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Abstract

Polychlorinated biphenyls (PCBs) are persistent environmental contaminants, and exposure to
PCBs and their hydroxylated metabolites (OHPCBS) has been associated with various adverse
health effects. The mammalian cytosolic sulfotransferases (SULTS) catalyze the sulfation of
OHPCBEs, and the interaction of OHPCBs with both the SULT1 and SULT2 families of these
enzymes has received attention both with respect to metabolic disposition of these molecules and
the potential mechanisms for their roles in endocrine disruption. We have previously shown that
OHPCBs interact with human hydroxysteroid sulfotransferase hSULT2A1, an enzyme that
catalyzes the sulfation of dehydroepiandrosterone (DHEA), other alcohol-containing steroids, bile
acids, and many xenobiotics. The objective of our current studies is to investigate the mechanism
of inhibition of hSULT2A1 by OHPCBs by combining inhibition kinetics with determination of
equilibrium binding constants and molecular modeling of potential interactions. Examination of
the effects of fifteen OHPCBs on the sulfation of DHEA catalyzed by hSULT2A1 showed
predominantly noncompetitive inhibition patterns. This was observed for OHPCBs that were
substrates for sulfation reactions catalyzed by the enzyme as well as those that solely inhibited the
sulfation of DHEA. Equilibrium binding experiments and molecular modeling studies indicated
that the OHPCBs bind at the binding site for DHEA on the enzyme, and that the observed
noncompetitive patterns of inhibition are consistent with binding in more than one orientation to
more than one enzyme complex. These results have implications for the roles of SULTS in the
toxicology of OHPCBs, while also providing molecular probes of the complexity of substrate/
inhibitor interactions with hSULT2A1.
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1. Introduction

Polychlorinated biphenyls (PCBs) are worldwide pollutants that are implicated in a variety
of adverse health effects. Although their production was banned over four decades ago, they
remain of concern due to their persistence in the environment and their toxicities to humans
and other animals [1-5]. One area of concern is that PCBs are present in paints, fluorescent
light fixtures, caulk, and other materials contained in older buildings and schools that are
still in use [6-9]. Since the PCBs with lower numbers of chlorine atoms are more volatile,
there is increasing concern about their release into indoor air in older buildings [8, 10, 11].
In addition, these lower chlorinated PCB congeners are also being released into air from
PCB-contaminated soils and water [9, 12-14].

The lower chlorinated PCBs can be oxidatively metabolized leading to formation of their
hydroxylated derivatives (OHPCBSs) [4-5]. Further metabolism of these OHPCBs may lead
to formation of dihydroxylated PCBs, reactive quinones and semiquinones that can cause
oxidative stress [15] and mutations that may lead to initiation of cancer [3]. The lower
chlorinated OHPCBs have also been shown to interact with cytosolic sulfotransferases
(SULTS) that are active in metabolism of steroid hormones [16] and thyroid hormones [17].
Moreover, OHPCBs [18, 19] as well as the products of sulfation of OHPCBs [20] have been
shown to bind with high affinity to the thyroid hormone transport protein transthyretin.
These interactions of OHPCBs with sulfotransferases involved in the metabolism of steroid
hormones and with thyroid hormone carriers may contribute to the endocrine disruption
observed with some PCBs [16,17].

Among the SULTS that catalyze sulfation of OHPCBs is the human hydroxysteroid
sulfotransferase hNSULT2AL1 [21, 22], a family 2 SULT that is involved in the metabolism of
various steroids, bile acids and xenobiotics [23-27]. The hRSULT2AL is highly expressed in
the adrenal, liver, and intestine, but there is also evidence of its expression in the lung,
kidney, and other tissues [28, 29].

Many endogenous and exogenous compounds inhibit the activity of sulfotransferases [16,
30-33]. Such inhibition could result from either a molecule serving solely as an inhibitor or
as an alternate substrate that competes for the catalytic site of the enzyme. Inhibition of a
SULT may be brought about either by binding to the sulfuryl acceptor site or by binding to
the PAPS/PAP-site [32]. We have previously studied 15 OHPCBsS as inhibitors of the
sulfation of DHEA catalyzed by hSULT2A1 and observed that eight of these OHPCB:s (i.e.,
4-OHPCB 8, 4-OHPCB 11, 4-OHPCB 14, 4’-OHPCB 25, 4’-OHPCB 33, 4-OHPCB 34, 4-
OHPCB 36, and 4’-OHPCB 68) served as alternate substrates for hNSULT2A1 [21]. While
we developed a predictive three-dimensional structure-activity relationship for OHPCBs as
inhibitors of hNSULT2A1 using comparative molecular field analysis (CoMFA), this did not
address the molecular mechanism(s) of the interactions of these molecules as inhibitors. In
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the current study, our aim was to determine the molecular basis for inhibition of hSULT2A1
by these 15 OHPCBs.

2. Materials and Methods
2.1 Chemicals

All OHPCBs were synthesized and characterized by a previously described procedure [34].
3’-Phosphoadenosine-5’-phosphosulfate (PAPS) was purchased from Sigma-Aldrich (St.
Louis, MO) and further purified using a published method [35]. The final purity of the
purified PAPS was greater than 98% as judged by HPLC.3H-DHEA (94.5 Ci/mmol) was
purchased from Perkin Elmer Life and Analytical Sciences (Boston, MA). Econo-Safe
biodegradable scintillation cocktail and Tris-HCI were purchased from RPI (Mt. Prospect,
IL). Hydroxyapatite (Bio-Gel HT) was obtained from Bio-Rad Laboratories (Hercules, CA).
The ammonium salt of 8-anilinonaphthalene-1-sulfonic acid (ANS) was from Fluka
(Steinheim, Germany), and Tween 20 was obtained from J.T. Baker Chemicals
(Phillipsburg, NJ). All other chemicals used were of the highest purity commercially
available.

2.2 Protein Expression and Purification of recombinant hSULT2A1

Human sulfotransferase hSULT2A1 was expressed in recombinant Escherichia coli BL21
(DES3) cells using a previously described procedure [21]. Purification of hSULT2A1 was
carried out as previously described [36], and the resulting enzyme preparation was
homogeneous as judged by SDS-PAGE with Coomassie Blue staining. Protein
concentrations were obtained using the modified Lowry procedure [37] with bovine serum
albumin as standard. During the purification, catalytic activity of h\SULT2A1 was
determined by a standard paired ion extraction assay [38, 39].

2.3 Kinetic studies on the inhibition of hSULT2A1 by OHPCBs

Mechanistic studies of the kinetics on the inhibition of hRSULT2A1 were carried out using a
previously described radiochemical method for the sulfation of DHEA [40]. Assays
contained fixed concentrations of [3H]DHEA (0.2, 0.4, 0.6 and 1 pM with final radioactive
specific activity of 0.4, 0.8, 1.2 and 2 uCi/ nmol, respectively) in the presence and absence
of variable concentrations of OHPCBs. Assays (total volume of 200 uL) also contained 200
UM PAPS, 0.25 M potassium phosphate at pH 7.0, and 7.5 mM 2-mercaptoethanol.
OHPCBs were dissolved in ethanol for addition to assay mixtures, and the final
concentration of ethanol in each reaction mixture was 2% (v/v). Sulfation reactions were
started by the addition of 0.25 pg hSULT2AL1 and carried out for 10 min at 37°C. Reactions
were terminated by addition of 0.8 mL of 50 mM potassium hydroxide and 0.5 mL of
chloroform, and the phases separated as described previously [40]. A 100 pL aliquot of the
aqueous phase was added to 10 mL of liquid scintillation cocktail for determination of
radioactivity using a Perkin EImer TriCarb 2900TR liquid scintillation analyzer. The rate of
sulfation was expressed as nmol of DHEA-sulfate formed per minute per mg of protein.
Data were fit by non-linear regression analysis to equations for competitive, noncompetitive,
mixed, and uncompetitive inhibition (Enzyme Kinetics Module 1.3; SigmaPlot v. 11.0;
Systat software, Chicago, IL).
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2.4. Ligand-binding studies on the interaction of OHPCBs with hSULT2A1

The binding of OHPCBSs to hSULT2A1, to the enzyme-PAP complex, and to the enzyme-
DHEA complex was evaluated by determining the change in fluorescence intensity of ANS
upon its displacement from binding sites on the enzyme by higher affinity ligands. This
method has been previously used for determination of Ky values for SULTSs [41, 42]. The
ligand-binding studies were carried out using a Perkin Elmer model LS-55 Luminescence
spectrophotometer with a water-thermostated cell holder using a 10 mm path-length quartz
cuvette. The fluorescence excitation and emission wavelengths were 380 nm and 465 nm,
respectively, and slit widths were set at 5 nm for both emission and excitation beams.
Ligand-binding was measured at 37°C in 0.25 M potassium phosphate buffer, pH 7.0,
containing 7.5 mM 2-mercaptoethanol and 40 uM ANS in a total volume of 1 mL. All
solutions were filtered before use with a Millex-GS 0.22 um filter, and solutions of ANS
were kept in the dark prior to use. The phosphate buffer solution was preincubated with 3 pg
of enzyme for 2 min at 37°C before titrating with a range of concentrations of OHPCB(s)
depending on the solubility limit of the given compound. The absolute value of the decrease
in fluorescence (AF) upon displacement of ANS by OHPCB was used for analysis of
titration experiments, and data were fit to a one-site saturable binding equation with an
additional non-specific binding parameter (Sigma Plot, v.11; Systat Software, Chicago, IL).

2.5. Molecular modeling of the interactions of OHPCBs with hSULT2A1

In order to understand more clearly the molecular interactions between OHPCBs and
hSULT2A1, docking studies were performed using Surflex-Dock in Sybyl 8.0 (Tripos
International) on a Linux operating system. Two crystal structures of h\SULT2A1 were used:
hSULT2A1 in complex with DHEA (PDB file: 1J99) [43] and hSULT2A1 in complex with
PAP (PDB file:1EFH) [44]. Amino acid residues appearing at a 5A distance around DHEA
and PAP were noted, and then DHEA and PAP were extracted from the two crystal
structures before performing the docking experiments. Water molecules in the crystal
structures were deleted, hydrogen atoms added, and the structures were then saved as mol2
files. Each of the ligands (ANS, 4’-OHPCB 9, 4-OHPCB 14, 4’-OHPCB 33 and 4-OHPCB
34) was constructed, hydrogen atoms were added, and their energies were minimized using
the Powell method with the Tripos Force field. The termination gradient was set at 0.05
kcal/mol*A, maximum iteration at 1000, dielectric constant of 1.0000, and RMS
displacement at 0.001. The 3D structures of all ligands were placed in different molecular
areas within the same file and saved in MOL2 format before docking with Surflex-Dock
(Tripos Inc., St. Louis, MO). The protomol was then generated automatically (threshold of
0.3 with bloat of 1, and threshold of 0.5 with bloat of O for the crystal structures of
hSULT2A1 in the DHEA-bound conformation and PAP-bound conformation, respectively).
The ligands were docked, one at a time, into the binding site of the receptor, h\SULT2AL,
with additional starting conformation set at 100 per molecule and the default settings kept
for all other parameters. After each run of Surflex-Dock, the ten best docked conformers or
poses were sorted in a molecular spreadsheet, and binding affinities were represented as -
log 19(Kg) based on the Surflex-dock scoring function (crash score (also pKgy units), polar
score, D-score, PMF-score, G-score, ChemSco and CScore). The best total score conformers
of each of the docked ligands were selected based on a consensus score of 3 to 5. Amino
acid residues appearing at a 5A distance around each docked ligand (ANS, 4’-OHPCB 9, 4-
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OHPCB 14, 4’-OHPCB 33 and 4-OHPCB 34) were labeled and compared to the residues
appearing at 5A distance around DHEA and PAP (PDB code, 1J99 and 1EFH respectively).
As additional control experiments, the extracted PAP and DHEA were docked in the two
model structures as well. Images of the docking results were created with the PyMOL
Molecular Graphics System (version 1.5.0.4; Schrédinger LLC, New York, NY).

3.1. Initial Velocity Studies on the Inhibition of DHEA-sulfation by OHPCBs

The mechanism for the inhibition of hRSULT2A1-catalyzed sulfation of DHEA catalyzed by
hSULT2A1 was investigated with 15 OHPCBs (structures in Figure 1) through the use of
initial velocity studies at a fixed concentration of PAPS and varied concentrations of DHEA
and inhibitor. Kinetic equations for competitive, noncompetitive, mixed, and uncompetitive
inhibition were used to determine the most likely type of inhibition involved, and these
kinetic equations are provided in Figure S1 (Supplementary Material). Plots of 1/reaction
velocity vs. 1/[DHEA] at varied concentrations of each OHPCB displayed lines intersecting
to the left of the y-axis for 14 of the 15 OHPCBs examined, thus indicating either a type of
noncompetitive or mixed inhibition was occurring for most of the OHPCBs examined. Plots
for the inhibition of the hSULT2A1-catalyzed sulfation of DHEA by 4’-OH PCB 6 and 4°-
OHPCB 9 are shown in Figure 2 as representative of the data for those compounds that
displayed noncompetitive and partial noncompetitive inhibition, respectively. As also seen
in Figure 2, a plot of 1/reaction velocity vs. 1/[DHEA] for the hSULT2A1-catalyzed
sulfation of DHEA at varied concentrations of 4-OHPCB 36 displayed lines intersecting on
the y-axis, indicative of a form of competitive inhibition. In the case of 4-OHPCB 36, the
kinetic data fit most closely to the equation for partial competitive inhibition. The values of
R2 (conventional correlation) and AICc (corrected Akaike information criterion) obtained
for all the inhibition models are listed in Table 1. The model having a high R2 with the
lowest AlCc value was chosen to be the most likely model for the kinetic mechanism of
inhibition for each OHPCB.

The model that best fit the inhibition data for each OHPCB (Table 1) was used to determine
inhibition constants for the enzyme with DHEA as substrate. The K; values for all fifteen
OHPCBs were obtained by nonlinear r egression fit to the appropriate kinetic equation, and
these are listed in Table 2. Eleven OHPCBs displayed noncompetitive inhibition of the
sulfation of DHEA, a type of mixed inhibition wherein an inhibitor has equal affinity for
both the free enzyme (E) and enzyme-substrate (ES) complex (i.e., the value of a in the
equation for mixed inhibition is equal to 1). Inhibition of hNSULT2A1 by 4’-OHPCB 9, 4’-
OHPCB 25, and 4’-OHPCB 68 was best described by an equation for partial noncompetitive
inhibition, with B values of 0.11 + 0.02, 0.19 + 0.06, 0.23 £ 0.07, respectively. The § values
signify formation of product (i.e., DHEA-sulfate) in the presence of the inhibitor. Of the
fifteen OHPCBs examined, only 4-OHPCB 36 showed a form of competitive inhibition with
respect to DHEA, and this was best modeled by a partial competitive inhibition equation
with an a value of 4.2.
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3.2. The binding of OHPCBs to hSULT2A1

Additional information about the binding of inhibitors to the enzyme was obtained by
determining the equilibrium dissociation constants for interaction of the OHPCBs with the
enzyme. These studies were carried out using the fluorescent probe, 8-anilino-1-naphthalene
sulfonic acid (ANS). The non-covalent binding of ANS is a well established probe for
binding of ligands to proteins, where binding of a ligand with high specificity for the protein
displaces ANS yielding a change in fluorescence of ANS due to the change in the polarity of
its environment [41, 42]. Preliminary experiments (data not shown) indicated that 40 uM
ANS was sufficient to saturate the enzyme under the conditions of the assay, and this
concentration was used in subsequent ligand-displacement experiments.

The binding of four representative OHPCBs, as determined by the absolute value of the
change in fluorescence upon displacement of ANS from the active site of hRSULT2A1, is
shown in Figure 3, and the equilibrium dissociation constants (K4 values) for six OHPCBs
are provided in Table 3. Several OHPCBs did not exhibit a classical binding pattern that
could be easily fit to simple one-site or two-site binding equations, but, instead, these
molecules displayed a multiphasic binding pattern (Figure 4). A control experiment
indicated that for 6’-OHPCB 35 (one of the OHPCBs exhibiting multiphasic behavior), there
was no direct interaction of the OHPCB with ANS in solution without the enzyme (data not
shown). Thus, the observed changes in fluorescence intensity at higher concentrations of
OHPCB were not due to any interactions of the OHPCB with ANS that had been displaced
from binding sites on hSULT2A1. An explanation for the multiphasic binding pattern might
be differential binding of these OHPCBs to enzyme-substrate or enzyme-product complexes.
Experiments with 4-OHPCB 9 and 4-OHPCB33, however, did not show significant
differences in the multiphasic binding pattern in the presence or absence of either DHEA or
PAP (Supplementary Material, Figure S1). Moreover, as seen in Figure 5, the K4 value for
binding of 4-OHPCB 14 to the E-PAP complex (2.21 £+ 0.50 pM) was not significantly
different from the K value for binding to free enzyme (2.55 + 0.63 pM). Likewise, the Ky
for the binding of 4-OHPCB 34 to the E-PAP complex (3.20 £ 0.31 uM) was similar to that
observed for binding to the free enzyme (Kq = 2.07 £ 0.30 uM). It is of note, however, that
the total change in fluorescence intensity was increased for the binding of both 4-OHPCB 14
and 4-OHPCB 34 to the E-PAP complex (Figure 5).

3.3. Modeling of ligand-binding interactions with hSULT2A1

In order to gain additional insight as we interpreted our results from the ANS-displacement
and inhibition studies, molecular docking experiments were carried out using two crystal
structures: hSULT2A1 with bound DHEA (PDB file 1J99) [43] and hSULT2A1 with bound
PAP (PDB file 1EFH) [44]. The bound DHEA and PAP molecules were removed from the
crystal structures before docking studies were carried out. The appropriate OHPCBs were
then docked into these structures and minimum energy docked structures were obtained.
Control experiments were performed where DHEA, or PAP, was re-docked (cognate
docking) into the models derived from crystal structures where the respective ligand had
been removed. From among those with multiphasic binding to hNSULT2A1, two OHPCBs
(4’-OHPCB 9 and 4’-OHPCB 33) were selected for molecular docking, and two OHPCBs
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(4-OHPCB 14 and 4-OHPCB 34) that displayed classical single-site binding characteristics
were also used in the docking experiments.

As seen in Figure 6, when ANS was docked into hSULT2AL using the model derived from
the crystal structure that originally had DHEA bound at the active site (PDB 1J99), it
displayed binding at the PAP binding site. When docked into hSULT2A1 using the model
derived from the crystal structure with PAP bound, the ANS displayed highest affinity
binding at the DHEA-binding site (data not shown). Thus, the model predicts that ANS
binds to both the DHEA site and the PAPS/PAP site.

As exemplified by 4’-OHPCB 9 (Figure 6), the four OHPCBs (4’-OHPCB 9, 4’-OHPCB 33,
4-OHPCB 14, and 4-OHPCB 34) all docked at the DHEA binding site when using the
model derived from the crystal with DHEA bound (PDB 1J99). Although there were
differences in orientations of the docked molecules within the DHEA-binding site, all four
OHPCBs yielded highest affinity docking results at this location within the model derived
from the crystal structure with PAP bound (i.e., PDB 1EFH). An example of this docking at
the DHEA-binding site is seen for 4-OHPCB 34 in Figure 7. Therefore, the docking
experiments were consistent with the conclusion that all four OHPCBs are binding at the
DHEA-binding site in both forms of the enzyme (i.e., the enzyme conformation m odeled by
the crystal structure with DHEA bound and the conformation modeled by the crystal
structure with PAP bound). Moreover, differences in the orientation of OHPCBs within the
DHEA binding site in the model suggest that multiple modes of binding may occur within
that binding cavity, and many of these may be catalytically non-productive.

4. Discussion

Previous studies have shown that the fifteen OHPCBSs investigated here inhibit the sulfation
of DHEA catalyzed by hSULT2A1, and many of these were also substrates for the enzyme
[21]. Our current results have indicated that most of the OHPCBs studied displayed
noncompetitive inhibition patterns, and this included molecules that were known to be
substrates for the enzyme as well as those for which no sulfation had been observed. The
combination of equilibrium binding data and studies on inhibition kinetics for these
OHPCBs has elucidated possible molecular interactions that influence specificity of the
enzyme. Furthermore, molecular modeling studies have provided additional insight into the
mechanisms for inhibition of the enzyme by these molecules.

The observation of a noncompetitive inhibition pattern for an enzyme indicates that a
molecule binds to more than one form of the enzyme. While this sometimes means that an
allosteric site is involved, it is common for two-substrate enzymes to display noncompetitive
inhibition patterns due to the binding of the inhibitor to the same site as one substrate, but
binding to different forms of the enzyme (e.g., free enzyme, enzyme bound to one substrate,
and enzyme bound to one product) [45]. Indeed, an example of a sulfotransferase displaying
this type of binding is illustrated in the recently reported crystal structure of h\SULT1E1 with
a noncompetitive inhibitor, 3,3’,5,5’-tetrabromo-diphenylether, located at the binding site
for estradiol in the hSULT1E1-PAP-Inhibitor complex [46]. The combination of our studies
on inhibition kinetics, equilibrium binding, and molecular modeling of interactions at the

Chem Biol Interact. Author manuscript; available in PMC 2015 April 05.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Ekuase et al.

Page 8

active site are consistent with a noncompetitive inhibition pattern derived from differences
among binding interactions of the OHPCBs at the DHEA-binding site present in the free
enzyme, the enzyme-PAPS complex, and/or the enzyme-PAP complex. Such an
interpretation is also consistent with changes in conformation of the DHEA binding site that
occur due to binding of PAPS to the enzyme. Recent simulations of structural changes in
hSULT2A1 and other sulfotransferases indicate significant conformational changes in the
DHEA-binding site that are linked to interactions with PAPS or PAP [47-49]. Such changes
in the three dimensional structure of the DHEA-binding site would yield different enzyme
forms that would provide noncompetitive inhibition patterns. Additionally, the multiple
binding orientations of the OHPCBs within the active site of the enzyme that were observed
through our modeling experiments may contribute to the observed inhibition patterns.

When the molecular docking studies are considered along with the binding of ANS to the
PAP-site in a model derived from the crystal structure containing DHEA (i.e., PDB 1J99),
the multiphasic nature of binding of some OHPCB:s to the free enzyme may relate to
differences in the ability of various OHPCBSs to cause binding of ANS to the PAPS/PAP
site. That is, the OHPCBs may differ in their ability to cause conformational changes in
hSULT2A1 that mimic those elicited by DHEA, wherein ANS binds to the PAPS/PAP
binding site. Further displacement of ANS from that site by the OHPCB might result in the
multiphasic binding results observed for some of the OHPCBs.

Additional insight into the interactions of some OHPCBs with hSULT2A1 was obtained by
examination of the binding of 4-OHPCB 14 and 4-OHPCB 34 to the free enzyme and to the
enzyme-PAP complex (E-PAP). The equilibrium dissociation constants for the two
molecules (Table 3) indicate that the binding to the free enzyme displays similar affinity.
However, when binding to the free enzyme is compared to binding to the E-PAP complex
(Figure 5), there is a difference in the change in fluorescence intensity due to displacement
of ANS. This could be explained based on the structure of the enzyme wherein hSULT2A1,
like other human cytosolic sulfotransferases, is a homodimer with two DHEA binding sites
and two PAP binding sites. Therefore, under saturating concentrations of PAP there could be
a conformational change that allows ANS to be displaced by OHPCBs from both subunits of
the hNSULT2AL dimer resulting in the increase in the total change in fluorescence intensity
observed. Moreover, in the first crystal structure solved for hRSULT2A1 with bound PAP, the
authors showed that hSULT2A1 activity may be regulated by conformational change that is
induced by the dimer [44]. Studies on the binding of DHEA to hSULT2A1 have indicated
negative cooperativity with two dissociation constants for interaction of DHEA with the
enzyme [40]. Related differences in interaction with the DHEA-site in different enzyme
forms may contribute to the noncompetitive inhibition pattern that was observed with most
of the OHPCB:s in the current study.

Thus, our results indicate that the OHPCBSs interact with the DHEA-binding site of the
hSULT2A1 in a manner that depends on the presence or absence of PAPS/PAP as well as
the structure of the OHPCB. The precise role(s) that either the dimeric structure of
hSULT2AL1 or the conformational changes due to the presence or absence of PAPS or PAP
may play in the structure-activity relationships for OHPCBs will require further extensive
study with a broader range of both substrates and inhibitors. It is clear at this point, however,
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that in addition to their toxicological importance, OHPCBs serve as useful tools for probing

the molecular mechanisms for catalysis and inhibition in hNSULT2A1, an enzyme that
functions in both the metabolism of endogenous steroids and bile acids as well as

xenobiotics.

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ANS

DTT
OHPCB
PAP

PAPS

PCB
4’-OHPCB 3
4’-OHPCB 6
4-OHPCB 8
4’-OHPCB 9
4-OHPCB 11
4’-OHPCB 12
4-OHPCB 14
4’-OHPCB 25
4’-OHPCB 33
4-OHPCB 34
6’-OHPCB 35
4-OHPCB 36
4’-OHPCB 68
3’

8-anilino-1-naphthalene sulfonic acid
dithiothreitol

hydroxylated polychlorinated biphenyl
adenosine 3’,5’-diphosphate

adenosine 3’-phosphate 5’-phosphosulfate
polychlorinated biphenyl
4’-hydroxy-4-monochlorobiphenyl
4’-hydroxy-2, 3’-dichlorobiphenyl
4-hydroxy-2, 4’-dichlorobiphenyl
4’-hydroxy-2, 5-dichlorobiphenyl
4-hydroxy-3, 3’-dichlorobiphenyl
4’-hydroxy-3, 4-dichlorobiphenyl
4-hydroxy-3, 5- dichlorobiphenyl
4’-hydroxy-2, 3’, 4-trichlorobiphenyl
4’-hydroxy-2’, 3, 4-trichlorobiphenyl
4-hydroxy-2’, 3, 5-trichlorobiphenyl
6’-hydroxy-3, 3’-4 trichlorobiphenyl
4-hydroxy-3, 3, 5-trichlorobiphenyl
4’-hydroxy-2, 3’, 4, 5’-tetrachlorobiphenyl
4’-diOHPCB 3, 3’, 4’-dihydroxy-4-monochlorobipheny!l

Chem Biol Interact. Author manuscript; available in PMC 2015 April 05.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Ekuase et al. Page 10
3 4’-diOHPCB 5, 3’, 4’- dihydroxy-2, 3-dichlorobiphenyl
SULT sulfotransferase
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Fig 1.
Structures of the OHPCBs used in the study
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Kinetic analysis of OHPCBs as inhibitors of DHEA sulfation catalyzed by hSULT2AL1. Nonlinear regression fits to
noncompetitive (full), noncompetitive (partial), and competitive (partial) inhibition of the enzyme by 4’-OHPCB 6, 4’-OHPCB
9, and 4-OHPCB 36, respectively, are shown. Closed circles (@) represent the no inhibitor, open circle (O) represent 5 UM, 4
UM and 2.2 pM of 4’-OHPCB 6, 4’-OHPCB 9, and 4- OHPCB 36 respectively. Closed triangles (VW) represent 10 uM, 8 uM,
and 4.4 uM of 4’-OHPCB 6, 4’-OHPCB 9, and 4-OHPCB 36 respectively. Open triangles (V) represent 20 uM, 16 uM, and 8.8
UM of 4’-OHPCB 6, 4’-OHPCB 9, and 4-OHPCB 36 respectively. Data points represent the mean + standard error of duplicate
determinations at each combination of substrate and inhibitor. For each graph, the lines represent the calculated theoretical
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values derived from the kinetic model that best fit all of the data (as determined by the AlCc and R, values in Table 1) for
inhibition of the hNSULT2A1-catalyzed sulfation of DHEA by that OHPCB.
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Fig 3.
Binding of 4-OHPCB 3, 4’-OHPCB 68, 3’4’-diOH PCB 3 and 4-OHPCB 36 to hSULT2AL. Plots of the absolute value of the
fluorescence change upon titration with the indicated concentration of OHPCB are shown. Assays were carried out with a
saturating concentration of ANS (40 uM). Data points are the mean + standard error of triplicate determinations.
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fluorescence change upon titration with the indicated concentration of OHPCB are shown. Assays were carried out with a
saturating concentration of ANS (40 i M). Data points are the mean + standard error of triplicate determinations.
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0 20 40 60 80 100 120
4-OHPCB 34 (uM)

Binding of 4-OHPCB 14 and 4-OHPCB 34 to different forms of the enzyme (hSULT2AL). Assays done in the presence of (@)
free enzyme, and (O) E-PAP complex. Plots of the absolute value of the fluorescence change versus OHPCBs concentration are
shown. Assays were carried out with a saturating concentration of ANS (40 uM) and a saturating concentration of PAP (200

uM). Data points are the mean + standard error of triplicate determinations.
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Fig 6.

Binding interactions of ANS (Panel A), PAP (Panel B), and 4’g-OHPCB 9 (Panel C) with hNSULT2A1. ANS binds at the same
site as PAP, and 4’-OHPCB 9 binds at the DHEA site. Key hSULT2AL1 residues interacting with the ligands at the active site are
shown. Total score of 3.78 based on a consensus score of 4 for binding of ANS, total score of 7.80 based on a consensus score
of 5 for binding of PAP, and total score of 4.14 based on a consensus score of 5 for binding of 4’-OHPCB 9 were obtained.
(crystal structure: hNSULT2A1 in the conformation observed with DHEA bound (1J99)).
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Fig 7.

Binding interactions of DHEA and 4-OHPCB 34 with hSUL'I:qZAl in the PAP-bound conformation. DHEA (Panel A) and 4-
OHPCB 34 (Panel B) bind at the same site. Key hSULT2A1 residues interacting with the ligands at the active site are shown.
Total score of 3.96 based on a consensus score of 3 for binding of DHEA, and total score of 3.63 based on a consensus score of
5 for binding of 4-OHPCB 34 were obtained. (crystal structure: hRSULT2AL in the conformation observed with PAP bound
(1EFH)).
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Dissociation constants for 15 OHPCBs as inhibitors of the sulfation of DHEA catalyzed by hSULT2A1

Table 2

OHPCB K; (UM)2
4'-OHPCB 3 17£15
4-OHPCB 6 54+0.2
4-OHPCB 8 5.0+04
4'-OHPCB 9 0.7£0.1
4-OHPCB 11 12+0.9
4#-OHPCB12  40%03
4-OHPCB 14 135+ 10
4#-OHPCB25  3.0%06
4#-OHPCB33 3002
4-OHPCB 34 0.8+0.1
4-OHPCB 36 34+08
4-OHPCB68  0.6+0.1
6'-OHPCB35  9.0£05
3'4'-diOHPCB3  32+23
3'4"-diOHPCB5 14+0.8

Page 23

aWith the exception of 4’-OHPCB 36, values for Kj were calculated using a nonlinear regression fit to a noncompetitive inhibition equation. The
Kj for 4’-OHPCB 36 was obtained from a fit of the data to an equation for competitive inhibition.
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Table 3

Page 24

Kq values determined for six hydroxylated polychlorinated biphenyls (OHPCBs) binding to hSULT2A1 in the
absence of substrates or products

OHPCBs Kq (M)
4’-OHPCB 3 3.48£1.03
4-OHPCB 14 2.55 +0.63
4-OHPCB 36 2.46 £0.43
4-OHPCB 34 2.07 £0.30
4’-OHPCB 68 2.26£0.33

3" 4’-diOHPCB 3 1.17 +1.11 (Kq1)

41.9+ 748 (Kgp)

Note: The binding data for 3’, 4’-diOHPCB 3 fit to a two-site, nonspecific binding curve, others fit to a one-site nonspecific binding curve
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