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ABSTRACT 

Industrial chemicals known as polychlorinated biphenyls (PCBs) were widely 

used for decades until their production was banned worldwide due to their persistence 

and toxicities to humans and other animals. Upon oxidative metabolism by cytochrome 

P450, hydroxylated metabolites of PCBs (OHPCBs) are formed. OHPCBs have been 

shown to competitively displace thyroxine from transthyretin, block normal hormonal 

activity, and inhibit phenol or family 1 sulfotransferases (SULTs) which catalyze 

sulfation of thyroid hormones and estrogens. Recently, three OHPCBs were shown to 

also interact with hydroxysteroid or family 2 sulfotransferases that play a role in the 

homeostasis of steroid hormones such as dehydroepiandrosterone (DHEA).  

The objectives of the studies presented in this dissertation were to further examine 

the effects of selected OHPCBs on the activity of human hydroxysteroid sulfotransferase 

(hSULT2A1), to develop a three-dimensional quantitative structure activity relationship 

(3D-QSAR) model for OHPCBs as inhibitors of DHEA-sulfation catalyzed by this 

enzyme, and to investigate the mechanism of inhibition and binding of OHPCBs to 

hSULT2A1.  

All 15 OHPCBs examined inhibited the sulfation of 1 µM [3H] DHEA, catalyzed 

by hSULT2A1 with IC50 values ranging from 0.6 to 96 µM. The OHPCBs with a 3, 5-

dichloro-4-hydroxy substitution were the most potent inhibitors of DHEA sulfation, and 

they were also shown to be substrates for hSULT2A1. Eight OHPCBs were substrates for 

hSULT2A1, and seven were solely inhibitors (i.e. they inhibited the sulfation of DHEA, 

yet they were not themselves sulfuryl-acceptors in hSULT2A1-catalyzed reactions). A 

3D-QSAR model was developed utilizing comparative molecular field analysis 

(CoMFA).  The model fit the data well and also had good predictability.  

The kinetics of inhibition showed that these OHPCBs were noncompetitive 

inhibitors of hSULT2A1. Binding studies utilizing the displacement of a fluorescent 
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probe, 8-anilino-1-naphthalene sulfonic acid, revealed that several of the OHPCBs 

interact either at more than one binding site or with more than one enzyme conformation. 

Further exploration of this binding by molecular modeling showed that OHPCBs bind 

similarly to different conformations of the enzyme. This work has helped in our 

understanding of the roles of sulfotransferases in the metabolism and toxicities of 

OHPCBs, and it opens new avenues for future work. 
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ABSTRACT 

Industrial chemicals known as polychlorinated biphenyls (PCBs) were widely 

used for decades until their production was banned worldwide due to their persistence 

and toxicities to human and other animals. Upon oxidative metabolism by cytochrome 

P450, hydroxylated metabolites of PCBs (OHPCBs) are formed. OHPCBs have been 

shown to competitively displace thyroxine from transthyretin, block normal hormonal 

activity, and inhibit phenol or family 1 sulfotransferases (SULTs) which catalyze 

sulfation of thyroid hormones and estrogens.  Recently, three OHPCBs were shown to 

also interact with hydroxysteroid or family 2 sulfotransferases that play a role in the 

homeostasis of steroid hormones, such as dehydroepiandrosterone (DHEA).  

The objectives of the studies presented in this dissertation were to further examine 

the effects of selected OHPCBs on the activity of human hydroxysteroid sulfotransferase 

(hSULT2A1), to develop a three-dimensional quantitative structure activity relationship 

(3D-QSAR) model for OHPCBs as inhibitors of DHEA-sulfation catalyzed by this 

enzyme, and to investigate the mechanism of inhibition and binding of OHPCBs to 

hSULT2A1.  

All 15 OHPCBs examined inhibited the sulfation of 1 µM [3H] DHEA, catalyzed 

by hSULT2A1 with IC50 values ranging from 0.6 to 96 µM. The OHPCBs with a 3, 5-

dichloro-4-hydroxy substitution were the most potent inhibitors of DHEA sulfation, and 

they were also shown to be substrates for hSULT2A1. Eight OHPCBs were substrates for 

hSULT2A1, and seven were solely inhibitors (i.e. they inhibited the sulfation of DHEA, 

yet they were not themselves sulfuryl-acceptors in hSULT2A1-catalyzed reactions). A 

3D-QSAR model was developed utilizing comparative molecular field analysis 

(CoMFA).  The model fit the data well and also had good predictability.  

The kinetics of inhibition showed that these OHPCBs were noncompetitive 

inhibitors of hSULT2A1. Binding studies utilizing the displacement of a fluorescent 
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probe, 8-anilino-1-naphthalene sulfonic acid, revealed that several of the OHPCBs 

interact either at more than one binding site or with more than one enzyme conformation. 

Further exploration of this binding by molecular modeling showed that OHPCBs bind 

similarly to different conformations of the enzyme. This work has helped in our 

understanding of the roles of sulfotransferases in the metabolism and toxicities of 

OHPCBs, and it opens new avenues for future work. 
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CHAPTER I  

INTRODUCTION 

Polychlorinated biphenyls 

Polychlorinated biphenyls (PCBs) comprise 209 congeners that consist of 1-10 

chlorine atoms on a biphenyl ring system (Figure 1) (1-3). They were easily synthesized 

and were sold as mixtures (2, 4). In the United States, PCBs were produced in large 

quantities and marketed under the trade name, Aroclor. The Aroclors were numbered 

according to the amount of chlorine they possessed. For instance, the last two digits of 

Aroclor 1254 showed that it was composed of 54% chlorine (4-5). In other industrialized 

countries such as Japan and France, PCBs were sold under the trade names Kanechlor 

and Phenochlor, respectively (4-5).   
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Figure 1.    The general structure of polychlorinated biphenyl with possible positions of 
chlorine atoms denoted by numbers on the carbon atoms. The curved arrow 
shows possible rotations about the C-C single bond. 

 

PCBs were widely used for many industrial purposes. For example, they were 

used in paints, fluorescent ballasts, dielectric fluids in capacitors and transformers, 

caulking materials, plasticizers, surface coating, inks, adhesives, carbonless duplicating 

paper, wire insulators, fire retardants, elastic sealant and heat insulation (1, 4, 6). Owing 
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to their low reactivity, these versatile compounds were thought to be harmless in the 

environment and as such were not always properly disposed of (7). This improper waste 

management led to a worldwide pollution because these compounds are very lipophilic 

and not readily biodegradable in nature (8-9). PCB residues have been found in rivers and 

lakes, the atmosphere, fish, human adipose tissue, blood, and breast milk (4, 10). 

Furthermore, the half-life of PCBs in the human body is 7 to 10 years (11). 

PCBs were identified in wildlife in 1966 (12). This discovery was a cause for 

concern in the scientific community, and scientists wondered what these compounds 

could be doing to human health.  In 1968, there was accidental exposure to PCBs due to 

consumption of rice bran oil contaminated with PCB in western Japan (Yusho) (1-2, 13). 

In 1979, there was yet another incident of accidental consumption of PCB in oil in 

Taiwan (Yu Cheng) (1, 13-14). Individuals who consumed the oil became ill and 

presented with different complaints, such as low birth weights, hyperpigmentation (1-2, 

14) and comedone (14-15). Owing to the occurrence of PCBs in the environment, and the 

emerging discovery of their biological effects, there was a voluntary restriction on the 

production of PCBs (4) followed by a ban in production in the United States in 1979 (1). 

Although production has now been banned worldwide, PCBs are still in use and a 

persistent problem.  

Exposure to PCBs 

The major ways through which humans have been exposed to PCBs are 

occupational and environmental (4). There have been various occupational cases of PCB 

exposure. Symptoms ranging from elevated serum lipid levels, increased levels of serum 

enzymes, possible hepatic damage, respiratory problems, chloracne, and related dermal 

lesions have been observed in individuals who worked in plants where they were exposed 

to PCBs (5). According to one study, when blood plasma PCBs levels of exposed 

workers in Japan were tested, and compared to plasma PCB levels of the Yusho patients, 
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the workers had considerably higher PCB levels (16). Furthermore, PCB levels in blood 

and breast milk of mothers who were capacitor workers in Japan were more elevated  

than those who were not exposed to PCBs (15). In Finland, construction workers were 

shown to be exposed to PCBs that are present in elastic polysulphide sealants during 

renovation of prefabricated houses (17). Their PCBs serum levels were between 0.6 and 

17µg/L, and the PCBs in the sealants were primarily from Aroclor 1260 or Aroclor 1254 

(17). 

Exposure to PCBs through the environment has been seen due to the prevalence 

of these compounds in air, water and soil. Some authors collected air and water samples 

during their transit from Germany to South Africa, and found out that there were 

considerable amount of PCBs in the samples they collected (18). PCB concentrations 

reached levels of  3.7 to 220 pg m-3 and 0.071 to 1.7 pg L-1 in air and seawater, 

respectively (18). Jamshidi and coworkers found that the concentration of PCBs present 

in some homes in the United Kingdom exceeded that present in the environment (19). 

These authors then suggested that ventilation of indoor air contributes more to outdoor air 

PCB levels than volatilization of PCBs from the soil (19). This suggestion is based on the 

fact that when soil samples were tested for PCB levels there was enantioselective 

degradation while those in outdoor air were racemic and comparable to those seen in 

commercial mixtures (20). In addition, in the 1950s and 1960s, PCB-containing wood 

finishings (6) as well as PCB contaminated caulks were used in commercial buildings 

and in schools (21-22). Presently, these are important sources of exposure to PCBs 

through inhalation as there is evidence of increased blood concentration of lower 

chlorinated PCBs in humans (23). Furthermore, fish are a major source of human 

exposure to PCBs due to bioaccumulation of these pollutants in fish. For example, in one 

population where there is high consumption of catfish, PCB serum concentrations were 

significantly high (24). As noted above, accidental exposure to PCBs has been seen in 

Japan (Yusho) and Taiwan (Yu Cheng). The toxic responses observed in these incidents 
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were initially linked to PCBs found in the rice bran oil. However, recent evidence 

suggests that halogenated compounds such as polychlorinated dibenzofurans which are 

by-products formed from PCB-containing industrial fluids might have been the culprit for 

some of the toxicities observed (1-2, 5). 

Effects of PCB exposure 

Research has shown that exposure to PCBs correlates with intellectual 

impairments, lower psychomotor scores and neurotoxicity in children (25-27). PCBs have 

been classified as probable human carcinogens (28). However, they are shown to cause 

mutations and promote cancer in laboratory animals (1, 29). PCBs may promote cancer 

by increasing oxidative stress in the liver (30). Oxidative DNA damage by PCBs can lead 

to formation of 8-hydroxydeoxyguanosine (8-OHdG) (31), and the presence of 8-OHdG 

may be indicative of mutagenesis (32). PCBs have also been shown to increase lipid 

peroxidation in the liver (33). Furthermore, they alter behavior, and decrease circulating 

thyroid hormones in laboratory animals (34-35). When rats were given a dose of 3,4,3’4’-

tetrachlorobiphenyl (TCB) intraperitoneally, there was considerable decrease in thyroxine 

(T4) levels in the plasma due to changes in the metabolism of thyroid hormone (36). The 

decrease in thyroxine could be as a result of hydroxylated metabolites of PCBs blocking 

transport proteins such as transthyretin (TTR), or it could be due to induced 

glucuronidation of thyroxine by the parent compounds (37). PCBs have also been shown 

to cause endocrine disruption by interfering with the homeostasis of steroids (11, 38). 

Other reports indicate effects of PCBs on insulin secretion (39), arachidonic acid release 

(40), the function of the hypothalamo-pituitary-thyroid axis (41) and tissue-specific 

estrogen-mediated events (42). There can also be promotion of hormone-dependent 

cancers such as breast, ovarian, and testicular cancer (43). Furthermore, the ryanodine 

receptor (in particular, ryanodine receptor type 1 - RyR1), which functions as calcium-

induced calcium-release channel, has been shown to have its activity altered by PCB 
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congeners and their metabolites (44). 

Coplanar PCBs 

More coplanar PCBs, which are also known as ortho-poor PCBs (Figure 2), bind 

avidly to the aryl hydrocarbon receptor (AhR) (45). The non-ortho coplanar PCBs and 

mono-ortho coplanar PCBs behave like 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin (TCDD) in 

the way they interact with AhR (4, 8, 45-46). The non-ortho coplanar PCBs with two para 

or more meta substitutions are essential for optimum TCDD-like activities (5). 
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Figure 2. Structure of more coplanar PCBs with one or no ortho chlorines 
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Furthermore, these compounds behave like 3-methylcholanthrene (3-MC) and TCDD in 

the way they induce hepatic drug metabolizing enzymes (47-48). When 3, 3’, 4, 4’, 5-

pentachlorobiphenyl (PCB 126) was administered to adult male Sprague-Dawley rats, 

there was increase in the activity of CYP1A1 (49). The mono-ortho coplanar PCBs have 

been reported as mixed-type inducers of drug metabolizing enzymes and have been 

shown to displace TCDD from the aryl hydrocarbon receptor (AhR) competitively (50). 

Problems seen in reproduction in some animals and humans have be linked to these PCBs 

(5). These observations were based on a toxic equivalency factor (TEF). TEF relates the 

toxicity of a compound’s dioxin-like effect to that of dioxin. However, due to lack of 

evidence in data collected from in vivo work, the use of TEFs for the non-ortho or mono 

ortho PCBs will not be continued (46).   

Non-coplanar PCBs 

Noncoplanar PCBs having more than one ortho-chlorine atom (Figure 3) are 

mostly found in humans, Aroclors, and natural bodies of water (9, 51). The caudate 

nucleus (a region of the brain) of patients who had Parkinson’s disease while they were 

alive were collected at autopsy and examined for the levels of PCBs present, and the 

amount of ortho-substituted PCBs found were very high compared to other PCBs (52). In 

addition, this group of PCBs has been shown to disturb the intracellular second 

messenger systems needed for growth of neurons and to decrease the dopamine content 

in the brain (53). Furthermore, these noncoplanar PCBs have been reported to stop the 

absorption of neurotransmitters into brain synaptosomes of rat (54).   

The diortho-substituted PCB, 2, 2’,4, 4’,5, 5’-hexachlorobiphenyl (PCB 153), has 

been shown to promote tumorogenesis and induce enzymes responsible for  metabolism 

of xenobiotics and endogenous compounds (55).  For example, PCB 153 has been 

reported to increase the activity of uridine diphosphate glucuronyl transferases 

(UDPGTs) thereby elevating the elimination of thyroxine (T4) leading to its reduction in  
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Figure 3. Structure of noncoplanar PCBs with two or more ortho chlorines 

 

serum (56). In addition, noncoplanar PCBs have been shown to disrupt the hypothalamic-

pituitary-thyroid axis due to reduced levels of serum T4 concentrations in laboratory 

animals (49). They have been shown to stop the functioning of membranes of proteins by 

changing their structures (57). In addition, the effect of ortho-substituted PCBs on 

calcium homeostasis has been documented. Reduced levels of calcium are seen with 

PCBs due to their ability to enter the lipid layer of membrane of rat liver mitochondria 

and induce damage (58).  

Volatile PCBs  

Airborne PCBs are the lower chlorinated congeners that are released from 

buildings and from landfills and waters contaminated with PCBs (59-60). Volatilization 

of PCBs results in increased levels of volatile PCBs in air and these have been measured 
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in cities (61) especially during the periods of higher temperatures (62). PCBs can be 

vaporized from landfills, environmental reservoirs as well as from caulks in buildings 

(22, 63-64). Palmer et al., 2008, sampled outdoor air for the levels of PCBs in two 

communities (with the reputation of having a lot of PCB-waste sites) near the Hudson 

River, and found that PCB concentrations were more elevated in two of the communities 

they tested than the comparison community located farther away from the Hudson River 

(62). Additionally, large amounts of volatile PCBs have been reported to be released 

from Lake Michigan into the atmosphere (65).  According to Persoon et al., 2009, 151 

airborne PCBs were quantified in two urban areas in the Great Lake region-Cleveland 

and Chicago (66). The authors also found that the average concentrations of PCBs in air 

in these two cities were not the same and the PCB congeners in the air samples could be 

likened to those in commercial mixtures (67). It should be noted that the lower 

chlorinated PCB congeners with two or three chlorine atoms (i.e. PCB 12, 15 and 38) 

were more prevalent at some sites in these cities (67). Work by Hu et al., 2010, also 

showed higher levels of di- and tri chlorinated PCBs in Chicago air (61).  

PCBs are not only found in outdoor air but also in indoor air. Most people spend 

more than sixteen hours of any given day indoors, and as such may be more exposed to 

PCBs in indoor air than outdoor air (68-69). The presence of PCBs in indoor air can be 

due to the use of PCB-containing materials such as furniture and furnishings, electrical 

appliances and fluorescent lights, plastic materials, sealing products, plasticizers and 

caulks (69). In Germany for instance, indoor air contamination by PCBs has been linked 

to elastic sealant material used in school buildings, and there is a shift towards the lower 

chlorinated PCBs owing to their volatility (23). Furthermore, higher levels of PCB 28 and 

52 were observed in air in a school polluted by lower PCBs, and blood samples obtained 

from teachers in this school contained very high amounts of PCB 28 (23).  It should be 

noted that indoor air PCB concentrations are higher than outdoor air concentrations 

according to some studies. The air in eight non-smoking homes in Rome was tested for 
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PCB concentrations, and was compared to PCB levels present in air outside the homes 

(69). The result showed that outdoor PCB levels were much lower than indoor PCB 

levels (69). Also, when PCB levels in indoor air were tested in 14 different locations and 

compared to outdoor air in Birmingham and in the west Midlands area of the United 

Kingdom, indoor PCB concentrations were greater than outdoor PCB levels (70). The 

results obtained from this study are in agreement with those of Jamishi and coworkers 

who also found that the concentration of PCBs in indoor air exceeded that of outdoor air 

in this area (19). In general there have been reported cases of elevated PCB levels in 

homes, schools, offices and laboratories. These airborne PCBs can easily be metabolized 

when inhaled and may lead to formation of reactive intermediates which may cause 

cancer (71). It is therefore important to investigate further the impact of these compounds 

to human health.  

PCB metabolism 

 Initial metabolism of PCBs is often catalyzed by cytochrome P450 (CYP) 

enzymes in reactions whereby the PCBs are oxidized to their hydroxylated forms 

(OHPCBs) (4). Formation of the OHPCB can be by direct insertion of the oxygen atom 

into the carbon-hydrogen bond or by rearrangement of an epoxide (72). PCB metabolites 

that have been identified in humans include the hydroxylated forms (73-75) and in vitro 

studies showed them to be potent inhibitors of mitochondrial oxidative phosphorylation 

(76). PCB sulfates (77-78) or PCB glucuronides (79) may be formed as a result of further 

metabolism of OHPCB by sulfotransferases or UDP-glucuronosyltransferase (UGTs) 

(Figure 4). Formation of the PCB sulfates may or may not lead to metabolic disposition 

of these compounds, as some PCB sulfates retain significant lipophilic properties based 

on calculated octanol/water partition coefficients (80). Another group of PCB metabolites 

are the methylsulfones which are formed as a result of metabolism by glutathione-S-

transferase (GST) (80). PCB methylsulfones have been shown to be present in tissues 
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such as the liver, lung and fat, and they induce drug metabolizing enzymes among other 

effects such as tumor promotion (81). Hydroxylated polychlorinated biphenyls 

(OHPCBs) may not always be metabolized by conjugating enzymes such as SULT, UGT 

and GST. Further metabolism of OHPCBs by cytochrome P450 monooxygenases may 

lead to formation of catechols or other dihydroxy metabolites (Figure 4). Mono, di and 

tri-chlorinated PCBs are known to form catechols in experimental animals, and there are 

some evidence of the formation of catechols with tetra, penta, and hexachlorinated PCBs 

as well (80). For example, PCB 65 (82), PCB 52 (83), PCB 101 (84), have been shown to 

form dihydroxylated PCB metabolites in rats, and PCB 153 catechol has been seen in 

rabbit (85). Oxidation of the catechol by cytochrome P450 may result in the formation of 

PCB-quinone metabolites (Figure 4), and these quinones may bind proteins and DNA to 

form adducts.  

 One study showed that the quinones form protein adducts by binding proteins 

through cysteine residues in treated cells and cause inhibition of topoisomerase (86), an 

enzyme needed for the unwinding and detangling of DNA (87). Lower chlorinated PCB 

quinones such as PCB 3 quinone was shown to be reactive toward nitrogen and sulfur 

nucleophiles of cells (88). In addition, PCB 3 metabolites have been shown to bind 

purines to form DNA adducts (89). Furthermore, there is evidence to show that PCB 

quinones from lower chlorinated PCBs lead to formation of reactive oxygen species and 

oxidative stress (90). 

Hydroxylated PCB metabolites 

  It has been suggested that PCB metabolism is mainly a detoxication process and 

the toxic responses observed are due to the parent compounds (5). However, according to 

Lans and coworkers, some hydroxy-PCBs had higher affinity for transthyretin than 

thyroxine (T4) (37). For example, 4’-hydroxy-2’, 3, 3’, 4’, 5-pentachlorobiphenyl, a PCB 

metabolite found in blood was shown to competitively displace T4 from transthyretin 
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 (TTR) with an IC50 value in the nanomolar range (37). By binding to TTR, OHPCBs can 

be delivered to the fetus because TTR can cross the placenta and blood-brain barrier, 

even though it is not the primary transport protein for thyroid hormone in humans (91). 

Furthermore, the displacement of T4 by OHPCBs leads to decreased serum thyroid 

hormone levels and this can result in problems in the reproductive and neurological 

systems (92-93). PCB metabolites are implicated in other forms of endocrine disruption 

(8, 94). Estrogenic activity have been seen in the mouse uterus upon binding of 4,4-

dihydroxy-3,3,5,5-tetrachlorobiphenyl to the estrogen receptor (95). Antiestrogenic 

activities have also been seen with 4-hydroxy-2, 2’, 3’, 5’, 6- and 2, 2’, 3’, 4’, 6’-

pentachlorobiphenyl by disrupting the actions of 17β-estradiol in the mouse uterus (96). 

Furthermore, OHPCBs have been shown to inhibit phenol (or family 1) SULTs that 

catalyze sulfation of thyroid hormones and estrogens (94, 97). Inhibition of the estrogen 

sulfotransferase (SULT1E1) results in an increase of estradiol, and this gives an indirect 

estrogenic effect. Estradiol is the major form of estrogen circulating in humans and it also 

plays a role as a tumor promoter through interaction with estrogen receptors (98). In 

addition, metabolites of estradiol (i.e. quinones and semiquinones) cause DNA mutation 

and may be involved in breast cancer (99). 

The effects of OHPCBs on family 2 or hydroxysteroid (alcohol) SULTs have not 

been examined thoroughly. These family 2 SULTs have been shown to play a role in the 

homeostasis of steroid hormones such as dehydroepiandrosterone (DHEA) and 

androsterone (100), and three OHPCBs have previously been observed to interact with a 

human family 2 SULT (77).  

Sulfation reactions 

Metabolic sulfation was first observed by Baumann in 1876 when phenyl sulfate 

was isolated from the urine of a patient treated with phenol (101). Sulfation is a reaction 

catalyzed by enzymes known as sulfotransferases, and these sulfation reactions occur in 
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bacteria, plants and mammals. The mammalian cytosolic sulfotransferases, SULTs, are 

responsible for the transfer of a sulfuryl group from the coenzyme, 3’-phosphoadenosine- 

5’-phosphosulphate (PAPS), to an acceptor molecule (102-103) (Figure 5). The donor 

molecule, PAPS, is very important, as sulfation activity can be dependent on the amount 

of PAPS present in a given tissue (104-105). On the other hand, PAPS availability is 

dependent on the amount of inorganic sulfate present (104, 106) as well as the enzyme, 

PAPS synthetase in humans and animals (107). In lower organisms and plants however, 

PAPS biosynthesis is dependent on ATP-sulfurylase and APS-kinase (108-109). The 

human bifunctional polypeptide, PAPS synthetase, combines these two enzyme activities 

in a single protein (107). The acceptor molecule in a sulfotransferase-catalyzed reaction 

either possesses a hydroxyl group or an amino group (110-111), and the products formed 

are PAP and sulfate esters or sulfamates (Figure 5) (112). Sulfation reactions are not only 

important in xenobiotic metabolism, but they can also be involved when endogenous 

compounds such as steroids need to be transported to the site(s) in the body where they 

are needed (113). For example, DHEA is transported after it has undergone sulfation, to 

its sulfate ester, DHEA-S. The DHEA-S is circulated through the body and then it is 

desulfated by another enzyme, sulfatase upon getting to the site where it is needed (114). 

DHEA is a precursor of both androgen and estrogen production and thereby can function 

as one regulator of steroid biosynthesis (115).  

Sulfation may render a compound to be less toxic (detoxication), or lead to an 

enhancement of activity of a compound to get desired effects (prodrug activation) or to an 

increase in toxicity of a compound to a reactive product in a biological system 

(bioactivation) (Figure 6). 
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Figure 6.  Example of the various forms of sulfation reactions catalyzed by cytosolic 
sulfotransferases (SULTs) A) Detoxication of the bile acid chenodeoxycolic 
acid. B) Activation of minoxidil in order to obtain desired pharmacological 
effect. C) Bioactivation of N-hydroxy-2-acetylaminofluorene to a reactive 
product that can bind to nucleophilic sites in DNA. 
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Detoxication 

Sulfation reactions often render toxic compounds inactive and facilitate their 

elimination. Depending upon their chemical structure, the toxic compounds may be first 

converted into metabolites that can then be sulfated and become more highly soluble in 

water, thereby increasing their excretion in urine and bile. In other cases, sulfation may 

occur without additional preliminary metabolism. Detoxication of bile acids is carried out 

by sulfation. Secondary bile acids are made from primary bile acids, and while primary 

bile acids are synthesized in the liver, secondary bile acids are made in the intestine by 

bacteria and they can be toxic to some mammals (116). However, in humans, sulfation 

reaction is important in stopping reabsorption of a secondary bile acid known as 

lithocholic acid from small intestine thereby protecting tissues from the toxic effects 

observed in animals (116-117). Detoxication by sulfation is also important in the 

regulation of hormones and homeostasis of neurotransmitters. Thyroid hormone is made 

inactive by sulfation in order for iodine to be reused for thyroid hormone synthesis (118). 

To make thyroid hormone inactive, the phenolic groups on T4 and triiodothyronine, T3, 

have to be sulfated to facilitate hepatic deiodination (118). Catecholamines are circulated 

in humans in their sulfoconjugated forms, whereas, in rats, glucuronidation of 

catecholamines is predominant (119). More than 70 % of the total epinephrine, 

norepinephrine and dopamine circulate in the sulfoconjugated forms (119-120). 

Catecholamine sulfates have longer half lives than catecholamines and as such, they can 

serve as markers in blood pressure regulation (120). 

 Many therapeutic drugs such as salbutamol, fenoterol, albuterol and isoproterenol 

are eliminated from the body following metabolism that includes sulfation (121-124). 

Furthermore, sulfation in neonates often predominates, as other conjugating enzymes 

(such as UDP-glucuronosyl transferases) are not highly expressed. The elimination of 

many drugs or harmful substances from the human fetus and regulation of the activities 

of several hormones are therefore carried out through reactions catalyzed by  
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sulfotransferases. While elimination of therapeutic doses of acetaminophen is primarily 

by glucuronidation in adults, it is predominantly by sulfation in neonates and children 

(125). Also, sulfation of T3 to its sulfate form, T3-sulfate (whose concentration increases 

with fetal age) makes it possible for T3 to be circulated in the fetus (126).  

Bioactivation 

Many xenobiotics are first metabolized by cytochrome P450 monooxygenase to 

their hydroxylated forms, followed by the action of conjugating enzymes such as 

sulfotransferases prior to their elimination. Some sulfate esters are however, not stable 

and reactive intermediates can be formed that can bind to DNA  resulting in mutation or 

cancer (106). The reason this happens is because the sulfate group is an electron-

withdrawing group that can easily be cleaved off to leave an electrophilic cation (Figure 

7). The electrophilic cation can then react with nucleophilic sites on DNA to form 

adducts. Sulfotransferases have therefore been implicated in the activation of several 

classes of compounds (e.g. alkyl-substituted polycyclic aromatic hydrocarbons, aromatic 

hydroxylamines, benzylic and allylic alcohols, and aryl hydroxamic acids) to their 

genotoxic forms. For example, the α-hydroxylated metabolite of tamoxifen and N-

hydroxy-2-acetylaminofluorene (N-OH-2AAF), when activated by sulfation, become 

more toxic and form DNA and/or protein adducts (127-128) as illustrated in Figure 8. 

Furthermore, cyproterone acetate (a synthetic steroidal hormone widely used for acne and 

prostate cancer) has also been shown to be hepatocarcinogenic in rats as well as in 

humans upon undergoing sulfation reaction (129). Various forms of cancer (130-131) and 

other disease states such as entry of HIV have also been linked to sulfation reactions 

(132). HIV entry has been associated with sulfation of tyrosyl residues present on the 

chemokine receptor CCR5 which allows HIV gb120 to bind and facilitates viral delivery 

(132).  

Although bioactivation of some compounds by sulfotransferase leads to the  
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Figure 7.  Resonance stabilization of cations formed heterolytically from sulfuric acid 
esters of benzylic alcohols (A) and aromatic hydroxylamines (B). Adapted 
from (133) with slight modification. 
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Figure 8.  Activation of N-hydroxy-2-acetylaminofluorene by sulfotransferase. Adapted 
from (134) with modification 

 

formation of toxic reactive metabolites, sulfation reactions are, however, essential for the 

activation of some drugs to obtain their pharmacological activity. For example, minoxidil 

(Figure 6) has to be activated through a sulfation reaction in order to obtain the desired 

hypotensive effects, vascular effects (vasodilation) and hair growth-stimulating effects of  

the drug (135-137). Minoxidil ester, unlike most sulfate esters possesses an inner salt 

(138), and this makes it more hydrophobic than its parent compound and less readily 

excreted in urine or bile (139). In addition, specific sulfate esters of triamterene, 

morphine, and cicletanine have been shown to have enhanced biological activity relative 

to their parent compounds (140-142).  
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Classification of sulfotransferases 

Sulfotransferases can be broadly classified into membrane-bound 

sulfotransferases and cytosolic sulfotransferases (SULTs) (105-106). Membrane-bound 

sulfotransferase are found in the Golgi apparatus of most cells and can catalyze sulfation 

of macromolecules such as carbohydrates, glycosaminoglycans, and proteins, but not the 

sulfation of small exogenous molecules such as drugs or other xenobiotics (106).  

The cytosolic or soluble SULTs (143), the focus of this dissertation, are, however, 

expressed in the liver, kidney, adrenals, platelets, brain, skin, lung, and gut (105), and 

they are involved in the sulfation of both endogenous compounds (e.g. catecholamine, 

steroids, bile acids, thyroid hormones) and exogenous compounds (e.g. drugs, 

carcinogens and other xenobiotics) (110, 112, 144).  There are at least 14 cytosolic 

SULTs in humans and they are divided into four families, the phenol SULTs (SULT1), 

the hydroxysteroid SULTs (SULT2), SULT4, and SULT6 (145). SULT1A1, SULT1A2, 

SULT1A3, SULT1A4, SULT1B1, SULT1C1, SULT1C2, SULT1C3, and SULT1E1 are 

all members of the SULT1 family; SULT 2A1, SULT2B1a and SULT2B1b belong to the 

SULT2 family; SULT4A and SULT6 only have one member each, SULT4A1 and 

SULT6B1 respectively (145). SULT4A1, which has been identified in the brain (146), 

and SULT6B1, expressed in the testis (147), have not been fully characterized for their 

substrate specificities. The family1 SULTs have often been characterized as mainly 

catalyzing sulfation of phenols, thyroid hormones, catecholamines, and estradiol; family 

2 SULTs have usually been described as sulfotransferases mainly responsible for the 

sulfation of hydroxysteroids and hydrophobic alcohols. However, there is considerable 

cross-reactivity of substrate classes for these two families, where more subtle features 

than simple functional groups define specificity of the SULTs (145). 
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Nomenclature of cytosolic sulfotransferase  

The nomenclature of sulfotransferases is still evolving. With more 

sulfotransferases found, it became more confusing to name the different isoforms of the 

enzymes. Therefore the nomenclature of these enzymes became very inconsistent. 

Isoforms were initially named according to the substrates they sulfated (e.g. phenol 

sulfotransferases, bile acid sulfotransferases and hydroxysteroid sulfotransferases). For 

example, SULT2A1 catalyzes sulfation of DHEA and has often been referred to as 

DHEA-sulfotransferase, and SULT1E1 catalyzes the sulfation of estrogen and was 

referred to as estrogen sulfotransferase. However, these enzymes possess the ability to 

catalyze the sulfation of a wide variety of molecules with overlapping substrate 

specificity, and this compounded the problem of naming these enzymes. Nagata and 

Yamazoe developed a system whereby the prefix ST preceded the cytotolic families 

(148). In this system the gene families were divided into subfamilies based on sequence 

similarity and substrate specificity (148). However, naming these enzymes based on the 

Yamazoe and Nagata system was not widely accepted, primarily due to conflicts with the 

nomenclature system adopted for human genome.  

More recently however, a systematic nomenclature was developed that is now 

more widely used in the scientific community (149). Sixty five complementary DNAs 

and eighteen genes of sulfotransferases previously obtained have this nomenclature 

system applied to them (149). The SULTs were named based on their amino acid 

sequence. Those SULTs with at least 45% amino acid sequence identity are assigned to 

the same gene family, those with at least 60% sequence identity are in the same 

subfamily, and those with at least 97% identity are designated as the same isoform (149). 

In this system, the species name serves as a prefix to the protein designated as SULT 

followed by the family represented as an Arabic numeral with a subfamily in capital 

letter. The isoform in the subfamily is also shown, and it is based on the order of that 
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protein’s sequence. For example (HUMAN) SULT2A1 or hSULT2A1 is a human 

cytosolic sulfotransferase of family 2, subfamily A and isoform 1.  

Structures of sulfotransferases 

In terms of structures, all sulfotransferases have an α/β domain that is made up of 

five-stranded parallel β-sheet that is involved in the binding site of the coenzyme (i.e. 

PAPS) as well as the active site (103, 150). Cytosolic SULTs are usually homodimers in 

their active catalytic forms, with mouse estrogen SULT (151) and rat aryl SULT (152) 

being the exceptions. The first x-ray crystal structure of a SULT ever solved was that of 

mouse estrogen sulfotransferase (mEST): mEST was cocrystallized with PAP followed 

by soaking the crystals with estradiol (153). Important three dimensional features were 

obtained from this x-ray crystal structure for both the coenzyme and substrate binding 

sites (153). Subsequently, x-ray crystal structures were solved for the human family 1 

sulfotransferases, and the human estrogen sulfotransferases, hSULT1E1, in complex with 

PAPS was the first structure solved that contained the active sulfuryl donor (154). 

Important information about sulfotransferases mechanism of SN2-like inline displacement 

reaction that involves a highly conserved histidine residue was obtained (154). The 

authors also concluded that the involvement of two residues, Lys47 and Ser137, may 

contribute to the hydrolysis of PAPS when substrates are not present (154). The human 

dopamine/catecholamine sulfotransferase, hSULT1A3, in complex with SO4
2- and PAP 

(155) showed that two other residues, Glu146 and Asp 86 are also important in the 

function of hSULT1A3. There is an electrostatic bond formation seen between Glu146 

and dopamine, this may be important in the activity and selectively of hSULT1A3 while 

Asp86 may explain the activity of  hSULT1A3 on dopamine and tyrosine by interacting 

with manganese having an oxidation state of +2 (155). The first crystal structure solved 

that contained a foreign compound (p-nitrophenol) and PAP was that of hSULT1A1 

(156). The x-ray crystal structure showed that two  molecules of p-nitrophenol can bind 
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at the catalytic site of the enzyme, and it gave insights into how this enzyme can modify 

its structure to allow various compounds with different shapes and sizes to bind in order 

to catalyze their sulfation (156). It also provided an hypothesis for how substrate 

inhibition results with some substrates (156). A crystal structure of hSULT1E1 in the 

presence of PAP and a OHPCB, 4,4’-dihydroxyl-3,3’,5’,5’ tetrachlorinated biphenyl, 

showed that the OHPCB binds in a non-coplanar manner similar to the way 17-beta-

estradiol binds at the active site of the enzyme (157). Thus this gives structural evidence 

for how certain OHPCBs have been proposed to serve as endocrine disruptors, through 

inhibition of this sulfotransferase (85, 142).  

For the family 2 enzymes, three crystal structures of hSULT2A1 have been 

solved: SULT2A1 in complex with PAP (150), SULT2A1 in complex with DHEA (158) 

and SULT2A1 in complex with androsterone (100). Rehse et al., 2002, showed that 

DHEA can bind in two different modes with the first binding mode reflecting the 

catalytic site and the second binding reflecting the substrate inhibition site (158).  In the 

androsterone-bound structure, the authors showed that androsterone (ADT) binds more 

tightly to SULT2A1 than DHEA, and ADT serves as cognate substrate for the enzyme 

(100). The crystal structure for cholesterol sulfotransferase, hSULT2B1b in complex with 

pregnenolone and PAP has also been solved (159). It provided an explanation of the 

preference of the different substrates seen with the two isoforms of the family 2 

sulfotransferases. 

The information that can be deduced from the structures as seen in Figure 9 is that 

the overall 3-dimensional structures of cytosolic sulfotransferases are similar; however 

there are some notable differences as well. The important residues at the PAPS binding 

site are conserved in all the cytosolic sulfotransferases (150). At the PAPS site, serine and 

lysine are important residues for the binding of PAPS and activation of the sulfuryl group 

(160). In addition, a histidine residue that is conserved in all SULTs is involved in the 

sulfuryl transfer (160). There are differences in the sulfuryl acceptor binding sites and  
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A) hSULT1E1:PAPS                                            B) hSULT2A1:PAP  

       

  

C) hSULT2B1b:Pregnenolone:PAP                      D) hSULT1A1:PNP:PAP 

                    

Figure 9.  Crystal structures of A) human estrogen sulfotransferase, hSULT1E1 B) 
human hydroxysteroid sulfotransferase, hSULT2A1 C) human cholesterol 
sulfotransferase, hSULT2B1b D) human phenol sulfotransferase, hSULT1A1. 
The PAP/PAPS binding site is similar, however, there are differences at the 
substrate binding site that allow for substrate specificity among the different 
isoforms represented. Arrow in each structure indicates the PAP/PAPS 
binding site. Adapted from refs (150, 154, 156, 159). 
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they are important in determining substrate specificities of individual SULTs. For 

example, in hSULT2A1 and hSULT1E1, there are some differences in the way Pro14-

Ser20, Glu79-Ile82 and Tyr234-Gln244 loops are oriented (150). This observation does 

not come as a surprise as different sulfotransferases have a lot of substrates that they act 

on (160-161).  

Human hydroxysteroid sulfotransferase hSULT2A1 

Human hydroxysteroid sulfotransferase hSULT2A1, also known as DHEA-ST, is 

the major family 2 SULT in humans, and it plays an important role in the sulfation of 

steroids, bile acids and xenobiotics (162). It is a homodimer composed of two identical 

subunits (163) with each subunit having a mass of  approximately 34kDa (158). 

hSULT2A1 is expressed in the reticular layer of the adrenal, liver and small intestine 

(164). In addition, Javitt et al., 2001 discovered with the use of real time polymerase 

chain reaction (RT-PCR), that SULT2A1 is not only expressed in the adrenal, small 

intestine and liver but also in the ovary, prostate, stomach and colon (165).  

Immunochemical analysis also showed that SULT2A1 is expressed in the kidney, the 

liver of the human fetus, and the fetal adrenal (166). SULT2A1 is involved in the 

biosynthesis and secretion of DHEA-sulfate in the adrenal (167). In the liver, it catalyzes 

the sulfation of therapeutic drugs, bile acids and xenobiotics (168), and it is the only 

family 2 SULT isoform identified in the liver (163).  

Specificity of hSULT2A1 

Human hydroxysteroid sulfotransferase (hSULT2A1) plays a vital role in the 

sulfation of cytotoxic bile acids in the liver, because reduced levels of hSULT2A1 in the 

liver have been linked to chronic liver disease (169). Work by Kitada et al., 2003, 

showed that hSULT2A1 protects liver from the toxicity that can be caused by lithocholic 

acid (LCA) by converting LCA to its sulfate (170). SULT2A1 is also involved in the 

sulfoconjugation of 3α- and 3β- hydroxysteroids, the phenolic hydroxyl of some 
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estrogens, the 17-hydroxyl of testosterone (163) and therapeutic compounds such as 

budesonide (171) and tibolone (172). In addition, pentachlorophenols, once seen as 

phenol sulfotransferases inhibitors have been shown to be substrates for hSULT2A1 

(173). hSULT2A1 is therefore an enzyme with broad substrate specificity (163, 168).   

SULT2A1 and steroid metabolism 

Sulfation is important in the metabolism of steroids. Steroid sulfation leads to a 

loss of biological activity of the steroids. In addition, steroid sulfates are the form in 

which steroids are stored and transported within the body. Pregnenolone (PREG) and 

dehydroepiandrosterone (DHEA) are representative steroids that are sulfated in reactions 

catalyzed by SULT2A1. 

 Pregnenolone (PREG) is important in the human fetus because it is the precursor 

for the biosynthesis of DHEA. PREG is first conjugated to its sulfate ester by SULT2A1 

(38). Metabolism of Pregnenolone sulfate leads to formation of 17α- 

hydroxypregnenolone sulfate and further metabolism on the latter by desmolase results in 

formation of DHEA-sulfate (DHEAS) (174). DHEAS is also formed directly from the 

action of hSULT2A1 on DHEA (143). DHEA serves as the main precursor for the 

production of estrogen in the placental during pregnancy (174) while DHEAS is involved 

in the softening of the cervix before parturition (175). 

Furtheremore, DHEA is a hormone with immunoenhancing, anti-cancer, 

neurotropic, and anti-aging effects (176). DHEA and DHEAS  are thought to play 

protective roles in hypercholesterolemia (177), Alzheimer’s disease (178), cancer (179), 

and cardiovascular diseases (180-181).  

Inhibition of hSULT2A1 and how it affects steroid 

metabolism 

One theory is that when hSULT2A1 activity is blocked, the cellular DHEA level 

may increase and there may be an imbalance in synthesis of steroid hormones because 
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DHEA-sulfate serves as an intermediate in the production of estrogens and androgens. 

This may then lead to formation of sex hormone-dependent tumors that may result in 

cancer. There is no clear evidence for this as of yet. However,  higher levels of DHEA 

and reduced levels of DHEA-sulfate in the cerebrospinal fluid have been linked with 

Alzheimer’s disease and Vascular Dementia (182). Studies by Tagawa et al., 2000, have 

also shown DHEA-sulfate and pregnenolone-sulfate (PREG-S) to be elevated in patients 

with hyperthyroidism, while patients with hypothyroidism had reduced levels of DHEA, 

DHEAS and PREG-S in serum (183).   

Interaction of compounds with hydroxysteroid 

sulfotransferase 

Many compounds interact with sulfotransferases either as substrates or as 

inhibitors. Compounds that inhibit sulfotransferase activity could be pure inhibitors, or 

they could serve as alternate substrates for the enzyme and thus compete for binding at 

the active site. This inhibition may be as a result of either binding to the PAPS/PAP-site 

or binding to the substrate-site (114). 

Xenobiotics or endogenous compounds that serve as substrates for an enzyme can 

inhibit sulfation of other substrates. For example, hSULT2A1 catalyzes the sulfation of 

an endogenous steroid, testosterone, and this results in the inhibition of budesonide 

sulfation (184). Some food-derived flavonoids, such as apigenin, myricetin, baicelein, 

galangrin and 7-hydroxyflavone have been shown to have considerable effects on the 

sulfation of DHEA catalyzed by hSULT2A1 with Ki values in the sub-micromolar range 

(38). Furthermore, flavonoids such as quercetin, kaempferol, genistein, daidzein were 

also shown to inhibit DHEA sulfation catalysed by hydroxysteroid sulfotransferase 

(SULT2A1) that was cloned from rat liver with IC50 values in the micromolar range  

(185). Among the inhibitors of SULT2A1, two of the flavonoids, genistein and diadzein, 

were actually substrates for the enzyme (185). Seven natural products, two coumarins and 
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five xanthones, were evaluated for their inhibitory effect on DHEA sulfation catalyzed by 

hSULT2A1 and were shown to inhibit hSULT2A1 (186). One of the coumarins, 

Mammea C/OA, however, also served as substrate for hSULT2A1 with a Km of 3.7µM 

and a Vmax of 4.5 nmol/mg/min (186). Xenoestrogens (i.e. synthetic estrogen mimics) 

such has bisphenol A and alkylphenols are chemicals mostly used in detergents and 

plastics, and they have been shown to inhibit hSULT2A1 activity and reduce the 

expression of enzymes needed for the synthesis of the coenzyme PAPS (43).   

When a molecule binds to the active site of an enzyme, competitive inhibition and 

noncompetitive inhibition are two of the major mechanisms that are possible. 

Competitive inhibition is a result of an inhibitor binding at the active site of an enzyme, 

thereby competing with a given substrate for the enzyme active site. Competitive 

inhibition can also result from allosteric binding of an inhibitor (187). Noncompetitive 

inhibition is defined as binding of an inhibitor at a site either different from or near the 

active site of an enzyme. However, noncompetitive inhibition patterns can also result 

from several instances where an inhibitor binds at the catalytic site of an enzyme (187).  

Noncompetitive binding patterns have been seen with enzymes that make use of  

an exosite for substrate binding, isomechanism enzymes, enzymes with two-step binding 

inhibitors and bisubstrate enzymes (187). Exosites are regions that differ from the active 

site of some enzymes, but their physiological substrates bind more avidly to these sites 

than their catalytic sites (187). A good example of such enzymes having these exosites 

regions to bind their very large substrates are the serine proteases (187). Inhibitors can 

bind at the active site and show a noncompetitive inhibition mechanism, and their binding 

would not disrupt the binding of their preferred substrates (187). Isomechanism enzymes 

follow many different states in order to complete a catalytic cycle (188). During these 

different states, some compounds can bind and inhibit the enzyme noncompetitively 

because some steps are not fast enough and are rate limiting (188). In this process, it 

should be noted that the substrate and the compound which inhibits the enzyme both bind 
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at the catalytic site, however binding occurs at varying times and at such the two 

compounds do not have to compete for the active site of the enzyme (187). As the name 

implies, with the two-step binding inhibitors mechanism, inhibitors bind in two steps. 

The inhibitor first exhibits fast kinetics in the way it is bound and released from the 

enzyme resulting in competition with a preferred substrate (187). Then the binding of the 

inhibitor causes the change in enzyme conformation to slow down, and this stabilizes the 

enzyme-inhibitor complex (187).  

Some bisubstrate enzymes go through a process that is mandatory. The substrates 

first bind, and then products are given off  next in a very ordered fashion, and the 

mechanism of inhibition by inhibitors of these enzymes may be of a noncompetitive type 

even though the inhibitor is binding at the same site as one of the substrates (187). For 

example, metabolism of cortisone is carried out by 11β-hydroxysteroid dehydrogenase 

(11β-HSD1) using the cofactor NADPH (189). However, the binding of compound C to 

11β-HSD1 inhibits cortisone metabolism in a noncompetitive inhibition pattern (189). 

The noncompetitive inhibition pattern is due to binding of compound C to the enzyme-

product complex (i.e. 11β-HSD1-NADP complex) which causes a conformational change 

that does not allow cortisone to bind (187). Another example is with zolpolrestat which 

binds to the active site of human aldose reductase (ALR2) in the presence of the cofactor, 

NADPH, in a noncompetitive inhibitory binding pattern  (190). The noncompetitive 

inhibition observed with zolpolrestat, may be as a result of binding to the ALR2-NADP 

complex (187). The importance of substrate binding to enzyme-product complex and 

forming a dead end or ternary complex (enzyme-product-substrate complex) in 

hSULT2A1 (191) and in rSULT1A1 (192) has been shown as well. 
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CHAPTER II 

STATEMENT OF THE PROBLEM 

Sulfation reactions are carried out by enzymes known as sulfotransferases. 

Sulfotransferases are important in hormone regulation, detoxication of endogenous bile 

acids as well as xenobiotics, and metabolic activation of xenobiotics leading to chemical 

carcinogenesis and other toxicities (105,115,117, 120,132). One role of sulfotransferases 

in toxicology relates to environmental pollutants that interfere with the transfer of the 

sulfuryl moiety to endogenous acceptor molecules such as physiologically important 

steroids. Dehydroepiandrosterone (DHEA) is one such steroid and it is a precursor to 

androgens and estrogens (115).  
Polychlorinated biphenyls (PCBs), which persist as worldwide pollutants and are 

implicated in a variety of adverse health effects, are metabolized by cytochrome P450s to 

their hydroxylated forms (OHPCBs) (4). The formation of OHPCBs may sometimes lead 

to their detoxication, however, these metabolites have been shown to be retained in 

blood, liver, and adipose tissue (4, 10). In addition, they were previously shown to inhibit 

the activities of three isoforms of the human phenol (family 1) sulfotransferases, 

hSULT1A1 and hSULT1B1 involved in thyroid hormone sulfation, and hSULT1E1 

involved in estrogen sulfation (94, 97). However, there is a lack of understanding as to 

how these compounds interact with the family 2 enzyme, human hydroxysteroid 

sulfotransferase (hSULT2A1). Work done previously in our laboratory, showed that three 

OHPCBs do interact with hSULT2A1 (77). However, there was a need to extend our 

studies on the effect of OHPCBs on hSULT2A1 activity. The research presented in this 

dissertation, aims to provide valuable information on the interactions of the metabolites 

of semi-volatile PCBs (i.e. those with lower numbers of chlorine atoms) with 

hSULT2A1.  

The hypothesis of this study is that hydroxylated polychlorinated biphenyls are 

substrates and inhibitors of hSULT2A1 and these interactions can be explained on the 



 

 

31

basis of structural features of OHPCBs. The long term goal of this project is to be able to 

predict the effect of OHPCBs on hSULT2A1 based on structural characteristics. In order 

to test the hypothesis, the first aim was to examine the ability of OHPCBs to inhibit the 

sulfation of DHEA catalyzed by hSULT2A1 and to determine those cases where the 

inhibition was due to the OHPCB serving as an alternate substrate for hSULT2A1 

(Figure 10). The OHPCBs, whether as pure inhibitors or alternate substrates, may disrupt  
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Figure 10.  Hydroxylated polychlorinated biphenyls (OHPCBs) as substrates and 
inhibitors of hSULT2A1 

 

the cellular balance of sulfation and desulfation of DHEA. This is also important as it 

suggests the ability for these compounds to inhibit the sulfation of other endogenous 

steroids that are substrates for hSULT2A1 (e.g., pregnenolone and androsterone), thereby 

causing endocrine disruption. In addition, sulfation of other xenobiotics or drugs may be 
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altered as these compounds bind to the active site of hSULT2A1. Moreover, sulfation of 

OHPCBs might also serve as a potential route of elimination of these compounds from 

the body, although this remains to be determined. The second aim was to study the 

quantitative structure-activity relationships for OHPCBs as inhibitors of DHEA-sulfation 

catalyzed by hSULT2A1. This will aid in predicting the actions of other similar OHPCBs 

on hSULT2A1, since there is a large number of OHPCBs, and it would not be feasible to 

experimentally test them all. The third aim was to determine the mechanism of inhibition 

of hSULT2A1 by OHPCBs and to study the binding affinities of OHPCBs with purified 

hSULT2A1. The rationale for determining the mechanism of inhibition, and dissociation 

constants is to use the information in connection with results on molecular modeling to 

learn more about the specific interaction of OHPCBs with the active site of hSULT2A1. 

An additional component of this aim was to utilize known crystal structures of 

hSULT2A1 and molecular modeling of substrate and inhibitor interactions with 

hSULT2A1 to further understand how OHPCBs bind to the enzyme.  
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CHAPTER III  

RESULTS AND DISCUSSION 

Inhibitory effects of OHPCBs on the sulfation of DHEA 

catalyzed by hSULT2A1 

A total of 15 hydroxylated polychlorinated biphenyls were examined for their 

ability to inhibit sulfation of DHEA catalyzed by hSULT2A1 (Figure 11). The analysis 

was done using a radiochemical assay with purified recombinant hSULT2A1. The 

sigmoidal curves (Figure 12) were derived by plotting the reaction rate as a percentage of 

the control rate for DHEA sulfation versus the log of the concentration of OHPCB.  A 

complete dose-dependent inhibition was observed with all of the OHPCBs. A range of 

concentrations was used depending on the solubility limit for a given OHPCB. The IC50 

values obtained from the sigmoidal curves are listed in Table 1. There was a greater than 

100-fold range in inhibitory ability for the OHPCBs seen in Table 1. 4-OHPCB 34 and 4-

OHPCB 68 were the most potent inhibitors of DHEA sulfation with IC50 values of 0.6 

and 0.8 µM respectively. These compounds clearly had the highest inhibition potency for 

the enzyme of all the other compounds tested. They both possess one chlorine atom ortho 

to the ring junction and have a 3, 5-dichloro substitution on the phenolic ring. The 

OHPCBs with higher inhibition potency possess either one ortho chlorine atom (4’-

OHPCB 33 and 4’-OHPCB 25) or a meta chlorine atom with two chlorine atoms flanking 

the hydroxy group (4-OHPCB 36). Dichlorinated OHPCBs (4’-OHPCB 6, 4-OHPCB 8, 

4’-OHPCB 9, 4-OHPCB 11, 4’-OHPCB 12, and 4-OHPCB 14) have high inhibition 

potency, with IC50 values ranging from 8µM to 16µM. However, those with ortho 

chlorine substitutions (4’-OHPCB 9, 4’-OHPCB 6 and 4-OHPCB 8) are the best among 

this group, with 4’OHPCB 9 having an IC50 value of 8 µM and 4’-OHPCB 6 and 4-

OHPCB 8 both having an IC50 value of 10 µM. Ortho substitution seemed to be important 

for inhibition as 4’-OHPCB 3 is a 3-fold weaker inhibitor than 4-OHPCB 8, and the 

difference between these two compounds is the ortho chlorine present in the latter. 
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Figure 11.  Structures of OHPCBs used in this study. The full name of each compound is 
given in the methods section. 
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Figure 12.  Inhibitory effects of OHPCBs on the sulfation of DHEA catalyzed by 
hSULT2A1. Radiochemical assays using 1µM 3[H]DHEA were carried out at 
pH 7.0 with variable concentrations of OHPCBs as described in Methods. (A) 
Those OHPCBs that were solely inhibitors and (B) Those OHPCBs that 
inhibited the sulfation of DHEA, but also served as alternate substrates. Data 
points are the means ± standard error of triplicate determination. 
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Table 1. Inhibition of human SULT2A1 activity by hydroxylated PCBs  
(OHPCBs)a 

Compound IC50 (µM) 

4-hydroxy-2’,3,5-trichlorobiphenyl (4-OHPCB 34) 0.6 ± 1.2b 

4’-hydroxy-2,3’,4,5’-tetrachlorobiphenyl (4’-OHPCB 68) 0.8 ± 1.3b 

4’-hydroxy-2’3,4-trichlorobiphenyl (4’-OHPCB  33) 2.5 ± 1.1 

4’-hydroxy-2,3’,4-trichlorobiphenyl (4’-OHPCB 25) 4.4 ± 1.3 

4-hydroxy-3,3’5’-trichlorobiphenyl (4-OHPCB 36) 4.4 ± 1.2 

4’-hydroxy-2,5-dichlorobiphenyl (4’-OHPCB 9) 7.5 ± 1.1 

4’-hydroxy-2,3’-dichlorobiphenyl (4’-OHPCB 6) 9.8 ± 1.1 

4- hydroxy-2,4’-dichlorobiphenyl (4-OHPCB 8) 10 ± 1.2 

4-hydroxy-3,5-dichlorobiphenyl (4-OHPCB 14) 13 ± 1.1 

4-hydroxy-3,3’-dichlorobiphenyl (4-OHPCB 11) 14 ± 1.2 

4’-hydroxy-3,4-dichlorobiphenyl (4’-OHPCB 12) 16 ± 1.1 

6’-hydroxy-3,3’,4-trichlorobiphenyl (6’-OHPCB 35) 16 ± 1.1 

3’,4’-dihydroxy-2,3,-dichlorobiphenyl (3’,4’-diOHPCB 5)  16 ± 1.1 

4’-hydroxy-4-monochlorobiphenyl (4’-OHPCB 3) 28 ± 1.1 

3’,4’-dihydroxy-4-monochlorobiphenyl (3’,4’-diOHPCB 3) 96 ± 1.2 

a Structures of these compounds are shown in Figure 11. IC50 values are 
the micromolar concentrations of OHPCB resulting in 50 % inhibition of  
the sulfation of 1µM DHEA catalyzed by hSULT2A1. IC50 values are  
expressed as the means and standard error of triplicate determinations.  
 
bStandard errors are higher than the IC50 values. This may be due to the fact 
that they are substrates and upon binding, result in structural changes. It may  
also be due to the fit of the data.  
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In addition, an ortho or a meta substitution increased binding affinity for those 

compounds having a 3, 5-dichloro-4-hydroxy substitution. Those with an ortho chlorine 

substitution (4-OHPCB 34 and 4’-OHPCB 68) were the most potent inhibitors, and these 

were followed by 4-OHPCB 36 with meta chlorine substitution and then 4-OHPCB 14 

with no ortho or meta chlorine substitution. A meta chlorine substitution may be more 

effective than a meta hydroxy substitution (compare 4’-OHPCB 12 and 3’, 4’-diOHPCB 

3) for interaction with the enzyme. Furthermore, a meta chlorine substitution is important 

in increasing affinity, as seen by comparing 4’-OHPCB 33 and 4-OHPCB 8, and by 

examining 4-OHPCB 36 and 4-OHPCB 14. 6’-OHPCB 35 and 3’4’-diOHPCB 5 both 

possess an IC50 value of 16 µM. Thus, the ortho-OH substitution in 6’-OHPCB 35 does 

not seem to increase inhibition potency. These data have given us important new insights 

on structural requirements of OHPCBs for the inhibition of SULT2A1 activity.  

Sulfation of OHPCBs catalyzed by hSULT2A1 

Since substrate-binding to the active site of hSULT2A1 could serve to inhibit the 

sulfation of DHEA, it was necessary to determine which OHPCBs were substrates for the 

enzyme. Of the 15 OHPCBs that were inhibitors of hSULT2A1-catalyzed sulfation of 

DHEA, eight were substrates. The effect of increasing OHPCB concentration on the 

activity of purified recombinant hSULT2A1 was then investigated using a range of 

concentrations of OHPCBs (depending upon solubility limit of each individual OHPCB) 

and a saturating concentration of PAPS (200 µM). As seen in Figure 13, as the substrate 

OHPCB concentration increased, there was an increase in the rate of sulfation until it 

reached a maximum, and then the velocity began to decrease at higher concentrations of 

substrate. This decrease in rate of sulfation is known as substrate inhibition. Substrate 

inhibition is typical with many sulfotransferases, and it is usually a result of the formation 

of a dead-end complex (i.e. an Enzyme-PAP-Substrate complex) (191). The kinetics of 

sulfation were fitted to a substrate inhibition equation v = Vmax/(1+ (Km/[S])+[S]/Kis)  
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Figure 13.  The ability of purified recombinant hSULT2A1 to catalyze sulfation of 
OHPCBs was investigated with HPLC assay for substrate-dependent 
formation of PAP. Assays were conducted at pH 7.0 with a saturating 
concentration of PAPS (200 µM) as described in the chapter on methods. 
Panel A, corresponds to sulfation of 4-OHPCB 14, 4-OHPCB 34, 4-OHPCB 
8, 4’-OHPCB 33, and 4-OHPCB 11. Panels B, C, D correspond to sulfation of 
4’-OHPCB 68, 4-OHPCB 36 and 4’-OHPCB 25 respectively. Kinetic data for 
4’-OHPCB 68 provided by Y. Liu (67). 
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(Table 2). In Table 2, the Vmax (i.e. the maximum reaction velocity) values ranged from 

8.5 to 57 nmol/min/mg and, among the OHPCBs examined, the Vmax value was highest 

for 4- OHPCB 34 and lowest for 4’-OHPCB 25. The Km (i.e. the concentration of 

substrate at half maximal velocity) ranged from 8.1 µM to 57 µM with 4-OHPCB 34 

having the lowest Km value. The substrate inhibition constant, Kis, ranged from 39 to 220 

µM. Substrate inhibition was most prevalent with increasing concentration of 4-OHPCB 

34 and 4-OHPCB 36. Three OHPCBs with a 3, 5-dichloro- 4-hydroxy substitution pattern 

(4-OHPCB 34, 4-OHPCB 36, and 4-OHPCB 14) showed the highest catalytic efficiency 

(Kcat/Km) with the enzyme and these values reached approximately ten times those of the 

OHPCBs without the 3, 5-dichloro-4-hydroxy substitution pattern (i.e. 4-OHPCB 8, 4-

OHPCB 11, 4’-OHPCB 25, 4’-OHPCB 33).  

 

 

Table 2. Kinetic parameters for sulfation of OHPCBs catalyzed by hSULT2A1 

OHPCB 
 

Vmax 
(nmol/min/mg) 

Km 
(µM) 

Kis 
(µM) 

kcat/Km 
(min-1mM-1) 

4-OHPCB 14 44.3 ± 3.9 8.5 ± 1.8 220 ± 56 176 

4-OHPCB 34 57.1 ± 11.4 8.1 ± 3.2 47.4 ± 16.2 238 

4-OHPCB 36 51.8 ± 16.3 13.6 ± 6.7 39.4 ± 23.1 129 

4-OHPCB 8 56.1 ± 42.6 56.8 ± 58.2 65.4 ± 73.8 33 

4’-OHPCB 33 21.0 ± 7.4 26.2 ± 16.2 217 ± 189 27 

4’-OHPCB 25a 8.5 ± 0.5 8.6 ± 2.0 - 33 

4-OHPCB 11 21.4 ± 18.3 36.6 ± 43.9 51.9 ± 65.7 20 

a While 4’-OHPCB 25 and 4’-OHPCB 68 (not shown) were substrates for hSULT2A1, 
reliable kinetic constants for Kis (both OHPCBs) and for Km and Vmax (4’-OHPCB 68) were  
not obtained due to low solubilities. Values of Km  and Vmax for 4’-OHPCB 25 were estimated 
using the Michaelis-Menten equation. Note: kcat/Km values are based on a subunit Mr of 33,785. 
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Development of three dimensional quantitative structure-

activity models (3D-QSAR) for the interaction of OHPCBs 

with hSULT2A1 

Lower polychlorinated biphenyls have been found in urban air, and their 

hydroxylated metabolites have been shown to interact with hSULT2A1. One goal of this 

research was to develop a method to predict interactions of these OHPCBs with this 

enzyme. Although the development of linear models (2D-QSAR) for the use of pKa and 

log P values of OHPCBs in predicting inhibition of DHEA sulfation catalyzed by 

hSULT2A1 was attempted (Figure 14), no useful correlations were seen between the log 

IC50 and either log P or pKa. The r2 values for linear curve-fitting with both plots were 

approximately 0.7, and this was not considered to be useful for predictive purposes.   

To improve assessment of the ability of these chlorinated OHPCBs to interact 

with hSULT2A1, a 3D-QSAR based on comparative molecular field analysis (CoMFA) 

was then developed. The model can help in prescreening other lower chlorinated 

OHPCBs having similar substitution patterns for their effects on hSULT2A1. The 3D-

QSAR model was derived for a set of 15 OHPCBs which were built in SYBYL 8.0 

(Tripos, St. Louis Mo, USA), and the IC50 values used for 3D-QSAR development are 

shown in Table 1. The IC50 values were converted into pIC50 (-log IC50 (M)) values for 

the CoMFA analysis. The IC50 values covered a range of 2 orders of magnitude and were 

evenly distributed over this range. For alignment purposes, seven compounds were used 

as templates based on a common substructure to get the best alignment for our model. 

The use of 3’4’-diOHPCB 5 as template gave the highest q2 (0.742) and r2 (0.981) values 

at 7 components (Table 3). Other templates also gave high q2 values at a high optimum 

number of components. However, using a high number of components means running the 

risk of over-fitting the data to noise. In order not to over train the model, the template (4’-

OHPCB 68) with lower number of components with a somewhat lower q2 value, was 

used for the 3D-QSAR model. The superimposition of all the compounds on the  
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Figure 14.  Linear models (2D-QSAR) for the use of log P and pKa of OHPCBs in 
predicting inhibition of DHEA sulfation catalyzed by hSULT2A1. Log P and 
pKa values were calculated at pH 7.0. using the ACD/I-Lab Web service, 
Advanced Chemistry Development Inc. (Ontario, Canada) 
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Table 3. Evaluation of each of the seven OHPCBs for use as a template for alignment in 
CoMFA 

Template  Optimum 
     # of 
components

q2  r2  S.E  S.C. (%) E.C. (%) 

4-OHPCB 3 6 -0.156 0.980 0.105 26 74 

4’-OHPCB 9 5 0.625 0.975 0.112 19 81 

4-OHPCB 12 7 0.260 0.972 0.134 25 75 

4’-OHPCB 25 7 0.717 0.980 0.114 36 74 

4’-OHPCB 68 5 0.697 0.949 0.159 38 62 

3’,4’-diOH PCB 3 7 0.715 0.982 0.108 23 77 

3’,4’-diOH PCB 5 7 0.742 0.981 0.109 21 79 

Note: q2 is the predictive power of the model, r2 is the fit of the data to the model, S.E is    
the standard error, S.C. is steric contribution and E.C is the electrostatic contribution. 

 

 

template molecule 4’- OHPCB 68 is shown in Figure 15. The CoMFA model ultimately 

derived was statistically significant with a q2 value of 0.697, an r2 value of 0.949, and a 

standard error (S.E.) of 0.159 at 5 components. The steric and electrostatic contributions 

were 38% and 62%, respectively. The experimental and predicted binding affinities, 

expressed in pIC50 values, are shown in Table 4. The difference between the actual pIC50 

and predicted pIC50 is less than 0.5 (Table 4). 4-OHPCB 34 had the highest inhibitory 

activity with an experimental value of 6.22 and predicted value of 6.02. There is good 

correlation between actual pIC50 and predicted pIC50 without any real outliers as shown in 

Figure 16. It should be noted that substrates for hSULT2A1 were the most potent 

inhibitors of the sulfation of DHEA catalyzed by hSULT2A1 (Figure 17) 

The q2 (0.697) derived proves that the model is useful. However, it is ideal to test 

the external predictive power of the 3D-QSAR model developed. Our training set 

contained 15 compounds and to get a perfect model, at least 15 compounds are usually  
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Figure 15.  Superimposition of all 15 hydroxylated polychlorinated biphenyls (OHPCBs) 
with 4’-OHPCB 68 as template molecule using a common substructure-based 
alignment. 

 

desired. However, a good model can still be derived with slightly fewer compounds. 

Therefore for external validation purposes 3 compounds (4-OHPCB 14, 4-OHPCB 25 

and 4-OHPCB 12) were removed from the training set, and a model was derived using 

the remaining 12 compounds (i.e. model 2, Figure 18). It should be noted that care was 

taken not to choose compounds with highest or lowest pIC50 in order to maintain 2 orders 

of magnitude between the lowest and highest value of IC50. The 3 compounds chosen 

were moderately inhibitory. As observed in Table 5, the prediction of IC50 values for 4-

OHPCB 12 and 4-OHPCB 25 were in agreement with the experimental IC50 values 

obtained. However, the predicted and actual IC50 values for 4-OHPCB 14 were 3.8 fold 

different. This was, however, only slightly more than the 0.5 log unit criteria that is 

commonly used to evaluate predicted vs. actual values in CoMFA. The q2, r2, and S.E for 

the model based on the 12 compounds were 0.540, 0.957 and 0.163, respectively, at 4 
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  Table 4. Experimental and predicted IC50 values of 15 OHPCBs for the inhibition  
  of DHEA sulfation catalyzed by hSULT2A1  

Compound IC50   
(µM) 

Actual 
pIC50  

CoMFA     Predicted 
    pIC50 

 Difference  

3',4'-diOH PCB 3 95.7 4.019 90 3.947 0.072 

3',4'-diOH PCB 5 15.9 4.799 90 4.853 0.054 

4'-OHPCB 12 15.8 4.801 84 4.763 0.039 

4'-OHPCB 25 4.4 5.357 92 5.273 0.084 

4'-OHPCB 3 28.1 4.551 86 4.525 0.026 

4'-OHPCB 33 2.5 5.602 92 5.503 0.099 

4'-OHPCB 6 9.8 5.009 88 5.117 0.108 

4'-OHPCB 68 0.8 6.097 94 6.153 0.056 

4'-OHPCB 9 7.5 5.125 86 5.114 0.011 

4-OHPCB 11 14.0 4.854 84 4.843 0.011 

4-OHPCB 14 13.0 4.886 88 5.082 0.196 

4-OHPCB 34 0.6 6.222 88 6.022 0.199 

4-OHPCB 36 4.4 5.357 92 5.268 0.088 

4-OHPCB 8 10.0 5.000 92 5.303 0.303 

6'-OHPCB 35 15.5 4.810 92 4.721 0.088 

  Note: The difference between the experimental and the predicted pIC50 values is  
seen in the column labeled Difference. 
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Figure 16.  Actual versus predicted - log IC50 values for a set of 15 OHPCBs inhibitors of 
DHEA sulfation catalyzed by hSULT2A1. The predicted and experimental  
pIC50 values are in good agreement. The predictive power (q2) of the model is 
0.697 and the fit of the data to the model (r2) is 0.949. 
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Figure 17.  OHPCB substrates of hSULT2A1 are the most potent inhibitors of DHEA 
sulfation. The predictive power (q2) of the model is 0.697 and the fit of the 
data to the model (r2) is 0.949. 
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Figure 18.  Actual versus predicted - log IC50 values for the 12-compound model (model 
2). The predicted and experimental pIC50 values are in good agreement. The 
predictive power (q2) of the model is 0.540 and the fit of the data to the model 
(r2) is 0.957. 

 
 
 
Table 5. Predicted and actual IC50 values of test compounds 

Test 
compounds      

Predicted (pIC50)   Actual (pIC50)     Predicted  
    IC50 (µM) 

   Actual  
  IC50 (µM) 

4’-OHPCB 12 4.73 4.80 18.6 15.8 

4-OHPCB 25 5.39 5.36 4.10 4.40 

4-OHPCB 14 5.47 4.89 3.37 13.0 

Note: Three compounds were removed from the training set in Model 1, and a second 
model derived based on the 12 remaining compounds. This second model was used to 
predict the IC50 values for 4’-OHPCB 12, 4-OHPCB 25 and 4-OHPCB 14.  
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components. The steric contribution was 29% and the electrostatic contribution was 71%.  

We also examined an additional OHPCB that has been shown to be present in 

serum (4-OHPCB 165) but was not part of either CoMFA model. This compound 

however, was very different from the compounds in the training set, in terms of its 

chlorine substitution pattern and number of chlorine atoms it possesses. It has two ortho 

chlorines at the bridge and, due to its highly chlorinated nature, is very lipophilic. 

However, owing to its very low solubility limit under our assay conditions, it was not 

possible to determine a valid IC50 value. The solubility limit of 4-OHPCB 165 is 1 µM 

and this was determined using a previously described light scattering method (193) with 

modification to excitation and emission wavelength. The excitation was set at 380 nm 

with a slit width of 2.5 nm, and emission was set at 400 nm with a slit width of 4 nm.   

Mechanism of Inhibition of hSULT2A1 by OHPCBs 

  In order to investigate the mechanism by which OHPCBs inhibit sulfation of 

DHEA catalyzed by hSULT2A1, the same radiochemical assay described in the methods 

section (chapter V) was used with fixed concentrations of DHEA (0.2 µM, 0.4 µM, 0.6 

µM and 1 µM) in the presence and absence of variable concentrations of OHPCBs. The 

DHEA concentrations used were below the concentration where substrate inhibition 

occurred (191). Data obtained were fitted by nonlinear regression to four different kinetic 

models (competitive, noncompetitive, mixed, and uncompetitive inhibition) (Enzyme 

Kinetics Module, Sigma Plot 11) using the following equations: competitive (full) 

equation (Eq. (1a)) competitive (partial) equation (Eq. (1b)), noncompetitive (full) 

equation (Eq. (2a)), noncompetitive (partial) equation (Eq. (2b)), mixed (full) equation 

(Eq. (3a)), mixed (partial) equation (Eq. (3b)), uncompetitive (full) equation (Eq. (4a)), 

and uncompetitive (partial) equation (Eq. (4b)). The model having a high R2 with the 

lowest AICc value was chosen to be the most likely model for the mode of inhibition 

(Table 6). The Akaike Information Criterion (AIC) is useful in comparing statistical 
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v = Vmax/(1+(Km/S)*(1+I/Ki))       (1a) 

v = Vmax/(1+(Km/S)*(1+I/Ki)/(1+I/(αKi)))     (1b) 

v = Vmax/((1+I/Ki)*(1+Km/S))       (2a) 

v = Vmax/((1+Km/S)*(1+I/Ki)/(1+I*β/Ki))     (2b) 

v = Vmax/((Km/S)*(1+I/Ki)+(1+I/αKi)))     (3a) 

v = Vmax*((1+β*I/( αKi))/(1+I/(αKi)))/(1+(Km/S))*(1+I/Ki)/(1+I/(αKi))) (3b) 

v = Vmax/(1+I/Ki+Km/S)       (4a) 

v = Vmax*(1+ β*(I/Ki))/(1+I/Ki+Km/S)     (4b)  

   

 

models in order to select the right model that has the best-fit to the data (194). It provides 

the information lost when a model is related to a real process (195). It is however more 

useful for larger sample sizes (i.e. n > 40) (196). The corrected version of Akaike 

Information Criterion (AICc) has been utilized in this work because it is more preferred 

to the AIC for smaller sample sizes (196). In addition, under each statistical model there 

is an extensive search in order to make sure the model is the likely model and this makes 

the AICc more powerful than the AIC (197). The lines corresponding to the various 

concentrations of OHPCBs intersect to the left of the y-axis in plots of 1/v versus 

1/DHEA. Eleven OHPCBs showed a complete noncompetitive inhibition while three 

OHPCBs (4’-OHPCB 9, 4’-OHPCB 25, and 4’-OHPCB 68) showed a partial 

noncompetitive inhibition with respect to DHEA. 4-OHPCB 36 was the only OHPCB 

that exhibited a partial competitive inhibition. The OHPCB substrates were the most 

potent inhibitors of DHEA sulfation catalyzed by hSULT2A1, and they bind at the active 

site of hSULT2A1. In noncompetitive inhibition the inhibitor binds to the free enzyme 

(E) and enzyme-substrate complex (ES) (198). It possesses two dissociation constants: 

the dissociation constant for binding of the inhibitor to the free enzyme (Ki) and binding 

of the inhibitor to the enzyme-substrate complex (αKi) (198). The Ki values for the 
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inhibitors are listed in Table 7. Alpha (α) shows the effect of a substrate on the affinity of 

the enzyme for an inhibitor and vice versa (199). Therefore, it reflects a change in the 

dissociation constant upon binding of substrate to enzyme (199). Fourteen OHPCBs have 

an α value of 1 and their reciprocal plots intersect on the x-axis (Figures 19 to 25), 

meaning that these inhibitors have equal affinity for both the free enzyme (E) and 

enzyme-substrate (ES) complex. In addition, 4’-OHPCB 9, 4’-OHPCB 25, and 4’-

OHPCB 68 also possess beta (β) values of 0.11 ± 0.02, 0.19 ± 0.06, 0.23 ± 0.07,  

 

 
 
Table 6. Comparison of the statistic parameters of enzyme kinetic models of inhibitor 
equation fits  

 

OHPCBs 

Noncompetitive 
(full) 

  R2           AICc 

     Mixed 
      (full) 
R2           AICc 

Competitive 
(full) 

R2           AICc 

   Uncompetitive 
(full) 

 R2             AICc 

4’-OHPCB 33 0.97 40.9 0.97 43.7 0.96 48.0 0.94 58.0 

4’-OHPCB 68a 0.97 6.4 0.97 9.9 0.97 8.4 0.95 23.4 

4’-OHPCB 6 0.99 17.7 0.99 19.4 0.99 23.4 0.96 59.2 

4-OHPCB 36b 0.98 31.4 0.98 27.4 0.98 24.6 0.96 55.1 

4-OHPCB 8 0.97 38.8 0.97 41.5 0.97 40.8 0.95 60.9 

4-OHPCB 14 0.97 40.6 0.97 43.3 0.97 43.5 0.94 60.0 

4’-OHPCB 9 a 0.99 -1.1 0.99 0.8 0.99 4.1 0.98 42.5 

4-OHPCB 11 0.97 53.2 0.97 54.1 0.96 60.3 0.95 64.4 

4’-OHPCB 3 0.96 43.3 0.96 45.5 0.95 47.9 0.94 53.5 

4’-OHPCB 12 0.98 20.6 0.98 23.3 0.98 23.0 0.97 44.6 

4’-OHPCB 25 a 0.97 45.8 0.97 48.0 0.96 52.9 0.95 61.0 

3’,4’-diOH PCB 3 0.98 33.9 0.98 35.6 0.97 45.0 0.97 43.8 

3’,4’-diOH PCB 5 0.98 21.8 0.98 23.4 0.98 25.7 0.96 46.7 

6’-OHPCB 35 0.98 10.8 0.99 11.4 0.97 25.0 0.97 33.9 

4-OHPCB 34 0.97 37.1 0.97 38.7 0.96 47.2 0.96 46.9 

a fit to partial noncompetitive inhibition equation  

b fit to partial competitive inhibition equation  
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Table 7. Dissociation constants for 15 OHPCBs as inhibitors of sulfation of  
DHEA catalyzed by hSULT2A1 

Polychlorinated biphenyls (OHPCBs ) Ki  ( µM)a 

4-hydroxy-2’,3,5-trichorobiphenyl (4-OHPCB 34) 0.8 ± 0.1 

4’-hydroxy-2,3’,4,5’-tetrachlorobiphenyl (4’-OHPCB 68) 0.6 ± 0.1 

4’-hydroxy-2’3,4-trichlorobiphenyl (4’-OHPCB  33) 3 ± 0.2 

4’-hydroxy-2,3’,4-trichlorobiphenyl (4’-OHPCB 25) 3 ± 0.6 

4-hydroxy-3,3’5’-tricrobiphenyl (4-OHPCB 36) 3.4 ± 0.8 

4’-hydroxy-2,5-dichlorobiphenyl (4’-OHPCB 9) 0.7 ± 0.1 

4’-hydroxy-2,3’-dichlorobiphenyl (4’-OHPCB 6) 5.4 ± 0.2 

4- hydroxy-2,4’-dichlorobiphenyl (4-OHPCB 8) 5.0 ± 0.4 

4-hydroxy-3,5-dichlorobiphenyl (4-OHPCB 14) 13.5 ± 1.0 

4-hydroxy-3,3’-dichlorobiphenyl (4-OHPCB 11) 12 ± 0.9 

4’-hydroxy-3,4-dichlorobiphenyl (4’-OHPCB 12) 4 ± 0.3 

6’-hydroxy-3,3’,4 trichlorobiphenyl (6’-OHPCB 35) 9 ± 0.5 

3’,4’-dihydroxy-2,3,-dichlorobiphenyl (3’,4’-diOHPCB 5)  14 ± 0.8 

4’-hydroxy-4-monochlorobiphenyl (4’-OHPCB 3) 17 ± 1.5 

3’,4’-dihydroxy-4-monochlorobiphenyl (3’,4’-diOHPCB 3) 32 ± 2.3 
a Ki  is calculated using nonlinear regression analysis fit to noncompetitive  
inhibition  
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respectively. The β values signify formation of product (i.e., DHEA-sulfate) in the 

presence of these three OHPCBs. While it is sometimes assumed that only competitive 

inhibitors interact at the same site on the enzyme as the substrate, this is not always the 

case. Noncompetitive inhibitors can also bind at the active site of the enzyme (187). The 

key difference is that different forms of the enzyme are involved. Moreover, 

noncompetitive inhibition has been seen with most inhibitors of sulfotransferases. For 

example, the mode of inhibition of the sulfation of 3-OH-BaP by triclosan and by 

OHPCBs has been reported as noncompetitive (200-201). Triethylamine was also shown 

to be a noncompetitive inhibitor of DHEA sulfation (202). Furthermore, quercetin has 

been shown to noncompetitively inhibit sulfation of minoxidil and acetaminophen (203-

204).  

The noncompetitive inhibition observed by the OHPCBs studied might suggest 

multiple sites of binding of the inhibitors to the enzyme, but it would also be consistent 

with interaction solely at the DHEA-binding site. There have been studies that show the 

possibility of two substrates simultaneously occupying the active site in two isoforms of a 

family 1 sulfotransferase (156, 205). The tertiary structures at the catalytic sites among 

the cytosolic sulfotransferases are similar, and the sulfuryl acceptor binding site for the 

family 1 enzyme is large enough to accommodate two molecules of substrate at the same 

time. While Rehse et al., 2002, showed two binding modes for DHEA by overlaying two 

crystal structures of hSULT2A1 in complex with DHEA (158), there are no studies to 

support having two molecules of DHEA simultaneously at the active site of hSULT2A1.  

A noncompetitive inhibition pattern would also arise if the OHPCB bound to the 

DHEA binding site in both the free enzyme and the form of the enzyme with PAPS or 

PAP already bound. Indeed, DHEA has been shown to have two alternate binding modes 

to hSULT2A1, in the open conformation (without PAP) and in the closed conformation 

(with PAP) (206). Thus, the noncompetitive binding pattern seen with OHPCBs is likely 

the result of different enzyme conformation depending on whether or not the nucleotide  
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Figure 19.  Kinetic analysis of OHPCBs as inhibitors of DHEA sulfation catalyzed by 
hSULT2A1. Nonlinear regression fits to noncompetitive inhibition by 4’-
OHPCB 33 and 4-OHPCB 34 are shown. The data points are the means ± 
standard error of triplicate determination. AICc values for 4’-OHPCB 33 and 
4-OHPCB 34 are 40.9 and 37.1 respectively, and R2 is 0.97 for both OHPCBs. 

Cl

OH

Cl

Cl

4'-OHPCB 33

Cl

OH

Cl

Cl

4-OHPCB 34



 

 

54

1/[DHEA] (µM)

-1 0 1 2 3 4 5 6

1/
R

at
e 

(n
m

ol
/m

in
/m

g)

0.1

0.2

0.3

0.4

0.5
I = 0 
I = 5 M
I = 10M
I = 20 M

 

 

 

 

 

 

 

 

 

 

 1/[DHEA] (µM)

-1 0 1 2 3 4 5 6

1/
R

at
e 

(n
m

ol
/m

in
/m

g)

0.2

0.4

0.6

0.8

1.0

I = 0
I = 4 M
I = 8 M
I = 16 M

 

Figure 20.  Kinetic analysis of OHPCBs as inhibitors of DHEA sulfation catalyzed by 
hSULT2A1. Nonlinear regression fits to noncompetitive inhibition (full) and 
noncompetitive (partial) inhibition by 4’-OHPCB 6 and 4’-OHPCB 9 
respectively are shown. AICc values for 4’-OHPCB 6 and 4’-OHPCB 9 are 
17.7 and -1.1 respectively, and R2 is 0.99 for both OHPCBs. 
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Figure 21.  Kinetic analysis of OHPCBs as inhibitors of DHEA sulfation catalyzed by 
hSULT2A1. Nonlinear regression fits to noncompetitive inhibition of 4-
OHPCB 8 and 4-OHPCB 14 are shown. AICc values for 4-OHPCB 8 and 4-
OHPCB 14 are 38.8 and 40.6 respectively, and R2 is 0.97 for both OHPCBs. 
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Figure 22.  Kinetic analysis of OHPCBs as inhibitors of DHEA sulfation catalyzed by 
hSULT2A1. Nonlinear regression fits to noncompetitive inhibition by 6’-
OHPCB 35 and 4-OHPCB 11 are shown. AICc values are 10.8 and 53.2, and 
R2 are 0.98 and 0.97 for 6’-OHPCB 35 and 4-OHPCB 11 respectively. 
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Figure 23.  Kinetic analysis of OHPCBs as inhibitors of DHEA sulfation catalyzed by 
hSULT2A1. Nonlinear regression fits to noncompetitive inhibition by 4’-
OHPCB 3 and 4’-OHPCB 12 are shown. AICc values are 43.3 and 20.6, and 
R2 are 0.96 and 0.98 for 4’-OHPCB 3 and 4’-OHPCB 12, respectively. 
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Figure 24.  Kinetic analysis of OHPCBs as inhibitors of DHEA sulfation catalyzed by 
hSULT2A1. Nonlinear regression fits to noncompetitive inhibition by 3’, 4-
diOHPCB 3 and 3’, 4’-diOHPCB 5 are shown. AICc values are 33.9 and 21.8 
for 3’, 4’-diOHPCB 3 and 3’, 4’-diOHPCB 5 respectively, and R2 is 0.98 for 
both OHPCBs. 
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Figure 25.  Kinetic analysis of OHPCBs as inhibitors of DHEA sulfation catalyzed by 
hSULT2A1. Nonlinear regression fits to noncompetitive (partial) inhibition by 
4’-OHPCB 25 and 4’-OHPCB 68 are shown. AICc values are 45.8 and 6.4 for 
4’-OHPCB 25 and 4’-OHPCB 68 respectively and R2 is 0.97 for both 
OHPCBs. 
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(i.e., either PAPS or PAP) is bound to the sulfotransferase.  4-OHPCB 36 showed a 

partial competitive inhibition with respect to DHEA and it had α value of 4.2, and lines 

intersect above the x-axis (Figure 26), indicating that this OHPCB binds to the free 

enzyme. Competitive inhibition is where the substrate (in this case DHEA) binds with a 

higher affinity to the free enzyme than the enzyme-complex. However, the inhibition of 

DHEA by 4-OHPCB 36 is not a complete inhibition, therefore the enzyme is converted 

into a modified, but still functional enzyme-substrate-inhibitor complex (207). 
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Figure 26.  Kinetic analysis of 4-OHPCB 36 as inhibitor of DHEA sulfation catalyzed by 
hSULT2A1. The nonlinear regression fit to competitive (partial) inhibition is 
shown. AICc and R2 are 24.6 and 0.98, respectively. 
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The Binding of OHPCBs to hSULT2A1 

Studies to determine dissociation constants for the binding of OHPCB were 

carried out using the fluorescent probe molecule, 8-anilino-1-naphthalene sulfonic acid 

(ANS), shown in Figure 50 in the Methods section. ANS is used for the detection of 

structural and functional changes of proteins, and it is particularly useful for the analysis 

of the binding of ligands to proteins (208). The binding of ANS to protein is noncovalent, 

and therefore, it can be displaced by a specific substrate or inhibitor. A decrease in the 

fluorescence of ANS is observed when it is displaced from a hydrophobic region of a 

protein into a more polar environment.  

Most proteins have been reported to have more than one binding site for ANS 

(209). It is therefore important to use a concentration of this probe molecule that would 

saturate all potential binding sites on the enzyme. Preliminary experiments to determine 

the binding of ANS to hSULT2A1 were carried out in order to know the saturating 

concentration of ANS needed in subsequent OHPCB-titration studies. Titrations with 

ANS were done in the presence and absence of hSULT2A1 (duplicate determinations) 

and the fluorescence intensity was plotted as a function of the concentration of ANS 

(Figure 27). A dissociation constant (Kd) of approximately 12 µM was obtained. The 

difference of the means (mean with enzyme minus mean without enzyme) of the two 

assays, also represented in Figure 27, clearly showed that saturation occurred at a 

concentration of 40 µM. This concentration was over 3-fold higher than the Kd, and this 

was the concentration used in the subsequent titration studies to determine dissociation 

constants for OHPCBs.  

The binding of OHPCBs to hSULT2A1 was analyzed in the presence of 40 µM 

ANS as described in chapter V, and the absolute value of the change in fluorescence was 

plotted versus concentration of OHPCB (Figures 28 to 35). It should be noted that the 

increase in the absolute value of the change in ANS fluorescence with OHPCB titration 

actually represents a decrease in the fluorescence intensity of ANS observed. 
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Figure 27.  Binding of ANS to hSULT2A1. The excitation wavelength was 380 nm and 
the emission wavelength was 465 nm. Data points are the mean ± standard 
error of duplicate determinations (●) assays done in the presence of enzyme. 
(○) assays carried out in the absence of enzyme. (▼) the difference between 
the means of the duplicate determinations in the presence and absence 3 µg of 
enzyme.  
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Note: The y-axis represents the absolute value of the decrease in fluorescence of the 
probe molecule (ANS) at 465 nm (excitation at 380 nm). 

Figure 28.  Binding 4’-OHPCB 3 and 3’, 4’-diOH PCB 3 to hSULT2A1. A plot of the 
absolute value of the fluorescence change versus OHPCBs concentration is 
shown. Assays were carried out with a saturating concentration of ANS (40 
µM). Data points are the mean ± standard error of triplicate determinations. 
The curves represent the fit to a single-site binding equation for 4-OHPCB 3 
(r2 = 0.92), and a double-site binding equation for 3’, 4-diOHPCB 3 (r2 = 
0.97). 
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Note: The y-axis represents the absolute value of the decrease in fluorescence of the 
probe molecule (ANS) at 465 nm (excitation at 380 nm). 

Figure 29.  Binding of 4-OHPCB 68 and 4-OHPCB 36 to hSULT2A1. A plot of the 
absolute value of the fluorescence change versus OHPCBs concentration is 
shown. Assays were carried out with a saturating concentration of ANS (40 
µM). Data points are the mean ± standard error of triplicate determinations. 
The curves represent the fit to a single-site binding equation (r2 = 0.98 for both 
4-OHPCB 68 and 4-OHPCB 36). 
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Note: The y-axis represents the absolute value of the decrease in fluorescence of the 
probe molecule (ANS) at 465 nm (excitation at 380 nm). 

Figure 30.  Binding of 4-OHPCB 14 and 4-OHPCB 34 to hSULT2A1. A plot of the 
absolute value of the fluorescence change versus OHPCBs concentration is 
shown. Assays were carried out with a saturating concentration of ANS (40 
µM). Data points are the mean ± standard error of triplicate determinations. 
The curves represent the fit to a single-site binding equation (r2 = 0.93 for both 
4-OHPCB 14 and 4-OHPCB 34). 
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Note: The y-axis represents the absolute value of the decrease in fluorescence of the 
probe molecule (ANS) at 465 nm (excitation at 380 nm). 

Figure 31.  Binding 3’, 4’-diOH PCB 5 and 4’-OHPCB 12 to hSULT2A1. A plot of the 
absolute value of the fluorescence change versus OHPCBs concentration is 
shown. Assays were carried out with a saturating concentration of ANS (40 
µM). Data points are the mean ± standard error of triplicate determinations. 
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Note: The y-axis represents the absolute value of the decrease in fluorescence of the 
probe molecule (ANS) at 465 nm (excitation at 380 nm). 

Figure 32.  Binding 4-OHPCB 8 to 4’-OHPCB 9 to hSULT2A1. A plot of the absolute 
value of the fluorescence change versus OHPCBs concentration is shown. 
Assays were carried out with a saturating concentration of ANS (40 µM). 
Data points are the mean ± standard error of triplicate determinations 
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Note: The y-axis represents the absolute value of the decrease in fluorescence of the 
probe molecule (ANS) at 465 nm (excitation at 380 nm). 

Figure 33.  Binding 6’-OHPCB 35 and 4’-OHPCB 33 to hSULT2A1. A plot of the 
absolute value of the fluorescence change versus OHPCBs concentration is 
shown. Assays were carried out with a saturating concentration of ANS (40 
µM). Data points are the mean ± standard error of triplicate determinations. 
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are the mean ± standard error of triplicate determinations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note: The y-axis represents the absolute value of the decrease in fluorescence of the 
probe molecule (ANS) at 465 nm (excitation at 380 nm). 

Figure 34.  Binding 4-OHPCB 11 and 4’-OHPCB 25 to hSULT2A1. A plot of the 
absolute value of the fluorescence change versus OHPCBs concentration is 
shown. Assays were carried out with a saturating concentration of ANS (40 
µM). Data points are the mean ± standard error of triplicate determinations. 
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Note: The y-axis represents the absolute value of the decrease in fluorescence of the 
probe molecule (ANS) at 465 nm (excitation at 380 nm). 

Figure 35.  Binding 4’-OHPCB 6 to hSULT2A1. A plot of the absolute value of the 
fluorescence change versus OHPCBs concentration is shown. Assays were 
carried out with a saturating concentration of ANS (40 µM). Data points are 
the mean ± standard error of triplicate determinations. 

 

 

Since the OHPCBs tested showed inhibition of DHEA sulfation, and many were 

alternate substrates (see above), this implies that they were acting at the active site of the 

enzyme. Therefore, the initial displacement of ANS observed during the titration studies 

was most likely from the active site of hSULT2A1 and not from an allosteric site of the 

enzyme. Dissociation constants (Kd values) were derived for some of the OHPCBs, and 

these are seen in Table 8. However with others, it was not possible to determine valid Kd 

values due to binding interaction that were not modeled by simple one-site or two-site 

binding equations. In fact, for several OHPCBs, an increase in fluorescence was seen 
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following the usual decrease in fluorescence, and this was then followed by another 

decrease in fluorescence intensity at higher concentrations of the OHPCBs.   

 

 

Table 8. Kd values for six hydroxylated polychlorinated biphenyls (OHPCBs)  

 OHPCBs Kd (µM) 

4’-hydroxy-4-monochlorobiphenyl (4’-OHPCB 3) 3.48 ± 1.03 

4-hydroxy-3,5-dichlorobiphenyl (4-OHPCB 14) 2.55 ± 0.63 

4-hydroxy-3,3’5’-tricrobiphenyl (4-OHPCB 36) 2.46 ± 0.43 

4-hydroxy-2’,3,5-trichorobiphenyl (4-OHPCB 34) 2.21 ± 0.44 

4’-hydroxy-2,3’,4,5’-tetrachlorobiphenyl (4’-OHPCB 68) 2.26 ±  0.33 

3’,4’-dihydroxy-4-monochlorobiphenyl (3’,4’-diOHPCB 3) 1.17 ± 1.11 (Kd1) 
41.9 ± 74.8 (Kd2) 

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 

 

 

In order to rule out the possibility of an interaction between ANS and OHPCBs, 

an experiment was carried out with no enzyme, but with 40 µM ANS present. Titration 

was then carried out with 6’-OHPCB 35 (one of the OHPCB that showed the unique 

changes in fluorescence). The result showed that there was no direct interaction between 

6’-OHPCB 35 and ANS (Figure 36), because an increase in fluorescence with increasing 

concentration of 6’-OHPCB 35 was not observed under these conditions.  

Further explanations for the multiphasic binding observed with some of the 

OHPCBs were explored. The initial binding in all cases would be the displacement of 

ANS bound to the hydrophobic active site of hSULT2A1 due to the fact that upon 

titration with OHPCBs a decrease in fluorescence would be seen as ANS moves from the 

active site to the aqueous environment. Further titration with higher concentrations of 

OHPCBs, might cause a conformational change of the hSULT2A1 where ANS would be  
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Figure 36.  Fluorescence intensity of 40 µM ANS following addition of increasing 
concentrations of 6’-OHPCB 35 in the absence of enzyme. 

 

able to bind to other sites, and an increase in fluorescence would be observed. As even 

higher concentrations of OHPCB were reached, ANS might be displaced once more as 

additional OHPCB molecules bound to the enzyme. A schematic description of this 

process is seen in Figure 37. 

 Another explanation for this multiphasic binding seen with some OHPCBs could 

be as a result of pi-pi interactions. First there might be displacement of ANS by OHPCB 

from the active site, then binding of ANS to the enzyme-OHPCB complex resulting in pi-

pi interactions between the OHPCB and ANS. This might be followed by another 

molecule of OHPCB coming in to displace ANS resulting in two OHPCB molecules 

bound simultaneously at the active site.  

Additional explanations of the multiphasic binding observed with some OHPCBs 

would include differential binding to enzyme-substrate and/or enzyme-product 

complexes such as E-DHEA and E-PAP.  The same binding profiles obtained for those  
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Figure 37.  Cartoon representation of the potential mechanism for binding of OHPCBs to 
hSULT2A1. F is fluorescence intensity, ANS is the probe molecule. 
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OHPCBs showing multiphasic binding to the free enzyme were also obtained for E-

DHEA and E-PAP complexes (Figure 38). Reasonable Kd values were not obtained for 

these PCB metabolites.  

The binding of two OHPCBs (4-OHPCB 14 and 4-OHPCB 34) suggests that 

binding to E-PAP complex is similar to binding to the free enzyme based on the Kd 

values obtained, however the total fluorescence intensity is different (Figure 39). The Kd 

value for binding to E-PAP complex is 2.21 ± 0.50 µM for 4-OHPCB 14 (compared to 

Kd = 2.55 ± 0.63 µM for binding to free enzyme) and 3.20 ± 0.31 µM for 4-OHPCB 34 

(compared to Kd = 2.07 ± 0.30 µM for binding to the free enzyme).  

As seen in Figure 39, in the presence of PAP there is more displacement of ANS 

than in the absence of PAP. This could be explained based on the structure of the 

enzyme. hSULT2A1, like other sulfotransferases, is a homodimer with two DHEA 

binding sites and two PAP binding sites. Therefore, in the E-PAP conformation, there 

could be a conformational change that allows ANS to be displaced by OHPCBs from the 

two subunits of the hSULT2A1 dimer resulting in the increase in the total fluorescence 

intensity observed. Moreover, in the first crystal structure solved for hSULT2A1 with 

bound PAP, the authors showed that “a possible dimer-directed conformational alteration 

may regulate the activity of hSULT2A1” (150). 
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Figure 38.  Binding of OHPCB 9 and OHPCB 33 to free enzyme, E-PAP, and E-DHEA 
complexes. Assays done in the presence of (▼) enzyme only, (●) enzyme and 
PAP (200 µM), (○) enzyme and DHEA (1 µM). 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 µM). Data points 
are the mean ± standard error of triplicate determinations. 
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Figure 39.  Comparison of binding of 4-OHPCB 14 and 4-OHPCB 34 to different forms 
of the enzyme (hSULT2A1). Assays done in the presence of (●) free enzyme, 
and (○) 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 µM) and a saturating 
concentration of PAP (200 µM). Data points are the mean ± standard error of 
triplicate determinations. 
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Modeling of Substrate and Inhibition Interactions with 

hSULT2A1 

From the ANS-displacement experiments, 4’-OHPCB 9 and 4’OHPCB 33 

showed similar binding patterns with the free enzyme, and with the enzyme-substrate 

complexes (E-DHEA and E-PAP). Although the Kd values for the binding of 4-OHPCB 

14 and 4-OHPCB 34 to the E-PAP complex were similar to that of the free enzyme, the 

decrease in fluorescence intensity upon displacement of ANS was different. In order to 

gain better understanding of how OHPCBs bind to hSULT2A1 and to explain what we 

observed in the ANS-displacement studies, molecular docking experiments were carried 

out using two crystal structures: hSULT2A1 with bound DHEA (1J99) (158) and 

hSULT2A1 with bound PAP(1EFH) (150). The bound DHEA and PAP molecules were 

removed from the crystal structures before docking studies were carried out and then 

redocked (cognate docking) into the crystal structures. From among those with 

multiphasic binding to hSULT2A1 two OHPCBs (4’-OHPCB 9 and 4’-OHPCB 33) were 

selected, and two OHPCBs (4-OHPCB 14 and 4-OHPCB 34) that displayed classical 

single-site binding characteristics were also used in the docking experiments. These 

experiments were carried out using Surflex-Dock in Sybyl 8.0 (see detailed description of 

methods in chapter V). In this program, compounds are drawn and placed in different 

molecular areas within the same file and saved as a multimol2 format. The program then 

docks one compound at a time into the active site of hSULT2A1, until all the compounds 

are docked and the best 10 poses obtained. The best total score conformers of each of the 

docked ligands (ANS, OHPCBs, DHEA, and PAP) were selected based on a consensus 

score of 3 to 5.  

When ANS, the fluorescent probe molecule, was docked into hSULT2A1 using 

the crystal structure which originally had DHEA bound at the active site (PDB code, 

1J99), ANS docked at the PAP binding site (Figure 40). However, 4’-OHPCB 9, 4’-

OHPCB 33, 4-OHPCB 14 and 4-OHPCB 34 docked at a different site (Figures 41-42).  
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Figure 40.  Binding interactions of ANS (left) and PAP (right) with hSULT2A1. ANS binds at the same site as PAP. Hydrogen 
bonding interactions (yellow dashed lines) and key hSULT2A1 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, and total score of 7.80 based on a 
consensus score of 5 for binding of PAP were obtained. (crystal structure: hSULT2A1 in the conformation observed with 
DHEA bound (1J99)). 
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Figure 41.  Binding interactions of OHPCBs with hSULT2A1. 4’-OHPCB 33 (left) and 4’-OHPCB 9 (right) bind at the DHEA site. 
Hydrogen bonding interactions (yellow dashed lines) and key hSULT2A1 residues interacting with the ligands at the active 
site are shown. Total score of 3.82 based on a consensus score of 5 for binding of 4’-OHPCB 33, and total score of 4.14 
based on a consensus score of 5 for binding of 4’-OHPCB 9 were obtained. (crystal structure: hSULT2A1 in the 
conformation observed with DHEA bound (1J99)). 
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Figure 42.  Binding interactions of OHPCBs with hSULT2A1. 4-OHPCB 14 (left) and 4-OHPCB 34 (right) bind at the DHEA site. 
Key hSULT2A1 residues interacting with the ligands at the active site are shown. Total score of 2.82 based on a consensus 
score of 2 for binding of 4-OHPCB 14 and a total score of 3.01 based on a consensus score of 5 for binding of 4-OHPCB 
34 were obtained. (crystal structure: hSULT2A1 in the conformation observed with DHEA bound (1J99)). 
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In order to know where these compounds bind (i.e. whether at the DHEA site or at an 

allosteric site), amino acid residues appearing at a 5Å distance around each docked ligand 

were labeled and compared to the residues appearing at a 5Å distance around the bound 

substrate, DHEA (i.e. before extraction of the DHEA) in the original crystal structure of 

hSULT2A1 (PDB code, 1J99). The residues around the ligands and DHEA were similar. 

In addition, the extracted DHEA molecule that was docked, bound at the same site as the 

OHPCBs. Thus the OHPCBs bind at the DHEA site. 4’-OHPCB 9, 4-OHPCB 14, 4’-

OHPCB 33 and 4-OHPCB 34 as well as ANS, PAP and DHEA were docked into the 

crystal structure that had been obtained for hSULT2A1 in complex with PAP (PDB code, 

IEFH), and all compounds were shown to bind at the DHEA site (Figures 43 to 47). 

OHPCBs bound similarly to different conformations of the enzyme. The results from 

these docking experiment support what was seen in the ANS-displacement studies and in 

the mode of inhibition studies which showed that these compounds are noncompetitive 

inhibitors of DHEA sulfation that bind at the active site of hSULT2A1. 

The crystal structure of hSULT2A1 suggests that the DHEA-binding site might be 

large enough to accommodate two molecules of OHPCB at the same time. However, 

there are no crystal structures to support this for hSULT2A1, even though an analogous 

binding of two substrate molecules has been seen with a family 1 enzyme (i.e. two 

molecules of p-nitrophenol can occupy the active site of hSULT1A1) (156). Since it has 

been shown that DHEA can bind to hSULT2A1 in two different binding orientations 

(158), we sought to dock two molecules of OHPCB simultaneously into the active site of 

hSULT2A1. This task was difficult as there are no docking programs available that can 

dock two ligands simultaneously into the active site of an enzyme. Nevertheless, we tried 

using Surflex-dock to approximate docking of two molecules of OHPCB simultaneously 

at the active site of hSULT2A1. This was done by docking one molecule of 4’-OHPCB 

33 in the protein in both conformations (crystal structure of hSULT2A1 obtained in 

presence of DHEA; 1J99, and crystal structure of hSULT2A1 obtained in the presence
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Figure 43.  Binding interactions of DHEA (left) and ANS (right) with hSULT2A1. ANS binds at the same site as DHEA. Hydrogen 
bonding interactions (yellow dashed lines) and 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 4.22 based on a 
consensus score of 3 for binding of ANS were obtained. (crystal structure: hSULT2A1 in the conformation observed with 
PAP bound (1EFH)). 
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Figure 44.  Binding interactions of OHPCBs with hSULT2A1. DHEA (left) and 4-OHPCB 34 (right) bind at the same site. Hydrogen 
bonding interactions (yellow dashed lines) and 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: hSULT2A1 in the conformation 
observed with PAP bound (1EFH)). 
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Figure 45.  Binding interactions of OHPCBs with hSULT2A1. DHEA (left) and 4-OHPCB 14 (right) bind at the same site. Hydrogen 
bonding interactions (yellow dashed line) and 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 3.82 based on a 
consensus score of 5 for binding of 4-OHPCB 14 were obtained. (crystal structure: hSULT2A1 in the conformation 
observed with PAP bound (1EFH)). 
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Figure 46.  Binding interactions of OHPCBs with hSULT2A1. DHEA (left) and 4’-OHPCB 33 (right) bind at the same site. Hydrogen 
bonding interactions (yellow dashed lines) and 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 4.03 based on a 
consensus score of 5 for binding of 4’-OHPCB 33 were obtained. (crystal structure: hSULT2A1 in the conformation 
observed with PAP bound (1EFH)). 
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Figure 47.  Binding interactions of OHPCBs with hSULT2A1. DHEA (left) and 4’-OHPCB 9 (right) bind at the same site. Hydrogen 
bonding interactions (yellow dashed lines) and 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 4.42 based on a 
consensus score of 4 for binding of 4’-OHPCB 9 were obtained. (crystal structure: hSULT2A1 in the conformation 
observed with PAP bound (1EFH)).
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of PAP; 1EFH) and, after merging this compound onto both protein conformations, we 

saved them as new protein structure files. The saved protein structures with the merged 

4’-OHPCB 33 were then used to dock another molecule of 4’-OHPCB 33. The merged 

ligand occupied the DHEA binding sites in both conformations and, since the sites were 

large enough, we hypothesized that another molecule of 4’-OHPCB 33 will also dock at 

these sites. Although, this could explain the multiphasic binding patterns seen with some 

of the OHPCBs, it was not the case. The second 4’-OHPCB 33 docked at the PAP-

binding sites in both conformations, because the DHEA sites were already fully occupied 

(Figures 48 to 49).  

According to the modeling results and the ANS-displacement assays, ANS bound 

at the DHEA site in the E-PAP complex, and OHPCBs displaced ANS from the DHEA 

binding site. From the docking studies, when the enzyme was in the DHEA-bound 

conformation, ANS bound at the PAP site. Therefore, in the free enzyme, ANS could 

bind at the PAP site and the DHEA site at the same time, and OHPCBs are able to 

displace two molecules of ANS. In addition, from the enzyme kinetic data, an OHPCB 

was a partial competitive inhibitor and three OHPCBs were partial noncompetitive 

inhibitors meaning that some amount of product could still be formed in the presence of 

these inhibitors. Eleven OHPCBs were full noncompetitive inhibitors, and they 

completely blocked enzyme activity, so no product could be formed. The noncompetitive 

inhibition observed by the OHPCBs is consistent with binding of the inhibitors to both 

the PAPS and DHEA binding sites, depending upon the enzyme conformation that results 

from binding either PAPS or DHEA first. This also explains what was observed in the 

ANS-displacement assays, as some of the OHPCBs showed multiphasic binding patterns.  
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Figure 48.  Binding interactions of two molecules of 4’-OHPCB 33. 4’-OHPCB 33 (in magenta with hydrogen atoms shown) was 
docked in hSULT2A1 in the DHEA conformation (1J99), merged and saved as a new protein structure file. A second 4’-
OHPCB 33 was docked into the protein that was merged with 4’-OHPCB33. The first 4’-OHPCB 33 occupied the DHEA 
binding site and amino acid residues around it were manually labeled (left), and the second 4’-OHPCB33 docked at the 
PAP binding site and amino acid residues were manually labeled (right). Total score of 2.84 based on a consensus score of 
3 for binding of the second 4’-OHPCB 33 was obtained. 



 

 

89

                        

Figure 49.  Binding interactions of two molecules of 4’-OHPCB 33. 4’-OHPCB 33 (in magenta) was docked in hSULT2A1 in the PAP 
conformation (1EFH), merged and saved as a new protein structure file. A second 4’-OHPCB 33 was docked into the 
protein that was merged with 4’-OHPCB33. The first 4’-OHPCB 33 occupied the DHEA binding site and amino acid 
residues around it were manually labeled (left), and the second 4’-OHPCB33 docked at the PAP binding site and amino 
acid residues around it were manually labeled (right). Total score of 3.85 based on a consensus score of 3 for binding of the 
second 4’-OHPCB 33 was obtained. 
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CHAPTER IV 

CONCLUSIONS 

We live in a world of constant exposure to environmental pollutants. Some of 

these pollutants are industrial chemicals such as the polychlorinated biphenyls (PCBs). 

Some PCBs and their hydroxylated metabolites (OHPCBs) have been shown to be 

retained in the serum and plasma of humans and animals, and to cause adverse health 

effects. For example, they mimic endogenous hormones and disrupt endocrine function 

(85, 142). Toxicity of PCBs can also be a result of their binding to drug metabolizing 

enzymes with subsequent formation of reactive metabolites that can then interact with 

DNA and proteins leading to carcinogenesis (70).  

The focus of this dissertation is on the hydroxylated metabolites of lower 

chlorinated PCBs, whose parent compounds have been found in urban and indoor air, and 

their interaction with the drug metabolizing enzymes known as sulfotransferases. 

Exposure to lower chlorinated PCBs through inhalation is a potential route of toxicity to 

humans. The number of chlorine atoms and the positioning of those atoms are 

determinants of the toxicity of PCBs and their hydroxy metabolites (210). Assessing the 

toxicity of these compounds on the basis of their structural characteristics therefore 

becomes highly important. We have developed a 3D-QSAR model to study the reversible 

reaction of PCB hydroxylated metabolites (OHPCBs) with hSULT2A1, an enzyme 

known to be important in metabolism of hydroxysteroids, bile acids and xenobiotics. This 

model may assist in predicting which lower chlorinated PCB congeners would potentially 

pose a threat to human health through mechanisms involving interactions with 

hSULT2A1.  

In order to develop this 3D-QSAR model, it was first necessary to determine 

inhibition constants for OHPCBs in the hSULT2A1-catalyzed sulfation of DHEA. The 

inhibition studies showed that all 15 hydroxylated PCB metabolites we tested disrupted 

the activity of the enzyme (hSULT2A1) catalyzing the sulfation of DHEA. However, 
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those OHPCBs with the 3, 5-dichloro-4-hydroxy substitutions proved to be the most 

potent inhibitors. We then investigated the 15 OHPCBs as potential substrates for the 

enzyme and found out that seven of these OHPCBs were substrates, and OHPCBs that 

possess the 3, 5-dichloro-4-hydroxy substitution pattern were the best substrates for 

hSULT2A1. OHPCBs as alternate substrates can compete with DHEA for the active site 

of hSULT2A1, and this can ultimately lead to inhibition of DHEA sulfation.  

Since we knew these compounds inhibit DHEA sulfation, and we knew which of 

the OHPCBs served as alternate substrates, we proceeded to develop our 3D-QSAR 

model. The model had good predictive power with a q2 value of 0.697. This proves that 

the model is useful, and it can provide experimentally testable predictions of activity of 

other hydroxylated PCBs. The model highlighted structural requirements that may be 

important in the toxicity of these compounds. For example, the 3, 5-dichloro-4-hydroxy-

substitution pattern with an ortho chlorine substitution at the ring junction seems to be 

very important, as OHPCBs having this substitution pattern had the highest inhibitory 

effect on the sulfation of DHEA catalyzed by hSULT2A1. Moreover, these OHPCBs 

were the best substrates for hSULT2A1. The knowledge gained from the methodology 

for developing this model can be extended to other models based on OHPCB metabolites 

that are similar in structure and chemical properties. Such models may be useful in 

predicting interactions of OHPCBs with other isoforms of sulfotransferases in humans.  

Sulfation of OHPCBs to their corresponding sulfates may lead to their metabolic 

excretion, or it might lead to their retention in the body. Some PCB sulfates may retain 

significant lipophilic properties based on their calculated octanol/water partition 

coefficients (80), and they may not be readily eliminated. Furthermore, there is evidence 

of increased toxicity with sulfates of other compounds. For example, indoxyl sulfate, a 

known circulating uremic toxin, not only promotes progression of glomerular necrosis, 

but also leads to renal failure and its concentration in uremic patients is exceedingly high 

(211-212). The sulfate ester of α-hydroxy tamoxifen is also highly toxic and has been 
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linked to endometrial cancer in breast cancer patients treated with its parent compound, 

tamoxifen (102, 213). 

Conclusions made from the model developed in this dissertation, as with any 

model, are based on assuming that similar OHPCBs will have similar effects in biological 

systems of interest. The model that was derived here, although having good predictive 

power, has some limitations. The model did not include highly chlorinated hydroxy PCB 

metabolites and/or strictly non-coplanar hydroxy PCB metabolites (i.e. OHPCBs 

containing two or more ortho chlorine atoms at the ring junction) which may have 

different structural requirements important for their toxicity. One problem with trying to 

use this model to predict the activity of highly chlorinated PCB metabolites towards 

hSULT2A1 is that their activities cannot be experimentally verified with the current 

methodology due to the solubility limit of higher chlorinated OHPCBs in our test system, 

as we saw with 4-OHPCB 165. 

In addition to the above, we also investigated the mechanism of inhibition and 

found that all 15 compounds were noncompetitive inhibitors of DHEA sulfation. The 

noncompetitive nature of these compounds was also seen when we did the binding 

studies using ANS-displacement assay. Although, some of the OHPCBs tested showed 

similar binding to the free enzyme, and enzyme-substrate complexes, the decrease in 

fluorescence intensity upon displacement of ANS was different. Others were also shown 

to bind similarly with all forms of the enzyme but exhibited multiphasic binding 

characteristics. To further understand what we had observed in the ANS-displacement 

studies and the kinetic assays for determining the mechanism of inhibition, we carried out 

modeling studies on the interaction of OHPCBs with SULT2A1. We used two crystal 

structures of SULT with different conformations i.e. a crystal structure with bound 

substrate, DHEA (1J99) (145), and a crystal structure with bound PAP (1EFH) (137), and 

the results showed that OHPCBs bind similarly to different conformations of the enzyme.  
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One explanation in relation to OHPCBs binding to active site of the enzyme, and 

yielding a noncompetitive inhibition pattern could be partly due to the enzyme, 

hSULT2A1, following a compulsory ordered substrate binding and product release in the 

presence of PAP or 200 µM PAPS (a saturating concentration of PAPS used in the 

kinetic assays for mechanism of inhibition). Therefore, the noncompetitive inhibition 

pattern observed through the active site docking models may be a result of preferential 

binding to enzyme-product complex (187). Another explanation could be that it is a result 

of the effect of structural rearrangement in SULT2A1 in the presence of PAPS or PAP on 

the binding and kinetics of the sulfation of substrates which is not seen in the presence of 

DHEA (206). Thus, the different conformations of the enzyme providing noncompetitive 

inhibition, even though still binding at the active site, depend upon whether or not PAPS 

or PAP is bound to the sulfotransferase. Binding at the active site is further confirmed by 

the fact that those OHPCBs that are substrates for sulfation catalyzed by hSULT2A1 also 

show noncompetitive inhibition patterns. 

Future studies should address toxicity of these lower chlorinated PCB metabolites 

(OHPCB) in vivo using animal models. The models can be most useful if the results from 

these in vitro studies can be correlated to the in vivo studies. Animal models using rats 

might not be as informative for SULT2A1, as others in our laboratory have shown that 

many of the OHPCBs interact differently with rat SULT2A3, the rat homologue of the 

human SULT2A1 (214). Thus, there is a problem with species differences. It is possible 

that experiments using mouse models will be preferable to validate and extrapolate the in 

vitro assays to the in vivo inhibitory effects of the hydroxy PCB metabolites, although the 

interaction of OHPCBs with the mouse homologue of human SULT2A1 has not yet been 

studied. Alternatively, humanized mice could be developed and used to study the 

interaction of these compounds with hSULT2A1 in vivo. Additionally, studies should be 

done in vivo to demonstrate what happens when DHEA sulfation catalyzed by 

hSULT2A1 is blocked by OHPCBs. Finally, a crystal structure of hSULT2A1 in complex 
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with OHPCB would be useful to further strengthen the conclusion that these compounds 

indeed bind at the active site while exhibiting noncompetitive inhibition patterns. 

Examining the effect of OHPCBs on reactions performed in the reverse direction would 

further prove that these inhibitors are binding at the DHEA-binding site. However, there 

is no current evidence for any reverse reaction catalyzed by hSULT2A1. 

In summary, the research presented in this dissertation has opened multiple new 

avenues for future work on the roles of sulfotransferases in the metabolism and toxicities 

of OHPCBs. At the same time it has also provided new insights into the specificities and 

catalytic function of hSULT2A1, an enzyme that is important in metabolism of both 

endogenous and xenobiotic molecules. 
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        CHAPTER V 

        METHODS 

Chemicals and reagents 

The hydroxylated polychlorinated biphenyls used in this work were provided by 

Dr. Hans-Joachim Lehmler in the Department of Occupational and Environmental Health 

at the University of Iowa. 4’-hydroxy-4-monochlorobiphenyl (4’-OHPCB 3), 4’-hydroxy-

2, 5-dichlorobiphenyl (4’-OHPCB 9), 4-hydroxy-3, 3’-dichlorobiphenyl (4-OHPCB 11), 

4’-hydroxy-3, 4-dichlorobiphenyl (4’-OHPCB 12), 4-hydroxy-3, 5-dichlorobiphenyl (4-

OHPCB 14), 4’-hydroxy-2, 3’, 4-trichlorobiphenyl (4’-OHPCB 25), 4-hydroxy-2’, 3, 5-

trichlorobiphenyl (4-OHPCB 34), 6’-hydroxy-3, 3’, 4-trichlorobiphenyl (6’-OHPCB 35), 

4-hydroxy-3, 3’, 5’-trichlorobiphenyl (4-OHPCB 36), 4’-hydroxy-2, 3’, 4, 5’-

tetrachlorobiphenyl (4‘-OHPCB 68), 3’, 4’-dihydroxy-2, 3,-dichlorobiphenyl (3’,4’-

diOHPCB 5) and 3’, 4’-dihydroxy-4-monochlorobiphenyl (3’,4’-diOHPCB 3) were 

synthesized as described previously (215). The synthesis of three additional 4-hydroxy 

PCB metabolites, 4’-hydroxy-2’ 3, 4-trichlorobiphenyl (4’-OHPCB 33), 4’-hydroxy-2, 

3’-dichlorobiphenyl (4’-OHPCB 6), 4- hydroxy-2, 4’-dichlorobiphenyl (4-OHPCB 8), 

have also been reported (214).  

Bacto tryptone and yeast extract were purchased from Becton Dickinson, Co. 

(Sparks, MD). Sodium Chloride (NaCl), chloroform (CHCl3), anhydrous sodium sulfate, 

and sucrose were purchased from Fisher Scientific (Pittsburgh, PA). Sodium hydroxide 

(NaOH), glycerol, methylene blue, acetone, potassium phosphate monobasic (KH2PO4), 

2-mercaptoethanol, phenylmethylsulfonyl fluoride, dehydroepiandrosterone (DHEA), 

antipain, pepstatin A, 8-anilino-1-naphthalene sulfonic acid (ANS), adenosine 3’, 5’-

diphosphate (PAP), and 3’-phosphoadenosine 5’-phosphosulfate (PAPS) were from 

Sigma-Aldrich (St. Louis, MO). PAPS was further purified (> 98% by HPLC) using a 

previously published procedure (216). 3H-DHEA (94.5 Ci/nmol) was obtained from 

Perkin Elmer Life and Analytical Sciences (Boston, MA). Bovine serum albumin (BSA) 
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and hydroxyapatite (Bio-Gel HT) were from Bio-Rad Laboratories (Hercules, CA). DE52 

was from Whatman (Fairfield IL). Tween 20 was purchased from J.T. Baker Chemicals 

(Philipsburg, NJ). Isopropyl-1-thio-D-galactopyranoside (IPTG) was from AMRESCO 

Inc (Solon, OH). Ampicillin, dithiothreitol (DTT), tris (hydroxymethyl)aminomethane 

hydrochloride (Tris-HCL), and Econo-Safe biodegradable scintillation cocktail were 

purchased from RPI (Mt. Prospect, IL). All other chemicals were of highest purity and 

commercially available.  

Protein Expression and cell extract preparation 

The expression of hSULT2A1 in recombinant Escherichia coli BL21 (DE3) cells 

and preparation of cell extract was carried out with minor modifications of the procedure 

described previously by Sheng and Duffel, 2003 (217). Luria broth (LB) medium (1.6% 

Bacto Tryptone (v/v), 1% yeast extract, 0.5% NaCl) was prepared in a 2-L flask and 

adjusted to pH 7.0 using a NaOH solution. The solution was autoclaved before antibiotic 

was added. 50 µg/µl of antibiotic (i.e. ampicillin) was sterilized with a 0.22 µm millex-

GS membrane filter (Millipore Corporation, Bedford, MA) and added to the medium. 

Using a sterile micropipette tip, cells were inoculated into 3 mL of this LB buffer 

contained in a 14 mL culture tube and incubated on a reciprocating shaker (210 rpm) at 

28oC for 24 h. A 100 µL aliquot of the resulting cell culture was used to inoculate 20 mL 

of LB medium in each of four 50 mL culture tubes under sterile conditions, and 

incubation carried out under the same conditions as above. After the 24 h period, a 20 mL 

aliquot of each cell culture was used to inoculate 400 mL of sterile LB medium in each of 

four 1 L unbaffled flasks. The cells were incubated at 28oC and 210 rpm for 1 h, and 1 

mM IPTG (isopropyl-1-thio-D-galactopyranoside) was then added. The cells were then 

incubated for an additional 23 h period. After a total of 24 h, the cell culture from each 

flask was harvested by centrifugation at 10,000 x g for 30 min. The cell pellet of about 

19g (wet weight) was suspended in 20 mL ice-cold buffer A (10 mM Tris-HCL buffer, 
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pH 7.5, containing 0.25M sucrose, 10% (v/v) glycerol, 1 mM phenylmethyl sulfonyl 

fluoride, 1 µM pepstatin A, 1 mM dithiothreitol and 3.3 µM antipain). Cells were then 

placed in a plastic beaker on ice and disrupted by sonication with a Branson Digital 

Sonifier (model 450, Branson Ultrasonics Corp., Danbury, CT). The sonicator was 

programmed for 10 s periods of sonication with a pulse sequence of 0.2 s on and 0.2 s off 

at a power setting of 146 Watts. Cooling intervals of 40 s were used between each of 10 

sonication periods.  The homogenate was centrifuged using a Sorvall® RC26 Plus 

centrifuge for 30 min at 12,000 x g. After centrifugation, the supernatant (cell extract) 

was carefully poured into a 50 mL culture tube and stored at -70oC. A fraction of this 

homogenate was used for the modified Lowry assay for protein content determination 

(218), and the activity of the crude enzyme cell extract was determined with the 

methylene blue assay. 

Purification of recombinant hSULT2A1 

The purification of hSULT2A1 has previously been described by Gulcan et al., 

2008 (173). 10 mL cell extract was applied to a DE52 column (2.5 × 17 cm) that had 

been equilibrated with buffer B (50 mM Tris-HCL buffer pH 7.5 containing 0.25 M 

sucrose, 1 mM DTT, 10% (v/v) Glycerol, 0.05% (v/v) Tween 20).  Proteins that were not 

bound to the column were eluted with buffer B. A 250 mL linear gradient of buffer B and 

buffer B with 0.5 M KCL was used to elute hSULT2A1, and fractions (of 5 mL in each 

tube) were collected. With the aid of the methylene blue assay, the fractions with the 

highest sulfotransferase activity were combined (total of 45 mL) and then concentrated 

using ultrafiltration (YM10 membrane, Millipore Corporation, Bedford MA). Four 

successive dilutions with buffer C (10 mM potassium phosphate, 0.25 M sucrose, 1 mM 

DTT and 0.05% (v/v) Tween 20, pH 6.8) followed by ultrafiltration were used to 

equilibrate the enzyme. The enzyme (3840 units) was then applied to a hydroxyapatite 

column (2.5 x 9.0 cm dimension) and proteins that did not bind to the column were 
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removed by washing with buffer C. Enzyme was then eluted with a linear gradient 

formed between 200 mL of buffer C and 200 mL of buffer C containing 0.4 M potassium 

phosphate at pH 6.8. Fractions having the highest hSULT2A1 activity were combined, 

concentrated, and equilibrated with buffer D (30 mM potassium phosphate, 0.25 M 

sucrose, 1 mM DTT and 0.05% (v/v) Tween 20, pH 6.8) as described above. The enzyme 

(2780 units) was then applied to a second hydroxyapatite column that had been 

equilibrated with buffer D, and non-bound proteins were removed by elution with buffer 

D. A linear gradient of 75 mL buffer D and 75 mL buffer D containing 0.3 M potassium 

phosphate at pH 6.8 was used for elution of the enzyme. The fractions with the highest 

activity were combined and concentrated to 13.5 mL by ultrafiltration. The purified 

SULT2A1 displayed a single band on SDS-PAGE with Coomassie blue staining. The 

protein content was determined using a previously described procedure (218) with bovine 

serum albumin as standard.  

Methylene Blue Assay 

During purification, human hydroxysteroid sulfotransferase activity was 

determined using a previously described assay (219-220). The chloroform extraction of 

an ion-pair formation occurring between methylene blue and DHEA-sulfate (or any other 

hydrophobic sulfate of interest) is used in this method. Reaction mixtures contained 0.2 

mM PAPS, 5 mM 2-mercaptoethanol, 0.25 M sodium acetate at pH 5.5, 0.05 mM DHEA 

5% (v/v) acetone. Assays were started by addition of enzyme with appropriate 

concentrations of cytosolic protein (during the purification process) or purified enzyme at 

37oC, and incubated for 15 min for cytosolic protein and 10 min for purified protein. The 

assays were then terminated by the addition of 0.5 mL of methylene blue immediately 

followed by addition of 2 mL chloroform.  After mixing thoroughly with a vortex mixer 

for 20 s, the two layers were separated by centrifugation at 2000 x g for 10 min. The 

lower layer (chloroform) was transferred carefully to tubes containing approximately 50 
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mg of anhydrous sodium sulfate, mixed with the vortex mixer, and the absorbance read at 

651 nm. Enzyme specific activities were expressed as nmoles/min/mg of protein using  

equation 5. 

 
  (sample A651 - control A651) x 10 nmoles

0.3 A651 units x time (min) x mg of protein
 Specific activity   =                      (5)                 

 
 

Radiochemical Assays 

Inhibition of DHEA sulfation 

The effect of OHPCBs on hSULT2A1-catalyzed sulfation of DHEA was assessed 

by a radiochemical assay method. Assays contained 200 µM PAPS, 1 µM [3H]DHEA, 

0.25 M potassium phosphate at  pH 7.0, 7.5 mM 2-mercaptoethanol, and varying 

concentrations of OHPCBs in ethanol. The final concentration of ethanol in each reaction 

mixture was 2% (v/v). Assays were started by the addition of 0.25 µg hSULT2A1 in a 

total volume of 200 µL. Assays were incubated for 10 min at 37oC. Reactions were 

terminated by the addition of 0.8 mL 50 mM KOH, immediately followed by addition of 

0.5 mL CHCl3.  The reaction mixtures were vortexed thoroughly for 20 s and subjected to 

centrifugation for 5 min at 3000 rpm to separate the aqueous and organic phases. 100 µL 

of the aqueous layer containing the DHEA-sulfate was added to 10 mL biodegradable 

Econo-Safe scintillation cocktail for determination of radioactivity using a Perkin Elmer 

TriCarb 2900 TR liquid scintillation analyzer. Control experiments (control A and B) 

with tritiated DHEA were carried out without PAPS and enzyme. In addition, CHCl3 was 

not added to control A. The rate of sulfation was expressed as nmol of DHEA-sulfate 

formed per minute per mg of protein using equation 6.  
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 Rate of Sulfation =
 DHEA-sulfate formed (nmol)

10 min x mg protein
                                        (6)

 

where: 

DHEA-sulfate formed (nmol) =
(cpm measured - control B cpm) x 0.02 nmols x10

control A cpm  x 0.85  

 
and 0.02 nmol is the amount of DHEA (in 100 µL of the aqueous phase), 10 represents 
the fact that only 100 µL of the 1.0 mL aqueous layer is subjected to scintillation 
analysis, and 0.85 represents the fraction of DHEA-S left in the aqueous phase after 
extraction with chloroform.   

 

HPLC Assay 

In order to determine which of the hydroxy metabolites of polychlorinated 

biphenyls serve as substrates for hSULT2A1, a previously described HPLC assay was 

used (221). Assay mixtures contained 200 µM PAPS, 0.25 M potassium phosphate at pH 

7.0, 7.5 mM 2-mercaptoethanol, OHPCBs in acetone 5% (v/v) and 1 µg of enzyme in a 

30 µL total volume. The reaction was started by adding enzyme, incubated for 10 min at 

37oC, and terminated by adding 30 µL methanol. After vigorously mixing for 30 s, the 

sample was placed on ice, and 30 µL of the total 60 µL (reaction mix plus methanol) was 

then injected into a 20 µL HPLC sample injector loop and chromatography was carried 

out using an Alltima C-18, (4.6 mm x 250 mm, 5 µm) reversed phase column (Alltech, 

Deerfield, IL) on a Shimadzu LC-20AT instrument equipped with Shimadzu UV 

detector. The mobile phase consisted of 100 mM KH2PO4, 75 mM NH4Cl, 340 µL n-

octylamine and 12% methanol. The mobile phase was adjusted to pH 5.45 with KOH just 

before adding methanol. Then the mobile phase was filtered through a 0.45 µm 

membrane filter. The column was then equilibrated for 2 h in order for the n-octylamine 

to saturate the column. A flow rate of 2.0 mL/min was maintained for all analyses with 
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detection by absorbance at 254 nm. A linear standard curve relating HPLC peak area to 

PAP concentration was generated, and the concentration of PAP formed in reaction 

mixture was calculated using the PAP standard curve. The resulting specific activity was 

expressed in nmol/min/mg protein using equation 7. 

 

   

(PAPsample - PAPcontrol) x 60 l

 incubation time (min) x mg of protein
 Specific activity =                 (7)

 

 

ANS-displacement studies 

Binding of ANS and OHPCBs to hSULT2A1 

In order to carry out the binding experiments of the interactions of OHPCBs with 

hSULT2A1, it was important to determine the saturation concentration of ANS (Figure 

50) needed in the binding assays. ANS is a probe that is used for the detection and 

analysis of the binding of hydrophobic ligands to many proteins (208). It binds 

noncovalently to proteins, and can be displaced by specific substrate or inhibitor. Upon 

displacement from a hydrophobic region of a protein into a more polar environment, 

ANS exhibits a decrease in fluorescence.  

The binding of ANS to hSULT2A1 was 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 having windows on all four sides. The fluorescence 

excitation and emission wavelengths were set at 380 nm and 465 nm, respectively. The 

slit widths were set at 5 nm for both emission and excitation beams. The temperature was 

set at 37oC before titrations were done.  Binding was measured in 0.25 M potassium 

phosphate buffer at pH 7.0, with 7.5 mM mercaptoethanol in a total volume of 1 mL. 
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Figure 50. Structure of the probe molecule, 8-anilino-1-naphthalene sulfonate (ANS) 

 

Titration was then followed by ANS with a concentration range of 0-110 µM. A Millex-

GS 0.22 µm filter was used to filter all solution before use. ANS was kept in the dark 

prior to titration due to its sensitivity to light. The phosphate buffer and mercaptoethanol 

were preincubated for 2 min at 37oC, with or without 3 µg of enzyme, before titrating 

with ANS.  Data were analyzed by using Sigma Plot> pharmacology > simple ligand 

binding > one site, nonspecific. The increase in fluorescence was plotted against 

concentration of ANS.  

For the binding of OHPCBs, a saturation concentration of 40 µM ANS (see 

results) was used, and titration was carried out using a range of concentrations of 

OHPCB(s) that depended on the solubility limit of the given compound. After addition of 

3 µg enzyme, the mixture was pre-incubated for 2 min at 37oC. The decrease in 

fluorescence upon displacement of ANS by OHPCBs was plotted using a scale of 

absolute value of the change in fluorescence (ΔF) vs. concentration of OHPCB. 

SHN O
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Computational Studies 

Molecular interactions of OHPCBs with hSULT2A1 

 In order to understand the molecular interactions between hydroxylated 

polychlorinated biphenyl (OHPCBs) and hSULT2A1, docking studies were performed 

using Surflex-Dock in Sybyl 8.0 (Tripos International) on a Linux operating system. 

Surflex-Dock makes use of a scoring function that is empirically derived, and depends on 

protein’s affinity for the ligand as well as their crystal structures (222-223). The Surflex-

Dock scoring function positions and orients the probes for optimum interactions with the 

protein atoms and it includes hydrophobic, polar, repulsive, entropic and solvation terms 

(222). It is a weighted sum of functions that are non-linear with van der Waals surface 

distances between pairs of proteins and ligand atoms (222). Any protein-ligand pairs 

having a distance greater than 2Å between the van der Waals surfaces are thrown out 

leaving behind those that are of interest (222). Each of these atom pairs of interest is 

labeled as polar or nonpolar, and is assigned a charge (222). Surflex-Dock also makes use 

of a protomol that serves as a representation of the intended binding sites where ligands 

are aligned (224). The protomol  utilizes the steric hydrophobic probe, CH4, the hydrogen 

bond probe, C=O, and the hydrogen acceptor probe, N-H (224). The protomol is useful in 

that it directs the ligands during the docking, however the ligands are scored based on the 

receptor (224). 

Two x-ray crystal structures of hSULT2A1 were used for docking purposes: 

hSULT2A1 (1J99) (158) in complex with DHEA and hSULT2A1 (1EFH) (150) in 

complex with PAP. The DHEA and PAP molecules were extracted from the DHEA 

binding site and PAP binding site respectively before docking. The water molecules in 

the crystal structures were also deleted and hydrogen atoms added and then saved as 

mol2 files. The ligands (OHPCBs and ANS) were sketched, hydrogens added and energy 

minimized using the Powell method with Tripos Force field. The termination gradient 
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was set at 0.05 kcal/mol*Å, maximum iteration at 1000, dielectric constant of 1.0000, 

and RMS displacement at 0.001. The 3D structures of all the ligands (OHPCBs, ANS, 

including the extracted molecules, PAP and DHEA) were placed in different molecular 

areas within the same file and saved as a multimol2 format before docking with Surflex-

Dock. The protomol was then generated automatically (threshold of 0.3 with bloat of 1, 

and threshold of 0.5 with bloat of 0 for the crystal structures of hSULT2A1 in the DHEA-

bound conformation and PAP-bound conformation, respectively) and the ligands docked 

one at a time into the binding site of the receptor, hSULT2A1, with the Surflex-Dock 

default settings (except additional starting conformation of 100 per molecule). After each 

Surflex-Dock run, the ten best docked conformers or poses are sorted in a molecular 

spreadsheet and they represent binding affinities in -log 10(Kd) based on surflex-dock 

scoring function (crash score (also pKd units), polar score, D-score, PMF-score, G-score, 

ChemSco and CScore). The best total score conformer with the best consensus score 

(CScore) ranging from 3 to 5 were selected for each of the docked ligands (OHPCBs, 

PAP, ANS, and DHEA). The scores are combined to form the consensus score which is 

more robust and accurate than any of the scoring functions for analyzing molecular 

interaction (225). 

CoMFA of hSULT2A1 and OHPCBs 

Comparative Molecular Field Analysis has been used to relate structures of 

hydroxylated polychlorinated biphenyl to their chemical and biological function using a 

method previously described (226). 

Fifteen metabolites of polychlorinated biphenyls were used as a training set to 

build a QSAR model. Structures of all the compounds were drawn using Sybyl 8.0. 

(Tripos Inc., 2008) and saved in MOL2 format. To optimize the geometry, Gasteiger-

Huckle charges were assigned and molecules were relaxed using the Tripos force field in 

Sybyl 8.0 with gradient convergence criterion set at 0.05 kcal/(Åmol). The molecules 
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were aligned based on a common core or substructure (i.e. biphenyl ring) using one of the 

most active compounds (4-OHPCB 68) as template in Sybyl 8.0. The negative log of the 

IC50 values on a M-1 scale (i.e. pIC50 scale) were derived and used as the dependent 

variables in the CoMFA analysis. For external validation purposes, three compounds 

were randomly selected as a test set out of the 15 compounds, and the remaining 12 

compounds used to generate another CoMFA model.  

The aligned training set molecules were put in a 3-dimensional cubic lattice with 

a grid spacing of 2 Å and an extension of 4 Å units beyond the aligned molecules in X, 

Y, and Z directions in order to derive the CoMFA steric and electrostatic fields. The 

steric field in CoMFA was calculated according to Lennard-Jones potential, and 

electrostatic field was calculated by Coulomb Potential. The descriptive fields were 

calculated separately for each individual molecule, with an sp3 carbon probe atom having 

a net charge of +1 and energy cut-off value of 30 kcal/mol for each field.  

The partial least squares analysis of the data placed in the molecular spread sheet 

(MSS) was used to derive the CoMFA models. The CoMFA column served as the 

independent variable while the pIC50 values served as the dependent variable in the PLS 

analysis. Both models were examined using leave-one-out (LOO) cross validation and 

non-cross-validation analyses. In the LOO cross validation analysis, a model is derived 

from the data set with one less compound (assuming this is compound A) and the 

resulting model is used to predict the activity of that compound A that was removed. The 

LOO cross validation PLS is done to determine the optimum number of components 

(which is analogous to the highest q2 value and lowest PRESS value). During the PLS 

cross validation, the q2 (which is the predictive power of the model) increases while the 

PRESS decreases. The PRESS and q2 (defined in equation 8) are very important in 

deriving the optimum number of components and help to eliminate noise or over-fitting 

of the data.   
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 q2  = 1.0  -
( Ypred - Yactual)

2

( Yactual - Ymean)2
                                              (8)

 
 
 

Where the numerator is PRESS, Ypred is a predictive value, Yactual is an experimental 
value, Ymean is the best estimate of the mean of all values that might be predicted, and 
Summations (Σ) are over the same set of Y. 
 

The optimum number of components is then used in the non-cross validation 

process to derive the conventional correlation coefficient (r2) in the final model. The r2 is 

the fit of the dataset activity to the model. The graphical representation (contour maps) 

and a plot of actual vs. predicted activity are generated at the end of the PLS analysis. 
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