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Summary

The heterodimers of all three ecdysone receptor (EcR) isoforms with Ultraspiracle
(Usp), the invertebrate orthologue of RXR, bind ponasterone A with the same affinity
in the absence of DNA. Ligand binding is stimulated by ecdysone response elements
(ECREsSs) to different degrees depending on the receptor isoform, the
heterodimerization partner, and the type of ECRE. Ligand binding to heterodimers
with wtUsp is enhanced 5 fold with hsp27, Pal-1 and DR-1. In the presence of DNA
substantial differences in ligand binding were observed, when the AB domain of
wtUsp is replaced by the N-terminus of VP16, which is routinely used for
determination of transcriptional activity to overcome the inhibitory action of the AB-
domain of Usp. Enhanced dimerization in the presence of hormone response
elements increases mainly the number of binding sites resulting in improved ligand
binding, which is observed even if the C-domain of Usp is deleted. RXR, which can
partially replace Usp function, confers high affinity ligand binding only in the presence

of an EcRE.

Keywords: dimerization, hormone response element, insect, moulting hormone,

nuclear receptor, retinoic acid receptor, ultraspiracle.

Abbreviations used
EcR: Ecdysone receptor, ECRE: ecdysone response element, Eos-FP: red
fluorescent protein, Usp: Ultraspiracle, Vp16: herpes simplex transcriptional activator

protein, RXR: Retinoic acid X-receptor, YFP: Yellow fluorescent protein.
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1. Introduction

Three isoforms of EcR with different AB-domains are described for Drosophila
(Bender et al., 1997). “In vivo” these isoforms are not functionally equivalent and
cannot substitute each other during Drosophila development. One possibility for fine-
tuning of the hormone response in order to achieve isoform specific effects is
variation of the expression level of receptor isoforms dependent upon the target
tissue and developmental stage (Kamimura et al., 1997; Jindra et al. 1996; Verras et
al., 2002). In addition the transcriptional capability of receptor isoforms varies
particularly hormone induced transactivation. This has been shown for receptors
expressed both in vertebrate (Beatty et al., 2006; Mouillet et al., 2001) and insect
cells (Hu et al., 2003; Schubiger et al., 2003). Therefore the question arose, whether

the various hormonal responses are due to differences in ligand binding affinity.

The ecdysteroid ponasterone A binds to the heterodimer EcR /Usp with high affinity
(Yao et al., 1992). Since the affinity of separately expressed ligand binding domains
are in the same range, when fused to Gal4-AD and Gal4-DBD respectively and the
addition of other tags like GST, Hisg, or C-myc did not alter the affinity significantly
(Grebe et al., 2004), it was concluded that the ligand binding domain is autonomous
and that ligand binding is not affected by interaction with other receptor domains. On
the other hand it is known from vertebrate nuclear receptors that interaction between
the AF-1 region in the AB-domain and the ligand binding domain at the C-terminus
occurs either indirectly via comodulators (Tian et al., 2006; Ikonen et al., 1997) or
directly (Tetel et al., 1999). Since the AB-domain is shaped into its active
conformation by DNA (Lavery and McEwan, 2005) the interaction of AF-1 and AF-2

may require DNA binding of nuclear receptors as reported e.g. for the progesterone
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receptor by Heneghan et al. (2007). An influence of the ligand binding domains of
EcR/Usp on the C-domain is reported e.g. DNA-binding of the receptor complex is
enhanced severalfold in the presence of ligand (Antoniewski et al., 1993; Elke et al.,
1999; Braun and Spindler-Barth, unpublished results). We therefore tested, whether

the C-domain also affects ligand binding.

In most insects tested thus far, ligand binding to EcR is only detectable after
heterodimerization. In Drosophila weak ligand binding is observed with EcR alone,
but is reinforced about 90 fold by Usp (Grebe et al., 2003; Grebe et al., 2004). Usp
increases the half life of the holo-receptor complex by reducing the dissociation rate
of the ligand (Grebe et al., 2004). Mutational analysis revealed that Usp partially
rescues the ligand binding capabilities of mutated EcRs (Grebe et al., 2003). We
therefore examined, whether the influence of Usp is restricted to the E-domain,
necessary for ligand induced dimerization, or whether other domains of Usp are also

involved.

Several publications report that Usp can be replaced by the vertebrate orthologue
RXR (Panguluri et al., 2006; Palli et al., 2005; Henrich et al., 2003; Thomas et al.,
1993), albeit with lower efficiency (Nieva et al., 2008). We therefore examined the

influence of RXR on ligand binding of the receptor heterodimer.
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2. Material and Methods

2.1 Cell culture and transfection

The Chinese hamster ovary (CHO-K1) cells were maintained in DMEM/F12 medium
(with L-Glutamine) (Invitrogen, Carlsbad, Ca, USA) supplemented with 5% FCS.
Cells were cultivated in tissue culture dishes at 37°C in a humidified atmosphere with
5 % CO,. For transfection 1.5 — 2x10° cells were seeded in 10 cm cell culture dishes.
After 24 h (90% confluency) the transfection was performed with 7.0 ug of DNA (3.5
Mg DNA for each expression plasmid (EcR and Usp) using Lipofectamine 2000
(Invitrogen, Carlsbad, Germany) according to the prescription of the manufacturer.

The cells were incubated for 24 hours before harvesting.

The following expression plasmids coding for nuclear receptors were used:

EcR isoforms: pcDNA3-dEcRA, pcDNA3-dEcRB1and pcDNA3-dEcRB2 was kindly
provided by Dr.V.C. Henrich (University of Greensboro, NC, USA). The open reading
frames were cloned between BamHI| — Xbal sites in pcDNA3 vector (Invitrogen,
Carlsbad, USA). The strategy of plasmid construction is described by (Mouillet et al.,

2001).

Usp variants: Wild type Usp inserted into pEYFP-N1 (Clontech, Palo Alto, CA, USA)
using EcoRI and Sall restriction sites was provided by Prof. Ozyhar (University of
Wrozlav, Polen) and modified further by Dr. S. Braun (University of Ulm, Germany) to
allow expression of a fusion protein encompassing aa 1-507 of Usp. DNA constructs
coding for Usp variants (Uspl, Uspll and Usplll) were obtained from Dr. V.C. Henrich
(University of North Carolina, Greensboro, USA). All Usp variants were cloned

between EcoRI and Hindlll into a pVP16 expression vector (Clontech, Heidelberg,
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Germany) replacing the A/B domain of Drosophila wild type Usp by VP16-AD (Beatty
et al., 2006). The VP16-dUspl variant includes six amino acids of B domain of wild
type Usp adjacent to the N-terminus of the C- domain of Usp and the remaining
carboxy-terminal part of the open reading frame (aa 98-507). The VP16-dUspll|
variant is identical to Uspl, with the exception that the six amino acids are missing. A
third variant, VP16-dUsplll, coding for amino acids 170-507, lacks the DNA binding
domain. mMRXR, was obtained from Dr. V.C. Henrich (University of North Carolina,

Greensboro, USA) (Henrich et al., 2003).

2.2. Preparation of cell extracts

24 hours after transfection cells were gently detached from the surface with a
scraper. The cells were rinsed with 5ml ice cold 1x PBS (138 mM NaCl, 2.7 mm KClI,
1.8 mM KH2PO4, 10 mM NayHPOy4, pH = 7.2) and transferred into 15 ml tubes. After
centrifugation (260g, 4 min) the supernatant was discarded and the cell pellet was
resuspended in 3 packed volumes of ice cold extraction buffer (20 mM HEPES, 150
mM NaCl, 1 mM EDTA, pH = 0 7.9) supplemented with 2 mM DTT and protease
inhibitors (aprotinin, leupeptin, pepstatin, 1ug/ml each). After three freeze/thaw cycles
the lysate was centrifuged (18 000g, 30 min, 4°C). The clear supernatant was used
for ligand binding assays. Protein content was determined according to Bradford
(1949). Since the nuclear receptors especially Usp were not epressed at comparable
levels (Braun et al., personal communication) separately expressed Usp was added

to ensure that all ECR present was transferred into the heterodimer.

2.3 Ligand binding
Cell extracts prepared as described above were diluted with ligand binding dilution

buffer (20 MM HEPES, 15 %(v/v) glycerol, 2 mM EDTA, 4 mM DTT, pH = 7.9)
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supplemented freshly with protease inhibitors (aprotinin, leupeptin, pepstatin, 1ug/mi
each). Ligand-binding was determined with *[H]-Ponasterone A (specific activity 7.9
TBqg / mmol) using a filter assay, as described previously (Turberg and Spindler,
1992). Briefly cell extracts were incubated routinely with 7.5 nM [H]-Ponasterone for
5 hrs at 4°C. For determination of Kp-values various concentrations of °[H]-
Ponasterone A were used. Free ligand was removed by a filter assay (Turberg and
Spindler, 1992) using NC45 nitrocellulose membranes (Schleicher and Schuell,
Dassel, Germany) washed with 3 x 4ml ice-cold washing buffer (20mM HEPES,
20mM NaCl, 10%glycerol (v/v), 1 mM EDTA, 1 mM R-mercaptoethanol, pH = 7.9).
Bound radioactivity was measured with a liquid scintillation counter (TRicarb 1500,
Perkin EImer, Rodgau-Jugesheim, Germany) and the non specific binding
determined by competition with 1uM 20-OH-Ecdysone subtracted. As additional
control extracts from non transfected cells were used (<100cpm). The purity of 3[H]-
Ponasterone A was routinely checked by HPLC analysis before use. For calculation
of Kp— values the results were evaluated according to Scatchard (1949) or calculated
with Kaleida Graph, version 4.0 (Synergy Software, Reading, PA, USA). Comparable

results were obtained with both methods; each experiment was repeated 3-6 fold.

The influence of different hormone response elements (280 ng / 100ul) was studied
using the same receptor concentration for each set of experiments. The amount of
receptor was determined by Scatchard analysis/Kaleidagraph. The following double
stranded oligonucleotides were used.

1). 1x hsp 27: AGCGACAAGGGTTCAATGCACTTGT

ATTGGACAAGTGCATTGAACCCTTGT

2). 3x hsp 27: (AGCGACAAGGGTTCAATGCACTTGT
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ATTGGACAAGTGCATTGAACCCTTGT)s3

3). 5x hsp 27: (AGCGACAAGGGTTCAATGCACTTGT

ATTGGACAAGTGCATTGAACCCTTGT)s

4).1x DR-1: GATCTAGAGAGGTCAAAGGTCATGTCCAAG

GATCCTTGGACATGACCTTTGACCTCTCTA

5). 5xDR-1  (GATCTAGAGAGGTCAAAGGTCATGTCCAAG

GATCCTTGGACATGACCTTTGACCTCTCTA)s

6).1xPal-1: GATCTAGAGAGGTCAATGACCTCGTCCAAG

GATCCTTGGACGAGGTCATTGACCTCTCTA

7). 5xPal-1: (GATCTAGAGAGGTCAATGACCTCGTCCAAG

GATCCTTGGACGAGGTCATTGACCTCTCTA)s

Hsp 27 was purchased from Thermo (Ulm, Germany) and Pal-1 and DR-1 were
obtained from Biomers (UIm, Germany). Controls with the same amount of non-
specific DNA of comparable size were performed and subtracted (< 150 cpm).
Statistical significance (P values less than 0.01) of differences among groups was

determined on the basis of a two-sided, matched paired Student's t test.
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3. Results

3. 1. Ligand binding to EcR isoforms in the absence of Usp is reinforced by DNA.
Ligand binding affinity of EcR is about 90 fold lower in the absence of a
heterodimerization partner as determined by kinetic measurements of receptor
domains expressed in yeast cells (Grebe et al., 2004). Control experiments revealed
that during the time period needed for the experiments (5 hours) the receptor proteins
remained functional concerning ligand binding even in the absence of hormone and
/or dimerization partner. After ten hours 93.5+3.5 % (n= 6) of the ligand binding
capacity of the receptor protein of each isoform is still present. We therefore conclude
that no degradation occurred during the incubation time in the extracts. In the
presence of the ecdysone response element (ECRE) DR-1 ligand binding is improved
particulary if oligomeric ECREs are used (Fig. 1). The stimulatory effect varies
depending on the EcR isoform and is significant only for ECR-A and EcR-B1, but not
for ECR—B2 and indicates a modulatory effect of the AB domain of EcR. We can not
discriminate, whether ligand binding is improved by an increase in homodimerization
or whether there is a direct influence of the DBD complexed with the hormone
response element on ligand binding. Determination of ligand binding revealed a Kp =
3.3x 108 M/ L for EcR-A in the presence of DR-1 (Fig 2). Our efforts to determine
Kp-values in the absence of DNA were not successful under our experimental
conditions, although at a concentration of 10 nM/L *H-ponasterone A specific ligand

binding above background level (100-150cpm) could be detected (Fig.1).

3.2. All three isoforms of Drosophila EcR bind ligand with the same affinity, if

complexed with Usp.
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The affinity of Ponasterone A (Table 1, Fig. 3) is the same for heterodimers of all
three isoforms of EcR and wild type Usp in the absence of DNA. Since the AB-
domain of Usp is routinely replaced by the N-terminal activation domain of the Vp16
transcription factor in order to overcome the inhibitory influence of the original Uspag
domain on transcriptional activity (Henrich, 2005), we additionally determined ligand
affinity of the heterodimers with Vp16ap —Uspcpe fusion proteins (Uspl and I1). No
significant influence of the AB- domain of Usp on ligand binding was observed (Table
1). Deletion of the DNA binding domain of Usp, which also harbours a strong
dimerization interface, does not affect ligand binding (Table 1). Fusion of EcR with a
fluorescent protein such as YFP at the N-terminal end also does not impair ligand
binding and the Kp-values are only slightly increased (10.7% + 3.2%, n=6). The
number of binding sites varies about 6 fold (table 1), which is not due to degradation
processes in the extract, since about 96 % of the ligand binding capacity is still

present 5 hours after the experiments were performed.

3.3 Ligand binding of ecdysone receptor heterodimers with Usp is increased in the

presence of DNA

To investigate whether interaction with DNA modulates ligand binding to EcR/Usp,
we performed hormone-binding experiments in the presence of hormone response
elements. Receptor concentrations in the absence of DNA were determined for each
cell extract by Scatchard plot/Kaleidagraph to ensure that the same amount of ligand
binding sites were used in each experiment. Monomers of the ecdysone response
element hsp27, which are routinely used for DNA binding studies such as gel mobility
shift assays, increase ligand binding to all EcR isoforms in the presence of wild type

Usp about 4-6 fold (Fig 4A). For determination of transcriptional activity tandemly
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arranged EcREs oligomers were often used to enhance the hormonal response
(Henrich, 2005). Therefore hormone response element oligomers were also tested
(Fig. 4). No difference between ECRE monomers and oligomers was found with all

heterodimers consisting of all EcR isoforms and wild type Usp.

3.4. In the presence of DNA the AB domain of Usp modifies ligand binding to EcR.
In transcriptional assays the AB-domain of Usp is replaced routinely by the N-
terminus of Vp16 (Henrich, 2005) as mentioned above. In this case pronounced
differences in ligand binding depending on the EcR isoform and the type of ECRE
present are obtained (Fig. 5). In contrast to 1x hsp 27, Pal-1 and DR-1 monomers
can enhance ligand binding in some circumstances e.g. for ECR-B1/Uspl. The
stimulatory effect of ECRE pentamers is less pronounced in case of EcCR-A. A similar
result is obtained with Uspll, which lacks the hexapeptide of the original wtUsp

adjacent to the N-terminus of the C-domain. (Fig. 6).

To investigate, whether the increase in ligand binding is due to altered ligand affinity
or increased number of binding sites due to enhanced heterodimerization in the
presence of DNA we determined Kp-values and receptor concentrations for some
selected receptor complexes. As shown for ECR-B1/Uspll in the presence of 5xDR-1
(Fig. 7A and B), the number of binding sites increases in the presence of this ECRE
from 0.19+ 0.024 nM/L in the absence of DNA to 1.14+0.28 nM/I in the presence of
5xDRA1, but simultaneously the affinity of the ligand is slightly impaired (about 2fold in
the presence of 5xDR1 as shown in Fig. 7. Comparable results were obtained also

with heterodimers with other Usp variants and EcR-B1 (data not shown).
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3.5. Deletion of the DNA binding domain of Usp improves ligand binding to EcR in the

presence of DNA in an isoform specific manner.

As outlined previously in the absence of DNA ligand binding of cell extracts is not
changed, if the C-domain of Usp is deleted and no influence of the EcR isoform is
detectable (Table 1). However, in the presence of ECREs, deletion of the DNA
binding domain of Usp selectively stimulates ligand binding. This effect is
considerably higher in heterodimers with ECR-A compared to EcR-B1 and EcR-B2
both in the presence of DR-1 and PAL-1 monomers and pentamers (Fig. 8, for

comparison see Fig. 5 and 6).

3.6. Enhanced ligand binding in the presence of DNA is mainly due to improved
dimerization.

To investigate, whether the increase in ligand binding is due to altered ligand affinity
or increased number of binding sites due to enhanced heterodimerization in the
presence of DNA we determined Kp-values and receptor concentrations for some
selected receptor complexes. As shown for ECR-B1/Uspll in the presence of 5xDR-1
(Fig. 7A and B), the number of binding sites increases in the presence of the EcCRE,
but simultaneously the affinity of the ligand is slightly impaired. Comparable results
were obtained also with heterodimers with other Usp variants and EcR-B1 (data not
shown). Even in the absence of the DNA-binding domain of Usp (heterodimers with
Usplll) the number of binding sites is increased in the presence of the ECRE. (Fig. 9)
Since the same cell extracts were used for determination of ligand binding with and

without DNA, it is reasonable to assume that the number of heterodimeric receptor
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complexes increased in the presence of a suited ECRE due to increased dimerization

of the receptor molecules.

3.7. RXR can patrtially replace Usp in ligand binding assays only in the presence of
DNA

If Usp is replaced by RXR, no high affinity hormone binding is observed (data not
shown). However, in the presence of a hormone response element, RXR also
confers ligand binding to the heterodimer (Fig. 10). Ligand affinity is in a comparable
range compared to heterodimers with Usp, but the number of binding sites is reduced
(concentration of ECR-B1/RXR = 0.07 nM/L compared to EcCR/Usp concentration =
1.05 nM/L (see fig.7) in the presence of 5XxDR1) indicating that heterodimerization of

EcR with RXR is less efficient compared to formation of ECR/Usp complexes.
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4. Discussion

The influence of hormone on nuclear receptor function is studied mainly by
transcriptional assays. However ligand induced changes in receptor function are the
result of a variety of different receptor properties e.g. dimerization and DNA binding
of the receptor protein. Hormone and/or heterodimerization also enhance the
concentration of the expressed receptor proteins (Ruff, unpublished results) in an
isoform specific manner. Direct measurements of ligand binding allow evaluation of
the impact of different receptor domains, DNA and dimerization partner on hormone-

induced effects.

4.1 Interaction of EcR with DNA improves ligand binding in the absence of a

heterodimerization partner.

Unpartnered EcR from Drosophila melanogaster like that from Leptinotarsa
decemlineata (Ogura et al., 2005) binds ponasterone A specifically, although with
lower ligand affinity than the heterodimeric ecdysone receptor (Grebe et al., 2003).
Since ligand affinity to cell extracts containing only EcR is about 90 fold lower
compared to heterodimers with Usp, the biological significance of hormone binding of
unpartnered EcR was often considered to be neglectable, even though ligand
induced changes in receptor function in the absence of a heterodimerization partner
had been demonstrated repeatedly e.g. enhanced interaction with DNA (Braun,
personal communication) and chromatin (Cronauer et al., 2007). Recently
Constantino et al. (2008) showed that ecdysone signalling is mediated in a certain
developmental stage without participation of Usp or any other RXR like molecule.

Transcriptional activity is also stimulated in the presence of Muristerone A in
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vertebrate cells transfected with EcR to different degrees depending on the isoform
used (Beatty et al., 2006; Tremmel and Ruff, unpublished observations). This is not
due to interaction with endogenous RXR, since the subclone of CHO-K1 used in our
lab expresses only neglectable amounts of RXR. Even after cotransfection with
plasmids coding for RXR only hormone induced transcriptional activity but not ligand
binding in cell extracts in the absence of DNA is enhanced (Nieva et al., 2008). It is
important to determine the RXR content of the cells used for these experiments,
because the RXR content may vary depending on the subclone of CHO-K1 cells. For
example constitutively expressed RXR in CHO-cells is reported by Hannan and Hill

(1997).

The increase in ligand binding in the presence of an ECRE (Fig. 1) shows that not
only dimerization via the ligand binding domains, but also via C-domains in the
presence of DNA positively affects the ligand binding domain of EcR presumably by
stimulating homodimerization mediated by the strong dimerization interface in the
DNA binding domain. Comparison with data reported by Grebe et al. (2004) revealed
that ligand binding is enhanced about 3-4-fold in the presence of DNA, but is still

about 20-25 fold lower compared to ligand affinity of the heterodimer.

4.2 The AB - domain of EcR does not affect ligand binding of EcR/Usp in the

absence, but in the presence of DNA.

Hormone binding of unpartnered EcR varies in the absence or presence of DNA and
depending on the AB domains of the receptor isoforms (Fig. 1). In contrast ligand
affinity of heterodimers with Usp is comparable for all EcR isoforms in the absence of

DNA. Similar results were also reported by Perera et al. (1999) for the ecdysone
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receptor of Choristoneura fumiferana. The affinity of ECR/Usp is in accordance with
the data reported previously for heterodimers with the EcR-B1 isoform (Yao et al.,
1992) as well as with heterodimers encompassing only the ligand binding domains of
EcR and Usp fused to Gal4-AD and Gal4-DBD respectively (Grebe et al., 2003).
Therefore, it was concluded that ligand binding of ECR/Usp is not influenced by other
domains of the ecdysone receptor molecule. This is in agreement with experiments,
which show that various tags at the N-terminal end do not affect ligand binding
(Grebe et al., 2003; this paper) and hormonal stimulation of transcriptional activity is

only slightly impaired (Nieva et al., 2005).

However in the presence of DNA the AB-domain of EcR isoforms affects ligand
binding of heterodimers (Figures 4-8). Since binding of nuclear receptors to DNA
results in allosteric interaction between DBD and N-terminal regions it was expected
that the AB domain of EcR affects dimerization mediated by the C-domains, thus
modifiying the number of heterodimers, but ligand affinity is also slightly impaired
indicating a more complex interaction of the receptor domains. An influence of the
AB-domain of nuclear receptors on ligand induced transcriptional activity has been
reported a number of times for different isoforms of vertebrate nuclear receptors
(Tian et al., 2006; Matthews and Gustafsson, 2003; Bevan et al., 1999) due to
interaction of the N-terminus with the ligand binding domain (Takimoto et al., 2003).
Isoform specific interaction of N- and C-terminus of ECR was shown by FRET
analysis (Tremmel and Schaefer, unpublished results). At present it is not clear,

whether this interaction may also affect ligand binding.

4.3 Influence of the AB domain of the heterodimerization partner on ligand binding in

the presence of DNA.
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Although ligand binding is stimulated in the presence of DNA there was no observed
influence of the type of ECRE or the AB-domain of EcR on ligand binding to EcR/Usp
heterodimers. However, this is true only if the original AB domain of wild type Usp is
maintained (Fig. 4). Because transcriptional activity of heterodimers with wild type
Usp and in particular to EcR-B1 is rather low even in the presence of hormone, the
AB-domain is routinely replaced by the N-terminus of VP16 (Henrich, 2005).
Surprisingly this exchange has considerable consequences for ligand binding to the
heterodimer in the presence of DNA (Fig. 5-6). These results show that Usp is not
simply a passive partner as has been previously proposed (Hu et al., 2003), but plays
an active role in receptor mediated hormone action. The results presented here
further demonstrate that replacement of the original AB-domain of wild type Usp
alters transcriptional activity of the heterodimer not only qualitatively but also
quantitatively. In contrast to the heterodimers of all EcR isoforms and wild type Usp,
receptor complexes with Vp16 — Usp fusion proteins modify ligand binding of the
heterodimers in a complex way, dependent upon the EcR isoform and the type of
EcRE. This means that the physiological consequences of isoform specific hormone
effects obtained in the presence of VP16-Usp fusion proteins should be interpreted

cautiously and do not necessarily reflect the physiological situation.

4.4 Deletion of the DNA binding domain of Usp selectively modifies ligand binding in
the presence of DNA

According to Niedziela-Majka et al. (2000), the C-domain of Usp has a profound
influence on DNA binding of the receptor complex directing EcR to the 5°end of the
hormone response element. Nevertheless heterodimerization via interaction of the

ligand binding domains is still observed according to gel mobility shift assays (Beatty
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et al., 2006). Therefore we expected that deletion of the DNA binding domain of Usp
would also modify the impact of DNA binding on ligand affinity to the receptor

complexes.

Although dimerization is considerably weaker in the absence of the C-domain of Usp
(Azoitei et al., unpublished observation), ligand binding in the absence of DNA is not
changed when compared to heterodimers with full length Usp’s, as mentioned above
(Table 1). Since the stimulation of ligand binding by addition of ECREs is even more
pronounced in the absence of the dimerization interface of the C-domain of Usp
(compare Figures 4-6 with Fig. 8 ), the type of dimerization, which can be mediated
only by the E-domain of both nuclear receptors obviously allows a more efficient

ligand binding.

4.5 RXR confers ligand binding to EcR only in the presence of DNA.

In the presence of a strong heterodimerization partner like Usp, dimerization via the
ligand binding domains seems to be sufficient to confer high affinity ligand binding to
EcR even in the absence of DNA, since ligand affinity is not impaired if the C-domain
of Usp is deleted. If only weak dimerization mediated by the ligand binding domains
is possible as is the case with ECR homodimers or heterodimers with RXR,
dimerization via the C-domains, which does not seem possible in solution (Rastinejad
et al., 1995) but is reinforced in the presence of a suited ECRE, allows still high

affinity ligand binding (Fig. 10).

Our results explain why RXR can replace Usp in transcriptional assays (Panguluri et

al., 2006; Palli et al., 2005; Henrich et al., 2003; Thomas et al., 1993) but not in other
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functional tests, which do not require interaction with DNA such as nuclear import

(Nieva et al., 2008).

4.6 Physiological consequences of modulation of ligand binding by DNA and
dimerization partners

The intense intra- and intermolecular interactions described here, which allow
modulation of ligand binding by the AB- and C-domains of the receptor molecule, the
type and number of ECREs and dimerization partners, provide further examples of
the high flexibility of the nuclear receptor complexes such as the ecdysone receptor.
This in turn offers multiple possibilities for fine-tuning of the hormonal response. As
outlined previously, receptor domains like the ligand binding domain (Billas et al.,
2003) or the C-domain (Orlowski et al., 2004 ) are rather flexible, which certainly

facilitates modification of receptor activity.

19
Page 19 of 45



Acknowledgements
*H- Ponasterone A was a kind gift of Dr. H. Kayser (Syngenta, Basel, Switzerland). A
plasmid coding for wild type Usp was kindly provided by Dr. S. Braun, who modified a
precursor plasmid obtained by Dr. Ozyhar (Technical University of Wroclav, Poland)
to allow expression of wild type Usp. Expression plasmids for EcCR-A, EcR-B1, EcR-
B2 and Usp |, Il and Il and RXR, were kindly provided by Dr. V.C. Henrich
(University of North Carolina, Greensboro, NC, USA). Antibody AB11 was a gift of Dr.
Kafatos (EMBL, Heidelberg, Germany). The monoclonal antibody Ag10.2 developed
by Thummel and Hogness was obtained from the Developmental Studies Hybridoma
Bank developed under the auspices of the NICHD and maintained by the University
of lowa, Department of Biology, lowa City, IA 55242 USA. Ponasterone A was
purified by M. Burret (University of Ulm). We kindly acknowledge also his help by
preparing the figures. The work was supported by a grant from the DFG to MSB (Spi
350/5-1 and 2) and a PhD-scholarship to AA (Graduate college 1041). The technical
assistance of N. Mdbius, the help of K. Belisle, who corrected and improved the

English version of the manuscript is gratefully acknowledged.

20
Page 20 of 45



Legends

Fig.1: Influence of the hormone response element 5x DR1 on ligand binding to ECR
isoforms in the absence of a heterodimerization partner. White bars = no DNA
present, black bars = addition of 280ng 5x DR1/100pl. The differences between bars
indicated by *, ** and * are significant (p<0.01, n= 3). 10 nM/L *H-ponasterone A
(spec. activity: 7.9 TBg / mmol)) was used. Non specific binding was subtracted as

described in material and methods.

Fig. 2: Ligand binding of ECR-B1 (transfected in CHO-K1-cells) in the presence of
the hormone response element 5x DR-1. *H-Ponasterone (specific activity: 7.9 TBq /
mmol) was used as ligand (n=4, one representative experiment is shown). Data are
analysed according to Scatchard (1949) and Kaleida Graph (inset). Kp =33.9 nM/L

receptor concentration = 0.11nM/L (calculated with Kaleidagraph),

Fig. 3: Ligand binding of heterodimers of EcR isoforms and wild type Usp
cotransfected in CHO-1K cells (n= 5, one representative experiment is shown). Data
are analysed according to Scatchard (1949) and Kaleida Graph (inset). A) EcR-A, B)

EcR-B1, C) EcR-B2. Kp-values and receptor concentrations see table 1.

Fig. 4: Influence of hormone response elements on ligand binding (Ponasterone A)
to heterodimers of EcR isoforms with wild type Usp. Binding experiments were
performed with cell extracts containing 10 nM receptor complex according to
Scatchard / Kaleida Graph analysis. (Mean + SD, n= 3). A) Ponasterone A binding in
presence of 1x hsp27 and 5x hsp27. B) Ligand binding in presence of 1x PAL-1 and

5x PAL-1. C) Ponasterone A binding in the presence of 1x DR-1 and 5x DR-1. Black
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bars: Ligand binding in the absence of DNA, hatched bars: Ligand binding in the
presence of hre monomers, white bars: Ligand binding in the presence of ECRE
pentamers. The differences between bars indicated by *, ** and * are significant
(p<0.01, n= 3). Non specific binding was subtracted as described in material and

methods.

Fig. 5: Influence of hormone response elements on ligand binding (Ponasterone A)
to heterodimers of EcR isoforms with Uspl. Binding experiments were performed with
cell extracts containing 10 nM receptor complex according to Scatchard /(Kaleida
Graph analysis. A) Ponasterone A binding in presence of 1x hsp27 and 5x hsp27.
(Mean + SD, n= 3) B) Ligand binding in presence of 1x PAL-1 and 5x PAL-1. C)
Ponasterone A binding in the presence of 1x DR-1 and 5x DR-1. Black bars: Ligand
binding in the absence of DNA, hatched bars: Ligand binding in the presence of hre
monomers, white bars: Ligand binding in the presence of ECRE pentamers. The
differences between bars indicated by *, ** and * are significant (p<0.01, n= 3). Non

specific binding was subtracted as described in material and methods.

Fig. 6: Influence of hormone response elements on ligand binding (Ponasterone A) to
heterodimers of EcR isoforms with Usp Il. Binding experiments were performed with
cell extracts containing 10nM receptor complex according to Scatchard /(Kaleida
Graph analysis (Mean + SD, n= 3). A) Ponasterone A binding in presence of 1x
hsp27 and 5x hsp27. B) Ligand binding in presence of 1x PAL-1 and 5x PAL-1. C)
Ponasterone A binding in the presence of 1x DR-1 and 5x DR-1. Black bars: Ligand
binding in the absence of DNA, hatched bars: Ligand binding in the presence of

EcRE monomers, white bars: Ligand binding in the presence of ECRE pentamers.
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The differences between bars indicated by *, ** and * are significant (p<0.01, n= 3).

Non specific binding was subtracted as described in material and methods.

Fig. 7: Ligand binding to EcR-B1/Uspll cotransfected in CHO cells in the presence of
5x DR1. ®H-Ponasterone (specific activity 7.9 Bg/ mmol) was used as ligand. A) In
the absence of DNA, Kp-value =3.82 nM/L, receptor concentration: 0.20 nM/L B) In
the presence of 5x DR1, Kp-value = 8.4 nM/L, receptor concentration: 1.05 nM/L.
Data are analysed according to Scatchard (1949) and Kaleida Graph (inset). (n= 3,

one representative experiment is shown).

Fig. 8: Influence of hormone response elements on ligand binding (Ponasterone A) to
heterodimers of EcR isoforms with Usplll. Binding experiments were performed with
cell extracts containing 10 nM receptor complex according to Scatchard /(Kaleida
Graph analysis (Mean + SD, n= 3). A) Ponasterone A binding in presence of 1x
hsp27 and 5x hsp27. B) Ligand binding in presence of 1x PAL-1 and 5x PAL-1. C)
Ponasterone A binding in the presence of 1x DR-1 and 5x DR-1. Black bars: Ligand
binding in the absence of DNA, hatched bars: Ligand binding in the presence of

EcRE monomers, white bars: Ligand binding in the presence of ECRE pentamers.

Fig. 9: Ligand binding to EcR-A/Usplll cotransfected in CHO cells. *H-Ponasterone
(specific activity 7.9 Bq/ mmol) was used as ligand. Data are analysed according to
Scatchard (1949) and Kaleida Graph (inset). (n= 3, one representative experiment is
shown). A) In the absence of DNA, Kp—value = 4.17 nM/L, receptor concentration =
0.21 nM/L B) in the presence of 5x DR1, Kp —value = 7.1 nM/L, receptor

concentration: 1.46 nM/L.
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Fig. 10: Ligand binding of heterodimers of EcCR — B1 and RXR cotransfected in CHO-
1K cells in the presence of 5x DR1. °H-Ponasterone (specific activity: 7.9 TBq/
mmol) was used as ligand. Data are analysed according to Scatchard (1949) and
Kaleida Graph (inset). (n= 6, one representative experiment is shown). Kp-value =

7.29 nM/L, receptor concentration= 0.07nM/L.
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Table

Table 1: Affinity of Ponasterone A to EcR/Usp heterodimers and receptor

concentration in the absence of DNA.

Receptors Kb (nM)* Receptor conc.
M+ SD, n= 4-6 (nMol/L)

M+ SD, n= 4-6
EcRA / Usp wt 7.0+4.0 0.17+0.02
EcRB1/ Usp wt 71+43 0.21+0.11
EcRB2 / Usp wt 44+23 0.16+0.04
EcRA/Usp | 6.6+ 1.1 0.51+0.23
EcRB1/Usp | 8.4+ 4.1 0.16+0.16
EcRB2 / Usp | 89+1.8 0.49+0.12
EcRA / Usp Il 10.7+1.8 0.81+0.64
EcRB1/Usp 6.8+ 1.7 0.39+0.25
EcRB2/ Usp I 11.0+ 1.5 0.68+0.58
EcRA / Usp I 6.6+ 3.2 0.27+0.14
EcRB1 / Usp Il 6.5+ 4.1 0.96+0.55
EcRB2 / Usp Il 7.8+ 0.6 0.74+0.30

* No significant differences are found for all combinations of EcR isoforms and Usp

variants.
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