
THE RING FINGER BINDING PROTEIN IS A NUCLEAR 

MEMBRANE PROTEIN THAT INTERACTS 

WITH RUSH TRANSCRIPTION FACTORS 

by 

MALINI MANSHARAMANI, B.S., M.S. 

A DISSERTATION 

IN 

ANATOMY 

Submitted to the Graduate Faculty of 
Texas Tech University Health Sciences Center 

in Partial Fulfillment of the Requirements 
for the Degree of 

DOCTOR OF PHILOSOPHY 

Advisory Committee 

Beverly S. Chilton (Chairperson) 
Vaughn H. Lee 
Curt M. Pfarr 

Thomas A. Pressley 
Daniel R. Webster 
Sandra M. Whelly 

Accepted 

May, 2001 



ACKNOWLEDGEMENTS 

There arc a number of people who have contributed immensely to the successful 

completion of this scientific endeavor. First and foremost, I would like to thank my 

parents who encouraged me to think big and aim for the stars. I thank them for their 

unconditional love and understanding and their faith in me and my abilities. With their 

blessings and prayers, and love and cheer from my sisters, Vinita and Usha, my brother-

in-law, Rajesh, my dear nephew, Nitin, my grandmother and all my aunts, uncles, cousins 

and friends, I embarked on this journey in search of a scientific career. 

It is here that I acknowledge the tremendous amount of faith, support, patience 

and encouragement shown to me by my mentor. Dr. Beverly Chilton. She stood behind 

me all the way e\ en while she taught me to think for myself and encouraged me to set 

ver\ high standards for myself. There was never a time when she was too busy to see me 

or critique my writing. She made available every opportunity to allow me to further my 

scientific career. She has been all that a student desires in a mentor and I am deeply 

appreciative of her professional support and kind friendship. 

I have been very fortunate to have an excellent committee. I would like to 

acknowledge members of my previous committee (Drs. Daniel Hardy, Daniel Webster, 

Harry Weitlauf, Laurel Donahue and Kurt Droms,) as well as my current committee (Drs. 

Beverly Chilton, Curt Pfarr , Daniel Webster, Sandra Whelly, Thomas Pressley and 

Vaughn Lee) for their invaluable technical insights and contributions to the development 

of this project and my own professional career. 

1 owe my deepest appreciation to the scientific and technical input into this work 

from Dr. Aveline Hewetson and Ericka Hendrix for their substantial contributions to 

experimental design and troubleshooting. 1 am grateful to Dr. Peter Doris for his 

collaborative assistance with experiments discussed in Chapter V. I thank Brinda Dass, 

Oya Yazgan and Johnny Short for their advice and generous gift of reagents for the 

expression studies discussed in Chapter IV. 

This work was supported by NIH HD29457. Presentation of this work at various 

national and international meetings was also possible from funds from the same grant and 



tra\el mone> generouslv provided by the office of the Associate Dean for Research and 

the Graduate School, the Student Senate office at TTUHSC and a scholarship from the 

Helen Hodges Educational Charitable Trust. I thank all the members of the graduate 

school, including the graduate faculty, the students and the administrative staff, especially 

Alicia Call, Pain .lohnson and Pam Roddy for making my stay in this department and this 

institute a pleasant one. 

I ha\ e made several friendships here while strengthened others. I thank all my 

friends for their smiles and encouragement along the way. I especially thank Brinda Dass 

who is a gem of a person and who has helped me in my growth as a scientist and 

encouraged me to be my own person. To all my friends, with whom 1 shared many a 

glass of beer and enjoyed many a game of scrabble - THANK YOU !!! 

Ill 



JABLE OF CONTEN IS 

.'VCKNOWLEDGEMEN I S ii 

ABSTRACT vii 

LIST OF FIGURES ix 

LIST OF ABBREVIATIONS x 

CHAPTER 

I. INTRODUCTION 1 

1.1 Uteroglobin 1 

1.1.1 Uteroglobin Family of Proteins 2 

1.1.2 Uteroglobin Function 3 

1.2 Eukaryotic Transcription-A Review 4 

1.2.1 Hormonal Regulation of Gene Expression 5 

1.2.2 SWI/SNF Family of Chromatin Remodeling Proteins 8 

1.3 Uteroglobin Promoter 9 

1.4 RUSH Family of Proteins 11 

1.5 RING Finger Motif 13 

1.6 Purpose of Study 14 

1.7 References 18 

II. CLONING AND CHARACTERIZATION OF THE 

RING FINGER BINDING PROTEIN (RFBP) 28 

2.1 Introduction 28 

2.2 Materials and Methods 30 

2.2.1 Reagents, Antibodies and Cells 30 

2.2.2 Cloning of the RING Motif 31 

2.2.3 Cloning of the RING Finger Binding Partner 31 

2.2.4 Genomic Cloning 34 

2.3 Results 35 

2.3.1 Cloning of the RING Finger Binding Protein 35 
2.3.2 ClustalW Alignment and Hydrophilicity Analysis of RFBP 

Identify it as a Type IV P-type ATPase 36 

iv 



2.3.3 RFBP Gene lacks Region D 38 

2.4 Discussion 38 

2.5 References 55 

III. SUBCELLULAR LOCALIZATION OF RFBP 58 

3.1 Introduction 58 

3.2 Materials and Methods 59 

3.2.1 Reagents and Antibodies 59 

3.2.2 Subcellular Fractionation of Endometrial Tissue 60 

3.2.3 Polyacrylamide Gel Electrophoresis and Western Blotting 60 

3.2.4 Immuno Electron Microscopy 61 

3.2.5 Animal Treatments 61 

3.3 Results 62 

3.4 Discussion 63 

3.5 References 69 

IV. IDENTIFICATION OF THE RUSH BINDING SITE IN RFBP 71 

4.1 Introduction 71 

4.2 Materials and Methods 73 

4.2.1 Reagents and Antibodies 73 

4.2.2 Preparation of Whole Cell and Nuclear Lysates 74 

4.2.3 Synthesis of GST-RING Fusion Protein 74 

4.2.4 Synthesis ofRFBP Fusion Protein 75 

4.2.5 Co-immunoprecipitation and GST Pulldown using Cell Extracts or 
Recombinant RFBP 76 

4.3 Results 77 

4.4 Discussion 78 

4.5 References 84 

V. QUANTIFICATION OF RFBP IN ESTROUS AND HORMONALLY 
MANIPULATED ENDOMETRIUM USING COMPETITIVE 
QUANTITATIVE RT-PCR 87 

5.1 Introduction 87 

5.1.1 Hormonal Regulation of P-type ATPases 87 



5.1,2 Competitive RF-PCR 88 

5.2 Materials and Methods 89 

5.2.1 Reagents 89 

5.2.2 Animal Ireatments 90 

5.2.3 Competitor Synthesis 90 

5.2.4 Competitive RT-PCR 91 

5.2.5 HPLC Analysis of Reaction Products 92 

5.2.6 Data Analysis 92 

5.3 Results 92 

5.4 Discussion 94 

5.5 References 101 

VI. CONCLUSIONS AND DISCUSSION 102 

6.1 Summary of Results 102 

6.2 Discussion 105 

6.2.1 Lamins 108 

6.2.2 Lamin-binding Proteins 108 

6.2.3 Actin 109 

6.3 Future Studies 109 

6.4 References I l l 

VI 



ABSTRACT 

Molecular regulation of Uteroglobin gene expression by progesterone and prolactin is 

mediated by RUSH transcription factors. The RUSH family of proteins, which includes rabbit 

RUSH-la and P and the human, mouse and plant homologs of RUSH la, are SWI/SNF 

related chromatin remodeling proteins. These proteins have a novel C3HC4 RING finger, at 

their -COOH terminus that has been implicated in mediating protein-protein interactions. 

When this motif was identified in RUSH proteins, it was used to screen an expression library 

to isolate cDNAs for proteins that complex with it. A single phage clone (~1.6kb insert) was 

identified. Sequence analysis of this RING Finger Binding Protein (RFBP) clone, revealed a 

partial cDNA that lacked an initiator codon but contained a stop codon. RACE PCR was then 

used to extend the 5' and 3' ends of the cDNA. The predicted amino acid sequence from the 

composite cDNA sequence (4286-bp) is that of a putative Type IV P-type ATPase. P-type 

ATPases are membrane transporters that use the energy of ATP hydrolysis to transport 

substrate across the membrane. Genomic cloning and ClustalW alignment indicate that RFBP 

is an atypical P-type ATPase that has only seven of eight core regions and nine of ten 

transmembrane domains typical of this family of proteins. Core region D that contains 

transmembrane domain four is absent from this protein. Western blot analysis, coupled with 

immunoelectron microscopy data, indicates that RFBP is present in the inner nuclear 

membrane. Coimmunoprecipitation and GST pulldown experiments showed a direct 

interaction between RUSH and RFBP. The RUSH binding site lies within aa 612 804 of the 

RFBP protein. 

Competitive quantitative RT-PCR indicates that RFBP is ubiquitous in its expression, 

with the expression pattern correlating with that of RUSH in these same tissues. In addition, 

expression of RFBP is hormonally regulated in the endometrium, suggesting that RFBP 

function and expression may be closely linked with the function of the RUSH proteins in 

regulating gene expression in the reproductive system. 

Current studies provide important information about RFBP as a RUSH binding 

partner. However further studies are required to further understand the mechanistic 

vii 



interaction between the proteins to shed light on the mechanism of hormone regulation of 

uteroglobin gene expression. 
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CHAP I ER I 

INTRODUCTION 

1.1 Utero^lobin 

From the moment a blastocyst is formed, its early development must be closely 

coordinated w ith the uterine environment to ensure its survival. There is a narrow 

window of time during which the endometrial epithelium is receptive to the embryo and 

experimental interference with the biochemical or endocrine uterine environment 

prevents successful implantation. Experiments using asynchronous egg transfer (Chang, 

1950: No\ es et al.. 1963) showed that there was a need for strict synchronization ofthe 

embryonic and maternal systems indicating that there is specific biochemical cross-talk 

between the two. Depending upon the species, implantation may be either invasive, i.e., 

the embryo breaks through the surface epithelium to invade the underlying stromal 

tissues, or it may be non-invasive whereby the epithelial integrity is maintained during 

the implantation process. The human species, like the rabbit, mouse, dog and cat, exhibits 

the invasive mode of implantation. There is significant information available, for each of 

these species, on the suitable endocrine signals required for the generation of a congenial 

uterine environment resulting in the establishment ofthe secure physical anchorage ofthe 

blastocyst to the uterus. For several decades now, the rabbit has been commonly used as a 

model of choice, for the study of these processes, because ofthe close similarity with the 

process in humans. It has been useful in determining the biochemical basis ofthe critical 

molecular conversation that occurs during the stages of pregnancy starting with events 

during pre-implantation. It was back in 1965 that investigators first observed changes in 

protein patterns in uterine washings from pre-implantation stages in rabbits (Schwick, 

1965). Then two investigators independently isolated a major component of these 

secretions and called it blastokinin (Krishnan and Daniel, 1967) and uteroglobin (Beier, 

1968). An immunological response to anti-blastokinin serum was also seen in human 

samples (Johnson et al., 1972; Noske and Feigelson, 1976) indicating that this protein is 



also present during human pregnaiie>, Investigators then concentrated their efforts on 

characterizing this piDlein and its contribution to implantation. 

Biochemically, Uteroglobin or UG, as this protein has since been known, is a 16 

kDa (Murra> ct al., 1972) homodimeric protein (McCiaughey and Murray, 1972) that is 

s\ nthesized by endometrial epithelium (Warembourg el al., 1986), Its expression is 

specificalK induced by progesterone (Beato, 1977) and it peaks at day 5 of pregnancy, 

dropping to basal le\el b\ day 10, Treatment of ovariectomized rabbits with 

pharmacological doses of progesterone for 5 days results in an increase in UG expression 

(Shen ct al.. 1983) whereas prolonged treatment (for 10 days) inhibits UG production due 

to an inhibitory effect of chronic progesterone treatment on the progesterone receptor 

concentration (Rahman et al., 1981), Estradiol alone for 5 days has no significant effect 

on the L'G content and, in fact, it has an anti-progestational action when given to 

progesterone stimulated rabbits (Lee and Dukelow, 1972), 

In the rabbit, UG has also been found in the oviduct, the male genital tract, the 

digesti\ e tract and the respiratory tract (Beier et al., 1975; Kay and Feigelson, 1972; 

Kirchner, 1976; Miele et al., 1987; Noske and Feigelson, 1976), However, the hormonal 

regulation of UG secretion varies in the different tissues. Whereas in the uterus, UG is 

induced by progesterone, its synthesis in the oviduct is under the control of estradiol 

(Goswami and Feigelson, 1974) and glucocorticoids regulate its expression in the lung. 

1.1.1 Uteroglobin Family of Proteins 

Radioimmunoassays and fluorescence microscopy experiments conclusively 

proved the existence of UG in human reproductive tissues (Kikukawa et al., 1988; 

Manyak et al., 1988) and in human neonatal tracheobronchial washings (Dhanireddy et 

al., 1988). Jackson et al. (1988) also purified the protein from urine of patients with renal 

failure suggesting that the protein is present in the plasma or kidney. Advances in cloning 

technology allowed the isolation of a UG-like clone from a human lung cDNA 

expression library (Singh et al., 1988). This protein was called the Clara cell 10 kDa 

protein (CCIO) as it has an apparent molecular weight of 10 kDa in its nonreduced state. 



More recently, in the late 1990s, investigators have identified UG-like proteins in 

se\ eral tissues that are closely related to UG in their primary sequence. Mammaglobin 

(MGB) is present in human mammary epithelial cells (Watson and Fleming, 1996) and 

differentially expressed in several breast cancer cell lines while frequently over expressed 

in primary human breast tumors. A closely related protein, MGB2 (Becker et al, 1998) is 

expressed in neoplastic tissue. Lipophilins A, B and C form a family of proteins (Lehrer 

et al, 1998; Zhao et al., 1999) that are widely expressed in several tissues, especially 

endocrine responsix e tissues. These proteins are similar to a closely related protein called 

prostatein, a secreted protein ofthe rat prostate. Quite obviously, the roster ofthe 

uteroglobin gene superfamily members has increased and investigation into the properties 

of some of these proteins will further enhance the understanding of UG biology. 

1,1.2 Uteroglobin Function 

The function of UG is still an enigma. While a great deal is now known about its 

regulation and structure, the presence of this protein in reproductive and non-reproductive 

tissues and its differential regulation in each of these tissues has confounded scientists for 

several decades. Its biochemical property of binding to progesterone was initially 

interpreted as being a clue to its function. It was proposed to be a progesterone carrier 

(Popp et al, 1978) and therefore involved in the maintenance of high intraluminal 

progesterone concentration in the pre-implantation uterus (Bochskanl et al., 1984). 

However this theory did not gain ground for lack oiin vivo evidence. It was then 

proposed that the protein had immunosuppressive and anti-inflammatory properties. 

Mukherjee et al. (1980, 1982) showed that UG cross-links with the transplantation 

antigens on the embryonic surface, thereby protecting it from the maternal immune 

system. This cross-linking is catalyzed by transglutaminase, a blood-clotting factor. UG 

also inhibits phospholipase A2 activity (Levin et al., 1986) thereby preventing the 

generation of potent lipid mediators of inflammation known to generate uterine smooth 

muscle contractility. Generation of UG knockout mice (Zhang et al., 1997b) by gene 

targeting in embryonic stem cells results in mice with severe fibronectin-deposit renal 

glomerular disease indicating a role for UG in preventing glomerular fibronectin deposits. 



An alternate technique for generating UG knockout mice (Stripp et al, 1996) however, 

resulted in mice that were unable to accumulate the environmental pollutants, 

poh chlorinated bipheiiyls, in their lungs but did not show the abnormal fibronectin 

deposit phenotype. Development of a transgenic mouse model expressing UG antisense 

mRNA (Zheng ct al., 1999) resulted in the generation of mice with suppressed UG 

production, that showed abnormal fibronectin and IgA deposition in the glomeruli. 

Recent studies have also implicated UG in reversing the transformed phenotype of cancer 

cells (Zhang ct al., 1999) suggesting tumor suppressor-like effects for the protein. A 

protein initial 1\ identified for its putative role in establishment and maintenance of 

pregnane) is now suggested to have a broader range of possible biological function, 

be\ ond e\'ents within the uterus during early pregnancy. 

The growing list of UG properties/functions has intrigued investigators for the 

past several years and laboratories around the world are investigating the multifiinctional 

nature of this protein. At the same time, the molecular events through which the tissue 

specific regulation of UG gene expression is mediated are only partly understood. 

Transcriptional regulation of gene expression is comprised of multiple, functionally 

distinct steps, including chromatin remodeling and transcriptional activation. Uteroglobin 

is therefore being used as a model for the study of tissue specific regulation of gene 

expression. It is anticipated that further study ofthe mechanism of its expression will 

\'ield significant insights into the finely regulated patterns of gene expression which 

coordinate processes involved in development, differentiation and reproduction. 

1.2 Eukaryotic Transcription -A Review 

All eukaryotic protein-coding genes contain DNA sequence elements that are 

required for their regulation. These sequence elements fall into two classes, promoters 

and enhancers. The promoter region is located immediately upstream ofthe transcription 

start site and is required for accurate and efficient initiation of transcription (Dynan and 

Tjian, 1985). The typical promoter contains an AT-rich region, 20-30-bp upstream ofthe 

cap site, designated the TATA box. The TATA box binds the basal level transcription 

complex through the TATA-binding protein (TBP) and determines the direction and start 



site for transcription. A significant number of genes have also been identified that have a 

GC-rich region instead of a TATA box (Salbaum el a/,, 1988; Terao et al, 1983). The 

GC-rich stretch of 20-50 nucleotides occurs within the first 100-200 bases upstream of 

the start site and initiates transcription. Promoters are regulated by a combination of 

sequence-specific DN/\-binding proteins, general transcription initiation factors and 

associated accessor) factors. The enhancer sequence, on the other hand, is a c/.s-acting 

element distal to the transcription start site that works in an orientation-independent 

manner. These elements work to increase the rate of transcription from the promoter 

(Grosschedl and Birnstiel, 1980). When a 366-bp DNA segment ofthe SV40 promoter 

region was linked to a 3-globin gene, transcription ofthe gene was enhanced up to 200-

fold (Banerji e/a/., 1981). 

Enhancer motifs required for transcriptional induction for various genes have 

been identified. The transcription factors that recognize and bind these DNA elements 

ha\ e also been identified. For example, Davidson et al. (1986) conducted DNase I 

footprinting experiments to show that different sequence motifs within the SV40 

enhancer are recognized by different factors present in HeLa and B cell nuclear extracts. 

Sequences specifically protected by HeLa cell factors are necessary for in vivo enhancer 

function in HeLa cells but not in B cells. Similarly, mutations in the regions protected 

only by B cell factors alter expression in B cells but not in HeLa cells. Whether or not a 

specific gene is expressed in a particular cell at a particular time is largely a consequence 

ofthe presence ofthe specific transcription factor in the cell and the accessibility of its 

binding site. A class of transcription factors that binds to enhancer elements includes the 

nuclear hormone receptors. These receptors modulate the expression of target genes in 

response to binding of hormone. 

1.2.1 Hormonal Regulation of Gene Expression 

All vertebrates have effector molecules, called hormones, that are synthesized and 

secreted by one cell but elicit a response in another cell. The target cell may be either 

close to the site of secretion or further away in the body. Hormones are subdivided 

broadly into (a) hydrophilic peptides (FSH, LH, PRL, etc.) and amines (dopamine. 



noradrenaline and adrenaline) and (h) hydrophobic lipids that include eict)sanoids 

(prostaglandins) and steroids (progestagens, androgens, estrogens). Steroid hormones are 

all derived from a common precursor, cholesterol. Becau.se steroid hormones are lipid 

soluble, lhe\ can pass intact through the cell membrane ofthe target organ cells, as was 

demonstrated for aldosterone and estrogens by Porter el al. (1964) and Stumpf e/ al. 

(U)60), respectively. Once inside the cell, these steroids bind receptors (Bruchovsky and 

Wilson. l'-)68; Jensen and .laeobson, 1962). Characterization and purification of these 

hormone-binding proteins, coupled with the cloning of their cDNAs provided some 

insight into the molecular and functional architecture of steroid receptors. These hormone 

receptors are proteins composed of several domains which are differentially conserved 

between the various receptors and have different roles: a variable N-terminal region, a 

conserved DNA binding domain (DBD), a variable hinge region, a conserved ligand 

binding domain (LBD), and a variable C-terminal region. This C-terminal region 

specifies dimerization properties and contains a ligand-dependent transactivation 

function. As early as 1968 a two-step mechanism of action was proposed for these 

receptors based upon the observation of an inactive and an active state of the receptors 

(Fang et al., 1969; Jensen et al., 1968). The first step involves activation through binding 

ofthe hormone; the second step consists of transfer of this complex to the nucleus and 

receptor binding to DNA. Clever and Karlson (1960) had shown puff induction by 

ecdysone in giant chromosomes of insects indicating that steroids act at the genomic level 

in the cell. Gene transfer techniques allowed the identification of DNA sequences 

responsible for regulation by steroid hormones in the promoters of inducible genes 

(Yamamoto, 1985), These sequences called hormones response elements (HRE) are 

recognized by the ligand bound receptors. An HRE consists of two half-sites. The 

identity of a response element resides in three features: the sequence ofthe base pairs in 

the half-site, the number of base pairs between the half-sites and the relative orientation 

ofthe two half-sites. Thus each receptor protein dimer that binds the DNA has to 

recognize the sequence, spacing and orientation ofthe half-sites within their response 

element. However the nuclear hormone receptor does not function in isolation, it 

modulates gene expression by acting in concert with components of the transcription 
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complex. Significant advances have been made in identifying the key players in this 

scenario and their modes of action/interaction. 

The caiboxyl terminal domain of nuclear hormone receptors not only determines 

the ligand binding and dimerization properties, but it also mediates the ligand-dependent 

transacti\ ation functions (Glass, 1994). These receptors exert their effect through cell 

t\ pe specific 1 .A FA-binding protein (TBP)-associated proteins (TAFs) and non-TAF 

proteins that physically and functionally interact with the liganded receptor (Cavailles et 

al., 1995; Halachmi ct al., 1994; Jacq et al., 1994). Another class of co-activators that 

ha\e been implicated in this role are the CBP (cAMP response element binding protein 

[CREB]-binding protein)/p300 family of proteins (Chakravarti et al., 1996; Kamei et al., 

1996). These proteins contain histone acetyltransferase activity and can direct 

nucleosomal modification at the target promoters thereby affecting the accessibility of 

DN.A. for binding of regulatory proteins and transcription factors. 

DNA in the cell nucleus is organized into higher order chromatin structure. It is 

packaged into chromatin in orderly repeating protein-DNA complexes called 

nucleosomes. Each nucleosome consists of approximately 146-bp of double stranded 

DNA wrapped around a core of 8 histone proteins: 2 molecules each of H2A, H2B, H3 

and H4 which form a histone core. Histone HI binds to the linker region between 

nucleosomes. Distortion ofthe periodicity ofthe superhelix and electrostatic shielding by 

the positively charged histones constrains the access of non-histone proteins to 

nucleosomal DNA. Therefore, for the template to become accessible to transcriptional 

machinery, remodeling of chromatin structure is required. This can occur by two 

processes, histone acetylation and/or ATPase-mediated DNA-histone dissociation. The 

former is a post-translational modification of histones by acetylation, resuhing in changes 

in electrostatic attraction for DNA and steric hindrance introduced by the hydrophobic 

acetyl groups which leads to destabilization ofthe interaction of histones with DNA. The 

second mechanism for alteration of chromatin is less well understood and involves ATP-

dependent remodeling of chromatin to make it more accessible to transcription factors. 



1.2.2 SWI/SNF Family of Chromatin Remodelina Proteins 

Genetic analysis in yeast has provided immense insight into the general 

in\ol\ement of chromatin structure in gene regulation. The product ofthe HO gene in 

Siiccluiromyccs ccrcvi.\iae is a site-specific endonuclease that initiates the mating type 

switching process. The >east Sll'Il, SWI2 and SWI3 genes were identified as positive 

regulators oi HO transcription (Stern el al., 1984) since mutations in these genes did not 

S\\ Itch on the expression of HO gene. Strains containing mutations in any of these genes 

exhibit a large number of defects similar to those due to a truncation ofthe carboxyl 

terminal domain of RNA polymerase II (Nonet et al., 1987) suggesting that SWIl, SWI2 

and SW13 play a general role in transcription. The SWII, SWI2 and SWB genes are 

functionally similar to the SNF2, SNF5 and SNF6 genes iSNF for sucrose nonfermenting) 

that are required for transcription ofthe SUC2 gene (Peterson and Herskowitz, 1992). 

The SUC2 gene encodes invertase that is an enzyme required by S. cerevisiae to 

catabolize sucrose to raffinose. Genetic studies have identified the SNF genes as essential 

to this process. SWI2 and SNF2 are in fact identical (Laurent et al., 1991). Mutations in 

any of these genes result in a similar phenotype, suggesting that the genes code for 

members ofthe same protein complex. A cormection between the SWI/SNF complex and 

chromatin structure was first evidenced by the fact that transcriptional defects of swil', 

SM'i2' and/or swi3~ mutants are suppressed by mutant alleles of two genes, SIN] and SIN2 

(SIN for switch independent). These two genes code for a high mobility group (HMG)-l 

like protein, that is a non-sequence-specific DNA binding protein, and histone H3. 

Moreover, the predicted SWI/SNF protein contains sequences typical ofthe consensus 

motifs found in helicases which are known to be involved in chromatin decondensation 

during replication (Gruss and Sogo, 1992; Laurent et al., 1992). The SWI/SNF protein 

also has double-stranded DNA-stimulated ATPase activity that is functionally related to 

the helicase activity of these proteins, further implicating these proteins in antagonizing 

the repressive effects of chromatin. 

Soon after the discovery ofthe widespread involvement of SWI/SNF in 

transcriptional activation in yeast, a homolog of this protein was identified in Drosophila, 

called brahma ibrm', Tamkun et al., 1992). Brahma is required for the developmental 



control of .several ofthe homoeotic genes that define segmental identity in the Dro.sophila 

embr>o. The himian homolog of this protein, brahma-related gene 1 or BRGl was 

subsequently identified by Khavari et al. (1993) in a HeLa cell cDNA library. It was 

show n that a SIVI2/BRG1 chimera restored normal mitotic growth to poorly growing 

,vu';'2" cells indicating functional conservation ofthe proteins between yeast and humans. 

The SW 1/SNF proteins form a stable complex that is approximately 2MDa in size (Wang 

et al., 1996). The purified complexes have intrinsic ATPase activity and function by 

coupling ATP hydrolysis to nucleosomal remodeling to facilitate the interaction of 

transcription factors with these promoters (Kwon et al., 1994). Ligand-dependent 

interactions ha\e been individually demonstrated between the glucocorticoid receptor and 

the estrogen receptor with the yeast SWI/SNF proteins (Yoshinaga et al., 1992) and also 

between the estrogen receptor and the human homologs of SWI2/SNF2 (Ichinose et al., 

1997). The experimental results demonstrate that the yeast and human SWI/SNF proteins 

enhance transcriptional activation by the nuclear receptors resulting in ligand-dependent 

remodeling ofthe chromatin template of inducible genes. Several mechanistic studies 

suggest that SWI/SNF, and its related complexes in higher organisms, are targeted to 

specific regions ofthe genome by interactions with sequence-specific activators (Fryer 

and Archer, 1998; Ostlund Farrants et al., 1997)). The physical interaction between the 

glucocorticoid receptor and the BRGl complex was eliminated by the addition of an 

antiprogestin drug, which also blocked chromatin remodeling and transcriptional 

activation by the receptor on the target gene (Fryer and Archer, 1998). 

1.3 Uteroglobin Promoter 

As mentioned earlier, UG is regulated differentially in the various tissues in 

which it is expressed. Extensive research is underway to identify the contribution of 

several transcription factors that have been implicated in regulating the expression of UG 

or its related, UG-like, proteins. DNase 1 protection assays, linker scanning analyses and 

promoter deletion studies earlier identified seven distinct regions, regions 1 through VII, 

centered at -30, -70, -95, -130, -190, -230, and -255, which contribute to the basal 

expression levels of UG in endometrial and lung epithelial cell lines (Misseyanni et al.. 



IWl; Suske cl al., 1992), As shown in Fig, 1.1, region VII is defined by the presence of 

an estrogen-response element (-265/-252). The ubiquitous octamer-binding protein OCT-

1 binds to regions III and IV; and Spl and Sp3 bind to regions II and VI. Region I 

contains a noncanonical TATA box (TACA box; Klug el al., 1994). Other regions ofthe 

promoter include a motif that is 92% identical to the GT-l motif in the Simian Virus 40 

(SV40) enhancer (-258/-220), and a 7-bp identical inverted repeat (CAGTTTC) that is 

found in the long terminal repeat (-171/-148) of all murine leukemia viruses and 

proviruses (Wolfe/ al., 1992). Two HNF3-response elements centered at -130 and -95 

complete!) overlap the OCT-1 binding sites in regions III and IV (Fig 1; Braun and 

Suske, 1998). These elements contribute to the activity ofthe promoter in H441 cells, a 

lung epithelial cell line, by enliancing Spl mediated activafion of UG/CCIO expression. 

Cassel et al. (2000) have also implicated proteins ofthe C/EBP family, C/EBPa and 

C/EBP5 in regulating differentiation-dependent expression ofthe CCIO gene. A 

noncanonical estrogen responsive element is located at a site 288-bp upstream ofthe 

transcription start site (Slater et al., 1990). 

While Clara cells show constitutive expression of uteroglobin, which is 

modulated by glucocorticoids, expression in the endometrium is inducible by 

progesterone and estradiol. Evidence for the participation of chromatin structure in the 

regulated expression of the UG gene was initially derived from an analysis of DNasel 

hypersensitive sites in chromatin after hormone induction (Jantzen et al., 1987). Four 

DNasel hypersensifive regions were found at positions, -3.7, -2.4, -0.1 and +4.1-kb 

relative to the transcription start site ofthe UG gene. The three upstream sites are only 

detected in the hormonally stimulated endometrium while the +4.1 DNasel 

hypersensitive region is not tissue specific. Experiments with nuclei prepared from 

hormonally manipulated rabbits revealed that the region -2.4-kb upstream ofthe 

transcription start site is more susceptible to the presence of hormone than the -3.7 and 

-0.1 loci. Fine mapping of this region by DNA foot printing experiments revealed the 

presence of one strong progesterone binding site between -2.394 and -2.376 and two 

weaker binding sites between -2.426 and -2.402 and between -2.486 and -2.471-kb 

upstream ofthe transcription start site. There is also a cluster of three progesterone 
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receptor binding sites more than 100-bp upstream of this DNasel hypersensitive region 

extending from -2.709 to 2.627-kb upstream ofthe start site. 

It was already known by this time that progesterone affects the expression of UG 

messenger RN,\ in rabbit (Shen cl al, 1983) and human endometrium (Peri et al, 1994). 

This progesterone-induced effect in fact is further augmented by prolactin (Chilton and 

Daniel. U)S7; Daniel et al, U)S4). Treatment of long-term ovariectomized (>12 weeks) 

rabbits with either prolactin or progesterone results in a dramatic increase in the receptor 

for the other hormone (Chilton and Daniel, 1987; Chilton et al., 1988; Daniel el al, 1988; 

Randall et al. 1991). A servomechanism was proposed to explain the increase in 

endometrial UG mRNA, upon sequential treatment with prolactin plus progesterone, to a 

concentration equal to that found on the 5th day of pregnancy (Chilton et al, 1988). Gel 

shift assays with the UG promoter (Fig. 1.1; UG200; -194/+9) showed that sequences in 

the proximal part of the promoter are recognized by progesterone-dependent nuclear 

proteins (Rider and Bullock, 1988). Work by Kleis-SanFrancisco et al. (1993) showed 

that prolactin augments the binding of four progesterone-dependent proteins to an 85-bp 

5'-flanking region (Fig. 1.1; UG99; -170/-85) ofthe UG gene. Recognition site screening 

finally allowed the isolation and cloning ofthe cDNAs for two of these proteins, RUSH-

la and RUSH-ip, and identified them as new members ofthe SWI/SNF superfamily of 

nuclear receptor coactivators (Hayward-Lester et al, 1996). This further emphasizes the 

involvement of chromatin structure in regulating UG gene expression. A transient 

expression system with HRE-H9 uterine epithelial cells (Li et al, 1989) was then used to 

show that the proximal promoter region, that binds the RUSH proteins, is essential to the 

action of prolactin (Fig. 1.1; Hewetson and Chilton, 1997) 

1.4 RUSH Family of Proteins 

The RUSH acronym identifies the key characteristics ofthe protein members of 

the family, i.e., RING finger motif protein cloned in rodent and rabbit, binds the 

Uteroglobin promoter, SWl/SNF-related, cloned in human, binds the HIV-1 promoter, 

and helicase-like. RUSH-la (1005-amino acids, 113 kDa) and RUSH-lp (836-amino 

acids, 95 kDa) bind the 85-bp (-170/-85) proximal promoter region ofthe rabbit 
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uteroglobin (UG) gene. RUSII-lot and p proteins are products of alternatively spliced 

messages and their a\ ailability is regulated by a steroid-dependent alternative splicing 

mechanism (Ilayward-Lester cl al, 1996), Competitive reverse transcriptase-polymerase 

chain reaction (RT-PCR) and an ion-pair reversed phase high performance liquid 

chromatography (HPLC) product detection system showed that RUSH-la mRNA is the 

progesterone-dependent splice \ariant. The choice of acronym was thus influenced by the 

significance of alternative splicing as an adjunct to regulation ofthe uteroglobin 

promoter. When this posttranscriptional level of regulation is invoked, the response of 

the target cell to a physiological challenge is accelerated or RUSHed. 

Three independent teams of investigators have cloned the human homolog of 

RUSH-la by recognifion site screening of ^gt-11 cDNA expression libraries derived 

from HeLa cells. HIPl 16 (Sheridan et al, 1995), hHLTF (Ding et al, 1996), and Zbul 

(Gong et al, 1997) encode identical 1009-amino acid proteins (116 kDa). The human 

RUSH gene was mapped to a single locus on human chromosome 3q25.1-q26.1 (Lin et 

al. 1995), Activation ofthe plasminogen avtivator inhibitor-1 (PAl-l) gene in HeLa cells 

by hHLTF (Ding et al, 1996) and activation ofthe PAI-1 gene in 30A5 cells by PI 13 

(the mouse homolog of RUSH-la [Zhang et al, 1997a]), provide in vivo evidence that 

RUSH proteins are transcription factors. The suggestion that RUSH proteins mediate the 

ability of prolactin to increase progesterone-dependent transcription ofthe uteroglobin 

gene (Hewetson and Chilton, 1997) is consistent with the hypothesis that RUSH proteins 

are targeted to an active promoter via an interaction with other transcriptional activators. 

All RUSH family members are characterized by the presence of seven consecutive 

domains that are typical of ATPases and DNA helicases (Fig. 1.2). Strong DNA-

dependent ATPase acfivity has been demonstrated for HIPl 16, Zbul and PI 13, and 

supports the suggestion that RUSH proteins use the energy of ATP hydrolysis to disrupt 

chromafin structure. A key question is whether RUSH proteins associate with 

transcripfion factors, in a manner similar to the SWI/SNF proteins, to target RUSH 

proteins to specific genes (Devine et al, 1999). 

Gel shift, super-shift and immunodepletion assays were used to show that RUSH 

proteins bind to UG50 (Fig. 1.1; -160/-110), and UG50 competes for RUSH-specific 
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binding. C)clie Amplification and Selection of largets (CASTing; Pollock and Treisman, 

1990) was further used to identify the putative RUSH target in the uteroglobin promoter 

(Chilton et al, 2000). Briefly, a hexameric core sequence of A/CCA/TTNG/T 

(MCWTNK) which is at times palindromic (ACATG 1) was identified after 5 cycles of 

selection. Preliminar) analysis of DNA-binding-site selectivity with gel shift assays 

indicated that the optimal consensus binding sequence is A/CCA/TTA/T/GG/T 

(MCWTDK), Although not previously identified as the binding site for any ofthe human 

(HIPl 16, hHLTF, Zbul) or mouse (PI 13) RUSH homologs, this consensus sequence is 

present in each ofthe probes used for library screens and/or gel mobility shift assays 

(Devine ero/„ 1999). 

1.5 RING Finger Motif 

Sequence alignment of homologs from rabbit, human, rodent and plant (Devine et 

al, 1999) showed that all RUSH proteins contain the RING finger motif (C3HC4). The 

motif is a cy steine-rich amino acid sequence originally identified in the sequence ofthe 

Really Interesting New Gene I or RINGI. The motif binds two zinc ions in a unique cross-

braced system (Fig. 1.3; Saurin et al, 1996) and is the common feature of a superfamily 

of nearly 200 otherwise unrelated proteins (Borden, 2000; Freemont, 1993). Many of 

these proteins are transcription factors, and some of them have oncogenic potential. 

Variants ofthe RING finger motif have also been found in several proteins. These 

include members ofthe RING-H2 family that have a His residue in place of Cys 4. 

Sometimes the mofif is present along with a B-box followed directly by a leucine coiled-

coil thus forming a tripartite motif called the RBCC domain (Saurin et al, 1996). 

When the RING finger motif was first identified some thought it might play a 

role in DNA-binding because Zinc fingers are known as DNA-binding mofifs (Barlow et 

al, 1994; Freemont, 1993). However, in the absence of any data to support this idea, it is 

now believed that the RING motif mediates protein-protein interacfions (Borden and 

Freemont, 1996; Mackay and Crossley, 1998; Saurin et al, 1996). The search for 

functional binding partners ultimately led to the demonstration that the RING domain in 

one protein can associate with another RING domain to promote homo- or hetero-
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dimerization. Alternatixel), the RING domain can also associate with non-RING 

domains (Borden, 2000). fhe recent discovery ofthe functional link between the 

ubiquitin-proteasome pathway and the RING containing protein Cbl has attracted 

considerable attention (.loazeiro cl al, 1999; Freemont, 2000). These studies support the 

idea that the RING motif is involved in ubiquitin-mediated proteolysis (Freemont, 2000); 

ho\\e\er Copps et al. (U)98) ha\e suggested that the RING motif may play a regulatory 

role in the ordered assembh of factors. When the RING domain was altered by site 

directed mutagenesis (Borden el al, 1995; Le et al, 1996), it was determined that the 

RING finger mofif of promyelocy tic leukemia oncoprotein (PML) is necessary for the 

formation of speckled nuclear bodies also known as promyelocytic oncogenic domains. 

More recently, Cao cl al. (1997) showed that mutations in the RING finger resulted in the 

retention ofthe ret finger protein in the cytoplasm even though the putafive nuclear 

localization signal was intact. The common underlying theme derived from all these 

studies is that the RING domain mediates protein-protein interactions giving rise to the 

speculation that the RING finger may, in fact, serve as a scaffold for the evolution of 

different functions (Borden, 2000). 

1.6 Purpose of Study 

When we identified the RING finger motif in RUSH, our primary hypothesis was 

that the RUSH protein associated with another protein via the RING finger. This 

dissertation describes the cloning and characterization of this RING Finger Binding 

Protein (RFBP). In Chapter II, the cloning strategy for RFBP is described. In this chapter, 

I also discuss the identification ofRFBP as a putative Type IV P-type ATPase. Chapter 

III contains a description ofthe characterization ofthe subcellular distribufion ofRFBP 

protein in rabbit endometrial cells. In Chapter IV, I address the direct binding between 

RUSH and RFBP. In Chapter V, I describe the development of a competitive RT-PCR 

strategy that was ultimately used to determine the level ofRFBP message in different 

tissues in both male and female rabbits. The amount of message in hormonally 

manipulated female rabbits was also measured by this technique. 

14 



-2660 -2330 -395 +9 

4 
BamH1 BamH1 

I 1 
^ UG400 ^ ^ 

UG200 
r UGQq 

-39? r îfisiL 
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Figure 1.1. Organization ofthe UG Gene. The black boxes correspond to exons and 
introns are shown by open boxes. The 400-bp promoter region (-395/+9) is enlarged to 
show seven regions (I-VII) mapped by DNase I footprinting, deletion and linker scanning 
anahses. that contribute to the overall activity ofthe promoter. The positions of UG200 
(-194/+9), UG99 (-170/-85) and UG50 (-160/-110) are shown. The progesterone response 
element is located 2.6-kb upstream ofthe transcription start site. RUSH binding site is 
located in the UG50 region upstream ofthe start site. TACA, TACA box; OCT, octamer 
factor binding sites; ERE, estrogen-responsive element. 
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Figure 1.2. Comparison of ATPase Motifs in HIPl 16, hHLTF-1, RUSH-la and p. 
ATPase motifs characteristic of ATPases and helicases are numbered 1 through VI. 
Boxed regions denote differences in amino-acids within the motifs. The presumptive 
nucleofide binding-motif in domain I is underlined and the highly conserved lysine (K), 
required for ATPase activity, is shown in bold. 
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^9-39 

Figure 1.3. The RING Motif. The domain called the RING finger or the C3HC4 finger is 
characterized by a cysteine rich sequence: Cys-X2-Cys-X(9.39)-Cys-X(i.3)-His-X(2-3)-Cys-
X2-C\ s-X(4-48).Cys-X2-Cys. From the N-terminus, there are 3 cysteines, shown here in 
numbered ovals, followed by a histidine, labeled H, and then 4 cysteines again. Spacing 
between cysteines 1 & 2, 4 & 5 and between cysteines 6 & 7 is conserved. The RING 
finger binds two Zn2+ atoms (black ovals) per RING molecule and each atom is ligated 
tetrahedrally by either 4 cysteines or 3 cysteines and one histidine, in a unique cross-
brace arrangement. 
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ClIAPlERIl 

CLONING AND CHARACTERIZATION OF THE 

RING FING1:R BINDING PROTEIN (RFBP) 

2.1 Introduction 

The RING finger protein sequence was first identified nearly a decade ago, in the 

protein product ofthe human gene Rl\'Glor Really [nleresling New Gene 1, which was 

isolated b) \ iilue of its location proximal to the major histocompafibility region on 

chromosome 6. The conserved C3HC4 structure, characteristic of this motif, coordinates 

the binding of two zinc atoms (Freemont, 1993) in a unique cross-brace arrangement 

(Fig. 1,3 in Chapter I). As mentioned earlier, this arrangement allows for the first and 

third pair of zinc ligands, forming site 1, to share zinc 1 while the second and fourth pair 

of zinc ligands form site 2 and bind zinc 2. Site 1 has a higher affinity for zinc than site 2. 

This may allow the RING to bind one set of protein partners through site 1 and another, 

with different affinity, through site 2, The number of proteins known to have the RING 

domain has grown enormously and the motif and its variants have so far been identified 

in over 200 proteins that are diverse both in function and origin. Previously identified 

RING finger containing proteins participated in gene expression, DNA recombination 

and DNA repair. This observation coupled with the subsequent preliminary gel-

retardation and surface charge studies implicated this motif in DNA binding (Lovering et 

al, 1993). However, evidence accumulated over the years has shown that unlike the Zinc 

finger domain, the RING motif is not just restricted to proteins present in the nucleus but 

is in fact found in several cytoplasmic proteins as well. Besides, the DNA-binding results 

can be attributed to the positive surface charge potential that can mediate non-specific 

binding to DNA as a result of charge-charge interactions. Notably, RING containing 

proteins are known to function in several cellular processes including transcription, RNA 

processing, organelle transport, peroxisomal biogenesis and ubiquitination, to name just a 

few. The unifying theme in these diverse processes is the ability ofthe RING to mediate 

protein-protein interactions; particularly in the formation of macromolecular scaffolds. 
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Probabl) one ofthe most famous RING finger containing protein is the product of 

the Breast C)\arian Cancer Susceptibility Gene, BRCAl, which functions as a tumor 

suppressor in the cell. The BRCAl RlN(i finger encompasses residues 1-64 at the N-

terminus ofthe protein. That the RING is essential to BRCAl function is apparent from 

the fact that the RING motif is the most highly conserved motif among the BRCAl genes 

from human, mouse and rat (Abel el al, 1995) and several cancer-predisposing mutations 

are found in this region ofthe protein (Abel el al, 1995). Three proteins have been 

identified by )east two-hybrid analysis which interact with the RING domain of BRCAl 

(Houvras et al, 2000; Jensen el al, 1998; Wu et al, 1996). In addifion, the first 110 

residues ofthe protein, that include the RING domain, form a stmctural domain that 

readil) homodimerizes in solution. Although the importance of BRCAl in tumor 

suppression and cell growth regulation is widely recognized, little is known about the 

fimctional significance of its homodimerization and its contribution to protein-protein 

interactions. Along those same lines, while several BRCAl RING-interacting proteins 

have been identified, investigations are under way to define the functional significance of 

these interactions. Similar strategies have however been commonly used to identify a 

binding partner for other RING finger containing proteins; for instance, in the 

identification of a binding partner for the RING finger domain of COP 1, a 

photomorphogenic protein of Arabidopsis. Its interacting partner is called CIP8 for COPl 

interacting protein (Torii et al, 1999). In all instances, the RING finger has been essential 

to the interaction and mutations or deletions in its sequence abolish protein-protein 

interactions. 

All RUSH protein family members contain the RING motif at their carboxy 

terminus. This sequence, CAICLDSLTVPVITHCAHVFCKPCICQVIQNEGPHAKCPLC is in 

good agreement with the consensus C3HC4 motif. The RING motifs, in different 

proteins, are significantiy diverse in terms of amino acid sequence and spacing between 

the zinc ligands. Because of this extreme variability, the domain can probably function 

with altered specificity in the different proteins. 

With all the evidence implicating the RING finger in mediating protein-protein 

interactions, when we identified the RING domain in RUSH proteins, we h\ pothesized 



that the RING finger motif in RUSII probably mediates the binding between RUSH and 

another as yet unidentified partner. We set out to identify a RUSH-RING finger binding 

protein using an expression strategy that is less laborious than the yeast two-hybrid 

technique and has been employed to isolate binding partners for the Jun protein 

(Maegregor et al, 1990). A RUSH-RING finger binding protein was indeed identified 

and called the RING Finger Binding Protein (RFBP), This chapter describes the isolafion 

and subsequent characterization ofthe cDNA for RFBP, A computer search of known 

sequence databases (SWISS-PROT + PIR + PRE and GenBank) using the BLAST 2.0.12 

program at the National Center for Biotechnology Information was used to identify 

sequence identity/similarity with related proteins. Hydrophilicity analysis and ClustalW 

alignment were also carried out to further characterize the predicted primary sequence of 

RFBP. 

2.2 Materials and Methods 

2.2.1 Reagents, Antibodies and Cells 

cDNA Synthesis System Plus, cDNA Cloning System-iVgtll, Sequenase Version 

2.0 DNA Sequencing Kit, [a-^"^S]dATP, 1000 Ci/mmol, for sequencing, and isopropyl-P-

D-thiogalactopyranoside (IPTG) were purchased from Amersham Pharmacia Biotech 

(Piscataway, New Jersey). The SMART RACE and Marathon '̂̂ ^cDNA Amplification 

Kits, Rabbit Genomic Library, TaqStart antibody, Tth Start antibody. Advantage 

Genomic PCR kit, and Advantage Tth polymerase mix were purchased from Clontech 

Laboratories, Inc. (Palo Aho, CA). TaKaRa ExTaq enzyme and lOX LA PCR buffer 

were purchased from Pan Vera Corporation (Madison, WI). The vector pSCREEN-lb(+), 

Thrombin Cleavage Capture Kit, T7-Tag antibody alkaline phosphatase conjugate and S-

protein alkaline phosphatase conjugate were purchased from Novagen (Madison, Wl). 

The pCR™II and pCR(DII-TOPO vectors are components of individual TA Cloning Kits 

that were purchased from Invitrogen (San Diego, CA). MetaPhor agarose was purchased 

from BioWhittaker Molecular Applications, Inc. (Rockland, ME). A Ikb DNA ladder 

was purchased from Promega (Madison, WI). 
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2.2.2 Cloning ofthe RING Motif 

For the purpose of cloning, the RING motif was amplified from 50 ng of a 1030-

bp partial RUSH cDNA clone (Hayward-Lester el al, 1996). The 50 pi PCR reaction mix 

contained LA PCR buffer (IX), I'aKaRa ExTaq DNA polymerase (2.5U/50 pi), TaqStart 

antibod) (0.55 Mg/5() ^1), dNTPs (0.2 niM each) and primers (0.2 mM each). The 

forward primer (5'-GCC'AGCT.CA TGT GCT ATA TGC TTG G-3') had a unique 

Sad site (bold), and the reverse primer (S'-GCA^AGCT^TC TGC ATA AAG GGC AC-

3') had a unique Hindlll site (bold), A four-step, hot start PCR reaction was performed. 

The conditions were as follows: 45 s at 95°C, followed by 10 cycles of 94°C, 45 s; 

39,5°C, 60 s; 72°C, 60 s; 10 cycles of 94°C, 45 s; 38.5°C 60 s; 72°C 60 s; 10 cycles of 

94°C, 45 s; 55°C, 60 s; 72°C, 60 s; 20 cycles of 94°C, 45 s; 54°C, 60 s; 72°C 60 s; and a 

final extension for 5 min at 72°C. Samples were rapidly cooled to 4°C. A single 142-bp 

PCR product was cloned into pCR̂ *̂ II, excised with appropriate restriction enzymes and 

directionally subcloned into the Sacl-Hindlll sites ofthe pSCREEN-lb(+) expression 

vector. Insert orientation was confirmed by sequencing in both directions by the dideoxy 

chain termination method. 

Recombinant protein with a T7-tag, a His-tag and an S-tag at its NH2-terminus 

was induced by exposure to IPTG (1 mM) and purified by metal chelation 

chromatography. Briefly, recombinant His-Tag protein was eluted under native 

conditions (1 M imidazole, 0.5 M NaCl, 20 mM Tris-HCl, pH 7.9), dialyzed against 

water to remove excess salt, and lyophilized. The protein concentration (1.05 mg/ml) 

was determined according to Dowry et al. (1951), using BSA as the standard. The leader 

sequence containing the T7-Tag and the His-Tag was removed by digestion with 

biotinylated thrombin. Biotinylated thrombin was separated from the remaining S-Tag 

protein with streptavidin-agarose. 

2.2.3 Cloning ofthe RING Finger Binding Partner 

A /Igtl 1 cDNA expression library was prepared using mRNA isolated from HRE-

H9 cells (Li et al, 1989) and screened according to the procedure of Maegregor et al. 

(1990) to identify protein binding partners. Nitrocellulose filter replicas were prepared 

31 



from A.gtl 1 recombinants (= 3 x 10"* plaque-forming units/plate) and processed with 6 M 

guanidine-IlCL denaturation-renaturation (Singh cl al, 1989; 1988) to ensure proper 

protein folding, fhe filters were then screened with the recombinant RING finger protein 

(1 |.ig/ml) with /nS04 (10 pM) to maintain functional conformation (Fan and Maniatis, 

1990; Keller and Maniatis, 1991), and the 17 Tag antibody alkaline phosphatase 

conjugate (1:10,000). ,\ single, plaque-pure clone was re-screened with the thrombin-

clea\ed recombinant protein (1 pg/ml) in the presence of ZnSOa (10 \xM), and the S-

protein alkaline phosphatase conjugate (1:5,000). 

,*\ positi\e plaque was heated at 100°C for 10 min, then amplified in a 50 pi PCR 

reaction mix containing LA PCR buffer (IX), TaKaRa ExTaq DNA polymerase (2.5U/50 

pi), TaqStart anfibody (0.55 pg/50 pi), dNTPs (0.2 mM each) and Xgtl 1 primers (0.2 mM 

each). Forward (5'-GGT GGC GAC GAC TCC TGG AGC CCG-3') and reverse (5'-

TTG AC A CCA GAC CAA CTG GTA ATG-3') ?igtl 1 primers flank the insert sequence 

in the vector. Hot start PCR reactions were performed with the following conditions: 120 

s at 95°C, followed by 35 cycles of 94°C 45 s; 54°C, 60 s; 72°C, 180 s; and a final 

extension for 10 min at 72°C. Test and control reactions were rapidly cooled to 4°C. A 

single 1584-bp PCR product was cloned into pCR™II, and sequenced in both directions 

by the dideoxy chain termination method. 

Four different Marathon RACE (rapid amplification cDNA ends) reactions were 

performed to obtain overlapping cDNA clones as described in the Results and Fig. 2.1. 

Poly(A^) RNA (1 pg) from HRE-H9 cells was used in the preparation of adaptor-ligated 

cDNA libraries according to manufacturers' protocol. For each PCR reaction, 5 pi of 

diluted cDNA library was mixed with 45 pi of a PCR reaction mix containing LA PCR 

buffer (IX), TaKaRa ExTaq DNA polymerase (2.5U/50 pi), TaqStart antibody (0.55 

pg/50 pi), dNTPs (0.2 mM each) and primers (0.2 mM each). In the first reaction (Fig. 

2.1), RACE primer pair 1 consisted of a forward gene-specific primer (5'-GTG CGT 

GGA CTC CCT ATG CTG TTT CCC-3'), and a reverse adaptor primer (API; 5-CCA 

TCC TAA TAG GAC TCA CTA TAG GGC-3'). A three-step, hot start PCR reaction 

was performed with the following conditions: 60 s at 95°C, followed by 5 cycles of 94°C 
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30 s; 72 A\ 60 s; 72 'C, 180 s; 5 cycles of ^M"C, 30 s; 7 r ' C 60 s; 72°C 180 s; 25 cycles 

of )̂4 X\ 30 s; 70 'C, 60 s; 72 "C, 180 s; and a final extension for 10 min at 72°C. Samples 

were rapidly cooled to 4 'C A single 1151-bp PCR product (Fig, 2,1) was cloned into 

pCR̂ KMl-TOPO, and sequenced in both directions by the dideoxy chain termination 

method. 

In the second reaction (Fig, 2,1), RACE primer pair 2 consisted of a degenerate 

forward primer (5'-GAQ AAP ACN GGN ACN QTN ACN-3'; Q=pyrimidine, P=purine, 

and N = A. T, G or C). and a reverse gene-specific primer (5'-CGC TTT CTG CAG TGG 

TGC C\T ACG ACA GC-3 ). A four-step, hot start PCR reaction was performed with 

the following conditions: 30 s at 94°C, followed by 5 cycles of 94°C, 5 s; 65°C 240 s; 5 

cycles of 94°C. 5 s; 60°C 240 s; 5 cycles of 94°C, 5 s; 55°C, 240 s; 20 cycles of 94°C, 5 

s; 50°C, 240 s and a final extension for 10 min at 68°C. Samples were rapidly cooled to 

4^0. A single 1185-bp PCR product was cloned into pCR®II-TOPO, and sequenced in 

both directions by the dideoxy chain termination method. 

The third reaction actually consisted of a primary reaction followed by a nested 

secondary reaction (Fig. 2,1), In the primary reaction, the RACE primer pair consisted of 

the forward API primer and a reverse, gene-specific primer (5'-CAG TGT GAC AGA 

GAC TGA CTG C-3')- The hot start PCR reaction was performed with the following 

conditions: 30 s at 94°C, followed by 30 cycles of 94°C, 5 s; 62,5°C, 240 s; and a final 

extension for 10 min at 68°C, Samples were rapidly cooled to 4°C, Products from this 

reaction were used in a nested PCR reaction with RACE primer pair 3 (Fig, 2,1). which 

consisted of forward adaptor primer 2 (AP2; 5'-ACT CAC TAT AGG GCT CGA GCG 

GC-3') and a reverse gene-specific primer (5-CCT TCT GAA GAA TCT GGT GTC 

GGT CC-3'). The hot start PCR reaction was performed with the following conditions: 

30 s at 94°C, followed by 25 cycles of 94°C, 5 s; 66.5°C, 240 s; and a final extension for 

10 min at 68°C. Samples were rapidly cooled to 4°C. A single 992-bp PCR product was 

cloned into pCR®II-TOPO, and sequenced in both directions by the dideoxy chain 

termination method. 
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The fourth reaction also consisted of a primary reaction followed by a nested 

secondar) reaction (Fig, 2.1), In the primary reaction, the RACE primer pair consisted of 

forward API, and a re\erse gene-specific primer (5'-CAA GGC CAC CAC TTC GAA 

C\\.\ C \ f .A.'V.V C.\Ci G-3 •). A six-step, hot start PCR reaction was performed with the 

following conditions: 30 s at )̂4 t \ followed by 5 cycles of 94°C, 5 s; 70°C, 150 s; 5 

e)eles of ^)4X\ 5 s; 69̂ ^G, 150 s; 5 cycles of 94°C, 5 s; 68°C, 150 s; 5 cycles of 94°C 5 s; 

67°C 150s;5eyelesof94"C, 5s;66°C 150 s; 15 cycles of 94°C, 5 s; 65°C 150 s; and a 

final extension for 10 min at 68°C Products from this reaction were used in a nested 

PCR reaction with RACE primer pair 4 (Fig. 2.1), which consisted of forward AP2, and a 

rexerse gene-specific primer (5-GTC TCA ACC AAT CTT CGT ACC CCT G-3'). A 

six-step, hot start PCR reaction was performed with the following conditions: 30 s at 

94°C, followed by 5 cycles of 94°C, 5 s; 68°C 120 s; 5 cycles of 94°C, 5 s; 67°C, 120 s; 

5 cycles of 94°C, 5 s; 66°C, 120 s; 5 cycles of 94°C, 5 s; 65°C, 120 s; 5 cycles of 94°C, 5 

s; 64°C, 120 s; 10 cycles of 94°C, 5 s; 63°C, 120 s; and a final extension for 10 min at 

68°C. Samples were rapidly cooled to 4°C. A single 314-bp PCR product was cloned 

into pCR®II-TOPO, and sequenced in both directions by the dideoxy chain termination 

method. 

2.2.4 Genomic Cloning 

An amplified rabbit genomic library in the EMBL3 SP6/T7 vector was screened 

with the 992-bp PCR product ofthe third PCR reaction described above and in Fig. 2.1. 

Nitrocellulose filter replicas were prepared from >.gtl 1 recombinants (=3x10 plaque-

forming units/plate) and screened with the random-prime labeled cDNA (specific activity 

= 3-6 x 10̂  CPM/pg). A genomic clone i~ 14-kb) was isolated and used as template in a 

PCR reacfion. A region ofthe genomic DNA (150 ng) was amplified in a 50 pi PCR 

reaction containing PCR buffer (1X), magnesium acetate (1.1 mM), Tth DNA 

polymerase (0.1 U), TthStart antibody (0.01 pg/pl), dNTPs (0.2 mM each) and primers 

(0.2 mM each). The forward (5'-CAG GGG TAC GAA GAT TGG TTG AGA C-3') and 

reverse (5'-CTG TCA GCG TAC CCG TTT TAT CTG TAA ACA C-3') primers 

matched sequence in the cDNA. The hot start PCR amplification reaction was performed 
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as follows: 30 s at 94'C, followed by 5 cycles of 94't', 5 s; 67°C, 360 s; 5 cycles of 

94X, 5 s; 66''C, 360 s; 5 cycles of 94"C 5 s; 65°C, 360 s; 5 cycles of 94°C, 5 s; 64.5°C, 

360 s; 20 cycles of )̂4 C, 5 s; 64A\ 360 s; and a final extension for 10 min at 68°C. 

Samples were rapidly cooled to 4°C A single 742-bp PCR product was cloned into 

pCRvK l̂l-TOPO, and sequenced in both directions by the dideoxy chain termination 

method. 

2.3 Results 

2,3.1 Cloning ofthe RING Finger Binding Protein 

In order to test the hypothesis that the RING domain is involved in unique 

protein-protein interactions, the region ofthe RUSH cDNA that encodes the RING finger 

motif (amino acids 757-798) was isolated by the polymerase chain reaction (PCR) with 

primers that contained unique restriction enzyme sites, A single 142-bp PCR product was 

subcloned into pCR '̂̂ II, excised with appropriate restriction enzymes and directionally 

subcloned into Sacl-Hindlll sites ofthe pSCREEN-lb(+) expression vector. Insert 

orientation was confirmed by sequencing in both directions by the dideoxy chain 

termination method. The resultant recombinant protein with a T7-tag, a His-tag and an S-

tag at its NH2-terminus was used in a novel cloning strategy (Maegregor et al, 1990) to 

identify protein binding partners. Filters with recombinant proteins from a "kgt-X 1 

expression library prepared from HRE-H9 cells were denatured-renatured with guanidine 

hydrochloride to insure proper protein folding (Singh et al, 1989, 1988). The filters were 

then screened with the recombinant RING finger protein in the presence of ZnS04 (10 

pM) to maintain functional conformation (Fan and Maniatis, 1990; Keller and Maniatis, 

1991). The single phage clone (1.6-kb cDNA insert), depicted in Fig. 2.1, was identified 

with the T7-tag antibody alkaline phosphatase conjugate. Because the His-tag is known 

to bind heavy metals, it was removed along with the T7-tag by enzymatic cleavage with 

thrombin. The tmncated recombinant protein with its S-tag was then used with the S-

protein alkaline phosphatase conjugate to confirm the identity ofthe positive clone in a 

secondary screen. 
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fhe cDN,\ insert in the phage clone was amplified by PCR and subcloned into 

pCR̂ "̂ !!. Sequence anal) sis revealed the presence of a partial cDNA that contained a 

single open reading frame and a TAA stop codon, but lacked an initiator codon. 

Northern anal) sis of rabbit endometrial mRNA with this clone revealed a strong 5.3-kb 

band. As shown in Fig, 2,1, MarathonT^» RACE (rapid amplification of cDNA ends) was 

used to extend the 5-end ofthe cDNA and to obtain the entire 3'-end ofthe cDNA 

including the poK .\ tail. The 5'-region, which encodes the initiator methionine, is 

missing. The message at 5,3-kb is quite long and in the event of not obtaining full-length 

cDN.A in the re\ erse transcription step, any library subsequently made from these 

products will lack the 5' end ofthe message. This can technically be overcome by using 

the SM.ARTTMRACE cDNA synthesis technology to prepare the library. Briefly, this 

technolog) employs the terminal transferase activity ofthe enzyme MMLV RT that 

allows the addition of dC residues to the 3' end ofthe first-strand cDNA. The SMART 

oligo, that has a terminal stretch of dG residues, anneals to the dC-rich cDNA tail serving 

as an extended template for RT. Since this dC-tailing activity ofthe enzyme is most 

efficient when the enzyme has reached the end ofthe message, the SMART technology 

selects for full length RNA. 1 used the SMART RACE kit manufactured by Clontech to 

no avail. Fresh high qualify polyA"̂  RNA was isolated from uterine endometrium and 

used to prepare new libraries but I still did not obtain the 5' end ofRFBP message. 

Therefore, repeated attempts to obtain this sequence using 5' Marathon'̂ '̂  RACE and 

SMART''''^RACE cDNA synthesis systems met with no success. 

2.3.2 ClustalW Alignment and Hydrophilicity Analysis ofRFBP Identify 
it as a Type IV P-fype ATPase 

A computer search of sequence databases (SWISS-PROT + PIR + PRE and 

GenBank) was conducted with the composite cDNA sequence (4286-bp) using the 

BLAST 2.0.12 program at the National Center for Biotechnology Information. This 

search revealed the predicted RFBP protein is 50% similar and 34% identical to Type IV 

P-type ATPases from Bos taurus (protein ID AAD03352), Mus musculus (protein ID 

AAB18627) and Saccharomyces cerevisiae (protein ID L01795). This alignment showed 
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the conserved RFBP and the partial cDNA sequence for human KIAA0956 (GenBank 

accession number AB023173) are also 92% identical using the BLAST algorithm for 

pair-w ise DNA-DNA sequence alignment, while the amino acid sequences are 93% 

identical and 95% similar. Such comparisons indicate that KIAA0956 is the human 

ortholog ofRFBP. A position-specific iterated BLAST (PSl-BLAST) program (Altschul 

cl al, 1997) which is sensiti\e to weak but biologically relevant sequence similarities 

identified 597 hits. .All ofthe hits were ATPases, and 289 of them had statistically 

significant expectation (e) values greater than the 0.001 threshold. Additionally, once the 

BL.AST searches showed that RFBP is similar to Type IV P-type ATPases, ClustalW 

alignment (Thompson et al, 1994) was used to align RFBP sequences with the published 

sequences for Bos taurus. Mus musculus and Saccharomyces cerevisiae (Fig. 2.2). This 

not only helped in the identification of conserved regions among the proteins but when 

used in conjunction with data from hydrophilicity analysis (Fig. 2.3, discussed later), 

putative transmembrane segments were identified in RFBP. The ClustalW alignment 

indicates that RFBP has all ofthe diagnostic structural features typical of P-type 

ATPases. These are the consensus sequences for seven of eight core segments that 

include the highly conserved phosphorylation site [DKTGTLT], characteristic of P-type 

ATPases (Moller et al, 1996) and the TGDN mofif in region F that is the putative ATP-

binding domain (Lutsenko and Kaplan, 1995); along with nine transmembrane domains 

(TD). It is important to note that region D which contains transmembrane domain 4 is 

absent from the RFBP cDNA sequence. Transmembrane domain assignments (Fig. 2.3) 

were confirmed by analyses with the SOAP algorithm derived by Kyte-Doolittle (Kyte 

and Doolittle, 1982), the Argos et al (1982), transmembrane analysis, the Tmpred 

program (www.ch.embnet.org) and the SOSUI system 

(http://azusa.proteome.bio.tuat.ac.jp/sosui/). However, to avoid confusion, the domains 

were numbered consecutively in Fig. 2.3. The composite cDNA sequence (4286-bp) and 

the predicted amino acid sequence (1107 amino acids) for RFBP (Genbank accession 

number AF236061) with the core regions and transmembrane domains are shown in Fig. 

2.4. The incomplete protein has a predicted molecular mass of 126 kDa. 
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2.3,3 RFBP gene lacks Region D 

.Ml known P-type ATPases contain an even number of transmembrane passes 

with four of them highh conserved at the NIL-terminus (Axelsen and Palmgren, 1998; 

Geering, 2000; Lingrel and Kiint/weiler, 1904), I bus, it was important to determine 

whether or not region D, which is an evolutionarily conserved domain and is missing 

from the cDN.A, was also missing from the gene. Primers that recognize cDNA sequence 

on either side of Region D, in transmembrane domain 2 and Core Region E, were used in 

a PCR reaction with genomic DNA. Analysis of PCR reaction products by agarose gel 

electrophoresis is shown in Fig. 2.5A. Gel electrophoresis with MetaPhor agarose and 

ethidium bromide fluorescence allowed the visualization of a single 742-bp reaction 

product. Genomic sequence data provided in Fig. 2.5B has 100% identity with the 

corresponding region ofthe cDNA. These data show that region D which contains 

transmembrane domain 4 is absent from the RFBP gene, and confirm that RFBP is not a 

splice variant. 

2.4 Discussion 

P-type ATPases comprise an evolutionarily diverse superfamily of nearly 200 

ATP-hydrolysis-driven ion pumps (Axelsen and Palmgren, 1998; Scarborough, 1999). 

Structiually related to hydrolases (Aravind et al, 1998), P-type ATPases are thought to 

share a common catalytic mechanism with these enzymes. Because these integral 

membrane proteins show very little similarity to each other (<15%), they were originally 

described as PI ATPases (heavy metal pumps), P2 ATPases (nonheavy metal pumps and 

phospholipid translocases) and P3 ATPases (bacterial K'^-pumps). However, when 

arranged phylogenetically according to substrate specificity and sequence alignment, P-

type ATPases can be divided into five main groups (Fig. 2.6). The groups are designated 

Type I (heavy metal pumps). Type II (Ca^ ,̂ Na^K^ and HVK^ pumps). Type III (H^ and 

Mĝ "" pumps), Type IV (phospholipid pumps) and Type V (no assigned substrate 

specificity). Type IV, the most recently discovered group, is found only in eukaryotes, 

and appears to be very distinct from the metal ion transporters that dominate this enzyme 

class. The absence of Type IV from prokaryotes supports the hypothesis that P-type 
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ATPases are e\ ol\ ing at a variable rate, and that Type IV enzymes have evolved more 

recently than their counterparts (Axelsen and Palmgren, 1998). 

.Ml working models of membrane topology for P-type ATPases, identified to date, 

contain eight or ten clearly defined transmembrane passes with four highly conserved 

spans at the NHi-terminus. Collectively, these transmembrane helices anchor the protein 

in the lipid biUner, orient the hydrophilic domains ofthe protein at the membrane 

surface, and assemble into channel-like structures to regulate transport (Fig. 2.7). The 

hydrophilic portions ofthe protein which include its NH2- and COOH-termini and two 

loop segments are located on the same side ofthe plasma membrane and therefore in the 

same sub-cellular compartment (Moller et al, 1996). As depicted in Fig. 2.7, this 

topology preferentially exposes the small, strongly hydrophilic loop (Regions A-C) 

between transmembrane domains 2-3, and the large conformationally flexible loop 

(Regions D-H) between transmembrane domains 4-5, to the cytoplasm. Regions A-C 

have been assigned a role in energy transduction that may be as simple as maintaining the 

stability ofthe ATPase stmcture. Transmembrane domain 4 (TD4) is postulated to be 

directly involved in the energy transduction mechanism. The sequences that link TD4 to 

the phosphorylation site, i.e., regions D and E, are two ofthe three most highly conserved 

regions in ATPases. Mutafions in this region cause a significant reduction in the 

transport capabilities of H""-ATPase (Ambesi et al, 1996). The conformationally flexible 

loop that accounts for 45% ofthe polypeptide contains highly conserved phosphorylation 

and ATP-binding sites. The function ofthe phosphorylation site in all P-type ATPases is 

the same, i.e. the transfer of y-phosphate from ATP to the aspartate residue in the 

phosphorylation site. In fact, P-type ATPases were named for the participation of a high-

energy aspartyl-phosphoryl-enzyme intermediate in their catalytic cycle (Pedersen and 

Carafoli. 1987). Phosphorylation ofthe aspartate (D) residue in the invariant sequence 

DKTGT(L/I)T distinguishes P-type ATPases from V-type and FoFi-ATPases. All known 

type IV P-type ATPases also have the same general characteristics of P-type ATPases. 

However, the newly identified RFBP differs from all previously described Type 

IV P-type ATPases. The most striking feature of this putative phospholipid pump is an 

odd number of transmembrane domains resulting from the absence of Region D and TD4. 
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Because ofthe highh conserved nature ofthe NFL-tcrminus, the absence ofthe fourth 

membrane-embedded domain alters both the orientation ofthe adjacent hydrophilic 

domains and the determinants of transport specificity. Deletion of this region alters the 

conformational dynamic that functionally links the transport site in the membrane with 

the site of .\TP h)drolysis, and strongly suggests that RFBP is not involved in 

phopholipid transport. In the larger scheme of evolutionary advantage, altered substrate 

specifieit) requires a change in structural constraint resulting from a dramatic change in 

primar) structure (,\xelsen and Palmgren, 1998). Such a change in substrate specificity 

is likel) to result from the absence of Region D and the PEGL motif, which is considered 

to play a critical role in energy transduction (Clarke et al, 1989). 

M) first thought was that the endometrial RFBP might be the product of an 

altemati\e splice e\ent. Once considered to be the exception to the mle (one gene, one 

protein), altemative splicing is known to regulate approximately 5% of all genes (Sharp, 

1994). It is an economical way to produce different products from the same gene 

(McKeown, 1992; Smith et al, 1989). A survey on intron and exon length by Hawkins 

(1988) indicated that although introns in vertebrates vary in size from 40 to greater than 

3000 nucleotides, the largest single size range is 80-90 nucleotides. Region D and its 

included transmembrane domain 4 are encoded by 72 nucleotides that could easily 

participate in the simplest of altemative splicing events, i.e. splice/don't splice. 

However, sequence from genomic clones confirmed that Region D and TD4 are absent 

from the RFBP gene. These results support a working model for membrane topology in 

which the NH2- and COOH-termini ofRFBP are located on opposite sides ofthe 

membrane. The impact of this altered structure, on protein funcfion, calls for closer 

scrutiny ofthe role ofthe conserved motifs in mediating RFBP function. 
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Figure 2.3. Hydrophilicity Profile. Hopp-Woods hydrophilicity analysis ofthe partial 
sequence of the putative P-type ATPase was obtained with the DNA Inspector program, 
version 3.16 using a window of 12 residues proceeding from the NH^-terminus to the 
COOH-terminus. A total of nine transmembrane domains (numbered brackets) were 
identified by their extreme hydrophobicity. 
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1 GCTGGGTTTTGACCCACCACATCAAAGTGACACAAGAACTATTTACATAGCCAACAGATT 

1 L G F D P P H Q S D T R T I Y I A N R F 

61 TCCTCAGAATGGCCTTTATACACCTCAGAAATTTATAGATAATCGGATCATTTCATCTAA 

21 P Q N G L Y T P Q K F I D N R I I S S K 

121 GTATACTGTGTGGAATTTTGTTCCAAAAAATTTATTTGAACAATTCAGAAGAGTGGCAAA 
41 Y T V W N F V P K N L F E Q F R R V A N 

181 CTTTTATTTTCTTATTATATTTTTGGTTCAGCTTATGATTGATACACCTACCAGTCCAAT 
61 F Y F L I I F L V O L M I D T P T S P J I 

Transmembrane Domain 1 

2 41 TACCAGTGGACTTCCATTATTCTTTGTGATAACAGTAACTGCTATAAAACAGGGGTACGA 
81 T S G I L P L F F V I T V T A I K Q G Y E~ 

Transmembrane Domain 2 

301 AGATTGGTTGAGACATAACTCAGATAATGAAGTAAATGGAGCTCCTGTTTATGTTGTTCG 

101 D W L R I H N S D N E V N G A P V Y V V R 

3 61 AAGTGGTGGCCTTGTAAAAACTAGATCGAAAAATATTCGGGGTATGCATCTGGTAGGTGA 

121 S G G L V K T R S K N I R G M H L V G D 

Core 

4 2 1 TATTGTTCGAATAGCCAAAGATGAAATTTTCCCTGCAGACTTGGTGCTTCTGTCCTCAGA 

4 8 1 I V R I A K D E I F P A D L V L L S S D 

R e g i o n A 

481 TAGACTTGATGGTTCATGTCACGTTACAACTGCTAGTTTGGATGGAGAAACTAACCTGAA 

161 R L D G S C H V T T A S L D G E T N L K 

Core Region B 

541 GACTCATGTGGCGGTTCCAGAAACAGCAGTGTTACAAACAGTTGCCAATTTGGACACCCT 

181 T H V A V P E T A V L Q T V A N L D T L 

601 AGTGGCTGTGATAGAATGCCAGCAACCAGAAGCAGACCTGTACAGATTCATGGGACGAAT 

201 V A V I E C Q Q P E A D L Y R F M G R M 

661 GGTAATAACTCAACAAATGGAAGAAATTGTAAGACCTCTGGGGCCAGAGAGTCTCTTGCT 

221 V I T Q Q M E E I V R P L G P E S L L L 

Figure 2.4. Alignment of Nucleotide and Predicted Amino Acid Sequences for RFBP. In 
the predicted amino acid sequence, nine transmembrane domains are boxed, and Core 
Regions A-H are underlined. The putative phosphorylation site (DKTGTLT) in Core 
Region E, and the putative ATP binding domain (TGDK) in Core Region F are shaded. 
The antigenic site (TNQKSDSECAEQLRQL) used for antipeptide antibody preparation 
(shaded) is located in the conformationally flexible loop between regions F and G. Note 
Core Region D is missing. In the nucleotide sequence, the polyadenylation signal 
(AATAAA) is underlined. 
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7 21 TCGTGGAGCTAGATTAAAAAACACAAAAGAAATTTTTGGCGTTGCTGTATACACTGGAAT 

•41 R G A R L K N T K E I F G V A V Y T G M 
Core Reg ion C 

7 81 GGAAACTAAAATGGCATTAAATTACAAAAGCAAATCACAGAAACGCTCTGCAGTAGAAAA 
:61 E T K M A L N Y K S K S Q K R S A V fe K 

841 GTCAATGAATACATTTTTGACCATTTATCTTATAATCCTTATTTCTGAAGCCATCATCAG 

181 S M N T F L T I Y L I I L I S E A I I S 

Transmembrane Domain 3 

901 TACTATCTTGAAATATACATGGCAAGCTGAAGAAAAATGGGATGAGCCTTGGTATAACCA 
T W Q A E E K W D E P W Y N Q 3 0 1 T I L K Y 

9 61 AAAAACAGAACATCAAAGAAATAGTAGTAAGGTGGAATATGTGTTTACAGATAAAACGGG 

3 2 1 K T E H Q R N S S K V E Y V F T D K T G 
Core Reg ion E w i t h P h o s p h o r y l a t i o n 

1 0 2 1 TACGCTGACAGAAAATGAGATGCAGTTTCGAGAATGTTCAATTCATGGCATGAAATACCA 

3 4 1 T L T E N E M Q F R E C S I H G M K Y Q 
s i t e 

10 81 AGAAATCAATGGTAGACTTGTACCCGAAGGACCGACACCAGATTCTTCAGAAGGAAATTT 

361 E I N G R L V P E G P T P D S S E G N L 

1141 GTCTTATCTGAGTAGTTTATCCCATGTTAACAGTTTATCCCATCTTACAAGCAGTTCCTC 

381 S Y L S S L S H V N S L S H L T S S S S 

12 01 TTTCAGAACCAGTCCTGAAAATGATACTGAACTAATTAAAGAACACGATCTCTTCTTTAA 

401 F R T S P E N D T E L I K E H D L F F K 

12 61 AGCAGTCAGTCTCTGTCACACTGTACAGATTAGCAGTGTTCAAACTGATGGCATTGGTGA 

421 A V S L C H T V Q I S S V Q T D G I G D 

13 21 TGGTCCCTGGCAGTCCAGCCTGGCACCGTCGCAGTTGGAGTACTATGCGTCTTCACCAGA 

441 G P W Q S S L A P S Q L E Y Y A S S P D 

13 81 CGAAAAGGCCCTGGTGGAAGCTGCCGCACGAATTGGCATTGTTTTTGTGGGCAATACTGA 

461 E K A L V E A A A R I G I V F V G N T E 

1441 AGAAACTATGGAAGTTAAAATACTTGGAAAACTGGAAAGGTACAAACTGCTTCATGTTCT 

481 E T M E V K I L G K L E R Y K L L H V L 

1501 AGAATTTGATTCAGATCGTAGGAGAATGAGTGTAATTGTTCAAGCACCATCAGGTGAGAG 

501 E F D S D R R R M S V I V Q A P S G E R 

15 61 ATTTCTGTTTGCTAAAGGAGCCGAGTCATCTATTCTCCCCAAGTGTATAGGTGGAGAAAT 

521 F L F A K G A E S S I L P K C I G G E I 

Figure 2.4 (continued) 
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1 6 2 1 AGAAAAAACAAGAATTCATGTAGATGAATTTGCTTTGAAAGGGCTAAGAACTCTGTGTGT 

5 4 1 E K T R I H V D E F A L K G L R T L C V 

16 81 AGCATATAGACAGTTTACATCAAAAGAATATGAAGTGATAGATAGACGCCTGTTTGAAGC 

5 6 1 A Y R Q F T S K E Y E V I D R R L F E A 

17 4 1 CAGGACTGCCCTGCAGCAGCGGGAAGAGAAATTGGCAGATGTCTTCCATTATATAGAGAA 

5 8 1 R T A L Q Q R E E K L A D V F H Y I E K 

1 8 0 1 .AGACCTGATATTACTTGGAGCTACAGCAGTGGAAGACAGACTGCAAGATAAAGTTCGAGA 

6 0 1 D L I L L G A T A V E D R L Q D K V R E 

18 61 .AACTATTGAAGCATTGAGAATGGCTGGCATCAAAGTATGGGTACTTACTGGAGATAAACA 

6 2 1 T I E A L R M A G I K V W V L T G D K H 
Core Reg ion F w i t h p u t a t i v e ATP b i n d i n g s i t e 

1 9 2 1 TGAAACAGCTGTTAGTGTGAGTTTATCATGTGGACATTTTCATAGAACCATGAACATCCT 

6 4 1 E T A V S V S L S C G H F H R T M N I L 

19 81 TGAACTTACAAACCAGAAATCAGACAGCGAATGTGCTGAACAATTAAGGCAGCTTGCCAG 

6 6 1 E L T N Q K S D S E C A E Q L R Q L A R 

S i t e f o r A n t i p e p t i d e A n t i b o d y 

2 0 4 1 AAGAATTACAGAAGATCATGTGATTCAGCATGGGCTGGTGGTGGATGGAACCAGCCTCTC 

6 8 1 R I T E D H V I Q H G L V V D G T S L S 

2 1 0 1 TCTTGCACTCAGGGAACATGAAAAACTATTTATGGAAGTTTGCAGGAATTGTTCAGCTGT 

7 0 1 L A L R E H E K L F M E V C R N C S A V 

2 1 6 1 GTTATGCTGTCGTATGGCACCACTGCAGAAAGCGAAAGTAATCAGATTGATAAAAATCTC 

7 2 1 L C C R M A P L Q K A K V I R L I K I S 
Core r e g i o n G 

2 2 21 CCCTGAGAAACCTATAACCATTGGCTGTTGGGATGGTGCTAATGATGTAAGCATGATACA 

741 P E K P I T I G C W D G A N D V S M I Q 

2 2 81 GGAAGCACATGTTGGAATAGGAATCATGGGTAAAGAACGAAGACAGGCTGCAAGAAATAG 

761 E A H V G I G I M G K E R R Q A A R N S 

2 3 41 TGACTATGCAATAGCTAGATTTAAATTCCTCTCCAAATTACTTTTTGTTCATGGTCATTT 

7 81 D Y A I A R F K F L S K L L F V H G H F 

Core Region H 

2401 TTATTATATTAGAATAGCTACCCTTGTACAGTATTTTTTTTATAAGAATGTGTGTTTTAT 

801 Y Y I R I A T L V Q Y F F Y K N V C F I 

Transmembrane Domain 4 

24 61 CACACCCCAGTTTTTATATCAGTTCTACTGTTTGTTTTCCCAACAAACACTGTATGACAG 

8 2 1 ~T P Q F L Y Q F Y C LT] F S Q Q T L Y D S 

Figure 2.4 (continued) 
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2 5 2 1 TGTGTACCTGACTTTATACAACATTTGTTTTACTTCCCTACCTATTCTGATATATAGTCT 

8 4 1 I v Y L T L Y N I C F T S L P I L I Y S L 

Transmembrane Domain 5 

2 5 8 1 TTTGGAACAGCATATAGACCCTCATATATTACAGAACAAGCCTACCCTCTATCGAGACAT 

Q H I D P H I L Q N K P T L Y R D I 
8 6 1 L E 

2 6 4 1 TAGTAAAAATCGTCTGTTAAGCATTAAAACATTTCTTTATTGGACCATCCTGGGTTTCAG 
i l S K N R L L S I K T F L Y W T I L G F S 

Transmembrane Domain 6 

27 0 1 TCGATCCTTTATTTTCCTTTTTGGATCCTATTTTCTAATTGGC/^AAGATGCATCTCTGCT 

F L I G K D A S L L 901 R S F I F L F G S Y 

27 61 TGGAAATGGCCAGATGTTTGGAAACTGGACATTTGGCACTTTGGTCTTCACAGTCATGGT 
921 G N G Q M F G N W T F G T L V F T V M V 

Transmembrane Domain 7 

2821 TATTACAGTCACAGTAAAGATGGCTCTGGAAACTCATTTTTGGACGTGGATCAATCATCT 
9 4 1 I T V T V K M A L | E T H F W T W I N ^ L 

2 8 8 1 TGTTACCTGGGGGTCTATTATATTTTATTTTGTGTTTTCTTTGTTTTATGGAGGGATTCT 

9 6 1 V T W G S I I F Y F V F S L F Y G G I L 

Transmembrane Domain 8 

2 9 4 1 CTGGCCCTTTTTGGGTTCCCAGAATATGTACTTTGTATTTATTCAGCTGGTATCAAGTGG 
9 8 1 W P F L G S Q N M Y F V F I 3 L V S S G 

3 001 TTCTGCTTGGTTTGCCATAATTCTTATGGTTGTTACATGTTTGTTTCTTGATGTCATGAA 
1001 S A W F A I I L M V V T C L F L D V | M K 

Transmembrane Domain 9 

3 0 61 GAAGGTATTTGACCGACAACTCCATCCTACAAGTACTGAAAAGGCACAGCTTACTGAAAC 
1021 K V F D R Q L H P T S T E K A Q L T E T 

3121 AAATTCAAGTATCAAGTGCGTGGACTCCCTATGCTGTTTCCCAGAAGGAGAAACAACGTG 

1041 N S S I K C V D S L C C F P E G E T T C 

3181 CACATCTGTTAGAAGAATGCTGGAACGAGTTATAGGAAGATGTAGTCCTACCCACATCAG 

1061 T S V R R M L E R V I G R C S P T H I S 

3241 CAGATCATGGAGTGCGTCGGATCCTTTCTATACCAACGACAGGAGCATCTTGACTCTCTC 

1081 R S W S A S D P F Y T N D R S I L T L S 

33 01 CACAATGGACTCGTCTACTTGCTAAGGGGGCAGTAGTACTTTGTGGGAGCCATTTCACCT 

1101 T M D S S T C • 

33 61 CCTGTCCTAAAATTGAGTACGATCATCCCGTGAATGGCCACATTAGCTCTGAAATCCCTT 

3421 TCTGAAGCCTCGAGTAGTTCACCCCCATACAGAGTTACAGTGGCAAACAATCAGAAAGCC 

Figure 2.4 (continued) 
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3481 TAACATGAATCCTGCACATTCCACCTTGAGCCTGAACATGCCACAGTTTGTGAATAAAGC 

3 541 AGACATTTTCTATCTCTTTGTCTGGATTTGTCCCTTGTGCTTATGGGACTCCTCATGGCA 

3 601 TTTCAGCCTGTTGCTGAGGCCACTATATTTTAATATCAAGAGAAAAAGAGCGAGAATTCC 

3 6 61 TCCTTCATGTGTATTTTTTAGTATTAGCTTGGTTATTGACTCTATTTAAATCTGCTTCTG 

37 21 TAAATTATGCTGAAAGTTTGTGTTGAGAACTCTATTTTTTTATTAGAGTTATATTTGAAG 

37 81 CTTTTCATGGGAGAAGCTAACATGAATAGTCAGGAATCTCGGTCCCTGCGTGACCCTTGG 

3 841 TAATTCAGTAGTGCTTTAGAAGTTTGCAGGTGAATTTAGGAGAATGCATTTCCAACCATT 

3901 ATTTACTGCAGTCTGGGTAGTGAATTGATACTGGTAACAGATTTCTCCTAAAGTACTGTA 

3 961 ACACAACCAGTAAAGTTAGCACCATATAAATGCAAAGGGTGTAGAATATCTTACATATAA 

4021 ATCAGGAATCAGGTCCATTCACC AAATTTCAAACTGATGTTTACTATTTTTGTCACAGAA 

4081 TATGAAGAACCCATAGTGGGTAAATTGGGTACCATTAGTATATTATTAATTTAATGTGTT 

4141 ATCATTGAATCTTTTGCATGCTTTAAGTATCTAAATTTGCCTTATTTTCTCTGAAGCTTC 

4201 TGTTCATAGTATTTTATGATAATGTAAAGTTCAACCATATCAATAAAAACAATTTTGGAC 

42 61 AGTAAAAAAAAAAAAAAAAAAAAAAA 

Figure 2.4 (continued) 
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1 2 5'-CAGGGGTACGAAGATTGGTTGAGACATAACTCAGAT 
AATGAAGTAAATGGAGCTCCTGTTTATGTTGTTCGAAGT 
GGTGGCCTTGTAAAAACTAGATCGAAAAATATTCGGGGT 
ATGCATCTGGTAGGTGATATTGTTCGAATAGCCAAAGAT 
GAAATTTTCCCTGCAGACTTGGTGCTTCTGTCCTCAGAT 
AGACTTGATGGTTCATGTCACGTTACAACTGCTAGTTTG 
GATGGAGAAACTAACCTGAAGACTCATGTGGCGGTTCCA 
GAAACAGCAGTGTTACAAACAGTTGCCAATTTGGACACC 
CTAGTGGCTGTGATAGAATGCCAGCAACCAGAAGCAGAC 
CTGTACAGATTCATGGGACGAATGGTAATAACTCAACAA 
ATGGAAGAAATTGTAAGACCTCTGGGGCCAGAGAGTCTC 
TTGCTTCGTGGAGCTAGATTAAAAAACACAAAAGAAATT 
TTTGGCGTTGCTGTATACACTGGAATGGAAACTAAAATG 
GCATTAAATTACAAAAGCAAATCACAGAAACGCTCTGCA 
GTAGAAAAGTCAATGAATACATTTTTGACCATTTATCTT 
ATAATCCTTATTTCTGAAGCCATCATCAGTACTATCTTG 
AAATATACATGGCAAGCTGAAGAAAAATGGGATGAGCCT 
TGGTATAACCAAAAAACAGAACATCAAAGAAATAGTAGT 
AAGGTGGAATATGTGTTTACAGATAAAACGGGTACGCTG 
ACAG-3' 

Figure 2.5. Characterization of PCR products with Electrophoresis and Sequence 
Analysis. Panel A, lane 1, Ikb ladder; lane 2, the single 742-bp genomic fragment from 
PCR with genomic DNA confirms RFBP is identical in size to the cDNA sequence. 
Panel B shows sequence obtained from genomic clones is identical to cDNA sequence. 
Underlined sequences denote PCR primer pair. 
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Figure 2.6. P-type ATPase Family. This classification of P-type ATPases is adapted from 
J. Mol Evol (1998) 46:84-101 and Genome Research (1998) 8:354-361. Type 1 ATPases 
include the heavy metal pumps while the non heavy metal pumps are distributed amongst 
Types II - V Names for pumps in yeast iSaccharomyces cerevisiae) and nematode 
(Caenorhabditis elegans) are shown. BLAST searches have identified RFBP as a 
member ofthe Type IV P-type ATPase family of phospholipid pumps. At the nucleotide 
level, RFBP has 58% identity with DRS2, and 53% identity with its bovine iBos taurus) 
ortholog (ATPase 11). RFBP has a higher identity (68%) with CELT24H7, which belongs 
to an as yet undefined class of Type IV P-type ATPases. 
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Figiu-e 2.7. Structure of a Classical P-type ATPase. Consensus sequences for the 
phosphorylation (P) site [DKTGT(L/I)T] and the ATP binding site (ATP) are located in 
the conformationally flexible loop. Transmembrane domains are numbered 1-10, and 
Region D is highlighted. 
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CHAP lER III 

SUBCI'LLULAR LOCALIZATION OF RFBP 

3.1 Introduction 

P-t\pe ATPases compri.sc a dixcrsc family of membrane transporters of 

eukar\otic and prokaryotic origin. These proteins are characterized by the formation of a 

co\alcntl> -bound aspartylphosphate intermediate, from ATP, to effect the transport of 

substrate across the membrane. There is a wealth of sequence data on P-type ATPases 

that has allowed the identification of core regions with characteristic signature sequences 

occurring in these proteins. Various members of this family of proteins have been the 

subject of se\ eral physiological and structural studies to unravel the functional and 

conformational properties that lead to ion transport. Members of this family are present in 

plasma membrane and organellar membranes in the cell. The NaVK^ ATPase, H^/K^ 

.ATPase and Ca'^ ATPase are all present in the plasma membrane. The sarcoendoplasmic 

reticulum Ca ^ ATPase (SERCA), as the name suggests, is present in the 

sarcoendoplasmic reticulum while the Cu^^ transporting ATPase, that has been 

implicated in Wilsons' disease in man (DiDonato and Sarkar, 1997), is present in the 

mitochondria (Lutsenko and Cooper, 1998). P-type ATPases that transport Cd̂ "̂  have 

been identified in bacterial membranes too (Lutsenko and Kaplan, 1995). 

Type IV P-type ATPases are a recently identified class of membrane transporters. 

An ATP-dependent activity was initially implicated in the maintenance of asymmetric 

distribution of phosphatidylserine and phosphatidylcholine in chromaffin granules 

(Zachowski et al, 1989). Subsequendy this activity was isolated from erythrocytes 

(Morrot et al, 1990), chromaffin granules (Moriyama and Nelson, 1988) and synaptic 

vesicles (Hicks and Parsons, 1992). Tang et al (1996) eventually cloned the gene that 

codes for this ATPase from bovine chromaffin granules (ATPasell) and found it to be 

67% similar to its yeast homolog, Drs2. Sequence analysis of ATPase II identified the 

DKTGTL/T motif that is characteristic of P-type ATPases. The presence of other 

signature motifs and transmembrane domains confirmed its structural identity as a P-type 

ATPase. Since a drs2 null mutant is unable to transport phosphatidylserine across the 
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plasma membrane, this suggests that these enzymes are members of a subfamily of P-

l> pe A fPascs that transport phospholipids. This observation has however been 

challenged b\ Sicgmund el al. (1998) who did not detect a difference between wild type 

and drs2 mutant alleles in the transport of labeled lipid derivatives across the plasma 

membrane. W hile this ma\ mean that Dis2 and its orthologs are not phospholipid 

transporters, this ma> also suggest that this protein is not present at the plasma membrane 

in tlie first place and is therefore not required to maintain phospholipid asymmetry there. 

The latter h\pothesis has been validated by Chen el al. (1999) who did not detect any 

Drs2 at the plasma membrane by immunofluorescence or subcellular fractionation but in 

tact foimd Drs2 to be localized to late golgi membranes in yeast (Chen et al, 1999). It 

w as observed that a drs2 mutant exhibits late golgi defects that could possibly resuU from 

the loss of clathrin coat protein function. They propose that since the transbilayer 

movement of lipids can induce bending of membranes to facilitate vesicle budding, the 

Drs2 protein may participate in the formation of clathrin coated vesicles from the golgi 

membranes. On the other hand, an increase in the concentration of aminophospholipids 

on the cytoplasmic leaflet ofthe membranes may enhance the association of proteins on 

the golgi bodies to produce well-defined clathrin coated buds on its membrane. 

In order to gain better insight into the function of RFBP, which has been defined 

as a putative Type IV P-type ATPase by virtue of its sequence similarity to Drs2 and 

ATPasell, the goal of this study was to determine the subcellular location ofRFBP. This 

would also help us better understand its interaction with RUSH proteins and their 

contribution to the regulation of uteroglobin gene expression. In order to address this, 

initially Western blot analysis was carried out on subcellular fractions of endometrium 

from a hormonally manipulated female rabbit. This was followed by immunogold 

localization to visualize the nuclear location ofRFBP. 

3.2 Materials and Methods 

3.2.1 Reagents and Antibodies 

Rabbit antipeptide antibodies were made to a KLH-peptide at Research Genetics 

(Huntsville, AL). Amino acids 663-678 were selected because they displayed strong 
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antigenicit\ according to the PeptideStructure program (Genetics Computer Group 

Software, Madison, Wl), and because they are unique to RFBP. They share only 3 of 16 

imiino acids common to any authentic I'ype IV P-type ATPase in the GenBank database. 

The antipeptide antibt)d\ titer was determined with an enzyme linked immunosorbent 

assa> with free peptide on the solid phase (1 pg/well), goat anti-rabbit IgG-horseradish 

peroxidase conjugate as the secondary antibody, and peroxidase dye. To reduce 

complications from non-specific binding, antibodies were affinity purified. Horseradish 

peroxidase-conjugated donkey anti-rabbit IgG was purchased from Amersham Pharmacia 

Biotech (Piscataway, New Jersey). Nitrocellulose transfer/immobilization membranes 

were purchased from Schleicher and Schuell (Keene, NH). Rainbow molecular weight 

markers and 10°o Tris-HCl gels were purchased from BioRad (Hercules, CA). Kodak X-

OM.AT .\R film was purchased from Eastman Kodak Co. (Rochester, NY). Renaissance 

chemiluminescence reagents were purchased from NEN Life Science Products, Inc 

(Boston, MA). LR White resin and goat anti-rabbit IgG conjugated to 6nm or 15 nm gold 

were purchased from Electron Microscopy Sciences (Ft. Washington, PA). 

3.2.2 Subcellular Fractionation of Endometrial Tissue 

Rabbit endometrium was homogenized (11 strokes) in 3 volumes (w/v) of buffer 

(10 mM Tris-HCl, pH 8.0; 100 mM KCI, 3 mM MgCL. 250 mM sucrose, and 5 mM 

dithiothreitol) using a Potter-Elvejhem motor driven Teflon pestle at 4°C. The whole 

tissue homogenate was fractionated by centrifugation/ultracentrifugation to obtain 

nuclear (2,000 x g). mitochondrial (10,000 x g), microsomal (165,000 x g) and 

postmicrosomal supernatant fractions for Western analysis. Detergent lysates (1% NP40) 

ofthe nuclear fraction were also prepared as a source of protein (22.5 pg/pl) in GST 

pulldown assays. The protein concentrations for all fractions were determined according 

to Dowry et a/. (1951) using BSA as the standard. 

3.2.3 Polvacrvlamide Gel Electrophoresis and Western Blotting 

SDS-sample buffer was added to 40 pg aliquots of each isolated protein fraction. 

Samples were then heated at 65°C for 15 minutes and separated on a 10% native gel. Gels 
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were processed for Western analysis. Briefly, after transfer ofthe proteins to a 

nitrocellulose support, membranes were blocked in Tris-buffered saline (150 mM NaCl, 

20 mM Tris-HCl, pi I 7.6) with 0.1% Tween 20 (TBST) and 2% powdered milk. 

Membranes were incubated o\crnight at 4°C in the same buffer containing affinity 

piuified anti-RFBP antibodies (1:50,000). Membranes were washed 3 x 30 min in TBST, 

and incubated in TBS 1 with horseradish peroxidase-conjugated donkey anti-rabbit IgG 

(1:5,000) for 90 min at room temperature. Membranes were subsequently washed 3 x 30 

min in TBST. Specific signals were detected by chemiluminescence using Renaissance 

reagents. 

3.2.4 Immuno Electron Microscopy 

Nuclei from endometrium of progesterone-treated rabbits were isolated + 0.1% 

Triton X-100 on sucrose-cushions containing protease inhibitors (Kleis-SanFrancisco et 

al. 1993). Nuclear pellets were resuspended in phosphate-buffered paraformaldehyde 

(4%). and fixed for 30 minutes. Nuclei were dehydrated in a graded series of ethanol and 

embedded in LR white resin (50°C). Thin sections (600-800 angstroms) were mounted 

on nickel grids, blocked with 5% normal goat serum (NGS) and incubated in antipeptide 

antibody (1:100 with 5% NGS) overnight at 4°C. Grids were rinsed and incubated with 

goat anti-rabbit IgG conjugated to 6 nm or 15 nm gold (1:25 with 5% NGS) for two hours 

at 37°C. Grids were fixed with phosphate-buffered glutaraldehyde (3%) for 5 minutes, 

stained with uranyl acetate and lead citrate and viewed with a Hitachi 600 electron 

microscope operated at 75 kV. 

3.2.5 Animal Treatments 

All studies were conducted in accord with the NIH Guidelines for the Care and 

Use of Laboratory Animals as reviewed and approved by the Animal Care and Use 

Committee at Texas Tech University Health Sciences Center. Aduh New Zealand white 

rabbits (6 months of age) were housed for 3 wk before experimentation. Animals were 

injected every 24 hours with hormones and killed 24 hours after the last injection. 

Treatments (Chilton et al, 1988; Hayward-Lester et al, 1996; Kleis-SanFrancisco et al. 



1993) included subcutaneous injections of progesterone (3 mg/kg/day for 5 days) and 

prolactin (2 mg/day for 5 days). Uterine endometrial tissue from these animals was then 

used for subcellular fractionation and for nuclear isolation. 

3.3 Results 

1 o rcsoUe samples by Sodium dodecyl sulfate (SDS) polyacrylamide gel 

electrophoresis, SDS sample buffer was added to each sample and they were boiled for 5 

minutes. Proteins were then resolved by electrophoresis and processed for Western 

anah sis. Upon de\ eloping with chemiluminescense reagents, little or no signal was 

detected in the lanes. Most ofthe signal was retained in the wells. This led to the 

conclusion that the protein was aggregating and therefore unable to enter the gel. The 

protocol was modified such that instead of boiling the samples, they were heated to 65°C 

before gel loading. This practice completely eliminated the putative aggregation 

phenomenon. Subsequently, analysis with affinity purified, antipeptide (IgG) antibodies 

prepared against RFBP amino acids 663-678 identified a 128-kDa immunoreactive 

protein in nuclear fractions from endometrium (Fig. 3.1). This observation indicated that 

RFBP is the first Type IV P-type ATPase to be located in the nuclear membrane. Based 

on the ClustalW alignment, the hydrophilicity plot, and the immunoanalysis data, RFBP 

would span the nuclear membrane 9 times leaving the NH2- and COOH-terminal ends on 

opposite sides ofthe bilayer. Each transmembrane domain is a 20-30 amino acid residue 

coiled into a single a-helix that approximates the thickness ofthe polar region ofthe lipid 

bilayer (Eisenberg et al, 1984). However, because the nuclear envelope is formed from 

two concentric membranes, it was not possible to deduce the membrane topology of 

RFBP from its primary structure alone. Because RFBP could be located in either the 

irmer or the outer nuclear membrane (Fig. 3.2), immunoelectron microscopy was used to 

show that RFBP is located in the inner nuclear membrane of nuclei isolated from rabbit 

endometrium (Fig. 3.3A). More specifically, immunogold labeling was used to show that 

the conformationally flexible loop extends into the nucleoplasm to contact euchromatin 

(Fig. 3.3B). 
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3.4 Discussion 

As mentioned earlier, all known type IV P-type ATPases are present in the plasma 

membrane or in golgi bodies. A striking feature ofRFBP, is its exclusive presence in the 

nuclear membrane. Nicotcra ct al. (1989) and Lanini cl al. (1992) have identified a 

nuclear 1\ pe II P-t> pe Ca'^-A'fPasc whose structure is that of a transporting pump. 

Howc\ er, no Type IV P-t> pe ATPases have been localized to the nuclear membrane. 

There are se\eral methods in use to define the topology of integral membrane proteins 

after theoretical anal\ sis has identified a-helical regions in the predicted secondary 

structure. These include laborious proteolytic digestions or chemical labeling with 

fluorescent site directed probes to determine membrane sidedness. The electron 

microscopic \isualization ofthe sidedness of gold labeled 2° antibody is an easy and 

direct approach if the epitope is not degraded during the process of sample preparafion. 

RFBP antibody is an anti-peptide antibody that is made to a unique region in the large 

hydrophilic loop ofRFBP. The disposidon ofthe loop in the cell and therefore the signal 

indicates the orientation ofthe protein in the nuclear membrane. As shown in Fig 3.4, the 

small hydrophilic loop (Regions A-C; 174 residues) extends into the perinuclear space 

that is contiguous with the lumen ofthe endoplasmic reticulum, and the large 

conformationally flexible loop (Regions E-H; 499 residues) extends into the 

nucleoplasm. Physical contact between the large loop and the euchromatin was 

confirmed with immunoelectron microscopy. A comparison (51-52) ofthe three-

dimensional map ofthe neurospora plasma membrane H" -̂ATPase (Auer et al, 1998) 

with the map ofthe sarcoendoplasmic reticulum Ca^^-ATPase shows their 

transmembrane domains are similar but their large loops differ substantially. The 

compact conformation of the Ca^" -̂ATPase contrasts with the relatively open 

conformation ofthe large cytoplasmic loop ofthe H"^-ATPase, which extends to a 

maximum height of 80 angstroms above the membrane surface, and measures 85 x 50 

angstroms in cross-section (Auer et al, 1998). Such conformational differences can be 

attributed to major rigid body interdomain movements (Kuhlbrandt et al, 1998). 

The targeting of integral membrane proteins to the inner nuclear membrane is 

believed to occur by lateral diffusion along the endoplasmic reticulum and the nuclear 
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pore membrane domain followed by retention at the inner membrane. It will be 

interesting to determine the mechanism by which this Type IV P-type ATPase is targeted 

to and retained in the inner nuclear membrane ofthe cell. 
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Figure 3.1. Western Analysis. Western blotting (40 pg protein/lane) was used to show 
the subcellular localization ofRFBP in endometrium. Antipeptide antibodies recognize 
RFBP (arrovk) in extracts of whole tissue (lane 1) and nuclear fractions (lane 2). RFBP 
expression was absent from mitochondrial (lane 3) and microsomal (lane 4) fractions, and 
barely detectable in the postmicrosomal supernatant (lane 5). Note rabbit IgG is 
recognized by the secondary antibody (donkey anti-rabbit IgG). 
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Figure 3.2. Possible Topology ofRFBP. Immunological techniques have identified that 
RFBP is present in the nuclear membrane. This knowledge when combined with the 
sequence information gives the above possible orientations ofRFBP in this bilipid 
bilayer. Two other unlikely orientations, place the conformationally flexible loop in the 
perinuclear space. In order to determine whether RFBP is present in the outer or the inner 
nuclear bilayer, immunoelectron microscopy was performed with an antibody prepared 
against a highly antigenic region ofRFBP (*) in the conformationally flexible loop. 
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m 
Figure 3.3. Immunolabeling of Ultra-thin Sections. Immunolabeling was initiated with 
affinit} purified, anti-RFBP antibodies, and goat anti-rabbit lgG/15 nm gold (Panel A) or 
goat anti-rabbit lgG/6 nm gold (Panel B). Immunolabeling (arrows) showed RFBP 
associated with the inner nuclear envelope (Panel A, 68,800x) and euchromatin (Panel B, 
82,500x). Immunolabeling was excluded from nucleoli. Disrupted outer nuclear 
membranes (O) and intact inner nuclear membranes (1) are shown. Immunostaining was 
negligible in negative controls. When the outer membrane was selectively removed with 
Triton X-100, immunolabeling ofthe inner membrane and euchromatin was consistent 
with data depicted here. 
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Figure 3.4. Topology and Structure ofRFBP. Based on sequencing data and 
immunoelectron microscopy, the predicted topology ofRFBP is as shown in the figure. 
The small loop (Regions A-C) extends into the perinuclear space that is contiguous with 
the lumen ofthe endoplasmic reticulum, and the large conformafionally flexible loop 
(Regions E-H) extends into the nucleoplasm. Consensus sequences for the 
phosphorylation (P) site and the ATP binding site (ATP) are located in the 
conformationally flexible loop. 
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CHAPTER IV 

IDENTIFICATION OF IHE RUSH BINDING SITE IN RFBP 

4.1 Introduction 

Although se\ eral hundred proteins contain a RING finger motif establishing a 

function for this domain has been problematic because RING finger containing proteins 

are present in both the nuclear and cytoplasmic compartments ofthe cell and they 

participate in a range of biochemical processes in the cell. For example, the 

promyelocN tic leukemia oncoprotein (PML), that is a part of nuclear multiprotein 

complexes known as nuclear domains (NDIO), nuclear bodies or PML oncogenic 

domains (PODs), is involved in growth suppression (Mu et al, 1994), apoptosis (Hess 

and Korsme\er. 1998) and RNA transport (Lai and Borden, 2000). Another RING finger 

containing protein, KRAB-associated protein KAPl, is homologous to transcription 

intermediary factor ip (TIFIP) and is involved in transcriptional repression (Friedman et 

al. 1996; Peng et al, 2000). The RING finger containing protein c-Cbl is a cytosolic 

protein involved in the ubiquitination of receptor protein tyrosine kinases (Joazeiro et al, 

1999). The common theme in all these proteins is that their RING domains participate in 

protein-protein interactions often resulting in the formation of multiprotein complexes 

(Borden, 2000). 

To understand the functional aspects ofthe interaction between RING finger 

proteins and their binding partners, it is critical to elucidate the molecular determinants of 

this interaction. There is extensive information available on the structural components of 

the RING domain that are likely to be critical to RING function. This information has 

mostly been garnered from the domain structures obtained by 'H-nuclear magnetic 

resonance for RING finger motifs of PML (Borden et al, 1995), equine herpes virus 

immediate early protein, lEEHV (Barlow et al, 1994), the human recombination protein, 

RAGl (Bellon et al, 1997) and more recently human MATl protein (Gervais et al, 

2001). Database search for superimposable folds in the Protein Data Bank finds structural 

similarities between the RING motifs of MATl, RAGl and lEEHV proteins all of which 

adopt a p-P-a-P fold (Gervais et al, 2001). A slightly weaker structural homology is 

71 



obscrxcd with the RING domain of PML protein via its P-P-p-loop-a3,o-P fold (Borden 

ct al, 1995). All four structures bind two zinc atoms in a cross-brace arrangement and the 

zinc sites are separated by 14 angstroms, defining a conserved structural motif that is 

formed onl> in the presence of zinc (Fig. 1.3, Chapter 1). The motif is also characterized 

b> a conserxed h> drophobic core, from C4 to C5, and an overall positive surface charge 

w ith a few discrete negati\ e charges. This positive potential is the likely explanation for 

the non-specific binding of RING domains to DNA which is ten fold higher than for poly 

dIdC (Lo\ering ct al, 1993). The negative charges on the mofif on the other hand are 

essential to the function ofthe domain as a protein binding motif since mutafions in PML 

protein that alter the surface charge, without altering the ability ofthe motif to bind Zn2^ 

and fold, result in fewer nuclear bodies (Boddy et al, 1997). Aside from these common 

characteristics. RING domains are very different in their tertiary structures. This is due to 

\'aried spacing between Cysteines (C) C2-C3 and C5-C6. This spacing is very diverse both 

with respect to the primary sequence and the length. This gives rise to different three-

dimensional folds reflecting the ability of different RING-containing proteins to bind 

different target molecules. 

Very little is known about the binding targets of RING domains. In an effort to 

understand the function ofthe RING domain, the search for RING finger binding partners 

has become quite intense. It has been observed that RINGs mostly bind other RJNGs and 

in \er\ few instances non-RING domains. For instance, the BRCAl RING-construct is 

able to homodimerize in solution and also form higher order oligomers. Yeast two hybrid 

analyses have independently identified three binding partners for the BRCAl RING 

finger, BRCAl associated protein-1, BAPl (Jensen et al, 1998), BRCAl associated 

RING domain 1, BARDl (Meza et al, 1999) and ATFl, a member ofthe cAMP 

response element-binding protein/activating transcription factor (CREB/ATF) family. 

While BAPl is a ubiquitin hydrolase, BARDl interacts with BRCAl via its own RING 

finger and together the two proteins are purported to participate in DNA repair. Like 

BAPl, ATFl is another non-RING containing binding partner for BRCAl. Its interactton 

with BRCAl may be physiologically relevant to the transcriptional activation of ATFl 

target genes, some of which are involved in the cellular response to DNA damage. 
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Previousl), onl> eight non-RING containing binding partners had been identified 

tor RING finger domains. Three of these proteins exhibit a proline-rich region of high 

similaritN (Borden, 2000; Kentsis and Borden, 2000). RFBP is the ninth protein that is a 

non-RING containing RlNCi binding protein. By visual inspection ofthe RFBP sequence, 

we were unable to identify a proline-rich region in RFBP suggesting that there is 

probabl) another domain specific to RFBP that mediates its binding to RUSH. 

The experiments discussed here were carried out (a) to confirm an in vivo 

interaction between RUSH and RFBP and (b) to begin to characterize the minimal 

domain ofRFBP that is recognized by the RUSH RING finger. 

4.2 Materials and Methods 

4.2.1 Reagents and Antibodies 

TaKaRa ExTaq enzyme and lOX LA PCR buffer were purchased from PanVera 

Corporation (Madison, WI). Sequenase Version 2.0 DNA Sequencing Kit, pGEX-2TK 

vector, glutathione sepharose 4B, protein A sepharose™CL-4B and isopropyl-p-D-

thiogalactopyranoside (IPTG) were purchased from Amersham Pharmacia Biotech 

(Piscataway, New Jersey). BLR(DE3)pLysS cells were purchased from Novagen 

(Madison, WI). pcDNA3.1/Myc-His (-)B and the pCR™II vector which is a component 

ofthe TA Cloning Kit were purchased from Invitrogen (San Diego, CA). TNT®T7 

Quick coupled Transcription/Translation System was purchased from Promega (Madison, 

WI). Kodak X-OMAT AR film was purchased from Eastman Kodak Co. (Rochester, 

NY). Renaissance chemiluminescence reagents were purchased from NEN Life Science 

Products, Inc (Boston, MA). Nitrocellulose transfer/immobilization membranes were 

purchased from Schleicher and Schuell (Keene, NH). TRAN^'S-label, 70% [^'S]-

methionine, \5% [^^S]-cysteine was purchased from ICN (Irvine, CA). Rabbit antipeptide 

antibodies to RFBP and RUSH were made at Research Genetics (Huntsville, Alabama). 

Amino acids 663-678 ofRFBP were selected because they displayed strong antigenicity 

according to the PeptideStructure program (Genetics Computer Group Software, 

Madison, WI), and because they are unique to RFBP. They share only 3 of 16 amino 

acids common to any authentic Type IV P-type ATPase in the GenBank database. 
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Similarl), antipeptide antibodies were generated in rabbits against RUSH amino acids 

370-3S7 (Hayward-Lester et al, 1996). The antipeptide antibody titer for both antibodies 

was determined with an en/yme linked immunosorbent assay with free peptide on the 

solid pha.sc (I pg/well), goal anti-rabbit IgG-horseradish peroxidase conjugate as the 

secondary antibod\, and peroxidase dye. 

4.2.2 Preparation of Whole Cell and Nuclear Lysates 

Rabbit endometrium was homogenized (11 strokes) in 3 volumes (w/v) of buffer 

(10 mM Tris-HCl, pH 8.0; 100 mM KCI, 3 mM MgCL, 250 mM sucrose, and 5 mM 

dithiothreitol) using a Potter-Elvejhem motor driven Teflon pestle at 4°C. To test in vitro 

protein-protein interactions, NP40 was added to an aliquot ofthe whole tissue 

homogenate to a final concentration of 1%. This detergent lysate was re-homogenized (5 

strokes), and centrifuged at 2000 x g to remove cellular debris. The supernatant fracfion 

was used as a source of protein (28.5 pg/pl) in co-immunoprecipitation and GST 

pulldown assays. The remaining whole tissue homogenate was fractionated by 

centrifugation/ultracentrifugation to obtain a nuclear (2000 x g) fraction also used in co-

immunoprecipitation and GST pulldown assays. 

4.2.3 Synthesis of GST-RING Fusion Protein 

The RING mofif (nucleotides 2433-2579; aa 755-803) was amplified from 50 ng 

of a 1030-bp partial RUSH cDNA clone as described above with a forward primer (5'-

GCG^GATC^CG AAG AAT GTG CT-3') that had a unique BamHl site (bold) and a 

reverse primer (5'-GCG^AATT^CC ATG TAT ATC ATT-3') that had a unique EcoRI 

site (bold). To accommodate the low melting temperature of this primer pair, a four-step 

touch up PCR reacfion was performed with a hot start. The conditions were as follows: 

30 s at 94°C, followed by 5 cycles of 94°C, 5 s; 35°C, 120 s; 5 cycles of 94°C, 5 s; 40°C 

120 s; 5 cycles of 94°C, 5 s; 45°C, 120 s; 5 cycles of 94°C, 5 s; 50°C, 120 s; and a final 

extension for 10 min at 68°C. Samples were rapidly cooled to 4°C. A single 161-bp 

PCR product was cloned into pCR™II, excised with appropriate restriction enzymes and 

directionally subcloned into the BamHl-EcoRl sites ofthe pGEX-2TK vector. Insert 
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orientation was confirmed by sequencing in both directions by the dideoxy chain 

termination method. 

BLR(DI{3)pl,\ sS host cells were transformed with either the pGEX-2TK control 

or the p(il ' \-2 IK-RlNG recombinant. Individual cultures (200-250 ml) were grown to 

an OD260 of 0.6, and IPTG was added to a final concentration of 1 mM. After 3 hours of 

additional growth, bacteria were pelleted by centrifugation at 5000 x g for 10 min. 

Bacteria were resuspended in I/IO''' volume of lysis buffer [50 mM Tris-HCl, pH 7.5, 100 

mM NaCl, I niM EDTA, 0.5% NP40, leupepfin (1 pg/ml), anfipain (2 pg/ml), 

benzamidine (10 pg/ml), chymostatin (10 pg/ml), pepstafin (10 pg/ml), and phenylmethyl 

sulfonyl fluoride (2 mM)]. Bacteria were lysed on ice with mild sonication, and 

centrifuged at 10,000 x g for 20 min. Pellets were discarded and supematants were used 

directh (1 ml) for the pulldown assay using cell extracts or processed further to isolate 

ftision protein. To isolate the glutathione S-transferase (GST) and GST-RING fusion 

proteins, the supernatant was incubated with 1ml glutathione sepharose (50% v/v slurry 

in hsis buffer) for at least 60 minutes at 4°C. Beads were collected by centrifugatton at 

500 X g for 5 minutes and washed three fimes with 10 bed volumes of ice-cold Ix 

phosphate-buffered saline (PBS; 140mM NaCl, 2.7 mM KCI, Na2HP04 and 1.8mM 

KH2PO4, pH 7.3). Sedimented beads were incubated with 0.5 ml elution buffer (10 mM 

glutathione in 50 mM Tris-HCl, pH 8.0) for 10 minutes to liberate either the GST or 

GST-RING fusion proteins. The samples were spun at 500 x g for 5 mins and the 

supernatant was collected. The elution step was repeated and the eluates were pooled and 

dialyzed overnight against 50 mM Tris-HCl pH 7.5. Lowry assay was carried out on the 

dialysates to estimate protein concentration, using BSA as a standard. 

4.2.4 Synthesis ofRFBP Fusion Protein 

The hydrophilic loop region ofRFBP (nucleotides 1835-2413; amino acids 612-

804) was amplified from the original 1584-bp clone using primers with unique restriction 

enzyme sites (EcoR V and Hind HI, shown in bold). The forward primer 5"-

GCGAT^ATCG GCC ATG GAC AGA CTG CAA GAT-3' was coupled with the 

reverse primer 5'-G CAA^GC^TTGC TCT AAT ATA ATA AAA ATG-3' in the 
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following PCR strategy: 30s at 94"C followed by 25 cycles of 5s at 94°C and 120s at 

58.5 ^T. There was a final extension for 10 min at 68°C and samples were rapidly cooled 

to 4'̂ C. .\ 604-bp PCR product was subcloned into pCR™II, excised with EcoR V and 

Hind 111 and directionally subcloned into the corresponding sites ofthe pcDNA3.1/M:vc-

His(-)B \ cctor. Insert orientation was confirmed by sequencing in both directions by the 

dideoxy chain termination method. 

In vitro transcription and translation ofthe construct was performed using the 

TNT-coupled rabbit reticulocyte 1\ sate according to the manufacturer's instructions. 

Briefl\. 1 pg DNA was added to the rabbit reticulocyte lysate containing T7 RNA 

poh merase, amino acid mix minus methionine and TRAN^^S-label. After 90 mins at 

30°C, the protein products were resolved by electrophoresis on 10% SDS- gel to verify 

protein synthesis. 

4.2.5 Co-immunoprecipitation and GST Pulldown using 
Cell Extracts or Recombinant RFBP 

For coimmunoprecipitation assays, aliquots of whole tissue homogenates were 

incubated overnight at 4°C with anti-RFBP, then incubated for a further 2 hours at 4°C 

with a 50% slurry of protein A-sepharose. Proteins were fractionated by SDS/PAGE in 

10% gels and transferred to nitrocellulose membrane. Membranes were processed for 

Western analysis. Briefly, membranes were blocked in Tris-buffered saline (150 mM 

NaCl, 20 mM Tris-HCl, pH 7.6) with 0.1% Tween 20 (TBST) and 2% powdered milk. 

They were incubated overnight at 4°C in the same buffer containing affinity purified anti-

RUSH (1:100; Hayward-Lester et al, 1996). The membranes were washed 3x30 min in 

TBST, and incubated in TBST with horseradish peroxidase-conjugated donkey anti-

rabbit IgG (1:5,000) for 90 min at room temperature. Membranes were subsequently 

washed 3 x 30 min in TBST. Specific signals were detected by chemiluminescence using 

Renaissance reagents. 

For GST pulldown assays, GST and GST-RING containing supematants were 

mixed with whole cell or nuclear detergent lysates at 4°C for 90 min. Binding complexes 

were washed 3 x lysis buffer, fractionated by SDS/PAGE in 12.5% gels and transferred to 
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nitrocellulose membrane. Membranes were processed for Western analysis as described 

abo\c, except they were incubated with anti-RFBP antibodies (1:50,000). 

•fen micrograms of cither GST or GS T-RING protein were used in binding 

reactions containing 20 pi TNT reaction mix and 20 pi 50% v/v glutathione-sepharose 

sluiTN Tube contents were mixed at 4"C for 90 min. Bound complexes were washed 3x 

with Ix PBS. resuspended in 2 x SDS sample buffer and resolved by electrophoresis on 

15%, SDS-gels. 

4.3 Results 

RFBP was identified when an expression library was screened with the RING 

domain peptide to isolate a binding partner. In order to confirm the RING domain 

peptide w as capable of binding RFBP, GST pulldown assays were performed. The RING 

mofif from RUSH was expressed as a GST fusion protein (Fig. 4.1 A) and tested for its 

ability to bind specifically to native RFBP. Incubation of GST-RING with whole cell or 

nuclear extracts followed by recovery of bound RFBP on glutathion-Sepharose beads and 

immunoblotting with anti-RFBP confirmed the physical association of GST-RING and 

RFBP in vitro (Fig. 4.IB). In contrast, RFBP displayed negligible binding with GST 

alone (Fig. 4.IB). 

The in vivo interaction between RFBP and RUSH was verified by a companion 

experiment in which lysates from rabbit endometrium were subjected to 

immunoprecipitation with an antibody directed against RFBP, followed by 

immunoblotting with an anti-RUSH antibody. RUSH-la was identified by immunoblot 

analysis as a 113-kDa species present in RFBP immunoprecipitates (Fig. 4.2). The 

absence of RUSH-1 P (95-kDa) is explained by the fact that RUSH-la is the 

progesterone-dependent splice variant while RUSH-lp is the estrogen-dependent form 

(Hayward-Lester et al, 1996) and the tissue for these experiments was obtained from a 

progesterone treated animal. 

To ftirther define the subregion ofRFBP that binds to the RING finger, the coding 

sequence (1488 nucleofides, amino acids 612-1107) ofthe original RFBP clone was 

directionally subcloned into the EcoR V/Hind 111 sites ofthe eukaryotic expression \ector 
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pcDN.\3.lA\At-Ilis (-)B. Recombinant RFBP was labeled and evaluated by SDS/PAGE. 

llowe\er, recombinant RFBP has 6 transmembrane domains making it extremely 

hydrophobic and difficult to resohe by electrophoresis. Thus, the conformafionally 

flexible loop (Fig. 3.4, Chapter 111) of RFBP (amino acids 612-804) was directionally 

subcloned into the EcoR V'l lind III sites ofthe eukaryotic expression vector 

pcDNA3.1/.\/ic-His (-)B. Radiolabeled recombinant RFBP derived from this construct is 

-24 kDa and easily resolved by SDS-PAGE (Fig. 4.3A). GST-RING fusion protein 

:aptured this in vitro transcribed/translated [^'S]-labeled RFBP (Fig. 4.3B). 

In future experiments, the protein sequence ofthe RFBP that retains RING finger 

binding ability (amino acids 612-804) will be subdivided and the GST-pulldown assays 

will be repeated. B\ reducing the target sequence by roughly one-half with each 

iteration, the search should converge rapidly to reveal a small segment ofRFBP sequence 

that is capable of binding to the RUSH RING finger. 

4.4 Discussion 

RING-containing proteins are often present in multiprotein complexes and 

disruption ofthe RING motif results in disassembly of these complexes thus affecting 

biological ftinction. PML protein is present in speckled domains in the nucleus called 

nuclear bodies that are approximately 1pm in diameter and contain several proteins 

including SPIOO, Kr antigen and NDP52 (Lamond and Earnshaw, 1998). In vivo 

disruption of these domains, as observed in the acute promyelocytic leukemia (APL) 

pathological condition, results in the loss of PML nuclear bodies. In vitro disruption of 

these domains, as achieved by independently mutating two pairs of cysteines in the Zn̂ "̂  

binding sites of PML, aboUshes Zn̂ "̂  binding (Borden et al, 1995). These studies suggest 

that a fully folded RING domain is necessary for PML to interact with other proteins and 

to form multiprotein complexes. 

Specificity in molecular recognition of RJNGs is demonstrated by the observation 

that the RING from Rptl, a putative lymphocyte specific transcription factor which has 

90% sequence identity with the RING of BRCA is unable to support binding of BAPl 

when substituted for the BRCAl RING domain. Our library screening procedure for the 
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isolation ofRFBP and the co-immunoprecipitation experiments coupled with the GST 

pulldown from whole cell and nuclear lysates have conclusively demonstrated that there 

is a physical interaction between RllSI I and RFBP 

The interaction between a nuclear membrane protein with a transcription factor is 

an indication ofthe future of gene expression studies. Conventional approaches for 

understanding transcriptional regulation of target genes have been focused on the linear 

organization of promoter regulatory elements and identification and characterization of 

their cognate binding proteins. However, recent studies suggest that the study of 

transcription is no longer just limited these cis- and trans- elements as there is evidence 

to implicate components of nuclear structure in gene regulation even beyond the 

secondary organization of chromatin structure and nucleosome assembly (Workman and 

Kingston, 1998). This third level of organization includes contributions to gene 

expression b> components of nuclear architecture, more specifically proteins in the inner 

nuclear membrane and the nuclear matrix (Berezney et al, 1995; Spector, 1993). 

Therefore, it is biologically meaningful to investigate transcriptional activation and 

chromatin remodeling as interrelated processes within the context of nuclear architecture 

(Stein ero/., 1999; Wei era/., 1999). 

During the past decade the nuclear membrane has been the subject of intense 

scientific in\estigation due to its involvement in nuclear structure and dynamics during 

the cell cycle, chromatin attachment and organization, and its contribution to certain 

pathological states. The nuclear membrane is a bilipid bilayer. The outer nuclear 

membrane is continuous with the endoplasmic reticulum and the inner membrane lies 

directly between the outer nuclear membrane and the underlying filamentous nuclear 

lamina. At least three known proteins ofthe inner nuclear membrane (INM) physically 

interact with DNA-binding proteins (Goldberg et al, 1999). These include the Lamina 

associated polypepfide 2 (LAP2) (Dechat et al, 2000) and Emerin (Bione et al, 1994) 

both of which bind L2BP1 (LAP2 Binding Protein 1) (Furukawa, 1999) also called BAF 

(barrier to autointegration factor) (Lee and Craigie, 1998) identified in rat and mouse 

respecfively; and the Lamin B receptor (LBR) (Worman et al, 1988) that binds 

heterochromatin protein 1 (HPl) (Ye et al, 1997). BAFl is a small dimeric nuclear 
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protein that forms oligomeric complexes with DNA. It was discovered in retrovirus-

infected cells where it promotes the ability of viral DNA to integrate into host DNA. 

While its normal function in cells is not known, it co-localizes with chromatin throughout 

interphase and mitosis and is the product of an essential gene that is conserved among 

eukaiy otes (Zheng ct al, 2000). LAP2 and emerin bind BAF through the LEM domain. 

I his domain is a 43-residue motif in the nucleoplasmic domain common to LAP2, emerin 

and MANI (Lin et al, 2000) all of which are residents ofthe INM. It has been suggested 

that BAF also binds M.ANl since the protein possesses the LEM domain. The affinity of 

B.AF for these proteins is yet to be determined although it has been speculated that this 

interaction is essential to nuclear organization as it mediates the anchoring of chromatin 

to the nuclear envelope. 

Heterochromatin protein lor HPl is another small DNA-binding protein that was 

first identified in Drosophila where it is involved in position-effect variegation 

(Eissenberg et al, 1990). LBR association with HPl was identified in a yeast two-hybrid 

screen and it was further demonstrated that anti-LBR antibodies co-precipitate HPl from 

cell lysates (Ye et al, 1997). Binding between the two proteins may provide docking 

sites for heterochromatin at the nuclear periphery and modulate its higher order 

organization. 

The association of FNM proteins with chromatin or chromatin binding proteins 

may influence chromatin structure and thereby impact gene expression. Alternatively, the 

proper localization of DNA binding proteins like transcription factors and chromatin 

remodeling proteins at the nuclear envelope may depend on the binding of these 

regulatory factors to attachment sites provided by lamins or lamin binding proteins in the 

INM. RFBP is the first nuclear protein that interacts directly with a putative chromatin-

remodeling partner. It is therefore tempting to speculate that RFBP could be part of a 

molecular mechanism that coordinates the spatial organization of regulatory proteins with 

RING domains within the organized nucleus. It will be important to determine if the 

localization and funcfional interaction ofRFBP with the domain in RUSH depends on 

lamins or lamin binding proteins and identify the functional basis of this interaction. 
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Figure 4.1. Synthesis of GST-RING Fusion Protein and GST Pulldown Assay using 
Whole tissue and Nuclear extracts. GST and GST-RING fusion proteins were synthesized 
in BLR(DE3)pLysS cells after inducfion with ImM IPTG (panel A, lanes 2,4,6,8). 
Protein products were immunoblotted and probed with anti-GST antibody. Uninduced 
controls are shown in lanes 1,3,5,7. The GST control is a 26 kDa protein product while 
the GST-RING fusion protein is -33 kDa. 
An in vitro pulldown assay with GST-RING followed by immunoblotting with the anti-
RFBP antibody confirms the physical interaction between GST-RING and RFBP protein 
(Panel B). Dose-dependent binding is observed for GST-RING and RFBP from 
endometrial detergent lysates, i.e., lane 1(10 pl), lane 2 (20 pi), lane 3 (50 pi). Binding 
was negligible when the GST control was mixed with 20 pl ofthe same extract (lane 4). 
GST-RING binds RFBP (lane 5) in a nuclear detergent lysate (arrow). Molecular weight 
(MW) markers (kDa) are shown for each panel. 
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Figure 4.2. RUSH and RFBP Interact in vivo. Whole fissue detergent lysate was 
incubated with an antibody to RFBP. Western analysis ofthe immunoprecipitated lysates 
w ith an anti-RUSH antibody lights up a band at 113 kDa (arrow) confirming the physical 
interaction between RFBP and RUSH. 
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A : In vitro transcribed and translated RFBP fusion protein (amino acids 612-804) 

RFBP fusion 
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B: GST pulldown 
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19.5 kDa • • ~* ^ RFBP 612-804 
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Figure 4.3. Synthesis ofRFBP Fusion Protein followed by a GST Pulldown using 
Recombinant GST-RING Fusion Protein and in vitro Synthesized Recombinant RFBP. 
RFBP nucleotides 1835-2413, corresponding to amino acids 612-804 were inserted into 
the expression vector pcDNA3.1/Mvc-His (-)B. A -22 kDa protein (panel A) was 
synthesized from this construct using the in vitro transcription /translation procedure. As 
shown in panel B, GST-RING fusion protein captured the in vitro transcribed/translated 
[^^S]-labeled RFBP (lane 1) while it did not bind the luciferase control (lane 2). Binding 
was negligible when the GST control was mixed with recombinant RFBP (lane 3) and 
luciferase (lane 4), Lower molecular mass species are degradation products or incomplete 
synthesis products from the in vitro translation reaction. 
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CHAPTER V 

QU AN riTATION OF RFBP IN 1 STROl IS AND HORMONALLY 

MANIPULAI I:D ENDOMiri RIUM USING 

COMPE 11 FIVE QUAN 111ATIVE RT-PCR 

5.1 Introduction 

5.1.1 Hormonal Regulation of P-type ATPases 

Links between hormone action, gene sequence, structure and function comprise 

one ofthe most compelling themes of molecular endocrinology. The FUNG-finger motif 

is a \er\ recent example of a sequence-structure family that is purported to mediate the 

formation of large protein complexes. It is the common feature of a superfamily of nearly 

200 otherwise unrelated proteins, many of which are transcription factors, including the 

RL'SH family of chromatin remodeling proteins that bind to the Uteroglobin (UG) 

promoter. Previous chapters have described experiments that identify a RUSH binding 

partner in the inner nuclear membrane and authenticate this RUSH RING-finger binding 

partner, called RFBP, as a Type IV P-type ATPase. 

The potential for hormones to regulate the expression of P-type ATPases remains 

relatively unexplored. A few studies that have been carried out only consider the effects 

of hormones on the acfivity of P-type ATPases. For example, the demonstrafion that 

physiologically relevant concentrations of estradiol increased the hydrolytic activity of rat 

cortical Câ "̂  ATPase (Zylinska et al, 1999; Zylinska and Legutko, 1998) supports the 

idea that this plasma membrane calcium pump is a non-genomic steroid target (Zylinska 

et al, 1999). There are some experiments with the Menkes ATPase, which is a copper 

transporter implicated in human disorders of copper homeostasis, that suggest that 

hormones may affect the expression levels of ATPases. The protein is primarily localized 

to the trans-Golgi network showing a peri-nuclear staining pattern. Treatment of human 

breast carcinoma cells, PMC42, with a combination of estrogen, progesterone and 

prolactin, increased perinuclear (Golgi) and punctate (endosome) staining ofthe protein, 

as measiu-ed by indirect immunofluorescence (Ackland et al, 1997), even though 

87 



Northern anal\ sis failed to show whether this increase was due to increased mRNA 

s\nthesis. 

.A recent stud> shows that the a isoform ofthe NaVK^-ATPase plays a critical 

role in sperm motility and fertilization (Woo cl al, 2000) implicating P-type ATPases in 

reproduction while simultaneously marking them as candidates for hormonal regulation. 

Studies have shown that RLlSll is hormonally regulated in the endometrium (Hayward-

Lester et al, 1996; Robinson ci al, 1997). The a splice variant is increased in response to 

progesterone and prolactin while the p isoform is estrogen-dependent, ft is likely that 

RFBP, an inner membrane protein that binds RUSH, may be influenced by the hormonal 

environment too. It is known that hormones bind their receptors which are targeted to 

their binding sites in the promoters of hormonally responsive genes. Therefore hormones 

have a direct effect on gene expression. Hence, in order to determine if RFBP may be 

regulated b> hormones, I decided to use quantitative reverse transcriptase-polymerase 

chain reaction (RT-PCR) to measure RFBP expression levels in progesterone- and 

prolactin-treated female rabbits, knowing that these hormones modulate UG and RUSH 

expression. 

5.1.2 Competitive RT-PCR 

A commonly used quantitative RT-PCR (Q-RT-PCR) procedure to measure 

transcript amounts is competitive quantitative RT-PCR. The technique involves the co-

amplification of a known amount of a control template or internal standard within the 

experimental reactions to determine the amount of native or target message in the 

reaction. Previous attempts to quantify message using this system involved the use of a 

relatively invariant mRNA such as P-actin or another housekeeping gene as an internal 

standard. However, this type of multiplex PCR may be inaccurate because multiple sets 

of primers can interfere with the amplification of either or both ofthe native and internal 

standard templates thus influencing amplification efficiency. Additional sources of error 

are introduced when the expression ofthe internal standard actually varies. 

To minimize differences in the kinetics of primer annealing, which can lead to 

errors in quantitation, amplification ofthe internal control template must use the same 
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priiuer set that is used to amplify the natiye. Siebert and Larrick (1993) developed the 

commerciall) a\ailable PCR MIMIC sy.stem. This system employs a cDNA competitor 

template in the PCR step ofthe reaction. The advantage ofthe system is that it uses a 

heterologous competitor template to avoid the complication of heteroduplex formation 

between the native and competitor templates that can cause errors in quantification of 

reaction products. Howe\er this method does not control for differences in RT 

efficiencies for di\ erse templates that can affect number of template molecules available 

for the competitive PCR reaction. Therefore PCR MlMlCs have been modified to 

generate RNA MIMlCs that are then added as competitors to the reaction tube at the RT 

step such that both nati\ e and competitor templates go through the RT and PCR stages of 

the reaction in the same tube. This provides an accurate estimation ofthe number of 

nati\ e molecules in the reaction. 

The aim ofthe present study was two-fold: (a) to develop and optimize the use of 

an RN.A MIMIC to evaluate RFBP message amounts in any given sample and then 

(b) use this system to measurem ofthe amount ofRFBP expression in the endometrium 

of hormonally manipulated rabbits. The expression ofRFBP, in reproductive and no-

reprodutive tissues of male and female rabbits, was also evaluated using this system. 

5.2 Materials and Methods 

5.2.1 Reagents 

Sequenase Version 2.0 DNA Sequencing Kit and [a-^'S]dATP, 1000 Ci/mmol, 

for sequencing, were purchased from Amersham Pharmacia Biotech (Piscataway, New 

Jersey). TaKaRa ExTaq enzyme and lOX LA PCR buffer were purchased from PanVera 

Corporafion (Madison, Wl). The GeneAmp RNA PCR Core Kit and Amplitaq Gold 

DNA polymerase were purchased from Perkin Elmer Applied Biosystems (Foster City, 

CA). ). The pCRTî ll and pCR®II-TOPO vectors are components of individual TA 

Cloning Kits that were purchased from Invitrogen (San Diego, CA). MetaPhor agarose 

was purchased from BioWhittaker Molecular Applications, Inc. (Rockland, ME). Large 

scale SP6 RNA transcription kit was purchased from Novagen (Madison, WI). The 

binary gradient HPLC system was purchased from Rainin Instrument Company, Inc. 
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(W oburn, M.A), and the DNASep columns containing alkylated polystyrene-

di\ in> Ibenzene packing were purchased from 1 ransgenomic. Inc. (San Jose, CA). Tri 

Reagent vyas purchased from Molecular Research Center, Inc. (Cincinnati, OH). 

5.2.2 .Animal Treatments 

.All studies were conducted in accord with the NIH Guidelines for the Care and 

Use of Laboratory Animals as reviewed and approved by the Animal Care and Use 

Committee at Texas Tech Uni\ersity Health Sciences Center. Adult New Zealand white 

rabbits (6 months of age) were housed for 3 wk before experimentation. Seventeen 

estrous animals were di\ ided into 2 groups. For group one, endometrium from six 

animals was pooled and RNA was isolated using a cold precipitation method (25). For 

group two. the rabbits were used in three experimental subgroups (n=3 animals/subgroup; 

5 animals in the progesterone treatment category). Animals were injected every 24 hours 

w ith hormones and killed 24 hours after the last injection. Treatments (2, 24, 26) 

included subcutaneous injections of progesterone (3 mg/kg/day for 5 days), prolactin (2 

mg/day for 5 days), or prolactin (5 days) followed by progesterone (5 days). For group 2 

animals, total RNA was isolated from individual endometrial samples in Tri-Reagent 

according to Chomczynski and Sacchi (27). RNA concentrations for all samples were 

determined spectrophotometrically (A26o)- Electrophoretic fractionation and ethidium 

bromide staining confirmed the integrity of each sample. 

5.2.3 Competitor Synthesis 

Clontech's MIMIC system was used to develop a heterologous competitor RNA 

(Fig 5.1). Competitor construction required two PCR amplification reactions. In the 

primary reaction, composite primers consisting of RFBP-specific sequence contiguous 

with 20-bp of MIMIC-specific sequence were designed to hybridize to opposite strands 

ofthe MIMIC DNA template, a 576-bp BamHl/EcoRl fragment ofthe v-erbB gene. For 

each 50 pl PCR reaction, MIMIC DNA template (2 ng) was mixed with TaKaRa ExTaq 

DNA polymerase (2 U/50 pl), TaqStart Antibody (0.44 pg/50 pl), deoxynucleoside 

triphosphates (0.2 mM each) and 0.4 pM of each composite primer. The MIMIC 
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sequence in each composite primer is underlined; forward, 5'-GTG CGT GGA CTC CCT 

AfG C IG FIT CCC AGC GCA AGT GAA ATC TCC ICC G-3- and reverse, 5'-GGA 

CiAG .AGT CAA CiAT GCT CC 1 (.TC GTf GGT TTC ATC TCC CTG TAT AAC A-

3'. .A total of 26 PCR cycles were performed for 45 seconds at 94^ C, 45 sec at 50° C, 

and 90 sec at 72 '̂ C .Analysis of PCR products by agarose gel (1.5%) electrophoresis 

revealed a single 258-bp amplicon. A 1:100 dilution of this product was amplified again 

w ith gene-specific primers. 

This secondar) PCR reaction was performed in a 100 pl PCR reaction with 

TaKaRa ExTaq DNA polymerase (3 U/100 pl), TaqStart Antibody (0.66pg/100 pl), 

deoxN nucleoside triphosphates (0.2 mM each) and 0.4 pM of each RFBP-specific primer. 

The RFBP-specific primers were forward, 5'-GTG CGT GGA CTC CCT ATG CTG TTT 

CCC AG-3' and re\ erse, 5'-GGA GAG AGT CAA GAT GCT CCT GTC GTT GG-3'. A 

total of 18 PCR c\ cles were performed as described above. The quality and size ofthe 

final reaction product was again verified by gel electrophoresis. The PCR product was 

subcloned into pCR®ll-TOPO and closed circular DNA was purified by equilibrium 

centrifugation in CsCl-ethidium bromide gradients. The identity ofthe MIMIC 

competitor was confirmed by sequencing in both directions by the dideoxy chain 

termination method. 

The pCR®II-TOPO vector containing the MIMIC competitor cDNA insert was 

linearized with the restriction enzyme EcoRV and competitor RNA was transcribed using 

the standard SP6 RNA polymerase transcription protocol. RNA was precipitated with 

isopropanol to prevent the coprecipitation of free nucleotides resulting in a more accurate 

estimation ofthe RNA yield at 260 nm. RNA integrity was examined by denaturing 

agarose gel electrophoresis followed by visualization with ethidium bromide staining and 

UV illumination. 

5.2.4 Competifive RT-PCR 

Serial dilutions of competitor RNA (6, 3, 1.5. 0.6, 0.3 and 0.1 pg) were made in 

yeast tRNA. These were combined with poly A+ RNA (1 ng) from HRE-H9 cells or total 

RNA (30 ng) from rabbit tissues, depending on the assay, and reverse transcribed with 
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MMLV and random hexamers for 30 minutes at 42" C. Products from this reaction were 

heated to 90^ c and cooled to 4" C Then 40 pl of a PCR mix containing Amplitaq Gold 

DN.A polymerase (1 U/50 pl) and 0.25 pM of each RFBP-specific primer described 

abo\ e were added to each reaction tube. PCR cycle parameters included a hotstart at 

95'̂ 'C for 2 minutes, 36 cycles of 45 seconds at 94'* C. 45 seconds at 67° C and 60 seconds 

at 72"̂  C Samples were subjected to a final extension at 72° C for 5 minutes before rapid 

cooling to 4*̂  C 

5.2.5 HPLC Analysis of Reaction Products 

.Amplified products were quantified by means of a binary gradient HPLC system. 

Briefly, an aliquot (10 pl) of each RT-PCR reaction was injected onto a DNASep column 

containing an alkylated polystyrene-divinylbenzene packing and eluted in a 4-minute gradient 

of acetonitrile in 0.1 M triethylammonium acetate (pH 7.0) at a flow rate of 1 ml/min at room 

temperature. The amounts of native (166-bp) and compefitor (258-bp) products were 

determined by on-line UV absorbance detection at 254 nm. 

5.2.6 Data Analysis 

An automated RT-PCR Microsoft plug-in program has been developed to facilitate 

data analysis ofthe peak areas for native and competitor products. The model estimates the 

area under each peak and translates that into transcript abundance from the ratio of reaction 

products and the amount of competitor added to the reaction. This model is available at 

http://www.grad.ttuhsc.edu/archive/index.html. 

5.3 Results 

Primers were made to amplify a 166-bp region ofRFBP (3136-3301). The same 

primers were used in the construction of competitor RNA fragment that gave a 258-bp 

product. A titration analysis was carried out to determine if native and competitor templates 

demonstrated identical RT and PCR efficiencies. Briefly, varying amounts of competitor RNA 

(6, 3, 1.5, 0.6, 0.3, 0.1 pg) were mixed with Ing of poly A"" RNA from HRE-H9 cells, a rabbit 

endomett-ial cell line. Native and mutant products from the RT-PCR reaction were resolved 

92 

http://www.grad.ttuhsc.edu/archive/index.html


and quantified by denaturing IIPLC, a novel system used for the resolution and detection of 

vcr> low amounts of products (I la> ward-Lester el al, 1995). Fig. 5.2A shows chromatograms 

from one such titration analysis. A standard curve was also generated by plotting the log ratio 

of products on the >-a\is against the log competitor amount on the x-axis to calculate No or 

the amount of original native message present in the reaction. This analysis was repeated 5 

times with consistent regression (R") and slope values close to 1 and -1 respectively. This 

mathematical anah sis displa> s that the system has identical efficiencies for the RT and PCR 

reaction steps ofthe experiment. A single dose of compefitor was then used to determine 

nati\e template concentration to determine if it gave a value similar to that obtained from the 

titration anah sis. .As shown in Fig. 5.3, the amount of native template determined from the 

single tube anal\ sis was similar to that determined from the titration analysis. The repeated 

single tube analysis (n = 10) of RNA from HRE-H9 cells yielded a coefficient of variation of 

8.4° 0. This confirms the precision of the single-tube measurement with the denaturing HPLC 

quantification system. It also eliminates the need for titration analysis of each individual 

sample. 

Single tube analysis of total RNA extracted from the endometrium of hormonally 

treated rabbits shows that RFBP message is increased (p<0.01) in response to treatment with 

progesterone (Fig. 5.4). Prolactin plus progesterone further increased (p<0.01) the amount of 

message over the value for progesterone alone. The amount ofRFBP expressed corresponds 

to similar changes in the expression of RUSH, under these hormonal conditions. This suggests 

that there is tight regulation between the expression ofthe RING finger containing RUSH 

proteins and the RFBP. 

The single tube analysis was then used to determine the relative expression of native 

RFBP in male and female rabbit tissues by using a fixed concentration of competitor (1.1 pg) 

in an RT-PCR experiment. Quantification of competitive RT-PCR reactions by ion-pair 

reversed phase HPLC showed that RFBP message expression is ubiquitous and is present in 

varying amounts in all the tissues studied (Table 5.1). It is interesting to note that of all the 

reproductive tissues examined in the analysis, RFBP expression is maximal in the testis and 

ovary. These are also the same tissues that demonstrate abundant RUSH message expression. 
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5.4 Discussion 

Rae\maekers has mathematically expressed the relation between the amount of 

product obtained at the end ofthe PCR reaction with the efficiency ofthe reaction: 

N=No(l+E)" 5.1 

where N is the amount of product at the end ofthe reaction, N„ is the initial amount of 

template, E is the efficiency ofthe reaction and n is the number of cycles. 

Therefore, for a competitive RT-PCR reacfion, mathematically, 

T = T , ( 1 + E T ) " 5.2 

C=C(l+Ec)" 5.3 

where To and Co are the starting amount of native and competitor templates in the reaction 

tube; T and C are the amount of native and competitor at the end ofthe RT-PCR reaction after 

n number of cycles and E is the efficiency. 

Therefore, log (T/C)=log To -log Co +ndog[(l+ ET)/(1+ Ec)]. 

If E r = Ec, then log (T/C)=log To -log Co. 

This is a linear equation ofthe form y=mx+c, 5.4 

where y= log (T/C) 

and x= log Co; 

therefore the slope m is -1 and log To can be calculated by solving for a linear equation. 

The fitrafion analysis generates a standard curve with an R̂  value of 0.99. This implies 

that the values lie along a straight line and one can use a linear equation to interpret the 

results. Therefore, according to the linear equation the slope is -1 which can only be true if the 

efficiencies ET and Ec are equal. 

RNA MIMICs have been used in the past but this is the first time that the system has 

been validated by mathematical analysis. Aside from a theoretical analysis, an experimental 

analysis can also be carried out by synthesizing native RNA and carrying out a reaction with 

known amount of native and competitor RNA and estimating the amount of native product. 

This can then be compared with the known value at the beginning ofthe reaction to calculate 

the efficiency ofthe reaction, and determine if the efficiencies ofthe native and competitor 

reactions are identical. 
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When this s\ stem was used to determine RFBP message levels in hormonally treated 

female rabbits, it was seen that message amount is increased (p<0.01) In response to treatment 

with progesterone while prolactin plus progesterone further increased (p<0.01) the amount of 

message o\cr the \alue for progesterone alone. The amount ofRFBP expressed corresponds 

to similar changes in the expression of RUSH, under these hormonal conditions. It is exciting 

to find that RFBP expression is hormonally regulated as this supports the speculation that 

there is tight regulation between the function of RUSH and RFBP, and further underscores the 

role ofRFBP as a facilitator of RUSH function in UG transcription. 
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Figure 5.1. Oufline for the Construction of Competitor RNA from a PCR MIMIC 
Composite primers were used in the first PCR reaction, where as gene-specific primers 
were used in the second PCR reaction. Following size selection by agarose gel 
electrophoresis, PCR products from the second reaction were purified with the Geneclean 
II Kit (Bio 101. La Jolla, CA) and subcloned into the pCR®ll-TOPO vector. This 
template was linearized and transcribed. The resultant RNA was used as a competitor in 
the RT-PCR reactions. 

96 



LA JUL J 
0=6 pg C=3pg C=1.5pg C=0.6 pg C=0.3 pg C=0.1 pg 

\ 

\ 

\ 

— + - X 
\ 

log competitor amount 

Figure 5.2. Validation ofthe Competitive RT-PCR system. Panel A: Chromatograms from a 
titration analysis. Aliquots of RT-PCR reaction products were injected onto an ion pair 
reversed-phase HPLC column. Amount of product was detected with on-line uv absorbance 
(254nm) and peak areas were quantified. Decreasing the amount of competitor (C) results in 
increasing synthesis of native (N) product. 
Panel B: Mathematical analysis. The log ratio of native and competitor products is plotted 
against the log of competitor input. The regression parameters (R =0.99, slope=0.98) indicate 
that the system meets the predicted theoretical ideals. 
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Figure 5.3. Precision ofthe Single Tube Measurement. The amount of native template (y-
axis) determined from the single tube analysis (n=10) was very close to the value 
determined by titration analysis (n=6). The repeated single tube analysis (n = 10) of RNA 
from HRE-H9 cells yielded a coefficient of variation of 8.4%. 
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Figure 5.4. RFBP Expression is Hormone-dependent. Total RNA was extracted from the 
endometrium of hormonally manipulated does. The relative abundance ofRFBP in each 
sample (femtograms RFBP/30 nanograms total RNA) was calculated by HPLC analysis 
of native and competitor products from competitive RT-PCR reactions. Values are 
expressed as mean + SEM. Data were analyzed by ANOVA followed by Student-
Newman-Keuls multiple range test (p < 0.05 significance level). 
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Fable 5.1. RFBP I'xpression is Ubiquitous. Total RNA was extracted from 
the tissues of adult male and female rabbits, l he relative abundance of 
RFBP in each tissue (femtograms RFBP/3() nanograms total RNA) was 
calculated b\ HPLC analysis of native and competitor products from 
competiti\ e RT-PCR reactions. Values arc expressed as mean ± SEM. 
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CHAP f ER VI 

CONCLUSIONS AND DISCUSSION 

6.1 Summary of Results 

lukaryotic transcription is an intricate biochemical process that is tightly 

regulated at several levels. There are an astounding number of DNA-binding proteins and 

regulator) factors that work coordinately to initiate and sustain the event. The RUSH 

proteins belong to such a family of DNA-binding proteins. They bind to the upstream 

promoter region ofthe uteroglobin (UG) gene in the rabbit endometrium (Hayward-

Lester ct al, 1996; Kleis-SanFrancisco et al, 1993); the B-box of plasminogen activator 

inhibitor gene-1 in HeLa cells and the human skeletal muscle (Ding et al, 1996) and 

tumor necrosis factor-response element in a mouse preadipocyte cell line (Zhang et al, 

1997). Our focus in the lab has been the binding of RUSH to the upstream promoter 

region ofthe UG gene in the rabbit endometrium. RUSH proteins contain seven motifs 

that are characteristic ofthe SWI/SNF family of chromatin remodeling proteins 

(Hayward-Lester et al, 1996). They also have a recently characterized motif called the 

RJNG-finger (Borden and Freemont, 1996; Freemont, 1993; Freemont et al, 1991). This 

mofif is present in over 200 proteins, many of which are transcription factors. The 

objective ofthe work contained in this thesis was to identify a protein that binds to the 

RUSH protein via its RING finger domain and provide insight into the characteristics of 

this binding partner, that would shed light on its interaction with RUSH in regulating UG 

gene transcription. The rationale for looking for a protein that binds the RING-finger 

domain ofthe RUSH proteins is based on the evidence in the literature implicating the 

RING-finger domain in mediating protein-protein interactions (Borden, 2000; Saurin et 

al, 1996). Therefore, an expression library was screened with the RUSH RING finger in 

order to isolate a binding partner for this protein. 

Chapter II describes the library screening procedure used to isolate the clone for 

this protein that has been christened the RING Finger Binding Protein or RFBP. RACE 

PCR was carried out with cDNA libraries made from rabbit endometrial poly A^ RNA, to 

extend the original clone that was 1584-bp long. The composite sequence (4286-bp) lacks 

102 



an initiation signal but contains a stop codon (TAA) and a canonical polyadenylation 

signal with a poly .\ tail. BL.AST searches of databases with the RFBP cDNA sequence 

identified RFBP as a member ofthe P-type A'lPase family of integral membrane 

transport proteins (Moller cl al, 1996), more specifically the subclass of Type IV P-type 

ATPases (.\xelsen and Palmgren, 1998; Tang el al, 1996). ClustalW alignment ofthe 

predicted sequence w ith other known I ype IV P-type ATPases identified seven of eight 

signature sequences characteristic of this class of proteins and nine transmembrane 

domains. The putati\ e transmembrane domains were also identified by hydrophilicity 

analysis using the Kyte-Doolittle algorithm (Kyte and Doolittle, 1982) along with the 

.Vrgos et al. (1982). transmembrane analysis, the Tmpred program (www.ch.embnet.org) 

and the SOSUI system (http://azusa.proteome.bio.tuat.ac.jp/sosui/). 

The next objective was to identify the cellular compartment where RFBP is 

localized. Chapter 111 describes the subcellular fractionation method used to isolate 

nuclear, mitochondrial and microsomal and post microsomal fractions that constitute the 

biochemical compartments obtained upon centrifugafion. These fractions were subjected 

to Western analysis using an anti-peptide antibody raised to RFBP. It was determined that 

RFBP is present in the nuclear compartment in the cell. This is an exciting finding as it is 

the first biochemical evidence of a Type IV P-type ATPase being localized to the 

nucleus. However, the nuclear membrane is a bilipid bilayer and since RFBP is an 

integral membrane protein, it became imperative to determine whether it is present in the 

outer or the inner nuclear membrane. Therefore immunoelectron microscopy was used to 

ascertain that RFBP is present in the inner nuclear membrane with its conformationally 

flexible loop oriented in the nucleoplasm. 

RFBP was isolated from a library screen using the RING finger motif of RUSH. 

However, do the two proteins interact in vivo? What regions of these proteins are 

involved in this binding? These questions gave rise to the experiments discussed in 

Chapter IV Co-immunoprecipitation experiments carried out with the antibody to RFBP 

brought down the RUSH protein from a whole cell extract suggesting that the two 

proteins bind each other in the cell. At the same time, a RING-GST fusion protein was 

synthesized and a GST pulldown assay was carried out with a RUSH RING-GST 
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construct. .\s expected, RF BP was pulled down from a whole cell and a nuclear extract 

turther confirming that the two proteins physically interact in the cell. The next part of 

the experiment was to determine die minimal sequence in RFBP that binds the RUSH 

RING finger, fhe expression library screen pulled out a 1584-bp clone that extends from 

aa 612-1107 ofthe current 4286-bp (496 aa) clone. Therefore, this clone is likely to 

contain the RING binding domain. The original strategy was to use the coding sequence 

(1488-bp) of this clone to carry out the binding assay. However, recombinant RFBP has 6 

transmembrane domains making it extremely hydrophobic and difficult to resolve by 

electrophoresis. As a result, only the hydrophilic region ofthe original RFBP clone 

(amino acids 612-804) was subcloned into an expression vector and an RFBP fusion 

protein was s> nthesized in a TNT reaction. Radiolabeled recombinant RFBP bound 

immobilized GST-RING idenfifying a RING binding domain between aa 612-804 ofthe 

RFBP sequence. This region is 193 aa long and the ultimate objective is to further 

characterize this region to determine the minimal RING binding domain in the predicted 

RFBP sequence. 

In order to look at the abundance ofRFBP message in the endometrium in the 

progesterone ± prolactin milieu, which is known to affect RUSH message levels 

(Hayward-Lester et al, 1996), a quantitative competitive RT-PCR analysis was carried 

out. A heterologous competitor RNA was synthesized and used in conjunction with a 

competitive RT-PCR strategy to quantify native messenger RNA levels. Once validated, 

this system was employed to quantify the message levels under different hormonal 

conditions. These results, discussed in Chapter V, demonstrate that the message for 

RFBP was significantly increased in response to progesterone (p<0.01) and was increased 

further still in the presence of both progesterone and prolactin (p<0.01) indicating that 

RFBP message levels are hormonally regulated. 

The quantitative RT-PCR system was also used to examine the abundance of 

RFBP message in different tissues in both male and female rabbits. As presented in 

Chapter V, RFBP expression varies in the different tissues examined and is particularly 

high in liver, kidney and the reproductive tissues testis and ovary. These are also the 

same tissues that demonstrate abundant RUSH expression (Robinson et al, 1997). 
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6.2 Discussion 

fhcse studies clearly establish that RFBP is a novel protein ofthe inner nuclear 

membrane. The unique localization of this Type IV P-type ATPase and its physical 

association with RUSH transcription factors provides us with a clue into its possible 

functional role. Known proteins ofthe inner nuclear membrane like the Lamin B receptor 

(LBR) (Worman el al, 1988), lamina associated polypeptides (LAP)-land 2 (Furukawa 

Cl al, 1995; Martin cl al, 1995) and emerin (Bione et al, 1994) are already being 

extensi\ely studied for their involvement in the functional organization ofthe nucleus. 

This leads us to speculate that, like other residents ofthe inner nuclear membrane, RFBP 

also pla\ s a role in the organization ofthe nucleus. It may do so by facilitating the 

localization of RING finger containing transcription factors to subnuclear domains that 

support gene expression. 

So what is functional organization ofthe nucleus and how may RFBP be a part of 

this organization? Functional organization refers to the higher order structure prevalent in 

the nucleus that maintains biochemical processes like DNA replication, transcription and 

RNA processing in discrete domains. The presence of these functional domains has been 

clearly demonstrated by elegant experiments conducted by Ronald Berezney and his 

group, and Peter Cook and his colleagues, who visualized distinct transcription and 

replication factories that are arranged in domains (Cook, 1999; Jackson et al, 1993; Wei 

et al, 1999). Each domain contains numerous sites, with three-dimensional network-like 

arrays (Jackson et al. 1998), emiched in regulatory factors like RNA polymerase II 

subunits, nascent transcripts. Proximal sequence element (PSE)-binding transcription 

factor (PTF) and Octl(Pombo and Cook, 1996; Pombo et al, 1998). This domain 

organization is present even after the removal of chromatin suggesting that chromatin 

itself is not the fiandamental structure organizing the nucleus. In fact the spatial and 

temporal association of these domains with a nuclear fraction called the nuclear matrix 

(Ma et al, 1999; Nakayasu and Berezney, 1989) has led to the view that the matrix may 

provide the three-dimensional scaffold thus integrating nuclear architecture with nuclear 

function. 
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The nuclear matrix was first described by Russian investigators Zbarskii and 

DeboN (Zbarskii and Debov, 1948) as a residual structure resulting from the extraction of 

nuclei w ith a high .salt solution. Later in 1974, Berezney and Coffey coined the term 

nuclear protein matrix (Berezney and Coffey, 1974) for this nuclear fraction that they 

discovered was 98.4"o protein. It has since been demonstrated to be a proteinaceous 

network of filaments that is present throughout the volume ofthe cell (Nickerson et al, 

1995, 1997) and appears to be the nuclear equivalent ofthe cytoskeleton that provides 

structure to the cell. Aside from the replication and transcription factories observed by 

earlier scientists, recent immunofluorescence and electron microscopic imaging 

procedures have identified numerous small sites rich in serine- and arginine-rich proteins 

called SR proteins (Iborra et al, 1998), nuclear bodies (Ascoli and Maul, 1991; Dyck et 

al. 1994)and coiled bodies (Gall et al, 1995) that present a speckled pattern in the 

nucleus. These sites are putatively involved in transcription and RNA processing and 

trafficking (Carter et al, 1993; Doucas, 2000; Misteli et al, 1997). These 

macromolecular assemblies are also associated with the nuclear matrix (Dyck et al, 

1994) providing further evidence that the filamentous nucleoskeleton provides the 

structural framework for organizing factors in the nucleus. 

The significance of nuclear structure to gene expression is further highlighted by 

the following key observations: 

i. Actively transcribing genes are associated with the nuclear matrix. These genes bind to 

the nuclear matrix by approximately 200-bp long A/T-rich Matrix/Scaffold associated 

regions (M/SARs) present in the enhancer or intronic sequences ofthe genes (Stief e/ 

al, 1989). 

ii. Experiments to identify regulatory factors that associate with the nuclear matrix have 

identified several nuclear proteins. These include type II and type III RNA polymerase 

subunits (Vincent et al, 1996), type II DNA topoisomerase (Berrios et al, 1985), 

histone deacytelase (Hendzel et al, 1991), steroid hormone receptors (Barrack, 1987) 

and other DNA binding factors that bind to MARs or SARs. 

iii. Some ofthe transcription factors identified in the nuclear matrix fraction are common 

to all cell types and physiological states while a significant number of them appear to 
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be cell- and tissue- type specific. SP-1, ATF, OCT-1 and API are some ofthe 

transcription factors that can be detected in matrix and non-matrix fractions in several 

cell t> pes (\ an W ijnen ci al, 1993). However C/EBP proteins and the NMP-2, which 

also recognizes binding sites resembling the consensus CCAAT sequence for C/EBP, 

are cell-l\ pe specific factors involved in osteocalcin gene expression and are restricted 

exclusively to the nuclear matrix of specific cell types (Bidwell el al, 1993; van 

W ijnen et al, 1993). The retinoblastoma protein (Rb) associates with the nuclear 

matrix in a cell cycle-dependent manner. This association is influenced by the 

phosphor) lation status ofthe protein (Mancini el al, 1994; Mittnacht and Weinberg, 

1991). These obserxations clearly indicate that the nuclear matrix plays a role in the 

tissue specific regulation of gene expression. 

i\ . Investigators have also identified components ofthe nuclear matrix that may 

participate in the binding and specific localization of transcription factors to the 

matrix. The progesterone receptor binds to the receptor binding factor-1 (RBF-1) 

w hich is a resident protein of the nuclear matrix that has been identified as an acceptor 

protein for activated progesterone receptor (Schuchard et al, 1991). 

Thus protein associations with the nuclear matrix that localize and sequester 

regulatory factors coupled with the presence of transcription competent genes also in the 

nuclear matrix are indicative of primary organizational roles ofthe nuclear matrix. This 

has given rise to the current hypothesis that the nuclear matrix acts as a scaffold by 

facilitating the specific interactions of transcription factors with DNA sequences (Landers 

and Spelsberg, 1992). 

In order to understand how the nuclear matrix may participate in organizing 

transcriptional events, it has become necessary to identify the basic molecular 

components ofthe nuclear infrastructure. The structural framework for the nuclear matrix 

is provided by branched 10 nm filaments present throughout the nucleus (Hendzel et al, 

1999- Nickerson et al, 1997) interacting with the peripheral nuclear lamina. (Gruenbaum 

et al, 2000). Actin (Nakayasu and Ueda, 1985) and some as yet unidentified 

ribonucleoproteins have also been localized to the matrix and together these proteins are 

suggested to constitute the nucleoskeleton. 
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<y2\ Lamins 

The.se arc nuclear specific type V intermediate filament proteins that polymerize 

to torm a meshwork on the nucleoplasmic face ofthe inner nuclear membrane. Lamins 

together w ith kunin binding proteins, present in the inner nuclear membrane, constitute 

the nuclear lamina structure. Lamins are classified into two types, A and B, that differ in 

their amino acid sequence, expression and localization patterns (Stuurman el al, 1998). 

Differential splicing ofthe lamin A gene gives rise to lamin C (Fisher et al, 1986). 

Structuralh . all lamins are composed of an a-helical rod domain flanked by a short head 

at the amino terminal and a long carboxy-terminal tail. While B-type lamins are always 

membrane associated, lamins A and C are also found in the cell interior. An interesting 

difference between the two lamin types is that B-type lamins are present in all cell types, 

but the .A-t\pe lamins, including lamin A and C, are only present in differentiated cell 

t>pes. In vivo, lamins are closely associated with chromatin fibers (Belmont et al, 1993) 

and under in vitro conditions both A and B type lamins can bind histones (Taniura et al, 

1995), mitotic chromosomes (Glass et al, 1993) and also specific MAR sequences (Zhao 

et al, 1996). The chromatin interacting region has been localized to the tail domain ofthe 

protein. While these proteins are postulated to play structural roles (Dechat et al, 1998). 

their interactions with chromatin and histones provide strong evidence that lamins are 

directh involved in influencing the localization of chromosomes or genes to the nuclear 

matrix. 

6.2.2 Lamin-binding Proteins 

Lamins bind integral and peripheral membrane proteins ofthe inner nuclear 

membrane. These include the lamina associated polypeptide (LAP)-l and 2(3, the lamin 

binding receptor (LBR), emerin and MANI (Paulin-Levasseur et al, 1996), to name a 

few. These proteins are fiindamentally involved in the assembly of lamin structures and 

due to their observed interactions with lamins, chromatin and DNA-binding proteins 

(Gotzmann and Foisner, 1999) are suggested to aid in the assembly of higher order 

chromatin domains. All these proteins may play a coordinated role in nuclear 

architectural control of gene expression. 
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6JJLActin 

There is a large body of literature providing evidence for the localizafion of actin 

in the nucleus. These include both biochemical and ultrastructural studies that 

demonstrate that filamentous actin is localized to the nuclear matrix (Amankwah and De 

Boni, 1994; Nakayasu and Ueda, 1983). Since an in vitro interaction between actin and 

the carbox) 1 terminal domain of lamin A has been observed (Sasseville and Langelier, 

1998), it could be implicated along with lamins in the organization of functional 

chromatin domains. There is mounting evidence for the presence of several actin-related 

proteins (.VRPs), Arpl through ArplO (Boyer and Peterson, 2000) in the nucleus of 

se\eral organisms and their involvement in chromatin remodeling. Purification ofthe 

SWI SNF like Brg-asssociated factor (BAF) complex from T-lymphocytes has allowed 

the identification of P-actin as one ofthe subunits ofthe complex along with a novel ARP 

called B.AF53 that is homologous to Arp3 (Zhao et al, 1998). A BAF53 ortholog has also 

been identified in Drosophila in association with the Drosophila equivalent ofthe 

SWI/SNF complex called the Brm associated complex (BAP) (Papoulas et al, 1998). 

Howe\ er this protein seems to be absent in yeast which instead possesses Arp 7 and 9 in 

association with the SWI/SNF complex (Peterson et al, 1998). Studies have begun to 

elucidate the role of these proteins that are intimately associated with the chromatin 

remodeling machinery ofthe cell since their knockouts demonstrate the .sw/A/7/"mutant 

phenotype. Mutating the ATP binding and hydrolysis domains does not have any effect 

on SWJ/SNF activity. This is interesting because the mammalian BAF complex was 

found to be associated with the nuclear matrix while a complex lacking the actin and 

BAF53 subunits fails to localize to the nuclear matrix (Zhao et al, 1998). Thus actin and 

its related proteins might have a direct role in reorganizing chromatin at the nuclear 

matrix. 

6.3 Future Studies 

Having established the fundamental details regarding the functional organization 

ofthe nucleus and the molecular components of nuclear architecture that mediate this 

organization, one can begin to investigate the role ofRFBP, a novel member ofthe inner 
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nuclear membrane that binds the RUSH transcription lactors, in this organization. 

PrimaiA questions to ask would be whether RFBP 

i. co-locali/es with RUSH, 

ii. interacts w ith the nuclear matrix, 

iii. associates with lamins, 

'i\. is responsible for the discrete affiliation of chromatin-remodeling machines, via their 

RlNG-domains, with transcriptionally active genes, 

\ . is affiliated w ith transcription factories or RNA processing centers/splicing complexes, 

vi. is the subnuclear distribufion ofRFBP under hormonal control? 

Answ ers to these questions will not only provide insight into the association of 

RFBP with the RUSH proteins and the consequent impact on UG gene regulation, they 

will also shed light on the contribution ofRFBP to nuclear events like transcription in the 

context of structural elements ofthe nucleus. 

With the emerging discovery of proteins that are present in the nuclear envelope, 

studies on the nuclear architectural control of gene expression are at an undoubtedly 

exciting phase. RFBP is one ofthe few proteins identified to date that is present in the 

inner nuclear membrane and its interaction with a transcription factor suggests that it may 

be a link between nuclear structure and transcription. The work contained in this thesis is 

just the tip ofthe iceberg providing the basis for further studies on mechanisms of gene 

transcription and regulation. 
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