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Sulfoconjugation (Sulfation or Sulfonation) is an important reaction in the phase II biotransformation of a wide number 
of endogenous and foreign chemicals, including: drugs, toxic chemicals, hormones, and neurotransmitters. The reaction is 
catalyzed by the members of the cytosolic sulfotransferase (SULT) superfamily, consisting of ten functional genes in 
humans. Sulfation reaction in living cells is reversed by sulfatase, which hydrolyses the sulfonated conjugates. It has a major 
role in regulating the endocrine status of an individual by modulating the activity of steroid hormones, their biosynthesis, 
and the metabolism of catecholamines. Sulfonation is a key reaction in the body's ‘chemical’ defense against xenobiotics. 
Although the primary function of sulfoconjugation is to permit detoxification of the compound, it also results in the 
activation of chemical procarcinogens, such as certain dietary and environmental agents into carcinogens. In this review, we 
summarize our current understanding of the structure of mammalian cytosolic sulfotransferases and their role in human 
steroid associated cancers and in the bioactivation of chemical carcinogens. 
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Introduction 

The activation as well as inactivation of numerous 
xenobiotics, including therapeutics, environmental 
toxicants and protoxicants occurs via sulfonation. The 
first observations of the ability of organisms to 
modify xenobiotic compounds were made in the 19th 
century when Eugen Baumann, in 1876, found that 
some compounds could be excreted as their sulfated 
metabolites in urine1, yet the field of drug metabolism 
was not established as such until the late 1960s with 
the discovery of the cytochrome P450 (CYP450) 
system in liver preparations. 

Currently, we know that sulfoconjugation, 
catalyzed by sulfotransferases, is an important 
pathway in the biotransformation of many 
endogenous and exogenous compounds2-5. Chemi-
cally, the reactions involve the transfer of a sulfuryl 
group from 3-phosphoadenosine-5’-phosphosulfate 
(PAPS) to an acceptor molecule; the products of the 
sulfation reaction are adenosine 3’,5’-diphosphate 
(PAP) and a sulfuric acid ester6,7-8 (Fig. 1). This 

reaction occurs in the cytosol or is associated with the 
membranes of the Golgi apparatus of the cell. There 
are two classes of sulfotransferases: (1) cytosolic 
sulfotransferases (SULTs),* which sulfonate small 
endogenous and exogenous compounds, such as 
hormones, bioamines, and xenobiotics, and (2) 
membrane-associated sulfotransferases, which 
sulfonate larger biomolecules, such as carbohydrates 
and proteins. The genes encoding sulfotransferases 
are classified based on the divergent evolution of a 
multigene superfamily into several families5,9. 
Members within a family share more than 45% 
identity in amino acid sequence, whereas members of 
subfamilies are 60% or more identical in amino acid 
sequences. About 47 different mammalian cytosolic 
SULTs, one insect and eight plant isoforms, 
collectively from nine different families have been 
identified till now10. About 10 functional forms 
localized on five different chromosomes are evident 
in humans. While two SULT forms (SULT2B1a, b) 
are splice variants of the same gene, different genes 
encode the rest of the human forms. Also, genetic 
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polymorphisms, in particular single nucleotide 
polymorphisms (SNPs), are evident for human 
SULTs, such as SULT1A111-13, SULT1A214, 
SULT1A315,16 and SULT2A115. To date, dozens of 
cDNAs that encode the cytosolic sulfotransferases 
have been cloned from mammalian tissues to facilitate 
kinetic and structural characterization studies, and the 
first enzyme to be characterized at the cDNA level 
among all the SULTs was the bovine estrogen 
sulfotransferase17. 

The reactions catalyzed by SULTs often increase 
the water solubility of substrate compounds including 
hormones, neurotransmitters, drugs, and carcinogens, 
thus leading to their enhanced excretion.  Sulfation 
can also contribute to a significant increase in the 
mutagenicity and carcinogenicity of many pro-
mutagens such as 7,12-dimethylbenz-[α]-anthracene 
(DMBA)18, 2-aminofluorene (2-AF), 2-acetylamino-
fluorene (2-AAF), and N-hydroxy-2-acetylamino 
fluorene ( N-OH-2AAF)19-21. It also alters the function 
of substrate compounds, such as steroid hormones, by 
alteration of receptor binding capability. Apart from 
the steroid hormone regulation in non-pathologic 
human tissues, sulfotransferases also play an 
important role in the regulation of in situ estrogen 
production in breast and endometrial carcinomas. 

Nomenclature for cytosolic sulfotransferases  

Until recently, cytosolic sulfotransferases had been 
named after their substrates. However, since the 
substrate specificities of the different sulfotransferases 

are overlapping, attempts have been made to devise a 
more consistent nomenclature based on their encoded 
amino acid sequence identity.  Guidelines have also 
been set forth to include a species descriptor and 
allelic variants of SULT genes. Previously, the human 
enzymes were designated as ‘SULT’, and rat and 
mouse isoforms were assigned the prefixes ‘ST’ and 
‘sult’ respectively. According to the recent guidelines 
proposed by Blanchard and colleagues10, a complete 
sulfotransferase name would contain species, 
superfamily, family, isoform, allele, and suballele 
designations (in ascending order). Also, the prefix 
‘SULT’ was adopted as the abbreviation for all 
cytosolic sulfotransferase enzymes. Table 1 gives an 
outline of the nomenclature of the important cytosolic 
sulfotransferases from human, rat, and mouse species.  

Structure 

Till date, the crystal structures of six cytosolic 
sulfotransferases have been solved and those include 
mouse SULT1E1 (mEST), human SULT1E1 
(hEST)22,23, human SULT2A3 and SULT2A1 
(hHST)22,24, human SULT1A325, SULT1A126, and 
SULT2B127. The first SULT to be characterized was 
the mouse SULT1E1, where the enzyme was 
crystallized in presence of the inactive PAP and the 
substrate, 17β-estradiol28. 

Overall, almost all SULTs are globular proteins 
with a characteristic α/β fold and 4-5 stranded parallel 
β-sheet surrounded by α-helices. One exception to this 
domain arrangement is the retinol dehydratase 
enzyme29. A helical lid makes this enzyme distinct 
from the other characterized sulfotransferases. All the 
SULT structures are highly conserved with respect to 
the PAPS binding site and the catalytic site and also 
share a structural similarity with nucleotide kinases28. 
Also, there are sequence homologies between the 
cytosolic and membrane associated sulfotransferases. 
The largest variation among all SULTs is found in the 
substrate-binding region. A few of the most important 
structural aspects are summarized in this section with 
the information mostly generated based on the crystal 
structure of the mouse and human SULT1E1.  

PAPS-binding region  

The ß-sheet constitutes the core of the PAPS 
binding region and the catalytic site. The PAPS-
binding region is highly conserved at the amino acid 
level in all the SULTs. Three structural motifs are 
responsible for the PAPS binding: 5’-phosphosulfate-
binding (5’-PSB) motif at the N-terminal, the 3’-

 

Fig. 1 — General reaction catalyzed by sulfotransferases. PAPS, 
3’-phosphoadenosine-5’-phosphosulfate; PAP, adenosine 3’,5’-

diphosphate. [Figure generated by MDL ISIS/Draw 2.5] 
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phosphate-binding (3’-PB) sequence at the centre of 
the enzyme, and the ß-strand-loop-helix (also called 
P-loop) (Fig. 2)30,31. The presence of both PSB and PB 
consenus sequence motifs is used as an important 
criterion to identify newly cloned SULT cDNAs. 
 

The PSB motif contains the P-loop, which is the 
phosphate-binding site. The PB motif contains 
Arg130 and Ser138 (analogous to Ser137 in human 
SULT1E1), whose side chains interact with the 3’-
phosphate group of PAPS. Arg130 is well conserved 
in both cytosolic and membrane sulfotransferases and 
Ser138 is totally conserved. These residues help to 
secure a correct orientation for PAPS binding, and 
also provide structural constraints for substrate 
selectivity. From the PAPS bound human SULT1E1 
crystal structure23, it is clear that Lys 47(analogous to 
Lys48 in mouse SULT1E1) present in the PSB loop, 
initially interacts with Ser137 and then shifts upon the 
initiation of the reaction, to interact with the leaving 

Table 1 — Nomenclature of the cytosolic sulfotransferases$ 

Families Subfamilies/Isoforms Principal Substrate/Tissue Expression 

HUMAN 

SULT1 

 

 

 

 

 

 

 

SULT2 

 

SULT1A1 

SULT1A2 

SULT1A3 (hAST)@ 

SULT1B1 

SULT1C2 

SULT1C4 

SULT1D1 

SULT1E1 (hEST) @ 

 

SULT2A1 (hHST, DHEA-ST) @ 

SULT2A3 

SULT2B1’a’ 

SULT2B1’b’ 

p-nitrophenol/liver, brain, platelets 

p-nitrophenol/* 

dopamine/intestine, brain 

thyroid hormones/ liver, colon 

∞/Kidney, stomach, thyroid 

N-OH-2AAF, p-nitro phenol/ fetal kidney, lung 

Pseudogene 

estrone, 17β-estradiol, 17α-ethinylestradiol/ 

breast, testis, placenta, endometrium 

dehydroepiandrosterone, bile acids/ adrenal 

cortex, liver  

dehydroepiandrosterone 

pregnenolone/prostate, placenta, trachea 

cholesterol, pregnenolone/lung, prostate, placenta, trachea 

RAT 

SULT1 

 

 

 

SULT2 

SULT1A1 (AST1V) @  

SULT1B1 

SULT1C1 

SULT1D1 

SULT1E1 

SULT2A3 

β-naphthol/ liver 

dopamine, tyrosine isomers/ liver, kidney 

N-OH-2AAF/Liver 

Characterization/expression not understood 

estrogens/male liver  

bile acids/liver 

MOUSE 

SULT1 

 

 

SULT2 

SULT1A1 (mPST) @ 

SULT1B1 

SULT1D1 

SULT1E1 (mEST) @ 

SULT2B#   

phenolic substrates/liver 

dopamine, 3,3', 5-triiodo-L-thyronine/ liver 

eicosanoids, dopamine/kidney, uterus 

17β-estradiol/male liver, Testis, placenta 

dehydroepiandrosterone/Epidydmis, intestine 

$ Only SULT1 and SULT2 families are included in the table. 

*Not completely understood, @ Symbols in brackets indicate conventional names, ∞ Substrate unknown, # Isoform not named. 

 

 
 

Fig. 2 — PAPS binding region of human SULT1E1. Catalytic site 
residues shown are Ser, Lys and His*. Reproduced with permission from 

Elsevier (Negishi et al, Structure and function of sulfotransferases, 

Archives of Biochemistry and Biophysics Vol. 390, 2001) * All aminoacid 
residues are represented in their three-letter nomenclature 
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sulfate group (Fig. 3). Further, interaction between 
Ser137 and Lys 47 protects PAPS from 
autohydrolysis32. 

In general, the side chain nitrogen of Lys47 forms a 
hydrogen bond with the oxygen atom of the 5’-
phosphate group of PAP while the side chain 
hydroxyl of Ser137 interacts with an oxygen atom of 
the 3’-phosphate group. Apart from the serine and 
lysine residues other conserved residues important for 
PAP binding include Thr51, Thr52, His 108 
(analogous to His107 in human SULT1E1), and Lys 
106. In parallel to this, it has also been observed that 
Lys48, His108 and Lys106 are critical for the sulfuryl 
transfer reaction in a manner that their mutations 
nearly abolished the SULT activity33. The location of 
Phe and Trp side chains is such that they form π-
stacking interactions with the adenine ring of PAP 
and stabilize it. Also, the hydrogen bond formed 
between the Trp residue and the N6 of the adenine 
moiety stabilizes the structural interactions between 
the protein and PAP. Coming to the conserved active 

site, the GxxGxxK motif located near the C-terminus, 
is necessary not only for the binding of PAPS but also 
for the interaction with the steroid substrate and it has 
been shown that mutagenesis of all the three residues 
produces an inactive enzyme34. 

Thus, the reaction mechanism as proposed for 
SULTs would involve an SN2 nucleophilic attack by 
the phenoxide (resulting from extraction of the 
hydrogen atom of the phenol group by His residue) on 
the sulfate of PAPS. Other conserved amino acids, 
including Lys47, are proposed to act in stabilizing the 
reaction intermediate(s) (Fig. 3) 

Substrate binding region 

Cytosolic sulfotransferases sulfate small 
hydrophobic molecules, such as steroid hormones, 
bioamines (dopamine and catecholamines), and 
phenols. In contrast to the highly conserved PAPS-
binding site, the substrate-binding region of each 
SULT enzyme reflects structural differences that 
convey specificity to substrate binding. In general, the 

 

Fig. 3 — Interaction between 5-phosphate group of PAPS and the conserved catalytic residues. Residue numbers are taken from human 
SULT1E1. See text for details. Reproduced with permission from Elsevier (Negishi et al, Structure and function of sulfotransferases, 

Archives of Biochemistry and Biophysics Vol. 390, 2001). 
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substrate specificity of sulfotransferases is determined 
by the binding affinity and positioning of the substrate 
in the specific site. The binding can also depend on 
the complementarity of the specific site with the 
hydrophobic substrates. It is also possible that the 
chemical nature of the residue at the binding site 
could be the basis for the enzyme to select its 
substrate. One of the important characteristics that 
direct the substrate selectivity is the stereochemistry 
of the molecule that acts as the sulfuryl group 
acceptor. This substrate-stereoselectivity has been 
found in the sulfation of chiral secondary alcohols by 
rat hydroxysteroid sulfotransferase35, and in the 
sulfation of 1- and 2-naphthyl-1-ethanols by human 
SULT2A136. 

Various cytosolic SULTs in complex with their 
substrates, estrogen, dehydroepiandrosterone, choles-
terol, and phenol, have been crystallized. Table 2 
highlights the substrate binding regions of a few 
cytosolic sulfotransferases, for which the crystal 
structures have been solved. 

Dimerization-motif 

In vitro, cytosolic sulfotransferases appear to form 
a dimeric structure42. Previous studies have indicated 
that two monomers, homo or hetero can be linked 
near the C-terminus using a conserved peptide 
sequence (KXXXTVXXXE) of about 10 residues to 
form a hydrophobic zipper-like structure enforced by 
ion pairs at both ends. This zipper has been found in 
the structures of human SULT1E1 (Fig. 4) and 
SULT2A3. The main features of the KTVE motif, 

first identified in SULT2A3 crystal21, are the 
hydrophilic interactions through the four backbone 
hydrogen bonds and the corresponding hydrophobic 
bonds22,42. Though a majority of sulfotransferases are 
homodimers in their catalytically active forms, the 
physiological significance of the dimerization in the 
function of cytosolic SULTs is yet to be defined. 

Table 2 — Cytosolic sulfotransferases and their substrate binding sites 

Enzyme 

(Crystal structure) 

Ligands 

(Co-crystallized) 

Important residues for substrate binding 

SULT1A1/Human phenol 
sulfotransferase 

p-nitrophenol Hydrophobic region residues (84-89)26,37 

SULT1A3/Human Dopamine 
sulfotransferase 

* Hydrophobic region residues (142- 148), Glu14638,39 

SULT1E1/ hEST/Human estrogen 
sulfotransferase 

3,5,3’,5’-tetra-chloro 
biphenyl-4,4’-diol, 17ß- estradiol 

Hydrophobic binding pocket23,40 

sult1e1/mEST/Mouse estrogen 
sulfotransferase 

17ß-estradiol Hydrophobic binding pocket, Tyr 8128 

SULT2A3/Human hydroxysteroid 
sulfotransferase 

DHEA Hydrophobic residues, His99, Trp 7722,24 

SULT2B1a/Pregnenolone 
sulfotransferase 

*         None identified 

SULT2B1b/Cholesterol 
sulfotransferase 

DHEA, pregnenolone N-terminal peptide (23   residues)41 

* Indicates that the particular SULT has been crystallized not in complex with its ligand. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4 — Structure of dimerization motif of human SULT1E1. 
The crystal structure has been taken from PDB (Identification 
code 1G3M). The dimer interface residues (264-273) are shown in 
red where as the hEST monomers are represented as ribbon 
structures. Also shown is the critical residue Valine 269 (in 
green). The figure is created using the Sybyl software (version 

6.91, Tripos Inc., St Louis, MO) on a Silicon Graphics Fuel 

workstation. 
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Cytosolic sulfotransferases and bioactivation of 

chemical carcinogens 

The superfamily of cytosolic sulfotransferases, 
together with their substrates, has elicited particular 
toxicological interest. Various synthetic molecules, 
including chemical carcinogens, can be sulfated to 
alter biological activity. This reaction frequently 
results in the conversion of a procarcinogenic, 
hydroxyl compound into a more electrophilic and 
potent carcinogen that is capable of interacting with 
DNA to form DNA adducts. 

Many procarcinogens derived from polycyclic 
aromatic hydrocarbons can be bioactivated to 
mutagenic species by hydroxysteroid sulfotrans-
ferases43. For instance, 7,12-dimethylbenz-[α]-anthra-
cene (DMBA) is metabolized to form 7-hydroxy-
methyl-12-methylbenz-[α]-anthracene (7-HMBA) 
(Fig. 5a) by cytochrome P-450, which is further 
transformed by hydroxysteroid sulfotransferase to the 
reactive 7-HMBA sulfate18. Two additional examples 
are 2-aminofluorene (2-AF) and its amide derivative, 
2-acetylaminofluorene (2-AAF) (Fig. 5b), which were 
developed in the United States as chemical 
insecticides during the 1940s and were later found to 
be procarcinogens that are converted to their 
carcinogenic form through the action of 
sulfotransferases. Although the use of both as 
insecticides has been discontinued, they continue to 
be used as model compounds for the study of 
chemical carcinogenesis44. The N-hydroxylation of 
2-AAF can be catalyzed by cytochrome P-450 to form 
N-hydroxy-2-acetylaminofluorene (N-OH-2AAF) 
(Fig. 5c). It has been reported that the sulfation of 
N-OH-2AAF catalyzed by hepatic sulfotransferases, 
is an important step leading to a more active form of 

the chemical carcinogen19-21,44. The product molecule 
of this reaction, N-OH-2AAF sulfate, can 
spontaneously rearrange to release sulfate and 
generate a reactive electrophilic cation molecule.  
Such electrophilic molecules can react with cellular 
nucleophiles such as DNA to form adducts 
(Scheme 1). DNA adducts are capable of producing 
genetic mutations in critical genes, such as proto-
oncogenes and tumor suppressor genes that can lead 
to disease states, such as cancer.  Therefore, it is 
critical to understand the catalysis of enzymatic 
procarcinogen activation.  Previous studies have 
suggested that SULT1C enzymes have high catalytic 
activities for the sulfation of N-OH-2AAF19,45. Recent 
experiments have indicated that human SULT1A and 
SULT2A enzymes are also responsible for the 
sulfonation, and, thus, further bioactivation of N-OH-
2AAF in the liver46,47. Recent in vitro studies have 
shown that over expression of human hydroxysteroid 
sulfotransferase (SULT2A1) enhances the 
cytotoxicity of N-OH-2AAF in cultured human 
embryonic kidney cells48. Cell viability was 
significantly reduced when the SULT2A1 expressing 
embryonic cells were treated with 10µM N-OH-
2AAF. Certain non-polycyclic aromatic type benzylic 
alcohols have also been proposed to undergo 
sulfotransferase-mediated activation. Rat aryl 
sulfotransferase (AST1V) activates secondary 
nitroalkanes such as 2-nitrobutane and 2-nitropentane, 
and the metabolites were found to be 
hepatocarcinogenic in rats49. 

Carcinogenic heterocyclic aromatic amines (from 
dietary sources) undergo metabolic activation by 
hepatic sulfotransferases to form more potent N-

 

Fig. 5 — General chemical structures of 7-hydroxymethyl-12-
methylbenz [α] anthracene (7-HMBA) (a), 2-acetylaminofluorene 
(2AAF) (b), and N-hydroxy-2-acetylaminofluorene (N-OH-

2AAF) (c). The figure was created using ISIS/Draw version 2.0.  

 

Scheme 1 — Representation of the schematic pathway of the 
SULT-catalyzed biotransformation of the aromatic amides, 2AAF 
and N-OH-2AAF. 2AAF, 2-acetylaminofluorene; N-OH-2AAF, 
N-hydroxy-2-acetylaminofluorene; Ac, acetyl group; CYP450, 
cytochrome 450; and SULT, sulfotransferase. The scheme was 
created using ISIS/Draw version 2.0. 
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sulfonyloxy esters that readily react with DNA bases. 
One such mutagenic amine is N-hydroxy-2-amino-
alpha-carboline, which is metabolized by SULT1A1 
in the liver, and the metabolite contributes to DNA 
damage in the human tissues50. Dietary chemicals, 
such as estragole51

 and safrole are dependent on 
SULT1A3 catalyzed sulfation for generation of DNA-
adducting species. 

Interestingly, certain procarcinogens are reported to 
induce a suppression of sulfotransferase-gene ex-
pression. For example, 3-methylcholanthrene (3-MC), 
which is a PAH carcinogen, modulates the mRNA 
expression of hydroxysteroid sulfotransferase in 
rats52. Certain hepatic SULT isoforms are responsive 
to phenobarbital with repression of expression 
observed depending on the isoform studied53. 

Similarly, rat hepatic aryl sulfotransferase 
(AST1V/Tyrosine ester sulfotransferase) is 
inactivated by the reactive N-OH-2AAF sulfuric acid 
ester, probably, due to covalent binding through the 
formation of cysteine-2AAF adducts54. This decrease 
in the SULT expression acts as a protective 
mechanism due to which the hepatocytes are able to 
escape the cytotoxic effects of the highly reactive 
2AAF metabolites and progress to cancer47. Another 
detoxification mechanism, which may limit the 
availability of carcinogenic amines for further 
activation and DNA adduct formation, is the NADH-
dependent reductase system, first identified in human 
liver microsomes55. 

Determination of the role of sulfotransferases in the 
bioactivation of the carcinogenic compounds will 
allow future molecular epidemiological studies to 
evaluate the impact of exposure on individual 
susceptibility to human cancers in which the 
compounds may be implicated. 

Cytosolic sulfotransferases and human steroid 

associated cancers 

Reproductive organs are sex steroid-dependent, and 
thus it is logical to presume that malignancies derived 
from these tissues develop under abnormal steroidal 
stimulation. Malignant cellular phenotypes have been 
classified into two groups according to their response 
to sex steroids: sex hormone-dependent and sex 
hormone-independent. For example, DU148 human 
prostate cancer cells are androgen-independent; while, 
LNCaP human prostate cancer cells are androgen-
dependent. Steroid action is attributed primarily to the 
regulation of target genes through nuclear receptor 
binding. This section discusses various aspects of 

sulfotransferase-mediated steroid signaling in human 
steroid- associated cancers. 

Mechanisms responsible for steroid-associated 
cancer pathogenesis are diverse and relatively not 
well defined. Sex hormones have long been 
considered to play a major role in the growth and 
function of human reproductive cancers by virtue of 
their natural role in mediating the differentiation and 
proliferation of these tissues56. Traditional endocrine 
therapy against steroid-dependent cancers of the 
reproductive tract has thus aimed to eliminate 
growth-promoting steroids from the circulation and 
related tissues. Steroid-associated sulfotransferases 
could play regulatory roles in human steroid-
associated cancer development and progression as 
mediators of sex-steroid availability and signaling. 

Most of the breast cancers in their early stages are 
hormone-dependent, where the hormone estrogen 
plays an important role in their progression and 
development. Previous studies have indicated that 
sulfoconjugation to inactive steroids reduces the 
potency of the hormone and thus constitutes a method 
of regulating the overall bioactive levels of steroids 
within human cancer cells. Estrogen receptor positive 
MCF-7 breast cancer cells transfected with SULT1E1 
possess the protein at levels similar to normal human 
mammary epithelial cells and are associated with 
much lower estrogen-stimulated DNA synthesis or 
cell proliferation than control MCF-7 cells that do not 
possess SULT1E157-59. This suggests that loss of 
estrogen sulfotransferase has resulted in altered 
estrogen metabolism in the breast cancer cells. 
Similar clinical studies have also detected SULT1E1 
immunoreactivity in 44% of the human breast 
carcinomas; also, SULT1E1 expression, was inversely 
correlated with tumor size or lymph node status, and 
significantly associated with a decreased risk of 
recurrence or improved prognosis60. Apart from 
SULT1E1, SULT1A1 has also been implicated in 
steroid sulfation in various breast cancer cell lines61,62. 
Estrogen receptor-positive human breast cancer cell 
lines, ZR-75-1 and T-47D, have demonstrated 
SULT1A1 protein expression62, suggesting that this 
enzyme could be contributing to the sulfation of 
estrogens in breast cancer. On the negative side, 
though SULT1A1 has higher affinity for estrogens, its 
affinity for estrogen sulfation is 300-fold lower than 
that of SULT1E1, rendering it less capable to 
physiologically inactivate estrogen61,63. This in turn 
could contribute to the enhanced proliferation of 
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breast cancer cells. However, when the breast cancer 
cells evolve to an estrogen receptor-negative and 
hormone-independent status, in their later stages 
(MDA-MB-468 cells), high levels of estrogen sulfates 
and activity of estrogen sulfotransferase are observed, 
suggesting that there is a modification of estrogen 
metabolism in these cells64,65. Hence, targeting the 
estrogen sulfotransferase activity could open new 
possibilities in the therapy of hormone-independent 
breast cancer. Increasing estrogen sulfation activity 
may thus provide a potential mechanism by which 
stimulation of estrogen-responsive tumors could be 
abrogated. 

Synthetic progestins, such as nomegestrol acetate, 
promegestone, and Medrogestone in low 
concentrations stimulate estrogen sulfotransferase 
expression and also block the proliferation of 
hormone-dependent breast cancer cells64,66,67. 
Similarly, Tibolone and its metabolites exert a 
stimulatory effect on sulfotransferase activity in 
MCF-7 breast cancer cells68. This is an important 
point in the pathophysiology of breast cancer, as it is 
well known that estrogen sulfates are biologically 
inactive. 

SULTs, such as SULT1A1 and SULT1A2 can 
catalyze the sulfate conjugation of catecholestrogens 
(4-hydroxyestrone, 4-hydroxyestradiol)69, and the 
common genetic polymorphisms of these enzymes 
involved in the metabolism of the catecholestrogens 
could represent a risk factor for estrogen-dependent 
carcinogenesis. On the other hand, 2-methoxy-
estradiol, a non-estrogenic, endogenous metabolite of 
estrogen, has an anticarcinogenic effect in estrogen-
dependent breast tumours.  Recent studies have 
shown that SULT1A1 may have a specific role in 
reversing the antiproliferative effects of 2-
methoxyestradiol by catalyzing its sulfonation70. 
Further exploration of this correlation between 
SULT1A1 activity and 2-methoxyestradiol’s effects 
can serve to improve clinical applications in breast 
cancer. 

Androgens have a significant role in the 
pathophysiology of prostate cancer. DHEA, from the 
adrenal cortex, is an important precursor for androgen 
biosyntheis in the prostate gland. There are 
discrepancies concerning sulfotransferase activities in 
prostate cancer. Some studies have indicated that 
variation in SULT1A1 alleles and the SULT1A1 
catalyzed activation of dietary heterocyclic amines 
can contribute to prostate cancer risk71; whereas, 

others have supported no such association72. Chan and 
coworkers have reported that transfection with 
SULT2A1 is able to alter the androgen sensitivity of 
PC-3 human prostate cancer cells73. SULT2B1 and its 
two transcripts, 2B1a and 2B1b, which catalyze the 
sulfation of DHEA, an androgen precursor, are highly 
expressed in the human prostate74-75. It is possible that 
SULT2B1 may be responsible for conjugating DHEA 
in the prostate cells, thus   preventing its conversion to 
potent androgens. Hence, polymorphisms within the 
SULT2B1 gene may represent risk factors for the 
development of androgen-dependent prostate tumors. 

More cell biological studies are needed to unveil 
the regulatory roles of cytosolic sulfotransferases in 
mediation of the human steroid associated cancer cell 
growth in response to steroid signaling. 

Sulfotransferase inhibitors- Drug targets 

Sulfotransferases have been linked with several 
disease states, prompting investigators to look for 
specific SULT inhibitors. So far, compounds, such as 
environmental toxins [Polyhalogenated aromatic 
hydrocarbons (PHAH) and Polychlorinated biphenols 
(PCBs)], bisubstrate analogues, which inhibit both 
PAPS and substrate binding domains of SULTs), ATP 
derivatives and ADP analogs, which mimic end 
products of the SULT reaction), and natural products, 
such as estrogen derivatives have been studied as 
inhibitors. Most of the compounds were investigated 
with respect to estrogen sulfotransferase, which is the 
most widely studied cytosolic SULT. 

Hydroxylated metabolites of polyhalogenated 
aromatic hydrocarbons and polychlorinated biphenols 
act as endocrine disrupting chemicals by increasing 
the local bioavailability of estrogen through inhibition 
of SULT1E1 in target tissues76,77. It has been observed 
that these compounds have a higher affinity (Km = 
4nM) for human SULT1E1 than its cognate substrate, 
estradiol (Km = 5nM), and can bind either to the active 
site or allosteric site on the enzyme. Analogues of 
adenine and PAPS with covalently bound estrogen 
groups have high Ki for bovine adrenal estrogen 
sulfotransferase78. These analogues show competitive 
inhibition for both PAPS and substrate binding sites. 
Bisubstrate analogues containing covalently bound 
PAPS and sulfate-acceptor mimetics are also 
developed as inhibitors of SULT1E179,80; however, 
these compounds display competitive inhibition only 
with respect to PAPS but not the substrate. Another 
class of inhibitors that warrant more robust studies is 
the ADP analogs, which facilitate the inhibition of 
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bovine estrogen sulfotransferase81. Inhibitors for other 
SULTs have also been looked upon. For example, 
flavonoids, such as quercetin cause a specific non-
competitive inhibition of SULT1A182; however, the 
structural requirements of this inhibition are not yet 
known. Aryl-substituted purine derivatives have been 
screened for their activity against rat aryl 
sulfotransferase (AST1V)83. The hepatic procarcino-
gen, N-OH-2AAF, also causes a PAPS-dependent, 
self-catalyzed, irreversible inactivation of rat hepatic 
aryl sulfotransferase84. Dietary chemicals from red 
wine, coffee and green tea also act as inhibitors of 
SULTs, such as SULT1A1 and SULT1A3 in the 
gastrointestinal tract, and may be function as natural 
chemoprotectants85. 

Closing remarks 

Interest in the field of sulfotransferases is 
expanding because of the potential regulatory 
importance of this class of phase II enzymes. 
Although in vitro, molecular, crystallization studies 
have provided a great deal of insight, further studies 
are still required if potent and specific inhibitors are to 
be designed for therapeutic use. Also the current 
approach to the design of SULT inhibitors has to 
change as it is focuses mostly on the mechanism of 
the reaction rather than on drug development. More 
investigation is required in order to understand the 
relation between cytosolic and membrane-associated 
sulfotransferases. Also understanding SULT gene 
regulation is an important future goal- this would 
elucidate valued information on the physiological 
function of SULTs, and may serve as a window to 
establish the role of SULTs in disease processes in 
humans. 

It is hence likely that as additional functions of 
SULTs will continue to emerge, their prominence as 
targets of therapeutic interest will increase further. 

Acknowledgement 

We would like to thank Dr Melissa Runge-Morris, 
Associate professor, Institute of Environmental 
Health Sciences (Wayne State University), for 
her expert suggestions. We also acknowledge 
Mr Abhijeet Rao (Department of English, Iowa State 
University), for his assistance in preparation of this 
manuscript. 

References 

1 Baumann E, Pflügers Arch Physiol, 12 (1876) 69. 

2 Jakoby W B & Ziegler D M, The enzymes of detoxication, J 

Biol Chem, 265 (1990) 20715. 

3 Falany C N, Sulfation and sulfotransferases. Introduction: 
changing view of sulfation and the cytosolic 
sulfotransferases, Faseb J, 11 (1997) 1. 

4 Glatt H, Boeing H, Engelke C E, Ma L, Kuhlow A, Pabel U, 
Pomplun D, Teubner W & Meinl W, Human cytosolic 
sulphotransferases: genetics, characteristics, toxicological 
aspects, Mutat Res, 482 (2001) 27. 

5 Weinshilboum R M, Otterness D M, Aksoy I A, Wood T C, 
Her C & Raftogianis R B, Sulfation and sulfotransferases 1: 
Sulfotransferase molecular biology: cDNAs and genes, 
Faseb J, 11 (1997) 3. 

6 Jakoby W B, Sekura R D, Lyon E S, Markus C J & Wang J 
L, Sulfotransferases, in Enzymatic Basis of 

Detoxication(Academic Press, New York) 1980, 199. 

7 Mulder G J, Sulfation: Metabolic aspects, in Progress in 

Drug Metabolism(Taylor & Francis, Ltd., London) 1984, 35. 

8 Klaassen C D & Boles J W, Sulfation and sulfotransferases 
5: the importance of 3'-phosphoadenosine 5'-phosphosulfate 
(PAPS) in the regulation of sulfation, Faseb J, 11 (1997) 
404. 

9 Nagata K & Yamazoe Y, Pharmacogenetics of sulfo-
transferase, Annu Rev Pharmacol Toxicol, 40 (2000) 159. 

10 Blanchard R L, Freimuth R R, Buck J, Weinshilboum R M 
& Coughtrie M W, A proposed nomenclature system for the 
cytosolic sulfotransferase (SULT) superfamily, Pharma-

cogenetics, 14 (2004) 199. 

11 Lin Z, Lou Y & Squires J E, Molecular cloning and 
functional analysis of porcine SULT1A1 gene and its 
variant: a single mutation SULT1A1 causes a significant 
decrease in sulfation activity, Mamm Genome, 15 (2004) 
218. 

12 Rossi A M, Maggini V, Fredianelli E, Di Bello D, 
Pietrabissa A, Mosca F, Barale R & Pacifici G M, 
Phenotype-genotype relationships of SULT1A1 in human 
liver and variations in the IC50 of the SULT1A1 inhibitor 
quercetin, Int J Clin Pharmacol Ther, 42 (2004) 561. 

13 Langsenlehner U, Krippl P, Renner W, Yazdani-Biuki B, 
Eder T, Wolf G, Wascher T C, Paulweber B, Weitzer W & 
Samonigg H, Genetic variants of the sulfotransferase 1A1 
and breast cancer risk, Breast Cancer Res Treat, 87 (2004) 
19. 

14 Moreno V, Glatt H, Guino E, Fisher E, Meinl W, Navarro 
M, Badosa J M & Boeing H, Polymorphisms in 
sulfotransferases SULT1A1 and SULT1A2 are not related to 
colorectal cancer, Int J Cancer, 113 (2005) 683. 

15 Thomae B A, Eckloff B W, Freimuth R R, Wieben E D & 
Weinshilboum R M, Human sulfotransferase SULT2A1 
pharmacogenetics: genotype-to-phenotype studies, Pharma-

cogenomics J, 2 (2002) 48. 

16 Ozawa S, Shimizu M, Katoh T, Miyajima A, Ohno Y, 
Matsumoto Y, Fukuoka M, Tang Y M, Lang N P & 
Kadlubar F F, Sulfating-activity and stability of cDNA-
expressed allozymes of human phenol sulfotransferase, 
ST1A3*1 ((213)Arg) and ST1A3*2 ((213)His), both of 
which exist in Japanese as well as Caucasians, J Biochem 

(Tokyo), 126 (1999) 271. 

17 Nash A R, Glenn W K, Moore S S, Kerr J, Thompson A R 
& Thompson E O, Oestrogen sulfotransferase: molecular 
cloning and sequencing of cDNA for the bovine placental 
enzyme, Aust J Biol Sci, 41 (1988) 507. 



INDIAN J EXP BIOL,  MARCH 2006 
 
 

180

18 Watabe T, Ishizuka T, Isobe M & Ozawa N, A 7-
hydroxymethyl sulfate ester as an active metabolite of 7,12-
dimethylbenz[alpha]anthracene, Science, 215 (1982) 403. 

19 Abu-Zeid M, Yamazoe Y & Kato R, Sulfotransferase-
mediated DNA binding of N-hydroxyarylamines(amide) in 
liver cytosols from human and experimental animals, 
Carcinogenesis, 13 (1992) 1307. 

20 Kiehlbauch C C, Lam Y F & Ringer D P, Homodimeric and 
heterodimeric aryl sulfotransferases catalyze the sulfuric 
acid esterification of N-hydroxy-2-acetylaminofluorene, J 

Biol Chem, 270 (1995) 18941. 

21 Chou H C, Lang N P & Kadlubar F F, Metabolic activation 
of N-hydroxy arylamines and N-hydroxy heterocyclic 
amines by human sulfotransferase(s), Cancer Res, 55 (1995) 
525. 

22 Pedersen L C, Petrotchenko E V & Negishi M, Crystal 
structure of SULT2A3, human hydroxysteroid sulfo-
transferase, FEBS Lett, 475 (2000) 61. 

23 Pedersen L C, Petrotchenko E, Shevtsov S & Negishi M, 
Crystal structure of the human estrogen sulfotransferase-
PAPS complex: evidence for catalytic role of Ser137 in the 
sulfuryl transfer reaction, J Biol Chem, (2002) 17928. 

24 Rehse P H, Zhou M & Lin S X, Crystal structure of human 
dehydroepiandrosterone sulphotransferase in complex with 
substrate, Biochem J, 364 (2002) 165. 

25 Dajani R, Cleasby A, Neu M, Wonacott A J, Jhoti H, Hood 
A M, Modi S, Hersey A, Taskinen J, Cooke R M, Manchee 
G R & Coughtrie M W, X-ray crystal structure of human 
dopamine sulfotransferase, SULT1A3. Molecular modeling 
and quantitative structure-activity relationship analysis 
demonstrate a molecular basis for sulfotransferase substrate 
specificity, J Biol Chem, 274 (1999) 37862. 

26 Gamage N U, Duggleby R G, Barnett A C, Tresillian M, 
Latham C F, Liyou N E, McManus M E & Martin J L, 
Structure of a human carcinogen-converting enzyme, 
SULT1A1. Structural and kinetic implications of substrate 
inhibition, J Biol Chem, 278 (2003) 7655. 

27 Lee K A, Fuda H, Lee Y C, Negishi M, Strott C A & 
Pedersen L C, Crystal structure of human cholesterol 
sulfotransferase (SULT2B1b) in the presence of 
pregnenolone and 3'-phosphoadenosine 5'-phosphate. 
Rationale for specificity differences between prototypical 
SULT2A1 and the SULT2BG1 isoforms, J Biol Chem, 278 
(2003) 44593. 

28 Kakuta Y, Pedersen L G, Carter C W, Negishi M & 
Pedersen L C, Crystal structure of estrogen sulphotrans-
ferase, Nat Struct Biol, 4 (1997) 904. 

29 Pakhomova S, Kobayashi M, Buck J & Newcomer M E, A 
helical lid converts a sulfotransferase to a dehydratase, Nat 

Struct Biol, 8 (2001) 447. 

30 Raman R, Myette J, Venkataraman G, Sasisekharan V & 
Sasisekharan R, Identification of structural motifs and amino 
acids within the structure of human heparan sulfate 3-O-
sulfotransferase that mediate enzymatic function, Biochem 

Biophys Res Commun, 290 (2002) 1214. 

31 Kakuta Y, Pedersen L G, Pedersen L C & Negishi M, 
Conserved structural motifs in the sulfotransferase family, 
Trends Biochem Sci, 23 (1998) 129. 

32 Liu M C, Suiko M & Sakakibara Y, Mutational analysis of 
the substrate binding/catalytic domains of human M form 
and P form phenol sulfotransferases, J Biol Chem, 275 
(2000) 13460. 

33 Kakuta Y, Petrotchenko E V, Pedersen L C & Negishi M, 
The sulfuryl transfer mechanism. Crystal structure of a 
vanadate complex of estrogen sulfotransferase and 
mutational analysis, J Biol Chem, 273 (1998) 27325. 

34 Driscoll W J, Komatsu K & Strott C A, Proposed active site 
domain in estrogen sulfotransferase as determined by 
mutational analysis, Proc Natl Acad Sci U S A, 92 (1995) 
12328. 

35 Banoglu E & Duffel M W, Studies on the interactions of 
chiral secondary alcohols with rat hydroxysteroid 
sulfotransferase STa, Drug Metab Dispos, 25 (1997) 1304. 

36 Sheng J J & Duffel M W, Enantioselectivity of human 
hydroxysteroid sulfotransferase ST2A3 with naphthyl-1-
ethanols, Drug Metab Dispos, 31 (2003) 697. 

37 Sakakibara Y, Takami Y, Nakayama T, Suiko M & Liu M 
C, Localization and functional analysis of the substrate 
specificity/catalytic domains of human M-form and P-form 
phenol sulfotransferases, J Biol Chem, 273 (1998) 6242. 

38 Dajani R, Hood A M & Coughtrie M W, A single amino 
acid, glu146, governs the substrate specificity of a human 
dopamine sulfotransferase, SULT1A3, Mol Pharmacol, 54 
(1998) 942. 

39 Brix L A, Barnett A C, Duggleby R G, Leggett B & 
McManus M E, Analysis of the substrate specificity of 
human sulfotransferases SULT1A1 and SULT1A3: site-
directed mutagenesis and kinetic studies, Biochemistry, 38 
(1999) 10474. 

40 Shevtsov S, Petrotchenko E V, Pedersen L C & Negishi M, 
Crystallographic analysis of a hydroxylated polychlorinated 
biphenyl (OH-PCB) bound to the catalytic estrogen binding 
site of human estrogen sulfotransferase, Environ Health 

Perspect, 111 (2003) 884. 

41 Fuda H, Lee Y C, Shimizu C, Javitt N B & Strott C A, 
Mutational analysis of human hydroxysteroid sulfotrans-
ferase SULT2B1 isoforms reveals that exon 1B of the 
SULT2B1 gene produces cholesterol sulfotransferase, 
whereas exon 1A yields pregnenolone sulfotransferase, J 

Biol Chem, 277 (2002) 36161. 

42 Petrotchenko E V, Pedersen L C, Borchers C H, Tomer K B 
& Negishi M, The dimerization motif of cytosolic 
sulfotransferases, FEBS Lett, 490 (2001) 39. 

43 Duffel M W, Sulfotransferases, in Comprehensive 

Toxicology (Elsevier, Oxford) 1997, 365. 

44 Heflich R H & Neft R E, Genetic toxicity of 2-
acetylaminofluorene, 2-aminofluorene and some of their 
metabolites and model metabolites, Mutat Res, 318 (1994) 
73. 

45 Sakakibara Y, Yanagisawa K, Katafuchi J, Ringer D P, 
Takami Y, Nakayama T, Suiko M & Liu M C, Molecular 
cloning, expression, and characterization of novel human 
SULT1C sulfotransferases that catalyze the sulfonation of 
N-hydroxy-2-acetylaminofluorene, J Biol Chem, 273 (1998) 
33929. 

46 Lewis A J, Otake Y, Walle U K & Walle T, Sulphonation of 
N-hydroxy-2-acetylaminofluorene by human dehydroe-



NIMMAGADDA et al.:  CYTOSOLIC SULFOTRANSFERASES 
 
 

181

piandrosterone sulphotransferase, Xenobiotica, 30 (2000) 
253. 

47 Ringer D P, Norton T R & Howell B A, 2-
Acetylaminofluorene-mediated alteration in the level of liver 
arylsulfotransferase IV during rat hepatocarcinogenesis, 
Cancer Res, 50 (1990) 5301. 

48 Nimmagadda D, Greiff A, Gustad T & Sheng J, 
Overexpression of hydroxysteroid sulfotransferase 

SULT2A1 enhances the cytotoxicity of N-hydroxy-2-

acetylaminofluorene in human embryonic kidney 293 cells, 
poster presented at Experimental Biology 2005 and XXXV 
International Congress of Physiological Sciences, San 
Diego, California, 30 March-5 April, 2005. 

49 Fiala E S, Sodum R S, Hussain N S, Rivenson A & Dolan L, 
Secondary nitroalkanes: induction of DNA repair in rat 
hepatocytes, activation by aryl sulfotransferase and 
hepatocarcinogenicity of 2-nitrobutane and 3-nitropentane in 
male F344 rats, Toxicology, 99 (1995) 89. 

50 King R S, Teitel C H & Kadlubar F F, In vitro bioactivation 
of N-hydroxy-2-amino-alpha-carboline, Carcinogenesis, 21 
(2000) 1347. 

51 Wakazono H, Gardner I, Eliasson E, Coughtrie M W, Kenna 
J G & Caldwell J, Immunochemical identification of hepatic 
protein adducts derived from estragole, Chem Res Toxicol, 
11 (1998) 863. 

52 Runge-Morris M & Wilusz J, Suppression of hydroxysteroid 
sulfotransferase-a gene expression by 3-methylcholanthrene, 
Toxicol Appl Pharmacol, 125 (1994) 133. 

53 Runge-Morris M, Rose K, Falany C N & Kocarek T A, 
Differential regulation of individual sulfotransferase 
isoforms by phenobarbital in male rat liver, Drug Metab 

Dispos, 26 (1998) 795. 

54 Ringer D P, Norton T R & Self R R, Reaction product 
inactivation of aryl sulfotransferase IV following 
electrophilic substitution by the sulfuric acid ester of N-
hydroxy-2-acetylaminofluorene, Carcinogenesis, 13 (1992) 
107. 

55 King R S, Teitel C H, Shaddock J G, Casciano D A & 
Kadlubar F F, Detoxification of carcinogenic aromatic and 
heterocyclic amines by enzymatic reduction of the N-
hydroxy derivative, Cancer Lett, 143 (1999) 167. 

56 Coffey D S, Androgen action and the sex accessory tissues, 
The physiology of reproduction, (Raven Press, New York), 
1988, 1081–1119. 

57 Falany J L, Macrina N & Falany C N, Regulation of MCF-7 
breast cancer cell growth by beta-estradiol sulfation, Breast 

Cancer Res Treat, 74 (2002) 167. 

58 Falany J L & Falany C N, Regulation of estrogen activity by 
sulfation in human MCF-7 breast cancer cells, Oncol Res, 9 
(1997) 589. 

59 Qian Y, Deng C & Song W C, Expression of estrogen 
sulfotransferase in MCF-7 cells by cDNA transfection 
suppresses the estrogen response: potential role of the 
enzyme in regulating estrogen-dependent growth of breast 
epithelial cells, J Pharmacol Exp Ther, 286 (1998) 555. 

60 Suzuki T, Miki Y, Nakata T, Shiotsu Y, Akinaga S, Inoue K, 
Ishida T, Kimura M, Moriya T & Sasano H, Steroid 
sulfatase and estrogen sulfotransferase in normal human 

tissue and breast carcinoma, J Steroid Biochem Mol Biol, 86 
(2003) 449. 

61 Falany J L, Lawing L & Falany C N, Identification and 
characterization of cytosolic sulfotransferase activities in 
MCF-7 human breast carcinoma cells, J Steroid Biochem 

Mol Biol, 46 (1993) 481. 

62 Falany J L & Falany C N, Expression of cytosolic 
sulfotransferases in normal mammary epithelial cells and 
breast cancer cell lines, Cancer Res, 56 (1996) 1551. 

63 Falany C N, Wheeler J, Oh T S & Falany J L, Steroid 
sulfation by expressed human cytosolic sulfotransferases, J 

Steroid Biochem Mol Biol, 48 (1994) 369. 

64 Chetrite G, Le Nestour E & Pasqualini J R, Human estrogen 
sulfotransferase (hEST1) activities and its mRNA in various 
breast cancer cell lines. Effect of the progestin, 
promegestone (R-5020), J Steroid Biochem Mol Biol, 66 
(1998) 295. 

65 Pasqualini J R, Chetrite G, Nguyen B L, Maloche C, 
Delalonde L, Talbi M, Feinstein M C, Blacker C, Botella J 
& Paris J, Estrone sulfate-sulfatase and 17 beta-
hydroxysteroid dehydrogenase activities: a hypothesis for 
their role in the evolution of human breast cancer from 
hormone-dependence to hormone-independence, J Steroid 

Biochem Mol Biol, 53 (1995) 407. 

66 Chetrite G S, Ebert C, Wright F, Philippe A C & Pasqualini 
J R, Control of sulfatase and sulfotransferase activities by 
medrogestone in the hormone-dependent MCF-7 and T-47D 
human breast cancer cell lines, J Steroid Biochem Mol Biol, 
70 (1999) 39. 

67 Chetrite G S, Paris J, Shields-Botella J, Philippe J C & 
Pasqualini J R, Effect of nomegestrol acetate on human 
estrogen sulfotransferase activity in the hormone-dependent 
MCF-7 and T-47D breast cancer cell lines, Anticancer Res, 
23 (2003) 4651. 

68 Chetrite G S, Kloosterboer H J, Philippe J C & Pasqualini J 
R, Effect of Org OD14 (LIVIAL) and its metabolites on 
human estrogen sulphotransferase activity in the hormone-
dependent MCF-7 and T-47D, and the hormone-independent 
MDA-MB-231, breast cancer cell lines, Anticancer Res, 19 
(1999) 269. 

69 Adjei A A & Weinshilboum R M, Catecholestrogen 
sulfation: possible role in carcinogenesis, Biochem Biophys 

Res Communi, 292 (2002) 402. 

70 Spink B C, Katz B H, Hussain M M, Pang S, Connor S P, 
Aldous K M, Gierthy J F & Spink D C, SULT1A1 catalyzes 
2-methoxyestradiol sulfonation in MCF-7 breast cancer 
cells, Carcinogenesis, 21 (2000) 1947. 

71 Nowell S, Ratnasinghe D L, Ambrosone C B, Williams S, 
Teague-Ross T, Trimble L, Runnels G, Carrol A, Green B, 
Stone A, Johnson D, Greene G, Kadlubar F F & Lang N P, 
Association of SULT1A1 phenotype and genotype with 
prostate cancer risk in African-Americans and Caucasians, 
Cancer Epidemiol Biomarkers Prev, 13 (2004) 270. 

72 Steiner M, Bastian M, Schulz W A, Pulte T, Franke K H, 
Rohring A, Wolff J M, Seiter H & Schuff-Werner P, Phenol 
sulphotransferase SULT1A1 polymorphism in prostate 
cancer: lack of association, Arch Toxicol, 74 (2000) 222. 

73 Chan J, Song C S, Matusik R J, Chatterjee B & Roy A K, 
Inhibition of androgen action by dehydroepiandrosterone 



INDIAN J EXP BIOL,  MARCH 2006 
 
 

182

sulfotransferase transfected in PC-3 prostate cancer cells, 
Chem Biol Interact, 109 (1998) 267. 

74 He D, Meloche C A, Dumas N A, Frost A R & Falany C N, 
Different subcellular localization of sulphotransferase 2B1b 
in human placenta and prostate, Biochem J, 379 (2004) 533. 

75 Meloche C A & Falany C N, Expression and 
characterization of the human 3 beta-hydroxysteroid 
sulfotransferases (SULT2B1a and SULT2B1b), J Steroid 

Biochem Mol Biol, 77 (2001) 261. 

76 Kester M H, Bulduk S, Tibboel D, Meinl W, Glatt H, Falany 
C N, Coughtrie M W, Bergman A, Safe S H, Kuiper G G, 
Schuur A G, Brouwer A & Visser T J, Potent inhibition of 
estrogen sulfotransferase by hydroxylated PCB metabolites: 
a novel pathway explaining the estrogenic activity of PCBs, 
Endocrinology, 141 (2000) 1897. 

77 Kester M H, Bulduk S, van Toor H, Tibboel D, Meinl W, 
Glatt H, Falany C N, Coughtrie M W, Schuur A G, Brouwer 
A & Visser T J, Potent inhibition of estrogen 
sulfotransferase by hydroxylated metabolites of 
polyhalogenated aromatic hydrocarbons reveals alternative 
mechanism for estrogenic activity of endocrine disrupters, J 

Clin Endocrinol Metab, 87 (2002) 1142. 

78 Iyer V K, Butler W B, Horwitz J P, Rozhin J, Brooks S C, 
Corombos J & Kessel D, Some adenine and adenosine 
methylene-bridged estrogens, J Med Chem, 26 (1983) 162. 

79 Armstrong J I, Ge X, Verdugo D E, Winans K A, Leary J A 
& Bertozzi C R, A library approach to the generation of 
bisubstrate analogue sulfotransferase inhibitors, Org Lett, 3 
(2001) 2657. 

80 Armstrong J I, Verdugo D E & Bertozzi C R, Synthesis of a 
bisubstrate analogue targeting estrogen sulfotransferase, J 

Org Chem, 68 (2003) 170. 

81 Horwitz J P, Misra R S, Rozhin J, Neenan J P, Huo A, 
Godefroi V C, Philips K D, Chung H L, Butke G & Brooks 
S C, IV. Synthesis and assay of analogs of adenosine 3',5'-
diphosphate as inhibitors of bovine adrenal estrogen 
sulfotranferase, Biochim Biophys Acta, 525 (1978) 364. 

82 Walle T, Eaton E A & Walle U K, Quercetin, a potent and 
specific inhibitor of the human P-form 
phenosulfotransferase, Biochem Pharmacol, 50 (1995) 731. 

83 Burkart M D & Wong C H, A continuous assay for the 
spectrophotometric analysis of sulfotransferases using aryl 
sulfotransferase IV, Anal Biochem, 274 (1999) 131. 

84 Mangold B L, Erickson J, Lohr C, McCann D J & Mangold 
J B, Self-catalyzed irreversible inactivation of rat hepatic 
aryl sulfotransferase IV by N-hydroxy-2-
acetylaminofluorene, Carcinogenesis, 11 (1990) 1563. 

85 Coughtrie M W & Johnston L E, Interactions between 
dietary chemicals and human sulfotransferases-molecular 
mechanisms and clinical significance, Drug Metab Dispos, 
29 (2001) 522. 

 

 


