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Abstract

The goal of this study was to determine the effects of various compounds on the 17-p-estradiol-induced dimerization of the human
estrogen receptor alpha (hERa), a nuclear transcription factor. For this purpose, we used a modified yeast two-hybrid (YTH) bioassay
designed to study protein—protein interactions, based on the electrochemical monitoring of hERa dimerization and detected as (3-D-
galactosidase reporter gene activity in a synthetic substrate p-aminophenyl--D-galactopyranoside (p APG). Compared with 17-p-estradiol
activity, genistein, bisphenol-A (BPA), and naringenin induced dimerization to a lower extent by four, five and six magnitudes of orders of
magnitude, respectively. In the presence of physiological concentrations of 17-P-estradiol, both tamoxifen and the analgesic drug

acetaminophen inhibited hER dimerization in an antiestrogenic manner.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Estrogens are naturally occurring steroid hormones with
widespread biological activities concerning growth and
differentiation. Estrogens exert predominant biological
effects through specific binding to the intracellular nuclear
estrogen receptors (ER), ERa, and ERP. ER activity can
be modulated either by phytoestrogens and environmental
pollutants known as xenoestrogens or by antiestrogenic
chemicals and drugs. Endocrine-disrupting chemicals
(EDCs) are found in many byproducts of industry, such
as plastic, oil, and pesticides. Bisphenol-A (BPA),
diethylstilbestrol (DES), and 2,4-dihydroxybenzophenone
are representative of hormonally active, estrogen-mimics.
Environmental exposure to xenoestrogens has been pro-
posed as a risk factor for the disruption of reproductive
development in wildlife and humans [1], as well as for the
promotion of breast cancer, but the latter hypothesis
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remains controversial [2]. The finding of Soto et al. [3]
that the EDC p-nonylphenol extracted from laboratory
plasticware stimulates the in vitro proliferation of human
estrogen-sensitive MCF-7 breast tumor cells suggested that
such compounds could be potentially harmful to exposed
humans and the environment at large. Similarly, Krishnan
et al. [4] found that 2-5 ppb of bisphenol-A purified from
autoclaved medium in polycarbonate culture flasks was
sufficient to initiate the proliferation of breast cancer cells
in vitro. Besides environmental EDCs, commonly used
synthetic hormones and therapeutic anticancer drugs like
diethylstilbestrol (DES) and tamoxifen have shown ER
antagonist and agonist activity, respectively [5,6]. How-
ever, inappropriate exposure to estrogenic drugs like DES
can also result in adverse effects [7].

The presence of synthetic endocrine-disrupting chem-
icals (EDCs), known as xenoestrogens, in the environment
has led to increasing concern because such agents can
modify natural endocrine function. Xenoestrogens can
interfere with endocrine system function through metabo-
lism, synthesis, secretion, and clearance [8]. Recently,
limited and controversial evidence in the literature concern-
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ing the possible antiestrogenic effects of analgesic drugs has
led to an increasing awareness of their potential for
estrogenlike or antiestrogenic activity. The commonly used
antipyretic drug, acetaminophen, for example, exerts estro-
genic or antiestrogenic effects in vitro, depending on the cell
type and tissue [9]. Characterizing and comparing the
mechanism of action of various drug types can contribute
significantly to understanding how such agents interfere
with hormone activity.

The physiological effects of estrogens are mediated by
estrogen receptors. The human estrogen receptor (hERa) is
a nuclear transcription factor that is naturally activated by its
major endogenous ligand, 17-pB-estradiol. Hormone binding
to the receptor induces significant conformational changes
resulting in homodimerization, translocation to the nucleus,
binding to specific DNA-responsive elements (ERE), and
activation or repression of gene expression [10].

One of the most powerful techniques for identifying
protein—protein interactions, such as dimerization, is the
yeast two-hybrid (YTH) system [6,11,12]. The assay is
based on the finding that many eukaryotic transcription
factors can be divided into two distinct functional domains
that mediate DNA binding and transcriptional activation.
Both domains contribute to dimerization. The YTH assay
involves the reconstitution of beta galactosidase activity via
protein—protein interactions. An ERa monomer is fused to
the DNA-binding domain derived from a transcription factor
(GALY), and a second is fused to the activation domain of
the same transcription factor. When both fused receptors are
coexpressed in yeast, ER dimerization leads to the
reconstitution of a functional GAL4 transcription factor,
measured as 3-galactosidase activity. Commonly, the LacZ
gene encoding P-galactosidase is used as the reporter gene
in the YTH system. The standard assays for detecting
enzymatic activity are colorimetry [13], fluorometry, and
luminometry [14]. Using the YTH system, Nishikawa et al.
[15] identified several chemicals possessing estrogenic
activity.

Highly sensitive electrochemical methods were used to
detect p-galactosidase activity, using as substrate p-amino-
phenyl PB-D-galactopyranoside. The product of the enzy-
matic reaction p-aminophenol (PAP) is oxidized at an
electrode as shown in Scheme 1:

In the solution:

PAPG + H,O +f-galactosidase — PAP +B-D galactopyranoside

and at the electrode:

PAP — p-imminoquinone +2H + 2¢’

Scheme 1.

The electrochemical characteristics of PAP have been
described before for immunodetection assays [16—18], as
well as for bacterial systems [19,20]. The detection limit of
the enzyme is 1 ng/ml.

In the present study, we used a sensitive modified YTH
electrochemical bioassay developed in our laboratory [21] to
characterize hERa dimerization induced by natural estro-
gens, phytoestrogens, xenoestrogens, EDCs, and the com-
monly used anticancer drug, tamoxifen. In addition, we
identified ER antagonist activity of the analgestic drug,
acetaminophen in the electrochemical modified YTH
system. The drug inhibited the 17-p-estradiol-induced
dimerization of human hERa at physiological concentra-
tions of estradiol (10~''=107'2 M). The inhibition was
assessed by a reduction of the corresponding activity of the
reporter enzyme, monitored by electrochemical measure-
ments. The results indicate that like tamoxifen, acetamino-
phen inhibits hER dimerization in an antiestrogenic manner.

2. Materials and methods
2.1. Media for yeast cultures

LB, SD minimal media, YPD and YPDA (Clontech
laboratories, USA): Difco peptone, agar (Difco, USA), yeast
nitrogen base without amino acid, -Leu/-Trp Dropout
Supplement (SD; Clontech laboratories, USA), yeast extract
(Becton Dickinson, USA), adenine, and dextrose (Sigma)
were prepared according to a yeast protocols handbook
(Clontech). YPDA and minimal SD plates contained 2%
agar.

2.2. Yeasts and plasmids

The Saccharomyces cerevisiae strainY-187 was pur-
chased from Clontech Laboratories, Palo Alto, CA, USA.
The plasmids pPC-86 and pPC-62 containing the cDNA of
hERa were generous gifts from Prof. Sohaib A. Kahn
(University of Cincinnati, OH, USA). Positive control
plasmids pGBKT7-53 and pGADT7-T were purchased from
Clontech Laboratories.

2.3. Chemicals

17-p-Estradiol, bisphenol A, diethylstilbestrol, genistein,
naringenin, 2,4-dihydroxybenzophenone, p-aminophenyl-p-
D-galactopyranoside (pAPG), tamoxifen, and R-cyclodex-
trin were purchased from Sigma, Israel. Stock solutions of
the steroids were prepared by dissolving in ethanol followed
by diluting in aqueous solution. The organic solvent was
diluted by at least three orders of magnitude. Sodium lauroyl
sarcosinate (SLS) and acetaminophen were purchased from
Fluka, Switzerland.

2.4. The electrochemical setup
Screen-printed electrodes (SPEs) were purchased from

Gwent, UK. The SPEs contained three electrodes: carbon
ink working electrode, carbon ink counter electrode, and
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Ag/AgCl reference electrode. Multichanneled potentiostat
capable of simultaneously analyzing eight samples was
constructed at the Technion-IIT, Haifa, Israel. All measure-
ments were performed at 220-mV applied potential.

2.5. Yeast two-hybrid preparation

Yeast strain Y-187 (S. cerevisiae) carrying the GALI
promoter-lacZ reporter gene transformed with plasmids
pPC-86 and pPC-62, containing the ¢cDNA of human
estrogen receptor (hER) fused to the GAL-4 DB (GAL4
DNA-binding domain—human ERa) and GAL-4 TA (GAL4
transactivation domain—human ERa) domains, were used
for the yeast two-hybrid (YTH) system. As a positive
control, we used plasmids pGBKT7-53 and pGADT7-T
(Clontech), which encode fusion between the GAL4 DNA-
binding domain/activating domain and the murine p53
tumor suppressor protein and the SV-40 large T-antigen,
respectively, which interact in the YTH assay (Clontech
Matchmaker 3 Manual). Transformation of the yeast was
carried out using a standard, lithium acetate method with
plasmid DNA, according to the instructions of the Clontech
Matchmaker 3 System. Selection of transformed yeast was
done on SD minimal medium lacking tryptophan and
leucine, solidified with 2% agar.

2.6. Yeast cells exposure to xenoestrogens and
phytoestrogens

Yeast cultivation was obtained by inoculating 50 ml
sterile plastic test tubes containing 4 ml of SD medium
with 100 pl of a starter culture of transformed yeast. To
each test tube, one of the following chemicals was added
according to the experiment: 17-p-estradiol, 2,4 dihydrox-
ybenzophenone, diethylstilbestrol (DES), bisphenol-A
(BPA), genistein, or naringenin at different concentrations
ranging from 1072 to 10~'" M, in the presence of
equimolar concentrations of B-cyclodextrin. R-Cyclodextrin
lowers the toxic effect of the chemical on the cells. The test
tubes were vigorously shaken overnight at 30 °C. A low
sublethal concentration (5 mg/l) of the membrane perme-
abilizer sodium lauroyl sarcosinate was also added to the
liquid medium tubes during overnight growth to improve
membrane permeability toward 17-p-estradiol and other
chemicals.

2.7. Yeast cells exposure to antiestrogenic drugs. tamoxifen
and acetaminophen

Different concentrations of tamoxifen (10~> to 10"
M) or acetaminophen (107> to 10°® M) were added to 4
ml of SD medium inoculated with 100 ul of a transformed
yeast starter culture in the presence or in the absence of
different concentrations of 17-p-estradiol (10~ '°-10~"!
M), or as needed. A sublethal concentration (5 mg/l) of
SLS was added to the yeast culture during overnight

growth. The tubes were incubated overnight with vigorous
shaking at 30 °C.

2.8. Preparation of yeast cells for the [}-galactosidase assay

Measuring the optical density at 600 nm assessed the
concentration of the overnight-cultivated yeast cells. The
overnight cell concentration of the culture was approx-
imately 1.5x10® cfu/ml. The concentration was equalized in
all test tubes by adding growth medium to the more
concentrated cultures. To remove the growth medium and
any soluble organic residues, the yeast cells were separated
by centrifugation for 10 min at 3000xg, washed, and
suspended in 2 ml of PBS buffer, supplemented with 2 g/
SLS, which served as a permeabilizing agent for the yeast
membranes. The test tubes were intermittently vortexed for
30 min at room temperature. Before the electrochemical
assay, the cells were concentrated by a factor of 8 or 12, as
necessary. The number of cells per assay was 3.2x10® and
4.9%x10% cfu/270 pl, respectively.

2.9. Electrochemical determination of [-galactosidase
activity

The electrochemical assay was carried out with screen-
printed disposable electrodes, with 300-pul volume plastic
microwells combined on top of the electrodes. Mixing of the
liquid in each microwell was achieved by a suction/injection
mechanism manufactured in our laboratory, operated at a
frequency of approximately 12 Hz. p-Aminophenyl-B-D-
galactopyranoside (pAPG), at a final concentration of 0.8
mg/ml, was used as a synthetic substrate for the P-
galactosidase yeast reporter gene. The product, p-amino-
phenol, was oxidized at an applied potential of 220 mV, and
the electrical current generated was recorded. Results were
calculated as Acurrent/Atime from the direct measurements
during the first 20 min. The data obtained were also verified
by standard optical techniques using the substrate o-nitro-
phenyl-p-D-galactopyranoside [22].

3. Results and discussion

Our goal was to determine the effects of various
estrogens, xenoestrogens, phytoestrogens, as well as ster-
oidal and nonsteroidal drugs on the estradiol-induced
dimerization of human estrogen receptor alpha (hERa).
Most xenoestrogens have the ability to bind the ER and
interfere with the natural function of the endocrine system.
We investigated this phenomenon at the molecular level,
using a modified yeast two-hybrid (YTH) system with
electrochemical detection, in which B-galactosidase activity
is under estrogen control through ER dimerization. Using
this system in an earlier study, we demonstrated that the
binding of the hormone, 17-p-estradiol, to its specific ERa
receptor induces its dimerization [21].
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3.1. Electrochemical measurement of xenoestrogens and
phytoestrogens

As the electrochemically modified YTH system selec-
tively examines the estradiol-induced dimerization of the
hormone receptor, we first evaluated the residual activity
of the p-galactosidase reporter signal by applying a
number of well-known xenoestrogens 2,4 dihydroxyben-
zophenone, diethylstilbestrol (DES), bisphenol A (BPA),
and two phytoestrogens, genistein and naringenin. 2,4-
Dihydroxybenzophenone is a member of the benzophe-
nones (BPs), chemicals widely found in products for
agriculture, insecticides, and pharmaceuticals. Besides
being toxic, this chemical shows typical estrogenic
activity [23,24]. Yeast cells were incubated overnight
with different concentrations of 2,4 dihydroxybenzophe-
none. To increase the sensitivity of the P-galactosidase
assay, we added the permeabilizing agent sodium lauroyl
sarcosinate (SLS), which serves a dual purpose: (1)
increases permeability during cell growth (5 mg/l) and
(2) aids in permeabilization before the P-galactosidase
assay (2 g/l). The test tubes were intermittently vortexed
for 30 min at room temperature. This permeabilization
method was more reproducible and yielded a higher
signal than other established methods, such as using
ethanol or toluene [21]. Figs. 1 and 2, respectively, show
the amperometric measurements at a working potential of
220 mV of enzyme activity generated by yeast cultures
exposed to 2,4 dihydroxybenzophenone or to 17-p-
estradiol. The high sensitivity of our modified electro-
chemical YTH assay revealed typical estrogenic activity
for 2,4 dihydroxybenzophenone. The lowest concentration
of the compound detected in our system was 107° M,
which is in accordance with prior results shown by
Schultz et al. [25].

Bisphenol-A is an important raw material used in the
plastic industry for polycarbonate resins and for varnish
plating. According to the United States Environmental
Protection Agency, BPA is cytotoxic, toxic to fish and
amphibians, and interferes with the endocrine system by
binding to the ER [4,26]. Therefore, we tested the ability
of BPA to induce receptor dimerization in our electro-
chemical YTH system. The results (Table 1) show that
compared with 17-p-estradiol, BPA induced dimerization
of the hormone to a lesser extent and exhibited lower
activity by five orders of magnitude. The lowest concen-
tration measured was 10~ M for BPA, whereas that of 17-
p-estradiol was in the picomolar range, 10~ "' M. Similar
results were reported by lke et al. [27] and Rehman et al.
[28].

Diethylstilbestrol, a xenoestrogenic drug once pre-
scribed during pregnancy to prevent miscarriages or
premature deliveries, was subsequently discarded for
human use because of teratogenicity [7]. This compound
served as an example for the estrogenic activity of
synthetic estrogens in our system. The DES-induced
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Fig. 1. (A) Electrochemical signals obtained with yeast cultures exposed
overnight to different concentrations of 2,4 dihydroxybenzophenone: (1)
1075, (2) 107, (3) 1077 and (4) 10~® M. (B) Enzymatic activities (@)
shown as Acurrent/Atime.

activity of -galactosidase expressed in yeast cell cultures
incubated with different concentrations of DES is shown
in Table 1. The expression of 17-p-estradiol- and DES-
induced estrogenic activity at the same order of magni-
tude implies a similar induction of receptor dimerization
by both compounds, which is in accordance with reports
by Fohmar et al. [29] and Jefferson et al. [30]. Compared
with 17-P-estradiol, genistein and naringenin had less
estrogenic activity by four orders of magnitude (10~% M)
and by six magnitudes of orders of magnitude, respec-
tively (Table 1). Similar results were reported by Schultz
et al. [25].

3.2. Measurement of antiestrogenic drugs

One way that antiestrogenic drugs can interfere with
dimerization is by competing with 17-pB-estradiol for
binding to the ER. We examined such a drug, the well-
characterized anticancer agent tamoxifen in our electro-
chemical YTH assay. We cultured yeast cells with 107!
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M estradiol (physiological concentration) and measured the
inhibitory effect of various concentrations of tamoxifen.
The results in Fig. 3 shows that almost 25% inhibition of
[-galactosidase activity occurred at a low concentration of

Table 1
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Fig. 3. (A) Electrochemical signals obtained with yeast cultures exposed
overnight to constant concentration of 107" M 17-B-estradiol in the
presence of different concentrations of tamoxifen: (1) 107>, (2) 107, (3)
1077, (4) 1075, (5) 1072, (6) 107" and (7) 10~'* M. (B) Inhibition of
hERa receptor dimerization calculated by percentage of the residual
activity of the reporter enzyme, -galactosidase.

this drug (10°'" M) and about 85% inhibition at the
highest concentration (10°° M), reflecting significant
decrease of ER dimerization. The results agree with
findings in other reports that tamoxifen is a partial
antagonist that competes with estradiol for binding to the
ER [6].

Summary of results displayed as Acurrent/Atime (nA/sec), for yeast cells exposed overnight to various xenoestrogens and 17-p-estradiol measured with our

electrochemical two-hybrid system

Concentration (M) Naringenin BPA Genistein 2,4dihydroxy BP DES 17-p-estradiol
1073 0.008+0.11

1074 0.005+0.053

1073 0.001440.03 0.03140.33 0.6740.085 0.0095+0.25

10°° 0.002+0.05 0.009+0.045 0.015+0.17 0.034+0.58

1077 0.0035+0.035 0.0099+0.051 0.078+0.54

1078 0.0011£0.018 0.025+0.42

107 0.015+0.17

10°1° 0.0004+0.037 0.29+0.0027
10~ 0.11+0.027

Each result represents the mean of three measurements.
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Fig. 4. Electrochemical signals obtained with yeast cultures exposed
overnight to different concentrations of acetaminophen. (A) Enzyme
activity obtained in the presence of 10" M 17-p-estradiol with (1) 0 M
acetaminophen, (2) 2.1x107° M, (3) 4.1x10°° M, (4) 8.3x10°° M, (5)
1.6x107> Mm (6) 3.3x 10> M and (7) control-yeast cells. (B) Inhibition of
hER« receptor dimerization in the presence of 107'° M (@) and 10™'' M
(O) calculated by percentage of the residual activity of the reporter enzyme,
-galactosidase.

Although the toxic effects of high doses of a widely used
analgesic and antipyretic drug, acetaminophen, on liver and
kidney are well characterized [31,32], relatively few studies
have been reported on the effects of acetaminophen on the
endocrine system. Evidence concerning the possible estro-
genic or antiestrogenic activity of acetaminophen is sparse
and controversial. In vitro, acetaminophen shows both
estrogenic and antiestrogenic properties, depending on the
system applied. [9,33-36]. Interestingly, acetaminophen
shows neither estrogenic nor antiestrogenic activity in uteri
of mice or rats in vivo [20]. Therefore, we decided to
examine the effect of acetaminophen in our electrochemical
modified YTH system. As physiologically relevant concen-
trations (107'% to 10~"" M) of 17-p-estradiol are the most
interesting and noteworthy [10], we measured the effects of
various concentrations of acetaminophen at physiological
levels of the hormone. The assay revealed that low

concentrations of acetaminophen inhibit estrogen receptor
dimerization in the presence of physiological concentrations
of 17-p-estradiol (Fig. 4). The inhibition was dependent on
estrogen and acetaminophen concentrations and was not a
result of toxic effects exerted by acetaminophen on yeast
cells (Fig. 5). An acetaminophen concentration of
3.31x10° M produced almost 40% inhibition, at a
hormone level of 107' M and almost 80% inhibition of
the signal at a hormone level of 10~'" M. Significant
inhibition (~20%) occurred even at extremely low concen-
trations of acetaminophen (as low as 4.1x10~¢ M), which
are much lower than the serum concentration of 1.32x10~*
M typically reported for this drug and far below toxic serum
levels [37]. As dimer formation is essential for the estrogen-
mediated activation of the ER [38], we assume that despite
the absence of binding, acetaminophen acts as an anties-
trogen in our modified YTH system. Our findings agree
with the report from Miller et al. [33] demonstrating the
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Fig. 5. (A) Electrochemical signals obtained with yeast cultures transformed
with plasmids pGBT7-53 and pGADT7-7 (control yeasts) containing
proteins, which react constitutively, in the absence of 17-p-estradiol and in
the presence (solid line) or absence (dashed line) of 6.6x107* M
acetaminophen. (B) Control yeasts grown in the presence of different
concentrations of acetaminophen ranging from 6.6x10* to 2.1x107° M.
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antiestrogenic properties of acetaminophen in an estrogen-
dependent system.

4. Conclusions

In this paper, we offer a sensitive method based on the
combination of electrochemical measurements and the YTH
system especially designed for detecting the impact of
estrogenic and xenoestrogenic chemicals on hERa dimeri-
zation. The results are compatible with those obtained using
optical methods typical for xenoestrogenic effects in yeast
systems. As electrochemical measurements contribute the
advantage of working with a turbid solution, higher
concentrations of yeasts can be achieved by additional
preconcentration or alternatively by using electrochemical
techniques to attain greater sensitivity.

Extremely important results obtained here concerned the
widely used drug acetaminophen. We have shown for the
first time that this drug acts at the molecular level,
affecting the hER receptor. Acetaminophen markedly
inhibited the dimerization of hERa cloned in the electro-
chemical modified YTH system, exhibiting an inhibitory
effect similar to that of the common anticancer drug
tamoxifen, and was not due to the toxicity of acetamino-
phen on yeast cells. The inhibition was mutually concen-
tration dependent for 17-p-estradiol and acetaminophen
and was measurable at a concentration as low as 4.1x107°
M of the drug. Our results provide the rationale for further
investigations on the clinical potential of acetaminophen in
ER-dependent physiology.
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