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ABSTRACT: Human estrogen-related receptor 2 (hnERR2, ESRRB, ERHR3B2) belongs to a class of
nuclear receptors that bind DNA through sequence-specific interactions witA@GTCA-3 estrogen
response element (ERE) half-site in the major groove and an upstteBNAS3’ site in the minor groove.

This minor groove interaction is mediated by a C-terminal extension (CTE) of the DNA binding domain
and is unique to the estrogen-related receptors. We have used synthetic-pynidezole polyamides,

which bind specific sequences in the minor groove, to demonstrate that DNA binding by hERR2 is sensitive
to the presence of polyamides in both the upstream minor groove CTE site and the minor groove of the
ERE half-site. Thus, polyamides can inhibit hERR2 by two mechanisms, by direct steric blockage of
minor groove DNA contacts mediated by the CTE and by changing the helical geometry of DNA such
that major groove interactions are weakened. To confirm the generality of the latter approach, we show
that the dimeric human estrogen receptaihERa, ESR1, NR3A1), which binds in the major groove of

the ERE, can be inhibited by a polyamide bound in the opposing minor groove of the ERE. These results
highlight two mechanisms for inhibition of proteiiDNA interactions and extend the repertoire of DNA
recognition motifs that can be inhibited by polyamides. These molecules may thus be useful for controlling
expression of hERR2- or hERresponsive genes.

The human estrogen-related receptor 2 (hRERR3RRB, make minor groove contacts, the polypeptide chain exits the
ERR3, NR3B2) is an orphan nuclear receptor protein that minor groove and makes DNA-induced intramolecular
contains an N-terminal DNA binding domain (DBD) and a interactions with a region of the core DBD that can be used
C-terminal ligand binding domairl). hERR2 belongs to a as an intermolecular interface in a heterodimeric nuclear
unigue subset of nuclear receptors that bind as monomergeceptor complex such as TR/RXB)( The minor groove
to extended estrogen response element (ERE) half-site DNAcontacts and DNA-induced intramolecular packing are both
sequences with high affinity2]. Structural studies have critical components of the monomeric binding mechanism
confirmed that the hERR2 monomer makes sequence-specifiaiused by the hERR2 class of nuclear receptor proteins.
contacts in both the major and minor groovés The core To investigate the contributions of the major and minor
66 amino acids of the hERR2 DBD are similar to the human groove interactions toward the overall binding affinity of
estrogen receptor (hER ESR1, NR3A1) and like hE®R hERR2, synthetic DNA ligands were used to indirectly
bind to a six base pair (bp) ERE half-site in the major groove disfavor major groove interactions in the half-site and directly
(Figure 1). In contrast to hE&g which binds as a homodimer  preclude the CTE binding in the Bxtension to the half-site
(Figure 1A) and makes sequence-specific contacts exclu-(Figure 1C). Hairpin polyamides are pyrrole (Py) and
sively in the major grooved], a C-terminal extension (CTE)  jmidazole (Im) synthetic oligomers that bind in the minor
immediately following the hERR2 DBD traverses the groove of DNA with high specificity and affinity (reviewed
phosphate backbone and makes base-specific contacts withy ref 6). An Im/Py pair and a Py/Im pair target aG bp
a three bp sequence in the minor groovgupstream) of  and a GG bp, respectively, while a Py/Py pair binds to either
the half-site (Figure 1B). C-Terminal to the residues that an A-T or a T-A bp. Previous studies have shown that these
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A. hERa Homodimer Complex ImPyPyPyy-ImPyPyPyg-Dp (1), ImPylmPyy-PyPyPyPy-
B-Dp (2), and ImImPyPyy-ImPyPyPys-Dp (3) (where Im
= imidazole, Py= pyrrole,s = -alanine,y = y-aminobu-
tyric acid, and Dp= dimethylaminopropylamide) are shown
in Figure 2A along with binding models.

Protein Expression and Purificatiohe hERR2 C163A
DBD was expressed, purified, and refolded as described
previously by substituting unlabeled ammonium sulfate
[(NH4).S0Oy] and glucose in the minimal medid ). The
identity and integrity of purified protein were confirmed by
mass spectrometry. Protein concentrations were determined
using UV spectroscopyl{). Full-length human ER was
purchased from PanVera (Madison, WI).

Gel Shift AssaysThe oligonucleotides shown in Figure
2B,C were synthesized (Genosys Biotechnologies, Inc.) for
use as double-stranded probes in the gel shift assays for
hERR2 binding and inhibition experiments. The probes
contain 5 overhangs (5TCGA-3) for subsequent cloning.
Oligonucleotides were labeled with T4 polynucleotide kinase
(New England Biolabs) usingyf*P]JATP (NEN Life Sci-
ences). The complementary strands were combined and
annealed by heating to & and slowly cooled. Annealed,
double-stranded oligonucleotides were purified on a nonde-
naturing 15% polyacrylamide gel in TBE buffer [0.089 M

Major Groove

Minor Groove

B. hERR2 Monomer Complex

» Tris—borate, 0.002 M EDTA (ethylenediaminetetraacetic
> Major Groove acid), pH 8.3] at 250 V for 2 h. Oligonucleotides were

C. Polvamide inibiton Minor Groove allowed to diffuse out of excised bands and passed over an
- oy Elutip-D Cartridge (Schleicher & Schuell). DNA was

precipitated in the presence of 2@ of glycogen from the
high-salt eluent and resuspended ini&0of 100 mM Tris-
HCI, pH 8.0, and 20 mM KCI. For hE® binding experi-
ments, the oligonucleotides had the following sequences: top
strand, 5GATCCAAAGTCAGGTCACAGTCACCTGAT-
CAAAGA-3', and bottom strand, '8S5SATCTCTTTGAT-
CAGGTCACTGTGACCTGACTTTG-3 and were annealed
as above and end labeled with-f?P]JdATP (NEN Life
Sciences) using the Klenow fragment of DNA polymerase
(Roche Molecular Biosciences). Binding reactions, contain-
Ficure 1: Structural comparison of DNA binding by hi&Rand ing approximately 1.8 nM labeled DNA probe, 25 mM Tris-
hERR?2. (A) The crystal structure of the hERomodimer bound HCI, pH 8.0, 1 mM DTT, 50 mM KCI, 0.05 mg/mL poly(dl-

to the estrogen response element (ERE) inverted repeat duplexdC) (Amersham Biosciences), 2.5 mg/mL bovine serum
sequence,'SCCAGGTCACAGTGACCTG-3[1IHCQ @)]. (B) The albumin, 0.1% (v/v) lgapal CA-630 (Sigma, previously

solution structure of monomeric hERR2 bound to an extended half- o :
site duplex sequence-BCTCAAGGTCAGC-3[1LO1 (3)]. The known as NP-40), and 10% (v/v) glycerol, were incubated

topology of the core DBD is similar for hE&Rand hERR2 in the ~ With varying concentrations of protein for 20 min before
recognition of the SAGGTCA-3 half-site in the major groove.  being loaded on a 10% nondenaturing polyacrylamide gel
hERR2 makes additional sequence-specific contacts in the minorin TB buffer (0.089 M Tris-borate, pH 8.3) and run at 100
groove upstream of the half-site by using a AT-hook-like motif \; for 45 min. Gels were dried and exposed to a Kodak

appended to the core DBD. Schematic representations of the protein . . . .
backbone, zinc atoms, and DNA sequences were created usin hosphorimaging screen overnight. A Molecular Dynamics

MOLMOL. (C) Model for the steric blockage of the hERR2 CTE Phosphorimager Sl was used to create a digital image of
by a polyamide located in the minor groove. the gel. Band intensities were quantitated using the Image-

. ) o ) o Quant 1.2 software package from Molecular Dynamics. The
location of the polyamide binding site and inhibition of fraction of DNA bound was calculated as the intensity of
protein binding by the indirect mechanism. We find that ine shifted band over the sum of the intensities of the shifted
polyamides that target the minor groove interaction mediated 5,4 unshifted bands. Apparent dissociation contacts were
by the CTE are strong direct inhibitors of hERR2 binding. cajculated by fitting the fraction of DNA bound versus
Major groove interactions mediated by either hERR2 or protein concentration with the Hill equation, using fixed Hill
hERo can be inhibited by polyamides occupying the oppos- coefficients of 1.0, with the software package Kaleidagraph
ing minor groove of the ERE. (Synergy Software).

DNase | Footprinting.The oligonucleotides shown in
MATERIALS AND METHODS Figure 2B,C were annealed, phosphorylated with T4 poly-
Polyamide Synthesi®olyamidesl—3 were synthesized, nucleotide kinase and unlabeled ATP, and cloned into
purified, and confirmed as described in & Structures of pBluescript 1l KS) phagemid DNA (Stratagene), previ-
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hERR2?
ITCAAGGT CATAGTGATGC-3 '
2
AGTTCCAGTATCACTACGAGCT-5 '

hERa hERa

5‘—GATCCAAAGTCAGGTCACAGTGACCT;?TCAAAGAGATC—3'

B 3

<
3'-CTAGGTTTCAQTCCAGTGTCACTGGALCTAGTTTCTCTAG-5"

hERo hERa

5'-GATCCAAAGTCAGGTCACAGTGACCTGATCAAAGAGATC-3"

1

O
3 ' -CTAGGTTTCAGTCCAGTGTCRCTGGACTAGTTTCTCTAG-5"

hERR2  1bp

5'-TCGAGCATTCATCAAGGTCATAGATCATGC-3"'
D1 1
3'-CGTAAGTAGTTCCAGTATCTAGTACGAGCT-5"

hERR2 2bp

5'-TCGAGCATTCAICAAGGTCARTAGATCATGC-3"'

D2

1

3'-CGTAAGTAGTTCCAGT[TATCTAGTACGAGCT-5"

hERR2 3bp

5' -TCGAGCATTCATCAAGGTCACATAGATCATGC-3"

D3

1

3'-CGTAAGTAGTTCCAGTIGTATCTAGTACGAGCT-5"

hERR2 4bp

5'-TCGAGCATTCATCAAGGTCAGCATAGATCATGC-3"
D4 00008 1
3'-CGTAAGTAGTTCCAGTCGTATCTAGTACGAGCT-5"

hERR2 4bp

5'-TCGAGCATTGA]
[ lo

INT 1 00
3'-CGTAACT]

TCAAGGTCAGCATAGTGATGC-3"
2

AGTTCCAGTICGTATCACTACGAGCT-5'"

Ficure 2: Polyamide structures, oligonucleotides, and binding
models. (A) Structures of ImPyPyByImPyPyPys-Dp (1), Im-
PylmPy«-PyPyPyPyB-Dp (2), and ImMImPyPyy-ImPyPyPyS-Dp

(3), where Im= imidazole, Py= pyrrole, § = S-alanine,y =
y-aminobutyric acid, and Dp= dimethylaminopropylamide. (B,
C) Oligonucleotide sequences contain the hERR2 andohER

Gearhart et al.

ously digested with the restriction enzynhd. The
identities of the clones were verified by DNA sequencing.
A 328 base paiPuull/ Xba restriction fragment was end
labeled with f-*2P]ATP using the Klenow fragment of DNA
polymerase (Roche Molecular Biosciences) and purified on
a 10% nondenaturing TBE gel. The DNA fragments are
labeled at the'3nd of the bottom strand. & A sequencing
reactions were performed with formic acid and piperidine
as described1@). Binding reactions were performed in a
buffer identical to gel shift reactions with the omission of
the nonspecific competitor. The reactions (1000) were
supplemented with 2 mM Cagand 5 mM MgC} prior to

a 30 s digestion with DNase | (Roche Molecular Bio-
sciences). Digestions were stopped by the addition of 110
uL of stop buffer (1.0% SDS, 0.5 M NaCl, 50 mM Tris-
HCI, pH 7.6, and 25 mM EDTA), extracted with phenol/
chloroform, and precipitated with ethanol using glycogen (20
1Q) as a carrier. Samples were denatured by heating to 95
°C for 5 min in 95% formamide and electrophoresed on a
6% denaturing polyacrylamide gel, containing 7.6 M urea,
0.089 M Tris—borate, pH 8.3, and 2 mM EDTA. Gels were
dried and exposed to Kodak Biomax film at ambient
temperature or storage phosphorimage screens. The extent
of protection was determined by phosphorimage analysis and
ImageQuant software, using appropriate background correc-
tion. The intensity of a set of bands within the protein or
polyamide footprint was normalized to a set of bands outside
of the footprint to correct for differences in loading and
extents of DNase digestion between lanes.

RESULTS AND DISCUSSION

An oligonucleotide probe was designed with polyamide
binding sites at two locations with respect to the hERR2
consensus recognition element (Figure 2B). Oligonucleotide
A contains a binding site for polyamideémmediately 5 of
the B-AGGTCA-3 half-site and was designed such that
polyamide binding at this site would directly conflict with
minor groove contacts td- 3 CA-3' made by residues in the
CTE of hERR2 (modeled in Figure 1C). Additionally, a
binding site for polyamid@ was engineered into oligonucle-
otide A one bp 3 of the ERE half-site, in close vicinity to
the major groove binding region of hERR2. Polyamide
binding at this site has the potential to alter the geometry of
the DNA and slightly compress the major groove (see below).
Therefore, the design of oligonucleotidefacilitates the use
of two isomeric polyamides to inhibit hERR2 binding by
two distinct mechanisms. In previous quantitative footprinting
experiments under equilibrium conditions, polyamidands
its target site with an apparent dissociation constg ¢f
30 pM (19), while polyamide2 binds with aKy of 0.6—1.4
nM (10, 20).

To demonstrate that polyamides bind the targeted se-
guences in oligonucleotid& and are able to inhibit hLERR2
binding to the consensus recognition element, oliogonucle-
otide A was cloned in pBluescript, and a radiolabeled 328

recognition elements (boxed regions) and polyamide binding sites. PP restriction fragment containing the oligonucleotide
Binding models for each polyamide with matching DNA sites are sequence was derived for footprinting experiments. hERR2

shown. For oligonucleotid®, binding models for polyamide$

binds this DNA with aKy of approximately 7 nM (Figure 3,

and3 are shown separately. The solid and open circles represent|geg 8-11, and other footprinting experiments, not shown).

Im and Py rings, respectively, the hairpin junction formed with
y-aminobutyric acid is shown as a curved line, the diamond

Polyamidesl and?2 also protect this fragment from DNase

representg-alanine, and a half-circle with plus sign represents | cleavage in the regions including and surrounding their

Dp.

respective target sequences (Figure 3). Higher DNA con-
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Ficure 3: Polyamidesl and2 inhibit DNA binding by hERR2 in DNase | footprinting experiments. Lanes 1 and 12 depict formic acid
G + A sequencing reactions of thé-8nd-labeled DNA 18); lanes 2, 13, and 21 show the products of DNase | digestion in the absence
of polyamide or hERR2. Lanes-¥ and 15-19 contained the following concentrations of polyamigdd 0, 25, 50, 100, and 200 nM, and
lane 20 also contained 200 nM polyamiti¢in the absence of hERR2). Lanes Bl contained the following concentrations of hERR2, 5,
20, 80, and 200 nM, respectively, and lanes-19 contained hERR2 at 200 nM. For polyam@experiments, lanes 224 and 26-28
contained the following concentrations of polyamide, 10, 40, and 100 nM, respectively, and lane 29 contained 400 nM. tafes 25
contained hERR2 at 150 nM. The location of polyamide and hERR2 binding sites is shown alongside the gels—14ne2120,
21-24, and 25-29, respectively, were taken from separate gels. The locations of polyainate? and hERR2 binding sites are shown
alongside the phosphorimage of the footprinting gels.
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centrations were used in the experiments depicted in Figureweakens the binding of hERR2, and inhibition of hERR2
3 than in previous footprinting experiment)( 19, 20); thus can be achieved by either direct steric blockage of the minor
higher polyamide concentrations are required for binding in groove (at the upstream site) or an indirect mechanism at
the present experiments. Nonetheless, a polyafnidetprint the downstream site.
is observed at a concentration of 10 nM on this DNA (Figure  To further investigate the indirect inhibition of major
3, lane 3). Polyamid@ also binds its target site in this DNA  groove binding, DNase | footprinting experiments were used
fragment as evidenced by generation of a DNase | footprint to ascertain the effect of the polyamide position relative to
(Figure 3, lanes 2224). Note that the regions of DNase | the half-site on hERR2 binding. Four additional oligonucle-
protection afforded by hERR2 and both polyamides are larger otides were designed (Figure 2C) containing polyaniide
than the respective binding sites for these ligands due to thebinding sites positioned between one and four base pairs
steric properties of DNase R{). downstream of the hERR2 binding site (BD4). A fifth

For hERR2 inhibition studies, the DNA fragment was oligonucleotide similar to oligonucleotid® with an internal
incubated with increasing concentrations of polyamide  binding site for polyamidel was used as a control (INT).
along with a saturating concentration (200 nM) of hERR2 Each of these oligonucleotides was cloned in pBluescript,
(Figure 3, lanes 1519). The hERR2 footprint, which is  and a radiolabeled 328 bp restriction fragment was isolated
clearly visible in the absence of polyamide (lanesl8 and from each clone. DNase | footprinting experiments demon-
14), disappears with increasing concentrations of polyamide strate that these sequence changes, both downstream and
1 and is replaced by the polyamide footprint (lanes-19). upstream from the ERE half-site, do not significantly affect
The hERR2 footprint is clearly reduced by the lowest (10 either hERR2 or polyamide binding (Figure 4A and data not
nM) polyamide concentration tested. Thus, and as expected shown). Additionally, the footprinting experiments demon-
polyamidel interferes with hERR2 binding at the upstream strate that inhibition of hERR2 binding by the presence of
5'-TCA-3 site, where direct contacts are made with the minor polyamidel in the minor groove is dramatically reduced
groove. Similarly, polyamid@ concentrations as low as 10 when the polyamide binding site is positioned two or more
nM significantly inhibit DNA binding by hERR2 (Figure 3,  base pairs downstream from the hERR2 binding site. Co-
lanes 26-29). These results suggest that polyamide binding occupancy of the DNA by both hERR2 and polyamidis
at either the upstream-3CA-3' site or the downstream site  observed with the D2, D3, and D4 DNA probes (Figure 4A,
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Ficure 4: hERRZ2 binding is less inhibited as the polyamide binding site is moved downstream. (A) DNase | footprinting experiments
using oligonucleotides D4, D3, D2, D1, and INT (as shown in Figure 2C) and polyaii&ése reactions were performed for each
oligonucleotide: a G+ A sequencing reaction; DNA in the absence of either hRERR2 or polyamide; 50 nM polyani8@ nM hERR2;
and 150 nM hERR2 with 50 nM polyamide The locations of polyamide and hERR2 binding sites for each DNA are shown alongside
each gel. (B) Graphical representation of the results shown in panel A, where the relative binding of hERRZ2 in the presence of polyamide
1is shown for each DNA construct. ImageQuant software was used to determine the fractional occupancy by hERR2 or polyamide in each
reaction. Relative hERR2 binding was calculated as the ratio of intensity of the hERR2 footprint in the presence versus the absence of
polyamidel for each oligonucleotide probe after gel loading and background corrections.

compare lanes 4 to 5, 9 to 10, and 14 to 15). In contrast, the original observations that hERR2 binding is inhibited
DNase | cleavage is observed within the hERR2 ERE for either by blocking direct minor groove contacts at the
the D1 and INT probes in the presence of polyamide upstream site or by indirect effects on DNA geometry
(Figure 4A, compare lanes 19 to 20 and 24 to 25). downstream of the hERR2 response element; however, the
Significantly, quantitative evaluation of DNase | footprint location of the polyamide binding site relative to the hERR2
intensities shown in Figure 4B suggests that polyanfide response element is critical for inhibition to occur.

was equally effective at inhibiting hERR2 binding in both To ascertain the quantitative contributions of the major
the D1 and INT sequences. The ability of polyamidéo and minor groove interactions by hERR2, inhibition of
inhibit hERR2 binding is dramatically reduced as the hERR2 binding to oligonucleotid& by polyamidesl and
polyamidel match site is moved further downstream in the 2 was also monitored by electrophoretic mobility shift assays
D2, D3, and D4 sequences. Similar to the D4 probe, (EMSA). An example of a polyamide inhibition experiment
polyamide? fails to inhibit hERR2 binding to the INT probe is shown in Figure 5A. As polyamidg concentrations are
(data not shown). These DNase | protection assays supporincreased, the amount of the hERRRNA complex (upper
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Ficure 5: Polyamided and2 differentially inhibit hERR2 binding

as assayed by EMSA. (A) EMSA phosphorimage of hERR2 binding
to probeA (Figure 2B) in the absence or presence of polyaniide
Reactions contained hERR2 at a final concentration of 25 nM
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Table 1: Effects of Polyamidelk and2 on hERR2 Binding Affinity
hERR2 binding affinity

AG AAG
Polyamide  Kg4 (nM)? Ka(M™)  (kcal/molp (kcal/moly
none 7+1 14x 10 —11.04 0
1 (50 nM) 25+ 3 4.0x 10 —10.3 +0.74
1(500nM) 410+ 30 2.4x 10° —8.65 +2.39
2 (50 nM) 21+ 3 4.8x 10 —10.4 +0.64
2 (500 nM) 52+ 4 1.9x 10 —9.86 +1.18

aDetermined by EMSA, as shown in Figure 5BCalculated from
the equatiol’AG = —RT(In K,), whereT = 296 K andR is 1.987.
¢ Difference between the binding free energy of hERR2 in the presence
and absence of the indicated concentration of polyamide.

sequence were obtained by EMSA and by DNase | foot-
printing (Figure 3). TheKys for hERR2 at 0, 50, and 500
nM polyamidel are 7+ 1, 25+ 3, and 410+ 30 nM,
respectively (Table 1). The presence of polyamidat 50
and 500 nM reduces the binding free energy of hERR2 for
oligonucleotideA by +0.74 andt2.4 kcal/mol AAG values,
Table 1), with respect to the binding of hRERR2 in the absence
of polyamide. TheKgs for hERR2 at 50 and 500 nM
polyamide2 are 21+ 3 and 524+ 4 nM, respectively,
corresponding tAAAG values of+0.64 and+1.2 kcal/mol,
with respect to the uninhibited interaction. The strong
inhibition of hLERR2 by polyamidé suggests that the minor
groove contacts at the upstream site are more readily
inhibited by polyamides.

To further investigate whether polyamide inhibition of
nuclear hormone receptor binding at downstream sites is due
to changes in DNA helix geometry, we monitored the effect
of polyamide3 (Figure 2A) on human estrogen receptor
(hER) binding to a consensus oligonucleotide (Figures 2B

(where indicated by a plus sign) and increasing concentrations of gnd 6). hERt is a member of the nuclear hormone receptor

polyamidel (200 nM, lanes 3 and 4; 100 nM, lane 5; 50 nM, lane
6; 25 nM, lane 7; 12.5 nM, lane 8; 6 nM, lane 9; 3 nM, lane 10).
The positions of the free DNA and hERRDNA complex are
indicated. (B) Effect of polyamides on the apparent dissociation
constant for hERR2 binding to prol#e as determined by EMSA

superfamily of Cyszinc finger transcription factors. These
proteins recognize their cognate sequences through zinc
finger-mediated base-specific contacts in the major groove
of the ERE, and protein domains C-terminal to the zinc

and phosphorimage analysis. Reactions contained increasing confingers make additional direct nonspecific contacts with the

centrations of hERR2 and either no polyamide (filled circles) or
fixed concentrations of polyamiddsor 2 (filled triangles, 50 nM
1; filled squares, 500 nM,; open triangles, 50 n\2; open squares,

minor groove 4, 5, 22). EMSA experiments showed that
recombinant hER binds with high affinity to the sequence

500 nM2). The lines represent nonlinear least-squares fits to the shown in Figure 6A K4 = ~2.5 nM; data not shown).

data obtained with Kaleidagraph software using the Hill equation,
with a cooperativity parameter set to 1.0 for a simple bimolecular
reaction. TheKy values are listed in Table 1.

Polyamide3 is expected to bind within each ERE half-site
(5-AGGTCA-3, Figure 6A), and such binding has been
confirmed by DNase | footprinting, andig of 1.0 nM was
obtained in quantitative footprinting experiment&1),

band) is decreased and the amount of the uncomplexed DNAConsistent with the hERR2 results, polyamiBeis an
(lower band) increases. Note that the polyamide alone doeseffective inhibitor of hER: binding, with 50% reduction in

not cause a change in mobility of the DNA (lane 3). Due to
different assay conditions in the footprinting and EMSA

the amount of the input hEdR-DNA complex at a poly-
amide concentration of12.5 nM (Figure 6A). Order of

experiments (higher DNA concentrations and the presenceaddition experiments were performed to determine whether

of nonspecific competitor DNA), higher polyamide concen-
trations are required to elicit inhibition in EMSA than in
footprinting experiments. The ability of hERR2 to bind to
oligonucleotideA is reduced to 50% of its original value by
20—-50 nM polyamidel. EMSASs permit an accurate deter-

preincubation of the DNA with either hEeRor the polyamide

prior to addition of the other reaction component would have
an effect on the polyamide concentration required for
inhibition. Quantitation of such experiments showed that
order of addition has only minimal effects (data not shown).

mination of the apparent dissociation constants for hERR2 The DNA sequence used for hEinding studies contains

binding in the presence of polyamide, thus permitting

a match site for polyamidé immediately downstream of

quantitative comparison between the effects of polyamidesthe ERE (Figure 6B). In contrast to the results for polyamide

1 and2 on hERR?2 bindingKgs for hLERR2 were determined
by varying the protein concentrations at 0, 50, or 500 nM
polyamidesl or 2 (Figure 5B, Table 1). Significantly, similar
Kq values for hERR2 binding to the oligonucleotide

1 targeted to the half-site extension of the hERR2 binding
site (Figure 5A), we find that this polyamide does not inhibit
binding of hERx to this DNA, as assessed by EMSA (Figure
6B). Taken together, these results indicate that a minor
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A hER«x hER«u be used to selectively inhibit hERR2 binding.
s-crclacercacaclreacerlenT -3 Modeling studies were undertaken to assess potential
3 5 C 3 mechanisms for inhibition of hEdRbinding. One possibility
- CAGITCCAGTIGTCRACTGGACTA -5 considered was that a polyamide bound in the minor groove

might change the geometry of the DNA in the major groove
_/,’/"3‘] such that hER cannot bind simultaneously with the poly-

- + + + + + + + + + ER« amide. Comparing the helical parameters between the crystal
structures of ER DBB-DNA (4) and polyamide-DNA
structures 23, 24) indicates that the minor groove of
polyamide-bound DNA is wider than that of ER-bound DNA,;

[ ——— ERc-DNA conversely, the major groove in the ER DBDNA structure
is wider than that observed in polyamigdBNA structures.
Groove widths differ between these two complexes most
notably at the 5AGG-3 portion of the ERE half-site. Thus,

w DNA it is likely that these differences in groove geometries may
be sufficient to diminish hER binding affinity in the

presence of polyamides. Another possible mechanism for

12 3 4 5 6 7 8 910 inhibition of hERx binding is that the positively charged
dimethylaminopropylamide tail of polyamid® interferes
B hERa hERo with DNA interactions made by the positively charged
5- C[AGGTCACAGITGACCTGATCAR -3 C-terminal linker region of hER (K74), located between
ERS ERE ‘W_ i the zinc finger DNA binding domain and the ligand binding
3G |T CCA GG TEIACT 6 @ HCTA G T T5 domain. This region of ER, which is important for DNA
I binding affinity, is directed toward the minor groove in the
ER DBD—DNA crystal structure4) and is located in the
+ + + + + ER« minor groove in structures of other nuclear recepoNA
complexes %, 22). However, since polyamides placed
— — — — S— ERc-DNA downstream of the ERE half-site also inhibit hHERR2 binding,

we consider this latter possibility less likely than the allosteric

mechanism. In this regard, inhibition of major groove-binding

C:H, zinc finger proteins with polyamides has been observed
by this allosteric mechanisni4).

CONCLUSIONS

Minor groove binding polyamides targeted to either the
DNA upstream extension or a nonconserved region immediately

L — —— g downstream of the nuclear receptor half-site inhibit binding
1 2 3 4 5 of hERR2 to the consensus recognition element. DNase |

Fisure 6: Polyamide inhibition of hER binding. (A) DNA footprinting experiments demonstrate that polyamides can
sequencé used in gel mobility shift assays aﬁd a model for 'nhlb_lt b_lndlng dlreCtIy_by blocking minor groove Co.nta.CtS
polyamide3 binding within each ERE half-site, with symbols as @nd indirectly by altering DNA structure at extrinsic sites
in Figure 2B. EMSA for polyamid@ inhibition of hERx binding: downstream of the hERR2 consensus binding site. Changes
lane 1 contained the radiolabeled DNA alone; lane4@contained in DNA structure within approximately two base pairs
hERo at a final concentration of 2.5 nM, where 38% of the input g fficiently alter the structural properties of DNA and inhibit

DNA was bound by hER in the absence of polyamide (as P - . P
determined by phosphorimage analysis). In the reactions depicted_bmd”’]g in the major groove. Th!s typ_e of aIIoster_IC inhibition
in lanes 3-10, polyamide3 was included at final concentrations IS also observed with hER which binds as a dimer to an
of 3.1, 6.3, 12.5, 25, 50, 100, 200, and 400 nM, respectively. The inverted repeat ERE in the major groove. A polyamide bound
positions of the free DNA and hER-DNA complex are indicated.  in the opposing minor groove was an effective inhibitor of
(B) Polyamidel located downstream of the ERE fails to inhibit hERa binding. Therefore, when targeting endogenous pro-

hERa binding. A binding model for polyamid# is shown, where . ; N -
the match site is downstream of the ERE. Reactions contained hER MOter sequences with polyamides, inhibition of transcription

at a concentration of 2.5 nM and the following concentrations of factor binding may be equally successful at sites proximal
polyamidel: no polyamide (lane 1); 25, 100, 200, and 400 nM in and internal to transcription factor binding sites. The hERR2

:ﬁnﬁtsg;\&. 'i’gsbp())?,lcl’:glily.hlgBt_h(?a?]te)sf)nC|§i f?grlie’ﬂltyr?]fgg?ﬁi :;2:)/? t?]fethe and hERx binding experiments support previous work that

hIERx—NA complex ir¥ panels A and B reflect different times of dgmpnstrates that. polyamldesl can be use_d t(.) inhibit I.:)NA

electrophoresis. binding by both minor and major groove binding proteins,
by direct steric interference with minor groove binding

groove binding polyamide can inhibit the binding activity proteins [such as TBP and LEF)], by steric interference

of the major groove binding nuclear hormone receptor®ER  with proteins that recognize their cognates sites in the major

when the polyamide is located within the minor groove of groove but make additional contacts either in or across the

the ERE. Additionally, targeting the minor groove outside minor groove [such as the winged-helix protein Etst1)(

of the 3-AGGTCA-3 half-site but within the 5extension the zinc finger protein TFIIIAT), and the basic helixturn—

recognized by hERR2 demonstrates that polyandidz=n helix protein Deadpanl@)], or by allosteric inhibition of
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major groove binding proteins [such asH; zinc finger
proteins (4), NF«B (13), and nuclear hormone receptors
(this study)]. Allosteric inhibition is likely achieved by
polyamide-induced changes in DNA helix geometry. We also
probe the relationship between location of the polyamide
binding site and inhibition of protein binding by the allosteric
mechanism and find that the polyamide binding site must
lie within two bp of the protein binding site for effective
inhibition of protein binding. This distance is similar to that
previously found for inhibition of TBP binding to the minor
groove by polyamides26).
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