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Sulfotransferase to Its Mechanism of Action and Function
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Department of Biological Science and Technology and Institute of Biochemical Engineering,
National Chiao Tung University, Hsinchu, Taiwan, ROC
ABSTRACT

In this research we deduce the human dehydroepiandrosterone sulfotransferase
(SULT2AT1) catalytic mechanism and function by the comparison of its amino acid sequences
and spatially resolved crystal structures. Sulfotransferase (SULT), mostly known to be
homodimer in solution, belongs to an enzyme family that is responsible for the sulfonation of
biomolecules and then the regulation of many biological functions. In order to study the effect
of quaternary structure on the actiyity_of thevenzyme, SULT2A1 monomer mutant is prepared
by site-directed mutagenesis afid ‘confirmed by gel” filtration. Further, the differences of
secondary and tertiary structures between dimer and-monomer, respectively, are investigated
by circular dichroism spectrum. Enzyme kinetics, substrate inhibition and substrate binding
affinity are facilitated to deduce the catalytic mechanism and actions. Thermal inactivation
and conformational stabilities of dimer and monomer are also determined by enzyme assay
and urea unfolding analysis individually. Another general feature of sulfotransferase is
substrate inhibition. Following the analysis of the structures of binary and ternary complexes
of sulfotransferase, we are able to elucidate the specific amino acids responsible for substrate
inhibition and binding orientations. And then we propose the origin and mechanism of
substrate inhibition and uncover the relationship between the substrate inhibition and binding
orientations. Site-directed mutagenesis and resulting analysis confirm that the involvement of
specific amino acid residue in substrate inhibition may be a general feature in all cytosolic

sulfotransferases.
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CHAPTER 1 Introduction

1.1 Preface

In the post genomic era, great quantities of sequence information are available and most
of them are needed to be interpreted for their functional meanings. For example, as the human
genomic project is completed in 2003, approximately 20,000-25,000 genes in human DNA
were identified and most of them are either unknown or poorly studied. This is following by
structural genomics, a field dedicated to a broad understanding of protein structures and
functions in relation to gene sequences. The structure of one or more proteins from each
family, for a total of about 10000 protein structures in 10 years, will be determined. With
these sequence and structure information available, great opportunities have evolved for us to
subsequently elucidate the detailed mechanism of enzyme action.

Sulfonation is a widespread  biological -reaction. Sulfotransferase that catalyzes the
transfer of a sulfuryl group from 3’-phosphoadenosine 5’-phosphosulfate (PAPS) to a
substrate acceptor group is responsible for all the ‘known biological sulfonation. Pathological
and toxicological evidences indicate that the abnormal sulfonation leads to inflammations,
cancers and infectious diseases (1-3). Understanding the enzyme catalytic mechanism is
important for drug design and therapeutic strategy consequently. The use of structure-based
sequence alignments and three-dimensional quantitative structure-activity relationship
(3D-QSAR) techniques were shown to be very useful to screen for the inhibitors as drug
targets in high throughput scale (4-5).

In this research we deduce the enzyme catalytic mechanism of human
dehydroepiandrosterone sulfotransferase (SULT2A1, DHEA-ST) by the comparison of its
amino acid sequences and spatially resolved crystal structures. SULT2A1 mainly catalyzes

the sulfonation of various steroids and their derivatives, including hydroxysteroids such as



dehydroepiandrosterone (DHEA), androsterone (ADT), testosterone, estradiol, and many
endogenous steroids (6-9). Steroid sulfonation has been recognized as an important process
for maintaining steroid hormone levels during their metabolism. In humans,
dehydroepiandrosterone sulfate (DHEAS) is the most prevalent steroid precursor, and is one
of the major secretory products of both adult and fetal adrenals (10). To know more about the
actions of SULT2A1 to convert the DHEA to DHEAS, this research from sequence and
structure of SULT2A1 is studied and then the deduced enzyme mechanism is further

confirmed by site-directed mutagenesis and enzymatic analysis.



1.2 Sulfotransferase
1.2.1 Sulfonation

It has been known for a long time that sulfonation occurs in a biological system.
Baumann first described sulfonate conjugation as a pathway in biotransformation in 1876 (11).
However, the biochemistry of sulfotransferase enzyme has not been well characterized until
the past three decades. Furthermore, the application of molecular biology technology had
made it possible to determine the characteristics of these enzymes, whose substrate
specificities, regulation, and evolutionary relationships (12). However, the mechanism by
which sulfonation takes place was not examined until after the isolation of the active sulfate
donor, 3’-phosphoadenosine 5’-phosphosulfate (PAPS), about 80 years later (13).

Sulfotransferases (SULTs) catalyze the transfer of a sulfuryl group from
3’-phosphoadenosine 5’-phosphosulfate (PAPS), the universal sulfonate donor molecule, to a
variety of amine and hydroxyl substrates as nucleophiles in a process originally called
sulfonation (Fig. 1). There are two classés-of-sulfotransferases: cytosolic sulfotransferases and
membrane-associated  sulfotransferases.. Cytosolic  sulfotransferases sulfonate small
endogenous and exogenous compounds, such as drugs, steroid hormones, chemical
carcinogens, bile acids, and neurotransmitters (14-19). Membrane-associated sulfotransferases,
many of which have been implicated recently in crucial biological processes, sulfonate larger
biomolecules, suchas carbohydrates and proteins (20-22).

Because of the biological importance and medical relevance of sulfotransferases, there is
intense interest in the exact functions of these enzymes. Much information is available with
regard to the structure, substrate specificity, and kinetic mechanism of cytosolic
sulfotransferases, but less information is available on the transition-state structure and design
of potent and specific inhibitors. The membrane-associated enzymes are not as well

understood, particularly because their important roles in biological processes have only



recently been uncovered.

1.2.2 Classification of sulfotransferases

The membrane-associated sulfotransferaes are still without a consistent, universal
nomenclature scheme and they are named according to their substrate specificity so far. This
nomenclature is clarified as required. On the side of cytosolic sulfotransferases, they had often
been named after their substrates. However, since the substrate specificities of different
sulfotransferases are overlapping, such names can be misleading. To date 10 or 11 human
cytosolic sulfotransferases have been characterized and so far the new nomenclature
guidelines were applied to 65 sulfotransferase cDNAs and 18 sulfotransferase genes that were
characterized from eukaryotic organisms (23). These sequences were evaluated and named on
the basis of encoded amino acid sequence identity.*Family members share at least 45% amino
acid sequence identity whereas subfamily membets are at least 60% identical. cDNAs which
encode amino acid sequences of-at léast-97%.identity to each other were assigned identical

isoform names (Fig. 2).

1.2.3 Substrate specificity of sulfotransferases

Although the sulfotransferase mainly possess PAPS as the universal sulfonate donor
molecule, a number of studies have also been conducted on the specificity of the
PAPS-binding site (24-25). Moreover, different sulfotransferases exhibit distinct substrate
specificity. For example, sulfonation of carbohydrates, peptides, hormones, steroids and
neurotransmitters are all catalyzed by different sulfotransferases. However, within a
subfamily, sulfotransferase has a broad substrate spectrum for similar substrates. As can be
seen in Table I, the diverse substrate specificity is catalyzed by different sulfotransferases

which own oneself preferred substrate. For example, in SULTI1 family, the preferred



substrates of sulfotransferase are simple-phenol compounds, such as p-nitrophenol (pNP),
dopamine, and thyroid. Sulfotransferase in SULT2 family, however, mainly catalyzes
hydroxysteroids, such as cholesterol, androsterone, dehydroepiandrosterone, pregnenolone,
and estradiol. Each of the two families, SULT1A1 and SULT2A1, contains diverse substrate

binding site and a separate but identical PAPS binding site.

1.2.4 Structure of cytosolic sulfotransferase

Sulfotransferases are a single o/ globular protein with a characteristic five-stranded
parallel B-sheet and a-helices flank both sides of the sheet (26-27). Sulfotransferases share a
similar structural resemblance to the nucleotide kinases with their secondary structures
conserved not only in position but also in connectivity (28).

The strand—loop—helix and strand—turn—helix motifs constitute the core PAPS binding
site, providing the majority of the enzyme interactions.with the PAP molecule. The PSB-loop
interacts with the 5’-phosphate of the PAP'molecule; whereas helix 6 of the strand—turn— helix
unit that runs parallel to the PSB-loop provides interaction with the 3’-phosphate. Not only
the structures, but also the amino acid sequences of the phosphate-binding sites are conserved
in all sulfotransferases including both the cytosolic and membrane enzymes. (29).
Furthermore, although the sulfotransferase enzymes display broad substrate specificity, a
given enzyme can often be characterized by a specific substrate. The underlying principle that
regulates the characteristic substrate specificity is not well developed. Finally, cytosolic
sulfotransferases are generally homodimers in their catalytically active forms in solution. The
conserved dimerization motif is found in the cytosolic enzymes (30). Multiple amino acid
sequence alignments show that the motif consists of ten residues near the C-terminus and is
represented by the consensus sequence KXXXTVXXXE. Structural comparisons and

mutagenesis studies were undertaken with mouse SUL TI1El (a monomer) and human



SULTIEI1 (a dimer) in an attempt to identify a common structural motif. It was found that the
mutations V269E and V260E converted the homodimers SULTIEl1 and SULT2AI,

respectively, into monomers.



1.3 Dehydroepiandrosterone (DHEA) and dehydroepiandrosterone 3p-sulfate (DHEAS)
1.3.1 Background

Hormones play a plenty of functions physiologically and the abnormal regulation may
force the dysfunction and raise the risk, such as the hormone homeostasis and
hormone-related disease or metabolism. In this study, I mainly interested in the study of
sexual hormone, such as the estradiol, androsterone, testosterone, and dehydroepisterone. For
example, the dehydroepisterone (DHEA) plays the profound role and is the precursor of the
sexual hormone.The abnormal regulation may cause the irregular secretory amounts of the
other hormone as described above. Dehydroepiandrosterone (DHEA) was isolated in urine in
1934, and DHEA 3pB-sulfate (DHEAS) was identified 10 years later (31-32). It took another
decade to identify DHEA and DHEAS in peripheral blood (33-34). DHEA is one of the
hormones produced by the adrenal glands. After being secreted by the adrenal glands, it
circulates in the bloodstream as DHEAS and is converted as needed into other hormones.
DHEA and DHEAS are the most abundant-steroid hormones in the human bloodstream.
DHEA is known to be a precursor to the numerous steroid sex hormones (including estrogen
and testosterone), which serve well-known functions. While DHEA levels reach their peak in
the early morning hours, DHEAS levels show no diurnal variation. It is also one of the most
significant age-related biomarkers, which predictably declines with age in even the healthiest
of people. Blood levels are highest in the developing fetus, drop sharply after birth, begin
climbing again at age 6 to 8 (a time of rapid growth) to a peak at age 25 to 30 and then decline
to about 10% of the peak level by age 80 (Fig. 3). Abnormally low levels of DHEA have been
reported to be related to a number of diseases, including cancer, diabetes, coronary artery

disease, and obesity.



1.3.2 Physiological regulation

Little is known about how DHEA works in the body and it often has different effects in
men, premenopausal women, and postmenopausal women (35-36). Supplementation with
DHEA-S has resulted in increased levels of testosterone and androstenedione (37). The
conversion of DHEA into testosterone may account for the fact that low blood levels of
DHEA have been reported in some men with erectile dysfunction. The findings of a
double-blind trial using 50 mg supplements of DHEA taken daily for six months suggests that

DHEA may improve erectile function in some men (38).

1.3.3 DHEA modulates immunity

A group of elderly men with low DHEA levels who were given 50 mg of DHEA per day
for 20 weeks experienced a significant activation of immune function (39). Postmenopausal
women have also shown increased immune functioning in just three weeks when given
DHEA in double-blind research (40). DHEA also regulates the systemic lupus erythematosus
(SLE), an autoimmune disease. It has been linked to abnormalities in sex hormone
metabolism (41). Supplementation with very large amounts of DHEA (200 mg per day)
improved clinical status and reduced the number of exacerbations of SLE in a double-blind
trial (42). A preliminary trial has confirmed the benefit of 50-200 mg per day of DHEA for

people with SLE (43).

1.3.4 DHEA and cardiopathy

Some reports have suggested that DHEA might reduce the risk of heart disease, perhaps
by lowering cholesterol levels. In fact, higher levels of DHEA and DHEAS have been
associated with cardiovascular risk factors in women, including high blood pressure and

smoking (44). Moreover, DHEA has also been reported to lower HDL (45).



1.4 Conculsion

DHEA is a multifunctional hormone and plays a plenty of function, such as steroid
metabolism, cancer, immunity, and aging or more. The sulfated form of DHEA, DHEAS, is
primarily in the adrenals, the liver, and small intestines. However, in blood, most DHEA is
found as DHEAS with levels that are about 300 times higher than free DHEA. Orally ingested
DHEA 1is converted to its sulfate when passing through intestines and liver. DHEAS is
biologically active only after its sulfate group has been split and it becomes DHEA again.
From a practical point measurement of DHEAS is preferable to DHEA as levels are more
stable. The conversion between DHEA and DHEAS is regulated by SULT2A1 which
preferred substrate is DHEA and the regulation of this enzyme and catalytic mechanism is
still far from known. In this study we deduce the enzyme mechanism and function from its
amino acid sequence and the solved crystal structure. Herein we analyze the quaternary
structure, wild-type homodimer and monomer mutant. The monomer mutant, V260E,
sufficiently interfere the hydrophobic dimerization interface and the molecular weight is
confirmed by gel filtration. Further the circular dichroism spectrum, enzyme Kkinetics,
substrate binding affinity, and the thermal and conformational stability reveal the difference
between dimer and monomer of SULT2AI. Moreover, the comparisons of SULT2AI
structure complex also facilitate us to infer the substrate inhibition mechanism and further
identify the regulatory amino acid residues. Experimental results and the multiple structural
alignment all indicate that the involvement of this amino acid residue in substrate inhibition

may be a general feature in all cytosolic sulfotransferases.
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Table 1: Substrate specificity of human cytosolic sulfotransferases”.

SULT Representative Km (uM) Km(PAPS) (UM)
pNP 1.1
2-napthol 200
dopamine 130
1Al | tyramine 6483 1.0
minoxidol 2800
3,3'-T2 0.14
T3 29.1
pNP 6OHAST-4) | 5 5(HAST-4)
1A2 4.1(HAST-4v) 0.2(HAST-4v)
dopamine ND )
pNP 1024
1A3 | tyramine 35 1.1
dopamine 3.7
pNP 5
T4 23
IB1 | T3 ND 1.2
rT3 141
3,3'-T2 51
pNP 84
ICI1 | dopamine ND 8.8
N-OH-2AAF 28.6
pNP 75.3
1C2 | dopamine ND
N-OH-2AAF 47.5
estradiol 0.025
DHEA 4.6
1E] androstenediol 3.2 0.3
pNP 76.6
estradiol 2.0
DHEA 1.0
2Al androstenediol 0.2 1.6
cholesterol
DHEA 2.3
2B1la| pregnenolone 0.2 0.1
170— 0.9
DHEA 4.4
pregnenolone 0.6
2Blb 17a-hydroxypregnenolone 1.0 0.1
cholesterol

* Adapted from Chapman et al. (2004) Angew. Chem. Int. Ed. Engl. 43, 3526-3548.
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Figure 1. Sulfuryl group transfer in a biological system.
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Figure 2. Cytosolic sulfotransferase protein classification on the basis of primary amino
acid sequence. The cladogram depicts the evolutionary relationship of sulfotransferase
enzyme superfamily members based on their amino acid sequences. (Adapted from Blanchard

et al. (2004) Pharmacogenetics. 14, 199-211).
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CHAPTER 2 Effects of Quaternary Structure on the Activity of Human

Dehydroepiandrosterone Sulfotransferase

Human dehydroepiandrosterone sulfotransferase (SULT2A1, DHEA-ST) catalyzes the
transfer of the sulfuryl group of 3’-phosphoadenosine 5’-phosphosulfate (PAPS) to
hydroxysteroids such as dehydroepiandrosterone (DHEA). Most cytosolic sulfotransferases
are generally known to be homodimer in solution and the specific amino acid residues
responsible for the dimerization have been identified as the KXXXTVXXXE motif
(Petrotchenko et al. (2001) FEBS Lett. 490, 39-43). However, the comparisons of the
characteristics and catalytic actions between dimer and monomer of cytosolic
sulfotransferases have not been studied in detail so far. To study the effects of quaternary
structure on the activity of the enzyme, monomer mutant of SULT2A1 was prepared through
site-directed mutagenesis. The mutant V260E.of SULT2A1 was sufficient to convert to the
monomer by interfering with hydrophobic-K-EVE motif and confirmed by gel filtration. The
circular dichroism spectrum of dimer and monomer mutant reveals the slight conformational
change whether in the secondary or tertiary structure. The kinetic constants of dimer and
monomer mutant are quite similar whether the PAPS or DHEA are examined, however, the
catalytic efficiency, k../K,, shows two folds higher in dimer than that in monomer. It
indicates that the two subunits in dimer may be both catalytically competent. The binding
affinity shows no significantly change whether for PAP in the binary complex
(SULT2A1/PAP) or DHEA in the tertiary complex (SULT2A1/PAP/DHEA) between dimer
and monomer. Furthermore, the thermal and conformational stability between dimer and
monomer mutant all revealed the monomer is more labile than dimer. The effect of the
quaternary structure on SULT2A1 may be a model to deduce the other cytosolic

sulfotransferases whether the wild type is the homodimer or monomer in solution naturally.
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INTRODUCTION

Sulfotransferases (SULTs) are a large family of enzymes that catalyze the transfer of
sulfuryl group from the common 3’-phosphoadenosine 5’-phosphosulfate (PAPS) to
numerous endogenous and exogenous compounds. Cytosolic sulfotransferases sulfonate small
molecules such as drugs, steroid hormones, chemical carcinogens, bile acids, and
neurotransmitters (1-6).

Human dehydroepiandrosterone sulfotransferase (SULT2A1, DHEA-ST) catalyzes the
sulfonation of various steroids and their derivatives, including hydroxysteroids such as
dehydroepiandrosterone (DHEA), androsterone (ADT), testosterone, estradiol, and many
endogenous steroids (7-10). Steroid sulfonation has been recognized as an important process
for maintaining steroid hormone  levels “during their metabolism. In humans,
dehydroepiandrosterone sulfate (DHEAS) is the most-prevalent steroid precursor, and is one
of the major secretory products of both.adult-and fetal-adrenals (11).

Cytosolic sulfotransferases consist-of around 300 amino acid residues, and most of them
are found as homodimer in solution. Previous study (12) performed the cross-linking by ethyl
(dimethyl aminopropyl) carbodiimide (EDC) following the separation by C4 reversed phase
high performance liquid chromatography (RP-HPLC) column and analyzed by matrix-assisted
laser desorption ionization time-of-flight (MALDI-TOF). It was found that the cross-linked
peptides were located between one subunit to the other subunit both nearby the carboxyl
terminus, and they also exposured on the surface of each subunit. Therefore the mutants
V269E and V260E in human SULTIE1 and SULT2AI, respectively, converted the
homodimers into monomers. It was further shown that the mutant P269T and E270V
performed simultaneously in mouse SULTIEI, a monomer naturally in solution, forced the

formation of the dimer. It was concluded that the general motif KXXXTVXXXE (KTVE
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motif) is responsible for the dimerization of cytosolic sulfotransferases.

It had also been reported that sulfotransferases are capable of forming not only
homodimers but also the heterodimers (13). Moreover, the crystal structures of numerous
cytosolic sulfotransferases have recently been solved and they all contain diverse substrate
binding site and a separate but identical PAPS binding site (14-19).

To date, despite the dimerization motif of cytosolic sulfotransferases had been identified
(12), the effect of quaternary structure on the catalysis and function of cytosolic
sulfotransferases was still far from known and the protein-protein interaction of cytosolic
sulfotransferases has not been well studied. The functional significance of the dimerization
process is not known at the present time. In this report, we performed that the mutant V260E
of SULT2A1 was sufficient to convert the dimer to a monomer by interfering the hydrophobic
KTVE motif and confirmed by gel filtration. To.investigate the effects of the quaternary
structure on the catalysis and function, ‘the studies of the conformational change, catalytic
kinetics, substrate inhibition, substrate-binding,-thermal and conformational stability are all
examined. Furthermore the differences between dimer and monomer of SULT2A1 will be
clarified and this may be a model to study the effect of quaternary structure among cytosolic

sulfotransferases.
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EXPERIMENTAL PROCEDURES

Materials—PfuTurbo DNA polymerase was purchased from Stratagene, and MUS, MU,
PAP, PAPS, dehydroepiandrosterone (DHEA), glutathione (reduced form), PAP agarose and
thrombin were purchased from Sigma (St. Louis, MO). Potassium phosphate (dibasic) was
obtained from J. T. Baker (U.S.A.). DEAE Sepharose fast flow, Glutathione S-transferase
Sepharose fast flow, Sephacryl S-200 HR, and low molecular weight gel filtration calibration
kit were obtained from Amersham Pharmacia Biotech Asia Pacific (Hong Kong). All other
chemicals were obtained commercially at the highest purity possible.

Site-Directed Mutagenesis—The QuikChange site-directed mutagenesis kit from
Stratagene was used for the generation of monomer mutant of SULT2AT1. Briefly, wild-type
SULT2AT1 cDNA incorporated in pGEX-2TK prokaryotic expression vector was used as the
template in conjunction with specific mutagenic . primers. The monomer sense mutagenic
oligonucleotide primer sets was 5’-tcacttcacagaggcccaagetg-3° for SULT2AI1. The
amplification conditions were 30 cyclesof 30.sec.at 95 °C, 1 min at 55 °C, and 7 min at 68 °C.
The reaction contained 100 ng of DNA template, 0.4 uM of sense and antisense primers, 200
UM of each of the four deoxynucleotide triphosphates (ANTPs), 1xPfuTurbo buffer, and 2.5
units of PfuTurbo DNA polymerase. The PCR products were treated with Dpnl restriction
enzyme for 1 hour at 37 °C followed by transforming into DH5a.. Mutated cDNA sequences
were confirmed using an ABI Prism 377 DNA sequencer (Applied Biosystems, Foster City,
CA) following the standard protocol.

Expression, Purification and Characterization of Wild-type and Monomer Mutant of
SULT2A1—The expression and purification of SULT2A1 was described previously (20-21).
Competent E. coli BL21 (DE3) cells transformed with pGEX-2TK vector harboring the

wild-type or V260E point-mutated SULT2A1 cDNA were grown to Agponm = 0.8 in 0.5 liter
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of LB medium supplemented with 50 pug/ml ampicillin. After induction with 1 mM isopropyl
B-p-thiogalactopyranoside overnight at 25 “C, the cells were collected by centrifugation and
homogenized in an ice-cold lysis buffer containing 20 mM Tris-HCI, pH 7.5, 150 mM NacCl,
125 mM sucrose, and 10% glycerol using a Fisher Scientific Sonic Dismenbrator. The
supernatant collected was fractionated by the glutathione sepharose and the bound fusion

protein was treated with 15 units of bovine thrombin for 8 hours at4 C.

A homogeneous protein was obtained as determined by SDS-polyacrylamide gel
electrophoresis (22), Protein concentration of the homogeneous form of wild type and
monomer mutant SULT2A1 were estimated on the basis of absorbency at 280 nm (2.38
ml/mg cm™) (23) using a UV/Vis spectrophotometer (Hitachi UV/Vis-3300, Japan).

Size-Exclusion Chromatography and Calibration Curve Preparation—Aliquots of 1ml
of various samples was applied on-a Sephaeryl:S-200 HR column that was equilibrated with
20 mM Tris buffer pH 7.5 contaming 0.15 M- NaCl. Proteins were eluted with the same buffer
at a flow rate of 1.0 ml/min. Molecular ' weights were estimated against calibration standards
consisted of ribonuclease A (15.6 kDa), chymotrypsinogen A (19.4 kDa), ovalbumin (47.6
kDa), and albumin (62.9 kDa). Molecular weights of wild type (homodimer) and monomer
mutant of SULT2A1 were estimated by gel filtration chromatography (12).

Circular Dichroism Measurement—CD measurements were carried out on a Jasco J715
spectropolarimeter and processed data with J-700 standard analysis version 1.33.00 (Jasco,
Japan). CD spectra of enzymes at a concentration of 1 mg/ml in 20 mM phosphate buffer (pH
7.0) were measured in a 1 cm light path length quartz cell in the near-UV range (240-320 nm)
and 1 mm light path in the far-UV (200-240 nm) at room temperature.

Enzyme Assay—The activities of wild-type and monomer mutant of SULT2A1 were
determined according to the change of fluorescence based on a coupled-enzyme assay method

(24). The fluorescence of MU at 460 nm was measured upon excitation at 355 nm. The
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reaction mixture with a final volume of 1 ml consisted of 100 mM potassium phosphate buffer
at pH 7.0, 5 mM 2-mercaptoethanol, 20 uM PAPS, 2 mM MUS, 5.4 ng K65ER68G (25) of

rat SULT1A1, SULT2A1 and 5 uM of DHEA at 37 “C. A linear response was obtained when

1.49 to 14.9 nM (0.1 to 1 pg) SULT2A1 was added in the standard assay condition (24). In
the reaction condition, regeneration of PAPS catalyzed by K65ER68G of rat SULTIAL is
much faster than the production of PAP catalyzed by SULT2A1 for approximately 40 to 50
folds.

Substrate Binding—The dissociation constants (K;) of PAP and DHEA towards
wild-type and monomer mutant of SULT2AI, respectively, were determined with a
spectrofluorimeter (26). The decrease in intrinsic fluorescence of protein at 340 nm was
observed upon excitation at 280 nm when an aliquot amount of PAP was added into the
mixture consisted of 100 mM potassiumgphesphate buffer at pH 7.0, 100 nM wild-type or

monomer mutant of SULT2A1-and varying concentrations of PAP at 25 C with a final

volume of 1.3 ml in a quartz cuvette of1 cm square cross-section. In the ternary experiments,
DHEA was added into the pre-incubated solution containing 0.5 uM wild type or monomer
mutant of SULT2A1, 100 mM potassium phosphate at pH 7.0, and 1 uM PAP at 25 °C. Each
data point was duplicated, and the difference was within 10%.

Thermal Stability—To examine the thermal stability of the wild type and monomer
mutant of SULT2AI1, aliquots of the protein were treated for 15 minutes at desired
temperatures as follows: 25, 30, 35, 40, 45 and 50 °C individually and then were performed
by coupled-enzyme assay as described above.

Urea-Dependent Unfolding Experiments—For each data point in the urea denaturation
experiment, 5 uM wild type or monomer mutant of SULT2AT1 in 20 mM potassium phosphate
buffer at pH 7.0 and 10% glycerol was treated at desired concentration of urea from 0 to 6 M

at 4 °C for approximately 24 hours (27-29). Measurements of circular dichroism at 222 nm
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of urea-treated enzymes were made in a Jasco J715 spectropolarimeter at room temperature
with a cell of 1 mm path length as described above. CDynm values were converted into
fraction of unfolded values to facilitate comparison of denaturation curves.

Kinetic Data Analysis—Kinetic experiments were analyzed using nonlinear regression to
fit the appropriate equation to the data. In non-inhibitory experiments were individually fit to
Michaelis-Menten Equation 1, and substrate inhibition data were fitted to substrate inhibition
in Equation 2 (30). The kinetic constants (K, k.., and K;) were obtained from SigmaPlot
2001, V7.0 and Enzyme Kinetics Module, V1.1 (SPSS Inc., Chicago, IL). Data shown
represent mean values derived from two determinations.

v=V[SI/(Kx+[S]) (Eq. 1)
v=V[SV{K,, + [S](1 + [S]/K))} (Eq. 2)

Analysis of Urea Denaturation Data—This. analysis is for a two-state model of
denaturation where only the native and the denatured states are populated and it has been
found experimentally that the free lenergy—of. unfolding of proteins in the presence of
denaturant is linearly related to the concentration (27, 31-32). The CDyzonm signal, F, plotted
as a function of the urea concentration, [Urea], is given by Equation 3, where o is the
intercept and P is the slope of the baseline at the native (N) or unfolding (U) state. [Urea]soq, s
the urea concentration at the midpoint of urea denaturation, and m value is a constant that is
proportional to the increase in the degree of exposure of the protein on denaturation. R is the

gas constant, 8.314 J mol™ K™, and T is the temperature in K. The parameters AGuxn'"2 , the

free energy of denaturation in the absence of urea and is the product of [Urea]so, and m, and
m value were obtained by nonlinear regression fitting of the data to Equation 3 with
SigmaPlot 2001, V7.0 and Enzyme Kinetics Module, V1.1 (SPSS Inc., Chicago, IL). The

[Urea]soe, is obtained by Equation 4.
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_ {(ay + Py[Urea]) +[(e + B [Urea]) x exp[(m[Urea] - AGUNHZO )/RT]}

F
{1+ exp[(m[Urea] - AG ,, " )/RT]}

(Eq. 3)

AG " = m[Ureal,, (Eq. 4)
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RESULTS

Enzyme Molecular Weight Estimation—The previous study (12) had shown that the
dimerization interface of cytosolic sulfotransferases naturally in solution exists and the
subunits form the dimer through the highly conserved sequence KXXXTVXXXE nearby the
carboxyl terminus. The KTVE motif of each subunit appears to form a zipper-like and
anti-parallel interface, and force the formation of the homodimer consisted of two subunits.
The main feature of the interface can be described as the complementary hydrophobic
interaction and backbone hydrogen bonds in the central portion of motif that are reinforced by
an ion pair at each end of the motif. Accordingly, the mutation V260E of SULT2A1 is
produced and then expressed. The molecular weights of wild-type and V260E mutant of
SULT2A1 was then estimated by gel filtration. The retention volume (Ve) and the parameter
(Kav) were shown as the TABLE L. The retention volume of the blue dextran 2000 was 38.1
ml and the Kav could be estimated by the-equation: Kav = (Ve — VO0) / (Vt — VO0). The
calibration curve was plotted as the independent variable was log (MW) versus the dependent
variable Kav as shown in Fig. 1. The retention volume of the wild type and V260E mutant of
SULT2A1 was 52.41 and 63.33 ml, respectively (TABLE II). The corresponding molecular
weight according to the retention volume was shown in Fig. 1 and the calculated values were
approximately equal to the theoretical molecular weight of dimer and monomer of SULT2A1
(TABLE II). The estimated molecular weight of wild-type SULT2A1 was approximately
2-fold than that of V260E mutant. These data indicated that the interface of dimerization was
easily disrupted through site-directed mutagenesis to force the formation of monomeric
SULT2A1 because the glutamic acid might interfere with the hydrophobic zipper-like KTVE
motif as similar in previous study (12).

Circular Dichroism Measurement—Analysis by circular dichroism spectrum reveals the
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conformational change in dimer and monomer of SULT2A1 whether in the secondary or the
tertiary structure. The CD spectrum in the range of far-UV (200-240 nm) (Fig. 24) indicated
the secondary structure showed the slight difference between dimer and monomer in the
205-225 nm, where is the absorption of a-helix and B-sheet. Accordingly, the mutation
V260E of SULT2AI, caused the conformational change towards the secondary structure.
Furthermore, the tertiary structure of SULT2A1 was also monitored by the CD spectrum in
the range of near-UV (240-320 nm) (Fig. 2B). The range in 270-290 nm also revealed the
slight difference of tertiary structure because of the absorption of aromatic residue, such as
phenylalanine, tyrosine, and tryptophane. The monomer mutant, V260E, caused the
environmental change of the o-helixes, B-sheets, and aromatic residues. It may reveal that
there is a bit difference between the dimer and monomer although it may affect the whole
protein structure or partial quaternary protein structure located near the KTVE motif.

Kinetic Analysis—Rate constants of dimet-and V260E mutant of SULT2A1 were shown
in TABLE III. Either the PAPS"or the' DHEArwas examined in the experiment. K,, for both
the dimer and monomer apparently is‘similar but the catalytic efficiency (k../K,) revealed the
dimer was higher than monomer for approximately 2 folds. This result indicated the dimer
might competent catalytically in each subunit. Furthermore, the substrate inhibition for DHEA
was similar either of the dimer and monomer was examined. These results revealed the each
subunit of dimer and the monomer might possess the catalytic ability towards both PAPS and
DHEA. The catalytic mechanism, such as the substrate inhibition, is also the same for dimer
and monomer of SULT2A1.

Dissociation Constants of PAP and DHEA in Binary and Ternary Complex of Wild-type
and V260E Mutant of SULT2A1—So far the crystal structures of cytosolic sulfotransferases
all indicate that they all contain the diverse substrate binding site and a separate but identical

PAPS binding site (14-19). The dissociative ability of the SULT2A1/PAP complex should be
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identical to other cytosolic sulfotransferases. The monomer of SULT2A1, however, was still
far from known that the dissociation constants towards the PAPS and DHEA, even the
comparison with the dimer of SULT2AI1. In this study we performed the dissociation
constants of PAP in the binary complex (SULT2A1/PAP) and the DHEA in the ternary
complex (SULT2A1/PAP/DHEA) (TABLE 1V). Whether the dimer or monomer was
examined, the K; values towards PAP in the binary complex and DHEA in the ternary
complex revealed no significant differences.

Thermal Stability Dissociation Constants of PAP, DHEA and ADT in Binary and
Ternary Dead-end Complex of SULT2A1—Thermal inactivation of SULT2A1 was studied

over the temperature range of 25-50 “C after the incubation at each desired temperature for
15 min (Fig. 3). It was observed that the monomer mutant of SULT2AT1 lost only 10% of the
basal activity of the control after thermal treatment at 30 ‘C for 15 min. The obvious
decreased activities towards dimer and monomer are¢ at the temperature of 40 and 35 C,

respectively. Also, there is a slight deviation to the previous data reported in the literatures

that the tolerance of thermal inactivation was higher at the temperature of 43 ‘C (33) while

the dimer of SULT2A1 was examined. It was obvious that the monomer of SULT2A1 was
more labile than dimer because the temperature of 50 % thermal inactivation was

approximately 35 ‘C for monomer and 40 ‘C for dimer, respectively.

Urea-Dependent Unfolding Experiments—The dimer and monomer of SULT2A1 were

examined under the unfolding induction by urea from 0-6 M at 4 ‘C for approximately 24

hours. Typical normalized urea-induction unfolding curves were shown in Fig. 4 and the data
from such transition curves were fitted to Equation 3 and 4 to yield values for [Urea]soe, m

value, and AGun'"2° for dimer and monomer mutant of SULT2A1 (TABLE V) (all errors are

calculated from the best fit of the data and are not standard deviations from repetitive runs).
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Based on these AGUNHZO values for urea denaturation monitored by CD2ym in TABLE V,

the thermodynamic stabilities of monomer is more labile than dimer of SULT2AI1. Related
parameters of urea-induced denaturation are m value, the slope of the transition, and [Urea]sge,
the urea concentration at the midpoint of denaturations given in TABLE V. The [Urea]soq,

was obviously higher in dimer than in monomer mutant.
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DISCUSSION

The fact that specific protein-protein interaction can be mediated by short segments of
polypeptide chains and it is pivotally important for many physiological processes. For
example, upon phosphorylation, ERK2 (a MAP-kinase) forms a homodimer that translocates
into the nucleus (this dimerization is mediated by a flexible loop of ERK2 molecule) (34).
The key contact surface consists of 12 residues that constitute the hydrophobic zipper-like
dimer interface enforced by ion pairs at each end of the zipper (35-36). So far the dimerization
interface of cytosolic sulfotransferase had been identified as the KTVE motif (12) and these
highly conserved amino acid residues form a zipper-like and anti-parallel interface, and force
the formation of the homodimer consisted of two subunits. In this study we mutated the
Val-260 to glutamic acid to interfere the hydrophobic interaction and caused the
charge-charge repulsion. The V260E mutant of SULT2A1 forces the dissociation of the two
subunits of dimer to form the monomeér-and.confirmed by gel filtration as shown in Fig. 1 and
TABLE II.

The secondary and tertiary structures reveal slight difference between dimer and
monomer by the measurement of circular dichroism spectrum (Fig. 2). However, the
conformational change may result from the mutation itself because the glutamic acid
(negative charge residue) is more hydrophilic than the valine (neutral and more hydrophobic).
The site-directed point mutation (V260E) may cause partial conformational change so that
there is the slight difference between dimer and monomer. Furthermore, it may also result
from the protein-protein interaction between the two subunits of dimer of SULT2AI.
Consequently the monomer loses the ability to approach with each other and the secondary
and tertiary structure observed by CD spectrum is in fact the true ones without the

interference by the other subunit.
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The enzyme kinetics reveal the K, and K; values are identical whether the dimer or
monomer is examined (TABLE III). It indicates the catalytic mechanism may be the same
even the substrate inhibition reaction. The k.,/K,,, however, is 2 folds higher in dimer than in
monomer of SULT2AL. It reveals both the subunits of dimer are competent catalytically and it
makes more senses. Moreover, previous study indicated that the binding study with human
SULTIEl (homodimer) is shown that the stoichiometry of PAP or PAPS binding is one
ligand with one enzyme (26). It was conflicting that the dimer is half active and the rest one is
inactive. Furthermore, the substrate binding study (TABLE IV) also reveals that the substrate
binding affinity is identical either in PAP or DHEA between dimer and monomer. The each
subunit of dimer does not affect the release of the PAP and DHEA, and it could also interpret
that the substrate inhibition does not attribute to dimerization of SULT2A1 (37) although the
origin of substrate inhibition had been proposed the formation of ternary dead-end complex
(26, 38). The K; values for either-of dimer and monomer (TABLE III) indicates that substrate
inhibition is not the result of dimerization-and-the release of DHEA does not significantly
alter (TABLE 1V).

Thermal and conformational stability reveal the monomer is more labile and the thermal

tolerance is lower than dimer approximately for 5 “C while the enzyme activity is inactive

for 50 % (Fig. 3). The conformational stability examined by urea unfolding experiment shows
the monomer is denatured under lower concentration of urea (Fig. 4). It may be attributed to
the conformational change as described above but it is not clear to know that whether the
protein-protein interaction forces the dimer more stable than monomer.

Consequently, we have prepared the monomer of SULT2A1 by site-directed mutagenesis
and confirmed by gel filtration. The conformational change, enzyme kinetics, thermal
inactivation and conformational stability experiments indicate the monomer and dimer

possess slight differences and it is potential to be the model to study the quaternary structure
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of cytosolic sulfotransferases and further to pursue the significance and the physiological

function.
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TABLE I

Calibration curve determination of molecular weight on Sephacryl S-200 HR.

MW  logMW) Ve Kav®
Albumin 67000 4.83 51.77 0.17
Ovabumin 43000 4.63 57.26 0.23
Chymotrypsinofen A 25000 4.40 72.83 0.42
Ribonuclease A 13700 4.14 81.14 0.53

*Ve represented the retention volume of eluted protein under the condition as indicated under

“Experimental Procedures.”

® Kav was calculated by the equation: Kav = (Ve — V0) / (Vt — V0). The Vt was the column

volume as 120 ml and the VO was the'retention, volume of blue dextran 2000 (2000 kDa),

whose retention volume was 38.1'ml.

39



TABLE 11

Physical and chemical parameters of wild type and monomer mutant of SULT2A1.

SULT2A1  Molecular weight’ Theoretical pI* Ve’
Wild type 68994 5.5 52.41
V260E 34541 5.3 63.33

* The molecular weight and theoretical isoelectric point (pI) were determined by the

ProtParam on the EXPASY server (http://tw.expasy.org/tools/protparam.html).

® The Ve indicated the retention volume as described above and determined by Sephacryl

S-200 HR.
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TABLE III

Rate constants of PAPS and DHEA with wild-type and V260E mutant of SULT2A41".

PAPS DHEA
SULT2AL1
Km kcat kcat/Km Km kcat Kl' kcat/Km
uM min ! uM min uM
Wild type 3.9+04 8.6 +0.8 2.2 47 +0.3 8.2+0.7 43+0.3 1.7
V260E 42 +0.6 4.4 +0.7 1.1 56 £0.5 42 +0.5 49 +0.5 0.8

* The reaction mixture with a final volume of 1 ml consisted of 100 mM potassium phosphate
buffer at pH 7.0, 5 mM 2-mercaptoethanol, 20 uM PAPS, 2 mM MUS, 5.4 ug K65ER68G of
rat SULT1AL1, wild type or V260E mutant of SULT2A1 and 5 uM of DHEA at 37 “C. A linear

response was obtained when 14.9 nM (1 pg) SULT2A1 was added in the standard assay

condition.
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TABLE 1V

Dissociation constants of PAP and DHEA in wild-type and V260E mutant of SULT2A1°.

Binary complexb Ternary complex®

SULT2A1 PAP DHEA
nM uM

Wild type 40.7 + 8.2 0.8 £0.05

V260E 36.5 £9.7 09 +£0.1

* Dissociation constants were determined with spectrofluorimeter as indicated under
“Experimental Procedures.”

® The dissociation constants of binary complex was determined with PAP ( 5 to 365 nM) and
SULT2AT (100 nM).

¢ The dissociation constants of ternary complex were*determined with DHEA (0.1 to 50 uM)

and SULT2AT1 (0.5 uM) in the presence of PAP (1 uM).
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TABLE V

Thermodynamic parameters correlated with free energy of unfolding, /A\Gun™°.

a H,Oc
suLToal L0’ m” AGun
M kcal mol™ kcal mol™
Wild type 2.7 23 +£03 6.3 £ 0.8
V260E 1.1 1.5 +£0.2 1.6 £ 0.5

* [Urea]sey, is the urea concentration at the midpoint of urea denaturation.

® m value is a constant that is proportional to the increase in the degree of exposure of the
protein on denaturation.

© AGuN™ is the free energy of denaturation'in.the absence of urea, and is the product of

[Urea]soe, and m value.
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Figure 1. Calibration curve of Sephacryl S-200 HR. A molecular weight calibration curve,
which defined the relationship between_the elution volumes of a set standards and the
logarithm of their respective molecular weights, was=determined with Sephacryl S-200 HR.
Calibration standards (crisscross).used werertbonuclease A (15.6 KDa), chymotrypsinogen A
(19.4 KDa), ovalbumin (47.6 KDa), and-Albumin (62.9 KDa). The wild type and V260E
mutant were closed and open diamonds, respectively. The Kav is obtained from the equation

Kav = (Ve —V0)/(Vt—V0) as described above.
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Figure 2. Circular dichroism specrtra of wild-type and V260E mutant of SULT2A1. CD
measurements were carried out on a Jasco J715 spectropolarimeter and processed data with
J-700 standard analysis version 1.33.00 (Jasco, Japan). CD spectra of enzymes at a
concentration of 1 mg ml™ in the phosphate buffer (pH 7.0) were measured in a (4) 1 mm
light path length quartz cell in the far-UV range (200-240 nm) and (B) 1 cm light path in the
near-UV (240-320 nm) at room temperature individually. The closed and open diamonds

indicated the wild type and V260E mutant of SULT2A1, respectively.
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Figure 3. Thermal stability of wild-type-and V260E mutant of SULT2A1. Aliquots of
wild-type and V260E mutant of SULT2AT were treated for 15 min at various temperatures
and following the enzyme activity assay. The closed and open diamonds indicated the wild
type and V260E mutant of SULT2A1, respectively. Each point was determined from duplicate

assay data.
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Figure 4. Conformational stability studies--Utea induced equilibrium unfolding monitored
by ellipticity at 222 nm on circular dichreisms The unfolding curve for wild-type and V260E
mutant were shown by the closed and open diamonds, respectively. These plots show the data
normalized (fraction unfolded) taking into accounting the sloping base lines and were
obtained using nonlinear regression by SigmaPlot 2001, V7.0 and Enzyme Kinetics Module,

V1.1 (SPSS Inc., Chicago, IL).
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CHAPTER 3 Metl137 and Tyr238 Modulate Substrate Binding Orientation and

Inhibition of Human Dehydroepiandrosterone Sulfotransferase

Human dehydroepiandrosterone sulfotransferase (SULT2AT1) catalyzes the transfer of
the sulfuryl group of 3’-phosphoadenosine 5’-phosphosulfate (PAPS) to hydroxysteroids such
as dehydroepiandrosterone (DHEA) and androsterone (ADT). The differences between the
complex structures of SULT2A1/DHEA and SULT2A1/PAP or SULT2A1/ADT have
enabled us to elucidate the specific amino acids responsible for substrate inhibition. Based on
the structural analyses, substitution of the smaller hydrophobic residue alanine for Tyr-238
(Y238A) significantly increases the K; value for DHEA and totally eliminates substrate
inhibition for ADT. In addition, Met-137 was proposed to regulate the binding orientation of
DHEA and ADT in SULT2A1.Complete elimination or regeneration of substrate inhibition
were demonstrated with the mutations of Met-137 and Tyr-238 in SULT2A1. Analysis of the
Met-137 mutants and Met-137/Tyr-238 double.mutants uncovered the relationship between
substrate binding orientations and inhibition.in .SULT2A1. Our data indicate that Tyr-238
regulates the release of substrate, and Met-137 controls substrate binding orientation of
DHEA and ADT in SULT2A1. In addition, a corresponding residue in other sulfotransferases
was shown to have a function similar to that of Tyr-238 in SULT2A1. Experimental results
and the multiple structural alignment all indicate that the involvement of this amino acid

residue in substrate inhibition may be a general feature in all cytosolic sulfotransferases.
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INTRODUCTION

Sulfonation is a widespread biological reaction catalyzed by members of the
sulfotransferase (SULT)' supergene family. These enzymes catalyze the transfer of a sulfuryl
group from 3’-phosphoadenosine 5’-phosphosulfate (PAPS), the universal sulfonate donor
molecule, to a substrate acceptor group. Cytosolic sulfotransferases sulfonate small molecules
such as drugs, steroid hormones, chemical carcinogens, bile acids, and neurotransmitters (1-6).
Some researches (7-17) focus on the critical residues for PAP binding (PSB and PB loop),
catalysis (e.g. His-108 in mouse SULT1EL1), substrate specificity (Tyr-81 in mouse SULT1E1
and Glu-146 in human SULT1A3), metal ion activation (Asp-86 in human SULT1A3),
dimerization motif (KTVE motif near C-terminus), redox effect (Cys-66 and Cys-232 in rat
SULT1A1) and substrate inhibition (Phe-247 in human SULT1A1) are shown in Fig. 1.

Human dehydroepiandrosterone sulfotransferase- (SULT2A1, DHEA-ST) catalyzes the
sulfonation of various steroids-and itheir-derivatives, including hydroxysteroids such as
dehydroepiandrosterone (DHEA), androsterone (ADT), testosterone, estradiol, and many
other endogenous steroids (19-22). Steroid sulfonation has been recognized as an important
process for maintaining steroid hormone levels during their metabolism. In humans,
dehydroepiandrosterone sulfate (DHEAS) is the most prevalent steroid precursor, and is one
of the major secretory products of both adult and fetal adrenals (23).

Substrate inhibition is a common characteristic of sulfotransferases (24-29). The
catalysis and inhibition of DHEA and ADT by SULT2AT1 have been reported to regulate the
homeostasis and metabolism of these compounds and to maintain steroid levels (23). Previous
studies have suggested that the onset of substrate inhibition is the formation of ternary
dead-end complex (30-31). Furthermore, other kinetic studies also indicate that the dead-end

complexes of E/PAPS/ROSO; and E/PAP/ROH can be formed through either sequential
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random or ordered Bi Bi kinetic mechanisms (31-35). Recently the substrate inhibition in
SULT1AT1 has been studied from solved x-ray crystal structure and compared with SULT1A3
which shares 93% amino acid sequence identity (17, 36). The presence of two p-nitrophenol
(pNP) molecules in the crystal structure of SULTIATI is postulated to explain cooperativity
and inhibition at low and high substrate concentrations, respectively. The proposed
mechanism of substrate inhibition is that there is impeded catalysis when both binding sites
are occupied due to the impeded release of pNP' that results from molecular crowding. In
addition, binding study with human SULTI1EI is shown that the stoichiometry of estradiol
binding is two ligands with one enzyme (31). It was proposed that one site is catalytic and that
the other is an allosteric site, which regulates turnover. The substrate inhibition in SULT2A1,
however, has not been studied in detail yet, even though the solved crystal structure shows the
proposed substrate inhibition orientation (37).

Structural alignments among ‘the .complex structures of SULT2A1/ADT,
SULT2A1/DHEA, and SULT2AA/PAP(23,-37-38) reveal structural variation of amino acids
in different substrate and PAP binding states. We herein describe experimental considerations
that lead us to propose two of the amino acids, Tyr-238 and Met-137, are residues responsible
in regulating substrate inhibition. Finally, we give another experimental example to
demonstrate that the corresponding Tyr-238 residues of other cytosolic sulfotransferases
possess similar function as that of SULT2A1 and may be a universal feature to regulate

substrate inhibition.
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EXPERIMENTAL PROCEDURES

Materials—PfuTurbo DNA polymerase was purchased from Stratagene, and MUS, MU,
DHEA, ADT, PAP, PAPS, p-nitrophenol, dopamine, glutathione (reduced form), and
dithiothreitol (DTT) were purchased from Sigma (St. Louis, MO). Potassium phosphate
(dibasic) was obtained from J. T. Baker (U.S.A.). DEAE Sepharose fast flow, Glutathione
S-transferase Sepharose fast flow and Sephacryl S-100 HR were obtained from Amersham
Pharmacia Biotech Asia Pacific (Hong Kong). All other chemicals were obtained
commercially at the highest purity possible.

Site-Directed Mutagenesis of the cDNA Encoding SULT2A1, SULTIAI, and
SULTIA3—Site-directed mutagenesis was performed with PfuTurbo DNA polymerase using
QuickChange (Stratagene, La Jolla; CA). All primers for mutagenesis were purchased from
Mission Biotech Co., Ltd. (Taiwan). Wild-type SULT2A1, SULT1A1, and SULT1A3 cDNA
incorporated in the pGEX-2TK expression-vector were used as templates in conjunction with
specific mutagenic primers (Table I).-Mutated cDNA sequences were confirmed using an
ABI Prism 377 DNA sequencer (Applied Biosystems, Foster City, CA) following the
standard protocol.

Expression, Purification and Characterization of Wild-type and Mutants of SULT2AI,
SULTIAI, and SULTIA3—The expression and purification of SULT2A1, SULTI1AI1, and
SULT1A3 were described previously (39-40). Molecular weight of wild type (homodimer)
and V260E mutant (monomer) of SULT2A1 was estimated by gel filtration chromatography
(15). A homogeneous protein was obtained as determined by SDS-polyacrylamide gel
electrophoresis (41).

Enzyme Assay—The activities of wild-type and mutant SULT2A1 were determined

according to the change of fluorescence based on a coupled-enzyme assay method (42). The
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fluorescence of MU at 460 nm was measured upon excitation at 355 nm. The reaction mixture
with a final volume of 1 ml consisted of 100 mM potassium phosphate buffer at pH 7.0, 5

mM 2-mercaptoethanol, 20 uM PAPS, 2 mM MUS, 5.4 ng K65ER68G (43) of rat SULT1A1,

SULT2A1 and 5 uM of DHEA or ADT at 37 ‘C. A linear response was obtained when 1.49 to

149 nM (0.1 to 1 pg) SULT2A1 was added in the standard assay condition (42). In the
reaction condition, regeneration of PAPS catalyzed by K65ER68G of rat SULT1A1 is much
faster than the production of PAP catalyzed by SULT2A1 for about 40 to 50 folds. SULT1A3
standard assay was similar to the SULT2AT1 assay excepts that the reaction mixture contained

1.5to 7.3 nM (0.1 to 0.5 pg) SULT1A3 and 30 uM of dopamine at 37 ‘C. K65ER68G of rat

SULT1AL is inactive toward DHEA, ADT and dopamine in the conditions described above.
Activity of SULT1A1 was determined according to the change of absorbency at 400 nm due
to elimination of free p-nitrophenol (¢ =/10500,M'cm™ at pH 7.0) as described previously
(43). The reaction mixture consisted of 100 mM potassium phosphate buffer at pH 7.0, 1 to
100 nM (0.07 to 7 pg) SULT1AL, S0 uM PAPS, 5 mM 2-mercaptoethanol, and 5 uM

p-nitrophenol at 37 C.

Substrate Binding—The dissociation constants (K;) of PAP, DHEA, ADT towards
SULT2AL, respectively, were determined with a spectrofluorimeter as described previously
(31). The decrease in intrinsic fluorescence of protein at 340 nm was observed upon excitation
at 280 nm when an aliquot amount of PAP was added into the mixture consisted of 100 mM
potassium phosphate buffer at pH 7.0, 100 nM wild-type or mutant SULT2A1 and varying

concentrations of PAP at 25 ‘C with a final volume of 1.3 ml in a quartz cuvette of 1 cm

square cross-section. In the formation of ternary dead-end complex, DHEA and ADT were
added into the pre-incubated solution containing 0.5 uM wild type or mutants of SULT2AI,

100 mM potassium phosphate at pH 7.0, and 1 uM PAP at 25 °C. Each data point was
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duplicated, and the difference was within 10%.

Molecular Modeling—Homology modeling of the M1371 and M137W mutants were
constructed using the SWISS-MODEL server (44) based on the SULT2A1/DHEA complex
structure (PDB code: 1J99) (37). These modeled structures were used in GOLD (45) as
templates to dock DHEA and ADT molecules with 10 genetic algorithm runs. Figures were
prepared using Swiss-Pdb Viewer (46).

Analysis of Kinetic Data—Results of kinetic experiments were analyzed using nonlinear
regression to fit the appropriate equation to the data. Kinetic data obtained from
non-inhibitory experiments were individually fit to Michaelis-Menten Equation 1, and
substrate inhibition data were fitted to substrate inhibition in Equation 2 (47). The rate
constants (K, Vuax, and K;) were obtained using SigmaPlot 2001, V7.0 and Enzyme Kinetics

Module, V1.1 (SPSS Inc., Chicago; IL). Data used represent mean values derived from two

determinations.
v=V[SI/(K»+[S]) (Eg-1)
v = V[S)/{Ky + [S](1 + [SV/K})} (Eq-2)

Crystallization and Data Collection—M1371 and M137W mutants of SULT2A1 were
co-crystallized with DHEA and ADT using the hanging drop vapor diffusion technique at
room temperature (48). Proteins were concentrated at 10 mg/ml and either 0.5 mM DHEA or
ADT in 10 mM Tris, pH 7.5, and 0.1% n-octyl f-p-glucopyranoside (S-OG). Drops were
prepared by mixing equal volumes of protein and reservoir solutions consisting of 100 mM
HEPES, pH 7.5, 100 mM sodium chloride, and 1.6 M ammonium sulfate. The crystals

appeared after 2-3 days and matured in 7-10 days.
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RESULTS

Predicting Critical Amino Acid Residue for Substrate Inhibition by the Comparison of
the Structure of SULT2A1 Complexes—Crystal structures of SULT2A1 containing ADT,
DHEA, and PAP, respectively, have been reported (23, 37-38). It has been proposed that
substrate inhibition was induced due to the formation of the enzyme/PAP/substrate ternary
complex (30-31). Comparison between the SULT2A1/PAP and SULT2A1/DHEA binary
complex structures may reveal the alternative locations of the main regulatory amino acid
residues when substrate is present or absent in the active site. The overall structure of the
SULT2A1/PAP complex is very similar to that of the SULT2A1/DHEA complex, except for
some residues and a loop from residues Tyr-231 to Gly-252 (Table II). The root-mean-square
deviation (RMSD) value of this loop between thé:two structures is 6.67 A for the backbone
(excluding Lys-242 and Thr-243, which were not-solved in the SULT2A1/PAP binary
complex structure). As shown in Fig.-24,-the main difference in the DHEA binding site
between the two complexes is that the loop from residues Tyr-231 to Tyr-238 is closed in
SULT2A1/PAP, while it is open in SULT2A1/DHEA (37-38). Furthermore, in the
SULT2A1/DHEA complex, several hydrophobic residues on this loop, including Tyr-231,
Leu-234, and Tyr-238, are located in close proximity to the DHEA molecule; these residues
contribute to the hydrophobic nature of the active site. Also, in the SULT2A1/DHEA binary
complex structure, Tyr-238 acts likely as the gate toward the substrate-binding cavity, but
moves away from the active site in the SULT2A1/PAP binary complex structure (Fig. 24). It
is therefore reasonable to speculate that Tyr-238 may play a critical role in regulating the
release of substrate. Two distinct DHEA orientations have been revealed in the
SULT2A1/DHEA complex structure (37). By contrast, ADT exhibited only one substrate

orientation in the active site of the SULT2A1/ADT complex (23). As shown in Fig. 2B, the
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ADT molecule shares the same location as that of the DHEA molecule in the previously
proposed alternative orientation (37). The SULT2A1/DHEA and SULT2A1/ADT complex
structures are quite similar at this region, including the loop described above, and the location
of Tyr-238 residue. The origin and biological significance of the two proposed orientations of
DHEA have not been studied well so far. The structural comparison described above reveals
that the previously proposed catalytic orientation for DHEA (37) disagrees with that for ADT.
Mutational studies and kinetic evidences will be provided later to show that ADT which
contains only one substrate orientation in SULT2A1 should be in the catalytic orientation.

Kinetic Analysis of Tyr-238 Mutants of SULT241—The hypothesized gate residue of
Tyr-238 for regulating substrate inhibition, as revealed by the above structural comparison,
was confirmed by site-directed mutagenesis. V.., K, and K; values of wild type and Tyr-238
mutants (Y238A, Y238F, and Y238W of SULT2A1) were determined using DHEA or ADT
as substrates (Table III). Y238 A of SULT2A. exhibited no substrate inhibition when ADT
was used as substrate and the K; value.of DHEA-was significantly increased. The K; values of
DHEA and ADT for Y238F and Y238W.of SULT2A1 were either only slightly higher than
those of wild type or within the error tolerance, respectively. The changes of K, and V,,, for
Y238A, Y238F and Y238W were not drastic whenever DHEA or ADT was used as substrate
(Table III). This observation, consistent with the above prediction base on structural analysis,
showed that Y238 is regulating the substrate inhibition and demonstrated that the size of the
amino acid side chain (Y238) is important.

Predicting Amino Acid Residue Delineates the Orientations of DHEA and ADT in
SULT2A1—Mutating Tyr-238 to alanine completely and partially eliminate substrate
inhibition for ADT and DHEA, respectively (Table III), indicating that additional amino
acid(s) may be interacting with these two substrates in a different way. The complex

structures of SULT2A1/DHEA and SULT2A1/ADT revealed two orientations for DHEA but
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only one for ADT as described earlier (23). From the available information, we might infer
that the additional amino acid(s) that affect substrate inhibition of DHEA may also affect its
binding orientation in SULT2A1. To search for the possible amino acid(s), we superimposed
the structures of SULT2A1/DHEA and SULT2A1/ADT on each other. Most of the amino
acid residues hold the same positions in the two complex structures, except for the side chains
of Met-16, Ile-71, and Met-137 whose RMSD values (2.41, 2.50, and 2.40 A, respectively)
(TABLE 1V) are noticeably higher than those of the others (Fig. 3). Both Met-16 and Ile-71
of the SULT2A1/DHEA and SULT2A1/ADT complex structures form similar van der Waals
interactions toward ADT and DHEA in the two orientations. By contrast, the C; atom of the
Met-137 residue in SULT2A1/ADT complex structure points inward the substrate binding site
and causes steric hindrance for ADT and prevents it from forming additional orientation
observed only for DHEA. The shortest distance would have been only 1.11 A between C-12
of DHEA at this additional orientation and+“the~Cgatom of Met-137 in SULT2A1/ADT
complex (Fig. 3). From the . structuraltanalysis between SULT2A1/DHEA and
SULT2A1/ADT complexes, it is reasonable:to propose that, in addition to Tyr-238, Met 137
may serve as the amino acid that modulates the substrate inhibition and binding orientations
of DHEA and ADT.

Kinetic Analysis of Met-137 and Met-137/Tyr-238 Mutants of SULT241—The proposed
effects of Met-137 on substrate inhibition were examined by mutational analysis of SULT2A1
at Met-137 and Tyr-238. Significantly larger K; values (over one order of magnitude) for ADT
were obtained (Table IIT) when Met-137 of SULT2A1 was mutated to isoleucine (M1371)
and valine (M137V) which contain smaller side chains. Such effect was less significant when
Met-137 of SULT2A1 was mutated to amino acid with larger side chain, tryptophane
(M137W). Changes of K; values for DHEA were less significant as compared to those for

ADT (Table III). M137K was also prepared and exhibited no enzymatic activity, most
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probably due to the positive charge of lysine that interferes with the hydrophobicity of the
binding site. These observations are consistent with the above structural analysis that Met-137
side chain is a steric hindrance for ADT in SULT2A1/ADT complex but not for DHEA in
SULT2A1/DHEA complex (Fig. 3). By removing this steric hindrance, additional binding
orientation for ADT may form and may cause substrate inhibition that can not be removed by
mutating Tyr-238 as described above (Table III). In contrast, by adding a large side chain at
Met-137, the additional binding orientation of DHEA may be removed and the substrate
inhibition may be completely eliminated with Tyr-238 mutant. Double mutations at Met-137
and Tyr-238 confirm our hypothesis. Mutation of SUKT2A1 Y238A mutant (which exhibit no
ADT substrate inhibition as shown in Table III) at Met-137 produces a double mutant,
M1371/Y238A, which exhibits ADT substrate inhibition (Table III). Similarly, mutation of
Y238A (this mutation can not completely remove DHEA substrate inhibition) at Met-137
produces a double mutant, M137W/Y238A, which exhibits no DHEA substrate inhibition
(Table III). The large side chain of tryptophane /may prevent DHEA from forming the
additional orientation in M137W/Y238A.so.that no substrate inhibition can be observed. Two
other double mutants, M137V/Y238A and M137K/Y238A (Table III), also exhibited
expected properties. The K; values obtained with M137V/Y238A were between those
obtained with M1371/Y238A and MI137W/Y238A. MI137K/Y238A still exhibited no
enzymatic activity as that of M137K.

Molecular Modeling of DHEA and ADT binding orientations in SULT2A1—The data
discussed above also indicate that the additional substrate orientation modulated by Met-137
is not a catalytic active orientation and the presence of this binding orientation is to generate
additional substrate inhibition. The orientations of DHEA and ADT in M1371 and M137W
were modeled by SWISS-MODEL and GOLD (44-45) as shown in Fig. 4. Two substrate

orientations and one substrate orientation were obtained for M1371 and M137W, respectively.
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These modeled structures are consistent with the substrate inhibition data discussed and
shown in Table III that Met-137 modulate the substrate binding orientations and can be
demonstrated by site-directed mutagenesis. As shown in Fig. 44, the sulfonation sites of
DHEA or ADT are facing in two different orientations. It is reasonable to speculate that only
one of the orientations is catalytically active and should be the one as shown in Fig. 4B. As
shown in Table III, substrate inhibition was completely eliminated when substrate existed
only one substrate orientation but not in two orientations in Y238A mutant. It is also
reasonable to speculate that the additional orientation existed is responsible for the substrate
inhibition observed.

Substrate Inhibition of SULT2A1 Monomer—In a previous study on SULT2A1/PAP
complex structure (38), the loop (residues 231-252, shown in Fig. 24) was speculated to
prevent substrate binding while being involved in-the dimer interface. This implies that the
dimer may be an inactive form, with the second. subunit of the dimer contributing to the
locking in the substrate-blocking-loop: To-examine the previous hypothesis that dimerization
results in substrate blocking, the monomer mutant (V260E) of SULT2A1, designated in the
KTVE motif (15) along with a double mutant, Y238A/V260E (Table III), were constructed
to comprehend the substrate inhibition of SULT2A1. The wild-type SULT2A1 (homodimer)
was found to have similar kinetic constants as those of the mutant monomer. Furthermore, the
pattern of substrate inhibition in monomer mutant (V260E in Table III) is the same as that of
wild-type SULT2A1. The mutation of mutant monomer at Tyr-238 (Y238A/V260E in Table
III) also gives exactly the same substrate inhibition pattern as that of Y238A of SULT2A1
(Table III). Data obtained from this study indicates that dimer or monomer of SULT2AI
does not play an important role for the exhibition of substrate inhibition.

Dissociation Constants of PAP, DHEA and ADT in Binary and Ternary Dead-end

Complex of SULT2A1 and Its Mutants—The cause of sulfotransferae substrate inhibition has
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been attributed to the formation of an enzyme, substrate and PAP ternary complex (30-31).
The binding of PAP is critical for the formation of the ternary complex (9) and it has been
shown that affinity of PAP had profound effects on the activity of sulfotransferases (35, 43). It
1s important to show that this ternary complex is intact in SULT2A 1 mutants: Y238A, M137I,
MI137W, M1371/Y238A and M137W/Y238A to support our proposal that M137 and Y238
directly modulate substrate inhibition. Circular dichroism spectra of SULT2A1 and its
mutants were obtain to demonstrate that their secondary structures remain intact (Fig. 5). As
shown in Table V, the dissociation constants of PAP for the formation of the SULT2A1/PAP
binary complexes remain the same among wild type and all the mutants. Tight binding of
PAP (in nM range as shown in Table V) to the SULT2A1 and its mutants indicates that PAP
binding site remains intact following such mutations. This information excludes the
possibility that the change of K; values reported in this study is due to the change of PAP
binding to SULT2A1 mutants.

Affinity of either DHEA or ADT-to - SULT2A1/PAP binary complex was significantly
decreased with Y238A mutant as compared to that of wild type enzyme (Table V). In contrast,
mutation at Met-137 (M1371 or M137W) did not significantly affect the bonding of either
DHEA or ADT to the enzyme binary complex. The dissociation constants of the double
mutants of SULT2A1, M1371/Y238A and M137W/Y238A, are very similar to those of single
mutant, Y238A (Table V). These observations are consistent with the proposed function of
Tyr-238 and Met-137 that the former acts to prevent the release of bound substrates while the
later modulates the orientation of bound substrates.

Functional Analysis of Tyr-238 Corresponding Residues in Other Sulfotransferases—The
multiple sequence and structure alignments of some solved-structure sulfotransferases are
shown in Fig. 6. The residues corresponding to Tyr-238 of SULT2AT1 have been highlighted,

and they are as follows: Phe-247 of human SULT1A1, Leu-247 of human SULT1A3, Met-247
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of mouse SULTI1E1, Leu-249 of human SULT2B1 vl (36, 50-52). This comparison leads us
to hypothesize that the Tyr-238 corresponding residue in other sulfotransferases may play a
similar role in substrate inhibition because these residues all demonstrate steric hindrance of
the substrate-binding cavity, and therefore they may modulate substrate inhibition for their
own preferred substrates. To characterize the corresponding residues of Tyr-238 of SULT2A1
in other sulfotransferases, further mutational analysis was conducted with SULT1A1 and
SULT1A3 at Phe-247 and Leu-247 residue, respectively (Table VI). As compared to those of
wild type SULTI1AI, the K; value of F247A (with p-nitrophenol as substrate) increased
approximately 12-fold, while the V,,,/K,, value increased approximately 3-fold. The K; value
of dopamine for SULT1A3 is much higher than that of pNP for SULT1A1 (Table VI). It may
presumably due to the positive charged dopamine at the assay condition. Mutations at
Leu-247 of SULTIA3 give K; values comparable with the size of the side chain of the
mutated amino acid as shown in-Table VI for-L.247A and L247Y (the larger the amino acid
side chain, the lower the K; value). The data-from these investigations support our hypotheses
that substrate inhibition in SULT2AT is modulated by Tyr-238, and that analogous residues of

Tyr-238 in other sulfotransferases play similar roles with respect to substrate inhibition.
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DISCUSSION

Recently, there has been an increase in structure/function studies as a result of an
expansion of solved x-ray crystal structures of sulfotransferases. DHEA has been proposed to
have two binding orientations in SULT2A1 (37), however, bound ADT possesses only one, in
which it is flipped over along the long axis of the DHEA relative to the proposed alternative
orientation (23). The proposed alternative orientation of DHEA was speculated to be a
substrate-inhibition orientation owing to the fact that it placed O-3 hydroxyl group of DHEA
with respect to His-99 for 2.9 A away, and closer to the modeled PAP. Furthermore, it
contained more van der Waals interactions with hydrophobic residues than the catalytic
orientation (37). Gamage et al. (53), however, suggested that this would not result in substrate
inhibition because this would require a relative increase in the proportion of the proposed
alternative orientation while the substrate concentration increases. It might infer that both the
orientations of DHEA could cause substrate-inhibition while PAP remained in the active site
to form ternary dead-end complex. In this report, we identified two amino acids (Met-137 and
Tyr-238) responsible for modulating substrate inhibition of DHEA and ADT and were able to
provide experimental evidences to show that both substrate binding orientations of SULT2A1
indeed cause substrate inhibition.

The bound orientations observed for DHEA and ADT might be the substrate inhibition
mode because the crystals were usually formed under high concentration of ligands although
PAP was not present in the solved crystal structures of SULT2A1/DHEA and
SULT2A1/ADT (23, 37). K; values of DHEA for SULT2A1 and its mutants at Tyr-238 and
Met-137 (Table III) also support that substrate inhibition may be induced by two possible
binding modes for DHEA. According to the crystal structures of SULT2A1 (Fig. 2), Tyr-238

has weak interactions with ADT and the two orientations of DHEA as the closest distance is
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about 4.6 A. It strongly suggests that Tyr-238 acts as a gate residue to regulate the release of
substrate into the substrate-binding cavity. The dissociation constants of ternary dead-end
complex shown in Table V also support this implication. K; of both DHEA and ADT increase
significantly when Tyr-238 was mutated to alanine. However, mutation of Tyr-238 alone can
not completely eliminate DHEA substrate inhibition (Table III) indicating the existence of an
additional substrate inhibition mode for DHEA but not for ADT. Structural analysis showed
that Met-137 is closely interacting with DHEA and ADT and may modulate the substrate
binding orientation (Fig. 3). This observation agrees with the experimental data that further
mutation of Y238A at Met-137 not only can completely eliminate substrate inhibition for
DHEA (M137W/Y238A in Table III) but can also create substrate inhibition for ADT
(M1371/Y238A in Table III). These data strongly suggest that, in these double mutants,
DHEA exists in only one orientation (M137W/Y238A) and ADT presents in two orientations
(M1371/Y238A). Molecular calculation and moedeling-shown in Fig. 4 give additional support
for the proposed substrate binding orientations-in.these mutants.

Other possible causes for substrate inhibition proposed previously were also examined in
this study (15). Dimerizatin of SULT2AI1 is shown to have nothing to do with the substrate
inhibition for exactly the same substrate inhibition patterns were observed for enzyme
monomer, dimer and their mutants (Table III). Binding of PAP may significantly affect the
substrate binding (9) and in turn affect substrate inhibition. This possibility was also examined
to show that mutation at Met-137 and Tyr-238 did not affect the nucleotide binding affinity
with SULT2A1 (Table V). In addition, the increase of the dissociation constants of DHEA and
ADT in Tyr-238 and Met-137 mutants (Table V) is consistent with what would be expected
for the partial or complete elimination of substrate inhibition.

The overall model of the modulation by Met-137 and Tyr-238 for substrate binding

orientation and inhibition is shown in Fig. 7. The wild type SULT2A1 exhibits substrate
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inhibition for DHEA and ADT while the PAP is present simultaneously. In the mutant Y238A,
there is no substrate inhibition for ADT and less significant substrate inhibition for DHEA.
Mutation at Met-137 proposed to regulate the substrate binding orientation in this study,
uncover the relationship between the substrate binding orientations and substrate inhibition
while Y238A is examined. Mutation at Met-137 alone does not significantly change the
substrate inhibition pattern for both DHEA and ADT. For Y238A mutant, however, the size of
Met-137 side chain can modulate the substrate inhibition pattern for DHEA and ADT. Thus
the double mutant at Met-137 and Tyr-238 can significantly convert the substrate inhibition
pattern of Y238A. In Fig. 6, two substrate binding orientations are shown and they are
proposed to have different substrate inhibition patterns.

Finally, the function of Tyr-238 corresponding position in SULT2A1 is proposed to be a
general feature among other cytosolic sulfotrasnferases. Previous researches on substrate
inhibition of SULTIA1 (17, +36). revealed that -SULT1A1 could accommodate two
p-nitrophenol which leads to the-substrate-inhibition. In our study the Phe-247 of SULT1AI,
which corresponds to Tyr-238 of SULT2A 1, confirm that substrate inhibition can be similarly
regulated and they all play the role to prevent the substrate from releasing. (Table VI).
Furthermore, the corresponding residue in SULT1A3, leucine, is mutated to alanine and a
higher K; value is obtained for dopamine (Table VI). Replacing this leucine with tyrosine and
phenylalanine decrease the K; values (Table VI). We therefore propose that the Tyr-238 and
its corresponding residues in other cytosolic sulfotransferases play the similar role on
regulating the release of substrate.

To further confirm the hypothesis that Met-137 could modulate substrate binding
orientations and then regulate the substrate inhibition, the cocrystalization of DHEA and ADT
with M1371 and M137W are performed. So far homogeneous enzymes (M1371 and M137W)

are purified (Fig. 8) and the co-crystals of individual enzymes and substrate are produced (Fig.
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9) The phase determination is still in progress.

In conclusion, we propose that the substrate inhibition in sulfotransferase could occur
either from the formation of ternary dead-end complex or the mis-orientation of substrate in
the complex (53). The proposed function of Tyr-238 and Met-137 in SULT2A1 in this study
may also be a model to explain how the substrate inhibition is modulated in other

sulfotransferases.
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TABLE I

Primers used for generation of SULTIAI, SULT1A3 and SULT2A1 mutants®.

Mutant Primer
SULTIA1  F247A 5'-cccccaggaggecatggaccaca-3'
L247A 5'-cccccaggaggecatggaccaca-3'
SULTIA3  L247F S'-cccccaggagtteatggaccaca-3'
L247Y S'-cccccaggagtacatggaccaca-3'
M137C 5'-ctggaaaaactgcaagtttatta-3'
M1371 5'-ctggaaaaacatcaagtttatta-3'
MI137V 5'-ctggaaaaacgtgaagtttatta-3'
MI37K 5'-ctggaaaaacaagaagtttatta-3'
SULT2A1 88 aazaas
MI137W S'-ctggaaaaactggaagtttatta-3'
Y238A S'-gagtgttgatgctgtagtggaca-3'
Y238F 5'-gagtgtteattttgtagtggaca-3'
Y238W S'-gagtgttgattggotagtggaca-3'

* Bold and underlined nucleotides indicate the designated positions for mutation. Only the

sequence of the sense primer of each mutagenic set is shown.
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TABLE 11

RMSD values of SULT2A1/DHEA (1J99) and SULT2A1/PAP (1EFH) complex structures”.

Residues RMSD (A)
residues No.  1J99 1EFH Backbone Side chain  All atoms

4-230° — — 1.20 2.03 1.69
231 Tyr Tyr 4.16 9.56 8.16
232 Ser Ser 6.42 8.88 7.33
233 Leu Leu 7.36 8.50 7.95
234 Leu Leu 6.24 5.97 6.11
235 Ser Ser 6.39 6.55 6.44
236 Val Val 5.63 8.58 7.05
237 Asp Asp 6.64 9.80 8.37
238 Tyr Tyr 7.00 8.48 8.02
239 Val Val 6.18 8.43 7.23
240 Val Val 4,11 3.31 3.79
241 Asp ASp 2.04 4.36 3.40

242 Lys — = — —

243 Thr — ) — — —
244 Gln Gln 6.26 6.18 6.22
245 Leu Leu 6.59 8.72 7.73
246 Leu Leu 6.51 8.84 7.76
247 Arg Arg 5.79 8.44 7.58
248 Lys Lys 7.41 5.18 6.27
249 Gly Gly 9.63 0 9.63
250 Val Val 9.61 11.52 10.47
251 Ser Ser 8.69 11.75 9.82
252 Gly Gly 6.05 0 6.05
253-279" — — 0.98 2.34 1.83
Average 2.13 2.86 2.54

* Superposition of these two known structures was created by Combinatorial Extension (CE)
(49) and the root-mean-square deviation (RMSD) was calculated by Swiss-Pdb Viewer (46).
® The average RMSD of these residues is less than 2.5 A.

¢ Structure in this region was not solved.
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TABLE III

Rate constants of SULT2A1 wild type and mutants using DHEA and ADT as substrates".

DHEA ADT
SULT2AI K, V e V /K K, K, V s V /K K,
uM nmole/min/mg uM uM nmole/min/mg uM
Wild type 25407 227 + 42 91 61+ 1.7 14 +0.8 203 + 86 145 07+ 04
Y238A 33+03 191 + 83 58 45 + 49 1.4 +0.1 55+ 13 39 b
Y238F 1.1 £0.2 108 + 8.2 98 2 + 17 1.5+ 0.6 134 + 38 90 22+ 09
Y238W 0.7 + 0.1 71+ 5.1 101 15 + 29 0.7 + 0.6 79 + 44 113 12+ 08
M1371 13 +02 68 + 4.9 52 36 + 68 0.2 +0.06 42+ 5.1 208 20 + 7.9
MI37V 1.9 + 0.6 70 + 8.9 37 53 + 19 0.7 +03 60 + 12 86 78 + 32
MI137W 13 +0.6 112 + 32 86 71+ 3.7 0.6 +0.2 61 + 14 52 38+ 1.6
M137K ND* ND* ND° ND* ND* ND* ND* ND*
MI371/'Y238A 3.6 +0.7 48 + 3.9 13 170 + 53 14 +03 30+ 1.8 22 159 +38
MI37V/Y238A 6.5 + 1.1 62+ 4.0 9.5 _ A466. .+ 140 3.6 = 0.4 37+ 0.9 10 b
MI37W/Y238A 4.2 =03 97 + 1.8 23 = 20+03 63 + 22 31 b
MI137K/Y238A  ND¢ ND° ND¢ ND¢ ND¢ ND¢ ND* ND°
V260E’ 1.6 £ 04 160 + 26 100 T1£ 19 14 +08 176 + 74 126 12+ 07
Y238A/V260E¢ 2.2 + 0.1 144 + 43 66 55TTET4.8 1.8 +02 48 + 14 27 b

* Sulfotransferase activity was measured as indicated under “Experimental Procedures.”
® Not applicable (substrate inhibition was not observed).
¢ Not determined due to undetectable or low level of activity.

4 Monomer mutant of SULT2AL.
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TABLE IV

RMSD of SULT2A1/DHEA (1J99) and SULT2A1/ADT (10V4) complex structures.

Neighboring residues around DHEA within 5 A RMSD (A)

residues No. 1J99 10V4 Backbone Side chain All atoms

14 Pro Pro 0.24 0.18 0.22
16 Met Met 1.01 2.41 1.85
17 Gly Gly 0.61 0 0.61
18 Phe Phe 0.65 0.45 0.53
43 Pro Pro 0.28 0.29 0.29
44 Lys Lys 0.30 0.92 0.72
47 Thr Thr 0.30 0.32 0.31
71 Ile Ile 0.54 2.50 1.81
Alternative 72 Trp Trp 0.68 0.68 0.68
Orientation 77 Trp  Trp 0.39 0.43 0.41
80 Ser Ser 0.31 0.55 0.41
82 Ile Ile 0.40 0.70 0.57
99 His His 0.18 0.23 0.21
133 Phe Phe 0.64 1.20 1.03
134 Trp Trp 0.45 0.30 0.35
160 Tyr Tyr 0.21 0.42 0.37
231 T TS — — -
234 Leu — — — —
14 Pro Pro 0.24 0.18 0.22
15 Thr Thr 0.81 1.83 1.35
16 Met Met 1.01 2.41 1.85
18 Phe Phe 0.65 0.45 0.53
44 Lys Lys 0.30 0.92 0.72
77 Trp  Tip 0.39 0.43 0.41
) 99 His His 0.18 0.23 0.21
Sifiﬁﬁon 133 Phe  Phe 0.64 120  1.03
134 Trp Trp 0.45 0.30 0.35
137 Met Met 0.83 2.40 1.79
138 Lys Lys 0.91 1.62 1.35
140 Leu Leu 0.78 1.89 1.43
231 Tyr  —¢ - - —
234 Leu -1 — — —
238 Tyr Tyr 0.99 1.10 1.06

* Not solved in this region.
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TABLE V

Dissociation constants of PAP, DHEA, and ADT in wild-type and mutated SULT2A41°.

Binary complexb Ternary complex”

SULT2AI PAP DHEA ADT

nM uM uM
Wild type 40.7 + 8.2 0.8 £0.05 0.4 +0.04
Y238A 48.7 + 8.6 6.9 £0.3 3.2 +£0.1
M1371 442 + 8.4 1.9 £0.3 0.4 £ 0.06
M137W 492 + 7.8 0.6 £ 0.07 0.3 £0.03
M1371/Y238A 322 +73 72 £04 24 +£04
M137W/Y238A 494 + 8.1 3.7 £0.6 23+04

* Dissociation constants were .determined - with *spectrofluorimeter as indicated under
“Experimental Procedures.”

® The dissociation constants of binary-complex-was determined with PAP ( 5 to 365 nM) and
SULT2AT (100 nM).

¢ The dissociation constants of ternary complex were determined with DHEA (0.1 to 50 uM)

or ADT (0.1 to 50 uM) and SULT2AT1 (0.5 uM) in the presence of PAP (1 uM).
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TABLE VI

Rate constants of SULT1AI, SULTIA3 and their mutants®.

Enzyme Substrate K, V V max /K K;
uM nmole/min/mg uM
SULT1A1 Wild type : 22+ 1.0 323 £ 116 147 08+ 04
p -Nitrophenol
F247A 32+ 038 1437 + 217 449 94+ 2.1
SULT1A3 Wild type 6.8 + 0.9 623 + 30 92 174 +23
L247A Dopamine 22 + 12 1149 + 32 52 282 +22
L247Y 36 +14 1669 + 457 46 61 +26

* Sulfotransferase activity was measured as indicated under “Experimental Procedures.”
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Figure 1. Sequence alignment of some cytosolic sulfotransferases. The PSB and PB loop

that interacted with the 5’-phosphate of PAP and the residues involved in binding the

3’-phosphate of PAP were shown with a cyan background. The other significant residues

reported in previous researches were shown in pink background. They are as follows: Ser-134

in rat SULT1AL1 (9), His-108 in mouse SULTIE1 (10), Tyr-81 in mouse SULTIE1 (11),

Glu-146 in human SULT1A3 (12), Asp-86 in human SULT1A3 (13-14), KTVE motif among
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most cytosolic sulfotransferase (15), Cys-66 and Cys-232 in rat SULT1A1 (16), and Phe-247
in human SULTIAT (17). Met-137 and Tyr-238 of SULT2AT1 reported in this study were

indicated by a red star. The multiple sequence alignment was generated by ClustalW (18).
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Figure 2. Structures of the loop from residues Tyr-231 to Gly-252 of SULT2A1/PAP,

SULT2A1/DHEA and SULT2A1/ADT complexes. A. Loop and substrate binding site.
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Superposition of this loop was performed between the SULT2AI1/PAP (orange) and
SULT2A1/DHEA (red) complex structures. The structure of SULT2A1/ADT at this region is
very similar to that of SULT2A1/DHEA. The two ligands were colored in green and the
proposed entrance of substrate was marked by an arrow. B. Stereoview of the
SULT2A1/DHEA and the SULT2A1/ADT complex structures. Tyr-238 (red) acted as a gate
residue for the substrate-binding site. The DHEA molecule was placed in two orientations and

was colored in green; ADT molecule was colored in blue.
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Met 137

]
L

Figure 3. Binding modes of DH]?TK;':z‘ihdﬁl}T'r‘.ii;;olecules in SULT2A1. Comparison of
the binding mode was performed between the SULT2A1/DHEA (red) and the
SULT2A1/ADT (blue) complex structures. The residues Met-16, Ile-71 and Met-137
around the DHEA and ADT molecules were shown. DHEA showed van der Waals
interactions (shown by dotted lines) with Met-16, Ile-71 and Met-137 with C-16, C-19 and

C-12 of DHEA, respectively.
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Figure 4. Molecular modeling of DHEA and ADT in M1371 or M137W of SULT2AI.
Homology modeling of the 4. M1371 and B. M137W were constructed using the
SWISS-MODEL server based on the SULT2A1/DHEA complex structure (PDB code: 1J99)
(37). These modeled structures were used in GOLD as templates to dock DHEA (red) and

ADT (blue) molecules.
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Figure 5. Circular dichroism specrtra of wild-type and mutated SULT2A1. CD
measurements were carried out on a Jasco J715 spectropolarimeter and processed data with
J-700 standard analysis version 1.33.00 (Jasco, Japan). CD spectra of enzymes at a

concentration of 7.4 uM (4) and 4 uM (B) in 20 mM phosphate buffer (pH 7.0) were
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measured in a 1 cm light path length quartz cell in the near-UV range (240-320 nm) and 1 mm
light path in the far-UV (200-240 nm) at room temperature individually. The white symbols
were the mutants while Tyr-238 was mutated to alanine, and the circle, inverted triangle,

square symbols were wild type, M1371, and M137W, respectively.
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Figure 6. Multiple sequence and structure alignment of Tyr-238 corresponding residues

among some solved-structure sulfotransferases.. The in-position residues of Tyr-238 (red)
of SULT2A1 were Phe-247 (green) of human SULT1AIl, Leu-247 (magenta) of human
SULT1A3, Met-247 (orange) of mouse SULT1E1, Leu-249 (cyan) of human SULT2B1 vl.
Superposition of these known-structure sulfotransferases was created by Combinatorial

Extension (CE) (49), and the multiple sequence alignment was produced by ClustalW (18).
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for DHEA only
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i‘glrn[?ifn Substrate inhibition
DIEA for both DHEA and ADT
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No substrate inhibition
for either DHEA or ADT

Figure 7. Schematic illustra.&ﬁn of!—SIU'LTZAl .-_.Isubstrate binding orientation and
inhibition modulated by Me;t__-.:137 ; 'anJ;I—’BLIC-BS'I The ternary dead-end complex was
conceived of presence with PAP, DHEAor A'DT s"i-ilimltaneously. The DHEA (red) and ADT
(blue) compound structures were shown as described before and the substrate binding
orientations of SULT2A1 were regulated by M1371 and M137W in wild type SULT2A1 was
colored in red (SULT2A1/DHEA) and blue (SULT2A1/ADT), respectively. The Met-137 and
Tyr-238 were mutated to demonstrate their effects on the substrate binding orientation and

inhibition schematically.
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Figure 8. SDS-PAGE analysis of M137L and 7M137V:V. Lane 1 was protein marker consisted
of bovine serum albumin (66.2 kDa), oi}albuﬁ{in (44 kDa), lactate dehydrogenase (35 kDa),
and restriction endonuclease Bsp98I (25 kDa). Lane 2 and lane 4 are M1371 and M137W,
respectively, and eluted from GSTrap chromatography. Lane 3 and lane 5 are M1371 and

M137W, respectively, and eluted from Q sepharose.
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Figure 9. M1371 and M137W miitas

were obtained in a hanging drop i

at 10 mg ml” were mixed with tlie

100mM NaCl, and 1.6 M (NH4),SO4. The crystals appeared in 2 + 3 days and grew to

dimensions after 7 = 10 days.

89



APPENDIX



A gp oA HI . B . H2 . H3 H .
= Ay L AANASL AP A,
SULT 141 MELIGDTSRPPLEYYKGYPLIKYRAEALG-PLOSFOARPDOLLISTYPRSGTTWYSAILDM IYOGGEDLEKCHRAP IF MRV PFLE 108
B A gp A 4 11 y B 3 H2 B H3 H4 ;
SULT281 -----MSDDFLWFEG TAF PTMGF RSETLRE YRDEFYIRDEDV TTL TYPKSGTHNWLAETLCLMHSKGDAK WIDSVPIWERS PUYE 105
B iy HE B, W Hg P 4 B T3]

SULT 181 P&PRLLE THLPL ALL PETLL DK WEY Y AR KA DVaYEYYHFYHMAK YHPEP GTWDEFLEKFMYGEYS YEEWIHY OEWNEL SR THPYLY LF YEDMKEN 202

B 15 17 B H& : H T H1 Bl oop  HIZ

B - IHH"F

SULTZA1 ESPRLFESHLPIOLF PEEFF 35K AKY IYLMRNPRDYL YE GYF FUK MMEF TKKPKEWEEYFEWFC OGTYL ¥GEWF DHIHGWMPMREEKNFLLLSYEELKQD 205

1 12 3 y  pu o HI4 HI®
H Hiz Hi3 38 5 pEB BPE BIE B B

SULT141 PEREIGK ILEFYGRELPEETVDF MYQHTSFK EME KMPMTWYT TYPOEFMDHET SPF MREGMAGDWE TTF TADMERF DADYAKKMAGCSLTFRSEL 235
13 [HE HIS . HIE vp HIZ Hig HI?

il i i p A [i i F Yy, B q

SULT2A1 TGRTIEK ICUFLGKTLEPEELML ILK MESFESHE EMKEMENTSLLEYD Y'Y D- K AQL LREGY SGD WK NHF TYARAEDF DEL FOEKMADLPRELFPYE 284

Al. Primary and secondary structural alignm'ehtrbetween SULT1A1 and SULT2A1. The
pairwise sequence alignment was prod;ucé‘dr-' By ClustalW. The secondary structures of
SULT1A1 and SULT2A1 were éprlored‘ in-¢yan-and pink, respectively. The putative substrate

specificity loops were boxed in red. "
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SULT1AL1: 21-26
-.\\SULTZAI: 13-19 4

11
SULT1A1: 83-91
SULT2A1: 79-82

T
e

A2. Tertiary structural alignment between SULT1A1 and SULT2A1. The loop I and loop
I of SULTIA1 (cyan) and SULT2A1 (pink) were shown and the substrates of pNP for
SULT1A1 and DHEA for SULT2A1 were colored in blue and red, respectively. Structural

superimposition of SULT1A1 and SULT2A1 was created by Swiss-Pdb Viewer.
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CLUSTAL W (1.82) multiple sequence alignment (within 6 A)

ABA H1 BB H2 H3 H4 H5
— iy AN, L L AN, AP A,
LLLLLEEELLEEEL HHHHHHHHHHLLLLLLLLLEEEEELLLLLHHHHHHHHHAAHLLLLHHHHLLLLHHHHLLLLLLLLLLLLLHHHHHAL
hSULTIAL  ----eemmmee oo - MELIQDTSRPPLEYVKGVPLIKYFAEALGPLQSFQARPDDLLISTYPKSGTTWVSQILDMI YQGGDLEKCHRAPTFMRVPFLEFKAPGIPSGMETLKD 98

H1 A A H2 H3 B H4 Hs

B B b B N “.\" B ‘C bﬁﬁ.c “7,\
=) —

HHHHHHHEEEELLEEEEHHHHHL HHHHHLLLLLLLLEEEEELLLLLHHHHHHHHHHHHLLLLHHHHLLLLHHHHLLLLLLEELLLEEHHHHHHL
hSULTIE]  -----mmmmmmmme oo VMNSELDYYEKFEEVHGILMYKDFVKYWDNVEAFQARPDDLV IATYPKSGTTWVSEIVYMIYKEGDVEKCKEDY IENR IPFLECRKENLMNGVKQLDE 97

HI A A H2 H3 B H4 c_Ho
N\ Ay A, — L PNNN— —n,—L i\~
— —EANITE Wi

LHHHHEEEELLEEEEHHHLLLHHHHHLLLLLLLLEEEEELLLLLHHHHHHHHHHHHLLL ------- LLHHHHLLLLLLEELLLEEHHHHHHL
mSULTIEL  ---emmmee oo METSMPEYYEVFGEFRGVLMDKRFTKYWEDVEMFLARPDDLVIATYPKSGTTWISEVVYVIYKEGDVEKCKEDAIFNRIPYLECRNEDLINGIKQLKE 98

B A
—J—‘—M—_-_i\ AN\ ’; _‘A'_l\'_ .m_
LLLEEELLEEELLLLLI HHHHHHHHHLLLLLLLLEEEELLLLLLHHHHHHHHHHHHLLLLLHHHHHLLHHHHLLLLLL ~ HHHHHHHLL
hSULT2A1  -----mmmemii e - - MSDDFLWFEG I AFPTMGFRSETLRKVRDEFVIRDEDVI I LTYPKSGTNWLAEILCLMHSKGDAKWIQSVPIWERSPWVES - - - - - EIGYTALSE 89

HI B H2 H3
— b ANt L AN 11 S
LLLLEEEELLEEEELLLLLHHHHHHHHHLLLLLLLLEEEELLLLLLHHHHHHHHHHHHLLLLLHHHHHLLLLLLLLLLLL LLLL-----
hSULT2Bla MASPPP--------------- FHSQKLPGEYFRYKGVPFPVGLYSLESTSLAENTQDVRDDDIFT ITYPKSGTTWMIET ICLILKEGDPSWIRSVPIWERAPWCET - - - - - IVGAFSLPD 100

p A_gg A_jgg M2 v_p B B B p M g B 8

AN—mm L PN\N———mmh- AP N — N N——  —P—

HHHHHHHLLLLLEEEELLEEEELLLLLHHAHHHHAALLLLLLLLEEEEELLLLLHHHHHHHHAHHHLLLLLHHHHHLLHHHHLLLLLL LLLHHHLLL
hSULT2B1b MDGPAEPQIPGLWDTYEDDISEISQKLPGEYFRYKGVPFPVGLYSLESTSLAENTQDVRDDDIFI ITYPKSGTTWMIET ICLILKEGDPSWIRSVPIWERAPWCET - - - - - [VGAFSLPD 115

Kkooecke ok ckekekekelokk ke oo . Kk . dook ke X * * .
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hSULTIAIL

hSULTI1E1

mSULT1ElL

hSULT2A1

hSULT2Bla

hSULT2B1b

g B Bp H6 B H7 vp H8 g M9 B H10 HIl H12
LLLLLEEEELLLLLLLLHHHHALLLEEEEEELI HHHHHHHHHHHAHHLLLLLLLLTI HHHHHHHAHAL LLLLLL HHHHHHHAAAALLLLL EEEEEHHHHHHT HHHHHHHHHHHHLLLLLHH
TPAPRLLKTHLPLALLPQTLLDQKVKVVYVARNAKDVAVSYYHEYHMAKVHPEPGTWDSFLEKEMVGEVSYGSWYQHVQEWWELSRTHPVLYLFYEDMKENPKREIQK ILEFVGRSLPEE 218

g B H8 H9 B H10 8 HI1 g HI2 5B H13 H14 y HIS
— A A NN AN — AN AL AN —A
LLLLLEEEELLLHHHLLHHHHHLLLEEEEEELL HHHHHHHHHHHHHHLLLLLLLLLHHHHHAAHHLLLLLLLLAHHHHHHAHHALLLLLEEEEERHHHHHL HHHHHHHHHHHLLLLLLHH
MNSPRIVKTHLPPELLPASFWEKDCK I I YLCRNAKDVAVSFYYFFLMVAGHPNPGSFPEFVEKFMQGQVPYGSWYKHVK SWWEKGK SPRVLFLFYEDLKEDIRKEVIKLIHFLERKPSEE 217

B B H7 HS8 B H9 B B H10 B H11 B B HI2 H13 y Hl4
— AN — )y ANNASL—LANANA— AN, A, AN, —A
LLLLLEEEELLLHHHLLHHHHHLLLEEREEELL HHHHHHHHHHARHHLLLLLLLLL HHHHEHHHEHLLLLLLLHHAHHHHHHAALLLLLEREEEHHHHAHRL HHHHHHRHHHELLLLLLHE
KESPRIVKTHLPPKVLPASFWEKNCKMIYLCRNAKDVAVSYYYFLLMiTSYPNPKﬁFSEFVEKEMQGQVPYGSWYDHVKAWWEKSKNSRVLFMFYEDMKEDIRREVVKLIEFLERKPSAE 218

5 B H6  H7 B H8 H10 HIl HI13 H14

B " v B BB B
—— ) —f AN —amm) - NN — AN ——— AN — D N AN —S
LLLLLEEEELLLHHHLLHHHHHL L EEEEEELL HHHHHHHHHHHHLLLLLLLLLLL HHHHHHHHHHL LLLLLL HHHHHHHHHHHL LLLLEEEEEHHHHHHL HHHHHHHHHHHHLLLLLHH
TESPRLFSSHLPIQLFPKSFFSSKAKV] YLMRNPRDVLVSGYFFWKNIKE IKKBKSWERYFENFCQGTVLYGSWEDHI HGWMPMREEKNFLLLSYEELKQDTGRT 1 EK 1CQFLGKTLEPE 209

L A e Ay AN NN AN,y SASNN——
- -LLLEEEEL LLLLLLIHHHLLLLLEEEEEEI I HHHHHHHHHHHHHALLLLLLLLLHHHHHAHAALLLLLLLLHAHHHHAEAL LLLLLLEEEEEHHHHHHT HHHHHHHHHHALLLLLLHH
QYSPRLMSSHLPIQIFTKAFFSSKAKVIYMGRNPRDVVVSLYHYSK ITAGOLKDPGTPDQFLRDFLKGEVQEGSWEDH I KGWLRMKGKDNFLE I TYEELQODLOGSVER ICGFLGRPLGKE 220

B

B 5B i}‘ﬁ H8 5 H9 g MO HIL 5 5 B HI2 HI3 H14
- - - LLEEEELLLLLLLLHHHLLLLLEEEEEELL HHHHHHHHHHHHHHLLLLLLLLLHHHHHAHAHLLLLLLLLHHHHHHAEHHHHLLLLL EEEEEHHHHHHL HHHHHHHHHHAHLLLLLHH
QYSPRLMSSHLPTQIFTKAFFSSKAKVIYMGRNPRDVVVSLYHYSKTAGOQLKDPGTPDQFLRDFLKGEVQFGSWEDH IKGWLRMKGKDNFLF I TYEELQODLQGSVER ICGFLGRPLGKE 235

REL L cERER e e Rk ek ok ok % R JE o EEL e o *o *
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H14 HI5

PN— AL e DL LN, NN
HHHAHHHALLAHHAAALLLLLLLLLLLELLLLLELLLLLLLLLLHHAHLLLAHHHAHAHAAAAAALLLLL LLLLLLI

hSULTIAT  TVDEMVQHTSFKEMKKNPMTNYTTVPQEFMDHS I SPEMRKGMAGDWKTTFTVAQNERFDADYAKKMAGCS - LTFRSEL - - - - - - - - 2o e e e e 295
H17 HI8

J”\I"\'——Egkl”‘ BBB_ B DR TOOD BTH b g ANANAN,.— —
HHHHHHHHLLHHAHHHLLLLLLLLLLLLLLLLLLLLLLLLLLLLEHHHLLLHEHHHHHHHEHHHHHLLLL LLLLL

hSULTIE1  LVDRITHHTSFQEMKNNPSTNYTTLPDEIMNQKLSPEMRKGI TGDWKNHETVALNEKFDKHYEQOMKEST - LKFRTEL - - - - = = == e e e e e 294
H16 H17

E A Y e e A VA A A
HHHHHHHHLLHHHHHHLLLLLLLLLLLLLLLLLLLLLLLLLLLLHHHHLLLHHHHHHHHHHHHHHHLLLL LIIIIL
mSULT1EL LVDRIIQHTSFQEMKNNPSTNYTMMPEEMMNQKVSPFMRKGIIGDWKNHFPEALRERFDEHYKQQMKDCT VKFRMEL - - - - - mmm e 295

H15

AAS AL
HHHHHAHHLLHHAHHLLLLLLLLLLLLLLLLLH HHHHLLLLLLLHHHLLLHHHHHHHHHHHHHHHLLLLHHHLLLL

hSULT2A1  ELNLILKNSSFOSMKENKMSNYSLLSVDYVVDK - AQLLRKGVSGDWKNHFTVAQAEDFDKLFQEKMADLPRELFPWE ——————————————————————————————————————————— 285

HI11

ANt B0 0b b p ANPNPLL L .
HHHHHHHHALHHAHALLLLLLLLLLLLLLLLLLLLLLLLLLLLLHHHHLLLHHHHHHAAAAEAHLLLLLLL - LLLLLL
hSULT2Bla ALGSVVAHSTFSAMKANTMSNYTLLPPSLLDHRRGAFLRKGVCGDWKNHETVAQSEAFDRAYRKQMRGMP - - TFPWDEDPEEDGSPDPEPSPEPEPKPSLEPNTSLEREPRPNSSPNPSP 338

.,,\l,\N'_ES;‘,; Bpp B __ Bpp vpp  pvp p e HI B B
HHHHHAHHHLHHHAALLLLLLLLLLLLLLLLLLLLLLLLLLLLLHAHHLLLHHAHHHHEHARHHHLLLLL  LLLLLI
hSULT2B1b ALGSVVAHSTFSAMKANTMSNYTLLPPSLLDHRRGAFLRKGVCGDWKNHFTVAQSEAFDRAYRKQMRGMP— TFPWDEDPEEDGSPDPEPSPEPEPKPSLEPNTSLEREPRPNSSPSPSP 353

I B L SkE. - . Lok skskck ok ok ok ok sk . *
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A3. Multiple primary and secondary structural alignment of partial cytosolic
sulfotransferases. The cytosolic sulfotransferases could divide into two families: SULT1 and
SULT2. The SULT1 included human SULT1A1, human SULT1E1, and mouse SULTI1E].
Furthermore, SULT2 was consisted of human SULT2AI1, human SULT2BI vl, and
SULT2B1 _v2. The amino acid sequence alignment was produced by ClustalW. The secondary
structures of SULT1 and SULT2 were colored in green and blue, respectively. The secondary
structures helix, sheet, and loop were abbreviated to H, E, and L individually. The residues

within the 6 A around the substrate were highlighted in the gray background.
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