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Abstract: Dehydroepiandrosterone (DHEA) is considered an endogenous steroid hormone
precursor, and 17-f3 Estradiol (E2) is one of the estrogen steroid hormones. Of the thirteen known
human cytosolic sulfotransferases (SULTs), SULT2B1a has been shown to be expressed in steroid
hormone-responsive tissues such as the prostate, ovary, and placenta, as well as the fetal brain.
Previous studies have demonstrated that SULT2B1a is capable of sulfating 33-hydroxysteroids such
as DHEA and pregnenolone. The present study aimed to investigate the effects of human SULT2B1
SNPs on the enzymatic characteristics of SULT2B1a allozymes in mediating the sulfation of DHEA
and E2. To inspect the effects of single nucleotide polymorphisms of the SULT2BI gene on the
sulfation of DHEA and E2 by SULT2Bla allozymes, 13 recombinant SULT2B1a allozymes were
produced, expressed, and purified using established procedures. 13 SULT 2Bla nonsynonymous
missense coding SNPs (cSNPs) were selected among numerous identified human SULT 2Bla SNPs
by a comprehensive database search. The corresponding cDNAs, packaged in pGEX-2TK
expression vector, and encoding the selected 13 SULT2B1a allozymes, have been generated by
performing site-directed mutagenesis. These were then bacterially expressed in BL21 E. coli cells
and purified using glutathione-Sepharose affinity chromatography. The purified allozymes were
tested for their ability to sulfonate DHEA and E2. In terms of the kinetic parameters, the wild-type
SULT2B1a exhibited higher enzyme affinity towards DHEA than with E2. In comparison with the
wild-type SULT2B1a, the purified allozymes displayed differential sulfating activities towards
DHEA and E2. Accordingly, these findings indicate an apparent effect of SULT2B1 ¢SNPs on the
sulfating activities of SULT2B1a allozymes toward DHEA and E2, and may provide for a better
understanding of the pharmacokinetics of DHEA and E2 in individuals with differing SULT2B1a
genotypes.
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1. Introduction

In humans and other mammals, steroids such as dehydroepiandrosterone (DHEA) and 17-8
estradiol (E2) are responsible for a variety of essential physiological processes such as reproductive
function and the regulation of cell proliferation and apoptosis, particularly in endometrial, ovarian,
and breast tissues [1-4]. DHEA is an endogenous steroid hormone that is abundantly present in the
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bloodstream compared to other steroids. In the body, DHEA is mainly produced in and secreted from
the adrenal glands [1,2]. The pathway for its synthesis is well-established. Initially, cholesterol is
converted to pregnenolone by the cytochrome P450 (CYP) side-chain cleavage enzyme (CYP11A1),
which is present on the inner membranes of mitochondria; and then, DHEA is converted to
pregnenolone under the action of CYP 17a-hydroxylase/17,20-lyase (CYP17A1), which performs two
enzymatic reactions: hydroxylation of pregnenolone at C17 generating 17a-hydroxypregnenolone
and cleavage of the C17-C20 bond generating DHEA. DHEA can then be used to synthesize
testosterone and androstenedione, from which the CYPA19 aromatase enzyme mediates the
biosynthesis of E2 and El, respectively [2,5]. The pathway summary is illustrated in Figure 1.
Notably, E2 is considered the most important estrogen that plays important physiological roles in the
human body. It is specifically biosynthesized in and secreted from the reproductive organs [4,6].
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Figure 1. Biosynthesis of steroidal hormones.

Sulfation is considered an important Phase II metabolic pathway for the biotransformation and
homeostasis of some endogenous compounds, as well as the detoxification of exogenous compounds
[7-10]. Sulfation is mediated by cytosolic sulfotransferase (SULT) enzymes, which catalyze the
transfer of a sulfonate group from 3’-phosphoadenosine 5’-phosphosulfate (PAPS) to the hydroxyl or
amino group of an acceptor compound, thereby increasing the acceptor’s hydrophilicity and
facilitating its urinary and biliary excretion from the body [10-12]. Human sulfotransferase enzymes
(SULT2A1, SULT2B1a, and SULT2B1b) have been reported to be involved in the sulfation of DHEA
to form sulfated DHEA (DHEA-S) [13]. Importantly, DHEA-S may prevent the conversion of DHEA
to androgen hormones and is considered a neurosteroid since it is also synthesized in neural cells
[14,15]. Interestingly, genomic studies have found that the single SULT2B1 gene encodes two distinct
protein isoforms, SULT2B1a and SULT2B1b. These isoforms differ in their N-termini on account of
alternative initiation and splicing [16]. SULT2B1 has been reported to contain single nucleotide
polymorphisms (SNPs) [13,17-23]. For E2, there is precedent for effects from SULT1E1 SNPs, which
have been investigated in the presence of E2 [24]. The interesting question is whether the SULT1B1a
allozymes encoded by transcripts containing missense SNPs exhibit differential sulfating activities
toward DHEA and E2 that impact physiology and pathology in different individuals.

This study was designed to investigate the effects of SULT2B1 SNPs on the sulfating activities of
SULT2B1a allozymes toward DHEA and E2.
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2. Materials and Methods

2.1. Materials

Dehydroepiandrosterone (DHEA), 173-estradiol (E2), adenosine 5'-triphosphate (ATP), 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), Trizma base, and dithiothreitol (DTT) were
Sigma-Aldrich (St. Louis, MO, USA). PrimeSTAR® Max DNA polymerase was a product of Takara
Bio (Mountain View, CA, USA). Oligonucleotide primers were synthesized by Eurofins Genomics
(Louisville, KY, USA). Dpn I and the DNA ladder were products of New England Biolabs (Ipswich,
MA, USA). QIAprep® Spin Miniprep Kit was from QIAGEN (Germantown, MD, USA). Glutathione
Sepharose 4B GST-tagged protein purification resin was a product of GE Healthcare Bio-Sciences
(Pittsburgh, PA, USA). Cellulose TLC plates, and Ultrafree-MC 5000 NMWL filter units were from
EMD Millipore (Billerica, MA, USA). X-ray films were sourced from Products International
Corporation (Mt Prospect, IL, USA). Ecolume scintillation cocktail was purchased from MP
Biomedicals, LLC. (Irvine, CA, USA). Carrier-free sodium [%S] sulfate was from American
Radiolabeled Chemicals (St. Louis, MO, USA). Recombinant human bifunctional ATP
sulfurylase/adenosine 5'-phosphosulfate kinase was prepared as previously described [25]. PAP[%S]
was synthesized using recombinant human bifunctional PAPS synthase based on a previously
established procedure [25]. All other chemicals were of the highest grade commercially available.

2.2. Methods

Preparation of Wild-Type and SULT2B1a Allozymes, Expression, and Purification of Recombinant
SULT2B1a Allozymes

Wild-type and SULT2B1a allozymes were generated, expressed, and purified as previously
reported [26].

Enzymatic Assay for the Sulfating Activity of the Purified Recombinant SULT2B1a Allozymes

The sulfating activity of the purified recombinant SULT2B1a allozymes towards DHEA and E2
was tested with [*5S]-labeled PAPS. The standard assay mixture, performed with a final volume of 20
pL containing 50 mM HEPES buffer at pH 7.4, 1 mM DTT, the sulfonate donor (14 uM [33S]PAPS (15
Ci/mmol)), and either the substrates (DHEA and E2) or DMSO for the control. The reaction started
with the addition of 0.8 ug of enzyme, ran for 10 minutes at 37°C, and was stopped by heating at
98°C for 3 minutes. After heating, precipitates were cleared by centrifugation at 13,000 x g for 3
minutes. 1 pl of the cleared reaction mixture was then spotted to a thin-layer chromatography (TLC)
plate. Afterward, the TLC analysis was conducted with a solvent system of n-
butanol/isopropanol/formic acid/water (3:1:1:1 by volume). Then, air drying was performed on the
TLC plate to be autoradiographed using an X-ray film. The radioactive spot corresponding the
sulfated product was located using the autoradiography film, excised from the TLC plate, eluted in
0.5 mL water, and mixed with 2 mL of Ecolume scintillation liquid. Radioactivity was then measured
using a liquid scintillation counter. The obtained results were used to determine the specific activity
as the amount of sulfated product formed per minute per mg of enzyme.

Kinetic Studies and Statistical Analysis

Following the previously described technique, the SULT assay was conducted using different
concentrations of DHEA and E2 ( cf. Table 1) at pH 7.4 to determine the kinetic parameters for the
wild-type SULT2B1a.

d0i:10.20944/preprints202406.0268.v1


https://doi.org/10.20944/preprints202406.0268.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 June 2024 d0i:10.20944/preprints202406.0268.v1

Table 1. Concentrations of the substrates (DHEA and E2) used in the kinetic study on the wild-type

SULT2B1a.
Substrate Final Concentrations (uM)
Dehydroepiandrosterone
5,1,2,4,8,2
(DHEA) 05/ 7“7 /8/ 0/ 50
17:p estradiol 2,20, 200, 300, 400, 500
(E2)
Data Analysis

GraphPad Prism® (RRID: SCR_002798) v 6.0 software was used to generate non-linear regression
curves based on Michaelis-Menten kinetics to calculate the kinetic constants (Km and Vmax). For inter-
group comparisons, one-way ANOVA was used, followed by Dunnett’s test to determine statistical
differences between wt- SULT2B1a and individual SULT2B1a allozymes. P-values less than 0.05 were
considered statistically significant.

3. Results

Kinetic Study on the Sulfation of DHEA and E2 by wild-Type SULT2B1a

Data obtained from the experiments performed in the kinetic study were processed using the
GraphPad Prism® software program to generate the best fitting curves for the Michaelis-Menten
equation with non-linear regression in order to calculate the values of the kinetic constants (K and
Vinax) for the WT-SULT2B1a in mediating the sulfation of DHEA and E2. Data on the sulfation of
DHEA and E2 by the WT-SULT2B1a were fitted to hyperbolic kinetic curves (cf. Figures 2 and 3).
Calculated values of K, and Vi, are compiled in Table 2

Table 2. Kinetic parameters of DHEA and E2 sulfation by WT- SULT2B1a.

Substrate Vinax K (UM)
Dehydroepiandrosterone (DHEA) 0.299 + 0.004 (nmol/min/mg). 3.616 +0.18
17-p fé’;adml 4.092 +0.081 (pmol/min/mg). 18.12 246
DHEA with WI-SULT2B1a

Vmaxo_3 d...... ................................................................................................... 4§ ..........

SULT2B1a Activity
(nmol/min/mg)

40 50

DHEA (uM)
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Figure 2. Concentration-dependent sulfation of DHEA by wild-type SULT2B1a. Data obtained were
processed using GraphPad Prism® 5.04 for the determination of kinetic constants Ku and Vinx (3.616 +
0.18 uM, 0.299 + 0.004 nmol/min/mg). Data shown represent calculated mean + standard deviation
derived from three independent experiments.
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Figure 3. Concentration-dependent sulfation of E2 by wild-type SULT2Bla. Data obtained were
processed using GraphPad Prism® 5.04 for the determination of kinetic constants Km and Vinx (18.12 +
2.46 uM, 4.092 + 0.081 pmol/min/mg). Data shown represent calculated mean + standard deviation
derived from three independent experiments.

Enzymatic Characterization of SULT2B1a Allozymes Using DHEA and E2

The activities of the recombinant SULT2B1a allozymes and wild-type SULT2B1a toward DHEA
and E2 were determined and compared. Three different concentrations of DHEA (0.35 uM (about ten
times below the Kw), 3.5 UM (close to the Kw), and 35 pM (about ten times the Kw)) and 180 uM of E2
(about ten times higher than the Kn) were selected for this part of the study based on the above-
mentioned results from the kinetic assay of wild-type SULT2B1a. Figures 4 and 5 show the results
obtained.

At the tested concentrations of 35 uM DHEA and 180 uM E2, the highest concentrations, (cf.
Figures 4C and 5), eight of the allozymes (SULT2Bla-D46N, SULT2B1a-P54A, SULT2B1a-G57V,
SULT2B1a-T58M SULT2B1a-R132H, SULT2B1a-R259Q, SULT2B1a-G261V, and SULT2B1a-G261W)
displayed sulfating activities drastically lower than the wild-type, while one (SULT2B1a-P330L)
exhibited approximately half of that of the wild-type. Two allozymes (SULT2B1a-P134L and
SULT2B1a-D176N) displayed around (80 + 5) % the activity of the wild-type. The remaining two
allozymes (SULT2B1a-R215H and SULT2B1a-5229T) displayed sulfating activities that were higher
than that of the wild-type (cf. Table 3).


https://doi.org/10.20944/preprints202406.0268.v1

Specific Activity
in/mg)

(nmol/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 June 2024

e

0.20 -
£  oas;
=
S =
= E
= = 0.10 -
S E
—_ =
= =
0.05 -
0.00 | -
0.4 -

Specific Activity
(nmol/min/mg)

d0i:10.20944/preprints202406.0268.v1

A) With 0.35 uM of DHEA

- eenen

B) With 3.5 uM of DHEA

e

o n e e

C) With 35 uM of DHEA

hSULT2B1a Allozymes

Figure 4. Specific activities of human SULT2B1a allozymes in mediating the sulfation of DHEA at
concentrations of 0.35 uM (A), 3.5 uM (B), and 35 uM (C). Data shown represent mean + standard
deviation, derived from three determinations. One-way ANOVA was performed in combination with

Dunnett’s multiple comparison test.

Table 3. Relative activity of the SULT2B1a allozymes when using 35 uM DHEA and 180 uM E2 as

substrates.

Allozyme Relative activity (% of wild-type SULT2B1a)
SULT2Bla-D46N "22-3
SULT2Bla-P54A #210-20
SULT2B1a-G57V 5
SULT2Bla-T58M R¥3-2
SULT2B1a-R132H 721-3
SULT2B1a-P134L =+75-85
SULT2Bla-D176N 775-80
SULT2B1a-R215H #2100-130
SULT2B1a-5229T #2100-130
SULT2B1a-R259Q ND
SULT2Bla-G261V 721-3
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SULT2Bla-G261W m52-3
SULT2B1a-P330L 7245-50

180 uM of 17-p estradiol (E2)
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Figure 5. Specific activities of human SULT2B1a allozymes in mediating the sulfation of E2 at a
concentration of 180 uM. Data shown represent mean * standard deviation, derived from three
determinations. One-way ANOVA was performed in combination with Dunnett’s multiple

comparison test.

4. Discussion

DHEA is a key metabolic intermediate in the biosynthesis of endogenous steroid hormones, with
adrenally-secreted DHEA being converted to sex steroid hormones in peripheral tissues through an
intracrinologic process [5]. DHEA is also produced in the adrenal glands, brain, gonads, and skin [2].
Some physiological effects of DHEA have been documented, such as reduced cardiovascular risk,
alleviating insulin resistance, stimulating endothelial proliferation, and improving memory and
cognitive function [1,27]. Previous studies have revealed that sulfation is involved in DHEA
metabolism [10,11,28-30]. SULT2B1a has been shown to be capable of sulfating DHEA. Importantly,
SULT2B1a is highly expressed in steroid hormone-responsive tissues such as the prostate, breast,
placenta, and endometrium [16].

Estrogen sulfation is considered a key detoxification process for preventing estrogen-mediated
mitogenicity and genotoxicity [3]. Of the thirteen known SULTs, SULT1E1 has been shown to display
the most significant efficiency in catalyzing estrogen sulfation [31-33]. The present study investigated
the capability of SULT2B1a to catalyze the sulfation of E2, which is the most potent member among
all estrogens [34].

Previous studies have linked the genetic polymorphisms of SULT2BI1 to the progression and
proliferation of some types of cancer, including prostate cancer, esophageal squamous cell carcinoma,
hepatocellular carcinoma, gastric cancer, and colorectal cancer [10,11,16,28-30,35—41]. This raises a
question concerning the effects of genetic polymorphisms on the sulfating activity of SULT2B1a
allozymes towards DHEA and E2.

In this study, a comprehensive database search was performed to identify missense cSNPs in
the human SULT2B1 gene, which codes for SULT2B1a allozymes. Site-directed mutagenesis was
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performed to synthesize the corresponding cDNAs. Subsequently, the thirteen coded SULT2B1a
allozymes were expressed, purified, and characterized in regard to their sulfating activity toward
DHEA and E2.

Two allozymes, SULT2B1a-R215H, and SULT2B1a-5229T, exhibited higher sulfating activities
than the wild-type enzyme. Based on the crystal structure report of SULT2B1, Arg?> is neither
involved in nor close to regions of catalytic center, PAPS binding, or substrate binding region.
However, substituting the arginine residue (a basic amino acid) with histidine (heterocyclic amino
acid) could be the reason for the increased sulfating activity. In contrast, 5% is within the PAPS/PAP
binding region; the higher sulfating activity of SULT2B1a-5229T is because the original serine was
substituted with a highly similar residue, threonine (both being polar and hydroxylic amino acids).

In the cases of SULT2B1a-P134L and SULT2B1a-D176N, their sulfating activities were around 20
- 25% lower than the wild-type. In P134L, the replacement of proline (a turn-inducing residue) with
leucine (a non-turn-inducing residue) could explain the decreased sulfating activity by impacting the
conformation of the protein backbone, consequently impairing hydrogen bonding between the NH:
of R132 and the oxygen atom of the 3’-phosphate in PAPS [42,43]. On the other hand, the activity of
SULT2B1a-D176N was found to be the same as that in a previous report using DHEA as a substrate,
even though the preparations were different (purified recombinant enzymes vs. enzymes expressed
in COS-1 cells) [44].

A previous mutational analysis study on SULT2B1a revealed that the removing 53 amino acids
from the long carboxyl-terminal end (including P330) had no effect on sulfating activity towards
pregnenolone [45]. The allozyme SULT2B1a-P330L exhibited pregnenolone sulfating activity
comparable to that of the wild-type [26]. In the present study, SULT2B1a-P330L displayed sulfating
activity approximately 45 - 50% lower than the wild-type enzyme. This is lower than the sulfating
activity previously reported for the same allozyme using DHEA as a substrate [44].

In the cases of SULT2Bla-D46N, SULT2Bla-P54A, SULT2Bla-G57V, SULT2Bla-T58M,
SULT2B1a-R132H, SULT2B1a-R259Q, SULT2B1a-G261V, and SULT2B1a-G261W, the amino acid
substitutions may have completely abolished or dramatically decreased their sulfating activity
toward DHEA and E2 as follows:

The substitution of glycine (a small amino acid residue with more conformational flexibility)
with valine or tryptophan (both being branched amino acid residues with more restricted freedom in
conformation) in SULT2B1a-G57V, SULT2B1a-G261V, and SULT2B1a-G261W might have weakened
the hydrogen-bonding of PAPS with the O4P and O2P phosphate oxygens, respectively, resulting in
decreased sulfating activity toward DHEA and E2 [43,46].

In the case of SULT2B1a-T58M, SULT2B1a-R132H, and SULT2B1a-R259Q), the substituted
residues are all located in the PAP/PAPS-binding pocket [43]. Therefore, the substitution of threonine
(a polar residue) with methionine (a nonpolar residue), arginine (a basic amino acid) with histidine
(a heterocyclic amino acid), and arginine (a basic amino acid) with glutamine (an uncharged amino
acid) might have affected the interaction of SULT2B1a and its essential cofactor PAPS/PAP, thus
causing significant decrease in or complete abolishment of sulfating activity [43,46].

In the case of SULT2B1a-P54A, the altered amino acid residue is located in the PSB loop,
involving the substitution of a turn-inducing amino acid (proline) with a non-turn inducing residue
(alanine). This replacement likely has an indirect effect on PAPS by causing displacement of K%, a
residue that might be involved in a polar interaction with the O6P oxygen atom of the 5’-phosphate
of PAPS [43]. Thus, SULT2B1a-P54A exhibited lower sulfating activity toward DHEA and E2 than
the wild-type enzyme.

In the case of SULT2B1a-D46N, although D* is not located in any of the critical components of
the SULT2B1a structure known to be required for sulfation, this allozyme exhibited extremely low
sulfating activity relative to the wild-type. The reason might be due to the substituted amino acid
being totally different in terms of chemical characteristics.
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5. Conclusion

The current study aimed to insight into the effects of human SULT2BIla single nucleotide
polymorphisms on the enzyme’s sulfating activity towards DHEA and E2. Enzymatic assays revealed
that human SULT2B1a allozymes displayed differential sulfating activities. Of the thirteen examined
allozymes, no sulfating activity was detected for two (SULT2B1a-R132H/, and SULT2B1a-R259Q),
while differential sulfating activities were found for the other eleven (SULT2B1a-D46N, SULT2B1a-
P54A, SULT2B1a-G57V, SULT2B1a-T58M, SULT2B1a-P134L, SULT2B1a-D176N, SULT2B1a-R215H,
SULT2B1a-S229T, SULT2B1a-G261V, SULT2B1a-G261W, and SULT2B1a-P330L). The data obtained
from this study confirmed a significant effect of SULT2B1a genetic polymorphisms on the DHEA-
and E2-sulfating activities of the encoded allozymes, which may underscore the differential
metabolism of DHEA and E2 metabolism in individuals with different SULT2B1a genotypes. Further
work is needed in order to clarify the role of genetic polymorphisms in the risk of some SULT2B1a-
associated diseases, in which may shed light on the design of personalized dosages of impacted drugs
for individuals with different SULT2B1 genotypes.
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