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Abstract
Catecholic drugs had been reported to be metabolized through conjugation reactions, particularly
methylation and sulfation. Whether and how these two Phase II conjugation reactions may occur
in a concerted manner, however, remained unclear. The current study was designed to investigate
the methylation and/or sulfation of five catecholic drugs. Analysis of the spent media of HepG2
cells metabolically labeled with [35S]sulfate in the presence of individual catecholic drugs
revealed the presence of two [35S]sulfated metabolites for dopamine, epinephrine, isoproterenol,
and isoetharine, but only one [35S]sulfated metabolite for apomorphine. Further analyses using
tropolone, a catechol O-methyltransferase (COMT) inhibitor, indicated that one of the two
[35S]sulfated metabolites of dopamine, epinephrine, isoproterenol, and isoetharine was a doubly
conjugated (methylated and sulfated) product, since its level decreased proportionately with
increasing concentrations of tropolone added to the labeling media. Moreover, while the inhibition
of methylation resulted in a decrease of the total amount of [35S]sulfated metabolites, sulfation
appeared to be capable of compensating the suppressed methylation in the metabolism of these
four catecholic drugs. A two-stage enzymatic assay showed the sequential methylation and
sulfation of dopamine, epinephrine, isoproterenol, and isoetharine mediated by, respectively, the
COMT and the cytosolic sulfotransferase SULT1A3. Collectively, the results from the present
study implied the concerted actions of the COMT and SULT1A3 in the metabolism of catecholic
drugs.

Keywords
Methylation; Sulfation; COMTs; SULTs; Catecholic drugs

© 2012 Elsevier Inc. All rights reserved.
* Corresponding author at: Department of Pharmacology, College of Pharmacy and Pharmaceutical Sciences, The University of
Toledo, 3000 Arlington Avenue, Toledo, OH 43614, USA. Tel.: +1 419 383 1918; fax: +1 419 383 1909.ming.liu@utoledo.edu. .

Contributors Participated in research design: Kurogi, Liu, M.-Y., Sakakibara, Suiko, Sugahara, Liu, M.-C.
Conducted experiments: Kurogi and Alazizi.
Performed data analysis: Kurogi and Liu, M.-C.
Wrote or contributed to the writing of the manuscript: Kurogi and Liu, M.-C.

NIH Public Access
Author Manuscript
Biochem Pharmacol. Author manuscript; available in PMC 2013 November 01.

Published in final edited form as:
Biochem Pharmacol. 2012 November 1; 84(9): 1186–1195. doi:10.1016/j.bcp.2012.08.009.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1. Introduction
A number of catecholic drugs, such as dopamine, dobutamine (Dobutrex), isoproterenol
(Isuprel), inamrinone (Amrinone), and isoetharine (Bronkosol), are currently in use for
treating a variety of diseases/disorders [1–5]. Previous studies have demonstrated that
conjugation reactions, particularly methylation and sulfation, are involved in the metabolism
of these drugs and the regulation of their pharmacological activity [6–10].

Methylation of catecholic compounds is mediated by the catechol O-methyltransferase
(COMT). COMT catalyzes the transfer of a methyl group from S-adenosyl-L-methionine
(AdoMet) to one of the two vicinal hydroxyl groups, mainly the 3-hydroxyl group, on the
aromatic ring of endogenous and xenobiotic catecholic compounds, including catecholic
drugs [11–14]. In humans, there is a single COMT gene encoding two forms of COMT that
differ in their N-terminal region, a soluble form (S-COMT) present in the cytosol and a
membrane-bound form (MB-COMT) located in the endoplasmic reticulum [15,16]. Previous
studies have shown that MB-COMT has ~10-fold higher affinity toward catecholamines
than does S-COMT; whereas S-COMT exists as the predominant form in most tissues
except brain [15,17,18]. Sulfation of catecholic compounds is mediated by the cytosolic
sulfotransferases (SULTs) which are a group of enzymes that catalyze the transfer of a
sulfonate group from the “active” sulfate, 3′-phosphoadenosine 5′-phosphosulfate (PAPS),
to a hydroxyl or amino group of substrate compounds [19]. Sulfation is a key process that
serves for the biotransformation of endogenous catecholamines, steroid/thyroid hormones,
cholesterol, and bile acids, as well as a variety of xenobiotics including catecholic
compounds [20–22]. Sulfate conjugation by these enzymes generally results in the
inactivation of the substrate compounds and/or increase in their water-solubility, thereby
facilitating their removal from the body. For the sulfation of catecholamines such as
dopamine and epinephrine, SULT1A3 (previously called the catecholamine-preferring
phenol sulfotransferase) has been shown to be the major responsible enzyme among the
eleven known human cytosolic SULTs [23,24]. For the sulfation of catecholestrogens, five
different SULTs, SULT1A1, SULT1A2, SULT1A3, SULT1C4, and SULT1E1, are involved
[25,26].

We report in this communication the generation and release of both singularly sulfated and
doubly methylated–sulfated metabolites by HepG2 human hepatoma cells incubated in the
presence of all tested catecholic drugs, except apomorphine. Enzymatic assays showed the
sequential conjugation reactions of dopamine, epinephrine, isoproterenol, and isoetharine
under the concerted actions of COMT and SULT1A3. The implications of the occurrence of
dual conjugation of catecholic drugs are discussed in the context of their metabolism and
regulation.

2. Materials and methods
2.1. Materials

Dopamine, epinephrine, (±)-isoproterenol hydrochloride, isoetharine mesylate salt,
apomorphine hydrochloride, adenosine 5′-triphosphate (ATP), 3′-phosphoadenosine-5′-
phosphosulfate (PAPS), 3-(N-morpholino)propanesulfonic acid (MOPS), Trizma base,
sodium dodecyl sulfate (SDS), dithiothreitol (DTT), isopropyl β-D-thiogalac-topyranoside
(IPTG), dimethyl sulfoxide (DMSO), 2-hydroxy-2,4,6-cycloheptatrien-1-one (tropolone), S-
(5′-adenosyl)-L-methionine (AdoMet), and minimum essential medium (MEM) were from
Sigma Chemical Company (St. Louis, MO). Protease inhibitor cocktail, EDTA-free, was a
product of Roche Diagnostics (Mannheim, Germany). Carrier-free sodium [35S]sulfate and
Ecolume scintillation cocktail were obtained from MP Biomedicals (Irvine, CA). S-
[methyl-14C]-AdoMet was a product of PerkinElmer (Boston, MA). Fetal bovine serum was
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from Biomeda (Foster City, CA). HepG2 human hepatoma cells (ATCC HB-8065) were
from American Type Culture Collection (Manassa, VA). Cellulose thin-layer
chromatography (TLC) plates were products of EMD Chemicals (Gibbstown, NJ).
Oligonucleotide primers were synthesized by MWG Biotech (Huntsville, AL). All other
chemicals were of the highest grade commercially available.

2.2. Metabolic labeling of HepG2 human hepatoma cells
HepG2 cells were routinely maintained, under a 5% CO2 atmosphere, at 37 °C in MEM
supplemented with 10% fetal bovine serum, penicillin G (30 μg/ml), and streptomycin
sulfate (50 μg/ ml). Confluent HepG2 cells, grown in individual wells of a 24-well culture
plate, preincubated in sulfate-free (prepared by omitting streptomycin sulfate and replacing
magnesium sulfate with magnesium chloride) MEM for four hours, were labeled with 0.25
ml aliquots of the same medium containing [35S]sulfate (0.3 mCi/ml), and 50 μM of tested
catecholic drugs, without or with tropolone (at concentrations ranging from 0 to 500 μM),
an inhibitor of COMT. At the end of an 18-h labeling, the media were collected and spin-
filtered. The filtrates were subjected to the analysis of [35S]sulfated products using a TLC
procedure with n-butanol/isopropanol/formic acid/water (2:1:3:1; v/v/v/v) as the solvent
system. Upon completion of TLC, an autoradiograph was taken from the TLC plate to reveal
radioactive spots corresponding to [35S]sulfated derivatives of tested catecholic drugs added
to the labeling media. Thereafter, the radioactive spots were cut out from the plate and the
radioactive materials therein were eluted and counted for [35S]radioactivity using a liquid
scintillation counter.

2.3. Preparation of purified human SULTs
Recombinant human SULTs, SULT1A1, SULT1A2, SULT1A3, SULT1B1, SULT1C2,
SULT1C4, SULT1E1, SULT2A1, SULT2B1a, SULT2B1b, and SULT4A1, were expressed
using pGEX-2TK or pET23c prokaryotic expression system, and purified as previously
described [27–31].

2.4. SULT assay
The catecholic drug-sulfating activity of the recombinant human SULTs was assayed using
[35S]PAPS as the sulfonate donor. The standard assay mixture, in a final volume of 20 μl,
contained 50 mM of Mops buffer at pH 7.0, 1 mM DTT, and 14 μM [35S]PAPS. Stock
solutions of the substrates (dopamine, epinephrine, isoproterenol, isoetharine, and
apomorphine), prepared in H2O or DMSO, at 20 times the final concentration (50 μM),
were used in the assay mixtures. The reaction was started by the addition of the SULT
enzyme, allowed to proceed for 10 min at 37 °C, and terminated by placing the thin-walled
tube containing the assay mixture on a heating block at 100 °C for 2 min. The precipitates
were cleared by centrifugation at 13,000 × g for 3 min, and the supernatant was subjected to
the analysis of [35S]sulfated product using a TLC procedure previously established with n-
butanol/isopropanol/88% formic acid/water (3:1:1:1; v/v/v/v) as the solvent system [32].
Each experiment was performed in triplicate, together with a control without substrate. The
results obtained were calculated and expressed in nanomoles of sulfated product formed/
min/mg purified enzyme.

2.5. Cloning and bacterial expression of the human soluble COMT
To generate the human soluble COMT cDNA, sense (5′-
ATGGGTGACACCAAGGAGCAGCGCATCCTGAACCACGTGC-3′) and antisense (5′-
CGCGGATCCTCAGCTGCCTGGGCCCT-3′) oligonucleotide primers were designed
based on 5′- and 3′-regeions of the coding sequence. Using this primer set, a PCR was
carried out under the action of Ex Taq DNA polymerase, with the first-strand cDNA
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reverse-transcribed from the total RNA isolated from HepG2 cells as the template.
Amplification conditions were 2 min 94 °C for initial denaturation followed by 20 cycles of
94 °C for 30 s, 60 °C for 40 s, and 72 °C for 1 min. The amplified cDNA was subcloned into
the pETBlue vector. To express the recombinant human soluble COMT, purified pETBlue
plasmid harboring the amplified COMT cDNA was transformed into E. coli BL21 (DE3)
cells and the transformed cells were grown in 1 L LB medium supplemented with 100 μg/ml
ampicillin. After the cell density reached ~0.2 OD600 nm, IPTG (at a final concentration of 1
mM) was added to induce the expression of the recombinant human COMT overnight at
room temperature. Afterwards, the cells were collected and homogenized in 25 ml ice-cold
lysis buffer (10 mM Tris–HCl, pH 8.0, 150 mM NaCl, and 1 mM EDTA) using a French
Press. The crude homogenate supplemented with a protease inhibitor cocktail was subjected
to centrifugation at 10,000 × g for 20 min at 4 °C. The supernatant collected was stored at
−80 °C prior to being used for the enzymatic assay.

2.6. Enzymatic methylation–sulfation assay
In a two-stage methylation–sulfation assay, the methylation reaction was first performed
using unlabeled or [14C]-labeled AdoMet as the methyl group donor. The standard assay
mixture, in a final volume of 20 μl, contained 50 mM Tris–HCl buffer at pH 7.5, 5 mM
DTT, 1.5 mM MgCl2, varying concentrations of unlabeled AdoMet (at final concentrations
of 0, 2.5, 5, 10, 25, and 50 μM) or 50 μM [14C]AdoMet, and 5 or 50 μM substrate
(dopamine, epinephrine, isoproterenol, isoetharine). The reaction was started by the addition
of 50 μg COMT-expressing cell lysate and allowed to proceed for 30 min at 37 °C.
Afterwards, 1.0 μl of SULT1A3 (at 1 mg/ml) and 1.25 μl of [35S]PAPS (at a final
concentration of 14 μM) or varying concentrations of unlabeled PAPS (at final
concentrations of 0, 10, 25, 50, and 100 μM) were added to each reaction mixture, and the
sulfation reaction was allowed to proceed for another 10 or 30 min at 37 °C. The reaction
was terminated by adding the 10 μl of 1 M HCl and the precipitates formed were cleared by
centrifugation at 16,000 × g for 20 min. For the analysis of [35S]sulfated product, the
supernatant was neutralized with 1 M NaOH and was subjected to the TLC analysis with n-
butanol/isopropanol/formic acid/water (2:1:3:1; v/v/v/v) as the solvent system. For the
analysis of [14C]methylated product, the supernatant was directly subjected to the TLC
analysis with n-butanol/isopropanol/formic acid/water (3:1:1:1; v/v/v/v) as the solvent
system. Upon completion of TLC, an autoradiograph was taken from the TLC plate to reveal
radioactive spots corresponding to [35S]sulfated or [14C]methylated products of tested
catecholic compounds. Thereafter, the radioactive spots were cut out from the plate, eluted,
mixed with Ecolume scintillation cocktail, and counted using a liquid scintillation counter.

2.7. Miscellaneous methods
[35S]PAPS was synthesized from ATP and carrier-free [35S]sulfate using the recombinant
human bifunctional PAPS synthase and its purity was determined as previously described
[33]. The [35S]PAPS synthesized was adjusted to the required concentration and a specific
activity of 15 Ci/mmol at 1.4 mM by the addition of unlabeled PAPS. SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) was performed on 12% polyacrylamide gels using the
method of Laemmli [34]. Protein determination was based on the method of Bradford with
bovine serum albumin as the standard [35].

3. Results
3.1. Generation and release of [35S]sulfated metabolites of catecholic drugs by HepG2
cells

Confluent HepG2 cells grown in individual wells of a 24-well plate were labeled with
[35S]sulfate in sulfate-free medium containing 50 μM of dopamine, epinephrine,
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isoproterenol, isoetharine, or apomorphine. At the end of an 18-h incubation, the labeling
media were collected and analyzed for the generation and release of [35S]sulfated
metabolites by thin-layer chromatography. It is noted that the 18-h incubation period was
selected in order to allow sufficient time for the cells to metabolize tested drugs while
remaining fully viable in the sulfate-free medium used in the metabolic labeling experiment.
Compared with the control without added drug, two distinct [35S]sulfated species were
observed in the labeling media containing dopamine, epinephrine, or isoproterenol, whereas
a major [35S]sulfated species overlapping with a slower-migrating minor [35S]sulfated
species was observed in the labeling medium containing isoetharine (Fig. 1). In contrast,
only one [35S]sulfated species was observed in the labeling medium containing
apomorphine (Fig. 1).

3.2. Effects of tropolone, a COMT inhibitor, on the generation and release of [35S]sulfated
metabolites of catecholic drugs by HepG2 cells

To clarify the identity of the two [35S]sulfated species detected in the labeling media of
HepG2 cells labeled in the presence of dopamine, a preliminary experiment using
[35S]sulfated 3-O-methyldopamine and [35S]sulfated dopamine enzymatically synthesized
using purified SULT1A3 was performed to compare their positions of migration with those
of the two [35S]sulfated metabolites of dopamine generated by HepG2 cells upon TLC
separation. Autoradiograph taken from the plate upon completion of TLC showed clearly
co-migrations of enzymatically synthesized [35S]sulfated 3-O-methyldopamine and
[35S]sulfated dopamine with, respectively, upper and lower [35S]sulfated species present in
the labeling medium containing dopamine (figure not shown). To clarify further the
occurrence of the metabolism of dopamine, epinephrine, isoproterenol, or isoetharine
through single (sulfation only) and dual (methylation plus sulfation) conjugation reaction(s),
a similar metabolic labeling study was performed in the presence of tropolone, a COMT
inhibitor [36,37]. As shown in Fig. 2, in the labeling media containing dopamine,
epinephrine, or isoproterenol, with increasing concentrations of tropolone, a proportionate
decrease in the intensity of the upper [35S]sulfated species (as indicated by empty arrows)
was observed with a concomitant increase in the intensity of the lower [35S]sulfated species
(as indicated by solid arrows). It was noted that, in the labeling media containing
isoetharine, while the lower [35S]sulfated species was barely visible in the absence of
tropolone (also cf.Fig. 1), it became increasingly prominant and distinct with increasing
concentrations of tropolone. At the same time, the upper [35S]sulfated species showed a
proportionate decrease in intensity. Moreover, the migration positions, upon TLC analysis,
of [35S]sulfated epinephrine, isoproterenol, and isoetharine enzymatically synthesized using
purified SULT1A3 coincided to the lower [35S]sulfated species detected in the labeling
media containing each of the four catecholic drugs (figure not shown). Collectively, these
results indicated that the upper [35S]sulfated species in the labeling media in the presence of
dopamine, epinephrine, isoproterenol, or isoetharine corresponded to the doubly conjugated
(methylated–[35S]sulfated) metabolite of each of these four catecholic drugs. The lower
[35S]sulfated species corresponded to the singly conjugated ([35S]sulfated) metabolite of
these four catecholic drugs. It was noted that a single [35S]sulfated species was detected in
the labeling media containing apomorphine, irrespective of the different concentrations of
tropolone used (Fig. 2). The levels of the upper and lower [35S]sulfated species present in
the spent media of HepG2 cells collected in the tropolone treatment experiment were
determined. As shown in Fig. 3, in the absence of tropolone, the methylated–[35S]sulfated
metabolites of dopamine, epinephrine, isoproterenol, and isoetharine produced by the
HepG2 cells accounted for 64%, 80%, 78%, and 86% of the total [35S]sulfated metabolites
of these four catecholic drugs. With increasing concentrations of tropolone, the amounts of
these (methylated–[35S]sulfated) metabolites showed a proportionate decrease, while the
lower [35S]sulfated metabolites showed a corresponding increase, reaching 85%, 63%, 73%,
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and 52% of the total [35S]sulfated metabolites, respectively, at 100 μM of tropolone. It was
noted that with increasing tropolone concentrations, the combined amount of upper and
lower [35S]sulfated species started decreasing, to 48% (dopamine), 46% (epinephrine), 59%
(isoproterenol), and 32% (isoetharine) at 500 μM tropolone, compared with those detected
in media without trpolone. For apomorphine which was conjugated exclusively by sulfation,
there was also a decrease in the generation and release of [35S]sulfated apomorphine by
HepG2 cells labeled in the presence of tropolone (decreased to 69% at 500 μM tropolone).

3.3. Differential sulfating activity of the human SULTs toward catecholic drugs
A systematic analysis was performed to examine the sulfating activity of eleven human
SULTs toward the tested catecholic drugs. Of the eleven human SULTs analyzed, six
showed no detectable activity. The other five, SULT1A1, SULT1A2, SULT1A3, SULT1C4,
and SULT1E1, exhibited differential sulfating activities toward the five drugs tested (Table
1). Of the five, SULT1A3 showed considerably higher sulfating activities toward all tested
drugs except apomorphine. On the other hand, SULT1A1 and SULT1C4 showed stronger
sulfating activities toward apomorphine than did SULT1A3. These two latter SULTs also
exhibited moderate sulfating activities toward dopamine, epinephrine, isoproterenol, or
isoetharine. The two remaining SULTs, SULT1A2 and SULT1E1, displayed sulfating
activity toward apomorphine, with the former showing also weak, but significant, activity
toward isoetharine.

3.4. Concerted actions of COMT and SULT
Since the results from the metabolic labeling experiments indicated the occurrence of doubly
conjugated (methylated and sulfated) metabolites of dopamine, epinephrine, isoproterenol,
and isoetharine, we were interested in clarifying the identity of the enzymes responsible for
the sequential conjugations of these catecholic drugs. A two-stage methylation–sulfation
assay involving first the methylation by recombinant human soluble COMT followed by a
human SULT was established. Since unmethylated and methylated catecholic drugs are in
fact different chemical entities, each of the eleven human SULTs was tested in the
methylation–sulfation assay. A preliminary experiment revealed that SULT1A3 displayed
strong sulfating activity toward methylated derivatives of all four catecholic drugs tested. Of
the other 10 human SULTs, only SULT1A1 and SULT1C4 showed relatively weak sulfating
activity toward methylated dopamine and methylated isoetharine, respectively (data not
shown). To characterize further the dual conjugation of catecholic drugs by methylation and
sulfation, the methylation–sulfation assays using recombinant soluble COMT and SULT1A3
were performed. In the first series of these assays, [14C]AdoMet at a fixed concentration of
50 μM in the initial methylation reaction and varying concentrations (ranging 0–100 μM) of
nonradioactive PAPS were used in the subsequent sulfation reaction. As shown in Fig. 4A,
with increasing concentrations of nonradioactive PAPS used in the sulfation reactions,
increased amounts of [14C]-labeled methylated catecholic drugs were sulfated. Fig. 4B–E
shows the quantitative data of the [14C]radioactivity associated with [14C]methylated (as
indicated by solid arrows) or [14C]methylated–sulfated (as indicated by empty arrows)
product of each of the four catecholic drugs generated during the two-stage methylation–
sulfation assay. In a second series of the assays, varying concentrations (ranging 0–50 μM)
of nonradioactive AdoMet were used in the initial methylation reaction, and a fixed
concentration (14 μM) of PAP[35S] was used in the subsequent sulfation reaction. As shown
in Fig. 5A, at low AdoMet concentrations, less doubly methylated–[35S]sulfated products of
the catecholic drugs were generated and more singly [35S]sulfated products of the catecholic
drugs were produced. With increasing concentrations of AdoMet used in the initial
methylation reaction, more doubly methylated–[35S]sulfated products of the catecholic
drugs were produced. Fig. 5B–E shows the quantitative data of the [35S]radioactivity
associated with [35S] sulfated (as indicated by solid arrows) or methylated–[35S]sulfated (as
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indicated by empty arrows) product of each of the four catecholic drugs generated during the
two-stage methylation– sulfation assay.

4. Discussion
Conjugation reactions, particularly methylation and sulfation, are known to be involved in
the metabolism and regulation of catecholic compounds [6–10]. A previous study using SK-
N-MC human neuroblastoma cells demonstrated that dopamine may be subjected to
methylation and sulfation independently or in combination, forming two major sulfated
metabolites, 3-O-methyldopamine 4-O-sulfate and dopamine O-sulfate [38]. It is therefore an
interesting issue to clarify whether and how methylation and sulfation may act in concert in
the metabolism of catecholic drugs.

A metabolic labeling study was initially performed to investigate the metabolism of
catecholic drugs by methylation and/or sulfation using HepG2 human hepatoma cells, which
are known to express the COMT and the SULTs including SULT1A1, SULT1A2,
SULT1A3, SULT1E1, and SULT2A1 [39–41]. Results showed that HepG2 cells labeled
with [35S]sulfate in the presence of dopamine, epinephrine, isoproterenol, or isoetharine
produced and released two major [35S]sulfated metabolites. A subsequent experiment using
tropolone, a COMT inhibitor, confirmed the identity of the fast migrating (upon TLC)
[35S]sulfated metabolite being a doubly conjugated (methylated–sulfated) product (cf. Figs.
1 and 2). The slower-migrating [35S]sulfated metabolite, on the other hand, co-migrated
with singularly [35S]sulfated products of the tested catecholic drugs synthesized
enzymatically. Based on the [35S]radioactivity determination, [35S]sulfated–methylated
dopamine, epinephrine, isoproterenol, and isoetharine accounted for, respectively, 64%,
80%, 78%, and 86% of the total [35S]sulfated products produced by HepG2 cells labeled in
the presence of each of these four catecholic drugs. It therefore appears that dual conjugation
by methylation and sulfation represented a major pathway for the metabolism of the four
tested catecholic drugs. In contrast, a single [35S]sulfated metabolite of apomorphine was
observed in the metabolic labeling experiment (cf. Figs. 1 and 2). While the reason for the
inability of HepG2 cells to methylate apomorphine remains unclear, it is possible that the
chemical structure of apomorphine may render it unable to be used as a substrate for the
COMT. It is noted that although O-methylation of apomorphine had been demonstrated
using rat liver COMT [42], neither methylation activity of the human COMT toward
apomorphine nor the generation and release of O-methylated apomorphine by humans had
been reported [13,43]. Moreover, in a COMT assay using human recombinant soluble
COMT expressed in E. coli, no methylated product of apomorphine was detected (data not
shown). For dopamine, epinephrine, isoproterenol, and isoetharine, the inhibition of
methylation, upon treatment with tropolone, led to a concomitant increase in the production
of singularly [35S]sulfated products. It appeared therefore that sulfation could compensate
for the lack of methylation in the metabolism of catecholic drugs. It was noted also that
treatment with tropolone led to a decrease in the amount of total (methylated–sulfated plus
sulfated) [35S]sulfated products. While the exact mechanism underlying such a decrease
remains to be clarified, one possibility is that the decrease could have been due to the
cytotoxic effect of tropolone [44], resulting in decreased methylating and/or sulfating
capacity of the cells. Additionally, tropolone, due to its structural similarity to catecholic
drugs, may act as an inhibitor for SULT1A3, thereby decreasing its capacity to sulfate both
unmethylated and methylated catecholic drugs. Moreover, the possibilities that other
pathways, e.g., glucuronidation, may act to metabolize catecholic drugs when COMT is
inhibited or that sulfated metabolites of catecholic drugs may be desulfated or otherwise
degraded during the 18-hr incubation period should not be overlooked.
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An important issue is with regard to the functional relevance of the dual conjugation of
catecholic drugs. It has been proposed that methylation of catecholic compounds may lead
to the inactivation of their physiological/pharmacological activity [6–10]. Some studies,
however, showed that O-methyl norepinephrine and O-methyl epinephrine retained some
affinity toward adrenergic receptors thereby displaying antagonist activity; whereas O-
sulfate forms showed no affinity toward the receptors [45,46]. It is therefore possible that in
the dual conjugation of catecholic drugs, methylation may rapidly inactivate the
pharmacological activity and the subsequent sulfation may lead to the complete loss of their
activity and, at the same time, facilitate their excretion from body. Such a dual conjugation
of catecholic drugs may provide another advantage in terms of delaying or preventing the re-
activation of conjugated catecholic compounds via deconjugation reactions, since both
demethylation and desulfation would be required in order to recover their pharmacological
activity. Although there is no information currently available concerning the demethylation
or desulfation of methylated–sulfated catecholic compounds, O-methyl dopamine and O-
methyl epinephrine have been shown to be de-methylated by enzymatic action for which the
responsible enzyme has not been clearly defined [47,48]. Dopamine O-sulfate and
epinephrine O-sulfate have also been shown to be de-sulfated by aryl sulfatases [49,50]. It is
therefore an interesting question whether the dual conjugation of catecholic compounds may
serve to prevent their deconjugation to revert back to the unconjugated, active form.

To clarify the SULT enzyme(s) responsible for the sulfation of unmethylated and
methylated catecholic drugs, a systematic analysis of the sulfating activity of eleven known
human SULTs was first performed. Five of the eleven, SULT1A1, SULT1A2, SULT1A3,
SULT1C4, and SULT1E1, were found to display differential sulfating activities toward the
five catecholic drugs tested (cf. Table 1). It should be pointed out that previous studies using
human recombinant SULTs had demonstrated that SULT1A3 displayed considerably
stronger sulfating activities toward dopamine, epinephrine, and isoproterenol than other
human SULTs tested, and SULT1A1 and SULT1A3 displayed strong sulfating activities
toward apomorphine [51,52]. Interestingly, our data revealed that SULT1A3 and SULT1C4
displayed the strongest sulfating activities toward isoetharine and apomorphine,
respectively, among the eleven human SULTs tested. A two-stage sequential methylation–
sulfation assay was subsequently established to examine the SULT enzyme(s) responsible
for the sulfation of methylated catecholic drugs. Using the human soluble COMT in
combination with individual SULTs, it was found that among the eleven human SULTs,
SULT1A3 exhibited sulfating activity toward the methylated catecholic drugs generated
under the action of COMT. It is to be noted that methylated catecholic drugs are different
chemical entities from their unmethylated counterparts. It is therefore not surprising that
while other SULTs such as SULT1A1, SULT1A2, SULT1C4, and SULT1E1 displayed
sulfating activity toward unmethylated catecholic drugs, only SULT1A3 was able to sulfate
methylated catecholic drugs. In methylation–sulfation assays, it was noted that the
generation of doubly conjugated (methylated–sulfated) product was dependent on the levels
of both the methyl donor (AdoMet) and sulfonate donor (PAPS). Another issue worth
mentioning is with regard to the sequence of dual conjugation of catecholic drugs by
methylation and sulfation. In a sulfation-methylation assay in which sulfation was carried
out prior to methylation, no doubly conjugated (methylated–sulfated) products were detected
(data not shown). This was not surprising since upon sulfation, sulfated catecholic drugs
were no longer catecholic compounds and therefore could not serve as substrates for COMT.
It is worthwhile mentioning that 3-O-methylated, 4-O-sulfated doubly conjugated dopamine,
epinephrine, isoproterenol, or isoetharine had been identified in plasma and/or urine of
human subjects as a major metabolite [53–56]. Fig. 6 summarizes the reactions and
responsible enzymes in the single or dual conjugation of these catecholic drugs.
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In conclusion, the current study showed clear evidence for the concerted actions of the
COMT and SULT1A3 in mediating the dual conjugation (methylation and sulfation) for
four of the five catecholic drugs tested. From the physiological standpoint, the functional
relevance of the dual conjugation may lie in the irreversible metabolism of catecholic drugs
during which methylation may serve to first inactivate their pharmacological activity
followed by sulfation which then render the methylated derivatives more water-soluble so as
to be more easily excreted. More work is warranted in order to validate these critical events.
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Fig. 1.
Analysis of [35S]sulfated metabolites generated and released by HepG2 cells labeled with
[35S]sulfated in the presence of catecholic drugs. Confluent HepG2 cells were labeled with
[35S]sulfate in the presence of 50 μM of different catecholic drugs. At the end of an 18-h
labeling, the labeling media were collected and subjected to the TLC analysis for
[35S]sulfated metabolites. The catecholic drugs tested were dopamine (lane 2), epinephrine
(lane 3), isoproterenol (lane 4), isoetharine (lane 5), and apomorphine (lane6). Lane 1 shows
the control without addition of catecholic drugs to the labeling medium. The figure is
representative of three independent experiments.
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Fig. 2.
Analysis of [35S]sulfated metabolites generated and released by HepG2 cells labeled with
[35S]sulfated in the presence of catecholic drugs plus different concentrations of tropolone.
Confluent HepG2 cells were labeled with [35S]sulfate in the presence of 50 μM of different
catecholic drugs plus varying concentrations (0, 10, 25, 50, 100, 250, and 500 μM) of
tropolone. At the end of an 18-h labeling, the labeling media were collected and subjected to
the TLC analysis for [35S]sulfated metabolites. Lanes 1–7 correspond to labeling media
containing different catecholic drugs (dopamine (DA), epinephrine (EP), isoproterenol (IP),
isoetharine (IE), and apomorphine (AP)) in the presence of different concentrations 0, 10, 25
μM (lane 3), 50, 100, 250, and 500 μM of tropolone. The empty and solid arrows indicate
the [35S]sulfated derivatives of the catecholic drugs tested. The figure is representative of
three independent experiments.
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Fig. 3.
Quantitative data on the [35S]sulfated metabolites generated and released by HepG2 cells
labeled with [35S]sulfate in the presence of different catecholic drugs plus different
concentrations of tropolone. Results shown correspond to those of the [35S]sulfated
metabolites of dopamine (A), epinephrine (B), isoproterenol (C), isoetharine (D), and
apomorphine (E) (cf. Fig. 2). The radioactivity of each [35S]sulfated metabolite separated on
the TLC plates shown in Fig. 2 were counted and expressed in relative values (%) against
the total amount of the upper (methylated–[35S]sulfated) and lower ([35S]sulfated)
metabolites of the control sample (without tropolone). Data shown represent calculated
mean ± SD derived from three independent analyses. Statistical significance versus the
control sample (without tropolone) are indicated by #p < 0.05 for the level of the upper
(methylated–[35S]sulfated) species or *p < 0.05 for the level of lower ([35S]sulfated) species,
as analyzed by one-way ANOVA with Dunnett’s test.
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Fig. 4.
Methylation–sulfation assays using [14C]AdoMet and unlabeled PAPS. COMT and
SULT1A3 were used, respectively, in the methylation and sulfation reactions of dopamine
(DA), epinephrine (EP), isoproterenol (IP), and isoetharine (IE). (A) TLC analysis of [14C]-
labeled products of catecholic drugs generated during the two-stage methylation–sulfation
assays. Methylation reaction was carried out using 50 μM [14C]AdoMet, followed by
sulfation reaction using different concentrations (0 μM (lane 1), 10 μM (lane 2), 25 μM
(lane 3), 50 μM (lane 4), 100 μM (lane 5)) of unlabeled PAPS. The solid and empty arrows
indicate the two [14C]methylated derivatives of the catecholic drugs tested. The figure is
representative of three independent experiments. (B–E) Quantitative analysis of
[14C]methylated and [14C]methylated–sulfated products generated during the methylation–
sulfation assays. Results obtained were expressed as relative value (%) against (unsulfated)
[14C]methylated product produced with 0 μM of PAPS. Data shown correspond to
calculated mean ± SD derived from three independent analyses.
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Fig. 5.
Methylation–sulfation assays using unlabeled AdoMet and [35S]PAPS. COMT and
SULT1A3 were used, respectively, in the methylation and sulfation reactions of dopamine
(DA), epinephrine (EP), isoproterenol (IP), and isoetharine (IE). (A) TLC analysis of [35S]-
labeled products of catecholic drugs generated during the two-stage methylation–sulfation
assays. Methylation reaction was carried out using different concentrations of unlabeled
AdoMet, 0 μM (lane 1), 2.5 μM (lane 2), 5 μM (lane 3), 10 μM (lane 4), 25 μM (lane 5), 50
μM (lane 6), followed by sulfation reaction by SULT1A3 with 14 μM [35S]PAPS as the
sulfate donor. The figure is representative of three independent experiments. The solid and
empty arrows indicate the two [35S]sulfated derivatives of the catecholic drugs tested. (B–E)
Quantitative analysis of methylated–[35S]sulfated and [35S]sulfated products generated
during the methylation–sulfation assays. Results obtained were expressed as relative value
(%) against (unmethylated) [35S]sulfated product produced with 0 μM AdoMet. Data shown
correspond to calculated mean ± SD derived from three independent analyses.
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Fig. 6.
Proposed pathways for the methylation and/or sulfation of catecholic drugs as mediated by
COMT or SULT1A3.
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Table 1

Specific activities of the human SULT1A1, SULT1A2, SULT1A3, SULT1C4, and SULT1E1 with different
catecholic drugs as substrates.a

Substrate Specific activity (nmol/min/mg)

SULT1A1 SULT1A2 SULT1A3 SULT1C4 SULT1E1

Dopamine 5.43 ± 0.31 N.D.b 99.00 ± 2.67 N.D. N.D.

Epinephrine 3.75 ± 0.30 N.D. 55.49 ± 0.87 1.60 ± 0.19 N.D.

Isoproterenol 2.12 ± 0.11 N.D. 47.35 ± 0.49 0.19 ± 0.3 N.D.

Isoetharine 2.01 ± 0.06 0.12 ± 0.01 36.43 ± 0.59 1.68 ± 0.04 N.D.

Apomorphine 67.09 ± 0.60 14.85 ± 0.24 52.59 ± 1.82 72.65 ± 0.20 8.41 ± 0.26

a
Data represent mean ± SD derived from three determinations. The concentration of the substrate used in the assay mixture was 50 μM.

b
Specific activity determined was lower than the detection limit (estimated to be ~0.01 nmol/min/mg protein).
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