UNCLASSIFIED

AD NUMBER

ADB259887

NEW LIMITATION CHANGE

TO

Approved for public release, distribution
unlimited

FROM

Distribution authorized to U.S. Gov't.
agencies only; Proprietary Info.; Jul 99.
Other requests shall be referred to U.S.
Army Medical Research and Materiel
Command, 504 Scott St., Fort Detrick, MD
21702-5012.

AUTHORITY

USAMRMC 1ltr, 17 Jun 2002

THIS PAGE IS UNCLASSIFIED




AD

GRANT NUMBER DAMD17-98-1-8072

TITLE: Analysis of the Mechanism of Action of RPFl: Potentiator
of Progesterone Receptor and p53-dependent Transcriptional
Activity

PRINCIPAL INVESTIGATOR: Maria R. Huacani

CONTRACTING ORGANIZATION: Duke University Medical Center
Durham, North Carolina 27710

REPORT DATE: July 1999
TYPE OF REPORT: Annual Summary

PREPARED FOR: Commanding General
U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

DISTRIBUTION STATEMENT: Distribution authorized to U.S. Government
agencies only (proprietary information, Jul 99 ). Other reguests
for this document shall be referred to U.S. Army Medical Research
and Materiel Command, 504 Scott Street, Fort Detrick, Maryland
21702-5012.

The views, opinions and/or findings contained in this report are
those of the author(s) and should not be construed as an official
Department of the Army position, policy or decision unless so
designated by other documentation.

20001121 092




NOTICE -

USING GOVERNMENT DRAWINGS, SPECIFICATIONS, OR OTHER
DATA INCLUDED IN THIS DOCUMENT FOR ANY PURPOSE OTHER
THAN GOVERNMENT PROCUREMENT DOES NOT IN ANY WAY
OBLIGATE THE U.S. GOVERNMENT. THE FACT THAT THE
GOVERNMENT FORMULATED OR SUPPLIED THE DRAWINGS,
SPECIFICATIONS, OR OTHER DATA DOES NOT LICENSE THE
HOLDER OR ANY OTHER PERSON OR CORPORATION; OR CONVEY
ANY RIGHTS OR PERMISSION TO MANUFACTURE, USE, OR SELL
ANY PATENTED INVENTION THAT MAY RELATE TO THEM.

LIMITED RIGHTS LEGEND

Award Number: DAMD17-98-1-8072
Organization: Duke University Medical Center

Those portions of the technical data contained in this report marked as
limited rights data shall not, without the written permission of the above
contractor, be (a) released or disclosed outside the government, (b) used by
the Government for manufacture or, in the case of computer software
documentation, for preparing the same or similar computer software, or (c)
used by a party other than the Government, except that the Government may
release or disclose technical data to persons outside the Government, or
permit the use of technical data by such persons, if (i) such release,
disclosure, or use is necessary for emergency repair or overhaul or (ii) is a
release or disclosure of technical data (other than detailed manufacturing or
process data) to, or use of such data by, a foreign government that is in the
interest of the Government and is required for evaluational or informational
purposes, provided in either case that such release, disclosure or use is made
subject to a prohibition that the person to whom the data is released or
disclosed may not further use, release or disclose such data, and the
contractor or subcontractor or subcontractor asserting the restriction is
notified of such release, disclosure or use. This legend, together with the
indications of the portions of this data which are subject to such
limitations, shall be included on any reproduction hereof which includes any
part of the portions subject to such limitations.

" THIS TECHNICAL REPORT HAS BEEN REVIEWED AND IS APPROVED FOR

ﬁ% /\MW) /2 6477
4 j/U <:7 { /




LETTER REQUESTING PROTECTION OF UNPUBLISHED DATA:

July 27, 1999

Commander

U.S. Army Medical Research and Materiel Command
ATTN: MCMR-RMI-S

504 Scott Street

Fort Detrick, MD 21702-5012

Commander:

This is to inform you that the enclosed summary for DAMD17-98-1-8072 contains
unpublished data which should be protected. I have indicated 'Unpublished Data - Please
Protect' on each page which describes results which we have not yet published. I would
appreciate if the Distrubution Statement which is included on both the Front Cover and
Standard Form 298 be corrected to reflect this change. Thank you in advance for your
help.

Sincerely,

o

Maria R. Huacani
Principal Investigator
DAMDI17-98-1-8072




. REPORT DOCUMENTATION PAGE e 0368

Public reporting burden for this collection of inf ion is estimated to mrage‘l hour per responss, including the time for nvnwmq instructions, searching existing data sources,
qlthurinq and maintaining the data needed, and lating and reviewing the f Send It thls burden estimate or any other aspect of this
collection of information, including suggestions for raducing this burden, to Washi Sarvices, Di for ions and Reports, 1215 Jefferson
Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Munnnement and Budgst, Paperwork Reduction Pmpcl {0704-0188), Washington, DG 20503.
1. AGENCY USE ONLY (/Leave blank/ 2. REPORT DATE | 3. REPORT TYPE AND DATES COVERED
July 1999 (1Jul 98-30Jun99) Annual Summary
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

Analysis of the Mechanism of Action of RPF1: Potentiator of Progesterone Receptor |DAMDI17-98-1-8072
and p53-dependent Transcriptional Activity

6. AUTHOR(S}
Maria R. Huacani

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESSIES) 8. PERFORMING ORGANIZATION
Duke University Medical Center REPORT NUMBER
Durham, North Carolina 27710

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING / MONITORING
U.S. Army Medical Research and Materiel Command AGENCY REPORT NUMBER
Fort Detrick, Maryland 21702-5012

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
Distribution authorized to U.S. Government agencies only (proprietary information, Jul 99 ).
Other requests for this document shall be referred to U.S. Army Medical Research and Materiel
Command, 504 Scott Street, Fort Detrick, Maryland 21702-5012.

13. ABSTRACT (Maximum 200 words)
IMEAE thierest in proteins which modulate the transcriptional activity of members of the

nuclear receptor superfamily led to the identification of yeast RSP5 and its human homolog
hRPF1/Nedd4, which potentiate progesterone receptor (PR)-dependent transcription. Subsequently,
we have observed that hRPF1 is a potentiator of p53-dependent transcriptional activation. As hRPF1
appears to modulate two transcription factors known to play a role in breast cancer, we are interested in
the identification of substrates of hRPF1’s enzymatic activity which may explain its transcriptional
effect.

hRPF1 shares sequence homology with a known family of ‘hect’ E3 ubiquitin ligases.
Both hRPF1 and its yeast homolog, RSPS, have been shown to bind to and ubiquitinate the large
subunit of RNA polymerase II. We postulate that there may be additional hRPF1 substrates, the
identification of which will help to explain our observations linking E3 ubiquitin ligase activity and the
general transcriptional machinery. Using a yeast two-hybrid approach, we have identified a 68 kDa
pre-mRNA cleavage factor which specifically binds to and serves as a ubiquitination substrate for
hRPF1. As transcription and RNA processing are known to be integrated processes, it is likely that
alterations in protein levels or function of either of these two proteins may explain the observed effects
on PR- and p53-dependent transcription.

gi esggi’EgaLEggs steroid hormone receptors ubiquitination 15. NUMBER %FgAGES
hRPF1 (Receptor Potentiating transcription
Factor) / hNedd4 16. PRICE CODE
17.  SECURITY CLASSIFICATION 18.  SECURITY CLASSIFICATION OF THIS |19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OF REPORT PAGE OF ABSTRACT o
Unclassified Unclassified Unclassified Limited
NSN 7540-01-280-5500 3 Standard Form 298 (Rev. 2.89) USAPPC V1,00

Prescribed by ANSI Std. Z39-18 298-102




FOREWORD

Opinions, interpretations, conclusions and recommendations are
those of the author and are not necessarily endorsed by the U.S.
Army.

Where copyrighted material is quoted, permission has been
obtained to use such material.

Where material from documents designated for limited
distribution is quoted, permission has been obtained to use the
material.

Citations of commercial organizations and trade names in
this report do not constitute an official Department of Army
endorsement or approval of the products or services of these
organizations.

ﬁ/% In conducting research using animals, the investigator(s)
adhered to the "Guide for the Care and Use of Laboratory
Animals," prepared by the Committee on Care and use of
Laboratory Animals of the Institute of Laboratory Resources,
national Research Council (NIH Publication No. 86-23, Revised
1985).

0///For the protection of human subjects, the investigator(s)
adhered to policies of applicable Federal Law 45 CFR 46.

Mu%‘ﬂb% In conducting research utilizing recombinant DNA
technology, the investigator(s) adhered to current guidelines
promulgated by the National Institutes of Health.

NA’ﬂU? In the conduct of research utilizing recombinant DNA, the
investigator (s) adhered to the NIH Guidelines for Research
Involving Recombinant DNA Molecules.

Nkﬂyﬁ/’In the conduct of research involving hazardous organisms,

the investigator(s) adhered to the CDC-NIH Guide for Biosafety
in Microbiological and Biomedical Laboratories.

/C/W é %W '7/21 /‘1‘7

‘PI - Slgna ure Date




TABLE OF CONTENTS

Front COVEr . . . ..ot 1
Letter Requesting Protection of Unpublished Data .. .................... 2
Standard Form 298, Report Documentation Page . . ... ............. .. ... 3
Foreword . . .. ..o 4
Table of Contents . . ... ..ot 5
IntroducCtion . . . . ..ottt 6
BOdy ..o 6-10
Appendices

Key Research Accomplishments . ................ ... ... ... .... 11

Figures .. ..o 12-13

Bibliography . . ... . oo 14

Manuscripts, Abstracts / Presentations . ............ ... .. ... ..... 15-74




Unpublished data - Please protect

Introduction:

In our search for proteins which modulate the transcriptional activity of steroid hormone
receptors, we previously identified the yeast protein, RSPS, and its human homolog,
hRPF1 as potentiators of progesterone receptor (PR)-dependent transcription (1). Further
analyses indicated that human hRPF1/Nedd4 was also able to potentiate the transcriptional
activity of the tumor suppressor, p53. hRPF1 shares significant sequence homology with
the conserved family of 'hect' E3 ubiquitin-ligase proteins (2). Our hypothesis is that
hRPF1 is able to ubiquitinate and/or signal the degradation of a protein substrate which is
required for both PR- and p53-dependent transcription. The PR receptor signalling
pathway exerts a proliferative effect in mammary carcinomas which can be blocked by anti-
progestins, and p53 is known to be mutated in a significant number of human breast
cancers. These two signalling molecules play key roles in the molecular pathogenesis of
breast cancer; therefore the identification of protein substrates of hRPF1, a protein which
potentiates both PR- and p53-dependent transcriptional responses, is crucial to our
understanding of human breast cancers.

A. Identification of proteins which bind to hRPF1

Using a yeast two hybrid approach, Staub et al. identified the PY motif of the
epithelial Na+ channels as a potential target of rat NEDD-4 activity (3). As a homolog of
NEDD-4, RPF1 is an excellent candidate for a yeast two-hybrid approach to identify

interacting targets.

Experimental Methods:

The yeast homolog of hRPF1, yRSPS5, has previously been shown to bind to and
target the large subunit of RNA polymerase II for ubiquitination and degradation . Based
upon the region of RSPS5 required for RNA pol II binding, we chose to use the amino
terminus of hRPF1 (aa. 193-506) as bait in a yeast two-hybrid screen.

hRPF]1 (aa. 193-506) was subcloned in the the Gal4DNA binding domain vector
(pGBT?9; Clontech) and expression was verified by western blot analysis (anti-Gal4DBD;
Santa Cruz). Yeast were cotransformed with bait (pGBT9-hRPF1) and Hel.a yeast two-
hybrid library (Matchmaker; Clontech) plasmids and screened for a His+LacZ+ phenotype.
Careful analysis of potential positives included plasmid recovery and retransformation of
both bait (hRPF1) and prey (library clone) into two different yeast strains and confirmation
that both plasmids were required for the His+LacZ+ phenotype. cDNA clones were
subsequently sequenced, and sequence data was used to BLAST search
(http://www.ncbi.nlm) several databases with the goal of discovering identity or homology
to proteins of known function.

To independently confirm the interaction of yeast two-hybrid positives with
hRPF1, we used an in vitro GST-pulldown approach, concurrently identifying regions in
hRPF1 which were required for interaction. Briefly, library cDNAs from the yeast 'prey’
vector, pPGADGH, were subcloned in frame into a GST fusion vector (Pharmacia), and
GST-fusion proteins were overexpressed and purified from bacteria. GST-fusion proteins
were immobilized on glutathione-sepharose (Pharmacia) and incubated with in vitro
translated, *°S-methionine labelled hRPF1, or portions thereof. After thorough washing,
bound proteins were resolved using SDS-PAGE and visualized by autoradiography. In
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several instances, the parallel experiment was performed, with GST-hRPF1 incubated with
in vitro translated, **S-methionine labelled two-hybrid positive proteins.

While these experiments were initially performed using partial library cDNAs , we
have subsequently used S'RACE to obtain 5' end sequence of the partial cDNA library
clones. Full length cDNAs were cloned by PCR using Pfu polymerase (Stratagene), and
sequenced before use in all subsequent experiments.

Results and Discussion:

Portions of six different human cDNAs were isolated from a Hela two-hybrid
library (summarized in Table 1) based upon their ability to bind to the amino terminus of
hRPF1. Of these six different library cDNAs, four were recovered multiple times in our
screen, suggesting that we thoroughly screened a representative number of library clones.

In addition to simply providing interaction confirmation, the GST-pulldown
experiments were used to identify regions of hRPF1 which were required for interaction,
dividing the 6 cDNAs into two classes. The 'regulatory’ class consists of two homologous
human proteins which are able to bind to both the C2/calcium lipid binding domain of
hRPF1 or the central WW domains. The 'substrate’ class includes the four proteins
identified which bind to hRPF1 solely through the WW protein-protein interaction motifs.
Interestingly, these four 'substrate’ proteins all contain 'PPXY" motifs within the protein
fragment encoded by the library cDNA clone. As proline rich motifs such as 'PPXY" have
been described as consensus sequences to which WW domains bind (4), these sequences
in the proteins of the 'substrate' group likely mediate the direct binding to the WW domains
of hRPFI.

This is in fact the case for one interactor, the 68 kDa RNA processing subunit, as
substitution of two alanines within this 'PPXY" motif is sufficient to disrupt binding of 68
kDa protein to hRPF1 in a GST-pulldown interaction assay (Figure 1). Similar
experiments testing the remaining substrates' requirement of the 'PPXY" motif for hRPF1
interaction are in progress.

While we are enthusiastic about pursuing both 'regulatory' and 'substrate’ classes
of hRPF1 interactors, for the purpose of this proposal, we have focused much of our
efforts on characterizing the 'substrate’ group of proteins, in particular the 68kDa protein
subunit of the CF I pre-mRNA processing complex (cDNA obtained from Dr. Walter
Keller, Basel, Switzerland).

The 68kDa protein is one of four subunits which comprise the CF I complex
which is required for the 3' processing/cleavage of RNA transcripts (5). Containing
several domains characteristic of RNA associated proteins, the 68 kDa subunit has two
RRMs (RNA Recognition Motifs) in the amino terminus, a central proline-rich domain, and
an alternating charge domain in the carboxyl terminus. As the goal for our studies has been
to identify proteins which may elucidate RPF1's role in PR- and p53-dependent
transcription, this 68 kDa protein is a promising candidate. RNA processing and
transcription are increasingly understood to be coupled events (6-8). Therefore, it is
possible that this 68kDa protein is present within the transcription complex, and alterations
in stability or modification of it may be sufficient to alter a transcriptional response.

The only other 'substrate’ protein with a matching cDNA in the database was the
human tom-1 like protein, which has an amino terminal domain similar to that found in
HRS and STAM proteins and a central coiled-coil domain. Based upon these structural
homologies, it has been proposed that the human tom-1 like protein plays a role in vesicular
trafficking and degradation of growth factor receptors (9).
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B. In Vitro Ubiquitination Assays

We have identified several proteins which interact with the amino terminus of
hRPF1; however, their designation as 'substrates' of hRPF1 activity is only possible after
demonstration that they are capable of being ubiquitinated by hRPF1. With this goal, we
have established in our laboratory, an in vitro ubiquitination assay using either purified
yRSP5 or hRPF1 as the E3 ubiquitin-ligase enzyme.

Experimental Methods:

Similar to published descriptions (10), the ubiquitination assay consists of the
incubation of in vitro translated, *S-methionine labelled 'substrate’ protein with
recombinant E1 (ubiquitin-activating), E2(ubiquitin-conjugating) and E3 (ubiquitin-ligase)
enzymes, and visualization of a ubiquitin-conjugated protein ladder using SDS-PAGE
followed by autoradiography. The 'substrate’ candidate may be translated in either wheat
germ lysate or rabbit reticulocyte lysate (TNT; Promega) and while E3 enzyme preparations
are generally purified protein, the E1 and E2 are soluble extracts from E.coli which
overexpress the relevant ubiquitin enzyme.

Several different techniques were utilized to produce recombinant purified E3
enzyme. While we originally proposed the purification of recombinant hRPF1 from a yeast
system, we subsequently chose to use either a baculovirus/SF9 cell or bacterial
overexpression system, as several other ‘hect” E3 ubiquitin ligases have been purified with
success using these techniques . In our first attempt to produce enzymatically active
hRPF1, we first produced recombinant baculovirus using the pFastBac system (Gibco
BRL). Baculovirus encoding His-RPF1 or His-RPF1-C867A was used to infect insect
Sf9 cells, and His-tagged proteins were purified using Ni-NTA resin (Quiagen). Purified
hRPF1 proteins were tested in standard ubiquitination assays, using bacterially produced
yRSP5 and its substrate, the large subunit of RNA pol II, as a positive control.

GST-RSP5 (gift from Dr. Jon Huibregtse) was overexpressed and purified from
BL21 bacterial cells and RSP5 was cleaved from the GST tag using Prescission protease
(Pharmacia). hRPF1 or hRPF1 (aa. 173-900) was also expressed and purified using this
bacterial system and assayed on the known substrate, the large subunit of RNA polymerase
II.

Results and Discussion:

We have demonstrated that the 68 kDa subunit of the CF Im complex is an in vitro
substrate of hRPF1 and yRSP5 activity (Figure 2). We believe that this is a specific
activity, as a 'PPXY' mutant which no longer binds hRPF1 or yRSP5 was no longer a
substrate of yRSP5 ubiquitination, while alanine substitutions in two distinct proline rich
motifs had no deleterious effect upon binding or ubiquitination.

In fact, each member of the 'substrate' group analyzed thus far is a ubiquitination
substrate of yRSP5. However, these analyses have not been trivial due to the difficulties
which we have encountered in purifying enzymatically active hRPF1.

We have found all preparations of full length hRPF1 from baculovirus/SF9 cells to
be inactive. A collaborator, Dr. Jon Huibregtse, has similarly observed that full length
recombinant hRPF1 protein purified from various sources is enzymatically inactive. His
laboratory has had success in purifying an active truncated form of hRPF1 (whect = aa.
193-900) from bacteria, and preparations of this active enzyme are able to ubiquitinate the
68 kDa pre-mRNA processing subunit, identified as a hRPF1 substrate in our laboratory.
We do not yet know the physiological significance of the observation that the whect portion
of hRPF1 is sufficient for ubiquitination activity in vitro. However, recent reports indicate
that cellular hRPF1/Nedd4 is cleaved by caspases upon apoptotic stimuli into a truncated
form which corresponds in size to the whect portion of the protein (11). This raises the
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possibility that the amino terminal C2/Ca2+ lipid binding domain (absent in the
enzymatically active whect enzyme preparations) is inhibitory or associates with proteins
which block the ubiquitinating activity of hRPFI.

These difficulties we have encountered in producing recombinant enzymatically
active hRPF1 enzyme underscore the importance in understanding the regulation of its
activity. We predict that the 'regulatory’ group of proteins identified in our yeast two-
hybrid screen may provide future clues to the proper regulation of hRPF1 activity.

C. Ubiquitination in Cultured Cells

The goal behind the identification of substrates of hRPF1, was to elucidate the mechanism
of RPF1 action on the PR-dependent and p53-dependent transcriptional responses.
However, the complex transient transfection assay which is used to analyze RPF1's
transcriptional effect presupposes that overexpression of hRPF1 is sufficient for the
ubiquitination and regulation of a substrate protein. With this end, our preliminary in vivo
experiments have been to overexpress hRPF1 and analyze the effect on a cotransfected
tagged substrate protein.

Experimental Methods:

The 68 kDa pre-mRNA processing subunit protein and its corresponding non-
ubiquitinatable mutant were subcloned into a GFP fusion vector (pEGFP-N1, Clontech)
and transiently transfected into HeLa cells using Lipofectin (Gibco BRL). hRPF1 or
hRPF1-C867A was cotransfected, and cell lysates were prepared 24-48 hrs post
transfection. Western blot analysis was performed using a polyclonal anti-GFP antibody
(Clontech) to analyze protein levels of tagged-substrate proteins.

Results and Discussion:

Coexpression of hRPF1 and GFP-68kDa or GFP-68kDa(mut) might be predicted
to result in decreased protein levels of WT substrate, but not the corresponding mutant.
However, we observed no significant change in substrate (exogenous or endogenous)
protein levels as detected by western blot analysis. We are currently in the process of
examining the stability of 68kDa or 68kDa(mut) using pulse-chase analysis. However,
several possibilities exist to explain our observations.

As little is known about the in vivo regulation of mammalian ‘hect' E3 ubiquitin-
ligase proteins such as hRPF1, it is likely that simple overexpression of the full length
cDNA for hRPF1 is not sufficient to mimic an activation event required for hRPF1 activity.
This is consistent with our observations that full length hRPF1 has not been yet
demonstrated to be enzymatically active in vitro. With this in mind, we also chose to
overexpress the truncated hRPF1-whect (aa. 193-900) and assay for changes in
cotransfected GFP-substrate protein levels. However, these analyses to date have not
demonstrated a direct correlation between hRPF1 and degradation of a substrate protein in
vivo.

We are also aware of the possibility that hRPF1 substrates identified may be
ubiquitinated in vivo, but not subject to degradation through the proteasome pathway.
There have been several examples of proteins for which ubiquitination is a reversible
modification, which is removed by the action of de-ubiquitinating enzymes. This
possibility is being explored using immunoprecipitation of substrates, and subsequent
detection of ubiquitin-conjugates with an anti-ubiquitin antibodies.
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Conclusions:

In summary, we have been successful in the identification of a 68kDa pre-mRNA
processing factor as a substrate of hRPF1 ubiquitination in vitro. Additionally, our
collaborative work with Dr. Jon Huibregtse has demonstrated the the large subunit of RNA
polymerase II is also a substrate of hRPF1 ubiquitination (12). As transcription and RNA
processing are known to be integrated processes, it is likely that alterations in protein levels
or function of either of these two proteins may explain the observed effects on PR- and
p53-dependent transcription. Experiments addressing these possibilities are underway.

However, several controlled experiments suggest that hRPF1's effect on activated
transcription may not be direct. Specifically, we have observed that overexpression of
hRPF1 is able to alter the levels of cotransfected progesterone receptor, suggesting an
indirect mechanism for 'potentiation’ of PR-dependent transcription. Nonetheless, recents
reports from other laboratories have implicated ‘hect’ family members such as E6-AP as
associating with and modulating steroid receptor dependent transcription (13). It is clear
that this family of E3 ubiquitin ligase proteins is involved in transcriptional processes,
though the precise mechanism remains elusive.

10




Unpublished data - Please protect

Key Research Accomplishments

Completion of yeast two-hybrid screen with identification of 6 proteins which
specifically bind to the amino terminal 'substrate binding domain' of hRPF1

Confirmation of yeast two-hybrid interactions using GST-pulldown
interaction assays

Cloning of full-length cDNAs for two hRPF1-interacting proteins

Creation of recombinant baculovirus for hRPF1 expression; purification of
RPF1 and RPF1-C867A from baculovirus/SF9 cells

Establishment of in vitro ubiquitination assay using yRSP5 or hRPF1 as E3
ubiquitin-ligase

Identification and creation of amino acid substitutions in substrate proteins
which abrogate ubiquitination

11
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Table 1: Yeast Two-hybrid Clones which Interact with hRPF1

cDNAs encoding six different human proteins were isolated from a Hela two-hybrid
library. These interacting protein were classified into two classes, based upon 1) the
presence or absence of a ‘PPXY’ motif, and 2) the region of hRPF1 to which they bind.
(hRPF1: aa.25-900; C2: aa.1-190, WW: aa.180-594, hect: aa. 494-900)
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Figure 1: In vitro interaction of WW domains of hRPF1 and 68kDa protein.
In vitro transcribed/translated and”’S-methionine labelled 68kDa protein (or 68 kDa
‘PPXY’ mutant, 388/90A) was incubated with GST alone, or with GST fused to hRPF1,
RPF-N, RPF-W, RPF-hect. or yRSPS5. Bound proteins were analyzed by 10% SDS-
PAGE and visualized by autoradiography.
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Figure 2: In vitro Ubiquitination Reactions. S-methionine labelled 68kDa protein
was in vitro transcribed/translated in rabbit reticulocyte lysate. Radiolabelled protein was
incubated with bacterially expressed recombinant E2 protein (Ubcl or Ubc8) and yeast
RSP5 (A) or human RPF1-whect (B) for one hour at 30°C. Reactions were terminated by
addition of SDS sample buffer, and slower migrating ubiquitin conjugates were resolved
and detected using SDS-PAGE and autoradiography.
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IDENTIFICATION OF SUBSTRATES OF hRPF1: A NOVEL E3 UBIQUITIN LIGASE

Maria R. Huacanil, Jon M. Huibregtsez, Sylvie L. Beaudenonz, and Donald P.
McDonnell'

1Depar’cment of Pharmacology and Cancer Biology, Duke University,
2Department of Molecular Biology and Biochemistry, Rutgers University

The ubiquitin-proteasome pathway is responsible for the regulation of protein stability in a
wide variety of cellular processes, including gene transcription, cell cycle progression and
signal transduction. E3 ubiquitin ligase proteins are the components of this multi-enzyme
cascade which are believed to be key players in the selection of ubiquitination substrates.
Several examples of ubiquitination dysregulation and subsequent cellular transformation
have been shown to occur. The defect in these systems has been shown to occur primarily
at the level of E3 ubiquitin ligase-substrate recognition. Our laboratory is interested in an
E3 ubiquitin ligase, hRPF1, which was originally identified as a modulator of steroid
receptor transcriptional activity. The yeast homolog of hRPF1, RSP5 has been shown to
bind to and ubiquitinate the large subunit of RNA polymerase II. We postulate that there
may be additional hRPF1 substrates, the identification of which will help to explain these
observations linking E3 ubiquitin ligase activity and the general transcriptional machinery.
Using a yeast two-hybrid approach, we have identified a pre-mRNA cleavage factor which
specifically binds to and serves as a substrate for hRPF1. As RNA processing is known to
be coupled to transcription, we are intrigued by the possibility that components of the RNA
processing machinery might be regulated by ubiquitination. In vitro analysis of the
regions of hRPF1 required for binding, suggest that in addition to putative ubiquitination
substrates, we have also identified a class of proteins which may play a regulatory role in
hRPF1 activity. Present work is aimed at determining the physiological significance of
these interactions.
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Abstract ~.

Rsp5 is an E3 ubiquitin-protein ligase of S Cerevisiae, belonging to the hect domain
family of E3 proteins. We have shown previously that Rsp3 binds and ubiquitinates the largest
subunit of RNA polymerase II (Rpbl) in vitro. We show here that Rpbl ubiquitination and
degradation is induced in vive by UV irradiation and by the UV-mimetic compound 4-
nitroquinoline N-oxide (4-NQO), and that a functional RSP5 gene product is required for this
effect. The 26S proteasome is also required, as mutation of SEN3/RPN2 (sen3-1), which encodes
an essential regulatpry subunit of the 26S proteasome, partially blocks 4-NQO-induced
degradation of Rpbl. These results suggest that RspS-mediated ubiquitination and degradation
of Rpbl is a component of the response to DNA damage. A human WW domain-containing hect
E3 closely related to Rsp5, Rpf1/hNedd4, also binds and ubiquitinates both yeast and human
Rpbl in vitro, suggesting that Rpfl and/or another WW-hect E3 protein mediates UV-induced

degradation of the large subunit of pol II in human cells.
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Introduction -

Ubiquitin-dependent proteolysis involves the covalent ligation of ubiquitin to substrate
proteins, which are then recognized and degraded by the 26S proteasome. While many of the
components involved in catalyzing protein ubiquitination have been identified and characterized
biochemically, we are only beginning to understand how the system specifically‘ recognizes
appropriate substrates.- At least three classes of activities, known as E1 (ubiquitin-activating), E2
(ubiquitin conjugating), and E3 (ubiquitin-protein ligase) enzymes, cooperate in catalyzing
protein ubiquitination (33). The enzymatic mechanisms and functiops of the E1 and E2 proteins
have been well characterized. In contrast, the E3 enzymes are a diverse and less well
characterized group of activities, and many lines of evidence indicate that E3 activities play the
major role in determining substrate specificity of the ubiquitination pathway (14, 28‘,’33).

The hect domain (homologous to E6-AP carboxyl terminus) defines a family of E3
proteins which were discovered through characterization of human E6-AP (17). The interaction
of E6-AP with the human papillomavirus (HPV) E6 protein of the cervical cancer-associated
HPV types causes E6-AP to associate with and ubiquitinate pS3, suggesting that E6 functions in
promoting cellular immortalization, at least in part, by stimulating the destruction of this
important tumor suppressor protein (16). The hect E3s range in MW from 92 to over 500 kDa,
with the hect domain comprising the approximately 350 carboxyl-terminal amino acids (17, 33).
Ekactly five hect E3s are encoded by the S. cerevisiae genome, and over 30 have been so far
identified in mammalian species. An obligatory intermediate in the ubiquitination reactions
catalyzed by hect E3s is a ubiquitin-thioester formed between the thiol group of an absolutely
conserved cysteine within the hect domain and the terminal carboxyl group of ubiquitin (32).

The E3 becomes "charged" with ubiquitin via a cascade of ubiquitin-thioester transfers, in which
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ubiquitin 1s transferred from the active site cyst€ine of the El enzyme, to the active site cysteine
of an E2, and finally to the hect E3, which cat;ﬂy'zes isopeptide bond formation between
ubiquitin and the substrate. The E3 can apparently be re-charged with ubiquitin while bound to
the substrate and can therefore catalyze ligation of multiple ubiquitin moieties to the substrate,
either through conjugation to other lysines on the substrate, or to lysine residues on previously
conjugated ubiquitin molecules. The resulting multi-ubiquitinated substrate is then recognized
and degraded by the 26S proteasome. Structure/function analyses of human E6-AP and yeast
Rsp5 have suggested a model for hect E3 function in which the large and non-conserved amino-
v | a s .

terminal domains ‘of these prbteins contain determinants for substrate specificity, while the
carboxyl-terminal hect domain catalyzes multi-ubiquitination of bound substrates (16, 37).

The S. cerevisiae RSP5 gene encodes an essential hect E3 protein and hasgeen isolated
in multiple genetic screens, including as a suppressor of mutations in SPT3 (Fred Winston and
coworkers, unpublished, cited in 17, 18). Rsp5 has also been identified as being involved in
down-regulation Qf several plasma membrane-associated permeases, including uracil permease
(Fur4), general amino acid permease (Gapl), maltose permease (Mal61), and the plasma
membrane H'-ATPase (5, 9, 13, 23). The primary structure of yeast Rsp5 reveals, in addition to
its carboxyl-terminal hect domain, two types of domains within the amino-terminal region: a C2
domain (amino acids 3 to 140) and three WW domains (within amino acids 231-418). C2
domains interact with membrane phospholipids, inositol polyphosphates, and proteins, in most
cases dependent on or regulated by Ca** (31). Although it has not yet been demonstrated, it is
possible that the C2 domain of Rsp5 is involved in targeting its membrane-associated substrates,
either by localizing Rsp5 to the plasma membrane or by directly mediating the interaction with

these substrates.
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WW domains are protein-protein interaction modules that recognize proline-rich
sequences, with the consensus binding site contair‘ling either a PPxY (4, 21), PPLP (1, 7), or
PPPGM sequence (2). WW domains, like SH3 domains, recognize polyproline ligands with
high-specificity but low-affinity (K;=1-200 uM). The basis of recognition is the N-substituted
nature of the proline peptide backbone, rather than the proline side chain, itself, and it has been -
suggested that this explains how WW and SH3 domains can achieve specific but low-affinity
recognition of ligands since proline is the only natural N-substituted amino acid (26). It has also
been recently shown that WW domains can also recognize phosphoserine and phosphothreonine-
containing ligands ligands (22), which has impo;tant implications f(;r the diversity of substrates
that may be recognized by RséS and other WW domain containing hect E3s. A structure-
function analysis of Rsp5 showed that the hect domain and the region spanning WW domains 2
and 3 are necessary and sufficient to support the essential in vivo function of RspS5, while the C2
domain and the first WW are dispensable, at least under standard growth conditions (37).
Together, the results of our structure/function analyses imply that ubiquitination of one or more
substrates of Rsp5 is essential for cell viability and that the critical substrate(s) is/are recognized
by the WW domain 2 and 3 region.

We previously reported the results of a biochemical approach for identifying substrates of
Rsp5, which led to the identification of Rpbl, the largest subunit of RNA polymerase II, as a
substrate of Rsp5 (18). Rpbl is very efficiently ubiquitinated by RspS5 in vitro and the WW
domain region mediates binding to Rpbl, with WW domain 2 being most critical. Since the
requirements for Rpbl binding and ubiquitination parallel those required for the essential
function of Rsp5, Rpbl is a candidate for being at least one of the substrates related to the

essential function of Rsp5. The biological relevance of Rpbl ubiquitination was not initially
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clear, however, since Rpb!l is an abundant, loffg-lived protein in vivo. Interestingly, another
study showed that the large subunit of human pol I‘I (pol II LS) is subject fo ubiquitination and
degradation in response to UV irradiation (3, 30), however the enzymatic components of the
ubiquitin system responsible for this phenomenon were not identified or characterized. We show
here that UV irradiation or treatment with a UV-mimetic chemical induces the degradation of
Rpbl in yeast cells, and that Rsp3 and the 26S proteasome mediate this effect. Furthermore, we
show that human Rpfl, a WW domain-containing hect E3, binds and ubiquitinates Rpbl in vitro,
suggesting that this may be the E3 that mediates UV-induced degradation of the pol II LS in

human cells.
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Materials and Methods .

Yeast Strains and plasmids

The FY56 (RSP3), FW1808 (rsp5-1), and Gal-RSP5 strains have been described
previously (18, 37). The sen3-1 (MHY811) and SEN3 (MHY810) strains (6) were kindly
provided by Mark Hochstrasser (University of Chicago). All plasmids for expression of Rsp3
and Rpbl have been described previously (18, 37). Plasmids for bacterial expression of GST-
Rpfl fusion proteins were generated by PCR amplification of regions of the Rpfl ORF from
plasmid pBKC-hRPF1 (19). The GST-Rpfl N protein contains amino acids 13—192 of Rpfl,
GST-WW protein contains amino acids 193-506, GST-C contains 506-901, and GST-WW-hect
contains 193-901. This numbering is based on the assumption that amino acid 2% of the protein
sequence given in GenBank D42055 is the initiating methionine. pGEX-3x-1 (Pharmacia) was

the cloning vector for expression of all GST fusion proteins except for GST-WW-hect, which

was expressed using pGEX-6p-1.

Protein purification and biochemical assays

GST fusion proteins for ubiquitination assays and protein binding assays were expressed
in E. coli by standard methods and affinity-purified on glutathione sepharose (Pharmacia).
Ubiquitination assays utilized hect E3 proteins (Rsp5, the Rsp5 C-A mutant, human E6-AP, and
Rpfl WW-hect) that were cleaved from the GST portion of the molecule with PreScission
protease (Pharmacia). These proteins were then used in ubiquitination assays using **S-labeled
in vitro translated (TNT rabbit reticulocyte lysate system, Promega) yeast Rpbl, as described

previously (18).
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Rpb1 binding assays were performed by mmixing 100 ng of GST-E3 fusion protein bound
to 10 pl of glutathione sepharose with 80 ug of total Hela cell lysate (cell lysis buffer 0.1 M
Tris, pH 8.0, 0.1M NaCl, and 1% NP-40), with the remainder of the 125 ul volume consisting of

25 mM Tris (pH 8.0), 125 mM NaCl. Reactions were rotated for 2 hours at 4°, and the beads

were washed three times with 500 pl of cell lysis buffer. SDS-PAGE loading buffer was-added -

directly to the sepharose, heated at 95° for 5 minutes, and proteins were analyzed by SDS-PAGE
and western blotting using either anti-CTD antibody (generously provided by Danny Reinberg,
University of Medicine and Dentistry of New Jersey, Piscataway, NJ) or anti-pol II antibody N-

20 from Santa Cruz Biotechnology (Santa Cruz, CA).

Analysis of UV and 4-NQO treated cells

HelLa cells were maintained in DMEM with 10% fetal bovine serum and UV-irradiation
was performed on tissue culture dishes after removal of media. A 254 nm germincidal lamp with
an incident dose rate of 1.5 J per m” per sec was used, and time of irradiation was generally 15
sec, for a total dose of 22.5 J per m>. Fresh media was then added to the cells, which were then
allowed to recover for various times at 37°. 4-NQO (Sigma), prepared as a 0.5 mg/ml stock in
ethanol, was added directly to the media at the indicated concentrations and for the indicated
times. Extracts were made by lysing cells directly in SDS-PAGE loading buffer.

Yeast were irradiated on agar plates by taking 5 O.D. units of log-phase liquid cultures,
concentrating the cells by centrifugation to 0.5 ml, then spreading the cells onto 10 cm agar

plates. The liquid was allowed to absorb into the plates for 30 minutes at 30°, then the plates

Unpublished Data




were irradiated as described above for HeLa cells, The cells were then collected from the plates
and extracts were prepared by the method of Silver—, et al. (35). Log-phase liquid yeast cultures
were treated with 4-NQO by adding a 0.5 mg/ml stock in ethanol directly to the culture media at
the indicated concentrations. Western analysis utilized either anti-HA rabbit polyclonal antibody
(Santa Cruz Biotechnology), anti-Rsp5 mouse monoclonal antibody (37), anti-CTD rabbit
polyclonal antibody, or anti-ubiquitin rabbit polyclonal antibody (StressGen, Victoria, BC,
Canada). Horseradish peroxidase-linked secondary antibodies and chemiluminescent reagents

were obtained from DuPont NEN.
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Results .
UV irradiation and 4-NQO induce the degradati(;n of Rpbl in both human and yeast cells
4-nitroquinoline 1-oxide (4-NQO) is considered a UV-mimetic because it is metabolized
to yield a compound that reacts with purine residues of DNA, and these adducts are processed by
the nucleotide excision repair (NER) system simularly to dipyrimidine photoproducts induced by
254-nm UV light (15, 29). It has been previously shown that UV irradiation of human cells
induces the ubiquitination and degradation of hRpbl (3, 30). Figure 1 demonstrates this effect in
HeLa cells. Cells were irradiated with 254 nm UV light at a dose of 22..5 J per m® and cell
extracts w;re made at times up to 4 hours after irradiation. Extracts were analyzed by SDS-
PAGE followed by immunoblotting with an antibody that recognizes the amino-terminal region
of hRpbl (and therefore detects both hypo- and hyperphosphorylated forms of thé protein). 4-
NQO treatment also resulted in degradation of hRpbl, with similar kinetics as UV-induced
degradation. With both UV and 4-NQO treatment there was a preferential disappearance of the
underphosphorylated form of hRpbl. Lactacystin, a highly specific inhibitor of the proteasome,
inhibited both UV- and 4-NQO-induced degradation of hRpbl (not shown), consistent with
previous reports that this effect is mediated by the 26S proteasome of the ubiquitin system (30).
Figure 2 shows that degradation of Rpbl was also induced in S. cerevisiae by both UV
uradiation and 4-NQO treatment. UV irradiation of intact yeast cells on agar plates led to a
dose- and time-dependent decrease in the steady-state level of Rpbl (Figure 2A). Rpbl levels
reached a minimum between one and two hours and began to return to normal after two to four
hours. 4-NQO also elicited a dose-dependent decrease in Rpb1, reaching a minimum 30 to 60

minutes after addition of 4-NQO to a liquid culture (Figure 2B). Unlike human Rpbl1, the hypo-

and hyperphosphorylated forms of yeast Rpb1 migrate as a very closely spaced doublet and are
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therefore not easily distinguishable by SDS-PAGE. Nevertheless, in none of our experiments
did we observe an apparent preferential disappearar—ice-of one form over the other. Treatment of
cells with cycloheximide or actinomycin D did not lead to a decrease in Rpbl level after 60
minutes (not shown), indicating that the effect of UV irradiation or 4-NQO treatment was not
simply the r;:sult of inhibition of synthesis of Rpbl or of any other RNA or protein. The
appearance of slower-migrating forms of Rpbl, suggestive of ubiquitinated intermediates, was
evident at higher concentrations of 4-NQO and on longer film exposures. These slower-
migrating bands were shown to .be ubiquitinated forms of Rpbl b'y irnmu.noprecipitating with
anti-CTD antibody, followed by irnmunoblotting' with either anti—CTb or anti-ubiquitin antibody
(Figure 3). While the accumulation of ubiquitinated forms of Rpbl was 4-NQO dose-dependent,
there was some reaction of the Rpb1 immunoprecipitate with the anti-ubiquitin antibody even in
untreated cells. This may reflect a basal level of Rpbl ubiquitination in normal cells, as

suggested previously (18).

4-NQO induced degradation of Rpb1 is dependent on RSP5 and SEN3/RPN2

To determine if DNA damage-induced degradation of Rpbl was dependent on RspS we
first took advantage of a yeast strain that contains a single copy of a conditionally expressed
wild-type RSPS5 gene. The Gal-RSP5 yeast strain contains an epitope-tagged RSP5 gene under
control of the GALI promoter, integrated at the RSP5 chromosomal locus (18). This strain was
grown to early log phase in galactose-containing media, then switched to dextrose-containing
media for 48 hours. Figure 4 shows that Rsp5 protein levels were dramatically reduced after 48
hours in dextrose. The cells were still fully viable at this point and resumed growth when shifted

back to galactose. The dextrose-shifted cells were treated with 4-NQO and compared to log-

Unpublished Data




12

phase cells that had been maintained in galactose-containing media. 4-NQO induced Rpb!
degradation occurred in the cells maintained in gale;ctose, but not in Rsp3-depleted cells. These
results suggest that 4-NQO damage-induced degradation of Rpb1 is dependent on RSPS5.

A caveat to the above experiment is that, since Rsp3 is essential for viability, the cells
have drastically slowed their rate of cell division after 48 hours in dextrose and therefore indirect
effects cannot be ruled out as being responsible for the block in 4-NQO-induced Rpbl
degradation. To independently confirm the importance of Rsp3 in induced degradation of Rpbl
we examined the effect of 4-NQO in the tempgrature—sensitive rsp5-1 mutant. Temperature
sensitivity is conferred by a single amino acid cﬁange (amino acia 733) within the hect domain
which directly affects the catalytic activity of the protein (37). The rsp5-I strain grows with a
slightly longer doubling time than an isogenic RSPJ5 strain at 30° but arrests within 30 - 60
minutes after shift to 37°. Figure 5A shows that Rpbl -deg.radation 1s induced by 4-NQO in an
isogenic wild-type RSPJ strain at 37°, while little or no loss of Rpb1 is seen in the rsp5-1 strain
at 37°. Figure 5B shows the results of an experiment in which the 4-NQO-induced multi-
ubiquitinated forms of Rpbl were clearly evident. The accumulation of these forms was seen in
the wild-type RSPS strain at both 30° and 37°, and in the rsp5-1 strain at 30°, but not at 37°.
These results confirm that 4-NQO-induced ubiquitination and degradation of Rpbl is RSP5-
dependent.

A strain containing a mutation in a subunit of the 268 proteasome was used to determine
if 4-NQO-induced degradation of Rpbl was proteasome-dependent. SEN3/RPN2 encodes an
essential non-ATPase regulatory subunit of the 26S proteasome (6). The sen3-1 mutant shows a
growth defect at 30° (doubling time of 4.5 h) and a more severe growth defect at higher

temperature. The MAT«2 transcription factor and certain artificial substrates of the ubiquitin

Unpublished Data




13

system (Ub-Pro-Bgal and Ub-Leu-Bgal) have been shown to be stabilized in this mutant at 30°.
We compared the sen3-/ mutant to an isogenic Wilci—type SEN3 strain for its ability to support 4-
NQO-induced degradation of Rpbl. As shown in Figure 6, the sen3-1 mutant was defective in 4-
NQO-induced Rpbl compared to the SEN3J strain. This result confirms that UV-induced
degradation of Rpbl occurs in the proteasome, consistent with the observation that proteasome

inhibitors blocked degradation of human pol II LS in response to UV irradiation (30).

Rpfl/hNedd4, a human hect E3 related to Rsp5, binds and ubiqqitinates‘ Rpb1 in vitro
Rpfl, also known as human Nedd4 (hNedd4), has a C2 domain at its extreme amino-
terminus, four WW domains in the central portion of the molecule, and a carboxyl-terminal hect
domain (Figure 7A). Rpfl is one of at least 7 human hec_t'E3s that have this éame general
organization, with a variable number of WW domains (two to four). GST-Rpfl proteins weré
expressed as indicated in Figure 7A and assayed for their ability to bind to hRpbl. The full-
length Rpfl protein was not used in this analysis because it was produced in low amounts in
bacteria and, furthermore, was not catalytically active as judged by ubiquitin-thioester assays
(not shown). Rpfl WW-hect and the isolated WW domain region stably bound hRpbl present in
HeLa cell extract (Figure 7B, left panel), whereas neither the isolated C2 domain or hect domain
bound to hRpbl. These results are consistent with our previous results that the WW domain
region of RspS5 is necessary and sufficient for binding to yeast Rpbl (18, 37). In addition, a well-
characterized proteolyzed form of hRpb!l (form IIb) that lacks the CTD did not bind to Rpfl,
also consistent with previoﬁs results that the CTD is the binding site for RspS (18, 37). There
was an apparent preferential binding of Rpf1 to the hypophosphorylated (Ila) form of hRpbl in

this experiment, however the degree to which the phosphorylated (Ho) form of hRpb1 associated
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with Rpfl was dependent on the cell extractionj_tzuffer. If the cell lysis buffer conditions were
harsher (RIPA buffer instead of NP-40 lysié buffer (11)) an equivalent portion of
hyperphosphorylated hRpbl bound to Rpfl (Figure 7B, right panel). This suggests that the
interaction of the hyperphosphorylated CTD with other proteins might preclude binding to Rpfl,
and‘ that RspS and Rpfl have an inherent ability to bind to both forms of the protein. This
interpretation is consistent with previous results that showed that Rsp5 could bind to both the Ilo
and ITa forms of purified pol II holoenzyme in vitro (18).

To determine if Rpfl could ubiquitinate Rpbl, the WW-hect Rpfl protein was cleaved
from the purified GST fusion protein and assayeci for its ability to uBiquitinate in vitro franslated
yeast Rpbl. Rpfl was as efficient in stimulating multi-ubiquitination of Rpbl as yeast RspS
(Figure 8). Neither the active site cysteine-to-alanine mutant of Rsp5 nor hﬁman E6-AP
ubiquitinated Rpbl. Together, the binding and ubiquitination results suggest that Rpfl may
mediate the DNA damage-induced degradation of the large subunit of RNA polymerase II in

human cells.
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Discussion -,

We initially identified Rpbl as a substrate‘of-RspS based on a biochemical screen for
proteins that were bound and ubiquitinated by Rsp5 in vitro (18). While Rsp5 was found to
efficiently multi-ubiquitinate Rpbl in vitro, the biological function of this was unclear since
Rpbl is an abundant and stable prq@ip zn V.i_v_,?j__ The steady-state level of Rpbl was found to
increase modestly (approximatelsl-three- to five-fold) on prolonged transcriptional repression of
RSPS5, providing evidence that Rpbl may be a bona fide substrate of RspS in vivo, even if the
half-life of Rpbl under normal growth conditions is relatively long. Other studies have shown
that inhibition of transcription gc:ause:d by exposufe of mammalian celis to DNA damaging agents,
including a-amanitin, actinomycin D, cisplatin, and UV irradiation, leads to the degradation of
the largest subunit of pol II (3, 27). Ratner, et al., further demonstrated that the dégradation of
the pol I LS induced by UV irradation was ubiquitin- and proteasome-dependent. Together,
these results suggested that recognition of Rpb1 by Rsp5 might be enhanced in response to DNA
damage. The experiments described here show that, as in human cells, DNA damage induces the
ubiquitination and degradation of Rpbl in S. cerevisiae, and that this is dependent on the Rsp3
ubiquitin-protein ligase. In addition, a human hect E3 closely related to RspS, Rpf1/hNedd4, is
shown to bind and ubiquitinate Rpbl in vitro, suggesting that this hect E3 might mediate UV-
induced degradation of Rpb! in human cells.

It has long been recognized that RNA synthesis is down-regulated in response to DNA
damage and that stalled RNA polymerase at sites of DNA damage might serve as a signal for
recruitment of the nucleotide excision repair (NER) machinery (10, 24). This is thought to be the

basis of a specialized form of NER, called transcription-coupled repair (TCR), in which lesions

within the transcribed strand of genes are repaired more rapidly than lesions on the
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nontranscribed strand or outside of Lranscriptio?runits. TCR also occurs in E. coli, where the
transcription repair coupling factor, TRCF, binds to and releases RNA polymerase stalled at a
lesion and then stimulates the recruitment of the repair machinery (34). Several lines of evidence
suggest that the mechanism of TCR is more complex in eukaryotes, and it is generally thought
that a stalled RNA polymerase can resume transcript synthesis following repair. This is based in
part on the stability of stalled RNA polymerase/template/RINA complexes in vitro and the idea
that it would be energetically wasteful to abort transcript synthesis entirely. The finding that a
| fraption of the large subunit of pol Il is ubiquitinated and degraded in respanse to DNA damage
suggests an alternative mechanism for down-regulation of transcription in response to DNA
damage: irreversible disassembly of transcription complexes by degradation Qf the major
catalytic subunit of pol II. |

It is not yet clear which form of pol II is targeted for ubiquitin-mediated degradation
following DNA damage. The CTD, which is necessary and sufficient for Rsp5 binding, is
subject to phosphorylation and dephosphorylation events during the transcription cycle and is
also the site of interaction of many components of the transcription machinery (25). The CTD is
hypophosphorylated (IIa) in pol II transcription initiation complexes, and undergoes
phosphorylation upon promoter clearance to yield a hyperphosphorylated (Ilo) form that persists
throughout transcription elongation. Ratner et al. (30) reported that ubiquitinated forms of
human Rpbl detected after UV irradiation reacted with an antibody that is specific for the
hyperphosphorylated form of hRpbl, suggesting that pol II complexes arrested at intragenic
damage sites might be the preferential substrate for ubiquitination. This 1S not consistent,
however, with the observation that the hypophosphorylated form of hRpbl preferentially

disappears in response to either UV irradiation or 4-NQO treatment (30, and this study). In order
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to explain this discrepancy, Ratner et al. suggested that the apparent loss of hypophosphorylated
hRpbl upon UV irradiation might reflect a rapid c;onVSrsion of hypo- to hyperphosphorylated
Rpbl in order to compensate for the loss of hyperphosphorylated Rpbl. While we cannot
exclude this possibility, the data are also consistent with a model in which the
hypophosphorylated form of pol I is actually the preferential substrate for ubiquitination, but
that the kinetics of its ubiquitination and degradation are too rapid to allow detection of
ubiquitinated intermediates. That is, the fact that ubiquitinated intermediates can be detected
may indicate that the hyperphosphorylated form is actually less efficiently targeted.

While further studies ére clearly necess@ to determine Whi.Ch form of pol II is targeted
for ubiquitin-mediated degradation in response to DNA damage in vivo, our in vitro regults
suggest that there is not a specific requirement for recognition of Rpb1l by Rsp5 m terms of the
phosphorylation state of the CTD. Phosphorylation of the CTD is not a prerequisite for Rsp3
recognition, since in vitro translated Rpbl and GST-CTD produced in bacteria are both
efficiently recognized by Rsp5. We also showed previously that the hypo- and
hyperphosphorylated forms of purified human pol II holoenzyme bind equally well to GST-Rsp5
(18). In addition, both Rsp3 and Rpf1 bind to the hypophosphorylated form of hRpb!l present in
human cell extracts, however the degree to which Rsp5/Rpfl can bind to hyperphosphorylatéd
hRpbl is a function of the cell extraction buffer, with more stringent extraction buffers resulting
in more binding of the hyperphosphorylated forms. Together, these results suggest that the
association of other transcription factors with pol II, and specifically with the CTD, might block
recognition by Rsp5 in vivo. Changes in pol II transcription complexes in response to DNA

damage, such as dissociation of specific CTD-associated proteins or dissociation of the
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elongating polymerase complex from the teThplate, might then allow Rsp5 to bind and
ubiquitinate Rpbl.

Rsp5 is the only hect E3 protein in yeast that has a C2 domain and WW domains, while
at least seven human C2/WW-hect E3s have been identified. The WW domains, as well
characterized protein-protein interaction modules, are likely to mediate the interaction with at
least some of the substrates of Rsp5, including Rpbl (37). WW domains bind proline-rich
ligands, with the best-characterized ligand being the “PY” motif (containing a PPXY sequence).
In addition, it has recently been shown that WW domains can also rgcognizq phosphoserine- and
phosphothreonine-containing ligands (22), suggesting that thére are two disparate types of WW
domain ligands. The CTD heptapeptide consensus (YSPTSPS) may be a non-consensus PY
motif in the context of the repeating heptapeptide (YxPxxPxYxPxxPx). Alternz;éively, if the
phosphorylated form of Rpbl is the in vivo substrate of Rsp5, phosphorylation at the serine
and/or threonine residues may contribute to recognition, although as mentioned above,
phosphorylation is not required for binding of Rsp5 to the CTD in virro. Our finding that
Rpfl/hNedd4 can bind and ubiquitinate hRpbl in vitro suggests that this may be the E3 enzyme
responsible for this effect in human cells. Preliminary results, however, indicate that other WW
domain hect E3s can also bind to Rpbl in vitro (S. L. B. and J. M. H, unpublished). It is possible
that while several of the WW domain hect E3s can bind and ubiquitinate prl in vitro,
1ntracellu1ar localization is the key determinant of which E3 can target prl in vivo. Mouse
Nedd4 and yeast RspS are pnmanly cytoplasrmc (12 and G Wang and J. M. H., unpublished),
however there is now precedent for ubiquit%x-mediated degradation of nuclear proteins being

linked to their export from the nucleus to the cytoplasm (8, 36).
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While it is now established that DNA damage induces the degradation of Rpb!l in both
yeast and human cells, the relevance of this to DNA; repair is not yet clear. Rsp5 Egggg_—tiggigot
show any apparent UV sensitivity, although we cannot yet rule out more subtle effects of Rsp3
on eff1c1ency ofn gi\;I‘AmrcAepair. The fact that both CSA and CSB Cockayne syndrome cells were
found to be defective in UV-induced Rpbl degradation in human cells suggested that this is
related to the process of transcription-coupled DNA repair (TCR). However, a null mutant of
rad26, the yeast CSB homolog and the only yeast protein known to be required for TCR but not
for NER, exhibited no defect in 4-NQO—induc_ed Rpbl degradat_ipn (data not shown)‘ This
suggests that TCR may not be directly linked to DNA damage-induced degradation of prl, at
least in yeast, and again raises the question of which form of pol I is the in vivo substrate of
Rsp5. Expression of Rpfl/hNedd4 in yeast cannot functionally substitute for RSPS; in terms of
either cell viability or the UV-induced effect on Rpbl (not shown). The basis of this non-
complementation is not known, but could be related to an inability of Rpfl to productively
interact with other components of the ubiquitin system in yeast.

Several examples of regulated substrate ubiquitination have now been characterized. In
many cases, modification of the substrate, often by phosphorylation, can serve as a signal for
recognition by specific E3 ubiquitin-protein ligases, as in the recognition of phosphorylated Sic!
by SCF“* (28). In other cases unmasking of ubiquitination signals can occur when a substrate
dissociates from an interacting protein, as in the case of the mutual destruction of the MAT a2
and MATal transcription factors upon dissociation of the heterodimer (20). An unmasking of
recognition signals on Rpbl in response to DNA damage may account for the observations that
Rpbl is freely and efficiently recognized by RspS under several different experimental

conditions in vitro, yet Rpbl is normally a stable and long lived protein in vivo. It seems likely

Unpublished Data




20

that the nature of the Rpbl CTD, as an organizational center for many components of the basal
transcription machinery, might preclude Rsp5 fro‘rn interacting with Rpb1 during the normal
transcription cycle. DNA damage may signal alterations in pol II complexes in a manner that
allows Rsp5 to recognize and ubiquitinate Rpb1. Further studies on the effects of DNA damage

of pol I holoenzyme complexes will aid in addressing this hypothesis.
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Figure Legends

Figure 1. hRpbl levels following UV irradiation-an& 4-NQO treatment of Hel.a cells. HeLa

were irradiated with 254 nm UV light at 22.5 7 per m? as described in Materials and Methods

and cell extracts were prepared immediately or 1 or 4 hours post-irradiation. For 4-NQO

treatment, the chemical was added directly to the culture media at a final concentration of 0.5
g/ml and cell extracts were prepared immediately or 1 or 4 hours later. Relative hRpbl levels

were determined by SDS-PAGE and immunoblotting. The migration positions of form Ilo

(hyperphosphorylated) and Ila (hypophosphorylated ) are indicated.

Figure 2. A . Rpbl levels following UV irradiation of yeast. Yeast (strain FY56) were
irradiated at 22.5 J per m? as described in Materials and Methods and whole cell éxtracts were
made at the indicated times post-irradiation. Rpbl was detected by SDS-PAGE followed by
immunoblotting. B. Rpbl levels following 4-NQO treatment. 4-NQO was added to liquid
cultures of log-phase yeast at the indicated concentrations and cells were collected at the
indicated times following addition. Whole cell extracts were prepared and Rpbl was detected by

SDS-PAGE and immunoblotting.

Figure 3. Anti-ubiquitin antibody recognizes high molecular weight forms of Rpbl from 4-
NQO-treated cells. Yeast were treated with 4-NQO at the indicated conceﬁtrations for 30
munutes and whole cell extracts were prepared. Rpbl was immunoprecipitated in duplicate from
each sample with anti-CTD antibody. The irﬁmunoprecipitates were then analyzed by SDS—
PAGE followed by immunoblotting using either anti-CTD antibody (left) or aﬁti-ubi_quitin

antibody (right).
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Figure 4. 4-NQO treatment of the Gal-RSP5 strai-n maintained in galactose or shifted to
dextrose. The Gal-RSPS strain was grown to early log phase in galactose containing media, then
the cells were either shifted to dextrose-containing media for 48 hours or maintained in
galactose-containing media. The cultures were then treated Qith 4-NQO at the indicated
concentrations for 30 minutes and whole cell extracts were prepared and analyzed by SDS-
PAGE and immunoblotting using either an anti-Rsp5 monoclonal antibody (bottom) or anti-CTD

antibody (top).

Figure 5. 4-NQO treatment of the rsp5-I temperature-sensitive mutant. A. Strains FY36
(RSP5) and FW 1808 (rsp3-1) were grown to mid-log phase at 30° and then shifted to 37° for |
hour. 4-NQO was then added at the indicated concentrations for 30 minutes. Whole cell extracts
were prepared and Rpbl was detected by SDS-PAGE and immunoblotting. B. Similar

experiment as in A., except cells were treated with 4-NQO at both 30° and 37°.

Figure 6. 4-NQO treatment of SEN3 and sen3-1 strains at 37°. 4-NQO was added at the
indicated concentrations for 30 minutes. Whole cell extracts were prepared and Rpbl was

detected by SDS-PAGE and immunoblotting.

Figure 7. A. Schematic representation of yeast Rsp5 and human Rpf1/Nedd4. GST-Rpf1 fusion

proteins were made to the regions of Rpfl indicated by the solid bars. B. Left paﬁel. HelLa cell
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extract was prepared in NP-40 lysis buffer (see™Materials and Methods). Binding of hRpb! to
GST-Rpfl fusion proteins immobilized on glutathitoné sepharose was analyzed by SDS-PAGE
and immunoblotting. Lane 1 represents hRpb1 present in the extract with form Ilo, Ila, and ITb
indicated. The right panel shows a similar experiment using HeLa cell extract prepared in RIPA

buffer. The input and binding to GST-WW are shown.

Figure 8. Ubiquitination of Rpbl by Rpfl in vitro. Rpbl was translated in vitro in rabbit
reticulocyte lysate in the presence of #S-methionine. Purified hect E3 proteins (human E6-AP,

~{(93-901) ¥
human Rpf14 yeast Rsp5, and the active-site cys-to-ala (C-A) mutant of Rsp5) were incubated as g

indicated with Rpbl in the presence of ATP, ubiquitin, E1 enzyme, and E2 enzyme (A. thaliana

Ubc8) as described (18).
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Abstract

Estrogen receptor o transcriptional activity is regulated by distinct conformational

states that are the result of ligand binding. Phage display was used to identify peptides that

interact specifically with either estradiol or tamoxifen activated estrogen receptor . When

these peptides were coexpressed with estrogen receptor o in cells, they functioned as
ligand specific antagonists indicating that estradiol-agonist and tamoxifen-partial agonist
activities do not occur by the same mechanism. The ability to regulate estrogen receptor o

transcriptional activity by targeting sites outside of the ligand binding pocket has

implications for the development of estrogen receptor o antagonists for the treatrnent of

tamoxifen refractory breast cancers.




Norrisetal. 3

Approximately 50% of all breast cancers express the ER protein and recognize

estrogen as a mitogen (/). In a subpopulation of these tumors, antiestrogens, compounds
that bind ER and block estrogen action, effectively inhibit cell growth. In this regard, the
antiestrogen tamoxifen has been used widely to treat ER positive breast cancers (2).
Although antiestrogen therapy is initially successful, most tumors become refractory to the
antiproliferative effects of tamoxifen within 2 to 5 years. The mechanism by which
resistance occurs is controversial; however, it does not appear to result as a consequence of
ER mutations or altered drug metabolism (3). It may relate instead to the observation that
tamoxifen is a selective estrogen receptor modulator (SERM), functioning as an ER-agonist
in some cells and as an antagonist in others (4). Consequently, the ability of tumors to
switch from recognizing tamoxifen as an antagonist to an agonist has emerged as the most
likely cause of resistance. Upon binding ER, both estradiol and tamoxifen induce distinct
conformational changes within the ligand binding domain (5). The tamoxifen induced
conformational change may expose surfaces on the receptor that allow it to engage the
general transcription machinery. We used phage display to identify specific peptides that
interacted with the estradiol- and tamoxifen-ER complexes and used these peptides to show
that estradiol and tamoxifen manifest agonist activity by different mechanisms.

Affinity selection of phage displayed peptide libraries was performed to identify

peptides, that could interact specifically with the agonist. 17B-estradiol (estradiol), or 4-OH

tamoxifen (tamoxifen), activated ERa or ERB (6). Representative peptides from each of

four classes presented in this study are shown in Fig. 1A. Several peptides that were

isolated using estradiol activated ERt (represented by o/ I) contained the LXXILL motif
found in nuclear receptor coactivators (7). o II was isolated using either estradiol or

tamoxifen activated ERa. Two classes of peptides. o/f IIT and a/B V, were identified that
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interact specifically with tamoxifen activated ERct and ERP, respectively. The /B V
peptide was subsequently shown to interact with tamoxifen activated ERa (6). Several

additional peptides homologous to o/} V were also identified. A BLAST search of the
National Center for Biotechnology Information (NCBI) database using the derived
consensus of the a/f V peptide class revealed that the yeast protein, RSP5, and its human
homologue, receptor potentiating factor (RPF1), both contain sequences homologous to
o/B V. These proteins were previously shown to be coactivators of progesterone receptor

B (PRB) transcriptional activity (8).

Peptide-peptide competition studies were performed using time-resolved

fluorescence (TRF) to determine if the o II, o/f I, and o/ V peptides were binding the

same or distinct “pockets” on the tamoxifen-ERca complex (9). The o/f Il and o/ V

peptides cross-compete and at equimolar peptide concentrations, 50% inhibition is

observed (Fig. 1B). This indicates that these two peptides bind to the same or overlapping

sites on ERa. We believe that the o IT peptide binds to a unique site as its binding was not
competed by o/ V and only 50% inhibited by a 10-fold excess of the o/f} Il peptide.
We next assessed whether the peptides interacted with ERa in vivo using the

mammalian two-hybrid system (/0). The o/ 1 peptide interacted with ER in the

presence of the agonist estradiol but not the SERMSs tamoxifen, raloxifene, GW7604,

idoxifene, and nafoxidine or the pure antagonist ICI 182,780 (Fig. 2). The failure of

antiestrogen activated ERq to interact with the o/ I peptide is consistent with previous

studies which predict the molecular mechanism of antagonism results from a structural

change in the receptor ligand binding domain that prevents coactivators from binding (5).
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o IT interacts with the receptor in the presence of all modulators tested, with the unliganded
(vehicle) and ICT 182,780 bound receptors showing the least binding activity. o/f I and

a/B V interact almost exclusively with the tamoxifen bound ERa.. ERc does not interact

with the Gal4 DBD (control) alone in the presence of any modulators tested. Further

studies indicate that binding of o I, o/ Il and o/ V occurs within the hormone binding

domain between amino acids 282 and 535 (/) and unlike 0/B I, do not require a functional

activation function 2 (AF-2) (WWW sciencemag.org/feature/data/1039590.shl). These

data indicate that SERMs induce different conformational changes 'in ERa within the cell

and firmly establish a relationship between the structure of an ER-ligand complex and

function.

When we examined the specificity of interaction between the peptides and

heterologous nuclear receptors we found, as expected, that the o/f I peptide interacted with
ERB, PRB, and the glucocorticoid receptor (GR) when bound by the agonists estradiol,
progesterone, and dexamethasone. respectively (Fig. 3A, B and C). The o/B V peptide
interacted with tamoxifen bound ER and unexpectedly with PRB in the presence of the
antagonists RU 486 or ZK 98299 (Fig. 3A and B). The ouf3 V peptide, however, did not
interact with the glucocorticoid receptor (GR) when bound by RU 486 or ZK 98299. a Il
and ov/P I peptides failed to interact with ER(, PRB, or GR.

We next tested the ability of the peptide-Gal4 fusion proteins to inhibit ERot

transcriptional activity. Tamoxifen displays partial agonist activity when analyzed using the

ER responsive complement 3 (C3) promoter in HepG?2 cells (Fig. 4A). This activity can
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reach 35% of that exhibited by estrogen and is mediated by three non-consensus EREs
located in the C3 promoter (/2). When expressed in this system, the o/f I and o I
peptides inhibited the ability of estradiol to activate transcription up to 50% and 30%,
respectively (Fig. 4B). Two copies of the LXXLL sequence found in o/f T enhance the

inhibitory effect of this peptide and block estradiol mediated transcription by approximately

90% (13). The inability of o/f I and o/f V to block estradiol mediated transcription
correlates well with their inability to bind the receptor when bound by agonist. Expression
of a II, avB I, and o/P V peptides blocked the partial agonist activity of tamoxifen (Fig.
4C). oI and o/ V were the most efficient disrupters of tamoxifen mediated transcription

inhibiting this activity by approximately 90%. All peptide-Gal4 fusion proteins were
expressed at similar levels indicating that the relative differences in inhibition are not due to

peptide stability (/4). We also demonstrated that receptor stability and DNA binding are

not affected by peptide expression (15). As expected, o/ I is unable to inhibit tamoxifen
mediated transcription. These findings are in agreement with the binding characteristics of
these peptides and suggest that the pocket(s) recognized by o I1, o/} I, and o/ V are
required for tamoxifen partial agonist activity. Although o/ V was shown to interact with
PRB when bound by RU 486 (Fig. 3B), it was unable to block the partial agonist activity
mediated by PRB/RU 486 (16). This suggests that ERo/tamoxifen and PRB/RU 486

partial agonists activities are manifest differently. However, since o/} V was selected

against ERq, this peptide may not bind PRB with high enough affinity to permit it to be

useful as a PRB peptide antagonist.
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Finally, we examined the ability of these peptides to inhibit ER transcriptional
activity mediated through AP-1 responsive genes. This pathway has been proposed to
account for some of the cell specific agonist activity of tamoxifen ({7). Both estradiol and
tamoxifen activated transcription from the AP-1 responsive collagenase reporter gene,

pCOL-Luc (Fig. 4D). This activity is manifest in the absence of an ERE and is believed to

occur through a mechanism involving an interaction between ERa and the promoter bound

AP-1 complex (/7). Regardless of the mechanism, each peptide was able to inhibit ERat

mediated transcriptional activity in a manner that reflected its ability to interact with the
receptor in a ligand dependent manner (Fig. 4E).

The mechanism by which tamoxifen manifests SERM activity is not yet known.
Evidence presented in this study suggests that the tamoxifen bound receptor exposes a

binding site that is occupied by a coactivating protein, not primarily utilized by thé; estradiol
activated receptor. The o I peptide, which interacts with both estradiol and tamoxifen

bound receptors, inhibits the partial agonist activity of tamoxifen efficiently, while
minimally affecting estradiol mediated transcription. This suggests that this site, although

crucial for tamoxifen mediated transcription, is dispensable for estrogen action. In

addition, the ability of o/ ITT and /B V to bind tamoxifen specific surfaces and inhibit

tamoxifen mediated partial agonist activity suggests that these peptides may potentially

recognize a protein contact site on ER that is critical for this activity. In this regard, we can

demonstrate that similar to o/ V, overexpression of RPF1 specifically represses tamoxifen

mediated partial agonist activity (Fig. 4F). However, the physiological significance of this

activity remains to be determined. In summary, we have identified a series of peptide

antagonists of ERct and hence validated additional target sites other than the ligand binding

pocket for new drug discovery.
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Figure 1.  Isolation of ER« interacting peptides. (A) ERw interacting peptides were

isolated by phage display (6). Eighteen libraries were screened each containing a

complexity of approximately 1.5 x 10° phage. Several LXXLL (boxed) containing

peptides were isolated of which o/f I is shown. One peptide each was isolated for the ot Il
and o/P I peptide classes. Six peptides were isolated, including c/f V, that contained a
conserved motif (boxed). Two proteins, RSP5 and RPF1, containing sequence homology
to o/P V are shown. (B) Time resolved fluorescence (TRF) was utilized in competition

mode to determine if ERov/tamoxifen interacting peptides recognize a common site on ERa

(9). The peptide conjugate used for detection is indicated in each graph with the competing

peptides as follows (A) no competitor, (O)  II, (@) o/B I, (M) cU/B V.
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Figure 2. ERa-peptide interactions in mammalian cells. The coding sequence of a

peptide representative from each class identified was fused to the DNA binding domain

(DBD) of the yeast transcription factor Gal4. HepG?2 cells were transiently transfected with

expression vectors for ERa-VP16 and the peptide-Gal4 fusion proteins. In addition, a
luciferase reporter construct under the control of five copies of a Gal4 upstream enhancer

element was also transfected along with a pPCMV- galactosidase vector to normalize for

transfection efficiency. Transfection of the Gal4 DBD alone is included as control. Cells

were then treated with various ligands (100nM) as indicated and assayed for luciferase and

B galactosidase activity. Normalized response was obtained by dividing the luciferase

activity by the P galactosidase activity. Transfections were performed in triplicate and error

bars represent standard error of the mean (SEM). Triplicate transfections contained 1000ng

ERa-VP16, 1000ng 5x Gal4-tata-Luc, 1000ng peptide-Gal4 fusion construct and 100ng

pCMV-B-Gal (10).
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Figure 3.  Specificity of nuclear receptor-peptide interactions. Two-hybrid

experiments were performed as in Fig. 2 between peptide-Gal4 fusion proteins and either

(A) ERB-VP16 (B) PRB-VP16 or (C) GR-VP16 (18). RU 486 and ZK 98299 are pan-

antagonists of PRB and GR.
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Figure 4. Disruption of ERa mediated transcriptional activity. (A) HepG2 cells were

transfected with the estrogen responsive C3-Luc reporter gene (/2) along with expression

vectors for ERa (19) and B galactosidase and normalized as in Fig. 2. Cells were induced

- with either estradiol or tamoxifen as indicated and analyzed for luciferase and f3

galactosidase activity. NH = no hormone. (B) HepG2 cells were transfected as above

except that expression vectors for peptide-Gal4 fusions were included as indicated. Control

represents the transcriptional activity of estradiol (10 nM) activated ERa in the presence of

the Gal-4 DBD alone and is set at 100% activity. Increasing amounts of input plasmid for
each Gal4-peptide fusion is also shown (triangle) with the resulting transcriptional activity
presented as % activation of control. Data is averaged from three independent experiments

(each performed in triplicate) with error bars representing SEM. Triplicate transfections

contained 1000ng C3-Luc, 1000ng ER expression vector, 100ng pCMV-B-Gal, and

either 100, 500, or 1000ng peptide-Gal4 fusion construct. (C) Same as in (B) except that
4-OH tamoxifen (10 nM) was used to activate the receptor. (D) HepG2 cells were

transfected with the AP-1 responsive collagenase reporter gene construct (pCOL-Luc) (12)

and expression vectors for ERa and B-galactosidase. Cells were then induced with either

estradiol or tamoxifen as indicated. (E) Same as (D) except that peptide-Gal4 fusion

~ constructs were also transfected as indicated. Control represents the transcriptional activity
of either estradiol or tamoxifen (100 nM) activated ER in the presence of the Gal4 DBD‘
alone and is set at 100% activity. The transcriptional activity of estradiol and tamoxifen is
shown in the presence of each Gal4-peptide fusion with the resulting transcriptional activity

presented as % activation of control. Triplicate transfections contained 1000ng pCOL-Luc,

1000ng ERq expression vector, 1000ng peptide-Gal4 fusion construct, and 100ng pCMV-

B-Gal. Data is presented as in (B) and (C). (F) HeLa cells were transfected with the 1X-
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ERE-tata-Luc reporter gene along with expression vectors for ERa, B galactosidase, and

either RPF1 (pCDNA3-RPF1) or control vector (pcDNA3 (Invitrogen, Carlsbad, CA)).
Cells were induced with ligand (10nM) as indicated. Data is presented as fold induction

which represents the ratio of ligand induced vs. vehicle for each transfection.
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. A Peptide Sequence Lsolation_Condition

aBl SSNHQSSRILIELLI|SR Estadiol
all SSLTSRDEFEGSWYASR Estradiol or Tamoxifen
/B i SSWDMHQFFWEGUV SR Tamoxifen
BV SSPG|SREWFPFIKDMLSR Tamoxifen
SSTTMrDFPrP|Yy ER|LISR
SSISTYHMGEWTPF|Y auMLlssRr
SSDLYSQMREFPIQINLSR
SSWHNISREFFILSQILSR
SSVASREWW|VRELSR
Consensus (SM) X (LVE) (W/F) (W) X X X L
RSPS 496-Y GGV SREFFFLLSHM-510
RPFI TM7-YGGVAREWPFFLISKE-741
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