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ABSTRACT:

Hydroxysteroid (alcohol) sulfotransferase STa catalyzes the 3'-
phosphoadenosine 5’'-phosphosulfate-dependent O-sulfonation of
a diverse array of alcohols including neutral hydroxysteroids. Many
of the secondary alcohols that interact with this sulfotransferase
are the metabolic products of stereoselective oxidation or reduc-
tion reactions. The role that the stereochemistry of secondary
alcohol substrates plays in the catalytic efficiency of STa was
investigated with a series of chiral benzylic alcohols and the en-
antiomeric 3-hydroxyl-containing steroids, androsterone and epi-
androsterone. In the case of (R)-(+)- and (S)-(—)-enantiomers of
2-methyl-1-phenyl-1-propanol and 1-phenyl-1-butanol, the effect
of stereochemistry on the catalytic efficiency of STa was small

tivity for the sulfation of enantiomers increased as well. The (R)-
(+)-enantiomers of 1-phenyl-1-pentanol, 1-phenyl-1-hexanol, and
1-phenyl-1-heptanol were preferred as substrates over the (S)-(—)-
enantiomers with a 3-fold difference in catalytic efficiency. STa
showed absolute stereospecificity in the sulfation of the enanti-
omers of 1-phenyl-1-cyclohexylmethanol; (R)-(+)-1-phenyl-1-cy-
clohexylmethanol was a substrate for STa, while the (S)-(—)-enan-
tiomer was a competitive inhibitor of the enzyme. Although a lower
degree of stereoselectivity was observed with the 3-hydroxyl-con-
taining steroids, androsterone and epiandrosterone, results with
these substrates were also consistent with the conclusion that the
stereochemistry of secondary alcohols is an important factor in the

(less than 2-fold in favor of (R)-(+)-enantiomers). However, as the
number of carbons in the a-alkyl chain increased, the stereoselec-

catalytic efficiency of STa.

Conjugation to form sulfuric acid esters is an important reaction these electrophilic metabolites include the sulfuric acid esters derive
the metabolism of many drugs and other xenobiotics, neurotransnfibm 5-hydroxymethyl-chrysene (15), safrole (16), estragole (16),
ters, and hormones (1-4). These biotransformations are catalyzed’ [#2-dihydroxymethylbenaJanthracene (17), and 3,4-dihydroxy-3,4-
sulfotransferases in reactions that involve the transfer of a sulfugihydrocyclopenta [cd]pyrene (18). Because the metabolic formatiot
group from 3-phosphoadenosing phosphosulfate (PAPSYo ac- of benzylic alcohols is usually stereoselective, the stereochemice
ceptor substrates, thereby producing products that are usually mg@ggects of the subsequent sulfation of these intermediates may ha
water soluble and often less toxic. Hydroxysteroid (alcohol) sulfgmportant implications for the carcinogenicity of these polycyclic
transferases catalyze the sulfation of many steroids (1, 5, 6) as welkgsmatic hydrocarbons. Furthermore, a recent report on the DNA
various other alcohols (7, 8). Benzylic alcohols are among the mapiding properties of the antiestrogen antitumor agent, tamoxifen, als
diverse substrates for mammalian sulfotransferases. These alcoliifates that stereochemical considerations may be important in th
are often found as intermediary metabolites obtained from cytRsmation of a-hydroxytamoxifen, an allylic secondary alcohol, and

chrome P-450 monooxygenase-catalyzed reactions involving the §{€supsequent sulfation to an electrophilic sulfuric acid ester capabl
reoselective oxidation of benzylic carbon atoms (9). Benzylic alcohglg forming DNA adducts (19).

can also be obtained through metabolic reduction of benzylic carbon g implied by the name, hydroxysteroids also represent a class

yls (10-12) and through the cytochrome PA450- and epoxide hydigira| secondary alcohols that serve as substrates for hydroxystero

lase-mediated metabolism of polycylic aromatic hydrocarbons (13cohol) sulfotransferases. Strott and co-workers have reported on tt

reaAﬁ:Lons :]hat ;r? alsofstclarerc]) sle Ie?‘zlve.l ds o | toxi d isolation and cloning of two distinct sulfotransferases from the guinee
tough sultation of alcohols often 'eads 1o 1ess toxic and MOtgy 4 qreng| (20, 21) that catalyzed the stereospecific sulfatiorvof 3
readily excreted metabolites, some sulfo-oxy metabolites of benzyl]|

. - . d PB-hydroxysteroids. These enzymes were the first characterize:
and allylic alcohols are sufficiently electrophilic that they can co- o
} Slfilfotransferases that demonstrated substrate specificity based on 1
valently bind to cellular macromolecules (14). Some examples Q . .
Stereochemistry of a 3-hydroxyl group on a hydroxysteroid.

We have previously observed that one of the aryl (phenol) sulfo-
transferases, AST 1V, displayed stereoselectivity, and in some case
absolute stereospecificity, in catalyzing the sulfation of benzylic al-
cohol substrates (22). Moreover, this stereoselectivity increased wit
the size of the alkyl substituent on the benzylic carbon. Pheno
sulfotransferases have also been shown to stereoselectively cataly
the O-sulfonation of the phenolic groups in 4-hydroxypropranolol and
terbutaline, molecules where the chiral center is remote from the sit
of sulfation (23). Although aryl sulfotransferases have shown a pro
nounced stereoselectivity for some benzylic alcohols, these enzyme
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1 Abbreviations used are: PAPS, 3’-phosphoadenosine 5’'-phosphosulfate;
PAP, adenosine 3’,5'-diphosphate; MTPA, «a-methoxy-a-(trifluoromethyl)phen-
ylacetic acid; HPLC, high performance liquid chromatography.
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have displayed limitations in their ability to use large polycyclid-phenyl-1-cyclohexylmethanol, an&){(—)-1-phenyl-1-cyclohexylmethanol
aromatic hydrocarbons as substrates (24). were synthesized by asymmetric reduction of the corresponding alkyl pheny
In contrast to the observations with aryl sulfotransferases, sevefgiones according to a previously published general procedure (30). Al
carcinogenic polycylic aromatic hydrocarbons that bear benzylic &I_assware was oven-dried overnight beforg use. All operations were carried o
cohol functional groups are good substrates for both rat and hunfil§er 2" argon atmosphere. The appropriate alkyl phenyl ketone (11.3 mmo

. . was added to a solution containing 3.62 g (11.3 mmol) of eithey (©r
hepatic hydroxysteroid (alcohol) sulfotransferases (25, 26). The meYgr)-DIP-chIoride in tetrahydrofuran (10 ml) at25°C. A yellow color devel-

isoform of the enzyme in rat liver was specified as sulfotransferas%ﬁed immediately, and the reaction was allowed to proceee25cC for 11
(STa) (26), and it has also been designated as rHSST2 (2) and rH& ahe volatiles were removed on a rotary evaporator, andrthimene was
(27). Our previous structure-activity studies on STa have shown thainoved by placing the reaction product under reduced pressure (0.1 mmH
the catalytic efficiency of the enzyme increases with the hydrophavernight. The residue was dissolved in diethyl ether (75 ml), and diethano
bicity of the benzylic alcohol substrate (8). Steric factors may aldamine (2.2 equiv.) was added. The separated solid was filtered off after 2 h
influence the specificity of STa because quantitative studies ond@d washed twice witm-pentane (30 ml). The combined diethylether and
series of seven-carbon alcohols as substrates for STa revealed thaf-fiftane filtrates were concentrated. The product chiral alcohol was purifies
catalytic efficiencies with primary alcohols were from 3-fold to 8-fold?Y flash column Chromagography with hexane/ethylacetate (9:1) as the mobil
higher than those with secondary alcohols, and catalytic efficienci Ease' Yields of 60_75./0 were obtained for each of the eight chiral benzylic
: . . alcohols prepared by this procedure.
with tertiary alcohols were approximately 10-fold lower than those Chemical structures of the product chiral benzylic alcohols were verified by
observeq .for secondary alpohols (S)j ) proton NMR spectroscopy (Bruker WM-360), IR spectroscopy (Nicolet Model
In addition to hydrophobic and steric factors, the stereochemlstrygj5)7 and mass spectrometry (Hewlett-Packard 5989 Quadrupole GC/MS
chiral alcohols is a property that might influence the catalytic effispecific rotations were determined as described above.
ciency of STa. Indeed, the catalytic efficiency of STa wiR)-(—)- Preparation of a-Methoxy-a-(trifluoromethyl)phenylacetic ~ Acid
2-heptanol was 35% higher than with th&)-(+)-enantiomer of (MTPA) Esters of Chiral Secondary Benzylic Alcohols.MTPA esters of
2-heptanol, and this relatively small difference was the first indicatigoduct benzylic alcohols were prepared by mixing the appropriate alcohol (.
of stereoselectivity in the sulfation of alcohols catalyzed by thf§mol), &-(—)-MTPA (1 mmol), dicyclohexylcarbodiimide (1 mmol), and

enzyme (8). We now report on a more extensive investigation of tﬁéﬂimethylaminopyridine (0.1 mmol) in methylene chloride (10 ml) and stir-
stereoselectivity of STa ring overnight at room temperature. The dicyclohexylurea that precipitated wa

removed by filtration. The filtrate was washed successively with 50-ml por-
tions of 0.5 N HCJ 2 N Na,CO;, and brine. The crude product obtained after
evaporation of the organic layer was purified by flash column chromatography
Thin layer chromatography (TLC) was performed on 2&@-thick pre- with hexane/ethyl acetate (8:2) as the mobile phase. The NMR spectrum of th
coated silica gel GF plates (Analtech, Newark, DE). Purification by flasMTPA esters derived from each of the racemic benzylic alcohols displayec
chromatography was accomplished with silica gel (200—400 mesh, 60 A) framo sets of signals due to the methoxy and benzylic methine protons, wherez
Aldrich Chemical Co. (Milwaukee, WI). Androsteroneofandrostan-3-ol- each enantiomerically pure benzylic alcohol showed only a single set o
17-one) and epiandrosteroneaf@ndrostan-B-ol-17-one) were purchased signals.
from Sigma Chemical Co. (St. Louis, MO)R)-(+)-1-phenyl-2-methyl-1- Synthesis of 1-Phenyl-1-pentanolgChiral 1-phenyl-1-pentanols were pre-
propanol, §-(—)-1-phenyl-2-methyl-1-propanolR}-(+)-1-phenyl-1-butanol, pared from valerophenone. IR (KBv) = 3370 cm* (O-H stretch), 3080—
(9-(—)-1-phenyl-1-butanol, -)-B-chlorodiisopinocampheylborane -fj- 3010 cm* (C-H stretch, aromatic), 2950—2860 ci(C-H stretch, aliphatic),
DIP-chloride], ()-B-chlorodiisopinocampheylborane -{J-DIP-chloride], 1800-1590 cm® (C=C, aromatic), 1453 cim* (O-H bending);*H-NMR
and diethanolamine were obtained from Aldrich. Optical rotations of afCDCl;) § 0.9 ppm (t, 3H, -CHCH,), 6 1.2-1.4 ppm (m, 4H, -B,-CH,-CHy),
benzylic alcohols were determined at 589 nm and at 25°C using a Perkin1.65-1.86 ppm [m, 2H, -CH(OH)4€,-], 6 1.85 ppm (s, 1H, @), & 4.69
Elmer model 141 polarimeter. The specific rotations of the commercialfyom [t, 1H, -GH(OH)-], 8 7.2—7.38 ppm (m, 5H, §Hs-); GC-MS m/z 164
obtained benzylic alcohols were as followsR){+)-2-methyl-1-phenyl-1- (M*"), 107 (M-GH,), 91 (CH,"), 77 (GHs"), 51 (77-GH,). For (§-(-)-
propanol, +23° (€ 0.02, GHOH); (S-(—)-2-methyl-1-phenyl-1-propanol, 1-phenyl-1-pentanol:]®®; = -19.2° ¢ 0.18, CHOH) [lit. —20°, neat, ee
—25° (€ 0.02, GHOH); (R)-(+)-1-phenyl-1-butanok-50.6° £ 0.02, CHCL);  100% (31)]. ee= 100% based oAH-NMR of MTPA ester. The MTPA ester
(9-(—)-1-phenyl-1-butanol,—49.2° ¢ 0.02, CHC}). PAPS was prepared of racemic 1-phenyl-1-pentanol displayed two sets of signals due to methox
according to a published procedure (28), and adenosir®-dphosphate (s, 6 3.41 and 3.51 ppm) and benzylic methine protons(§.84 and 5.91
(PAP) was obtained from Sigma. Tetrahydrofuran was freshly distilled froppm), whereas the MTPA ester @){(—)-1-phenyl-1-pentanol showed only a
sodium metal using benzophenone ketyl as indicator. All other chemicasingle set of signals & 3.41 and 5.91 ppm. FoR}-(+)-1-phenyl-1-pentanol:
assay reagents, and buffer components were obtained from commerpidf®, = +20.2° € 0.19, CHOH) [lit. +20°, neat, ee 100% (32);40.3°,c
sources. 1.0, CHCL, ee 94% (33)]. ee= 100% based ofH-NMR of MTPA ester. The
Synthesis of Racemic Benzylic AlcoholsRacemates ofecbenzylic al- MTPA ester of R)-(+)-1-phenyl-1-pentanol showed only a single set of
cohols were synthesized by reduction of the appropriate alkyl phenyl ketorggnals ats 3.51 and 5.84 ppm.
using the general procedure described by Nystrom and Brown (29). To aSynthesis of 1-Phenyl-1-hexanolsChiral 1-phenyl-1-hexanols were pre-
solution of lithium aluminum hydride (10 ml of a 1.0 M solution in diethyl pared from hexanophenone. IR (KBr)= 3378 cm* (O-H stretch), 3085—
ether) was adde1 g of theappropriate alkyl phenyl ketone in 5 ml of diethyl 3020 cmi* (C-H stretch, aromatic), 2951-2879 cin(C-H stretch, aliphatic),
ether at a rate that produced a gentle reflux. The reaction mixture was reflud€$0-1700 cm?® (C=C, aromatic), 1454 cm (O-H bending);*H-NMR
for 1.5 hr. After cooling the reaction mixture to 0°C, water was added #CDCl,) 5 0.8 ppm (t, 3H, -CHCHj), § 1.22-1.49 ppm [m, 6H, -(8,)5-CHj],
decompose the excess lithium aluminum hydride. Following addition of 20 r611.58-1.88 ppm [m, 2H, -CH(OH)4€,-], 6 1.75 ppm (s, 1H, @), § 4.61
of 10% (v/v) sulfuric acid, the solution was extracted with diethyl ethex(4 ppm [t, 1H, -GH(OH)-], 6 7.21-7.42 ppm (m, 5H, &is-); GC-MS m/z 178
50 ml). The combined organic layers were evaporated to yield the crufd™®), 107 (M-CH,,), 91 (CH,"), 77 (GHs™), 51 (77-GH,). For (9-(—)-
benzylic alcohol, which was subsequently purified by flash column chroméa-phenyl-1-hexanol:d]>°; = -16.3° € 0.23, CHOH). ee= 100% based on
tography with hexane/ethyl acetate (8:2) as the mobile phase. Yields '%eF-NMR of MTPA ester. The MTPA ester of racemic 1-phenyl-1-hexanol
70-75% were obtained for each of the four racemic benzylic alcohols prepadisplayed two sets of signals because of methox$ 840 and 3.49 ppm) and
by this procedure. benzylic methine protons (§,5.84 and 5.91 ppm), whereas the MTPA ester of
Synthesis of Chiral Benzylic Alcohols.(R)-(+)-1-Phenyl-1-pentanol§-  (9-(—)-1-phenyl-1-hexanol showed only a single set of signals 240 and
(—)-1-phenyl-1-pentanol, R)-(+)-1-phenyl-1-hexanol, §-(—)-1-phenyl-1- 5.91 ppm. For R)-(+)-1-phenyl-1-hexanol:d]*>, = +16° (c 0.23, CHOH)
hexanol, R)-(+)-1-phenyl-1-heptanol, §-(—)-1-phenyl-1-heptanol,R)-(+)-  [lit. +34.6°,¢ 0.9, CHCL, ee 93% (33)]. ee= 100% based oAH-NMR of

Materials and Methods
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MTPA ester. The MTPA ester oR)-(+)-1-phenyl-1-hexanol showed only a Partition coefficients for chiral benzylic alcohols were calculated using the
single set of signals & 3.49 and 5.84 ppm. ACD/LogP computer program from Advanced Chemistry Development Inc.

Synthesis of 1-Phenyl-1-heptanolChiral 1-phenyl-1-heptanols were pre- (Ontario, Canada).
pared from heptanophenone. IR (KBr)= 3400 cmi* (O-H stretch), 3085—
3020 cm'* (C-H stretch aromatic), 2950—2870 cM(C-H stretch, aliphatic),
1900-1700 cm® (C=C, aromatic), 1450 cim (O-H bending);*H-NMR
(CDCl,) 6 0.8 ppm (t, 3H, -CHCH,), 8 1.22—1.49 ppm [m, 8H, -(8,) ,-CHa], Role of the Configuration of a Benzylic Alcohol in the Catalytic
§1.58-1.88 ppm [m, 2H, -CH(OH)4&,-], § 1.7 ppm (s, 1H, ®!), §4.61 ppm Efficiency of STa. STa was previously reported to show a small
[t, 1H, -CH(OH)-], 8 7.21-7.42 ppm (m, 5H, §15-); GC-MS m/z 192 (M®),  degree of stereoselectivity (35%) foR)¢(—)-2-heptanol over §-
107 (M-GeHya), 91 (GH; ™), 77 (GHs ™), 51 (77-GHy). For §-(—)-1-phenyl-  (+)-2-heptanol (8). Based on this observation, we have now investi
1-heptanol: §]*%, = -12° (¢ 0.058, CHOH) [lit. -20.5,¢ 0.88, GHsOH, ee  gated the stereochemical preferences of this enzyme with a series
99.5% (34)]. ee= 100% based 0fH-NMR of MTPA ester. The MTPA ester ;o hengzylic alcohols. The catalytic efficiency of STa with each
::e{ﬁgiyg Slépzle g{:;jléhgp;;;(;la(:]'jpgzigliz”nﬁetsmse %froi:)gnn;g Szezigsec%ﬁral benzylic alcohol was determined by examination ofkhgK,,

. ’ f values. As seen in table 1, the effect of stereochemistry at the benzyli

5.91 ppm), whereas the MTPA ester &-(—)-1-phenyl-1-heptanol showed o .
only a single set of signals &3.41 and 5.91 ppm. FoRj-(+)-1-phenyl-1- carbon on the kinetic constants for sulfation catalyzed by STa wa

heptanol: 2%, = +12.1° € 0.05, CHOH) [iit. +19.7,c 1.7, GH.OH, ee small for §-(—)- and R®)-(+)-2-methyl-1-phenyl-1-propanol and
99.5% (34)]. ee= 100% based ofH-NMR of MTPA ester. The MTPA ester (9-(—)- and R)-(+)-1-phenyl-1-butanol (1.3-fold and 1.6-fold, re-
of (R)-(+)-1-phenyl-1-heptanol showed only a single set of signas3af and  spectively). However, as the carbon number onritadkyl side chain
5.84 ppm. that wasa to the benzylic hydroxyl increased, the stereoselectivity
Synthesis of 1-Phenyl-1-cyclohexylmethanolThe chiral 1-phenyl-1-cy- increased to 3-fold, as seen in table 1. In the case of 1-phenyl-1
clohexylmethanols were prepared from cyclohexylphenyl ketone. IR (KBb\/CIohexyImethanol, STa catalyzed stereospecific sulfation of the
v = 3409 cmfi (O-H stretch), 3100-3030 cm (C-H stretch, aromatic), (R)-(+)-enantiomer; the 9-(—)-enantiomer of 1-phenyl-1-cyclo-
iiég_gr??? (Cg] H(Ct)-;Zit;Zt)c; Tﬁ:\mgn%Dlglsa;)glg?g_clﬁgg;i;nar[z?af%’ hexylmethanol was not a substrate for the enzyme. Further investig:
cyclohexyl and -CH(®)-], 6 4.31 ppm [d, 1H, -BI(OH)-], & 7.21-7.39 ppm tion rev_e_aleql tlja_t theS][-(f)-1-phenyl-1-cyclohe>§ylmethanol was a
(M, 5H, GHs); GC-MS m/z 190 (M'®), 107 (M-GH,,), 91 (GH,*), 77  COmpetitive inhibitor of the STa-catalyzed sulfationmpbutylbenzyl
(CeHs ™), 51 (77-GH,). For (9-(—)-1-phenyl-1-cyclohexylmethanola]25,  alcohol (fig. 1).
= -18.8° £ 0.1, CH,OH) [lit. -18.5°, ¢ 10.3, ether (35)]. ee 100% based on Role of Hydrophobic Characteristics of Chiral Benzylic Alco-
IH-NMR of MTPA ester. The MTPA ester of racemic 1-phenyl-1-cyclohexyhols in the Catalytic Efficiency of STa.In addition to the orientation
Imethanol displayed two sets of signals due to methoxy (3,41 and 3.49 of the benzylic hydroxyl with respect to the phenyl ring amdlkyl
ppm) and benzylic methine protons @,5.56 and 5.65 ppm), whereas thesypstituent on the benzylic carbon, the hydrophobicity of these ben
MTPA ester of §)-(—)-1-phenyl-1-cyclohexylmethanol showed only a singleyjic alcohols contributed to their ability to serve as substrates for the
set of signals ab 3.41 and 5.65 ppm. FOIRJ-(+)- ol'phe”y"llicyd(’hexyl' sulfotransferase STa. Calculated values of fpdor each of the
methanol: ], = +19.2° €0.07, CHOH). ee= 96% based onH-NMR of benzylic alcohols are seen in table 1. Comparison of thesp Vadues

MTPA ester. The MTPA ester ofRj-(+)-1-phenyl-1-cyclohexylmethanol . . _
showed a major single set of signals3a8.49 and 5.56 ppm. with the catalytic efficiency of STa for these substratks /K.,

Purification of Hydroxysteroid (Alcohol) Sulfotransferase STa.STawas 'evealed thak.,{K, values generally increased in relation to increas-
purified to apparent homogeneity from female Sprague Dawley rats (9-Ht9 l0g p values. These data were consistent with a previous study o
weeks of age), using a modification (8) of previously published procedurise effect of hydrophobicity of primary benzylic alcohols on their
(26, 36). The enzyme was homogeneous by sodium dodecyl! sulfate-polyability to serve as substrates for STa (8). The small decrease in th
rylamide gel electrophoresis with Coomassie Blue staining. Protein concéq:/K,,, values for 1-phenyl-1-heptanol when compared with the
trations were determined using a modified Lowry procedure (37), with bOVilea[Km values for 1-phenyl-1-hexanol was not in good agreemen
serum albumin as standard. with its high lipophilic character. However, it suggested that the

Assay of Hydroxysteroid Sulfotransferase STa with Benzylic Alcohols. ability of chiral benzylic alcohols to serve as substrates for STa

The various benzylic alcohols were evaluated as both substrates and inhibi}?é%ended on both the overall hydrophobicity of the molecules and th

of purified STa using a published HPLC procedure for determination of th . bet the steric int i f h 9 ith th
concentration of PAP formed in the reaction (38). Reaction mixtures of 0.03 jierences between the Steric interactions or each enantiomer wi

total volume contained 0.25 M potassium phosphate buffer at pH 7.0, 8.3 nfiitive site of the enzyme.

2-mercaptoethanol, 0.3 mM PAPS, and various concentrations of the alcoholé\ndrosterone and Epiandrosterone. Steroids with & and 3-

in acetonitrile (final concentration of acetonitrile in the assay was no more thBiydroxy groups represent another class of chiral secondary alcoho
5% vlv). Reactions were initiated by the addition of 1u@ of enzyme, that are substrates for STa. Thus, we investigated the STa-catalyz
incubated at 37°C for 10 min., and terminated by addition of 0.03 ml afulfation of androsterone {3hydroxyl) and epiandrosterone g3
methanol. The substrate-dependent concentration of PAP formed in the reggdroxyl) as model hydroxysteroid substrates. Although both epi-
tion was determined by HPLC. Linear standard curves relating HPLC pegkdrosterone and androsterone showed substrate inhibition above

areas to concentrations of PAP were determined daily. At least six differenf; 4nq 80uM, respectively, a higher maximum velocity was dem-
concentrations of each alcohol were assayed, and these included concentration ’ '

both greater than and less than the app alues. The substrate Concen_ons?rated for epiandrosterone. This result indicated a small degree

trations used to determine the kinetic constants for the enantiomeric benz%}greoselectwlty with epiandrosterone as the preferred substrate f

alcohols were as follows: 1-phenyl-2-methyl-1-propanols, 0.5-7.0 mM; >Ta (fig. 2).
phenyl-1-butanols, 0.4-7.0 mM; 1-phenyl-1-pentanols, 0.25-4.0 mM; 1-phe-
nyl-1-hexanols, 0.25-2.0 mM; 1-phenyl-1-heptanols, 0.15-2.0 mM; 1-phenyl- Discussion

1-cyclohexylmethanol, 0.25-3.0 mM. AppareKt, and V,, .. values are .
presented as the standard error obtained by non-linear least squares cur\_/eHydrOXySterOId (alcohol) sulfotransferase STa catalyzes the sulfa

fitting (39) of the velocity data to the Michaelis-Menten equation. Values fd#On Of various benzylic alcohols and steroids (1-4). We have showr

k... Were calculated using the relative molecular mass for a subunit of STY€Viously that the hydrophobicity of a benzylic alcohol is a major
33,124, as determined from the deduced amino acid sequence (40). determinant of its ability to act as a substrate for the enzyme (8). In th

Calculation of Hydrophobicity Constants for Chiral Benzylic Alcohols.  present study, we investigated both stereochemical and steric intera

Results
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TABLE 1
Kinetic constants fosta-catalyzed sulfation of chiral benzylic alcohols
Benzylic Alcohol K (app) Vimax KeafKim (R/(9 Ratid® log P Ki

% 28+ 08 27.0+ 3.4 0.33+ 0.1

(R)-(+)-1-phenyl-2-methyl-1-propanol

@ﬁ 3.0+ 0.6 22.8+ 2.0 0.25+ 0.05

(8)-(-)-1-phenyl-2-methyl-1-propanol

@7/;/ 3.3+ 0.4 85.5* 6.0 0.9+ 0.1

HO
(R)~(+)-1-phenyl-1-butanol 18 2.44

©—E{/;H/ 37+03 58.8+ 2.0 0.5+ 0.05

(S)-(-)-1-phenyl-1-butanol

©ﬂ—/_ 14+02 154.4+ 7.8 3.6+ 0.4

HO
(R)-(+)-1-phenyl-1-pentanol

Qﬂ_ 1.9+ 0.3 70.3+ 5.8 1.2+0.2

(S)-(-)-1-phenyl-1-pentanol

@ﬁo‘{ﬂ_/J 0.46+ 0.03 157.3+ 4.0 113+ 0.9

H
(R)-(+)-1-phenyl-1-hexanol 41 35

W 0.53= 0.06 59.2+ 2.4 3.7+ 04

(S)-(-)-1-phenyl-1-hexanol

Qﬁ/—/_ 0.38+0.03 94.3+ 2.0 8.1+ 0.6

(R)~(+)-1-phenyl-1-heptanol

©—_ﬂO_H/_/_ 0.42+ 0.04 37.3+ 1.3 2.9+ 0.3

H
(S)-(-)-1-phenyl-1-heptanol

@ﬁ 1.0+0.3 17.8+ 2.4 0.6+ 0.2

(R)~(+)-1-phenyl-1-cyclohexylmethanol

13 2.26

3.0 2.98

2.8 4.04

— 3.44

]

on _ _ — 0.75+ 0.1
(S)-(-)-1-phenyl-1-cyclohexylmethanol

Values for appareri,,, Vi KeafKm @andK; are expressed in mM, nmol mih (mg of STa) %, mM~* min~?%, and mM, respectively. Values for log P were
calculated as described unddaterials and Methods
2 kol K for the R)-(+)-enantiomer divided bk ./K,, for the (§-(—)-enantiomer.
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Fic. 1. Inhibition of STa by (S)-{)-1-phenyl-1-cyclohexylmethanol.
Data pointsare observed values, with tliaes representing the theoretical F€@ction. Our results support the conclusion that a specific orientatio

values for competitive inhibition of the sulfation pfbutylbenzyl alcohol as Of the benzylic hydroxyl on the substrate must be achieved at th
calculated by non-linear least squares analysis (39). Concentrations of &esive site of STa before catalysis occurs, and that steric factors me

inhibitor are represented as follows; no inhibitor;®, 0.25 mM;[], 0.5 mM;

A, 1 mM; A,

2 mM.
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Assays were conducted as described uiieterials and Method<Data are
represented as follow®, androsterone, epiandrosterone. Eagioint rep-

T T T T T T
20 40 60 80 100 120 140

[Substrate concentration] (LM)

Initial velocities for the sulfation of epiandrosterone and
androsterone catalyzed by STa.

resents the average of duplicate determinations.

tivity of STa may be one indication of the steric constraints that define
the binding of substrates and inhibitors at the active site of the
enzyme.

The results of our studies indicated that as the length ofthtkyl
chain on a chiral benzylic alcohol was increased, the extent of ste
reoselectivity in the reaction catalyzed by STa also increased. More
over, the enzyme showed absolute stereospecificity for the enant
omers of 1-phenyl-1-cyclohexylmethanol, wherein thealkyl
substituent was the sterically bulky cyclohexyl group. TRg(+)-
enantiomer of 1-phenyl-1-cyclohexylmethanol was a substrate fo
STa, while the §-(—)-enantiomer was a competitive inhibitor of
STa-catalyzed sulfation op-butylbenzyl alcohol. In addition, the
apparentkK,, value for R)-(+)-1-phenyl-1-cyclohexylmethanol was
higher than would be expected on the basis of a comparison witl
either ®)-(+)-1-phenyl-1-hexanol or R)-(+)-1-phenyl-1-heptanol.
TheV,,. value for R)-(+)-1-phenyl-1-cyclohexylmethanol was also
significantly different from that observed witlR)-(+)-1-phenyl-1-
hexanol and R)-(+)-1-phenyl-1-heptanol. Neither this 10-fold de-
crease inv,,,, nor the observed increase in the appakepvalue was
consistent with the hydrophobic characteristics of these molecules
Thus, the presence of am-cyclohexyl substituent on the benzylic
carbon caused steric interactions to be much more important in th

combine with the stereochemical configuration of the substrate o
inhibitor to determine the catalytic efficiency of the enzyme. The
stereoselectivity observed with benzylic alcohols as substrates for ST
was also seen with the hydroxysteroids androsterone and epiandro
terone. The structure of androsterone differs from epiandrosteron
only in the configuration of the 3-hydroxyl group, that is, an
orientation for androsterone andBaorientation for epiandrosterone.
Although these hydroxysteroids exhibit a stereoselectivity that is
similar to some of the enantiomeric benzylic alcohols, they show &
substrate inhibition at higher concentrations that has not yet bee
observed with thea-substituted benzylic alcohols. This substrate
inhibition resembles that previously seen with dehydroepiandros
terone as substrate for STa (8). In the casexaflkyl-substituted
benzylic alcohols, concentrations approaching the limit of solubility
for each substrate did not yield any substrate inhibition.

These observations on substrate inhibition, as well as the relativel
low degree of stereoselectivity for androsterone and epiandrosteror
with rat hepatic STa, contrast with reports on two other 3-hydroxy-
steroid sulfotransferases that have been characterized in the guinea |
(20, 21). Although a significant sequence identity of approximately
65% was reported between the enzymes from guinea pig and the r
hydroxysteroid sulfotransferase (20, 21), it is apparent that the differ
ences in protein sequence are sufficient to affect the kinetics an
specificity of the enzymes from the two species. Although substrate
inhibition was seen for 3-hydroxysteroid substrates of STa, no sucl
interactions were reported for either of the 3-hydroxysteroid sulfo-
transferases from guinea pig (20, 21). Moreover, results obtained b
cloning and expressing the guinea pig-Bydroxysteroid sulfotrans-
ferase in CHO-K1 cells indicated that this enzyme did not act on
3B-hydroxyl groups (21). Thus, there are distinct differences in spec
ificity and kinetics between the hydroxysteroid sulfotransferases

tions at the active site of STa through the usexedlkyl-substituted present in guinea pig and rat.

chiral benzylic alcohols as model substrates. Although the differenceAdditional documentation of species differences in the degree o
in the configuration of the benzylic carbon will not affect the overaktereoselectivity of hydroxysteroid sulfotransferases has been recent
hydrophobic character of the two enantiomers, steric interactions wjitovided by Glatet al, who have reported that 1-(1-pyrenyl)ethanol
the active site of the enzyme may be affected. Thus, the enantioseleas activated to a mutagen with higher enantioselectivitysaimo-
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nella strains that contained human hydroxysteroid sulfotransferak® S. K. Yang: Stereoselectivity of cytochrome P-450 isozymes and epoxid
than those that contained rat STa (27). In both strains, R )- hydrolase in the metabolism of polycyclic aromatic hydrocarbons.
enantiomer was more mutagenic than t8e((-)-enantiomer, and this Biochem. PharmacoB7, 61-70 (1988).
difference in mutagenicity was attributed to higher rates of sulfatio J- A- Miller: Sulfonation in chemical carcinogenesis: history and present
(27). Thus, although there is substantial homology between the amino _ Status.Chem. Biol. Interact92, 329-341 (1994).
acid sequencesi.€. 76% overall similarity between human hy-15' H. Okgda, N. NOJ"T‘a' N. Watanape, and T. Watabe: SUIphOtranSf_erase
droxysteroid sulfotransferase and rat STa), there are differences in the medlated activation of th.e carcinogen 5-hydroxymethylchryse_n¢. spe
. L. . . cies and sex differences in tissue distribution of the enzyme activity anc
magnitude of stereoselectivity dlsplayed by the hydroxysterqd sulfo- a possible participation of hydroxysteroid sulfotransferaBéschem.
transferases frqm these two species. S_uch dn‘_fer_ences are likely to be Pharmacol.38, 3003-3009 (1989).
based on relatively subtle d|ffer§nce_s in Ster!c InFeraCtlonS b?M%} E. C. Miller, A. B. Swanson, D. H. Philips, T. L. Fletcher, A. Liem, and
enzyme and substrate at the active site that give rise to selectivity for 5 A Miller: Structure-activity studies of the carcinogenicities in the
the binding of one enantiomer in the proper orientation for sulfuryl mouse and rat of some naturally occurring and synthetic alkenylben:
transfer. Our findings with §-(—)-1-phenyl-1-cyclohexylmethanol zene derivatives related to safrole and estrag@lancer Res43,
indicate that an enantiomer that is not properly oriented for sulfuryl 1124-1134 (1983).
transfer in the active site is nevertheless bound due to its hydrophobic T. Watabe, A. Hiratsuka, and K. Ogura: Sulfotransferase mediated cove
characteristics and can thus serve as a competitive inhibitor. A more lentbinding of the carcinogen 7,12-dihydroxymethylberjahthracene
complete understanding of the reasons why interactions with specific  to calf thymus DNA and its inhibition by glutathione transferase.
amino acids at the active site would give rise to the observed ste- ~ Carcinogenesis, 445-453 (1987). '
reospecificity will await futher elucidation of the structures of thé8- Y--J. Surh, H. Kwon, and S. R. Tannenbaum: Sulfotransferase-mediate
active sites of these sulfotransferases. activation of 4-hydroxy- and 3,4-dihydroxy-3,4-dihydrocyclopenta
In summary, our results clearly indicate that the stereochemistry of ~ [:dIPyrene, major metabolites of cyclopentalc,d]pyredancer Res.
a chiral benzylic alcohol is an important factor in its interaction wit 53,1017-1022 (1993).' N I .
) . . 9. L. Dasaradhi and S. Shibutani: Identification of tamoxifen-DNA adducts
STa. In molecules with a large bulky substituent on the chiral benzylic formed by a-sulfate t i d-acetoxyt fenCh R
. Yy a-sulfate tamoxiren ana-acetoxytamoxiren em. Res.
carbon, STa shows a marked preference for opg enantiomer as sub- Toxicol. 10, 189-196 (1997).
strate. Therefore, both the effect of hydrophobicity of the moleculgy \y_ ;. priscoll, B. M. Martin, H.-C. Chen, and C. A. Strott: Isolation of two
and the steric effects that are related to the substituents on the chiral gistinct 3-hydroxysteroid sulfotransferases from the guinea pig adrenal
benzylic carbon atom are important determinants of the type and . Biol. Chem268, 2349623503 (1993).
efficiency of interactions that occur between STa and chiral benzyBe. v. C. Lee, C.-S. Park, and C. A. Strott: Molecular cloning of a chiral-
alcohols. Such relationships between chemical structure and activity specific 3-hydroxysteroid sulfotransferasel. Biol. Chem. 269,
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