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Abstract
Hydroxylated metabolites of polychlorinated biphenyls (OHPCBs) interact with rat
sulfotransferase 1A1 (rSULT1A1) as substrates and inhibitors. Previous studies have shown that
there are complex and incompletely understood structure-activity relationships governing the
interaction of rSULT1A1 with these molecules. Furthermore, modification of the enzyme with
glutathione disulfide (GSSG) results in the conversion of some OHPCBs from inhibitors to
substrates. We have now examined estimated values for the acid-dissociation constant (Ka) and
the octanol-water distribution coefficient (D), as well as experimentally determined dissociation
constants for enzyme complexes, to assist in the prediction of interactions of OHPCBs with
rSULT1A1. Under reducing conditions, initial velocities for rSULT1A1-catalyzed sulfation
exhibited a positive correlation with pKa and a negative correlation with log D of the OHPCBs.
IC50 values of inhibitory OHPCBs decreased with decreasing pKa values for both the glutathione
(GSH)-pretreated and GSSG-pretreated forms of rSULT1A1. Comparison of GSH- and GSSG-
pretreated forms of rSULT1A1 with respect to binding of OHPCB in the presence and absence of
adenosine 3’,5’-diphosphate (PAP) revealed that the dissociation constants with the two redox
states of the enzyme were similar for each OHPCB. Thus, pKa and log D values are useful in
predicting the binding of OHPCBs to the two redox forms of rSULT1A1 as well as the rates of
sulfation of those OHPCBs that are substrates. However, the differences in substrate specificity for
OHPCBs that are seen with changes in redox status of the enzyme are not directly related to
specific structural effects of individual OHPCBs within inhibitory enzyme-PAP-OHPCB
complexes.
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Introduction
The mammalian cytosolic sulfotransferases (SULTs) constitute a superfamily of enzymes
that are critical to many physiologic, pharmacologic and toxicologic processes [1–6].
Among the various isoforms of these enzymes, rat SULT1A1 (rSULT1A1) has been
extensively used as a model for mechanistic studies on the interaction of various compounds
with SULTs [2]. Among the molecules examined with rSULT1A1 are the hydroxylated
metabolites of polychlorinated biphenyls (OHPCBs) [7], and these provide a unique series
of substrates and inhibitors with which to examine the molecular basis for specificity of the
enzyme under both reduced and partially oxidized conditions.

Polychlorinated biphenyls (PCBs) are world-wide environmental contaminants with varied
toxicities and associated health effects [8–10]. The OHPCBs can be formed metabolically
through cytochrome P450-catalyzed reactions [10–13], although there is also evidence for
abiotic sources [14]. OHPCBs are present in humans [15–19], and have been shown to
interact with several isoforms of SULTs. For example, OHPCBs have been observed to
potently inhibit human estrogen sulfotransferase (hSULT1E1), and this has been proposed to
be a mechanism for the estrogen-like effect of PCBs in humans and other animals due to the
role of this SULT in the inactivation of estrogens via sulfation [20]. Inhibition of
hSULT1A1-, hSULT1A3-, and rSULT1C1-catalyzed sulfation of thyroid hormones by
OHPCBs has also been suggested to play a part in PCB-mediated changes in thyroid
hormone levels [21]. Studies on the human hydroxysteroid sulfotransferase, hSULT2A1,
also indicate that OHPCBs may be involved in the inhibition of the sulfation of
hydroxysteroids, bile acids, and xenobiotics catalyzed by this enzyme [7,22]. Although the
highly chlorinated congeners of PCBs are especially persistent in the environment and in
mammals, the lower chlorinated PCBs are volatile components of both indoor and outdoor
air [23–25], and it is increasingly apparent that these are readily metabolized in mammals to
OHPCBs. Our current studies are focused on these lower chlorinated PCBs (e.g., those
containing from one to four chlorine atoms) due to the likelihood of airborne exposure,
metabolism to OHPCBs, and the increasing discovery of toxicities associated with the
oxidized metabolites.

We have recently reported that OHPCBs either inhibit or undergo sulfation in reactions
catalyzed by rSULT1A1 [7]. These results provided some initial structure-activity
relationships for OHPCBs with rSULT1A1, and also showed that, after treatment of the
enzyme with glutathione disulfide (GSSG), the specificity of the enzyme for some OHPCBs
was altered, with some inhibitors for the reduced enzyme becoming substrates for the
oxidized rSULT1A1[7]. A more detailed understanding of the fundamental structure-activity
relationships for interactions of OHPCBs with rSULT1A1 is the subject of the current
investigation.

As is common with other family 1 SULTs, rSULT1A1 displays substantial inhibition with
increasing concentrations of many substrates, including OHPCBs [7,26,27]. This substrate
inhibition is due to the formation of dead end complexes between substrate, enzyme and the
co-product of sulfation, adenosine-3’,5’-diphosphate (PAP) [26,27]. The release of PAP
from these dead-end complexes becomes a rate-limiting component of the rSULT1A1-
catalyzed reaction [27], and changes in the conformation at the PAP/PAPS-binding site of
the enzyme may affect catalytic function and inhibition through facilitation of PAP-release
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[2,27]. Thus the present studies are focused on molecular characteristics of OHPCB-
substrates that influence the rate of reaction, the use of calculated estimates of
physicochemical parameters in the prediction of interactions of OHPCBs as substrates and
inhibitors, and the potential role of the redox status of the enzyme in determining its binding
interactions with OHPCBs and PAP.

2. Materials and Methods
2.1. Chemicals

The synthesis and characterization of 4’-OH PCB 3, 4’-OH PCB 6, 4-OH PCB 8, 4’-OH
PCB 9, 4’-OH PCB 12, 4-OH PCB 14, 4’-OH PCB 25, 4’-OH PCB 33, 4-OH PCB 34, 4’-
OH PCB 35, 6’-OH PCB 35, 4-OH PCB 36, 4’-OH PCB 36, 4’-OH PCB 68, and 4’-OH
PCB 79 have been reported previously [7,28]. Adenosine 3’,5’-diphosphate (PAP), PAP-
agarose, glutathione, and glutathione disulfide were obtained from Sigma-Aldrich (St.
Louis, MO). Adenosine 3’-phosphate 5’-phosphosulfate (PAPS) was also obtained from
Sigma-Aldrich and further purified by a published procedure [29] to a purity greater than
98% as determined by HPLC. The ammonium salt of 8-anilinonaphthalene-1-sulfonic acid
(ANS), from Fluka (Steinheim, Germany), and 2'-(or-3')-O-(trinitrophenyl)adenosine 5'-
monophosphate (TNP-AMP), from Invitrogen (Eugene, OR), were used without further
purification. All other chemicals and reagents were of the highest purity commercially
available.

2.2. Expression and purification of recombinant rat SULT1A1
Rat SULT1A1 was expressed in recombinant Escherichia coli BL 21 (DE3) cells by using a
pET-3c vector as previously described [30]. Cells were grown, cell extract was prepared,
and the enzyme was purified by using PAP-agarose affinity column chromatography as
recently reported [7]. The protein obtained was homogeneous by SDS-PAGE upon staining
with Coomassie brilliant blue. Protein concentrations were determined by the modified
Lowry procedure [31], with bovine serum albumin as standard.

2.3. Sulfation of OHPCBs catalyzed by rSULT1A1
Reactions were conducted at 37°C in a total volume of 30 µl containing 0.25 M potassium
phosphate buffer at pH 7.0, 200 µM PAPS, 7.5 mM 2-mercaptoethanol, and 10 µM of the
stated OHPCB. The OHPCB was added to the reaction mixture using acetone as co-solvent,
with a final acetone concentration of 3.3% (v/v). Purified rSULT1A1 (0.75 µg) was added to
initiate the reaction. After 6 min incubation, the reaction was stopped by addition of 30 µl of
methanol, and the rate of sulfation was determined by HPLC analysis of the substrate-
dependent formation of PAP as described previously [32,33].

2.4. Pretreatment of rSULT1A1 with GSSG and GSH for analysis of the binding of OHPCBs
and PAP

Prior to incubations with GSSG and GSH, dithiothreitol (DTT) in the purified rSULT1A1
preparations was removed by PD-10 gel filtration column chromatography. The eluted
protein was concentrated by a factor of 5–10 using a 10-ml Amicon stirred cell with a
PM-10 membrane (Millipore Corporation, Billerica, MA) [7]. The residual concentration of
DTT was below 0.01 mM, as determined by a standard assay for thiols using 5,5’-
dithiobis(2-nitrobenzoic acid) [34]. After removal of DTT, rSULT1A1 was incubated with
either 1 mM GSH or 1 mM GSSG at 25 °C for 1 h under argon (to prevent auto-oxidation of
the enzyme) [7]. The resulting enzyme preparations were then used for determination of
dissociation constants as described below. Previous studies have confirmed that treatment of
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the enzyme with GSH following removal of DTT by this procedure results in the
maintenance of all cysteine residues in the thiol-form [23].

2.5. Determination of dissociation constants (Kd) for OHPCBs and PAP
Values for Kd were determined with a PerkinElmer LS-55 luminescence spectrometer
(PerkinElmer Life and Analytical Sciences, Waltham, MA) by measuring the displacement
of ANS from the enzyme. ANS binds to the sulfuryl acceptor site of rSULT1A1, and the
change in its fluorescence intensity upon displacement from the enzyme due to binding of a
OHPCB was utilized to determine Kd values as previously described for other substrates of
rSULT1A1 [26]. rSULT1A1 at a concentration of 0.34 µM was pre-incubated in 0.25 M
potassium phosphate buffer (pH 7.0) (1.0 ml total volume) at 37 °C for 2 min, under argon.
The solution was then transferred to a quartz cuvette of 1-cm excitation path length and 0.4
cm emission path length, and ANS (10 µM final concentration) was added. Fluorescence
emission was measured at 465 nm (excitation at 380 nm) following the addition of an
aliquot of each OHPCB (0.2–1.0 µL aliquots of each OHPCB in absolute ethanol). In
titrations of the enzyme-PAP complex, the appropriate concentration of PAP was added
after addition of 8-anilinonaphthalene-1-sulfonic acid (ANS) and before titration with an
OHPCB. After each addition to the reaction mixture, the solution was mixed by inverting
the closed cuvette three times and then placing it in the fluorimeter for 10 seconds before
determining the fluorescence. Each binding experiment was performed in duplicate at 37°C.
Since the total dilution of the assay during titration was always less than 0.8%, no
corrections were made for this dilution upon addition of OHPCBs. The fluorimeter shutters
were closed unless spectra were being recorded in order to minimize the time of exposure to
the excitation beam.

Binding of PAP to rSULT1A1 was determined in the presence or absence of OHPCB by
monitoring the displacement of 2'-(or-3')-O-(trinitrophenyl)adenosine-5'-monophosphate
(TNP-AMP). Fluorescence of the TNP-AMP was determined (excitation at 435 nm;
emission at 545 nm) in a quartz cuvette of 1-cm excitation path length and 0.4 cm emission
path length at 37°C in potassium phosphate buffer at pH 7.0 with 0.34 µM rSULT1A1
present. The effect of each OHPCB on the binding of PAP to rSULT1A1 was determined
following pretreatment of the enzyme with either GSSG or GSH, as described above. A
saturating concentration of TNP-AMP (30 µM) and a 10 µM concentration of each OHPCB
were added before titration with PAP. Triplicate determinations were analyzed for each
OHPCB. The means and standard errors of Kd values were calculated by fit of the data to a
single-site binding equation corrected for non-specific binding (SigmaPlot 11.0; Systat
Software; Chicago, IL).

2.6. Calculation of pKa and log D
For each of the OHPCBs examined, calculated estimates of pKa, and log D (the partition
coefficient between octanol and water) at pH 7.0 were obtained by using the ACD /I-Lab
Web service (with program ACD/pKa 8.03, and ACD/log D 8.02), Advanced Chemistry
Development Inc. (Ontario, Canada).

3. Results
3.1. Relationships between initial velocity of the sulfation reaction and pKa and log D for
OHPCBs that were substrates for rSULT1A1

As shown in Figure 1, the estimated pKa values of five OHPCBs that were substrates for
rSULT1A1 were positively correlated with their velocity of sulfation by rSULT1A1 (panel
A), and the estimated log D values for these OHPCBs were negatively correlated with their
velocity of sulfation (panel B). Sulfation of each OHPCB was determined under fully
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reduced conditions (in the presence of 7.5 mM 2-mercaptoethanol) at a substrate
concentration of 10 µM, a concentration that did not cause significant substrate inhibition of
the enzyme for these OHPCBs. This substrate concentration was chosen for comparison of
rates due to the difficulties inherent in calculation of kinetic parameters for these OHPCBs,
where there are varying degrees of substrate inhibition as well as a lack of solubility for
some of the substrates at sufficiently high concentrations to unambiguously determine Km
and Vmax values.

3.2. Relationship between the pKa’s of OHPCBs and IC50 values for inhibition of rSULT1A1
The log IC50 values for nine OHPCBs that inhibit the reduced form of rSULT1A1 [7] were
analyzed as a function of their estimated pKa values, and the result is seen in Figure 2. In
general, these inhibitory OHPCBs were distributed into two distinct groups in relation to
their pKa and IC50 values (p = 3.4 × 10−6, Hotelling’s T-square test). The 4-hydroxy-3,5-
dichloro-substituted OHPCBs demonstrated both lower log IC50 and lower pKa values
(lower left quadrant of Figure 2), while the other four OHPCBs containing 4-hydroxy-2 (or
3)-chloro-substitutions had both higher IC50 and higher pKa values (upper right quadrant of
Figure 2). There were no corresponding correlations observed between log D values (pH
7.0) and IC50 values for these OHPCBs (data not shown).

3.3. Dissociation constants for OHPCBs from the PAP-bound enzyme complex for both
GSH-and GSSG-pretreated rSULT1A1

The formation of binary and ternary complexes among rSULT1A1, PAP, and sulfuryl
acceptors has been previously shown to be important in determining both substrate
inhibition and substrate specificity [27]. Therefore, we have examined the various
dissociation constants outlined in Figure 3 for any differences that would be dependent upon
the structure of the OHPCB. As indicated in Table 1, 4’-OH PCB 9, 4’-OH PCB 12, 6’-OH
PCB 35 and 4’-OH PCB 35, as substrates for rSULT1A1 under standard assay conditions,
showed higher Kd values with rSULT1A1 (for both GSH- and GSSG-pretreated enzyme in
the absence of PAP or PAPS) than 4’-OH PCB 68 and 4-OH PCB 34 (inhibitors of the
enzyme under standard assay conditions and non-substrates for GSSG-pretreated enzyme).
In the presence of 0.27 mM PAP, a concentration 10-fold greater than the previously
observed Kd for PAP with GSSG-pretreated rSULT1A1[26]), the dissociation constants for
those OHPCBs that served as substrates for the reduced enzyme either remained
approximately the same or were decreased. Specifically, for 4’- OH PCB 12 and 4’-OH PCB
35, the Kd values for the GSH-pretreated rSULT1A1 and the GSH-pretreated rSULT1A1-
PAP complex remained similar, while Kd values for 6’-OH PCB 35 and 4’-OH PCB 9
decreased upon formation of the rSULT1A1-PAP complex with the GSH-pretreated
enzyme. It is, however, noteworthy that these Kd values were still 4–10 times higher than
observed for the OHPCBs with 3,5-dichloro-4-hydroxy substituents (e.g., 4-OH PCB 14, 4-
OH PCB 34 and 4’-OH PCB 68). For those OHPCBs that have been previously shown [7] to
be converted from inhibitors to substrates by GSSG-pretreatment of rSULT1A1 (i.e., 4’-OH
PCB 6, 4-OH PCB 14, and 4’-OH PCB 33), Kd values with rSULT1A1 and with the
rSULT1A1-PAP complex exhibited no consistent differences from Kd values for those
OHPCBs that were substrates for the GSH-pretreated enzyme. When pretreatment with GSH
was compared with pretreatment of the enzyme with GSSG, no significant alterations in Kd
values were observed for any of the nine OHPCBs, either with the free enzyme or the
enzyme-PAP complex.

3.4. Dissociation of PAP from OHPCB-bound rSULT1A1 complexes following pretreatment
of the enzyme with either GSH or GSSG

Trinitrophenyl derivatives of AMP, ADP, and ATP (i.e., TNP-AMP, TNP-ADP, and TNP-
ATP) have been previously employed as fluorescent probes for adenosine nucleoside- and
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nucleotide-requiring enzymes [35]. For example, TNP-AMP has been used to analyze ligand
binding to proteins such as Ca2+-ATPase [36] and fructose 1,6-bisphosphatase [37]. Due to
its structural similarity to PAP, we investigated TNP-AMP for its suitability as a fluorescent
probe to determine PAP-binding in the present study. Thus, we titrated 0.34 µM rSULT1A1
in potassium phosphate buffer (pH 7.0) at 37°C with TNP-AMP and determined the
fluorescence at 545 nm (excitation at 435 nm). As seen in Figure 4, TNP-AMP bound to the
enzyme with a Kd of 6.5 µM and saturation occurred at concentrations greater than 20 µM
(Figure 4A). As seen in Figure 4B, PAP displaced the TNP-AMP bound to rSULT1A1 with
a Kd value of 2.6 µM.

As indicated in Table 2, Kd values for the binding of PAP to GSH- versus GSSG-pretreated
rSULT1A1 were significantly different, as previously described [26]. When the Kd values
for PAP were determined for OHPCBs complexed with either GSH- or GSSG-pretreated
rSULT1A1, the result was that there was no statistically significant difference for any
individual OHPCB between enzyme pretreated with GSH and GSSG (p>0.05 by Student’s t
test). However, the binding of PAP to an enzyme-OHPCB complex was significantly
different from PAP-binding in the absence of OHPCB. This was true for all OHPCBs
examined and was independent of the redox status of the rSULT1A1.

3.5 Relationships between pKa values of OHPCBs and their dissociation constants for
binding to GSH-pretreated and GSSG-pretreated rSULT1A1

As shown in Figure 5, the estimated pKa values of the nine OHPCBs examined showed a
positive correlation with their Kd values with rSULT1A1. Similar relationships for the
individual OHPCBs with respect to their pKa and Kd values were observed for both the
enzyme that had been pretreated with GSH (panel A) and for the GSSG-pretreated enzyme
(panel B) (r2 values were 0.83 and 0.79, respectively). It is also of note that there was no
correlation seen between log D and Kd values for the OHPCB with either GSH- or GSSG-
pretreated rSULT1A1 (data not shown).

4. Discussion
The OHPCBs are persistent metabolites of PCBs, and they are of increasing interest due to
their biological activities [20,38–42] and their presence in the serum and tissues of humans
[15–19,43] and other animals [44–47]. This is particularly true of the lower chlorinated
PCBs, where exposure from airborne sources occurs [23–25], and metabolic reactions are
prevalent [9–13]. Sulfation represents one possible metabolic reaction for OHPCBs,
although it is not yet known whether or not this biotransformation results in detoxication of
these molecules. Inhibition of the sulfotransferases catalyzing sulfation of key physiological
molecules is also a potential mechanism for biological responses to OHPCBs. Previous work
has shown that various isoforms of sulfotransferase display distinct specificities for
OHPCBs as substrates and inhibitors [7,20,21,48,49]. When one considers the large number
of OHPCBs that might be derived from PCB congeners, it becomes important to establish
predictive relationships that are applicable to understanding their interactions with
sulfotransferases. Toward this goal, we have investigated the use of calculated estimates of
pKa and log D for several lower chlorinated OHPCBs to aid in predicting the ability of these
compounds to serve as substrates and inhibitors of a model aryl (phenol) sulfotransferase,
rSULT1A1.

Our present studies indicate that the velocity of sulfation of OHPCBs catalyzed by
rSULT1A1, at low substrate concentrations and under reducing conditions, correlates with
the estimated pKa values of the OHPCBs (Figure 1A). These findings with the OHPCBs are
consistent with a previous report on fluoronitrophenols as substrates for rSULT1A1, in
which the log of the apparent second-order rate constant (Kcat/Km) of each compound
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paralleled the corresponding pKa value [50]. Moreover, our examination of the relationship
between the pKa values for OHPCBs and their log IC50 values for inhibition of rSULT1A1
shown in Figure 2 revealed a relationship wherein the most potent inhibitors (i.e., those with
IC50 values lower than 4.4 µM) had lower pKa values, while the less potent inhibitors (i.e.,
those with IC50 values greater than 26 µM) had higher pKa values. These effects provide a
useful initial structure-activity relationship, but they also suggest that future studies on the
interactions of each of these OHPCBs with the enzyme at varied pH will provide further
mechanistic details about the catalytic specificity and inhibition of rSULT1A1.

While one might hope that relationships among rates of reaction, IC50, and pKa would be
directly helpful in predicting whether a specific OHPCB is either a substrate or an inhibitor,
there was no distinct pKa value that could be used to discriminate among OHPCBs as either
substrates or inhibitors for rSULT1A1. This was indicated by the overlapping pKa values of
4’-OH PCB 35 (the weakest substrate for rSULT1A1), 4’-OH PCB 36 and 4’-OH PCB 33
(both being relatively weak inhibitors for reduced rSULT1A1 and substrates for oxidized
rSULT1A1), and 4’-OH PCB 25 (the weakest inhibitor of rSULT1A1 observed). While a
quantitative division between substrates and inhibitors based on pKa is not evident, it is
noteworthy that OHPCBs serving as substrates for rSULT1A1 generally had higher pKa
values than those that were inhibitors. This would be consistent with structural studies on the
mechanism of a sulfotransferase-catalyzed reaction where the catalytic histidine is involved
in orientation of a substrate and abstraction of the phenolic proton during an in-line sulfuryl
transfer [51]. Likewise, this is consistent with linear free-energy analyses [50] and kinetic
isotope studies [52] that indicate a relatively loose, dissociative transition state in the
transfer of the sulfuryl group in the mechanisms of sulfotransferases. Those OHPCBs with
very low pKa values, such as the 4-OH-3,5-chloro-substituted PCBs, bind to the enzyme
well (as seen by their log Kd values), however, they may not be in the correct orientation for
sulfuryl transfer to occur. Additional effects, such as steric effects of the adjacent chlorine
atoms, difference in hydrophobic characteristics, and altered stabilization of the transition
state are also possible contributors to the inhibition seen by these OHPCBs. Indeed, log D
values exhibited an inverse correlation with the velocity of sulfation, and this may be
indicative of differences in binding and orientation of the OHPCB in a catalytically
competent position at the active site.

An additional component of predicting the interactions of OHPCBs with the sulfotransferase
is a more complete understanding of the role that the thiol:disulfide status plays in altering
the specificity of the enzyme for substrates and inhibitors. Previous studies on the
mechanism of rSULT1A1 have shown the importance of dead-end ternary complexes
comprising the enzyme, PAP, and a phenolic substrate in regulation of the rate of the
reaction [26,27]. Our discovery that some OHPCBs were substrates for the rSULT1A1 after
the enzyme was incubated with GSSG, but were solely inhibitors of rSULT1A1 when the
thiols in the enzyme were maintained in a reduced state [7], led us to investigate whether
these redox effects were due to differences in binding of the nucleotide (PAPS and PAP) or
the OHPCB in a ternary complex.

Treatment of rSULT1A1 with GSSG prior to assay of the catalytic activity did not result in
any significant effects on Kd of each OHPCB (compared with GSH-pretreated enzyme), and
this was true even in the presence of a saturating concentration of PAP (Table 1). Similarly,
the Kd values for PAP with the GSSG-pretreated enzyme that had been subjected to a
saturating concentration of each of five OHPCBs were not statistically different from those
with GSH-pretreated enzyme (Table 2). Similar to previous studies [26], however, the
dissociation constants for PAP binding to rSULT1A1 differed when the GSH-pretreated and
the GSSG-pretreated enzyme were compared. Thus, for those OHPCBs that are inhibitors of
reduced rSULT1A1 and substrates for enzyme after GSSG-pretreatment, differences in the
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decomposition of the dead-end ternary complex (Enzyme-PAP-OHPCB) due to structural
differences in the OHPCB are not likely to be responsible for this change in specificity.

Since structural differences among the OHPCBs do not determine specificity solely through
differences in the stability of the dead-end ternary complexes under different redox
conditions, we must consider the potential for structural differences in OHPCBs providing
alterations in the rates of transfer of the sulfuryl group in the transition state of the reaction.
It has been previously determined with studies on substituted phenols that electron-
withdrawing substituents (e.g., chlorine atoms) increase the rate of reaction for the GSSG-
treated rSULT1A1 [27], and electron-withdrawing substituents decrease the rate of reaction
in the fully reduced enzyme [27,53]. This has been interpreted as a shift in rate-determining
step of the reaction as a function of the thiol:disulfide status of the enzyme. That is, the rate-
determining step for the reduced enzyme was proposed to be the dissociation of the enzyme-
PAP-phenol complex, while the transfer of the sulfuryl group was the rate-determining step
for the GSSG-treated enzyme [2,27]. Our results with the OHPCBs examined in the current
studies, however, indicate that the rate-determining step of the rSULT1A1-catalyzed
reaction for this group of substrates may involve the sulfuryl group transfer in both the
GSH-treated and GSSG-treated enzyme forms. There would still be differences in the
release of PAP from the enzyme-PAP complex that are dependent upon the redox status of
the enzyme, however, the dissociation constant for PAP in an enzyme-PAP-OHPCB
complex is not dependent upon either the redox state of the enzyme or the structures of the
OHPCBs examined.

Structural characteristics of the OHPCBs would, however, affect the orientation of initial
binding to the active site of the enzyme as well as the transition state of the sulfuryl transfer.
Structural features of the OHPCB could result in efficient binding and orientation of the
phenolic hydroxyl, but insufficient stabilization of the transition state of the reaction might
then cause the OHPCB to be an inhibitor due to the lack of transfer of the sulfuryl group.
Conformational changes in rSULT1A1 resulting from redox changes in the protein might
alter one or more of these critical components for catalysis and thus change interactions that
would be specific to the structure of the OHPCB. Further investigation will be needed to
elucidate the complex interactions between the redox states of the enzyme and those
structural features of the OHPCB that affect the sulfuryl transfer step of the enzyme
mechanism.

It is also important to recognize that the number of OHPCBs studied to date represent a
small sample of potential OHPCB metabolites. While the structure-activity relationships
seen with this set of molecules may provide useful predictive information for other lower
chlorinated OHPCBs, it remains to be determined if these relationships are modified for
highly chlorinated OHPCB congeners.
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Figure 1.
Relationships between the rate of sulfation of OHPCBs catalyzed by rSULT1A1 and the
estimated values for pKa and log D. The velocity of the sulfation reaction under fully
reduced conditions at a OHPCB concentration of 10 µM is correlated with pKa (A) and log
D (B). Values for r2 were 0.92 and 0.86, respectively.
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Figure 2.
Relationship between the estimated pKa values of OHPCBs and their inhibition of
rSULT1A1. Log IC50 values for rSULT1A1 (with all cysteines in the thiol form) were
determined previously [7]. The OHPCBs were divided into two groups, i.e., 4-OH-3,5-
dichloro-PCBs (solid circles) and 4-OH-2(or 3)-chloro-PCBs (solid squares). The bivariate
mean vectors (pKa and log IC50) in the two groups were significantly different from each
other (Hotelling’s T-square test, p = 3.4 × 10−6). The chemical structures of the OHPCBs
are shown in the order of their corresponding IC50 values.
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Figure 3.
Formation and dissociation of enzyme complexes comprising rSULT1A1 (E), OHPCB
(ROH), and PAP. Kd (A), (B), (C), and (D) indicate the dissociation constants for PAP
binding to rSULT1A1, OHPCB binding to rSULT1A1, OHPCB binding to the enzyme-PAP
complex, and PAP binding to an enzyme-OHPCB complex, respectively.

Liu et al. Page 14

Chem Biol Interact. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Use of TNP-AMP in determination of Kd values for PAP. (A) Binding of TNP-AMP to
rSULT1A1 as indicated by an increase in fluorescence intensity at 545 nm (excitation at 435
nm). (B) Displacement of TNP-AMP from the enzyme upon titration with PAP as indicated
by the absolute value of the decrease in fluorescence at 545 nm.
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Figure 5.
Relationships between pKa values of OHPCBs and their Kd values for binding to
rSULT1A1 under different redox environments. (A) rSULT1A1 pretreated with 1 mM GSH.
(B) rSULT1A1 pretreated with 1 mM GSSG. The y axis for panel B is the same as for panel
A. The corresponding correlation coefficients were 0.83 and 0.79, respectively. Labeling of
data points in both panels: a, 6’-OH PCB 35; b, 4’-OH PCB 12; c, 4’-OH PCB 9; d, 4’-OH
PCB 33; e, 4’-OH PCB 35; f, 4’-OH PCB 6; g, 4-OH PCB 34; h, 4’-OH PCB 68; i, 4-OH
PCB 14
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Table 2

Binding of PAP to rSULT1A1 and to rSULT1A1-OHPCB complexes following pretreatment of the enzyme
with GSH or GSSG

OHPCB (10 µM) Kd for binding of PAP with rSULT1A1a

GSH GSSG

None 4.01 ± 0.06b 5.10 ± 0.40b

4’-OH PCB 35 1.29 ± 0.33 c 1.07 ± 0.21 c

4-OH PCB 34 2.64 ± 1.00 c 1.24 ± 0.25 c

4-OH PCB 14 1.14 ± 0.28 c 2.67 ± 0.76 c

4’-OH PCB 6 0.86 ± 0.24 c 1.99 ± 0.50 c

a
Kd values were determined utilizing rSULT1A1 that had been pretreated with either 1 mM GSH or 1 mM GSSG as described in section 2.4. Data

are means and S.E. of three replicates unless otherwise specified.

b
Data are the means and S.E. of two determinations. The Kd values for PAP-binding in the absence of OHPCB were significantly different from

those seen in the presence of a OHPCB (p<0.05: Student’s t test). The Kd value for PAP-binding in the presence of each OHPCB was significantly
lower than that observed in the absence of any OHPCB, and this was seen with both GSH- and GSSG-pretreated enzyme (p < 0.05; Student’s t
test).

c
Data are the means and S.E. of three determinations. There were no significant differences between rSULT1A1 pretreated with GSH and the

enzyme pretreated with GSSG for any individual OHPCB (p > 0.05 by Student’s t test).
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