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Comparable fragments of the androgen receptor (AR) (amino acids 540-607) and of the glucocorti-
coid receptor (GR) (amino acids 412-515) were expressed in E. coli as fusion proteins with protein
A. Both fusion proteins, denoted ARF1 and GRF1, contain the DNA-binding domain and some
flanking amino acids. In vitro binding assays have shown that both fusion proteins interact with
androgen/glucocorticoid response elements (ARE/GREs) in an intron fragment of the C3(1) gene of
the androgen-regulated rat prostatic binding protein and in the typically glucocorticoid-responsive
long terminal repeat (LTR) promoter of mouse mammary tumour virus. Present results indicate
that the interaction of both ARF1 and GRF1 with the C3(1) as well as the LTR fragments is enhanced
in the presence of nuclear extract. The factor that gives rise to this enhancement appears to be
ubiquitous and sensitive to trypsin and temperature treatment. In the C3(1) fragment, the enhancing
effect requires the presence of an intact functional ARE/GRE (Core II) as well as a region spanning
the ARE/GRE half-site Core 1.
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INTRODUCTION and some reports describe an interaction of the factor
with DNA.

We previously described the production of the
DNA-binding domain (DBD) of the androgen receptor
(AR) and of the GR as fusion products with protein
A [16,17). In wvitro experiments show that these
DBD molecules specifically interact with androgen/
glucocorticoid response elements (ARE/GREs) in the
first intron of the C3(1) gene of rat prostatic binding
protein (PBP) and in the mouse mammary tumour
virus-long terminal repeat (MMTV-LTR). Our
present results indicate that binding of ARF1 and
GRF1 to both the C3(1) and the LTR fragments is
enhanced upon addition of NE from different cell lines
and tissues.

Nuclear extract (NE) has been shown to enhance
in vitro DNA-binding of several members of the steroid
receptor superfamily. This was described for the
glucocorticoid receptor (GR) [1], the progesterone
receptor (PR) [2], the estrogen receptor (ER) [3, 4], the
vitamin D receptor (VDR) [5-7], the retinoic acid
receptor (RAR) [8,9] and for the thyroid hormone
receptor (TR) [10-15]. In general, the nuclear factors
that enhance DNA-binding appear to be ubiquitous
rather than restricted to specific cell types but in most
cases they have been rather poorly characterized. In
those cases where the size has been estimated, it falls in
the range of 45 to 67 kDa—with the exception of the
factor that enhances DNA-binding of the GR, which
has an apparent M,, of 700-3000. In some instances,

cross-linking experiments have demonstrated a direct
interaction between the receptor and the nuclear factor
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MATERIALS AND METHODS

Preparation, temperature inactivation and trypsin diges -
tion of NE

NE from liver, kidney and prostate of Wistar albino
rats was prepared according to the method of Gorski er
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al. [18]. NE from the FTO-2B rat hepatoma cell line
[19] and from Hel a cells was prepared according to the
method of Dignam ez al. [20]. Both tissue and cell NE
was dialysed against 25mM Hepes—KOH pH 7.6,
40 mM KCl, 0.1 mM EDTA, 109, glycerol and 1 mM
dithiothreitol and stored in aliquots at — 70°C.

For temperature inactivation experiments, the
FTO-2B NE was heated at 37, 65 or 95°C for 5 min and
centrifuged for 1 min in a microfuge. Control extract
remained on ice until added to the gel retardation
mixture.

A trypsin-sensitivity experiment was set up as
follows. NE from FTO-2B cells was treated with
trypsin (final concentration 0.02 mg/ml) for 5 min on
melting ice. Soy-bean trypsin inhibitor was added
(finally 0.2 mg/ml) and after 5min the extract was
added to the gel retardation mixture. As a negative
control, trypsin was preincubated with trypsin
inhibitor for 5 min and added to the NE. After 5 min
the extract was added to the gel retardation mixture.
Another control was included in which trypsin and
trypsin inhibitor, preincubated for 5 min, were directly
added to the gel retardation mixture without the
addition of NE. The final volume and chemical
composition of each sample were identical.

Gel retardation assay

The probe derived from MMTV-LTR was
described previously [17], as well as the probe from the
C3(1) gene of PBP [see also Fig. 5(A)]. The site-
directed mutations of the C3(1) fragment [see Fig. 5(B),
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1-5] were described by Celis et al. [21]. Fragments 6
and 10 were prepared by annealing of oligonucleotides
and ?P-labelled with Klenow polymerase. Fragments 7
and 8 were produced by polymerase chain reaction
amplification. The primers used were 3?P-labelled with
T4-polynucleotide kinase. Fragment 9 is a subfragment
of fragment 8, obtained after digestion with Taql. In
addition to these labelled probes, two non-radioactive
double stranded oligos were prepared for competition
experiments. One contained the Core I element and the
second contained an NF-1 recognition site. Fragment
10 in Fig. 5 was also used as unlabelled competitor.

For gel retardation 10,000 cpm of each probe was
incubated with 100 ng IgG-Sepharose-purified ARF1
or GRF1 in the presence or absence of 10 ug NE from
different cell lines or tissues. The incubation of the
probe with fusion protein and NE and the subsequent
separation of bound and free probe by polyacrylamide
gel electrophoresis were carried out as already
described [17]. For competition experiments, 5, 10 or
20 pmol of unlabelled oligonucleotide were added, as
indicated in the legend of Fig. 6.

RESULTS

A ubiquitous temperature- and trypsin-sensitive nuclear
factor has enhancing effects in gel retardation experiments
with ARF1 and GRF1

We previously reported the production in E. coli
of the AR- and the GR-DBD as fusion products
with protein A (ARF1 and GRF1) [17]. In wvitro

ARF1 + + - + + -
NE - + + - + +

GRF1
NE

Fig. 1. Influence of NE on gel retardation. (A) The C3(1) fragment was subjected to gel retardation with the

fusion proteins ARF1 (lanes 1-3) and GRF1 (lanes 4-6). Lanes 1 and 4 contain only fusion protein, lanes 2 and

5 contain fusion protein and NE of FTO-2B cells, lanes 3 and 6 contain FTO-2B NE. (B) Identical experiment
with the MMTV-LTR fragment.
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binding assays demonstrated that both fusion proteins
interacted with DNA fragments derived from the
first intron of the PBP C3(1) gene and from the
MMTV-LTR. Both fragments can mediate androgen-,
glucocorticoid- and progesterone responses [22,23].
The C3(1) fragment contains 2 GRE-like sequences
[see Fig. 5(A)], denoted Core I and II. Only Core 11,
which is more homologous to the GRE consensus than
Core 1, acts as a functional androgen, glucocorticoid
and progesterone response element [22]. The LTR
fragment contains 4 GRE-like sequences.

Figure 1 demonstrates that addition of FTO-2B NE
to gel retardation assays increases the size as well as the
intensity of the shifted complexes. This effect is seen
for both the C3(1) [see Fig. 1(A)] and the LTR [see
Fig. 1(B)] probes, the receptor protein being either
ARF1 or GRF1. When NE is added alone, some
smearing of the probes appears, but no bands can be
detected. These data suggest that FTO-2B NE con-
tains one or several factors that enhance retardation of
DNA fragments by ARF1 and GRF1 in a cooperative
rather than in an additive way.

For the sake of simplicity, only the C3(1) fragment
and ARF1 were used for further investigation. As an
initial characterization, the temperature-sensitivity of
the nuclear factor was determined. NE from FTO-2B
was either kept on ice or was heated to 37, 65 or 95°C
and assayed in a gel retardation experiment with ARF1

1 2 3 4 5
& on "‘ - -

NE - +
Fig. 2. Temperature-sensitivity of the nuclear factor. Gel
retardation experiment with the C3(1) fragment and ARF1 in
the absence of NE (lane 1) or with FTO-2B NE that was kept
on ice (lane 2) or heated at 37, 65 or 95°C (lanes 3-5).
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Fig. 3. Trypsin-sensitivity of the nuclear factor. Gel retar-
dation experiment. Each lane contains the C3(1) fragment
and ARF1. In lane 1, FTO-2B NE was added. In lane 2, the NE
was first digested with trypsin, and then soy-bean trypsin
inhibitor was added. As a negative control (lane 3), trypsin
was preincubated with inhibitor before addition to the NE. In
lane 4, trypsin was preincubated with inhibitor and added to
the gel retardation mixture in the absence of NE. Lane 5
contains the C3(1) fragment and ARF1 only.

and the C3(1) probe. Figure 2 shows that the factor
withstands 37°C but is inactivated from 65°C on.

The factor is also sensitive to trypsin digestion, as
indicated by Fig. 3. In lane 2, FTO-2B NE was treated
with trypsin for 5 min. Soy-bean trypsin inhibitor was
added and after 5 more min, the extract was added to
a gel retardation mixture with ARF1 and the C3(1)
probe. A negative control was included, in which
trypsin was first incubated with trypsin inhibitor and
then added to the NE (see Fig. 3, lane 3). This still
results in a small loss of the effect, which reflects an
incomplete inhibition of the tryptic activity. Therefore
another control was included, in which trypsin and
inhibitor were added to the gel retardation mixture in
the absence of NE (lane 4). This did not result in a loss
of retardation (as compared to lane 5, containing only
ARF1), indicating that trypsin did not degrade ARF1.
Both the heat inactivation and the trypsin digestion
strongly suggest that the effect observed upon addition
of FTO-2B NE is due to a protein factor.

In order to examine the tissue distribution of the
factor, we then prepared NE from rat liver, kidney and
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Fig. 4. Tissue distribution of the nuclear factor. Lane 1 only contains the C3(1) fragment. Lane 2 contains C3(1)
and ARF1. Lane 3 additionally contains NE from liver (L), kidney (K) and prostate (P) as indicated. Lane 4
contains NE only.

prostate and tested them in a gel retardation assay with
ARF1 and C3(1) (see Fig. 4). Prostate and kidney
extracts, along with HeLa cell extracts (not shown),
influence retardation in a way similar to FTO-2B.
Addition of extract from liver results in a strong
retarded complex in the absence of ARF1 and is
therefore inconclusive. These results indicate that the
factor is an ubiquitous protein, not restricted to the rat
system, nor to specific androgen or glucocorticoid
target tissues.

Mechanism of the enhancement of DN A -binding

In order to evaluate the contribution of particular
regions in the C3(1) fragment to the enhancement of
DNA-binding in the presence of NE, different mutant
forms and subfragments of this probe were tested. The
results are summarized in Fig. 5.

When the functional near-consensus ARE/GRE
Core II is replaced by the non-functional ARE/GRE
half-site Core I, binding of ARF1 is no longer
observed, neither in the presence nor in the absence of
NE [see Fig. 5(B), 2]. Binding is also prevented by
addition of competitor oligonucleotide containing the

Core 1I element (see Fig. 6). This indicates that basal
binding of ARF1 requires the presence of Core II—or
a perfect GRE sequence [see Fig. 5(B), 4]. Enhanced
retardation (i.e. appearance of a larger and more intense
shifted complex in gel retardation assays), on the other
hand, requires an additional region, narrowed down to
24 nucleotides, around Core I [see Fig. 5(B), 8 and 9].
This region also contains a recognition half-site for the
transcription factor Nuclear Factor 1 (NF-1) [24] and
the DBD of NF-1 binds to this region with high affinity
[21]. However, mutation of Core I or of the NF-1 site
does not abolish the enhancement [see Fig. 5(B), 3 and
5], nor does addition of a competitor oligonucleotide
containing an NF-1 site from the human growth hor-
mone gene [25] or consisting of the mentioned 24
nucleotides (see Fig. 6).

The possibility was considered that the enhancement
is not caused by binding of an additional factor but is
rather due to modification of ARF1 by an enzyme in
the NE. However, the fact that some DNA fragments
are recognized by ARF1 but that the interaction fails
to be enhanced in the presence of NE [see Fig. 5(B), 6,
9 and 10] strongly argues against such a mechanism.
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A
5'—ACTAGGGTTTCTGGTTATGTTGTTTTGTGAggg;iATGTTAGAGTTAAGggiiciAcggGéCTAACATTCGAGCTGTGATATTT

1 10 20 60 70 80

Core II
ATAGGATGTTTGAACATAGTACGTGATGTTCTCAAGATAGTAATGAAATATGCTTACCATAGCCAGCAAAACAGgate-3
100 110 120 130 140 150 158
B ARF1
+
| ARF1 | NE |

1. wild type + T+
2. AGTACGTGATGTTCT (Core II) ——+ AGTACGTGATITTCT - -
3. AGAACA (Core I) -~ AGAAAA + ++
4. AGTACGTGATGTTCT (Core 1I) —-— GGTACATGATGTTCT (GRE consensus) + ++
S. TTGGC (NF-1) —- AGATC + ++
6. 98-151 + +
7. 15-128 + ++
8. 46-128 + +
9. 70-128 + +
10. 5'-agcttACATAGTACGTGATGTTCTCAAGgagct-3' (contains Core II) + +

Fig. 5. Influence of mutations and truncations of the C3(1) fragment on the enhancement of DNA-binding. (A)
Sequence of the C3(1) fragment. In bold and double underlined are the ARE/GRE half site Core I and the
near-consensus ARE/GRE Core II. Also indicated are recognition sites for the transcription factors NF-1 and
Oct-1. The lowercase letters indicate nucleotides that originate from subcloning. (B) Schematic representation
of gel retardation with ARF1 and different mutants and subfragments of the C3(1) probe, in the presence or
absence of FTO-2B NE. Line 2 : mutation in the Core II element. Line 3 : mutation in Core I. Line 4 : Core
II is replaced by the GRE consensus. Line 5 : mutation of the NF-1 site. Lines 6-10 : subfragments as indicated.
The lowercase letters in line 10 represent nucleotides that were added to allow sticky end ligation. A +sign
in the first column indicates that ARF1 binds to the fragment. A +sign in the second column means that ARF1
binds to the fragment but no enhancement is seen in the presence of NE. A double +sign indicates that
enhancement of retardation and formation of a larger complex is seen when both NE and ARF1 are added.

DISCUSSION

In recent years, several nuclear factors have been
described that enhance the DNA-binding affinity of
TR, RAR and VDR (see Introduction for references).
At present it has become clear that many of them—
if not all-—correspond to retinoid X receptors (RXRs),
which are also members of the steroid receptor
superfamily (see Ref. [26] for review). RXRs can
heterodimerize with TR, RAR and VDR, thereby
increasing these receptors’ affinity for their cognate
REs [27-33]. As has been described for homodimeriza-
tion of SRs, the heterodimer formation with RXRs
occurs in the LBD of both partners.

In our experiments, enhancement of DNA-binding
affinity is seen upon addition of NE to fusion proteins
merely containing the DBD and small flanking regions
of the AR and the GR. This sets our findings apart
from the data described above. They are in line,
however with another report describing increased
DNA-binding affinity of the bacterially expressed
DBD of RAR« in the presence of NE [9]. Another

distinction between our data and those obtained with
TR, RAR and VDR, is that nuclear factors enhance the
latter receptors’ binding affinity for REs that are con-
tained in oligonucleotides, whereas increased binding
of the ARF1 and GRF1 fusion proteins requires longer
probes. In this respect it may be noted that NE has
been reported to enhance binding of the PR to an
MMTV-LTR fragment [2].

Although the mechanism that underlies our
observations is not fully understood, experiments with
ARF1 and the C3(1) intronic fragment as well as
mutated forms and subfragments of this probe give
some valuable indications. Firstly, enhanced retar-
dation is not seen unless the DNA fragment contains
the intact Core II element or a consensus GRE, to
which basal binding of ARF! occurs. Secondly, a
second region encompassing the Core I element is
required for enhanced binding, which is not prevented,
however, by addition of competitor oligonucleotide
consisting of this region. Thirdly, binding of the
nuclear factor and of ARF1 is cooperative, which
implies that they must interact either directly or in an
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8 9 10 11 12 13

ARF1 + + -+ + + + + + + + +
NE - _ + + + + + + + + + + +
coup - - - - _—] _—1 _—]

NF1 Core 1 Core II

Fig. 6. The influence of competitor oligonucleotides on the enhancement of DNA-binding. Gel retardation

experiment. All lanes except lane 3 contain ARF1. All lanes except 1 and 2 contain FTO-2B NE. In lanes 5-7,

unlabeled oligonucleotide containing an NF-1 binding site was added (5, 10 and 20 pmol). Lanes 8-10 and 11-13
contain similarly increasing amounts of oligonucleotides containing Core I and II, respectively.

indirect way. The following mechanism may explain
these observations. At any rate, a nuclear factor appears
to interact with the region around Core I. However, the
interaction is not affected by mutations in this region
nor by addition of a large molar excess of a 24 nt.-long
oligonucleotide consisting of this region. This may
indicate that the factor binds to DNA in a non-
sequence-specific way. Furthermore, the factor’s
binding site must at least be 25 nt. apart from the AR
binding site Core II. This means that a direct
interaction between the nuclear factor and the AR is
unlikely and rather suggests that cooperativity is
brought about by a third factor in the NE. In the case
of the interaction between sequence-specific and
general transcription factors, the existence of such
bridging factors, often termed ‘‘coactivators” or
“adaptors” has been well documented [34-37]. If a
third factor is involved, this may also explain why
attempts to purify the factor by chromatographic
methods have so far resulted in loss of the enhancing
activity.

Taken together, our data indicate that gel retardation
of C3(1) and MMTV-LTR fragments with the fusion
proteins ARF1 and GRF1 is markedly enhanced in the
presence of NE from different cell lines and tissues. A
more detailed study with mutants of the C3(1) frag-
ment has shed some light on the mechanism underlying

this enhancement and a model has been put forward. At
this stage it is recommended to verify if the same results
can be obtained with full-size AR. Unfortunately,
purification of AR has so far proven impossible. To
overcome this problem, we are currently engaged in a
project that aims to produce full-size functional AR in
a Vaccinia virus expression system.
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