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- INTRODUCTION

- Subject. The antiestrogen tamoxifen is one of the most effective hormonal agents for treatment of
estrogen (ER) and progesterone (PR) receptor-positive breast cancers. However, development of
resistance to tamoxifen is common, and is a major obstacle to long-term treatment success
(Barker, 2003; Crawford et al., 1987; Horwitz, 1993). Tamoxifen, and the antiprogestin RU 486,
are “mixed antagonists” having both agonist and antagonist properties (Gronemeyer et al., 1992).
We have shown that the balance between agonist vs. antagonist transcriptional activities can be
influenced by the abundance of nuclear receptor coregulatory proteins: the corepressors N-CoR
and SMRT suppress the partial agonist activities of tamoxifen and RU486, while the coactivator
L7/SPA enhances their partial agonist activity (Graham et al., 2000; Jackson et al., 1997).

Purpose. However, these coregulators are unlikely to be the sole players in transcriptional
‘regulation by ER and PR under the influence of antagonists. We proposed that the full
- complement of coregulatory proteins that could influence the direction of transcription by
antagonist-occupied steroid receptors had yet to be completely identified. L7/SPA is the only
antagonist-specific coactivator defined to date. It is unlikely to be the only, or even the most
important, protein to have this property. Similarly, it is unlikely that SMRT and N-CoR are the
only corepressors that interact with antagonist-occupied steroid receptors. We believe that these
- three represent a minor subset of the whole, for two reasons. First, screening for coregulators has
not focused on receptor N-termini, yet AF1 may be critical to the agonist effects of mixed
antagonists. Newer experimental strategies may correct this deficiency. Second, recent
crystallographic analyses show subtle structural variations in the conformation of the C-terminal
ligand binding domain, dictated by the identity of the ligand. For the most part, protein
interaction screens for C-terminal binding proteins have not used antagonists. We proposed to
use an antagonist-biased screen to identify true antagonist-specific coregulators.

Scope. In preliminary studies, we identified three partial cDNA clones encoding proteins that
specifically interacted with antagonist-bound PRs. We proposed to clone the complete cDNAs
and define their structure (Aim 1); to define the role of the unknown proteins on receptor activity
(Aim 2); and, if they look promising, to determine the role of these proteins in hormone
dependency of breast cancers (Aim 3). In the first year we focused on one novel cDNA fragment,
designated ORF#93, whose features highlighted it as particularly interesting and relevant to our
hypothesis. Therefore the research effort was focused on completely cloning and characterizing
this gene and its protein product. The results obtained continued to suggest that this protein may
play an important role in nuclear receptor function, and new approaches were taken to elaborate
the role of the ORF#93 protein.




Task 1: To clone, sequence and define the structure of three novel, antagonist-specific, ER-
and PR-interacting proteins

Clone and sequence full length ORF#93
5’RACE (rapid amplification of cDNA ends) was carried out using Clontech’s SMART

- RACE technology. mRNA from HeLa cervicocarcinoma cells and T47D breast cancer cells, was
reverse transcribed using an oligo (dT) primer. A universal primer was tethered to the 5’-end of
the 1% strand cDNA by targeting the dCTP-rich tail added to the end of the newly synthesized
strands by reverse transcriptase. This allowed 5’-targeted PCR amplification of the 1* strand

' cDNA using the universal forward primer and a gene-specific reverse primer. Figure 1A
indicates the location of the primers used, with respect to the most 5° ORF#93 clone originally
retrieved from screening a Agtl1 HeLa cell cDNA library. This clone contained a 3.1kb ORF#93
cDNA but lacked the complete 5’-end of the gene. The following oligos were designed: two
reverse primers, R1 and R2, that hybridized to the 5’-end of the cDNA; an oligonucleotide probe, -
S1, for Southern blotting the subsequent RACE products; two primers, F+ and R+, to hybridize
with the 3’-end of the cDNA and act as an internal control for the presence of the template in the
RACE product; and a Agtl1 vector primer, gt11F, to use as a PCR control with the Agt11
'ORF#93 phage as template.

PCR amplification of RACE ¢cDNA using the RACE forward primer and either R1 (see
appendix, Figure 1B, lanes 1 and 6) or R2 (Figure 1B, lanes 2 and 7) produced multiple faint
bands on an ethidium bromide stained agarose gel. Using the same RACE cDNA template (lanes
3 and 8), the Agt11 clone (lanes 5 and 10) or a plasmid vector containing the 3.1kb ORF#93
insert, the internal primers F+ and R+ produced a band of the expected size (1003bp). Primers
gt11F and R2 produced the expected 230bp fragment when the Agt11 clone was used as template
(lanes 4 and 9). A no template control was completely negative with RACE forward primer and
R2 (lane 11). The PCR products were Southern blotted, and probed using S1. As expected, the
230bp control fragment (Figure 1C, lanes 4 and 9) strongly hybridized to the probe, whereas the
1003bp fragment was not detected. Strong bands were detected at 200 to 300bp in the RACE
products amplified using RACE forward primer and R1 (lanes 1 and 5) or R2 (lanes 2 and 6).
Primer R2 produced a band that was slightly larger than the band produced by R1, and the
difference appeared similar to the distance between the start of the two primers (52bp) The
fragments were subcloned and several clones were sequenced. Additional 5’-sequence of

- ORF#93 was obtained, which a potential start codon 62bp upstream of the existing clone. Further
sequencing upstream of this ATG revealed an in frame stop codon at —114bp, respective to the
new start site, suggesting that the full gene had been cloned. Using a unique KasI site at the 5°-
end of ORF#93, the sequence identified by 5’-RACE was combined with the rest of the cDNA to
make a full-length 3.1kb clone. These experiments generated the entire protein coding
sequence. ‘

- At the same time as RACE cloning of the full ORF#93 ¢cDNA was achieved, the
sequence of a 156089bp genomic clone containing an unorganized series of 9 contigs was made
available on the high throughput genomic database (Accession code AC004886). This
information, together with the protein coding sequence, allowed us to determine the
genomic structure of ORF#93. The DNA is organized into 20 exons and is located on
chromosome 15q26.1. The first intron (Figure 2) is 166bp and falls upstream of the 5’-end of the
3.1kb clone, and downstream of the first methionine and in-frame stop codon. This assignment
was confirmed by primer-specific RT-PCR spanning the TGA and first ATG, since several




potential splice sites were contained in this region. These experiments defined the
- transcription start-site for the longest ORF#93 transcript.

Analyze the ligand dependency and specificity of interactions between the three proteins
(ORF#61, ORF#93 and ORF#127), PR and ER using a mammalian two-hybrid system and GST
pull-down assays and analyze the interactions of the three proteins with other members of the
nuclear receptor family
~ The full-length ORF#93 cDNA was subcloned into pGEX 4T-1, downstream from the
sequence encoding glutathione S-transferase (GST), and a GST-93 fusmn protein was produced
in E.coli. The purified protein was bound to glutathione sepharose and used in a series of GST
pull-down experiments with PR-A or -B, glucocorticoid receptors (GR) or ER, all over-
expressed in HeLa cells. GST-93 interacted with PR-A, PR-B, and GR, whether unliganded or in
the presence of agonist or antagonist (Figure 3). The strongest binding observed was with
unliganded or antagonist-bound receptors. Little or no binding was observed to GST alone,
suggesting that the interaction was specific for GST-93. GST-93 also bound to ERs, and the
specificity of this interaction is still being confirmed. Thus, the ORF# 93 protein appears to -
interact with PR and GR either in the unliganded, or antagonist-occupied state.
Additional studies on the binding of this protein to PR were done in collaboration with
the laboratory of David O. Toft at the Mayo Clinic (Rochester, MN). To facilitate the studies, a
monoclonal antibody to ORF#93 was made using bacterially expressed and purified protein. This
antibody (AbS1) is effective both for western blotting and for immunoprecipitation studies.
Immunoprecipitation was used to further study the binding of endogenous ORF#93 to both
progesterone receptor forms A and B. Two variants of the human breast cancer cell line T47D
were analyzed; one, YA, expressing exclusively the PR-A isoform and the other, YB, expressing
exclusively PR-B. Antibodies were used to specifically immunoprecipitate PR-A, PR-B, or
ORF#93 from cell lysates and the immunoprecipitated proteins were resolved by SDS-PAGE
and analyzed by western blotting. As shown in Figure 4A, ORF#93 was detected in complexes
~with each PR species. When an antibody to ORF#93 (AbS1) was used for immunoprecipitation,
co-precipitation of PR-A was clearly observed, but that for PR-B was barely detectable with this
technique. Thus, both receptor species can be observed in complexes with ORF#93, although
- their abundance in these complexes may differ.

The PR in cytosolic extracts is known to exist in complex with hsp90. Therefore, an
antibody to hsp90 (H9010) was used to test for the co-precipitation of ORF#93 with hsp90
(Figure 4B). A Western blot using an antibody for ORF#93 clearly indicated its presence in
complex with hsp90. Taken together, these results further expanded the protein multlcomplexes
of PR-A, PR-B and hsp90 to contain ORF#93. :

Define the tissue distribution for the three receptor interacting proteins using human tissue RNA
blots; their developmental expression using fetal mouse blots and prepare polyclonal antibodies
for subcellular localization studies.

The 3.1kb ORF#93 cDNA was labelled by **P-dCTP random priming, and used to probe
a Clontech multi-tissue RNA master blot. The blot contained equal amounts of dot blotted RNA
from 43 adult human tissues, seven fetal tissues, and eight controls which included yeast, E.coli
and human RNA and DNA. Trace amounts of ORF#93 transcript were detected in most tissues
(Figure 5) suggesting that as with other coregulatory proteins, ORF#93 is ub1qu1tously
expressed at limiting levels. The strongest expression of the gene was seen in lung and




kidney. Expression was also clearly detectable in a number of potential nuclear receptor
targets, such as ovary, testis, adrenal, pituitary and mammary gland. Interestingly,
expression was much lower in fetal lung and kidney than in the adult, suggesting that ORF#93
plays a more important role in the adult. No hybridization of the probe was observed to the
negative controls, except to E.coli and human DNA. Hybridization to E.coli DNA but not yeast
DNA or yeast or E.coli RNA simply suggests some degree of homology to bacterial sequences.
Hybridization to the human DNA control suggests three possibilities: the gene is highly
expressed, or it contains repetitive sequence, or it is a member of a multi-gene family. The last of

these three is most likely since the transcript is not very abundant, and no hybridization of the

probe was seen to the other repetitive sequence control (Cot-1 DNA). This may be due to the
presence of three tetratricopeptide (TPR) repeat domains in the coding sequence of
ORF#93. The TPR motif is a degenerate 34 amino acid sequence that is found on several co-
chaperones, in particular those that interact with hsp90 (Barent et al., 1998; Young et al., 1998).
It is often found in multiple copies and in tandem arrays (Blatch and Lassle, 1999; Lamb et al.,
1995). As will be discussed later, the TPR motifs appear to play an important role in the
interaction of ORF#93 with other proteins. Therefore, while informative, these results suggest
that it may be important to confirm this finding using a truncated cDNA probe lacking these TPR
sequences. -

A polyclonal antibody to ORF#93 was produced using a peptide sequence predlcted to be
antigenic from the total protein sequence. The antibody detects recombinant, denatured
ORF#93 on immunoblots. The protem has an apparent molecular weight of 103 kDa (Figure
6). The polyclonal does not recognize the folded native protein. Addltlonally, we have been
unable to detect the endogenous protein in HeLa or T47D cells using this antibody, even under
denaturing conditions, suggesting that ORF#93 is present in limiting quantities in these cells.

Perform RT-PCR using ORF#127 specific primers to clone and sequence full length ORF#127
c¢DNA

This remains to be completed, as we have chosen to focus on ORF#93.

Task 2: To define the transcriptional coregulatory or other functlonal properties of the

receptor-mteractmg proteins

Clone the three receptor interacting proteins into expression vectors

The full-length ORF#93 ¢cDNA was cloned into two expression vectors: the pSG5
mammalian expression vector for use in transcriptional studies, and the EGFP-C1 expression
vector which fuses the protein C-terminal to the green fluorescent protein (GFP) cDNA, for use
in protein localization studies. ORF#93 was also cloned into a VP16 activation domain construct
as a component of the mammalian 2-hybrid system, to allow screening for interactions with
chaperone proteins.

Using transz’ection assays, determine whether ORF#61 (NIP7), ORF#93 and ORF#127 influence
transcription induced by ER and PR in the presence of different licands, and in several
mammalian cell lines, including breast cancer cells

The ability of ORF#93 to influence nuclear receptor function was determmed by
transfection into mammalian cells, including HeLa cells and T47D-YB human breast cancer




cells. At first, ORF#93 did not appear to act through modulation of receptor transcriptional
activity. In the experiment shown in Figure 7, HeLa cells were cotransfected with PR-B and a
progestin-responsive reporter (pA3 PREZ-TATAtk-LUC) and i 1ncreasmg DNA amounts of
- ORF#93. In this experlment a modest increase in activity was seen in the presence of the agomst
R5020 with increasing amounts of ORF#93. This effect was not seen with RU486. Similar
experiments have been carried out using GR or ER and an ERE reporter, and no agonist-specific
stimulation was observed. However, when the absolute effect of ORF#93 was examined, by
reanalyzing the raw data, it became apparent that although ORF#93 was not a ligand-specific
enhancer of PR activity, it was a general transcriptional enhancer. This is seen in Figure 8. In the
presence of 1000ng of ORF#93 the R5020-liganded activity of PR on the luciferase reporter is
almost double that of the control (no ORF#93 DNA). However, reporter activity in the dose-
matched controls also increases with increasing ORF#93 amounts, suggesting that it is a general
- transcriptional enhancer.

Recent studies with the yeast proteins Ssn6 (another TPR domain protein) and
corepressor Tupl showed that the two proteins act together to form the repressor complex (Davie
- etal., 2002; Jabet et al., 2000). Therefore, transcriptional studies incorporating the corepressors
SMRT and N-CoR were carried out to fully explore the possible transcriptional role of ORF#93.
We have demonstrated previously that the corepressors N-CoR and SMRT suppress the partial
agonist activity of tamoxifen (Jackson et al., 1997). ’

‘ Since the abundance of the ORF#93 transcript was quite high in our cells we postulated
that it may produce too high a background in our transfections to see any additional effect on
reporter activity. Therefore, we constructed an antisense vector that knocks out expression of -
endogenous ORF#93 and used it to define possible decrements in PR function in the absence of
this protein. Introduction of ORF#93AS into cells did not greatly affect PR transcriptional
activity. However, knocking out ORF#93 opposed the SMRT suppression of tamoxifen partial
agomst act1v1ty (Figure 9). When HeLa cells were transfected with ER and an estrogen-
responsive luciferase reporter, tamoxifen increased luciferase activity to over 4-fold of untreated
control levels. Cotransfection of SMRT reduced this effect by 50% and cotransfection of sense
ORF#93 had little effect. However, in the presence of ORF#93AS, knocking out endogenous
ORF#93 expression, SMRT no longer suppressed tamoxifen partial agonist effects and reporter
activity was restored to control levels.

Perform other functional studies with expression vectors for the three clones dictated by the
structural analyses
- As mentioned above, the ORF#93 cDNA was cloned into the EGFP-C1 expression vector

to produce a GFP-ORF#93 fusion protein. This protein can be visualized in cells under
fluorescent light. The construct was then expressed in T47D-YB cells (containing PR-B) and the
cells were examined for localization of the protein in the presence or absence of PR ligands.
Cells were treated for one hour with 10nM R5020, 100nM RU486 or ethanol vehicle control,
then fixed using cold 30% methanol/70% acetone and nuclei were visualized using DAPI which
stains the nuclei. DAPI staining is blue and GFP-93 is green. In the absence of ligand, GFP-93
has a cytoplasmic localization (Figure 10) and exhibits a punctate expression pattern, suggestive
~ of golgi localization. The protein appears to be excluded from the nucleus. A one-hour treatment

- of cells with progestin agonist or antagonist did not change the localization of GFP-93, although
this is abundant time to see complete nuclear translocation of PR. To examine whether
overexpression of GFP-93 inhibited translocation of PR to the nucleus, additional dual




fluorescence studies were carried out in PR-positive T47D-YB cells (Figure 11) in which GFP-
93 was visualized green as before and PR was detected immunohistochemically and visualized
red in the same cells. In untreated cells PR appeared weakly nuclear, with some cytoplasmic
localization. As before, GFP-93 was located mostly in the cytoplasm. Upon treatment with
R5020 or RU486, PR became tightly nuclear, and overexpression of GFP-93 did not inhibit this
translocation. Furthermore, GFP-93 remained primarily cytoplasmic.

This suggests that, if ORF#93 interacts with PR intracellularly, it does so in the
cytoplasm prior to PR transcriptional activation. This is consistent with what is known about
TPR domain-containing proteins: these proteins act as chaperones and interact with other
chaperonins such as hsp90 — another protein that binds PRs in the cytoplasm. In order to address
the possibility that ORF#93 interacts with PRs as part of a multi-protein complex that includes
hsp90, co-immunoprecipitation experiments were performed. Preliminary results indicated
that ORF#93 interacts with hsp90. However, the interactions were very weak under the
stringent conditions required in co-immunoprecipitation experiments. Therefore, DNA constructs
were prepared in order to measure ORF#93 interactions with hsp90 under more physiological
~ conditions. Constructs were engineered for use in mammalian two-hybrid studies. The ORF#93

cDNA was cloned as a fusion construct with the activation domain of VP16, and hsp90 cDNA
was inserted into a Gal4 DNA binding domain plasmid. When cotransfected with a Gal4-RE
reporter, an interaction between the two fusion proteins produces luciferase activity through the
Gal4-RE reporter (Figure 12). Cotransfection of VP16-ORF#93 and Gal4DBD-hsp90 confirmed
that ORF#93 does indeed interact with hsp90 (Figure 13). Furthermore, cotransfection of PR
alone did not reduce the interaction. When cotransfected cells were treated with R5020 in the
presence of PR-B the interaction between ORF#93 and hsp90 was enhanced. This suggested that
ORF#93 may help to dissociate the chaperonin complex from PR by sequestering proteins such
as hsp90. Treatment with the antagonist RU486, which is known to strongly enhance interaction
between PR and hsp90, reduced the interaction between ORF#93 and hsp90 when PR was
present, suggesting that PR was binding hsp90 with higher affinity and therefore making it less
available to bind ORF#93.

- In addition to the in vivo experiments, in vitro experiments were also performed to show
the direct binding of ORF#93 to hsp90. When bacterially-expressed and purified ORF#93 and
hsp90 are combined, they form a complex as shown in Figure 14B. To test the importance of the

- TPR domains in binding to hsp90, we tested proteins with point mutations of amino acids in
TPR1 or TPR2. TPR repeats are degenerate 34 amino acid sequences with no position
characterized by an invariant residue. However, certain amino acids are commonly observed in
particular positions. Alignment of TPR sequences (Figure 14A) showed that lysine 13 and
alanine 20, located in helix loops A and B respectively, are conserved not only within ORF#93
TPR-motifs but also in most of the TPR motifs of Hop, FKBP52, FKBP51, cyp40 and PP5
(Barent et al., 1998; Chen et al., 1994; Odunaga et al., 2003; Young et al., 1998). Therefore,
these two re51dues were mutated to glutamic and aspartlc ac1d in the TPR] and TPR2 repeats of
ORF#93. Both mutations of TPR1 and TPR2 abrogated ORF#93-hsp90 interaction (Figure
14B), suggesting that the two motifs are essential for hsp90 binding. Importantly, the three-
dimensional structures of both mutants appeared to be stable and similar to ORF#93 wild type
because they 1) co-migrated with ORF#93 wild type in size exclusion chromatography analysis
with no signs of aggregation (not shown), and 2) retained binding to PR in a similar manner
(Figure 14C) to the wild type.




ORF#93 mRNA expression and its progesterone regulation have also been examined.
T47D-YB breast cancer cells were treated for 2 or 12 hours with 10nM R5020, 100nM RU486 or
vehicle control. Cells were harvested and total RNA was 1solated 30ug of each sample was run
on a denaturing agarose gel and Northern blotted using a 32p_Jabeled ORF#93 cDNA probe. An
apparent modest decrease in transcript expression, to 52% of the time matched control, was seen
after 12h R5020 treatment (Figure 15). RU486 had little or no effect on transcript expressmn
Thus, ORF#93 levels may be regulated by progesterone. .

KEY RESEARCH ACCOMPLISHMENTS

e A full cDNA clone has been obtained for the novel DNA fragment des1gnated ORF#93,
which may be involved in nuclear receptor function.
The genomic structure has been defined; the gene is located at 15g26.1.
_The full-length protein has been expressed.
Interactions between ORF#93 and PR, GR and ER, have been demonstrated in vitro.
ORF#93 is a component of PR and hsp90 complexes in cell lysates and can be
incorporated into PR complexes during re-assembly with purified chaperones.
The expression pattern of ORF#93 has been described in adult and fetal human tissues.
e The influence of ORF#93 on nuclear receptor transcriptional activity has been
characterized.
A role for ORF#93 in corepressor function has been discovered.
e In vivo localization of the ORF#93 protein has been determined; the proteln is
. cytoplasmic and may perhaps be localized to the golgi. -
e It has been demonstrated that ORF#93 binds hsp90 as well as PR-A and PR-B with high
affinity.
e Antibodies (both monoclonal and polyclonal) to ORF#93 have been generated and the
size of the recombinant protein has been determined. :
e A direct protein-protein interaction has been demonstrated for ORF#93 and both PR
isoforms in mammalian two-hybrid experiments.
e ORF#93 has been renamed CRIP100 (chaperone and receptor 1nteract1ng protein, MW
100K).
- o Mutational analysis of CRIP100 indicates that the TPR 1 and 2 domams of CRIPIOO are
required for the binding of CRIP100 to hsp90.
e A ternary complex for CRIP100, hsp90 and Hop can be isolated, suggestmg distinct
binding sites for CRIP100 and Hop on hsp90.

e CRIP100 binds to a novel site on hsp90 and may represent an 1mportant modulator of PR
‘ chaperomng by hsp90

10
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- REPORTABLE OUTCOMES:

The preliminary results generated by this project have been reported in the followmg meeting
abstracts (appended):

1. Graham JD, Abel MG, Jackson TA, Gordon DF, Wood WM, and Horwitz KB. (2000)
Novel Interactors Mediating Mixed Antagonist Action on Estrogen and Progesterone
Receptors in Breast Cancer. Proceedings of the Keystone Symposium: Nuclear
Receptors, USA. _

2. Graham JD, Abel MG, Gordon DF, Wood WM and Horwitz KB. (2000) Receptor
Interacting Proteins and the Function of Progesterone and Estrogen Receptors in Breast
Cancer. Proceedings of the International Congress on Endocrmology 2000, Sidney,
Australia.

- The results from this work have been submitted in February 2004 (appended):

Characterization of CRIP100: A Novel Tetratricopeptide Repeat Protein that Interacts with |
Progesterone Receptors and Hsp90 by Ahmed Chadli, J. Dinny Graham, M. Greg Abel, Twila A.
Jackson, David F. Gordon, William M. Wood, David Toft, and Kathryn B. Horwitz.

CONCLUSIONS:

This project seeks to identify novel proteins that interact with antagonist-occupied steroid
receptors and modify the direction of transcription. Specifically, the studies are based on the
hypothesis that “mixed antagonists” such as tamoxifen, exert either more or less agonist-like
activity, depending on the nature of coregulatory proteins that are recruited to the transcription
complex. In the first year of this grant, we analyzed one cDNA fragment, dubbed ORF#93, that
was isolated based on its ability to bind antagonist-occupied receptors. We have now cloned the
full- length cDNA, defined its genomic structure, obtained a chromosome assignment, expressed
the full-length protein, defined its tissue distribution and subcellular localization, and generated a
polyclonal antibody that probes a 103 kDa protein. In the second year of the project functional
studies have been completed. The protein does not appear to have a ligand-specific effect on PR
transcription, but ORF#93 has general transcriptional effects, and antisense studies have

~ demonstrated that the protein may also play a role in affecting corepressor actions on partial

agonists. Last year we predicted that the protein may have a cytoplasmic “scaffolding” function,
and serve as a matrix to allow PRs and other nuclear receptors to interact with other proteins in
multiprotein complexes, perhaps in association with hsp90. We went on to demonstrate that
ORF#93 does indeed interact with hsp90 and that this is influenced by the presence of PR and its
ligands. Specifically, binding of ORF#93 to hsp90 involves two TPR domains located in
ORF#93. It is possible that ORF#93 functions to regulate key events in the formation of nascent
PR, cytoplasmic chaperone interactions and translocation to the nucleus. If so, ORF#93 may be a
key protein that brings PRs into close association with cytoplasmic signaling molecules with
which these receptors would otherwise not interact. For example, we have shown in other
studies, that PRs interact with STATSs, yet these two proteins reside in different cellular ,
compartments. Does ORF#93 function to bring these two disparate signaling molecules together?




If so, ORF#93 may be important for cross-talk between growth factors and nuclear receptors, and
we propose to test this hypothesis in future long-term studies. -
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Novel Interactors Mediating Mixed Antagonist Action on Estrogen and Progesterone
Receptors in Breast Cancer.

J. Dinny Graham, M. Greg Abel, Twila A. Jackson, David F. Gordon, William M. Wood and
Kathryn B. Horwitz. Division of Endocrinology, University of Colorado Health Sciences
‘Center, Denver, Colorado 80262, USA.

The antiestrogen tamoxifen is one of the most effective treatments for estrogen receptor (ER)
positive breast cancer. However, tumors inevitably develop resistance to the treatment, which we
postulated is due to the emergence of inappropriate agonist-like effects of this mixed antagonist.
We have shown that the balance of agonist and antagonist activities of mixed antagonists is
influenced by the abundance of nuclear receptor coregulators. We demonstrated that the
corepressors N-CoR and SMRT, suppress the partial agonist activities of tamoxifen and the
mixed antiprogestin RU486 on ER and progesterone receptor (PR), respectively. Furthermore, a
novel coactivator, L7/SPA, enhances partial agonist activity. These effects are mixed antagonist-
specific, and are not observed with agonists or pure antagonists. In addition, we found that the
expression levels of these coregulators may differ between tamoxifen sensitive and resistant
breast tumors, suggesting that they may be determinants of tamoxifen responsiveness. We
postulated that other novel factors may play a specific role in determining mixed antagonist :
effects in breast cancer. We have employed two different antagonist-specific screening strategies
to identify proteins involved in tamoxifen and RU486 action. Conventional yeast 2-hybrid
screening was performed in the presence of RU486, with the hinge and hormone binding domain
of PR as bait. We have identified a novel protein of approximately 109 kDa, which interacts with
PR only when liganded to RU486. The protein contains eight nuclear receptor (NR) binding
LXXLL domains. Mutagenesis of one out of two NR boxes, contained in the original 2-hybrid
_clone, resulted in loss of PR interaction with that fragment. The protein also contains three
putative tetratricopeptide repeat domains, which may be involved in nuclear targeting of RU486-
liganded PR and act as a scaffold for assembly of PR into multiprotein complexes. Recent
evidence suggests that mixed antagonist-specific interactions with ER and PR involve multiple
contacts with both AF-1 and AF-2 of the intact receptors. To screen for such protéins we have
used a Sos recruitment 2-hybrid screening strategy with a full length ER bait, in the presence of
tamoxifen. A number of antagonist-specific ER interacting proteins have been isolated and will
be described.
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Receptor Interactmg Proteins and the Function of Progesterone and Estrogen Receptors in
Breast Cancer.

J. Dinny Graham, M. Greg Abel, David F. Gordon, William M. Wood and Kathryn B Horwitz,
Division of Endocrinology, University of Colorado Health Science Center, Denver, Colorado
80262, USA.

- The nuclear receptors for estrogen and progesterone (ER and PR) are important therapeutic
determinants in breast cancer. Tumors expressing both receptors are generally well
differentiated, indolent, and likely to respond to treatment with the mixed antiestrogen,
tamoxifen. However, responsive tumors inevitably become tamoxifen-resistant and progress,

. often in the face of continued ER expression. We postulated that this is due to an increase in the
partial agonist activity of tamoxifen. To test this hypothesis we have been searching for novel
proteins that interact with receptors and modify the activities of mixed antagonists like
tamoxifen. Using mixed antagonist-biased interaction screening, we have identified proteins that
interact with ER and PR, and regulate transcription. The corepressors N-CoR and SMRT
suppress the partial agonist activities of tamoxifen and the antiprogestin RU486, whereas the -
coactivator L7/SPA enhances this activity, yet has no effect on pure agonists or antagonists. In

-tamoxifen-resistant tumors removed from patients, we see a trend towards decreased expression
of corepressors. In the same screen we identified a cDNA fragment encoding a novel protein,
that we have now cloned and fully sequenced. The 109 kD protein interacts best with unliganded
and mixed antagonist-bound PR, and less well with agonist-bound PR. The 944 amino acid
protein sequence contains four nuclear receptor interaction LXXLL motifs. Addmonally, there
are three tetratricopeptide repeat (TPR) motifs in the N-terminus, characteristic of
chaperonin/immunophilin binding proteins. Indeed, hsp90 also interacts with the protein strongly

“in protein interaction experiments. When expressed as a green fluorescent fusion protein, it
shows a punctate cytoplasmic localization, which persists in the presence of progestins. We are
testing the hypothesis that this protein has a scaffolding function, and plays an integral role in the
correct expression and folding of nascent receptors, and perhaps their subcellular localization.
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Characterization of CRIP100: A Novel Tetratricopeptide Repeat Protein that Interacts
with Progesterone Receptors and Hsp90

Ahmed Chadli’, J. Dlnny Graham M. Greg Abel, Tw1laA Jackson®, David F. Gordon?,
William M. Wood , David Toft' and Kathryn B. Horwitz?

'Department of Biochemistry and Molecular Biology, Mayo Clinic, Rochester, MN
2Department of Endocrinology, University of Colorado Health Science Center, Denver, CO

The chaperoning and maturation pathway of the progesterone receptors (PRs) is an ordered and
coordinated molecular event involving a number of chaperones and co-chaperones.
Transcriptional regulation by the PRs is also a tightly controlled process that is dependent on
associations with other cellular proteins. However, the mechanisms for these processes remain
unclear and missing regulatory factors are yet to be discovered. In this report we describe a new
PR and hsp90 co-factor called CRIP100 (chaperone and receptor interacting protein, MW 100K).
CRIP100 is a 103 kDa, monomeric protein containing three TPR motifs and four LXXLL
sequences. The protein binds both PRs and hsp90 in mammalian two-hybrid assays and has a
cytoplasmic localization with a weak transcriptional enhancing effect on PRs. CRIP100is a
component of PR and hsp90 complexes in cell lysates and can be incorporated into PR
complexes during re-assembly in vitro in reticulocyte lysate or with purified chaperones. A
CRIP100 interacts directly with both isoforms of PR (A and B) and with hsp90 with high affinity
and these interactions are concentration- and temperature-dependent. TPR motifs in CRIP100
are essential for hsp90 binding, but surprisingly, Hop, previously shown to interact with the C-
terminal TPR recognition motif of hsp90, does not compete with CRIP100 for hsp90. A ternary

- complex of CRIP100, Hsp90 and Hop can be isolated, suggesting distinct binding sites for
CRIP100 and Hop on hsp90. Remarkably, CRIP100 binds fragment 1-332 of hsp90 indicating
that a second TPR recognition site exists in the N-terminal domain of hsp90. Thus, CRIP100
binds to a novel site on hsp90 and may represent an important modulator of PR chaperoning by
hsp90.
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Figure 1: S’RACE analysis of an ORF#93 clone retrieved from a screening of the Agt HeLa cell
cDNA library. A. Location of oligos (gt11F, S1, R1, +F, and +R) used for the analysis. B. PCR
amplification of a vector containing the ORF#93 insert. DNA bands were visualized on an

ethidium bromide-stained gel. C. Southern blot analysis of PCR products using the S1 oligo as a
probe. : ‘ ‘
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- Figure 2: Genomic structure of ORF#93.
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Figure 3: GST pull-down assays using GST-ORF#93. PR-A, PR-B and GR were transfected into
HelLa cells. Aliquots of whole cell extracts were incubated with GST-93-bound sepharose or

GST alone-bound sepharose. The strongest binding was observed for unliganded or antagonist-
bound PR and GR.
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Figure 4: Co-immunoprecipitation of PR-A, PR-B, and ORF#93. A. Cell lysates containing only
PR-A (T47D YA) or PR-B (T47 YB) were incubated with antibodies: AB52 (PR-A and PR-B),
AbS1 (ORF#93) or control (M.IgG). Immunoblots indicate PR-A clearly co-precipitates with
ORF#93, while PR-B was barely detectable. B. Binding of ORF#93 to hsp90 (usmg H90.10
antibody) is clearly shown, whether the ORF#93 or hsp90 antibody is used for
immunoprecipitation.
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Figure 5: Multi-tissue RNA blot analysis using *’P-dCTP-labelled ORF#93. The blot contains
equal amounts of RNA from 43 adult human tissues, seven fetal tissues and eight controls,
including yeast, E. coli, human RNA and human DNA. Results were visualized on the »
phosphorimager and quantified densitometrically. The strongest expression was seen in lung and
kidney. Expression was clearly detectable in potential nuclear receptors targets, including the
ovary, testis, adrenal, pituitary, and mammary glands.
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Figure 6: Western blot analysis of HeLa and COS cells for ORF#93. A poluclonal antibody to
ORF#93 was able to detect ORF#93 in HeLa and COS cells that were transfected with the pSG5
expression vector containing ORF#93.
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Figure 7: Effect of ORF#93 on the transcriptional activity of PR-B. HeLa cells were transfected
with a PR-B expression vector and a PRE,-TATAy-luciferase reporter, in the presence of
increasing amounts of ORF#93. About 18h after transfection, the cells were treated with R5020,
RU486 or ethanol vehicle, then harvested 24h later. ORF#93 caused a modest, dose-dependent
_increase in agonist-reporter activity and had no effect on partial agonist activity of RU486.
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Figure 8: Effect of ORF#93 on the R5020-liganded activity of PR-B. R5020-liganded PR-B

- activity nearly doubled on a luciferase reporter at a 1000ng dose of ORF#93 as compared to the
no DNA dose of ORF#93. Reporter activity in dose-matched controls also increase with
increasing ORF#93, suggesting that it is a general transcriptional enhancer.
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Figure 9: Effect of SMRT and ORF#93 on the transcriptional activity of tamoxifen-bound PR-B.
- The presence of ORF#93 did not appear to affect PR transcriptional activity. In the presence of
ORF#93AS, which knocks out endogenous ORF#93 expression, SMRT is no longer able to

' suppress the effects of tamoxifen.
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Figure 10: Localization of GFP-93 in T47D YB cells treated by an ethanol vehicle control (A),

10 nM R5020 (B), and 100 nM RU486. 24h after transfection, the cells were treated with R5020,

RU486 or vehicle for 1h, then fixed in 70% acetone, 30% methanol. Nuclei were visualized

using DAPI (blue), while GFP-93 is visualized in green. GFP-93 had a cytoplasmic localization, -
. even in the presence of ligands. ' ‘




Figure 11: Localization of GFP-93 in untreated and treated T47D-YB cells. In untreated cells,
PR-B appeared to be present in both the nucleus and cytoplasm, while GFP-93 was
predominantly cytoplasmic. Upon treatment with R5020 or RU486, PR-B became completely
nuclear. Overexpression of GFP-93, which remained in the cytoplasm, did not inhibit the
translocation of PR-B into the nucleus. '
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Figure 12: Schematic of the constructs used in mammalian two-hybrid studies. ORF#93 cDNA
was cloned as a fusion construct with the activation domain of VP16. hsp90 cDNA was inserted
into a Gal4DBD plasmid. When cotransfected with a Gal4-RE reporter, luciferase activity will
be produced if an interaction between the two fusion proteins occur.
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Figure 13: Results from mammalian two-hybrid experiments. Cotransfection of VP16AD-
ORF#93 and Gal4DBD-hsp90 show that ORF#93 does interact with hsp90. Cotransfection of PR
alone did not reduce the interaction. When cotransfected cells were treated with R5020 in the
presence of PR-B, the interaction between ORF#93 and hsp90 was enhanced. Treatment with
RU486 reduced the interaction with ORF#93 and hsp90 when PR was present.
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Figure 14: A. Sequence alignment of TPR motifs from ORF#93, Hop, FKBP52, hCyp40, and
PPS. Highlighted in red are the highly conserved lysine and alanine residues. B. Wild-type
ORF#93 is able to bind hsp90 (lane 3), whereas mutation of either TPR1 (lane 5) or TPR2 (lane
7) of ORF#93 eliminates its interaction with hsp90. C. Binding of PR-A and PR-B to ORF#93 is
retained in all cases.
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Figure 15: Northern blot analysis of ORF#93 mRNA expression and its regulation by
progestins. T47D-YB cells, treated for 2 or 12 hours with R5020, RU486 or vehicle control were
harvested and total RNA was isolated. 30pg of each samples was run on a denaturing agarose gel
and probed with **P-labelled ORF#93 cDNA. A modest 52% decrease in transcript expression
was seen after 12h R5020 treatment. RU486 had little or no effect on transcript expression.




Abstract
The chaperoning and maturation pathway of the progesterone receptor (PR) is an ordered and
choordinated molecular event involving a number of chaperonés and co-chaperones.
Transcriptional regulation by the PR is also a tightly controlled process that is dependerit on
associations with other cellular proteins. However, the mechanisms for these processes remain
unclear and missing regulatory factors are yet to be discovered. In this report we describe a new
PR and hsp90 co-factor called CRIP100 (chaperone and receptor interacting protein, MW 100K).
‘ CRIPiOO is a 103 kDa, monomeric protein containing three TPR motifs and four LXXLL
sequences. The protein binds both PR and hsp90 in mammalian two-hybrid assays and has a
cytoplasmic localization with a weak transcriptional enhancing effect on PR. CRIP100is a’
component of PR and hsp90 complexes in cell lysates and can be incorporated into PR
complexes during Ire-assembly in vitro in reticulocyte lysate or with purified chaperones.
CRIP100 interacts directly with both isoforms of PR (A and B) and with hsp90 with high affinity
and these interactions are concentration- and temperature-dependent. TPR mdtifs in CRIP100
are essential for hsp90 binding, but surprisingly, Hop, previously shown to inferact with the C-
terminal TPR recognition motif of hsp90, does not compete with CRIP100 for hsp90. A ternary
complex of CRIP100, Hsp90 and Hop can be isolated, suggesting distinct binding sites for
CRIPlOO and ‘Hop on hsp90. Remarkably, CRIP100 binds fragment 1-332 of hsp90 indicating
that a second TPR recognition site exists in the N-terminal domain of hsp90. Thus, CRIP100

binds to a novel site on hsp90 and may represent an important modulator of PR chaperoning by

hsp90.




Introduction

Throughout its functional lifé, the activities of the progesterone receptor (PR) are inseparably
linked to its associations with other proteins that are essential for normal progesterone action.
Nascent unliganded PR is associated with a multi-functional complex of proteins, which includes
the heat shock proteins hsp70 and hsp90 plus several co-éhaperone proteins. This heterocorﬁplex
is responsible for correct assembly and folding of the newiy synthesized PR as wéll as
preventing its degradation (1). Recent studies indicate additional roles of molecular chaperones
in receptor trafficking and in the maintenance of receptor function in thé nucleus (2,3).
Dissociation bf PR from the chaperone complex occurs at the time of ligand binding . This
causes a conformational change arid dimerizatipn, resulting in association of the progestin-
complexed PR dimer with specific coactivators and general transcription factors and binding to

progestin response elements (PRES) in the promoters of target genes (4-8).

Chaperoning and activation of the progesterone receptor (PR) are complex pr_écesses involving
the coordinated actions of molecular chaperones assisted by several co-chaperones (1,9,10). Cell
free systems, using reticulocyte lysate or a purified protein system containing hsp90, hsp70,
hsp40, Hop and p23, have been of crucial importance in dissecting this ordered pathway that
leads to the hoﬁnone-responsive state of the receptor (1,9,10). This hsp90 chaperoning pathway
is thought to be initiated by hsp40 binding to PR (11). The early complex of hsp40/PR is able to
bind hsp70, then hsp90 and the co-chaperone Hop. The Hop in this inteﬁnediate complex would
be replaced by one of the immunophilins (FKBP51, FKBP52, and cyp40) in mature complex¢s
that also bind the co-chaperone p23 and are able to bind hormone (12). This late event is thought
to induce a conformational change of the receptor triggering its dissociation from molecular

chaperones and its dimerization. These ligand-induced conformational changes also affect the




ability of the receptor to recruit co-activator or co-repressor molecules and consequently

determine its ability to activate or repress transcription of target genes (8,13).

Although the overall mechanism might be as described above, details and dynamics of this
process are still unclear. For instance, mechanisms for the exchange of different associated
proteins are mostly unknown. Furthermore, several additional proteins have been discovered
recently that interact with hsp90 or hsp70 such as Chip, Bagl, TPR2 and Ahal (1,9,10,14,15).
These are all likely to have important roles in some aspect of the hsp70/hsp90 chaperoning

process to provide a more complex and versatile process than that described above.

There are also a number of proteins that interact with the PR to act as co-regulators of PR
activity (8) or to relate PR functions with other cell signaling pathways (16,17). We describe
 here a novel protein, CRIP100, that interacts with both PR and with hsp90 in two-hybrid
analysis. Expression of CRIP100 provides a slight enhancement in PR activity, but it does not
appear to be a co-activator. The interactions of CRIP100 with hsp90 and PR are direct and
involve separate domains of CRIP100. The binding of hsp90 invblves a TPR domain on

CRIP100; however, this interacts with an N-terminal site on hsp90 rather than the known TPR

binding site at its C-terminus.




Materials and Methods

qust two-'hybrid screen: The yeast two-hybrid screen was described previously (18). The
plasmid pLEXA:H-HBD was transformed into the Saccharomyces cerevisiae reporter strain L40
 (Mata his3D200 trp1-901 leu2-3 112ade2 LYS2::( lexAop)s-HIS3 URA3::( leonpjg-lacZ
'GAL4 gal80) to yield the L40-LEXA:H-HBD strain. This strain was transformed with a library
of HeLa cell cDNAs fused to the GAL4 activation domain in the CRIPGH vector (Clontech,
Palo Alto, CA) and plated on selective media containing 10mM RU486. Interacting clones were

detected by growth on histidine drop-out plates and confirmed by b-galactosidase assay.

GS’T pulf-down: The CRIP100 cDNA was sub-cloned into pGEX-4T-1 (Promega) and expressed
in BL-21 codoﬁ + E. coli (Stratagene, LaJolla, CA) as a C-terminal fusion to glutathione S-
transferase. Crude bacterial‘ extracts were prepared by soﬁication in PBS containing 1% triton X-
100, 2.5 mM DTT, 10% glycerol, 0.5mM PMSF, and complete protease inhibitors (Roche) at
4°C, followed by centrifugation 10,000 rpm, 10 minutes at 4°C. Supernatants containing
CRIP100 or gst alone were bound to glutathione sepharose 4B (Amersham-Pharmacia Biotech)
at 4°C, for 1 hour. The sepharose slurry was washed three times with binding buffer 20mM
HEPES? pH 7.9, 60mM NaCl, 0.ImM EDTA, 6mM MgCI2, ImM DTT, 0.5mM PMSF, 10%
glycerol, complete protease inhibitor), then incubated with HeLa whole cell extracts containing
transfected PR A, PR B or GR, 2 hours at 4°C. Wheré indicated, samples were incubated in the
presence of 10nM R5020, 100nM RU486, 10nM dexamethasone or ethanol vehiclé. In this
instance, the PR or GR transfected HeLa cells had also been exposed to the same treatment for 1
hour prior to harvesting and preparation of whole cell protein extracts. Samples were washed
twice with binding buffer containing 0.05% NP-40, and twice with binding buffer alone. The

sepharose pellets were resuspended in SDS-PAGE loading buffer and heated to 100°C for 3-5




minutes. Bound proteins were separated on denaturing 7.5% polyacrylamide gels and visualized

by immunoblotting, using antibodies to PR and GR.

Detectionrof CRIP100 protein in tissues and cell lines: Cytosols from different tiseues and cells
were made using the following buffer: 10mM Tris, 50mM KCl, 10mM mohothioglycerol, SmM
EDTA, protease inhibitors (Roche). To detect the protein in the cytosol, 30 ug of cytosolic
pfoteins were loaded on the gel. Immunoprecipitations (IP) were carried out using 800 pg
proteins from rat brain and cell lines cytosols and 5 ul monoclonal antibody CRIP100#42 ascites
coupled to 12.5pul protein G resin. Mixtures were incubated for 30 min at 30°C. Resins were
washed 4 x 1 ml of above indicated buffer without protease inhibitors supplemented with 0.01% |
NP40 and bound proteins were eluted with sample buffer, resolved on denaturing 10%

polyacrylamide gel, transferred onto PVDF membrane and detected with CRIP100#2 at 1/5000

dilution.

Cell culture and transcription assays: The T47Dco and T47D-Y breast caneef cell linee were
generated in our laboratory and have been described previously (19,20). HelLa cervical
carcinoma cells were obtained from the ATCC, Manassas, VA. Cells were maintained as
continuous monolayer cultures in modified Eagle’s medium (MEM) supplemented with 6ng/ml
insulip (Invitrogen-Gibco BRL) and 5% fetal bovine serum (FBS, Hyclone Léboratories, Logan,
UT) at 37°C and 5% CO,. For transfections, HeLa cells were plated at 2 x 105v cells/10cm dish or
1.2 x 10°/6¢cm dish, in phenol red-free MEM containing 5% charcoal-stripped FBS one day prior
to transfection. Transient transfections were carried out using a standard calcium phosphate
precipitate-mediated method. Cells were exposed to precipitates, containing a total of 20 ‘mg

DNA per dish, fof 16 to 20 hours. Precipitates were then removed, monolayers were washed




with serum-free medium and hormones were added to the cells for 24h, in fresh medium
containing 7.5% charcoal-stripped FBS. The cells were harvested, lysed in a detergent buffer, -

then b-galactosidase and luciferase activities were measured.

Immunohistochemistry: T47TD-YB cells were plated onto coverslips in culture dishes at 4 x 10°
cells per 6cm dish. The cells were transfected with the pEGFP-C1—93 construct, containing the
CRIP100 cDNA fused C-terminally to green fluorescent protein. Two‘days after transfection,
the cells were washed wifh PBS, and fixed in ice cold 70% acetone-30% methanol. Non-specific
binding was blocked using 10% normal goat serum in PBS, 1 hour at room temperature. Cell
nuclei were stained using DAPI reagent at 1:10,000 in methanol, 20 minutes at room
temperature. After washing PR B was visualized by incubation with the AB-SZ monoclonal
antibody to PR, at 1:50 dilution, 2 hours at room temperature, followed by rhodamine-conjugated

anti-mouse secondary (1:500, 1 hour, room temperature).

Mammalian 2-hybrid: Interactions between CRIP100, hsp90 and PR A and B were measured in
‘thve Mammalian Matchmaker 2-hybrid system (Clontech, Palo Alto, CA). In this systerh hsp90
and PR A and B were sub-cloned into the pM vector and exoressed as fusions with the DNA
binding domain of Gal-4. CRIP100 and PR A and B were sub-cloned into pVP16AD an_d
‘expressed as VP16 activation domain fusion proteins. Combinations of the pM and pVP16AD
fusion constructs were co-transfected into HeLa cells with a Gal4-tk-luciferase reoofter construot
containing two Gal-4 response elements upstream of the thymidine kinase promoter and

luciferase gene, and interactions were quantitated by measurement of luciferase activity.




CRIP100 expression and purification: A system for CRIP100 expression in E. coli has been
described. Bacteria were grown to 0.6 absorbance at 600 nm and induced with 0.5 mM IPTG for
2h at room temperature. Cells from 1 liter of culture were re-suspended 20 rnl Buffer A (10 mM
Tris, 50 'mM KCl, 0.01% NP40, 10 mM monothioglycerol) supplemented with protease
inhibitoro (0.1 mM léupeptin/O.l mg/ml bacitracin/77 ug/ml aprotinjn/ 1.5 pM of pepstatin/l mM
4-(2-aminoethyl) benzensulfony! fluoride). - Cells were then lysed by sonication and the lysate
was clarified by ultracentrifugation (100,000 g) for 45 min. The supernatant was loaded on a
glutathion-Sepharose column equilibrated with Buffer A. Unbounded orotein was washed out

and GST-CRIP100 was eluted with Buffer A containing 10 mM glutathion.

To prepare CRIP100, the GST was cleaved by thrombin (3U/mg of GST-CRIPlOO, Sigma) in
Buffer A supplemented with 2.5% glycerol. The mixture was incubated forb2 hours at 25C.
After cleavagé, some aggregation of the protein was observed and removed by centrifugation.
Free GST was removed by recycling the solution- on glutathiono-Sephorosc equilibratod with
Buffer A supplemented with 2.5% glycerol. The flowthrough material, containing CRIP100 and
thrombin‘was collected and concentrated to 0.5 ml by ultrafiltration (Vivascience). CRIP100

and thrombin were separated by size exclusion chromatography on Superdex 200.

Protein purification: Human hsp90 beta was overexpressed in SF9 cells and purlﬁed from cell
lysates by chromatography on DEAE-cellulose, heparm—agarose MonoQ and Superdex as
descrrbed previously (21). The preparation was 99% pure as assessed by densrtometry of

SDS/PAGE gels. Hsp70, Ydj, Hop and p23 were expressed and puriﬁed as described previously

2).




Monoclonal antibody production: Purified CRIP100 was used to produce a mouse monoclonal

IgG antibody named AbS1 using conventional methods (23).

Size exclusion chromatography: A Superdex 200 column (10/10, Pharmacia-Biotech) was
equilibrated with 10 mM Tris, pH 7.5, 100 mM KCI, 2 mM DTT, and 1 mM EDTA. Elution
was performed using the same buffer at a flow rate of 0.5 ml/min and proteins were detected by
the UV absorbance. The column was calibrated with thyroglobulin (669 kDa), ferritin (440
kDa), catalase (232 kDa), aldolase (158 kDa), BSA (67 kDa) and chymotrypsinogen A (25 kDa)

(Pharmacia Biotech).

Immunoprecipitation: Pellets (25 ul) of protein A-Sepharose containing bound antibody as
inciicated were resuspended in 200 pl of incubation buffer (10 mM Tris-HCI, 50 mM KCI, 5 mM
MgCl,, 2 mM DTT, 2.5% glycerol, pH 7.5 af 25C) containing the proteins of .interes't.
Incubations at 30C were done in heated water baths, with resuspension of the samples every five
minutes. Samples were subsequently washed four times with 1 ml of incubation buffer by
centrifugation (at 4C) and resuspention. The samples were analyzed by SDS-PAGE on 10%
gels. The gels were stained with Coomassie blue or transferred to PVDF membranes for

immunodetection with specified antibodies.

Progesterone receptor complex assembly in reficulocyte lysate: **S-methionine-labeled
CRIP100 was prepared by in vitré translation using the TnT system (Prdmega). The translation
solution was suppl;mented with regeneration systerh (10 mM phosphocreatin) (ditris salt, Sigma)
and creatin phosphokinase (3.5 units/100 pl of lysate; type I, fromvrabbit muscle, Sigma). One

hundred pl sample of translation solution was incubated with immuno-resin with or without PR.




Resins were incubated for 30 min at 30C in water bath with suspension of the samples every five
minutes. Sample was washed 5 times with 1 rﬁl of buffer A. Bound proteins were resolved on

| - 10% SDS-PAGE, transferred to PVDF membrane (Millipore, Masséchusetts) and.the _
radioactivity was assessed using a storm 840'phosphoimager (Molecular Dynamics, New

Jersey).

Progesterone receptor complex assembly with purified proteins: Progesterone receptor (PR)
from chick oviduct was adsorbed onto PR22 antibody-protein A-Sepharose and was assemblgd
into complexes as described by Kosano et al. (22). The incubation contained ~.0.05 uM PR plus
1.4 uM hsp70, 0.8 uM hsp90 dimer, 0.2 uM Ydj-1, 0.08 uM Hop plus 2.6 uM p23. The samples
also contained 20 mM Tris, pH 7.5, 5 mM MgCl,, 2 mM dithiothreitol, 0.01% Nonidet P-40, 50
mM KCl and 5 mM ATP. Unless stated otherwise, after incubation for 40 min. at 30C,- 0.1 pM
[*H] progesterone was added for incubation on ice for 3 h. The complexes were then isolated

“and assessed for bound progesterone and for protein composition.

Site difect mutagenesis: The pT28a-hCRIP100 plasmid was used as a template for the generation
of double amino-acids substitutions mutants using thé QuickChange sitg-directed' mutagenesis kit
(Stratagene, La Jolla, CA). In TPR1 motif the residue Lysine 13 was chang‘ed to glutamic acid
and residue alanine 20 changed to aspartic acid. In TPR2 motif, both residues were changed to |
glutamic acid. In the four NR motifs, leucine residues 1 and 2 were changed to serines. All
mutants clones were sequenced to confirm the mutations and the authenticity of the remaining

CRIP100 sequence.




Cytosol preparation and immunoprecipitation: Cells or tissues were harvested and lysed in
buffer A with protease inhibitors. Cytosols were cleared by centrifugation (100.000), 45 min and
used for immunoprecipitations of PR complexes, hsp90 complexes or CRIP100 using antibodies
AB52,‘ PR6 or MC243 for PR, H9010 for humén hsp90 and AbS1 for CRIPIOQ.
Immunoprecipitation reactions were carried out by incubation of immunoresins with the cytosol

for 90 min in ice or 30 min at 30C. Nonspecific proteins were removed by washing the resins 5

times with bindihg Buffer. Bound proteins were eluted with sample buffer, resolved by 10%

SDS-PAGE and transferred to PVDF membrane. Proteins were then detected by western

blotting with the appropriate antibody.

Quantification of protein levels: Arbitrary densitometric values (AU) for the indicated bands

were obtained by using IP lab Gel 1.5¢ software (Signal Analytics, Virginia).

Evaluation of Hsp90/CRIP100 affinity

The mean AU values were converted to pM equivalent by normalizing them against 1 pg
samples of CRIP100 run on the same gel. To obtain the values of free CRIP100, the amount of
bound CRIP100 was subtracted from the initial amount added to the sample. The Scatchard plot
is linear with an equation Y = -22.9 x +0.5951 corresponding to a Kd = 43 nm with the scatter

illustrated by an R2 = 0.9914.

Results
Cloning and characterization of a novel PR-binding protein: A construct containing the hinge
and hormone binding domain of PR was used in a yeast 2-hybrid screen in the presence of the

mixed progestin antagonist RU 38486 (18). By this method a number of antagonist-specific PR-



interacting proteins were discovered, including a novel 1kb clone called CRIP100. In subsequent
screening the candidate interacted with the PR bait only when RU486 was present, suggesting
that it may be involved in antagonist-specific effects. Confirmation of the interaction is shown in
Fig.1. The CRIP100 C-terminal fragment interacted specifically with the PR hinge-HBD bait. In
the yeast 2-hybrid verification shown in Figure 1A, transformed yeast were grown on selective
media containing either RU486 or ethanol vehicle control. Cotransformation of the celis with the
PR hinge-HBD bait and the CRIP100 C-terminal clone relieved growth suppression in the
presence of RU486, but not with vehicle (Fig 1A, segment 1). No growth was observed when
cells were transformed with either CRIP100 or the PR bait alone (Fig. 1A, segments 4 and 5,
respectively) or when the CRIP100 clone was cotransformed into cells with a lamin-bait vector
control (Fig. 1A, segment 2). Cells transformed with the commercially supplied positive control
(Fig. 1A, segment 6) or with a ligand-independent constitutively active library clone (Fig. 1A,

segment 3) grew on the selective media in both the presence and absence of RU486.

To further confirm the interaction between CRIP100 and PR or other steroid hormone receptors,
the full-length CRIP100 product was expressed as a fusion protein with glutathione S-transferase
(gst)and used in gst pull-down experiments with whole cell extracts containing over-expressed
PR A, PR B or glucocorticoid receptor (GR). Products were separated on denaturing
polyacrylamide protein gels and immuno-blotted for PR or GR. The gst-CRIP100 fusion
interacted with both PR A and B, as well as GR (Fig.1B). All three nuclear feceptofs strongly
bound the protein in gst pull-down, in the absence of ligand. A decrease in binding with receptor
was seen when the mixed antagonist RU486 was present and even weaker binding was detected

in presence of the receptor agonist R5020. No binding was observed between the receptors and

gst alone.




The full length CRIP100 gene was cloned by cDNA library screening and 5°-RACE. In

- subsequent searches of the database, the CRIP100 genomic sequence was found as part 6f a
disorganized BAC clone. Analysis of the full genomic sequence against the cDNA showed that
the gene is made up of XXX exons, giving rise to an approximately 3.3 kilobase transcript,
encoding a 944 amino acid protein (schematic, Fig.1C) with a predicted molecular weight of 103
kDa. The gene contains three putative tetratricopeptide repeat (TPR) domains at the N-terminal
end of the protein. These motifs are involved in protein-protein interactions in a diverse range of
molecules (24). The sequence also contains four LXXLL motifs, referred td as NR-boxes ih

transcriptional coregulators and responsible for binding nuclear receptors (13,26).

Expression and cell localization of CRIP100: The CRIP100 transcript was ﬁbiquitously
expressed, although at low levels (Fig.2A). Probing a northern blot of totél RNA from HeLa
cervical carcinoma cells and T47Dco breast cancer cells revealed a single RNA species, with a
mobility close to the predicted 3.3kb (Fig.2A, inset). Detection ona mulfiple human tissue RNA
blot indicated broad expression of the transcript, with highest expression seen in the lung and
kidney. Signal was also detected in progestin target tissues such as.the ovary and mammary
gland (uterine tissues were not represented on the blot). This result was also confirmed By
protein inimunoblotting. A monoclonal antibody to CRIP100 was produce_d and used to detect
the protein in cytosols of rodent tissues and human ovarian cell lines (Fig.2B). Amon‘g the tissues
examined, highest expression of CRIP100 was seen in mouse lung, kidney, liyer, spleen and
uterus. The protein was also present in tongue, brain and testis, and was lowest in heart and
skeletal muscle éytosols. Expression of CRIP100 was also seen in human ovarian cancer cell line

cytosols and was enriched by immunoprecipitation.




To determine the cellular localization of CRIP100 the protein was expressed as a fusion with
green ﬂuorescent protein (gfp-CRIP100). The gfp-CRIP100 construct was transiently transfected
into T47D-YB breast cancer cells, which express high levels of PR B. The cells were then treated
with R5020, RU486 or vehicle, fixed, and PR was visualized immunohistochemically using a
rhodamine-conjugated secondary antibody (Fig. 3). Nuclei were stained blue using DAPI. In
positively transfected cells gfp-CRIP100 had a strong cytoplasmic expression. bThe majority of
PR B protein was detected in cell nuclei, with some weak cytoplasmic staining in the untreated
cells. Treatment with either R502O or RU486, resulted in tight nuclear PR B staining, with very
little PR detected in the cytoplasm of these cells. In contrast, gfp-CRIP100 remained cytoplasmic
irrespective of hormene treatment. Furthermore, PR B localization was not affected by over-

expression of gfp-CRIP100, and did not differ between transfected and untransfected cells.

Effect of CRIP100 on transcriptional activiiy of PR: The full length CRIP100 protein was not a
ligand-dependent transcriptional activator of PR or GR although it did have weak transcriptional
activation properties ovefall. When transfected into PR negative HeLa cells in increasing
concentrations with a constant amount of PR B and a progestin-responsive luciferase reporter,
reporter activity was weakly enhanced with increasing amounts of CRIPIOOHprotein (Fig. 4).

- This was seen in the presence (hatched Bars) or absence (plain bars)vof the agonist R5020,
‘suggesting that although CRIP100 increased the availability of PR to activate transcription on its
reporter, it was not a true ligand dependent coactivetor of PR. These data combined with cell
localization results, suggested a role for CRIPIOO during' the initial steps of translation and
folding of PR. This hypothesis was tested by a thorough analysis of CRIP100 interactien with

PR and molecular chaperones known to be involved in PR folding.




Binding to PR: Immunoprecipitation was used to further study the binding of CRIP100 to both
receptor forms A and B. Two variants of the human breast cancer cell line T47D were analyzed;
one, YA, expressing exclusively the PRA isoform and the other, YB, expressing exclusively
PRB. Antibodies were used to specifically immunoprecipitate PRA, PRB, or CRIP100 from cell
lysates and the immunoprecipitated proteins were resolved by SDS-PAGE and analyzed by
western blotting. As shown in Fig. 5, CRIP100 was detected in complexes with each PR species.
When an antibody to CRIP100 (AbS1) was used for immunoprecipitation, co-precipitation of
PR-A was clearly observed, but that for PR-B was barely detectable with this technique. Thus,
both receptor species can be observed in complexes with CRIP100, although their abundance in

these complexes may differ.

CRIP100 is incorporated during the assembly of PR chaperoning complexes in a cell—ﬁe‘e
sy&tem: Steroid receptor-chapefone complexes can be assembled in vitro using either rabbit
reticuioéyté lysate (25,27) or purified chaperone pro.teins (22,27). To further characterize
CRIP100/PR interaction, we analyzed CRIP100 incorporation into néwly reéonstifuted PR
complexes using reticulocyte lysate, where CRIP100 was trgnscribed, translated and radiolabeled
with **S-methionine. Human PRA and B were isolated from T47D YA and YB cytosols,
respectively, by adsorption to antibody resin under high salt conditions that remove associated
chaperones. The preparations were then incubated at 30°C in the presence of feticulocyte lysate
containing >*S-labeled CRIP100. The incorporation of CRIP100 into the reassembled PR
complexes was asses-sed by autoradiography ( Fig. 6A). The amounts of PR wére assessed by
western blotting (Fig. 6B). There was a low level of nonspéciﬁc binding of CRIP100 to the PR6
and AB52 antibodies (lanes 2, 4, 7). Nonetheless, CRIP100 was clearly incorporated into human

PRA (lane 3) and PRB (lane 1) complexes. CRIP100 was also readily incorporated into avian




. PRA/B complexes reconstituted in vitro (lane 6). These results further suggest that CRIP100 may

be involved in the chaperone-dependent process of PR folding and maturation.

CRIP100 is incorporated into PR chaperoning complexes using a purified system: To gain more
insight into CRIP100 recruitment in PR complexes, we used the PR from the chicken ovidupt to
test whether a purified chaperone system (consisting of hsp90, hsp70, Hop, hsp40 and p23_) (22)
was sufficient to incorporate CRIP100 into PR complexes and whether CRIP100 altered PR .
complexes. Chicken PR was used because methods for its isolation and anaiysis in vitro are
Amuch more clearly defined compared to human PR. The results are shown in Fig. 6C. Classical
PR complexes containing hsp90, hsp70, hsp40 and p23 are shown in lane 5. Iﬁcluding CRIP100
resulted in its incorporation into the complexes (lane 6). This was observed as an increase in
intensity of the protein band running at about 100 kDa since CRIP100 and PR-B have the same
mobiiity on SDS-PAGE. CRIP100 incorporation was consistently accompanied with a slight
decrease of hsp90 and p23 and a slight increase of hsp70 levels suggeéting that CRIP100 may
have some influence on the dynamics of assembly of PR complexes. To gain further

understanding of the mechanism by which CRIP100 enters the reconstituted PR complex, we

examined the possible direct interaction of CRIP100 with PR.

CRIP100 interacts with PR directly: CRIP100 was identified as a PR binding protein and it
contains four LXXLL motifs that in other systems are known to mediate interactions between
nuclear receptors and co-activators (13,26). The results shown above could not distinguish
CRIP100-PR binding from some indirect interactions of CRIP100 with other PR-associated
proteins. The first evidence for direct interaction of CRIP100 with PR was obtained by

immunoprecipitation of purified CRIP100 with PRA/B linked to PR22 antibody resin (not




shown). To test whether CRIP100 interacts with both isoforms PR-A and PR-B, we first isolated

PR-B from chick oviduct cytosol using an antibody (PR6) specific for PR-B (see Fig. 7A, lane

~ 2). The remaining PR, now enriched in PRA, was then isolated using a more general PR

antibody (PR22) (lane 4). CRIP100 readily bound to both PR preparations indicating its ability

to bind directly to the different isoforms (lanes 3 and 5).

Additional experiments on the nature of CRIP100-PR binding found the binding to be very
temperature-dépendent with optimal binding at 37C (Fig. 7B). The interaction was relatively
inefficient at temperatures below 30C, indicating that the binding may Be accompanied by
significant conformational changes in either or both CRIP100 and PR.. Time course experiments
at 37C, however, showed a relatively rapid interaction (Fig 7C). Approximately 50% of the

binding occurred in the first five minutes of incubation.

Binding to hsp90: The full length CRIP100 clone contains three putative TPR domains. TPR
domains are iﬁvolved in protein-protein interactions and have been described in a number of
proteins that interact with the PR chaperone hsp90 (24,28,29). Therefore, mammalian 2-hybrid
assays were used to investigate a possible interaction between CRIP100 and hsp90, and to |
determine whether this influenced the dynamics of the PR-chaperone complex. In this assay
hsp90 was expressed as a fusion with the gal4 DNA binding domain and CRIP100 was ‘linked to
the activation domain of VP-16. Interaction between the fusion proteins in a transient
transfection assay resulted in activation of a gal4-luciferase reporter. When the hsp90 and
CRIPIOO constructs were cotransfected into HeLa cells along with the reportér, an interaction

was consistently observed between the two proteins. When the hsp90 and CRIP 100 constructs

were co-transfected into HeLa cells along with the reporter, an interaction was consistently




observed between the two proteins and this was not changed when cells also contained PR (Fig.
8A, samples 1 and 2). This experiment also confirms an interaction between CRIP100 and PR
(sample 3) and PR and hsp90 (sample 4). The addition of exogenous CRIP100 may slightly
enhance the interaction between hsp90 and PR (sample 5). [In a similar experiment (Fig. 8B),
the bindiné of hsp90 to CRIP100 was not altered by the agonist R5020 or the antagonist RU486
(group 1). However, this interaction was lost when cells also contained PR and were trebatéd With
RU486 (group 2). This suggests that the PR can sequester Gal4-hsp90 or VP16-CRIPIOO, but
ohly in thé preéeﬁée of RU486. The binding between Gal4-PR and VP16-CRIP100 was 1ost by
treatment with R5020 which is consistent with the possibility that CRIP100 only interacts with
PR when in the cﬁaperone complex in the absence of hormone (group 3). RU486 also causes a
loss of this ihteraction. This suggests that the RU486 effect in group 2 is caused by an enhanced
interaction of PR with Gal4-hsp90, not with VP16-CRIP100. Finally, thé interactibn between

| Gal4-hsp90 and VP16-PR was disrupted by R5020, but strongly enhanced by RU486. This is
consistent with the view thatzagonists alter the PR to a form that no longer binds to hsp90

whereas the antagonist RU486 doesn’t do this and appears to enhance chaperone interactions. ]

The association of CRIP100 with hsp90 complexes was confirmed in co-precipitation asséys
using an antibody to hsp90 (H9010) (Fig. 8B) to isolate complexes or endogenous proteins from
T47D cell cytosols. A blot using specific antibody for CRIP100 clearly indicated the presence of
CRIP100 in complex with hsp90. Taken together, these results further expanded the protein
multicomplexes of PRA, PRB and hsp90 to contain the CRIPIOO. Thus, it was necessary to

define direct versus indirect interactions among these proteins.

To test the direct binding of CRIP100 to hsp90 in vitro we used antibody pull-down experiments

with purified proteins (hsp90, CRIP100 and GST-CRIP100). As shown in Fig. 9A, GST-



CRIP100 adsorbed to glutathione-Sepharose was able to pull down hsp90 (lane 2), but this
interaction was inefficient. The reciprocal experiment, however, using hsp90 bound to antibody
resin, and CRIP100 without GST showed a much stronger level of binding (Fig. 5A, lane 3).
The conformation and activity of hsp90 can be influenced by the binding of ATP or ADP, or by
the hsp90 inhibitors geldanamycin and radicicol (30-32). When these agents were tested, they

had little or no effect on the binding of CRIP100 (Fig. 9B).

Seeking a better understanding of CRIP100/hsp90 interaction, we analyzed the affinity of this
interaction. A set amount of hsp90 was incubated with a range of CRIP100 concentrations and
complexes were adsorbed to antibody resin to hsp90 and analyzed by SDS-PAGE. The binding
of CRIP100 to hsp90 was saturable and the results fit a classical hyperbolic plot indicating a
simple model of protein/protein interaction (Fig. 9C). A linear Scatchard plot (Fig. 9D) |
confirmed this interpretation and shoWed that CRIP100 bound hsp90 with high affinity (K4 = 43
nM). Measurements by densitometr§f indicated the CRIP100:hsp90 ratio at saturation to be about

1:1 by mass or two monomers of CRIP100 per dimer of hsp90.

CRIP100 ha& distinct binding sites for PR and hsp90. As shown in Fig. 9A, CRIPIOO bound -
more efficiently after cleavage of GST This observation suggested that CRIP100’s TPR motifs
near the N-terminus, might be important in binding hsp90. To directly test the imertance of
CRIP100’s TPR domains in binding to hsp90, we tested proteins with point mutations of amino
acids in TPR1 or TPR2. TPR repeats are degenerate 34 amino acid sequences with no position
characterized by an invariant residue. However, certain amino acids are commonly observed in
particular positions (33,34). Alignment of TPR sequences (Fig. 10A) showed that lysiné 13 and

alanine 20, located in helix loops A and B respectively, are conserved not only within CRIP100 |



TPR-motifs but also in most of the TPR motifs of Hop, FKBP52, FKBP51, cyp40 and PPS.
Therefore, theée two residues were mutated to glutamic and aspartic acid in the TPR1 and TPR2
repeats of CRIP100. Both mutations of TPR1 and TPR2 abrogated CRIP100-hsp90 interaction
(Fig. 10B), suggesting that the two motifs are essential for hsp90 binding. Importantly, the
three-dimensional structures of both mutants appeared to be stable and similar to CRIP100 wild
type because they 1) co-migrated with CRIP100 wild type in size exclusion chromatography
analysis with no sigﬁs of aggregation (not shoWn), and 2) retained binding to PR in a similar

manner to the wild type (Fig. 10C).

The original 1kb clone that relieved growth suppression when cotransformed into yeast with the
PR bait containéd only the third and fourth LXXLL mbtifs (Fig. 1C) and none ,Of the TPR
domains. To determine whether éne or both of these C-terminal LXXLL motifs were involved
in the interaction between CRIP100 and PR, mutant constructs were prepared for use in a yeast
two-hybrid assay. The constructs consisted of the initial 1kb C-terminal clone, with a leucine to
alanine mutation at position four of LXXLL motif 3 (NRm3) or 4 (NRm4) as indicated in Figure
1C. As well as assessing th¢ ability of the clones to relieve growth suppressién when
cotransformed into yeast with the PR bait, a colorimetric aSsay was performed to determine B-
galactosidase activity ffom a cotransformed Gal4 reporter. As shown in Fig. 1A, the wild-type
CRIP100 C-terminal clone relieved growth suppression when cotransformed with the PR bait
into L40 yeast cells and plated onto selective media containing RU486 (Fig.11C). No growth
was observed in fhé absence of RU486. Furthermore, the colorimetric assay confirmed these
resﬁlts. The NRm3 mutant in which LXXLL motif 3 had been disrupted was not able to rescue
growth when cotransformed into cells with the PR bait. In contrast, the LXXLL motif 4 mutant

NRm4 was as effective as the wild-type C-terminal CRIP100 clone in rescuing cell growth.




Further analysis of the importance of the four NR motifs in PR binding by the full length protein
was performed in vitro by double point mutations of both leucine 1 and 2 in each of the four |
LXXLL sequences individually. The two mutations changed the leucine residues to serine.
Surprisingly, the four generated mutants seem to interact similarly to the wild type with PR (Fig.
1 IA) and with hsp90 (Fig. 11B), indicating that the four motifs might be complementary or are
not required for the in vitro binding and suggest a more complex mechanism of interaction in

vivo.

CRIP100 and Hop have distinct binding sites on hsp90. To further understand the nature of
CRIP100/hsp90 interaction, we used an indirect competition test with Hop. Hop was chosen for
several reasons: 1) It was shown to compete with other TPR motifs containing proteins, such as
immunophilin_é and PP5, in hsp90 binding tests (35,36); 2) It does not directly interact with
CRIP100 in immunoprecipitation experiments using a Hop specific antibody (not shown); 3)
Biochemical studies have shown that Hop (or yeast Stil) is a dimer in solution suggesting that
binding of Hop to hsp90 should simultaneously occupy the two independent TPR-domain—
binding sites of hsp90 dimer (37); 4) Hop and CRIP100 have comparable affinities in binding

hsp90 (38) (Fig. 5D).

When hsp90 was séturated with CRIPIOO and increasing amounts of Hop were added, Hop was
incorporated in the hsp90 complex without affecting the amount of CRIP100 bound (Fig. 12B).
Reverse experiments, where hsp90 was first saturated with Hop showed similar results (not
shown). These unexpected findings strongly suggest that hsp90 binds simultaneously both TPR
‘proteins in a noncompetitive manner. Thus, hsp90 appears able to bind both CRIP100 and Hop

in a ternary complex. This interpretation is further confirmed by the fact that the hsp90-Hop




complex, immunoprecipitated using Hop specific antibody, also immunoprecipitated CRIP100
(Fig. 12C, lane 3). Densitometry analysis of CRIP100, hsp90 and Hop in this complex showed
mass ratios of about 1:1:1 suggesting two monomers of CRIP100 and one dimer of Hop bind per

hsp90 dimer.

CRIP100’s binding site on hsp90 is located in the N-terminal domain of hsp90. Hop
interaction with hsp90 involves primarily a TPR recognition motif (MEEVD) in the C-terminus
of hsp90. Since CRIP100’s TPR motifs were essential for hsp90 binding, and Hop did not
compete in this interaction, it seemed likely that hsp90 contains a second TPR binding site. To
test this hypothesis we used several C-terminal deletion fragments of hsp90 to map the binding
éite for CRIP100. Pull-down experiments of CRIP100 with these fragments demonstrated that
hsp90°’s N-terminal domain 1-332 was sufficient for the binding of CRIP100 (Fig. 13).
[However, this fragment does not bind the TPR mutants of CRIP100 (not sho§vn)]. These
findings clearly establish the existence of a second TPR recognition sife within the first 1-332
residues of hsp90 and provide a molecular basis for a model where hsp90 binds CRIP100 by the
N-terminal and Hop via the C-terminal TPR recognition motif MEEVD. Taken together, these
data suggest the existence of noncompetitive TPR-co-factors interacting with hsp90 with the

potential for interesting regulatory effects on hsp90 function.




Discussion

Association of nascent PR with the hsp90 chaperone pathway is an essential first event in the
molecular action of PR. Hsp90 binds directly to the hormone-binding domain of PR and
abrogation of this binding inhibits the transcriptional activity of PR. In turn, hsp90 associates
with numerous other partner proteins, which together form the multiprotein chaperone complex
responsible for PR folding and stabilization. The foles played by all the members of the |

chaperone complex are only partially characterized at this point.

We report here the ﬁndiné of a novel protein CRIP100 which binds directly to the PR and to
hsp90. Analysis of CRIP100’s sequence revealed an interesting combination of strucfural motifs
that make it a potentially important player in the steroid receptor chaperoning pathway. Indeed,
CRIP100 contains four LXXLL sequences that are known to be important in the interaction of
nuclear receptors with co-activators (13,26). It also contains three TPR motifs Suggesting that
CRIP100 is a potential hsp90-interacting protein (28,35,37). In this study, we showed that
CRIP100 is part of PR and hsp90 complexes immuno-isolated from cell lysates. Furthermore,
we demonstrated and partially characterized its direct interactions in vitro with hsp90 and both
isoforms of PR. We also established that CRIP100 can be incorporated along with other

molecular chaperones during PR complex reassembly in cell-free systems.

The precise region and residues of CRIP100 that interact with PR are yet to be defined. Heery et
al. proposed that the LXXLL motif is a signature sequence that facilitates the interaction of
different proteiné with nuclear receptor (26). Our mutational studies of the LXXLL sequences
however, clearly show that no single sequence is essential for CRIP100/PR binding to occur in

vitro. However, in our initial studies on CRIP100, we found that a fragment that contained the




third and fourth LXXLL motifs was able to bind PR in a yeast two-hybrid system. Mutation
analysis showed that motif three was essential for this interaction, but not motif four. One
possible explanation for these results is that the mutation of motif three in the full-length protein
can be compensated by motif one or two. More complete studies are underway to better define

this interaction both in vivo and in vitro.

CRIP100 interacts with hsp90 through its TPR motifs as evidenced by the loss of binding caused
by double mutations of residues in TPR1 and TPR2 motifs. These mutations targeted lysiné 13
and alanine 20 of each TPR motif because these residues are conserved not only in CRIP100°s
TPR motifs but also among TPR-motifs of other TPR co-chaperones involved in hsp90 binding
(21,28,33,36). In addition, based on previous crystal structures of hsp90’s TPR co-cﬁaperones,
Lys 1‘3 and Ala20 would be respectively located in the antiparallel alpha helices A and B that
constitute the backbone structure of TPR motifs. One model of ’interaction with TPR motifs
postulates that a right-handed super-helical structure generated by /the folding of tandem TPR
motifs forms a binding groove that accommodates target proteins (28,33). Hence, changihg
Lys13 and Ala20 residues to acidic amino acids would have caused electrostatic changes in the
two TPR motifs which may result in perturbations at one of several levels: 1) locally in the
individual motif, 2) in the overall structure of the TPR domain, or 3) in parts of the molecule
outside of TPR domain. Our data, however, suggest that these changes caﬁnot be of a major
scale because thfee-dimensional structures of the mutants, at least as assessed by size exblusion
chromatography, are identical to wild type (not shown) and their PR bindiﬁg capabilities arek

| entirely preserved (Fig. 6C). Thus, we hypothesize that the alpha helices of CRIP100 TPR1 and
TPR2 are the primary components of the hsp90 binding site. Binding may be facilitated by

additional interactions outside this region as has been indicated for binding to hsp90 (39).




Since the TPR domains of CRIP100 are involved in hsp90 binding, it seemed likely that the C-
terminus of hsp90 would be the site of this interaction, as has been shown for Hop and the

| immunophilins (28,40,41). Surprisingly, however, the TPR recognition motif MEEVED in the
C-terminus of hsp90 is not required for CRIP100 interaction as demonstrated by the fact that
Hop and CRIP100 bind to hsp90 in a noncompetitive manner (Fig. 8) and, more directly, by the
ability of the N-terminal fragment 1-332 of hsp90 to pull down CRIP100 in co-
immunoprecipitation experiments (Fig. 9). These ﬁndings strongly support the existence of
distinct binding sites for CRIP100 and Hop on hsp90 and suggest, for the first time, the presence

of another TPR recognition site in the 1-332 N-terminus of hsp90.

Hsp90’s fragment 1-332 is composed of an ATP bind{ng domain (1-210), the highly charged
region (206-280) and ~ 5 0 residues downstream of the charge region (Fig. | 10). Interestingly, the
N-terminal domain (1-210) has been shown to interact with and “chaperone” dcnatured proteins
and hydrophobic peptides in vitro, which has been interpreted as an indication that this region
binds hsp90 client proteins. This “Chaperoning activity” is ATP and geldanamycin sensitive, but
is not éltered by ADP (42,43). This region.is also involved in the binding of the ‘co-chaperone’
p23 (44). The binding of p23 requires that hsp90 exist as a dimer with bound ATP. CRIP100
interaction adds yét another binding capacity for the N-terminal region of hsp90 and it is
somewhat surprising that this interaction is not markedly inﬂuencéd ny ATP or g'eldanamycin.
Preliminary studies show that the binding of CRIP100 to hsp90 does not block the binding of

either ATP or p23, however, additional studies are needed to evaluate more subtle

interrelationships among these interactions.




Taken together, our data raise intriguing parallels between CRIP100-hsp90-Hop interactions and
hip-hsp70-Hop binding. Mutagenesis studies showed indeed, that TPR repeats are reQuired for
hip binding to hsp70 (45); nevertheless, the co-chaperone interacts exclusively with a sequence
yet to be identified in the amino-terminal ATPase domain of hsp70 (45,46). Hop binding, on the
other hand, requires the EEVD sequence in the C-terminus of the chaperone. The function of

Hip is still unclear, but it appears to stabilize the ADP-bound state of hsp70 (47).

In the chaperoning process for PR, Hop binds to both hsp70 and hsp90 to link their chaperoning
functions (48). In this intermediate complex, the PR lacks hormone-binding activity. This
activity is acquired in the transition to a mature complex where ATP, p23 and immunophilins are
bound to hsp90 and there is a reduction in the presence of hsp70 and Hop (1). It is believed that
important conformational changes in both hsp90 and PR occur at this step. The iﬁteractions of
CRIP100 with both PR and hsp90 are very temperature-dependent suggesting that they are
accompanied by marked conformational changes. It is still unclear whether CRIPIOO enters PR-
chaperone complexes at the intermediate step or at the mature complex. When present in PR
complexes, CRIP100 causes a slight reduction in the binding of hsp90 and p23, perhaps because
of its influence on the conformational state of PR or hsp90. Such inﬂuencés could also alter |
hormone-binding activity. CRIP100 was initially identified as a protein that was selective for PR
bound with the antagonist RU38486. It is tempting to speculate that this sélectivity arose
through chaperone-mediated changes in the hormone binding specificity of the PR. Studies are

in progress to investigate this and to identify the biological functions of CRIP100.




Figure Legends

Fig. 1: Characterization of novel PR-interacting protein CRIP100.

A - The interaction between CRIP100 and the hinge-HBD region of PR was confirmed in the
yeast 2-hybrid assay. The 140 yeast strain was transformed with the plasmid constructs: 1—
CRIP100 + pBTM1 lézhHBD-PR, 2 - CRIP100 + pPBTM116:lamin, 3 — pGAD112, 4 — CRIP100
alone, 5 — pPBTM116:hHBD-PR alone, or 6 — positive control construct. The transformed cells
were plated on synthetic dextrose agar dropout plates (SD-LEU-TPR-HIS) containing 10 mM
RU486 or vehicle, as indicated, and growth was monitored for 3 to 5 days at 30C.

B — Interaction between gst-CRIP100 and PR A, PR B and GR: HeLa cell lysates containing
transfected PR A, PR B or GR, were incubated 1h at 4C with gst-CRIP100 bound Sepharose of
gst-aloné Sepharose in the presence of 10nM R5020, 100 nM RU486 or 10 nM dexamethasone,
as indicated. Protein-bound Sepharose samples were pelleted and washed as indicated in
materials and methods. Samples were fractionated on 7.5% SDS-PAGE and fR and GR were
visualized by immunoblotting.

C — Mutational analysis of NR box-like motifs in the C-terminal CRIP100 clone. A schematic of
- the CRIP100 protein is shown. The locations of three TPR domains and foﬁr putative NR box
motifs are indicated, as well as the ‘start of the original CRIP100 clone fragment identified in the

PRhHBD yeast two-hybrid screen. The sequence substitutions of site-directed NR box mutants,

NRm3 and and NRm4 are indicated.

Fig. 2: Detection of CRIP100 mRNA transcript and protein.
A — A multiple human tissue RNA blot (Clontech) was probed with a *?P-labeled 1kb C-terminal
fragment of the CRIP100 cDNA, following the manufacturer’s instructions. Relative spot

intensities representing CRIP100 transcript levels in each tissue were estimated by densitometry.



Inset — CRIP100 transcripts were visualized in 30 mg total RNA isolated from HeLa cervical
cancer and T47Dco breast cancer cell lines by northern blotting. Transcript size was esﬁmated
using a commercial RNA ladder, and the positions of 18S and 28S rRNA subunits are indicated.
B- CRIPIOO pfotein detected by immunoblot in rodent tissues and human cell liﬁes. Cytosols
from’mouse tissues: 1. Lung, 2. Heart, 3. Kidney, 4. Liver, 5. Spleen, 6. Muscle, 7. Tongue, 8.
Brain, 9. Tesﬁs, 10. Uterus, 11. Rat brain cytosol, 12. IP from Rat brain cytosol, 13. Human
Ovarian cancer cell line OVCAR-8 cytosol and 14. Immunoprecipitated prqtein, 15. Human
Ovarian cancer cell‘ line MDAH2774 cytosdl and 16. Immunoprecipitated protein, 17. Human

Ovarian cancer cell line PA1 cytosol and 18. Immunoprecipitated protein.

Fig. 3: Effect of CRIP100 on PR transcription.

HeLa cells were transfected with 10 ng hPR1, 1 mg PRE,-TATA«-LUC and 250 ng pCH110, in

the presence of increasing quantities of CRIP100 as indicated. Luciferase and B-galacto'sidase
activities were estimated in harvested cell lysates after 16-20h treatment of the cells with 10 nM
R5020 (striped bars) or vehicle (open bars). Reporter activity is shown corrected for B-

galactosidase activity.

| Fig. 4: Cellular localization of CRIP100 protein.

The pEGFP-C1-93 construct, containing the CRIP100 ¢cDNA fused C-terminally to green
fluorescent protein, was transfected into PR+ T47D-YB growing on coverslips. Two days after
transfection cells were tested fér 1h with 10 nM R5020, 100 nM RU486 or vehicle, then fixed

and stained for PR expression, as described in materials and methods. Nuclei were visualized

using DAPL




Fig. 5: CRIP100 is expressed by T47D cells and is a component of human PR and chaperone
complexes. | |

A. Endogenous CRIP100, PRA and PRB were immunoprecipitated from T47D YA or YB
cytosols using the monoclonal antibodies, AbS1 (CRIP100) and AB52 (PR). Mouse IgG
(M.IgG) was used to evaluate the non-specific background of immunoprecipitation. Bound
proteins were resolved by SDS-PAGE and transferred onto PVDF membrane. The membrane
was first incubated with AbS1 to detect CRIP100 and then incubated with AB52 to detect human
PRA or PRB. B.Immunoprecipitations of endogenous CRIP100 and hsp9Q were perforined as
in A using AbS1 and H9010 monoclonal antibodies respectively and blotted with AbS1 antibody

to detect CRIP100.

7 Fig. 6: CRIP100 is incorporated into PR complexes during reassembly in a cell-free syétem.
A and B. 35S methionine-labeled CRIP100 was generated by in vitro translation. (RL*) and used
to test CRIP100 incorporation into PR from T47D YA or YB cells and from chicken oviduct

“cytosols using monoclonal antibodies PR6, AB52 and PR22 respectively. Lanes 2, 4 and 7 show
the backgrounds (without PR). Bound proteins were resolved by SDS-PAGE and transferred to |
PVDF membrane. The radioactive CRIP100 (Panel A) was detected using a phosphoimager ().
The radioactivity given by 1 pl of translation reaction is shown in lane 5. The appearance of
human or chicken PR was detected by western blotting (panel B). C. Avian PRA/B was isolated
from oviduct cytosol using antibody PR22 bound to protein A-Sepharose and stripped of
associated proteins (lane 4). PR complexes}were then reconstituted using purified proteins
(hsp90, hsp70, Hop, hsp40 and p23) in the absence (lane 5) or presence (lane 6) of CRIP100.

Lanes 2 and 3 show the level of interaction of the five proteins or CRIP100 with antibody resin0.




The mobility of each protein is as indicated on the right as well as antibody heavy (HC) and light

(LC) chains. Molecular weight markers in kDa are indicated on the left.

Fig. 7: CRIP100 interacts directly with PR.

A. Avian oviduct cytosol was incubated first with PR6-protein A-Sephardse resin to isolate PRB
(lane 2). Then cytosol “depleted” of PRB was incubated with PR22 resin to isolate PRA (lane
4). Each PR subtype was tested for binding CRIPlOVO (lanes 3 and 5). B. Stripped PR was
incubated with 20 pg of CRIP100 at the indicated temperatures for 15 min. C. Stripped
PRA/B was incubated at 37C with 20 pg of CRIPIOO for the indicated time. For control,

CRIP100 was incubated with PR22 resin without receptor at 37C for 40 min.

Fig. 8: Interaction between CRIP100, hsp90 and PR. .
A — Constructs containing CRIP100, PR B and hsp90 linked to the Gal4DNA binding domain
and VP16 activatidn domain were cotransfected into HeLa cells és indica‘ped, and hérvested two
days later. Where indicated the PR B and CRIPI 00 constitutive expression vectors were
included in the transfection. Protein-protein interactions were estimated as luciferase activity

- arising from a cotransfected Gal4 response element reporter, and are shown corrected for B-
galactosidase activity. The Gal4-hsp90 and pVP16 CRIP100 constructs were cotransfected with
empty VP16 and Gal4DBD controls, respectively (right two bars). Error bars represént the
standard deviations of triplicate determinations. |
B —Endogenous CRIP] 00, and hsp§0 were immunoprecipitated from T47D YA or YB cytosols

using respectively the monoclonal antibodies AbS1 and H9010. Bound proteins were resolved

- by SDS-PAGE and blotted with AbS1 antibody to detect CRIP100.




Fig. 9: Analysis of CRIP100 interaction with hsp90.
A Analysis of direct interaction between hsp90 and CRIP100 was carried out by pull down
experiments with gluiathione resin (lane 2) or ifnmunoprecipitation by H9010 antibody after
cleavage of GST (lane 3) using purified proteins. Lane 1 shows background of CRIP100 bound
to the glutathioné resin, and lane 4, to resin H9010 Protein A without hsp90. Proteins were
resolved by SDS-PAGE and stained with Coomassie blue. B. Purified CRIP100 was incubated
with H9010 bound hsp90 in the preserice of no nucleotide, 5 rhM ATP, 5 mM ADP, 50 uM
' geidanamycin (GA) or 50 uM radicicol (rad). In lane (C), H9010 resin lécking hsp90 was
incubéted with 10 pg CRIP100 with no ligand. CRIP100 and hsp90 positions are shown. All
“incubations were at (30C) for 40 min. C. Increasing amounts of CRIP100 (1-30 pg) in duplicate
were added to samples of immobiliZéd hsp90 (2 ug) and incubated for 40 min at (30C).
Coomassie stained bands were quantified by densitometry. The‘plot of arbitrary units (AU) of
bound CRIPIOQ is shown and represents the mean values for each concentration. All

experiments were repeated at least two times. D. Scatchard analysis of panel C values.

Fig. 10: TPR motifs of CRIP100 are essential for hsp90 binding.

A. Comparison of TPR motifs of CRIP100, Hop, FKBP52, FKBP51, cyp40 and PP5. Mutated
amino acids are shaded. Helices A and B of each TPR repeat motif are indicated according to ().
B. Co-immunoprecipitation of 2 ug of CRIP100 wild type (lane 3), Ti’Rl (lane 5) and TPR2
(lane 7) mutants with 5 pg of hsp90 bound to H9010 ahtibody. Lanes 2, 4, 6 represent CRIP100
resin controls. C. Co-immunoprecipitation of CRIP100 wild type (lane 3), TPR1 (lane 5) and

TPR2 (lane 7) mutants with avian PRA/B using PR22 antibody. Lanes 2, 4, 6 show the

background without PR.




Fig. 11: The binding of CRIP100 NR mutants to PR. A. Double point mutation in each NR
sequence of CRIP100 were prepared. Purified CRIP100 wild type and mutants NR1, NR2, NR3
and NR4 were incubated with stripped avian PRA/B bound to antibody (PR22) resin.
Nonspecific bindings were assessed by proteins incubated with antibody resin without PRA/B.
Samples were washed and bound proteins resolved by SDS-PAGE and stained with Coomassie
blue. B. Wild type and NR mutants were tested for hsp90 binding using hsp90 monoclonal
antibody H9010 and following the same procedure as in A. C. The performance of two mutants,

NRM3 and NRM4 in growth and colorimetric yeast two-hybrid assys.

Fig. 12: CRIP100 and Hop interact with different parts of hsp90.

‘A. Purified CRIP100 was incubated with Hop antibody resin in the absence (lane 1) or presence
(lané 2) of preﬁéund Hop. The complexes were washed, resolved by SDS-PAGE and stained
with Coomassie blﬁe. B. Hsp90 (-ng) was bound to antibody resin and then saturated with
CRIP100 (-pg). Excess CRIP100 was removed and samples were incubated with increasing

- amounts (0-40 pg) of Hop. Complexes were isolated and analyzed by SDS-PAGE. Gels were
stained with Coomassie blue and scanned. Dehsitometry values for CRIP100 and Hop are
plotted against amount (ug) of Hop added in the reaction mixture. C. Hop and hsp90 were
incubated with the Hop antibody resin. Excess protein was remo§ed by centrifugation and the
resin complex was incubated with 10 pg of CRIP100 and 5 mM ADP for 30 min. at 37C. The
complex was isolated and resolved by SDS-PAGE (lane 3). Background binding of hsp90 and
CRIP100 to antibody resin without Hop are shown in lane 2. 1/10" of protein loads are shown in

lanes 4-6.

Fig. 13: The CRIP100 binding site is located within N-terminal domain of hsp90.




. N-terminal-tagged GST-hsp90 and different C-terminal deletion fragments along with hsp90
* without tag were used to pull down CRIP100 using hsp90 BF4 antibbdy resin. Samples were

washed and bound proteins analyzed by SDS-PAGE. Background of CRIPIOO bound to

antibody resin alone is shown in lane 9.
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