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Abstract

Sulfoconjugation has been shown to be critically involved in the metabolism of acetaminophen
(APAP), morphine, tapentadol and O-desmethyl tramadol (O-DMT). The objective of this study
was to investigate the effects of single nucleotide polymorphisms (SNPs) of human SULT1A3and
SULT1A4 genes on the sulfating activity of SULT1A3 allozymes toward these analgesic
compounds. Twelve non-synonymous coding SNPs (cSNPs) of SULT1A3SULT1A4 were
investigated, and the corresponding cDNAs were generated by site-directed mutagenesis.
SULT1A3 allozymes, bacterially expressed and purified, exhibited differential sulfating activity
toward each of the four analgesic compounds tested as substrates. Kinetic analyses of SULT1A3
allozymes further revealed significant differences in binding affinity and catalytic activity toward
the four analgesic compounds. Collectively, the results derived from the current study showed
clearly the impact of cSNPs of the coding genes, SULT1A3and SULT1A4, on the sulfating
activity of the coded SULT1A3 allozymes toward the tested analgesic compounds. These findings
may have implications in the pharmacokinetics as well as the toxicity profiles of these analgesics
administered in individuals with distinct SULT1A3and/or SULT1A4 genotypes.
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1. Introduction

Acetaminophen (APAP) and opioids are frequently used, individually or in combination, for
the clinical management of acute and chronic pain [1]. APAP is considered the safest and
most popular drug prescribed as an analgesic and antipyretic [2]. Opioids, on the other hand,
are the most commonly prescribed drugs in the US for acute pain management. As is widely
known, problems concerning diversion, overdose, and addiction, associated with the use of
opioids are rising [3]. Of the opioids that are in use, morphine, tapentadol, and tramadol
have been shown to exert their action primarily via interaction with p-opioid receptors [4-6].

Pharmacokinetic studies have revealed that the primary metabolic pathways of APAP in
adults are glucuronidation and sulfoconjugation [7]. During prenatal and neonatal stages,
however, sulfoconjugation constitutes the primary metabolic pathway of APAP due to low
levels of UDP-glucuronosyltransferases (UGTS) [8]. For some opioids, such as morphine,
tapentadol, and tramadol, sulfoconjugation has also been shown to be an important
metabolic pathway during prenatal and neonatal stages, while glucuronidation plays a
quantitatively more important role in adults [9-12]. Studies have demonstrated that sulfate
conjugates of APAP and tapentadol are inactive metabolites [13, 14]. In the case of
morphine, morphine-3-sulfate has been shown to exhibit little or no activity, whereas
morphine-6-sulfate still possesses some analgesic activity [15]. For tramadol, O-desmethyl
tramadol (O-DMT) has been shown to be an active metabolite, which is inactivated by
sulfation with sulfated derivative excreted in the urine [6].

Sulfation as mediated by the cytosolic sulfotransferase (SULT) enzymes is considered a key
step in the biotransformation and homeostasis of some key endogenous compounds such as
catecholamines and thyroid/steroid hormones, as well as the detoxification of xenobiotics
including drugs [16—18]. Of the thirteen known human SULTs [19], SULT1A3 has been
shown to be a major enzyme responsible for the sulfation of morphine [20], APAP,
tapentadol, and O-DMT [21-23]. Genomic studies have revealed that SULT1A3 is coded by
two homologous genes, SULT1A3and SULT1A4, presumably derived from gene
duplication during the evolutionary process, and both SULT1A3and SULT1A4 genes are
located on chromosome 16 [24-26]. Interestingly, single nucleotide polymorphisms (SNPs)
of SULT1A3and SULT1A4 have been reported [25]. It is possible that the SULT1A3
allozymes coded by missense SNPs of SULT1A3and SULT1A4 may have differential
sulfating activity toward APAP, morphine, tapentadol and O-DMT, thereby affecting their
pharmacokinetics and thus their efficacy in individuals with different SULT1A3and
SULT1A4 genotypes.

In this study, we performed a comprehensive search for human SULT1A3and SULT1A4
cSNPs. cDNAs corresponding to the thirteen SULT1A3 SULT1A4 cSNPs identified were
generated, and the coded SULT1A3 allozymes were bacterially expressed and purified by
affinity chromatography. The twelve SULT1A3 allozymes that were successfully purified
were analyzed for their enzymatic characteristics with APAP, morphine, tapentadol and O-
DMT as substrates.
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2. Materials and Methods

2.1. Materials

APAP, adenosine 5’-triphosphate (ATP), dimethyl sulfoxide (DMSO), dithiothreitol (DTT),
and N-2-hydroxylpiperazine-N’-2-ethanesulfonic acid (HEPES) were products of Sigma
Chemical Company. Morphine, tapentadol, and O-DMT were from Cayman Chemical.
Cellulose thin-layer chromatography (TLC) plates were from Merck (EMD Millipore
Corporation). Carrier-free sodium [3°S]sulfate was from American Radiolabeled Chemicals.
3’-Phosphoadenosine-5’-phospho[3°S]sulfate (PAP[3°S]) was synthesized using ATP and
carrier-free [3°S]sulfate according to a previously established protocol [27]. X-Ray films
were from Research Products International Corporation. Prime STAR® GXL DNA
Polymerase was a product of Clontech Laboratories, Inc. Protein molecular weight markers
were from Bioland Scientific LLC. PCR kit was a product of G-Biosciences. QlAprep® Spin
Miniprep Kit was from QIAGEN. Ecolume scintillation cocktail was from MP Biomedical
LLC. Glutathione Sepharose™ was a product of GE Healthcare Bio-Sciences. All other
chemicals were of the highest grades commercially available.

2.2. Database search

Three online databases, located at the websites of, respectively, the U.S. National Center for
Biotechnology Information (NCBI), the UniProt Knowledgebase (UniProtKB), and previous
genomic studies, were systematically searched for the non-synonymous cSNPs of the human
SULT1A3and SULT1A4 genes.

2.3. Generation, expression, and purification of SULT1A3 allozymes: Site-directed

mutagenesis, in conjunction with mutagenic primers (cf. Table 1), was employed to generate
the cDNAs encoding different SULT1A3 allozymes based on a previously described
procedure [19]. Authenticity of the “mutated” SULT1A3 cDNAs, packaged in pGEX-2TK
prokaryotic expression vector, was verified by nucleotide sequencing [28]. To express
SULT1A3 allozymes, “mutated” SULT1A3 cDNA/pGEX-2TK plasmids were individually
transformed into competent BL21 £. coli cells. Upon induction of recombinant protein
expression with IPTG, the cells were homogenized using an Aminco French Press.
Recombinant SULT1A3 allozymes present in cell homogenates were purified using
glutathione-Sepharose affinity chromatography based on a previously established procedure
[29]. Purified recombinant SULT1A3 allozymes was analyzed for purity using SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) [30,31]. Protein concentration of purified
SULT1A3 allozymes was determined using Bradford protein assay [32].

2.4. Enzymatic assay

The sulfating activity of SULT1A3 allozymes toward APAP, morphine, tapentadol, or &
DMT was analyzed using an established enzymatic assay procedure [20]. In an initial
screening, three different concentrations of each of the four substrates were used, with
radiolabeled PAP[3°S] as the sulfate donor. The enzymatic assays were performed in 50 mM
HEPES, pH 7.4, and allowed to proceed for 10 min at 37°C, followed by TLC separation of
the [3°S]sulfated product present in the reaction mixture. Upon completion of TLC,
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autoradiography was performed to locate the [3°S]sulfated product spot, which was then cut
out and subjected to elution by H,0. [3®S]-radioactivity associated with eluted [3°S]sulfated
product was measured using a liquid scintillation counter. The cpm count data obtained were
used to calculate the specific activity in unit of nmol of sulfated product/min/mg of enzyme.
In Kinetic experiments, varying substrate concentrations (0, 50, 66.6, 100, 200, and 500 uM
for APAP; 0, 400, 500, 666.6, 1000, and 2000 uM for morphine; 0, 10, 12.5, 16.6, 25, 50,
and 100 uM for tapentadol; and 0, 25, 33.3, 50, 100, and 250 pM for O-DMT) were used
based on the assay procedure described above.

2.5. Data analysis

3. Results

Data obtained from the kinetic experiments were analyzed based on Michaelis-Menten
kinetics to calculate the kinetic constants of wild-type and SULT1A3 allozymes in mediating
the sulfation of tested substrate compounds. GraphPad Prism 7 software was used in data
analysis.

3.1. Analysis of human SULT1A3 and SULT1A4 single nucleotide polymorphisms

A systematic analysis was performed to search for different human SULT1A3and
SULT1A4 cSNPs deposited in two online databases located at the websites of the U.S.
National Center for Biotechnology Information (NCBI) and the UniProt Knowledgebase
(UniProtKB). SULT1A3 SULT1A4 cSNPs reported in previous studies were included in the
compiled cSNP list. A total of 10 missense cSNPs was identified for the SULT1A3 gene,
whereas 6 missense cSNPs were found for the SULT1A4 gene. In between the missense
cSNPs found for the two genes, 3 were found to code for same amino acid changes. As a
result, 13 distinct missense SULT1A3 SULT1A4 cSNPs remained at the conclusion of the
analysis. The designated names and SNP ID numbers of these 13 cSNPs are: SULT1A3-T7P
(Reference SNP (rs)776817009/rs754600221), SULT1A3-S8P (rs767263838), SULT1A3-
RIC (rs762151655/rs752303630), SULT1A3-P10L (rs757573592), SULT1A3-V15M
(rs750575779/ rs758881470), SULT1A3-V18F (rs553050853), SULT1A3-P19L
(rs747088850), SULT1A3-P101L (rs751527244), SULT1A3-P101H, SULT1A3-R144C and
SULT1A3-K234N [25], SULT1A3-N235T (UniProt PODMM9) and SULT1A3-S290T
(UniProt PODMM9). The reported crystal structure of SULT1A3 [33] was used to
demonstrate the location of the amino acid residues associated with these SULT1A3
SULT1A4cSNPs (Figure 1; a color version of this figure is provided in the Supplementary
Data as Figure S1). It is noted that two of the aforementioned amino acid residues
(SULT1A3-K234N and SULT1A3-N235T) are positioned within the three loops, Asp66-
Met77, Ser228-Gly259, and Lys85-Pro90, which play an essential role in the configuration
of the gate that controls the substrate entry and selectivity [34]. Moreover, to help visualize
the binding of the four analgesic substrate compounds with the SULT1A3 molecule, the
substrate-binding pocket of SULT1A3 with superimposed dopamine (a prototype substrate)
or analgesic substrates (APAP, morphing, tapentadol, and O-DMT), as well as the co-
substrate, PAPS, were drawn and docked into the active site of the enzyme (Figure S2A).
Figure S2B shows the hydrophilic and hydrophobic surfaces of the substrate-binding pocket,
together with the substrate entry gate.
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3.2. Expression and purification of recombinant human SULT1A3 allozymes

SULT1A3 allozyme cDNAs ligated to pGEX-2TK prokaryotic expression vector, prepared
via site-directed mutagenesis (see the Materials and Methods) were individually transformed
into BL21 E. coli cells. Upon induction of recombinant protein expression by IPTG in
transformed cells, glutathione-Sepharose affinity chromatography was performed to
fractionate the recombinant SULT1A3 allozymes from the £. coli cell homogenates.
Afterward, bovine thrombin was used to free the recombinant SULT1A3 allozymes from the
bound GST fusion proteins. It is noted that of the 13 SULT1A3 allozymes expressed, one
was found to be present in the inclusion body form, and thus could not be further purified.
The twelve SULT1AS3 allozymes that were purified were analyzed by SDS-polyacrylamide
gel electrophoresis. As shown in Figure 2, the apparent molecular weights of purified
SULT1A3 allozymes were similar to that of the wild-type SULT1A3, which has a predicted
molecular weight of 34,196.

3.3. Enzymatic characterization of the SULT1A3 allozymes

Purified SULT1A3 allozymes together with the wild-type enzyme were analyzed for their
sulfating activity with APAP, morphine, tapentadol, and O-DMT as substrates. In an initial
study, three different concentrations (one well below reported K, one close to K, and one
well above K, of each of the four substrates were tested in the enzymatic assays. The
activity data shown in Figures 3—6 are described below. It should be pointed out that
considering the numerous steps involved in the sulfotransferase assay and the following TLC
separation and scintillation counting, the data obtained should not be considered strictly
quantitative, but rather semi-quantitative.

With APAP as the substrate—At low and mid substrate concentrations (100 and 600
UM, respectively), similar patterns of APAP-sulfating activities were found for the
SULT1A3 allozymes analyzed (Figure 3). Among them, SULT1A3-P101H showed a
slightly higher specific activity than the wild-type enzyme, while the specific activities of
SULT1A3-V15M and SULT1A3-K234N were comparable to that of the wild-type. The rest
of the SULT1A3 allozymes all displayed lower specific activities compared with the wild-
type enzyme, with SULT1A3-N235T exhibiting the lowest specific activity. At high
substrate concentration (1500 uM), while SULT1A3-P101H still displayed a specific activity
that was slightly higher than the wild-type, the specific activities of all other allozymes were
lower than the wild-type enzyme, with SULT1A3-N235T exhibiting the lowest specific
activity.

With morphine as the substrate—At all three substrate concentrations (250, 1000 and
2500 pM, respectively), SULT1A3-P101H displayed a specific activity nearly two times that
of the wild-type enzyme (Figure 4). SULT1A3-P101L and SULT1A3-R144C showed
specific activities comparable to that of the wild-type. The other nine SULT1A3 allozymes
all displayed lower specific activities than the wild-type at varying degrees, with SULT1A3-
N235T showing nearly null specific activities.

With tapentadol as the substrate—At all three substrate concentrations (5, 150, and
500 uM), two allozymes, SULT1A3-P101H and SULT1A3-R144C, showed higher specific
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activities when compared with the wild-type enzyme (Figure 5). The other ten SULT1A3
allozymes all exhibited lower specific activities than the wild-type. Of these ten allozymes,
SULT1A3-N235T exhibited the lowest activities, which were approximately 12%, 14%, and
22% that of the wild-type, at 5, 150, and 500 uM tapentadol, respectively.

With O-DMT as the substrate—At all three substrate concentrations (25, 125 and 600
uUM), SULT1A3-P101H and SULT1A3R144C again showed higher specific activities than
the wild-type as well as all other allozymes (Figure 6). SULT1A3-P10L, SULT1A3-P101L
and SULT1A3-S290T displayed specific activities comparable to that of the wild-type,
whereas the other seven SULT1A3 allozymes displayed lower specific activities than the
wild-type with SULT1A3-N235T again showing the lowest specific activity at all three
substrate concentrations tested.

3.4. Kinetic Analysis

Kinetic experiments were performed to investigate further the differential enzymatic
characteristics of the SULT1A3 allozymes. The results were analyzed based on Lineweaver-
Burk double reciprocal plots to calculate the kinetic constants: Ky, (reflecting the substrate
affinity), Vax (reflecting the catalytic activity), and Va4 K (reflecting the catalytic
efficiency). The kinetic parameters determined for the wild-type and SULT1A3 allozymes
are compiled in Tables 2-5.

With APAP as the substrate—As shown in Table 2, SULT1A3-P101H was the only one
among the twelve allozymes showing a lower K, value (430 + 20 uM) than that (630 + 40
uUM) of the wild-type SULT1A3, while SULT1A3-K234N was the only one that exhibited a
K, value comparable to that of the wild-type enzyme. The other ten SULT1A3 allozymes all
showed higher K}, values than the wild-type SULT1A3. Of them, SULT1A3-R9C,
SULT1A3-R144C, SULT1A3-N235T, and SULT1A3-S290T allozymes displayed
dramatically higher K, values (1250 + 90, 1970 + 120, 4500 * 640, and 1050 £+ 120 uM,
respectively) when compared with the wild-type enzyme. In regard to V4 the wild-type
SULT1A3 showed the highest value of 41 £ 3 nmol/min/mg. SULT1A3-N235T displayed a
Vinax value of 17 £ 1 nmol/min/mg that was less than half that of the wild-type enzyme.
Based on these results, the calculated V/;,,,/K, values showed that among the twelve
SULT1A3 allozymes, only SULT1A3-P101H exhibited a V/);,/K 5, value 1.28 times that of
the wild-type enzyme, while the other eleven allozymes displayed lower Vj,,/K;, values
than the wild-type SULT1A3. Among these allozymes, SULT1A3-N235T allozyme showed
the lowest V57K, value, being more than 17 times less efficient than the wild-type
enzyme.

With morphine as the substrate—The kinetic data shown in Table 3 indicated that of
the twelve SULT1A3 allozymes, SULT1A3-P101H display a lower K}, (3800 + 300 uM)
than the wild-type SULT1AS3, while all other allozymes showed K, values higher than that
(4600 % 400 puM) of the wild-type. Among the latter allozymes, SULT1A3-N235T allozyme
displayed the lowest K, value (10,000 = 900 pM). Regarding the V. SULT1A3-P101H
and SULT1A3- P101L displayed higher V4 values (16 £ 2.5 and 11 £ 0.8 nmol/min/mg,
respectively) than that (10 + 0.6 nmol/min/mg) of the wild-type enzyme. Two allozymes,
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SULT1A3-T7P and SULT1A3-R144C, showed V), values (10 = 1.0 and 10 + 0.8
nmol/min/mg, respectively) comparable to that of the wild-type SULT1A3, while the
remaining eight allozymes showed lower V. values than the wild-type. Notably,
SULT1A3-N235T displayed the lowest V). values of 0.24 + 0.03 nmol/min/mg. Based on
these results, SULT1A3-P101H allozyme showed a V;;,,/K;; value that was 2 times higher
than that of the wild-type SULT1A3, while the rest of allozymes all showed lower V);,,,/Kn
values than the wild-type enzyme. Notably, the V/};,./K, value of SULT1A3-N235T
allozyme was 100 times lower than that of the wild-type SULT1AS3.

With tapentadol as the substrate—As shown in Table 4, two allozymes, SULT1A3-
P101H and SULT1A3-R144C, showed K, values (90 + 10 and 110 + 10 puM, respectively)
lower than that (150 = 10 uM) of the wild-type SULT1A3. The remaining ten SULT1A3
allozymes all displayed higher K, values than the wild-type enzyme. Among them,
SULT1A3-N235T allozyme showed the lowest K, value (840 + 70 uM). In regard to V)4
SULT1A3-P101H and SULT1A3-R144C displayed V5 values (30 £ 3and 35+ 2
nmol/min/mg, respectively) higher than that (27 = 2 nmol/min/mg) of the wild-type enzyme,
while the other ten allozymes all exhibited lower V;;,,x values. In particular, SULT1A3-
N235T showed a V4, Value (13 = 1 nmol/min/mg) which was less than half of that of the
wild-type SULT1AS3. Based on these results, two of the twelve SULT1A3 allozymes,
SULT1A3-P101H and SULT1A3-R144C, showed higher V;.d K, values (being 2 and 1.8
times, respectively) than the wild-type SULT1A3, while the other ten allozymes showed
lower V. K values. Notably, SULT1A3-N235T exhibited a V. K Value that was 8.5
times lower than the wild-type enzyme.

With O-DMT as the substrate—As shown in Table 5, two SULT1A3 allozymes,
SULT1A3- P101H and SULT1A3-R144C, exhibited K, values (270 £ 30 and 350 + 60 uM,
respectively) lower than that (460 + 50 uM) of the wild-type enzyme, while the rest of the
allozymes all displayed higher Km values. Notably, SULT1A3-N235T showed the highest
Kmvalue (800 £ 65 uM) among these latter allozymes. In regard to V4, two allozymes,
SULT1A3-P101H and SULT1A3-R144C, displayed V)4 values (24 + 2 and 22 + 3
nmol/min/mg) higher than that (16 + 0.6 nmol/min/mg) of the wild-type enzyme, and three
other allozymes (SULT1A3-P10L and SULT1A3-P101L, and SULT1A3-S290T) showed
V/max Values comparable to that of the wild- type SULT1A3. The calculated V. values of
the remaining seven allozymes were notably lower than wild-type. SULT1A3-N235T further
exhibited the lowest V4 value of only 0.03 £ 0.005 nmol/min/mg. Based on these results,
the calculated V), Ky values of SULT1A3-P101H and SULT1A3-R144C allozymes were,
respectively, 2.25 and 1.5 times that of the wild-type enzyme. In contrast, the V.d K,
values of the other ten allozymes were all lower than the wild- type SULT1A3. Notably,
SULT1A3-N235T showed a V2 Ky value that was 1,000 times lower than the wild-type
enzyme.

4. Discussion

APAP and opioids, administered individually or in combination, are the most commonly
used analgesics in the United States and Europe [1, 3, 35, 36]. Because of their widespread
use and potential adverse effects, it is important to understand better the mechanisms
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underlying individual differences in the metabolism and hence the efficacy and toxicity of
these drugs. Inter-individual and ethnic variations in APAP and opioids metabolism have
been reported [5, 37-40]. Studies have shown that genetic polymorphisms of APAP-
metabolizing enzymes could be the cause for the differences in APAP metabolism and
toxicity in different ethnic and racial groups [38, 41, 42]. It has been demonstrated that the
analgesic activity and/or the side effect profiles of morphine and O-DMT depended on the
genetically polymorphic enzyme cytochrome P450 2D6 [43, 44]. Previous studies have
revealed that sulfation is critically involved in the metabolism of APAP, morphine,
tapentadol and O-DMT, and that the sulfation pathway is quantitatively more important at
pre-and postnatal stages than in adulthood [8-12]. Of the thirteen know human SULTS,
SULT1A3 was shown to be a major enzyme responsible for the sulfation of these analgesic
drugs [20-23]. In the current study, we first performed a comprehensive database search to
identify missense cSNPs of human SULT1A3and SULT1A4 genes that code for the
identical SULT1A3 protein. We were able to express and purify twelve of the thirteen
SULT1A3 allozymes identified. Purified SULT1A3 allozymes were analyzed for their
sulfating activity with APAP, morphine, tapentadol, and O-DMT as substrates. Kinetic
experiments were performed to further delineate the differential substrate-binding affinity
and catalytic activity of these SULT1A3 allozymes.

Specific activity data shown in Figures 3-6 revealed that compared with the wild-type,
SULT1A3 allozymes displayed differential sulfating activities. Among them, SULT1A3-
P101H allozyme exhibited consistently higher specific activities than the wild-type enzyme
with all four analgesic substrates. A previous study, however, showed SULT1A3-P101H to
display a lower activity than the wild-type toward ritodrine, a tocolytic agent [19]. Three
other allozymes, SULT1A3-P101L, SULT1A3-R144C and SULT1A3-K234N, examined in
the same study also displayed lower sulfating activity with ritodrine [19]. Our study
indicated that while SULT1A3-P101L showed lower sulfating activities (approximately half
of those of the wild-type enzyme) with APAP and tapentadol, it displayed comparable
activity to that of wild-type with morphine and O-DMT as substrates. SULT1A3-R144C, on
the other hand, exhibited a sulfating activity which was more than two times lower than the
wild-type with APAP. Interestingly, it displayed comparable activity with morphine and
higher activity with tapentadol or O-DMT than the wild-type. In the case of SULT1A3-
K234N, while it displayed only a slightly lower sulfating activity with APAP or O-DMT, its
activity with morphine was much (more than two times) lower with morphine or tapentadol.
These differences in sulfating activity among different SULT1A3 allozymes are presumably
due to the different chemical structures of the substrate compounds. Among all twelve
SULT1A3 allozymes examined, SULT1A3-N235T showed the lowest sulfating activity
toward all four analgesic compounds tested as substrates. Notably, this allozyme showed no
detectable activity toward morphine or O-DMT. With APAP and tapentadol, its activity was
3.8-15.5% and 11.8-21.3%, respectively, those of the wild-type enzyme at the three
substrate concentrations tested. Kinetic data compiled in Tables 2-5 highlighted further the
differences between SULT1A3 allozymes in substrate affinity and catalytic activity, and
corroborated with the specific activity data shown in Figures 3-6.
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Several crystal structures of the human SULT1A3 have been reported [33, 45, 46]. These
studies have unveiled structural elements that are important in the catalysis (residue His108),
the PAPS-binding (residues “°“TYPKSGTT®2, Arg130, Ser138, and 25'RKG?2%9), the
substrate-binding/specificity (residues Asp86 and Glu146) [33], the N-terminal pA- and pB-
sheets (residues Leul2-Vall5 and Val18-1le21, respectively) important in the polypeptide
folding [46, 47], and the C-terminal dimerization motif (residues Lys265-Glu274, with a
sequence motif KXXXTVXXXE) [48].

Six of the twelve SULT1A3 allozymes analyzed contain amino acid variations in the N-
terminal region encompassing the above-mentioned BA- and BB-sheets, which have been
proposed to be important in the polypeptide chain folding [47]. All these six allozymes have
non-polar amino acids substitutions but with different characteristics, including non-turn-
inducing vs. turn-inducing residues (SULT1A3-T7P, SULT1A3-S8P, and SULT1A3-P10L),
aliphatic vs. thiol side chains (SULT1A3-R9C), aliphatic vs. S-methyl thioether side chain
(SULT1A3-V15M), and non-aromatic vs. aromatic residues (SULT1A3-V18F). The
majority of these allozymes showed lower specific activities than the wild-type enzyme with
the four analgesic compounds as substrates, except SULT1A3-V15M and SULT1A3-P10L
that showed comparable activity toward APAP and O-DMT, respectively. The minor
variations between these allozymes could be attributed to the differences in the chemical
structure of the four analgesic compounds. In SULT1A3-T7P and SULT1A3-S8P, a polar
amino acid (Ser or Thr) is substituted with Pro, a turn-inducing amino acid residue. Such
non-conservative amino acid substitutions probably induce unnecessary turn formation in
the N-terminal region which might weaken the capacity of these two allozymes (SULT1A3-
T7P and SULT1A3-S8P) in sulfating the four analgesic substrates. Studies have shown that
tolerance to Pro substitution is not easily accommodated and the functional consequence
may depend on the position of substitution in the overall structure [49]. SULT1A3-R9C
allozyme involves a substitution of Arg with Cys at position 9 in the N-terminal region,
which led to lower sulfating activities toward all four substrates. Arg is known to be a
positively charged (basic) amino acid residue, which frequently forms salt-bridges with a
negatively charged amino acid residue (Asp or Glu) that may be important for maintaining
protein conformation and stability [50]. Such a role cannot be fulfilled by a non-polar amino
acid like Cys, which potentially may lead to disulfide bond formation with other Cys
residues in the same protein molecule or in multi-polypeptide complex as in the case of
SULT enzymes [51]. For SULT1A3-P10L, the Pro residue, located at position 10 in the
wild-type SULT1AZ, is near the edge of the BA sheet in the N-terminal region. Previous
studies have demonstrated that Pro is more frequently located at sharp turns such as at the
edges of B-sheets, B-strands linking, kinks in transmembrane a-helices or within loops and
disordered regions of proteins [52]. Substitution of Pro with Leu in SULT1A3-P10L
rendered the allozyme less active than the wild-type enzyme toward three (APAP, morphine
and tapentadol) of the four substrates tested. SULT1A3-V15M and SULT1A3-V18F involve
the substitution of a valine residue with a S-methy! thioether side chain-containing or
aromatic amino acid residue. Both these two allozymes displayed decreased sulfating
activities toward the four tested analgesic substrates. It is noted that both Met and Phe
possess larger side chains than Val, which may result in more restricted conformations.
Collectively, the decreased sulfating activities of SULT1A3 allozymes with amino acid
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substitutions in the N-terminal region as elaborated above provided further support for the
important structural role of the N-terminal BA- and BB-sheets in the SULT1A3 molecule as
previously reported [47].

Three of the SULT1A3 allozymes examined, SULT1A3-P101L, SULT1A3-P101H and
SULT1A3-R144C, involve amino acid substitutions close to the catalytic residue (His108)
and/or substrate binding residues (residues Asp86 and Glu146). The location of the Pro
residue at position 101, in a loop connecting a6 and D, makes it not only close to the
catalytic residue (His108) but also a part of the segment 84-104 that has been shown,
together with residues 145-154, to be involved in substrate-binding and reshaping of the
substrate binding pocket [33]. Ccompared with the wild-type enzyme, SULT1A3-P101L
showed comparable sulfating activities with morphine and O-DMT as substrates and slightly
lower sulfating activities toward APAP and tapentadol. In contrast, SULT1A3-P101H
showed higher sulfating activities than the wild-type toward all four substrates tested,
indicating that His residue at this location may be important in interacting with the four
analgesic compounds tested as substrates. Indeed, SULT1A3-P101H exhibited lower K,
values, and thus higher affinity, than the wild-type toward the four tested substrates.
SULT1A3-R144C showed differential sulfating activity compared with the wild-type, being
less active with APAP, equally active with morphine, and more activite with tapentadol and
O-DMT. As discussed above, an Arg to Cys amino acid substitution may produce phenotype
changes depending on the location in the protein molecule. As a result of this substitution,
Cys may lead to disulfide-bond formation with other cysteine residues, instead of salt-
bridges formed by Arg with negatively charged amino acids residues [51]. The location of
Argl44 residue is within the 143-148 segment, which has been shown to play an important
role in substrate-binding and catalysis of both human SULT1A1 and SULT1A3 [53]. The
R144C substitution thus may lead to structural changes in the substrate-binding pocket,
which in turn may affect the binding affinity for the substrate. That the four analgesic
substrates tested vary in their chemical structures with differential distribution of functional
groups may underscore the differences in sulfating activities of SULT1A3-R144C toward the
four analgesic compounds.

Two of the tested allozymes, SULT1A3-K234N and SULT1A3-N235T, have amino acid
substitutions close to the PAPS-binding site. SULT1A3-K234N showed lower sulfating
activities than the wild-type enzyme with all three opioids (morphine, tapentadol and O-
DMT), while SULT1A3-N235T exhibited lower sulfating activities with all four substrates.
The amino acid substitutions of these two allozymes are located within the a 15 sheet which
has been proposed to contribute indirectly to the co-substrate (PAPS)-binding as well as
restricting the conformations required for substrate-binding when the PAPS is bound to the
protein molecule [47]. Moreover, the very low sulfating activity of SULT1A3-N235T might
be related to the difficulty in accommodating the bulky side chain of the Thr residue into the
a-helical segment of the SULT1A3 molecule. The presence of Asn235 has been shown to be
important not only in SULT1AS3, but also in SULT1A1 [54, 55]. In contrast, SULT1A3-
S290T, with serine replaced by a hydroxyl group-containing threonine, showed no dramatic
differences from the wild-type in sulfating all four analgesic compounds tested.
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In summary, the current study aimed to gather information concerning the effects of the
genetic polymorphisms of SULT1A3and SULT1A4 on the APAP-, morphine-, tapentadol-,
and O-DMT-sulfating activity of SULT1A3 allozymes. Specific activity and kinetic data
obtained showed clearly the differential sulfating activities of SULT1A3 allozymes toward
the four analgesic compounds tested as substrates. These findings may underscore the
differential capacity in sulfating APAP, morphine, tapentadol and G-DMT in different
individuals. Pending further studies, such information may in the future aid in designing
personalized regimens of these analgesics to optimize their efficacy and mitigate the side
effects for individuals with distinct SULT1A3/ SULT1A4 genotypes.
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Figure 1.
Ribbon diagram of the structure of human SULT1A3-analgesic substrate-PAP complex

showing the locations of amino acid residues associated with the SULTIA3SULT1A4
CSNPs. The structure of SULT1A3 (Protein Data Bank code: 2A3R [33]) was edited using
USCF Chimera, a molecular modeling software [57]. Analgesic substrates, acetaminophen,
morphine, tapentadol, and O-desmethyltramadol, and PAP in the structure are shown by
bond structures. Analgesic substrates superimposed were docked into the active site of
SULT1A3 using AutoDock Vina [58]. Loops 1, 2, and 3 refer to Asp66-Met77, Ser228-
Gly259, and Lys85-Pro90 segments previously reported to form a gate for substrate entry
[34]. Side chains of the amino acid residues associated with the SULT1A3 SULT1A4
¢SNPs, Arg9, Prol0, Vall5, Vall18, Prol101, Argl44, Lys234, Asn235, Ser290, are indicated
by bond structures.
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Figure 2.
SDS gel electrophoretic pattern of purified human SULT1A3 allozymes. SDS-PAGE was

performed on a 12% gel, followed by Coomassie Blue staining. Samples analyzed in lanes 1
through 13 correspond to SULT1A3-WT (wild-type), SULT1A3-T7P, SULT1A3-S8P,
SULT1A3-R9C, SULT1A3-P10L, SULT1A3-V15M, SULT1A3-V18F, SULT1A3-P101L,
SULT1A3-P101H, SULT1A3-R144C, SULT1A3-K234N, SULT1A3-N235T and SULT1A3-
S290T. Positions of protein molecular weight markers are indicated on the right.
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Figure 3.
Specific activities of the sulfation of APAP by human SULT1AS3 allozymes. Concentrations

of APAP used in the enzymatic assays were 100 pM (black), 600 pM (gray) and 1500 pM
(white). Specific activity refers to nmol APAP sulfated/min/mg of purified allozyme. Data
shown represent mean + standard deviation derived from three determinations. WT refers to
wild-type SULT1A3.
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Specific activities of the sulfation of morphine by human SULT1A3 allozymes.
Concentrations of morphine used in the enzymatic assays were 250 uM (black), 1000 uM
(gray) and 2500 uM (white). Specific activity refers to nmol morphine sulfated/min/mg of
purified allozyme. Data shown represent mean + standard deviation derived from three

determinations. WT refers to wild-type SULT1A3.
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Specific activities of the sulfation of tapentadol by human SULT1A3 allozymes.
Concentrations of tapentadol used in the enzymatic assays were 5 uM (black), 150 uM
(gray) and 500 uM (white). Specific activity refers to nmol tapentadol sulfated/min/mg of
purified allozyme. Data shown represent mean + standard deviation derived from three
determinations. WT refers to wild-type SULT1AS3.
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Specific activities of the sulfation of O-DMT by human SULT1A3 allozymes.
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Concentrations of O-DMT used in the enzymatic assays were 25 uM (black), 125 uM (gray)
and 600 uM (white). Specific activity refers to nmol O-DMT sulfated/min/mg of purified

allozyme. Data shown represent mean + standard deviation derived from three
determinations. WT refers to wild-type SULT1A3.
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Table 1

List of human SULT1A3and SULT1A4 cSNPs, their minor allele frequencies, and mutagenic primer sets
designed for the PCR-amplification of the corresponding cDNAs.

SULT1A3 Allozymes MAFL Nucleotide Change2 ~Mutagenic Primers

SULT1A3-T7P 0.00035323 ACC= CCC 5’- ATGGAGCTGATCCAGGACCCCTCCCGCCCGCCACTGG -3
5’- CCAGTGGCGGGCGGGAGGGGTCCTGGATCAGCTCCAT -3’

SULT1A3-S8P 0.00001123 TCC= CCC 5’- GAGCTGATCCAGGACACCCCCCGCCCGCCACTGGAGT -3’
5’- ACTCCAGTGGCGGGCGGGGGGTGTCCTGGATCAGCTC -3’

SULTIA3-RIC  00006e453 CGC = TGC 5’- CTGATCCAGGACACCTCCTGCCCGCCACTGGAGTACG -3’
5’- CGTACTCCAGTGGCGGGCAGGAGGTGTCCTGGATCAG -3’

SULTIA3-PIOL  (0goo091ad CCG = CTG 5’- TCCAGGACACCTCCCGCCTGCCACTGGAGTACGTGAA -3/
5’- TTCACGTACTCCAGTGGCAGGCGGGAGGTGTCCTGGA -3’

SULTIA3-VISM 000040583 GTG = ATG 5’- CGCCCGCCACTGGAGTACATGAAGGGGGTCCCGCTCA -3/
5’- TGAGCGGGACCCCCTTCATGTACTCCAGTGGCGGGCG -3’

SULT1A3-V18F 0.00022 GTC= TTC 5’- CTGGAGTACGTGAAGGGGTTCCCGCTCATCAAGTACT -3’
5'- AGTACTTGATGAGCGGGAACCCCTTCACGTACTCCAG -3’

SULT1A3-P101L 0.0254 CCC= CIC 5’- CTCTGAAAGACACACCGCTCCCACGGCTCATCAAGTC -3’
5'- GACTTGATGAGCCGTGGGAGCGGTGTGTCTTTCAGAG -3

SULT1A3-P101H 0.0044 CCC= CAC 5’- CTCTGAAAGACACACCGCACCCACGGCTCATCAAGTC -3’
5'- GACTTGATGAGCCGTGGGTGCGGTGTGTCTTTCAGAG -3’

SULT1A3-R144C 0.0254 CGT = IGT 5’- TCCTACTACCATTTCCACTGTATGGAAAAGGCGCACC -3’
5- GGTGCGCCTTTTCCATACAGTGGAAATGGTAGTAGGA -3’

SULT1A3-K234N 0.0424 AAG =AAT 5'- GTTCAAGGAGATGAAGAATAACCCTATGACCAACTAC -3’
5'- GTAGTTGGTCATAGGGTTATTCTTCATCTCCTTGAAC -3

SULT1A3-N235T - AAC = ACC 5’- TCAAGGAGATGAAGAAGACCCCTATGACCAACTACAC -3’
5 - GTGTAGTTGGTCATAGGGGTCTTCTTCATCTCCTTGA -3’

SULT1A3-S290T - AGC = ACC 5 - TGGCAGGCTGCAGCCTCACCTTCCGCTCTGAGCTGTG -3’
5’- CACAGCTCAGAGCGGAAGGTGAGGCTGCAGCCTGCCA -3’

1 .

MAF refers to minor allele frequency.
2 . .

Nucleotide change refers to the change in affected codon.
3 . - .

Allele frequencies as indicated in the NCBI SNP database.

4AIIeIe frequencies reported in previous genomic studies [25, 56].
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Kinetic parameters of the wild-type and SULT1A3 allozymes with acetaminophen as a substrate.

Table 2

SULT1A3 Allozymes Km (MM)  Vax (nmol/min/mg) Vimax/Km
1A3-WT< 630 + 40 413 0.07 £0.01
1A3-T7P 730 £ 40 38+4 0.05+0.01
1A3-S8P 670 £ 40 34+3 0.05+0.01
1A3-R9C 1250 + 90 27+6 0.02 +0.01
1A3-P10L 970 + 80 322 0.03+0.01

1A3-V15M 720+ 70 38+3 0.05+0.01
1A3-V18F 780 + 40 33+3 0.04 +0.01
1A3-P101L 980 + 40 322 0.03+0.01
1A3-P101H 430 + 20 39+3 0.09 +0.01
1A3-R144C 1970 + 120 28+1 0.01+0.01
1A3-K234N 630 + 40 292 0.05 £ 0.02
1A3-N235T 4500 * 640 171 0.004 + 0.003
1A3-S290T 1050 + 120 301 0.03+0.01

JWiId-type human SULT1A3.
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Kinetic parameters of the wild-type and SULT1A3 allozymes with morphine as a substrate.

Table 3

SULT1A3 Allozymes Km (LM) VimaX (Nmol/min/mg) VinaX/Km
1A3-WT< 4600 + 400 10+0.6 0.002 + 0.001
1A3-T7P 5700 = 300 10+1.0 0.002 £ 0.001
1A3-S8P 7800 % 400 9+0.5 0.001 + 0.001
1A3-R9C 5000 * 400 4+02 0.0008 + 0.0003
1A3-P10L 5900 + 500 8+04 0.001 £ 0.001

1A3-V15M 5000 * 300 9+0.9 0.002 + 0.001
1A3-V18F 5700 + 600 8+04 0.001 + 0.001
1A3-P101L 6400 + 600 11+08 0.002 £ 0.001
1A3-P101H 3800 + 300 16+25 0.004 + 0.001
1A3-R144C 7200 * 300 10+0.8 0.001 + 0.00007
1A3-K234N 8300 + 700 5+04 0.0006 + 0.0001
1A3-N235T 10000 + 900 0.24 +0.03 0.00002 + 0.00001
1A3-S290T 6200 + 700 707 0.001 + 0.00003

JWiId-type human SULT1A3.
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Kinetic parameters of the wild-type and SULT1A3 allozymes with tapentadol as a substrate.

Table 4

SULT1A3 Allozymes K, (UM)  V,ax (nmol/min/mg) Vinax/Km
1A3-WT< 150 £ 10 27+2 0.17 +0.01
1A3-T7P 190 + 10 26+1 0.14 +0.01
1A3-S8P 480 = 60 21+1 0.04 +0.01
1A3-R9C 340 £ 40 21+2 0.06 +0.01
1A3-P10L 320+ 20 15+1 0.05+0.01

1A3-V15M 380 + 30 24+0.8 0.06 +0.01
1A3-V18F 320+ 20 22+05 0.07 £ 0.01
1A3-P101L 240 £ 20 26+2 0.11+0.01
1A3-P101H 90 £ 10 30£3 0.35+0.01
1A3-R144C 110+ 10 35+2 0.31+0.02
1A3-K234N 550 + 20 18+0.3 0.03+0.01
1A3-N235T 840 £ 70 13+1 0.02 £ 0.01
1A3-S290T 210+ 10 27+1 0.13+0.01

JWiId-type human SULT1A3.
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Kinetic parameters of the wild-type and SULT1A3 allozymes with O-desmethyl tramadol as a substrate.

Table 5

SULT1A3 Allozymes Ky (UM)  Vijax (nmol/min/mg) Vimax/Km
1A3-WT< 460 = 50 16 +0.6 0.04 £0.01
1A3-T7P 500 +70 6+0.8 0.01+£0.01
1A3-S8P 660 + 90 4+04 0.006 + 0.001
1A3-R9C 510 + 40 7+0.6 0.01+0.01
1A3-P10L 530 + 90 16+2 0.03+0.01

1A3-V15M 570 £ 90 12+2 0.02 £0.01
1A3-V18F 500 + 30 6+0.5 0.01+0.01
1A3-P101L 540 + 50 16+2 0.03+£0.01
1A3-P101H 270 £ 30 24+2 0.09 £0.01
1A3-R144C 350 + 60 22+3 0.06 +0.01
1A3-K234N 580 + 60 125+3 0.02 £0.01
1A3-N235T 800 + 70 0.03 + 0.005 0.00004 + 0.00001
1A3-S290T 480 = 60 15+2 0.03+0.01

JWiId-type human SULT1A3.
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