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A continuous and real-time fluorometric assay for monoamine-preferring phenol sulfotransferase
(SULT1A3) was developed. The methodology was based on the coupling of SULT1A1 to regenerate 30-
phosphoadenosine-50-phosphosulfate (PAPS) using 4-methylumbelliferyl sulfate (MUS) as a sulfuryl
group donor. The fluorophore product (4-methylumbelliferone, MU) was continuously produced and
monitored when SULT1A3 catalyzed dopamine sulfation with PAPS. The optimal conditions of this turn-
over reaction and substrate inhibition of SULT1A3 were also determined. This coupled-enzyme assay
allows the continuous measurement of initial reaction velocity and the sensitivity is comparable to that
of end-point radioactive isotope assay.
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The sulfate conjugation of endogenous molecules is a prevalent
biological phenomenon, and the physiological functions, however,
are not always easily understood. For example, the sulfated form
for total content of norepinephrine and dopamine is at least 70%
and 95%, respectively, in plasma circulation [1]. The significance
of the existence of sulfated dopamine, however, remains obscure.
Human SULT1A3 (also known as monoamine (M)-form phenol sul-
fotransferase, M-PST) is the enzyme responsible for the sulfation of
monoamine neurotransmitters, such as dopamine, tyrosine, adren-
aline, noradrenaline, and 5-hydroxytryptamine [2], and SULT1A3 is
found to distribute in brain, gastrointestinal tract, and platelet [3].
Unlike all other known members of the human sulfotransferase
family, SULT1A3 exhibits a high degree of selectivity for catechol-
amines, especially for dopamine, and interestingly, the orthologs of
human SULT1A3 have not been identified in other mammalian spe-
cies yet [4].

The traditional assays for sulfotransferase activity mostly relied
on radioactive isotope labeling using [35S]PAPS,1 high-performance
liquid chromatography (HPLC), and electrophoresis [5–7], all of which
were end-point analyses. The radioactive method was relatively
cumbersome and expensive, and the sulfated products isolated from
chromatography and electrophoresis were too imprecise to estimate
enzyme kinetics accurately. In this study, a convenient fluorometric
assay with continuous data processing for the sulfation of dopamine
was developed to evaluate SULT1A3 activity.
ll rights reserved.
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This assay was conducted by the coupling of rat SULT1A1 and
human SULT1A3 as delineated in Fig. 1A. SULT1A1 and SULT1A3
were subcloned into pET-3c (Novagen) and pGEX-2TK (GE Health-
care) vector, respectively, and purified to near homogeneity [8,9].
SULT1A1 was a K65ER68G mutant, which was PAP free [8], and it
catalyzes the transfer of a sulfuryl group from MUS to PAP [10].
The wild-type SULT1A1 catalyzes a similar reaction but it contains
tightly bound PAP, which forms a ternary dead-end complex of
SULT1A1–PAP–MU, and perturbs the transfer reaction [11,12]. Pre-
vious study showed that the K65ER68G mutant of SULT1A1 effi-
ciently catalyzed the production of PAPS and MU and can serve
as an auxiliary enzyme to monitor the steady-state production of
initial product catalyzed by another sulfotransferase [13,14]. The
reaction conditions including the excitation wavelengths of MU
and MUS, buffer system, and the corresponding concentrations of
MUS, PAPS, and SULT1A1 mutant were optimized previously [13].
This reaction was initially set out by a preincubation to transform
residual PAP to PAPS in the absence of SULT1A3 because commer-
cial PAPS is known to contain a significant amount of PAP [10]. The
dopamine sulfation was triggered as soon as SULT1A3 was added
in the reaction mixture and monitored by fluorescence of MU as
shown in Fig. 1B. The change of fluorescence can be observed only
in the presence of complete reaction mixtures. Control experi-
ments, in the absence of PAPS, MUS, SULT1A1 mutant, or SULT1A3
gave stable backgrounds. Data shown in Fig. 1B indicated that the
activity of SULT1A3 could be reliably monitored by the scheme
illustrated in Fig. 1A and would not be affected by the reagents
used in the reaction mixture.

The linear range of the coupled-enzyme assay (0.15–0.47 lg/ml
SULT1A3 under complete reaction conditions as described in
Fig. 1B) is shown in Fig. 2A and some properties of SULT1A3 were
characterized as shown in Fig. 2B–D. The optimal pH and working
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Fig. 1. Fluorometric assay for the determination of SULT1A3 activity. (A) Coupled-enzyme system for the regeneration of PAPS and sulfation of dopamine. PAPS regenerated
from PAP through the catalysis by rat SULT1A1 (K65ER68G mutant) was used as a sulfuryl group donor for dopamine sulfation catalyzed by SULT1A3. MUS was utilized to
generate PAPS, and the product, MU, was used as a fluorescent indicator during enzyme turnover. (B) Progress curves of coupled-enzyme assay for SULT1A3. The complete
reaction (d) mixture included 100 mM potassium phosphate buffer at pH 7.0, 5 mM 2-mercaptoethanol, 20 lM PAPS, 1 mM MUS, 10 lM dopamine, 0.3 lg SULT1A3, and
1.5 mU K65ER68G of rat SULT1A1 (one unit was defined as 1 lmol PAP converted to PAPS per minute with MUS as sulfate group donor) at 37 �C. The control reactions were in
the absence of PAPS (j), dopamine (s), MUS (5), K65ER68G of rat SULT1A1 (4), or SULT1A3 (.), respectively. All reactions were monitored by fluorescence of MU with
excitation and emission wavelengths at 355 and 460 nm, respectively. SULT1A3 was not inhibited by MUS. However, higher concentrations of MUS will contribute to the
higher background due to slight contamination of MU. The optimal concentration of MUS (1 mM) was much higher than the Km value (183 lM for MUS) of mutated rat
SULT1A1 (so that near Vmax can be obtained) and gave low enough MU background for the assay.
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temperature was 7.0 (Fig. 2B) and 37 �C (Fig. 2C), respectively.
Substrate inhibition was observed (Fig. 2D) at higher dopamine con-
centrations (more than 30 lM). Vmax, Km, and Ki values of SULT1A3
using dopamine as substrate were 623 nmol/min/mg, 6.8 lM, and
174 lM, respectively, when dopamine was used as substrate. These
Fig. 2. Effective assay range and characterization of SULT1A3. (A) Linear range for effect
enhanced with the increased amount of SULT1A3. The control reactions without dopami
was determined in complete reaction mixture described in Fig. 1B with various buffer sy
and Tris–base at pH 8.0–9.0. (C) Thermal effect was demonstrated by preincubating SU
glycerol at various temperatures (25–50 �C) for 5 min before the enzyme assay. (D) The
with varied dopamine concentrations. Kinetic parameters were evaluated from the subst
(SPSS Inc., Chicago, IL). Each data point was obtained from triplicate assay data and the
results were consistent with previous research using radioactive
assay procedures [9].

In conclusion, this fluorometric assay allowed the continuous
measurement of initial reaction velocity of SULT1A3. The sensitiv-
ity of this fluorometric assay was also comparable to that of the
ive SULT1A3 fluorometric assay. Activity of the complete (d) reaction was linearly
ne (s) or K65ER68G (.), respectively, gave no SULT1A3 activity. (B) The pH profile

stems: 100 mM citric acid–phosphate at pH 6.0–6.5, potassium phosphate at pH 7.0,
LT1A3 alone in the buffer including 20 mM Tris (pH 8.0), 150 mM NaCl, and 10%
enzymatic assay was carried out in complete reaction mixture described in Fig. 1B
rate inhibition equation by SigmaPlot 2001 V7.0 and Enzyme Kinetics Module, V1.1
error bars shown in these graphs represent standard deviation.



Fig. 2 (continued)
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radioactive analysis previously reported for SULT1A3 [9]. Using
this fluorometric assay, the activity of SULT1A3 can be determined
at 150 ng and can be further improved (Fig. 2A). This assay could
also be adapted for high-throughput analysis, such as microplate
reader, to quickly detect monoamine sulfation qualitatively and
quantitatively.
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