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Abstract

Experimental  results from other
laboratories and ours have improved our
understanding in the regulation and
mechanism of sulfuryl group transfer
catalyzed by sulfotransferase.  These recent
advances including affinity labeling of
phenol sulfotransferase (PST), effect of
oxidation/reduction on the PST activity,
determination of the X-ray structures and
molecular modeling of sulfotransferases,
site-directed mutagenesis of
sulfotransferases, and the determination of
the position of disulfide bond on PST.
Sulfuryl group transfer in biological system
plays important roles in regulating structure
and function of macromolecules, availability
of hormones and  neurotransmitters,
activation and deactivation of xenobiotics,
and eimination of end products of
catabolism. The key step of sulfuryl group
transfer in biologica system is the
interaction of 3-phospho  adenosine
5'-phosphate (PAP) with sulfotransferase
which  require 3'-phospho  adenosine
5’ -phosphosulfate (PAPS) as sulfuryl group
donor in physiological condition.  This
proposal uses the established procedures



above to study the regulation and
mechanism of PST catalyzed reactions. A
flexible region (which includes
63-Leu-Glu-Lys-Cys-Gly-Arg-68) of PST is
found to be important for the binding and
release of nucleotides. Although sequence
comparison and structural  information
indicate no direct involvement with PAP
binding, mutations on this region find an
opposite result.  Affinity labeling with PAP
analog dso finds direct contact of this
flexible region with nucleotide. This
region is proposed to be the door of
nucleotide binding site of PST and are found
to be in the way of the exit of nuclectide by
the analysis of molecular modeling.
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Sulfuryl transfer reactions are widely
observed in various biological processes
[Jakoby & Ziegler, 1990]. Cytosolic
sulfotransferases catalyze the transfer of the
sulfuryl group from the ubiquitous cofactor
3 -phosphate 5'-phosphosulfate (PAPS') to
numerous substrates including steroids,
bioamines (ed. dopamine and
catecholamine), therapeutic drugs, and
environmental chemicals [Glatt, 2000]. In
some cases, however, xenobitic sulfation can
be used for the in vivo activation of prodrugs
or can result in potentiating toxicity and
carcinogenicity [Glatt, 1997; Meisheri et al.,
1998].

Phenol sulfotransferase [EC 2.8.2.9]
[Mattock & Jones, 1970] contains five
cysteine residues for each monomer of the
homodimeric protein [Marshall et al., 1998].
Previous study demonstrated that a highly
conserved C66 is important for the
regulation of PST activity through oxidation

[Marshall ef al., 1997; Marshall et al., 1998].

This cysteine has aso been suggested to
involve in the binding of the nuclectide
substrate, since it was found that
ATP-dialdehyde, a PAP analogue and
affinity label, was covaently linked to the

rat enzyme at C66 and the adjacent Lys 65
[Zheng et al., 1994]. However, the crystal
structure of sulfotransferase [Kakuta et al.,
1997; Kakuta e al., 1998; Kakuta et al.,
1999; Bidwel et al., 1999; Dgani et al.,
1999; Pedersen et al., 2000] cannot confirm
the interaction of C66 with PAP/PAPS
binding site. It is interesting that the
fragment of PST, from residues 63 to 68,
cannot be resolved in several crysta
structure of sulfotransferase [Kakuta et al.,
1997; Kakuta e al., 1998; Kakuta et al.,
1999; Bidwell et al., 1999; Dgani et al.,
1999; Pedersen et al., 2000].

Although at least two cysteines are
required to form an intermolecular disulfide
bond, the effect of each cysteine on PST
activity in different redox conditions has
been demonstrated with a single cysteine
mutant [Marshall ef al., 1997; Marshall et al.,
1998]. In this report, we constructed
mutants that contain only two of the
cysteines that are most likdy to form
intermolecular disulfide bonds. We are
trying to understand the mechanism of the
redox regulation and to explain why the
increase of the physiological activity was
observed at the expense of the transfer
activity [Marshall et al., 1997]. These
mutants have provided us important
infformation about the enzyme's activity
brought about by redox system of the
cysteine residues of phenol sulfotransferase
and how the oxidation of cysteines resultsin
the change of PST activity.

In this study, we have investigated the
roles played by cysteine residues in redox
environment, especially for that of C66 and
C232, which have been proposed to form
intracmolecular disulfide bond. We design
a series of four PST mutants to verify this
proposed model and to propose a mechanism
that explains how the formation of disulfide
bond may regulate the activity of PST.
Three of the mutants, C232SC283SC289S,
C82SC283SC289S and C66SC283SC289S,
are designed to keep two of the three
cysteines, C66, C82 and C232, that are
found mutually nearby and the remaining



cysteines for these mutants are C66C82,
C66C232, C82C232 and C66C283C289,
respectively. The other  mutant,
C82SC232S which contains C66 but not
C82 and C232, was used to test the function
of C66 in the absence of other near by
cysteines and is good comparison for a
previously constructed mutant, C66S, to
study the activity of PST in the absence of
C82 and C232. These mutations allow us
to elucidate the interaction among C66, C82
and C232 and the mechanism that result in
the change of enzymatic activity.

The difference in kinetic mechanism of
physiologicd and the transfer reaction
involve the necessity of the release of
PAP/PAPS during the course of sulfuryl
group transfer [Yang et al., 1996; Yang et
al., 1998). Thus, Kd of PAP and PST may
have direct correlation with these PST
catalyzed reactions. As shown in Table I,
not al the Kds of PST and its mutant with
PAP are affected in different redox
environment.  In a separate experiment, we
found that PST was protected by PAP (data
not shown) from oxidative reagent. As
expected, Kd of a-form of PST, which
contains a tightly bound PAP, is not affected
in the different redox condition used in this
study and served as a control for this
experiment. Data of Table | indicates that
changes of Kd for PAP and PST require the
presence of both C66 and C232 in the
enzyme. In such case, Kdl of PAP and
enzyme, for wild type PST-b and
C82SC283SC289S  only, in oxidative
condition is ten thousand times higher than
that in the reducing environment. This
observation indicates that the change of PST
activity upon oxidation may be due the
change of nucleotide binding efficiency.

Kinetic data from the PST catayzed
transfer reaction also shows that redox effect
and enzymatic activity are strongly
dependent on the presence of cysteines in
PST asshown in Tables 1l and Ill.  Specific
activities (Table Il) for the transfer reaction
were significantly reduced for only PST-3
and CB82SC283SC289S, the only two
enzymes that contain both C66 and C232.
The main reason for the decrease in

specificitiesis due to the increase of Km and
not the decrease of Vmax following
oxidation as shown in Table Ill. The
specific activity of the transfer reaction was
not affected with a single mutation for each
of the five cysteines except for C232
[Marshdl et al., 1997]. However, double
or triple cysteine mutants resulted in the
significantly decrease of the specific
activities of the enzymes (Table 1) and
Vmax (Table IllI) of the transfer assay.
Thus, C82, C283 and C289 are important
for enzyme activity even though they may
not directly involve in the redox regulation
of PST. This explain the less significant
redox effect on  C82SC283SC289S
compared to that of PST-B as shown in
Table l1l. This observation is in consistent
with the previous findings [Marshal et al.,
1997] that extending oxidation, which may
modify all the cysteines, eliminates all the
PST activity.

On the contrary to that of the transfer
reaction, the oxidation of sulfotransferase
may improve the Vmax of the physiological
or reverse physiological reaction at the
expense of increasing Km of PAP (Tables ||
and 1V). The physiological or its reverse
reaction of sulfotransferase requires the
release of PAP (or PAPS) to continue for the
next run of reaction [Yang et al., 1996;
Yang et al., 1998]. Again, most significant
change of Km of PAP was observed for
PST-b and its mutant, C82SC283SC289S
(Table V).

The missing of the structure of C66 and
its neighboring region in the crystal structure
of sulfotransferase [Kakuta et al., 1997,
Kakuta et al., 1998; Kakuta et al., 1999;
Bidwell et al., 1999; Dajani et al., 1999,
Pedersen et al., 2000] indicates that this
region is likely to be a flexible loop. This
flexible region must near the PAP binding
site according to the labeling experiment
[Zheng et al., 1994] by a PAP anaogue
(ATP-dialdehyde). Together with the
current and previous studies as discussed
above, the mechanism of redox regulation of
PST catayzed reaction is proposed and
illustrated in Schemes Il and Ill. The
release of PAP from PST is not required



throughout the transfer reaction as shown in
Scheme Il. In the reducing condition,
nucleotide is retained in the enzyme for the
flexible loop near PAP binding site is not
removed as depicted in Scheme 1I(d).
Upon oxidation, as shown in Scheme ll(b), a
disulfide bond between C66 and C232 is
form and the flexible loop is removed to
facilitate the in and out of the nucleotides.
This cartoon explains why the nucleotide is
tightly bound to PST in reducing condition
and why incubating with GSSG results in
the significant increase (10,000 folds) of Kd
for only PST-B and C82SC283SC289S,
which contain both C66 and C232.
Assuming that the opening of the
flexible loop region upon oxidation affect
only the binding of PAP, Scheme Il would
predict that Km of PAP may significantly
increase while Vmax may remain relatively
constant upon oxidation. However,
multiple mutation of cysteine affects the
activity of PST as shown in Tablesl|I, Il and
IV. Thus, the change of Km and Vmax in
different redox condition may be
complicated and affected by the cysteines
that do not directly involve in the formation
of intraamolecular  disulfide  bond.
Nevertheless, PST-b and C82SC283SC289S
still show the most significant change of Km
of PAP for the transfer reaction upon
oxidation as shown in Tables |l and I11.
Similar mechanism is proposed for the
physiological reaction catalyzed by PST as
diagramed in Scheme IIl. The activity of
oxidized form of the protein shows a 10-fold
increase in physiological activity over the
reduced form when assayed using
4-nitrophenol as acceptor [Marshal et al.,
1997]. It is aso known that PAP is a
product inhibitor for sulfotransferase
catalyzed physiologica reaction [Adams &
Poulos, 1967; Adams et al., 1974] and the
release of PAP may be the rate-limiting step
[Yang et al. 1998; Marshdl et al., 2000].
The above description in the reducing
condition is illustrated in Scheme 1l1(a) that
release of nucleotides are hindered by a
flexible loop region and is out of the way
upon oxidation, as shown in Scheme I11(b).
The diagram explains why oxidation

increase Km and eliminate the rate limiting
step of the physiologica reaction by
significantly decrease the affinity of
nucleotides and PST.

In conclusion, we propose that a
flexible fragment of PST, from residues 63
to 68, affect PAP binding. The mechanism
involves a flexible loop function as a door
that may control the in and out of PAP.
The door is closed in reducing environment
and open in oxidative condition with the
formation of an intramolecular disulfide
bond between C66 and C232.

Two possible pathways have been
proposed to alter the PST activity in redox
condition [Marshal e al., 2000]. The
other pathway involves an inter-molecular
disulfide bond with C66. The mechanism
of this pathway is being studied. Our data
indicates that modification of C66 region
reduce affinity of PAP and PST and gives
similar changes of PST properties.
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