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ABSTRACT

Although tamoxifen has been successfully utilized in the treatment and prevention
of estrogen-dependent breast cancer for decades, its use is limited by its low incidence of
endometrial cancer. The carcinogenic effects of tamoxifen are complex and may involve
a combination of estrogen receptor-mediated hormonal effects as well as the metabolic
activation of tamoxifen to reactive electrophiles that are genotoxic. Moreover, asignificant
popul ation of patients develop clinical resistance to tamoxifen, which leadsto breast cancer
recurrence and a decrease in patient survival. Therefore, the goal of the current study was
to examine the interactions of major metabolites of tamoxifen with the human cytosolic
sulfotransferases hSULT2A1, hSULT1EL, and hSULT1A1*1.

Changes in the catalytic activity of hSULT2A1 by tamoxifen metabolites may
inhibit the formation of the genotoxic a-sulfooxy tamoxifen intermediate catalyzed by this
enzyme. Moreover, tamoxifen metabolites might interfere in the inactivation of
hydroxysteroids catalyzed by hSULT2A1 as a part of the variable responses to tamoxifen
therapy. Endoxifen was the most potent inhibitor of the h\SULT2A 1, which suggests that
this metabolite may inhibit the role of hSULT2A1 in the metabolic pathway for
genotoxicity that is seen with tamoxifen. N-desmethyltamoxifen (N-desTAM) was a
substrate for the hSULT2A1, and the product of this reaction, N-desmethyltamoxifen
sulfamate (N-desTAM-S), displayed greater inhibition of the enzyme than its unconjugated
precursor. Thus, endoxifen, N-desTAM, and N-desTAM-S might serve protectiverolesin
some tissues as they may inhibit the role of h\SULT2A1 in the genotoxicity of tamoxifen.

Metabolites of tamoxifen were then examined as inhibitors of hSULT1E1 and
hSULT21A1*1 due to the roles of these enzymes in the inactivation of estrogens. Each of
the metabolites studied were weak inhibitors of hSULT1EL, thus, endoxifen is not likely
to promote increased estrogen signaling in breast tissue when administered as an

independent breast cancer therapeutic agent in ongoing clinical trials. However, 4-
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hydroxytamoxifen (4-OHTAM) was a very potent inhibitor of hSULT1A1*1 when
examined with estradiol as substrate. Thissuggeststhe potentia for 4-OHTAM to interfere
in estrogen metabolism in tissueswhere hSULT1A1* 1 isexpressed and hSULT1E1 isnot.
This information will be useful when interpreting the clinical trials of endoxifen and will

aid in the design of related molecules

Vi
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CHAPTER 1
INTRODUCTION

Breast Cancer Prevalence and Disease Stages

Breast cancer is adisease characterized by abnormal and rapid cellular proliferation
of lumina mammary epithelial cells in breast tissue and is currently the most common
form of cancer among women inthe U.S. (1). In 2013, an estimated 232,340 new cases of
breast cancer and 39,620 deaths were expected for diagnosed women according to the
American Cancer Society (2), and about 1 in 8 American women (just under 12%) will
develop the disease in their lifetime (3). Breast cancer has been documented in men (4, 5),
however, the lifetime risk of aman developing the diseaseis only 1 in 1000 (3) with 2,240
new cases of breast cancer and 410 deaths expected in diagnosed men as of 2013 (2).

Breast cancer progresses in 5 stages, as described by the National Cancer Institute
(6), and usually begins with the formation of alump or tumor underneath the breast, which
can spread into nearby tissues, lymph vessels, or through the blood. In stage O breast cancer
the abnormal cells have not spread beyond the lining of the breast. This stageis classified
as “noninvasive” and is usually detected accidently during a biopsy of an unrelated breast
lump. Stage 1 breast cancer is subdivided into two categories, 1A and 1B: in stage 1A the
tumor sizeis 2 cm or less and has not spread to other parts of the body whereas the tumor
sizein stage 1B measures 2 cm or less and is sometimes accompanied by small clusters of
breast cancer cells that have spread to the lymph nodes. Patients with stage 1 breast cancer
generaly have a good prognosis and are treated with adjuvant hormone therapy, and in
some cases, radiation therapy. Stage 2 breast cancer isdivided into two categories, 2A and
2B: in stage 2A either the tumor is2 — 5 cm in size and has not spread to the lymph nodes
or there is cancer in the lymph nodes that is not accompanied by a tumor in the breast; in
stage 2B, the breast tumor is 2 - 5 cm in size and is accompanied with small clusters of

breast cancer cells in the lymph nodes, axillary lymph nodes, or lymph nodes near the
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sternum. As seen in those with stage 1 breast cancer, patients diagnosed with stage 2 of
the disease generally have a good prognosis and are treated with adjuvant systemic therapy
such as hormone therapy and radiation therapy; however, local therapy such as surgery is
also atreatment option for stage 2 breast cancer. Thethird stage of breast cancer isdivided
into three categories, 3A, 3B, and 3C: in stage 3A, either atumor of any sizeisfound in
the breast and the cancer has spread up to 9 axillary nodes, or the tumor islarger than 5 cm
and is accompanied by small clusters of breast cancer cells in lymph nodes near the
sternum; in stage 3B, a tumor of any size has spread to the chest wall (causing swelling
and ulcers) or the cancer has spread to the skin (inflammatory breast cancer); in stage 3C,
atumor of any size has spread to the chest wall and to 10 or more axillary lymph nodes.
Stage 3 breast cancer isusually treated with chemo- and radiation-therapy prior to surgery;
and when the cancer has spread beyond the breast into other areas of the body such as the
bones, brain, lungs, or liver it isclassified as stage 4. This stage is treated with hormonal,
chemo, targeted, and radiation therapy. Women with stage 4 breast cancer have a much

lower 5-year survival rate (22%) than women diagnosed with breast cancer at earlier stages

.

Breast Cancer Types and Current Therapies

Breast cancer is characterized according to the cancer cell genotype and
requirements for proliferation. These cells are classified as hormone-receptor-positive
(estrogen or progesterone receptor), HER2 positive (human epidermal growth factor
receptor 2), which promotes cancer cell proliferation (8), and triple positive (all of the
above), or triple negative (none of the above). Estrogen-receptor-(ER)-positive breast
cancer accounts for nearly 75% of al breast cancer cases (9, 10) and is commonly treated
with endocrine agents such as aromatase inhibitors (Als) and selective estrogen receptor

modulators (SERMSs)

www.manaraa.com



Aromatase inhibitors effectively inhibit the synthesis of estrogen in
postmenopausal women by selectively binding to the active site of estrogen synthase
(aromatase) (11). This function inhibits the catalytic activity of the aromatase in the
conversion of testosterone into estradiol and deprives the cancerous cells of an estrogen
source. The chemical structures of aromatase inhibitors are illustrated in Figure 1. Non-
steroidal aromatase inhibitors such as Letrozole and Anastrozole bind reversibly to
aromatase through competitive inhibition, whereas steroidal inhibitors such as
exemesthane (Aromasin) bind irreversibly to the enzyme as a suicideinhibitor (12). While
systemic studies have shown that aromatase inhibitors significantly prolong disease-free
survival and reduce the recurrence of breast cancer in ER-positive patients (13, 14), Als
are limited in their use as endocrine agents due to musculoskeletal side effects such as

arthralgia (15, 16) and bone fractures (17) that often result in Al discontinuation (18).

U
N \ \l\\l N
N7 N
LN
Letrozole Anastrozole

Figure 1. Chemical structures of aromatase inhibitors utilized in breast cancer treatment.

SERMS are a class of endocrine agents that act directly on the estrogen receptor.
The mechanism(s) of SERMs are complex and may involve a combination of actions such
as inhibition of estrogen-induced DNA transcription (19), growth factor secretion (20),
regulation of apoptosis (21), as well as non-genomic mechanisms such as reducing
membrane fluidity (22, 23), inhibition of calcium channels (24, 25), and inhibition of P-

glycoprotein-mediated drug transport as a mechanism to reverse multidrug resistance (26).
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First generation SERMSs consist of triphenylethylene derivatives such as tamoxifen
(Nolvadex) and torimefene (Fareston), whereas second generation SERMs are made up of
benzothiophene derivatives such asraloxifene (Evista). Third generation SERMs includes
bazedoxifene, |asof oxifene, and ospemifene; however, these therapies are not approved for

the treatment of breast cancer.

Tamoxifen Therapy and Pharmacology

Tamoxifen has been successfully utilized for decades in the treatment and
prevention of estrogen-dependent breast cancer in women at high risk of developing the
disease as well as a paliation for those with metastatic cancer (27-32). Tamoxifen was
originally approved in 1977 by the U.S. Food and Drug Administration (FDA) for the
treatment of advanced breast cancer, and was later approved as an adjuvant therapy in
combination with chemotherapy (1985) or alone (1986) for the treatment of node-positive
breast cancer in postmenopausal women (33). In 1990, approva was obtained from the
FDA for the use of tamoxifen in pre- and postmenopausal women with node-positive-ER-
positive breast cancer, and in 1993, the FDA approved the indication for the use of
tamoxifen to treat advanced breast cancer in men (33). In alandmark Breast Cancer
Prevention Trial (BCPT) conducted by researchers from the National Surgical Adjuvant
Breast and Bowel Project (NSABP), tamoxifen was shown to reduce the incidence of
invasive and non-invasive breast cancer by 49% and 45%, respectively, in women at high
risk for developing the disease (30). However, results from this study also demonstrated
that the net benefit of tamoxifen therapy was limited by age, race, and the level of breast

cancer risk.
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Figure 2. Chemical structures of SERMs utilized in breast cancer treatment.

Tamoxifen is generally well tolerated in most women, but some adverse events do
occur with tamoxifen. For example, tamoxifen therapy is associated with an increased risk
for the development of deep venous thrombosis and pulmonary embolism (34-36). Hot
flashes are aso reported in tamoxifen users (28, 31) and are sometimes treated by the co-
administration of selective serotonin re-uptake inhibitors (SSRIs); however, these agents
may affect the efficacy of tamoxifen by inhibiting the activity of CYP2D6, an enzyme that
is important in final-step conversion of tamoxifen into one of its active metabolites (37).
Of serious concern for asubpopulation of patientsis an increased risk for the devel opment
of endometrial cancer as a side effect of tamoxifen therapy (38, 39). The carcinogenic
effects of tamoxifen are complex and may include acombination of ER-mediated hormonal
effects and metabolic activation of tamoxifen metabolites to electrophiles that are
genotoxic (40-42). Toremifene, achlorinated analogue of tamoxifen (Figure 2), was FDA-
approved in 1997 as an anticancer therapeutic agent and was observed to be similar to
tamoxifen in the treatment of pre- and postmenopausa early-stage ER-positive breast
cancer (43-46); however, toremifene has lower genotoxicity than tamoxifen (47, 48) and
may be considered as a safer aternative by avoiding the development of endometrial
cancer. Moreover, raloxifene (Figure 2) was shown to significantly reduce therisk of ER-

positive breast cancer in randomized clinical trials (49, 50) and was |l ater approved in 2007
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for the treatment and prevention of invasive breast cancer in postmenopausal women at
high risk of developing the disease. While raloxifene therapy is associated with an
increased risk of venous thromboembolic disease (50), it does not increase the risk of
endometrial cancer that is seen in tamoxifen-treated women. Raloxifen was previously
evaluated relative to tamoxifen for the treatment of post-menopausal breast cancer in the
Study of Raloxifene and Tamoxifen (STAR) conducted by the NSABP (51). Resultsfrom
this study determined raloxifene to be as effective as tamoxifen in reducing the risk of
invasive breast cancer, with fewer cases of uterine cancer in raloxifen-treated women
compared to those who received tamoxifen.

Tamoxifen inhibits estrogen-induced DNA transcription as its primary function in
breast tissue (Figure 3). Tamoxifen also induces apoptosis (52), possibly through the
down-regulation of anti-apoptotic proteins (53), and invokes transition delays in the G1-
phase of the cell-cycle (54) to prevent cancer cell proliferation. In addition to its anti-
estrogenic effects in the breast, tamoxifen has estrogenic activity in the bone and uterus
(33) and thus can be classified as either an agonist or antagonist, depending on the tissue.
The mechanism of uterine stimulation by tamoxifen is not completely understood, but
studies have shown that a pure steroidal anti-estrogen (ICI 164,384) reversed the growth
stimulation by 4-hydoxytamoxifen (a clinically active tamoxifen metabolite) in cultured
endometrial and breast cells, which suggests that the agonist effects of tamoxifen are
mediated through the estrogen receptor (55, 56). Watanabe et al. demonstrated that the
agonist effects of tamoxifen vary with cell type, estrogen responsive element (ERE)
context, and estrogen receptor subtypes, which might explain part of the tissue-specific
effects of tamoxifen observed in vivo (57). Asa SERM the agonist actions of tamoxifen
have a favorable effect on lipids (58, 59) and may promote cardiovascular health.
Moreover, these actions may preserve bone mineral density (60), which is important
considering the use of tamoxifen in postmenopausal women who may be at high risk for

osteoporosis. Unfortunately, the agonist activity of tamoxifen in the uterine tissue remains
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a hurdle for tamoxifen therapy due to the potential for the development of endometrial
cancer (61). Thishighlightsthe need for aSERM that provides neutral and anti-estrogenic
activity in the endometrium and breast, respectively, but retains favorable tissue-selective
estrogenic activity in bone and cardiovascular system (62). As summarized by Pinkerton
etal. (63), itisunlikely that asingle moleculewill provide the beneficial effects of classica
estrogens without increasing the risk of breast and uterine cancers, blood clots or stroke

based on the pharmacology of current SERMS.

Estradiol (E2) Tamoxifen (TAM)

ofY He
o [ ®e

ER ER

Cancer @ No Cancer
Cell Gronth = ER-E2  ERTAM mmmp . -

Note: Tamoxifen competitively binds to the estrogen receptor (ER) to inhibit cancer cell
growth stimulation due to the binding of estradiol.

Figure 3. Illustration of the mechanism of action for tamoxifen in breast cancer cells.

www.manaraa.com



Roles of Metabolism in the Therapeutic Action and
Toxicity of Tamoxifen

Tamoxifen is classified as a pro-drug and must be converted into its active form(s)
to elicit maximum efficacy. Tamoxifenisinitially metabolized through oxidative reactions
catalyzed by several forms of cytochrome p450 (CY P), and the chemical structures of these
metabolites are shown in Figure 4. The most abundant of these initial metabolites in
humans is N-desmethyltamoxifen (N-desTAM), which is formed via an oxidative
demethylation reaction catalyzed by CYPs 2D6, 3A4, 1A1, and/or 1A2 (64, 65). N-
desTAM isfurther oxidized at the paraposition in areaction catalyzed by CY P2D6 to form
4-hydroxy-N-desmethyltamoxifen (endoxifen) (65). Endoxifenisamajor, clinically active
metabolite that is 100 times more potent as an anti-estrogen than tamoxifen itself, and is
equipotent with another CYP-mediated oxidative metabolite, 4-hydroxytamoxifen (4-
OHTAM) (66, 67). Although 4-OHTAM was the first metabolite of tamoxifen identified
with high affinity for the ER (68), endoxifen was found to be present at higher serum
concentrations than 4-OHTAM (69, 70) and is now considered to be the magor metabolite
responsible for the therapeutic action of tamoxifen. Moreover, endoxifen has been shown
to target the ER for degradation, block ER transcriptional activity, and inhibit estrogen-
induced breast cancer cell proliferation even in the presence of tamoxifen, N-desTAM, and
4-OHTAM (71). The microsomal flavin-containing monooxygenases (FMOs) catalyze
oxidation of the tertiary amine of tamoxifen to form tamoxifen-N-oxide (TAM-NO) (72),
a metabolite that is also of recent interest due to its potential role(s) in the activity of
tamoxifen (69). Additional metabolic products of tamoxifen include the CYP3A4-
mediated oxidative metabolite, a-hydroxytamoxifen (a-OHTAM) (73), as well as sulfate
conjugates, glucuronide conjugates, and various minor metabolites (74).

Despite the beneficial effects of tamoxifen treatment in breast cancer, tamoxifen is
toxic in the human endometrium and is currently listed as a human carcinogen by the

International Agency for Research on Cancer (IARC) (75). One of the major potential
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genotoxic species derived from tamoxifen is its a-sulfooxy metabolite (Figure 4) (40, 76).
This metaboliteis derived from the CY P3A4-catal yzed oxidation of tamoxifentoanallylic
o-hydroxy derivative (a-OHTAM) that is then a substrate for the human hydroxysteroid
sulfotransferase 2A1 (hRSULT2A1) (76). Theresulting sulfuric acid ester isagood leaving
group and forms an electrophilic, resonance-stabilized carbocation intermediate that reacts
with nucleophilic sites on DNA, thereby forming covalent tamoxifen-DNA adducts (76).
The endometrial effect due to the metabolic activation of tamoxifen is plausible given the
expression of CYP3A4 protein and hSULT2A1 mRNA in thistissue (77). Other proposed
metabolic activation pathways involve the oxidation of 4-OHTAM and metabolite E (an
O-dedkylated derivative of 4-OHTAM) to electrophilic quinone methides (78-80), as well
as the conversion of 4-OHTAM to 3,4-dihydroxytamoxifen, which is then oxidized to a
highly reactive o-quinone that binds to proteins and DNA (81, 82). The formation of
tamoxifen-DNA adducts in the endometrium has been proposed to be akey step that leads

to the formation of endometrial cancer in asmall, but significant number of patients.
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In addition to its endometrial effectsin humans, tamoxifen causes DNA adductsin
rat liver and islisted as apotent hepatocarcinogen in rodents (83, 84). Some studies suggest
0-OHTAM is hepatotoxic in the absence drug-metabolizing enzymes (85), while others
propose that the sulfation of a-OHTAM by rat liver hydroxysteroid sulfotransferase
(rHSTa) isthe mgjor pathway of metabolic activation for DNA-alkylationinrat liver tissue
(86). Randerath et al. demonstrated that the level of tamoxifen-DNA adducts in rodents
decreased when co-administered with pentachlorophenol, a potent inhibitor of
acetyltransferase, which suggests that acetylation could also be involved in the
bioactivation of tamoxifen (87). However, Kim et al. did not detect DNA adductsin human
or rat liver cytosols treated with a-OHTAM and acetyl CoA (coenzyme for
acetyltransferase), but adducts were observed in cytosolic fractions incubated with PAPS
(co-substrate for sulfotransferase), which suggest that tamoxifen-DNA adducts are derived
from sulfation, not acetylation, of a-OHTAM. (88). It should also be noted, however, that
pentachlorophenol may also inhibit NSULT2A1 in these studies, since it would aso serve
as a competing substrate for the enzyme (89). The exact cause for the species differences
in the carcinogenic response to tamoxifen is unknown, although studiesin human, rat, and
mouse hepatocytes indicate a lower metabolic conversion of tamoxifen to a-OHTAM and
lower sulfation of a-OHTAM in human hepatocytes (90) could be part of the reason why

tamoxifen is not hepatotoxic in humans.

Tissue Distributions and Physiological Concentrations of
Tamoxifen Metabolites

Metabolites of tamoxifen are distributed to a variety of tissues such as the lung,
liver, brain, breast, pancreas, muscle, bone, and ovaries (91), and the tissue concentrations
of the metabolites are reported to be up to 100-fold higher than those in serum (66, 91, 92).

The average plasma concentrations of tamoxifen metabolites reported from several
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investigators are summarized by Brauch et al (74), and these values are represented in the

following table.

Compounds Mean Plasma Conc. (nM) Effect on the ER
Tamoxifen 190 - 420 Weak antagonist

N-desTAM 280 - 800 Weak antagonist

Endoxifen 14-130 Strong Antagonist
TAM-NO 15-24 Weak Antagonist
4-OHTAM 3-17 Strong Antagonist
0-OHTAM 1 None

Note: Adapted from (74) with modifications.

Table 1. Ranges of the average plasma concentrations of tamoxifen and its major
metabolites.

Clinical Trials of Endoxifen

Nearly half of patients who are treated with tamoxifen for ER-positive cancer fail
to respond to the therapy, and those that do respond generally acquire resistance to
tamoxifen during treatment. As summarized by Dorssers et al. (93), resistance to
tamoxifen could be related to changes in the tumor cell environment, alteration in the
structure and function of the ER, or changes in the pharmacology of tamoxifen itself.
Pharmacogenetic differences may aso contribute to the variability in responses to
tamoxifen and its clinical effectiveness (74, 94-104). While such differences may be of use
in individualizing dosages of tamoxifen, another strategy has been to investigate the
administration of endoxifen as an antitumor drug through clinical trials (NCT01327781
and NCT01273168; Clinical Trials.gov). These studies anticipate that endoxifen therapy

will be more effective than tamoxifen in the treatment of breast cancer by eliminating the
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need for metabolic activation by CYP2D6, which is polymorphic (74, 105). Moreover,
there is no literature evidence that supports the role of endoxifen in tamoxifen-induced
toxicity or its involvement in the endometrial side effects of tamoxifen. Thus, endoxifen

may be a promising candidate as a safer and more effective anticancer therapeutic agent.

Introduction to Sulfotransferases

Sulfation represents a major route of metabolism for many endogenous and
exogenous molecules, hormones, drugs, toxins, peptides, and lipids. Thisreaction wasfirst
observed in 1876 by Bauman who detected phenyl sulfate in urine samples of patients
treated with phenol (106). In later years, the name “sulfotransferase” was used for those
enzymes responsible for catal yzing the sulfation of moleculesin biological systems, which
currently includes bacteria, insects, plants, and mammals (107-109). These enzymes are
localized in the cell cytosol or the within the membranes of the golgi apparatus, and they
function by catalyzing the transfer of a sulfuryl moiety from the natural donor substrate
PAPS (3’- phosphoadenosine-5’-phosphosulfate) to an acceptor molecule to form a
sulfuric acid (sulfate) ester and PAP (adenosine-3’, 5’-diphosphate) (Figure 5).
Sulfotransferases that are bound in the membrane of the Golgi apparatus are responsible
for the sulfation of macromolecul es such as peptides, proteins, lipids, and carbohydrates to
regulate their structural characteristics and physiological function (110, 111), whereas the
mammalian cytosolic sulfotransferases (SULTS) are responsible for the sulfation of
xenobiotics (i.e. drugs) and small endogenous molecules such as steroids, bile acids, and
neurotransmitters to regulate steroid hormone homeostasis as well as other physiological
processes (112). Sulfation often serves as a mechanism of inactivation for elimination by
forming water-soluble products that are excreted in the urine, although minoxidil-sulfateis
one example of an exception to this (113). Additionally, some SULT-catalyzed reactions
can lead to the metabolic activation of xenobiotics through the formation of electrophilic

sulfuric acid esters (110, 114).
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Figure 5. The general sulfation reaction catalyzed by sulfotransferases

Nomenclature of Sulfotransferases

Until the recent decade the nomenclature for sulfotransferases was arbitrary at best,
confusing at worst. The previous naming system for SULTs was based of the most-
preferred substrate for an individual SULT, such as the dehydroepiandrosterone (DHEA)
SULT or the estrogen (EST) SULT. However, most of these enzymes have overlapping
substrate specificities that made it difficult to correctly identify aparticular SULT member
among other SULTSs, and this was further complicated because individual research groups
adapted their own abbreviations for SULTs. For example, the DHEA sulfotransferase is

synonymous to both the bile acid sulfotransferase and hydroxysteroid sulfotransferase,
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which are abbreviated in literature as DHEA-ST, HST or ST2A1. Nagata et a (109)
created anomenclature system whereby the prefix “ST” preceded cytosolic SULT families.
Their system divided gene families into subfamilies based on sequence similarity and
substrate specificity, but conflicted with the nomenclature system adopted for the human
genome and was poorly utilized in the research field of SULTs. In 2004, Blanchard et al.
published a nomenclature system for the cytosolic SULT superfamily that is now widely
accepted by the scientific community (108). This system was applied to 65 SULT cDNAs
and 18 SULT genes from eukaryotic organisms and states that SULTs sharing at |east 45%
amino acid sequence identity are members of the same family, whereas those sharing at
least 60% identity are members of the same subfamily. SULT families and SULT
subfamilies are designated by an Arabic numerical and alphabetical character, respectively,
and unique isoforms are identified by an additional Arabic numerical following the
subfamily designation. For example, h\SULT1EL is a human cytosolic sulfotransferase of

family 1, subfamily E, and isoform 1.

Sulfotransferase Families

The human cytosolic SULT gene superfamily is comprised of 4 different families:
SULT1, SULT2, SULT4, and SULT6. Family 1 SULTs exhibit the widest tissue
distribution of any cytosolic SULT family (112) and utilize a broad range of substrates
such as phenols, catechols, oximes, benzylic acohols, iodothyronines, N-
hydroxyarylamines, as well as steroid hormones such as estrone and estradiol (115-123).
This family of SULTs contains the human estrogen sulfotransferase (hNSULT1E1) which
has been extensively studied due to its involvement in the regulation of estrogen
metabolism in ER-positive breast cancer (124-127). Family 2 SULTscatalyzethe sulfation
of hydroxysteroid hormones such as pregnenolone (PREG) and DHEA, alcohols, bile
acids, and some aliphatic amines (128-132). The human hydroxysteroid sulfotransferase

2A1 (hSULT2A1) belongsto thisfamily of SULTS and is one of the most highly expressed
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isoforms in human liver in addition to SULTs 1A1 and 1E1. Family 4 SULT members
were cloned from both human and rat brain cDNA libraries by Falany et al. (133) and have
unknown substrate specificity and a selective expression in brain tissue (133, 134). There
isevidencefor only one member of thefamily 6 SULT (SULT6B1). Although the substrate
specificity for SULT6B1 has not been fully characterized, expression-profiling studies

show an expression of the enzyme in the human testis (135).

Structural Properties of Sulfotransferases

SULTS are globular proteins with a characteristic a/f fold and a central 4-5
stranded parallel 3-sheet that is bordered by a helices. The 3-sheet forms the catalytic site
and the binding region of PAPS, which consists of an N-terminal 5’-phosphosulfate
binding (5’-PSB) motif, a central 3’-phosphate-binding (3’-PB) sequence, and a 3-strand-
loop-helix (P-loop). Thisbinding region of PAPS is highly conserved in all SULTs at the
amino acid level (111) and is utilized in the identification of newly cloned SULTS from
cDNASs (111, 136). The substrate binding region of each SULT has structural differences
that convey the substrate specificity of the enzyme. For example, the L-shaped substrate
binding pocket of hSULT1A1 is quite flexible and can undergo significant deformations
to accommodate a variety of structurally different substrates (137, 138). Other enzymes
such as the rat hydroxysteroid sulfotransferase STa have a stereoselective substrate
specificity (139), likely due to steric effects at the substrate binding region of this protein.
Most cytosolic SULTsaredimersin their catalytically active form due to the hydrophobic
interactions of a conserved, zipper-like peptide sequence (KXXXTVXXXE) that mediates
homo- as well as hetero-dimerization between monomers (140). Dimerization has been
shown to play a role in the kinetic mechanism and stability of some human cytosolic

SULTSs (141, 142).
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Substrate Inhibition in SULT-Catalyzed Reactions
Substrate inhibition is a characteristic phenomenon of many SULT-catalyzed
reactions, wherein the cataytic rate of the enzyme decreases a high substrate
concentrations (Figure 6). Thisis often explained by the formation of non-productive dead-
end complexes, alosteric regulation, and non-productive substrate binding. Ternary dead-
end complexes form when a substrate binds to a product-bound enzyme before the product
has left the active site of the enzyme; increasing the substrate concentration increases the

frequency of dead-end complexes and slow the catalytic activity of the enzyme. These

Reaction Velocity

v

[Substrate]

Figure 6. A representation of substrate inhibition in an enzyme-catalyzed reaction

complexes have been observed in kinetic studies with hNSULT2A1 (129) and hSULT1E1
(143). For hSULTI1EL, it has been postulated that two molecules of substrate and one
molecule of PAPS bind to one subunit of hSULT1EL to form an [E-PAPS-S-S] complex,
which assumes that substrate inhibition occurs through binding at an allosteric site since
no crystalographic evidence exists for two molecules of estradiol simultaneously
occupying the substrate-binding site of the enzyme.  Other studies have utilized

crystallography to show that DHEA bindsin anon-productive orientation to the active site
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of hSULT2A1 (144), and the same has been observed for the binding of estradiol to
hSULT1A1 (117).

Human Hydroxysteroid Sulfotransferase 2A1 (hSULT2A1)

Human SULT2A1 catalyzes the sulfation of various endogenous and exogenous
molecules (112, 145-147) and is involved in the detoxication of xenobiotics (i.e. drugs)
that contain acohol and phenol functional groups. Moreover, it catalyzes the sulfation of
DHEA and PREG (110, 148), two of the most abundant circulating steroid hormones in
humans. DHEA, PREG, and their corresponding sulfates are important in fetd
development (149), brain development (150), cognition (151), age (152), cardiovascular
function (153), and other processesthat areinvolved in normal physiological function. For
example, changes in the endogenous concentrations of DHEA and DHEA-S are associated
with disease states such as rheumatoid arthritis, schizophrenia, liver disease, lupus, and
renal disease (154). Steroid sulfoconjugates have a greater half-life and bioavailability in
blood circulation through interactions with serum binding proteins (154). Thus,
hSULT2A1 is important in the distribution and maintenance of steroid hormone

homeostasis.

Cloning and Biochemical Characterization of hNSULT2A1

In 1989, Falany and co-workerswerethefirst to purify and characterizehSULT2A1
from human liver cytosol (148). Their studies indicated an enzyme with a subunit
molecular mass of 35 kDa that was catalytically active as a homodimer in solution. The
interface between subunits of the dimer was elucidated in later studies as the KTVE
dimerization sequence motif (140). Human SULT2A1 was successfully cloned from
human liver cDNA by PCR amplification, and subsequently expressed and purified from
COS-1 cells by Otterness et al. (155). The resulting protein displayed sulfating activity

towards DHEA and was determined to be 285 amino acids in length and encoded by 855
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nucleotides from human liver cONA. DHEA is the natural endogenous substrate for
hSULT2A1, and it isthe preferred substrate for use in purification and kinetic studies with
the enzyme (129, 156, 157). Chang et al. also determined the pH optimum for h\SULT2A1
(pH 7 to 8) aswell asthe optimum temperature for the enzyme (40°C) when examined with
DHEA assubstrate (156). The enzymeis sensitiveto 2,6-dichloro-4-ninitrophenol (DCNP)
inhibition (158) and displays substantia substrate inhibition during DHEA sulfation with

maximal enzyme activity at DHEA concentrations from 2 — 4 uM (129).

Tissue Distribution of hSULT2A1

DHEA-sulfate (DHEA-S) is abundant in both the human fetal and adult adrenal
gland due to the high expression of hSULT2AL1 in these tissues (148, 159-161). The
enzymeis aso highly expressed in the liver (162), intestines (163), and the stomach lining
(164). Expression of hSULT2A1 in the human liver is associated with the sulfation and
detoxication of bile acids (162), whereas the expression in the gastrointestinal tract is
associated with the detoxication of xenobiotics due to the broad substrate specificity of
hSULT2A1 (165). Other tissues such as the ovary and prostate express hSULT2A1 at
lower levels (166), and recent studies show an expression of the enzyme in endometria

glandular and surface epithelium (77, 167).

Substrate Specificity of hSULT2AL and its Role in Drug
Metabolism and Detoxication

Human SULT2A1 is the only family 2 SULT isoform identified in human liver
(148) and utilizes abroad range of substrates. Common substrates for this enzyme include
bile acids such as cholic acid, lithocholic acid, and deoxycholic acid (128). Bile acids are
the toxic byproducts of steroid biosynthesis, and these molecules have been implicated in
the pathogenesis of diseases such asliver cirrhosis (168), cholestasis (169), and colorectal

cancer (170, 171). The sulfation of bile acids by hSULT2A1 serves as a mechanism to
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prevent their toxic action and accumulation in tissue. Other substrates for hSULT2A1
include therapeutic agents such as acetaminophen (172), tibolone (173), 4-OHTAM (174),
as well as environmental toxicants such as hydroxylated polychlorinated biphenyls
(OHPCBS) (175), and pentachlorophenol (89). Moreoever, h\SULT2A1 is responsible for
the N-sulfoconjugation of desipramine and quinolone drugs such as ciprofloxacin,
moxifloxacin, and garenoxacin (132), owing to its role in the sulfation of amines. The
chemical structures of some representative substrates for h\SULT2A1 are shown in Figure

7.

N/
H
Desipramine Ciprofloxacin

O

OH
H
NY
JOR!
HO
*

4'-OH PCB 68 Lithocholic acid Acetaminophen

Note: The asterisk (*) marks the position of sulfoconjugation by hSULT2A1

Figure 7. Chemical structures of several representative substrates for NSULT2A1.
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Roles of hRSULT2A1 in Seroid Metabolism and
Carcinogenesis

DHEA and PREG are two of the best known substrates for hNSULT2A1 and their
sulfation in vivo is important for the bio-synthesis of other steroid hormones such as
androgens and estrogens. PREG is derived from the CYP-catalyzed cleavage of
cholesterol and undergoes a two-step enzymatic conversion to form DHEA, which is then
converted to DHEA-S by hSULT2A1 (154) (Figure 8). DHEA-S circulates in the blood
where it is taken up by peripheral and adrenal tissues and hydrolyzed back to DHEA by
sulfatase enzymes (154). DHEA and DHEA-S serve as the precursors to approximately
50% of androgens in adult men, 75% of active estrogens in premenopausal women, and
nearly 100% of active estrogens in postmenopausal women (176). Moreover, DHEA-S
and PREG-S are important in fetal maturation and serve as precursors for the placental
production of estrogen and progesterone during pregnancy (177).

Despite the function of hSULT2A1 in steroid metabolism, the sulfation of some
benzylic and allylic alcohols catalyzed by this enzyme can sometimes generate
electrophilic products that are reactive towards DNA and proteins (85, 145, 178-182). As
seen in Figure 4 with the sulfation of a-OHTAM, the sulfate moiety becomes a good
leaving group when facilitated by induction and resonance-stabilization (114). Asaresult,
astrongly electrophilic carbocation isformed that can then react with nucleophilic sites on
DNA and proteins, and the accumulation of adducts in genomic DNA is proposed to be a

key step in the development of malignancy and cancer (183-185).
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Figure 8. A general metabolic pathway for the biosynthesis of selected hydroxysteroids
(DHEA and PREG) and estrogens (estrone, estradiol, estriol).
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Human Estrogen Sulfotransferase 1E1 (hSULT1E1)

Human SULT1EL1 catalyzes the sulfation of estrogens and various endogenous and
exogenous molecules that contain phenol functional groups. Although known to catalyze
the sulfation of DHEA and PREG, hSULT1EL functions primarily in the sulfation of
estrone, estradiol, and estriol. Estradiol exerts its effects to promote cell growth and
proliferation when bound to the ER (186). Estradiol is conjugated by hSULT1EL1 to form
estradiol-sulfate, which prevents the parent hormone from binding to, and thereby
activating, the ER. This mechanism protects the peripheral tissues from excessive
estrogenic effects and is associated with tumor regression in ER-dependent carcinomas
(187). Estrogen isimportant in regulating biological responses in norma and cancerous
endocrine tissues, such as the breast and endometrium (188). Moreover, estrogen is
important in fetal maturation, but excessive exposure has been linked to abnormal
development and mammary morphology after birth (189, 190). Therefore, hSULT1E1
plays an important role in the regulation of estrogen metabolism and homeostasisin adults

and the human fetus.

Estrogen Biosynthesis and Mechanism of Action

Estrogens are synthesized in the ovaries and peripheral tissues in premenopausal
women, but are only synthesized in peripheral sites in postmenopausal women after the
ovaries lose their physiological function. As reviewed by Rizner et al., periphera tissues
such as adipose tissue, bone, brain, and cancerous endometrium produce estradiol from
DHEA-S, DHEA, and androstenedione, which are relatively high in postmenopausal
women with plasma concentrations of approximately 1.8 uM, 6.6 nM, and 1.9 nM,
resepectively (191). DHEA is converted into estrone by a two-step enzymatic reaction
catalyzed by 3B-hydroxysteroid dehydrogenase and aromatase; estrone is then converted
into estradiol by hydroxysteroid (17p) dehydrogenase (192). Periphera tissues release

estrogens into circulation as their corresponding sulfoconjugates, which are then

www.manaraa.com



24

hydrolyzed back into the parent estrogens by sulfatases. The mean plasma concentrations
of estrone and estradiol are 70 pM and 30 pM respectively (191), with estradiol being the
more potent of the two. Estriol is known as the fetal estrogen and is synthesized from
placental 16a-hydroxydehydroepiandrosterone sulfate (16a-OHDHEA-S) (193). An

illustration of this biosynthetic pathway is shown in Figure 8.

Tissue Distribution of NSULT1E1

Human SULTI1E1L is the only SULT expressed in normal breast epithelia cells
(194) and is distributed to avariety of other human adult and fetal tissues. As summarized
by Miki et al. (195), hNSULT1EL is highly expressed in adult adrenal gland, mammary
glands, and placenta. Other adult tissues such as the brain, aorta, liver, lung, intestines,
and uterus express hSULT1E1 at considerable levels, however, no expression of
hSULT1EL is observed in the spleen and pancreas. This enzyme is highly expressed in
fetal lung, liver, intestine, thyroid, and kidney, which emphasizes the important role of
hSULT1EL in regulating estrogen metabolism in the developing fetus. Other studies have
shown that hSULT1EL is expressed in the skin and prostate (196) as well as the
endometrium (197, 198), but is rarely expressed in breast cancer cells (199). This is
important because changes in the activity or expresson of hSULT1E1 may increase
estrogen exposure and estrogen-receptor-mediated effects that promote cellular

proliferation and tumor progression (1).

Cloning and Biochemical Characterization of h\SULT1E1
In 1994, Aksoy et al. were the first to identify hSULT1E1 by cDNA cloning and
expression in COS-1 cells (200). This was performed by amplifying a 512 nucleotide
portion of human liver template cDNA using PCR (polymerase chain reaction) primersthat
were designed based on the highly conserved SULT1E1 sequences in non-human cDNA;

the resulting transcript was a 35.1 kDa protein with detectable activity towards estrone.
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Her et al. determined the structure and chromosomal localization of the hSULT1EL gene
one year later in 1995 (201). In the same year, Falany et al. published the bacteria
expression and characterization of hSULT1EL from human liver cDNA (202), which they
determined was a 294 amino acid protein (35.1 kDa) encoded by 994 nucleotides. Human
SULTI1EL is sensitive to DCNP inhibition (203), is catalyticaly active as a dimer, and
displays potent substrate inhibition during estradiol sulfation with maximal enzyme
activity at estradiol concentrationsfrom 15— 20 nM (143). Kinetic studieswithhSULT1E1
are usualy performed at physiological pH (202, 204), although Zhang et al. determined
the catalytic mechanism of the enzyme at pH 6.3 (143). It should be noted that high
concentrations of PAPS inhibit hNSULT1E1 under these conditions (i.e., pH 6.3) but shows
no substrate inhibition at pH 7.4 (202).

Substrate Specificity of hRSULT1E1L

Estradiol is one of the best known substrates for h\SULT1EL1, and it has the highest
affinity for the enzyme compared to other steroid substrates such as estrone and estriol.
Human SULT1El aso catalyzes the sulfation 17B-ethinyl estradiol (203), an orally
available therapeutic steroidal estrogen, and resveratrol, which isapolyphenolic derivative
found in grapes, red wine, and peanuts (205, 206). Resveratrol is an aternate substrate and
inhibitor of the hSULT1E1-catalyzed sulfation of estradiol (194, 207), which suggests the
potential for this molecule to interfere in estrogen metabolism. Genotoxic
catechol estrogens such as 2-hydroxyestrone, 2-hydroxyestradiol, 4-hydroxyestrone, and 4-
hydroxyestradiol are substrates for hNSULT1E1 and their sulfation serves as a mechanism
of inactivation to prevent the formation of reactive quinones (208). As seen in Figure 9,
other substrates for hSULT1EL include phytoestrogens such as diadzein and genistein
(204, 209), SERMS such asraoxifene and 4-OHTAM (174), and -naphthol (210).
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Note: The asterisk (*) marks the position(s) of sulfoconjugation by hSULT1ELl. The
double asterisk (**) marks the most preferred site of sulfation (205).

Figure 9. Chemical structures of several representative substrates for NSULT1E1.

Human Phenol Sulfotransferase 1A1*1 (hSULT1A1*1)

Human SULT1A1 was previously known as the phenol-sulfating sulfotransfersase,
and it catalyzes the sulfation of various endogenous and exogenous molecules, steroid
hormones, monoamines, and small, planar substrates. Thisenzymeis heavily involved in
drug metabolism and has thirteen aleles encoding four alloenzymes that alter the catalytic
activity and thermal stability of hSULT1A1, and these polymorphisms may have clinical
consequences in individual responses to some therapeutic agents that require metabolism
by thisenzyme (211, 212). The most common SULT1A1 alloenzymeisthe* 1 variant (211,
213), and it has been extensively studied in relation to the therapeutic outcome and
pharmacogenetics of tamoxifen (100, 102, 214-216). Other SULT1A1 polymorphisms
include the thermally labile *2 alloenzyme, which has lower enzymatic activity and is
defined by an Arg213His amino acid change from the conversion of guanine to adenosine

at nucleotide 638. The *3 alloenzyme is defined by a Met223Val change from the
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conversion of adenosine to guanine at nucleotide 667, however, the functional significance
of hSULT1A1*3 remains unknown (118). Also of unknown phenotype is the *4
alloenzyme, which is defined by an Arg37Gln amino acid change from the transition of
guanine to adenosine at nucleotide 110. Relative frequencies of the*1, *2, *3, and *4
alloenzymes of hSULT1A1 are 0.674, 0.313, 0.10, and 0.003, respectively (211).

Cloning and Biochemical Characterization of
hSULT1A1*1

In 1989, Falany and his group were the first to purify hSULT1A1 from human liver
cytosol to reveal hSULT1A1 as an active enzyme with an apparent molecular mass of 68
kDa and a subunit molecular mass of 32 kDa, which suggested that the enzyme was
catalyticaly active as a dimer (217). Human hSULT1A1 was then successfully cloned
from human liver cDNA library, and subsequently expressed in COS-7 cells (218). The
resulting protein displayed detectable sulfation activity towards minoxidil and p-
nitrophenol (pNP), and it was determined to be 295 amino acids in length with a predicted
molecular mass of 34 kDa and encoded by 1206 base pairs from full-length cDNA.
Raftogianis et al. later reported nucleotide polymorphisms associated with phenotypic
variations in the activity and thermal stability of hSULT1A1 from the platelets of patient
blood, and through their sequencing studies was revealed the discovery of 4 alleles of the
parent enzyme: hSULT1A1*1, hSULT1A1*2, hSULT1A1*3, and hSULT1A1*4 (211).
The hSULT1A1*1 alloenzyme is relatively resistant to heat inactivation (219, 220), is
sensitive to DCNP inhibition (221), and is structurally stable as a homodimer with a pH
optimum of 6.5 when examined with -naphthol as substrate and p-nitrophenyl sulfate
(PNPS) as the sulfuryl donor (142). However, the enzyme does not display substrate

inhibition under these pH conditions during estradiol sulfation (118).
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Tissue Distribution and Substrate Specificity of
hSULT1A1*1

Human SULT1A1 is the most highly expressed SULT in human liver (222) and
mediates the sulfation of phenolic substrates such as minoxidil (223), p-nitrophenol (224),
and B-naphthol (225). The enzyme aso functions in the sulfation of steroidal estrogens
such as estradiol (110) and 17(3-ethinyl estradiol (226), as well as proximate carcinogens
such as dietary heterocyclic amines (227) and 2-methoxyestradiol (228). Other substrates
for h\SULT1A1 include raloxifene (174), 4-OHTAM (118, 174), and the circadian rhythm
indole hormone, 6-hydroxymelatonin (229). Figure 10 illustrates several representative
substrates for h\SULT1A1*1. The enzyme is expressed in fetal liver (230), the growing
placenta (231), blood platelets (219), as well as the intestines, kidney, and lungs (222).
Epigenetic studies show a silencing of the hSULT1A1 gene in early breast carcinogenesis

(232), which suggests a potentia for expression of the enzyme in breast cancer tissue.

)
CI)*
I OH o]
N }\1 NH o)
YOG Wy
/ N
Q \_\ HO N
Minoxidil N-hydroxy-PhlP 6-hydroxymelatonin
*
OH
*
OH
HO °o0®0
*
2-naphthol N-hydroxy-4-aminobipheny! 4-nitrophenal

Note: The asterisk (*) marks the position of sulfoconjugation by hSULT1A1*1.

Figure 10. Chemical structures of several representative substrates for hNSULT1A1* 1.
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Human SULT1A1*1 and Its Role in the Therapeutic Action
of Tamoxifen

While hSULT1E1 isthe principal enzyme responsible for the sulfation of estrogens
at physiologica concentrations, hSULT1A1*1 is aso capable of sulfating estrogen, albeit
at micromolar concentrations (110, 233). The catalytic function of hSULT1A1*1 is
important in tissueswhere h\SULT1EL is absent or poorly expressed, as appears be the case
in breast tumor tissues (187, 199). Shatalovaet al. demonstrated that estradiol-treated cells
expressing high-activity hSULT1A1*1 proliferated at a significantly lower rate when
compared to control cells (233), which suggests arole for the enzyme in tumor depression
through the inactivation and excretion of estrogens. However, Seth et al. showed that
SULT1A1 mRNA is up-regulated 10-fold in breast cancer cells treated by 4-OHTAM
(234), whichisaknown substratefor hNSULT1A1* 1 (118, 235). Even though up-regulation
of the expression of SULT1A1 might decrease estrogen levels, the sulfation of 4-OHTAM
catalyzed by hSULT1A1* 1 might be a disadvantage to tamoxifen therapy by reducing the
bioavailability and effective concentrations 4-OHTAM. Interestingly, later studies have
found a strong association between patient survival and the high activity hSULT1A1*1
alele (100, 214), which suggests that the sulfation product, 4-OHTAM-S, has therapeutic
benefit and an activity different from inactivation and excretion. Thiswas later confirmed
by Mercer et al., who demonstrated an 80% increase in apoptosisin MCF7-hSULT1A1*1
expressing cells treated with 4-OHTAM. They concluded that breast cancer cells
expressing the high activity hSULT1A1*1 aloenzyme enhanced the anti-proliferative and
apoptotic properties of 4-OHTAM, which suggests a unigue role for the enzyme and 4-
OHTAM-S in tamoxifen efficacy and therapy (216). Therefore, hSULT1A1*1 plays an
important role in the metabolism and therapeutic action of tamoxifen, as well as the

metabolism of estrogen in cancerous endocrine tissues.
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Roles of h\SULT1A1*1 in Carcinogenesis

Despite therole of hRSULT1A1* 1 in the inactivation of many hormones and drugs,
some reactions catal yzed by this enzyme can lead to the metabolic activation of xenobiotics
to reactive electrophiles. For example, the hSULT1A1*1 is associated with arylamine and
heterocyclic amine-induced carcinogenesis via the sulfation of N-hydroxy heterocyclic
amines such as, N-hydroxy-2-amino-l-methyl-6-phenylimidazo[4,5-b]pyridine (N-OH-
PHip) and N-hydroxy-4-aminobiphenyl (a compound present in tobacco smoke) (236,
237). Moreover, this enzyme functions in the sulfation of benzylic acohols derived from
alkyl-substituted polycyclic aromatic hydrocarbons (PAHS) (119, 180, 238). PAHSs are
environmental carcinogens that have been shown to be mutagenic in human breast tissue
(239). The sulfoconjugates of PAHs are converted into ultimate carcinogens when the
sulfate moiety becomes a good leaving group due to induction and resonance stabilization.
Refer to figure 11 for the resonance stabilization of the carbocations formed from the

SULT-catalyzed sulfation of benzylic alcohols and N-hydroxy aromatic amines.

&2 8- G-5-8
PO I

Figure 11. Resonance stabilization of carbocations formed from the sulfate cleavage of
(A) benzylic acohols and (B) aromatic hydroxylamines. Adapted from (119)
with slight modifications.
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Roles of hSULTs 2A1, 1FE1, and 1A1*1 in Steroid and
Tamoxifen Metabolism

As is clear from the discussion above, human cytosolic SULTs 2A1, 1E1, and
1A1*1 regulate steroid hormone homeostasis via the sulfation of endogenous steroid
substrates for the enzymes. Human SULT2A1 catalyzesthe sulfation of DHEA and PREG
to their corresponding sulfuric acid esters, which inactivates these molecul es as precursors
for the biosynthesis of testosterone and estrogen in adults and the developing fetus.
Estradiol is the most potent estrogen hormone in humans, and it regulates normal
physiologica growth and maturation in endocrine-responsive tissues such as the breast and
endometrium. Estradiol is efficiently conjugated to its inactive sulfuric acid ester in a
reaction catalyzed by hSULT1EL at physiological substrate concentrations, but it is also
sulfated, to alesser extent, in reactions catalyzed by hSULT1A1*1 in those tissues where
hSULT1EL is unavailable or poorly expressed. Estrogen inactivation due to the action of
hSULT1E1 and hSULT1A1*1 is required to prevent excessive estrogenic activity in the
surrounding tissues, and thisis an importance component in maintaining normal endocrine
function. Moreover, the catalytic activity of these enzymes is vital in drug metabolism
and can either enhance or diminish the pharmacological or toxicological effects of
therapeutics. For example, hSULT1A1*1 is involved in the inactivation of phenolic
metabolites of tamoxifen (i.e. 4-OHTAM and endoxifen), whilehSULT2A 1 isinvolved in
the metabolic activation of the a-OHTAM metabolite to initiate adduct formation. The
efficacy of tamoxifen therapy is also dependent upon the regulation of active and inactive
estrogens in vivo. Since tamoxifen inhibits estrogen-induced DNA transcription at the
estrogen receptor, changes in the catalytic activity of hSULT1E1 or hSULT1A1*1 could
increase the physiological concentrations of active estrogen and decrease the efficacy of
tamoxifen. Therefore, hSULTs 2A1, 1E1, and 1A1*1 are important in the therapeutic

action and toxicity of tamoxifen.
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CHAPTER 2
STATEMENT OF HYPOTHESIS

Although tamoxifen is a successful agent for the treatment and prevention of breast
cancer, its use is limited by a low incidence of endometrial cancer in some patient
populations. (27-29, 38, 39). Furthermore, nearly half of patients who are treated with
tamoxifen fail to respond to the therapy and some see a recurrence of breast cancer after
initial therapy. The therapeutic action of tamoxifen is dependent on the in vivo formation
of its active metabolites, 4-OHTAM and endoxifen, which bind to the estrogen receptors
in breast cancer tissue to inhibit estrogen-induced DNA transcription. Estrogens are
derived from steroid substrates catalyzed by hSULT2A 1 and aretightly regulated in tissues
due to the activity of hSULT1E1 and hSULT1A1*1.

The human hydroxysteroid sulfotransferase 2A1, hSULT2A1, catayzes the
sulfation of various endogenous and exogenous molecules (112, 145-147). Although the
detoxication of many hydrophobic xenobiotics that contain acohol functional groups is
one of the important roles of hSULT2A1, the sulfation of some benzylic and alylic
alcochols catalyzed by this enzyme can sometimes generate bioactive electrophilic
products that are reactive towards DNA and proteins, (85, 145, 178-181). For example,
hSULT2A1 catalyzes the formation of an a-sulfooxy metabolite of tamoxifen that is
reactive towards DNA, (40, 76) which is proposed to be a key step in the metabolic
activation of tamoxifen that leads to the development of endometrial cancer is some
tamoxifen-treated women.

The human estrogen sulfotransferase 1E1, hSULT1E1, catalyzes the sulfation of
estradiol a low (nanomolar) concentrations, which constitutes a major physiological
function of this enzyme. The sulfation of estradiol protects peripheral tissues from
excessive estrogenic effects and is associated with tumor regression in estrogen-dependent

cancer (187). Estrogen homeostasisis also regulated by hSULT1A1*1 in certain tissues
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where the h\SULT1EL is not available or is poorly expressed, which appears to be the case
in breast tumor tissue (187, 199). An additional advantage of hRSULT1A1* 1 is the ability
for this enzyme to enhance the apoptotic properties of 4-OHTAM in breast cancer cells
(216) This highlights the need to maintain the catalytic activity and functional integrity of
human cytosolic SULTsin vivo.

The hypothesisfor the current investigation isthat endoxifen, 4-OHTAM, and other
major tamoxifen metabolites regulate the catalytic activity of hSULTs 2A1, 1E1, and
1A1*1 and thereby have a potential to modulate the therapeutic action and toxicity of
tamoxifen. Due to the involvement of hSULT2A1 in the metabolism and transport of
steroid hormones and in the genotoxicity of the a-hydroxy metabolite of tamoxifen, the
current study will evaluate the potential for metabolites of tamoxifen to inhibit the catal ytic
activity of the enzyme. Such inhibition could prevent the formation of the genotoxic a-
sulfooxy metabolite in tissue such as the endometrium or it might alter steroid hormone
homeostasis by interfering with the inactivation of steroid substrates for the hSULT2A1.
Thisstudy will also evaluate the potential for the metabolitesto interfere in the inactivation
of estrogens catalyzed by hSULT1E1 and hSULT1A1*1. Alterations in the catalytic
activity of either enzyme may increase the physiological concentrations of unconjugated
(active) estrogen, which will likely cause excessive estrogenic hormonal effects in
endocrine tissues such as the endometrium and breast. These events will compromise the
efficacy of tamoxifen as a SERM and may explain the resistance to therapy. Moreover,
increases in the physiological concentrations of estrogen may augment the risk for the
endometrial carcinogenesis when combined with the reactive a-sulfooxy derivative
catalyzed by hSULT2A1. Lastly, changesin the catalytic activity of hSULT1A1*1 may
affect the therapeutic action of tamoxifen by atering the bioavailability of the active
metabolites. For example, the expression of hRSULT1A1*1 in breast cancer is associated
with an increased patient survival (100, 214), which is likely due to the hSULT1A1*1-
catalyzed sulfation of 4-OHTAM in breast cancer cells (216). However, the sulfation of
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the tamoxifen metabolites in non-cancerous tissue will likely serve as a mechanism of
elimination to promote excretion of the active form(s) of the drug. Therefore, depending
on the tissue, the activity of hSULT1A1*1 can either enhance or diminish the effects of
tamoxifen.

The hypothesiswill betested by expressing and purifying recombinant hNSULT2A1,
hSULT1E1, and hSULT1A1*1 from abacteria system to obtain the proteins in sufficient
quantities for kinetic studies without the use of His-tags or fusion proteins. This method
is intended to preserve the structural and functional integrity of the proteins for kinetic
studies. Tamoxifen metabolites will then be purchased or synthesized, as appropriate, and
investigated as inhibitors of the hSULT2A1-catalyzed sulfation of DHEA and PREG.
Afterwards, the metabolites will be investigated as inhibitors of the hSULT1E1- and
hSULT1A1*1-catalyzed sulfation of estradiol. Since inhibitors of an enzyme could be
exerting their effect through serving as alternate substrates, this possibility will aso be
investigated. LC-MS will then be utilized to characterize the product(s) of sulfation
catalyzed by hSULT2A1, hSULT1EL, or hSULT1A1*1 from enzyme reaction mixtures.
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CHAPTER 3
INTERACTIONS OF TAMOXIFEN METABOLITESWITH HUMAN
HYDROXY STEROID SULFOTRANSFERASE SULT2A1

[ntroduction

Given the complexity of the carcinogenic response to tamoxifen and the potential
role(s) of hSULT2A1, the first goa of the current study was to determine the interactions
of tamoxifen and its major metabolites with hSULT2A1. It was hypothesized that the
major metabolites of tamoxifen could inhibit the catalytic activity of hSULT2A1 and
modulate the toxicity due to the action of the enzyme. It was also hypothesized that the
metabolites could compete with the genotoxic metabolite, a-OHTAM, or physiological
hydroxysteroids for sulfation by catalyzed hSULT2A1. Since radiolabelled a-OHTAM
was not available, [2H]-DHEA and [3H]-pregnenolone were used as substrates in order to

study inhibition of the hNSULT2A1-catalyzed reaction.

Expression and Purification of Recombinant hRSULT2A1

Human SULT2A1 was expressed and extracted from BL21 (DE3) Escherichia coli
(E. coli) using apreviously described procedure (89, 175). The enzyme was purified using
DE-52 anion exchange chromatography followed by two hydroxyapatite columns to
homogeneity as determined by sodium dodecy! sulfate polyacrylamide gel electrophoresis
(SDS-PAGE). A single band with an approximate molecular mass of 34 kDa was
observed, and this was consistent with the previously reported mass of the hSULT2A1
(148). Protein concentration was determined at each step of the purification process with a
modified Lowry method using bovine serum albumin asastandard (240). Chromatography
fractions were analyzed for enzyme activity using DHEA as substrate in a previously

reported methylene blue assay (241, 242).
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The Inhibition of hSULT2A1 by Major Tamoxifen
M etabolites

Endoxifen, 4-OHTAM, TAM-NO, and N-desTAM were investigated as inhibitors

of hSULT2A1 using DHEA and pregnenolone as substrates at pH 7.4. The sulfation of
either DHEA or pregnenolone wasiinitially examined using a concentration range between
0.2 — 20.0 uyM for DHEA and 0.5 — 22.0 uM for pregnenolone in order to determine the
concentrations of each substrate where minimal substrate inhibition occurred (Figure 12).
Kinetic constants derived from the sulfation of DHEA and PREG are listed in Table 2.
Endoxifen, 4-OHTAM, N-desTAM, and TAM-NO were all inhibitors of DHEA sulfation
(Figure 13), however, tamoxifen did not exhibit significant inhibition of hSULT2A1 up to
the limits of its solubility in the assay (data not shown). Endoxifen, 4-OHTAM, and TAM-
NO displayed greater than 95% inhibition of the enzyme within their solubility limits,
whereas N-desTAM reached only approximately 30% inhibition at its limit of solubility.
As seen in Table 3, the calculated 1Csp (haf-maximal inhibitory concentration) values
ranged from 1.7 uyM to 11 yM for the inhibition of the sulfation 1.0 yM DHEA, with
endoxifen being the most potent inhibitor. The inhibitor dissociation constant (Ki),
catalytic efficiency constant (kcat/Km), Michaelis-Menten constant (Km), and maximal
velocity (Vmax) for inhibitors of the hSULT2A1-catalyzed sulfation of DHEA are shown
in Table 3, with the mechanism of inhibition and initial velocity datain Figures 14 and 15.
Endoxifen, 4-OHTAM, and TAM-NO were noncompetitive inhibitors with Ki values of
2.8 uM, 19 uM, and 9.6 pM, respectively, whereas N-desTAM was a competitive inhibitor
of DHEA sulfation with aKi value of 17 uyM.
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Figure 12. Initial velocities of hSULT2A1-catalzed sulfation of DHEA and PREG in the
presence of 200 UM PAPS. Dataare the means £ standard error from triplicate
determinations and were fit to a standard uncompetitive substrate inhibition
equation. Refer to Table 18 (Chapter 7) for rate equations.

Substrate Km Vmax kcat/Km Ki
UM nmol/min/mg mintuM* UM

DHEA 1.7+0.8 498 + 141 15.8 1.4+0.7

PREG 44+23 1112 + 480 17.0 1.0+05

Note: Data are the means + standard error from triplicate determinations. Calculation of
kcat values was based on 67,356 as the dimeric molecular mass of hSULT2A1.

Table 2. Kinetic constants derived from the hRSULT2A 1-catalyzed sulfation of DHEA
and PREG.
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Metabolite |Cso Ki (Dﬁ”E“ N (I\D/lTé‘j;) 'Eg";‘j’gA”)‘
uM uM uM nmol/min/mg min M-t
Endoxifen 17+£04 28+0.2 0.7+£0.1 243+ 17 21.8
N-desTAM 83%26 17+£2 08+0.1 260+ 24 22.0
4-OHTAM 10+1 19+2 05+01 178+ 7 23.6
TAM-NO 11+1 9.6+0.2 35105 592+ 75 114

Note: Data are the mean + standard error from triplicate determinations. Calculation of
kcat values was based on 67,356 as the dimeric molecular mass of hNSULT2A1.

Table 3. The sulfation of DHEA was determined using varied concentrations of inhibitor
and either 1.0 yM DHEA (for ICso values) for 0.2 yM - 1.0 yM DHEA for
determination of the mechanism of inhibition and related kinetic constants.
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20 A
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Figure 13. Inhibition of the hSULT2A1-catalyzed sulfation of 1.0 uM DHEA by major
metabolites of tamoxifen. Sulfation rates of uninhibited controlsfor endoxifen,
N-desTAM, 4-OHTAM, and TAM-NO were approximately 87, 98, 97, and 111
nmol/min/mg, respectively. Data are the mean + standard error from triplicate
determinations and were fit to a sigmoidal dose-response equation (Table 18,

Chapter 7).
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Figure 14. Noncompetitive inhibition of the hSULT2A 1-catalyzed sulfation of DHEA by
endoxifen (A) and 4-OHTAM (B). Data are the mean + standard error from
triplicate determinations. Refer to Table 18 (Chapter 7) for rate equations.
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Figure 15. Competitive inhibition of the hSULT2A1-catalyzed sulfation of DHEA by N-
desTAM (A), and noncompetitive inhibition of DHEA sulfation by TAM-NO
(B). Dataarethe mean * standard error from triplicate determinations. Refer
to Table 18 (Chapter 7) for rate equations.
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Following the inhibition studies with DHEA, metabolites of tamoxifen were then

investigated as inhibitors of PREG to determine if the inhibition observed was affected by

the substrate utilized. Endoxifen, 4-OHTAM, N-desTAM, TAM-NO were inhibitors of

pregnenolone sulfation (Figure 16), and the percent inhibition by each metabolite was

similar to the studieswith DHEA The calculated | Csp values ranged from 2.7 uM to 16 yM

for the inhibition of 0.4 yM PREG, with endoxifen being the most potent inhibitor. The

kinetic parameters Vmax, Km, Ki, and kcat/Km for inhibitors of the h\SULT2A1-catalyzed

sulfation of PREG are reported in Table 4, with the kinetic mechanism of inhibition and

initial velocity data in Figures 17 and 18. Endoxifen, 4-OHTAM, and TAM-NO were

either mixed or noncompetitive inhibitors with Ki values of 3.5 yM, 12.7 uM, and 16.9

MM, respectively, whereas N-desTAM was best described as a competitive inhibitor of

PREG sulfation with aKi value of 9.8 uM.

Metabolite |Ceo Ki (PREG) (PRES) 'zgaFE’EKG”)‘
uM uM uM nmol/min/mg min pMm-1
Endoxifen 2711 35+0.7 12+03 33054 18.6
N-desTAM 15+1 98+1.2 21+05 630 = 130 20.0
4-OHTAM 17+1 132 2005 520 + 100 17.0
TAM-NO 16+1 17+1 23+05 650 = 120 19.0

Note: Data are the mean + standard error from triplicate determinations. Calculation of
kcat values was based on 67,356 as the dimeric molecular mass of hSULT2A1.

Table 4. The sulfation of PREG was determined using varied concentrations of inhibitor
and either 0.4 uM PREG (for ICso values) for 0.20 uM - 1.0 yM PREG for
determination of the mechanism of inhibition and related kinetic constants.
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Figure 16. Inhibition of the hSULT2A1-catalyzed sulfation of 0.4 yM PREG by major
metabolites of tamoxifen. Sulfation rates of uninhibited controls for endoxifen,
N-desTAM, 4-OHTAM, and TAM-NO were approximately 63, 92, 68, and 90
nmol/min/mg, respectively. Data are the mean + standard error from triplicate
determinations and were fit to a sigmoidal dose-response equation (Table 18,
Chapter 7)
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Figure 17. Mixed inhibition of the hSULT2A1-catalyzed sulfation of PREG by endoxifen

(A)

and 4-OHTAM (B). Data are the means + standard error from triplicate

determinations. Refer to Table 18 (Chapter 7) for rate equations.

www.manaraa.com



0.06 + e  No Inhibitor
o O 10uM N-desTAM
S v 20 iM N-desTAM Q
= v 40 uM N-desTAM HN—/_
E 0.04 1 / O Q
£
o)
S _
= 0.02
< o
= O
N-desTAM
?9 ) 2 4 6

1/Pregnenolone (uM)'1

0.10 - ® No Inhibitor
o 10uM TAM-NO
v 30 uM TAM-NO
0.08 - v 50 uM TAM-NO (Sa
\Ill_/_

o o
R S
1 1

/v (nmol/min/mg) ™
o
S

TAM-NO

3

4 6
1/Pregnenolone (uM)'1
Figure 18. Competitive inhibition of the hSULT2A1-catalyzed sulfation of PREG by N-
desTAM (A), and noncompetitive inhibition of PREG sulfation by TAM-NO

(B). Data are the means + standard error from triplicate determinations. Refer
to Table 18 (Chapter 7) for rate equations.
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Characterization of 4-OHTAM, N-desTAM, and Endoxifen
as Substrates for h\SULT2A1

Previous studies have shown that hNSULT2A1 is capable of catalyzing the sulfation
of 4-OHTAM at low concentrations (174), however, the kinetics of the hSULT2A1-
catalyzed sulfation of 4-OHTAM has not been characterized. Since the N-sulfoconjugation
of aliphatic secondary aminesis catalyzed by thisenzyme (132), hSULT2A 1 was examined
for its ability to catalyze the sulfation of N-desTAM and endoxifen. 4-OHTAM, N-
desTAM, and endoxifen were determined to be substrates for the enzyme, although the low
rates of sulfation of endoxifen prohibited the ability to obtain reliable kinetic constants with
endoxifen (Figure 19). The kinetics of 4-OHTAM sulfation was best described using a
Michaelis-Menten equation (i.e., no substrate inhibition was evident) whereas the data for
the sulfation of N-desTAM was best described using a substrate inhibition model (Figure
20). The kinetic constants for the sulfation of 4-OHTAM and N-desTAM catalyzed by
hSULT2A1 are summarized in Table 5. The enzyme displayed higher catalytic activity
with 4-OHTAM than with N-desTAM as seen by the 6.3-fold higher kcat/Km.

Since the sulfamate of N-desTAM (i.e., N-desTAM-S) has not been previously
reported as a metabolite, it was synthesized as a standard to confirm the mass of N-
desTAM-S formed in enzymatic reactions (Figure 21). The sulfate of 4-OHTAM (4-
OHTAM-S) was also synthesized as a standard for LC-MS studies (Figure 22); however,
earlier studies report the synthesis of 4-OHTAM-S using an alternative strategy (243). In
the current study, 4-OHTAM-S was synthesized from (Z)-4-OHTAM using sulfuryl
imidazolium triflate as the sulfation reagent, however, the proton NMR spectrum of 4-
OHTAM-S shows evidence of (Z) and (E) isomers of 4-OHTAM-S (See Appendix, Figure
A-12). It is predicted that the inter-conversion of (Z)-4-OHTAM to its corresponding (E)
isomer occurs in the initial stage of synthesis when the sample is first dissolved in
methylene chloride, where chlorine radicals may abstract the phenolic proton of 4-

OHTAM to form a quinone radical that can be delocalized through the ring system to
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disrupt the alkene bond of 4-OHTAM. Nevertheless, the pattern of isomerization observed
with 4-OHTAM-S is aso observed in the reference proton NMR spectrum of = 70% (Z)-
4-OHTAM (remainder is primarily the (E) isomer of 4-OHTAM) as shown in the
Appendix, Figures A-13, A-14, and A-15. It should be noted that the isomeric purity of
(2)-4-OHTAM was confirmed by proton NMR (See Appendix, Figure A-16) prior to its
use in the synthesis of 4-OHTAM-S. Synthetic standards for endoxifen were not prepared
due to the complexity involved in synthesizing site-selective sulfoconjugates of this
metabolite.

The enzymatic reactions were analyzed by LC-MS, and the negative ion ESI-MS
of the product formed by the hSULT2A1-catalyzed sulfation of N-desTAM is seen in
Figure 23. Endoxifen-sulfate was aso identified as a product of sulfation catalyzed by
hSULT2A1. Anaysis of the enzyme-catalyzed reaction revealed a product m/z of
452.1930 by negative ion ESI-MS (Figure 24). Endoxifen has two potentia sites for
sulfation, but it was determined that sulfation had occurred at the phenolic hydroxyl group
due to the single charge of the parent mass when analyzed in negative ion mode. Sulfation
of the aliphatic amino group of endoxifen would result in adoubly charged species with an
approximate m/z of 226, and no evidence of this species was observed in the samples. The
product of 4-OHTAM sulfation (4-OHTAM-S) is shown in Figure 25 with a m/z of
466.2050, as determined by negative ion ESI-MS. The retention times of 4-OHTAM-S,
N-desTAM-S, and endoxifen-sulfate from LC chromatographs (See Appendix, Figures A-
1, A-2, and A-3) were 16.30 min, 21.99 min, and 16.07 min, respectively.
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Figure 19: Substrate determination studies for the hSULT2A1-catalyzed sulfation of 4-
OHTAM, N-desTAM, and endoxifen. Dataare the means+ standard error from
triplicate determinations
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Figure 20. Initial velocities of the hSULT2A1-catalyzed sulfation of 4-OHTAM and N-
desTAM. Data are the means * standard error from triplicate determinations
and werefit to either astandard Michaelis-Menten equation (for 4-OHTAM) or
an uncompetitive substrate inhibition equation (for N-desTAM). Refer to Table
18 (Chapter 7) for rate equations.

M etabolite Km Vmax kcat/Km Ki
UM nmol/min/mg mintum* UM

4-OHTAM 22+3 49+£0.1 0.015

N-desTAM 73+£50 23+44 0.0024 156 + 135

Note: Data are the means + standard error from triplicate determinations. Calculation of
kcat values was based on 67,356 as the dimeric molecular mass of hSULT2A1

Table 5. Kinetic constants for the hSULT2A1-catalyzed sulfation of 4-OHTAM and N-
desTAM.
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Figure 21. Synthesis of N-desTAM-S. The percent molar conversion of N-desTAM to
its corresponding sulfamate was 90%
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Figure 22. Synthesis of 4-OHTAM-S. The percent molar conversion of 4-OHTAM to its
corresponding sulfate was 36%.
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Figure 23. LC-MS analysis of N-desTAM-S as a product of sulfation catalyzed by
hSULT2A1. Thetheoretical calculated m/z of N-desTAM-S is 436.1588
[M-H].
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Figure 24. LC-MS analysis of endoxifen-sulfate as a product of sulfation catalyzed by
hSULT2A1. Thetheoretical calculated m/z of endoxifen-sulfateis 452.1532
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Figure 25. LC-MS analysis of 4-OHTAM-S as a product of sulfation catalyzed by
hSULT2A1. Thetheoretical calculated m/z of 4-OHTAM-Sis 466.1852
[M=H].
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N-desTAM-S and 4-OHTAM-S Inhibit the hSULT2A1-
Catalyzed Sulfation of DHEA.

N-desTAM-S and 4-OHTAM-S wereinvestigated asinhibitors of hNSULT2A1. N-

desTAM-S was a potent inhibitor of DHEA sulfation with calculated 1Cso and Ki values of
7.7 UM and 4.8 uM, respectively, whereas 4-OHTAM-S was determined to be avery weak
inhibitor of the enzyme with an ICsp value greater than 70 uM when examined with 1.0
MM DHEA as substrate (Figure 26A). The kinetic parameters for the inhibition of the
DHEA sulfation by N-desTAM-S are shown in Table 6, with the kinetic mechanism of
inhibition and initial velocity datain Figure 26B.

Metabolite |Cso Ki (Dﬁrg A ([\)’ﬁ'“é‘j‘\) 'Eg?j’éA”)‘

UM UM UM nmol/min/mg ~ min™ uM™
N-desTAM-S 7.7+x12 48+0.3 1.2+0.2 159+ 15 9.0
4-OHTAM-S >70

Note: Data are the means + standard deviation from triplicate determinations. Calculation
of kcat values was based on 67,356 as the dimeric molecular mass of hSULT2A1

Table 6. The inhibition of DHEA sulfation was determined using either 1.0 uM DHEA

(for 1Cso values) or 0.2 uM — 1.0 uM DHEA for determination the mechanism of
inhibition and related inhibition constants.
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Figure 26. Inhibition of the hSULT2A1-catalyzed sulfation of 1.0 uM DHEA by (A), N-
desTAM-Sand 4-OHTAM-S, and competitive inhibition of DHEA sulfation by
(B), N-desTAM-S. Data are the means + standard error from triplicate
determinations. Refer to Table 18 (Chapter 7) for rate equations.

www.manaraa.com



55

Discussion

Of the metabolites tested, endoxifen was the most potent inhibitor of the sulfation
of 1.0 yM DHEA and 0.4 yM PREG with 1C50 values of 1.7 yM and 2.7 uM, respectively
(Tables 2 and 4). This was an interesting finding because the inhibition constants for
interactions between hSULT2A 1 and endoxifen were of similar magnitude to the apparent
Km values observed for the sulfation of DHEA and PREG, which are two of the best known
substrates for the enzyme. The range of serum concentrations reported for DHEA and
PREG are between 5 - 24 nM and 1 — 6 nM, respectively (176) whereas the mean plasma
concentrations of tamoxifen metabolites have been reported to be in the genera range of
14 - 130 nM for endoxifen, 3— 17 nM for 4-OHTAM, 15 - 24 nM for TAM-NO, and 280
— 800 nM for N-desTAM (74). If the serum concentrations of DHEA, PREG, and the
tamoxifen metabolites are an indication of their concentrations in peripheral tissues, then
the metabolites have a potential to alter the homeostasis of steroid hormones by inhibiting
the inactivation mechanism catalyzed by hSULT2A1. These effects would be amplified
assuming the intracellular concentrations of the metabolites were to exceed those of the
hydroxysteroids, and some studies report that the concentrations of tamoxifen metabolites
in tissues are 6 — 60 fold higher than those in serum (66, 91, 92).

The inhibition studies with DHEA and PREG are also an indication of the
possibility that several of these metabolites will inhibit the sulfation of a-OHTAM. Since
endoxifen, 4-OHTAM, N-desTAM, and TAM-NO were shown to effectively inhibit
hSULT?2AL, it is predicted that in some cellular environments where these metabolites are
produced, sufficient concentrations may be present to inhibit the hSULT2A1-catalyzed
sulfation of a-OHTAM. Human SULT2A1 has a much lower catalytic efficiency with a-
OHTAM than with DHEA (244), and a-OHTAM is reported to have a mean plasma
concentration of only 1 nM (74). In the present study endoxifen was an inhibitor of
hSULT2A1 with Ki values of 2.8 yM and 3.5 puM, respectively, with DHEA and

pregnenolone as substrate. Apak and Duffel previously determined a Km value of 136 = 7
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MM for the sulfation of E-(x)-a-OHTAM catalyzed by hSULT2A1 with a kcat/Km vaue
of 5.1 + 0.3 mint mM1 (244). Thus, it would be expected that endoxifen would inhibit
the sulfation of a-OHTAM under the most likely in vivo conditions. Furthermore, N-
desTAM-S was identified as a potent inhibitor of DHEA sulfation with a Ki value of 4.8
UM (Figure 25B), which was a significantly lower Ki value that seen for the parent
metabolite in Table 2. The combination of N-desTAM serving as a substrate (i.e. binding
in acatalytically productive conformation at the active site) and the affinity of the enzyme
for the product sulfamate suggest that N-desTAM may aso contribute to inhibition of
hSULT2A1 in vivo.

The benefits of tamoxifen therapy are dependent on the in vivo formation of its
active metabolites 4-OHTAM and endoxifen, which are derived from the CYP2D6-
mediated oxidation of tamoxifen (245) and N-desTAM (74), respectively. CYP2D6 is
polymorphic (74, 105), and such polymorphisms have been shown to lower the plasma
levels of endoxifen and increase the risk of breast cancer mortality in tamoxifen-treated
women (99). In order to overcome the pharmacogenetic variability between tamoxifen
users, endoxifen has been proposed as an independent therapeutic agent for the treatment
of patients with estrogen receptor-positive breast tumors and hormone receptor-positive
solid tumors (NCT01327781 and NCT01273168; ClinicalTrials.gov). An additiond
advantage of direct use of endoxifen might be the lack of conversion to reactive
intermediates analogous to a-sulfooxy-tamoxifen. Nevertheless, it isimportant to realize
that the role of endoxifen asaclinicaly effective SERM might be affected by its potential
to interfere in steroid hormone homeostasis, as is suggested by the inhibition studies with

steroid substrates for hNSULT2A1.

Summary
In summary, 4-OHTAM, TAM-NO, N-desTAM and endoxifen were inhibitors of

the sulfation of DHEA and PREG catayzed by hSULT2A1. Endoxifen was the most
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potent inhibitor of the enzyme, which suggests that this metabolite may inhibit the role of
hSULT2A1 in the metabolic pathway for genotoxicity that is seen with tamoxifen. N-
desTAM was a substrate for the enzyme, and the product of this reaction, N-desTAM-S,
displayed greater inhibition of the enzyme than its unconjugated precursor. Thus,
endoxifen, N-desTAM, and N-desTAM-S might serve protective roles in some tissues as
they may inhibit the sulfation of a-OHTAM. Furthermore, the formation of these
metabolitesin the human liver may regulate the activity of h\SULT2A 1 when in thevicinity
of a-OHTAM, and this might contribute to the tissue differences in the carcinogenic
response of tamoxifen that is observed between rodents and humans. The inhibition of the
hSULT2A1-catayzed sulfation of DHEA and PREG by the tamoxifen metabolites
suggests a possible role of the metabolites in inhibiting the inactivation of other steroid

hormones.
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CHAPTER 4
INTERACTIONS OF TAMOXIFEN METABOLITESWITH HUMAN
ESTROGEN SULFOTRANSFERASE SULTI1E1

Introduction

Since estrogen metabolism plays an important role in therapeutic efficacy of
tamoxifen, the second goa of the current study was to determine the interactions of
tamoxifen and its maor metabolites with the human estrogen sulfotransferase 1E1
(hRSULT1EL). It was hypothesized that the tamoxifen metabolites could inhibit the
inactivation of estrogens catalyzed by hSULT1E1l. Such inhibition may increase the
concentrations of biologically active estrogens in endocrine-responsive tissues such as the
endometrium or breast. The proliferative action of estrogen in breast tissue would decrease
the efficacy of tamoxifen as a SERM and may contribute to the mechanism of resistance
in tamoxifen-treated women. Moreover, excessive estrogen receptor stimulation in
endometrial tissue due to aterations in estrogen metabolism may contribute to the
carcinogenic effects of tamoxifen. Dueto the potential use of endoxifen as an independent
SERM, it is particularly important to evaluate the interactions of this metabolite with
hSULT1E1 to understand the role of the enzyme in the efficacy of endoxifen. To test this
hypothesis, metabolites of tamoxifen were evaluated as inhibitors of the hSULT1E1-
catalyzed sulfation of [*H]-estradiol.

Expression and Purification of Recombinant hSULT1E1

Affinity chromatography has become a commonly employed purification
procedure following the bacterial expression of hSULT1EL (202, 204, 246, 247). While
this method can expedite the purification process, it involves multiple modifications of the
protein by the addition and removal of an affinity tag (i.e. 6x His or maltose binding

protein), and these processes may increase the possibility of permanently altering the
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structure or functional integrity of the protein. In efforts to minimize manipulations of the
enzyme, hSULT1E1 was expressed and purified from bacteria in its native form without
the use of affinity tags.

An expression clone (pReceiver-B02) harboring the gene encoding hSULT1E1 was
transformed and expressed in E. coli. Cell cultures (1.0 L) were grown to an optical density
of 1.0 a 600 nm (ODexw) and then induced with 300 pM Isopropyl [-D-1-
thiogalactopyranoside (IPTG). The cultures were grown overnight at 30°C and harvested
for hNSULT1ELl as described in Chapter 7. Following the bacteria expression of
hSULT1EL, 44 ml of cell extract containing 437 mg of total protein in Buffer A (10 mM
Tris-HCI, pH 7.5, containing 0.25 M sucrose, 1 mM dithiothreitol (DTT), 10 % (v/v)
glycerol, 1 mM phenylmethyl sulfonyl fluoride (PMSF), 1 pM pepstatin A, 3.3 pM
antipain, 10 uM trans-epoxysuccinyl-L-leucylamido-(4-guanidino)-butane (E-64), and 100
MM leupeptin) was subjected to DE-52 anion exchange column chromatography. After
elution of those proteins that did not bind to the column, separation was achieved using a
linear gradient formed between 200 ml Buffer B (50 mM Tris-HCI, pH 7.5, containing 0.25
M sucrose, 1 mM DTT, 10 % (v/v) glycerol, and 0.05 % (v/v) Tween 20) and 200 ml of
Buffer B containing 100 mM KCI. Figure 27 illustratesthe genera elution profile obtained
by monitoring the absorbance at 280 nm in relation to the profile of hNSULT1E1 activity.
Fractions that were active for hSULT1E1 were analyzed by SDS-PAGE in Figure 28.
Fractions 34 — 40 were determined to be relatively pure, and these were pooled and
concentrated by ultrafiltration. In order to prepare this mixture for the next step in
purification, the buffer was changed to Buffer C (10 mM potassium phosphate, pH 6.8,
0.25 M sucrose, 1 mM DTT and 0.05 % (v/v) Tween 20) through successive dilution and
concentration by ultrafiltration. The final volume of the mixture after concentration was
14 ml and the specific activity was cal culated as 34 nmol/min/mg when examined with 25

UM estradiol as substrate at pH 7.4. Asseenin Table 7, 24 % of the total enzyme units
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were retained at the end of this step, while removing approximately 96 % of the total
protein in the cell extract.

The hSULT1E1 obtained from DE-52 chromatography was then applied to a
hydroxyapatite (HA) column that had been equilibrated with Buffer C.  After elution of
those proteins that did not bind to the hydroxyapatite, hSULT1E1 was eluted with alinear
gradient formed between 100 ml Buffer C and 100 ml Buffer C containing 0.4 M potassium
phosphate. The elution profile of total proteininrelation to the activity of hRSULT1EL from
hydroxyapatite is illustrated in Figure 29. Fractions 8 — 12 were concentrated into afinal
volume of 12 ml by ultrafiltration, and the specific activity was then determined.
Approximately 13 % of enzyme units were retained at the end of this step, while removing
approximately 98 % of total protein in the cell extract. Asseenin Figure 30, hNSULT1E1
displayed only minor low molecular weight impurities. The molecular mass of h\SULT1EL
was found to be approximately 35 kDa, which is consistent with previously reported data
for this enzyme (200). The purity of hSULT1E1 was greater than 94 % as determined by

densitometry.
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Figure 27. Elution profile of the DE-52 anion exchange cellulose column following the
initial removal of non-binding proteins.
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Figure 28. SDS-PAGE results obtained after the DE-52 anion exchange column.

www.manaraa.com



62

0.8 06
%} - 05
3 c
< F04 Q
D) N
S 04 -
o 03 3
5 -
= 0.2 ] Qo
o 8
= <

00 . . . . . . . 0.1

5 6 7 8 9 10 11 12 13

Fraction Number

Note: The dashed line represents the general protein elution profile recorded at 280 nm,
and the solid line indicates the distribution of hRSULT1E1.

Figure 29. Elution profile of the hydroxyapatite column following theinitial removal of
non-binding proteins.
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Note: Lane 1, protein standards; lane 2, cell extract (100 ug); lane 3, purified hNSULT1EL
from DE-52 (20 pg); lane 4, purified hSULT1E1 from HA (15 pg); lane 5, purified
hSULT1EL from HA (10 pg); lane 6, purified hSULT1EL from HA (5 ug).

Figure 30. SDS-PAGE results for the purification of hNSULT1E1.
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Step Total Protein Total Volume Specific Activity Total Units
mg ml nmol/min/mg nmol/min
Cell Lysate 437 44 8.6 3800
DE-52 26 14 34 900
HA 10 12 49 500

Note: Specific activity refers to the sulfation of estradiol at pH 7.4. Assay mixtures
containing 25 UM estradiol, 200 uM PAPS, 8 mM 2-mercaptoethanol, 10 pl of
protein obtained after each step, and 0.25 M potassium phosphate were incubated at
37°C for 20 min.

Table 7. Summary of the purification of hNSULT1EL from E coli.

In summary, the native form of hNSULT1E1 was purified from E. coli using DE-52
anion exchange and hydroxyapatite column chromatography to relative homogeneity as
determined by SDS-PAGE. As seen in Table 7, ten mg of purified hSULT1E1 was
recovered from 437 mg of total proteininthecell lysate. The specific activity of thissingle
preparation of hRSULT1E1 was calculated as 48 nmol/min/mg when examined with 25 uM
estradiol at pH 7.4. Theactivity from this single preparation of hNSULT1E1 issignificantly
higher than the activity of this enzyme reported in literature. Moreover, this method
provided large amounts of active enzyme for subsequent kinetic studies without the need
for affinity ligands that can sometimes alter the structure and functional integrity of the

protein.

Inhibition of h\SULT1E1 by Major Tamoxifen Metabolites

Endoxifen, 4-OHTAM, TAM-NO, and N-desTAM were investigated as inhibitors
of hSULT1EL using estradiol as substrate. The sulfation of estradiol was initially
examined with 200 uM PAPS and a substrate concentration range between 5.0 — 200 nM
to determine the concentrations of estradiol where minimal substrate inhibition occurred
(Figure 31). Thedatafor estradiol sulfation could not be described using asimple substrate

inhibition model, nor could the data be described using an equation that assumes partial
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substrate inhibition as noted in previous studies with hNSULT1E1 (143). Dueto variations
in the methodology and reaction conditions used to monitor sulfation of estradiol in the
current study, it is possible that changes in the enzyme environment (i.e. pH 7.4 in the
current study vs pH 6.3 in previous work) could contribute to changes in the kinetic
mechanism of the enzyme. Thus, an equation that accurately represents substrate inhibition
during the hSULT1E1-catalyzed sulfation of estradiol may be more complex than
previously assumed. In efforts to determine the kinetic constants for estradiol sulfation
and to verify the kinetic mechanism of hSULT1EL, estradiol (50 uM) was examined with
varied PAPS concentrations (50 nM — 100 uM) in order to determine those concentrations
of PAPS where minimal substrate inhibition occurred. As seen in Figure 32, substrate
inhibition was not observed with PAPS under the reaction conditions (i.e. pH 7.4), and this
has been previously shown by Falany et al. (202). Sulfation rates were then examined with
varied concentrations of estradiol (4 nM — 40 nM) and varied concentrations of PAPS (0.2
MM — 10.0 uM) (Figure 33). The results from this study were best described with a
sequential rate equation as previously shown by Zhang et al. (143). Kinetic constants
derived from the hSULT1E1-catalyzed sulfation of estradiol are summarized in Table 8.
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Figure 31. Initia velocities of the hSULT1E1-catalyzed sulfation of estradiol with 50 uM
PAPS. Data are the means * standard error from triplicate determinations and
could not be described with astandard uncompetitive substrate inhibition model
nor an equation that assumes partial substrate inhibition.
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Figure 32. Initia velocities of the hSULT1E1-catalyzed sulfation of 50 uM estradiol with
varied PAPS concentrations. Data were fit to a standard Michaelis-Menten
equation are the means + standard error from triplicate determinations. Refer
to Table 18 (Chapter 7) for rate equations.
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Figure 33. Kinetic mechanism of the hSULT1E1-catalyzed sulfation of estradiol. Data
were fit to a random Bi Bi sequentia rate equation are the means + standard
error from triplicate determinations. Refer to Table 18 (Chapter 7) for rate

eguations.
Substrate Vmax Ki Km kcat
Estradiol 179 + 9 nmol/min/mg 56+ 4 nM 81+16nM 12.6 mint
PAPS 1.2+03uM

Note: Data are the means * standard error from triplicate determinations. Calculation of
kcat values was based on 70,252 as the dimeric molecular mass of hSULT1EL.

Table 8: Kinetic constants derived from the hSULT1E1-catalyzed sulfation of estradiol
when analyzed by arandom Bi Bi sequential rate equation.
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Endoxifen, 4-OHTAM, N-desTAM, and TAM-NO were all weak inhibitors of
estradiol sulfation catalyzed by hSULT1E1l (Figure 34). Tamoxifen did not exhibit
significant inhibition of hRSULT1E1 up to the limits of its solubility in the assay (data not
shown). Endoxifen, 4-OHTAM, TAM-NO, and N-desTAM displayed greater than 95%
inhibition of the enzyme within their solubility limits. The calculated 1Cso values ranged
from 7.0 uM to 21.0 uM for the inhibition of the sulfation of 7.0 nM estradiol, with 4-
OHTAM being the most potent inhibitor. The apparent (app) Vmax and Km, as well as
the Ki and kcat/Km for inhibitors of the hSULT1E1-catalyzed sulfation of estradiol are
reported in Table 9, with the kinetic mechanism of inhibition and initial velocity data in
Figures 35 and 36. Endoxifen, 4-OHTAM, and TAM-NO were noncompetitive inhibitors
with Ki values of 30.0 uM, 37.8 uM, and 19.7 uM, respectively, whereas N-desTAM was
amixed inhibitor of hNSULT1E1 with a Ki value of 10.3 pyM.

Metabolite 1Cs0 Ki (EQ(S"&%?) \(/En';tarxa((?l%ﬁ))) (E;ﬁtéﬁirgl)
uM uM nM nmol/min/mg min- ‘nM-1
Endoxifen 21+1 301 63+ 25 680 + 237 0.76
N-desTAM 82+09 10+1 38x7 435 £ 66 0.81
4-OHTAM 7011 38+l 57+17 553 + 149 0.68
TAM-NO 18+1 20+1 2+7 265 + 65 0.83

Note: Data are the mean + standard error from triplicate determinations. Calculation of
kcat values was based on 70,252 as the dimeric molecular mass of hSULT1EL.

Table 9. Estradiol sulfation was determined using varied concentrations of inhibitor and

either 7.0 nM estradiol (for 1Cso values) for 4.0 nM — 10.0 nM estradiol for
determination of the mechanism of inhibition and related kinetic constants.
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Figure 34. Inhibition of the hSULT1E1-catalyzed sulfation of 7.0 nM estradiol by major
metabolites of tamoxifen. Sulfation rates of uninhibited controls for endoxifen,
N-desTAM, 4-OHTAM, and TAM-NO were approximately 62, 67, 58, and 69
nmol/min/mg, respectively. Data are the mean + standard error from triplicate
determinations and were fit to a sigmoidal dose-response equation (Table 18,
Chapter 7).
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Figure 35. Noncompetitive inhibition of the hRSULT1E1-catalyzed sulfation of estradiol
by endoxifen (A) and 4-OHTAM (B). Data are the means + standard error
from triplicate determinations. Refer to Table 18 (Chapter 7) for rate
equations.
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Mixed inhibition of the hSULT1E1-catalyzed sulfation of estradiol by N-
desTAM (A), and noncompetitive inhibition of estradiol sulfation by TAM-
NO (B). Data are the means + standard error from triplicate determinations.
Refer to Table 18 (Chapter 7) for rate equations.
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Characterization of 4-OHTAM, N-desTAM, and Endoxifen
as Substrates for \SULT1E1

Previous studies have shown that hRSULT1EL is capable of catalyzing the sulfation

of 4-OHTAM (174), however, the kinetics of endoxifen sulfation catalyzed by this enzyme
have not been characterized. Furthermore, kinetics for the hNSULT1E1-catalyzed sulfation
of N-desTAM have also not been documented. In efforts to ascertain the metabolic fate of
these metabolites, 4-OHTAM, N-desTAM, and endoxifen were examined as substrates for
hSULT1El1. As seen in Figure 37, 4-OHTAM, N-desTAM, and endoxifen were
determined to be substrates for the enzyme. The kinetics of sulfation for 4-OHTAM, N-
desTAM, and endoxifen were best described using a substrate inhibition model, and the
kinetic constants obtained for the hSULT1E1-catalyzed sulfation of these metabolites are
summarized in Table 10. The relative sulfation rates for the metabolites were endoxifen >
4-OHTAM > N-desTAM. The enzymatic reactions were anayzed by LC-MS, and the
negative ion ESI-MS of the product formed by the hSULT1E1-catalyzed sulfation of N-
desTAM is seen in Figure 38. Endoxifen-sulfate was also identified as a product of
sulfation catalyzed by hSULT1EL. Analysis of the enzyme-catalyzed reaction revealed a
product with m/z of 452.2 by negative ion ESI-MS (Figure 39), which confirms that
sulfation had occurred at the phenolic group of endoxifen. The product of 4-OHTAM
sulfation is shown in Figure 40 with a m/z of 466.2, as determined by negative ion ESI-
MS. The retention times of 4-OHTAM-S, N-desTAM-S, and endoxifen-sulfate from LC
chromatographs (See Appendix, Figures A-4, A-5, and A-6) were 16.30, 21.91, and 16.06

min, respectively.
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Figure 37. Initial velocities of the hSULT1E1-catalyzed sulfation of 4-OHTAM, endoxi-
fen, and N-desTAM. Data are the means + standard error from triplicate
determinations and were fit to a standard uncompetitive substrate inhibition
equation. Refer to Table 18 (Chapter 7) for rate equations.

Metabolite Km Vmax kcat/Km Ki

UM nmol/min/mg minuM* UM
4-OHTAM 24+ 5 12+1 0.036 387+ 133
Endoxifen 24+ 5 19+2 0.057 283 + 86
N-desTAM 96 + 52 26+ 11 0.019 144 + 105

Note: Data were fit to a standard uncompetitive substrate inhibition equation and are the
means + standard error from triplicate determinations. Calculation of kcat values
was based on 70,252 as the dimeric molecular mass of hSULT1EL.

Table 10. Kinetic constants for the hSULT1E1-catalyzed sulfation of 4-OHTAM, N-
desTAM, and endoxifen.
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Figure 38. LC-MS analysis of N-desTAM-S as a product of sulfation catalyzed by
hSULT1EL. Thetheoretical calculated m/z of N-desTAM-Sis 436.1588
[M-HJ.
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Figure 39. LC-MS analysis of endoxifen-sulfate as a product of sulfation catalyzed by
hSULT1EL. Thetheoretical calculated m/z of endoxifen-sulfateis 452.1532
[M-HJ.
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Figure40. LC-MS analysis of 4-OHTAM-S as a product of sulfation catalyzed by
hSULT1EL. Thetheoretical calculated m/z of 4-OHTAM-Sis 466.1852
[M=H].
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4-OHTAM-S and N-desTAM-S are Weak Inhibitors of
hSULT1E1

N-desTAM-S and 4-OHTAM-S were investigated as inhibitors of hNSULT1E1. N-

desTAM-S was a weak inhibitor of estradiol sulfation with calculated 1Csp and Ki values
of 5.6 uM and 3.3 pM, respectively, whereas 4-OHTAM-S was determined to be a very
weak inhibitor of the enzyme with an ICso value greater than 100 M when examined with
7.0 nM estradiol as substrate (Figure 41A). Thekinetic parametersfor the inhibition of the
estradiol sulfation by N-desTAM-S are shown in Table 11, with the kinetic mechanism of
inhibition and initial velocity datain Figure 41B. Asseenin Table 11, the Km and Vmax
values for estradiol sulfation were very large when N-desTAM-S was examined as an
inhibitor of hNSULT1EL. While the reason for these exceptionally high kinetic parameters
isunknown, the data were reproducible under the reaction conditions used for determining

the inhibition of hNSULT1E1L.

Metabolite 1Cso Ki (Est}igzjiol) (EX radiol) (Ilé;art;ﬁincjl)

UM UM nM nmol/min/mg min‘nM*
N-desTAM-S 56409 33+03 170+330 1,500+ 2,800 0.62
4-OHTAM-S > 100

Note: Data are the means + standard deviation from triplicate determinations. Calculation
of kcat values was based on 70,252 as the dimeric molecular mass of hSULT1E1.

Table1l. Theinhibition of estradiol sulfation was determined using either 7.0 nM estradiol

(for 1Csp values) or 4.0 — 10.0 nM estradiol for determining the mechanism of
inhibition and related inhibition constants.

www.manaraa.com



70 f

60 -

50 -

30 ~

20 A

10 A

Sulfation Rate (nmol/min/mg)

77

e 4-OHTAM-S
©  N-desTAM-S

= !

-15

0.20 1

0.16 -

/v (nmol/min/mg) ™

-1.0

4 4« O @

-08 00 05 10 15 20 25

Log [Metabolite] (uM)

No Inhibitor

2.5 uM N-desTAM-S
5.0 uM N-desTAM-S
10.0 uM N-desTAM-S

0.05

0.10

1/[Estradiol] (nM)™?

0.15 0.20 0.25 0.30

Figure41. Inhibition of the hSULT1E1-catalyzed sulfation of (A) 7.0 nM Estradiol by N-
desTAM-S and 4-OHTAM-S, and (B), non-competitive inhibition of estradiol
sulfation by N-desTAM-S. Data are the means + standard error from triplicate
determinations. Refer to Table 18 (Chapter 7) for rate equations.
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Discussion

4-OHTAM, N-desTAM, TAM-NO, and endoxifen were all weak inhibitors of the
hSULT1E1-catalyzed sulfation of estradiol. The calculated ICso valuesfor 4-OHTAM, N-
desTAM, TAM-NO, and endoxifen ranged from 7.0 uM — 21.0 uM, and these values were
at least 1000-fold greater than the concentration of estradiol (7.0 nM) utilized for each ICso
determination (Table 9). Moreover, the Ki values for inhibitors of estradiol sulfation
ranged from 10 uM — 30 uM, and these values were at |east 1000-fold greater than the Km
value determined for the sulfation of estradiol (Tables8 and 9). Estradiol is one of the best
known substrates for hNSULT1EL, and its sulfation in tissues is tightly regulated by this
enzyme. The mean plasma concentration of estradiol in postmenopausal women is 30 pM
(191), whereas the mean plasma concentrations of tamoxifen metabolites have been
reported to bein the general range of 14 — 130 nM for endoxifen, 3— 17 nM for 4-OHTAM,
15 - 24 nM for TAM-NO, and 280 — 800 nM for N-desTAM (74). Given the abundance
of the tamoxifen metabolites in relation to the physiological concentrations of estradiol,
there is a possibility for 4-OHTAM, N-desTAM, TAM-NO, and endoxifen to inhibit the
inactivation of estradiol in those tissues where the hSULT1EL is highly expressed.
However, hSULT1EL is poorly expressed in breast cancer cells (187, 199). Thus,
metabolites of tamoxifen arelesslikely tointerfere with the hSULT1E1-catal yzed sulfation
of estradiol in breast tumor tissue due to the lack of enzyme expression and the weak
interactions of the metabolites with hNSULT1EL. As aresult, endoxifen is not likely to
promote increased estrogen signaling in breast cancer tissue, which suggests that the
inhibition of hSULT1E1 will not compromise the efficacy of endoxifen as a SERM in
clinical trias.

4-OHTAM, N-desTAM, and endoxifen were all substratesfor NSULT1E1. Asseen
in Table 5, hSULT1E1 displayed much lower catalytic activity with N-desTAM than with
4-OHTAM or endoxifen, which may indicate a preference for the enzymein catalyzing the

sulfation of phenolic substrates. Endoxifen was the best substrate for NSULT1E1 with a
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calculated kcat/Km of 0.056 mintpM. Thus, hSUTL 1E1 could be one of themajor SULT
isoforms responsible for catal yzing the sulfation of endoxifen in vivo, and thisinformation
will be useful when evaluating the pharmacokinetic properties of endoxifen in clinical
trias. Interestingly, the kcat/Km values for the hSULT1E1-catalyzed sulfation of N-
desTAM was 8-fold higher than the corresponding value for the sulfation of this metabolite
catalyzed by hSULT2A1 (Tables5 and 10). These findings suggest that hNSULT1E1 could
also contribute to the in vivo formation of N-desTAM-S. As discussed earlier in Chapter
3, N-desTAM-Sisapotent inhibitor of hRSULT2A1 and itsformation in tissues may inhibit
the potential role(s) of h\SULT2A1 in the genotoxic effects of tamoxifen. Since N-desTAM
was shown to be a better substrate for h\SUL1E1 in the current study, it is predicted that
sufficient concentrations of N-desTAM-S may be generated by hSULT1E1 to inhibit the
hSULT2A1-catalyzed sulfation of a-OHTAM. Thiswould constitute an important role of
hSULT1EL in regulating the bioactivation of tamoxifen, which has not been recognized in
the field of tamoxifen research. The interactions between hSULT1E1 and hSULT2A1 are
plausible since both enzymes are expressed in tissues such as the liver (162, 195) and

endometrium (77, 167, 197, 198).

Summary
As summarized in the discussion above, 4-OHTAM, TAM-NO, N-desTAM and

endoxifen are weak inhibitors of the hSULT1E1-catalyzed sulfation of estradiol. These
studies suggest that metabolites of tamoxifen are not likely to interfere in the inactivation
of estrogen catayzed by hSULT1EL in breast tumor tissue. Moreover, these studies
suggest that endoxifen is not likely to promote increased estrogen signaling in breast tissue
when administered as an independent SERM in clinical trials. However, metabolites of
tamoxifen may alter estrogen levels in tissues that highly express hSULT1EL, and thisis
plausible given the abundance of the metabolites in relation to the physiologica

concentrations of estrogens. N-desTAM was determined to a better substrate for
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hSULT1E1 with a relatively higher kcat/Km than the catalytic efficiency constant
previously determined with hSULT2A1. Thus, the hSULT1E1-catalyzed sulfation of N-
desTAM may generate sufficient amounts of N-desTAM-S to inhibit the role of
hSULT2A1 in the bioactivation of tamoxifen. The next chapter will be devoted to
determining the interaction of metabolites of tamoxifen with hSULT1A1*1 dueto therole

of this enzyme in estrogen metabolism.
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CHAPTER 5
INTERACTIONS OF TAMOXIFEN METABOLITESWITH HUMAN
PHENOL SULFOTRANSFERASE SULT1A1*1

[ntroduction

Dueto therole of estrogen metabolism in the therapeutic efficacy of tamoxifen, the
third goa of the current study was to determine the interactions of tamoxifen and its major
metabolites with the human phenol sulfotransferase 1A1 variant *1 (hSULT1A1*1).
Human SULT1A1*1 is the dominant allelic form of phenol sulfotransferase in humans,
and this enzyme catalyzes the inactivation of estrogen in those tissues where the principal
estrogen sulfotransferase, hRSULT1EL, is poorly expressed. Thus, it was hypothesized that
the tamoxifen metabolites could inhibit catalytic activity of h\SULT1A1*1. Suchinhibition
might increase the concentrations of biologically active estrogens and decrease the efficacy
of tamoxifen asa SERM. Thisinhibition would contribute to the mechanism of resistance
observed in tamoxifen-treated women and may increase estrogen receptor-related
hormonal effects in endocrine-responsive tissues such as the endometrium. Furthermore,
aterationsin the catal ytic activity of hSULT1A1* 1 may reduce the therapeutic efficacy of
tamoxifen by inhibiting the formation of 4-OHTAM-S, which has been shown to have
therapeutic benefits (i.e. enhanced apoptotic properties) in breast cancer cells (216). On
the other hand, inhibiting the activity of this enzyme may enhance bioavailability of
tamoxifen metabolites (i.e. 4-OHTAM and endoxifen) in hedthy tissues that would
otherwise promote elimination of the product sulfates. To test this hypothesis, metabolites
of tamoxifen were examined asinhibitors of the hNSULT1A1* 1-catal yzed sulfation of [3H]-
estradiol.
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Expression and Purification of Recombinant hRSULT1A1*1

Human SULT1A1*1 was expressed and purified from E. coli in its native form
without the use of affinity tagsin order to preserve the structure and functional integrity of
the enzyme. An expresson clone (pReceiver-B02) harboring the gene encoding
hSULT21A1*1 was purchased and transformed into E. coli. Cell cultures (1.0) were grown
to an ODeno Of 1.0 and then induced with 300 uM IPTG. The cultures were grown
overnight at 30°C and harvested for hSULT1A1*1 as described in Chapter 7. The
purification of hSULT1A1*1 was performed essentially as described for the purification
of hSULT1E1 in Chapter 4, with the exception of asecond hydroxyapatite column that was
required to remove minor impurities following the rapid elution of hSULT1A1*1 from the
first hydroxyapatite column. Buffers A, B, and C were utilized in the purification of
hSULT1A1*1, and the recipe for each buffer is given in Chapter 4 under the section for
the expression and purification of hNSULT1E1.

Following the bacteria expression of hSULT1A1*1, 30 ml of cel extract
containing 300 mg of total protein in Buffer A was subjected to DE-52 anion exchange
column chromatography. After elution of those proteins that did not bind to the column,
separation was achieved using a linear gradient formed between 200 ml Buffer B and 200
ml Buffer B containing 100 mM KCI. Following the completion of the linear gradient, the
column was washed with 100 ml Buffer B containing 100 mM KClI to elute hNSULT1A1*1.
Figure 42 illustrates the genera elution profile obtained by monitoring the absorbance at
280 nm in relation to the profile of hSULT1A1*1 activity. Fractions that contained
cataytically active hSULT1A1* 1 were analyzed by SDS-PAGE (Figure 43). Fractions 61
— 66 were determined to be of highest purity, and these were pooled and concentrated by
ultrafiltration. In order to prepare this mixture for the next step in purification, the buffer
was changed to Buffer C through successive dilution and concentration by ultrafiltration.
Thefina volume of the mixture after concentration was 14 ml and the specific activity was

calculated as 12 nmol/min/mg when examined with 25 uM 2-naphthol as substrate at pH
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7.4. Asseenin Table 12, 44 % of the total enzyme units were retained at the end of this
step, while removing approximately 87 % of the total protein in the cell extract.

The hSULT1A1*1 obtained from DE-52 chromatography was then applied to a
hydroxyapatite column that had been equilibrated with Buffer C. After the elution of the
proteins that did not bind to the hydroxyapatite, NSULT1A1*1 was eluted with a linear
gradient formed between 100 ml Buffer C and 100 ml Buffer C containing 0.4 M potassium
phosphate. The elution profile of total proteininrelation to the activity of hNSULT1E1 from
hydroxyapatite is illustrated in Figure 44. As seen in Figure 44, hSULT1A1*1 was
distributed primarily to one peak during the gradient elution. Thus, fractions 33 — 36 were
concentrated into a final volume of 12 ml by ultrafiltration and the specific activity was
determined. Approximately 20 % of enzyme units were retained at the end of the first
hydroxyapatite column, while removing approximately 95 % of total protein in the cell
extract

Analysisby SDS-PAGE revea ed minor impurities at the end of the hydroxyapatite
chromatography (Figure 45), which was likely due to the rapid elution of hNSULT1A1*1
from the hydroxyapatite under steep gradient conditions (i.e. 0.4 M potassium phosphate).
Thus, a second hydroxyapatite column was employed as an additional step in the
purification of the enzyme. This column utilized a shallow elution gradient to slowly
remove hSULT1A1*1 from the hydroxyapatite. In order to prepare the mixture for the
next step in purification, the buffer was changed back into Buffer C using ultrafiltration.
The mixture was |oaded onto a second hydroxyapatite column previously equilibrated with
the same buffer. After the initial removal of the proteins that did not bind to the column,
hSULT1A1*1 was eluted with linear gradient formed between 100 ml Buffer C and 100
ml Buffer C containing 80 mM potassium phosphate. The elution profiles for protein and
hSULT21A1*1 activity for this step are shownin Figure 46. Theactivity for h\SULT1A1*1

was distributed to a single peak, and these fractions were analyzed by SDS-PAGE (Figure
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47). The fractions with the highest activities were pooled and concentrated into a final
volume of 11 ml.

The final SDS-PAGE for the purification of hNSULT1A1*1 is shown in Figure 48.
Human SULT1A1*1isclearly seeninlanes2 — 9 asathick protein band relative to the 37
kDa protein standard in lane 1 (Figure 48). The purity of hSULT1A1*1 was greater than
96% as determined by densitometry, and the final specific activity of the enzyme was
determined to be 17 nmol/min/mg when examined with 25 uM 2-naphthol at pH 7.4. The
subunit molecular mass of the homogenous hSULT1A1* 1 was found to be approximately
34 kDa, which is consistent with previously reported data for this enzyme (218).

In summary, the native form of hSULT1A1*1 was successfully expressed and
purified from E. coli using DE-52 anion exchange and hydroxyapatite column
chromatography. Asseenin Table 12, eight mg of purified hSULT1A1*1 was recovered
from 300 mg of total protein in the cell lysate. This method provided large amounts of
active enzyme for subsequent kinetic studies without the use of affinity tags. Moreover,
this method was easily modified from the purification of hNSULT1E1 in Chapter 4 and may
be useful in the future purification of other recombinant and native human cytosolic

SULTSs.

www.manaraa.com



85

0.6 11
% - SUR
L 0.9
— g
9 04 - c
O L
S 03 07 5
m .
o - 06 38
S 0.2 - =
E o1 - 05 %
T L 0.4
= <
0.0 . . . . 0.3
50 55 60 65 70 75

Fraction Number

Note: The dashed line represents the general protein elution profile recorded at 280 nm,
and the solid line indicates the distribution of hSULT1A1*1. The arrow indicates
the end of the linear gradient and additional elution with 100 ml Buffer B containing
100 mM KCI.

Figure 42. Elution profile of the DE-52 anion exchange cellulose column following the
initial removal of non-binding proteins.

MW 61 62 63 64 65 66 67 68 69 70 71 72 73 74
250 kDa <—
150 kDa ¢—

100 kDa <—
75kDa €—

50kDa 4—

37kDa 4—

25kDa <—

20kDa ¢—

15kDa ¢—

Note: The first lane (MW) contains the protein standards. The contents of the remaining
lanes are indicated by the fraction number collected from the DE-52 column.

Figure 43. SDS-PAGE results obtained after the DE-52 anion exchange column.
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Note: The dashed line represents the general elution profile recorded at 280 nm, and the
solid line indicates the distribution of hNSULT1A1*1.

Figure 44. Elution profile of the 1% hydroxyapatite column following the initial removal
of non-binding proteins.

MW 32 33 34 35 36 37

250 kDa €—
150 kDa €—
100 kDa €—

75kDa €—

50kDa €— s
37kDa €—

25 kDa ¢—
20 kDa <—

15kDa €—

Note: The first lane (MW) contains the protein standards. The contents of the remaining
lanes are indicated by the fraction number collected from the 1% HA column.

Figure 45. SDS-PAGE results obtained after the 1% HA column.
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solid line indicates the distribution of hNSULT1A1*1.

Figure 46. Elution profile of the 2"¥ HA column following the initial removal of non-
binding proteins.

MW 24 25 26 27 28 29 30 31 32 33 34 3 36 37

250 kDa ¢—
150 kDa €—

100 kDa <€—
75kDa €—

50kDa €4— P

37kDa €4—

25kDa €—

'

20kDa <—

15kDa €4—

Note: The first lane (MW) contains the protein standards. The contents of the remaining
lanes are indicated by the fraction number collected from the 24 HA column.

Figure 47. SDS-PAGE results obtained after the 2" HA column.
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250 kDa ¢—
150 kDa €—
100 kDa €—

75kDa €—

50kDa €¢— W
37kDa €¢—

25kDa ¢— &
20kDa €¢— =

15kDa <€—

Note: Lane 1, protein standards; lane 2, cell extract (80 ug); lane 3, purified hRSULT1A1*1
from DE-52 (20 pg); lane 4, purlfled hSULT1A1*1 from 1% HA (20 pg); lane 5
purified hSULT1A1* 1 from 20 A (15 ug); lane 6, purlfled hSULT1A1*1 from 2™
HA (10 pg); lane 7, purlfled hSULT1A1*1 from 2" HA (5 pg); lane 8, purlfled
hSULT1A1*1 from 2" HA (3 pg); lane 9, purified hSULT1A1*1 from 2 HA (1

HO).
Figure 48. SDS-PAGE results of the purification of h\SULT1A1* 1.

Step Total Protein Total Volume Specific Activity Total Units
mg ml nmol/min/mg nmol/min

Cell Lysate 300 30 4.7 1100

DE-52 40 14 12 500

1 HA 16 12 14 220

2 HA 8 11 17 130

Note: Specific activity refers to the sulfation of 2-naphthol at pH 7.4. Assay mixtures
containing 25 uM 2-naphthol, 200 uM PAPS, 8 mM 2-mercaptoethanol, 40 pl of
protein obtained after each step, and 0.25 M potassium phosphate were incubated at
37°C for 20 min.

Table 12. Summary of the purification of hSULT1A1*1 from E. coli.
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The Inhibition of h\SULT1A1*1 by Major Tamoxifen
M etabolites

Endoxifen, 4-OHTAM, TAM-NO, and N-desTAM were investigated as inhibitors

of hSULT1A1*1 using estradiol as substrate at pH 7.4. The sulfation of estradiol was
initially examined with PAPS (50 M) using a concentration range between 0.1 — 25.0 yM
in order to determine the concentrations of estradiol where minimal substrate inhibition
occurred (Figure 49). Kinetic constants derived from the hSULT1A1*1-catalyzed
sulfation of estradiol are summarized in Table 13. Estradiol sulfation was later examined
using a single concentration of estradiol (5 uM) with varied concentrations of PAPS (1.0
— 100 uM) in order to determine the PAPS concentrations that were saturating for the
enzyme. Asseen in Figure 50, substrate inhibition was not observed with PAPS at high
concentrations. Subsequent inhibition studies utilized 50 uM PAPS as co-substrate. Of
the metabolites tested, only endoxifen and 4-OHTAM were significant inhibitors of
estradiol sulfation catalyzed by hSULT1A1*1 (Figure 51). These metabolites displayed
greater than 95% inhibition of the enzyme within their solubility limits. TAM-NO was
also aninhibitor of the enzyme, however, the calculated 1Cso value for this metabolite was
greater than 100 uM when examined with 2 uM estradiol as substrate. N-desTAM and
tamoxifen (not shown) were not significant inhibitors of estradiol sulfation within their
solubility limits. The Ki, Km, Vmax, and kcat/Km for inhibitors of the hSULT1A1*1-
catalyzed sulfation of estradiol are summarized in Table 14, with the mechanism of
inhibition and initial velocity data in Figure 52. Endoxifen and 4-OHTAM were
determined to be competitive inhibitors of the enzyme with Ki values of 1.6 uM and 5.6

MM, respectively.
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Figure 49. Initial velocities of the sulfation of estradiol catalyzed by hSULT1A1*1 with
50 uM PAPS. Data are the means + standard error from triplicate
determinations and were fit to a standard uncompetitive substrate inhibition
equation. Refer to Table 18 (Chapter 7) for rate equations.

o
al

Substrate Km Vmax kcat/Km Ki
UM nmol/min/mg mintuM* UM
Estradiol 15+0.2 11.2+0.8 0.5 142+21

Note: Data are the means * standard error from triplicate determinations. Calculation of
kcat values was based on 68,312 as the dimeric molecular mass of hRSULT1A1* 1.

Table 13. Kinetic constants obtained from the hSULT1A1*1-catayzed sulfation of
estradiol.
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Figure 50. Initial velocities of the hSULT1A1*1-catalyzed sulfation of estradiol (5 uM)
with varied concentrations of PAPS. Data are the means + standard error from
triplicate determinations and were fit to a standard Michagelis-Menten equation.
Refer to Table 18 (Chapter 7) for rate equations.

Metabolite 1Cso Ki (EstKrglliol) (Egg?j)i(ol) (Egtartgﬁinc:l)

UM UM UM nmol/min/mg mintpm?
A-OHTAM 16409  16+01 39406 18+ 2 03
Endoxifen 99+09  56+05 53+14 23+ 4 03
TAM-NO > 100

Note: Data are the mean + standard error from triplicate determinations. Calculation of
kcat values was based on 68,312 as the dimeric molecular mass of hSULT1A1*1.

Table 14. The sulfation of estradiol was determined using varied concentrations of
inhibitor and either 2.0 uM estradiol (for ICso values) for 0.5- 2.5 uM estradiol
for determination of the mechanism of inhibition and related kinetic constants.
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Figure51. Inhibition of the hSULT1A1* 1-catal yzed sulfation of 2.0 uM estradiol by major
metabolites of tamoxifen. Sulfation rates of uninhibited controls for endoxifen,
N-desTAM, 4-OHTAM, and TAM-NO were approximately 5.1, 5.8, 5.7, and
5.7 nmol/min/mg, respectively. Data are the mean + standard error from
triplicate determinations and were fit to a sigmoidal dose-response equation
(Table 18, Chapter 7).
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Figure 52. Compsetitive inhibition model for the hSULT1A1*1-catalyzed sulfation of
estradiol by endoxifen (A) and 4-OHTAM (B). Dataare the means + standard
error from triplicate determinations. Refer to Table 18 (Chapter 7) for rate
equations.
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Characterization of 4-OHTAM, N-desTAM, and Endoxifen
as Substrates for \SULT1A1*1

4-OHTAM is aknown substrate for NSULT1A1*1 (118), however, endoxifen and

N-desTAM have never been formally examined as substrates for thisenzyme. Theresults
from the current study indicated that 4-OHTAM, N-desTAM, and endoxifen were all
substrates for hSULT1A1*1. The kinetics of N-desTAM sulfation was best described
using a Michaelis-Menten equation whereas the data for the sulfation of 4-OHTAM and
endoxifen were best described using a substrate inhibition model (Figure 53). The kinetic
constants for the sulfation of 4-OHTAM, N-desTAM, and endoxifen catalyzed by
hSULT1A1*1 are summarized in Table 15. The enzyme displayed higher catalytic activity
with endoxifen than with N-desTAM as seen by the 9-fold higher kcat/Km. Additionally,
hSULT21A1*1 displayed amuch higher cata ytic activity with 4-OHTAM than N-desTAM
with a22-fold higher kcat/Km. The sulfation rates for the metabolites were 4-OHTAM >
endoxifen >> N-desTAM. The enzymatic reactions were anayzed by LC-MS, and the
negativeion ESI-MS of the product formed by the hSULT1A1* 1-catalyzed sulfation of N-
desTAM is seen in Figure 54. Endoxifen-sulfate was identified as a product of sulfation
catalyzed by hSULT1A1*1 with am/z of 452.2, indicating that sulfation had occurred at
the phenolic hydroxyl group of endoxifen (Figure 55). The product of 4-OHTAM sulfation
isshownin Figure 56 with am/z of 466.2, asdetermined by negativeion ESI. Theretention
timesof 4-OHTAM-S, N-desTAM-S, and endoxifen-sulfate from L C chromatographs (See
Appendix, Figures A-7, A-8 and A-9) were 16.30, 21.81, and 16.07 min, respectively.
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Figure 53. Initial velocities of the hNSULT1A1*1-catalyzed sulfation of 4-OHTAM, N-
desTAM, and endoxifen. Data are the means + standard error from triplicate
determinations and were fit to either an uncompetitive substrate inhibition
equation (for 4-OHTAM and endoxifen) or a Michaelis Menten equation (for
N-desTAM). Refer to Table 18 (Chapter 7) for rate equations.

Metabolite Km Vmax kcat/Km Ki

UM nmol/min/mg minuM* UM
4-OHTAM 26+ 5 20+ 3 0.050 84+ 19
Endoxifen 118+ 82 35+ 20 0.020 26+ 18
N-desTAM 44+ 14 1.9+0.2 0.0022

Note: Data are the means + standard error from triplicate determinations. Calculation of
kcat values was based on 68,312 as the dimeric molecular mass of h\SULT1A1*1.

Table 15. Kinetic constants for the hSULT1A1* 1-catalyzed sulfation of 4-OHTAM, N-
desTAM, and endoxifen.
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Figure 54. LC-MS analysis of N-desTAM-S as a product of sulfation catalyzed by
hSULT1A1*1. Thetheoretical calculated m/z of N-desTAM-S is 436.1588
[M-H].
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Figure 55. LC-MS analysis of endoxifen-sulfate as a product of sulfation catalyzed by
hSULT1A1*1. Thetheoretical calculated m/z of endoxifen-sulfateis
452.1532 [M - H]".

www.manharaa.com




98

100 466.2
\\ _/_O
N
70 O
4-OHTAM-S o
3 § )
o)
”g O=\_0O
= /
:
k=
&
(-]
4 4672
468.2
933.4
469.2 546.1 934.4
oD 2392 3411 431215342, (5471 6061 8217321 g3sg] |, P03
200 300 400 500 600 700 200 900 1000

Figure 56. LC-MS analysis of 4-OHTAM-S as a product of sulfation catalyzed by
hSULT1A1*1. Thetheoretical calculated m/z of 4-OHTAM-Sis466.1852
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4-OHTAM-S and N-desTAM-S are Weak Inhibitors of
hSULT1A1*1

N-desTAM-S and 4-OHTAM-S were investigated as inhibitors of the

hSULT1A1*1-catalyzed sulfation of estradiol. N-desTAM-S was a weak inhibitor of the
enzyme with a calculated ICsp value of 14 + 1 uM, whereas 4-OHTAM-S was determined
to be a very weak inhibitor of the enzyme with an ICsp value greater than 70 uM when
examined with 2.0 uM estradiol as substrate (Figure57). The mechanism of inhibition and
related inhibition constants for N-desTAM-S were not determined due to its poor

interactions with the enzyme.
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Figure 57. Inhibition of the hSULT1A1* 1-catalyzed sulfation of 2.0 uM estradiol by N-
desTAM-S and 4-OHTAM-S. Sulfation rates of uninhibited controls for N-
desTAM-S and 4-OHTAM-S were 5.0 and 6.2 nmol/min/mg, respectively.
Data are the means + standard error from triplicate determinations and were fit
to asigmoidal does-response equation (Table 18, Chapter 7).
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Discussion and Summary

Of the metabolites tested, 4-OHTAM was the most potent inhibitor of the
hSULT21A1*1-catalyzed sulfation of estradiol with an 1Cso and Ki value of 1.6 yM (Table
14). This was an interesting finding because the inhibition constant for interactions
between hSULT1A1*1 and 4-OHTAM was of similar magnitude to the kinetic constant
observed for the sulfation of estradiol (Table 13). The physiological concentrations of
estrone and estradiol are 70 pM and 30 pM, respectively (191), whereas the serum
concentration of 4-OHTAM isin a general range of 15 - 24 nM (74). Given the relative
abundance of 4-OHTAM in relation to the physiological concentrations of estrogen, it is
possible that 4-OHTAM could significantly alter estrogen homeostasis is those tissues that
express hSULT1A1*1 instead of hSULT1ELl. As a result, 4-OHTAM could promote
excessive estrogenic effects in breast tumor tissue and decrease the therapeutic efficacy of
tamoxifen as a potential mechanism of resistance.

4-OHTAM was determined to be one of the better substrates for NSULT1A1*1 as
indicated by itsrelatively high cata ytic efficiency constant (Table 15). Moreover, therate
of sulfation for 4-OHTAM was higher for hNSULT1A1* 1 than the sulfation rates previously
determined with h\SULT1EL or hSULT2A1 (Tables 10 and 5). These studies suggest that
hSULT1A1*1 could be the magor SULT responsible for the in vivo formation of 4-
OHTAM-S. Thus, changes in the catalytic activity or expression hSULT1A1*1 could
significantly ater the formation of 4-OHTAM-S in tissues. This might be a concern for
the population of patients who are homozygous for the thermally labile and low activity
hSULT1A1*2 dlele, as the formation of 4-OHTAM-S may be limited by this genetic
polymorphism. Itisimportant to realize sufficient levels of 4-OHTAM-S could be formed
by other means since 4-OHTAM a so serves asasubstrate for h\SULT2A1 and hSULT1EL,
however, these enzymes are not expressed in breast cancer cells.

Since 4-OHTAM and endoxifen were relatively potent inhibitors of estradiol

sulfation, there is a potential for these metabolites to inhibit the hSULT1A1* 1-catalyzed
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sulfation of 4-OHTAM, which displayed a much lower affinity for the enzyme with aKm
value of 26.2 uM. The inhibition of 4-OHTAM sulfation would be favorable in healthy
tissues since the sulfuric acid ester of 4-OHTAM would likely be excreted. Thus,
endoxifen and 4-OHTAM may contribute to the bioavailability of 4-OHTAM and prolong
the anti-estrogenic effects of tamoxifen. However, theinhibition of NSULT1A1*1in breast
tumor tissue may decrease the local concentrations 4-OHTAM-S, and this may reduce the
efficacy of tamoxifen. The latter example seems unlikely given the strong association
between the high activity hSULT1A1*1 alele and patient surviva in tamoxifen-treated
women (100, 214). Nevertheless, 4-OHTAM functions better as an inhibitor of
hSULT1A1*1 than a substrate for the enzyme, and this suggests a possibility for 4-

OHTAM to interfere in estrogen metabolism.
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CHAPTER 6
CONCLUSIONS

Although tamoxifen has been successfully utilized for decades in the treatment and
prevention of estrogen-dependent breast cancer, its use is limited by its low incidence of
endometrial cancer in some patient populations (27-29, 38, 39). Moreover, nearly half of
patients diagnosed with estrogen-dependent breast cancer fail to initialy respond to
tamoxifen, and those that do respond ultimately develop resistance to the therapy (93).
Given the complexity of the carcinogenic and therapeutic response to tamoxifen, the goal
of the current study was to investigate the interactions of 4-OHTAM, TAM-NO, N-
desTAM, and endoxifen with enzymes that are important for the metabolic activation and
therapeutic efficacy of tamoxifen. Thus, metabolites of tamoxifen were examined as
substrates and inhibitors of hNSULT2A1, hSULT1E1, and hSULT1A1*1.

Prior to kinetic studies with the tamoxifen metabolites, new procedures were
developed for the expression and purification of recombinant hSULT1E1 and
hSULT1A1*1 from E. coli. These methods utilized either two (hSULT1E1) or three
(hRSULT1A1*1) chromatographic steps following the bacteria expression of the enzymes.
These protocols are now available for the large-scale purification of hSULT1E1 and
hSULT1A1*1 for future studies. Metabolites of tamoxifen were investigated asinhibitors
of hSULTs 2A1, 1E1, and 1A1*1 using radiolabeled steroid substrates for the enzymes.
Metabolites that were determined to be inhibitors were then examined as alternate
substrates for the enzymes. In order to confirm the identity of the products formed form
the SUL T-catal yzed reactions, non-radioactive enzymatic reaction mixtures were analyzed
by LC-M Susing synthetic standardsfor the sulfoconjugates of 4-OHTAM and N-desTAM.
Table 16 summarizes the inhibition constants obtained for the tamoxifen metabolites.
Table 17 summarizes kcat/Km for the sulfation of 4-OHTAM, N-desTAM, and endoxifen

by each enzyme.
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Inhibitor hSULT2A1 hSULT1E1 hSULT1A1*1
KiPHEA (UM)  KiPRES (uM) KiE2 (LM) KiE2 (LM)

Endoxifen 28+0.2 35%£0.7 30+£1 56+£05

4-OHTAM 19+ 2 13+£2 38+1 1.6+01

N-desTAM 17+£2 10+£1 10+£1 N.D.

TAM-NO 9.6+£0.2 17+1 20+£1 N.D.

N-desTAM-S 7.7+1.2 N.D. 56+£0.9 N.D.

Note: The substrate utilized for each Ki determination is shown in superscript. N.D., not
determined.

Table 16. Summary of the inhibition constants determined for each inhibitor in the study.

Substrate hSULT2A1 hSULT1E1 hSULT1A1*1
kcat/Km (minpM2) kcat/Km (min*pM2) kcat/Km (minum™)
Endoxifen N.D. 0.057 0.020
4-OHTAM 0.015 0.036 0.050
N-desTAM 0.0024 0.019 0.0022

Note: N.D., not determined due to low sulfation rates.

Table 17. Catalytic efficiency constants determined for the sulfation of 4-OHTAM, N-
desTAM, and endoxifen catalyzed by hSULTs 2A1, 1E1, and 1A1*1.
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Asseenin Table 16, endoxifen was the most potent inhibitor of h\SULT2A1, which
suggests that this metabolite may inhibit the role of hSULT2A1 in the metabolic pathway
for genotoxicity that is seen with tamoxifen. N-desTAM was a substrate for h\SULT2A1,
and the product of this reaction, N-desTAM-S, displayed greater inhibition of the enzyme
than its parent metabolite. Thus, endoxifen, N-desTAM, and N-desTAM-S might serve
protective roles in some tissues as they may inhibit the sulfation of a-OHTAM.
Furthermore, the distribution of these metabolites in the human liver may regulate the
activity of hSULT2A1 when they are formed in the vicinity of a-OHTAM, and this might
contribute to the tissue differences in the carcinogenic response of tamoxifen that is
observed between rodents and humans. Of the enzymes tested, hSULT1E1 displayed the
highest catalytic activity towards the sulfation of N-desTAM (Table 17). This suggests
that hSUTL1E1 may generate sufficient amounts of N-desTAM-S to inhibit the
hSULT2A1-catalyzed sulfation of a-OHTAM. Therefore, h\SULT1E1 may modulate the
toxicity of tamoxifen by catalyzing the formation of N-desTAM-S in the vicinity of
hSULT2A1. Theinteractionsof hSULT1E1 and hSULT2A1 arelikely in vivo since these
enzymes have similar tissue distributions.

Endoxifen is an estrogen receptor antagonist as well as a potent inhibitor of
hSULT2A1. Theinvivo formation of endoxifen isdependent upon the CY P2D6-catal yzed
oxidation of N-desTAM (74). However, genetic polymophisms in CYP2D6 have been
shown to lower the plasma levels of endoxifen and increase the risk of breast cancer
mortality in tamoxifen-treated women (99, 248). Decreasing the plasma levels of
endoxifen may also increase the risks for the genotoxic effects of tamoxifen, as there may
not be sufficient concentrations of endoxifen in circulation to inhibit the hSULT2A1-
catalyzed sulfation of a-OHTAM. Thus, poor metabolizers of tamoxifen may be at an
additional disadvantage for the adverse events of tamoxifen therapy. Nevertheless, the
direct use of endoxifen in clinical trials may eliminate the large interpatient variability in

endoxifen plasma levels that is observed in tamoxifen-treated women.
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Metabolites of tamoxifen were determined to be poor inhibitors of h\SULT1EL in
the current investigation. Thus, it is predicted that the efficacy of endoxifen will not be
compromised in clinical trials due to the inhibition of h\SULT1E1. However, 4-OHTAM
and endoxifen were determined to be potent inhibitors of hSULT1A1*1 when estradiol
was utilized as a substrate, which suggests that the efficacy of endoxifen may be affected
in breast tumor tissue by inhibiting the hormonal inactivation mechanism catalyzed by this
enzyme; athough the direct use of endoxifenin clinical trials might achieve higher steady
state concentrations of endoxifen in the target tissues and counteract the excessive
estrogenic effects due to the inhibition of hNSULT1A1*1. Nevertheless, it isimportant to
realize that endoxifen is a potent inhibitor of hSULT2A1 and hSULT1A1*1, which
suggests that endoxifen has a potential to interfere in steroid hormone metabolism.

There may be variations in the therapeutic efficacy of endoxifen since this
metabolite contains a phenolic group and the aliphatic secondary amine, which suggests
that endoxifen could undergo extensive metabolism or inactivation before it can reach the
target tissue(s). As shown in Table 17, endoxifen was a substrate for hSULT2A1,
hSULT1E1, and hSULT1A1*1, and the LC-MS studies confirm that these enzymes
catalyzed the sulfation of the phenolic group of endoxifen. However, other conjugation
reactions (e.g. glucoronidation) could occur at the aliphatic amine of endoxifen or its
phenolic moiety, and this may affect the disposition and tissue distribution of endoxifen in
vivo. Due to recent findings of the potential therapeutic benefits of 4-OHTAM-S in breast
cancer cells (216), there is a possibility that conjugation reactions may enhance the
biological activity of some molecules. Thus, it would be interesting to determine if N-
desTAM-S, endoxifen-sulfate, or endoxifen sulfamate possess any biological activitiesin
breast cancer cells. This research could become the focus of future investigations.

TAM-NO is ametabolite that is of recent interest due to its potential role(s) in the
activity of tamoxifen (69). TAM-NO is reduced back to tamoxifen in liver microsomes

(249) and breast cancer cells (69), which suggests that TAM-NO may act as areservoir for
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tamoxifen in tissues (250), much like DHEA-S serves as a tissue reservoir for DHEA.
Thus, if TAM-NO were converted to tamoxifen in the endometrium, this would increase
the endometrial concentrations of tamoxifen. The accumulation of tamoxifen in the
endometrium may increase the CYP3A4-catalyzed oxidation of tamoxifen to form o-
OHTAM, which is metabolized by hSULT2A1 to form the genotoxic species responsible
for DNA akylation. Given the expression of CYP3A4 and hSULT2A1 in endometrial
tissue (77, 167), it is possible that TAM-NO could contribute to the carcinogenetic
endometrial effectsof tamoxifen. Moreover, tamoxifen isan estrogen agonist in the uterine
endometrium (251, 252), and the accumulation of tamoxifen in this tissue due to the action
of TAM-NO might promote excessive estrogenic effects that augment the risk for
endometrial toxicity when combined with the reactive a-sulfooxy derivative catalyzed by
hSULT2A1. The effects of TAM-NO on the carcinogenic and therapeutic response to
tamoxifen have not been examined in the field of tamoxifen research, and this could
become the subject of future investigations.

In summary, the research presented in the current study has opened new avenues
for future work on the roles of tamoxifen metabolites in the therapeutic action and toxicity
of tamoxifen. At the sametimeit has also provided new insightsinto the use of endoxifen
in clinical trias, as well as mechanisms that may contribute to variations in the

carcinogenic response and efficacy of tamoxifen.
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CHAPTER 7
MATERIALS AND METHODS

Chemicadls and | nstruments.

Expression plasmids (pReceiver-B02) for hSULT1EL and hSULT1A1*1 were
obtained from GeneCopoeia (Rockville, MD). The Pure Yield Plasmid Mini-Prep System
was obtained from Promega (Madison, WI). Antisense (5’-CAG CCT AGG AAC GCC
CAA CTT-3’) and Sense (5’-GCG TAG AGG ATC GAG ATC GAT-3’) primers for
sequencing were obtained from Integrated DNA Technologies (Coralville, 1A). BL21
(DE3) E. coli cellswere obtained from Life Technologies (Grand Island, NY). DNA grade
Hydroxyapatite was purchased from Bio-Rad (Hercules, CA). Bacto tryptone and yeast
extract were purchased from Becton Dickinson, Co. (Sparks, MD). Ampicillin,
dithiothreitol (DTT), LuriaBroth (LB) Agar, and granulated LB Broth (Miller’s LB Broth)
were obtained from Research Products International (Mt. Pleasant, IL). Thin layer
chromatography (TLC) sheets (60 angstrom, Silica Gel Fzss4, and 60 angstrom Silica Gel
w/o indicator) were obtained from EMD Millipore (Billerica, MA). PAPS (Adenosine 3'-
phosphate 5'-phosphosulfate lithium salt hydrate) was obtained from Sigma-Aldrich (St.
Louis, MO) and purified upon arrival using a previously described protocol to a purity
greater than 99% as determined by HPLC (253). Methylene blue, potassium phosphate,
phenylmethylsulfonyl fluoride, pepstatin A, antipain, 2-mercaptothanol, DHEA, PREG,
(2)-Tamoxifen, (Z)-N-desmethyltamoxifen hydrochloride, (Z)-4-hydroxytamoxifen,
(E/Z)-4-hydroxy-N-desmethyl-tamoxifen hydrochloride hydrate (endoxifen), and DE-52
cellulose were purchased from Sigma-Aldrich at the highest available purity (> 98%).
[®H]-DHEA (70.5 Ci/mmol), [*H]-DHEA-Sulfate (63.0 Ci/mmol), [*H]-Pregnenolone
(22.9 Ci/mmol), and [*H]-Estradiol (81.0 Ci/mmol) were obtained from Perkin Elmer
(Waltham, MA). [3H]-Pregnenolone Sulfate (0.20 Ci/mmol) was obtained from American

Radiolabeled Chemicals (St. Louis, MO). All radioactive samples were analyzed using a
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Tri-Carb 2900TR Liquid Scintillation Counter using Econo-Safe liquid scintillation
cocktail (Research Products International; Mount Prospect, IL). Datawere analyzed using
the Enzyme Kinetics Module (version 1.3) of SigmaPlot 11.0 (Systat Software; San Jose,
CA).

Expression and Purification of Recombinant h\SULT2A1
Human SULT2A1 was expressed in, and extracted from BL21 (DE3) E. coli as

previously described (89, 175). The enzyme was purified using DE-52 anion exchange
chromatography followed by two hydroxyapatite columns to homogeneity as determined
by SDS-PAGE. Protein concentration was determined at each step of the purification
process with a modified Lowry method using bovine serum abumin (BSA) as a standard
(240). Chromatography fractions were analyzed for enzyme activity at pH 5.45 using a
previously reported methylene blue assay (241, 242) and 10 uM DHEA as substrate.

Expression and Purification of Recombinant h\SULT1E1

The expression of recombinant hRSULT1EL in E. coli required the preparation of
sterile Luria Broth (LB) and sterile Terrific Broth (TB). LB was prepared in a 500 ml
Erlenmeyer culture flask by dissolving 3.0 g of granulated LB (Miller’s LB Broth) into 120
ml of doubledistilled water. The resulting mixture was autoclaved and then cooled to room
temperature. TB was prepared in a 2.0 L Erlenmeyer culture flask by dissolving 24.0 g
yeast extract, 12.0 g tryptone, and 4.0 ml glycerol in 900 ml of double distilled water. In
addition, a 100 ml solution of potassium phosphate (0.89 M, pH 7.6) was prepared in a
separate bottle. The 900 ml solution of TB and the 100 ml solution of potassium phosphate
were autoclaved and then cooled to room temperature. Afterwards, the 100 ml solution of
potassium phosphate was added into the 2.0 L culture flask containing 900 ml TB. The
resulting mixture was then supplemented with 30 ul of Anti-foam prior to culture

inoculation.
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BL21 (DES3) E. coli cells (50 pl) were transformed with 2 pl (108 ng) of pReceiver-
B02 expression vector for hRSULT1EL. The bacterial cellswere incubated onicefor 20 min
and then heat-shocked at 42°C for exactly 32 sec. The cells were immediately cooled on
ice for 2 min, after which was added 180 pl of sterile pre-warmed SOC (Super Optimal
broth with Catabolite repressioin) media. The bacteria cells were grown for 1 hr on a
reciprocating shaker (250 rpm) at 37°C. Afterwards, a 35 pl aliquot of the cell suspension
was added to an LB-ampicillin agar plate and incubated at 37°C for 18 hours. A single
colony from the LB-ampicillin agar plate was added to 8.0 ml of sterile LB media
containing 100 pug/ml ampicillin and incubated overnight at 37°C on areciprocating shaker
(250 rpm). The bacteria culture was later inoculated into 120 ml of sterile LB media
containing 100 pug/ml ampicillin and incubated overnight at 37°C on areciprocating shaker
(250 rpm). Afterwards, a 20 ml aliquot from the 120 ml bacteria culture was inocul ated
into 1.0 L of TB containing 100 pg/ml ampicillin and incubated at 37°C on a reciprocating
shaker (250 rpm). The bacteria culture was grown to an ODeeo Of 1.0 (which takes
approximately 4 hours) and then induced with 300 uM IPTG. The culture was then
incubated on areciprocating shaker (250 rpm) overnight at 30°C. Cells were subjected to
centrifugation at 10,000 x g for 1 hr at 4°C, re-suspended in 10 ml bacteria lysis Buffer A
(10 mM Tris-HCl, pH 7.5, containing 0.25 M sucrose, 1 mM DTT, 10 % (v/v) glyceral, 1
mM PMSF, 1 uM pepstatin A, 3.3 uM antipain, 10 uM E-64, and 100 uM leupeptin), and
snap-frozen in liquid nitrogen. The cells were thawed and supplemented with chicken
lysozyme such that the final concentration of lysozyme was 0.5 mg/ml. Cells were gently
shaken for 15 min at 4°C and then snap-frozen in liquid nitrogen to complete the cell lysis.
The thawed cells were supplemented with DNase (0.5 mg) and gently shaken for 15 min
at 4°C. The cytosolic fraction containing hSULT1EL activity was recovered following
centrifugation at 100,000 x g for 1 hr.

The cell extract was applied to a DE-52 anion exchange column (2.5 x 20 cm)

equilibrated with Buffer B (50 mM Tris-HCI, pH 7.5, containing 0.25 M sucrose, 1 mM
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DTT, 10 % (v/v) glycerol, and 0.05 % (v/v) Tween 20) and washed with approximately 1.0
L of Buffer B. Once the absorbance of the eluate at 280 nm had reached the original
baseline value, the protein was eluted with a linear gradient formed between 200 ml of
Buffer B and 200 ml of Buffer B containing 0.1 M KCl. The fractions containing
hSULT1E1 were then combined and concentrated by ultrafiltration (Amicon stirred cell
with aY M 10 membrane, Millipore Corporation, Bedford MA). Three successive dilutions
with Buffer C (10 mM potassium phosphate, pH 6.8, 0.25 M sucrose, 1 mM DTT and 0.05
% (v/v) Tween 20) and subsequent ultrafiltration were used to prepare the enzyme for the
next step in purification.

The protein obtained from the DE-52 anion exchange column was applied to a
hydroxyapatite column (2.5 x 3.0 cm) that had been equilibrated with Buffer C, and washed
with Buffer C to elute those proteins that did not bind to the column. Once the absorbance
of the eluate at 280 nm returned to baseline, separation was achieved by applying alinear
gradient formed between 80 ml of Buffer C and 80 ml of Buffer C containing 0.4 M
potassum phosphate. The fractions containing hSULT1E1 activity were pooled and
concentrated by ultrafiltration using an Amicon membrane. Protein concentration was
determined at each step of the purification process with a standard Bradford assay (254)
using BSA asastandard. Chromatography fractionswere analyzed for hRSULT1E1 activity
at pH 7.4 using the methylene blue assay and 25 uM estradiol as substrate. The complete
DNA coding sequence of hSULT1EL was verified using antisense (5°-CAG CCT AGG
AAC GCC CAA CTT-3’) and sense (5’-GCG TAG AGG ATC GAG ATC GAT-3’)

sequencing primers.

Expression and Purification of Recombinant hRSULT1A1*1

BL21 (DE3) E. coli cells (50 pl) were transformed with 0.6 pl (114 ng) of
pReceiver-B02 expression vector for hSULT1A1*1. The expression of hSULT1A1*1 in
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bacterial culture and preparation of cell extract was performed essentially as described
above for h\SULT1E1L.

The cell extract was applied to a DE-52 anion exchange column (2.5 x 15 cm)
equilibrated with Buffer B and washed with approximately 1.0 L of Buffer B to elute non-
binding proteins. Once the absorbance of the eluate at 280 nm had reached the original
baseline value, the protein was eluted with a linear gradient formed between 200 ml of
Buffer B and 200 ml of Buffer B containing 0.1 M KCI. The fractions containing
hSULT1A1*1 were then combined and concentrated by ultrafiltration as described above.
Three successive dilutions with Buffer C and subsequent ultrafiltration were used to
prepare the enzyme for the next step in purification.

The protein obtained from the DE-52 anion exchange column was applied to a
hydroxyapatite column (2.5 x 5.0 cm) that had been equilibrated with Buffer C, and washed
with Buffer C to elute those proteins that did not bind to the column. Once the absorbance
of the eluate at 280 nm returned to baseline, separation was achieved with alinear gradient
formed between 100 ml of Buffer C and 100 ml of Buffer C containing 0.4 M potassium
phosphate. The fractions containing hSULT1A1* 1 activity were pooled and concentrated
in Buffer C by ultrafiltration using an Amicon membrane.

The hSULT1A1*1 obtained from the hydroxyapaptite was loaded onto a second
hydroxyapatite column (2.5 x 5.0 cm) equilibrated with Buffer C. Proteins that did not
bind to the column were removed by washing with approximately 100 ml Buffer C.
Separation was achieved with a linear gradient formed between 100 ml of Buffer C and
100 ml of Buffer C containing 80 mM potassium phosphate. The fractions containing
hSULT1A1*1 with the highest activity were combined and concentrated. Protein
concentration was determined at each step of the purification process with a standard
Bradford assay using BSA as a standard. Chromatography fractions were analyzed for
hSULT1A1*1 activity at pH 7.4 using the methylene blue assay and 25 uM 2-naphthol as

substrate. The complete DNA coding sequence of hSULT1A1*1 was verified using
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antisense (5’-CAG CCT AGG AAC GCC CAA CTT-3’) and sense (5’-GCG TAG AGG
ATC GAG ATC GAT-3’) sequencing primers.

Inhibition of hNSULT2A1-catalyzed Sulfation of DHEA.

Assays for the sulfation of DHEA were performed as previously described (129).
Each 200 pl reaction was performed at pH 7.4 and contained 0.25 M potassium phosphate,
200 M PAPS, and 8.3 mM 2-mercaptoethanol. [*H]-DHEA and tamoxifen metabolites
were dissolved in absolute ethanol and they were added to the reaction mixture in volumes
such that the final concentration of ethanol in each assay was 2% (v/v). Thereactionswere
initiated by the addition of purified hSULT2AL1 (0.03 pg) for 4 min at 37°C. The reactions
were then terminated by the addition of 800 pl of 50 mM potassium hydroxide and 500 pl
of chloroform. Samples were vortexed vigorously for 20 sec and subjected to
centrifugation at 3500 rpm for 5 min to separate the phases. A 100 ul aliquot of the upper
aqueous phase containing [*H]-DHEA-S was added to 10 ml Econo-Safe liquid
scintillation cocktail and the radioactivity was determined using a Perkin Elmer Tri-Carb
2900TR liquid scintillation analyzer. Control experiments (A and B) with [3H]-DHEA
were carried out without PAPS and enzyme. Chloroform was not added to control A. The
sulfation rates were expressed as nmol [3H]-DHEA-S produced per minute per milligram
hSULT2A1 using equation 1. Since only 100 pul of the 1.0 ml aqueous phase is anayzed,
the cpm (counts per minute) measured from the radioactive samples are multiplied by 10
to account to for the dilution. Moreover, the measured cpm is divided by 0.85 to correct

for the extraction efficiency of [3H]-DHEA-S into the aqueous phase.

Equation 1: Rate of Sulfation= [3H]-DHEA-S formed (nmol)
reaction time (min) x protein (mg)

where;

[3H]-DHEA-S (nmol) = (nmol DHEA in assay) x (measured cpm — control B cpm ) x 10
(control A cpm x 10) x 0.85
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Inhibition of hNSULT2A1-catalyzed Sulfation of PREG

Assays for the sulfation of pregnenolone were performed using the following
general procedure. Each 100 pl assay was performed at pH 7.4 and contained 0.25 M
potassium phosphate, 200 uM PAPS, and 8.3 mM 2-mercaptoethanol. [3H]-Pregnenolone
and tamoxifen metabolites were dissolved in absolute ethanol and they were added to the
reaction mixture in volumes such that the final concentration of ethanol in each assay was
2% (viv). The reactions were initiated by the addition of 1.0 pl of purified hSULT2A1
(0.03 ug) at 37°C for 4 min and terminated with an equal reaction volume of methanol. A
10 pl aliquot of the resulting mixture was applied to Silica Gel 60 TLC sheets (w/o
indicator) and developed in chloroform / methanol / acetone / acetic acid / water
(80:20:40:20:10) (255) until the solvent moved approximately 8 cm from the origin. The
area of the TLC encompassing 2 - 5 cm from the origin contained [3H]-pregnenolone
sulfate, and this section was excised and placed in 10 ml scintillation cocktail supplemented
with 500 pl methanol and the radioactivity determined as described above. The location
of [3H]-pregnenolone sulfate on TLC sheets was previously determined with unlabeled
pregnenolone sulfate. Methanol was added directly into the scintillation cocktail to
increase the recovery of pregnenolone sulfate from the TLC sheets. Maximum recovery
of pregnenolone sulfate under these conditions was 75%, and assay results were corrected

for this extraction efficiency. Refer to equation 1 for determination of the rate of sulfation.

Inhibition of hNSULT1E1-catalyzed Sulfation of Estradiol.

Assays for the sulfation of estradiol were performed utilizing the following
procedure. Each 200 pl reaction was performed at pH 7.4 and contained 0.25 M potassium
phosphate, 50 uM PAPS, and 8.3 mM 2-mercaptoethanol. [3H]-estradiol and tamoxifen
metabolites were dissolved in absol ute ethanol and they were added to the reaction mixture
in volumes such that the final concentration of ethanol in each assay was 2% (v/v). The

reactions were initiated by the addition of 1.0 pl purified hNSULT1E1 (3.0 ng) for 4 min at
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37°C. The reactions were then terminated by the addition of 800 pl of 0.25 M Tris-HCI
(pH 8.7) and 4.0 ml of chloroform. Samples were vortexed vigorously for 20 sec and
subjected to centrifugation at 1500 rpm for 5 min to separate the phases. A 500 pl aliquot
of the upper aqueous phase containing [*H]-estradiol-sulfate was added to 10 ml Econo-
Safe liquid scintillation cocktail and the radioactivity was determined as described above.
Control experiments (A and B) with [3H]-estradiol were carried out without PAPS and
hSULT1E1. Chloroform was not added to control A. The sulfation rate was expressed as
nmol estradiol-sulfate produced per minute per milligram protein. Refer to equation 1 for

the determination of the rate of sulfation.

Inhibition of hRSULT1A1* 1-catalyzed Sulfation of
Estradiol.

Assays for the sulfation of estradiol were performed as described below. Each 200
pl reaction was performed at pH 7.4 and contained 0.25 M potassium phosphate, 50 uM
PAPS, and 8.3 mM 2-mercaptoethanol. [3H]-estradiol and tamoxifen metabolites were
dissolved in absolute ethanol and they were added to the reaction mixture in volumes such
that the final concentration of ethanol in each assay was 2% (v/v). The reactions were
initiated by the addition of purified 1.0 ul hSULT1A1*1 (0.74 ug) for 10 minat 37°C. The
reactions were then terminated by the addition of 800 pl of 0.25 M Tris-HCI (pH 8.7) and
4.0 ml of chloroform. Samples were vortexed vigorously for 20 sec and subjected to
centrifugation at 1500 rpm for 5 min to separate the phases. A 500 ul aliquot of the upper
agueous phase containing [3H]-estradiol-sulfate was added to 10 ml Econo-Safe liquid
scintillation cocktail and the radioactivity was determined as described above. Control
experiments (A and B) with [3H]-estradiol were carried out without PAPS and hSULT1E1.
Chloroform was not added to control A. The sulfate rate was expressed as nmol estradiol-
sulfate produced per minute per milligram protein. Refer to equation 1 for the

determination of the rate of sulfation
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Substrate Determinations for Tamoxifen Metabolites.

Tamoxifen metabolites were investigated as substrates for the enzymes using a
previously described protocol that monitors the incorporation of a radiolabeled sulfuryl
moiety from [¥S]-PAPS into products of the reaction (130). Each 50 pl reaction was
performed at pH 7.4 and contained either 200 uM [*S]-PAPS (for hNSULT2A1) or 50 pM
[¥S]-PAPS (for hNSULTs 1E1 and 1A1*1), with 0.25 M potassium phosphate, 8.3 mM 2-
mercaptoethanol, and 2 % DM SO (v/v) as solvent for tamoxifen metabolites. Thereactions
were initiated by the addition of either purified hSULT2A1 (0.52 ug), hSULT1E1 (0.86
pg) or hSULT1A1*1 (0.74 ug) at 37°C, incubated for 20 min, and terminated with 50 pl
methanol. A 10 pl aliquot of the resulting mixture was applied to Silica Gel 60 TLC sheets
(w/o indicator) and developed in chloroform / methanol (3:7) until the solvent migrated
approximately 8 cm from the origin. An area of the TLC sheet 5.5 cm below and including
the solvent front (i.e. that contained the section of the radiolabeled sulfated products) was
excised and placed in 10 ml scintillation cocktail for determination of radioactivity. The
location of the sulfated products on TLC was determined prior to the radiolabeled assay
using synthesized standards for 4-OHTAM-S and N-desTAM-S. Negative control
experiments were carried out without the tamoxifen metabolites. Controls for [*S]-PAPS

on the TLC plates were performed without enzyme.

Determination of the Kinetic Mechanism of Inhibition

Endoxifen, 4-OHTAM, N-desTAM, TAM-NO, N-desTAM-S, 4-OHTAM-S, and
tamoxifen were used as inhibitors of the enzymes. Data were fit to rate equations for
competitive, noncompetitive, uncompetitive, or mixed inhibition using a nonlinear least-
squares algorithm in the Enzyme Kinetics Module (version 1.3) of SigmaPlot 11.0 and the
mode! with the highest value for the coefficient of determination, r?, was selected. In cases
where r? was not significantly different, the model with the lowest corrected Akaike

Information Criterion (AICc) was selected. Table 18 summarizes the rate eguations used
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to determine the kinetic mechanism of inhibition for each inhibitor aswell asthe equations

used to describe the kinetics of sulfation for substrates for the enzymes.

V = Vimad/(L+H(Km/S)* (1+1/Ki))

V = Vimad (LH(Km/S)* (L+H/Ki)/(1+1/(aKi)))

V = Vimad((1+/Ki)* (1+Km/S))

V = Vima ((1+Km/S)* (1+H/Ki)/(1+1*B/Ki))

V = Vmad (Km/S)* (1+1/Ki)+(1+1/aKi)))

V = Vmax* (1+B*I/( aKi))/(1+1/(aKi)))/(1+(Km/S))* (1+1/Ki)/(1+1/(aKi)))
V = Vmax/(1+/Ki+Km/S)

V = Vima* (1+ B*(/Ki))/(1+/Ki+Km/S)

V = Vmax* §(Km+S)

V = Vimad/(1+(Km/S)+(S/Ki)

V = Vi* (1+(V2* SV 1K)/ (1+HKm/S)+H(S/Ki))

v = (Vmact A*B)/((0* K a* Kb)+(Kb* A)+(Ka* B)+(A* B))

y = min+((max-min)/(1+(10009ECS01) )y) 13

Note: (Kj), dissociation constant for binding of the inhibitor (1) to the free enzyme;
(oK), dissociation constant for binding of the inhibitor to the enzyme-substrate
complex; (a), the degree to which the binding of inhibitor changes the affinity of the
enzymefor substrate; (), the degree of partiaity; (Km), Michaelis-Menten constant;
(Vmax), maximum velocity; (S), substrate; (v), velocity; (V1), initial velocity; (V2),
velocity at infinite substrate concentrations; (Ka), Michaglis-Menten constant for
substrate “A”; (Kp), Michaglis-Menten constant for substrate “B”; (A), substrate
“A”; (B), substrate “B”; (max), maximum concentration; (min), minimal
concentration; (EC50), half-maximal effective concentration.

© 0O N O O A W DN PP

L =
N B O

Table 18. Rate equations used to describe the kinetic mechanism of inhibition and the
kinetics of sulfation: Full Competitive Inhibition (1), Partial Competitive
Inhibition (2), Full Noncompetitive Inhibition (3), Partial Noncompetitive
Inhibition (4), Full Mixed Inhibition (5), Partia Mixed Inhibition (6), Full
Uncompetitive Inhibition (7), Partial Uncompetitive Inhibition (8), Michaelis-
Menten Kinetics (9), Uncompetitive Substrate Inhibition (10), Partial Substrate
Inhibition (11), Random Bi Bi Sequential (12), Sigmoidal Dose-Response (13).
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Identification of Enzyme Reaction Products by Liquid
Chromatography and Mass Spectrometry

Products of sulfation catalyzed by hSULTs 2A1, 1E1, and 1A1*1 were identified

using liquid chromatography-mass spectrometry analysis performed on a Waters Q-TOF
Premiere mass spectrometer. Each 50 pl reaction was performed at pH 7.4 and utilized 50
MM substrate with either 200 uM PAPS (for hSULT2A1) or 50 uM PAPS (for hSULTs
1E1 and 1A1*1) in the presence of 0.25 M potassum phosphate, 8.3 mM 2-
mercaptoethanol, and 2 % ethanol (v/v). The reactions were initiated with the addition of
either h\SULT2A1 (2.6 pg), hNSULT1EL (4.6 pg), or h\SULT1A1*1 (3.7 ug) at 37°C for 60
min and terminated with 50 pl methanol. A 10 pl aliquot of each sample was analyzed
using an auto-sampler interfaced with an electrospray ionization source operated in
negative ion mode and an absorbance wavelength of 213 nm. Sample separation was
achieved on aWaters Aquity (UPLC) BEH C18 column (2.1 mm x 100 mm; 1.7 ym) using
aflow rate of 0.25 ml/min. A linear gradient system was programmed to 40% acetonitrile
with 0.1% (v/v) formic acid for 15 min, 40% - 70% (v/v) acetonitrile with 0.1% (v/v)
formic acid for 5 min, and then sustained at 70% acetonitrile with 0.1% formic acid for 10

minutes.

Synthesis of TAM-NO

The N-oxide of tamoxifen was synthesized using a previously described procedure
(256, 257). Aqueous hydrogen peroxide (1 ml, 30% w/w) was added to a solution of (2)-
tamoxifen (15 mg, 40 uymole) dissolved in methanol (3.0 ml). The reaction was stirred at
room temperature for 10 hours in the dark. The resulting product was examined for
homogeneity on Silica Gel 60 F2s4 anaytical thin layer chromatography sheets developed
in chloroform / methanol / ammonium hydroxide (8: 2: 0.05), which gave tamoxifen (Rf =
0.69) and its corresponding N-oxide (Rf = 0.40). The sample was concentrated under

nitrogen and treated with absolute ethanol (3 ml) and dry benzene (3 ml) to remove excess
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hydrogen peroxide and water, respectively. Afterwards, the sample was dried under
nitrogen and stored overnight in a vacuum desiccator over phosphorus pentoxide to afford
a white solid (15.3 mg, 97% vyidld). Positive ion ESI-MS m/z = 388.20 [M + H]*
Theoretical calculated mass = 388.2277 [M + H]* ; [*H NMR: (300 MHz, chloroform-d)
ppm (8) 0.94 (t, 3H, CH2CHa); 2.48 (q, 2H, CH2CH3); 3.29 [s, 6H, N(CHs3)2]; 3.65 (t, 2H,
OCH2CH2N); 4.69 (t, 2H, OCH2CH2N); 6.57 (d, 2H, Ph); 6.79 (d, 2H, Ph); 7.11 — 7.39 (m,
Ph).] Méelting point: 136-138°C. The *H NMR spectrum of TAM-NO is shown in the

Appendix, Figure A-10.

Synthesis of N-desTAM-S Ammonium Salt

The sulfamate of N-desTAM was prepared using sulfuryl imidazolium triflate
(2,2,2-trichloroethoxysul furyl-(2-methyl)-N-methylimidazolium trifate) as the sulfating
reagent, and the synthesis of this reagent has been previously reported (258, 259). 1,2-
Dimethylimidazole (14 pl, 157 pymole) was added to a solution of (Z)-N-desTAM (28 mg,
69 pmole) and sulfuryl imidazolium triflate (94 mg, 207 pmole) dissolved in
dichloromethane (5 ml). The mixture was stirred at 0°C for 1 hour and gradually warmed
to room temperature for a 12 hour reaction, then purified on a Silica Gel 60 flash column
(12 cm x 10 cm) using ethyl acetate / hexanes (33: 67) as mobile phase. The eluent was
concentrated, dissolved in DMSO (2 ml), and then added to a solution of ammonium
formate (52 mg, 830 pmole) and zinc dust (27 mg, 410 pmole) (260) dissolved in methanol
(2 ml). Thereaction was stirred at room temperature for 2 hours and filtered through celite
under vacuum. Methanol was removed by rotary evaporation and DM SO was removed by
freeze-drying. The resulting mixture was purified on a Silica Gel 60 flash column (1 cm x
10 cm) using dichloromethane / methanol / ammonium hydroxide (20: 4: 1) as mobile
phase. The sample was concentrated and the solvents removed to afford a yellow, flaky
solid (28 mg, 90% yield). Negative ion ESI-MS m/z = 436.1586 [M — H]". Theoretical
calculated mass = 436.1588 [M — H]"; [*H NMR: (600 MHz, methanol-d4) ppm (3) 0.92
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(t, 3H, CH2CHa); 2.47 (g, 2H, CH2CHs3); 2.75 [s, 6H, N(CH3)2]; 3.29 (t, 2H, OCH2CH2N);
4.04 (t, 2H, OCH2CH:N); 6.57 (d, 2H, Ph); 6.76 (d, 2H, Ph); 7.10 - 7.26 (m, Ph).] Melting
point: 132-138°C. The H NMR spectrum of N-desTAM-S is shown in the Appendix,
Figure A-11.

Synthesis of 4-OHTAM-S Ammonium Salt

The sulfuric acid ester of 4-OHTAM was prepared similarly to the synthesis of N-
desTAM-S with dlight modifications. 1,2-Dimethylimidazole (2 pl, 23 pmole) was added
to asolution of (Z)-4-OHTAM (4 mg, 10 umole) and sulfuryl imidazolium triflate (14 mg,
30 umole) dissolved in dichloromethane (5 ml). The mixture was stirred at 0°C for 1 hour
and gradually warmed to room temperature for a 24 hour reaction. The product was then
purified on a Silica Gel 60 flash column (1 cm x 10 cm) using chloroform / methanol (80:
20) as the mobile phase. The resulting reaction product was concentrated and then added
to asolution of ammonium formate (8 mg, 120 pmole) and zinc (4 mg, 60 pmole) dissolved
in methanol (3 ml). The reaction was stirred at room temperature for 30 minutes and
vacuum filtered through celite. Afterwards, the mixture was purified on a Silica Gel 60
flash column (1 cm x 10 cm) using dichloromethane / methanol / ammonium hydroxide
(20: 4: 1) as the mobile phase, and the eluent was concentrated and then lyophilized to a
white powder (5 mg, 36% yield). Positive ion ESI-MS m/z = 468.1838 [M + H]".
Theoretical calculated mass = 468.1852 [M + H]*. *H NMR (600 MHz, dimethylsulfoxide-
d6) isomeric mixture of 4-OHTAM-S is shown in the Appendix, Figure A-12. [Major
isomer of 4-OHTAM-S - ppm () 0.86 (t, 3H, CH2CH3); 2.40 (q, 2H, CH2CH3); 2.69 [s,
6H, N(CH3)2]; 3.26 (t, 2H, OCH2CH2N); 4.11 (t, 2H, OCH>CH2N); 6.66 (d, 2H, Ph); 6.78
(d, 2H, Ph); 7.08 — 7.26 (m, Ph).] [Minor isomer of 4-OHTAM-S- ppm () 0.86 (t, 3H,
CH2CHz); 2.40 (q, 2H, CH2CHs3); 2.75[s, 6H, N(CHa)2]; 3.36 (t, 2H, OCH2CH:2N); 4.28 (t,
2H, OCH2CH2N); 6.71 (d, 2H, Ph); 6.82 (d, 2H, Ph); 7.00 (d, 2H, Ph); 7.08 — 7.26 (m, Ph).]
Melting point: 270-275°C.
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Figure A-1. LC chromatograph of the hSULT2A1-catalyzed sulfation 4-OHTAM.
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Figure A-3. LC chromatograph of the hSULT2A 1-catalyzed sulfation of endoxifen.
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Figure A-4. LC chromatograph of the hSULT1E1-catalyzed sulfation of 4-OHTAM.
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Figure A-6. LC chromatograph of the hSULT1E1-catalyzed sulfation of endoxifen
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Figure A-8. LC chromatograph of the hSUTL1A1* 1-catal yzed sulfation of N-desTAM.
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Figure A-9. LC chromatograph of the hSULT1A1* 1-catal yzed sulfation of endoxifen.
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Figure A-13. *H NMR spectrum of > 70% (Z)-4-OHTAM in deuterated methanol

www.manharaa.com




154

L4
L

[wdd] (¥ St oy
[ — | ! | L ! | 1 I | ; | ]
wr B A
2 ] 2 =
j ﬁ AN i 0 ‘a )
h _ NV LHO-#-(7)
OH
Z\
OI\I N
yP-[OUBYISIA
%0L <
Lt g ,|<L WVIHO-2)
¢tHOHD- -N-HO-tHD-O- A
“N-CHO-*HD-0O-
_.....umt.f_xrﬁ-ljli_ .\_....J _.L__nrJ _ a.L__rI_ 1L_u...._
RN TS ST w www B
RR8552 S22 338 o a8 gy

[9s1.]

Figure A-14. *H NMR spectrum of > 70% (Z)-4-OHTAM in deuterated methanol
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Figure A-15. *H NMR spectrum of > 70% (Z)-4-OHTAM in deuterated methanol
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