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We have used circular permutation analysis to determine whether binding of purifiedXenopus laevis estrogen
receptor DNA-binding domain (DBD) to a DNA fragment containing an estrogen response element (ERE)
causes the DNA to bend. Gel mobility shift assays showed that DBD-DNA complexes formed with fragments
containing more centrally located EREs migrated more slowly than complexes formed with fragments
containing EREs near the ends of the DNA. DNA bending standards were used to determine that the degree
ofbending induced by binding of the DBD to an ERE was approximately 34°. A 1.55-fold increase in the degree
of bending was observed when two EREs were present in the DNA fragment. These in vitro studies suggest that
interaction of nuclear receptors with their hormone response elements in vivo may result in an altered DNA
conformation.

Although steroid hormone receptors constitute an inten-
sively studied family of ligand-regulated transcription factors
(reviewed in references 1 and 6), a detailed mechanism for
transcription activation by nuclear receptors has not been
described. It is thought that steroid hormone receptors
activate transcription either directly by protein-protein con-
tacts, which facilitate interaction between components of the
basal transcription apparatus and the promoter, or indirectly
by stabilizing binding of other transcription factors to their
recognition sequences (33, 37, 38). It has also been suggested
that steroid receptors may act by changing the organization
of nucleosomes which contain transcription factor binding
sites (14, 26, 29) and that DNA supercoiling may influence
the interaction of steroid receptors with hormone response
elements (27).

Delineation of the mechanisms of steroid hormone inter-
action with DNA has been hampered by difficulties involved
in isolating sufficient quantities of biologically active recep-
tor protein. However, it has been possible to express and
purify large quantities of the receptor region responsible for
specific interaction with DNA, the DNA-binding domain
(DBD). Purified DBDs have therefore been widely used to
study steroid receptor-DNA interactions. Detailed informa-
tion about both DBD structure and the interaction of this
region of the receptor with hormone response elements has
been obtained by nuclear magnetic resonance and X-ray
crystallography of the purified glucocorticoid and estrogen
receptor DBDs (7, 15, 21, 34). In addition, the estrogen (25,
43), progesterone (12, 19), and glucocorticoid (5, 8, 23)
receptor DBDs have been shown to retain at least some
ability to activate transcription of responsive genes.

Altered electrophoretic mobility has been used in several
prokaryotic systems to demonstrate that transcription acti-
vators and repressors bind to target DNA and cause it to
bend (20, 45, 46). Although several eukaryotic transcription
factors have also been shown to bend target DNA (13, 16,
24, 32, 36, 40, 41), other DNA-binding proteins, including
the transcription factors GCN4 and NF1 and the cro repres-
sor, do not induce DNA bending (9, 40, 46). It was of
considerable interest to determine whether a member of the
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steroid receptor family bends DNA upon binding to a
hormone response element. We therefore examined whether
the purified, bacterially expressed Xenopus laevis estrogen
receptor (XER) DBD is capable of bending an estrogen
response element (ERE)-containing DNA fragment. We
demonstrate that binding of the estrogen receptor DBD to an
ERE causes the DNA to bend and that the degree of bending
is greater when two EREs are present.

MATERIALS AND METHODS

Construction of ERE bending vectors. The ERE Bend I
vector containing a single consensus ERE was made by
using the polymerase chain reaction to amplify the ERE and
the surrounding polylinker sequence present in plasmid
TATA/1ERE(-74) (2) and to destroy the HindIII and
BamHI sites present in the polylinker and introduce new
EcoRI and BamHI sites. The 58-bp amplified product was
cut with EcoRI and ligated 'to a gel-purified 377-bp EcoRI-
BamHI fragment derived from pBR322. The ligated frag-
ments were digested with BamHI, gel purified, and ligated to
pBR322, which had been cut with BamHI and dephosphor-
ylated. After transformation, ERE Bend I was CsCl purified
and sequenced to confirm that the ERE had been inserted
correctly.
The ERE Bend II vectors contained either one or two

EREs. Plasmids TATA/1ERE(-74) and TATA/2ERE (2)
were digested with BamHI and HindIII to yield one and two
EREs, respectively. The EREs were gel purified and elec-
troeluted. The 50-bp fragment containing a single ERE or the
71-bp fragment containing two EREs was ligated to a gel-
purified 346-bp HindIII-BamHI fragment derived from
pBR322. After ligation, the DNA was cut with BamHI and
fractionated on a low-melting-temperature agarose gel, and
bands containing the ERE(s) ligated to the 346-bp pBR322
fragment were isolated. The resulting fragments were ligated
to pBR322 that had been cut with BamHI and dephosphor-
ylated. After transformation, the 1 ERE Bend II and 2 ERE
Bend II plasmids were CsCl purified and sequenced to
confirm that one and two EREs, respectively, had been
correctly inserted.

Preparation of the DNA fragments and estrogen receptor
DBD for gel retardation assays. DNA bending standards
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min. Low-ionic-strength gels and buffers were prepared as
described previously (4). To maintain a constant tempera-
ture during electrophoresis, 4°C water was recirculated
through the gel apparatus.
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FIG. 1. ERE Bend I DNA fragments used in bending analysis.
The DNA bending vector ERE Bend I was digested with either
EcoRI, ClaI, HindIll, EcoRV, NheI, or BamHI to produce 430-bp
DNA fragments with a single consensus ERE at the indicated
positions. The numbers of nucleotides contained in each fragment at
the 5' and 3' ends of the ERE were 395 and 14 (EcoRI), 370 and 39
(ClaI), 364 and 45 (HindIII), 205 and 204 (EcoRV), 164 and 245
(NheI), and 18 and 391 (BamHI). The 21-bp ERE sequence (GAT
AGGTCACTGTGACCTATC) is designated by the shaded box. The
restriction sites in each fragment are noted.

(pJT170-2 to pJT170-7) containing from two to seven (dA)6
tracts were kindly provided by A. Landy (Brown Universi-
ty). They were digested with eitherBamHI or NheI and filled
in with Klenow fragment in the presence of [a-32P]GTP or

[cO-32P]CTP, respectively, fractionated on an acrylamide gel,
and electroeluted.
ERE-containing DNA bending vectors (ERE Bend I, 1

ERE Bend II, and 2 ERE Bend II) were cut with appropriate
enzymes (Fig. 1 and 4), dephosphorylated, labeled by incu-
bation with polynucleotide kinase in the presence of
[-y-32P]ATP, and electroeluted after fractionation on acryl-
amide gels.

Purification of the XER DBD was carried out as we have
recently described (25).

Gel retardation assays. Gel retardation assays were carried
out essentially as previously described (25). Briefly, 10,000
cpm of the 3 -p-labeled DNA fragment (150 to 250 pg) was
combined with the indicated amounts of purified DBD, 1 ,ug
of pol'(dl-dC), 10% glycerol, 80 mM KCl, 15 mM Tris (pH
7.9), 0.2 mM EDTA, and 4 mM dithiothreitol in a final
volume of 20 ,ul and incubated at room temperature for 15
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RESULTS

Binding of the DBD to the ERE bends DNA. We have
previously shown that the XER DBD binds to an ERE-
containing DNA fragment with high specificity (2, 25). To
determine whether the binding of the DBD could cause an
ERE-containing DNA fragment to bend, a vector containing
circularly permuted DNA (ERE Bend I) was constructed,
exploiting the fact that DNA fragments bent in the middle
migrated more slowly through an acrylamide gel matrix than
did DNA fragments bent near the end (39, 45). This vector
contained a single ERE with identical 5'-to-3' sequences on
either side of the ERE. By digesting ERE Bend I with
different restriction enzymes, we generated a series of six
430-bp fragments containing an ERE at various positions,
from the middle of the fragment to near the end of the
fragment (Fig. 1). These fragments were identical in size and
base composition and differed only in the location of the
ERE in the fragment.

In the absence of the purified XER DBD, all of the
32P-labeled DNA fragments migrated similarly, irrespective
of the position of the ERE in the fragment (Fig. 2A, -DBD).
However, after incubation with the purified DBD, the mi-
gration of the 32P-labeled fragments was affected by the
position of the ERE in the fragment (Fig. 2A, +DBD). The
mobility of the DBD-DNA complex was greatest when the
ERE was present near the end of the fragment (Fig. 2A,
+DBD, lanes A and F), lowest when the ERE was located in
the middle of the fragment (Fig. 2A, +DBD, lane D), and
intermediate when the EREs were located at internal posi-
tions (Fig. 2A, +DBD, lanes B, C, and E).
The data from five independent experiments, summarized

diagrammatically in Fig. 2B, support the idea that the
electrophoretic mobility of DBD-DNA complexes was de-
pendent on the position of the ERE within the DNA frag-
ment. To ensure that the gel conditions used were not a
factor in the apparent difference in mobility of the DBD-
DNA complexes, these experiments were carried out with
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FIG. 2. Evidence that binding of the DBD to an ERE induces DNA bending. (A) 32P-labeled ERE Bend I DNA fragments (see Fig. 1) were
incubated in the absence (-DBD) or presence (+DBD) of 200 ng of purified estrogen receptor DBD and fractionated on an 8% acrylamide
gel. The gel was dried and subjected to autoradiography. (B) The relative mobility (migration of a DNA fragment relative to the most rapidly
migrating fragment) of fragments A to F is plotted as a function of the distance of the ERE from the 3' end of the DNA. Each point represents
the average of five independent experiments, with standard error of the mean of less than 8% for each point. The migration minimum (dashed
lines) was determined by extrapolating from the linear ends of the curve and is near the position of the ERE. Data for uncomplexed fragments
(0) and for the DBD-DNA complexes (-) are shown.

A
B
C
D
E
F

MOL. CELL. BIOL.



ESTROGEN RECEPTOR DNA-BINDING DOMAIN BENDS DNA 2039

A B C

ON

aa

2 3 4 5 6 7

BENDINIG STANDARDS

_

ED *MID
+ +

END MID

0.9

m 0.8
0

, 0.7

0.6
LUa
M 0.5

0.4

0 20 40 60 80 100 120140

BENDING ANGLE (0)

FIG. 3. Determination of the bending angle of a DBD-ERE complex. (A) 32P-labeled bending standards containing two to seven (dA)6
tracts in the middle (upper bands) or at the end (lower bands) of the DNA fragments were fractionated on an 8% acrylamide gel. The gel was
dried and subjected to autoradiography. (B) Fragments A and D, which had been end labeled with [y-32P]ATP and contained a single ERE
at either the end (END) or the middle (MID) of the DNA fragment, were incubated in the absence (-) or presence (+) of 200 ng of DBD and
fractionated on an 8% acrylamide gel. The gel was dried and subjected to autoradiography. (C) The relative mobilities of the DNA bending
standards (0) are plotted as a function of the bending angle. The relative mobility of the DBD-DNA complex, which has virtually the same
mobility as the first bending standard, is also shown (@).

3.5, 6, 8, and 10% gels for various periods of time. In all
cases, the DBD-DNA complex formed with fragment D, in
which the ERE was located in the center of the DNA
fragment, had the lowest mobility, complexes with frag-
ments B, C, and E had intermediate mobility, and complexes
with fragments A and F had the greatest mobility (data not
shown).

Determination of the degree of DBD-induced DNA bending.
The differences in the mobility of the ERE-containing DNA
fragments appeared to be small. However, it was possible to
use the method of Thompson and Landy (39) to determine
the degree ofDNA bending. In this method, DNA fragments
containing (dA)6 tracts, which contain intrinsic bends [180
per (dA)6 tract], were used as bending standards. When two
to seven (dA)6 tracts were present in the center of the
fragments, migration was less than when equivalent numbers
of tracts were present near the ends of the fragments (Fig.
3A, upper and lower bands). By plotting the relative mobility
of the DNA bending standards (the ratio of the migration
distance of fragments with the DNA bend in the middle to
the migration distance of fragments with the bend at the
end), a standard curve for DNA bending was obtained. The
approximate degree of bending of an unknown DNA frag-
ment could then be determined by comparing its relative
migration with the migration of known standards on the
curve.
To calculate the bending angle, the relative mobilities of

DBD-DNA complexes with EREs in the middle or at the
ends of the DNA fragments were compared (Fig. 3B). By
comparing the migration of each DBD-DNA complex with
the migration of the corresponding uncomplexed DNA frag-
ment, any slight variation in the mobility of the uncomplexed
DNA fragments was factored out in the determination of the
bending angle. The relative mobility of the ERE Bend I
fragments from 14 separate determinations was 0.954 +
0.004 (standard error of the mean). This was very close to
the position on the standard curve of the bending standard
containing two (dA)6 tracts and corresponds to a bending
angle of approximately 340 (Fig. 3C).
DBD binding to two EREs increased DNA bending. While

these data clearly demonstrated that binding of the DBD to
a single ERE induced DNA bending, many estrogen-respon-
sive genes contain multiple EREs (17, 35, 42). We therefore
examined whether DBD binding to two EREs would result in

increased bending. Because we were unable to amplify the
palindromic sequence containing two EREs by using the
polymerase chain reaction, it was not possible to make a
plasmid containing two EREs which was similar to ERE
Bend I. Therefore, we constructed a different series of
bending vectors, designated 1 ERE Bend II and 2 ERE Bend
II, containing one and two EREs, respectively (Fig. 4). The
center-to-center spacing between the two EREs was 21
nucleotides, which separated the EREs by two turns of the
DNA helix.

In the presence of DBD, fragments containing one or two
EREs produced different banding patterns. Binding of DBD
to DNA fragments containing a single ERE produced a
single DBD-DNA complex (Fig. 5, 1ERE), which we previ-
ously reported represented occupancy of both halves of the
ERE palindrome by DBD monomers (25). Binding of DBD
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FIG. 4. ERf Bend II fragments containing one or two EREs

used in bending analysis. The DNA bending vectors 1 ERE Bend II
(fragments G, H, I, and J; one shaded box) and 2 ERE Bend II
(fragments K, L, M, and N; two shaded boxes) were digested with
either HindIII, EcoRV, NheI, or BamHI to produce 396- and 417-bp
DNA fragments, respectively. The numbers of nucleotides con-
tained in each fragment at the 5' and 3' ends of the ERE were 359
and 16 (HindIII), 200 and 175 (EcoRV), 159 and 216 (NheI), and 13
and 362 (BamHI). The restriction sites and number of nucleotides
present in each fragment are shown.
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FIG. 5. Binding of the DBD to DNA fragments containing one or

two EREs. 32P-labeled DNA fragments containing one or two EREs
(see Fig. 4) were incubated in the presence of 1 (lanes G to J) or 1.5
(lanes K to N) pLg of purified estrogen receptor DBD and fraction-
ated on an 8% acrylamide gel. The gel was dried and subjected to
autoradiography. DBD concentrations used represent a several-
thousand-fold molar excess over ERE binding sites. Complexes 1
and 2 represent DBD binding to one and two EREs, respectively.

to DNA fragments containing two EREs produced two
DBD-DNA complexes (Fig. 5, 2ERE), with the more rapidly
migrating bands representing complexes in which a single
ERE was occupied by the DBD (Fig. 5, complex 1) and the
more slowly migrating bands representing complexes in
which both EREs were occupied by the DBD (Fig. 5,
complex 2).
The idea that DBD-DNA interaction bent the DNA was

reinforced by studies with the ERE Bend II fragments.
DBD-DNA complexes formed with fragments containing
internal EREs (Fig. 5, lanes H, I, L, and M) showed reduced
mobility compared with complexes formed with fragments
containing EREs near the ends of the fragments (lanes G, J,
K, and N). Since the DNA fragments formed from digestion
of the ERE Bend II vectors did not contain ERE(s) in the
center of the DNA fragment, the apparent degree of bending
was smaller than with the ERE Bend I vector, and it was not
possible to calculate a bending angle from the standard
curve. It was, however, still possible to directly compare the
migration of DBD-DNA complexes in which the ERE(s) was
near the end of the fragment with DBD-DNA complexes in
which the ERE(s) was more internal. By scanning the
autoradiograms with a densitometer, it was possible to
determine the precise positions of the uncomplexed and
complexed DNA fragments. We then used the expression
described by Thompson and Landy (39) (.MIpE = cos a12, in
which ,u is the migration of the DBD-DNA complex divided
by the migration of the corresponding uncomplexed DNA
fragment when the ERE is near the middle [M] or the end [E]
of the DNA fragment) to determine the degree of bending. In
four separate experiments, the degree of bending with two
EREs was 1.6-, 1.6-, 1.6-, and 1.4-fold greater than with one
ERE (Fig. 5; compare complex 2 in lanes K and L and in
lanes M and N with complex 1 in lanes G and H and in lanes
I and J).

DISCUSSION

The estrogen receptor DBD has many of the properties of
the intact XER. Although the XER DBD is a monomer in
solution, both the full-length estrogen receptor and the DBD
occupy both halves of the ERE palindrome (18, 22, 25, 34).
This is presumably due to the presence of a conserved
dimerization interface, initially identified in nuclear magnetic
resonance and X-ray crystallographic studies of the estrogen
and glucocorticoid receptor DBDs (15, 21, 34). The dimer-
ization interface allows DBD monomers bound to both

halves of the ERE to form a dimer on the DNA. The XER
DBD exhibits sequence-specific binding to the ERE which
mimics that of the full-length receptor. When the XER DBD
is used, the two imperfect vitellogenin Bi EREs are fourfold
less effective in competition gel mobility shift assays than is
the consensus ERE palindrome (2) and three- to fourfold less
effective when the full-length human estrogen receptor is
used (28). The DBD, like the intact receptor, is capable of
efficiently activating transcription of a vitellogenin-derived
estrogen-responsive promoter (2, 3, 25). Studies of the
interaction of the purified XER DBD with the ERE can
therefore provide useful information about the interaction of
the estrogen receptor with the ERE.
DNA bending by the XER DBD bound to the ERE. In 14

separate experiments, carried out with 3.5 to 10% acryl-
amide gels, we reproducibly observe that the electrophoretic
mobility of the DBD-DNA fragments decreases as the dis-
tance of the ERE from the end of the fragment increases and
that the fragment with the ERE in the middle shows the
slowest mobility. This type of data has been widely inter-
preted as indicating DNA bending (39, 45).

Determination of the magnitude of DNA bending induced
by DBD binding indicates that the degree of bending is not
large. The degree of DNA bending (340) could, however, still
be calculated with excellent precision because it corre-
sponds almost precisely to that seen for one of the bending
standards. In addition, the same bending angle was deter-
mined by using DNA fragments from the Xenopus vitelloge-
nin Bi promoter in which the less perfect ERE 1 had been
deleted and ERE 2 had been mutated to form a consensus
ERE (data not shown).
Although the magnitude of DNA bending observed with

one ERE is small, most strongly estrogen-inducible genes
including the vitellogenin Bi and B2 genes, and the avian
vitellogenin II and apoVLDL II genes (17, 35, 42) appear to
contain multiple EREs. To investigate the possibility that
multiple EREs might act in concert to produce changes in
DNA bending that are greater than those elicited by a single
ERE, we examined the effect of two EREs on DNA bending.
The 21-nucleotide center-to-center spacing of the two EREs
that we used was similar to the 20-nucleotide spacing of the
two imperfect vitellogenin Bi EREs (42). Since this spacing
separates the EREs by two turns of the DNA helix, it allows
bound DBD molecules to be aligned on the same side of the
helix. The degree of DNA bending induced by two EREs
might therefore represent the additive effect ofDNA bending
at each of the individual EREs. We found that when two
EREs are present, the degree of DNA bending is 1.55-fold
greater than is seen for a single ERE (Fig. 5). It is unclear
why the increase in DNA bending induced by two EREs is
less than twofold. Few studies have examined the effects of
multiple DNA-binding sites on DNA bending. Two copies of
the simian virus 40 large-T-antigen binding site induced
increased DNA bending (31), while two heat shock tran-
scription factor binding sites reduced DNA bending (36).
Thus, it appears that multiple binding sites can have different
effects on the degree of DNA bending.
Although our demonstration ofDNA bending employs the

XER DBD, the data may be extrapolated to other systems.
The two zinc fingers in the DBDs of the Xenopus and human
estrogen receptors differ by only one amino acid (10, 11, 44),
and the two proteins bind to and protect similar regions of
the ERE palindrome (18, 22). The overall structures of the
DBDs of the glucocorticoid and estrogen receptors are quite
similar (7, 15, 21, 34), suggesting that they interact with
DNA through similar mechanisms. However, an X-ray crys-
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tallographic study of the complex between the glucocorti-
coid receptor DBD and the glucocorticoid response element
complex did not detect DNA bending (21). This may reflect
a genuine difference between the action of the estrogen and
glucocorticoid receptors but is more likely due to alterations
in DNA contacts caused by the use of a mutant glucocorti-
coid response element with an increase in spacing between
the two halves of the palindrome. Since there have been no
other reports of DNA bending by members of the steroid/
nuclear receptor gene superfamily, we cannot state with
absolute certainty that DNA bending will be a general
consequence of binding of steroid receptors to their hormone
response elements.

Role of DNA bending in transcription activation. Several
transcription regulatory proteins in prokaryotes (20, 45, 46),
Saccharomyces cerevisiae (41), Drosophila melanogaster
(36), and vertebrates (13, 16, 24, 32, 40) appear to bend DNA
upon binding to their recognition sequences in cell-free
systems. These in vitro studies suggest that interaction
between many transcription factors and their recognition
sequences may result in changes in DNA structure in vivo. A
role for DNA bending in transcription activation in vivo has
only been inferred, not directly demonstrated (13, 16, 20, 36,
41, 46). A direct role for DNA bending in transcription
repression has been suggested by a recent functional study
of the phage 429 p4 protein. This regulatory protein bends
DNA and represses transcription of the PA2b promoter.
Introduction of an intrinsically bent DNA sequence effec-
tively mimics both p4-induced DNA bending and in vitro
repression of PA2b transcription (30).
DNA bending induced by binding of the XER DBD to the

ERE could serve any of several functions. Bending of the
DNA may be necessary to form an effective dimerization
interface on the ERE and thus stabilize the interaction of the
estrogen receptor with the ERE. Bending of the DNA could
serve to facilitate interactions between transcription factors
or between transcription factors and components of the
basal transcription apparatus. Although it is not possible in
this study to determine whether the DNA bend is within or
adjacent to the ERE, DNA bending could facilitate recogni-
tion of the DNA by other proteins. The energy input
required to bend DNA might also kink the DNA in the
vicinity of the bend and alter protein binding.

Studies of the mechanism of glucocorticoid induction of
transcription of the mouse mammary tumor virus promoter
have lent support to the hypothesis that binding of glucocor-
ticoid receptor to one or more glucocorticoid receptor re-
sponse elements in the 5'-flanking region of this gene shifts
the location of a nucleosome and makes an NF1 site acces-
sible (14, 26, 29). It is possible that steroid receptor-induced
DNA bending plays a role in nucleosome displacement. In
future investigations, it may be possible to delineate the role,
if any, of estrogen receptor-induced DNA bending in the
overall process of transcription activation.
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