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Small molecules that dimerize proteins in living cells provide
important tools for probing diverse biological processes.1 Chemical
inducers of protein dimerization (CIDs) have been used to control
intracellular signal transduction pathways, protein subcellular
localization, and gene expression.2 This approach has also been
used to identify protein targets of small molecule natural products.3

Pioneering work by Liu linked the steroid dexamethasone to the
natural product FK506 to identify the protein target FKBP by
screening this chimeric compound against a genetically encoded
library of proteins in a yeast three-hybrid system.3 This system
employed an engineered glucocorticoid receptor (GR) protein as a
DNA-bound platform to display dexamethasone-tethered FK506
to target proteins that activate gene expression upon binding.

Although screening natural products against protein targets with
yeast three-hybrid systems is a potentially elegant alternative to
traditional affinity chromatography methods, dexamethasone deriva-
tives are limited in this regard by the relatively low activity of
glucocorticoids in recombinant yeast.4 This low activity relates in
part to the observation that yeast-expressed GR proteins bind
dexamethasone with>103-fold lower affinity than GR proteins
expressed in mammalian cells.5 In contrast, steroidal estrogens are
highly active in yeast systems,6 and 7-R-substituted estradiol
derivatives such as the antiestrogen ICI 182,780 (1) bind tightly to
both the estrogen receptorR (ER-R, Kd ≈ 1.0 nM) and the estrogen
receptorâ (ER-â, Kd ≈ 3.6 nM) isoforms.7 Furthermore, high-
resolution X-ray crystal structures of these proteins bound to cognate
ligands are available for design of CIDs.8 To investigate these
potential advantages for the analysis of natural products in yeast-
based systems, we employed the previously reported protected 7-R-
substitutedâ-estradiol derivative56b to synthesize the chimeric 7-R-
substitutedâ-estradiol derivatives2 and 3 linked to the natural
product biotin (Scheme 1). Other biotinylatedâ-estradiol derivatives
have also been reported in the literature.9 Biotin was chosen because
molecular recognition by the bacterial streptavidin (SA) protein has
been extensively characterized.10 Moreover, interactions between
biotin and streptavidin have not been previously investigated in a
yeast three-hybrid system, and biotin provides a simple model of
more complex natural products. The dexamethasone-biotin deriva-
tive 4 was prepared from63 (Scheme 1) to directly compare yeast
three-hybrid systems on the basis of GR-dexamethasone and ER-
estradiol molecular recognition in vivo.

The availability of X-ray crystal structures of the ligand binding
domain (LBD) of ER-â (PDB code 1HJ1)8 bound to the antiestrogen
ICI 164,384 (structurally similar to1) and tetrameric streptavidin
(PDB code 1SWR)11 bound to biotin enabled construction of a
simple molecular model of a ternary protein-ligand complex
(Figure 1, see Supporting Information for details). Actual protein-
ligand interactions formed in vivo will be much more complex;
estrogen binding to ER monomers promotes ER homodimerization,
and tetrameric SA binds four biotin ligands. Modeling suggested
that the longer linker of ligand2 as compared with ligand3 would

be necessary to effectively bridge both binding sites and het-
erodimerize these proteins.

To analyze ligand-mediated protein heterodimerization in vivo,
yeast were engineered to express ER-â LBD and SA fusion proteins
as shown in Figure 1. In this novel yeast three-hybrid system, the
DNA binding domain (DBD) of the bacterial LexA protein12 was
fused to the N-terminus of the steroid receptor to anchor this protein

Scheme 1 a

a (a) HCl (aq.)/dioxane (1:9). (b)D-Biotinamidocaproate NHS ester,
DIEA, CH2Cl2/MeOH or THF. (c)D-Biotin NHS ester, DIEA, CH2Cl2/
MeOH.

Figure 1. Schematic of the ER-SA yeast three-hybrid assay showing a
hypothetical model of the ternary complex. Addition of ligand2 het-
erodimerizes the DNA-bound LexA-ER fusion protein and the SA-B42
fusion protein to activate expression of alacZ reporter gene.
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on DNA sites that control expression of alacZ (â-galactosidase)
reporter gene. The bacterial B42 activation domain (AD)12 was
fused to the SA C-terminus to activate gene expression upon small
molecule-mediated heterodimerization with the ER-â-LexA fusion
protein. Analogous three-hybrid assays were constructed by sub-
stituting the ER-â LBD with the ER-R LBD and the GR LBD.

Functional SA has been expressed in bacteria fused to an
N-terminal T7 peptide tag to facilitate protein folding.13 We
employed this approach to express functional SA proteins in yeast.
However, expression of wild-type (WT) SA fused to the B42 AD
resulted in a substantial reduction in the rate of yeast cell growth
(data shown in the Supporting Information), presumably due to the
high affinity (Kd ≈ 100 fM)11 of SA for endogenous biotin, which
is an essential vitamin. In an attempt to attenuate this toxicity, site
directed mutagenesis was employed to generate the known lower-
affinity SA mutants: SA Y43A (Kd ≈ 100 pM)10aand SA W120A
(Kd ≈ 100 nM).11 As expected, yeast expressing these mutant
proteins exhibited substantially enhanced rates of cellular growth
(data shown in the Supporting Information).

Addition of ligands2 and3 to yeast three-hybrid systems and
analysis of ligand-mediated gene expression provided the dose-
response curves shown in Figure 2 (panels A and B). Ligand2
potently activated gene expression in yeast expressing either the
ER-R (∼380-fold activation at 10µM, panel A) or the ER-â LBD
(∼450-fold at 10µM, panel B) as compared with levels of gene
expression in the absence of ligand. Surprisingly, the lower affinity
mutant SA Y43A and SA W120A proteins were nearly as effective
as SA WT in mediating this dose-response (Figure 2), revealing
that moderate-affinity interactions can be detected with this
approach. Analysis of the toxic SA WT protein in this three-hybrid
system was possible because expression of this protein was
controlled by the galactose-inducible Gal1 promoter.12 As predicted
from molecular modeling, ligand3 did not significantly activate
gene expression in ER-SA three-hybrid assays.

Yeast three-hybrid systems expressing cognate steroid receptor
proteins and SA Y43A were employed to directly compare
activation of gene expression by dexamethasone derivative4 and
â-estradiol derivative2. Remarkably, ligand2 was more potent and
much more active (ER-â-SAY43A EC50 ) 700 nM; 9-fold activation
at 100 nM; 60-fold (ER-â) to 140-fold (ER-R) activation at 1µM)
than 4 (GR-SAY43A EC50 ) 3.6 µM; 2-fold activation at 1µM,
27-fold activation at 10µM). Moreover, the absolute magnitude
of the response with2 was up to 70-fold greater than that with4
at 1 µM (Figure 2, panel C). At the high concentration of 50µM,
ligand 2 was sufficiently potent to partially competitively inhibit

reporter gene expression. Although not commonly observed in
three-hybrid systems, this autoinhibition is predicted to occur if all
protein binding sites become occupied by excess ligand. Competi-
tion experiments confirmed that biotin,1, and3 are antagonists,
establishing the specificity of these interactions (Figure 2, panel
D).

Estrogen receptors expressed in yeast homodimerize upon
addition of 7-R-substituted estradiol derivatives.6b,14Thus, substitu-
tion of SA-B42 with B42-ER in the three-hybrid assay enables
evaluation of the cell permeability of compounds linked to
â-estradiol. This analysis of compounds1-3 revealed similar levels
of ligand-mediated ER dimerization (data provided in the Support-
ing Information). This approach provides information regarding
compound cellular permeability prior to screening of compounds
against libraries of proteins.

These results indicate that 7-R-substituted derivatives ofâ-es-
tradiol can be employed as highly effective activators of gene
expression in living yeast cells. Coupling these compounds to
biologically active small molecules may facilitate the identification
of cognate protein targets expressed in yeast three-hybrid systems.
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Figure 2. Dose-response curves and competition experiments. Panels
A-C: Fold activation) observedâ-Gal. activity/â-Gal. activity without
ligand. Panel D: [Ligand]) 10 µM. [Biotin] ) 100µM. [1] and [3] ) 50
µM.
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