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ABSTRACT: Sulfotransferase catalyzed sulfation is
important in the regulation of different hormones and
the metabolism of hydroxyl containing xenobiotics. In
the present investigation, we examined the effects of
hyperoxia on aryl sulfotransferase IV in rat lungs in
vivo. The enzyme activity of aryl sulfotransferase IV in-
creased 3- to 8-fold in >95% O2 treated rat lungs. How-
ever, hyperoxic exposure did not change the mRNA
and protein levels of aryl sulfotransferase IV in lungs
as revealed by Western blot and RT-PCR. This sug-
gests that oxidative regulation occurs at the level of
protein modification. The increase of nonprotein solu-
ble thiol and reduced glutathione (GSH)/oxidized glu-
tathione (GSSG) ratios in treated lung cytosols corre-
lated well with the aryl sulfotransferase IV activity
increase. In vitro, rat liver cytosol 2-naphthol sulfa-
tion activity was activated by GSH and inactivated
by GSSG. Our results suggest that Cys residue chem-
ical modification is responsible for the in vivo and
in vitro oxidative regulation. The molecular model-
ing structure of aryl sulfotransferase IV supports this
conclusion. Our gel filtration chromatography results
demonstrated that neither GSH nor GSSG treatment
changed the existing aryl sulfotransferase IV dimer
status in cytosol, suggesting that oxidative regulation
of aryl sulfotransferase IV is not caused by dimer–
monomer status change. C© 2005 Wiley Periodicals, Inc.
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INTRODUCTION

Sulfotransferases (SULTs) catalyze the sulfuryl
group transfer from the universal sulfuryl group donor
3′-phosphoadenosine 5′-phosphosulfate (PAPS) to a
wide range of nucleophiles including endobiotics (i.e.,
hormones, monoamines, and bile acids) or xenobi-
otics [1–6]. Sulfation of hormones primarily results in
their inactivation. Sulfation of xenobiotics leads to their
detoxification or bioactivation depending on the na-
ture of the metabolites. In rat liver, aryl SULT IV (AST
IV or SULT1A1) and hydroxysteroid SULT a (STa) are
expressed in greater quantities [7,8]. Adult rat lungs
express a moderate amount of AST IV [7]. Reports
on STa expression in adult lungs are contradictory
[7,8], though neonatal rat lungs express STa protein.
Extensive studies on SULT hormonal regulation [3,9]
and a few studies on its xenobiotic regulation [10–
12] have shown SULT regulation either at the trans-
lational and/or transcriptional level. Different nuclear
hormone receptors and orphan nuclear receptors have
been shown to be involved in some SULT induction
processes [13–19].

The cytoplasm is a highly reducing environment
(millimolar GSH) in which protein cysteine residues
are maintained primarily in their thiol state [20]. Redox
modification of Cys residues provides a mechanism for
protein regulation. Proteins can be S-glutathionylated
[21,22] or S-nitrosylated [23,24], especially during ox-
idative stress. Oxidative stress is involved in the patho-
genesis of various degenerative diseases including can-
cer [25]. Many factors such as clinical oxygen treat-
ment, chemical (toxicants) stress, physical stress, ag-
ing, virus infection, and different pathological condi-
tions can cause oxidative stress [26–30]. The reactive
oxygen species (ROS) formed can modify thiol bonds
affecting the protein’s function [20]. It is well known
that oxidative stress can cause changes in the cellu-
lar thiol pool and GSH/GSSG ratios and levels in vivo
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[31]. S-glutathionylation has been reported to regulate
activity of various enzymes [32–39], although no data
has been reported regarding in vivo SULT regulation.
Only in vitro redox regulation using E. coli expressed
AST IV has been reported [2,40–43]. Redox regulation
of recombinant AST IV has been shown to include the
modification of cysteine residues [42]. The ratio of the
oxidized to reduced form of recombinant AST IV pro-
tein has been linked to bacterial culture conditions, i.e.,
growth temperature and oxygen supply [44]. This sug-
gests that intracellular redox status, which can be al-
tered by external factors, may regulate AST IV activity
under different conditions. Though several studies ex-
plain the oxidative regulation of recombinant AST IV,
to the best of our knowledge, no investigation has been
carried out to demonstrate the behavior of this enzyme
in its comparatively native state in the in vivo experi-
mental model.

In the present investigation, we studied the expres-
sion and regulation of SULTs in lung and liver tissues of
male rats exposed to >95% oxygen. Our results suggest
that in vivo oxidative stress can regulate lung AST IV ac-
tivity at the protein modification level. Understanding
how SULTs are oxidatively regulated could be impor-
tant in understanding their role in normal and abnor-
mal biological processes. Changes in SULT activities
can have either a positive or negative impact on hu-
man health through hormone regulation/metabolism
and xenobiotic metabolism/detoxification.

MATERIALS AND METHODS

Materials

2-Naphthol, [14C] 2-naphthol (4.7 mCi/mmol),
p-nitro-phenyl sulfate (PNPS), 3′-phosphoadenosine
5′-phosphosulfate (PAPS), and [1,2,6,7-3H(N)] dehy-
droepiandrosterone ([3H] DHEA, 60 Ci/mmol) were
purchased from Sigma-Aldrich (St. Louis, MO). SDS-
polyacrylamide gel electrophoresis reagents were ob-
tained 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 mem-
brane (Immobilon-P; Millipore Corporation, Bedford,
MA) used during Western blot procedure was pur-
chased from Fisher Scientific Co. (Fair Lawn, NJ). Total
RNA extraction kit (RNeasy mini protection kit) was
supplied by QIAGEN (Valenica, CA). One-step RT-PCR
kit was purchased from Promega (Madison, WI). An-
tibodies against AST IV and STa [45] were generously
provided by Dr Michael W. Duffel (Division of Medic-
inal and Natural Products Chemistry, College of Phar-

macy, The University of Iowa, Iowa City, IA). Protein
assay reagent was purchased from Bio-Rad. All other
reagents and chemicals were of the highest analytical
grade available.

Animals and Drug Treatment

Male Sprague-Dawley rats (Harlan, Indianapolis,
IN) 250–275 g body weight were used in this investiga-
tion. Rats were housed in the Oklahoma State Univer-
sity laboratory animal resource facility and provided
with rodent chow and water ad lib for at least 1 week
before use. Two different sets of experiments were con-
ducted. In the first set, rats were divided randomly into
five groups with three in each. Rats of a single group
were exposed to >95% O2 for a given time period, i.e.,
0, 3, 6, 12, or 24 h. In the second set, rats were divided
randomly into four groups with three in each. Rats of a
single group were exposed to >95% O2 for a given time
period, i.e., 0, 48, 60, or 72 h. Rats were treated with
>95% O2 in a sealed chamber connected to an oxygen
cylinder as previously described [24]. The animals were
sacrificed after the scheduled time period. Livers and
lungs were collected, washed with sterile, ice-cold NaCl
(0.9%, w/v), and snap frozen. Samples were stored at
−80◦C until use.

Cytosol Preparation

Tissues were homogenated in 50 mM Tris buffer
containing 0.25 M sucrose, 0.01 mg/mL trypsin in-
hibitor and 10 �g/mL phenylmethylsulfonyl fluoride,
pH 7.5. All homogenates were centrifuged at 100,000g
for 1 h at 4◦C [12]. Cytosol aliquots were collected and
preserved at −80◦C for enzymatic assay and Western
blot.

Enzyme Assays

Two different enzyme assay methods were used.

PNPS Assay

AST IV (2-naphthol sulfation) activity from liver cy-
tosol was determined as previously described [46,47].
Briefly, sulfation activity was determined in a reaction
mixture containing 50 mM Tris buffer, pH 6.2, 5 mM
PNPS, 20 �M PAPS, and 0.1 mM 2-naphthol. Rat liver
cytosols (50 �g protein) were used as the enzyme source
in a total reaction volume of 250 �L. After 30-min in-
cubation at 37◦C in a shaking water bath, the reaction
was stopped by adding 250 �L of 0.25 M Tris, pH 8.7.
The reaction mixtures were read at 401 nm in a spec-
trophotometer. Specific activity (SA) was expressed as
nmol per minute per milligram of protein.
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Radioactive Assay

AST IV activity in lung and STa activity in lung
and liver cytosol were determined using the radioac-
tive assay method as previously described [11,12,48].
Two hundred micrograms protein from lung cytosol
was used to assay the AST IV activity. Fifty micrograms
protein from liver cytosol and 200 �g protein from
lung cytosol were used to assay the STa activity. For ra-
dioactive 2-naphthol sulfation activity, [14C] 2-naphthol
(4.7 mCi/mmol; 0.1 mM final concentration) was used
as substrate. To determine STa (DHEA sulfation) activ-
ity, [3H] DHEA (diluted to 0.4 Ci/mmol; 2 �M final
concentration) was used as substrate. For all assays,
20 �M PAPS was used. All enzymatic reactions were
performed in a total reaction volume of 250 �L. After
30-min incubation at 37◦C in a shaking water bath, the
reaction was stopped by adding 250 �L of 0.25 M Tris,
pH 8.7. Extraction was performed twice by addition of
0.5 mL of water-saturated chloroform. After the final
extraction, 50 �L of aqueous phase was used for scin-
tillation counting. For the controls, PAPS was omitted
in both assays. Assays were run in duplicate and the
average of the results was used for enzyme activity cal-
culations. The data are expressed as means ± SEM from
three rats.

Western Blot Analysis

Cytosol proteins from lung (50 �g) and liver
(10 �g) were separated on a 12% (w/v) polyacry-
lamide gel in an electrophoresis system (Novex, San
Diego, CA) [45]. After running at 200 V, the protein
bands were transferred overnight at 40 V onto a nitro-
cellulose membrane. All membranes were blocked in
TBST (50 mM Tris, pH 7.5, 150 mM NaCl, 0.05% (v/v)
Tween-20) containing 5% (w/v) dry milk for 1 h on
a shaker at room temperature. Membranes were in-
cubated with either rabbit anti-AST IV or rabbit anti-
STa (1:5000) in TBST containing 5% (w/v) dry milk for
2 h on a shaker at room temperature. After incubation,
membranes were washed with TBST for 4 × 15 min
and incubated with secondary antibody (horseradish
peroxidase-conjugated immuno-pure goat anti-rabbit
IgG; H+L) at 1:5000 dilutions in the same buffer for
2 h. The membranes were washed with TBST for 4 ×
15 min and then with Tris buffered saline (TBS) 3 ×
5 min. Fluorescent bands were developed with 1 mL of
substrate containing same volume of each Super Signal
West Pico Luminol Enhancer solution and Super Signal
West Pico Stable Peroxidase solution at room temper-
ature for 5 min. The X-ray films were exposed to the
membrane and then developed. Films were scanned
and the densitometry analysis was performed with
AAB software in a Gel Documentation and Analy-

sis System from Advanced American Biotechnology
(Fullerton, CA).

Extraction of Total RNA and RT-PCR

Total RNA was extracted from lung and liver
tissues (∼20 mg) using RNeasy mini protection kit
from QIAGEN according to the supplier’s guidelines
[12]. The concentration and purity of the extracted
RNA were checked spectrophotometrically by mea-
suring 260/280 absorption ratios. The primer pair
for AST IV was designed in our laboratory using
the Gene Fisher primer designing and Multialign-
ment software. Using the forward primer (FP) 5′-
GTGTCCTATGGGTCGTGGTA-3′/reverse primer (RP)
5′-TTCTGGGCTACAGTGAAGGTA-3′ (GenBank acces-
sion no. X52883), the 299- bp AST IV cDNA was syn-
thesized. The 264-bp STa cDNA was synthesized using
the primer pair FP 5′-TCCTCAAAGGATATGTTCCG-
3′/RP 5′-CAGTTCCTTCTCCATGAGAT-3′ (GenBank
accession no. M33329) [49]. The specificity of all primers
was tested using the BLAST from the National Cen-
ter for Biotechnology Information Open Reading Frame
software. cDNA synthesis from total 1 �g of liver and
2 �g of lung RNA was performed in a 50 �L reaction
mixture. Concentrations of the different ingredients
used followed the supplier’s guidelines. For internal
control, 500-bp cDNA of rat �-actin was synthesized
from the same amount of RNA from respective sources.
The primer pair FP 5′-GATGTACGTAGCCATCCA-
3′/RP 5′-GTGCCAACCAGACAGCA-3′ for the synthe-
sis of rat �-actin cDNA was designed in our laboratory
using the software mentioned above.

Determination of Nonprotein Soluble Thiol
(NPSH)

Total nonprotein soluble thiol in lung and liver cy-
tosol was determined by the standard DTNB (Ellman’s
reagent, 5,5′-dithiobis-2-nitrobenzoic acid) method [50]
with a slight modification. Lung and liver tissues were
homogenized with 50 mM Tris buffer, pH 7.5, contain-
ing 250 mM sucrose and 5 mM EDTA. Homogenates
were centrifuged at 100,000g for 1 h. Equal volume of
5% (w/v) sulfosalisialic acid was used to precipitate all
proteins from the tissue cytosols. After mild vortexing
and centrifugation at 4000g, 80 �L of transparent sam-
ple supernatant was added to 720 �L of 0.1 M potas-
sium phosphate buffer containing 5 �M DTNB. The
absorbance was measured after 5 min at 412 nm in a
UV-spectrophotometer. The steady state of the reaction
kinetics was checked up to 7 min. A standard curve
was generated using GSH and individual sample val-
ues were determined from this standard curve.
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Determination of GSH/GSSG Ratios

GSH/GSSG ratios were determined by assaying
separately the total GSH and GSSG in rat liver and
lung with the glutathione assay kit (Cat #: 703002, Cay-
man Chemical Company, Ann Arbor, MI). The recom-
mended protocol was followed. The recycling method
was utilized using glutathione reductase for the quan-
tification of GSH.

GSH Effect on 2-Naphthol Sulfation
Activity in Rat Liver Cytosol

Rat liver cytosol was dialyzed for over 48 h in an
air-saturated buffer without reducing reagent (50 mM
Tris, 0.25 M sucrose, pH 7.4) in a cold room. This cytosol
was treated with different concentrations of GSH (1, 2,
4, and 8 mM) for 1 h at room temperature. 2-Naphthol
sulfation activity in the GSH treated cytosols (50 �g)
was determined in the presence of varied concentra-
tions of 2-napthol (1 �M–2 mM). The PNPS assay was
employed to determine the enzyme activity.

Time- and Concentration-Dependent GSSG
Inactivation of 2-Naphthol Sulfation
Activity in Rat Liver Cytosol

Rat liver cytosol was incubated with 10 mM of
GSH for 2 h at room temperature. It was then dia-
lyzed (SPECTRA/POR, molecularporous membrane,
mw cut off: 12–14 kDa) for 48 h in buffer (50 mM Tris,
0.25 M sucrose, pH 7.4) with a continuous supply of
N2 gas to keep proteins in the reduced state. This re-
duced cytosol was treated with different concentrations
of GSSG (0.1, 0.2, 0.4, 0.8, and 1.6 mM) for different times
(0,5,10,20,40,60 min) at room temperature. 2-Naphthol
(0.1 mM) sulfation activities from GSSG treated cytosols
(50 �g) were determined. The PNPS assay was em-
ployed to determine the enzyme activity. Triplicate ex-
periments were done for each experimental data point.

Gel Filtration Chromatography

Rat liver cytosol (2.5 mg of protein) was incubated
with either 10 mM GSH or 4 mM of GSSG for 1 h at room
temperature. The cytosolic proteins were separated on
a column (10 × 1000 mm) of Sephadex G-75 (Pharma-
cia fine chemicals) equilibrated with buffer (50 mM Tris,
250 mM sucrose, pH 7.4) containing either 0.5 mM GSH
(in case of GSH treated cytosol) or 0.5 mM GSSG (in
case of GSSG treated cytosol). Untreated cytosolic pro-
teins were separated in the same column equilibrated
with the same buffer without GSH or GSSG. Fractions
were collected in tubes on a fraction collector at the rate

of 1 mL/3 min. 2-Naphthol sulfation activity (PNPS
assay, 5 mM GSH was added to reaction mixture for
GSSG treated cytosol column fractions) was measured
from different tubes and plotted against corresponding
Ve/V0. The respective Ve/V0 from each treatment group
at the peak enzyme activity was used in the standard
curve to calculate the molecular weight of the protein
responsible for 2-naphthol sulfation activity. V0 of the
column was determined using blue dextran. Standard
curve for the plot of Log (MW) versus Ve/V0 was de-
termined using Molecular Weight Marker Kit For Gel
Filtration Chromatography (MW-GF-200) from Sigma
Chemical Company (cytochrome C 12.4 kDa, carbonic
anhydrase 29 kDa, bovine serum albumin 66 kDa, alco-
hol dehydrogenase 150 kDa, and �-amylase 200 kDa).

Statistical Analysis

Student’s t test was performed for the statistical
significance between control and treated samples. Data
presented in the figures denotes the mean ± SEM of the
data collected separately from three individual animals.

RESULTS

Hyperoxic (>95% O2) In Vivo Effect on Rat
Liver and Lung 2-Naphthol and DHEA
Sulfation Activities

Results in Figure 1A show that 2-naphthol sul-
fation activity (AST IV) increased slightly in liver of
male rats treated with >95% oxygen for 48 h or more.
High concentration of oxygen treatment did not al-
ter DHEA sulfation activity (STa) in liver (Figure 1B).
2-Naphthol sulfation activity in the lung cytosol sig-
nificantly increased from 12 to 48 h oxygen treatment
(Figure 1C). It remained constant after 48 h. At 12 and
24 h, activity increased ∼3-fold (p < 0.05) and ∼5-fold
(p < 0.01), respectively. From 48 through 72 h, activity
increased ∼8-fold (p < 0.001). DHEA sulfation activity
in lung cytosol was undetectable. 4-Nitrophenol and
4-phenylphenol were also used to test the changes in
enzyme activity of hyperoxia treated rat liver and lung
cytosols. The results were similar to 2-naphthol (data
not shown).

Figure 2 demonstrates the Western blot results from
liver AST IV (2A), liver STa (2B) and lung AST IV
(2C) proteins. Their densitometry analysis is shown in
Figure 2D. Two different sets of experiments were con-
ducted. In one set, rats were exposed to >95% oxygen
for 0–24 h and in the other set time periods were 0, 48,
60, and 72 h. Two separate Western blot experiments
were conducted. Figure 2D was plotted as relative den-
sities. The results show that AST IV in liver (Figures 2A
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FIGURE 1. Effect of hyperoxia on 2-naphthol and DHEA sulfation
activities in rat liver and/or lung. The PNPS assay method was em-
ployed to measure 2-naphthol sulfation in liver. Radioactive assay
methods were used to determine liver DHEA and lung 2-naphthol
sulfation activities. Liver cytosol (50 �g protein) and lung cytosol
(200 �g protein) were used to assay the activities (n = 3). Data are
mean ± SEM. # p < 0.05; + p < 0.01; ∗p < 0.001.

and 2D) began to increase slightly from 48 through 72 h,
which can be correlated to the corresponding enzyme
activity (Figure 1A). Western blot results of lung AST
IV (Figures 2C and 2D) showed no significant alter-
ation in protein amount in any of the treatment groups.
Our present Western blot results of lung AST IV pro-
tein (Figure 2C) do not correlate with the correspond-
ing enzyme activity results (Figure 1C). Lung AST IV
activity increased 3- to 8-fold from 12 to 72 h treat-
ment, whereas Western blot results (Figure 2C) and den-
sitometry analysis (Figure 2D) of the protein showed
no significant change after oxygen exposure. Rat liver
STa protein levels (Figures 2B and 2D) did not change
significantly with different time treatments. This is
in agreement with DHEA sulfation activity results
(Figure 1B).

AST IV and STa mRNA expression in liver
(Figure 3A) and AST IV mRNA expression in lung
(Figure 3B) did not change significantly in rats exposed
to >95% oxygen. No detectable STa mRNA expression

was observed in lung tissue in the present investiga-
tion. These results are in basic agreement with Western
blot results.

Hyperoxic (>95% O2) In Vivo Effect on Rat
Liver and Lung Nonprotein Thiol

Nonprotein soluble thiol (NPSH) was measured in
liver (Figure 4A) and lung (Figure 4B) cytosols. The
GSH/GSSG ratios have been presented in Figures 4C
and 4D in the same tissues, respectively. NPSH in liver
did not change significantly after >95% oxygen treat-
ment. NPSH in lung increased significantly from 12 to
48 h and then remained almost at the same level up to
72-h treatment. The increase paralleled the increase in
AST IV activity. GSH/GSSG ratios in the liver tissue did
not change significantly after oxygen treatment, but did
change significantly in lung tissue from 24 to 72 h. This
increase can be correlated with the increase in NPSH
and 2-naphthol sulfation activity in lung.

GSH and GSSG In Vitro Effect on Rat Liver
Cytosol 2-Naphthol Sulfation Activity

Rat liver cytosol was dialyzed at 4◦C in air-
saturated buffer (50 mM phosphate, 0.25 M sucrose,
pH 7.4) for more than 48 h. This treatment (without
reducing agent in the buffer) decreased 2-naphthol sul-
fation activity in the cytosol. The treated cytosol was
used to investigate the GSH effect on 2-naphthol sulfa-
tion activity. The cytosol was incubated with different
concentrations of GSH for 1 h at room temperature, and
then 2-naphthol sulfation activities were determined at
various 2-naphthol concentrations. Results shown in
Figure 5 demonstrate that the liver cytosol 2-naphthol
sulfation activity was activated by GSH in a concentra-
tion dependent manner. This suggests that the reduced
form of AST IV is more active. Results in Figure 5 show
that GSH activates AST IV in a wide substrate concen-
tration range, suggesting that GSH activation of AST
IV does not influence the enzyme’s substrate inhibi-
tion properties. Rat lung cytosol showed a similar GSH
activation property for 2-naphthol sulfation, although
with much lower (100-fold) specific activity compared
to liver cytosol (data not shown).

Figure 6 shows that reduced AST IV (rat liver
cytosol) can be inactivated by GSSG in a time- and
concentration-dependent manner. In these experi-
ments, rat liver cytosol was first treated with 10 mM
GSH for 2 h at room temperature. After treatment, the
cytosol was dialyzed in the same way as described
in the previous paragraph except that the buffer was
continuously saturated with nitrogen. This treated cy-
tosol was used for GSSG inactivation experiments.
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FIGURE 2. Western blot and densitometry analysis of hyperoxic liver AST IV, liver STa, and lung AST IV. Ten micrograms of liver cytosol and
50 �g of lung cytosol were used to run 12% bis-acrylamide SDS gels. Densitometry data are calculated as relative to the control of corresponding
set of experiment. Values of the graph denote mean ± SEM. # p < 0.05; + p < 0.01; ∗p < 0.001.

The time- and concentration-dependent inactivation
(Figure 6) suggests that the inactivation is specific. The
oxidized form of AST IV is inactive. These results sup-
port the hypothesis that Cys residue modification of
AST IV is responsible for the oxidative regulation of this
enzyme.

FIGURE 3. Effect of hyperoxia on mRNA expression of liver AST IV,
liver STa, and lung AST IV. cDNA was synthesized from 1 �g of total
RNA from liver and 2 �g of total RNA from lung in the presence of
the gene-specific primer pairs. The reaction was conducted in a total
volume of 50 �L reaction mixture and 10 �L of product was run in
each lane of a 2% agarose gel.

Computer Modeling Structures Support Cys
Residue Modification for Oxidative
Regulation of AST IV

The on-line program, Swiss-Model, was used for
the construction of model structures of AST IV and

FIGURE 4. Effect of hyperoxia on nonprotein soluble thiol (NPSH)
level and GSH/GSSG ratio in rat liver and lung. Values of the bars
denote mean ± SEM. # p < 0.05; + p < 0.01; ∗p < 0.001.
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FIGURE 5. Effect of GSH on rat liver cytosol 2-naphthol sulfation
activity. Fresh rat liver cytosol was dialyzed for 48 h in air satura-
tion condition. Sulfation activity (50 �g) was assayed by the PNPS
assay method in the presence of different concentration of 2-naphthol
(1 �M–2 mM).

STa (Figure 7) based on all known SULT crystal struc-
tures. Computer modeling structures support the fact
that AST IV can be oxidatively regulated while STa can-
not be oxidatively regulated. We found that incubation
of rat liver cytosol with 2 mM GSH or GSSG did not

FIGURE 6. Time- and concentration-dependent GSSG inactivation
of rat liver cytosol 2-naphthol sulfation activity. Rat liver cytosol was
treated with 10 mM GSH for 2 h at room temperature. The reduced
cytosol was dialyzed for 48 h with a constant supply of N2. PNPS
assay was used to determine 2-naphthol sulfation activity.

change DHEA sulfation activity (data not shown). The
three Cys residues (Cys26, Cys54, and Cys198) in STa
are distant (>13 Å) from the active site and buried in
the internal structure. They are unlikely to be modified
by GSSG. The chemical modification of these residues
is unlikely to inactivate the enzyme. For AST IV, there
are five Cys residues in the structure. Cys66, Cys232,
Cys283, and Cys289 are located more than 11 Å from
PAPS or substrate in the active site. On the other hand,
Cys82 is in direct contact with substrate (3 Å) and is
exposed on the substrate binding site surface. Cys82
should be easily chemically modified by GSSG. This
modification would prevent the binding of substrate or
releasing of product therefore inactivating the enzyme.

GSH and GSSG In Vitro Effect on Rat Liver
AST IV Dimer–Monomer Status

In vitro, neither GSH nor GSSG changed the dimer–
monomer status of AST IV in rat liver cytosol. Gel fil-
tration experiments demonstrated that the enzyme ac-
tivity peaks for untreated, 10 mM GSH-treated, and
4 mM GSSG-treated cytosols were very close in terms
of Ve/V0. The determined native molecular weight
of AST IV is similar in untreated (65.8 kDa), GSH-
treated (64.5 kDa), and GSSG-treated (65.0 kDa) cy-
tosols (dimer). This suggests that GSH or GSSG cannot
change the dimer–monomer status of AST IV in cytosol.

DISCUSSION

In the present investigation, we demonstrate that
AST IV activity in lung increased in a time-dependent
manner from 12 to 72 h with >95% oxygen exposure.
This activity increase correlated well with NPSH lev-
els and GSH/GSSG ratios, but did not correlate with
the enzyme’s protein (Western blot) or mRNA levels
(RT-PCR). The changes seen in NPSH and GSH/GSSG
are consistent with previous reports that a high concen-
tration of oxygen exposure increases NPSH and GSH
along with an increase in GSH/GSSG in lung tissue
[51]. These results strongly suggest that the increase in
rat lung AST IV activity seen with oxygen treatment is
caused by protein modification. Our in vitro GSH acti-
vation and GSSG inactivation results demonstrate that
Cys residue chemical modification can regulate AST
IV activity significantly. Computer-based modeling of
AST IV shows that Cys82 is present in close proximity
to the substrate-binding site of the enzyme, suggesting
the possible involvement of this residue in the redox de-
pendent modification process. Our results indicate that
oxidative regulation of AST IV is at the protein mod-
ification level rather than the gene transcription level.
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FIGURE 7. Computer modeling structures of AST IV and STa. Swiss-Model was used for the construction of model structures of AST IV and
STa based on all known SULT crystal structures. RasMol 2.7 was used to display the structures. Only ligands and Cys residues are shown.

Oxidative regulation of SULTs is isoform specific. STa
was not oxidatively regulated either in vivo or in vitro.
This agrees with the computer modeling structure of
STa (Figure 7).

Unlike lung SULTs, rat liver SULTs are not signifi-
cantly regulated by oxidative stress. Reports on hyper-
oxic effects primarily use lung as a model. Liver tissue
is not significantly affected under these treatments. The
slight but significant increase in AST IV seen in liver
after 48 h of >95% oxygen treatment did not correlate
with NPSH or GSH/GSSG changes. This increase could
be due to gene transcription regulation. The response of
lung AST IV activity occurs from 12 to 48 h while liver
AST IV occurs from 48 to 72 h. The liver AST IV activity
increase correlated well with Western blot results. It is
well known that different hormones can regulate SULT
expression. Long-term high oxygen exposure may af-
fect hormone levels and lead to an increase in liver AST
IV protein expression.

A possible consequence of Cys residue modifica-
tion is the change in SULT dimer status. SULTs exist
in solution as dimers. Modification of Cys by GSSG
could change the enzyme from a dimer to monomer.
The proposed dimerization motif [52] demonstrated
by sequence alignment and site directed mutagene-
sis studies revealed that there are 10 conserved amino
acids near the C-terminus in cytosolic SULTs on the
protein’s surface. The zipper-like structure of this mo-
tif is associated with the homodimer structure of SULT,
which is believed to be functionally active (an excep-
tion is active mouse estrogen SULT in its monomeric
structure form) [52,53]. Cys283 and Cys289 in AST IV
are located near the proposed dimerization motif at
the C-terminus based on computer modeling struc-
ture of this enzyme (data not shown). They may have
a role in mono/dimerization of this protein molecule

resulting in activity interference. Our gel filtration
chromatography results demonstrated that GSH or
GSSG treatment of rat liver cytosol did not change
AST IV dimer–monomer status. This further supports
that Cys chemical modification rather than a change
in dimer–monomer status is responsible for AST IV
inactivation.

A possible mechanism for oxidative regulation of
AST IV is the change of Cys–Cys disulfide bond status.
The computer modeling structure (Figure 7) of AST IV
suggests that Cys66/Cys232 and Cys283/Cys289 could
form disulfide bonds. GSH/GSSG treatment could
change the disulfide bond status (could also form GS–
Cys disulfide bonds). A few reports on the redox effect
on expressed AST IV suggested this mechanism [40–
42]. It was suggested that a change in disulfide bond
status could alter the protein’s PAP binding ability, thus
changing its catalytic activity. Our results agree with
this possible mechanism.

In conclusion, our results suggest that active site
Cys chemical modification can regulate AST IV ac-
tivity both in vivo and in vitro. This is the first re-
port on in vivo oxidative regulation of a SULT. Under-
standing how SULTs are regulated through oxidative
stress is important clinically. Changes in SULT activ-
ities may have a significant health impact occurring
through changes in hormone regulation and xenobiotic
metabolism/detoxification.
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