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ABSTRACT

The apparent dissociation constant (Kd) for specific
binding of glucocorticoid receptor (GR) and andro-
gen receptor (AR) to DNA was determined in vivo in
Xenopus oocytes. The total nuclear receptor concen-
tration was quantified as specifically retained [3H]-
hormone in manually isolated oocyte nuclei. DNA
was introduced by nuclear microinjection of single
stranded phagemid DNA, chromatin is then formed
during second strand synthesis. The fraction of DNA
sites occupied by the expressed receptor was de-
termined by dimethylsulphate in vivo footprinting
and used for calculation of the receptor-DNA binding
affinity. The forkhead transcription factor FoxA1 en-
hanced the DNA binding by GR with an apparent Kd

of ∼1 �M and dramatically stimulated DNA binding
by AR with an apparent Kd of ∼0.13 �M at a com-
posite androgen responsive DNA element contain-
ing one FoxA1 binding site and one palindromic hor-
mone receptor binding site known to bind one recep-
tor homodimer. FoxA1 exerted a weak constitutive-
and strongly cooperative DNA binding together with
AR but had a less prominent effect with GR, the dif-
ference reflecting the licensing function of FoxA1 at
this androgen responsive DNA element.

INTRODUCTION

Gene regulation involves the sequence-specific DNA bind-
ing by proteins here dubbed transcription factors (TFs) in
prokaryotic (1,2) and in eukaryotic cells (3,4). The modes
of DNA binding of these TFs have been studied in detail
in vitro (5,6) and by use of fluorescence techniques in live
bacteria (7) and live eukaryotic cells (8). However, the esti-
mation of the DNA binding affinity of a native TF to a de-
fined DNA sequence in vivo in eukaryotes remains a chal-
lenge since it requires a quantitative analysis of (i) the in-
tranuclear TF concentration, (ii) the concentration of spe-

cific DNA sites that are accessible for TF binding and (iii)
the fraction of DNA sites bound by the TF. Furthermore,
the eukaryotic genome is complex and each cell typically
contains a large number of different DNA binding sites that
are expected to have different affinities for a given TF. In
metazoans the organization of the DNA in chromatin is ex-
ploited to gain tissue-specific gene regulation from a com-
mon genome (9) achieved by composite binding of different
TFs to the regulatory DNA segments, i.e. enhancers (10).
One class of TFs is dubbed pioneer TFs (11). They appar-
ently have a stronger capacity to invade and bind their DNA
targets in a chromatin context and to open the surround-
ing DNA segment for increased access of other TFs (12).
FoxA1 is a well-known example of a pioneer factor (13) that
plays a vital role in activation by several steroid receptors,
including AR, ER and GR (14). Interestingly, a specific ar-
rangement of FoxA1 and AR DNA binding sites was shown
to be prevalent in prostate specific androgen responsive en-
hancers where FoxA1 qualified as a licensing factor (15).

The sequence specific DNA binding affinity between var-
ious TFs and their cognate DNA sites have been studied in
vitro and their apparent Kd’s were shown to be within or
even below the nanomolar range (16–19). The analysis of
TF-DNA binding in vivo have been performed based on flu-
orescence labeled TFs which allowed the estimation of the
residence time from a cluster of binding sites (20). Such ex-
periments demonstrated that the androgen receptor (AR)
binds more strongly than GR to the hormone responsive
enhancer of the mouse mammary tumor virus (MMTV) in
mouse adenocarcinoma cells (21).

Based on our previous use of Xenopus oocytes in the anal-
ysis of TF-DNA binding and gene regulation (22,23) we
decided to apply this system to address the DNA binding
affinity for AR and GR in vivo. These gigantic oocytes allow
protein(s) to be expressed at will by injection of correspond-
ing in vitro transcribed mRNAs (24). The specific DNA
binding sites are introduced by intranuclear injection of 1–
10 ng of circular single-stranded (ss) DNA, which in our
case yielded ∼0.3–3 × 109 gene copies. This injected DNA
constitutes more than 99% of the total nuclear DNA since
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the oocyte nucleus contains only 37 pg of endogenous ge-
nomic DNA (25). Importantly, the introduction of ssDNA
leads to second strand synthesis concomitantly with repli-
cation coupled chromatin assembly (26). The chromatin so
obtained shares functional characteristics of that formed
on stably transfected DNA in tissue culture cells (27). The
DNA injected oocyte thus represents a live cell with a sim-
ple and well-defined DNA content containing the specific
DNA binding site(s) at will. We used this system to ana-
lyze TF-DNA binding affinity of a prostate-specific andro-
gen responsive DNA element (15). This has resulted in the
first report on the affinity of a composite TF-DNA binding
element in vivo. The difference observed between AR and
GR affinity provides insight in the strong selective poten-
tial of a simple composite DNA element. This example of-
fers a quantitative glimpse into the regulatory landscape of
the eukaryotic genome where specific combinations of TFs
are extracting the relevant genetic information for each cell
type in metazoans (28).

MATERIALS AND METHODS

DNA constructs and nomenclature

The DNA reporter pMMTV:M13 contains the 1.2 kb of
the MMTV long terminal repeat (MMTV LTR) fused to
the Herpes Simplex virus Thymidine kinase (HSV TK) gene
(29); its transfer to M13 was described (22). The MMTV en-
hancer mediates a hormone response by direct DNA bind-
ing of either AR (23) or GR (4) via a cluster of hexanu-
cleotide repeats (TGTTCT-3′). This hexanucleotide binds
one GR molecule thus constituting one binding element
(BE). The bona fide DNA binding site of these steroid re-
ceptors harbors an imperfect palindrome consisting of two
inverted BE-repeats arranged head to head with three inter-
vening base pairs (bp) (Figure 2A). GR as well as AR binds
cooperatively to such a DNA site as a homodimer (16,23).
Here we refer to this binding site as a hormone response el-
ement (HRE). Its DNA sequence originates from an HRE
located at −185/−171 relative to the transcription start site
of the MMTV LTR (30), (c.f. Figure 2A). We inserted this
HRE, dubbed HRE1/1 or a half HRE, HRE1/2, i.e. where
the BE2 had been mutated in the pBlueScriptTM vector (see
Figure 2A) in order to make ssDNA as phagemids (see be-
low). These constructs also contained a FoxA1 consensus
binding segment of 10 bp with four intervening bp on the
3′-side of the BE1 hexanucleotide (Figure 2A), an arrange-
ment originating from genome wide analysis of AR and
FoxA1 dependent gene regulation in murine prostate (15)
and in human prostate cancer cells where FoxA1 acted as
a licensing factor for AR-DNA binding (31). We included
the FoxA1 site since many GR driven enhancers, includ-
ing the MMTV enhancer, contains a cluster of FoxA1 sites
(Holmqvist 2005) and FoxA1 stimulates GR- (24) as well
as AR-mediated MMTV transcription (23). A search in the
BlueScript vector DNA sequence using MatInspector ver-
sion 9.3 (Genomatix, Germany) showed no significant bind-
ing sites for FoxA1 or AR/GR (data not shown).

pBS(GRE)7, a plasmid containing seven HREs, (Fig-
ure 1B) were ligated as direct repeats from annealed
oligonucleotides flanked by asymmetric AvaI restriction
sites as described (32) and then moved into pBlueScript

between EcoR1 and HindIII restriction sites. Purified ss-
DNA from the filamentous phage M13 was purchased
(USB, Affymetrix and New England Biolabs). Phagemid
Bluescript ssDNA was propagated in E-coli DH5�F’ using
the helper phage VCSM13 (Agilent Technologies) and iso-
lated as described (33) and the resulting ssDNA phagemid
was checked by sequencing. These ssDNA preparations
contained about 98% of the ssDNA phagemid and 2% of
helper phage according to densitometry of agarose gels (not
shown). See Supplementary Methods for further details as
well as for mRNA production and X. oocyte preparations.

Quantification of intranuclear [GR] and [AR] in Xenopus
oocytes

The AR and GR receptor proteins have one binding site for
one molecule of steroid hormone. The hormone–receptor
complex is translocated to the nucleus (34) where it is active
in DNA binding (16,23). The synthetic glucocorticoid and
androgen hormones Dexamethasone (Dex) and methyl-
trienolone (R1881), respectively, has a high affinity for their
cognate ligand binding pocket and has a lower tendency for
non-specific binding than naturally occurring hormone and
these synthetic hormones were thus used in tritium-labeled
form as probes to quantify the intranuclear amount of GR
and AR protein, respectively. The large X. oocyte nuclei,
∼0.4 mm diameter, are isolated by manual dissection (35).
See Supplementary Methods for further details and for esti-
mation of intranuclear concentrations of expressed FoxA1.

Analysis of the intranuclear concentration of HRE

The DNA injected in single stranded form (ss) under-
goes natural chromatin assembly that occurs during sec-
ond strand synthesis, an efficient process that is com-
pleted within 4 h in X. oocytes (26). The dsDNA so
obtained was extracted, purified and quantified using
primer extension as described (34). Primer used: ‘Re-
versed M13′: 5′AGCGGATAACAATTTCACACAGG-3′
(Supplementary Figure S1A). The nuclear DNA injection is
done blindly and hence one can expect that not all ssDNA
injections will end up in the nuclear compartment. To in-
vestigate how the injection of ssDNA in the cytosol would
influence quantification of nuclear DNA we deliberately in-
jected ssDNA into the cytosol and found that this DNA
was not detectable after phenol extraction of whole oocytes
the day after injection and hence it is apparently degraded.
This infers that ssDNA that were injected into the cytosol
instead of into the nucleus is lost and does not influence the
analysis of the concentration of intranuclear dsDNA (data
not shown). To compensate for variation in DNA content
we routinely used 10–12 oocytes in each group and always
analyzed double samples for both primer extension analysis
of DNA amount and for dimethylsulphate (DMS) in vivo
footprinting (see Figure 1 and Supplementary Figure S1).
The variation of total DNA content originating from in-
jected ssDNA when comparing the double samples was 8%
or lower (data from Supplementary Figure S1). When ana-
lyzing 10 individual nuclei after injecting 4 ng of ssDNA we
recovered dsDNA in all 10 nuclei but the DNA amount was
variable, the result was 6.5 ng ±3.8 (average ± S.D., n = 10).
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Figure 1. Apparent dissociation constant (Kd) analysis in vivo using three different concentrations of specific DNA sites in Xenopus oocytes. (A) Experimen-
tal design. (B) The pBS(HRE)x7 harbors seven repeats of the DNA segment, the partially palindromic HRE with its two binding elements (BE) highlighted
in gray and a FoxA1 binding site is indicated by a rectangle. The protected guanines within the HRE are highlighted by empty circles and the direction
of primer extension is shown by a black arrow. (C) Upper diagram, analysis of amount of [3H]-Dex per oocyte nucleus in double samples after oocyte
injection with indicated amount of GR mRNA (ng). Four samples were incubated with [3H]-Dex supplemented with excess of unlabeled Dex. Stippled line
indicates background that was subtracted. Lower diagram: nuclear GR concentration as a function of GR mRNA injection. (D) Autoradiogram showing
the pattern of dimethylsulphate (DMS) methylation at increasing GR concentrations using 0.05 �M of HRE as shown in 1E, double samples for each
GR concentration. Gray arrows show borders of the seven repeats, The HRE is indicated by two gray boxes with the protected bands as empty circles for
the first repeat (to the right). Scans and columns illustrate quantification of methylation of corresponding guanines with error bars showing the average
deviation of double samples. (E) GR-HRE binding analyzed by DMS methylation protection for three different concentrations of HRE as determined
by primer extension (See also Supplementary Figure S1A). The concentration of nuclear GR required for 50% GR-HRE binding or DMS methylation
protection, is highlighted by arrows pointing at the x-axis. The 50% binding of the 0.5 �M GRE curve was extrapolated from 47.2% binding at the highest
GR concentration (dotted line). (F) Graphic estimation of Kd: when total nuclear GR concentration at 50% HRE binding is plotted as a function of the
concentration of GR:HRE complex at 50% saturation then the free GR concentration present in absence of any GR:HRE complex is equal to the apparent
Kd.
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This demonstrates the level of reproducibility in achieving
appropriately DNA injected nuclei.

DMS invivo footprinting

Analysis of the fraction of the specific DNA sites (HRE)
that was bound by GR was done by the dimethylsulfate
(DMS) in vivo footprinting technique as described before
(34). See Supplementary Methods for further details.

Considerations of quantitative DMS invivo footprinting

The reduction in DMS mediated methylation of the two
guanines contacted by the AR or GR on each DNA strand
is assumed to directly reflect the level of DNA binding.
However, a concern is that we rarely achieve 100% reduction
of methylation even at concentrations were the increased re-
ceptor concentration reaches a plateau in terms of methy-
lation protection. The usual level of maximal protection is
about 40–70%, i.e. 30–60% DMS methylation still remains
even at saturating levels of hormone receptor protein. In the
experiments where titration of the receptor concentration
reached a plateau of DNA binding we also calculated the
apparent Kd based on the assumption that the level of DNA
binding at the plateau represents 100% binding of the frac-
tion of accessible DNA sites, (Facc) (see also ‘Results’ and
‘Discussion’ sections).

Experimental considerations

X enopus Laevis frogs are not genetically inbred and there
is a 2–3-fold variation in the amount of protein expression
when injecting the same mRNA into oocytes from differ-
ent frogs (data not shown). Each oocyte is injected twice,
first with mRNA and then with ssDNA (Figure 1A), the in-
jections cause some trauma that adds to the variability. We
handle this problem by injecting as many oocytes as pos-
sible for each experiment to include all controls and com-
parisons in one and the same preparation of oocytes and
to have at least 10–12 oocytes in duplicates for each data
point in the DMS in vivo footprinting assays. This has re-
duced the intra-experimental variability to acceptable levels
as seen from double samples in our figures. However, some
inter-experimental variation is seen and was controlled for
by repeated experiments. Furthermore, the variable level of
protein expression when using oocytes from different Xeno-
pus Laevis frogs is a problem when injecting FoxA1 mRNA
since too much FoxA1 expression may in fact inhibit GR-
DNA interaction (36). This problem was dealt with by re-
peating the experiments where inappropriate high expres-
sion was achieved and hence an estimation of the levels of
protein expression was important.

RESULTS

Analysis of the apparent Kd for GR-DNA binding invivo

GR was expressed by mRNA injection into the oocyte cy-
tosol (Figure 1A) and quantified as specifically bound [3H]-
Dexamethasone ([3H]-Dex) in nuclear extracts (Figure 1C).

As a DNA binding target we constructed pBS(HRE)7, con-
sisting of seven direct repeats of a partially palindromic hor-
mone responsive element (from here on dubbed HRE) orig-
inating from the MMTV enhancer, which binds one GR-
homodimer in vitro (16). This construct also contained a
FoxA1 consensus binding site for future use (Figure 1B),
however, later experiments showed no stimulation of GR
binding by coexpression of FoxA1 with this pBS(HRE)7
construct (data not shown).

Three pools of X. oocytes were injected with increas-
ing amounts of GR coding mRNA and then split in
three subgroups and injected with increasing amounts of
pBS(HRE)7 as ssDNA, 1, 4 or 10 ng, respectively. M13
ssDNA was added to the two lower concentrations of
pBS(HRE)7 in order to keep the total amount of injected ss-
DNA constant (see Supplementary Figure S1A for details).
DMS in vivo footprinting demonstrated distinct methyla-
tion protection of the expected guanines in the seven HRE
repeats (Figure 1D, protected bands highlighted by empty
circles). Both guanines, one in each of the two binding el-
ements, (BEs defined in Figure 2A) were protected in par-
allel (Figure 1B and D and data not shown). The average
pBS(HRE)7 DNA recovered from the oocytes rendered an
intranuclear HRE concentration of 0.05, 0.19 and 0.50 �M,
respectively (Supplementary Figure S1A). The nuclear GR-
concentration dependent reduction in DMS methylation re-
flects specific GR-HRE binding (34) and hence the fraction
of GR-bound HRE determined by DMS in vivo footprint-
ing was plotted as a function of nuclear GR concentration
(Figure 1E). As expected, a higher nuclear GR concentra-
tion was required to reach 50% saturation of the HRE sites
when a higher concentration of HRE containing DNA was
injected. The intranuclear GR concentrations required for
50% saturation of the specific DNA sites were estimated
from the graphs as shown in Figure 1E, see vertical arrows.

The apparent Kd describing the specific binding affinity
between GR and the HRE is defined as the nuclear con-
centration of GR not specifically bound to DNA that is re-
quired to reach 50% saturation of the HRE. Since the three
intranuclear DNA concentrations are known (Supplemen-
tary Figure S1A), a diagram was designed presenting the to-
tal nuclear GR concentration required for 50% DNA bind-
ing as a function of the nuclear concentration of GR-HRE
at 50% saturation (Figure 1F). In this diagram the three
data points approaches a linear correlation that will inter-
cept with the ordinate at the total nuclear GR concentration
not specifically bound to the HRE, referred to as Cf, (Con-
centration free) that is required for 50% occupancy of the
HRE and hence is equal to the apparent dissociation con-
stant (Kd). The diagram shows that the apparent Kd is equal
to 0.65 �M. The slope of the trendline is 1.7 indicating that
there are about two GR entities that bind to each HRE as
shown previously in vitro (16).

Using the Hill equation to analyze GR-HRE binding cooper-
ativity and affinity

We rarely reach 100% methylation protection in our DMS
in vivo footprinting experiments (see ‘Materials and Meth-
ods’ section and below). In several cases the DNA binding
as a function of GR concentration reaches a plateau but
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Figure 2. GR binding affinity to a complete HRE or a half HRE. (A) The DNA constructs used, the binding elements for GR and AR (BE1 and BE2)
are highlighted in gray and the FoxA1 site indicated by a rectangle. These constructs are referred to in the text as HRE1/1 + Fox and HRE1/2 + Fox.
(B) Nuclear GR concentration analyzed by [3H]-Dex quantification in nuclear extracts. (C) Autoradiogram showing the pattern of DMS methylation,
empty circles signify partially protected bands, unprotected bands used as reference are marked with black dots. Columns in the diagrams to the left and
right illustrate quantification of DMS methylation with error bars showing the average deviation of double samples. (D) GR-HRE binding based on DMS
methylation protection plotted as a function of nuclear GR concentration. (E) Binding activity at the FoxA1 site based on DMS methylation protection,
presumably by a DNA binding protein of endogenous origin.
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Figure 3. GR binding affinity to a complete HRE (HRE1/1 + Fox) and a half HRE (HRE1/2 + Fox) in presence of FoxA1 protein. Oocytes were injected
with increasing amounts of GR mRNA, 3.5–8 ng, mixed with a constant amount of FoxA1 mRNA, 0.46 ng, resulting in 0.4 �M nuclear FoxA1 quantified
as described (Supplementary Figure S3C). (A) Pattern of DMS methylation, as in Figure 2C. (B) GR-HRE binding based on DMS methylation protection
of BE1 plotted as a function of nuclear GR concentration. (C) FoxA1-DNA binding based on DMS methylation protection plotted as a function of nuclear
GR concentration.

the level of DMS methylation protection is still not 100%
but more often lies within 40–80% (Figures 2D, 4C, 5B and
D). In Figure 1E a 68% methylation protection is achieved,
but this occur before the plateau is reached. These obser-
vations indicate that a fraction of the specific DNA sites
may not be accessible for GR binding and thus should be
ignored while calculating the affinity for the fraction of ac-
cessible sites (Facc). Thus we exploited the Hill equation in
order to evaluate the level of cooperativity of GR-HRE in-
teractions via analysis of the Hill coefficient (h) and to esti-
mate the apparent Kd (Supplementary Figure S1B). By sim-
ulating the three different binding parameters, h, apparent
Kd and Facc, we found that the best fit to the experimen-
tal data in Figure 1E was achieved with an estimated Facc

close to 1.0, a Hill coefficient of 1.83 and an apparent Kd of
0.64 �M. As demonstrated in Supplementary Figure S1B,
a nearly equally good fit is achieved when setting the Facc
= 0.9, h = 2 and, thus, yielding the apparent Kd = 0.57�M.

An alternative strategy to calculate the apparent Kd

The apparent Kd for each data point in the diagram (Figure
1E) can be calculated based on the total nuclear GR concen-
tration, the concentration of HRE sites and the fraction of
the HRE sites occupied by GR, (Fb), as defined by DMS in
vivo footprinting provided that the Hill coefficient is known
(Supplementary Figure S1C). Calculation of the apparent
Kd according to this formula for each data point in the dia-
gram (Figure 1E) renders an average Kd = 0.63 ± 0.10 �M
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(mean ± S.D., n = 9) (Supplementary Figure S1C). An ad-
vantage with the use of the Hill plot for resolving the Kd is
that it does not require previous knowledge about the level
of cooperativity in the binding reaction and that a best fit
simulation can be used to estimate the accessible HRE sites
(Facc) as described in Supplementary Figure S1B.

This experiment also shows that a 10-fold increase in
nonspecific M13-DNA injected and then recovered together
with the specific pBS(HRE)7 DNA rendered virtually the
same apparent Kd as in absence of M13-DNA (Supplemen-
tary Figure S1C).

Time of DMS methylation does not affect Facc

Why is the level of DMS methylation protection usually
not involving more than 40–80% of the HRE (Figures 2D,
4C, 5B and D)? Could this be due to DMS methylation of
the guanines within the HRE site is able to proceed dur-
ing DMS exposure thus leading to a progressive block of
the HRE sites? We addressed this question by analyzing the
effect of increasing time of DMS exposure and found no
time-dependent difference in the extent of GR-dependent
methylation protection over the HRE (Supplementary Fig-
ure S1D). This result argues against significant impact of
leaky DMS methylation during our experimental condi-
tions.

GR binding to a complete HRE or a half HRE

The GR-DNA binding affinity was then addressed in a
more defined context by construction of a complete and a
half GR-DNA binding site also containing a FoxA1 site,
here dubbed HRE1/1 + Fox and HRE1/2 + Fox, respec-
tively, using the upstream strong HRE in the MMTV en-
hancer, as above, (Figure 2A and ‘Materials and Methods’
section). In the HRE1/2, the BE2 was mutated. The identi-
cal HRE1/2 sequence was previously shown to form a GR
monomer complex in vitro (37). Both constructs contained
a consensus FoxA1 site with a spacing of four base pairs
between the BE1 and the FoxA1 site. This arrangement of
an HRE and a FoxA1 site was previously reported to func-
tion in prostate specific AR response elements even when
the FoxA1 site was adjacent to a half HRE (15).

DMS in vivo footprinting demonstrated a distinct GR
binding at both BE1 and BE2 in a parallel fashion in the
intact HRE1/1 + Fox but a very weak binding at the BE1
of the HRE1/2 + Fox (Figure 2C and D). GR binding
to HRE1/1 + Fox plotted as a function of increasing nu-
clear GR concentration reached a plateau at ∼47% methy-
lation protection (Figure 2D). This indicates that saturation
of GR-HRE binding is achieved and argues for that about
half of the HRE sites were not accessible for GR binding.
We calculated the apparent Kd setting the 47% binding to
100% accessible sites (Facc = 0.47). This yielded an appar-
ent Kd of 0.9 ± 0.15 �M (m ± S.D., n = 3) for the complete
HRE1/1 + Fox palindrome assuming a 2-fold cooperativity
(h = 2). This value is in good agreement with graphical es-
timation of the apparent Kd (Figure 2D, stippled line). For
the HRE1/2 + Fox with a non-cooperative binding reaction
(h = 1, see Supplementary Figure S1C), only a crude esti-
mate is possible since there is no obvious plateau; assuming

Facc = 1.0 we find a Kd of 17 ± 2 �M (mean ± average
deviation, n = 2).

It was unexpected to see protection over the FoxA1 bind-
ing site since this protein was not expressed (Figure 2E).
We assume that (an) endogenous protein(s), most probably
member(s) of the forkhead protein family, may exert this
effect. This unknown binding activity was clearly GR de-
pendent since it increased with increasing GR binding to
HRE1/1 as well as the HRE1/2 site.

GR-HRE binding in the presence of FoxA1

In an effort to monitor the GR-DNA binding affinity in the
presence of FoxA1 we injected increasing amounts of GR
mRNA together with a constant level of mRNA coding for
FoxA1 (Figure 3A). Based on previous experiments where a
higher nuclear concentration of FoxA1 caused inhibition on
transcription (36), we aimed for a nuclear FoxA1 concentra-
tion near or below 1 �M monitored as described in Supple-
mentary Methods. As illustrated by Figure 3C FoxA1 ex-
erts a significant level of constitutive DNA binding in the
absence of GR and its DNA binding is then increased in a
GR-dependent fashion. The DMS in vivo footprinting anal-
ysis also revealed a distinct GR-HRE binding to the HRE
+ Fox. A more extensive analysis of this binding reaction
is shown below (Figure 4C). We observed a much weaker
binding of GR to the HRE1/2 + Fox containing a single
BE1 (Figure 3A and B) that was previously shown to bind
one GR monomer in vitro (37) and hence the formula for a
non-cooperative binding was used and gave an apparent Kd
= 25 ± 9 �M (mean ± average deviation, n = 2, assuming
Facc = 1). However, this is only a crude estimation of the
affinity since the actual Facc cannot be extracted from this
dataset.

We conclude that the HRE1/2 + Fox is also able to bind
GR albeit with a much reduced affinity than the intact HRE
even in the presence of FoxA1 and that FoxA1 itself re-
sponds with an increased binding for its DNA site in the
presence of GR thus suggesting a DNA binding coopera-
tivity between FoxA1 and GR as shown previously to be
the case for the MMTV promoter (24,38).

GR-DNA binding affinity to a complete HRE without any
FoxA1 site

As demonstrated above (Figure 2C and E) we observed GR-
dependent protection over the FoxA1 DNA binding site
even in the absence of exogenously expressed FoxA1 thus
implying an endogenous DNA binding activity. Indeed a
database describing a list of proteins detected by mass spec-
trometry in Xenopus egg extracts contained several mem-
bers of the forkhead box TF family (39). However, in our
experience very little exogenously expressed FoxA1 causes
a distinct increase in DNA binding at the FoxA1 site in the
MMTV promoter and more importantly, FoxA1 expression
has a robust stimulatory effect on glucocorticoid hormone
driven transcription as well as GR-DNA binding (24,36).
This argues that any endogenous DNA binding activity that
interact with the FoxA1 DNA site does not share significant
activity with FoxA1 in terms of stimulation of transcription.
However, we cannot exclude that the observed endogenous
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Figure 4. Comparison of GR-HRE binding without or with FoxA1. (A) The DNA construct HRE1/1�Fox with a triple-point mutated FoxA1 site. (B)
Oocytes injected with GR mRNA, 1.4–7 ng mRNA, followed by injection of ssHRE1/1�Fox, 4 ng, were analyzed as in Figure 1A, the diagram shows the
GR-DNA binding monitored by DMS methylation protection of corresponding guanines in BE1 and BE2 at lower strand as a function of nuclear GR
concentration. A Hill plot is for the same data is shown to the right. (C) Oocytes injected with increasing GR mRNA, 1.5–9.2 ng and constant FoxA1
mRNA, 0.35 ng, followed by 4 ng ssDNA HRE1/1 + Fox injection and analyzed as in 4B. The oocytes contained 0.12 �M nuclear FoxA1 based on
[14C]-lysine labeled oocytes analyzed as described in Supplementary Figure S3C. (D) A Hill plot based on data in Figure 4C after introducing Facc = 0.59
in order to determine the Kd for the accessible HRE sites.

DNA binding activity at the FoxA1 site may exert an ef-
fect on the GR-DNA binding affinity in our experimental
set up, especially so since this binding activity is increased
with increased GR concentration (Figure 2E). In order to
address the GR-HRE binding affinity in the absence of any
adjacent TF-binding activity we constructed an HRE where
the FoxA1 site was mutated, here called the HRE1/1�Fox
(Figure 4A).

Oocytes injected with increasing levels of GR mRNA
showed a gradually increasing DMS methylation protection
at the HRE (Figure 4B). Here we developed the methylation
pattern with primers specific for both the upper strand (Sup-
plementary Figure S2A) and the lower strand (Figure 4B).
Both binding curves built on these data have a sigmoidal

shape and Hill-plots rendered the same Hill coefficient of
1.87 arguing for a cooperative DNA binding as seen also
in Figure 1 (Supplementary Figure S1B). The apparent Kd
was calculated from the Hill plots and was in the range of
1.7–1.9 �M assuming that Facc = 1 (Supplementary Figure
S2A). Since we did not reach saturation of the HRE site we
addressed the minimal experimental Facc by setting the Hill
coefficient to 2.0, which is the theoretically highest possible
value for this system. This rendered a Facc = 0.77 and an
apparent Kd of 1.6 �M (data not shown). We conclude that
the apparent Kd for GR affinity to the naive HRE element
is within the range of 1.6–1.9 �M and that the GR entities
bind cooperatively to this site. An interesting observation
from the GR-HRE1/1�Fox binding curves in this experi-
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Figure 5. Comparison of AR- and GR-HRE binding to the HRE1/1 + Fox and in presence of FoxA1. (A) Xenopus oocytes were injected with 0.46 ng
FoxA1 mRNA mixed with increasing amount of mRNA coding for either AR, 0.3–1.2 ng, or GR, 2.3–7.8 ng, followed by 4 ng of HRE1/1 + Fox ssDNA
injection (Figure 2A). The intranuclear AR and GR concentration plotted as a function of injected mRNA, the inset diagram shows an expanded version
of the AR diagram. Error bars signify average deviation of double samples. (B) HR-HRE binding based on DMS methylation protection at the HRE1/1
+ Fox and plotted as a function of nuclear concentration of indicated HRs. The arrows show the graphically determined apparent Kd, i.e. the receptor
concentration at 50% saturation of the HRE site. The nuclear HRE concentration was 0.12 �M (analyzed as in Supplementary Figure S1A). (C) FoxA1-
DNA binding from the same experiment as shown in Figure 5A and B. (D) AR-DNA binding as a function of total nuclear AR concentration is shown,
0.2–0.69 �M of nuclear AR was expressed together with ∼0.6 �M FoxA1 and then 10 ng of ssDNA containing HRE1/1 + Fox was injected resulting in
0.24 �M of nuclear HRE. (E) Experiment described in Figure 5D. AR-HRE1/1 + Fox binding depicted as Fb/Facc plotted as function of Cf (i.e. nuclear
AR not specifically bound to DNA). The stippled arrow indicates the graphically determined Cf at 50% GR-HRE binding, i.e the apparent Kd.
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ment was that the methylation protection over the guanine
in BE2 appeared to be delayed as compared to BE1 (Sup-
plementary Figure S2D for details).

GR-HRE binding in presence of FoxA1

We repeated the GR titration with of HRE1/1 + Fox as
previously described in Figure 3 but now with more data
points in order to improve the analysis. As previously,
the oocytes were injected with a constant concentration
of FoxA1 mRNA together with increasing levels of GR
mRNA. The binding curve shown in Figure 4C differs from
that in the absence of FoxA1 by its hyperbolic, as oppose
to sigmoidal, shape and also by approaching a plateau al-
ready at a GR concentration of 1.5–2 �M. Based on a best-
fit analysis (see Supplementary Figure S1B) the saturation
was estimated to occur at 59% DMS protection. This ren-
ders a Facc = 0.59 to be used for calculating the affinity
for the accessible HRE sites. A Hill plot based on these
terms results in a Hill coefficient of 1.1 and an apparent Kd
of 0.65 �M (Figure 4D). The apparent Kd is in agreement
with the graphical Kd extracted from the saturation curve at
50% binding (see vertical stippled grey arrow in Figure 4C
and Supplementary Figure S2B). Since the fraction of GR
bound to HRE was 3–9% of the total nuclear GR (data not
shown) the values on the X-axis, i.e. free GR, are closely
reflecting the Cf (Figure 4C). As described above (Figure
2D) there was no difference in the level of DNA binding
when comparing DMS methylation protection in BE1 and
BE2 (data not shown). Furthermore, FoxA1-DNA binding
tracked the GR binding as seen in Figure 3 (compare Figure
4C to Supplementary Figure S2C).

The Hill plots, the binding curves and the apparent Kd
values argues for that GR binding to the HRE differs de-
pending on whether an assisting DNA binding activity such
as FoxA1 is present (Figure 4C), or not (Figure 4B). How-
ever, the lack of GR:GR-cooperativity when binding to the
HRE in the presence of FoxA1 (Figure 4C), based both
on the Hill plot and the loss of a sigmoidal shape of the
curve is a paradox, especially so since we see a parallel bind-
ing to the BE1 and BE2 while this is not the case in ab-
sence of FoxA1 where BE1 is occupied slightly before BE2
(Supplementary Figure S2D). We assume that the increased
GR-HRE affinity in the presence of FoxA1 is caused by
a FoxA1-dependent reduction of the chromatin-restricted
DNA access, an effect caused by the constitutive FoxA1
binding to its DNA site close to the HRE. The mechanism
behind the observed loss in GR-HRE cooperativity remains
to be clarified.

AR binds the HRE with a much higher affinity than GR in
presence of FoxA1

Since AR binds to the same DNA site as GR in the MMTV
enhancer (23) and since AR was shown to have a slower dis-
sociation rate than GR from the MMTV enhancer in vivo
(21) we decided to compare the DNA binding affinity of AR
and GR in parallel to the single HRE1/1 + Fox (shown in
Figure 2A). Importantly, the HRE1/1 with a four bp spac-
ing of the HRE from a FoxA1 site was adopted from a re-
ported prostate-specific androgen response element (15,31).

Initial experiments where AR was expressed with FoxA1
showed that a drastic reduction of the amounts of AR was
required to achieve intranuclear AR concentrations below
the levels required for saturation of the HRE1/1 + Fox (Fig-
ure 5A and B). Here we compared AR-HRE and GR-HRE
binding by injection of either mRNA to render 0.1–0.4 �M
AR or 1.4–5.3 �M GR, respectively, based on the analysis
of specific binding of [3H]-R1881 or [3H]-Dex, respectively,
in manually isolated nuclei (Figure 5A). DMS methylation
protection of oocytes expressing either AR or GR together
with FoxA1 resulted in two very different dose-response
curves, in each case with a plateau indicating saturation of
the HRE-sites (Figure 5B). That the apparent DNA bind-
ing affinity is much stronger for AR as compared to GR is
obvious from the binding curves (Figure 5B). We also note
a receptor-specific difference for the Facc since ∼70% of the
HRE sites are saturated in the AR experiment while 40% of
the HRE sites are saturated by GR.

The nuclear FoxA1 concentration was 1.1 �M when ana-
lyzed by densitometry of [14C]-lysine labeled oocytes as de-
scribed (Supplementary Methods). The DNA binding of
FoxA1 revealed the same difference in affinity when com-
paring its binding in either AR or GR context (Figure 5C)
as the receptor-DNA binding curves with the only differ-
ence being that FoxA1 also had a constitutive DNA bind-
ing activity which was in agreement with previous results
(c.f. Figure 3C and Supplementary Figure S2C). The bind-
ing curves reached a plateau in both cases and we graphi-
cally estimated total nuclear receptor concentration at 50%
binding for GR to ∼1.2 �M, the corresponding value for
AR-HRE binding appeared to be about an order of mag-
nitude lower (Figure 5B, stippled arrows defining the value
on abscissa for 50% binding). We note that more than 50%
of the total nuclear AR is specifically bound to the HRE1/1
before the plateau is reached in the binding curve. In case of
GR about 4% of the GR molecules are specifically bound at
the lowest GR concentration (data not shown). This large
difference in the fraction of HRE bound receptor is a con-
sequence of the much higher affinity of the AR–DNA inter-
action in this particular FoxA1 context.

The intranuclear AR quantification data had lower ac-
curacy than for GR since the lowest AR concentration
contained only about a 2-fold higher amount of radioac-
tive hormone as compared to the background radioactiv-
ity in non-injected oocyte nuclei (Figure 5A, and data not
shown). For this reason the experiment was repeated using
10 ng of injected ssDNA harboring the HRE1/1 + Fox as
DNA target. The higher HRE concentration would require
a higher AR and hence the accuracy of the intracellular AR
concentration might be improved (Supplementary Figure
S3A and B). The binding curve so obtained was plotted as
a function of total nuclear AR concentration (Figure 5D).
After subtraction of the HRE-bound AR a DNA-binding
curve was plotted as a function of the free nuclear AR con-
centration (Cf) (Figure 5E) and rendered an apparent Kd of
∼0.13 �M when estimated graphically from the non-bound
AR (Cf) at 50% saturation of the DNA sites. A best fit anal-
ysis of the data in Figure 5E (Supplementary Figure S1B)
assuming h = 2, yielded similar result, i.e. Kd = 0.14 �M
and Facc = 0.59 and h = 2 (not shown).
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We also addressed the AR-DNA binding affinity to the
half site HRE1/2 + Fox. This experiment was done at sat-
urating AR concentrations of 0.48 and 1.4 �M nuclear AR
in presence or absence of FoxA1 (Figure 6A) making the
calculation of the apparent Kd unreliable. However, this ex-
periment revealed a 3.5-fold FoxA1-dependent stimulation
of AR-DNA binding to HRE1/1 + Fox while the AR bind-
ing to HRE1/2 + Fox was completely dependent on FoxA1
and reached less than half of the HRE binding seen for the
complete HRE. Interestingly, the composite AR and FoxA1
binding to HRE1/2 + Fox seem to be more robust than the
binding of GR and FoxA1 to this target (Figure 3B). In this
context we reconcile that the HRE1/2 + Fox is a prevalent
androgen-responsive elements in the prostate in combina-
tion with a FoxA1 positioned in the same place relative to
the HRE1/2 as used here (15). The FoxA1 binding follows
the AR binding curves for HRE1/1 and HRE1/2 if correct-
ing for the level of constitutive DNA binding (Figure 6B).
As reported above (Figure 2E) there was an endogenous
DNA binding activity seen at the FoxA1 site when FoxA1
was not expressed, this activity also followed the level of AR
binding (Figure 6B).

The effects of FoxA1 on AR-DNA binding was also ad-
dressed by expressing increasing concentrations of AR in
the presence of 0; 0.55 or 1.1 �M FoxA1 and then monitor-
ing DNA binding to the HRE1/1 + Fox. As shown in Sup-
plementary Figure S3C the AR-HRE binding in absence of
FoxA1 was barely detectable at these lower AR concentra-
tions but was robustly stimulated by the presence of 0.55
�M FoxA1. However, this level of AR-DNA binding was
reduced at the highest AR concentration (Supplementary
Figure S3C, stippled line). When the intranuclear FoxA1
concentration was increased to 1.1 �M then the AR-DNA
binding increased further at the highest AR concentration
with a tendency to approach a plateau. This experiment was
reproduced with similar result (not shown). Collectively this
shows that FoxA1 is strongly enhancing the AR-DNA bind-
ing activity at the HRE1/1 + Fox site. Importantly, there
was no stimulation of AR-DNA binding by the presence
of FoxA1 when the HRE�Fox DNA was used (data not
shown).

We conclude that AR binds to the HRE1/1 + Fox (Fig-
ure 2A) with an order of magnitude higher apparent affin-
ity than GR (Figure 5B) albeit this requires the presence
of FoxA1 and its DNA binding site adjacent to the recep-
tor binding DNA site to form a composite AR response
element. These results are in agreement with the reported
FoxA1 licensing activity for AR binding to tissue spe-
cific androgen-hormone responsive enhancers in the murine
prostate (15) and in prostate cancer cells (31).

DISCUSSION

Is it relevant to use X. oocytes to study the effect of chro-
matin on DNA binding? The chromatin structure in a dif-
ferentiated metazoan cell contains many specialized do-
mains characterized by different levels of DNA accessibil-
ity (40). Single stranded DNA injection into the nucleus of
X. oocytes results in formation of homogeneous chromatin
after second strand synthesis as demonstrated by digestion
with MNase (24) and DNaseI as well as other studies of

GR-mediated chromatin remodeling and transcription (22).
Oocytes lack somatic linker histones but contain an oocyte
specific linker histone, B4; however, if a somatic linker hi-
stone H1 is introduced into X. oocytes it causes a slightly
enhanced GR binding to the MMTV enhancer (41).

Importantly, there is a time dependent decrease in DNA
access in chromatin formed by injected ssDNA in X. oocytes
after second strand synthesis due to a progressive histone
deacetylation. This process correlates with a reduced GR-
DNA binding and a reduced level of hormone activation
from the MMTV promoter (35). It dictates keeping the time
after DNA injection constant, here we allowed 22–23 h from
ssDNA injection to harvest (Figure 1A). However, we ob-
served an inter-experimental variation in the fraction of
accessible HREs (Facc) probably implicating variability in
the deacetylation rate thus resulting in a variation in TF-
DNA access (22,35). Taken together we assume that the
chromatin structure in X. oocytes may serve as a model for
an open or active chromatin domain, as oppose to densely
packed and silent chromatin.

An important advantage with X. oocytes is that the in-
tranuclear TF amount may be quantified after manual iso-
lation of the oocyte nucleus (Figure 1C). In addition, the in-
tranuclear DNA injection allows the formation of a live cell
with a genome of unparalleled simplicity; this allows spe-
cific DNA binding to be quantified by DMS in vivo foot-
printing. Previous reports have demonstrated that mam-
malian cells may contain up to ∼105 of GR molecules or
other steroid receptors per cell (42). Hormone-dependent
translocation of these receptors into the cell nucleus with a
diameter of 6 �m renders an intranuclear concentration of
∼1.5 �M. The DNA concentration of a human cell with a
diploid genome of 6.4 × 109 bp and a nuclear diameter of
6 �m contains 94 mM DNA, (bp). The endogenous 37 pg
of DNA in a X. oocyte (25) renders a DNA concentration
of 1.4 �M and injection of ss plasmid to obtain 5 ng of ds-
DNA results in 0.2 mM DNA (bp). We conclude that the
TF concentrations used in our experiments are within the
range of a mammalian cell while the total DNA concentra-
tion in oocyte nuclei is considerably lower.

The DMS-dependent methylation of DNA is initiated in
the live cell 6 h after addition of hormone when equilib-
rium between DNA and the TF(s) is already established;
this equilibrium was not affected by the time of DMS in-
cubation (Supplementary Figure S1D). Notably, the level
of methylation protection at saturation was different in the
same pool of oocytes when comparing AR and GR bind-
ing in presence of FoxA1 where saturation was achieved
at 70 and 40%, respectively (Figure 5B and ‘Results’ sec-
tion). Furthermore, different concentrations of FoxA1 in
combination with different receptors or different HREs re-
sulted in different degree of access to the nuclear HRE
sites (Figure 6 and Supplementary Figure S3C). We also
observed, that the fraction of accessible HRE sites for a
specific combination of receptor and FoxA1 was different
in different oocyte preparations (See ‘Materials and Meth-
ods’ section on inter-experimental variation in X. oocytes).
This indicates that other endogenous factors, such as vari-
ous co-activators and/or chromatin remodeling complexes,
recruited by either AR or GR with or without an adja-
cently DNA-bound FoxA1, may influence the DNA bind-
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Figure 6. FoxA1 drastically enhances AR binding to HRE1/1 + Fox and HRE1/2 + Fox constructs. Groups of oocytes were mRNA injected to express
AR or AR together with FoxA1 followed by nuclear injection of HRE1/1 + Fox or HRE1/2 + Fox constructs. (A) AR-HRE binding based on DMS
methylation protection plotted as a function of nuclear AR concentration. (B) FoxA1-DNA binding based on DMS methylation protection plotted as a
function of nuclear AR concentration.

ing event. We propose that when calculating the apparent
Kd, the fraction of accessible HRE defined by an approach-
ing plateau, i.e. saturation of accessible HRE sites, should
be regarded as the total available HRE. With this view the
variation in the level of plateau formation can be corrected
for as described in Supplementray Figure S1B (See also Fig-
ures 2D, 4C and 5E), while this becomes difficult when a
plateau is not reached (Figure 3B). The HRE sites that are
not accessible in a given TF-DNA binding context describe
the equilibrium between the chromatin insulating capacity
and the counteracting DNA binding activity. We show here
that a change either in the TF context or the DNA tar-
get will alter this equilibrium, and hence the DNA acces-
sibility and the level of the plateau formation (Figures 5B,
6A and Supplementary Figure S3C). Positioning of nucleo-
somes is unlikely to modulate the level of accessibility since
we showed that they are randomly positioned on injected
DNA before hormone induction and that positioning is in-
duced by the TF-DNA binding (22,24).

The fact that AR-DNA binding in the presence of FoxA1
was an order of magnitude stronger than the GR-DNA
binding at the composite HRE1/1 + Fox highlights the
selective power of protein–DNA interaction in chromatin
(Figure 5B and E). Importantly, the composite HRE used
here, also containing a FoxA1 DNA binding site (Figure
2A), mimicked a previously described androgen responsive
element that was revealed by a genome wide mapping of
prostate-specific AR binding elements where FoxA1 was re-
quired as a licensing factor (15,31). Apparently, the spatial
arrangement of the two binding sites for AR and FoxA1
was suitable for strong cooperative binding. As defined by
the apparent Kd we show that half of the specific HRE
sites will be occupied at 0.13 �M concentration of free nu-

clear AR. We speculate that the concentration range of AR
used here may approach the physiological concentration
range to be required for productive binding in vivo. This
does not exclude that composite binding sites in active en-
hancers may have higher affinities than demonstrated here.
Conversely, significant GR-DNA binding to the same site
with the apparent Kd of ∼1 �M described in this work may
be too low for a significant DNA binding to occur in the
living cell. Previous work has shown that GR-binding en-
hancers contain strongly conserved composite GR-binding
sites (10) and that half GR-binding sites regulate specific
target genes (43). We assume that GR will bind to com-
posite GR-responsive elements with a similar affinity as the
AR and FoxA1 binding to HRE1/1 + Fox shown here (Fig-
ure 5) if provided with the appropriate combination of TF
binding-partner(s) to match the composite enhancer ele-
ment.

Previous GR binding experiments using either naked
(16,17), or in vitro reconstituted nucleosomal (44), MMTV
enhancer DNA rendered an apparent Kd of 0.3 and 0.7
nM, respectively, which is about three orders of magnitude
higher affinity than seen in our in vivo experiments con-
cerning GR (see ‘Results’ section). This discrepancy illus-
trates the effect of chromatin in combination with the in-
tranuclear physicochemical conditions of a live cell, condi-
tions that will be difficult to reconstruct in vitro. For ex-
ample, polyamines are present in high concentrations in
all cells (45) and were shown to modulate histone–DNA
interactions and to act as repressors for certain protein–
DNA interactions in vivo (46). We speculate that the in-
tranuclear environment and the histone–DNA interactions
set the threshold for the DNA access thereby promoting se-
lectivity in the TF–DNA interactions. The comparison of
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AR and GR DNA binding in presence of FoxA1 (Figure
5B) illustrates the selective power of a composite HRE to
mediate an AR- rather than a GR response, but also the
possibility for a high enough concentrations of GR to bind
this AR-responsive site as was shown to sometimes occur
in prostate cancer cells (47). A strict control of the intracel-
lular concentration of TFs for each cell type thus becomes
an important factor for maintaining a stable differentiation
(28).

The pioneer factors, such as FoxA1, preset the chromatin
structure (11), facilitate binding of other TFs such as steroid
receptors and may serve as a licensing factor in a particu-
lar context (14,15). Our results are compatible with such a
mechanism since we see a distinct constitutive FoxA1 bind-
ing capacity (c.f. Figures 3C, Figure 5C and Supplementary
Figures S3B and S4D) as well as a strong cooperative bind-
ing component of FoxA1 which tracks the binding of the
adjacent receptor as seen from comparison of FoxA1 bind-
ing together with either AR or GR (Figure 5B and C). It
may be a common feature in cellular differentiation that a
pioneer factor specifies a celltype-specific pattern of partly
open chromatin domains. An example of this is the TF
called Meis that seem to act as a pioneer factor by mediat-
ing a presetting state of certain enhancers defining body seg-
ments during vertebrate development and where a subset of
these sites that contain the proper Hox motifs are bound by
the homeobox factor Hoxa2 that selectively enhances genes
defining the body segment of the second branchial arch (48).

By adopting the X. oocytes in vivo system we can for
the first time report the sequence-specific TF-DNA binding
affinity, specifically the apparent Kd, in a living cell. Fur-
thermore, we demonstrated a strong selectivity for AR over
GR binding to a previously described androgen response
element involved in prostate-specific gene expression in vivo
(15). This selectivity relies on the arrangement of the pio-
neer factor FoxA1 binding site in relation to the HRE since
the receptor binding DNA segment as such is not differ-
ent for AR and GR (31). The quantification of the DNA
binding affinities for different TFs at their enhancer-binding
DNA sites in vivo will increase the understanding of the tar-
get selection mechanisms in eukaryotic genomes.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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