesis and biochemical
evaluation of halogenated derivatives of benzyl azole-based com-
pounds which have been shown to be good inhibitors of P45017a
in comparison to the standard KTZ;5–9 recently we reported a range
of (4-substituted phenyl)sulfonate derivatives of 4-hydroxybenzyl
imidazole (1) which were found to possess good inhibitory activity
against P45017a.10 Indeed, compounds based on the biphenyl back-
bone have also been developed and have also shown good level of
potentcy.11–13 Here, we report: the synthesis of a range of (4-alkyl-
substituted phenyl)sulfonate derivatives of 1 and their biochemical
evaluation (in comparison to KTZ) against both components of
P45017a in an attempt to discover potent and highly specific inhib-
itors of P45017a. In an effort to compare the results of our previous
studies, we also undertook the evaluation of the compounds previ-
ously reported by us as inhibitors of P45017a, in particular, benzyl
imidazole (2) and 4-iodobenzyl imidazole (3) (the latter compound
was shown to possess the highest inhibitory activity within the
halogen derivatives of benzyl imidazole8) as well as three previ-
ously reported sulfonate derivatives,10 namely, compounds 4, 9
and 10 (Table 1).

In the synthesis of the (4-alkylsubstituted phenyl)sulfonate
derivatives of 1 (compounds 4–11), the reactions outlined in
Scheme 1 were undertaken—we have reported previously the
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Figure 2. Structures of two KTZ and abiraterone acetate.
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Figure 1. Reaction catalysed by P45017a in the conversion of progesterone (P) to AD via 17a-hydroxyprogesterone (17a-OHP).
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Scheme 1. Synthesis of a number of sulfonate derivatives of 1 and its derivatives
(a = imidazole/D; b = 4-substituted phenyl sulfonyl chloride/DCM/D; R = various
substituents, e.g., CH3, C2H5, C3H7, C4H9, C5H11, CF3, F and Ph).
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synthesis of other derivatives of compound 1 where we have suc-
cessfully utilised the reactions outlined in Scheme 1,10 as such, no
specific methodology has been discussed within the current report.

The biochemical evaluation of the synthesised compounds
against both 17a-OHase and lyase components was undertaken
using the method of Owen et al.14 and involved the use of thin layer
chromatography (TLC) in the separation and identification of the
radiolabelled substrate from the incubation mixture. Table 1 shows
the IC50 values obtained for the compounds considered within the
current study against both 17a-OHase and lyase. P45017a is also
indirectly involved in the biosynthesis of the glucocorticoids and
mineralocorticoids, in particular, the latter is produced directly from
the 17a-hydroxylated derivatives of the progestins, as such, inhibi-
tors of P45017a should preferentially inhibit the C–C bond cleavage
reaction in comparison to the hydroxylation step. This is therefore
expected to have minimal effect on the hydroxylase reaction and
therefore glucocorticoid biosynthesis.15

Initial consideration of the IC50 values show that compounds 4
to 11 are more potent than KTZ (which was found to possess an
IC50 value of 2660 nM and 206 nM against the 17a-OHase and
lyase components, respectively). Furthermore, with the exception
of compound 8, all the compounds appear to possess greater
Table 1
IC50 and log P values for compounds under consideration within the current study (log P w

R

Compound number R IC50 (nM) against

1 OH 1470 ± 1
2 H >3000
3 I 164 ± 50
4 CH3–C6H4SO2O– 30 ± 7
5 C2H5–C6H4SO2O– 20 ± 4
6 C3H7–C6H4SO2O– 30 ± 1
7 C4H9–C6H4SO2O– 40 ± 0.1
8 C5H11–C6H4SO2O– 160 ± 14
9 CF3–C6H4SO2O– 34 ± 5
10 F–C6H4SO2O– 14 ± 0.9
11 Ph–C6H4SO2O– 10 ± 0.04
KTZ — 206 ± 33
potency against the lyase component in comparison to the 17a-
OHase component; this was also observed with our own standard
(compound 3) which was found to possess an IC50 value of 730 nM
and 164 nM against the 17a-OHase and lyase components, respec-
as calculated using Project Leader from Fujitsu)

N
N

lyase IC50 (nM) against 17a-OHase Calculated log P

2496 ± 300 1.03
>3000 —
730 ± 80 —
40 ± 8 2.50
110 ± 1 2.90
1210 ± 20 3.30
70 ± 9 3.69
130 ± 30 4.09
1040 ± 61 2.92
200 ± 10 2.18
100 ± 1 3.72
2660 ± 10 3.18
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tively. It should be noted that the previously reported values for
these compounds appear to be inconsistent with the current study,
however, this would be expected as different rat testicular tissues
was utilised in the previous study when compared to the current
study, as such, consistent data would not be expected.

The most potent compounds within the current series of com-
pounds were therefore 4, 5, 6, 9, 10 and 11, with compound 6 pos-
sessing the best selectivity towards the lyase reaction in
comparison to the hydroxylase reaction, indeed, this compound
was found to possess an IC50 value of 1210 nM against the 17a-
OHase component and 30 nM against the lyase component. Com-
pound 11 showed the most potent inhibitory activity with an IC50

value of 100 nM against the 17a-OHase component and 10nM
against the lyase component. In comparison, KTZ was found to pos-
sess good selectivity but weaker inhibitory activity in comparison to
compounds 3 to 11.

A detailed consideration of the IC50 values shows that com-
pounds 4 to 8 possess potent inhibitory activity against the lyase
component with an optimum activity being possessed by the ethyl
(compound 5) and phenyl (compound 11) derivatives, whereas the
butyl and the pentyl derivatives appear to possess weaker inhibi-
tory activity.

Since no crystal structure exists for P45017a, we developed a no-
vel technique to model this enzyme using the substrate–haem
complex approach. The methodology for the derivation of the sub-
strate–haem complex has been previously described,16–18 as such,
no detailed discussion is given here. In general, however, the deter-
mination of the overall representation of the P45017a active site
initially involved the derivation of the binding site corresponding
to the 17a-OHase component using pregnenolone bound to the
haem moiety—the substrate was allowed to minimise to give the
approximate position of the hydrogen bonding group which would
be expected to bind to the C(3) moiety within the substrate. The
structure was ‘locked’ after the removal of the pregnenolone and
the location of the second binding site (corresponding to the lyase
Figure 3. Conformer of compound 8 bound to the haem moiety within the overall
interaction between the pentyl moiety and the hydrogen bonding group at the active si
component) was then determined using 17a-hydroxypregneno-
lone as the substrate and the structure again minimised. The haem
and the two hydrogen bonding groups at the active site were then
locked and 17a-hydroxypregnenolone removed to give the overall
substrate–haem complex for P45017a. That the active site consists
of two lobes where the two substrates for this enzyme bind to (at
different times) was previously proposed by Laughton et al.19 who
found that the two ‘lobes’ were orientated in such a manner so as
to approximate to the L-shape with the lyase binding site being lar-
ger than the 17a-OHase binding site. The substrate–haem complex
approach also shows the lyase binding site to be the larger of the
two and that the overall orientation of the two hydrogen bonding
groups appears to be of a similar orientation as reported by Laugh-
ton et al. (with respect to the haem).

Inhibitors of P45017a can also utilise these two hydrogen bond-
ing groups and we have previously reported the use of both groups
by inhibitors (such as 3,5-dichlorobenzyl imidazole6) which re-
sulted in the di-substituted compounds possessing potent inhibi-
tory activity in comparison to mono-halogenated compounds.
Modelling of compound 8 using the substrate–haem complex ap-
proach shows that this compound is able to utilise either of the
two potential hydrogen bonding groups, albeit one at a time
(Fig. 3). However, from the consideration of the conformational
analysis of the alkyl moiety within 8 shows that conformers exist
which allow the alkyl chain to undergo steric interaction with
the hydrogen bonding group at the active site. We therefore pro-
pose that the increase in the steric interactions results in an overall
reduction in inhibitory activity when compared to compounds
containing smaller alkyl chains, for example, compound 7.

Our hypothesis is further supported by the inhibitory activity
observed within compounds 9 and 10, which contain CF3 and F
as the substituents, respectively, rather than the alkyl chain. These
two compounds are hypothesised to occupy reduced conforma-
tional space, as such, they do not undergo the level steric interac-
tions observed within compounds 5 to 8. Modelling of compound 9
substrate–haem complex representation of P45017a showing the potential steric
te.



Figure 4. Compound 11 bound to the haem moiety within the overall substrate–haem complex representation of P45017a.
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within the overall enzyme complex shows that the CF3 moiety is
far removed from the second hydrogen bonding group at the active
site to undergo any steric interaction, indeed, the nearest atom is
5.7 Å away from the hydrogen bonding group. Modelling the more
bulky derivative of 9 (more specifically compound 11, Fig. 4) with-
in the substrate–haem complex shows that as a result of the
greatly reduced conformational flexibility of this inhibitor, the
additional phenyl moiety is unable to undergo any steric interac-
tion with the active site and therefore possesses greater inhibitory
activity in comparison to 9.

In conclusion, we have produced some highly potent inhibitors
of P45017a in comparison to the standard compound KTZ. Also, due
to the limited specificity of these compounds against lyase in com-
parison to the 17a-OHase component, these compounds would be
expected to have a major impact on corticosteroid biosynthesis.
Furthermore, through the consideration of the modelling of these
inhibitors, we have provided an insight into the conformational
space available about the area of the active site. Although the com-
pounds have shown high levels of potency, the biochemical evalu-
ation of similar benzyl imidazole-based compounds suggests that
the use of these compounds as potential drug substances is limited
due to their ability to inhibit other cytochrome P450 enzymes such
as cholesterol side chain cleavage5 or indeed aromatase,5,20 and
which therefore suggests a lack of selectivity.
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