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Feed additives such as ractopamine and salbutamol are
pharmacologically active compounds, acting primarily
as p-adrenergic agonists. This study was designed to
investigate whether the sulfation of ractopamine and
salbutamol may occur under the metabolic conditions
and to identify the human cytosolic sulfotransferases
(SULTSs) that are capable of sulfating two major feed
additive compounds, ractopamine and salbutamol. A
metabolic labelling study showed the generation and
release of [*°S|sulfated ractopamine and salbutamol
b3y HepG2 human hepatoma cells labelled with
[*S|sulfate in the presence of these two compounds.
A systematic analysis using 11 purified human
SULTs revealed SULT1A3 as the major SULT
responsible for the sulfation of ractopamine and salbu-
tamol. The pH dependence and kinetic parameters were
analyzed. Moreover, the inhibitory effects of ractopa-
mine and salbutamol on SULT1A3-mediated dopamine
sulfation were investigated. Cytosol or S9 fractions of
human lung, liver, kidney and small intestine were
examined to verify the presence of ractopamine-/
salbutamol-sulfating activity in vivo. Of the four
human organs, the small intestine displayed the highest
activity towards both compounds. Collectively, these
results imply that the sulfation mediated by
SULT1A3 may play an important role in the metabol-
ism and detoxification of ractopamine and salbutamol.

Keywords: feed additive/ractopamine/salbutamol/sul-
fation/SULT.

Abbreviations: ATP, adenosine 5'-triphosphate;
CAPS, 3-(cyclohexylamino)-1-propanesulfonic acid;
CHES, 2-(cyclohexylamino)ethanesulfonic acid; DTT,
dithiothreitol; FBS, fetal bovine serum; HEPES, N-
2-hydroxylpiperazine- N’-2-ethanesulfonic acid; MEM,
minimum essential medium; MES, morpholinoetha-
nesulfonic acid; MOPS,

3-(N-morpholino)propanesulfonic acid; PAPS, 3'-
phosphoadenosine 5-phosphosulfate; pNP, p-nitro-
phenol; SULT, cytosolic sulfotransferase; TAPS,
3-[N-tris-(hydroxymethyl)methylamino]-propanesulfo-
nic acid; TLC, thin-layer chromatography.

In livestock industry, certain feed additives are com-
monly used to improve the efficiency of feed utilization
and to enhance the meat leanness (/, 2). Prominent
among these feed additives are ractopamine (3), clen-
buterol (4) and salbutamol (5). These feed additives are
pharmacologically active compounds, acting primarily
as P-adrenergic agonists (6, 7). Therefore, although
these compounds are useful in serving their intended
purposes, they may pose a potential health risk to
humans when residual feed additives enter the body
through dietary meat consumption. Therefore, an im-
portant question is whether the human body is
equipped with mechanism(s) for protection against
these potentially harmful feed additives. B-Adrenergic
agonists, such as dobutamine, metaproterenol and ter-
butaline, are known to be primarily metabolized by
conjugation reactions, particularly sulfation and glu-
curonidation, at their constituent phenolic hydroxyl
group(s) (8—12). Like other B-adrenergic agonists, rac-
topamine and salbutamol also contain phenolic hy-
droxyl group(s) (Fig. 1). Previous studies have indeed
demonstrated the generation of conjugate metabolites
of these feed additives in livestock, including cattle,
turkey and swine (13, 14). Although glucuronide con-
jugation of B-adrenergic agonists is a major metabolic
pathway in livestock, sulfate conjugation predominates
in the metabolism of B-adrenergic agonists in humans
(8—14). Therefore, it is possible that sulfate conjuga-
tion by cytosolic sulfotransferase(s) (SULT(s)) may
play a significant role in humans in the metabolism/
detoxification of residual feed additives present in the
dietary meat.

In humans and other mammals, sulfate conjugation
catalyzed by the SULTs is known to be involved in the
biotransformation and excretion of xenobiotics
(15—17). The SULTs catalyze the transfer of a sulfon-
ate group from the active sulfate, 3’-phosphoadenosine
5'-phosphosulfate (PAPS), to an acceptor substrate
compound containing either hydroxyl or amino
group (/8). Sulfate conjugation by the SULT enzymes
generally leads to the inactivation of biologically active
compounds and/or the increase in their water solubil-
ity, thereby facilitating their removal from the body
(15—17). In humans, 11 SULTs that are categorized
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Fig. 1 Chemical structures of ractopamine and salbutamol.

into three distinct gene families have been identified
and characterized. Seven of the 11 human SULTs
that belong to the SULT1 gene family are SULT1AL1
and SULTI1A2 (both believed to be the general
detoxifying enzymes) (19, 20), SULT1A3 (dopamine/
catecholamine sulfotransferase) (27), SULTIBI (thy-
roid hormone sulfotransferase) (22), SULT1C2 and
SULTIC4  (hydroxyarylamine  sulfotransferases)
(23, 24) and SULTIE] (estrogen sulfotransferase)
(25). Three that belong to the SULT2 gene family
are SULT2A1 (dehydroepiandrosterone  sulfo-
transferase) (26, 27), SULT2Bl1a (pregnenolone sulfo-
transferase) (28, 29) and SULT2BIb (cholesterol
sulfotransferase) (28, 29). Finally, neuronal/brain
sulfotransferase belongs to the SULT4 gene family
(30, 31).

We report in this study the generation and release of
[**S]sulfated derivatives of ractopamine and salbuta-
mol, two representative feed additive compounds, by
HepG2 human hepatoma cells, Ilabelled with
[**S]sulfate in the presence of different concentrations
of these two feed additive compounds. A systematic
investigation of the sulfating activity of all 11 human
SULTSs towards ractopamine and salbutamol was per-
formed. pH dependence of the major ractopamine-/
salbutamol-sulfating SULT, SULTI1A3, was exam-
ined, and the kinetic parameters of the sulfation of
these two feed additive compounds were determined.
Moreover, the inhibitory effects of ractopamine and
salbutamol on SULTI1A3-mediated dopamine sulfa-
tion were investigated. Cytosol or S9 fractions of
human lung, liver, kidney and small intestine were
examined to verify the presence of ractopamine-/
salbutamol-sulfating activity in vivo.

Materials and Methods

Materials

Ractopamine, adenosine 5'-triphosphate (ATP), 3’-phosphoadeno-
sine-5'-phosphosulfate (PAPS), 2-morpholinoethanesulfonic acid
(MES), 3-(N-morpholino)propanesulfonic acid (MOPS),
N-2-hydroxylpiperazine-N'-2-ethanesulfonic acid (HEPES), 3-[N-
tris-(hydroxymethyl)methylamino]-propanesulfonic acid (TAPS),
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2-(cyclohexylamino)ethanesulfonic acid (CHES), 3-(cyclohexyla-
mino)-1-propanesulfonic acid (CAPS), Trizma base, dithiothreitol
(DTT), minimum essential medium (MEM), fetal bovine serum
(FBS), penicillin G, streptomycin sulfate and silica gel thin-layer
chromatography (TLC) plates were products of Sigma Chemical
Company (St. Louis, MO). Salbutamol, carrier-free sodium
[*SJsulfate and Ecolume scintillation cocktail were purchased from
MP Biomedicals (Irvine, CA). Ultrafree-MC 5000 NMWL filter
units were products of Millipore (Bedford, MA). HepG2 human
hepatoma cell line (ATCC HB-8065) was from American Type
Culture Collection (Manassas, VA). Pooled human lung S9 fraction
from a mixed-gender group of 4 donors (Lot No. 0710281), liver
cytosol from 50 donors (Lot No. 09 103970), small intestine (duo-
denum and jejunum) S9 fraction from 9 donors (Lot No. 0710351)
and kidney S9 fraction from 8 donors (Lot No. 0510093) were
purchased from XenoTech, LLC (Lenexa, KS). Other chemicals
were of the highest grade commercially available.

Metabolic labelling of HepG2 human hepatoma cells

HepG?2 cells were routinely maintained, under a 5% CO, atmos-
phere at 37°C, in MEM supplemented with 10% FBS, penicillin G
(30 pg/ml) and streptomycin sulfate (50 pg/ml). Confluent cells
grown in a 24-well culture plate, pre-incubated in sulfate-free
(prepared by omitting streptomycin sulfate and replacing magne-
sium sulfate with magnesium chloride) MEM without FBS for 4h,
were labelled with 0.25ml aliquots of the same medium containing
[*S]sulfate (0.3 mCi/ml) and 5 or 50 M ractopamine or salbutamol.
At the end of an 18-h labelling period, the labelling media were
collected, spin filtered to remove high-molecular weight
[**S]sulfated macromolecules and subjected to silica gel TLC for
the analysis of [**S]sulfated ractopamine or salbutamol, using n-bu-
tanol/isopropanol (3:1; by volume) as the solvent system.

Preparation of purified human SULTs

Recombinant human P-form (SULTIA1 and SULTIA2) and
M-form (SULTIA3) phenol SULTs, thyroid hormone SULT
(SULTIBI), two SULTICs (SULTIC2 and SULTI1C4), estrogen
SULT (SULTIE1), dehydroepiandrosterone (DHEA) SULT
(SULT2A1), two SULT2BIs (SULT2Bla and SULT2BIb) and a
neuronal SULT (SULT4AIl), expressed using pGEX-2TK or
pET23c prokaryotic expression system, were prepared as described
previously (24, 31—34).

SULT assay

The sulfating activity of the recombinant human SULTs was assayed
using PAP[*°S] as the sulfate group donor. The standard assay mix-
ture, in a final volume of 20 pl, contained 50 mM of MOPS buffer at
pH 7.0, ImM DTT and 14puM PAP[*S]. Stock solutions of the
substrates, prepared in dimethyl sulfoxide, were used in the enzym-
atic assay. The substrate, at 10 times the final concentration (1, 10
and 50 uM) in the assay mixture, was added after MOPS buffer and
PAP[*S]. 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 heat-
ing block, pre-heated to 100°C, for 2min. The precipitates were
cleared by centrifugation at 13,000 x g for 3 min, and the supernatant
was subjected to the analysis of [>*S]sulfated product using the TLC
procedure with n-butanol:isopropanol:88% formic acid:water
(8:2:1:1; by volume) for ractopamine or n-butanol:isopropanol
(1:6; by volume) for salbutamol as the solvent system. On comple-
tion of TLC, the TLC plate was air dried and autoradiographed by
using an X-ray film. The radioactive spot corresponding to the sul-
fated product was located, cut out and eluted in 0.5ml water in a
glass vial. A total of 4.5ml of Ecolume scintillation liquid was added
to each vial, mixed thoroughly and the radioactivity therein was
counted by using a liquid scintillation counter. To examine the pH
dependence of sulfation of ractopamine and salbutamol by human
SULTI1A3, 50mM different buffers (sodium acetate at 4.5 or 5.5;
MES at 5.5, 6.0 or 6.5; MOPS at 6.5, 7.0 or 7.5; HEPES at 7.0, 7.5 or
8.0; TAPS at 8.0, 8.5 or 9.0; CHES at 9.0, 9.5 or 10.0 and CAPS at
10.0, 10.5, 11.0 and 11.5), instead of 50 mM MOPS (pH 7.0), were
used in individual reactions. To examine the inhibitory effects of
ractopamine and salbutamol on the sulfation of dopamine by
human SULTI1A3, enzymatic assays were performed using 5uM
dopamine as the substrate in the presence of varying concentrations
of ractopamine (0.1—1,000 uM) or salbutamol (0.1—4,000 uM).



Each experiment was performed in triplicate, together with a control
without enzyme. The results obtained were calculated and expressed
in nanomoles of sulfated product formed/min/mg purified enzyme.
To assay for ractopamine-/salbutamol-sulfating activity of human
tissue cytosol or S9 fraction, the reaction mixture was supplemented
with 50 mM NaF (a phosphatase inhibitor). The reaction was started
by the addition of the cytosol or S9 fraction and allowed to proceed
for 20 min, followed by the TLC analysis for [**S]sulfated product as
described earlier.

Kinetic analysis

In the kinetic studies on the sulfation of ractopamine and salbuta-
mol, the sulfation assays were carried out using varying concentra-
tions of these substrate compounds and 50 mM MOPS at pH 7.0
according to the procedure described earlier. Data obtained were
analyzed based on (i) Michaelis—Menten kinetics, (ii) substrate
inhibition kinetics and (iii) Hill kinetics using GraphPad Prism5
software and non-linear regression. Hill and Eadie-Hofstee plots
were concomitantly analyzed. The kinetic parameters were calcu-
lated based on the following equations:

V= Viax - [S]/(Km + [S]) (l)
V= Vinax/(1 + Kin/[S] + [S]/Ki) (@)
V= Vmax . [S]h/(S,SZO + [s]h) (3)

where K; is the substrate inhibition constant, Sso is the substrate
concentration of resulting in half of V,,,, and / is the Hill coefficient.

Miscellaneous methods

PAP[*S] was synthesized from ATP and carrier-free [*>S]sulfate
using the bifunctional human ATP sulfurylase/adenosine 5'-phos-
phosulfate kinase, and its purity was determined as described previ-
ously (35). The PAP[**S] synthesized was adjusted to the required
concentration and a specific activity of 15 Ci/mmol at 1.4 mM by the
addition of cold PAPS. Protein determination was based on the
method of Bradford with bovine serum albumin as the standard (36).

Results

Generation and release of [*°S]sulfated products by
HepG2 cells labelled with [*®S]sulfate in the presence
of ractopamine or salbutamol

HepG?2 human hepatoma cells were used to investigate
whether sulfation of ractopamine and salbutamol may
occur under metabolic conditions. Confluent HepG2
cells grown in a 24-well plate were labelled with
[*>S]sulfate in sulfate-free medium containing different
concentrations of ractopamine or salbutamol. TLC
analysis of the labelling media collected at the end of
an 18-h labelling period revealed indeed the presence of
[*S]sulfated derivatives of ractopamine and salbuta-
mol in a concentration-dependent manner (Fig. 2).
These results clearly indicated that sulfation of racto-
pamine and salbutamol may occur in cells under meta-
bolic conditions.

Differential sulfating activities of the human SULTs
towards ractopamine and salbutamol

To identify the enzyme(s) that is(are) responsible for
the sulfation of ractopamine and salbutamol, 11 pur-
ified human SULTs were examined for sulfating activ-
ity with 3 different concentrations (1, 10 and 50 pM) of
ractopamine and salbutamol as substrates. Results
obtained showed that seven (SULT1A2, SULTIC2,
SULTIE1, SULT2AI1, SULT2Bla, SULT2B1b and
SULT4A1) of the 11 SULTs displayed no detectable
activities. Of the other four SULTs, SULTIA3
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Fig. 2 Analysis of the [**S|sulfated products generated and released
by HepG2 human hepatoma cells labelled with [**S|sulfate in the
presence of ractopamine or salbutamol. The autoradiograph taken
from the TLC plate used for TLC analysis of the labelling media is
shown. Confluent HepG2 cells were labelled with [**S]sulfate for 18 h
in the presence of different concentrations (5 or 50 uM) of ractopa-
mine and salbutamol. Lane 1 shows the control labelling medium
without added compound. Lanes 2—5 correspond to the labelling
media containing 5 or 50 uM ractopamine and 5 or 50 uM salbuta-
mol, respectively. The figure is representative of three independent
experiments.

Table 1. Specific activities of the human SULT1A1, SULT1A3,
SULTI1B1 and SULT1C4 with ractopamine and salbutamol as
substrates®.

Specific activity (nmol/min/mg)

Substrate SULT1A1  SULTI1A3 SULTIBI1 SULT1C4
Ractopamine

1uM ND" 5414+0.05 ND ND

10pM  0.37+£0.06 41.36+0.37 ND 0.60£0.02

50 uM 1.36£0.03  91.86+£3.50 0.26+£0.03  3.61+0.12
Salbutamol

1pM ND 0.27+£0.01 ND ND

10 uM ND 2.01+0.03 ND ND

50uM  ND 9.93+0.53 ND ND

“Specific activity refers to nmol substrate sulfated/min/mg purified
enzyme. Data represent mean + standard deviation derived from
three determinations. The concentrations of the substrate used in
the assay mixtures were 1, 10, or 50 uM.

PND refers to activity not detected. Specific activity determined was
lower than the detection limit (estimated to be ~0.01 nmol/min/mg
protein).

exhibited considerably stronger activities than the
other three towards ractopamine and salbutamol for
all concentrations tested (Table I). SULTIAI,
SULTIBI and SULTI1C4 displayed sulfating activity
towards only ractopamine, but not salbutamol. These
results indicated that SULTIA3 is likely the major
enzyme responsible for sulfating the two feed additive
compounds in the body.

Characterization of the ractopamine- and
salbutamol-sulfating activity of human SULT1A3

To investigate further the sulfation of ractopamine and
salbutamol by human SULTI1A3, the pH dependence
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and kinetic parameters of SULT1A3-mediated sulfa-
tion of ractopamine or salbutamol were analyzed. As
shown in Fig. 3, a pH optimum at 9.5 and a smaller
peak activity at pH 7.0 were observed with ractopa-
mine as substrate, whereas a distinct pH optimum
at 9.0 was detected with salbutamol as substrate. The
distinct pH-dependence profiles observed may reflect
the differential substrate recognition of SULT1A3 to-
wards ractopamine and salbutamol. The kinetics of the
sulfation of ractopamine or salbutamol by SULT1A3
was subsequently analyzed using varying concentra-
tions of these two compounds at pH 7.0. Initial rates
of the sulfation of ractopamine or salbutamol analyzed
using Hill-fitting (sigmoidal) curve showed the hyper-
bolic (non-sigmoidal) kinetic curves for the sulfation of
these two compounds with Hill coefficients (/) of
1.153£0.036 and 0.984 £0.032, respectively (Fig. 4A
and B). The results of non-linear regression
analysis were confirmed by Hill plots, based on log
(v/Vmax—v) versus log[S]. To obtain the kinetic param-
eters, saturation curve analyses were examined using
two hyperbolic kinetics, Michaelis—Menten kinetics
and substrate inhibition kinetics. As shown in
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Fig. 3 pH dependency of the sulfating activity of human SULT1A3
with (A) ractopamine and (B) salbutamol as substrates. Enzymatic
assays with a final concentration of 50 uM for each substrate were
carried out under standard assay conditions as described in
Materials and Methods, using different buffer systems as indicated.
Data shown represent calculated mean + standard deviation derived
three experiments.
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Fig. 4C, the sulfation of ractopamine was fitted to
substrate inhibition kinetics, which was further con-
firmed by an Eadie—Hofstee plot, based on v versus
v/[S], with a hook in the upper quadrant (37).
Conversely, the sulfation of salbutamol was fitted to
Michaelis—Menten kinetics, which was further con-
firmed by a linear Eadie—Hofstee plot (37) (Fig. 4D).
Table II shows the kinetic constants determined for
the sulfation of ractopamine by substrate inhibition
kinetics and the sulfation of salbutamol by
Michaelis—Menten kinetics. The K, value determined
with ractopamine (27.52 uM) was an order of magni-
tude lower than that with salbutamol (332.7 uM), indi-
cating that the affinity of SULT1A3 for ractopamine
was much higher than that for salbutamol. The cata-
lytic efficiency of SULT1A3, as reflected by the Vi.x/
K., (6.20 and 0.23, respectively), was nearly 27 times
higher with ractopamine than with salbutamol. These
results indicated that SULT1A3 was able to catalyze
the sulfation of ractopamine much more efficiently
than with salbutamol.

Inhibitory effects of ractopamine and salbutamol

on SULT1A3-mediated sulfation of dopamine

To investigate the inhibitory effects of ractopamine
and salbutamol on the sulfation of dopamine by
SULTI1A3, enzymatic assays were carried out using
5uM of dopamine as substrate in the presence of
increasing concentrations of ractopamine or salbuta-
mol. Activity data obtained showed the inhibition of
the sulfation of dopamine by ractopamine or salbuta-
mol in a concentration-dependent manner. Based on
the results shown in Fig. 5, the ICsq values determined
for ractopamine and salbutamol were 28.02 +1.03 and
955.7 £ 1.0 uM, respectively.

Sulfation of ractopamine and salbutamol by

human organ samples

To obtain evidence for the presence of ractopamine-
and/or salbutamol-sulfating activity in human tissues,
enzymatic assays were performed using cytosol or S9
fraction prepared from human lung, liver, kidney or
small intestine. The results showed clearly the presence
of sulfating activities towards both ractopamine and
salbutamol in samples prepared from all four human
organs. Quantitative data shown in Fig. 6 revealed
that, compared with the other three human organs,
the small intestine exhibited much higher activities
(2.79 and 1.25nmol/min/mg protein, respectively)
towards both ractopamine and salbutamol.

Discussion

Considering that the liver is a major detoxification
organ in the body, we opted to use the HepG2
human hepatoma cells, a human liver-derived cell
line widely used for investigating the metabolism of
xenobiotics through the sulfation (38), in this study.
Previous studies have demonstrated that most of the
SULTs present in the human liver, including
SULTI1AI1, SULT1A2, SULTIA3, SULTIE1, SUL
T2A1 and SULT2BI, are expressed in HepG2 cells
(39—44). A metabolic labelling study initially
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Table II. Kinetic constants of the sulfation of ractopamine and
salbutamol by human SULT1A3"

Vmax K,

m Ki
(nmol/min/mg) (M) Varas/ K (1M)

Ractopamine® 170.7 £6.0
Salbutamol®  77.17 +£0.81

27.52+1.91 6.20 222.34+16.6
332.74+12.2 0.23 —

“Results represent means + standard deviation derived from three
determinations.

PKinetic parameters were determined based on the equation for
substrate inhibition kinetics.

“Kinetic parameters were determined based on the equation for
Michaelis—Menten kinetics.

performed showed the generation and release of sul-
fated ractopamine and salbutamol, indicating that
both of them can be taken up by HepG2 cells and
subjected to the sulfation by the SULT enzyme(s)
therein. It was noted that for HepG2 cells labelled in
the presence of ractopamine or salbutamol, only a
single radioactive [**S]sulfated derivative was detected
in the labelling medium. In a subsequent study, a sys-
tematic survey of the ractopamine-/salbutamol-sul-
fating activity of the 11 known human SULTs was
performed. Of the four SULTs that showed the sulfat-
ing activity, SULTIA3 displayed much stronger

activities towards both ractopamine and salbutamol.
In contrast, SULT1A1, SULT1B1 and SULTI1C4 dis-
played low, yet significant, sulfating activity towards
only ractopamine, but not salbutamol. These results
indicated that SULT1A3 is the major enzyme respon-
sible for sulfating the two major feed additive com-
pounds. An important issue is with regard to the
chemical identity of the sulfated ractopamine and sal-
butamol. As shown in Fig. 1, two phenolic hydroxyl
groups are present in the ractopamine molecule,
whereas the salbutamol molecule contains only one
phenolic hydroxyl group. The sulfate conjugate of sal-
butamol at its phenolic hydroxyl group, salbutamol-4-
O-sulfate, had been previously identified in humans
(45). A sulfate conjugate of ractopamine at the C-10
phenolic hydroxyl group (cf. Fig. 1) had been reported
in the rat (46). Further study is needed to clarify
whether human SULTI1A3 also catalyzes the sulfation
of the C-10" phenolic hydroxyl group of ractopamine.
Another important issue is related to the tissues/organs
capable of metabolizing ractopamine and salbutamol
through sulfation. SULT1A3 is known to be expressed
in many organs including the brain, lung, liver, kidney
and gastrointestinal tract (43, 44). Since residual rac-
topamine and salbutamol, on dietary meat consump-
tion, may enter the body through the gastrointestinal
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Fig. 5 Inhibitory effects of ractopamine or salbutamol on the sulfation
of dopamine by SULT1A3. Enzymatic assays using SULT1A3 with
5uM dopamine as a substrate in the presence of varying concen-
trations of ractopamine (0.1—1,000 pM) or salbutamol

(0.1—4,000 uM) were carried out. Data from three experiments were
calculated based on the activity determined in the absence of in-
hibitor as 100%.
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Fig. 6 Sulfating activities of the human lung, liver, kidney and small
intestine cytosol or S9 fractions towards ractopamine and salbutamol.
Enzymatic assays using human tissues cytosol or S9 fractions based
on the procedure described in Materials and Methods. Data shown
represent calculated mean + standard deviation derived three
experiments.

tract, these compounds may first be subjected to the
sulfate conjugation in the intestine. Those that escape
sulfation in the intestine may then enter the systemic
circulation and are transported to other tissues/organs,
where they may be sulfated by SULT1A3 and/or other
SULT(s) present in local cells. Indeed, ractopamine-/
salbutamol-sulfating activities were detected in the
cytosol or S9 fractions prepared from the human
lung, liver, kidney and small intestine. Interestingly,
the small intestine sample showed the highest sulfating
activity towards both ractopamine and salbutamol
(Fig. 6). This finding is in accord with previous
reports on the high level of expression of SULT1A3
in the small intestine (43, 44, 47). It is to be noted
that previous studies had also demonstrated the sulfa-
tion of salbutamol in the human lung, liver and
intestine (48—50). It is noteworthy that although
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glucuronidation of salbutamol has not been reported
in humans, glucuronide metabolites have been detected
in other species including bovine, rabbit and rat
(14, 45, 51). Although the metabolism and conjugation
reactions of ractopamine in humans have not been
investigated, both sulfate and glucuronide metabolites
of ractopamine have been detected in livestock includ-
ing turkey and swine (/3). The results obtained in this
study suggest that SULT1A3-mediated sulfation may
play an important role in the metabolism of ractopa-
mine and salbutamol in humans.

In examining the pH dependence of the sulfation of
ractopamine by SULT1A3, two distinct pH optima at
7.0 and 9.5, respectively, were detected. In contrast,
only one pH optimum at 9.0 was detected with salbu-
tamol as a substrate. These different pH optima may
be due to the differences in the chemical structures of
the two compounds. Kinetic experiments were
performed to gain insight into the mechanism of the
sulfation of ractopamine and salbutamol by
SULT1A3. Previous studies on the crystal structure
of SULTI1A1 complexed with p-nitrophenol (pNP)
showed two pNP molecules in the substrate-binding
pocket (52). The sulfation of pNP by SULTI1AT1 dis-
played a slightly positive cooperativity at low concen-
trations and substrate inhibition profiles at high
concentrations (52). For SULT1A3, a molecular mod-
elling analysis suggested the potential superposition of
another dopamine molecule in the substrate-binding
pocket and kinetic assay showed the substrate inhib-
ition profile at high concentrations of dopamine (53).
In our initial kinetic experiments, sigmoidal curve ana-
lyses were performed using Hill function at concentra-
tion ranges of 0.5-50uM for ractopamine and
5—1,000 uM for salbutamol to investigate any possible
cooperativity of the sulfation of ractopamine or salbu-
tamol by SULT1A3. Hyperbolic curves were observed
in the sulfation of both substrates and the Hill coeffi-
cient (1) determined indicated a weak positive coopera-
tivity for the sulfation of ractopamine and
noncooperativity for the sulfation of salbutamol.
Further substrate saturation curve analyses at concen-
tration ranges of 0.5—500uM for ractopamine and
5—4,000 uM for salbutamol revealed that the sulfation
of ractopamine was subjected to substrate inhibition
and the sulfation of salbutamol followed that of the
Michaelis—Menten kinetics. It was noted that the K,
value determined with ractopamine was an order of
magnitude lower than that with salbutamol (27.52 ver-
sus 332.5 uM), indicating that the affinity of SULT1A3
for ractopamine was much higher than for salbutamol.
The catalytic efficiency of SULT1A3, as reflected by
the Viax/Km (6.20 versus 0.23), was 27 times higher
with ractopamine than with salbutamol. These results
indicated that ractopamine is a much better substrate
than salbutamol for SULTIA3 and may be metabo-
lized faster through SULTI1A3-mediated sulfation.
Nevertheless, it should be noted that previous studies
have demonstrated that the K,, value of SULTI1A3
towards dopamine, a major endogenous substrate of
the enzyme, ranged from 2 to 10uM and the V..
ranged from 50 to 600 nmol/min/mg enzyme (54—57).
Therefore, it secems that ractopamine and salbutamol



will have to reach considerably higher concentrations
to be used de facto as substrates for SULT1A3, which
will then mediate their sulfation just as efficiently as
with dopamine.

Since SULT1A3-mediated sulfate conjugation is
known to play an important role in the homeostasis
of catecholamines (58, 59), an interesting issue is that
whether, by serving as substrates for SULT1A3, racto-
pamine and salbutamol may act as inhibitors for the
sulfation of dopamine. Our results showed that both
ractopamine and salbutamol indeed exerted inhibitory
effects on the sulfation of dopamine in a concentra-
tion-dependent manner. With 5 uM of dopamine as a
substrate for SULT1A3, the ICsy values of ractopa-
mine and salbutamol were determined to be 28.02
and 955.7 uM, respectively. These ICs, values were in
line with the K, values of SULT1A3 for ractopamine
and salbutamol (Table II). These results implied that
ractopamine or salbutamol, at high concentrations,
may interfere with the homeostasis of dopamine and,
possibly, other catecholamines as well.

To summarize, this study indicated that sulfation of
ractopamine and salbutamol may occur under meta-
bolic conditions and that SULTIA3 is the major
human SULT capable of sulfating ractopamine and
salbutamol. As substrates for SULT1A3, ractopamine
and salbutamol may inhibit the sulfation of dopamine.
In line with the tissue distribution of SULT1A3, the
highest ractopamine-/salbutamol-sulfating activity was
detected in the small intestine, among the four human
organ samples tested. More work is warranted to fully
elucidate the biochemical/physiological relevance of
the sulfation of ractopamine and salbutamol.
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