
An Estrogen-Binding Protein and Endogenous Ligand in dex chromatography (6) ,  and protein was 
measured by the Coomassie blue dye 

Saccharomyces cerevisiae: Possible Hormone Receptor System method (7). 
In initial experiments a series of radio- 

Abstract. A protein macromolecule in the cytosol of the unicellular eukaryotic actively labeled steroids was used to 
yeast Saccharomyces cerevisiae selectively binds the vertebrate estrogen hormone screen S.  cerevisiae cytosol for steroid- 
17P-estradiol with high afinity. Lipid extracts of the yeast cells or the conditioned binding sites. No specific binding was 
growth medium yield a substance that can bind competitively to the tritiated detected following incubation at O"C for 
estradiol-binding sites in the yeast and to mammalian estrogen receptors. These 3 hours with [3H]corticosterone, [ 3 ~ ]  
findings suggest that the binding protein may be a primitive hormone receptor and dexamethasone, [3~]testosterone, and 
that the lipid-extractable substance represents the endogenous ligand. [3~lprogesterone, all at a concentration 

of 26 nM, and with tritiated 1,25-dihi- 
Messenger molecules in simple eu- (a mating type) were grown in Yeast droxyvitamin D3 (2.6 nM). However, 

karyotic fungi may play a role analogous Nitrogen Base medium (6.7 glliter; incubation with [3H]estradiol yielded 
to that of pheromones and hormones in Difco) supplemented with glucose (20 g/ abundant specific binding (8). 
higher organisms (1). Peptide and sterol liter). Cells were harvested late in loga- The binding site was found to be a 4.3s 
factors have been isolated and shown to rithmic phase, washed, and disrupted macromolecule on sucrose density gradi- 
play a role in mating-type conjugation with glass beads in an ice water-jacketed ents. The binding activity was destroyed 
(2 ) ,  mycotoxins that exhibit estrogenic Bead Beater (Biospec Products). Cyto- by incubation with trypsin but not with 
activity have been identified (3),  a pre- sol prepared by ultracentrifugation was deoxyribonuclease, ribonuclease, or 
liminary report finds that yeast pos- incubated with 17p-[6,7-3~lestradioI (58 phospholipase AZ, affirming the protein- 
sesses and can metabolize vitamin D Cilmmole; Amersham) for 2.5 hours at aceous nature of the binding site. The 
hormonal metabolites (4), and the pres- 25°C. Protein-bound hormone was sepa- [3~lestradiol binding was reversible, and 
ence of immunoreactive hormone-like rated from free hormone by G-50 Sepha- extraction and high-pressure liquid chro- 
peptides has been reported in various 
simple organisms (5). 

We recently described the existence of 
a corticosteroid binding protein and the 
possibility of an endogenous ligand in 
Candida albicans and postulated that a 
primitive steroid receptor system may be 
present in that pathogenic fungus (6). We 
have examined a variety of other fungi 
for the presence of vertebrate steroid 
hormone-binding proteins. In this study 
we scrutinized Saccharomyces cerevisi- 
ae because of its extensive use in molec- 
ular biology and genetics as well as its 
industrial and commercial importance. 
Although a corticosterone binding pro- 
tein was not found, S .  cerevisiae was 
shown to possess an estrogen-binding 
protein of high affinity and specificity. 
Furthermore, chloroform extracts of the 
organism contain a natural product that 
has the ability to bind competitively to 
the [3H]estradiol binding sites present in 
S ,  cerevisiae and to estrogen receptors 
from rat uterus. The extractable sub- 
stance, which appears to be the endoge- 
nous ligand for the S.  cerevisiae binding 
protein, can be found in the yeast and 
can be recovered from the conditioned 
growth medium. We therefore postulate 
that S. cerevisiae possesses both compo- 
nents of a hormone-receptor system. We 
speculate that, in addition to the peptide 
factors known to play a role in the life 
cycle of this organism, a steroid-like 
hormone may also be active. Further- 
more, the ability of the putative endoge- 

Fig. 1. Binding of [3H]- 
estradiol to S .  cerevi- 
siae cytosol. Approx- 
imately 2 g (wet 
weight) of yeast cells 
were disrupted in a 
chilled Bead Beater in 
20 ml of buffer con- 
taining 10 mM sodium 
phosphate, 1.5 mM 
EDTA, and 12 mM 
monothioglycerol (pH 

Tota l  [%]estradlol (nM) [ 3 ~ ] ~ s t r a d l o l  bound (fmole/mg) 6.4). C Y ~ O S O ~  was pre- 
pared and incubated 

for 2.5 hours at 25OC with [3H]estradiol (1.3 to 52 nM). Protein-bound hormone was separated 
from free hormone by G-50 Sephadex minicolumn chromatography. (A) Graph showing results 
of saturation analysis. Symbols: (0) total binding, (A) nonspecific binding in the presence of 
250-fold excess radioactively inert estradiol, and (@) specific binding, calculated by subtracting 
nonspecific from total binding. (B) Scatchard plot of specific binding data. The apparent 
equilibrium dissociation constant is 2.6 nM and the maximum number of binding sites is 2000 
fmole per milligram of protein. 
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Fig. 2. Competition of 
a variety of steroids 
for 13H]estradiol bind- 
ing sites in yeast cyto- 
sol. ["HIEstradiol (26 
nM) was bound to cy- 
tosol at 25OC for 2.5 
hours in the presence 
of various concentra- 
tion ratios of estradiol 
(1, 5, 10, and l00x 
represent the molar 
ratio of the competi- 
tor to [3H]estradiol). 
Other competing ste- 
roids were added at 
2.6 (*M or a molar ra- 
tio of 100x. Binding 
in the absence of 

nous ligand from S.  cerevisiae to interact competitors (100 percent) averaged 984 t- 290 fmole per milligram of protein. The apparent 

with mammalian receptor sites suggests activity of progesterone at 100x (2.6 k M )  should be judged by its rough equivalence to that of 
1 X 17P-estradiol (26 nM), indicating a potency - 1 percent that of 17p-estradiol. Abbrevia- that this yeast product may have estro- 
tions: E , ,  estrone; 17n-estradiol; P,  progesterone; R,  R-5020 (promegestone); DES, diethylstil- 

genic effects in higher organisms. bestrol; T, testosterone; B, corticosterone; DX, dexamethasone; A,  aldosterone; ERG, ergos- 
Saccharomyces cerevisiae X2 180- 1 B terol. 

SCIENCE, VOL. 218, 15 OCTOBER 1982 0036-807518211015-0297$01.0010 Copyright O 1982 AAAS 297 



matography of the bound [3Hlestradiol 
indicated that the bound moiety was 

Fig. 3.  Lineweaver-Burk analysis of the chlo- 
roform-extractable S cerevis iae  ligand, indi- 12 

cating competitive binding to two steroid- 
binding proteins. The S .  cerevis iae  were ex- s 
tracted by the method of Folch er a l .  (9), and 
the binding activity in the chloroform layer - 

? 4 -  was fractionated over a silica gel column 3 
eluted sequentially with hexane, ethyl ace- E 

unmetabolized hormone (8). 
Figure 1A shows the results of a satu- 

ration analysis of the binding activity of 
a cell cytosol with [3H]estradiol at 25°C 
for 2.5 hours. The concentration of 
[3H]estradiol was varied from 1.3 to 52 
nM; saturation of the binding sites oc- 
curred at - 25 nM. A plateau of approxi- 
mately 2000 fmole of [3H]estradiol bound 

I -A 
o Control+ extract  

per milligram of protein was attained. 
This value varied significantly in differ- 
ent experiments depending on culture 

- 
- 

tate, and methanol. Screening of all fractions 'D, o ' I I 1 

revealed that most binding activity eluted in 2 
0 2 4 6 8 1 0  

conditions, suggesting regulation of the 
binding site concentration. Nonspecific 
binding constituted less than 10 percent 
of total binding. The specific binding 
data are replotted by the Scatchard 
method in Fig. 1B. The mean equilibrium 

P 

the area of the transition from ethyl acetate to 7 2  
methanol. The most active fractions were 5 
pooled, dried, resuspended in ethanol, and O 

examined quantitatively for their ability to $ 
compete with [3H]estradiol for specific bind- 

dissociation constant measured in seven 
experiments was 3.0 + 0.8 nM and the 
maximum number of binding sites was 
1558 k 200 fmole per milligram of pro- 

-CCC - 

tein. 
The specificity of the binding site for 

steroids was also explored. Whereas es- 

- B 
- 
- 

tradiol was a potent competitor for 
[3H]estradiol binding, the other steroid 
hormones tested showed variable ability 
to inhibit this binding reaction (Fig. 2). 
Estrone, a natural estrogenic molecule, 
exhibited 5 to 10 percent of the activity 

o~'O /// /* 
ing. (A) Results for S .  cerevis iae  cytosol 4  - 
incubated with 1.3 to 52 nM [3H]estradiol with 
and without yeast extract (equivalent to 100 

of estradiol. The relatively inactive ste- 
reoisomer 17a-estradiol was roughly 3 
percent as potent as 17p-estradiol, the 

p-* 

I I I I I 

native vertebrate hormone. In contrast 
to the natural estrogens, diethylstilbes- 
trol, a synthetic nonsteroidal estrogen, 

mg wet weight of S .  cerevis iae  cells). ( B )  0  10 20 30 40 50 
Results for ovariectomized rat uterine cytosol l l F r e e  (x lo6 rnlffrnole) 
incubated with 0.26 to 13 nM [3H]estradiol 
with and without yeast extract (same as panel A). Uteri were disrupted with a Polytron 
homogenizer in buffer containing 1.5 mM EDTA, 10 mM tris HC1, and 12 mM monothioglycerol 
(pH 7.8) and the cytosolic fraction was prepared. Specific binding was determined after 16 
hours of incubation at 0°C by Sephadex chromatography. 

exhibited only minimal activity (< 1 per- 
cent). Progesterone was a weak competi- 

tor (< 1 percent), and R5020, a synthetic 
progestin, was even weaker. Testoster- 
one, corticosterone, dexamethasone, 
aldosterone, and ergosterol all exhibited 
negligible competitive activity (< 1 per- 
cent of the potency of estradiol). The 
major difference between this profile and 
binding results with rat uterine estrogen 
receptors is the lack of activity of dieth- 
ylstilbestrol in yeast and the fact that its 
potency is equivalent to that of 17P- 
estradiol in the mammalian receptor sys- 
tem. 

Crude lipid extracts of the yeast cells 
or the conditioned growth medium yield- 
ed a substance that was able to compete 
for yeast cytosol [3H]estradiol-binding 
sites in a dose-responsive manner. Vari- 
ous control experiments convincingly 
demonstrated that this material is pro- 
duced by S ,  cerevisiae and that it is not 
an artifact of the extraction process. 
Figure 3A shows a Lineweaver-Burk 
analysis indicating that a partially puri- 
fied preparation of the lipid extract can 
competitively inhibit [3~]estradiol bind- 
ing. Interestingly, putative endogenous 
ligand was also shown to be a competi- 
tive inhibitor of [3~]estradiol binding to 
mammalian uterine estradiol receptors 
(Fig. 3B). 

We speculate that the [3H]estradiol- 
binding protein in S .  cerevisiae repre- 
sents a primitive estrogen receptor. In 
addition, the endogenous ligand may 
represent a hormone-like substance, 
possibly a steroid, that may mediate 
physiological effects in the yeast by bind- 
ing to the [3H]estradiol-binding protein. 

Even if this hormone receptor hypoth- 
esis does not prove to be correct, the 

estrogen binding protein and the endoge- 
nous ligand are of great interest. The 
protein represents a new S ,  cerevisiae 
gene product of unknown function. The 
binding of the yeast ligand to mammalian 
estrogen receptors indicates the poten- 
tial for a functional response, either ago- 
nistic or antagonistic, if sufficient ligand 
is present to occupy these sites. 

That unicellular eukaryotic organisms 
may possess the elements of a steroid 
hormone receptor system raises several 
interesting issues. First, the emergence 
of a hormone system appears to have 
occurred much earlier in evolution than 
is generally thought. Second, the system 
seems to be highly conserved, judging 
from the substantial affinity exhibited by 
17P-estradiol for the yeast binding pro- 
tein and from the ability of the yeast 
ligand to bind to the mammalian recep- 
tor. Finally, the ready availability of 
genetic analysis and recombinant DNA 
techniques makes S .  cerevisiae an ideal 
model system for further studies to eluci- 
date the mechanism of steroid hormone 
action. 
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