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Abstract
Sulfotransferases (SULTs) are enzymes that catalyze the sulfation of hydroxyl-containing
compounds. Sulfation regulates hormone activities and detoxifies xenobiotics. Human estrogen
sulfotransferase (hSULT1E1) catalyzes the sulfation of estrogens and regulates estrogen
bioactivities. Oxidative regulation provides a biological mechanism for regulating enzyme activities
in vivo. The oxidative regulation of human SULTs has not been reported. In this study, we used
amino acid modification, manipulation of intracellular redox state, and site-directed mutagenesis to
study the redox regulation of human SULTs and specifically the mechanism of hSULT1E1 inhibitory
regulation by oxidized glutathione (GSSG). Of the four major human SULTs, hSULT1A1,
hSULT1A3, and hSULT2A1 do not undergo redox regulation; hSULT1E1, on the other hand, can
be redox regulated. GSSG inactivated hSULT1E1 activity in an efficient, time- and concentration-
dependant manner. The co-enzyme adenosine 3′-phosphate 5′-phosphosulfate protected hSULT1E1
from GSSG-associated inactivation. A reduced glutathione (GSH) inducer (N-acetyl cysteine)
significantly increased while a GSH depletor (buthionine sulfoxamine) significantly decreased
hSULT1E1 activity, but both failed to affect the amount of hSULT1E1 protein in human hepatocyte
carcinoma Hep G2 cells. Crystal structure suggested that no Cys residues exist near the active sites
of hSULT1A1, hSULT1A3, and hSULT2A1, but Cys residues do exist within the active site of
hSULT1E1. Site-directed mutagenesis demonstrated that Cys83 is critical for the redox regulation
of hSULT1E1. This first report on the redox regulation of human SULTs suggests that the redox
regulation of hSULT1E1 may interrupt the regulation and function of estrogens under various
physiological and pathological conditions.
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1. INTRODUCTION
Sulfotransferases (SULTs) are enzymes that catalyze the sulfation (sulfonation) of hydroxyl-
containing compounds [1,2]. The universal sulfuryl group donor (co-substrate) for SULT-
catalyzed sulfation is adenosine 3′-phosphate 5′-phosphosulfate (PAPS). The reaction products
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are a sulfated product and adenosine 3′, 5′-diphosphate (PAP). One of the main biological
functions of SULTs is the regulation of various hormones [3]. Many of the endogenous
hormones are substrates for different SULT isoforms [4]. Sulfation usually leads to the
inactivation of hormones, as the sulfated forms of hormones are usually unable to bind to
receptors [5]. Sulfated hormones could also be used for transport or storage of bioactive
hormones [3].

SULTs also catalyze the sulfation of many structurally diverse drugs, carcinogens, and other
xenobiotics. The substrate specificities of many SULTs are very broad [6]. Most hydroxyl
groups in phenols, alcohols, and N-substituted hydroxylamines function as substrates for given
cytosolic SULT isoforms. Sulfation of drugs and xenobiotics is primarily associated with
detoxification by which a relatively hydrophobic xenobiotic is biotransformed into a more
water-soluble sulfuric ester, which in turn is readily excreted. However, there are numerous
important exceptions wherein the formation of chemically reactive sulfuric esters is an essential
step in metabolic pathways leading to toxic or carcinogenic bioactivation [6]. Detoxification
or bioactivation depends on the chemical properties of the sulfated product.

Human SULT1E1 (hSULT1E1) catalyzes the sulfation of estrone and estradiol with extremely
high efficiency. Sulfation is believed to be involved in the inactivation of estrogens in target
tissues [7]. Sulfation of active 17β-estradiol (E2) forms inactive estradiol sulfate, which can
be reactivated following desulfation by estrogen sulfatase [8].

The cytoplasm is a highly reducing environment (containing millimolar levels of GSH) in
which protein cysteine residues are maintained primarily in their thiol state [9]. Redox
modification of Cys residues of an enzyme provides a mechanism for regulating enzyme
activity [10]. Proteins can be S-glutathionylated [11] or S-nitrosylated [12], especially during
oxidative stress. Oxidative stress is involved in the pathogenesis of various degenerative
diseases, including cancer [13]. Oxidative stress may be involved in breast cancer, and high
levels of GSH is associated with a favorable outcome and good prognosis, whereas low levels
of GSH is associated with more aggressive or more advanced disease [14].

Many factors, including clinical oxygen treatment, chemical (toxicants) stress, physical stress,
aging, virus infection, and different pathological conditions, can cause oxidative stress.
Reactive oxygen species (ROS) and reactive nitrogen species (RNS) can modify thiol bonds
that affect a protein’s function [15]. Oxidative stress is a well-known cause of changes in
GSSG/GSH ratios and levels in vivo [10]. S-glutathionylation regulates the activity of various
enzymes [16,17], although no data has been reported regarding in vivo SULT regulation. Only
in vitro redox regulation using E. coli-expressed rat aryl sulfotransferase IV (AST-IV or
rSULT1A1) has been reported [18]. Our recent work [19,20] demonstrated that hyperoxia,
physical stress, and chemical (parathion) stress regulate rSULT1A1 enzyme activity in vivo.
Our in vitro redox regulation mechanism studies suggest that rSULT1A1 oxidative regulation
occurs through Cys thiol modification. Oxidative stress that occurs in various pathological
conditions may significantly alter SULT enzymatic activity, leading to changes in hormone
regulation and xenobiotic drug detoxification/metabolism. Thus, it is important to understand
the oxidative regulation of human SULTs and its mechanisms.

To the best of our knowledge, oxidative regulation of human SULTs has not been reported. In
the present investigation, we used human liver cytosol and purified recombinant human SULTs
to study the effect of GSSG on human SULT activity. We applied either a GSH inducer (N-
acetyl cysteine [NAC]) or a GSH depletor (buthionine sulfoxamine [BSO]) to human
hepatocyte carcinoma (Hep G2 cells) to test how varying intracellular GSH levels affect
hSULT1E1 enzymatic activity. These results, as well as site-directed mutagenesis studies we
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report here, clearly reveal that hSULT1E1 activity can be regulated by redox modification of
its cysteine residues.

2. METHODS AND MATERIALS
2.1 Materials

Ampicillin,17β-estradiol (E2), 3′-phosphoadenosine-5′-phosphosulfate (PAPS), dithiothreitol,
buthionine sulfoxamine (BSO), N-acetylcysteine (NAC), dithiobis-2-nitrobenzoic acid
(DTNB), reduced glutathione (GSH), and oxidized glutathione (GSSG) were purchased from
Sigma. SDS-polyacrylamide gel electrophoresis reagents were purchased from Bio-Rad
(Hercules, CA). Western blot chemiluminescence reagent kits (Super Signal West Pico Stable
Peroxide and Super Signal West Pico Luminol/Enhancer solutions) were purchased from
Pierce Chemical (Rockford, IL). Nitrocellulose membranes (Immobilon-P; Millipore
Corporation, Bedford, MA) were purchased from Fisher Scientific Co. (Fair Lawn, NJ). Protein
assay reagent was purchased from Bio-Rad. All other reagents and chemicals were of the
highest analytical grade available.

2.2 hSULT1E1 Enzyme Activity Assay
hSULT1E1 activities in human liver cytosol, Hep G2 cell cytosol, bacterial cytosol (50μg
protein from each) and in purified enzyme (3μg protein) were determined by the radioactive
assay method [21–24]. [3H]E2 (0.9 Ci/mmol; 0.15μM final concentration) was used as substrate
for the reaction. For all assays, 20μM PAPS was used in a total of 250μl reaction mixture
containing 50 mM Tris buffer (pH 6.2). After a 30-min incubation in a shaking water bath (37°
C), the reaction was stopped by adding 250μl of 0.25 M Tris (pH 8.7). Extraction was performed
twice by adding 0.5 ml of water-saturated chloroform each time. After the final extraction,
100μl of aqueous phase was used for scintillation counting. The data collected from the
enzymatic assay from each protein source were the average of results obtained from three
independent experiments.

2.3 hSULT1E1 Inactivation by GSSG
Samples containing either human liver cytosol (final concentration, 1.0 mg/ml) or purified
hSULT1E1 (final concentration, 0.1 mg/ml) were incubated in Tris buffer (pH 6.2) at room
temperature with various concentrations of GSSG for different durations, as indicated in the
figures. Aliquots (50μl) of the mixture were used to determine E2 sulfation (hSULT1E1)
activity as described above. The proper control experiments were performed by adding an equal
volume of water.

2.4 Western Blot Analysis of hSULT1E1 Protein
Cytosol protein from Hep G2 cells (10μg) and SULT1E1 expressed in bacterial cytosol (1 or
5μg) were subjected to electrophoresis on 12% polyacrylamide gels (Novex, San Diego, CA)
[23] at 200 V for about 45 minutes. Separated proteins were electro-transferred onto
nitrocellulose membranes at a voltage of 30 V overnight. Membranes were blocked in TBST
(50 mM Tris [pH 7.5], 150 mM NaCl, 0.05% Tween-20) containing 5% dried milk for 1 h on
a shaker at room temperature. After blocking, membranes were incubated with rabbit anti-
hSULT1E1 (1:2000) (PanVera, Madison, WI) in TBST containing 5% dried milk for 2 h on a
shaker at room temperature. After incubation, membranes were washed with TBST containing
5% dried milk for 4 × 15 min and incubated in secondary antibody (horseradish peroxidase-
conjugated Immuno-Pure goat anti-rabbit IgG; H+L) at a dilution of 1:5000 in the same buffer
for 2 h. The membranes were washed with the same buffer for 4 × 15 min and then with TBS
for 3 × 5 min. Fluorescent bands were developed with 1 ml of substrate containing the same
volume of each Super Signal West Pico Luminol Enhancer solution and Super Signal West

Maiti et al. Page 3

Biochem Pharmacol. Author manuscript; available in PMC 2007 August 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Pico Stable Peroxidase solution at room temperature for 5 min. The X-ray films were exposed
to the membrane and then developed. Films were scanned and densitometric analyses were
performed with a Gel Documentation and Analysis System from Advanced American
Biotechnology and with AAB software (Fullerton, CA).

2.5 Effects of NAC and BSO on hSULT1E1 Catalytic Activity and GSH Level in Hep G2 Cells
Hep G2 cells were obtained from American Type Culture Collection (Manassas, VA). Cells
were grown and maintained in Dulbecco’s Modified Eagles’s Medium Nutrient Mixture F-12
Ham (Sigma) supplemented with L-glutamine and 15 mM HEPES, and 10% fetal bovine
serum. On day 0, cells were seeded in 100-cm2 dishes at a density of 1.0×105 cells per dish.
The cultures were incubated at 37°C in a humidified incubator containing 5% CO2 and 95%
air. On day 1, various concentrations of NAC (0, 1, 3, or 10 mM final concentrations in normal
medium) or various concentrations of BSO (0, 0.05, 0.15, or 0.5 mM final concentrations in
normal medium) were added to the properly marked dishes. On day 6, cells were harvested
using 0.25% trypsin-EDTA solution (Sigma), washed with phosphate buffered saline (PBS),
and then homogenized in 1 ml lysis buffer (0.1 mM PMSF, 50 mM Tris, 250 mM sucrose, 0.1
mM EDTA [pH 7.5]). Lysis buffer was deoxygenated by bubbling the buffer with excess
nitrogen gas. The homogenate was centrifuged at 12,000x g for 30 min and the supernatant
was used for the hSULT1E1 activity assays and Western blotting. Our protocols for cell culture
and cytosol preparation have been described earlier [21].

2.6 Determination of Intracellular GSH
The intracellular GSH levels from NAC- or BSO-treated Hep G2 cells were determined using
reported method [25] with slight modification. Briefly, treated Hep G2 cells were harvested
and washed with ice-cold PBS and re-suspended in 100μl of 10 mM HCl. The cells were
subjected to rapid freeze thaw over liquid nitrogen several times and vortexed for 1 min.
Trichloroacetic acid (100μl, 10% w/v) was added to the lysate to precipitate the protein. The
mixture was centrifuged at 10,000x g for 10 min to obtain protein-free supernatant. The
following fluids were then mixed to make a color reaction: 0.7 ml of 0.5 M potassium phosphate
buffer (pH 8.0), 0.05 ml protein-free supernatant, and 0.1 ml of 0.04% (w/v) DTNB. After 5
min, the absorbance at 412 nm was measured using a spectrophotometer, and GSH
concentrations were calculated using a GSH standard curve.

2.7 Site-directed Mutagenesis of hSULT1E1
The cDNA encoding hSULT1E1 in the pKK233-3 vector was from Dr. Charles Falany [26].
All mutant cDNAs were created with the QuikChange mutagenesis kit (Stratagene, La Jolla,
CA) as outlined previously [27] according to the manufacturer’s protocol. Primers were
designed by using Gene Fisher primer designing and Multialignment software. All primers
used for mutagenesis were obtained from Integrated DNA Technologies Inc. (Coralville, IA).
The primers used for the mutations are as follows:

• Cys69SerF, 5′GGGTGATGTGGAAAAGAGCAAAGAAGATG3′;
• Cys69SerR, 5′CCCAAAATGAGGCAGGAAGAAGTTCAGG3′;
• Cys83SerF, 5′CGAATACCTTTCCTGGAAAGCAGAAAAG3′;
• Cys83SerR, 5′GCCACATCCTTTGCATTCCGGCAAAGATAG3′;
• Cys122SerF, 5′GGGAAAAGGATAGTAAGATAATCTATC3′;
• Cys122SerR, 5′CCCACCAAGATTTTACATGTTTATACCAGG3′;
• Cys128SerF, 5′GATAATCTATCTTAGCCGGAATGCAAAGG3′;
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• Cys128SerR, 5′CCCACCAAGATTTTACATGTTTATACCAGG3′.

Mutant cDNAs were generated and selected through a series of three steps consisting of primer
extension/thermo-cycling, digestion of parental DNA, and transformation. Transformed
colonies were grown in sterile medium using standard protocols. Plasmids were isolated from
cells with the QIAprep Spin Miniprep Kit (Qiagen Inc., Valencia, CA). The presence of the
desired mutations was confirmed by DNA sequencing, which was performed at The
Recombinant DNA/Protein Resource Facility, Oklahoma State University. Recombinant
bacteria carrying desired mutations were grown on a large scale in proper medium, and bacterial
cytosol was prepared by using standard protocol.

All data presented in the figures represent means ± SEM of the data collected separately from
three individual experiments.

3. RESULTS
3.1 Redox Regulation of Human SULTs

To investigate the potential oxidative regulation of human SULTs, the effects of GSSG on
human SULTs in human liver cytosol (Figure 1) and on purified human SULTs (data not
shown) was investigated. Our results suggest that hSULT1E1 is sensitive to GSSG treatment,
whereas hSULT2A1, hSULT1A1, and hSULT1A3 are not. These results on Cys modification
agree crystal structures (not shown) of the four human SULTs. The structures indicated that
Cys70 and Cys287 of hSULT1A1 and hSULT1A3, and Cys55, Cys154, and Cys199 of
hSULT2A1 are located on the surface of the molecules, remote from the enzymes’ active sites.
GSSG modification of these Cys residues may not significantly affect the enzymatic activity
of these SULTs. For hSULT1E1, Cys83 directly contacts the substrate (6Å), whereas Cys128
is located near the active site of the sulfuryl-group transfer (PAPS side, 9Å). Chemical
modification of Cys83 and Cys128 may inactivate hSULT1E1.

3.2 GSSG-mediated Inactivation of 17β-Estradiol Sulfation Catalyzed by Purified hSULT1E1
and by SULTs in Human Liver Cytosol

GSSG inactivated E2 sulfation by purified hSULT1E1 (Figures 3A) and by human liver cytosol
(Figures 3B) in a time- and concentration-dependent manner. According to the equation d[E]/
dt = kapp [E] or log[E] = 2.3kappt (where E represents active hSULT1E1; t is time; kapp is
apparent first-order rate constant), kapp can be calculated from the slopes in Figure 2A or 2B.
According to the equation, kapp = k[GSSG]n or log kapp = log k + n log[GSSG] (where k is the
rate constant; n is the reaction order for GSSG), plotting of Log(Kapp) versus log[GSSG] gave
a straight line for both purified hSULT1E1 (Figure 2C) and human liver cytosol (Figure 2D).

These results support the hypothesis that GSSG inactivation of hSULT1E1 is caused by active
site Cys modification. The calculated reaction order relative to GSSG was 1.3 for the
inactivation of purified hSULT1E1-catalyzed E2 sulfation and 0.8 for the inactivation of human
liver cytosol-catalyzed E2 sulfation. The calculated second-order rate constant for hSULT1E1
inactivation was 0.011 mM−1min−1 and that for human liver cytosol was 0.0047
mM−1min−1. Based on the GSSG inactivation reaction order, modification of one Cys residue
caused the inactivation of hSULT1E1.

3.3 PAPS prevented hSULT1E1 Inactivation by GSSG
PAPS or substrate protection of hSULT1E1 from GSSG-mediated inactivation can
demonstrate whether Cys modification occurs in the active site. If PAPS or substrate prevents
hSULT1E1 from being inactivated by GSSG, this would suggest that GSSG modifies Cys
residue(s) in the active site. Results shown in Figure 3 demonstrate that PAPS protected
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hSULT1E1 from being inactivated by GSSG in a concentration-dependent manner. This
suggests that Cys residue(s) exist in the hSULT1E1 active site and that the modification of
these Cys residue(s) can inactivate hSULT1E1.

3.4 Site-directed Mutagenesis of Cys Residues in hSULT1E1
To investigate the mechanism underlying the oxidative regulation of hSULT1E1, four
hSULT1E1 Cys mutations—Cys69Ser, Cys83Ser, Cys122Ser, and Cys128Ser—were
generated. Vector DNA sequencing results confirmed the mutations. The mutated proteins
were expressed in E. coli. Figure 4 shows the Western blot of the cytosols from the mutants.
Enzyme assay results suggest that changing Cys to Ser did not significantly alter the enzymatic
activity of the four mutants. This implies that they are not critical residues.

Time- (Figure 5A) and concentration- (Figure 5B) dependent GSSG inactivation results
demonstrated that the Cys69Ser, Cys122Ser, and Cys128Ser mutants were similarly sensitive
to GSSG inactivation as was wild-type hSULT1E1. By contrast, Cys83Ser was much less
sensitive to GSSG treatment. Taken together, these findings suggested that residues Cys69,
Cys122, and Cys128 were not involved in GSSG inactivation of the enzyme, and that Cys83
was mainly responsible for the GSSG inactivation of wild-type hSULT1E1. These results
agreed with crystal structure predictions of the redox regulation of hSULT1E1.

3.5 Effects of BSO and NAC on E2 Sulfation Activity and GSH Levels in Hep G2 Cells
It is well known that BSO depletes GSH and that NAC increases GSH in cell cultures [28].
Results shown in Figure 6 indicate that BSO treatment decreased and NAC treatment increased
E2 sulfation activity (hSULT1E1) in Hep G2 cells (Figure 6A). These changes in enzyme
activity (Figure 6A) corresponded with the changes in GSH levels (Figure 6B).

BSO treatment of Hep G2 cells significantly suppressed hSULT1E1 activity at 0.05 mM (34%,
p<0.05); 0.15 mM (58%, p<0.01); and 0.5 mM (68%, p<0.01). NAC treatment significantly
increased hSULT1E1 activity in Hep G2 cells at 3 mM (36%, p<0.001) and 10 mM (60%,
p<0.01). BSO treatment significantly decreased GSH levels in Hep G2 cells at 0.05 mM (28%,
p<0.01); 0.15 mM (44%, p<0.01); and 0.5 mM (60%, p<0.01). NAC treatment significantly
increased GSH levels in Hep G2 cells at 1 mM (11%, p<0.05); 3 mM (48 %, p<0.01); and 10
mM (59%, p<0.01). Western blot results (Figure 6C) demonstrated that neither BSO nor NAC
treatment affected hSULT1E1 protein levels, suggesting that the hSULT1E1 enzyme activity
changes we observed were not caused by protein level changes.

4. DISCUSSION
Protein cysteine residues in the cytoplasm are maintained primarily in their thiol state [9).
Redox modification of Cys residues of an enzyme provides a mechanism for regulating enzyme
activity, especially during oxidative stress {Ghezzi, 2005 #33602]. S-glutathionylation has
been reported to regulate the activity of various enzymes [16,17], although no data has been
reported regarding the oxidative regulation of human SULTs. Our recent work [19,20]
demonstrated that hyperoxia, physical stress, and chemical (parathion) stress regulate rat
SULT1A1 enzyme activity in vivo. In the present study, we investigated the potential oxidative
regulation of human SULTs and its mechanisms.

Our results demonstrated that hSULT1A1, hSULT1A3, and hSULT2A1 are not sensitive to
GSSG treatment. One earlier report also suggested that the conserved cysteine residue (Cys70)
in human SULT1A1 does not play a role in enzyme’s catalytic activity, but this residue does
play a role in the enzyme’s thermostability [29]. In the present investigation, we showed that
hSULT1E1, both in purified form and in human liver cytosol, can be redox regulated.
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Moreover, manipulation of GSH levels in Hep G2 cells significantly altered hSULT1E1
enzyme activity without changing hSULT1E1 protein level.

Our results suggest that active site Cys residue modification caused the inactivation of
hSULT1E1. The inactivation reaction order suggested that one Cys residue in the active site
of hSULT1E1 is crucial for redox regulation of its enzyme activity. These results are in
agreement with crystal structures of human SULTs. Crystal structures suggest that no Cys
residues exist near the active sites of hSULT1A1, hSULT1A3, and hSULT2A1. For
hSULT1E1, Cys83 and Cys128 are located near the active site. Our site-directed mutagenesis
results demonstrated that the presence of Cys83 is crucial for the GSSG inactivation of
hSULT1E1.

To the best of our knowledge, oxidative regulation of human SULTs has not been reported.
Our results suggest a potential oxidative regulation mechanism for hSULT1E1 through Cys83
redox modification. Cys83 is located in the active site and is in direct contact (6Å) with the
substrate E2. Moreover the –SH group of Cys83 is directed toward the E2 molecule based on
its crystal structure. Cys83 modification by a bulky molecule like -SG was sufficient to
inactivate hSULT1E1, probably by inhibiting substrate binding or product release. Mutant
Cys83Ser remained enzymatically active, suggesting that Cys83 is not a critical residue for
hSULT1E1 catalytic activity. Ser residue is structurally similar to Cys residue. The Cys/Ser
mutation only results a replacement of the –SH group with the –OH group. The mutation should
not cause other structural or chemical property changes of hSULT1E1 except the redox
regulation property. When the –SH group is replaced with –OH group, although the catalytic
activity of hSULT1E1 is not significantly changed, its redox regulation property is significantly
changed. This strongly supports the hypothesis that Cys83 is responsible for the redox
regulation of hSULT1E1. This also suggests the potential oxidative regulation mechanism for
hSULT1E1.

Other E2 binding proteins also are regulated by Cys residue modification. For example,
modification of Cys residues inactivates mouse 17β-hydroxysteroid dehydrogenase1 (m17β-
HSD1) [30]. Another report showed that modification of Cys residues in human 17β-
hydroxysteroid dehydrogenase1 (h17β-HSD1) abolishes the catalytic activity of this enzyme
[31]. Also, S-nitrosylation of specific Cys residues in the DNA-binding zinc finger domain of
human estrogen receptor α (hERα) is responsible for nitric oxide-mediated structural
modifications of hERα, leading to impaired transcriptional activity [32]. Nine Cys residues are
present in the DNA-binding domain and four Cys residues in the ligand (E2)-binding domain
of hERα [33]. A homology analysis of the atomic structures of the E2-binding region of these
proteins (part of a large family of proteins responsible for estrogen metabolism) reveals an
evolutionary relationship among them [34]. Our present results on the redox modification of
important Cys residues that lead to the regulation of hSULT1E1 are consistent with all of these
findings. Together with results discussed from the literature, our results suggest that oxidative
stress may importantly affect E2 function and regulation.

Estrogens act on the growth, differentiation, and functioning of many target tissues. These
targets include tissues of the reproductive system, such as the mammary gland and uterus, cells
in the hypothalamus and pituitary, bone, and liver, as well as the cardiovascular system, where
estrogens exert cardioprotective effects [35]. In addition to stimulating normal mammary gland
growth and duct development, pathological levels of estrogens increase proliferation and
metastatic activity of breast cancer cells and stimulate proliferation of uterine cells [36,37].
While much is known about the physiology of estrogens, little has been documented about the
oxidative regulation of SULTs. Our results on the redox regulation of hSULT1E1, along with
possible physiological or pathological consequences of this regulation via altered E2
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metabolism, contribute to our understanding of the catalytic mechanism of SULTs and of the
metabolic role of SULTs in disease processes during oxidative stress.

Redox regulation of hSULT1E1 activity is important in relation to E2 metabolism, function,
and regulation in both normal and pathological conditions. Our findings strongly suggest a
correlation between increased cellular GSH levels and increased hSULT1E1 activity. Redox
regulation of hSULT1E1 changes bioactive E2 levels in vivo. This in turn is related to E2-
dependent tumorigenesis in the breast, endometrium, and prostate [36,37].
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SULT  

sulfotransferase

SULT1E1  
estrogen sulfotransferase
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NAC  
N-acetyl cysteine

BSO  
buthionine sulfoxamine

PAPS  
adenosine 3′-phosphate 5′-phosphosulfate

E2  
17β-estradiol

ER  
estrogen receptor

ROS  
reactive oxygen species

and RNS  
reactive nitrogen species
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Figure 1. GSSG inactivation of human SULTs in human liver cytosol
Human liver cytosol (from a 15-year-old male) was treated with the indicated concentrations
of GSSG for 20 min at room temperature. Then enzyme activities against [14C]2-naphthol
(hSULT1A1 and hSULT1A3), [3H]estradiol (hSULT1E1), and [3H]DHEA (hSULT2A1) were
determined [21,22]. Relative (%) activities to controls are plotted as a function of GSSG
concentration.
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Figure 2. GSSG-mediated time- and concentration-dependent inactivation of 17β-estradiol
sulfation catalyzed by purified hSULT1E1 and by SULTs in human liver cytosol
Human liver cytosol (final concentration, 1.0 mg/ml) or purified hSULT1E1 (final
concentration, 0.1 mg/ml) were incubated in Tris buffer (pH 6.2) at room temperature with
various GSSG concentrations and durations, as indicated. [3H]E2 sulfation (hSULT1E1)
activity was determined using the radioactive assay method [21,22]. The apparent first-order
rate constant (Kapp) in Figure 2C and 2D was calculated using data shown in Figure 2A and
2B, respectively.

Maiti et al. Page 12

Biochem Pharmacol. Author manuscript; available in PMC 2007 August 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. PAPS protects purified hSULT1E1 from being inactivated by GSSG
Purified hSULT1E1 was protected from inactivation by 1 mM GSSG by adding various
concentrations of PAPS in the pre-incubation mixture.
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Figure 4. Western blot of hSULT1E1 mutant proteins
For each pair of lanes containing each mutant protein, one lane contains 1μg of E. coli cytosol
protein and the other contains 5μg of E. coli cytosol protein.
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Figure 5. Time- and concentration-dependent inactivation of hSULT1E1 mutants by GSSG
hSULT1E1 mutant cytosols (0.2 mg/ml) were inactivated with 1 mM GSSG at the indicated
times or after 20 minutes at the indicated GSSG concentrations as described in the legend for
Figure 2. Enzyme activity was plotted using relative activity to control (%) at time zero (Figure
5A) or at a GSSG concentration of zero (Figure 5B).
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Figure 6. Effects of BSO and NAC on 17β-estradiol sulfation activity (A) and GSH levels (B) in Hep
G2 cells
Hep G2 cells were treated with various concentrations of BSO or NAC for 5 days. Treated
cells were collected and used for hSULT1E1 enzyme activity assays or GSH level assays as
described in the Materials and Methods.
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