been shown to support HIV-1 replication
(24), are among the first virus targets in
primates after oral exposure and play a key
role in subsequent virus spread.

In sum, cell-free SIV is significantly more
transmissible through the oral route as com-
pared with the intrarectal route. The use of
omeprazole, which results in the neutraliza-
tion of gastric acid, was not required for
infection. Because formal oral titrations
were not conducted to establish the minimal
infective dose in neonatal macaques (10),
we do not know whether the oral exposure
route is significantly more permissive of SIV
entry in neopates as compared with adults.
Our data, together with the case reports of
HIV-1 seroconversion after oral-genital sex
only (5), have implications for HIV-1 trans-
mission. We conclude that oral exposure to
infectious virus in the absence of mucosal
lesions carries the risk of infection and
AIDS. Thus, unprotected receptive oral in-
tercourse should be added to the list of risk
_behaviors for HIV-1 transmission.
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Synergistic Activation of Estrogen Receptor with
Combinations of Environmental Chemicals

Steven F. Arnold, Diane M. Klotz, Bridgette M. Collins,
Peter M. Vonier, Louis J. Guillette Jr., John A. McLachlan*

Certain chemicals in the environment are estrogenic. The low potencies of these com-
pounds, when studied singly, suggest that they may have little effect on biological
systems. The estrogenic potencies of combinations of such chemicals were screened
in a simple yeast estrogen system (YES) containing human estrogen receptor (hER).
Combinations of two weak environmental estrogens, such as dieldrin, endosulfan, or
toxaphene, were 1000 times as potent in hER-mediated transactivation as any chemical
alone. Hydroxylated polychlorinated biphenyls shown previously to synergistically alter
sexual development in turtles also synergized in the YES. The synergistic interaction of
chemical mixtures with the estrogen receptor may have profound environmental impli-
cations. These results may represent a previously uncharacterized level of regulation of

estrogen-associated responses.

Reports of abnormal sexual development
in reptiles (1, 2) or birds (3) as well as
feminized responses in male fish (4-6) have
suggested an association with environmen-
tal chemicals functioning as estrogens. Sim-
ilar hypotheses have been advanced in re-
lation to an increased risk for breast cancer
in women (7, 8) and an observed decrease
in human semen quality (9, 10). A model
for the developmental effects of estrogen is
based, to a large extent, on studies with the
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synthetic estrogen diethylstilbestrol (DES)
in animals and humans (11-13). Most es-
trogenic environmental compounds have
potencies 1/50th to 1/10,000th those of
DES or the natural estrogen 17B-estradiol;
for example, the pesticides dieldrin, toxa-
phene, or endosulfan have an affinity for
hER that is ~1/10,000th that of estradiol
(14, 15). The relatively low potencies of
each of these compounds have suggested
that these chemicals alone are unlikely to

1489



Table 1. Concentrations of environmental chem-
icals required to achieve 50% B-Gal activity (EC,)
in YES. B-Galactosidase assays were done as
described in Fig. 1. The EC,, values were gener-
ated by plotting the percent B-Gal activity versus
the concentration of environmental chemical. The
values for the combinations represent the total
concentration of environmental chemicals as they
were mixed at equal molar concentrations. The
data shown. are representative of at least three
independent experiments. The EC,, values repre-
sent the concentration required to achieve half-
maximal B-Gal activity for that chemical or combi-
nation of chemicals. The maximal B-Gal activity
induced by the combined environmental chemi-
cals appeared to be ~65% that of 17B-estradiol.
ND, not determined.

. B-Gal
Chemical EC., (1M)

17B-Estradiol 0.0001
Endosulfan >33
Dieldrin >33
Toxaphene >33
Chlordane ND*
Endosulfan + dieldrin 0.092
Endosulfan + toxaphene 0.121
Endosulfan + chlordane 0.189
Dieldrin + toxaphene 0.210
Dieldrin + chlordane 0.286
Toxaphene + chlordane 0.306

*The ECg, for chlordane was not measured because it
did not exhibit 3-Gal activity at any concentration tested.

produce adverse health effects in humans
(16, 17). However, these compounds occur
as mixtures in the environment, and their
combined action has not been well studied.

To investigate the interaction of mix-
tures of chemicals with hER, we compared
the transcriptional activation of hER in
yeast in response to environmental chemi-
cals alone and in combination (I18). Diel-
drin, endosulfan, or toxaphene alone weakly
increased B-galactosidase (B-Gal) activity
even at high concentrations (greater than
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Fig. 1. Estrogenic activity of environmental chemicals in
YES. A single yeast colony was grown overnight at-30°C
in synthetic media supplemented with Trp and Ura,
then 50 pl was added to 950 wl of fresh media with
vehicle, 17B-estradiol (), endosulfan (<), dieldrin (&),
or endosulfan and dieldrin (O) and grown overnight at
30°C. Equivalent molar concentrations of endosulfan
and dieldrin were used for the combinations (for exam-
ple, 5 nM of endosulfan and dieldrin for a total of 10 nM).
After treatment, the yeast cells were collected by cen-
trifugation, the Ag,, Mmeasured, and the activity of B-Gal
determined as described (78). The data are represen-
tative of at least three separate experiments. The in-
crease in B-Gal activity is greater at the lower concen-
trations of mixtures of environmental chemicals.
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Fig. 2. Inhibition of [°H]17B-estradiol binding to hER by
environmental chemicals. Recombinant hER at a concentra-
tion of ~0.4 nM was dissolved in the binding buffer [10 mM
tris (oH 7.4), 1 mM EDTA, 1 mM EGTA, 1 mM NaVO,, 10%
glycerol, y-globulin (10 mg/ml), 0.5 mM PMSF, and 0.2 mM
leupeptin] for 1 hour at 25°C with 2.5 NM[?H]17B-estradiol in
the absence or presence of the indicated concentrations of
radioinert environmental chemicals or 17B-estradiol. Equiv-
alent molar concentrations of endosulfan and dieldrin were
used for the combination. Free [°H]17B-estradiol was re-
moved by incubation with Chardex for 10 min at 4°C and
centrifugation for 3 min at 15,000g. The data shown are
representative of at least three independent experiments.
The decrease in [°H]17B-estradiol binding is greater at the
lower concentrations of mixtures of environmental chemi-
cals. Symbols as in Fig. 1.

Fig. 3. A Scatchard analysis of hER binding to [?H]178-
estradiol in the absence or presence of environmental
chemicals. Recombinant hER was dissolved in binding
buffer for 1 hour at 25°C (see Fig. 1) with 0.5, 1, 2.5, 5 or
10 nM [®H]17B-estradiol and a 300-fold molar excess of
unlabeled 17 B-estradiol (), 100 nM endosulfan (O), 100
nM dieldrin (), or 100 nM endosulfan and 100 nM diel-
drin (©). The data were analyzed by the method of Scat-
chard (37) and are representative of at least three inde-
pendent experiments.

by growth factors, play a role in estrogen
action (19, 20), we studied the binding of
[PH]}17B-estradiol to hER with the environ-
mental chemicals alone or in combination
as a measure of the direct interaction of

10 uM) (Fig. 1 and Table 1). However, a
combination of any two of these chemicals
produced a synergistic increase in B-Gal ac-
tivity as compared with the individual com-
pounds. For example, to increase B-Gal ac-
tivity to a similar extent, the concentration
of the mixture of endosulfan and dieldrin
required was 1/160th to 1/1600th that of
either chemical alone (that is, the mixture
was 160 to 1600 times more potent than the
individual chemicals). Chlordane, which
had no measurable activity in the YES, also
significantly enhanced the potency of the
other environmental chemicals (Table 1).
Because other signaling pathways, such
as those involving protein kinases activated
SCIENCE

VOL. 272+ 7 JUNE 1996

these compounds with hER (21). Consis-
tent with the results in the YES, dieldrin,
endosulfan, or toxaphene alone only weakly
inhibited the binding of [*H]17B-estradiol
to hER (Fig. 2 and Table 2). To inhibit
[PH]17B-estradiol binding to the same ex-
tent, the concentration of the combined
chemicals was at most 1/200th that required
for either chemical alone (that is, the mix-
ture was at least 200 times more potent
than the individual chemicals). Chlordane,
which did not inhibit binding of [*H]17B-
estradiol, also enhanced the competitive
binding activity of the other environmental
chemicals.

The synergistic action of combinations



s
i

b Ve
of environmental chemicals suggested the
possibility of additional binding sites on
hER (22-24). Linear slopes observed in
Scatchard analyses of binding experiments
with combined environmental chemicals
demonstrated competitive inhibition (Fig.
3), suggesting that the chemicals interact in
combination with hER at the hormone
binding site (25).

Hydroxlyated polychlorinated biphe-

Table 2. Concentrations of environmental chem-
icals required to achieve 50% displacement or
inhibition (IC,) of hER binding of [*H]17B-estradi-
ol. Competitive binding assays were done as de-
scribed (Fig. 2). The ICsq values were calculated
by plotting the percent [3H]17B-estradiol remain-
ing versus the concentration of environmental
chemical as shown in Fig. 2. The values for the
combinations represent the total concentration of
environmental chemicals as they were mixed at
equal molar concentrations. The data shown are
representative of at least three independent ex-
periments. The standard error was less than 7.5%
for the competition binding assays.

) hER binding
Chemical ICap (M)
Endosulfan A >50
Dieldrin >50
Toxaphene >50
Chlordane ND*
17B-Estradiol 0.001
Endosulfan + dieldrin 0.324
Endosulfan + toxaphene 0.339
Endosulfan + chlordane 0.363
Dieldrin + toxaphene 0.498
Dieldrin + chlordane 0.514
Toxaphene + chlordane 0.533

“The ICg, value was not determined because chlordane
did not appear to demonstrate competitive binding activ-
ity at any concentration tested. It has been reported that
the IC;, values for endosulfane and toxaphene are 631
and 470 pM, respectively (75).

Table 3. Concentrations of environmental chemi-
cals required to achieve 50% B-Gal activity in YES
(78) or luciferase activity in Ishikawa cells (32). The
PCB compounds included F (2',4',6'-trichloro-4-
biphenylol) and G (2',3,4',5'-tetrachloro-4-biphe-

nylol). The difference in the EC,, values between .

the B-Gal and luciferase assays is probably due in
part to a higher concentration of hER in Ishikawa
cells compared with the YES. The ECy, values
were generated by plotting the percent B-Gal or
luciferase activity versus the concentration of envi-
ronmental chemical. The values for the combina-
tions represent the total concentration of environ-
mental chemicals as they were mixed at equal mo-
lar concentrations. The data shown are represen-
tative of at least two independent experiments. The
standard error was less than 7.5% for the assays.

) -Gal Luciferase
Chemical 6

emiea ECsp (M) ECso (1M)
Estradiol ~0.0001 0.0002
F 0.0070 0.0120
G 0.0180 0.0300
F+G 0.0015 0.0025

nyls (PCBs) activated estrogen-dependent
reporter activity in the YES and in Ish-
ikawa cells, an endometrial cancer cell
line transiently transfected with hER, and
an estrogen-sensitive luciferase reporter
(Table 3). A mixture of the two PCBs
synergistically activated reporter gene ac-
tivity in the YES and in Ishikawa cells. In
vitro binding experiments confirmed that
PCBs interacted with the hER and when
mixed displayed a synergistic reduction in
[PH]17B-estradiol binding to hER. Com-
pound F demonstrated a median inhibitory
concentration (ICy) of 55 nM, whereas
compound G had an 1Cy, of 120 nM; both
compounds added together resulted in an
IC, of 5 nM.

Our results provide a molecular explana-
tion for studies in vivo that described syn-
ergistic effects of environmental estrogens.
For example, the addition of weakly estro-
genic PCB congeners to developing turtle
eggs resulted in sex reversal of male-deter-
mined eggs; addition of two PCBs at sub-
threshold concentrations were effective
(26). Likewise, dieldrin, endosulfan, or tox-
aphene, although only marginally effective
in stimulating proliferation of human breast
cancer cells in culture, exhibited greater
than additive effects when administered to-
gether (15). Apparently synergistic estro-
genic effects of environmental chemicals
were observed in cultures of fish hepato-
cytes (27). Our data and the above reports
suggest that the estrogenic potency of some
environmental chemicals, when tested sin-
gly, may be underestimated.

In addition to their environmental impli-
cations, these findings may also have gen-
eral biological significance, because ovarian
and phytoestrogens act synergistically in the
YES (28). Transciptional activation of hER
through interaction with two chemicals is
consistent with the observation that the ac-
tive site of a cytochrome P, has the poten-
tial to recognize two substrates (29). The
possibility for synergistic action of apparently
inactive chemicals functioning as hormones
may represent a previously uncharacterized
level of receptor-mediated gene regulation.
The interaction of multiple chemicals with
the estrogen receptor suggests a complex in-
terplay between environmental signals and
biological systems.
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Regulation of the Inositol 1,4,5-Trisphosphate
Receptor by Tyrosine Phosphorylation

Thottala Jayaraman, Karol Ondria$, Elena Ondriasova,
Andrew R. Marks*

Tyrosine kinases indirectly raise intracellular calcium concentration ([Ca2*]) by acti-
vating phospholipases that generate inositol 1,4,5-trisphosphate (IP,). IP, activates
the 1P, receptor (IP;R), an intracellular calcium release channel on the endoplasmic
reticulum. T cell receptor stimulation triggered a physical association between the
nonreceptor protein tyrosine kinase Fyn and the IP;R, which induced tyrosine phos-
phorylation of the IP;R. Fyn activated an IP,-gated calcium channel in vitro, and
tyrosine phosphorylation of the IP;R during T cell activation was reduced in thymo-
cytes from fyn~~ mice. Thus, activation of the IP;R by tyrosine phosphorylation may

play a role in regulating [CaZ*],.

The IP,R forms the IP;-gated Ca®* release
channel on the endoplasmic reticulum in
many cell types, including neurons (1) and
T cells (2). The human type 1 IP;R (IP;R1)
is a 308-kD polypeptide that contains two
potential tyrosine phosphorylation sites, at
residues 482 (Glu-Asp-Leu-Val-Tyr) and
2617 (Asp-Ser-Thr-Glu-Tyr) (2). Amino
acid 482 is adjacent to the IP;-binding site
(3), and amino acid 2617 is near the
COOH-terminus (4).

The IP;R is autophosphorylated on
serine and is phosphorylated by protein
kinases A, C, and G and by Ca?*-calmod-
ulin—dependent kinase II (CaMkIIl) in
vitro (5). Members of the Src family of
nonreceptor protein tyrosine kinases func-
tion in signal transduction in the brain (6)
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as well as in T cells (7, 8). To deter-
mine whether tyrosine phosphorylation of
the IP;R occurred, we immunoprecipi-
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tated the Ca®* release channel with an
IP;R 1-specific antibody (anti-IP;R1) from
both brain and T lymphocytes and sub-
jected it to kinase assays with two nonre-
ceptor protein tyrosine kinases, Src and
Fyn. Both kinases induced tyrosine phos-
phorylation of the brain IP;R (Fig. 1A).
Similar results were obtained with canine,
rabbit, and murine brain microsomes (9)
and with purified IP;R (Fig. 1A), which
suggests that the kinase acts on the chan-
nel directly, not through an intermediary
molecule.

Fyn and Src induced tyrosine phospho-
rylation of the IP;R from unstimulated
Jurkat cells (Fig. 1B) in vitro. Tyrosine
phosphorylation of the IP;R from unacti-
vated Jurkat cells by Fyn was greater than
that of the IP;R from cells activated by
incubation with monoclonal antibody to
CD3 (CD3 mAb) (Fig. 1B). This result
indicated that Fyn induces tyrosine phos-
phorylation of the IP;R during T cell re-
ceptor (TCR) stimulation, and therefore
that exogenous Fyn does not induce fur-
ther tyrosine phosphorylation of the IP;R
in vitro.

To determine whether tyrosine phos-
phorylation of the IP;R occurred in vivo,
we preparedanti-phosphotyrosine immuno-
blots of IP;R immunoprecipitated from
unstimulated and from TCR-stimulated
Jurkat cells. IP;R was detected in both
activated and unactivated cells, but ty-
rosine-phosphorylated IP;R was detected
only in TCR-stimulated cells (Fig. 1C).
This finding indicated that tyrosine phos-
phorylation of the IP;R occurs in intact
cells.

During T cell activation, Fyn physical-
ly associates with the TCR (10) and the
IP;R cocaps with the TCR (11). To de-
termine whether Fyn physically associated
with the IP;R during T cell activation, we
used anti-IP;R1 or Fyn mAb to immuno-

Fig. 1. Tyrosine phosphorylation of the
~300-kD IP4R in brain and T lympho-
cytes (Jurkat) by Src and Fyn. IP;R was
immunoprecipitated from canine brain
microsomes (A) and from lysates of un-
activated Jurkat cells or cells activated
with CD3 mAb (B). Immunoprecipitated
proteins or purified IP4R (P) were used in
kinase assays with or without exoge-
nous Fyn or Src (217). Preimmune serum
(NRS) or affinity-purified anti-IP;R1
(alP;R1) were used for immunoprecipi-
tations (27). (C) Immunoprecipitated
IP;R from activated or unactivated Jur-
kat cells was immunoblotted with anti-
phosphotyrosine (aPT) (4G10) and
then, after stripping, with anti-IP;R1 as
described (2).
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