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involves the second Zn-finger and a C-terminal extension of the
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The androgen and glucocorticoid hormones evoke specific in vivo
responses by activating different sets of responsive genes.
Although the consensus sequences of the glucocorticoid and
androgen response elements are very similar, this in vivo specificity
can in some cases be explained by differences in DNA recognition
between both receptors. This has clearly been demonstrated for
the androgen response element PB-ARE-2 described in the
promoter of the rat probasin gene. Swapping of different
fragments between the androgen- and glucocorticoid-receptor
DNA-binding domains demonstrates that (i) the first Zn-finger
module is not involved in this sequence selectivity and (ii) that
residues in the second Zn-finger as well as a C-terminal extension
of the DNA-binding domain from the androgen receptor are
required. For specific and high-affinity binding to response
elements, the DNA-binding domains of the androgen and

glucocorticoid receptors need a different C-terminal extension.
The glucocorticoid receptor requires 12 C-terminal amino acids
for high affinity DNA binding, while the androgen receptor only
involves four residues. However, for specific recognition of the
PB-ARE-2, the androgen receptor also requires 12 C-terminal
residues. Our data demonstrate that the mechanism by which the
androgen receptor binds selectively to the PB-ARE-2 is different
from that used by the glucocorticoid receptor to bind a consensus
response element. We would like to suggest that the androgen
receptor recognizes response elements as a direct repeat rather
than the classical inverted repeat.

Key words: androgen response element, androgen specificity,
glucocorticoid response element, probasin, steroid receptors.

INTRODUCTION

The nuclear receptors (NRs) constitute a very large family of
transcription factors that are characterized by a well-conserved
DNA-binding domain (DBD), defined as a fragment encom-
passing two Zn-finger-like modules [1]. These DBDs bind as
dimers to two hexameric sequences orientated as direct or
inverted repeats. The first Zn-finger is responsible for the sequence
recognition through specific interactions of several amino acids
with the DNA [2]. The most important determinants of the
difference in sequence specificity between the glucocorticoid
receptor (GR) and the oestrogen receptor (ER) [3] are the P-box
residues in the first Zn-finger. The second Zn-finger module
contains the D-box, which provides most of the protein—protein
interactions necessary for DNA-dependent receptor dimerization
[4,5]. Structural studies of DBD-DNA complexes [2,6] have
demonstrated several additional interactions, outside the P- and
D-boxes, between the DBDs and the bases or the phosphate
backbone of the response elements, as well as intra- and inter-
molecular protein—protein interactions, within the DBD dimer.

For some members of the NR superfamily (thyroid-, vitamin
D-, transcription factor Rev-erbf-, retinoid X receptor), a C-

terminal extension (CTE) of the DBD, called the T-box, is
involved in the stabilization of the binding to direct repeat
elements [7—10]. This T-box contains 12 amino acids and forms
an a-helical structure [8,11] that is poorly conserved within the
NR family. DNA-binding studies showed no direct involvement
of a CTE in the DNA binding by steroid receptors, and the
crystal and NMR structures of the GR-DBD do not reveal an a-
helix in this region [2,6].

On the basis of the similarity of their consensus binding sites
(5-GGTACAnnnTGTTCT-3"), the GR, androgen (AR),
mineralocorticoid (MR) and progesterone (PR) receptors can be
considered as a subfamily of the NR superfamily [12]. Not
surprisingly, their DBDs are highly conserved (up to 90 %) and
the P- and the D-boxes are nearly identical. This left the question
open how the different steroids evoke their specific in vivo
responses, especially in target cells containing more than one
type of receptor. Steroid metabolism or differential expression of
receptors only offers a partial explanation for the difference, for
example, between glucocorticoids and mineralocorticoids
(reviewed in [13]). Another factor controlling the steroid
specificity might be the local chromatin structure, as shown
for the mouse mammary-tumour-virus long-terminal-repeat

Abbreviations used: AR, androgen receptor; GR, glucocorticoid receptor; MR, mineralocorticoid receptor; NR, nuclear receptor; PR, progesterone
receptor; ER, oestrogen receptor; TR, thyroid receptor; RXR, 9-cis-retinoid acid receptor; DBD, DNA-binding domain; GST, glutathione S-transferase;
Ks: apparent dissociation constant; ARE, GRE, androgen and glucocorticoid response element respectively; CTE, C-terminal extension; s/p, sex-
limited-protein gene; DMEM, Dulbecco’s modified Eagle’s medium; DCC, DMEM containing 5 %-dextran-coated charcoal-stripped fetal-bovine serum;

h, human; r, rat.
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promoter [14,15]. Another possible mechanism leading to
differential steroid-responsiveness of specific enhancers was
discovered in studies of the androgen responsive unit of the sex-
limited-protein gene, slp. It was observed that the androgen-
specificity was due to the exclusion of the GR from binding to the
slp enhancer by other transcription factors interacting with
flanking elements of the slp-ARE-3 [16] (ARE is androgen
response element).

Although no major differences in DNA-binding specificity
have been detected between the GR, AR, MR and PR, some
differences have been reported. It was, for example, demonstrated
that the AR-DBD, and not the GR-DBD, has the ability to bind
to an element with a direct repeat configuration (DR 1-type) [17].
This element diverges from ARE consensus, as determined
previously [18] and none of the AREs described thus far resembles
such a DR1. We reported a functional ARE in the promoter of
the androgen-dependent rat probasin gene (PB-ARE-2 [19]) to
be recognized by the AR and not by the GR [20]. In the present
study we analysed in detail which characteristics of the AR are
required for its specific interaction with the PB-ARE-2.

EXPERIMENTAL
Materials

Restriction and modifying enzymes were purchased from
GIBCO-BRL Life Technologies, Pharmacia Biotech Inc.,
Promega, Takara Shuzo Co. Ltd. and Boehringer Mannheim.
Oligonucleotides were synthesized on a Biosearch Cyclone DNA
synthesizer (Milligen Corp., Bedford, MA, U.S.A.). Hormones
were purchased from Sigma.

Plasmid constructs

The cDNA encoding the rat AR was described by Chang et al.
[21], and that for the rat GR by Hollenberg et al. [22]. The cDNA
for the human MR and the human PR were kindly given by
Professor R. Evans, The Salk Institute/GEL, San Diego, CA,
U.S.A. fAGA is derived from the full-size rat AR (rAR) by
swapping the AR-DBD with that of the rGR (AR amino acids
537-619). For the construction of the reporter constructs pPBluc3
and pC3luc3, we have cloned the Sphl-Bg/ll fragment from
pBLCAT?2 constructs, described in [20], in the pGL3-basic vector
(Promega). Each construct contains two copies of the cor-
responding ARE upstream of the TATA-box of the tk-promoter
directing transcription of the luciferase gene. All receptor cDNA

Table 1

Values are means + S.E.M. for at least three independent measurements.

fragments were amplified by PCR with specific oligonucleotides,
cut with EcoRI and BamHI, and subsequently cloned in the
corresponding restriction sites of the pGEX-2TK (Pharmacia
Biotech Inc.). The fragments were expressed as glutathione S-
transferase (GST) fusion proteins in Escherichia coli BL21. AR1
consists of the rAR amino acids 533-637 [23], GR1 consists of
the rGR amino acids 432-533 [24], MRI1 is the human MR
(hMR)-DBD from 595 to 696 [25] and PR1 is the hPR-DBD
from 559 to 660 [26]. In the AGg and GAa constructs, the first
Zn-fingers of AR1 (Asp®*® to Ala®”) and GR1 (Ala**?-Ala’f7)
were swapped. As a nomenclature for the chimaeric constructs,
capital letters represent the origin of a Zn-finger and a small
letter represent the hinge region (A for AR and G for GR). AGa,
for example, is comparable with AR1, except that the second Zn-
finger was swapped for that of the GR (Val***-Met**%). In G%/,,a
and A*/_.g, part of the second Zn-finger and the hinge region
were swapped between AR1 and GR1. The deletion mutants are
schematically represented with numbers indicating the C-terminal
amino acid (Table 1). The AAg(517) and GGa(619) constructs
were derived from AR(619) and GR(517) in which the twelve C-
terminal residues were swapped. The construct AR(619m) was
derived from AR(619) by exchanging the three C-terminal amino
acids between the AR (Leu®'”, Gly®'8, Asn®'?) with those of the
GR (Lys®*?, Tle*té, Lys®'7).

Production and purification of full-size receptors

The vaccinia-virus expression vectors (pMS56) containing the
cDNA of the GR and of the AR were used, and the purification
and determination of specific activity were performed as described
previously [27].

Purification of receptor fragments

The bacteria were grown in 50 ml of Luria broth up to an 4,
of 0.5-0.6, the culture was then maintained at 25 °C and the
protein production induced by adding 0.2 mM isopropyl f-D-
thiogalactoside in the presence of 10 uM ZnCl,. After 2 h the
bacteria were collected by centrifugation (5 min, 1500 g), dis-
solved in 3 ml of PBS (140 mM NaCl/2.7 mM KCI/10.1 mM
Na,HPO,/1.8 mM KH,PO,, pH 7.3) containing 10 xuM ZnCl,
and disrupted by ultrasonic treatment in the AT200-Bioruptor
sonicator (Cosmo Bio, Seraing, Belgium). The high-speed super-
natant of the lysate was applied to a GSH—Sepharose 4B column.
The column was washed with 10 bed vol. of PBS containing
10 #M ZnCl, and the GST portion was cleaved off on the column
by thrombin digestion (2 units, 1.5 h). The proteins were stored

Comparison of the affinities of the DBDs with the fold induction by the full-size AR, GR, PR and MR

Fold inductionf

K (nM)

by gel-shift assays” COS cells CV1 cells
Receptor PB-ARE-2 C3(1) ARE PB-ARE-2 C3(1) ARE PB-ARE-2 C3(1) ARE
AR 2345 5+1 1143 1442 55407 59407
GR 165+ 10 21+3 16402 741 11402 78+1
MR 88+6 16+3 21402 7+1 13402 47406
PR 290+30 33+8 19404 6.9+08 15402 51409
fAGA - - 1745 - -

* The apparent dissociation constants of the DBD constructs are determined as described in the Experimental section.

T Transient transfection assays were performed as described in the Experimental section.
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in PBS containing 10 xuM ZnCl, and 159, glycerol at —80 °C.
To exclude artefacts in the purification process, the purity and
size of the proteins obtained were always monitored by SDS/
PAGE and the concentration was determined with Coomassie
Protein Assay Reagent (Pierce).

The specific activity of AR1 and GR1 was determined in gel-
shift assays in which labelled C3(1) ARE was competed for by
increasing amounts of excess unlabelled C3(1) ARE in the
presence of a constant amount of protein [the C3(1) gene codes
for a component of the prostatic binding protein and contains an
ARE in the first intron] [28]. The purified preparations of AR1
and GR1 appeared to contain 559, biologically active proteins.
Since all purified receptor constructs bind the C3(1) ARE with
similar affinity, we assume that they contain similar amounts of
active protein.

Gel-shift assays and determination of the apparent dissociation
constants (K;)

The probes (5000 c.p.m./fmol) were labelled with [¢-**P]dATP
(Amersham) by a fill-in reaction with the Klenow enzyme. X-
Omat S X-ray films were purchased from Kodak. In gel-shift
assays, constant amounts (20000 c.p.m.) of labelled double-
stranded oligonucleotides were incubated (20 min at room tem-
perature) with increasing amounts of protein (ranging from
0.25 ngup to 10 ug) in 20 xl of binding buffer [10 mM Hepes (pH
7.9)/2.5mM MgCl,/0.05mM EDTA/109% glycerol/50 mM
NaCl/50 ng poly(dI-dC)/0.19, Triton/I mM dithiothreitol].
Subsequently, free and bound probe were separated by electro-
phoresis for 90 min at 120 V in a 59, non-denaturing polyacryl-
amide gel. The percentage of retarded probe for each protein
concentration was determined by scanning dried gels with a
PhosphorImager (Molecular Dynamics) and used for calculation
of the apparent dissociation constant (K;). The isolated DNA-
binding domains bind as dimers to the DNA and involve co-
operative protein—protein interactions between the monomers.
To take this into account, the formula for Hill kinetics was used
for the calculation of the dissociation constants. For an accurate
comparison of the DNA affinities of the different receptor
constructs, the K values were based on data from at least three
independent protein preparations.

Cell culture and DNA transfection

CV-1 cells and COS cells, obtained from the American Type
Culture Collection, were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) containing 5 9%,-dextran-coated charcoal-
stripped fetal bovine serum (DCC). Reporter plasmids were co-
transfected with expression vectors for rAR, rGR, hMR or hPR
with the FuGENE system (Boehringer Mannheim). A f-
galactosidase expression plasmid (CMV-f-gal, Stratagene) was
used as internal control of the transfection efficiency. For the
transfection assay of CVI1 cells, 0.5 ug of reporter plasmid
together with 50 ng of receptor expression vector, 0.25 ug CMV-
p-gal and 0.5 ug carrier DNA were mixed with 50 xl DCC
containing 1.5 yl FuGENE transfection reagent. After 15 min
incubation at room temperature, the mixture was added dropwise
on to the cells (16-mm-diameter culture dish containing 4 x 10°
cells in 500 ]l DMEM). After overnight incubation at 37 °C, the
medium was replaced with DMEM containing 5 9%, fetal-bovine
serum and the cells were grown in the absence or presence of
1 nM R1881 (methyltrienolone, a synthetic androgen hormone),
dexamethasone, aldosterone or progesterone for 48 h. The same
procedure was used for the transfection of COS cells, with the
following amounts of DNA: 35 ng of reporter plasmid, 25 ng of
receptor expression vector, 50 ng of CMV-g-gal and 0.75 ug of

carrier DNA. Luciferase activity was measured with the luciferase
assay system from Promega, and p-galactosidase activity was
measured with the f-galactosidase system from Clontech.

RESULTS
PB-ARE-2 is a specific ARE

In previous DNA-binding studies, we demonstrated that the PB-
ARE-2 (Figure 1A) is specifically recognized by the AR-DBD
and not by the GR-DBD [20]. To exclude the possibility that this
selective binding in gel-shift assays was an artefact of the Protein

A

CII)ARE: F-AGCTTACATAGTACGTGATGTTCTCAAGGTCGA-3
PB-ARE-2: -AGCTTAATAGGTTCITGGAGTACTTTACGTCGA-3

B
C3(1) ARL PB-ARE-2
- AR GR - AR GR
“ < s
“H £
£
C
ARI GRI1
] "]

PB-ARE-2

C3(1}ARE

Figure 1 Comparison of the binding of the full-size and DBD fragments of
the AR and GR to the C3(1) ARE and the PB-ARE-2

(R) Sequence of the oligonucleotides containing the C3(1) ARE and the PB-ARE-2 motifs used
in the present study. The core motif-like sequences are underlined. (B) Comparative gel-shift
assay of the C3(1) ARE and the PB-ARE-2 probe interaction with the full-size hAR and hGR.
Radiolabelled probes (2 x 10° c.p.m.) were incubated with the purified receptors as described
in the Experimental section. Free and protein-bound DNA were separated on a 5% non-
denaturating polyacrylamide gel and revealed by autoradiography. The specifically (S) and the
not specifically (*) retarded probes are indicated. (G). Comparative gel-shift assay of the C3(1)
ARE and the PB-ARE-2 probe interaction with the DBD of the AR (AR1) and the GR (GR1).
Radiolabelled probes (2 x 10° c.p.m.) were incubated with 0, 135, 400 or 800 fmol of purified
AR1 or GR1 in a total volume of 20 gl for the binding reaction. The protein—-DNA complex was
separated from the free probe by electrophoresis on a 5% non-denaturing polyacrylamide gel.
The gel was dried and exposed to X-ray film to reveal the free probe (F) and the monomeric
(M) and dimeric (D) complexes (indicated by arrows).
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Table 2 Summary of the apparent dissociation constants of all AR- and GR-DBD constructs

Sequence alignment of the DNA-binding domain and the N-terminal part of the hinge region of the rAR [21] and the rGR (in bold and italic) [24]. The two Zn-finger modules and the CTE
are indicated. Differences in amino acid sequence between the AR and the GR are boxed. Deletion and substitution mutants of the AR- and GR-DBD are depicted; white bars indicate parts
of the AR, whereas striped bars indicate parts of the GR. The dissociation constants (in nM) of the different protein constructs for the PB-ARE-2 and the C3(1) ARE are given at the right.
These values were determined as described in the Experimental section. Values are mean = S.E.M.
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A fusion constructs used in that study, we performed a more
elaborate analysis. The difference in specificity was confirmed in
gel-shift assays with purified AR- and GR-DBDs (Figure 1C), as
well as with the full-size AR and GR expressed in HeLa cells by
means of a vaccinia expression system [27] (Figure 1B). The
C3(1) ARE [28] (Figure 1A), used as a positive control in all
experiments, was recognized by both AR and GR, while the PB-
ARE-2 was only bound with high affinity by the AR. In gel-shift
assays using competition, the specific recognition of the respon-
sive elements by the DBD fragments and the partially purified
full-size receptor was shown (results not shown) [27].

For functional comparison of the PB-ARE-2 with the non-
specific C3(1) ARE, we have cloned two copies of each ARE
upstream of the TATA-box of the tk-promoter controlling the
transcription of a luciferase reporter gene. This resulted, re-
spectively, in the constructs pPBluc3 and pC3luc3. These con-
structs were co-transfected with expression vectors for the GR,
PR, MR and AR. Stimulation with the specific steroids revealed
that only androgens induced both reporter constructs (Table 1).
The GR, MR and PR did not transactivate the PB-ARE-2-based
reporter construct, although the inductions of the construct
containing the C3(1) ARE were comparable with those observed
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with the AR. The latter observation clearly demonstrates the
presence of functional receptors under all conditions.

To verify whether the specificity was due to the DNA-binding
domain, we replaced the AR-DBD in the full-size AR with that
of the GR (residues 537-619), resulting in the construct fAGA.
In transient transfection assays, the pPBluc3 was transactivated
by the fAGA construct to a level similar to that mediated by the
AR itself. However, the reporter was at least three times less
responsive, as compared with pC3luc3, a situation that is
intermediate between the GR and AR activation (Table 1). In
gel-shift assays, the isolated DBD fragments of the AR, GR, MR
and PR (AR1, GR1, MR1 and PR1) bound the C3(1) ARE with
high affinity, whereas under similar conditions the PB-ARE-2
was only recognized by AR1 with high affinity (Table 1). This
confirmed that the AR-DBD fragment contains sufficient in-
formation for specific recognition of the PB-ARE-2.

Contributions of the two Zn-finger modules to the sequence-
specific DNA-binding of AR1

Binding assays with chimaeric constructs in which the first Zn-
fingers were swapped between AR1 and GR1 (AGg and GAa)
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Figure 2 Involvement of the second Zn-finger of the AR in the specific
recognition of the PB-ARE-2

The Figure shows the comparative-gel shift assay of C3(1) ARE (A and C) and PB-ARE-2 (B
and D) by the AGg, GAa, AGa (A and B); GGa, AA/Gg and GG/Aa (€ and D). The constructs
are described in Table 2 and in the text. Radiolabelled probes (2 x 10° c.p.m.) were incubated
with 0, 135, 400 or 800 fmol of purified AR or GR1 in a total volume of 20 I for the binding
reaction. The protein—DNA complex was separated from the free probe by electrophoresis on
a 5% non-denaturating polyacrylamide gel. The gel was dried and exposed to X-ray film to reveal
the free probe (F) and the monomeric (M) and dimeric (D) complexes (indicated by arrows).
Note that the exposure time of the autoradiograph shown in (D) was increased in order to reveal
the retarded bands.

showed that the affinity of GAa for both AREs was comparable
with that of AR1, whereas AGg did not recognize the PB-ARE-
2, although it bound the C3(1) ARE with high affinity (Figure 2
and Table 2). This indicates that the first Zn-finger of the AR is
not directly involved in the specific recognition of the PB-ARE-
2, but that the second Zn-finger and the hinge-region fragment
determine the specificity.

The role of the second Zn-finger was analysed in more detail
using AR-DBD constructs in which this finger was swapped for
that of the GR. This resulted in a construct, AGa, which lost its
affinity for the PB-ARE-2 (Figure 2 and Table 2). In addition,
the hinge-region fragment of the AR was unable to confer
affinity for the PB-ARE-2 to the GR-DBD, since the construct
GGa has low affinity for this ARE, although it has high affinity
for the C3(1) ARE (Figure 2 and Table 2).

In the constructs A*/.g and G“/ ,a, the C-terminal part of the
second Zn-finger, which forms an «-helix in the crystal structures
of the GR-DBD, together with the hinge region, were swapped
between AR1 and GR1 (Table 2). Both constructs lost their
affinity for the PB-ARE-2, but not for the C3(1) ARE (Figure 2).
In conclusion, our results indicate that at least two separate
segments, one in the hinge region and one in the N-terminal part
of the second Zn-finger, are involved in the specific binding of the
AR to the PB-ARE-2.

A CTE of the DBD is necessary for high-affinity binding of the AR-
DBD and the GR-DBD to their response elements

In AR1 and GRI, a large fragment of the hinge region was
included because it was also present in the Protein A fusions we
used previously [20]. Most of the sequence divergence between
AR1 and GRI1 is concentrated within this fragment and, from

A B
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Figure 3 Involvement of AR-DBD (TE and GR-DBD) CTE in DNA binding

The Figure shows a comparative gel-shift assay of the C3(1) ARE (A and C) and the PB-ARE-
2 (B and D) by AR(619), AR(611) and AR(607) (A and B); GR(517), GR(509) and GR(505)
(C and D). The constructs are described in Table 2 and in the text. Radiolabelled probes
(2 x 10° c.p.m.) were incubated with 0, 135, 400 or 800 fmol of purified AR or GR1 in a total
volume of 20 I for the binding reaction. Protein—DNA complex was separated from the free
probe by electrophoresis on a 5% non-denaturating polyacrylamide gel. The gel was dried and
exposed to X-ray film to reveal the free probe (F) and the monomeric (M) and dimeric (D)
complexes (indicated by arrows). Note that the exposure time of the autoradiograph shown in
(D) was increased in order to reveal the retarded bands.

A B
Galo19) AAg(517) AR(619m) GGal619) AAg(51T) AR(GI9m)

e e | et |

« D>

-
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PB-ARE-2
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Figure 4
PB-ARE-2

Involvement of the AR-DBD CTE in the specific recognition of

The Figure shows a comparative gel-shift assay of the C3 (1) ARE (A) and the PB-ARE-2 (B)
by the GGa(619), AAg(517) and AR(619m) constructs (for nomenclature, see Table 2).
Radiolabelled probes (2 x 10° c.p.m.) were incubated with 0, 135, 400 or 800 fmol of purified
AR1 or GR1 in a total volume of 20 4l for the binding reaction. The protein—DNA complex was
separated from the free probe by electrophoresis on a 5% non-denaturating polyacrylamide gel.
The gel was dried and exposed to X-ray film to reveal the free probe (F) and the monomeric
(M) and dimeric (D) complexes (indicated by arrows).

the GR-DBD/glucocorticoid response element (GRE) structure
studies [2,6], there are no indications that it would be involved in
DNA recognition. However, removal of this region, generating
the receptor fragments AR(607) and GR(505), resulted in a
complete loss of affinity for the C3(1) ARE (Figure 3 and Table
2). Surprisingly, when both constructs were analysed as a GST
fusion product, they did recognize the C3(1) ARE with high
affinity (results not shown). From a subsequent deletion analysis,
it became clear that, for the GR-DBD, a CTE of at least twelve
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amino acids had to be included to restore the affinity for the
C3(1) ARE [GR(517)]. In contrast, a CTE of only four amino
acids [AR(611)] was sufficient to restore the binding of the AR-
DBD to the C3(1) ARE, whereas a CTE of 12 amino acids was
required in order to restore its high affinity for the PB-ARE-2.
The influence of the CTE on the specific binding of the AR to the
PB-ARE-2 was further illustrated by the constructs AAg(517)
and GGa(619), in which the 12 C-terminal residues were swapped
between AR(619) and GR(517) (Figure 4 and Table 2). Both
constructs have a low affinity for the PB-ARE-2, whereas the
high affinity for the C3(1) ARE remained. In addition, the
AR(619m) construct, in which only the last three amino acids of
the CTE from AR(619) were exchanged with those of the GR,
recognized the C3(1) ARE with high affinity, but not the PB-
ARE-2 (Figure 4 and Table 2).

DISCUSSION

Previous studies clearly showed that the consensus sequence for
the AR binding site is similar to the GRE /progesterone response
element consensus [12,18]. This concept was confirmed in com-
parative DNA-binding studies between the AR- and the GR-
DBDs for a number of AREs [20,29]. An exception to this rule
is the PB-ARE-2, which is only recognized with high affinity by
the AR and not by the GR [20]. We have confirmed this
difference in affinity for the PB-ARE-2 in gel-shift assays with the
full-size AR and GR as well as with the GR-DBD and the AR-
DBD (Figure 1). The calculated K also demonstrates a low
affinity of the GR-DBD for the PB-ARE-2 (K, 165+ 10 nM,
mean+S.E.M.) as compared with the C3(1) ARE (K
2143 nM, mean+S.E.M.).

In transient transfection assays with PB-ARE-2 and C3(1)
ARE containing reporter plasmids and in gel-shift assays with
the DBD-receptor fragments, we demonstrate that the PB-ARE-
2 is a specific ARE, since it is only recognized by the AR and not
by the GR, MR or PR (Table 1). Transfection assays with a
mutated AR, called fAGA, further suggests that determinants of
selectivity reside at least partially within the amino acids 533-619
of the AR, a fragment existing of the two Zn-finger modules of
the DBD and 12 amino acids from the hinge region. We cannot
exclude a role for the N-terminal domain and the ligand-binding
domain in the selectivity of the full-size receptors. This was, for
example, observed for the specific recognition of the HRE3 of
the slp enhancer [30]. The molecular basis for the differences in
the DNA-binding between AR and GR was more thoroughly
studied by comparing the binding of mutant DBD fragments to
the AREs in gel-shift assays and by calculating their apparent
dissociation constants (Kj).

The dissociation constants from the chimaeric constructs
demonstrate that the first Zn-finger module is not involved in the
difference in specificity between AR1 and GR1 (Table 2). This is
surprising, since, for the difference between ER- and GR-DBDs,
it was shown that exchanging only three residues of this module,
called the P-box, was sufficient to change the sequence specificity
[3]. Swapping the C-terminal segment of the second Zn-finger
together with the fragment of the hinge region between AR1 and
GRI1 (A*/,gand G“/,a; Figure 2) resulted in a loss of affinity of
both constructs for the PB-ARE-2. In conclusion, these obser-
vations indicate that both the N-terminal part of the second Zn-
finger and part of the hinge region are involved in the AR
specificity. All constructs retained high affinity for the C3(1)
ARE, indicating that the chimaeric constructs all have the
correct conformation.

It has been reported for the ER a-isoform and the GR that,
besides the two zinc fingers, at least 30 amino acids of the hinge
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region were necessary for high-affinity DNA binding [22,31,32].
In a more detailed deletion analysis we demonstrated the
requirement of a CTE for the DNA binding that differs in length
between the AR and the GR. While the AR-DBD has to be
extended by only four amino acids to regain high-affinity binding
for the C3(1) ARE, the GR-DBD clearly needs 12 amino acids.
However, for the specific recognition of the PB-ARE-2, the AR
also needs a CTE of 12 amino acids. This might be the reflection
of a different binding mode of the AR-DBD to the C3(1) ARE
versus the PB-ARE-2.

The involvement of a CTE in high-affinity DNA binding has
also been described for the vitamin D receptor, the peroxisome-
proliferator-activated receptor, thyroid receptor (TR), human
oestrogen-related receptor, Rev-erbg and nerve-growth-factor-
inducible protein B [7-10,33,34]. However, these receptors are
known to bind mainly as heterodimers with the 9-cis-retinoid
acid receptor (RXR) to direct repeats. Previous studies have
shown that the AR might recognize inverted repeats as well as
direct repeats as response elements. The PB-ARE-2 can also be
considered as an imperfect direct repeat to which GR1 and
GR(517) can bind as monomers to one half-site (Figure 1C and
Figure 3D), while the different AR constructs recognize the PB-
ARE-2 as a dimer rather than a monomer. This suggests that the
AR, and not the GR, can bind in a head-to-head, as well as in a
head-to-tail, configuration, similar to the RXR/TR hetero-
dimeric DNA complex [17,20]. For the GR, only the first
configuration has been reported [2], and most GREs resemble
inverted repeats, although a GRE of the DR15 configuration
was recently reported [35]. In the head-to-tail binding of the
RXR/TR heterodimer on direct repeats, a CTE of 12 amino
acids of only the TR, but not of the RXR, is involved in the
dimerization. Structural studies of RXR/TR-DBD heterodimer
binding to DNA showed the presence of an «-helix in the TR,
situated at the position of this CTE, also called T-box. This helix
is oriented towards the minor groove of the DNA and is supposed
to stabilize the complex by providing extra protein—-DNA as well
as protein—protein interactions [8]. For the GR-DBD, no o-
helical structure in this C-terminal region is seen in the crystallo-
graphic and NMR studies [2,6]. The observation that the
AR-DBD needs a CTE of different length for high-affinity
binding either to the C3(1) ARE or to the PB-ARE-2 is another
strong indication of a different dimerization mode for these
AREs. Indeed, for the AR-DBD the deletion of eight amino
acids of the CTE, the swapping of the entire [AAg(517)], or even
only part of the CTE [AR(619) mutation Leu-Gly-Asn — Lys-
Ile-Lys], results in a loss of affinity for the PB-ARE-2, whereas all
these constructs still recognize the C3(1) ARE with high affinity
(Table 2). Moreover, the C3(1) ARE and the PB-ARE-2 are
bound with high affinity by heterodimers of either, AR1 with
AR(607) or AR1 with AR(611), under conditions where homo-
dimers of AR(607) or AR(611) are hardly detectable (results not
shown). This is not the case for GR1, GR(505) and GR(509),
indicating that these GR- and AR-DBD constructs recognize the
same sequences with a different overall configuration, since the
AR-DBD needs only one CTE for high-affinity DNA binding.
We postulate that the difference in DNA specificity between the
AR and GR for the PB-ARE-2 is due to alternative protein—
protein interactions. By analogy with RXR /retinoic acid receptor
and RXR/TR heterodimers [36], the CTE and the second Zn-
finger probably contribute to a stabilizing interface between the
two monomer AR-DBDs when bound to DNA.

The present study demonstrates that the PB-ARE-2 is an AR-
specific response element that is not recognized by the GR, the
MR or the PR. Surprisingly, this specificity is not determined by
the first Zn-finger, but resides in the second Zn-finger and a small
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CTE. Deletion analysis shows that this CTE is required for the
high-affinity DNA-binding. This region has a different function
in the AR versus the GR, a function that depends for the AR on
the nature of the ARE. Our results suggest that a further
classification of the steroid-receptor family can be made, since we
can discriminate the AR from the GR, PR and MR on the basis
of the DNA-binding selectivity.
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