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Abstract

Cytosolic sulfotransferases (SULTs)-catalyzed sulfation regulates bio-signaling molecule biological
activities and detoxifies hydroxyl-containing xenobiotics. The universal sulfuryl group donor for
SULT-catalyzed sulfation is adenosine 3’-phosphate 5’-phosphosulfate (PAPS). The reaction
products are a sulfated product and adenosine 3’, 5’-diphosphate (PAP). Although the kinetics has
been reported since the 1980's, SULTs-catalyzed reaction mechanisms remain unclear. Human
SULT1AL1 catalyzes the sulfation of xenobiotic phenols and has very broad substrate specificity. It
has been recognized as one of the most important phase 11 drug metabolizing enzymes. Understanding
of the kinetic mechanism of this isoform is important for the understanding of drug metabolism and
xenobiotic detoxification. In this report, we investigated the SULT1A1-catalyzed phenol sulfation
mechanism. The SULT1A1-catalyzed reaction was brought to equilibrium varying substrate (1-
naphthol) and PAPS initial concentrations. Equilibrium constants were calculated. In addition,
substrate/product equilibrium ratio (S./P) was determined by perturbation of equilibrium, varying
S/P ratios and measuring the shift in product amounts. Two isotopic exchanges at equilibrium:
[14C]1-naphthol = [14C]1-naphthyl sulfate, and [3°S]PAPS = [35S]1-naphthyl sulfate were
measured. First order Kinetics, observed for all the isotopic exchange reactions studied over the entire
time scale monitored, indicates that the system was truly at equilibrium prior to adding isotopic pulse.
Complete suppression of 35S isotopic exchange rate upon increasing 1-naphthol and 1-naphthyl
sulfate in constant ratio, while no suppression of 14C exchange rate was observed upon increasing
PAPS and PAP in constant ratio. Data are consistent with a steady-state ordered kinetic mechanism
with PAPS and PAP binding to free enzyme.

Sulfotransferases (SULTSs) catalyze the sulfation of hydroxyl-containing compounds as shown
in Scheme 1 (1-10). The universal sulfuryl group donor for SULT-catalyzed sulfation is
adenosine 3'-phosphate 5’-phosphosulfate (PAPS). The reaction products are a sulfated product
and adenosine 3', 5'-diphosphate (PAP).

Studies of SULT catalytic mechanisms began in the early 1980's. However, the kinetic
mechanism of the sulfotransferases has not yet been clearly defined. Initial velocity studies of
the rat aryl SULT (AST-IV), were consistent with either a rapid equilibrium random Bi Bi
mechanism with two dead-end product complexes or an ordered Theorell-Chance mechanism
(11). On the other hand, similar studies of the kinetic mechanism of the human SULT1E1 were
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consistent with a random Bi Bi mechanism with two dead-end complexes ((12). Earlier kinetic
studies of a bile salt SULT from human liver (13), and the insect SULT, retinal dehydratase
(14) also suggested a random kinetic mechanism.

Most of the SULTs studied appear to conform to a steady state ordered Bi Bi kinetic mechanism
in which PAPS is the leading substrate. Enzymes studied include the STIII from female rats
(an ordered or Iso Theorell-Chance mechanism was proposed) (15), the human SULT1A3
(16,17), arat tyrosyl protein SULT (TPS, microsomal SULT) (18,19), a plant flavonol 3-SULT
(20), and a SULT from Klebsiella K-36 (21). In addition, careful studies of the mouse estrogen
SULT using initial rate studies, complemented by the crystal structure, structural modeling,
and site-directed mutagenesis are consistent with an ordered mechanism with PAPS binding
first (10,22-30). Studies of a SULT from rhesus monkey liver were also consistent with an
ordered Bi Bi mechanism for sulfation of the hepatotoxin glycolithocholate, but with the bile
salt (not PAPS) as the lead substrate (31).

Studies of some bacterial SULTS, on the other hand, are suggestive of a ping-pong Bi Bi
mechanism (32-35). A hybrid rapid-equilibrium random two-site ping-pong mechanism was
proposed for the bacterial SULT, NodST, with the formation of a sulfated NodST intermediate
(32). In this mechanism, PAPS and chitobiose bind independently and randomly at two
different sites on NodST. The same group studied another bacterial SULT (Stf0) using mass
spectrometry, and concluded that it has a rapid-equilibrium random mechanism (36). Studies
of the bacterial arylsulfate SULT (ASST), which catalyzes the transfer of the sulfate group
from a pheny!| sulfate ester to the phenolic accepter suggested a ping-pong mechanism, and
site-directed mutagenesis suggested Tyr123 was the residue in the ASST active site that accepts
a sulfate for transfer to another phenolic substrate (35).

Kinetic mechanisms for SULTSs catalyzed sulfation reactions are still not clear, reported results
and conclusions are in contradictory. Human SULT1A1 is one of the most important phase Il
drug metabolizing enzymes. It has very broad substrate-specificity, high activity toward most
phenolic compounds. It is also widely distributed in human tissues. The kinetic mechanism for
human SULT1AL is not well studied. Isotope exchange at equilibrium is an excellent probe of
kinetic mechanism along the reaction pathway (37-39). In this work, isotopic exchange at
equilibrium is used to probe the proposed kinetic mechanism (Scheme 2) for human SULT1AL.
Data are consistent with a steady state ordered kinetic mechanism.

Experimental Procedures

Chemicals

alpha-[*4C]1-Naphthol, (55 mCi/mmol) was purchased from American Radiolabeled
Chemicals, Inc. [3°S]3'-Phosphoadenosine-5'-phosphosulfate, (2.43 Ci/mmol) was purchased
from PerkinElmer, Inc., Boston, MA. 1-Naphthol and adenosine 3’, 5’-diphosphate sodium salt
(PAP) were purchased from Sigma-Aldrich, while adenosine 3'-phosphate 5’-phosphosulfate,
tetralithium salt (PAPS) was purchased from Calbiochem. 1-Naphthyl sulfate, potassium salt
was purchased from MP Biomedicals, LLC.

Thin layer Partsil KC 18 F, silica Gel 60 chromatography plates with fluorescent indicator, (20
x 20 cm, 200 om) Whatman® Schleicher & Schuell, were purchased from Sigma-Aldrich.
The plates were channeled using razor blades. A channel width of 1 cm was chosen with a
groove width between channels of 2 mm. Deionized water was used in all the experiments. All
other reagents and chemicals were the highest analytical grade available. Scintillation counting
was carried out on a Beckman LS 6500 Multi-Purpose Scintillation Counter.
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SULT1A1 (7.5 mg/mL) purified as described previously (40-42) was used in this study.

Measurement of Equilibrium Constant

All the reactions were carried out in closed microcentrifuge tubes (0.5 mL) to avoid evaporation
of buffer. The total reaction volume was 50 L to bring the system to equilibrium quickly.
SULT1A1 was added to the reaction mixture last to start the reaction and prevent enzyme's
deactivation. The time course for attaining equilibrium was first determined. For example, a
solution in 50 mM phosphate, pH 6.2, 37°C, containing 20 uM [1-naphthol]g (where the
subscript zero indicates initial concentration) and 10 uM [PAPS]g, and SULT1A1 was added
to the reaction mixture last to initiate the reaction. With 7.5 g SULT1A1, equilibrium was
reached within two hours.

Different initial concentrations of PAPS and 14C-labeled 1-naphthol were incubated with in
50 mM phosphate, pH 6.2 at 37°C until equilibrium was attained. The reaction was stopped
with 50 oL of TRIS base (0.25 M, pH 8.7). In order to separate 14C-labeled 1-naphthol from
the product, 14C-labeled 1-naphthyl sulfate, 100 oL of chloroform was added to each
eppendorff tube, the mixture was vortexed for 30 s, and centrifuged at 9000 g for 5 min. The
1-naphthol extracts into the chloroform phase, while 1-naphthyl sulfate remains in the aqueous
phase. The chloroform phase was carefully separated from the aqueous phase using a micro-
syringe, and then transferred into a scintillation vial containing 4 mL of scintillation cocktail
(EcoL.ite) and counted. The syringe was rinsed with acetone twice between samples. The liquid-
liquid extraction with chloroform was repeated twice. The aqueous phase containing product
was transferred into a scintillation vial containing 4 mL of scintillation cocktail (EcoL.ite) and
counted.

The 14C-labeled product was monitored until there was no longer any change with time. Once
the system appeared to be at equilibrium the same amount of SULT1A1 (7.5 og) was added
to the same reaction mixture to see if any additional change in product was observed. If there
was no change in product, K, was calculated according to Eq. 1.

_ [P1}
“ [S1.(IPAPS], ~[P],) 0

InEq. 1, [P]e =[PAP]e and [S]e = [S]o — [P]e- Equilibrium substrate and product concentrations
were determined from calculated specific radioactivities for each experiment as discussed
above.

Two types of control were carried out. The first one made use of the same protocol as discussed
above, but in the absence of SULT1AL, while the second one was in the absence of PAPS and/
or PAP. No significant difference was observed between the two types of control. The cpm of
the controls was subtracted from those of the sample (aqueous phase only). All controls and
samples were carried out in triplicate; results are given as means + SD.

The [S]e/[P]e ratio was determined with [S]g fixed at 50 M, but with [PAPS] in the range of
0-80 oM, the same experimental conditions used to measure the initial rate of isotope
exchange. Results are shown in Table 1. In addition, the method of equilibrium perturbation
(39) was used to determine the equilibrium constant. The reaction was equilibrated using
[(24C)1-naphthol]y and [PAPS], of 20 «M and 10 oM, respectively. Various concentrations
of cold 1-naphthol and 1-naphthyl sulfate, such that the cold reactants were at least one order
of magnitude greater than [(**C)1-naphthol]o were added to the reaction mixture. The change
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in [14C]1-naphthyl sulfate product concentration was monitored using scintillation counter, as
discussed above. The equilibrium position was established at the S/P ratio where no change in
product occurs (Fig. 1).

Using [3°S]PAPS and 1-naphthol, the equilibrium constant was determined as above for
reactions using [*#C]1-naphthol. However, termination of the reaction and separation of
labeled reactant and product was different. The reaction was stopped with 50 oL methanol.
Channeled silica gel TLC plates were used to separate [3>S]PAPS and [3°S]1-naphthyl sulfate.
The reaction mixture (100 oL ) was spotted onto a TLC plate using a micropipette in increments
of 5 al. The composition of the mobile phase for the TLC studies was determined
experimentally by separating non-radioactive PAPS and product 1-naphthyl sulfate 4 mM and
10 mM, respectively, and viewing the spots with 254 nm UV light. [3*S]PAPS and [3°S]product
were best separated using acetonitrile:methanol:acetic acid:water (25:65:5:5). The TLC plates
were developed in a closed glass chamber. After [3°S]PAPS and [3®S]product separation, the
dried TLC plates were subjected to autoradiography (24 hrs), and the radioactive spots were
transferred into scintillation vials containing 4 mL of scintillation cocktail (EcoLite) to
determine the total amounts of [3*S]PAPS remaining and [3®S]product formed. Equilibrium
concentrations and K, were calculated using similar approach as described in the above
sections. Results are shown in Table 2.

Isotope Exchange at Equilibrium

Results

Rates of isotopic exchange at equilibrium were estimated by adding the radiolabeled reactant
to the fully equilibrated reaction system containing SULT1A1. The total concentration of
radiolabeled pulse was set at a concentration 100-fold lower than the cold reactant
concentration to be certain that no change in the chemical equilibrium position occurred upon
addition of the pulse, but with sufficient radioactivity to follow the approach to isotopic
equilibrium. The formation of the radiolabeled product was monitored as a function of time
until there was no longer any change (Fig. 2). The reaction was then stopped with 50 L of
TRIS (0.25 M, pH 8.7). The liquid-liquid extraction protocol described above was used to
separate labeled substrate and product.

Rates of isotope exchange were calculated according to Eqg. 2 (39), where vgy is the initial
velocity of isotopic exchange, A and C are the equilibrium amounts of the exchanging reactant
and product, e. g., 1-naphthol and 1-naphthyl sulfate in micromoles, t is the time required to
reach f fraction of isotopic equilibrium in minutes, and f is the fraction of isotopic equilibrium
achieved at time t (f = [(14C)S]/[(**C)S]e = [(A4C)P]/[(**C)P]e), subscripts t and e indicate
time dependent and equilibrium values, respectively).

AClIn(1 - f)
(A+O)t[ enzyme] 2)

VL’.\' -

Equilibrium constant

The equilibrium constant, K, was determined independently by monitoring approach to
equilibrium beginning with [PAPS]y and [1-naphtol]g or by measuring the perturbation from
equilibrium. The K¢ was measured at different ratios of 1-naphthol/1-naphthyl sulfate and
PAPS/1-naphthyl sulfate and monitoring the change in concentration of radiolabel as
equilibrium was attained (Fig. 1) (39). The S/P ratio that gives no change in product after
addition of the cold reactants is the one that indicates the system is at equilibrium upon addition
of substrate. The K, values measured are consistent using two different separation methods
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(Tables 1 and 2), but are more accurately determined using the liquid-liquid extraction with
chloroform. The TLC method is intrinsically less accurate and gave larger errors than those
obtained using liquid-liquid extraction with chloroform. The average value of K¢ used in
subsequent experiments is 0.021 + 0.004 (Table 1).

[14C]1-Naphthol/[14C]1-Naphthyl Sulfate Isotope Exchange at Equilibrium

Atime course for approach to isotopic equilibrium for the exchange monitoring the appearance
of [14C]1-naphthyl sulfate is shown in Fig. 2A; isotopic equilibrium is achieved within 2 hours
in all cases. When In(1 —f) was plotted versus time in Fig. 2B (where f is the fraction of the
equilibrium concentration of [14C]1-naphthyl sulfate attained at time t), it clearly indicated a
first order reaction. All of the first order plots were linear for all the isotopic exchange reactions
studied over the entire time scale monitored. All the isotopic exchange rates were directly
proportional to the enzyme concentration.

The exchange rate, vey, Was calculated from the data in Fig. 3 using eqg. 2. In Figs. 2A and B
the concentrations of PAPS and PAP 20 oM and 4 oM, respectively, giving a [PAPS]q/
[PAP], ratio of 5 Maintaining the PAPS/PAP ratio at 5, but increasing the concentrations of
the two components, gave a family of curves similar to those shown in Fig. 2B, and a plot of
the calculated vgy against the concentration of PAPSy with [PAPS]o/[PAP]y maintained at 5,
gave the plot shown in Fig. 3. The plot is hyperbolic and a fit of the data in Fig. 3 to the
Michaelis-Menten equation gave a Kppaps for the exchange reaction of 2.1 = 0.5 uM, similar
to the Kpaps value of 1 uM obtained for the chemical reaction, and a V5« for the exchange
reaction, Vey, 0f 2.96 + 0.03 M/min/mg. The hyperbolic nature of the 14C-labeled 1-naphthol
to 1-naphthyl sulfate exchange rate indicates a lack of suppression of the exchange as a result
of increasing [PAPS]o/[PAP]o.

[35S]PAPS/[3°S]1-Napthyl Sulfate Isotope Exchange at Equilibrium

Experiments similar to those carried out above were also carried out for the PAPS to 1-naphthyl
sulfate exchange with 35S as the label. The [PAPS]o/[PAP], concentration pair was fixed at
5:1, and the [S]o/[P]o (1-naphthol to 1-naphthyl sulfate) ratio was fixed at 10:1. The vey was
then measured as a function of increasing concentration of 1-naphthol with [S]o/[P]o
maintained in constant ratio.

The maximal rate of the PAPS to 1-naphthyl sulfate isotopic exchange was about four-fold
faster than that of the 1-naphthol to 1-naphthyl sulfate isotopic exchange, and isotopic
equilibrium was attained within about thirty minutes for the former compared to one-to-two
hours for the latter. All of the first order plots were linear (similar to Fig 2A and B, data not
shown). A plot of the vgy against the concentration of PAPS with 1-naphthol to 1-naphthyl
sulfate maintained at constant ratio exhibits substrate inhibition with a complete depression of
vex at high concentrations (Fig. 4). When 1-naphthol concentrations reach higher than 1.4 mM
(140 oM 1-naphthyl sulfate), the exchange rate approaches zero.

Discussion

As it is stated in the introduction, there are three kinetic mechanisms that have been postulated
for SULTS catalyzed sulfation reactions, including a random mechanism, and one of two
ordered mechanisms, that is, with PAPS and PAP binding to free enzyme or with substrate and
sulfated product binding to free enzyme, Scheme 2. Although a ping pong mechanism was
postulated, it was only observed for bacterial SULTSs.

In the case of a random mechanism (Scheme 2, bottom), all plots of vy vs. a reactant
concentration in constant ratio to a product, are usually hyperbolic, but may exhibit partial
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suppression of the rate at high concentrations of the reactant/product pair. In the case of a rapid
equilibrium random kinetic mechanism the maximum rates of all of the exchange reactions are
equal, since all have the same rate limiting step. However, in the case of an ordered mechanism
the exchange rate will be suppressed as the inner reactant/product pair (the pair that binds to

the EA and EQ complexes) is increased to infinity. Thus, in the case of the ordered mechanism
shown at the top of Scheme 2, increasing the 1-naphthol/1-naphthyl sulfate pair will suppress
the rate of exchange between PAPS and PAP, or PAPS and 1-naphthyl sulfate. For the ordered
mechanism shown in the middle of Scheme 2, increasing the PAPS/PAP pair will decrease the
rate of exchange between 1-naphthol and 1-naphthyl sulfate, or PAPS and 1-naphthyl sulfate.

As shown in Figs. 4 and 5, the rate of 14C exchange between 1-naphthol and 1-naphthyl sulfate
is not suppressed by increasing PAPS and PAP in constant ratio, but the rate of the 3°S exchange
between PAPS and 1-naphthyl sulfate is completely suppressed at high concentrations of 1-
naphthol and 1-naphthyl sulfate. Data are consistent with the ordered mechanism shown at the
top of Scheme 2. The enzyme forms to which 1-naphthol and 1-naphthyl sulfate bind are
E:PAPS and E:PAP, and thus increasing PAPS and PAP will increase the concentration of the
two enzyme forms the exchanging pair bind to, and thus the exchange rate will be increased.
However, PAPS binds to E and 1-naphthyl sulfate binds to E:PAP, and thus increasing 1-
naphthol to infinity will trap PAPS on enzyme, and decrease the exchange rate. An increase
in the concentration of 1-naphthyl sulfate will increase the production of E:PAPS, but this will
still not overcome the effect of increased 1-naphthol concentrations, which prevent release of
PAPS. Thus, the mechanism of SULT1AL is ordered with PAPS and PAP binding to free
enzyme.

In this work, we studied human SULT1AL1 kinetic mechanism. Other SULTS such as human
SULT1A3 and rat SULT1A1 (AST-IV) have very similar kinetic properties as the human
SULT1AL. A common kinetic characteristics for almost all cytosolic SULTS is that they show
substrate-inhibition. All the SULTS also share the same sulfuryl group donor, PAPS. The
kinetic mechanism for the human SULT1A1 may also be applied to other SULTs. Human
SULT1AL1 has been recognized as one of the most important phase 11 drug metabolizing
enzymes. Understanding of the kinetic mechanism of this isoform is important for the
understanding of drug metabolism and xenobiotic detoxification.

Abbreviations

SULT

sulfotransferase
SULT1AlL

simple phenol sulfotransferase
PAPS

adenosine 3'-phosphate 5’-phosphosulfate
PAP

adenosine 3', 5’-diphosphate
TLC

thin layer chromatography
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Figure 1.

Estimation of Kgq by varying S/P and measuring the change in radiolabeled reactant. The
reaction was equilibrated using [(*4C)1-naphthol]g = 20 «M, and [PAPS]g = 10 =M, and then
adding S/P (cold) in different ratios to the reaction mixture. The change in product
concentration was monitored using scintillation counting.
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Figure 2.

A. Time course for the 1-naphthol to 1-naphthyl sulfate exchange reaction monitoring the
appearance of [4C]-1-naphthyl sulfate. Concentrations of PAPS, PAP, 1-naphthol, 1-naphtyl
sulfate are 20 «M, 4 oM, 50 M, and 5 M, respectively, consistent with the equilibrium
constant. The concentration of added [14C]-1-naphtol pulse is 0.5 «M. Each reaction included
7.5 g SULT1AL in 50 oL phosphate buffer (final concentration: 50 mM, pH 6.2) at 37°C.
The curve fitting was done using Enzyme Kinetics Module 1.2 (SigmaPlot). B. First order plot
of the data in A as In(1 — f) vs. time.
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Figure 3.

Initial rates of [14C]S = [14C]P isotopic exchange versus [PAPS]o/[PAP], ratios.
Concentrations of 1-naphthol, 1-naphtyl sulfate are 50 M, and 5 oM, respectively.
Concentration of added [14C]1-naphtol pulse is 0.5 «M; 7.5 g SULT1A1 in 50 oI phosphate
buffer (final concentration: 50 mM, pH 6.2) at 37°C. The curve fitting was done using Enzyme
Kinetics Module 1.2 (SigmaPlot).
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Figure 4.

Rates of [3°S]PAPS = [35S]P isotopic exchange versus [S]o/[P]0 ratios. Concentrations of
PAPS and PAP are 10 «M and 2 oM, respectively. Concentration of added [3°S]PAPS pulse
is0.05 oM; 7.5 oxg SULT1A1 in 50 &I phosphate buffer (final concentration: 50 mM, pH 6.2)
at 37°C.
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R-OSO;H + PAP

Scheme 1.
SULT- catalyzed reactions.
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Scheme 2.
Possible mechanisms for SULT-catalyzed reactions.
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K. values determined by using various initial concentrations of PAPS and [14C]1-naphthol.

Table 1
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[PAPS],, &M [(**C)1-naphthol],, &M Ke
2 2 0.021 + 0.004
2 4 0.019 # 0.002
2 8 0.022 +0.003
10 10 0.023 +0.003
10 20 0.021 + 0.003
10 50 0.023 + 0.002
80 20 0.019 + 0.002
80 40 0.024 +0.002
80 50 0.021 + 0.003
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Table 2
K, values determined by [3®S]PAPS and [3°S]1-naphthyl sulfate.
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[(®S)PAPS],, «M [1-naphthol]y, <M K,
10 50 0.04 £0.01
10 100 0.031 +0.008
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