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ABSTRACT. The enzyme-catalyzed desulfation of steroids is a transformation that plays an important role
in steroid biosynthesis. Conversion of steroid sulfates to unconjugated steroids may provide a source of
steroids for processes such as steroid transport and the growth and proliferation of breast cancer. Steroid
sulfatase catalyzes the hydrolysis @gfFBydroxysteroid sulfates. To identify structural features important

in enzyme-inhibitor interaction, a variety of steroidal and non-steroidal phosphate esters were synthesized
and tested as inhibitors of steroid sulfatase activity. We report that the basic structure for enzyme
inhibitor binding does not include the steroid nucleus. Furthermore, the hydrophobicity of the non-
steroidal phosphates was determined to be an important factor for optimal inhibition. The monoanionic
form of the phosphorylated compounds was found to be the inhibitory species. The best non-steroidal
inhibitor of steroid sulfatase activity waslauroyl tryamine phosphate witht§ of 3.6 uM and 520 nM

at pH 7.5 and 7.0. The poorest non-steroidal based inhibitor of sulfatase activity was tetrahydronaphthyl
phosphate with &; of 870 and 36QuM at pH 7.5 and 7.0.

Sulfation and desulfation are ubiquitous biological events biosynthesis of intracellular estradiol: (1) peripheral sources,
that play an important role in metabolic and regulatory such as ovaries and adrenal glands via the intermediacy of
processes. For example, it has been reported that sulfatiorestrone sulfate, and (2) intratumoral biosynthesis from steroid
is the most common of all tyrosine modifications, with as precursors, such as androstenedione (Carstr©@984).
much as 1% of the tyrosyl residues of total protein in an Estrone sulfate is the most abundant estrogen in plasma, with
organism being sulfated (Baeuerle & Huttner, 1985; Huttner, serum levels of this conjugated steroid reported to be two to
1982, 1987). The sulfation and desulfation of other biologi- ten times higher than the levels of estrone (Loriaux et al.,
cal molecules, such as cerebrosides, glycosaminoglycans1971; Pasqualini et al., 1989; Santen et al., 1986). Estrone
neurotransmitters, and steroids is also quite common. De-sulfate also appears to be a major source of estrogen for
spite this, sulfatases, particularly those that play a role in growing breast tumors (Naitoh et al., 1989; Santen et al.,
the metabolism and processing of steroids, remain amongl1986). Evidently, estrone sulfate concentrations in blood sera
the most poorly understood of the hydrolytic enzymes. The are sufficient to supply growing tumors with estradiol (Santen
sulfated forms of many steroids, particularly estrone and et al., 1986; Utsumi, 1989; Naitoh et al., 1989). The level
dehydroepiandrosterone (DHEA), greatly predominate over of estrone sulfatase activity found in breast cancer tissue is
the unconjugated steroids in the circulatory system. Indeed,substantially higher than levels in healthy breast tissue.
with the exception of cholesterol, DHEA sulfate is the most Interestingly, this is even true for breast cancer cells that
prevalent of the plasma steroids. In addition, these sulfatedare steroid receptor-negative and therefore should not require
species have particularly long half-lives in plasma (Hobkirk, estrone sulfatase for growth (Naitoh et al., 1989; Pasqualini
1985). Interestingly, it was recently reported that sterol et al., 1990; Santen et al., 1986; Utsumi, 1989). The role of
sulfates are good inhibitors of protein tyrosine kinase estrone sulfatase (if any) in promoting the growth of receptor-
pp60-s¢ thus raising the possibility that steroid sulfates may negative breast tumors is currently obscure.
potentially play a role in the regulation of protein kinase  Efforts to block the biosynthesis of estrogens have centered
activity (Fu & Schmitz, 1994). Steroid sulfatase (E.C. mainly on the successful development of aromatase inhibi-
3.1.6.2), catalyzes the hydrolysis of f3Rydroxysteroid tors. In contrast, there are correspondingly few reports of
sulfate esters such as dehydroepiandrosterone sulfate (DHEAestrone sulfatase inhibitors. The antiestrogens ICI 164384,
sulfate) and of aromatic steroid sulfates such as estronetamoxifen, and its metabolites have been reported to be
sulfate. noncompetitive inhibitors of steroid sulfatase activity (Sant-

Over one-third of all breast cancers require stimulation ner & Santen, 1993). A variety of steroidal phosphonates
by estrogens or other steroids for optimal growth. Estradiol and phosphonate derivatives, as well as estrone phosphate,
is thought to be the estrogen responsible for the growth have been shown to be competitive inhibitors of steroid
stimulation of most hormone-dependent breast tumors (Carl-sulfatase activity (Howarth et al., 1993; Purohit et al., 1994;
strom, 1984). There are two potential sources for the Duncan et al., 1993; Li et al., 1995; Anderson et al., 1995).
Steroid sulfamates have recently been demonstrated to be
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steroid sulfatase activity. Based on this observation, the the solution (2.0 mL), and the pH and spectrum were
authors conclude that the entire steroid skeleton is requiredrecorded. HPO, was employed as an external reference. A
for optimal inhibition of sulfatase activity (Howarth et al., solution prepared by substituting.© for H,O was used to
1994). The development of potent steroid sulfatase inhibitors lock and shim the spectrometer. THE resonance chemical
may be of therapeutic benefit, as estrone production is notshift was observed and then plotted as a function of pH. The
completely abolished by aromatase inhibitors, which reduce pK, value for each compound was determined by analysis

plasma concentrations of estrone and estrone sulfatase byf the plot using the singlek determination curve fitter

only 50% (Santen et al., 1978; Dowsett et al., 1987).

Furthermore, at physiological concentrations of estrone

found in the computer program Grafit.
Steroid Sulfatase Assay and Inhibition Studi&nzyme

sulfate and androstenedione, hormone-dependent breast tumq{ssays were carried out in 1.5 mL polypropylene microcen-
production of estrone from estrone sulfate is ten times fasteryifuge tubes. 7QuL of 20 mM Tris-HCI buffer, pH 7.4,

than the rate of estrone production via the aromatase pathway:ontaining 0.1% (w/v) Triton X-100, 0.02% (w/v) NaNand

(Santen et al., 1986).

In this paper we report the activity of several new types
of inhibitors of steroid sulfatase activity. In addition, as

0.3 unit (nmol ofp-acetylphenyl sulfate hydrolyzed/min) of
partially purified steroid sulfatase free of phosphatase activity
was pre-incubated for 10 min at 3T with 490uL of 0.22

elucidated from our inhibitor studies, we report that the basic M bis-Tris propane-acetate buffer (pH indicated), containing

structural motif that results in tight binding to the enzyme

inhibitor at a variety of concentrations. 144 of buffer

does not require a steroid nucleus. This finding raises the (pre-equilibrated to 37C), containingp-acetylphenyl sulfate
possibility that enzyme has physiologically relevant substrates at a variety of concentrations, was added to the pre-incubation
other than simple steroid sulfates, which in turn suggests mixture. 200uL aliquots were removed &t = 0, 10, and

other possible roles for the activity of this enzyme in
receptor-negative breast tumors.

MATERIALS AND METHODS

Materials

Triton X-100, peroxide content1l ppm, was purchased
from Boehringer Mannheim. 3f]-6,7-Estrone sulfate and
[*4C]-4-estrone were obtained from Du Pont-New England
Nuclear. Fresh human placenta from live births were
obtained from the Labor and Delivery Ward at Bloomington
Hospital, Bloomington, IN. Diethylaminoethyl cellulose was
purchased from Whatman LabSales, Ing-Acetylphenyl

20 min and quenched into 500L of 1.4 M NaOH.
Absorbance readings f@racetylphenoxide were measured
at 325 nm é = 21000 M* cm™). The K; and type
inhibition for each inhibitor, at the indicated pH, were
determined from LineweavetBurk plots and secondary
replots of the slopes of LineweaveBurk plots versus the
corresponding inhibitor concentration (Lineweaver & Burk,
1934; Engel, 1981).

Kinetic Analysis of Alternatie Substrates Enzyme assays
were carried out in 1.5 mL polypropylene microcentrifuge
tubes. 0.3 unit (nmgb-acetylphenyl sulfate hydrolyzed/min)
of steroid sulfatase (specific activity 10.3 units/g of protein)
was pre-incubated for 10 min at 3T with 490uL of 0.22

sulfate was synthesized according to the literature procedureM bis-Tris propane-acetate buffer, pH 7.5. 140L of

described by Milsom and co-workers (1972). A BCA

buffer, pre-equilibrated to 37C, containing various con-

Protein Assay Reagent kit was purchased from Pierce.centrations of substrate, was added to the mixture. ;200
Estrone sulfate was synthesized and purified using thealiquots were removed & = 0, 5, and 10 minutes and

procedure of Birnbek (Birnbiéck & von Angerer, 1990). 1,3-

guenched into 504L of 1.4 M NaOH. Absorbance readings

Bis[tris(hydroxymethyl)methylamino]propane was purchased for the resulting phenoxide were measured at 325 e (

from Aldrich Chemical Company, Inc. All other chemicals
were of ACS reagent grade.
controlled using a Neslab Instruments, Inc. circulating

21 000 Mt cm™). The Ky and Vimax were determined by

Assay temperature was Lineweaver-Burk plot analysis (Lineweaver & Burk, 1934).

waterbath £0.1 °C). Absorbance readings were measured Synthesis of Inhibitors and Substrates

using either a Cary 3 U¥vis spectrophotometer from
Varian Analytical Instruments or a UV160U UWis spec-
trophotometer from Shimadzu Scientific Instruments, Inc.

and 1 cm path length quartz cuvettes, type 18B from Uvonic

Instruments, Inc.

Methods

Preparation of Steroid SulfataseSteroid sulfatase was

General Methods Unless run under aqueous conditions,
all reactions were conducted in dried glassware under an
atmosphere of dry argon or nitrogen. Diethyl ether and
tetrahydrofuran were distilled from sodium benzophenone
ketyl. Methylene chloride was distilled from calcium
hydride. Pyridine was distilled from barium oxide. Phenol
was dissolved in methylene chloride, dried over magnesium
sulfate, filtered, and concentratdd vacua Zinc was

extracted from fresh human placenta using the extraction amalgamated by combining mossy zinc with mercuric
procedure of Vaccaro and co-workers (1987). Extracts 3 chioride (0.5 mol %) in water, perturbing occasionally for
through 6 were further purified by ion-exchange chroma- .5 h, filtering, and washing once with water (Read & Wood,
tography using diethylamino cellulose, the buffer system, and 1955). p-Octyl phenol was both synthesized and obtained

gradient described by Vaccaro and co-workers (1987).
General Procedure for the Determination of the jpbf
Phosphates by'P NMR A solution of 1,3-bis[tris(hy-
droxymethyl)methylamino]propane (600 mg) and Triton
X-100 (300uL), in distilled water (9.5 mL) was titrated to
the appropriate pH by the addition of glacial acetic acid.

commercially from Aldrich. *H spectra were recorded on
either a Varian XL-300 or a Varian XL-400 MHz spectrom-
eter at 300 or 400 MHz, respective\:*C spectra were
recorded on either a Varian XL-300 or a Varian XL-400
MHz spectrometer at 75 or 100.5 MHz, respectivef}P
NMR spectra were recorded on either a Nicolet NT-360 MHz

The phosphate ester (0.0134 mmol) was then dissolved inspectrometer at 146 MHz or a 300 MHz Gemini-3000
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spectrometer at 121.4 MHz (85%PO, was used as the
external reference)!°F spectra were recorded on a Nicolet
NT-360 spectrometer at 339 MHz using CHERt —80.88
ppm as the external reference.
Perkin-Elmer 298 spectrophotometer. Silica Gel 60 (230
400 mesh, EM science) was employed for flash column
chromatography purifications. Sodium ion exchange col-
umns were prepared by washing the column wit8 resin
volumes &1 N sodium hydroxide followed by washing with
distilled water until the eluent was neutral.

General Procedure for Synthesis of p-Acyl Phenols
Aluminum chloride (7.0 g, 53 mmol) was added quickly to
a solution of phenol (2.50 g, 26.6 mmol) in @&l (10.0
mL) at 0°C. The slurry was stirred at T for 0.5 h before
the acid chloride (29.3 mmol) was added dropwise. The
solution was stirred for 0.5 h at @ and then at ambient
temperature overnight. The slurry was cautiously diluted
with iced 1 N HCI (30 mL) and extracted with B (3 x
30 mL). The organic layers were combined and extracted
with 2 N NaOH (3x 30 mL). The aqueous layers were
combined, acidified wit 1 N HCI until the pH was 2, and
then extracted with EO (3 x 75 mL). The organic layers
were combined and washed with saturated NaklC3Dx
20 mL), dried over MgSQ filtered, and concentrateith
vacua The residue was purified by either column chroma-
tography or recrystallization from hexane to afford a white
solid (Maltheteet al., 1981).

p-Butanoyl Phenol Yield = 80%. Spectral data identical
to those previously reported (Boo#t al., 1980).

p-Hexanoyl Phenol Yield = 74%. Spectral data identical
to those previously reported (Sucr@w al., 1985).

p-Octanoyl Phenol Yield = 100%. *H NMR (CDCls,
400 MHz): 6 7.91 (2H, d,J = 8.49 Hz), 6.92 (2H, d) =
8.81 Hz), 2.91 (2H, t) = 7.55 Hz), 1.71 (2H, m), 1.30 (8H,
m), 0.86 (3H, t,J = 6.91 Hz). 13C NMR (CDCk, 100.5
MHz): ¢ 200, 160, 130, 129, 115, 38, 31, 29, 28, 25, 22,
14. CI/CH, = 200.1452 (Malthetet al., 1981).

p-Decanoyl Phenol Yield = 39%. *H NMR (CDCl;, 400
MHz): 6 7.92 (2H, d,J = 8.81 Hz), 6.88 (2H, dJ = 8.81
Hz), 2.91 (2H, tJ = 7.55), 1.71 (2H, m), 1.30 (12H, m),
0.86 (3H, t,J = 6.02 Hz). *3C NMR (CDCk, 100.5 MHz):

IR spectra were run on a

Anderson et al.

General Procedure for the Synthesis of Sulfates

Method A Sulfur trioxide—pyridine complex (318 mg,
2.00 mmol), was added to a solution of the phenol derivative
(2.00 mmol) in pyridine (4.5 mL). Afte2 h the pyridine
was removed under high vacuum. The residual brown solid
was transferred onto iced aqueous KOH (2 g in 10 mL of
distilled water), diluted with KO (40 mL), washed with EO
(5 x 50 mL), washed with CHGI(3 x 15 mL), acidified
with 1 N H,SO, (until pH was 4), and washed with 3 (7
x 50 mL). Ba(OH) was added to adjust the pH to 12 and
the aqueous solution was stored af@ overnight. The
resulting precipitate (BaSpwas removed by filtration, the
filtrate was passed down a Dowex AG cation exchange
column (proton form), and the column was rinsed with
distilled water. NaOH (1 N) was added to the column eluent
until the pH was 12. Water was removed by rotary vacuum
evaporation until a precipitate formed. The mixture was
stored at £C overnight, and the white precipitate was then
collected by filtration.

Method B Sulfur trioxide—pyridine complex (318 mg,
2.00 mmol), was added to a solution of the phenol derivative
(2.00 mmol) in pyridine (4.5 mL). Afte2 h the pyridine
was removedn vacua The brown solid was purified by
column chromatography (15% methanol in £Hy) and
converted to the sodium salt with a Dowex AC cation 50w-
x8 ion exchange column (sodium form) to afford a white
solid.

p-Acetylphenyl Sulfatdl. Prepared by method A. Yield
= 70%. 'H NMR (CD;0OD, 300 MHz): 6 8.00 (2H, d,J =
8.59 Hz), 7.44 (2H, d) = 8.21 Hz), 2.58 (3H, s)13C NMR
(D20, 75 MHz): 6 200, 130.70, 121.14, 26.28.

p-Butanoylphenyl Sulfatel2. Prepared by method A.
Yield = 87%. *H NMR (CD;OD, 300 MHz): ¢ 8.00 (2H,
d,J = 8.20 Hz), 7.45 (2H, dJ = 8.20 Hz), 2.98 (2H, t]
= 7.81 Hz), 1.77 (2H, m), 1.00 (3H, § = 7.42 Hz). *C
NMR (D20, 75 MHz): 6 200, 130.47, 121.22, 40.56, 17.91,
13.03.

p-Hexanoylphenyl Sulfate,3. Prepared by method B.
Yield = 73%. *H NMR (CD3;OD, 300 MHz): ¢ 7.90 (2H,
d,J = 9.38 Hz), 7.30 (2H, dJ = 8.20 Hz), 2.89 (2H, t]
= 7.42 Hz), 1.59 (2H, m), 1.24 (4H, m), 0.83 (3H, t)*C

¢ 200.18, 160.46, 130.49, 115.09, 38.02, 31.52, 29.00, 24.48 NMR (CD;0D, 75 Mz): 6 203, 186, 160, 136, 132, 121,

22.32, 18.74, 13.77 (Ralsteet al., 1942).

General Procedure for Synthesis of p-Alkyl Phenols
p-Acyl phenol (3.62 mmol) dissolved in ethanol (1.5 mL)

was added to a flask charged with amalgamated zinc (2.4 g,

36 mmol), water (3.0 mL), and concentrated HCI (3.0 mL).
The reaction was boiled under reflux overnight. After
cooling to ambient temperature, the solution was cautiously
diluted with saturated NaHCG{10 mL) and extracted with
Et,O (3 x 5mL). The organic layers were combined, dried
over MgSQ, filtered, and concentrated vacuoto afford a
crude yellow solid. Purification by column chromatography

56, 41, 34, 27, 26, 18.

p-Octanoylphenyl Sulfaté4. Prepared by method BH
NMR (D20, 400 MHz): 6 7.83 (2H, d,J = 8.49 Hz), 7.44
(2H, d,J = 8.80 Hz), 2.83 (2H, t) = 7.55 Hz), 1.16 (10H,
m), 0.78 (3H, tJ = 6.60 Hz). Compound4 proved to be
too insoluble to obtain &C NMR spectrum.

General Procedure for the Synthesis of Phosphate Esters

Method A The phenol derivative (3.06 mmol) was
combined with 44'-dimethylaminopyridine (DMAP, 46 mg,
0.38 mmol) in pyridine (1.0 mL). Diethyl chlorophosphate

(3:1 hexane/ethyl acetate) gave the title compounds as white(1.1 mL, 7.65 mmol) was then added dropwise. The solution

solids (Read & Wood, 1955).

p-Octyl Phenal p-Octyl phenol was purchased com-
mercially from Aldrich or synthesized. Yield 88% (91%
based on recovered starting materidhl NMR (CDCls, 300
MHz): 6 7.02 (2H, d,J = 8.20 Hz), 6.72 (2H, dJ = 8.59
Hz), 2.53 (2H, tJ = 8.20 Hz), 1.59 (2H, m), 1.28 (8H, m),
0.90 (3H, t,J = 7.42 Hz). 3C NMR (CDCk, 100.5 MHz):
0 129.43, 115.01, 35.05, 31.90, 29.49, 22.68, 14.12.

was stirred overnight, diluted with g (50 mL), washed
with 25% NaHSQ (3 x 7 mL), followed by saturated
NaHCG; (3 x 5 mL). The organic layer was dried over
MgSQ,, filtered, and concentrated to a yellow oil. Purifica-
tion by column chromatography (3:1 hexane/ethyl acetate)
gave the phosphorylated compound.

Method B The phosphate esters were prepared using the
method reported by Stowell and Widlanski (1995)(0.964
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g, 3.80 mmol) was added to a solution of §&H, (13 mL) Diethyl Tetrahydronaphthyl PhosphatePrepared by

and either P(OMeg)or P(OBn} (0.500 mL, 4.24 mmol) at0  method A. Yield= 74%. *H NMR (CDCl;, 300 MHz):

°C. After the solution turned colorless, it was added to a 7.08-6.83 (m, 3H), 4.33-4.08 (m, 4H), 2.8#2.62 (m, 4H),

solution of the phenol derivative (3.47 mmol), g, (35 1.91-1.67 (m, 4H), 1.33 (t, 6H).13C NMR (CDCk, 75 H

mL), and pyridine (1.13 mL, 14.0 mmol) at35°C. After Mz): 6 147.57 (d,J = 7.7 Hz), 137.64, 132.75, 129.19,

5 min, the reaction was diluted with G@ll, (35 mL), washed 119.13 (dJ = 4.9 Hz), 116.24 (dJ) = 4.8 Hz). 3P NMR

with saturated NaHSOsolution (3x 30 mL), and washed  (CDCls, 146 MHz): 6 —5.32.

with phosphate buffer pH 7 (X 30 mL). The organic layer Diethyl n-Lauroyl Tyramine PhosphatePrepared by

was dried over NgO, and concentrated under reduced method A. Yield= 58%. 'H NMR (CDCl;, 400 MHz): ¢

pressure. The crude product was purified by flash chroma-7.07 (s, 4H), 4.19 (m, 4H), 3.38 (m, 2H), 2.71 (t, 2H+=

tography using 1:1 hexane/ethyl acetate as eluant. 7.24 Hz), 2.05 (t, 2HJ) = 7.74 Hz), 1.52 (m, 2H), 1.29 (t,
Diethyl p-Octanoylphenyl Phosphat®repared by method ~ 2H,J = 7.23 Hz), 1.19 (m, 18H), 0.80 (t, 3H,= 6.60 Hz).

A. Yield = 38%. H NMR (CDs;OD, 300 MHz): 6 8.03  **C NMR (CDCk, 100.5 MHz): 6 173.18, 149.11, 135.74,

(2H, d,J = 8.20 Hz), 7.31 (2H, d) = 8.20 Hz), 4.24 (4H, 129.76, 119.85, 64.37, 40.39, 36.50, 34.82, 31.72, 29.21,

m), 2.99 (2H, tJ = 7.42 Hz), 1.70 (2H, m), 1.35 (12H, m),  25.62, 22.49, 22.49, 15.93, 13.92.

0.89 (3H, t,J = 7.03 Hz). 13C NMR (75 MHz, CDC}): ¢ General Procedure for Deblocking Phosphate Esters

199.17, 154.30, 133.94, 130.15, 119.95, 64.90, 38.59, 31.77,Trimethylsilyl bromide (TMSBr, 73QuL, 5.5 mmol) was

29.30, 24.42, 22.69, 16.15, 14.15' NMR (CDCk, 146 added dropwise to a solution of the phosphate triester (0.55
MHz): 6 —6.219. mmol) in CHCI, (1.0 mL). The solution was stirred

Dibenzyl p-Octylphenyl Phosphatérepared by method overnight. Volatiles were removed, and the off-white residue
B. Yield = 98%. H NMR (CDCl, 400 MHz): & 7.32 was stirred in methanol for 0.5 h. Volatiles were again

(10H, m), 7.03 (4H, m), 5.11 (2H, d), 2.58 (2H, 1), 2.58 (2H removed, and the off-white solid was dissolved in water or
m) 1'.30'(10H m)' 0.90 (3H t)'_alp’ NMR (C’DC’:I; 146  Methanol and passed down a Dowex ion exchange column

MHz): & —9.508. (sodium form) to afford a yvhite solid as the final product.
Estrone Phosphate]. Yield = 96%. H NMR (CD;-
OD, 400 MHz): 6 7.17 (d, 1H,J = 9.2 Hz), 6.98 (m, 2H),
2.87 (t, 2H, 4.4 Hz), 2.542.36 (M, 2H), 2.36-1.82 (M, 5H),
1.72-1.35 (m, 6H), 0.92 (s, 3H).13C NMR (CD;OD, 75
MHz): 6 152.97, 138.29, 134.84, 126.72, 121.32 Jd+
4.4 Hz), 118.79 (d) = 4.9 Hz), 51.66, 45.42, 39.82, 36.74,
'32.81, 30.42, 27.72, 27.08, 22.50, 14.2P NMR (CDs-
OD, 146 MHz): 6 —0.98.
Dehydroepiandrosterone Phosphate, Triethylammonium
_ salt, 2. The ester phosphate was deblocked as previously
Diethyl p-DecyIpE\enyI PhosphatePrepared by method  gegcribed. The residue was dissolved in THF (1 mL), a 1:1
A. Yield = 33%. 'H NMR (CDCl;, 300 MHz): ¢ 7.08 solution of triethylamine:methanol (1 mL) was added, and
(4H, s), 4.17 (4H, m), 2.52 (2H, § = 7.55 Hz), 1.53 (2H, ¢ product was concentrated under reduced pressurg: CH

m), 1.28 (20H, m), 0.84 (3H, § = 6.92 Hz). "C NMR N (2 x 3 mL) was added, and the product was concentrated
(CDCl,, 1005 MHz): 6 148.48, 139.42, 129.30, 11950, i ,acuoto produce a white solid (0.223 g, 969 NMR
64.30, 35.06, 31.75, 31.35, 20.30, 22,53, 15.90, 139B.  (cp.OD, 400 MH2): 6 5.40 (d, 1H.J — 5.2 Hz), 3.95 (m,

Diethyl p-Decanoylphenyl Phosphat@repared by method
A. Yield = 39%. 'H NMR (CDClz, 300 MHz): ¢ 7.97
(2H, d,J = 8.20 Hz), 7.30 (2H, dJ = 7.81 Hz), 4.23 (4H,
m), 2.92 (2H, tJ = 7.42 Hz), 1.65 (2H, m), 1.38 (18H, m),
0.89 (3H, t,J = 7.03 Hz). *3C NMR (CDClk, 100.5 MHz):

0 199.17, 154.30, 133.94, 130.51, 119.95, 64.90, 38.59
31.77,29.21, 24.42, 22.69, 16.18, 14.F%2 NMR (CDCE,
146 MHz): 6 —6.225. IR: 3010, 2940, 2880, 1690, 1610,
1390, 1230, 1040, 950 crh

1460, 1390, 1360, 1280, 1220, 1030, 960°¢m 1.47 (m, 12H), 1.39.1.20 (m, 2H), 1.17:0.98 (m, 5H), 0.89
Diethyl Estrone PhosphatePrepared by method A. Yield (s, 3H). 13C NMR (CD;0OD, 100.5 MHz): ¢ 223.53, 142.21,
= 78%. 'H NMR (CDCl, 400 MHz): 6 7.21 (d, 1H,J = 122.30, 76.29 (d) = 5.2), 53.01, 51.75, 47.32, 41.60, 38.38,

8.4 Hz), 6.94 (m, 2H), 4.20 (m, 4H), 2.88 (q, 2B= 3.6  37.78, 36.68, 32.75, 32.68, 31.87, 31.09, 31.05, 22.80, 21.45,
Hz), 2.48 (dd, 1HJ = 8.4, 18.8 Hz), 2.37 (m, 1H), 2.24  19.87, 13.94, 9.093!P NMR (CD;0OD, 146 MHz): 6 2.31.
(m, 1H), 2.19-1.90 (m, 4H), 1.66-1.31 (m, 10H), 0.89 (s, p-Octylphenyl Phosphatd. Yield = 92%. H NMR
3H). *C NMR (CDCk, 100 MHz): 6 220.75, 148.61,  (CD,OD, 400 MHz): 6 7.14 (2H, d,J = 8.00 Hz), 7.09
138.21, 136.40, 126.51, 119.89, 117.12, 99.40, 64.43 (d, (2H, d,J = 9.60 Hz), 2.57 (2H, tJ = 3.2 Hz), 1.58 (2H,
= 6.2 Hz), 50.34, 47.89, 43.98, 37.98, 35.80, 31.47, 29.37, m), 1.28 (10H, m), 0.89 (3H, t) = 8.00 Hz). 3P NMR
26.28, 25.52, 21.52, 16.06 (@= 7.1 Hz), 13.78.31P NMR (CD:;0OD, 146 MHz): 6 —3.508. Compounds was too
(CDCls, 146 MHz): 6 —5.46. insoluble to obtain 43C NMR spectrum.

Dimethyl Dehydroepiandrosterone Phosphaterepared p-Decylphenyl Phosphaté, Yield = 100%. 'H NMR
by method B. Yield= 75%. H NMR (CDCls, 400 MHz): (CD;OD, 400 MHz): 6 7.10 (4H, s), 2.56 (2H, t) = 8.17
6 5.41 (d, 1HJ = 5.2 Hz), 4.19 (m, 1H), 3.76 (s, 3H), 3.73 Hz), 1.58 (2H, m), 1.28 (14H, m), 0.86 (3H, 1,= 6.92
(s, 3H), 2.55-2.37 (m, 3H), 2.18-1.78 (m, 6H), 1.381.19  Hz). 3P NMR (CD;OD, 360 MHz): 6 —3.302. Compound
(m, 2H), 1.18-0.97 (m, 5H), 0.864 (s, 3H).13C NMR 6 was too insoluble to obtain #C NMR spectrum.
(CDCl;, 100 MHz): 6 220.91, 139.47, 122.25, 78.09 (@, p-Octanoylphenyl Phosphatg, Yield = 57% (recovering
= 6.2 Hz), 54.09, 51.59, 50.01, 47.44, 39.75 Jd= 3.5 starting material yield= 72%). *H NMR (CDsOD, 400
Hz), 36.73, 36.46, 35.77, 31.36, 31.31, 30.69, 29.42, 29.38,MHz): 6 7.98 (2H, d,J = 8.80 Hz), 7.55 (2H, dJ = 8.80
21.80, 20.27, 19.24, 13.48P NMR (CDCk, 146 MHz): Hz), 2.98 (2H, tJ = 7.24 Hz), 1.68 (2H, m), 1.31 (8H, m),
d 1.03. HRMS for GiHsd0sP [M + H], calcd 397.4650;  0.90 (3H, t,J = 6.92 Hz). 3C NMR (CD:OD, 100.5
found 397.2148. MHz): 6 201.67, 157.56, 134.04, 131.10, 121.20, 39.33,
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32.94, 30.37, 25.69, 23.70, 14.48'P NMR (CD;OD, 146

o] o]
MHz): ¢ —4.184.
p-Decanoylphenyl Phosphat, Yield = 93%. 'H NMR
(CDsOD, 400 MHz): 6 7.99 (2H, d,J = 8.81 Hz), 7.33
(2H, d,J = 8.80 Hz), 2.97 (2H, tJ = 7.54 Hz), 1.70 (2H, =04PO ] =04PO \

m), 1.30 (12H, m), 0.89 (3H, 6.61 Hz). Compou8dvas

too insoluble to obtaif*C or 3P NMR spectra. 7 ?
n-Lauroyltyramine Phosphated. Yield = 100%. H
NMR (CD;0D, 400 Mz): 6 7.12 (2H, d,J = 8.80 Hz), 7.05
(2H, d,J = 8.71 Hz), 3.42 (2H, tJ = 7.23 Hz), 2.69 (2H, "FOLPO “FO,PO
3 4

t, J=7.24 Hz), 2.09 (2H, t) = 7.23 Hz), 1.70 (2H, t) =
7.23 Hz), 1.25 (16H, m), 0.82 (3H, §, = 6.61 Hz). 1%C

NMR (CDCk, 100.5 MHz): 6 176.32, 151.69, 136.58, (CH2)nCHg Oy (CH2)nCHy
130.80, 121.33, 95.16, 41.96, 37.12, 35.82, 33.07, 30.44,
27.06, 24.21, 23.74, 14.46*P NMR (CD;0D, 146 MHz): gzz; © Z::g Eé
0 —3.51.
Tetrahydronaphthyl Phosphat&). The diethyl ester was OPO5” OPO4~
deblocked as described above. The residue was then o
dissolved in THF (0.5 mL), a 1:1 solution of triethylamine/ J
methanol (0.5 mL) was added, and the product was concen- HN™ “(CH2)10CH3
trated under vacuum. GEN (2 x 0.5 mL) was added, and
the product was concentratgdvacuoto afford a white solid 10
(0.055 g, 93%).*H NMR (CDs0OD, 400 MHz): 6 6.91 (bs, 9 OPO.~
3H), 3.21 (q, 6HJ = 7.5 Hz), 2.69 (M, 4H), 1.75 (m, 4H), B 8
1.27 (m, 9H). 3C NMR (CD:OD, 75 MHz): 6 152.03, OPO5”
138.86, 132.82, 130.54, 121.49 @&, = 5.1 Hz), 118.91
(d, Jcp = 4.5 Hz), 47.33, 30.48, 29.70, 24.53, 24.27, 9.04. Oy (CH2)nCHs
3P NMR (CD;OD, 146 MHz): 6 —2.45. 11 n=0
General Procedure for the Synthesis of Phosphorofluori- g 2:21
dates Triethylamine (0.30 mL, 2.1 mmol) and pyridine 14 n=6
(0.30 mL, 5.7 mmol) were added to the appropriate phos- 0S0g

phate ammonium salt (0.260 mmol). The mixture was stirred g pe 1: structures of steroid sulfatase inhibitors and substrates.
until the phosphate had dissolved, and then (70:30) HF

pyridine (0.060 mL, 1.60 mmol) was added. The reaction 29.57, 21.83, 20.28, 19.32, 13.56!P NMR (CD;OD, 146

was stirred for 10 min, and then a solution of DCC (113 \Hz): § —5.37 (d,Jpr = 932.1 Hz). 9F NMR (CD;OD,

mg, 0.548 mmol) in pyridine (5.7 mmol) was added. After 139 MHz): ¢ —75.35 (d,Jpr = 931.1 Hz).

the solution had been stirred at 30 for 20 h, the reaction '

was quenched with brine. The solution was then filtered RESULTS

and rinsed with HO. The filtrate was washed with

petroleum ether (3 1 mL) and extracted with C}Cl, (3 Synthesis of Inhibitors and SubstrateBhe new inhibitors

x 1 mL). The CHCI, extracts were combined, dried over and substrates described in this paper were synthesized by

N&aSQ;, filtered, and concentratéd vacua The compound  Phosphorylation or sulfation gf-acylphenols ang-alkyl-

was dissolved in distilled water and passed down a Dowex phenols. These acylphenols are easily prepared by Friedel

AG 50W-X8 Na“ form cation exchange column. The Crafts acylation of phenol (with the requisite acid chloride).

desired product was concentraiedvacuoto give a white Conversion to the sulfate or phosphate ester is then readily

solid. accomplished by sulfation with sulfur trioxiggyridine or
Estrone Phosphorofluoridate, Sodium S&t, Yield = phosphorylation with diethyl chlorophosphate. The desired

57%. H NMR (D,O, 300 MHz): 6 7.04 (d, 1H,J = 8.4 alkyl phenols, all known compounds, were prepared by

Hz), 6.72 (m, 2H), 2.63 (m, 2H), 2.42.26 (m, 1H), 2.18 Clemmenson reduction of the corresponding acyl phenol.

(m, 1H), 2.08-1.56 (m, 5H), 1.551.03 (m, 6H), 0.69 (s,  These compounds were also readily phosphorylated with

3H). 13C NMR (CD;OD, 100 MHz): ¢ 223.23, 151.48,  either diethyl chlorophosphate or the recently reported

139.07, 136.74, 121.17 (d,= 4.4 Hz), 118.52 (dJ = 4.4 alkylphosphite/d method (Stowell & Widlanski, 1995).

Hz), 51.53, 45.29, 39.58, 36.69, 32.75, 30.41, 27.49, 26.97, K; Determination for the Inhibition of Steroid Sulfatase

22.46, 14.29.3P NMR (CD:;0OD, 146 MHz): 6 —9.91 (d, Actizity. The inhibition of steroid sulfatase activity by each

Jrp = 936 Hz). °F NMR (CD;0OD, 339 MHz): 6 —77.52 compound (see Figure 1 for structures) was examined as

(d, Jrp = 939 H2z). follows: theK; for each compound at the indicated pH was
Dehydroepiandrostrone Phosphorofluoridate, Sodium Salt, routinely determined by secondary replot of the slopes from

4. Yield = 69%. H NMR (CD;OD, 400 MHz): 6 5.40 Lineweaver-Burk plots versus corresponding inhibitor con-

(d, 1H,J=5.2 Hz), 4.02 (m, 1H), 2.562.30 (m, 3H), 2.16 centrations (Engel, 1981). The slopes of Linewea\gurk

1.91 (m, 4H), 1.96-1.75 (m, 2H), 1.72-1.41 (m, 6H), 1.36 plots (Figure 2A and 2B) generated from initial rates of

1.20 (m, 2H), 1.140.94 (m, 5H), 0.89 (s, 3H)13C NMR p-acetylphenyl sulfate hydrolysis in the presence and absence

(CDs0OD, 100 MHz): 6 221.23, 140.55, 121.25, 76.13, 51.66, of varying concentrations of inhibitor were plotted as a

50.08, 45.66, 40.05, 36.95, 36.53, 35.83, 31.42, 31.36, 30.73function of the corresponding concentration of inhibitor (see
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-1.0 05 00 05 1.0 15 20 25 plots versus the corresponding inhibitor concentrations to determine
I the K; of dehydroepiandrosterone phosphofluoridate (A) and
1/[p-acetyphenyl sulfate] (mM~) p-octylphenyl phosphate (B) for steroid sulfatase at pH 7.

FIGURE 2: LineweaverBurke plots of the effects of dehydroepi- ~Was determined as described in Materials and Methods.
androsterone phosphofluoridate (A) apactylphenyl phosphate
(B) on steroid sulfatase activity at pH 7.5. See Materials and fluoridates did not vary significantly as a function of

Methods for reaction procedures and conditions. changing pH.

Figure 3A and SB) In each case |nh|b|t|0n was found to be Inhibition of Sterolid Sulfatase A@tty with Nonl-SterOidal .

strictly competitive. Phosphates To delineate structural features important in
pH Dependent Inhibition of Steroid Sulfatase Aityi by enzyme-substrate (inhibitor) interaction, several non-

Steroidal Phosphates and Desitives Steroidal phosphates steroidal phosphate esters were synthesized (structures shown
were found to be competitive inhibitors of steroid sulfatase In Figure 1) and examined for their ability to inhibit steroid
activity at pH 7.5. The pH dependence of this inhibition Sulfatase activity. The phosphate esters contained various
was examined in order to determine whether steroid sulfataseféatures of the steroid nucleus. THefor each inhibitor
was preferentially inhibited by the monoanionic or dianionic Was determined at pH 7.0 and 7.5 (results shown in Table
phosphate species. The for both estrone phosphate and 2) in each case the inhibition was observed to be pH
dehydroepiandrosterone phosphate decreases substantial§ependent. In this series, tetrahydronaphthyl phosphate was
when the pH is reduced. Inhibition of steroid sulfatase observed to be the weakest inhibitor of steroid sulfatase
activity by estrone phosphate was weakest at pH 8.5 with aactivity, with aK; of 360 and 87QuM at pH 7.0 and 7.5.

K; value of 52.3:M and strongest at pH 6.0 withig value ~ N-Lauroyl tyramine phosphate was the strongest inhibitor at
of 170 nM. Inhibition of steroid sulfatase activity by PH 7.0 with aK; of 420 nM. Inhibition of steroid sulfatase
dehydroepiandrosterone phosphate also demonstrated a simactivity by n-lauroyl tyramine phosphat&(= 3.6 uM) was

lar trend withK; values of 110 nM and 4.&M at pH 5.5 observed to be comparable to the inhibition displayed by
and 8.0, respectively. The inhibition of steroid sulfatase P-decylphenyl phosphate at pH 7.8 (= 3.2 uM).

activity by estrone phosphofluoridate and dehydroepiandros- Determination of kK, and Vi for Chromogenic Aryl
terone phosphofluoridate was investigated at pH 6.0 and 7.5sulfates of Increasing HydrophobicityA commonly used
(see Table 1). Th&; for estrone phosphofluoridate was unnatural substrate for assaying steroid sulfatase activity is
determined to be 14.7 and 13uM and theK; for dehy- p-acetylphenyl sulfate (Dodgson & Spencer, 1953; Dodgson
droepiandrosterone phosphofluoridate was found to be 11.3et al., 1953; Milsom et al., 1972). The observation that
and 17.6uM at pH 6.0 and 7.5, respectively. In contrastto increasing the hydrophobicity of non-steroidal aryl phos-
the steroidal phosphates, the for the steroidal phospho-  phates corresponded to a decreads iled to the hypothesis
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Table 1: Kj's for Compoundsl—4 (EachK; Value Represents the Mean of at Least Two Independent Determinations)

pH
compound 5.5 6.0 6.5 7.0 7.5 8.0 8.5
1 0.17+0.01 0.34+ 0.09 0.89+ 0.15 5.0+ 0.7 15.0+£ 1.1 523+ 1.1
2 0.11+0.04 0.12 0.13+0.01 0.89+ 0.15 2.0+ 0.02 4.2
3 14.# 13.7£ 1.6
4 12.24+ 0.9 176+ 25

2 Data are the result of one determination. Conditions and procedures are described in Materials and Methods.

Table 2: Kj's for Compounds$—10 (EachK; Value Represents the
Mean of at Least Two Independent Determinations)

pH
compound 7.0 7.5
5 5.12 17.0+1.9
7 20.0+ 24 64.0+ 1.0
10 360 870+ 0.13
8 7. 15.¢
9 0.520+ 0.09 3.6

a Data are the result of one determination. Conditions and procedures

are described in Materials and Methods.

60 | T
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1/[p-butanoylphenyl Sulfate] (uM")
FiIGURe4: LineweaverBurk plot to determind<,, andVmax,appfor

Table 3: Kqy's of Compoundsl1—14?

compound Km (MM) Viax,app(Pmol/min)
11 1.0+0.1 280+ 6
12 0.220+ 0.016 310+ 13
13 0.082+ 0.001 240+ 7
14 0.074+ 0.004 250+ 6

@ Conditions and procedures are described in Materials and Methods.

Table 4: K, Values for Compounds, 2, 5, 7, and9?

compound Ka compound Ka
1 5.9 7 6.0
2 7.0 9 6.3
5 6.8

a Conditions and procedures are described in Materials and Methods.

by 3P NMR The K, values for the steroidal phosphates
and three non-steroidal phosphates were determinééPby
NMR (Table 4). Chemical shift data for each compound
were obtained and then plotted as a function of corresponding
pH. The data were analyzed using the sindte determi-
nation curve fitter in the computer program Grafit.

DISCUSSION

We previously reported that estrone phosphate and dehy-
droepiandrosterone phosphate are tight binding inhibitors of
steroid sulfatase activity (Anderson et al., 1995). It was
determined that the monoanionic form of the steroidal
phosphate preferentially bound to steroid sulfatase. Though
steroid sulfatase was strongly inhibited by the steroid

p-butanoylphenyl sulfate as a substrate of steroid sulfatase activity. phosphates, in no case was hydrolysis of the inhibitors
Conditions and reaction procedure were as described in Materialsghserved. Thus it seems that the sulfatase can readily

and Methods.

distinguish between the phosphoryl group and the sulfuryl
group only with respect to catalysis and not with respect to

that a similar trend might be observed for substrates of steroidbinding.

sulfatase. We surmised that increasing the hydrophobicity One possible explanation for the tight binding of the
of the p-acetylphenyl sulfate might result in decreasing the steroidal phosphates is that the phosphate ester mimics an
Km. To ascertain the effect of increasing the hydrophobicity intermediate or transition state of the normal reaction. If
of steroid sulfatase substrates, the compounds shown inthe mechanism utilized by the sulfatase is an associative type
Figure 1 were synthesized and tested as substrates for steroidf process that proceeds via the direct attack of a bound water

sulfatase. The Michaelis constanks, and Vmax were
determined from LineweaveBurk plots (see Figure 4). The
Km for p-acetylphenyl sulfate of 1.0 mM is the highest in
this series of compound4.1—14) compared to the lowest
Km value of 73.7uM for p-octanoylphenyl sulfate. While
Km varies significantly as a function of increasing hydro-
phobicity Vmax remains fairly constant. A summary &f,
andVnax data is shown in Table 3. Thefor the unconju-

molecule on the sulfate ester, the peripheral hydroxyl group
of the phosphate monoanion may be well suited to mimic
this attacking water molecule and engage in hydrogen
bonding to an active site base. Dibbelt and Kuss have
suggested that there is an active site histidine residue that
has a K, of 5.8 (Dibbelt & Kuss, 1991). This histidine
residue is a likely candidate for the active site base.
Matching of the KJs of this active site base and estrone

gated form of each substrate was experimentally determinedphosphate (5.9) might enhance the strength of this putative

and found to be 21 000 M cm™2.
Determination of pK for Estrone Phosphate, Dehydro-

hydrogen bond (Cleland & Kreevoy, 1994; Schwartz et al.,
1995). It has been suggested that the enzyme catalyzes

epiandrosterone Phosphate, n-lauryltyramine Phosphate, sulfate ester hydrolysis via the intermediacy of a sulfated
p-Decylphenyl Phosphate, and p-Decanoylphenyl Phosphateenzyme (Purohit et al., 1995). Presumably, even in this
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mechanism an active site base would be necessary to activatéo binding by virtue of enhancing the ability of these
a water molecule for enzyme desulfation. Of course, it is compounds to partition into a nonpolar (i.e., bilayer or
always possible that the tight binding of the steroidal micelle) environment.
phosphates is an entirely fortuitous result. Such ambiguities Because the hydrophobicity of the phosphorylated inhibi-
cannot be ruled out simply on the basis of the results that tors appeared to be an important determinant in binding, we
we have obtained. surmised that this could also be a relevant factor for
In light of the crystallographic studies of sulfate- and substrate-enzyme interaction. To test this idea, we synthe-
phosphate-binding proteins (Pflugrath & Quiocho, 1985; sized increasingly hydrophobic derivativespedicetyl phenyl
Luecke & Quiocho, 1990) and theoretical studies (Kanyo & sulfate (1—14) and tested them as substrates for steroid
Christianson, 1991), we were surprised to find that an enzymesulfatase. The phenol product for each of these substrates
that catalyzes the hydrolysis of sulfate esters was sois a chromogenic molecule with &qmax 0f 323 nm and an
powerfully inhibited by phosphate esters. While the inhibi- €(250m)0f 21 000 cnm M1, Due to the chromogenic nature
tion of sulfatase activity by steroidal phosphates is unex- of the products, these molecules were ideal for quickly testing
pected and has only been recently demonstrated for steroicbur hypothesis that increasingly hydrophobic steroid sulfatase
sulfatase, some recent findings show that sulfate esters mayubstrates would have correspondingly lowgrvalues.
sometimes function as reasonable mimics of phosphate esters, Increasing the hydrophobicity of these steroid sulfatase
particularly as inhibitors of kinase and phosphatase activities substrates does indeed give rise to a reductidf.jifTable
(Li et al., 1995; Anderson, Myers, Widlanski, unpublished 3). On going fromp-acetyl phenyl sulfate tp-octanoylphen-
results). For example, tyrosine dephosphorylation of the yl sulfate theK,, changes by a factor of 17.5. A&
insulin receptor has been shown to be inhibited by a decreases, the hydrophobicity of the substrate increases and
sulfopeptide and protein tyrosine kinase pp&0can be Vmaxremains relatively unchanged. The likeliest explanation
inhibited by steroid sulfates (Liotta et al., 1994; Fu & for this observation is that increasing the hydrophobicity of
Schmitz, 1994). In addition, we have recently shown that the substrate (or inhibitor) enhances partitioning into a

purple acid phosphatase activity is inhibited Ipyde- nonpolar environment (i.e., micelle or bilayer) and presents
canoylphenyl sulfate (Anderson, Myers, Widlanski, unpub- the sulfatase with a locally higher substrate/inhibitor con-
lished results). centration. While substrate hydrophobicity plays a role in

To delineate structural features involved in binding, we determining substrat&,, we were surprised that thi€,
synthesized a variety of non-steroidal phosphate esters andralue for these substrates does not approach the value for
assayed their ability to inhibit steroid sulfatase activity. The the natural substrate estrone sulfate (3\5).
only essential molecular determinants important for steroid The behavior of these alternative substrates was not
sulfatase-inhibitor binding were determined to be the Aring completely analogous to that observed for the steroidal and
from the steroid nucleus and an appropriately positioned non-steroidal phosphorylated inhibitors. While the binding
charged group. We found that the potency of steroid affinity of the inhibitory phosphates (i.65,and6) correlates
sulfatase inhibition could be greatly enhanced by increasing to their hydrophobicity and ultimately surpasses the binding
the hydrophobicity of the basic aryl phosphate motif. The potency of steroid sulfates, tig, for the artificial substrates
aryl phosphate derivatives all displayed the same pH- (11—14) never achieves that observed for the steroid sulfates.
dependence for sulfatase inhibition that we previously An obvious difference between these two sets of molecules
reported for steroid phosphates. For exampidecylphenyl (5, 6, and11-14) is the presence of the benzylic ketone.
phosphate ) is a competitive inhibitor withK; values of For substrates, a benzylic ketone is required in this position
3.2uM and 960 nM at pH 7.0 and 7.5. Th& values are if the product is to be chromogenic. However, for steric or
similar to those found for estrone phosphate @\ and electronic reasons the presence of this keto moiety may affect
890 nM) at the same pH. binding.

The data presented in Table 2 support the idea that the To further probe the possibility that the keto moiety affects
primary motif necessary for enzymahibitor binding is the binding, we synthesized and assayed two hydrophobic aryl
phosphorylated A ring. The potency of this binding interac- phosphates 7—8) that contain a benzylic keto group
tion is clearly enhanced by increasing the hydrophobicity of analogous to that found in substratekl{14), but are
the inhibitor. For example, thi§; values forp-octylphenyl otherwise identical to inhibitor§ and6. These inhibitory
phosphate ang-decylphenyl phosphate (compourftland phosphates do have significantly higher ¥alues than
6) were determined to be 17.0 and &/4. This shows that ~ compounds lacking the keto functionality (i.B.and6). The
increasing inhibitor hydrophobicity yields a more potent Kj's for p-octanoylphenyl phosphate apedecanoylphenyl
steroid sulfatase inhibitor. The simple addition of an phosphate were determined to be 64 andilVf at pH 7.5.
ethylene group t@-octylphenyl phosphate results in a 5-fold By comparison, theéKi's for p-octylphenyl phosphate and
increase in inhibition. We also tested tetrahydronaphthyl p-decylphenyl phosphate are 17 and &®. Thus, the
phosphateX0) as an inhibitor, because it contained both the presence of a benzylic ketone decreases the binding affinity
A and B rings of the steroid nucleus. In the series of non- of the inhibitors by a factor of approximately 4 in comparison
steroidal phosphates, this molecule was found to be theto inhibitors lacking the ketone. However, the interpretation
poorest inhibitor of steroid sulfatase activity; = 360 and of this experiment is not completely straightforward.
870uM at pH 7.0 and 7.5). This result was not unexpected, The addition of an acyl grouparato the phosphate ester
as Potter and co-workers have previously reported thatmay have an affect on theKp of the phosphate ester.
sulfamate derivatives of tetrahydronaphth-2-ol are poor Lowering of this value would likely reduce the effectiveness
inhibitors of steroid sulfatase activity (Howarth et al., 1994). of the phosphorylated inhibitors because the monoanion is
However, it is also clear that the C and D rings of the steroid the inhibitory species. A comparison of th&gpof p-
are not required for recognition and probably only contribute octanoylphenyl phosphat&)((6.0) andp-octylphenyl phos-



2594 Biochemistry, Vol. 36, No. 9, 1997 Anderson et al.

phate B) (6.8) reveals that the addition of a benzylic ketone Birnbick, H., & von Angerer, E. (19903iochem Pharmacol 39,
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. . 1, 2894,
may therefore correlate with a lower concentration of the caristran, K. (1984) in Recent Results in Cancer Research
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moiety in the benzylic position of both substrates (sulfate Cleland, W. W., & Kreevoy, M. M. (19945cience 2641887~
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appended to a phosphorylated tyramine group. In this Res47 1957-1961.
molecule, the polar functionality (the amide) is further Duncan, L., Purohit, A., Howarth, N. M., Potter, B. V. L., & Reed,
removed from the benzene ring so that it is not in conjuga- _ M. J. (1993)Cancer Res53, 298-303.
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