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Abstract—In our search for potent inhibitors of the enzyme estrone sulfatase (ES), we have undertaken the synthesis and bio-
chemical evaluation of a range of esters of 4-[(aminosulfonyl)oxy] benzoic acid. The results of the study show that the synthesised
compounds possess potent inhibitory activity, indeed the cyclooctyl derivative was found to be more potent than 667-COUMATE,
which is currently undergoing clinical trials.
# 2003 Elsevier Ltd. All rights reserved.
In the treatment of hormone dependent breast cancer,
extensive research has led to the synthesis of highly
selective and potent inhibitors of the cytochrome P-450
enzyme aromatase (AR).1 However, the enzyme estrone
sulfatase (ES) provides another source of estrogens and
is responsible for the catalysis of the conversion of the
stored (sulfated) form of the estrogens to the active
(non-sulfated) form (Fig. 1). The same enzyme has also
been shown to catalyse the conversion of androgen sul-
fate (e.g., androstenediol sulfate) to the non-sulfated
androgen (Fig. 1).
A number of aminosulfonate derivatives of both ster-
oidal and non-steroidal inhibitors has been investigated
(the sulfamate moiety is believed to be involved in the
irreversible inhibition of ES). An example of a potent
steroidal inhibitor is estrone-3-O-sulfamate (EMATE)2—
a time and concentration dependent irreversible inhi-
bitor. However, this compound has been shown to pos-
sess potent estrogenic properties, and as a result, the
investigation into non-steroidal inhibitors has intensi-
fied. This search has resulted in the coumarin derived
compound, namely, 4-methylcoumarin-7-O-sulfamate
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Figure 1. Action of the enzyme ES on estrone sulfate and androstenediol sulfate.
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(COUMATE) and its derivatives, such as 667- and 669-
COUMATE (Fig. 2).

We have previously shown that the requirement of the
phenyl group within both the steroidal and, in parti-
cular, the non-steroidal inhibitors, is necessary for the
cleavage of the S–O–Ar bond resulting in the formation
of the phenoxide ion3�5 and sulfamic acid (the latter is
therefore the inhibiting moiety which results in the for-
mation of an irreversibly bound imine species at the
active site of ES6,7). The requirement of logP and the
nature of the role of this physicochemical property in
the inhibition of ES has also been rationalised by us6

and from the consideration of the potential mechanism
for the de-sulfatation reaction catalysed by ES,7 we
proposed that the role of logP was to aid the exit of the
carbon backbone from the active site.

Here, we report the initial results of a study in an
attempt to consider the contribution of size (and there-
fore steric hindrance) to the overall inhibitory activity of
ES inhibitors. We have therefore undertaken: the
synthesis of a number of straight chain and cyclic esters
of 4-sulfamated benzoic acid; biochemical evaluation
(including the mode of action, i.e., reversible or irrever-
sible); the determination of physicochemical properties
(such as logP, pKa, as well as the size of the overall
molecule), and the rationalisation of the inhibitory
activity involving the superimposing of the inhibitors
onto the estrone sulfate backbone of the transition-state
of the reaction catalysed by ES.

In the synthesis of the 4-aminosulfonated derivatives of
benzoic acid, modified literature procedure7 (Scheme 1)
was followed and was found to proceed well and in
good yield without any major problems. The syntheses
of methyl 4-hydroxybenzoate (1)8 and methyl 4-[(ami-
nosulfonyl)oxy]benzoate (2)9 are described as examples.
The synthesised compounds were then evaluated for ES
inhibition using standard literature method to deter-
mine the initial screening inhibition and IC50 values,10
whilst the mode of action was determined using a
method involving dialysis of bound/unbound inhibitor.11

In the calculation of the logP (Table 1) of the amino-
sulfonated compounds, we discovered that very little
was known about the contribution of the sulfamate
group towards the overall logP of the molecule. In an
effort to simplify our logP calculations and therefore
remove any potential problems with the calculated
values, we used the parent non-sulfamated compounds
as a guide to the determination of the potential opti-
mum logP (using ProjectleaderTM). The determination
of the pKa (Table 1) of the starting phenols involved a
spectroscopic technique12 that considered the change in
UV absorption by the phenolic group under: acidic (pH
2); pH9, and; basic (pH 11) conditions.

Experimentally determined IC50 and pKa values are
summarised in Table 1 together with the calculated logP
of the non-sulfamated starting phenol. From an initial
consideration of the inhibitory activity, we observe that
the compounds synthesised possess potent inhibitory
activity, for example, heptyl 4-aminosulfonyl benzoate
(14) is the most potent straight chain containing com-
pound possessing greater inhibitory activity than COU-
MATE but lower inhibitory activity than EMATE and
667-COUMATE. Cyclooctyl 4-aminosulfonyl benzoate
(28) is found to be the most potent cyclic ester based
compound and is more potent than 667-COUMATE,
which is currently undergoing clinical trials. The
Figure 2. Structures of EMATE, COUMATE and two tricyclic deri-
vatives of COUMATE.
Scheme 1. Synthesis of the 4-O-sulfamate derivative of the alkyl and
cycloalkyl esters of benzoic acid [a=ROH/�/toluene; b=NaH/
H2NSO2Cl/DMF or DMA] (R=Me to Dec or cyclobutyl to cyclooctyl).
Figure 3. Plot of IC50 versus logP of the synthesised straight chain
containing compounds.
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synthesised compounds were found to block ES in an
irreversible manner similar to EMATE, COUMATE
and 667-COUMATE.

A more detailed consideration of pKa and IC50 data
from the current study shows that within the series of
compounds synthesised in this study, the pKa of all of
the benzoic acid based compounds fall within a rela-
tively narrow range, that is, the values range from
approximately 8.0–8.9 and that there is no correlation
between IC50 and pKa within this range of compounds.

Consideration of the logP (for the parent phenolic
compound) and IC50 data shows that a good correlation
exists between these two parameters (Fig. 3), as such,
within the series of compounds based on the straight
chain esters, an ‘optimum’ logP value is observed
between 3.5 and 4.3. It is interesting to note that the
calculated logP of the carbon backbone of a number of
the known potent inhibitors of ES is also close to the
optimum observed within the current study, for exam-
ple, EMATE and 669-COUMATE are calculated to
possess logP values of 3.8 and 3.4, respectively.

In an effort to rationalise the inhibitory activity of the
straight chain containing esters and the cyclic moiety
containing esters, we superimposed compounds 14 and
28 (the most potent compound from each range) onto
the transition-state for the reaction catalysed by ES
(Fig. 4) — the derivation and use of the transition-state
Table 1. Showing the calculated logP and the pKa of the non-sulfamated derivatives, the inhibitory activity and the mean IC50 values (n=3) of the

synthesised compound
Compd
 R
 logP
 pKa
 Initial screening
(% inhibition)
IC50/mM
2
 CH3
 1.49
 8.28�0.07
 25.4a
 31.6�1.23

4
 C2H5
 1.84
 8.22�0.09
 25.6a
 31.6�1.95

6
 C3H7
 2.30
 8.03�0.11
 42.6a
 13.2�0.4

8
 C4H9
 2.70
 8.07�0.09
 48.3a
 10.5�0.28

10
 C5H11
 3.10
 8.47�0.13
 64.4a
 5.9�0.44

12
 C6H13
 3.49
 8.52�0.15
 72.6a
 3.8�0.16

14
 C7H15
 3.89
 8.27�0.10
 69.5a
 3.4�0.25

16
 C8H17
 4.29
 8.09�0.13
 63.0a
 5.0�0.26

18
 C9H19
 4.68
 8.39�0.09
 76.2a
 4.8�0.17

20
 C10H21
 5.08
 8.09�0.13
 36.5a
 22.4�0.48

22
 CycloC5H9
 2.68
 8.73�0.02
 62b
 9.3�0.07

24
 CycloC6H11
 3.08
 8.81�0.10
 84b
 1.7�0.07

26
 CycloC7H13
 3.47
 8.88�0.08
 87b
 0.5�0.028

28
 CycloC8H15
 3.87
 8.09�0.01
 82b
 0.17�0.007

EMATE
 —
 3.80
 8.37�0.05
 68.6a
 0.5�0.001

COUMATE
 —
 1.60
 8.00�0.14
 47.6c
 13.8�0.07

667-COUMATE
 —
 2.65
 8.27�0.05
 56d
 0.21�0.01
a [I] of 10 mM.
b [I] of 20 mM.
c [I] of 12 mM.
d [I] of 0.25 mM.
Figure 4. Superimpositioning of compounds 14 (in green) and 28 (in red) onto the transition-state of the reaction catalysed by ES (the hydrogen
bonding groups are shown as lines and the estrone sulfate backbone in grey).
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(TS) in the rationalisation of the inhibitory activity of a
range of inhibitors of ES has been previously reported
by us and as such will not be discussed here in detail.13

In summary, the construction of the probable TS
involved in the construction of the residues which have
been proposed to exist at the active site within the
CaChe14 molecular modelling software on an IBM PC
compatible microcomputer. The completed structures
were then refined performing a pre-optimisation calcu-
lation, followed by a geometry optimisation. The oxy-
gen atom of the formylglycine residue was then attached
to the sulfonate group of estrone sulfate via a weak
bond whilst another hydrogen atom from a histadine
residue was attached to the phenolate oxygen atom of
the substrate. The saddle point for the reaction was then
calculated and the resulting TS structure was further
refined by performing a minimise gradient calculation.
The molecule’s vibrational transitions were calculated in
order to ‘verify’ the transition-state.

From the modelling study, in particular, the super-
impositioning of the most potent cycloalkyl and alkyl
inhibitors onto the steroid backbone within the TS, we
can clearly observe that the larger straight chain con-
taining compounds [such as 14 (shown in green)] are
able to undergo steric interaction with the area of the
active site which would normally undergo hydrogen
bonding with the estrone sulfate C(17)=O group. From
the superimpositioning of 28 [Fig. 4 (shown in red)], we
observe that the cyclooctyl moiety is far removed from
the hydrogen bonding group and therefore does not
undergo steric interactions with the protein backbone of
the active site. The enzyme–inhibitor complex for the
cyclic derivatives therefore appear to be more stable
than for the straight chain containing compounds,
resulting in the latter compounds possessing less potent
inhibitory activity.

In conclusion, the results of the present study show that
whilst hydrophobicity is an important factor in deter-
mining the overall inhibitory activity of the sulfamate
based inhibitors of ES, the overall size of the molecule is
also important and that the combination of pKa, logP
and overall inhibitor length can result in the production
of highly potent inhibitors such as 28.
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