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CHAPTER I 

INTRODUCTION 

General 

Estrogens regulate the growth, differentiation, and fiinctioning of diverse target 

tissues, both within and outside ofthe reproductive system in all vertebrate species. 

The effects of estrogens can be explained by specific modifications of gene 

expression, which are mainly mediated by a specific estrogen receptor (ER) in the 

target cells. This receptor binds estrogen with high affinity and recognizes specific 

DNA sites, regulating the synthesis of specific RNA and proteins (Le Drean et al., 

1994). To date, fiiU-length ER cDNAs have been isolated and characterized in 

human (Waher et al., 1985; Green et al, 1986; Greene et al., 1986), rat (Koike et 

al, 1987; Kuiper et al, 1996), mouse (White et al, 1987; Tremblay et al, 1997), 

sheep (Madigou et al, 1996), pig (Bokenkamp et al, 1994), chicken (Krust et al, 

1986; Maxwell et al, 1987), zebra finch (Jacobs et al, 1996), Xenopus laevis 

(Weiler et al, 1987), Japanese eel (Todo et al, 1996), rainbow trout (Pakdel et al, 

1989, 1990), tilapia (Tan et al, 1996), red seabream (Touhata et al, 1998), medaka 

(Okada, 1994), and Atiantic salmon (Rogers et al, 1995). Also, many studies have 

shown that different ER types or variants can be expressed in different tissues or 

even in the same tissue (Inoue et al, 1996; Leygue et al, 1996; Pakdel et al,. 1989; 

Pink et al, 1996, 1997; Byers et al, 1997; Kuiper et al, 1996, 1997; Dotzlaw et al, 

1997; Hoshino et al, 1995;Skipper et al, 1993). These types or variants may be 



generated through ahemative splicing or transcribed from distinct promoters of same 

gene or different genes, or even from altemative translation start codons of a single 

mRNA (Claret et al, 1994; Pfeffer et al, 1996; Miksicek et al, 1994). 

Nuclear receptor superfamily 

Based on a phylogenetic tree contmction using the alignment of partial protein 

sequences, six nuclear receptor subfamilies have been defined in the nuclear receptor 

superfamily: (1) a large family consisting of thyroid hormone receptors, retinoic acid 

receptors, peroxisome proliferator-activated receptors, vitamin D receptors and 

ecdysone receptors as well as numerous orphan receptors such as retinoic acid 

receptor-related orphan receptor; (2) one containing retinoid X receptors together 

with chicken ovalbumin upstream promoter transcription factor 1, hepatocyte nuclear 

factor 4, tailless, testicular receptor-2 and testicular receptor-4 orphan receptors; (3) 

all the steroid receptors; (4) the nerve growth factor-IB orphan receptors; (5) 

fiishitarazu factor 1 orphan receptors; and finally (6) one containing to date only one 

gene, the germ cell nuclear antigen 1 orphan receptor (Laudet, 1997). Most ofthe 

liganded receptors appear to be derived when compared with orphan receptors, which 

suggests that the ligand-binding ability of nuclear receptors has been gained by orphan 

receptors during the course of evolution to give rise to the presently known receptors. 

By cDNA cloning of estrogen receptors in different species, stmctural comparisons 

have shown the presence of six more or less conserved domains (A-F) (Weinberger et 

al, 1985; Kmst et al, 1986; Kumar et al, 1987). Other steroid receptors have no F 



domain (Robel, 1993). In all animal species examined, the most conserved domain 

among steroid receptors is the C domain (DNA-binding domain). It has two zinc 

finger stmctures that are essential for recognition and specific binding ofthe receptor 

to DNA. The largest domain, which is also well conserved, is the E domain 

(hormone-binding domain) whose role is the hormone-dependent transactivation of 

specific gene transcription (Webster et al, 1988). The poorly conserved A/B domain 

seems to enhance the transcriptional regulatory activities of steroid receptors (Felig et 

al, 1995; Lees et al, 1989). Therefore, A/B domain is also a hormone-independent 

transactivation domain. 

Other fijnctions have also been assigned to the E domain, such as interaction 

with other proteins. For example, in the absence of hormone, the ER is part of an 

oligomeric complex that contains various proteins, associated with the E domain, 

especially heat shock proteins (Landel et al, 1994). Hormone-binding to the ER 

allows this complex to dissociate and leads to ER activation. The ER conformation is 

modified and phosphorylation occurs during this activation. For example, tyrosine 

phosphorylation in the E domain is thought to be directly involved in ligand binding 

and dimerization ofthe receptor (Arnold et al, 1997). The ER dimer associates with a 

specific estrogen responsive element (ERE) on the promoter region of responsive 

genes to modify the transcriptional activity of these genes. Eariier studies indicated 

the existence of two close but distinct ligand-binding sites in the E domain. The first 

site participates in the recognition and binding of estrogen, whereas the second one is 

responsible for antiestrogen binding. Both binding sites are very close and could 



interfere with each other during agonist/antagonist competition events (Le Drean et 

al, 1994). The effectiveness of treatment with the antiestrogen tamoxifen on human 

breast tumors has encouraged the development of new antiestrogens to exploit the ER 

as a therapeutic target (Jordan et al, 1995). 

Estrogen Receptor types and variants 

Two types of ER have been cloned and characterized in mammals, ERa and ERp. 

These two types can form homodimers or heterodimers that bind to DNA to affect 

transcriptional activity of target genes (Kumar and Chambon, 1988; Pettersson et al, 

1997; Cowley et al, 1997; Pace et al, 1997; Ogawa et al, 1998). In rat, ERa was cloned 

from the utems, and the cDNA was found to be highly homologous to the ER cDNA of 

mouse, human, and chicken (Koike et al, 1987). Rat ERP (485 aa) was isolated from rat 

prostate and ovary, and was highly homologous to rat ERa (95 % in C domain and 55 % 

in E domain) (Kuiper et al, 1996). The relative ligand-binding affinity and tissue 

distribution between ERa and ERp were different (Kuiper et al, 1997). The mouse ERp 

(485 aa) was recently isolated from ovary. It showed 97 % and 60 % identity with the C 

domain and E domain of mouse ERa, respectively (Tremblay et al, 1997). Mouse ERa 

and ERP can form fiinctional heterodimers (Pettersson et al, 1997). Human ERP 

isolated from testis was also highly homologous to human ERa (96 % in C domain and 58 

% in E domain) (Mosselman et al, 1997). 

Each ofthe two mammalian ER types is associated with its own group of variants 

(Murphy et al, 1997; Chu et al, 1997). The various ER variants include: transcripts 



containing precise single or mutiple exon deletions; transcripts containing deletions of 

variable size that do not correspond to distinct exons; tmncated transcripts at the 3' end or 

5' end; transcripts containing nucleotide insertions of variable size; and, transcripts with 
t 

points mutations. 

The fijnction of ER variants is not clear. However, it has been suggested that two 

ERa variants play a role in human breast cancer initiation or progression (Lemieux and 

Fuque, 1996). One is a tmncated receptor lacking exon 5, which contains a large portion 

ofthe E domain. This variant is transcriptionally active in the absence of hormone. The 

second variant has a point mutation in the E domain and is hypersensitive to low levels of 

hormone. These two ERa variants may form fiinctional heterodimers with the wild-type 

ERa to modify the normal fianction of ER in breast. By RT-PCR, wild-type ERa and 

several different exon-deleted ERa variants (exon 2-, exon 3-, exon 2/3-, exon 5-, exon 7-

) as well as a tmncated ERa variant were detected both in normal breast tissues and ER-

positive breast tumour tissues. However, the level of expression of some variants was 

lower in normal tissues than in tumour tissue (Leygue et al, 1996). A 77-kD human ERa 

variant has been reported in an estrogen-independent subclone ofthe MCF-7 human 

breast cancer cell Hue (MCF-7: 2A) (Pink et al, 1996, 1997). This ERa variant contains 

an in-frame duplication of exon 6 and 7 due to a genomic rearrangement. 

In rat vascular smooth muscle cells, three variants of ERa in addition to the wild-

type ERa cDNA were identified by RT-PCR and sequencing ofthe PCR products (Inoue 

et al, 1996). These ER mRNA variants lacked the region corresponding to exon 4, 

exons 4 and 5, and exons 3 and 4, respectively. (They were named as ERD4, ERD4/5 and 



ERD3/4 variants.) The function of these variants was studied by CAT reporter gene 

assay. Cotransfection ofthe variant expression plasmid with the wild-type ERa 

expression plasmid showed that all variants lost estrogen-dependent transactivating 

activity, but that the ERD4/5 variant had an inhibitory effect on the wild-type ERa. A 

tmncated ERa mRNA missing exons 1-4 (A/B, C and D domains), and containing a 

unique 5'-end was isolated from the pituitary of female rat (Friend et al, 1995, 1997). A 

rat ERp variant was identified from both prostate and ovary (Chu et al, 1997). 

Compared with the wild type ERP, this variant had 54 nucleotides inserted in E domain 

encoding 18 amino acids, and was expressed at levels similar to the wild-type ERP in a 

range of tissues. 

Fish estrogen receptors 

The first identification offish ER mRNA was for rainbow trout (Pakdel et al, 

1989, 1990). A 3.5-kb cDNA encoding a protein with 574 amino acids was isolated from 

a liver cDNA library. This mRNA was identified by northern blot in liver, brain, pituitary 

and pineal. Two additional ER mRNA of 4.5 and 1.4 kb were detected in Hver and 

pituitary, respectively. The A/B domain ofthe protein encoded by the 3.5-kb mRNA was 

poorly conserved compared to other vertebrate ERs. The C and E domains showed about 

90 % and 60 % sequence homology, respectively, to the known ER of vertebrate species. 

The E domain ofthe rainbow trout ER is less conserved than that of other mammalian and 

amphibian species. This may explain why the rainbow trout ER exhibits a relatively lower 

affinity for E2. The ER gene was also isolated from a rainbow trout genomic library (Le 



Reux et al, 1993). It encompasses 10 exons containing 462, 386, 222, 117, 194, 151, 

139, 134,184, and 1591 bp. The sum of these ten exons give rise to a 3.5-kb mRN.A 

corresponding to the isolated cDNA. 

The Japanese eel ER cDNA encoding a protein with 573 amino acids (63 kD) was 

isolated from a Hver cDNA library (Todo et al, 1996). The homology with the ER 

protein of other species was 80 % in C domain, 55 % in E domain, and 10-20 % in other 

domains. Three species of mRNAs, 5.6, 3.8, 1.2 kb, were expressed in liver, and the 

expression was E2-inducible. 

A tilapia ER gene of 40.4 kb, containing 10 exons was cloned (Tan et al, 1996). 

The C and E domains ofthe tilapia ER protein showed more than 90 % and 64-67 % 

sequence homology, respectively, to the known ER of vertebrate species; and, the F 

domain was relatively long (77 amino acids). Medaka ER cDNA (Okada, 1994), red 

seabream ER cDNA (Touhata et al, 1998) and Atlantic salmon ER cDNA (Rogers et al, 

1995) also have been cloned, encoding proteins of 576, 581 and 533 amino acids, 

respectively. 

Estrogen action on viteUogenesis 

As in other vertebrates, the pituitary-gonadal axis plays an important role in the 

reproductive development of teleost fishes. Teleost fishes produce two gonadotropins 

(GTHI and GTHII) in the pituitary gland, that are under the control of gonadotropin 

release hormone from the hypothalamus. In tum, the brain responds to environmental 

cues (physical, chemical, and biological factors). GTH I may play a role during 



vitellogenesis and spermatogenesis; and GTH II, during final gonadal maturation (Patino, 

1997). 

In response to increased levels of gonadotropin, the thecal cells in the ovary of 

some fish species secrete androgen (testosterone) which diffijses into the granulosa cell 

layer where the aromatase is located, and the androgen is converted to estrogen 

(Yoshikuni and Nagahama, 1991). The estrogens are released into blood stream and enter 

the hepatocyte by facilitated diffusion (Mommsen and Walsh, 1988) In the hepatocyte, 

estrogens up-regulate ER production: estrogen binding to ER leads to ER activation, and 

binding to ERE ofthe vitellogenin gene promoter, thus stimulating the synthesis of 

viteUogenin. The viteUogenin is secreted into blood stream, selectively taken up by 

developing oocytes, and deposited as yolk (Mommsen and Walsh, 1988) 

Research objectives 

The objective of ongoing research in our laboratory is to determine ER-mediated 

effects of environmental estrogens (xenoestrogens) on fish and wildlife population health, 

and to identify the role of estrogens in gonadal sex differentiation using channel catfish 

(Ictalums punctatus) as a model (Patirio et al, 1996). The specific objective of this thesis 

research was to isolate, sequence and express the channel catfish ER, as well as 

demonstrate its stmctural and fiinctional characteristics. 



CHAPTER II 

MATERIALS AND METHODS 

RT-PCR 

First strand cDNA was synthesized using random primers (Promega) from total 

RNA extracted from Hver of a vitellogenic female channel catfish (Ictalums punctatus). 

The PCR primers were designed to recognize highly conserved regions in the DNA-

binding (forward, 5'-GAAGTGGG[CGA]ATG[GA]TGAAAGG-3') and ligand-binding 

(reverse, 5'-ATCTCCAG[CGT]A[GA][CG]AGGTC[GA]TA-3') domains of ER cDNA. 

The PCR was carried out using the GeneAmp PCR Kit and GeneAmp PCR System 9600 

(Perkin Elmer) under conditions recommended by the kit's manufacturer (annealing 

temperature, 60° C). The PCR product was purified by 1 % agarose gel electrophoresis, 

subcloned into PGEM-T vector (Promega), and sequenced manually using Sequenase 2 0 

(USB). 

cDNA cloning 

Poly(A) RNA was purified using Oligotex-dT (QIAGEN) from total RNA extracted from 

the liver of an immature, two-year-old female catfish A cDNA library was constmcted 

using the protocols in Z/U'-cDNA Synthesis Kit (Stratagene) and MaxPlax Packaging 

Extract (Epicentre Technologies). A total of 300,000 phages from the primary library 

were plated onto XLF-blue strain in twelve 150-mm petri dishes, transferred onto 

Hybond-N+ membrane (Amersham), prehybridized at 65° C for 30 min in Rapid 



Hybridization Buffer (Amersham), and hybridized with ER cDNA fragment (see resuhs) 

labeled with ^^P-dCTP (Dupont/NEN) by random primer method (Promega Protocols and 

Applications Guide) for 2 h at 65° C in Rapid Hybridization Buffer. The membranes were 

washed for 30 min at 65° C in 2 x SSC, 1 x SSC, and 0.1 x SSC with 0.1 % SDS, 

respectively, and exposed to Hyperfilm (Amersham) for 24 h. After three rounds of 

screening, the inserts of positive clones were subcloned into the pBluescript phagemid 

vector using Single-Clone Excision Protocol (Stratagene) and sequenced by automatic 

procedure (ABI PRISM™ 310 Genetic /^alyzer). 

Expression vector constmction and transient transfection in COS-7 cells 

The phagemid pBK-CMV (Stratagene) was digested with Nhel and Spel to excise 

the Lac promoter and enhance eukaryotic cell expression. The ER cDNA coding region 

was obtained from the appropriate library clone by PCR using primers designed with 

BamH I and Apal restriction sites for the 5'- and 3'-end ofthe coding region, respectively, 

then directionally subcloned into the BamH I- and Apal-digested sites ofthe modified 

pBK-CMV. Nucleotide #3 preceding the start codon was changed from C to G to 

conform to the Kozac consensus sequence (Kozac, 1989) for optimal expression 

efficiency. Plasmid without cDNA insert was used as control. Plasmid DNA was 

amplified in DH-5a and purified using QIAGEN-tip 100 (QIAGEN). The estrogen 

receptor negative cell line COS-7 cells (ATCC) were grown in DMEM (Sigma) 

supplemented with 10% fetal bovine semm and 100 pg /ml of a penicillin/streptomycin 

mix (Gibco) at 37° C and 5 % CO2. Plasmid DNA (6 |ig) was transfected into the cells 

10 



(70-80 % confluent in 100-mm plates) in the presence of 45 \i\ Lipofectamine Reagent 

(Gibco) foUowing the general procedures recommended by the manufacturer. The 

medium containing the DNA and Lipofectamine was replaced with fresh complete medium 

after 6 h, and the cells were incubated for an additional 48 h. After incubation, the plates 

were rinsed, and the cehs were collected with ice-cold PBS+ (Gibco), centrifliged (1000 x 

g, 10 min, 4° C), and resuspended in binding buffer (20 mM Hepes, pH 7.4, 0.1 mM 

EDTA, 0.5 M KCl, 0.5 mM DTT, 1 mM phenylmethylsulfonyl fluoride (PMSF), 5 ^g/ml 

leupeptin and 20 % glycerol) (Todo et al, 1996) at a ratio of approximately 150 pi per 

original plate. The cell suspension was frozen and thawed 4 times to lyse the cells, then 

centrifiaged for 1 h at 105,000 x g and 4° C. The supernatant was collected, and the 

protein concentration was determined by Bradford assay (BioRad) using bovine semm 

albumin as standard. 

Estrogen receptor antisemm and western blot 

Synthetic catfish ER KLH-peptide (ERGGRIIKHNRRPSGLKERERGYS; lOOpg; 

D domain epitope of ccERLl, see Fig. 2) was mixed with an equal volume of Freund's 

Adjuvant and injected subcutaneously into NZW rabbits. Boost injections were given at 2, 

6 and 8 weeks, and semm was coHected at 0, 4, 8 and 10 weeks (Research Genetics, Inc.). 

The 10-week semm from one rabbit (#33773) was selected for our analysis. Extracts of 

transfected cells (20 pg protein) were subjected to SDS-PAGE and transferred onto 

PVDF membranes as described by the manufacturer (Mini Trans-Blot Electrophoretic 

Transfer Ceh, BIO-RAD). Western blots were performed using standard alkaline-

11 



phosphatase procedures. The dilutions for anti-ccER primary antisemm and anti-rabbit 

IgG alkaline phosphatase-conjugated secondary antibody (Promega) were 1:3000 and 

1:7500, respectively. 

Estradiol binding assay 

The estradiol-17P (E2) binding activity ofthe recombinant ER was measured using 

the dextran-coated charcoal (DCC) method as generally described by Todo et al, (1996). 

Cell extracts were diluted to a working solution of 0.8 mg/ml protein and 50-pl aliquots of 

this solution were mixed with 0.16-19.2 nM [2, 4, 6, 7-3H(N)]-E2 (̂ H-E2; DuPont/NEN) 

in the absence or presence of 250-fold excess of unlabelled steroids in a total volume of 

0.25 ml binding buffer. The reaction was carried out for 16 h at 4° C. The tubes were set 

on ice for 10 min and then mixed with 0.25 ml ice-cold DCC (in binding buffer; final 

concentration was 0.125 % charcoal and 0.025 % dextran) for an additional 10 min to 

remove free steroid. The charcoal was separated by centrifijgation (1500 x g for 15 min, 

4° C), and 0.3 ml supernatant was aspirated into 5 ml ScintiVerse BD cocktail (Fisher) for 

radioactivity determination (LS 6500 Scintillation Counter, Beckman). The dissociation 

constant (Kd) and maximum number of binding sites (Bmax) were determined by nonlinear 

regression of specific binding data (GraphPad Prism v. 2.0; San Diego, CA). 

ccER amino acid sequence analysis and phylogenetic classification 

The deduced amino acid (aa) sequence and molecular weight ofthe ccER cDNA were 

obtained using the Genetics Computer Group (GCG) software package. The aa sequence 

12 



was then used to search for homologous aa sequences in the National Center for 

Biotechnology Information (NCBI) database using the Gapped Advanced BLAST option 

with no filtering. Seventeen complete ER sequences were found and downloaded into the 

GCG program. ER variants (insertion or deletion variants) and incomplete ER sequences 

were excluded from these analyses. The PILEUP option of GCG was used to initially 

align all 18 sequences (including ccER). The A/B domains were fiirther adjusted by eye 

using LINEUP (GCG) with the help of a consensus sequence (see resuhs). Full sequences 

were subjected once again to PILEUP, and these final alignments were used to determined 

the percent sequence identities for each domain (number of common aa divided by total 

number of aa in each domain aligment). These aHgnments were also cladistically analyzed 

using the BRANCH AND BOUND option of PAUP* (Phylogenetic Analysis Using 

Parsimony, [D. Swoffbrd, National Museum of Natural History], version 4.0d62 test 

version sent to Dr. L. D. Densmore). Gaps were treated as missing characters in all 

PAUP analysis. To assess the support at each node, a bootstrap resampling analysis was 

performed (1000 repHcates). A second bootstrap analysis (100 replicates) was performed 

in which the order of sequences from the taxa within each replicate was randomly sampled 

10 times to avoid artifacts contributed by order of entry. The data were also analyzed 

phenetically, using the Neighbor Joining clustering algorithm (Saitou and Nei, 1987). 

13 



CHAPTER III 

RESULTS 

Isolation of ccER cDNA 

Two cDNA fragments were obtained by RT-PCR of liver RNA extracts (Fig. 1). 

The most prominent fragment was ofthe expected size for the wild-type ER (899 bp), and 

the second fragment was minor and of lower molecular weight (765 bp). The nucleotide 

sequence of both fragments were identical except for a single out-of-frame gap of 134 bp 

in the smaUer fragment (see Fig. 2). Their sequence was highly homologous to other ER 

sequences (data not shown). The liver cDNA library was screened using the 899-bp 

fragment as probe. The longest insert (ccERLl) obtained was 6756 nucleotides in length 

and contained a 5'-untranslated region (UTR) of 99 nucleotides and a 3'-UTR of 4914 

nucleotides including a poly-A tail, with an open reading frame that encoded 581 aa 

residues (Fig. 2) starting with the first ATG and with a calculated molecular weight of 

63.8 kDa. The complete cDNA sequence of this clone is shown in Figure 3 Another 

clone (ccERL6) had a longer 5'-UTR (494 bp) with five ATG codons, encoding 2 aa, 12 

aa, 33 aa, 2 aa and 9 aa, respectively (Fig. 4). This clone also contained a longer open 

reading frame encoding 617 aa residues (36 more aa at 5' end than the ccERLl) with a 

calculated molecular weight of 67.7 kDa, and a 1228 bp gap in the 3'-UTR relative to 

ccERLl (Fig. 3). The DNA sequence surrounding the ATG codon was in agreement with 

the Kozac consensus. This clone was 6031 bp in length. 

14 



Western blot analysis and estrogen-binding activity of recombinant ccERLl 

Protein extracts from COS-7 cells transfected with ccERLl cDNA showed one ER 

immunoreactive band on westem blots with a molecular weight of approximately 75 kDa, 

whereas extracts from ceUs transfected with control vector (without insert) showed no 

signal (Fig. 5). Saturation analysis revealed that extracts from the cells expressing the 

recombinant ER bound ^H-E2 with high affinity (Kd = 4.7 ± 0.7 [SE] nM) and in a 

saturable manner (B âx = 2.4 ± 0.1 pmole/mg protein) (n = 2 assays with separate batches 

of extracts). Scatchard plots ofthe saturation data were linear confirming the presence of 

the expected first-order binding interaction (Fig. 6A). Extracts from cells transfected only 

with control vector showed no binding activity for ^H-E2 (data not shown). The ligand 

specificity ofthe recombinant ER was assessed by determining the ability of various 

steroids to displace ^H-E2 binding (Fig. 6B). Diethylstilbestrol ethynylestradiol and E. 

displayed the strongest ability to displace ^H-E2 from its receptor. Estriol and the estrogen 

antagonist, tamoxifen were less effective but still potent competitors. All non-estrogenic 

steroids tested showed neghgible competitive ability. 

ccERLl amino acid sequence analysis and phylogenetic classification 

Analysis ofthe PILEUP alignments revealed an overah level of sequence 

conservation of 1.5 % (3/197), 71.3 % (62/87), 0 % (0/39), 36.6 % (94/257), and 0 % 

(0/79) for the A/B, C, D, E, and F domains. Alignment ofthe A/B domain was facilitated 

by the identification ofthe consensus, (G,I,S,V)PX7-8orii(P,R)(H,Q,R)Xi. 

2SP(F,N,S)(I,L,M,V)Xo.2(H,P) in this domain (the 3 conserved aa of this domain are 

15 



underiined; see also Fig. 2). Using the ccER C and E domains as separate queries, we 

repeated the BLAST search (see Materials and Methods) and coHected over 100 best-fit 

alignments for each which contained representatives from aH members ofthe nuclear 

hormone receptor superfamily including other steroid receptors. Using these pair-wise 

alignments we determined that the C domain contains no aa that are aligned in a manner 

that is specific to ER, whereas 8 aa from the E domain aligned exclusively among ER (see 

also Fig. 2). 

Equal-weight ("unrooted") BRANCH AND BOUND analysis suggested that 

Japanese eel ER is distinct and intermediate between ERP and all remaining ER (data not 

shown). Since the eel ER shared elements with all other receptors and since this clade 

contained only one sequence, we repeated the analyses this time "rooting" the tree to the 

eel ER. Rooting ofthe tree had no effect on the topology ofthe remaining clades. The 

relationships suggested by the phylogram were identical to those recovered by the 

Bootstrap analysis (Fig. 6) and to the tree recovered by the phenetic Neighbor Joining 

analysis (data not shown). Two separate tests, gi statistic (gi = -0.7; HiHis, 1991) and 

permutation (PTP in PAUP*, p = 0.01; see Swofford et al, 1996) confirmed the 

hierarchical stmcture ofthe tree. Thus, all ofthe recovered topologies support the 

hypothesis that eel ER and ERp are primitive with respect to all other ER. ERa were 

derived with respect to ERP and were grouped together forming distinct mammal and bird 

clades separate from Xenopus ERa. The remaining receptors (aH from fish) formed a 

clade distinct from the tetrapod ERa. 
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899 bp 

765 bp 

Fig. 1. RT-PCR of ccER RNA. Two fragments were obtained from liver of a vitellogenic 
female. The longer fragment (899 bp) was the most prominent and fell within the 
expected size range for wild-type ER cDNA. The shorter fragment (765 bp) was very 
minor indicating a relative lower abundance. The sequences ofthe two fragments were 
identical and their only difference was a single out-of-frame gap (134 bp) in the shorter 
fragment (see also Fig. 2). 
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1 GAGCAGGCTC GCGCTGAAGC TCCGGCTGGT GCCAGGCAGC GACGCAGGAG 

51 CGAGCTAGAA GGGTATTCGG TGTCTCTCGC TTCCCTCAAG CTCTCGCCCA 

101 TGTACCCGGA GGAGGAGCAG CGCACCACGG GGGGCATTTC CTCCACCGCT 

151 CACTACCTAG ACGGGACGTT CAACTACACC ACCAACCCCG ATGCCACCAA 

2 01 CTCGTCAGTG GACTACTACT CAGTCGCCCC AGAGCCTCAG GAGGAGAACC 

251 TGCAGCCGCT GCCTAACGGC TCCAGCAGCC CTCCGGTGTT CGTTCCTTCC 

301 AGCCCGCAGC TCTCGCCGTT CCTCGGCCAT CCTCCCGCAG GACAACATAC 

351 TGCTCAGCAG GTGCCGTACT ACCTGGAACC ATCAGGAACC TCCATCTACA 

4 01 GGTCCAGTGT GTTAGCCAGT GCAGGATCAC GAGTGGAGCT GTGCAGCGCC 

4 51 CCCGGCAGGC AGGATGTGTA CACCGCAGTG GGAGCCTCGG GACCATCGGG 

501 AGCTTCGGGG CCTTCAGGAG CAATCGGGTT GGTGAAGGAG ATCCGCTACT 

551 GTTCGGTGTG CAGTGACTAC GCCTCAGGGT ACCACTACGG AGTCTGGTCG 

601 TGCGAGGGCT GCAAGGCCTT CTTCAAGCGC AGTATACAAG GTCACAATGA 

651 TTACGTGTGT CCAGCGACCA ACCAGTGCAC CATCGACAGG AACCGCAGGA 

7 01 AGAGCTGTCA AGCGTGTCGT CTACGCAAGT GCTACGTVAGT GGGCATGATG 

7 51 AAAGGAGGTT TTCGTAAGGA GCGTGGCGGT CGCATCATCA AGCACAACAG 

8 01 GAGGCCGAGT GGACTGAAGG AGCGGGAGCG AGGTTATAGC AAAGCCCAGA 

8 51 GCGGTTCTGA TGTGAGAGAA GCGCTTCCAC AGGACGGGCA GAGCAGTTCC 

901 GGGATCGGGG GAGGGGTAGC GGACGTGGTC TGCATGTCTC CGGAGCAGGT 

951 GTTGCTGCTG CTGTTGCGGG CGGAGCCGCC CACCCTGTGC TCACGACAGA 

1001 AACACAGCCG ACCCTACAGC GAGCTCACCA TAATGAGTCT GCTCACCAAC 

Fig. 3. FuH cDNA sequence of ccERLl. The numbers on the left refer to the position of 
the nucleotides. The translation start codon (ATG) and stop dodon (TGA) are bold and 
double-underlined, and the sequence missing in the 3'-UTR of ccERL6 (1228 bp) is 
single-underlined. All the other nucleotides are identical between ccERLl and ccERL6. 
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1051 ATGGCCGACA GGGAGCTCGT TCACATGATC GCCTGGGCCA AGAAAGTGCC 

1101 TGGATTCCAG GACCTCTCTC TGCATGACCA GGTACAGCTG TTGGAAAGCT 

1151 CCTGGCTGGA GATTTTGATG ATTGGTCTCA TCTGGAGGTC CATCTACACA 

12 01 CCTGGAAAAC TCATCTTCGC TCAGGACCTC ATCCTCGACA AGAGTGAAGG 

1251 AGAGTGTGTG GAGGGCATGG CTGAGATATT CGACATGCTG CTGGCCACAG 

1301 TGGCCCGTTT CCGCACCCTC AAACTCAAGT CAGAGGAGTT TGTGTGTCTC 

1351 AAAGCCATCA TCCTGCTCAA, CTCTGGTGCG TTTTCGTTCT GCTCCTCCCC 

14 01 CGTCGAGCCC CTGAGGGACG GCTTCATGGT GCAGTGCATG ATGGATAACA 

1451 TCACGGATGC CCTCATATAC TACATCAGCC AATCGGGAAT CTCGGTGCAG 

1501 CTCCAGTCCC GGCGTCAAGC CCAGCTCCTG CTTTTGCTCT CGCACATCAG 

1551 ACACATGAGC TATAAAGGGA TGGAACACCT GTACAGCATG AAGTGCAAGA 

1601 AC7\AA.GTTCC TCTGTATGAC CTGCTGCTGG AGATGTTGGA CGCGCATAGG 

1651 CTCCGCCCCC TGGGCAAAGT GCCAAGGATC TGGGCCGATC GAGTGTCGTC 

1701 TTCACCTACT ACAACCGCCA CAACCCCAAC CACCAACACC ACCACCACCA 

17 51 CCACCACCAC CACCCATCAC CCCAGCAACG GCTCCACGTG TCCCGCAGAC 

18 01 TTACCGTCCA ACCCGCCGGG TCCCGGCC7VA AGCCCCAGCC CATGAGCTGC 

1851 TATACAGCGA GAG7\ATATAA ACTGCTAACG CTATCCATCA GACAGTTGGA 

1901 GCTGAATTCA ATCAGGTCCC CTGACTGGGA AAGTGTCCTG AGTGATGATT 

1951 TCGTTAACTT GGTTTCTTTC CTTTTAGCTG GATCGAGTCG TCGACGCTTC 

2 001 GACATGACAC GCTTTCATGT CGTCAGACCG ACAAGAGCAG CTTCTCCGAC 

2051 TTAAACGCGA TTCGATCGCA CCAGAGTTCT CTAGGAAGGA AGTGGGTCCC 

2101 CGCATATCCT TTAAGAGCTA ATAATAATAA T7\ATAATAAT AATAGTAATA 

2151 ATT7\AAATAA CTACACTGCA TyVTTCGCCAA GACCCTTTCA GCCTTTATAG 

Figure 3. Continued. 
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22 01 AAAA,GTACCA TTGTAGTTAG GCCAAATGTA AGGAATTTGA GATTTGTTGT 

2251 CATCGTGACC GTGTACACGA GTCAGCGGAT TAAGATAAAT AATAATAATA 

23 01 ATAATAATAA TAATAATAAT AAAAAGATCT ACATGGGGAA AGTTCTTTGT 

2351 ATTCAGATCC GCGTTACGCA GGTACTTAAG GTGATGTTCT GTGCTCCGTA 

24 01 TTCTGTTTAT GCAAATCTTA ACTTTAAATT GAGATTTTTA TCGAGTAGTA 

2 451 GCACGGGAGC TTCAAAAGCG TCCAGACCAC CGCCTTTAAA CACGGGCACT 

2 501 TTTCTTCAAA CGGACGTAAG ATTTCTCCTC CTCGAAAAGG ATGGCAAATG 

2 551 GAAAACGATG TAACTTAAAG GGAGCGAGGA AGCGTCAAAA CGGCGGAAAA 

2 601 AGACTTGATC CATGAACGAG ACGATGGAAA GCGCTGAAAT AAATCTCAAT 

2 651 AGTCCTCGTT GTAACGATGA TCACGTCGAT CACCGCAATC TGGTTTAATT 

27 01 GAACAATACG GCTCCCGCAT TCATTATTCC CCCGTTTATA AAATAGCACT 

2 7 51 CGATCCAGCA CATCGCGTTT TTGTGCGTTT TCTTCGTTTC TAACCGCGCG 

2 8 01 CGCAATCGGA CGAAAGGCGC CCGTGGAATC GTGGTACGTT CGCTAGACGG 

2851 AGGCTTTTTA TCGTTACTTT TTTTTTTTTC AAATTCTTVAT TTTAGTTGTT 

2 901 GGGTTAAGAA AACGGTTATA TCTTTTGCTC TACCGT7\ATG GGATCATAAA 

2 951 GGATGAGCTA ACGTAGCACT CGCGTGCTGA TCAGAGCTCA CTCGCGTGTC 

3 0 01 GATCCTAATT TCAGCCGTAA TAATGTGGTC CTCGAGATGA GCAGCATCTC 

3051 CGAGT7\AGCT GCGTCTCGTC CGATCTCGTC CGTGTGGGAT CAGTTATCAG 

3101 AACGTACTTC AGGGTGTTTC AGTGTAACAT TTTGTAGTTC CGTCAAACTA 

3151 GACTTAAACT AGACTGCTTC TGACTTGAGC CCAGATCGCA GAGGGAAGTC 

32 01 CCACTGTGCC ACACTTGTTT TAGTCAAACA TTACTTTTTA ATAATAGATC 

32 51 AATCTTGGTG AGTAGAAATG ATTTAGAAAG CAACTTTTTA TTATTATTTG 

3301 TTTTAACCAG CTCCTTTTTT TTTTCTTGGT TTAGCCACAC CCCCATGTTG 

Figure 3. Continued. 
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3351 ACTTTCTCAG GACTTACCAG TCCTCTTTTG AACTTGAAAA ACAAAAAACT 

34 01 TGTGTCCCAG TGGACTGTTT TTCTTCCTTC TTTCCCCTTG TATTGTTACC 

34 51 GTCTTCAGCG AGACATTGTG TTTGCAGTAG CATTTTGCCG CCTCGACGCA 

3501 CAACGCAACC AGTCACTVAGA ACGAGCCAGT CTCTGTTTTG TGTGTTTTTT 

3551 TTTGTTGTTG TAAAAATATG AACTATGGTT TCAAAAGGAA CCTGACCTTT 

3 601 TGAGGGCTTG CATTGTACAG TAGTCATCAA AATTAGATCG GACACCTTTA 

3 651 AGTGCTCTCT AAACGTCTGA GGGAA?VGAGG TTAAAATACG TTAAAAAGCG 

37 01 CCTCCCCTTC TGCAGGACAC TACATGGTCC TAAAGCCAGT CGGACCGTCT 

37 51 GTIAGCTTCTG GCACGTGTAC TCGTGACCCT ATTCTTTCAG TCACTATCCA 

38 01 CAGCTCATGG TGAGGACAGG GATGAGAGTT GACCAGTAAA CAGGAAGCTT 

3 851 CATCCCCAAA CTGAGCTCCT ACTGTAACGC TGCTACTGAC TTGATGCATT 

3 901 TGATACACTC TCTCTTTTCC ATTCTTTTTC CACCACTACT GGTATAAGAT 

3951 CCCAAAGTAT GT7\ACTCCTC CAGCAGCGGG AAGGTCTCTC TCCTCACTTG 

4 001 ATGAGAAGGC CCTCCTCTTT TTTTGGGAGA CTCAGACAAT GAGGTGGTGA 

4 051 TTTTTCAACC CTGATGCGTC ATACTCGGCA GCAAAACATT CGTGTGTATG 

4101 CCGGAGATAC ACTTCGGATG GTGCCAAGAA AACATCACCC TATCCCCCCA 

4151 CCACCACCAC CAAAATGCAC ACCTCTTCAA CCATGGCTGC TCCTTGATTT 

42 01 CCTGTGCATG AAACCCAGAA ACAGATGTGG AGATGGGACA CCCTTGACAA 

42 51 CATCCAACAA CCACCTTAAA CGCAAGCACA ACTCCTACTG TGCACCTACA 

43 01 GAGACCGAAT CGTACCAAGT AGCAACCCAG ATACCCTGTA CTCCTGCACT 

4351 ACCTCCCACC ACAAATGTCC AGCCCACCAA TCATAGGCGT TTTCCAAATA 

4401 AATACATGTA GACTGGATJ\A ACATATGACC GTGACCCCTC ACAAAGCACT 

4451 GCCCCAGTCC TCCATGACTT TGAAAGGCGT GTTTVACCACA CACTCCTACC 

Figure 3. Continued. 
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4501 CCTGTCCAGT GTCTTCAATG TCCCCAGATA AATCTCCTCC ACCATTGCAG 

4551 CCTTGCCACT ATGAAGCTTT TAGGGATTTT GAGAACTTCC ATCTGAAGGG 

4601 AGGGCATGTC CACTAGGTTC AGGAGTTTGT CAGAGTGCTC CATCCATCAC 

4651 TTCAAAATAT CCCGAGTAGA GGTTGACACT AACTGGCACT TGCTTAGCAG 

4701 AATTTATGCA CGGTTTCATT TCCCCTTTCA GAGGCACCAA ATGGTCTGCC 

4751 AGAACATCTC TGACACCAAA CACCTCTATT GCCCAAGCTT CCACTTCAGT 

4801 AACTGCTTTT GCTGCACCCC CTTCTGGCTC CCCTGTGCCT CTCAATTGAA 

4851 TCAGTAGAGC CCTCCATGAG CATTTCTTGG CCCCGTTCTT CAGAACTGAT 

4901 GTCCACAAGT GCATCCTAGG ATTACTACCA CGACGGACAC TGACTGTCTT 

4951 CTGGCCGCAG CTTCTTGCAG CAGGGTGTGT GGTCGAGGAT ATGAACATGG 

5001 TCCATTCAGA TTCAGTGTGT CCAGACTTCA CTTCGTACJUV GTGGAGAAGA 

5051 CCTTTCAGAG GTGGGAATAA ATTCATCTCT CACTGAACCA AATAATTTCA 

5101 AGCAACCCJ^A ATGTCCAAGA CATACGGCCT CJUVGTCTGAT GATATGGTCA 

5151 TAAAATCACT CGTTGACCTT TGGCCCAAGG TGCTCTGGTA CCACATACAC 

5201 CTTGCAATTA TTAGACTTCT TTGCAAGCCA AGGAGTATCC TAGACTAAGT 

5251 ACTGAGGTCC CCTAGTAGCA CTATGGATTC AGCAGCAAGT ATTATCTCAA 

5301 ACATGTTAAG GCGTTGGGTT ACTGATCAGA CGGTCAAGGG GTTCAAACCC 

5351 CAACACCGCC AAGCTGCCAC TGTCGGGACT TCGAGCAAGG TCCTTAATCC 

5401 TCTCCGCCCC AGCAGTGCCA TATCAAGACC CTGCACTCTG TCTCC7UVCTC 

5451 CTATGAAGCC GGAACATGCG AAGAGA?\GAA TTTGACTGTA CCGGTAATGT 

5501 AACGTATGTG CATATACGTG ACAAATAAAG GCTTTCTATT CCAAATACTT 

5551 CGGTGCGTAT GCAGAAACAG CAGCCAGAGT TTTTCTTCCC GAGACTCCAA 

5601 CCCATTAACA GACCCCCCCC ACACCCAAAC CTCTTTTCTA CCTGGAAAAA 

Figure 3. Continued. 
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5651 CTCCCAAGGC CTCCAGCCTG GGACCGTCGA GTATCCCCAC GCTATCTTCC 

57 01 CCCTGCATTC CAGAGTAGGA GAGAGACCAC CCCCAATCGA AACACATGGA 

57 51 ACCTGAGCTC ATACTGCGTC TATATCTTTT GCTCCCACAC AATAACTCGG 

58 01 GGTCTTTCCC TGCCAGTACA ATGACATTCC ACCTTCCCAA AGGTCTAGTC 

5851 TGAGGGCTTG ACCCTCAAGA GCCCACAAGA GGGCTTCACG TCACCATTGC 

5901 GGGCGGATCT TGACTTGGTT ACGTGGGTGG CCCAGTCAGG AGTTCCTCGC 

5951 CTATGGACAC CACCCCCAGA TCTGGCGGTC CTAGTAACGA TAATCCAGGA 

6001 AAGGTGCGGA AGTTTGTTTG TTTGTTTTTT GAACATTTCA AGGGTGTCTT 

6051 TAGGATCCCT TTTTCTCCGA GTTCTCACGA GTTACC7\AGG TGTGCGTCAC 

6101 TGAGAACATT AATTTTCCCA CAAGCCCCTT CAGGTTGATG GTTAAGGCGG 

6151 CACATCTTTC TGAGCGGAGC ACAGTCAAAG CTGAGCCGGA TAAGTGGTGA 

62 01 ACCGCACTTT TAAGTCTTTT TATTTGTTAA ATACTTATTA TCCTGAACGG 

62 51 TTACCGCACT GTGGCGCCAC ATCCTGCTGT ACAAACCTGG TGTTTGATTT 

63 01 AGACTGTGTA CTTGTAATGA ACACGAGCTA GGTACAGTAC TGTGGAATAA 

6351 ACTTCTGCCA CAGTTAAAGG TCCTAAGTTA AAATGTCACA CTTGTATTCG 

64 01 GGTTTTAAAT TCAAAA?VTGT TCTCTGTATG TTTG7\AATAA CGTATGACTT 

6451 ATACTGCACT ATACCGATGA TTGATTATAG TTGTTCGCAT AATGCCTGTA 

6501 TTTTAAACAC AAGTGTAGCT TGAAACCCGG CAAACTCTTT TTGCATAGCT 

6551 TTTGTTAGGC GGAGAATTTC AAACCTTGTT TGTTTGATTG ACATTTGTGA 

6601 TTTCAGCTTG TTTATAATAC CGTAAAAGAG GAAACACAGG TCGGTGGAGG 

6651 AAAAAACACG CGCACACAAC TAATATGTAT ATATTAATCA GAAAGGCCTT 

67 01 CTTTACTGCC AGTGTTAATA AACTGTACAC TCATAAATAA 7\AAAAAAAAA 

6751 AAA?U\A 

Figure 3. Continued. 
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1 CCGTGAT7y\A GTTGCTTAAT CGGCAGACGC GGTGAATTTC ATCGGGGAGC 

51 AGGTGCGGAT TTCCTGTGTG GTCTGGTGTT GGAAGCCATG CTGTAGTGTG 

101 AAGTGTTCTG TGTGTTGCTT TTGTGAATGT TTTCCTGTCC GTGTTCAGAC 

151 AGTAGATTTA TTTACTCTCG TGCTCAGGGG AGTTGTTTAG AATAAACAAG 

2 01 CTGCAGTTGA ATTAATCACA CTG7\ACGTCT GTVAATCCAAC CGAGGTCTAA 

251 AATACTTAAA GCAAAGAGAT CGATCTAAAA AGTATGAGAG GGGGAGAAAC 

301 GCTAGACGTG TGTGTGTGTG TGTGTGTGTG TGTCTGTGTG GGAGGAGCTC 

351 AGCCGGAAGT GAGAGAGGAG GGATGGACTG AGTGAGACAG AGGAAGGGTT 

4 01 AGTAGGAAAG AAAAAAAACC CAGAGTGTGT GCTCTCAAAG TCTTGCCAGT 

451 TGTCTTCTTT ATGCGTGTGT GTATACGTGT GTGTTTCCAC GGTGATGTCG 

501 GAA 

Fig.4. 5'-UTR and extra 5'-coding region found in ccERL6 in relation to ccERLl. The 
letters on the left refer to the position ofthe nucleotides. The five ATG codons in 5'-UTR 
are single-underlined, which encode 2 aa, 12 aa, 33 aa, 2 aa and 9 aa. The start codon 
ATG for the long (ER) open reading frame is bold and double-underiined, which encodes 
617 aa. 
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# A' 

75 kDa 

Fig. 5. Westemblot of recombinant ccERLl. The coding region of ccER cDN A (see Fig. 
2) was transfected into COS-7 cells in pBK-CMV vector. Control cells received vector 
without insert. Cells transfected with ccER cDNA yielded a single band at an approximate 
molecular weight of 75 kDa. Control cells showed no band. Westem blots were 
performed using at least 6 separate batches of transfected cells, always with the same 
resuhs. In some mns, we mixed prestained molecular weight standards with the 
transfected cell extract to optimize estimates of molecular weight. 
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Fig. 6. Saturation analysis and specificity of ligand-binding of recombinant 
ccERLl. A. Transfected cell extracts were incubated to equilibrium with varying 
concentrations of tritiated E2 in the absence (total binding, TB) or presence (non
specific binding, NSB) of 250-fold excess diethylstilbestrol Specific binding (SB) 
is the difference between TB and NSB and was saturable. A Scatchard plot ofthe 
transformed data (inset) showed a linear distribution confirming the presence of a 
single high-affinity site. Each TB and NSB is the average (± SE) of three 
replicates. The Kd for this one particular analysis was 4.0 ± 0.3 (SE) nM. B. 
Transfected ceH extracts were incubated to equilibrium in the presence of 8 nM 
tritiated E2 with or without 0.5 pM unlabeled competitor. One hundred percent 
inhibition of tritiated E2 binding was defined as the level of displacement obtained 
in the presence of unlabeled E2. Each bar is the mean (± SE) of triplicate 
measurements. Competitors used were E2. diethylstilbestrol(DES), 
ethynylestradiol (EE2), tamoxifen (Tm), estriol (E3), progesterone (P), Cortisol (F), 
testosterone(T), and ethisterone (Eth). 
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Fig. 7. Phylogenetic classification of ccERLl. Phylogenetic analyses of relationships 
based on aa sequence comparisons of up to 659 aa characters (403 of which are 
informative) representing 18 vertebrate ER sequences. The phylogram shows one of two 
most parsimonious BRANCH AND BOUND trees recovered (1630 steps), in which 
branch lengths are proportional to the amount of divergence along a lineage. The two 
trees diflfered only by the position of seabream ER, one depicting seabream as sister to 
medaka (data not shown) and the other as sister to tilapia. The results of bootstrap 
analysis (1000 repHcates) are shown as a number at each node indicating the percent 
recovery for each node during resampling (clades comprised of only one sequence are not 
assigned a number). The tree shown is rooted to the Japanese eel ER NCBI BLAST 
identification numbers for each sequence are: Japanese eel, Gi-2073113; rat beta, Gi-
2632167; mouse beta, Gi-1912468; human beta, Gi-1518263; chicken, Gi-119597; zebra 
finch, Gi-1449146; mouse alpha, Gi-119599; rat alpha, Gi-119600; pig, Gi-2500908; 
sheep, Gi-1617201 (for cDNA); human alpha, Gi-544257; Xenopus laevis. Gi-625330; 
Atiantic salmon, Gi-1706708; rainbow trout, Sp-P16058 (SWISS-PROT); red seabream, 
Gi-2447038; tUapia, Gi-2507414; medaka, Gi-1706707; channel catfish. AF061275 
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CHAPTER IV 

DISCUSSION 

The results of this study demonstrated that there are at least two ER-like proteins 

produced by the liver of immature female channel catfish. Binding analysis of recombinant 

ccERLl expressed in COS-7 cells indicated that it has high-affinity and specificity for 

natural and synthetic estrogens. Tamoxifen, a classical ER antagonist, effectively 

competed with radiolabeled estradiol-17p for binding to the recombinant protein (this 

study) but not to catfish semm (W.L. Gale et al, unpublished), which contains the sex 

steroid-carrier proteins. Other classes of steroidal compounds showed little if any binding 

activity for the recombinant protein. The ligand affinity and specificity ofthe ccERLl are 

similar to those reported for Hver cytosol extracts from immature female catfish (Nimrod 

and Benson, 1997). When combined with the results ofthe sequence analyses (see later 

discussion), these observations clearly established the identity ofthe ccER as a receptor 

for estrogen and a member ofthe nuclear hormone receptor superfamily. The molecular 

weight ofthe recombinant ccERLl on SDS-PAGE (approx. 75 kDa) was higher than its 

deduced weight (63.8 kDa). The reason for this difference is unknown but it could be due 

to post-translational modifications ofthe protein. The ligand binding traits of ccERL6 

were not determined in this study. 

Numerous studies over the last several years have demonstrated the existence of 

ERa variants in mammals (reviewed by Murphy et al, 1997). Most of these variants 

appear to be the resuh of differential spHcing ofthe ERa gene, yielding mRNAs with 
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missing exons. However, at least one ERa variant is derived from genomic rearrangement 

and exon duplication in the E domain (Pink et al, 1996). More recently, a variant for the 

ERp was also identified with an insertion in the E domain (Chu and FuHer, 1997), but 

whether this is due to differential splicing or genomic rearrangement is unknown. 

Although the physiological significance of ER variants is unclear, certain E-domain 

deletion variants of ERa are able to modulate the transactivation activity of wild-type 

receptors in co-transfection assays using in-vitro cell lines (e.g., Inoue et al, 1996; 

Lemieux and Fuqua, 1996). The modulatory effect of these variants may be due to their 

ability to form heterodimers with the wild-type ER (Lemieux and Fuqua, 1996). The 

identification by RT-PCR of a ccER variant, and the identification ofthe ccERL6 from 

cDNA library show that ER variants are not an exclusive phenomenon of mammals. The 

deletion in the ccER variant (identified by RT-PCR) was out of frame in the E domain, 

indicating that if the mRNA is translated by the cells, the resulting protein would be 

missing over half of the ligand-binding domain. As has been suggested for ER variants in 

mammals (see above), the function ofthe two ccER variants may be to modulate the 

activity ofthe wild-type ER. 

The recent identification of a second "type" of ER in mammals, the ERP (Kuiper 

et al, 1996; Mosselman et al, 1996; Tremblay et al, 1997) has prompted reevaluations of 

past physiological models of estrogen action that were based on the assumption of a single 

ER (Kuiper and Gustafsson, 1997; Foegh and RamweH, 1998). (Prior knowledge ofthe 

existence of ER variants, however, had already indicated a complex regulation of ER 

action; see above). The considerable number of full-length ER sequences now available 
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from taxonomically distant vertebrates allows a more comprehensive, phylogenetic 

approach toward understanding ER diversification and function. The results of our 

phylogenetic tree analysis suggest that tetrapod ERa are derived with respect to ERP 

Further, except for eel ER, piscine ER fell within their own clade sister to tetrapod ERa. 

The clear divergence of these piscine ER from ERa seems to justify their classification as 

a distinct ER type. FoHowing current nomenclature, we propose to term these receptors 

ERx- The eel ER was distinct from ERp and was also primitive with respect to ERa and 

ERx- Although it is tempting to postulate that eel ER constitutes the most ancestral ER 

clade, additional eel ER-type sequences are needed in a phylogenetic analysis to clarify this 

issue [a second tilapia ER was recently found that is similar in stmcture to the eel ER (X. 

Chang; pers. comm.)]. Regardless of its relative phylogenetic position, the distinctiveness 

ofthe eel ER clade justifies its classification as a separate ER type, ER5. These 

associations for vertebrate ER were strongly supported by various analytical strategies and 

were in concordance with established phylogenetic relationships. However, refinements of 

the phylogenetic tree are anticipated as more ER sequences become available. 

Using the ccERLl as reference, many ofthe phylogenetically informative 

(variable) aa characters were found in the A/B, D and F domains. Interestingly, the length 

of these domains correlated well with ER classification (A/B; ERa>ERx>ER5>ERp; D: 

ERa>ERx>ER6>ERP; F: ERx>ERa>ER5>ERP) (data not shown). The three conserved 

aa ofthe A/B domain, ccERLl P61, S72 and P73 (equivalent to hER P107, SI 18 and 

P119) are found in the region associated with estrogen-independent transactivation 

activity (AF-1, activation function 1) in mammaHan ER, and phosphorylation of hER SI 18 
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is known to be required for this activity (Kato et al, 1995). Thus. AF-1 activity may be a 

common trait ofthe A/B domain of aH vertebrate ER, and the 3 conserved aa of this 

domain may play an essential role in this activity 

In contrast to the phylogenetically variable domains, phylogenetically conserved 

domains are presumed to contain information that is highly specific to the nature of 

proteins. The ER sequence identities were very high for the C domain and less so for the 

E domain. However, when these domains where aligned with other members ofthe 

nuclear hormone receptor superfamily, we found 8 conserved aa in the E domain and none 

in the C domain. Four ofthe 8 ER-exclusive aa ofthe E domain have been already 

localized within critical regions involved in ER dimerization (ccERLl H482, equivalent to 

human [h]ERH513) (FalweH et al, 1990; Lees et al, 1990), estrogen binding (ccERLl 

G490 and M491, equivalent to hER G521 and M522) (Ekena et al. 1996), or estrogen-

dependent transactivation flinction or the AF-2 region (ccERLl Y506, equivalent to hER 

Y537) (Castoria et al, 1993; Weis et al, 1996; Arnold et al, 1997). The remaining 4 ER-

exclusive aa (ccERLl M326, M357, E388, and D453; equivalent to hER M357, M388, 

E419, and D484) identified in this study may also have critical roles related to the 

estrogenic function of ER that have yet to be defined. For example, ccERLl M326 is near 

an equivalent region in the hER E domain which has been associated with the ability to 

discriminate between androgens and estrogens (Ekena et al, 1998). 
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CHAPTER \ ' 

CONCLUSIONS 

A cDNA fragment ofthe expected size (899 bp) and a smaller fragment (765 bp) 

were amplified from Hver of female channel catfish using RT-PCR. The longer fragment 

corresponded to the wild-type ER, whereas the smaller fragment had a single out-of-frame 

deletion of 134 bp in the region that codes for the E domain ofthe receptor. A cDN.A 

library was constmcted from the Hver of an immamre catfish and screened with the 

homologous, 899 bp ER cDNA fragment. Two positive clones (ccERLl and ccERL6) 

were obtained and sequenced that encoded proteins of 581 aa (63.8 kDa) and 617 aa 

(67.7 kDa). respectively, with high homology to the known ER sequences of vertebrate 

species. These two clones were identical, except ccERL6 had an additional 36 deduced aa 

at 5'-end with an additional 494 bp 5'-UTR, and a 1228 bp deletion in 3 -UTR. Ligand-

binding analysis ofthe ccERLl recombinant protein indicated that it has high affinity and 

specificity for E2. The RT-PCR-derived ER fragment, with a deletion in the E domain, 

and the ccERL6, with a deletion in 3-UTR. suggest that ER splice variants occur not only 

in mammals, but also in other vertebrate species. DetaUed sequence analysis ofthe E 

domain of ER in relation to other members ofthe nuclear hormone receptor superfamih 

indicated the presence of 8 aa that aHgn exclusi\el\ among ER, of which 4 aa ha\ e not 

been previously analyzed. These aa are likely to contain information of importance to 

understand the function and mechanisms ofthe ligand-binding domain. Therefore, the 

results of this study suggest the existence of ER spHce variants in catfish and the 4 ER-



exclusive aa ofthe E domain that have not been functionally studied. It remains to be 

determined what function these ER variants have in the regulation of estrogen action, 

whether the 4 ER-exclusive aa also have critical roles in ER dimerization, estrogen binding 

or estrogen-dependent transactivation. The resuhs of this study will be used for 

estabHshing ceH lines capable of responding to estrogen-like compounds present in the 

aquatic environment, and for studying the role of estrogens in gonadal sex differentiation. 
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