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ABSTRACT

Molecular Mechanisms of C. elegans Intracellular Receptor DAF-12 Action

Yuriy Shostak

Intracellular receptors are transcription factors, commonly regulated by small

lypophilic molecules including hormones, metabolites, drugs and xenobiotics that

function in numerous critical physiological processes, such as development, metabolism,

homeostasis regulation, and aging, in mammals, flys, and worms. In the nematode

Caenorhabditis elegans, intracellular receptor DAF-12 regulates animal development and

aging. In this study, we conducted the first mechanistic characterization of DAF-12

function at the molecular level. We developed a novel method, In Vitro Genomic

Selection, which enabled us, starting from the C. elegans genome, to identify and

characterize DAF-12 DNA binding sites, response elements, and the first target gene.

Furthermore, based on the discovery of the response elements, we began to explore DAF

12 domain function, uncovering a putative transcriptional activation surface, specialized

DNA binding and multiple subcellular localization determinants. This work represents

the first steps in our endeavor to decipher, specifically, how molecular actions of a

transcriptional regulator, such as DAF-12, translate into defined biological outputs, and,

in general, the mechanics of cellular and organismal regulatory networks.

Thesis Advisor: Keith R. Yamamoto, Ph.D.

vi



TABLE OF CONTENTS

ACKNOWLEDGEMENTS iv

ABSTRACT vi

TABLE OF CONTENTS vii

LIST OF TABLES viii

LIST OF FIGURES ix

INTRODUCTION 1

CHAPTER I 10

In Vitro Genomic Selection: From C. elegans DAF-12 Binding Sites to Target

Gene

CHAPTER I, SUPPLEMENTAL INFORMATION: PART I 41

In Vitro Genomic Selection—DAF-12 Response Elements and Target Genes

CHAPTER I, SUPPLEMENTAL INFORMATION: PART II 54

Specificity of DAF-12-Mediated Regulation/D12.82 Response Element

Preference Profiles of C. elegans Intracellular Receptors DAF-12, CHR-3,

NHR25, and SEX-1

CHAPTER II 63

C. elegans Intracellular Receptor DAF-12 Transcriptional Activation Function

CHAPTER III 90

DNA Binding and Subcellular Localization of C. elegans Intracellular Receptor

DAF-12: Overlapping and Unique Surfaces

DISCUSSION 126

REFERENCES 137

vii



LIST OF TABLES

Table 1. In Vitro Genomic Selection: clones position in the C. elegans genome,

identities of the nearby genes or open reading frames, and common

hexamers present in the genomic fragments. 43

viii



LIST OF FIGURES

Figure 1. Intracellular receptors binding sites and response elements. 2

Figure 2. Intracellular receptors functional domains. 4

Figure 3. DAF-12 regulates dauer formation in C. elegans. 7

Figure 4. In Vitro Genomic Selection of C. elegans DNA fragments containing

DAF-1.2 binding sites. 15

Figure 5. Selected C. elegans genomic fragments display DAF-12 response element

activity in yeast. 18

Figure 6. DR5 elements function as DAF-1.2 binding sites and response elements. 20

Figure 7. Multiple DAF-1.2 binding half sites contribute to overall response element

activity from the selected C. elegans genomic fragments. 24

Figure 8. Multiple DAF-1.2 binding half sites contribute to overall response element

activity from D12.63 C. elegans genomic fragments. 26

Figure 9. DAF-12 regulates LIT-1 gene expression in C. elegans. 29

Figure 10. Genomic organization of lit-1 locus. 46

Figure 11. Specificity of DAF-12-Mediated Regulation. 56

Figure 12. NHR-25 response element preference profile within D12.82 C. elegans

genomic fragment. 58

Figure 13. SEX-1 response element preference profile within D12.82 C. elegans

genomic fragment. 60

Figure 14. Transcriptional activity of DAF-12 genetic mutants in yeast. 69

Figure 15. Nuclear localization does not increase full length DAF-12's

transcriptional activity in yeast. 72

ix



Figure 16.

Figure 17.

Figure 18.

Figure 19.

Figure 20.

Figure 21.

Figure 22.

Figure 23.

Figure 24.

Figure 25.

Figure 26.

DAF-12 transcriptional activation function maps to the extended ‘hinge’

region.

DAF-12 internal deletions map minimally required transcriptional

activation function regions.

DAF-12 “hinge’ region transcriptional activation function serves as a

heterologous activation domain in yeast.

DAF-1.2 minimal transcriptional activation function region, amino acids

445 to 464, is predicted to form an alpha-helix.

A quadruple point mutation in the amphipathic helix within the ‘hinge’

region dramatically reduces LBD-truncated DAF-12's transcriptional

activity in yeast.

DAF-12 genetic loss of function DBD mutants are transcriptionally

inactive.

Arginine 197 is required for DAF-12 transcriptional activity.

Arginine 197 is required for high affinity binding of DAF-12 DBD to its

DR5 response element.

Arginine 197 does not affect DAF-12 subcellular localization in yeast.

DAF-12 DNA binding domain C-terminal extension is required for

nuclear localization in yeast and mammalian cell independently of

arginine 197.

DAF-12 contains multiple nuclear localization sequences located in the

N-terminal, DBD C-terminal extension, and “hinge’ regions of the

protein.

74

77

79

81

82

97

99

101

103

105

109



Figure 27.

Figure 28.

Figure 29.

Figure 30.

Figure 31.

Figure 32.

C-terminal region of DAF-12 ligand binding domain counteracts nuclear

localization function of LBD and “hinge’ NLSs.

DAF-12 DNA binding and subcellular localization overlapping and

unique surfaces.

In Vitro Genomic Selection: Identification and characterization of DAF

12 binding sites, response elements, target gene, and protein structure/

function studies.

DAF-1.2 binding sites and response elements.

DAF-12 functional domains.

DAF-12 “hinge’ proline-rich region shares sequence homology to C.

elegans DAF-3 Smad, human SUPT5H/DSIF pl60 (Spts homolog), and

mouse HNF1-beta transcription factors.

112

117

127

128

132

134

xi



INTRODUCTION

Intracellular receptors (IRs) are transcription factors commonly regulated by

small lypophilic molecules including hormones, metabolites, drugs and xenobiotics that

bind to hormone response elements, and modulate transcription of their target genes

(Chawla et al., 2001; Mangelsdorf et al., 1995; Tsai and O'Malley, 1994; Yamamoto,

1995; Yamamoto et al., 1992). IRS comprise a large gene family with 48 receptors found

in the human genome (Chawla et al., 2001; Maglich et al., 2001), 21 in Drosophila

melanogaster (Rubin et al., 2000), and 270 in C. elegans (Sluder and Maina, 2001).

Intracellular receptors, such as mammalian steroid, thyroid/retinoid, and orphan

members of the superfamily, regulate their target gene expression, commonly, through

direct interaction of the receptors’ highly conserved DNA binding domain (DBD) with

the cognate DNA response elements. IR DNA binding sites commonly consist of two

variously-spaced hexamers arranged as direct or inverted repeats, or a single hexamer,

depending on the specific receptor homo-, hetero, or monomeric mode of action

(Rastinejad, 1998). Steroid receptors, such as the androgen receptor (AR), glucocorticoid

receptor (GR), mineralocorticoid receptor (MR), and progesterone receptor (PR), bind to

the consensus AGAACA-based inverted repeat (IR3 - Figure 1); estrogen receptor (ER)

recognizes AGGTCA-based IR3 site. AGGTCA is also the consensus binding site for

monomeric orphan receptors, such as NGFI-B, and the half site for homo- and

heterodimeric receptors including retinoid X receptor (RXR), retinoid acid receptor

(RAR), vitamin D receptor (VDR), thyroid hormone receptor (TR), peroxisomal



|R3: AGAACAnnnTGTTCT AR, GR, MR, PR
AGGTCAnnnTGACCT - ER

DR1: AGGTCAnAGGTCA
DR2: AGGTCAnnAGGTCA

DR3: AGGTCAnnn/AGGTCA RXR-VDR

DR4: AGGTCAnnnnAGGTCA - RXR-TR
DR5:AGGTCAnnnnnAGGTCA - RXR-RAR

RXR-RXR, RXR-RAR, RXR-PPAR
RXR-RAR, Reverb

Figure 1. Intracellular receptors binding sites and response elements. IR3 – inverted

repeats (palindromic) with 3 bases spacing between the half sites. DR1-5 – direct repeats

with spacing between half sites from 1 to 5 bases. Indicated are corresponding

intracellular receptors’ homo- and heterodimers (Rastinejad, 1998).



proliferator-activated receptor (PPAR), and Reverb, arranged as variably-spaced direct

repeats (Figure 1).

The hallmark of the IR superfamily, the receptors’ “core” DBD is a centrally or

N-terminally located 66-amino acid region (Figure 2) in which the overall fold is

determined by two zinc ions coordinating eight cysteine residues to form two “zinc

finger”-like structures with two perpendicular amphipathic alpha-helixes. The first zinc

finger alpha-helix hydrophilic surface serves as a DNA response element recognition

element by interactions with the DNA major groove; other DNA binding and receptor

dimerization determinants are distributed throughout the zinc finger structure (Freedman

et al., 1988; Luisi et al., 1991; Meinke and Sigler, 1999; Rastinejad, 1998; Rastinejad et

al., 1995; Rastinejad et al., 2000; Zhao et al., 2000; Zhao et al., 1998). In addition to the

core DNA binding domain, the DBD C-terminal extension (CTE)—a variable region just

downstream of the core—has been implicated in DNA response element recognition and

discrimination and subunit dimerization in homo- and heterodimeric IRS (Meinke and

Sigler, 1999; Melvin et al., 2002; Rastinejad, 1998; Rastinejad et al., 1995;

Schoenmakers et al., 1999; Verrijdt et al., 2002; Wilson et al., 1992; Zhao et al., 1998).

In mammalian intracellular receptors, several activation functions mediate IRS

transcriptional activity: an autonomous activation function-1 (AF-1) is located in the N

terminus of IRs (Almlof et al., 1997; Godowski et al., 1987; Hollenberg and Evans, 1988;

Iniguez-Lluhi et al., 1997); a ligand-dependent activation function-2 (AF-2) localizes to

the ligand biding domain (LBD), specifically to helix 12, of the receptors (Danielian et

al., 1992; Darimont et al., 1998; Hollenberg and Evans, 1988; Shiau et al., 1998; Tora et

al., 1989), and a third activation function (referred to as tau2 or AF-2a) was described in



CTE

tau2 LBD Rºle

Figure 2. Intracellular receptors functional domains.



several IRs and is located between the receptors' DNA binding domain (DBD) and the

LBD (Hollenberg and Evans, 1988; Miesfeld et al., 1987; Norris et al., 1997; Tang et al.,

1998) (Figure 2). A large number of studies identified co-factors that interact with AF-1

and AF-2 “surfaces’, including general transcription factors, p160 family members,

DRIP/TRAP complex components, and other proteins, mediating transcriptional

regulation by intracellular receptors (Bagchi, 1998; Darimont et al., 1998; Hittelman et

al., 1999; Hong et al., 1997; Kamei et al., 1996; Onate et al., 1995; Rachez et al., 1999;

Shiau et al., 1998; Smith et al., 1996; Voegel et al., 1996; Yuan et al., 1998).

A C-terminally located ligand binding domain of IRs (Figure 2) is comprised,

primarily, of 12 alpha-helixes which form the LBD fold structure, a hydrophobic

pocket—the ligand binding site, and surfaces for co-factor interactions, such as molecular

chaperones, transcriptional co-activators and co-repressors (Bledsoe et al., 2002;

Brzozowski et al., 1997; Chen and Evans, 1995; Collingwood et al., 1998; Darimont et

al., 1998; Egea et al., 2000; Hong et al., 1997; Horlein et al., 1995; Hu and Lazar, 1999;

Kamei et al., 1996; Muller et al., 1996; Nagy et al., 1999; Onate et al., 1995; Picard,

1998; Rachez et al., 1999; Shiau et al., 1998; Smith et al., 1996; Voegel et al., 1996;

Wagner et al., 1995; Williams and Sigler, 1998; Xu et al., 2002; Yuan et al., 1998).

IRs’ subcellular localization is determined by the receptor type and the

availability of a cognate ligand and is mediated, at least in part, through nuclear

localization and nuclear export sequences (NLS and NES, respectively). For several

intracellular receptors, including GR, ER, PR, TR, AR, NGFI-B, and others, NLS were

found to be located in the C-terminal DBD extension (Katagiri et al., 2000; LaCasse et

al., 1993; Picard et al., 1990; Picard and Yamamoto, 1987; Poukka et al., 2000; Ylikomi



et al., 1992), ligand biding domain (LBD), and DBD (the number and location of NLSs

varies in specific receptors); IRs’ NESs were also found in LBD and DBD regions (Black

et al., 2001; Holaska et al., 2002; Katagiri et al., 2000).

In C. elegans, perhaps the most genetically characterized member of the large 270

member family is the intracellular receptor DAF-12. During C. elegans lifecycle

progression, intracellular receptor DAF-12 (Antebi et al., 2000; Snow and Larsen, 2000)

functions as a global developmental regulator with at least three broad phenotypic effects.

First, in response to unfavorable environmental conditions, including lack of food,

overcrowding, and elevated temperature, DAF-12 is required for dauer formation (Figure

3A), an alternative hibernation-like C. elegans larval developmental stage (Larsen et al.,

1995). Second, under favorable conditions, DAF-12 functions as a heterochronic gene to

regulate C. elegans developmental age (Antebi et al., 1998). Finally, DAF-12 affects C.

elegans life span (Antebi et al., 1998; Antebi et al., 2000; Gems et al., 1998; Hsin and

Kenyon, 1999; Larsen et al., 1995; Snow and Larsen, 2000).

Multiple alleles of daf-12 with distinct protein sequence alterations partially

uncouple its phenotypic effects as a dauer and heterochronic regulator (Antebi et al.,

2000). Loss of function, dauer defective, mutations cluster predominantly in DAF-12

core DNA binding domain. Mutations in or near the receptor's LBD lead to a variety of

phenotypes: from dauer defective with no or mild other developmental defects to dauer

defective or even dauer constitutive (animals enter dauer stage under normal conditions)

with severe developmental phenotypes.
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egg->L1 2" N
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cGMP Signaling
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Figure 3. DAF-12 regulates dauer formation in C. elegans. (A) C. elegans life cycle: L1

L4 – larval stages; L2d – pre-dauer larva. (B) Dauer regulatory genetic pathway (Ailion

and Thomas, 2000). cQMP and TGF-beta signaling mediates dauer pheromone response

and converge with insulin/IGF-1 signaling on DAF-12 to regulate dauer formation. Genes

regulating dauer formation (daf genes) are grouped by dauer-defective (Daf-d) or dauer

constitutive (Daf-c) mutant phenotypes.
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Genetic analyses place DAF-12, as dauer regulator, at the convergence of TGF-É,

cGMP, and insulin/IGF-I-like signal transduction pathways (Ailion and Thomas, 2000;

Riddle and Albert, 1997) (Figure 3B). However, the downstream effectors and the

molecular basis for the receptor's multiple physiological outputs are unknown. Despite

the extensive and detailed genetic and developmental studies that led to DAF-12 cloning

and characterization of its biological function, molecular mechanisms of DAF-12 action

had been undefined.

Here, we conducted the first mechanistic characterization of DAF-12 function at

the molecular level. In this study, we developed an approach in which, starting with the

C. elegans genome, we could search biochemically for C. elegans genomic fragments

that contain DAF-1.2 binding sites, identify the sites, test their activities as response

elements, and identify a DAF-12 target gene. With the response elements in hand, we

then investigated the contribution of DAF-12 domain structure to the receptor's

transcriptional activation potential, searched for specific activation determinants, and

examined the effects of DAF-12 genetic mutations on its transcriptional regulatory

properties, DNA binding ability, and subcellular localization.

As C. elegans encodes 270 intracellular receptor genes, it will likely prove

illuminating to determine the roles for this exceptionally large cohort of regulators.

Furthermore, it may prove possible in C. elegans, with its sequenced genome, defined

cell lineage, powerful genetics, and other experimental advantages, to describe the

complete regulatory network for a metazoan transcriptional signal transducer such as

DAF-12; a full appraisal of the “physiological spectrum” of a regulator would enrich our
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Abstract

Intracellular receptor DAF-12 regulates dauer formation and developmental age,

and affects Caenorhabditis elegans life span. Genetic analyses place DAF-12 at the

convergence of several signal transduction pathways; however, the downstream effectors

and the molecular basis for the receptor's multiple physiological outputs are unknown.

Here, using In Vitro Genomic Selection, we identified C. elegans genomic DNA

fragments bearing DAF-1.2 binding sites. These genomic fragments mediated DAF-12

dependent transcriptional regulation both in Saccharomyces cerevisiae and in C. elegans;

that is, they served as functional DAF-12 response elements. One of the fragments

isolated by genomic selection mapped to an intron in the LIT-1 kinase gene. In C.

elegans, we found that DAF-12, from its binding sites within that fragment, activated or

repressed LIT-1 transgene expression in a cell- and stage-specific manner. Thus, In Vitro

Genomic Selection identified DNA binding sites for DAF-12 corresponding to a response

element that modulates a DAF-12 target gene.

11



Introduction

During C. elegans lifecycle progression, intracellular receptor DAF-12 (Antebi et

al., 2000; Snow and Larsen, 2000) functions as a global developmental regulator with at

least three broad phenotypic effects. First, in response to unfavorable environmental

conditions, including lack of food, overcrowding, and elevated temperature, DAF-12 is

required for dauer formation, an alternative C. elegans developmental stage (Larsen et al.,

1995). Second, under favorable conditions, DAF-12 functions as a heterochronic gene to

regulate C. elegans developmental age (Antebi et al., 1998). Finally, DAF-12 affects C.

elegans life span (Gems et al., 1998; Hsin and Kenyon, 1999; Larsen et al., 1995).

Multiple alleles of daf-12 with distinct protein sequence alterations partially

uncouple its phenotypic effects as a dauer and heterochronic regulator (Antebi et al.,

2000). Genetic analyses place DAF-12, as dauer regulator, at the convergence of TGF-3,

cGMP, and insulin/IGF-I-like signal transduction pathways (Riddle and Albert, 1997).

However, the downstream effectors and the molecular basis for the receptor's multiple

physiological outputs are unknown.

Intracellular receptors (IRs) are transcriptional regulatory factors that bind to

hormone response elements, and modulate transcription of their target genes

(Mangelsdorf et al., 1995; Tsai and O'Malley, 1994; Yamamoto, 1995; Yamamoto et al.,

1992). As intracellular receptors are DNA binding proteins, it is possible in principle to

use random selection and amplification methodologies (Blackwell and Weintraub, 1990)

to identify minimal, high affinity binding sites for factors such as DAF-12. However,

such binding sequences would not necessarily represent bona fide response elements, nor

would they provide information about the genes that are under the control of these

12



factors. In this study, we developed an approach in which, starting with the C. elegans

genome, we could search biochemically for genomic fragments that contain DAF-12

binding sites, identify the sites, test their activities as response elements, and identify a

DAF-12 target gene.

13



Results

In Vitro Genomic Selection

As a step toward understanding the molecular biology of DAF-12 function, we identified

specific DNA sites in the C. elegans genome bound by the protein in vitro. Drawing on

concepts of exponential enrichment methodology (Blackwell and Weintraub, 1990;

Ellington and Szostak, 1990; Shtatland et al., 2000; Tuerk and Gold, 1990), we developed

an in vitro selection and amplification method, In Vitro Genomic Selection, in which

immobilized recombinant DAF-12 DNA binding domain (DAF-12 DBD) was used to

screen restriction fragments from total C. elegans genomic DNA. Four rounds of

selection and PCR amplification (Figure 4A-E) yielded 40 genomic DNA fragments that

selectively bound to DAF-12; 23 of these were unique. Three of the 23 unique fragments

denoted D12.63, D12.82, and D12.88 were over-represented (recovered 4, 7, and 6 times,

respectively); one fragment was recovered three times, three fragments were recovered

twice.

Sequence analysis (Figure 4F) revealed that fragments D12.63, D12.82, and

D12.88 each contained multiple hexamers closely related to AGTTCA, which is similar

to the consensus ‘binding half-site’ for the vitamin D receptor (Freedman et al., 1994),

and AGTGCA, a “binding half-site' for DHR96 (Fisk and Thummel, 1995), the

mammalian and Drosophila melanogaster IRs whose DBDs are most similar to that of

DAF-12. Moreover, some of the hexamers on D12.63 and D12.82 were arranged as direct

repeats separated by five base pairs (DR5 elements). IR DNA binding sites commonly

consist of two variously-spaced hexamers arranged as direct or inverted repeats, or a

single hexamer, depending on the specific receptor (Rastinejad, 1998). Interestingly, 20

14



A Sau3A digested C. elegans B 1st PCR C 2nd PCR D 3rd PCR E 4th PCR

* DNA M oligo [pmole] M
- - --- - .1 1 1 .1.1 1 1 1 - - 1 1 Template (ul) Template (ul) Template (ul)Bind to immobilized DAF-12 DBD WWE = w w E E we . . .”.” 1.1.01 - M M 1.1.01 - M

Wash |
Elute

|
Oligo ligation

PCR amplification

3 additional rounds of
selection/amplification - - - - - - + + + +primer

1 2 3 4 5 6 7 8 9 10 11 12 1314

1 2 3 4 5 6 7 1 2 3 4 5 1 2 3 4 5 6

Subcloning/sequencing/analysis

5' gatcggtotgccgtatoaagta/AGTACAagcgatttgtaaaaaGTGCAaaacataggaacaaaaGTTCAgaataAGGACAgaagacgtg
cgaaaggaggttgaaaccgtggcaaaaccacgctacagtaatcctagoaacatgctgatc 3'

D12.63

5' gatcaaacttaa/AGGACAtccacacacagotgagagcaccactcgaaagaggcagagagcgtgagaaactgagagaGTGCGtgctoagaga
D12.82 taaGGACAcaaaaaGTGCAacacgcattaaaaaaaGGACAtcaagaccotggtgcgcacaagcacatagtgacggcaaaaaGTGCGag

tataggtogaactaaataccagtgtgatc 3'

5 gatcAGTGCAactaaaattggtoAGTGCAactgcaactggtoAGTGCAactgcaactggtoAGTGCAactaaaattggtoAGTGCAact
D12.88 goaactggtoAGTGCAactaattttggtoAGTGCAactacaagtggtoAGTGCAaatgcaagtgatc 3'

Figure 4. In Vitro Genomic Selection of C. elegans DNA fragments containing DAF-12

binding sites. (A) Flow chart of the In Vitro Genomic Selection method employed to

isolate C. elegans genomic fragments containing DAF-1.2 binding sites. (B-E) PCR

amplification of the genomic fragments after each selection round. After each PCR, DNA

mixture was subjected to the next round of selection. DNA ladder markers (M) are in

lanes 1,14 in (B); 6,7 in (C); 5 in (D); 1,6 in (E). Specifically: (B) 1* PCR. Prior to the 1"

PCR, NotiSau3A oligonucleotides (1 or 0.1 pmol) were ligated to either elution (E), lanes

4,5,8,9, or 0.5 M salt wash (W), lanes 2,3,6,7, fractions from the 1* selection round. DNA

mixture amplified with 0.1 pmol of the oligo ligated to the elution fraction (lane 5) was

■
:

.
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used for subsequent selection round. Lanes 6-9 represent PCR reactions without primer

added. In lanes 10-11, PCR was performed with the wash (W) or elution (E) fraction

without Not|Sau3A oligonucleotides ligated. Lanes 12-13 show PCR with just

Not|Sau3A oligonucleotides as templates. Lanes 6-13 represent control PCR reactions.

(C) 2" PCR. Various amounts of template DNA from the 2" selection round were

amplified. DNA amplified from 1 pull template (lane 2) was used for the next round of

selection. (D) 3" PCR. As in (C), amplified mixture from 0.1 plbemplate (lane 2) was

used for the 4" selection round. (E) 4" PCR. Similar to (C) and (D), mixture amplified

with 1 HL template (lane 2) was used for the subcloning step of the Genomic Selection.

The appearance of discreet banding pattern (lanes 2-3) might suggest preferential

amplification of several distinct genomic fragments. (F) Sequences of three C. elegans

genomic fragments, D12.63, D12.82, and D12.88, isolated from the In Vitro Genomic

Selection. These fragments were over-represented in the population after four rounds of

selection/amplification. Capitalized and underlined are putative DAF-1.2 binding half

sites; gray boxes mark putative half sites arranged as DR5 elements in fragments D12.63

and D12.82.

16



of the 23 unique C. elegans genomic fragments also contained AGTTCA-related

hexanners, and 11 contained DR5 elements. These findings suggested that the common

hexamers and DR5 elements in the isolated C. elegans genomic fragments might

correspond to DAF-1.2 binding sites.

Selected C. elegans genomic fragments display DAF-12 response element activity in

Jyeasr

Before proceeding to direct binding studies, we carried out a functional assay in S.

cerevisiae to determine if the C. elegans DNA fragments isolated by In Vitro Genomic

Selection conferred DAF-12 response element activity. Yeast has been useful as a

simplified physiological setting for cellular and genetic studies of mammalian IR

activities (Schena and Yamamoto, 1988). We found that full-length DAF-12 weakly

*tivated transcription from yeast promoter-reporter constructs bearing linked D12.63 or

D 12.82 sequences, but displayed no activation from the D12.88 sequence (Figure 5A-C).

Such weak activity in yeast might be expected if DAF-12 action in C. elegans is normally

*Pendent on binding by a hormonal ligand. For example, the mammalian glucocorticoid

ancil androgen receptors are virtually inactive in the absence of their cognate ligands;

"nterestingly, however, derivatives of these receptors lacking their C-terminal ligand

binding domains (LBD) behave as constitutive transcriptional activators (Godowski et al.,

19 S7; Rundlett et al., 1990). Correspondingly, we found that a truncated DAF-12 lacking

its putative LBD, DAF-12 N500, activated transcription robustly from all three reporter

Sonstructs (Figure 5D-F); as a control, the DAF-12 DBD alone was inactive. Thus, these

Sºx periments demonstrate that the D12.63, D12.82, and D12.88 fragments can serve as
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Figure 5. Selected C. elegans genomic fragments display DAF-12 response element

activity in yeast. Full length DAF-12 displays little activity (A-C), whereas robust

transcriptional activation is conferred by the putative LBD-truncated DAF-12 N500 (D-

F) in yeast from D12.63 (A, D), D12.82 (B, E), and D12.88 fragments (C, F). DAF-12

DBD was used as a control (c) in (A-F). – or + indicates absence or presence of DAF-12,

respectively.
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DAF-12 response elements in yeast, and furthermore imply that DAF-12 function may be

ligand dependent.

DR5 elements function as DAF-12 binding sites and response elements

We then tested whether DR5 elements from the isolated C. elegans genomic fragments

were DAF-1.2 binding sites by conducting in vitro binding experiments using

fluorescence anisotropy. DAF-12 bound with high affinity to an oligonucleotide bearing

the DR5 sequence from D12.82 (DR5gt, Figure 6A). As DR5gt contained two distinct

hexamers (AGGACA and AGTGCA), we wished to investigate the relative affinities of

the two hexameric sequences. A synthetic DR5 element bearing two AGTGCA hexamers

(DR5tt) bound to DAF-12 with a higher affinity than the natural DR5gt element (Figure

6A), suggesting that AGTGCA serves as a high affinity binding half site for DAF-12.

We conducted in vitro binding competition experiments to address the specificity

and relative affinities of DAF-1.2 binding to various DR5 elements found in the isolated

C. elegans genomic fragments (Figure 6B). Mutations in either or both of the hexamers in

the DR5 elements (m2, m3 and m4, Figure 6C) yielded fragments that were

compromised, relative to wild type, in their competition with DR5gt (Figure 6B); as

expected, mutations in the AGTGCA half site had a substantially stronger effect than did

those in the AGGACA half site. In contrast, DR5gt derivatives bearing the AGGACA

half site together with a hexamer from either D12.82 or D12.63 (AGTGCG and

AGTTCA—m5 and mó, respectively) competed well with DR5gt, albeit somewhat less

efficiently than wild type. We conclude that DAF-1.2 binds specifically to the DR5gt

gº.”
**** ****
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Figure 6. DR5 elements function as DAF-1.2 binding sites and response elements. (A)

Binding of GST-DAF-12 DBD to fluorescein-labeled double-stranded oligonucleotides

carrying the DR5gt element (10 nM) from D12.82 or its derivative, DR5tt, was measured

by fluorescence anisotropy. Protein concentrations shown assume GST-DAF-12 DBD

homodimer. Apparent Kd’s were calculated from curve fits. (B) Binding of 15 nM of

GST-DAF 12 DBD to 1 nM of DR5gt was competed in vitro with various mutated DR5s

and monitored by fluorescence anisotropy. Apparent Kd’s were determined as in (A); for
20



DR5 m2 and m3, apparent Kd’s could not be determined precisely. (C) Sequences of DR5

elements used in the in vitro binding and competition experiments (A and B) and

transcriptional activity assay (D). (D) Transcriptional activity of DAF-12 N500 from wild

type and mutated DR5s in yeast.
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sequence, and that the related hexameric sequences were also DAF-1.2 binding half sites,

although of a lower affinity than AGTGCA.

With these in vitro binding results in hand, we next determined whether the DR5

bearing oligonucleotides were sufficient to mediate DAF-12 dependent transcriptional

activation in yeast. As shown in Figure 6D, a single DR5gt sequence was indeed

competent to mediate a DAF-12 response. Furthermore, mutant elements with decreased

DAF-1.2 binding affinity (Figure 6B) displayed little or no transcriptional activity in the

yeast reporter assay (Figure 6D), whereas mutations outside the DAF-12 recognition

sequences (DR5 m0) did not affect transcriptional activity. Finally, full transcriptional

activation appeared to favor the five base pair spacing between half sites, as increasing

the spacing to seven bases (DR5 +sp2) reduced the activity (Figure 6D). These results, in

combination with the binding studies and the modest activity conferred by D12.88, which

lacks DR5 elements (compare Figure 5D-F), suggest that DAF-12 likely functions as a

dimer, perhaps analogous to steroid receptors. However, the sequence differences in the

half sites of the DAF-12 DR5 elements may imply that DAF-12 can heterodimerize with

other C. elegans intracellular receptors.

We carried out several experiments to assess the specificity of DAF-12-mediated

regulation. For example, we found that two other C. elegans intracellular receptors,

CHR3 (Kostrouchova et al., 1998) and NHR-25 (Gissendanner and Sluder, 2000), failed

to activate transcription from the DR5gt DAF-12 response element, whereas DAF-12 was

inactive at response elements specific to CHR3 or NHR-25; DAF-12 also failed to

activate transcription from a response element that is functional for vertebrate

intracellular receptors, containing—consensus AGGTCA half sites (data not shown).
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Furthermore, transcriptional activation from D12.82 required functional DAF-12, as a

DAF-12 DNA binding domain mutant (Antebi et al., 2000) that is inactive in C. elegans

was similarly devoid of activity in the yeast reporter assay (data not shown). Thus,

although we anticipate that further study will reveal context effects that complicate this

picture, as with mammalian regulatory factors and response elements (Yamamoto et al.,

1998), it is apparent that DAF-12 action is selective and response element-specific.

Multiple DAF-12 binding half sites contribute to overall response element activity from

the selected C. elegans genomic fragments

We determined whether the half sites within D12.82 that are not in the DR5 configuration

(see Figure 4F) contribute to the overall regulatory activity of the fragment, or are instead

inert. We found that mutations of “solo' half sites (Figure 7A) within D12.82 decreased

DAF-12-mediated activation in yeast, and that mutations in combinations of half sites

greatly decreased or abolished response element activity (Figure 7B-D). Double and

triple mutations within AGGACA half sites (m61, m31, m31; Figure 7D) had less

pronounced effects than did double mutants within the AGTGCA and AGTGCG

elements (m.1, m21, m31), consistent with our in vitro binding competition assays.

Similar results were obtained with the D12.63 fragment (Figure 8B). We conclude that

D12.82 and D12.63 carry composite response elements each bearing multiple functional

hexameric DAF-1.2 binding sites. Such complex organization seems to be characteristic

of many normal genomic enhancers (Huang et al., 1999; Payvar et al., 1982); however, it

is also likely that In Vitro Genomic Selection biases toward recovery of DNA fragments

Carrying multiple binding sites for the selecting protein.
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Figure 7. Multiple DAF-1.2 binding half sites contribute to overall response element

activity from the selected C. elegans genomic fragments. (A) Schematic representation of

the 207 bp D12.82 fragment with DAF-1.2 binding site nomenclature and sequences. m.11

represents DR5gt element consisting of m()1 and ml half sites. Mutations of the half sites

were generated by converting positions 2 and 5 of the hexamers to T:A base pairs as

indicated. Wild type and mutant fragments were subcloned into a yeast vector upstream

of a minimal CYC1 promoter driving Lacz expression. (B-D) Transcriptional activity of

DAF-12 N500 from D12.82, wild type or mutant reporter constructs, was assayed in

yeast. Each panel represents independent experiments where activities among three
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experiments were not normalized, thus resulting in variation in absolute activity. - or +

indicates absence or presence of DAF-12 N500, respectively. Contributions of half sites

m1, m31, and site ml 1 in (B), half sites m1, m21, and site m 11 in (C), and half sites m01,

m41, and m31 in (D), independently or in combination, were assessed. In (D) mo carried

a point mutation outside the DAF-1.2 binding sites.

25



m21 m11

[
AGTACA AGTGCA AGTTCAnsAGGACA

T T T T T T

3500

; 23 5O OO OO
7, 2000
º

1500

1000i
500

O
DAF-12

N500

D12.63 wi |m|mal■ ,
-

*|- *|- *|- +

Figure 8. Multiple DAF-12 binding half sites contribute to overall response element

activity from D12.63 C. elegans genomic fragments. (A) Schematic representation of the

149 bp D12.63 fragment with DAF-1.2 binding site nomenclature and sequences. m.11

represents DR5tg element. Mutations of the half sites were generated by converting

positions 2 and 5 of the hexamers to T:A base pairs as indicated. Wild type and mutant

fragments were subcloned into a yeast vector upstream of a minimal CYC1 promoter
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driving Lacz expression. (B) Transcriptional activity of DAF-12 N500 from D12.63,

wild type or mutant reporter constructs, was assayed in yeast. - or + indicates absence or

presence of DAF-12 N500, respectively. Contributions of half sites m21 and site ml 1,

independently or in combination, were assessed.
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DAF-12 regulates LIT-1 gene expression in C. elegans

We next tested whether DAF-12 could activate transcription in C. elegans from a GFP

reporter gene linked to D12.82. As seen in Figure 9A, the microinjected reporter was

strongly expressed in the larval and adult pharynx of wild type N2 C. elegans, whereas

expression was dramatically reduced in an isogenic strain (rhó1rh412) carrying mutant

daf-12 (Figure 9C). Furthermore, injection of a reporter bearing the D12.82 m 11 m31

mutant element into N2 C. elegans yielded little GFP expression (Figure 9B). Thus, a C.

elegans genomic DNA fragment bound specifically by DAF-12 in vitro displayed DAF

12 response element activity in vivo both in yeast and C. elegans. Moreover, DAF-12

activated transcription from the D12.82 sequences was tissue specific in C. elegans.

Within the C. elegans genome, the D12.63 fragment overlaps an intron and

predicted coding segment of open reading frame (ORF) ZC404.1, the D12.88 fragment is

positioned in the 1.5 kb genomic repeat region of ORF T07H6.5, and the D12.82

fragment resides in an intron of the LIT-1 kinase gene. As LIT-1 is the only

characterized gene from this set, and as there are no other open reading frames within 8

kb of the D12.82 fragment, we carried out a preliminary analysis of LIT-1 expression. To

assess whether DAF-12 regulates LIT-1 gene expression via D12.82 in C. elegans, we

constructed and microinjected LIT-1-GFP in-frame fusion constructs, containing 2 kb of

upstream DNA and the first 2 kb of the LIT-1 transcription unit. LIT-1-GFP expression

was observed in various tissues and developmental stages in N2 animals, notably in larval

and adult pharynx (Figure 9D); pharyngeal LIT-1 expression has been also observed by J.

Gaudet and S. E. Mango (personal communication; (Gaudet and Mango, 2002)).

Pharyngeal expression was abrogated in constructs bearing the D12.82 m 11 m31
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Figure 9. DAF-12 regulates LIT-1 gene expression in C. elegans. In (A-C), the wild type

or m 11 m31 mutant D12.82 fragment was subcloned upstream of a minimal pes-10

promoter driving GFP expression and microinjected into wild type or daf-12 mutant

rhó1rh412 C. elegans. (A) GFP expression in the pharynx (arrows) in N2 worms with

wild type D12.82. (B) Absence of GFP pharyngeal expression in N2 worms injected with

the D12.82 m.11 m31 mutant reporter. 100% of animals exhibited the effect. (C) Reduced
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GFP expression in daf-12 mutant worms (arrows) injected with wild type D12.82

fragment. In three out of four independent injections, more than 90% of animals

exhibited the effect; in one injection, 50% had the reduction. (D-L) A 4 kb LIT-1

genomic segment with the transcription start site at its midpoint, and bearing either the

wild type or m 11 m31 D12.82 segment in its first intron, was fused in frame to GFP and

microinjected into wild type or daf-12 mutant rhó1rh412 C. elegans. (D-F) LIT-1-GFP

expression in pharynx (arrows) with wild type or m 11 m31 D12.82 constructs in L4 N2

worms, or with wild type D12.82 constructs in daf-12 mutant worms, respectively. In (E)

100% of animals had no pharyngeal GFP expression; in (F) more than 90% of animals

had reduced GFP expression in pharynx. (G) Low levels of LIT-1-GFP expression from

D12.82 construct in seam cells of L4 N2 animals (arrow); GFP expression in embryos

served as positive control. (H and I) Elevated LIT-1-GFP expression in seam cells

(arrows) with m11 m31 D12.82 constructs in L4 N2 worms, or with wild type D12.82

constructs in daf-12 mutant worms, respectively. Five times more animals than in (G) had

elevated expression. (J) Low levels of LIT-1-GFP expression from D12.82 construct in

vulva cells (arrow) of L4 N2 animal. (K and L) Elevated LIT-1-GFP expression in vulva

cells (arrows) with m 11 m31 D12.82 constructs in L4 N2 worms, or with wild type

D12.82 constructs in daf-12 mutant worms, respectively. Five times more animals than in

(J) had elevated expression. In (A-L), at least 50 animals per each panel were examined.

In (A-F) and (J-L), the images were taken at 1000x magnification; in (G-I), the images

Were taken at 400x magnification.
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mutations (Figure 9E). Correspondingly, wild type LIT-1-GFP expression was greatly

diminished in daf-12 mutant worms (rhó1rh412, Figure 9F). We conclude that DAF-12

binds to a DR5 element within D12.82 and activates LIT-1 gene expression in the C.

elegans pharynx.

Strikingly, the LIT-1-GFP construct with the D12.82 m 11 m31 mutant response

element produced increased GFP expression in seam and vulva cells at the larval stage 4

(L4) in wild type animals (Figure 9H, K), compared to the wild type D12.82 construct

(Figure 9G, J). We also observed elevated expression when the wild type LIT-1-GFP

construct was microinjected into the daf-12 (rhó1rh412) mutant strain (Figure 91, L).

These findings imply that DAF-1.2 may repress LIT-1 expression in seam and vulva cell

in L4 animals. Finally, we observed LIT-1 expression in embryos (Figure 9G), consistent

with previous reports (Kaletta et al., 1997; Meneghini et al., 1999; Rocheleau et al.,

1999); interestingly, this expression appeared not to be influenced by DAF-12 (data not

shown), suggesting that additional factors also contribute to the regulation of LIT-1

expression.
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Discussion

In this study, we conducted the first mechanistic characterization of DAF-12 function at

the molecular level. Our In Vitro Genomic Selection method enabled us to isolate from

the whole C. elegans genome a series of DAF-12-binding fragments. Using those

fragments, we defined a family of high affinity DAF-12 DNA binding sites, characterized

DAF-12 function from these sequences, and identified the first DAF-12 target gene.

Response elements and target genes for intracellular receptors have previously

been determined in other metazoans, such as mammals, birds, frogs, fish and insects.

Nevertheless, our findings are significant for several reasons: First, we established proof

of-principle for the notion that biologically functional genetic elements could be isolated

from metazoan genomic DNA using a purified DNA binding domain. Second, C. elegans

encodes 270 intracellular receptor genes (Sluder and Maina, 2001), far more than any

other known organism (e.g., 48 receptor genes have been detected in the human genome

(Maglich et al., 2001), 21 in D. melanogaster (Rubin et al., 2000)); within C. elegans,

DAF-12 is closely related to two other receptors. It will likely prove illuminating to

determine the roles for this exceptionally large cohort of C. elegans regulators; and to

assess functional relationships within the DAF-12 subfamily. Finally, it may prove

possible in C. elegans, with its sequenced genome, defined cell lineage, powerful

genetics, and other experimental advantages, to describe the complete regulatory network

for a metazoan transcriptional signal transducer such as DAF-12; a full appraisal of the

“physiological spectrum” of a regulator would enrich our understanding of regulatory

evolution and the regulatory interactions that define networks.

º:
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Our experiments demonstrated that DAF-12 regulates LIT-1 transgene expression

in C. elegans, serving either as transcriptional activator or repressor depending on

developmental stage and cell type. There are many potential mechanisms that might

explain the differential activities of DAF-12. For example, the transport or metabolism of

a DAF-12 hormone-like ligand might be stage- or cell type-specific. Alternatively, the

expression or activity of a DAF-12 co-activator or co-repressor might be selectively

controlled. A third possibility is that other transcriptional regulators may bind at a LIT-1

response element and differentially affect the activity of DAF-12. Indeed, examples of all

three of these mechanisms have been described for mammalian intracellular receptors

(Funder et al., 1988; Yamamoto et al., 1992; Yoon et al., 2001).

LIT-1 encodes a MAP kinase that acts in the WNT signaling pathway to regulate

cell fate during early embryogenesis and larval development (Behrens, 2000; Meneghini

et al., 1999; Rocheleau et al., 1999; Shin et al., 1999; Siegfried and Kimble, 2002). DAF

12 and LIT-1 are commonly expressed in the same cells, including pharynx, seam, and

vulva (Antebi et al., 2000; Snow and Larsen, 2000), and at similar times during

development. Although our intent in the present study was to assess the In Vitro Genomic

Selection methodology rather than to dissect the physiological and regulatory

mechanisms of DAF-12 target genes, it will clearly be interesting to pursue the

relationship of DAF-12 and LIT-1, as well as other potential DAF-12 targets. Indeed, in

experiments with a temperature sensitive lit-1 mutant or with LIT-1 RNAi, we have

observed protruding vulva phenotypes and defects in gonadal migration and development

(Y. Shostak and K. R. Yamamoto, manuscript in preparation), similar to certain daf-12

mutant alleles, such as rhô1 (Antebi et al., 1998; Antebi et al., 2000). Although LIT-1 has
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not been shown previously to affect vulval development, WNT signaling is clearly

involved in that process (Eisenmann and Kim, 2000; Eisenmann et al., 1998; Jiang and

Sternberg, 1999). Moreover, some of the lit-1 mutant phenotypes, such as defects in

gonadal migration, vulval morphogenesis, and vacuoles are reminiscent of aspects of the

daf-9 mutant phenotype (Gerisch et al., 2001; Jia et al., 2002). DAF-9 is a cytochrome

P450 related gene that regulates dauer formation and reproductive development, and has

been proposed to function in the metabolism of a potential DAF-12 ligand. Finally, we

find that the absence of LIT-1 does not inhibit, but rather slightly promotes dauer

formation, implying that the LIT-1 kinase might affect the balance between the

developmental and dauer pathways regulated by the intracellular receptor DAF-12. It

may also be worth mentioning that RNAi to the D12.63 genomic fragment-linked ORF,

in contrast to lit-1, leads to a dauer-defective phenotype. Thus, future studies should

establish the relationship between DAF-12 target genes and the receptor’s multiple

distinct biological outputs.

In principle, In Vitro Genomic Selection should be applicable to any transcription

factor (or other DNA binding protein) for which the functional DNA binding domain can

be purified, and should yield naturally-occurring DNA binding sites in their genomic

context for the protein of interest. Although minimal DNA binding sequences can be

derived by random selection methods (Blackwell and Weintraub, 1990), the biological

significance of such sequences is unknown. Similarly, response element and target gene

identification through sequential random selection and computational genomic analysis is

a useful approach for some regulators (Berman et al., 2002), but may be less so for

intracellular receptors, which typically bind to response elements containing relatively
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few binding sites and relatively high half site degeneracy. It is now apparent that the

genomic context of factor binding is a critical component of factor activity. That is,

regulatory protein binding sites typically reside within “composite response elements”

(Yamamoto et al., 1992), which include sites for multiple factors, and which nucleate

assembly of functional regulatory complexes whose composition and action depend

strongly on the precise sites within the element. Fragments isolated by In Vitro Genomic

Selection allow protein binding and activity to be assessed either in isolation or in a

functional combinatorial context. Furthermore, by identifying genomic sites bound

directly by the regulatory factor of interest, In Vitro Genomic Selection provides an

interesting complement to a recently described chromatin immunoprecipitation/

microarray-based in vivo method (Weinmann et al., 2002), which yields a subset of sites

occupied either directly or indirectly by the factor. Finally, the response elements

elucidated by In Vitro Genomic Selection provide “tags” to genes that are regulated by

the factor of interest, thus leading to identification of direct transcriptional target genes.
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Methods

Protein Expression and Purification

For In Vitro Genomic Selection experiments, we constructed plasmid pySEE0001, which

expresses C-terminally Flag-tagged DAF-12 DBD (aa 100-206), inserted in pBT23d

vector (Novagen), in Escherichia coli BL21-CodonPlus-RIL(DE3) cells (Stratagene).

The protein was induced (600 mL culture, OD600 1.2) with 0.5 mM IPTG at 37°C for 2.5

hr in the presence of 10 HM Zn(C2H3O3)2. After lysis by sonication in 20 mM Tris pH

8.0, 2mVM EDTA, 0.3 M NaCl, and 0.5 mM PMSF, the protein was affinity-purified on

anti-Flag M2 affinity matrix (Sigma). After binding, the matrix was washed with TBS-1

(150 mM NaCl, 50 mM Tris pH 7.4, 0.5 mM PMSF) three times, followed by elution in

the same buffer with 100 pg/mL of Flag peptide (Sigma). The eluate was then

concentrated on Centricon-3 columns (Amicon), followed by gel filtration

chromatography on Superdex 200 (Pharmacia) in TBS-1 and a second concentration step

on Centricon-3.

For fluorescence anisotropy experiments, DAF-12 DBD (aa 100-206) was

expressed as a GST fusion inserted into pET41b (Novagen), plasmid pySEE0003, in

BL21-CodonPlus-RIL(DE3) cells. Expression was induced (1 L culture, OD600 1.0) with

1 mM IPTG at 30°C for 2.5 hr in the presence of 10 mM Zn(C2H5O2)2. After lysis by

sonication in 20 mM Tris pH 8.0, 2mVM EDTA, 1 M NaCl, and 0.5 mM PMSF, the fusion

protein was purified on GST-Bind resin (Novagen). After binding, the resin was washed

with TBS-1 containing 1 M NaCl followed by two washes with TBS-1 containing 150

mM NaCl. GST-DAF-12 DBD was then eluted with 10 mM reduced glutathione in TBS

1 and concentrated on Centricon-10 columns (Amicon).
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In Vitro Genomic Selection

2 pg of purified (described above) recombinant Flag-tagged DAF-12 DBD was

immobilized on 30 pull of anti-Flag M2 affinity matrix (Sigma) by incubation for 90 min

at 4° C in 150 mL of TBS-2 buffer (50 mM Tris pH 7.4, 150 mM NaCl, 10 mM

Zn(C2H5O2)2, 0.1 mM EDTA). The matrix was then washed with TBS-2 buffer

containing 1 M NaCl followed by two washes with the Binding Buffer (20 mM HEPES

pH 7.9, 8% glycerol, 10 mM MgCl2, 100 mM KCl, 10 p.M Zn(C2H5O2)2). All washes

were performed at 4°C for 5 min on a nutator. Immobilized DAF-12 DBD was then

incubated with 5 pg of C. elegans genomic DNA digested with 16 units of Sau3AI

restriction endonuclease (NEB) overnight, in 150 pil of Binding Buffer for 25 min at

room temperature (RT) on a nutator. Protein-DNA-beads complexes were washed with

150 pull of the Binding Buffer for 5 min on nutator at 4°C followed by a wash with

Binding Buffer containing 250 mM KCl. The third wash contained 500 mM KCl in the

buffer, followed by elution with 250 pil of the Binding Buffer containing 1 M KCl (10

min with 150 pull followed by 15 min with 100 pil; incubations on a nutator).

TE (250 pul) was added to the eluate and the DNA was phenol/chloroform

extracted and precipitated in the presence of 5 pig of glycogen; the pellet was redissolved

in 12 pil of H2O. Either 1 or 0.1 pmol of double-stranded NotlSau3A oligonucleotide

(hybridized 5’ gggg.cggccgc 3’to 5’ P-gatcgcggccgc.ccc 3’) was ligated to 10 HD of DNA

with 0.5 pil of T4 DNA Ligase (NEB) in 20 pull total volume. 2 pil of the ligation

mixture was used as template in an 100 pil 1* PCR reaction [14 pil of Vent DNA

Polymerase (NEB), 400 pmol of NotiSau3A PCR+ primer (5’ gggg.cggccg.cgatc 3’), 1x
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of Thermal Pol Buffer (NEB), 250 pm dNTPs, 0.5 mM extra MgSO4; PCR program: 1)

92° for 4 min, 2) 92° for 1 min, 3) 57° for 45 s, 4) 72° for 2 min, 5) GoTo (2) 28 times, 6)

72° for 5 min, 7) 4°C).

Amplified DNA was purified using Qiaquick columns (Qiagen) and 2 pig of DNA

was used for subsequent rounds of binding, performed as described above, except a 250

mM KCl wash was used instead of the 500 mM KCl wash. After each binding/elution

round, PCR was performed for a total of four rounds. After the 4" PCR, purified DNA

was digested with Noti restriction endonuclease (NEB) and subcloned into the Not■ site

of pHluescript■ IKS+ vector (Stratagene) for sequencing and analysis.

In addition to the C. elegans genomic fragments recovered, two E. coli genomic

DNA fragments were isolated in the In Vitro Genomic Selection experiment described

here. We found that the TBS-2 + 1 M NaCl wash of DAF-12 DBD prior to In Vitro

Genomic Selection rounds greatly reduces recovery of E. coli DNA. In addition, we

recovered in this experiment numerous identical fragments of unknown origin (neither C.

elegans, nor E. coli); because that fragment was not recovered in subsequent

experiments, it is not discussed further here.

Fluorescence anisotropy

Fluorescein-labeled double-stranded oligonucleotides, either 1 or 10 nM of DR5tt and

DR5gt (Fig. 3C), in 2 mL of 20 mM Tris pH 7.4, 100 mM KCl, 5 mM MgCl2 were used

for fluorescence anisotropy measurements with GST-DAF-12 DBD. Excitation was

performed at 485 nm wavelength and emission was monitored at 515 nm using a Photon

Technologies International fluorometer. Anisotropy calculations and Kd determinations
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by curve fitting were performed as previously described (Gill et al., 1991; Jagath et al.,

1998) using KaleidaGraph 3.51 (Synergy Software).

Yeast transcriptional reporter assay

C. elegans genomic fragments or simple binding sites were subcloned upstream of a

minimal CYC1 promoter driving Lacz expression in pdSS (2p, URA marked) vector

(Schena and Yamamoto, 1988) (D12.63, .82, and .88—plasmids pySYR0001-3,

respectively; DAF 12 DR5 elements—plasmids pXSYR0004-12 in order of appearance in

Figure 6C; D12.82 half site mutants—plasmids pySYR0013-26 in order of appearance in

Figure 7B-D). Expression of Flag-tagged DAF-12 (A1 isoform), DAF-12 N500 (aa 1

500), and DAF-12 DBD (aa 100-206) was driven by the copper-inducible CUP1

promoter in pRS424 (2p, TRP) (Sikorski and Hieter, 1989) vector (M.I. Diamond and

K.R.Y., unpublished) in the presence of 0.05 mM CuSO4 (plasmids pySYE0001-3,

respectively). The plasmids were transformed (Agatep et al., 1998) into S. cerevisiae

W303a strain. Expression assays and data analysis were performed as described (Iniguez

Lluhi et al., 1997), except after saturation, the cultures were diluted 1/20 and grown for 8

hr with 0.05 mM CuSO4; lysis was performed for 15 min.

C. elegans transcriptional reporter and target gene expression assay

For transcriptional reporter assays, the wild type or m 11 m31 mutant D12.82 fragment

was subcloned upstream of a minimal pes-10 promoter driving GFP expression in

ppD97.78 vector (plasmids pySCR0001 and pySCR0002, respectively). 50 ng/ul of the
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constructs were microinjected into wild type N2 or daf-12 mutant rhó1rh412 C. elegans

with 50 ng/ul rol-6 marker.

For target gene expression assays, the wild type or m 11 m31 mutant LIT-1

genomic fragment (nucleotides 4527-8561 from W06F12 cosmid) was subcloned into

pFD95.67 vector to make an inframe LIT-1-GFP fusion (plasmids pySCR0003 and

pySCR0004, respectively). 10 ng/ul of the constructs were microinjected in wild type

N2 or daf-12 mutant rhó1rh412 C. elegans with 50 ng/ul rol-6 marker. ppD97.78 and

pFD95.67 vectors were generously provided by Andy Fire.
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CHAPTER I, SUPPLEMENTAL INFORMATION: PART I

In Vitro Genomic Selection—DAF-12 Response Elements and Target Genes
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In Vitro Genomic Selection

In our In Vitro Genomic Selection experiment (Figure 4), from 68 clones sequenced, 40

contained C. elegans genomic fragments; 23 of which were unique and matched to

fragments from 23 C. elegans cosmids (Table 1). Clone numbers referred in the table

correspond to the designation assigned to their C. elegans genomic fragments (i.e., clones

63, 82, 88, and 90 contain D12.63, D12.82, D12.88, and D12.90 genomic fragments,

respectively). Although we have not experimentally assessed whether all of the isolated

genomic fragments contain DAF-1.2 binding sites and response elements, most of the

fragments contain one or more hexameric sequences identical or closely related to DAF

12 binding half site, with 11 unique genomic fragments containing these half sites in a

DR5 element arrangement (Table 1); experimentally, we have demonstrated DAF-12

response element activity of D12.63, D12.82, D12.88 (Figure 5 — Figure 11) and D12.90

(data not shown) genomic fragments. In addition to C. elegans genomic fragments, we

isolated a sequence of unknown origin (SeqX – a/AGTGCAGTGCGg), which was present

in 26 clones (1 copy of SeqX in clones 55, 57, 58, 65, 78, 81, 93, 97, 99, 100, 102, 105,

106, 110, 112, 115, and 2 copies in clones 56, 59, 69, 71, 76, 79, 80, 89, 104, 111). This

SeqX, most likely the method’s PCR artifact, contained AGTGCA DAF-1.2 binding half

site in a DR-1 orientation (the last base of the first half site overlaps with the first base of

the second half site). Although we have not tested whether DAF-12 binds to SeqX, DAF

12 did not seem to mediate transcriptional activation in the yeast reporter assay from this

sequence (data not shown). Two of the isolated clones, 62 and 66, contained C. elegans

genomic fragments fused to SeqX. As mentioned in the main body of Chapter I, also two

clones with E. coli inserts were isolated—we have not analyzed these sequences.
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Table 1. In Vitro Genomic Selection: clones position in the C. elegans genome, identities

of the nearby genes or open reading frames, and common hexamers present in the

genomic fragments. * denotes clones with fusions of two genomic fragments: clones 62

and 66 contain fusions with SeqX (see text), clones 67 contains ligated fragments from

W02B8 and C18E3 cosmids, and clone 85 contains ligated fragments from Y73B6BL

and T22A3 cosmids. '^ indicates clones with fragments that had partial match to C.

elegans cosmids other than listed in the table: clone 60 had partial match to a fragment

within the F26D10 cosmid; clone 66 – to the F23B6 cosmid; and clones 90 and 108 — to

the F42E8, C31B8, ZK218, and vitellogenin-K07H8 cosmids.

:
º
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Clone # Cosmid Clone's Nearby genes/ Hexamers Present
location location

60 K09C4A 27381-27.315 hsp-2 coding seq AGTTCAagttgaGTACA

62* TO1B10 13480-13651 6 kb up NHR-14 AGTGCT
13 kb up T01B10.5

63, 73, ZC404 24206-24354 intron/coding of ZC404.1 AGTTCAgaaataGGACA,
94, 118 2 kb up ZC404.9 (MAP4K-like) AGTGCA, AGTACA

64 F08G5 17119-17330 8 kb up F08G5.6 AGTTCAtataaAGTGCA
(UDP-Glucosonosyltransf-like)
8kb up F08G5.3

66* T13F2A 2395-2549 350 bp up T12F2.10 (MSP-like) AGTGCA (IR2)
400 bp up T12F2.9

67°, 98 W02B8 12986-13036 intron of WO2B8.2, 3 kb up W02B8.3| AGTGCG
67." C18E3 2027-2145 intron of C18E3.7, 3 kb up C18E3.6 AGTGCA

68, 70, TO7H6 ~14300-15600 intron of T07H6.5(sushi repeats) 4–8x AGTGCA
88, 121, genomic repeats || 1 kb up T07H6.4 (p selectin-like)
125, 126 5 kb up mom-1 (WNT pathway)

72, 103 C32A3 23610-23656 1.5 kb up sel-8/lag-3 AGTGCAacaagAGGACA
(LIN12/Notch pathway)

74, 77, W06F12 720.1-7408 lit-1 intronic seq AGGACAcaaaaaGTGCA
82, 86, (WNT/MAPK pathways) AGTGCG, 3x AGGACA
95, 107,
119

***.
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75, 96 Y44A6D 17823–17862 coding of Y44A6D.4 AGTGCA (IR-4)

(receptor tyrosin-phosph-like)

83, 96, K04B12 38140-38204 8 kb up Y54G11B AGTGCAgaaagAGTGCC
100 (7-TM receptor-like)

85* Y73B6BL 209491-209626 7 kb up YZ3B6BR.1 (pan-89) AGTGCAattaa/AGTTCA
T22A3 32774-32939 coding of T22A3.8 (laminin B-like) 2x AGTTCA

90, 108 E03H4A 19081-19322 900 bp up E03H4.7 AGTTCAtacagaGTTCA,
(acyltransferase-like) AGTTCA 3x AGTGCG

91 C46E1 3293–3510 7 kb up C46E1.2 AGTTCAtacaa/AGTAAC,
(gcy-36 guaylate-cyclase) AGTACA

92 R155 22148-221.98 coding of R155.3, AGTACA
3 kb up R155.2, 5 kb up R155.4

101 Y37E11AL 9631-9816 coding/intron of Y37E11AL.5, none? (AGGTCA)
2 kb up Y54E10A4

109 H17B01 6754–6835 10kb up Y51H7C.13 none? (AGGTCA)

113 Y71 G12B 50680-50903 6 kb up YZ1G12B.15 AGTACTaaaaaaGTGCA
(Uniq. conj. enz-like)

114 K06A9 31080-31266 coding/intron of K06A9.1a/b none?

120 C46C2 3853-4059 coding/intron of C46C2.4, AGTTCAatgtgAGTACA
10 kb up C46C2.1

122 Y54E10A 19- coding of Y54E10A.6 AGTGCA
54E10 6519–6588 2 kb up Y54E10A.5

ture--
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lit-1 genomic locus

The response elements elucidated by In Vitro Genomic Selection potentially provide

“tags” to genes that are regulated by DAF-12, thus leading to identification of direct

transcriptional target genes. In Figure 9, we have demonstrated the response element- and

DAF-12-dependent regulation of the LIT-1 transgene in C. elegans. We decided to look

at LIT-1 as its linked D12.82 genomic fragment was the most overrepresented clone

(recovered 7 times in the In Vitro Genomic Selection), and as LIT-1 was the only

characterized gene (at the time of analysis) and with no other open reading frames

nearby (within 8 kb of D12.82 response element). Two alternative mRNAs have been

identified and proposed to encode LIT-1a and LIT-1b proteins, with LIT-1a lacking

seven N-terminal amino acids present in the LIT-1b isoform. As shown in Figure 10, Lit

1a mRNA contains three unique exons in the 5’ untranslated region and lacks the LIT-1b

specific exon with the alternative translational initiation codon—this exon is, most likely,

deleted by alternative splicing of the Lit-la mRNA. During our transgenic analysis of the

LIT-1 gene expression, we observed that a 4 kb Lit-1-GFP fusion construct (employed in

the experiments depicted in Figure 9), which lacks LIT-1a-specific exons, resulted in

LIT-1-GFP expression in C. elegans. To transcribe Lit-1b mRNA, this construct must

have contained a transcriptional promoter, which, in the genomic LIT-1 locus, would

have to be located 3’ of the LIT-1a specific exons. On the other hand, to transcribe Lit-1a

mRNA, an alternative promoter would have to be located 5’ of the LIT-1a-specific exons.

Therefore, distinct LIT-1 isoforms might originate from two alternative, an upstream and

intronic, promoters (as indicated by arrows in Figure 10). Currently, we do not know

whether two alternative promoters are employed for the isoform-specific LIT-1 gene
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Figure 10. Genomic organization of lit-1 locus. Partial lit-1 genomic region (8 kb) is

shown in the top schematics with exonic regions in blue and intervening intronic/

genomic DNA in red. The intronic location of the D12.82 genomic fragment (#82 clone)

is depicted. Lit-1a and Lit-1b are alternative mRNA lit-1 isoforms. 4kb Lit-1-GFP is a

transgene GFP reporter employed to assess DAF-12-dependent regulation of LIT1

expression. Potential alternative transcription initiation sites are indicated by arrows; 1b

and 1a designations denote places for mutations that should selectively abolish

expression of Lit-1b or Lit-1a isoforms, respectively. The schematics on the bottom of

the figure represents a GFP reporter transgene with 8 kb of lit-1 genomic region. The

scale (in base pairs) represent relative position of lit-1 in the W06F12 cosmid.
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expression from its genomic locus in C. elegans; likewise, the specific effects of D12.82

response element and DAF-12 on the regulation of the alternative promoters are

undetermined.

DAF-12 response element and candidate target gene expression and regulation in C.

elegans

It is also interesting to determine if other C. elegans genomic fragments recovered in the

In Vitro Genomic Selection experiment serve as DAF-12 response elements in C. elegans

and are liked to DAF-12 target genes. We briefly looked at D12.63 and D12.90-mediated

transcriptional regulation in C. elegans: we injected either D12.63 or D12.90-pes 10-GFP

reporter constructs (similar to D12.82-pes 10-GFP reporter—where D12.82 was fused to a

basic pes-10 promoter driving GFP expression) in wild type N2 animals and observed no

D12.63-mediated GFP expression and slight D12.90-mediated GFP expression in the tail

of the animals, under normal reproductive growth conditions (data not shown).

Furthermore, no GFP expression was observed when simple DAF-12 DR5gt or DR5tt

response elements were fused to pes-10-GFP reporter and microinjected in wild type C.

elegans. We do not know whether DAF-12 does not activate transcription or functions as

a repressor from its simple response elements, D12.63, and D12.90 genomic fragments

under the reproductive growth conditions, or whether the sensitivity of the reporters are

below our detection threshold level.

Within the C. elegans genome, the D12.63 fragment overlaps an intron and

predicted coding segment of open reading frame ZC404.1 with another ORF, ZC404.9,

encoding an uncharacterized protein with similarity to MAPKKKK (MAP kinase),
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located just about 2 kb upstream; D12.90 is located about 900 nucleotides upstream of

E03H4.7 ORF, a predicted gene with similarity to acyltransferases. We have not

observed any GFP expression when wild type N2 worms were microinjected with the

E03H4.7-GFP fusion transgene containing the ORF's 1 kb upstream region, which

included D12.90 response element (data not shown). When we, similarly, microinjected

ZC404.9-GFP fusion transgene containing this ORF’s 2 kb upstream region, which

included D12.63 genomic fragment, we observed strong GFP expression in spermatheca

at the late L4 to adult stages, a spike of expression in the late embryos and L1 stage (cell

type identities were undetermined), and weak expression in the excretory canal cell in the

adults; when a similar construct, with D12.63 response element region truncated, was

microinjected in wild type C. elegans, GFP expression in the spermathica did not seem to

change, but the expression in the excretory canal cell seemed to increase in larvae and

adults, implying a possible repression function from the D12.63 response element. It is

still to be determined if DAF-12 regulates target gene expression from D12.63 and

D12.90 response elements. It is interesting to note that preliminary microinjection results

with D12.63-pes 10-GFP reporter construct (also mentioned earlier) in certain daf-12

mutant background worms resulted in a strong pharyngeal GFP expression in larvae and

adults, suggesting a possible DAF-12-mediated repression from D12.63 in the pharynx

during normal reproductive development in C. elegans.

Target genes’ function in DAF-12 regulated processes

As LIT-1 and ZC404.9 MAPKKKK are the best DAF-12 target gene candidates, based

on our expression studies, we initiated several experiments to assess the genes’ function
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in C. elegans and possible intersection with DAF-12-regulated processes, such as dauer

formation and reproductive development. We employed RNA interference (RNAi),

which has been used extensively in C. elegans for knocking out the expression of a gene

of interest, to investigate the function of LIT-1 and ZC404.9 gene products.

At 27°C, wild type N2 animals enter a transient dauer state (Ailion and Thomas,

2000). When we subjected wild type worms to ZC404.9 RNAi (embryos were put on the

bacteria expressing a double stranded ZC404.9 RNA fragment and shifted to the

appropriate temperature), we found two to three times more animals either did not form

transient dauers or resumed reproductive development faster than animals subjected to

control RNAi (empty vector or mammalian coactivator, GRIP, fragment). C. elegans

subjected to LIT-1 RNAi under the conditions described above formed transient dauers

similarly to the controls, with some animals being in dauer state even after prolonged

time. RNAi against E03H4.7, another potential DAF-12 target candidate (Table 1) did

not seem to have any effect on transient dauer formation at 27°C. These results suggest

that ZC404.9 could be required for dauer formation, at least in response to temperature.

To further investigate the role of ZC404.9 in dauer pathway, we performed several

genetic epistasis experiments employing ZC404.9 RNAi. We found that ZC404.9 RNAi

could not suppress dauer constitutive phenotypes of daf-7 or daf-2 mutant worms either

at 25° or 27°C, suggesting that, with respect to dauer formation, ZC404.9 could be

positioned genetically either upstream of TGF-beta and insulin/IGF-1 or in a parallel

signaling pathway. It will be interesting to determine ZC404.9 interactions with daf

11/daf-21 com/P signaling and dauer-inducing pheromone responses, as well as

temperature sensing pathways in C. elegans.
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Perhaps even more intriguing are our findings on lit-1 post-embryonic phenotypes

and the gene’s interactions with a DAF-1.2-linked pathway. When we shifted lit-1 (or 131)

temperature sensitive mutant C. elegans embryos (Meneghini et al., 1999) to 27°C, we

observed low penetrance larval arrest (around L2 stage) phenotype and protruding vulva/

vacuoles/ abnormal gonadal development and migration phenotypes in adult

hemaphrodites. Close to 100% of hemaphrodites that reached adulthood exhibited the

described phenotypes, with their gonadal arms not extended, what looked like the L2

stage gonad length-wise, possibly due to lack of distal tip cells (DTC) migration abilities.

Some occasional animals (arrested larvae) exhibited partial extension of one of the

gonadal arm which also turned prematurely. All of the above phenotypes were almost

undetectable (only about 5% of the animal exhibited protruding vulva phenotypes) when

these lit-1 mutants were grown at 25° C, a non-permissive otherwise temperature

resulting in 100% embryonic lethality. At 27°C, we also found that subjecting wild type

N2 worms to LIT-1 RNAi resulted in similar phenotypes as with lit-1 mutant worms,

although of less penetrance—around 50% of adult hemaphrodites exhibited protruding

vulva and gonadal defects phenotypes. Interestingly, we found that subjecting lit-1

mutant worms to LIT-1 RNAi led to much more severe phenotypes at non-permissive

temperature: at 25°C, close to 100% of the animals now had protruding vulva and

arrested gonads, but no or little worms were arrested in a larval stage; at 27°C, more than

80% of animals were arrested as larvae, predominantly at the L2 stage, and the ones

developed to adulthood exhibited protruding vulva and gonadal arrest phenotypes. Most

likely, lit-1(or 131) mutants, although with fully penetrant embryonic lethality phenotype,

are not complete loss of function for post-embryonic development. Our observations
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strongly implicate LIT-1 as being required for reproductive developmental progression,

gonadogenesis (Siegfried and Kimble, 2002), and vulval development in C. elegans. LIT

1 transgene expression studies (described in Figure 9) indicate the gene's expression in

vulva and, possibly, distal tip cells (Figure 9K), placing LIT-1 in the tissues with the

observed phenotypes. These findings begin to provide a biological connection to DAF

12, as some of the described phenotypes (i.e. protruding vulva and gonadal defects) are

similar to phenotypes exhibited by certain daf-12 mutant alleles, such as rhô1 (Antebi et

al., 1998; Antebi et al., 2000). Furthermore, defects in gonadal migration, vulval

morphogenesis, and the presence of vacuoles are reminiscent of aspects of the daf-9

mutant phenotype (Gerisch et al., 2001; Jia et al., 2002); DAF-9 is a cytochrome P450

related gene that regulates dauer formation and reproductive development, and has been

proposed to function in the metabolism of a potential DAF-12 ligand.

As a next step in investigating LIT-1 biological connection to DAF-12 function,

we performed several experiments addressing lit-1 interaction with daf-12-linked

pathways. We observed no lit-1 interaction with TGF-beta branch of the dauer pathway,

as LIT-1 RNAi did not suppress dauer-constitutive phenotype of daf-7 TGF-beta mutant

worms either at 25° or 27° C. Interestingly, we found lit-1 interaction with daf-2

insulin/IGF-1 signaling pathway. daf-2 encodes an insulin/IGF-1-like receptor and

regulates C. elegans development and longevity; daf-2 mutants exhibit dauer

constitutive, increased lifespan and thermotolerance, as well as other phenotypes (Gems

et al., 1998; Gottlieb and Ruvkun, 1994; Kenyon et al., 1993; Larsen et al., 1995; Malone

and Thomas, 1994). daf-2 has complex interactions with daf-12: for example, daf-12

mutations suppress dauer-constitutive effects of some daf-2, grouped as class I, mutants,
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but do not suppress severe daf-2 class II mutations, resulting in larval arrest instead of

dauer entrance or continued reproductive development (Gems et al., 1998; Larsen et al.,

1995). In our preliminary experiments (in collaboration with Jennifer Ramond Berman,

Cynthia Kenyon's lab), we found that LIT-1 RNAi in daf-2 (e1370) mutant worms (class

II allele) at non-permissive temperatures (such as 25° and 27° C), but not at 20°C, led to

larval developmental arrest of some animals, resembling DAF-12 RNAi (data not shown)

and daf-12 (m.20) mutant phenotype in daf-2 (e1370) background (Gems et al., 1998);

daf-2 (e1370) worms enter dauer state constitutively at 25° and 27° C. daf-2 mutant

worms with a recently reported daf-2 (mul:50) allele (Garigan et al., 2002) enter dauer

state at 27° but not at 25°C. We found that LIT-1 RNAi in daf-2 (mul:50) animals at 25°

C results in adult hemaphrodites with protruding vulva and gonadal defects and in larval

arrest at the L2 stage (the ratios between arrested larvae and adults with developmental

defects varied in separate experiments, likely due to changes in the RNAi potency).

These phenotypes observed at 25°C were similar to the ones observed with LIT-1 RNAi

in lit-1 mutant but not wild type N2 worms at this temperature, suggesting that the daf-2

mutation exacerbates LIT-1 RNAi phenotypes. At 27°C, LIT-1 RNAi caused larval

arrest of daf-2 (mul:S0) worms (some animals were still able to form dauers).

Interestingly, in contrast to rescue of daf-2 (mul:50) dauer phenotype with DAF-12 RNAi

(worms continued their reproductive development), LIT-1 RNAi-induced larval arrest of

these daf-2 mutants at 27°C was not rescued with DAF-12 RNAi. These observations

suggest interaction of lit-1 with daf-2 pathway, and place lit-1 downstream of daf-12 (due

to lit-1’s epistatic behavior). In conclusion, the results of the above experiments provide
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the first insights to LIT-1 function in DAF-12-regulated developmental processes in C.

elegans and solidify our model of LIT-1 as a DAF-12 target gene.

It will be interesting, furthermore, to determine if some of the open reading

frames nearby the C. elegans genomic fragments, other than D12.82 and D12.63, isolated

in our In Vitro Genomic Selection are DAF-12 target genes. For example, D12.88

response element, consisting of eight perfectly spaced AGTGCA DAF-1.2 binding half

sites, is part of a larger, 1.5 kb genomic repeat region with more than 40 AGTGCA

hexamers, is located in the intron of the T07H6.5 ORF, “sushi" repeats-containing

protein, with the P-selectin-like T07H6.4 ORF and mom-1 gene nearby. Interestingly,

mom-1, similarly to lit-1, is a gene in the WNT signaling pathway (Thorpe et al., 1997);

mom-1’s role in post-embryonic development is not understood, and it would be an

attractive candidate for a DAF-12 target gene involved in C. elegans reproductive

development. Another attractive candidate would be LAG-3/sel-8, a gene nearby clone

72 C. elegans genomic fragment. LAG-3/sel-8 is a putative transcription factor in the

LIN-12/Notch pathway (Doyle et al., 2000; Petcherski and Kimble, 2000; Tax et al.,

1997) involved in several C. elegans processes, including, perhaps similarly to LIT-1 (as

we discussed earlier), vulval development.
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CHAPTER I, SUPPLEMENTAL INFORMATION: PART II

Specificity of DAF-12-Mediated Regulation/

D12.82 Response Element Preference Profiles of C. elegans Intracellular

Receptors DAF-12, CHR-3, NHR25, and SEX-1

---
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Specificity of DAF-12-Mediated Regulation

Intracellular receptors interact with DNA through recognition of a core hexameric

binding site. A canonical core sequence AGGTCA could serve as a binding sites for most

monomeric receptors and as a half site for heterodimeric orphan and thyroid/retinoid

members of the family, as well as for some steroid receptor, such as estrogen receptor; a

variation of this sequence, AGAACA, seems to be a preferred half site for glucocorticoid

and androgen receptors (Rastinejad, 1998). As we found that DAF-12 high affinity

binding half site's core sequence is a closely related, but distinct, AGTGCA hexamer, we

wished to assess the specificity of DAF-12-mediated regulation.

In the yeast transcriptional reporter assay (Figure 11), we found that two other C.

elegans intracellular receptors involved in several critical aspects of the organism’s

development, CHR3 (Kostrouchova et al., 1998) and NHR-25 (Gissendanner and Sluder,

2000), failed to activate transcription from the DR5gt DAF-12 response element, whereas

DAF-12 was inactive at response elements specific to CHR3 or NHR-25 (CHR3 and

NHR-25 could function as monomers in yeast from AGGTCA-containing response

elements such as DR5 or 2RORE–Marc R. Van Gilst and Keith R. Yamamoto,

unpublished). The DAF-12 response-element containing C. elegans genomic fragments—

D12.63, D12.82, and D12.88—also failed to mediate CHR3-dependent transcriptional

activation in yeast. As NHR-25 and CHR3 could interact with and function from an

identical core binding site, it was interesting to find that NHR-25, although unable to

activate from D12.63 or D12.88 genomic fragments, was highly active from D12.82

DAF-12 response element (Figure 11A).
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Figure 11. Specificity of DAF-12-Mediated Regulation. (A) Transcriptional activity of

DAF-12 N500, CHR-3, and NHR-25 from D12.82, D12.63, and D12.88 C. elegans

genomic fragments, and DR5gt, DR5, and 2RORE response elements reporter constructs

was assayed in yeast. - columns indicate basal activity of reporters in the absence of the

C. elegans intracellular receptors. (B) Sequences of DR5gt, DR5, and 2RORE response

elements. DR5 and 2RORE contain “classical” intracellular receptors binding half sites

(capitalized; underlined are bases distinct from DR5gt DAF-12 response element).
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NHR-25 response element preference profile within D12.82 C. elegans genomic

fragment

As shown in Figure 4F, D12.82 contains four AGGACA hexamers, low affinity DAF-12

half sites closely related to the AGGTCA hexamer. These low affinity DAF-12 half sites

could potentially mediate NHR-25-dependent activity from D12.82. We decided to test

our hypothesis by assessing NHR-25's ability to activated transcription in yeast from

D12.82 C. elegans genomic fragment with systematic mutations in DAF-12 response

elements (as in Figure 7). We found that, indeed, NHR-25's activity from D12.82 was

mediated, at least, by three AGGACA and an AGGTCG hexamers, as single, double, and

triple mutations in mø1, m31, m31, and m37 half sites either diminished or abolished the

receptor-dependent transcriptional activation (Figure 12). In contrast, single or double

mutations in high and medium affinity DAF-1.2 binding half sites, m1 and m31, had no

effect on NHR-25-mediated transcriptional activation. An AGGACA half site mol

mutation in the background of ml and m31 site mutations (m 11 m31 mutant), as

expected, resulted in decreased activity from D12.82; interestingly, the mutation of an

AGGTCG hexamer which is in a DR5 orientation with m31 AGTGCG half site, although

not affecting DAF-12-mediated regulation (data not shown), decreased NHR-25

mediated transcription.

Comparison of the results from Figure 7 and Figure 12 indicate unique binding

site/ response element preference profiles for DAF-12 and NHR-25-mediated

transcriptional regulation from D12.82 C. elegans genomic fragment: Although both

receptors recognize common AGGACA sequences, these hexamers, most likely due to

significant differences in affinities for the two proteins, serve as potent NHR-25 but only
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Figure 12. NHR-25 response element preference profile within D12.82 C. elegans

genomic fragment. (A) Schematic representation of the 207 bp D12.82 fragment with

DAF-1.2 binding site nomenclature and sequences. m.11 represents DR5gt element

consisting of m()1 and m1 half sites. Mutations of the half sites were generated by

converting positions 2 and 5 of the hexamers to T:A base pairs as indicated. Wild type

and mutant fragments were subcloned into a yeast vector upstream of a minimal CYC1

promoter driving Lacz expression. (B) Transcriptional activity of NHR-25 from D12.82,

wild type or mutant reporter constructs, was assayed in yeast. - or + indicates absence or

presence of NHR-25, respectively. Contributions of half sites m01, m1, m31, m37, ma1,

m$1 and site m 11, independently or in combination, were assessed.
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weak DAF-12 response elements. As NHR-25 could not activate transcription from a

single AGGACA-containing DR5gt or D12.63 (Figure 11), transcriptional synergy and/

or cooperative binding of NHR-25 to multiple hexameric sites is likely necessary, at least

in yeast, for the receptor’s transcriptional activity.

SEX-1 response element preference profile within D12.82 C. elegans genomic

fragment

SEX-1, a C. elegans intracellular receptor involved in sex determination but whose

molecular mechanisms of action are largely uncharacterized, was, similarly to CHR3 and

NHR-25, found to function from an AGGTCA-containing DNA binding site in yeast

(Marc R. Van Gilst and Keith R. Yamamoto, unpublished). We found that SEX-1

displays yet distinct, from DAF-12 and NHR-25, D12.82 genomic fragment response

element preference profile. Comparison of data in Figure 7 and Figure 12 to Figure 13

suggest that SEX-1 recognizes both high affinity and low affinity DAF-1.2 binding half

sites within D12.82 fragment, as mutations in ml, m31, and m01 half sites decreased

SEX-1-dependent transcription from D12.82 in yeast. In contrast to the effects on DAF

12, mutations of ml and m31 half sites only moderately decreased SEX-1 mediated

transcriptional activation, suggesting that, similarly to NHR-25, SEX-1 prefers

AGGACA to AGTGCA/G half sites, but still recognizes the latter sites, in contrast to

NHR-25. Supporting this conclusion, SEX-1 activated transcription from a single

AGGACA-containing DR5gt, as well as from the AGTGCA-containing DR5tt; SEX-1,

furthermore, was active from just an AGGACA or AGTGCA half site when assayed from

either of the half site mutated DR5gt—DR5m2 or DR5m4, respectively (Figure 13).
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Figure 13. SEX-1 response element preference profile within D12.82 C. elegans

genomic fragment. (A) Schematic representation of the 207 bp D12.82 fragment with

DAF-1.2 binding site nomenclature and sequences; sequences of isolated D12.82 DR5gt,

idealized DR5tt, and DR5gt half site mutants—DR5m2 and DR5m4. m.11 represents

DR5gt element consisting of mol and m1 half sites. Mutations of the half sites were

generated by converting positions 2 and 5 of the hexamers to T:A base pairs as indicated.

Wild type and mutant fragments and DR5 elements were subcloned into a yeast vector
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upstream of a minimal CYC1 promoter driving Lacz expression. (B) Transcriptional

activity of SEX-1 from D12.82 and DR5 elements, wild type or mutant reporter

constructs, was assayed in yeast. - or + indicates absence or presence of SEX-1,

respectively. Contributions of half sites m1, m31, and site m 11, independently or in

combination, were assessed.
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As C. elegans intracellular receptor family consists of 270 members, it is likely

that some of these receptors could function from DAF-12 response elements. For

example, NHR-8 and NHR-48, two closely related receptors in their DNA binding

domain sequences to DAF-12, seem to recognize DAF-12 response elements in yeast

(Marc R. Van Gilst and Keith R. Yamamoto, unpublished), although their relative to

DAF-12 affinities for the binding sites are not known. Our studies of CHR3, NHR-25,

and SEX-1 action from DAF-12 response element-containing genomic fragments and

simple DR5 elements demonstrate unique response element preference profiles of these

receptors. Thus, although we anticipate that further study will reveal even more context

effects that complicate this picture, as with mammalian regulatory factors and response

elements (Yamamoto et al., 1998), it is apparent that, in regards to DAF-12, its action is

selective and response element-specific. Furthermore, the above results could imply that

in C. elegans, other intracellular receptors, in addition or in cooperation with DAF-12,

might regulate a subset of DAF-12 target gene from the linked response elements, such as

D12.82.
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CHAPTER II

C. elegans Intracellular Receptor DAF-12 Transcriptional Activation

Function
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Abstract

Intracellular receptors respond to their signaling inputs by transcriptional

regulation of target gene expression, where the transcriptional outcome—gene activation,

repression, or lack of the response—is determined by cellular, target gene and signaling

specific context. The availability and interactions with cofactors of the receptors’ specific

surfaces, at least in part, will determine the nature of the transcriptional response. In this

study, we mapped C. elegans intracellular receptor DAF-12's transcriptional activation

function in yeast, as defined by high levels of transcriptional activity of DAF-12

derivatives lacking the putative ligand binding domain, to the extended ‘hinge’ region of

the protein. Although most of the ‘hinge’ region, about 260 amino acids, was necessary

for full levels of transcriptional activation in yeast from several distinct DAF-12 response

elements, we defined a 20 amino acid region, predicted to form an amphipathic helix,

sufficient for the activity. We, furthermore, identified four point mutations of bulky

residues on a hydrophobic surface of the amphipathic alpha helix that led to a dramatic

decrease in the LBD-truncated DAF-12's ability to activate transcription from its

response element in yeast. Future studies will determine the function of this DAF-12’s

yeast activation surface in C. elegans biology and target gene regulation, as well as the

mechanism by with DAF-12's LBD masks its ‘hinge’ activation function. Our results

indicate that the LBD’s masking effect is not due to inhibition of DAF-12 nuclear

localization and that genetic DAF-12 mutations in the LBD do not exhibit major effects

on the transcriptional output in yeast, thus likely not affecting the identified

transcriptional activation domain function.
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Introduction

Intracellular receptors (IRs) are transcription factors commonly regulated by small

lypophilic molecules including hormones, metabolites, drugs and xenobiotics that bind to

hormone response elements, and modulate transcription of their target genes (Chawla et

al., 2001; Mangelsdorf et al., 1995; Tsai and O'Malley, 1994; Yamamoto, 1995;

Yamamoto et al., 1992). The transcriptional response outcome—gene activation,

repression, or lack of the response—is determined by cellular, target gene and signaling

specific context. The availability and interactions with cofactors of the receptors’ specific

surfaces, at least in part, will determine the nature of the transcriptional response.

In mammalian intracellular receptors, several activation functions mediate IRs

transcriptional activity: an autonomous activation function-1 (AF-1) is located in the N

terminus of IRs (Almlof et al., 1997; Godowski et al., 1987; Hollenberg and Evans, 1988;

Iniguez-Lluhi et al., 1997); a ligand-dependent activation function-2 (AF-2) localizes to

the ligand biding domain (LBD), specifically to its last helix 12, of the receptors

(Danielian et al., 1992; Darimont et al., 1998; Hollenberg and Evans, 1988; Shiau et al.,

1998; Tora et al., 1989), and a third activation function (referred to as tau2 or AF-2a) was

described in several IRs and is located between the receptors' DNA binding domain

(DBD) and the LBD (Hollenberg and Evans, 1988; Miesfeld et al., 1987; Norris et al.,

1997; Tang et al., 1998). A large number of studies identified co-factors that interact with

AF-1 and AF-2 “surfaces’, including general transcription factors, p160 family members,

DRIP/TRAP complex components, and other proteins, mediating transcriptional

regulation by intracellular receptors (Bagchi, 1998; Darimont et al., 1998; Hittelman et
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al., 1999; Hong et al., 1997; Kamei et al., 1996; Onate et al., 1995; Rachez et al., 1999;

Shiau et al., 1998; Smith et al., 1996; Voegel et al., 1996; Yuan et al., 1998).

In C. elegans, perhaps the most genetically characterized member of the large

270 IR family (Sluder and Maina, 2001), intracellular receptor DAF-12 is required for

dauer formation, an alternative hibernation-like larval stage in response to unfavorable

environmental conditions, regulates C. elegans developmental age and affects animal life

span (Antebi et al., 1998; Antebi et al., 2000; Gems et al., 1998; Hsin and Kenyon, 1999;

Larsen et al., 1995; Snow and Larsen, 2000). Multiple alleles of daf-12 that partially

uncouple its phenotypic effects as a dauer and developmental regulator were shown to

have distinct protein sequence alterations (Antebi et al., 2000). Loss of function, dauer

defective, mutations cluster predominantly in DAF-12 core DNA binding domain.

Mutations in or near the receptor's LBD lead to a variety of phenotypes: from dauer

defective with no or mild other developmental defects to dauer defective or even dauer

constitutive (animals enter dauer stage under normal conditions) with severe

developmental phenotypes.

Despite the extensive and detailed genetic and developmental studies that led to

DAF-12 cloning and characterization of its biological function, we have yet limited

understanding of DAF-12 function on a molecular level. Previously (see Chapter I), we

identified binding sites in the C. elegans genome that DAF-12 employs as its response

elements to regulate transcription of its target genes. In a heterologous system, such as

yeast Saccharomyces cerevisiae, we found that DAF-12 could function as a

transcriptional activator. Here, we investigate the contribution of DAF-12 domain

structure to the receptor's transcriptional activation potential, search for specific

*
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activation determinants, and examine the effects of DAF-12 genetic mutations on its

transcriptional regulatory properties.
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Results

LBD-truncated DAF-12 is a potent transcriptional activator in yeast

In Chapter I, we isolated C. elegans genomic fragments containing DAF-1.2 binding sites

and response elements. In the yeast reporter assay, we have shown that full length DAF

12 weakly activates transcription (2 to 3 fold) from D12.63 and D12.83 C. elegans

genomic fragments, but has no activity from a D12.88 response element (see Chapter I

and Figure 14B). In contrast, a putative LBD-truncated DAF-12 (N500) is a potent

transcriptional activator from D12.63, D12.82, D12.88, and simple DR5 response

elements (see Chapter I and Figure 14B). As a genetic point mutation, producing a

termination codon at the 501 residue, leads to DAF-12 N500 truncation, we wished to

examine the effects of other genetic mutations in and near the putative LBD region

(Antebi et al., 2000) on DAF-12's transcriptional activation potential in yeast. We found

that none of the genetic LBD mutations (Figure 14A) resulted in as highly

transcriptionally active protein as DAF-12 N500 (Figure 14B): DAF-12 M562I, R564C,

and N687 had similar to full length wild type DAF-12 activities; N617, N706, and P746S

had slightly increased activities; DAF-12 C461Y was transcriptionally inactive in our

assay. As a DAF-12 ligand has not been identified, we do not know the effects of these

mutations on DAF-12 transcriptional outputs in the presence of its cognate ligand.

In the experiments described above, the expression of DAF-12 derivatives was

driven by strong promoter from a high copy yeast expression vector. We observed that

full length DAF-12 was expressed at somewhat lower levels that DAF-12 N500 (data not

shown). To address whether the differences in expression levels could account for the
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Figure 14. Transcriptional activity of DAF-12 genetic mutants in yeast. (A) Schematic

representation of DAF-12 domain structure and location of genetic point mutations in the

‘hinge’ and LBD regions. Genetic mutations resulting in premature termination codons

are indicated by the amino acid number where the mutations occur followed by stp (stop)

designation. (B) Transcriptional activity of wild type and mutated DAF-12 A1 isoform in

yeast from D12.63, D12.82, and D12.88 response elements. Wild type or mutant DAF-12

was expressed from a highly potent copper-inducible CUP1 promoter in a 2p, high copy,

yeast vector. DAF-12 genetic mutations resulting in protein truncations are labeled as
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N500, N617, N687, and N706—corresponding to 501stp, 618stp, 688stp and 707stp

designations in (A). (C) Transcriptional activity from D12.82 response element of the

LBD-truncated DAF-12 N500 expressed from a moderately potent ADH promoter in a

low copy CEN/ARS yeast vector.
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dramatic differences in transcriptional activation by the full length and LBD-truncated

DAF-12, we examined the activity of DAF-12 N500 driven by a weaker promoter from a

low copy vector. As shown in Figure 14C, under the latter low expression conditions,

DAF-12 N500 was still a potent transcriptional activator (compare the N500 activity in

Figure 14C to full length, wild type, DAF-12 activity in Figure 14B), suggesting that

DAF-12 N500 high activity is not due to some difference in expression levels.

As IRS subcellular localization could be governed by the availability of their

cognate ligands (as in steroid receptors such as AR and GR), we wished to investigate

DAF-12 subcellular localization and its effects on transcriptional activity. In yeast, a

heterologous system we employed for our transcriptional assays, LBD-truncated DAF-12

N500 was localized to the nucleus; full length DAF-12, although exhibited more diffuse

localization, could also be found in the cell nucleus (Figure 15B). A C-terminal addition

of SV-40 nuclear localization signal (NLS), increase nuclear accumulation of both full

length and DAF-12 N500 (Figure 15B). However, full length DAF-12 with SV-40 NLS

did not exhibit increased transcriptional activity (Figure 15A), suggesting that differences

in DAF-12 subcellular localization in yeast do not account for dramatically different

transcriptional activation abilities of full length versus LBD-truncated DAF-12; SV-40

NLS addition resulted in decreased levels of transcriptional activation by both full length

DAF-12 and DAF-12 N500.

The results of the described experiments have two important implications. First,

as in mammalian steroid IRs, DAF-12 LBD exhibits a transcriptional activation

inhibitory function; second, LBD-truncated DAF-12 must harbor a transcriptional

activation function.
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Figure 15. Nuclear localization does not increase full length DAF-12's transcriptional

activity in yeast. (A) Transcriptional activity of the LBD-truncated N500 and full length

DAF-1.2-GFP fusions with or without exogenous SV-40 NLS from D12.82 response

element. (B) Subcellular localization of DAF-1.2-GFP fusion derivatives, corresponding

to transcriptional activities in (A).
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DAF-12 transcriptional activation function maps to the extended ‘hinge’ region

To map a region in DAF-12 responsible for potent transcriptional activation in yeast, we

conducted systematic truncation and deletion analysis of DAF-12 N500. C-terminal

truncation of just 50 amino acids (aa) of DAF-12 N500, to produce N450, led to complete

loss of transcriptional activity from D12.63, D12.82 and D12.88 response elements

(Figure 16A-C). Further 50 aa truncations led to regaining of some activity, with N400

and N350, or loss, as with N300, N250, and N206 (N206 contains the N-terminus and the

DBD). We found that truncation of the N-terminus of DAF-12 (with derivatives starting

at aa 100) had no negative effect on transcriptional activation. Furthermore, aa 100-450,

100-400, and 100-350 derivatives had higher activity than their equivalents with the N

terminal 100 aa (Figure 16A-C); aa 100-206, virtually the DAF-12 DBD, had no

transcriptional activity. Although the higher transcriptional activities of N-terminally

truncated DAF-12 derivatives might reflect differences in expression levels (Figure 16D),

the N-terminus might also have a slightly inhibitory effect. Figure 16A-C also

demonstrate that a DAF-12 truncation at the amino acid 521 (N520), which includes the

first two predicted alpha-helixes of the LBD (Antebi et al., 2000), was as transcriptionally

active as DAF-12 N500.

As most of the transcriptional activation loss occurred when DAF-12 N500 was

truncated to N450, we produced two more derivatives that cover this 50 aa region. We

found that C-terminal truncations at aa 480 and 464 both retained high transcriptional

activation potential (Figure 16E). We therefore used DAF-12 derivatives C-terminally

truncated at aa 464 to further define a minimal region responsible for transcriptional

activation.
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derivatives from D12.63, D12.82 and D12.88 response elements (REs), respectively, in

yeast. Activities of C-terminally-truncated (N520 through N206, and, in combination

with the N-terminal truncation, 100-520 through 100-206) DAF-12 derivatives were

assessed. (D) Expression levels of Flag-tagged DAF-12 truncations employed in (A-C)

were assayed by western blotting with anti-Flag antibody. Molecular weight marker (M)

units are in kD. In (E), transcriptional activities of DAF-12 derivatives truncated past the

500 position but before the 450. The difference in activities in (E) and (A-C) reflects

experimental variation in absolute unites.
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Our data in Figure 16A-C strongly suggest that DAF-12 transcriptional activation

function is located in the ‘hinge” region of the protein. As we defined the C-terminal

border of this activation function to aa 464 (Figure 16E), we examined the requirements

of the amino acids past the DBD for this function using internal deletions. Systematic

internal deletions (Figure 17A, B), where either DAF-12 N206 or DAF-12 DBD (aa 100

206) were fused with various length hinge region fragments (with C-terminal end at aa

464), revealed: 1) most of the hinge region was required for full levels of transcriptional

activation from D12.63, D12.82, and D12.88 response elements; 2) the requirements for

the ‘hinge’ subregions depended on the response element context; for example, the

‘hinge’ fragments containing aa 369-464 activated transcription from D12.63 and

D12.82, but not from D12.88 response element; 3) even twenty amino acids towards the

C-terminus of the ‘hinge’, aa 445-464, were sufficient for transcriptional activation from

D12.63 and D12.82 response elements. In conclusion, these experiments strongly suggest

that DAF-12 transcriptional activation function is localized to the ‘hinge’ region, with aa

445-464 required for full activity and sufficient for modest transcriptional activation.

DAF-12 ‘hinge’ region displays intrinsic transcriptional activation activity in yeast

We wished to determine if the transcriptional activation function in the ‘hinge’ region of

DAF-12 could serve as a heterologous activation domain. We found that fusions of the

‘hinge’ region fragments to the yeast transcriptional regulator Gal4 DNA binding domain

activated transcription at high levels from two copies of GalA binding site in yeast (Figure

18). A twenty amino acid region of the DAF-12 “hinge’, aa 445-464, was sufficient to
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Figure 17. DAF-12 internal deletions map minimally required transcriptional activation

function regions. (A) Transcriptional activities of DAF-12 derivatives, in which the N
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terminal portion (N206) was fused to various segments of the ‘hinge’ region, from

D12.63, D12.82 and D12.88 response elements (REs) in yeast. (B) Transcriptional

activities of DAF-12 derivatives, in which the DNA binding domain (amino acids 100

206) was fused to various segments of the ‘hinge’ region, from D12.63, D12.82 and

D12.88 response elements (REs) in yeast.
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Figure 18. DAF-12 “hinge’ region transcriptional activation function serves as a

heterologous activation domain in yeast. Transcriptional activities of various DAF-12

‘hinge’ region fragments fused to Gala DNA binding domain (GalA DBD) from two

copies of GalA binding site (2Gal4) in yeast are illustrated; GalA DBD alone served as

negative and Gal4 DBD-VP16 activation domain (VP16 AD) fusion served as positive

controls. For comparison, activities of DAF-12 N500 and DAF-12 DBD (100-206)-VP16

AD fusion from D12.82 response element are shown.
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function as a transcriptional activation domain in the heterologous context, although not

as potently as larger fragments of the DAF-12 “hinge”; Gala DBD-aa 445-464 fusion had

a transcriptional activity equal to the activity of Gal4 DBD-VP16 activation domain

(AD), a chimeric activator used as a positive control (Figure 18). Furthermore,

transcriptional activation levels of GalA DBD-DAF-12 “hinge’ fusions from GalA sites

were comparable to, or even higher than, DAF-12 N500 activity from a D12.82 response

element. Interestingly, DAF-12 DBD (aa 100-206)-VP16 AD chimera had no activity in

our reporter assay (data not shown); DAF-12 DBD fused to three copies of VP16 AD

could activate transcription from D12.82 at a low level (Figure 18). These results

demonstrate that the DAF-12 “hinge’ region contains an intrinsic transcriptional

activation activity that could function in yeast.

Minimal activation ‘surface’ maps to a predicted amphipathic alpha-helix in the

‘hinge’ region of DAF-12: A requirement of hydrophobic surface for transcriptional

activation

As a part of the DAF-12 “hinge’ region, aa 445-464, is necessary and sufficient for

transcriptional activation in yeast, we wished to identify specific amino acids required for

this function. A secondary structure prediction (Figure 19) revealed that aa 445-464 are

likely to form an alpha-helix. We introduced a series of double, triple, quadruple, and

quintuple mutations within this region in DAF-12 N500 (Figure 20B) and assessed the

mutants’ activity in our yeast reporter system. We found that triple mutations of polar

residues (KRN) and double methionine mutations (MM) to alanines had no effect on

transcription from D12.82 response element (Figure 20A), and the double EN mutation
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Sequence length a 753

SOPM 3
Alpha helix (Bh) : 235 is 31.21%
310 helix (Gg) t 0 is 0.00%
Pi helix ( Ii) : 0 is 0.00%
Beta bridge (Bb) t 0 is 0.00%
Extended strand (Ee) s 112 is 14.87%
Beta turn (Tt) : 43 is 5. 71*.
Bend region ( ) t O is 0.00%
Random coil ( -) = 363 is 48.21%
Ambigous states (?) : 0 is 0.00%
Other states s 0 is 0.00%

Figure 19. DAF-12 minimal transcriptional activation function region, amino acids 445

to 464, is predicted to form an alpha-helix. DAF-12 secondary structure prediction;

boxed is the sequence between amino acids 445 and 465 predicted by the secondary

structure prediction algorithm to form an alpha-helix.
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1 2 3 4 5 6 7 8 9 10 11 12131415 161718 1920
446-AAEE MY KRMNMFY ENC Q SA-465

Mutations:

KRN AA A
MM A. A
EN AA
FY AA
YY A A

YFY A AA
YFYI A AA A

YFYCyl A AA YA
YFYCal A AA AA

Figure 20. A quadruple point mutation in the amphipathic helix within the ‘hinge’ region

dramatically reduces LBD-truncated DAF-12's transcriptional activity in yeast. (A)

Transcriptional activity of the LBD-truncated DAF-12 N500 with multiple point

mutations within the minimally required activation helix (amino acids 445-464). Polar

residues (KRN and EN), hydrophobic methionines (MM), or bulky hydrophobic residues
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(YFY) were mutated. Isoleucine mutation was introduced in the YFY mutant background

based on surface predictions in (C); genetic DAF-12 C461Y mutation (and C461A

substitution) was then added to YFYI mutant background. (B) Sequence of the predicted

helix, amino acids 446-465, sufficient for transcriptional activation and sets of mutations

introduced and assayed in (A). (C) A plot of the peptide from (B) on a helical wheel

reveals a hydrophobic (in pink) and hydrophilic (in yellow) surfaces of the amphipathic

helix. In purple are bulky hydrophobic residues required by DAF-12 N500 transcriptional

activity. The number designations of amino acids in (C) correspond to the numbers in

(B).

83



*…*
Ç..."

**

-----,
** -º-ra.

****



had only a modest effect. In contrast, double, triple, and quadruple mutations of bulky

hydrophobic residues (FY, YY, YFY, YFYI, respectively) resulted in a progressive loss

of activity, compared to wild type DAF-12 N500 (Figure 20A).

C461 Y, a genetic mutation with mild C. elegans developmental phenotypes, did

not affect DAF-12 N500 transcriptional activation function in our assay (data not shown),

although it seemed to abolish full length DAF-12-mediated transcriptional activation

(Figure 14B). C461Y also did not have a negative effect in the background of YFYI to

alanines mutated DAF-12 N500; C461 to alanine substitution decreased DAF-12 N500

activity in the same background (Figure 20A).

A plot of the predicted alpha-helical region, aa 446-465, on a helical wheel

suggested an amphipathic helix (Figure 200). Interestingly, three of the transcriptionally

detrimental mutations in DAF-12 N500, residues Yo Y13 II7, grouped in one area of the

hydrophobic surface; the forth residue involved in transcriptional activation, F12, mapped

also to the hydrophobic surface of the helix. The location of these bulky hydrophobic

residues in the alpha helix and their role in transcriptional activation suggest that the

hydrophobic surface of the DAF-12 “hinge’ aa 446-465 alpha helix could serve as a

transcriptional activation “surface', conceivably by providing an interaction surface for

co-factors such as co-activators or general transcriptional machinery factors.
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Discussion

In this study, we mapped DAF-12's transcriptional activation function in yeast to the

receptor's extended ‘hinge’ region. This ‘hinge’ region was also able to function as a

heterologous activation domain, assayed as a chimera with the GalA DNA binding

domain. A twenty amino-acid predicted amphipathic alpha-helix in the C-terminal part of

DAF-12 “hinge’ was necessary and sufficient for transcriptional activation in that context.

We found that bulky hydrophobic residues on one surface of the helix were necessary for

the activation: quadruple mutation of these residues dramatically decreased the ‘hinge’

region transcriptional activation potential. We, furthermore, found that the ‘hinge’

activation function was inhibited by the DAF-12 ligand binding domain, and that the

genetic mutations in the LBD did not dramatically influence the inhibition under our

conditions.

In contrast to intracellular receptors with AF-1 at their N-termini (Almlof et al.,

1997; Godowski et al., 1987; Hollenberg and Evans, 1988; Iniguez-Lluhi et al., 1997),

DAF-12, at least in yeast, does not possess any activation function in that region. As a

DAF-12 cognate ligand is yet to be identified, we have not measured a presumptive AF-2

activity. Whether the ‘hinge’ activation function could be called DAF-12 AF-1, tau2, or

AF-2a is a question of nomenclature. Functionally, our experiments suggest that the

DAF-12 activation function could be similar to AF-1 of other intracellular receptors, as it

can function autonomously and its activity is inhibited by the LBD. We do not know yet

the contribution of the ‘hinge’ activation domain to full length DAF-12 function in C.

elegans. The C461Y genetic mutation results in mild impenetrant developmental defects

in C. elegans without affecting dauer formation (Antebi et al., 2000). In our assays, the
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C461Y did not have any effect on the LBD-truncated DAF-12 transcriptional activity. In

the full length protein, in yeast, the C461Y mutation reduced DAF-12's transcriptional

activation potential, but the significance of this finding is unclear.

Our truncation and deletion analysis indicates that most of the ‘hinge’ region is

required for full transcriptional activation by DAF-12 N500. These results might imply

that the 280 amino acid “hinge’ region is, at least, a semi-independent domain with a

particular structural fold. Interestingly, the first half of the ‘hinge’ is proline-rich and

might provide the structural basis of the fold. Additionally, this region contains multiple

putative phosphorylation sites; conceivably, then, the ‘hinge’ region might integrate

multiple signaling inputs.

The amphipathic alpha-helix necessary and sufficient to activate transcription is

located in the second half of the ‘hinge’. Our demonstration that bulky hydrophobic

residues are required for transcriptional activation suggests that the hydrophobic side of

this helix might serve as a contact interface, a “surface’ for protein-protein interaction

with factors mediating transcriptional activation, such as co-activators or general

transcription machinery (Almlof et al., 1997; Bagchi, 1998; Hittelman et al., 1999;

Iniguez-Lluhi et al., 1997; Kobayashi et al., 2000; Ma et al., 1999). Future studies will

identify factors involved in mediating DAF-12 “hinge’ transcriptional activity through

interaction with the activation “surface’ of the ‘hinge’. Another possibility is that the

hydrophobic residues of the amphipathic helix are involved in the ‘hinge’ fold

stabilization or core formation. We do not favor the latter possibility for several reasons,

including the observation that the hinge region lacking the activation helix is stable and

soluble when purified from Escherichia coli.
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An unanswered question in the field of intracellular receptor biology is how the

unliganded LBD masks the activation functions, such as AF-1 in GR, AR, and other

receptors. Our results suggest that unliganded DAF-12’s “hinge’ activation function is

inhibited by the LBD region past aa 520 and prior aa 618, as DAF-12 N520 is

transcriptionally active, but DAF-12 N617 is largely not. This places the inhibition region

within DAF-12 LBD helixes 3 through 5, regions involved in LBD hydrophobic core

formation, putative ligand contacts, and co-factor interface. What is the mechanism of

inhibition? Intra- or intermolecular interactions, with yet to be identified factors, might be

responsible; inhibition of DNA biding and reduced response element occupancy is also a

possibility.

As the ‘hinge’ region function in C. elegans in unknown, future studies will

determine if DAF-12's yeast activation “surface’ is conserved in C. elegans and its role in

target gene regulation and animal biology.
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Methods

Yeast transcriptional reporter assay

C. elegans D12.63, D12.82, and D12.88 genomic fragments (see Chapter I) or two copies

of GAL.4 binding (Carey et al., 1989) site were subcloned upstream of a minimal CYC1

promoter driving Lacz expression in the pdSS (2p1, URA marked) vector (Schena and

Yamamoto, 1988) (plasmids pXSYR0001-3, pySYR0101). Expression of C-terminally

Flag-or GFP-tagged (with or without SV40 NLS) wild type DAF-12, mutant and

derivatives (in order of appearance in the figures) was driven by the copper-inducible

CUPI promoter in the pKS424 (2p, TRP) (Sikorski and Hieter, 1989) vector (M.I.

Diamond and K.R.Y., unpublished) in the presence of 0.05 mM CuSO4 (Figure 14B:

plasmids pXSYE0001, pySYE0301, pySYE0002, pySYE0302-307; Figure 15:

pySYE0106, 117, 119-120; Figure 16: pySYE0308-325; Figure 17: pySYE0326-338;

Figure 18: p.YSYE0338-350; Figure 20: p.YSYE0351-359). In Figure 14C, DAF-12 N500

low expression (pVSYE0500) was driven by ADH1 promoter from pKS CEN/ARS

plasmid (provided by J. Weissman). The plasmids were transformed (Agatep et al., 1998)

into S. cerevisiae W303a strain. Expression assays and data analysis were performed as

described (Iniguez-Lluhi et al., 1997), except after saturation, the cultures were diluted

1/20 and grown for 8 hr with 0.05 mM CuSO4; lysis was performed for 15 min.

Subcellular localization determination in yeast and CV-1 cells

Subcellular localization of DAF-12 derivatives was determined by live GFP fluorescence

visualization at 1000x magnification 3 to 4 h prior to the transcriptional reporter assay

(see Figure 15A, B).
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Immunoblotting

Yeast was boiled for 15 min in 2x SDS sample buffer, and the mixture was fractionated

by SDS-PAGE (amounts loaded were normalized to culture cell densities), transferred to

Immobilon paper (Millipore Corp.) and probed with 1:500 dilution of anti-Flag M2

antibody (Sigma). The primary antibody was detected with horseradish peroxidase

conjugated sheep anti-mouse antibody by developing with the enhanced

chemiluminescence (ECL) substrate (Amersham Pharmacia).
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CHAPTER III

DNA Binding and Subcellular Localization of C. elegans Intracellular

Receptor DAF-12: Overlapping and Unique Surfaces
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Abstract

Intracellular receptors' DNA binding domain (DBD) C-terminal extension (CTE)

commonly contains determinants involved in receptors' DNA binding and subcellular

localization. A previously identified genetic loss of function mutation in the C. elegans

intracellular receptor DAF-12, a conservative substitution of an arginine to a lysine

residue at position 197 mapped to the receptors’ region just downstream of its minimal

DBD fold. Here we demonstrate that R197K, but not mutations of neighboring arginine

or lysine residues, dramatically reduced DAF-12's transcriptional activity in the yeast

reporter assay. This reduction in transcriptional activation was due to greatly decreased

mutant DAF-12's DNA binding affinity in vitro, suggesting a role for the DAF-12 DBD

CTE, and specifically for R197, in DNA binding. We found that the CTE, furthermore,

contains determinants—basic residues surrounding R197—involved in DAF-12's nuclear

localization, but that arginine 197 was dispensable for this nuclear localization function.

Surprisingly, we found multiple nuclear localization determinants located, in addition to

the C-terminal DBD extension, in DAF-12's N-terminus, extended ‘hinge’ region, and

putative ligand binding domain (LBD). Interestingly, the ligand binding domain also

contained an activity which antagonized its nuclear localization signal, as it resulted in a

cytoplasmic localization of certain LBD-containing DAF-12 derivatives. Two of the

genetic DAF-12 mutations, which result in premature termination in the LBD and

produce specific phenotypes in C. elegans, relieved the nuclear localization antagonism.

We speculate that DAF-12's subcellular localization may be dynamic, and that the

dynamics may play a role in C. elegans biology.
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Introduction

Intracellular receptors (IRs), such as mammalian steroid, thyroid/retinoid, and

orphan members of the superfamily, regulate their target gene expression, commonly,

through direct interaction of the receptors’ highly conserved DNA binding domain

(DBD) with the cognate DNA response elements. IRs minimal “core” DBD is a centrally

or N-terminally located 66-amino acid region in which the overall fold is determined by

two zinc ions coordinating eight cysteine residues to form two “zinc finger”-like

structures with two perpendicular amphipathic alpha-helixes. The first zinc finger alpha

helix hydrophilic surface serves as a DNA response element recognition element by

interactions with the DNA major groove; other DNA binding and receptor dimerization

determinants are distributed throughout the zinc finger structure (Freedman et al., 1988;

Luisi et al., 1991; Meinke and Sigler, 1999; Rastinejad, 1998; Rastinejad et al., 1995;

Rastinejad et al., 2000; Zhao et al., 2000; Zhao et al., 1998).

In addition to the core DNA binding domain, the DBD C-terminal extension

(CTE)—a variable region just downstream of the core—has been implicated in DNA

response element recognition and discrimination. An orphan IR NGFI-B’s CTE is

required for the receptor's DNA binding; the CTE forms an alpha-helix that makes

extensive contacts with the DNA phosphate backbone and bases in the minor groove,

allowing NGFI-B to bind its response elements as a monomer (Meinke and Sigler, 1999;

Wilson et al., 1992). The crystal structure of 9-cis retinoic acid receptor (RXR)-thyroid

hormone receptor (TR) DBD heterodimer on its DNA response element was the first to

reveal the alpha-helical structure of TR's CTE, which engaged in extensive, mostly

phosphate backbone, minor groove DNA contacts, as well as contained an RXR

*

92



--------
*** *****

*** * *



dimerization determinant (Rastinejad, 1998; Rastinejad et al., 1995); the crystallographic

analysis of the orphan receptor Reverb DBD homodimer on its response element also

revealed CTE function in DNA binding and subunit interaction (Zhao et al., 1998). In

homo- and heterodimeric receptor-DNA interactions, the CTE, furthermore, has been

proposed to serve as a “molecular ruler” by measuring the spacing between the subunit

binding half sites of intracellular receptors (Rastinejad, 1998; Rastinejad et al., 1995;

Zhao et al., 1998). Although structural analyses did not reveal a particular conformation

or function for the CTE in DNA binding by steroid receptors, such as the glucocorticoid

receptor (GR) (Luisi et al., 1991; Remerowski et al., 1991), recent reports implicate

steroid receptor CTE in binding site discrimination and influence on DNA binding

through functional interaction with HMGB1/2 architectural proteins (Melvin et al., 2002;

Schoenmakers et al., 1999; Verrijdt et al., 2002).

The C-terminal DBD extension has been demonstrated to contain a nuclear

localization signal (NLS) determinant for several intracellular receptors, including GR,

estrogen receptor (ER), progesterone receptor (PR), TR, androgen receptor (AR), NGFI

B, and others (Katagiri et al., 2000; LaCasse et al., 1993; Picard et al., 1990; Picard and

Yamamoto, 1987; Poukka et al., 2000; Ylikomi et al., 1992). Patches of basic residues in

the CTE–lysines and arginines—are responsible for NLS activity and interaction with

nuclear import receptors (Katagiri et al., 2000; Savory et al., 1999). Interestingly, some of

the DNA binding surface determinants in the CTE, such as of TR and NGFI-B, map to

lysine and arginine residues (Meinke and Sigler, 1999; Rastinejad et al., 1995).

Furthermore, acetylation of lysine residues in AR and ER CTEs has been reported to

influence the receptors’ transcriptional activation abilities (Fu et al., 2000; Fu et al., 2002;
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Wang et al., 2001); mutation analysis of vitamin D receptor (VDR) CTE revealed

selective influence of specific lysine and arginine residues on DNA binding and

transcriptional activation competence (Hsieh et al., 1999). Thus, the C-terminal DBD

extension has been implicated to function in several processes affecting mammalian

intracellular receptor action, as assayed in cell-free and cell culture assays.

In C. elegans, genome sequencing and analysis revealed 270 intracellular

receptors present (Sluder and Maina, 2001). Perhaps the most genetically characterized

member of this large family, C. elegans intracellular receptor DAF-12 is required for

dauer formation, an alternative hibernation-like larval stage in response to unfavorable

environmental conditions, regulates C. elegans developmental age and affects animal life

span (Antebi et al., 1998; Antebi et al., 2000; Gems et al., 1998; Hsin and Kenyon, 1999;

Larsen et al., 1995; Snow and Larsen, 2000). Multiple alleles of daf-12 that partially

uncouple its phenotypic effects as a dauer and developmental regulator were shown to

have distinct protein sequence alterations (Antebi et al., 2000). Loss of function, dauer

defective, mutations cluster predominantly in DAF-12 core DNA binding domain. These

lesions affect highly conserved core DBD residues, except an arginine to a lysine

substitution at the position 197—13 residues downstream of the core. As this DBD

downstream region is in the right position and resembles, to some extent, intracellular

receptors’ DBD C-terminal extension, characterization of the R197K mutant DAF-12

could provide a link between CTE molecular and physiological roles in intracellular

receptor function in vivo.

In this study, we examined the molecular phenotypes of the DAF-12 R197K

genetic mutation in heterologous systems. Our investigations, furthermore, led to the
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Results

DAF-12 genetic DBD mutants are transcriptionally inactive

Genetic screens in C. elegans identified multiple DAF-12 alleles with distinct protein

sequence alterations (Antebi et al., 1998; Antebi et al., 2000; Larsen et al., 1995). Five

genetic point mutations cluster in or near the DNA binding domain of DAF-12 (Figure

21A), and belong to a phenotypically distinct DAF-12 loss of function class of mutants—

defective in dauer formation and with impenetrant heterochronic phenotypes (Antebi et

al., 2000). We found that four of the mutations located in a minimal core DBD fold,

C121Y, A125V, S137F, and R143K, result in a complete loss of transcriptional activity

of a highly active LBD-truncated DAF-12 N500 (see Chapter I and II) in a transcriptional

reporter assay from DAF-12's D12.82 response element in yeast; a mutation just 13

residues downstream of the Zn finger DBD core sequence, R197K, resulted in a dramatic

reduction of DAF-12 N500 transcriptional activity (Figure 21A-B). Figure 21C shows

that all of the DAF-12 N500 DBD mutants expressed at similar levels in yeast. These

data suggest that the loss of function phenotypes of these five mutant alleles in C. elegans

are due to transcriptionally defective DAF-12.

Arginine 197 is essential for DAF-12 transcriptional activity: It is required for high

affinity DNA binding without affecting nuclear localization

Four genetic DAF-12 DBD mutations, C121Y, A125V, S137F, and R143K, affect highly

conserved residues in the core intracellular receptor DBD fold, required for the Zn finger

;
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Figure 21. DAF-12 genetic loss of function DBD mutants are transcriptionally inactive.

(A) DAF-12 DBD sequence. The numbers indicate the positions of the genetic mutations

(mutated amino acids are in bold and italic). Shaded region represents the core DBD fold

sequence. (B) Transcriptional activity of genetic DBD mutants from DAF-12 D12.82

response element in yeast. LBD-truncated DAF-12 N500 has been used in the

experiment. (C) Protein expression levels of wild type and DBD-muted Flag-tagged

DAF-12 N500 in yeast, assayed by western blot analysis. DAF-12 derivatives were

detected with anti-Flag antibody from yeast cultures used for the transcription assay in

(B).
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fold formation and DNA binding (Rastinejad, 1998). Arginine 197, a site of the fifth

mutation, lies 13 residues downstream of the core DBD in the basic residue patch with

two other arginines and a lysine (R195 and R196 preceding, and K198 following R197).

As a substitution of arginine to lysine at the position 197 results in DAF-12 which is

defective, phenotypically in C. elegans and transcriptionally in yeast, we wished to

investigate the mechanistic basis for the R197 requirement. Surprisingly, we found that

only a substitution of arginine at the 197 position, but not at the 195 or 196 positions,

resulted in a DAF-12 derivative unable to activate transcription at high levels in yeast

from D12.82 response element (Figure 22A); a substitution of another neighboring

residue, lysine 198, to arginine did not affect DAF-12's ability to activate transcription.

Arginine 197 to alanine substitution resulted in a completely transcriptionally inactive

DAF-12 N500, suggesting the requirement for arginine at the 197 position. Mutations of

R195, R196, and R198 to alanines individually did not affect DAF-12's transcriptional

output. Interestingly, double substitutions of R195 and R196 to lysines or a triple

mutation of R195, R196, and K198 to alanines also did not have a major effect on DAF

12’s ability to activate transcription. Similar to the dramatic decrease in transcriptional

activity of the DAF-12 N500 R197K mutant from a DR5 containing D12.82 response

element, R197K mutant was also inactive from D12.88 (Figure 22B), a DAF-12 response

element that lacks DR5 arrangements of the binding half-sites (see Chapter I). These

results suggest strong positional and residue identity requirement of arginine 197 for

highly transcriptionally active DAF-12.

;
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Figure 22. Arginine 197 is required for DAF-12 transcriptional activity. (A)

Transcriptional activity of DAF-12 N500-GFP fusions with single, double or triple

mutations of the residues adjacent to R197 from D12.82 response element in yeast. (B)

Transcriptional activity of DAF-12 N500-GFP derivatives from D12.88 response element

in yeast.
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We then wished to determine the mechanistic reasons for transcriptional

dependence on arginine 197 in DAF-12. As R197 residue is located in the region that

could function as IRs’ DBD C-terminal extension, mutations of this residues might affect

DAF-12's ability to bind DNA. Although the region in DAF-12 surrounding arginine 197

does not share significant homology with most intracellular receptor CTEs, we found that

arginine at the 197 position is required for high affinity DNA binding of GST-DAF-12

DBD to its DR5tt response element. Through conducting in vitro binding experiments

using fluorescence anisotropy, we found that the R197K mutation resulted in almost 300

fold reduction in DAF-12's ability to bind DNA (Figure 23); mutation of arginine 197 to

alanine produced an even more severe DNA binding defect—DAF-12's R197A DBD

bound DR5tt with more than 1000 fold reduced affinity. In contrast, mutation of arginine

at the 196 position to lysine had significantly less dramatic effect on DNA binding

affinity, with approximately 26 fold reduction. These in vitro binding results parallel

transcriptional activity data in yeast (Figure 22), where R197K or R197A but not the

mutations of neighboring residues compromised DAF-12's ability to activate

transcription in the reporter assay, thus suggesting that inability of DAF-12 R197K

mutant to bind its DNA response elements likely results in a loss of function phenotype

in C. elegans.

In many intracellular receptors, the DBD C-terminal extension contains a nuclear

localization signal (Katagiri et al., 2000; LaCasse et al., 1993; Picard et al., 1990; Picard

and Yamamoto, 1987; Poukka et al., 2000; Ylikomi et al., 1992). Although our previous

experiment suggested that the primary defect of DAF-12 R197K mutation was in a

greatly reduced DNA binding affinity, we wanted to investigate whether R197K mutation

:

i
;
*}
º

100



e Wt
Kd=0.13 nM

o R196K
Kd=3.0 nM

d R197K
Kd=35 nM

© R197A
Kd=136 nM

* * * * * * *
100 200 300 400 500 600

Protein concentration (nM)

Figure 23. Arginine 197 is required for high affinity binding of DAF-12 DBD to its DR5

response element. Binding of GST-DAF-12 DBD to fluorescein-labeled double-stranded

oligonucleotides carrying the DR5tt element (10 nM) was measured by fluorescence

anisotropy. Protein concentrations shown assume GST-DAF-12 DBD homodimer.

Apparent Kd values were calculated from curve fits. The graph insert provides an

expanded view at protein concentrations up to 60 nM.
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influences DAF-12's ability to enter the nucleus efficiently. We thought that fusion of an

exogenous NLS to a protein with a defective nuclear localization sequence should rescue

the deficiency, and, thus, at least partially rescue any transcriptional defects associated

with subcellular mislocalization. We found that fusion of the SV-40 NLS to DAF-12

N500 R197K mutant was not able to rescue the transcriptional activation defect from

D12.82 response element (Figure 24A); fusion of the SV-40 NLS resulted in a slight

decrease of wild type DAF-12 N500’s transcriptional activity. In corroboration with the

transcriptional reporter data, DAF-12 N500 R197K mutant appeared to localize to the

nucleus in yeast, similarly to the wild type protein (Figure 24B); fusion of the SV-40

NLS either to wild type or DAF-12 N500 R197K protein resulted in increased nuclear

accumulation. These results indicate that R197K mutation does not affect DAF-12’s

nuclear localization properties, which could be expected since arginines and lysines are

basic residues that could function interchangeably as parts of an NLS. We conclude that

an arginine to lysine mutation at the 197 position leads to a defect in DAF-12's DNA

binding ability and not subcellular localization, thus, resulting in a transcriptional

activation-defective protein.

DAF-12 contains multiple nuclear localization sequences located in the N-terminal,

DBD C-terminal extension, and ‘hinge’ regions of the protein

Our previous experiments suggested that DAF-12 C-terminal DBD extension contains

determinants for high affinity DNA binding. Next we wished to investigate whether this

region also contains DAF-12 nuclear localization determinants. For these experiments,

we constructed plasmids containing DAF-12 derivatives fused to three copies of GFP in a

.
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Figure 24. Arginine 197 does not affect DAF-12 subcellular localization in yeast. (A)

Transcriptional activity of DAF-12 N500-GFP, wild type and R197K, with or without

exogenous SV-40 NLS, from D12.82 response element. (B) Subcellular localization of

DAF-12 derivatives from (A) in yeast.
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yeast inducible expression vector. Figure 25A shows that DAF-12 N500 equivalent,

containing amino acids 2-500 (aa2-500), fused to three copies of GFP is localized to the

nucleus in yeast. DAF-12 N500 derivative that lacks the N-terminus, aa 101-500, as well

as a derivative that lacks the ‘hinge’ region, aa2-206, are also localized to the nucleus;

likewise, DAF-12 derivative lacking both the N-terminus and the ‘hinge’ regions, aa 101

206, is localized to the nucleus in yeast. Interestingly, DAF-12's N-terminus, aa2-100,

and the ‘hinge’, aa207-500, had slight nuclear accumulation preference. However, DAF

12 derivatives, aa2-191 and aa 101-191, lacking a portion of the C-terminal DBD

extension lost their preferential nuclear localization (Figure 25A), suggesting that amino

acids in the 191 to 206 region of the DAF-12's DBD CTE are required for preferential

nuclear localization in yeast. Similar to the results in Figure 24B, R197K or a

neighboring R196K mutation does not affect nuclear localization of DAF-12 derivatives,

either aa2-206 or aa 101-206 fragment (Figure 25A). Surprisingly, aa 191-206 fragment by

itself, fused to three copies of GFP, was insufficient for nuclear accumulation—the fusion

protein was distributed throughout the cells. This is similar to the localization of the

control protein in yeast, a fusion protein consisting of three copies of GFP, which is

predominantly diffused throughout the cells, without being excluded from the nucleus.

Although yeast provides us with a useful simplified system to access the effects of

the genetic DBD mutants on DAF-12's transcriptional output and initiate the analysis of

DAF-12’s subcellular localization determinants, we extended our examination of DAF

12’s subcellular localization properties to mammalian CV-1 cells, a cell line used
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aa2-500 aa101-500 aa2O7-500 aa2-100

aa2-206 aa2-191 aa2-206 aa191–206
R197K

aa101-206 aa101-191 aa101-206 aa101-206
R197K R196K

3.xGFP 3xGFP-NLS

aa2-753 aa2-500 aa2-206 aa2-191

aa2-206 aa2-206
R197K R196K

4xGFP-NLS

Figure 25. DAF-12 DNA binding domain C-terminal extension is required for nuclear

localization in yeast and mammalian cell independently of arginine 197. (A) Subcellular
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localization of DAF-12 derivatives in yeast. Wild type or R197K mutated DAF-12

derivatives (included amino acids are indicated below each panel) were fused to three

copies of GFP. 3xGFP panel demonstrates subcellular localization of an empty vector

containing three copies of GFP. 3xGFP-NLS panel shows nuclear localization of the

previously described empty vector bearing SV-40 NLS and served as a positive control.

(B) Subcellular localization of DAF-12 derivatives in CV-1 cells. DAF-12 derivatives

were fused to four copies of GFP and transiently transfected in CV-1 cells; 4xGFP and

4xGFP-NLS panes demonstrate cytoplasmic localization of an empty vector with four

copies of GFP and nuclear localization of the vector bearing SV-40 NLS, respectively.
.i
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extensively for these types of studies (Picard and Yamamoto, 1987) due to its specific

properties, such as large cell and nucleus size, flat morphology, and high transfection

efficiency. In CV-1 cells, transiently transfected full length DAF-12 A1 isoform and

DAF-12 N500 equivalents, aa2-753 and aa2-500 (respectively), fused to four copies of

GFP show strong nuclear localization (Figure 25B). As in yeast, DAF-12 aa2-206 GFP

fusion, with or without R197K/R196K mutations, localizes primarily to the nucleus in

CV-1 cells; deletion of amino acids 197 to 206, resulting in a construct aa2-191, led to

predominantly diffuse subcellular localization, arguing that in mammalian CV-1 cells this

portion of DAF-12's C-terminal DBD extension is also required for preferential nuclear

localization. In these cells, the control protein containing four copies of GFP was

excluded from the nuclei of many cells (Figure 25B). These experiments suggest that

both in yeast and mammalian cells, DAF-12's DBD C-terminal extension is required for

nuclear localization, but that localization is independent of arginine 197.

In CV-1 cells, as in yeast, DAF-12 aa 191-206 GFP fusion, or complete C

terminal DBD extension—aa182-206—fusion protein, was not sufficient for nuclear

localization: the fusions were mostly excluded from the nucleus or diffused throughout

some cells (Figure 26A). However, not only this region was required for nuclear

localization of DAF-12 derivative containing its N-terminus and DBD (compare aa2-206

to aa2-191 localization—Figure 25B), addition of amino acids 191-206 to the fusion

protein containing amino acids 2-206 led to increased nuclear accumulation (Figure

26A). Further supporting the region’s role in nuclear localization, amino acid 191 to 206

deleted DAF-12 DBD construct, aa 101-191, was now predominantly excluded from the

nucleus. Finally we noticed that in CV-1 cells, DAF-12's N-terminus, aa2-100 fragment,
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Figure 26. DAF-12 contains multiple nuclear localization sequences located in the N

terminal, DBD C-terminal extension, and “hinge’ regions of the protein. DAF-12

derivatives were fused to four copies of GFP and transiently transfected into CV-1 cells.

(A) Subcellular localization of DAF-12 derivatives containing DBD C-terminal extension

in combination with N-terminal regions in CV-1 cells. (B) Subcellular localization of

DAF-12 derivatives containing the ‘hinge’ region of the protein in CV-1 cells.
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moderately accumulated in the cell nuclei, while the fragment lacking the N-terminus,

aa101-206, exhibited only slight nuclear accumulation; these observations suggest that

DAF-12's N-terminus could have a weak nuclear localization signal sequence. Indeed,

we found that an N-terminal stretch that includes amino acids 21 to 41 greatly increased

nuclear localization of aa 101-206 fragment, as a fusion protein (Figure 26A). Further

supporting the NLS activity of aa21-41 fragment, its fusion to a cytoplasmicly localized

aa191-206 or aa.182-206 fragment resulted in nuclear accumulations of these fusion

proteins. However, when mutations in basic residues were introduced in these constructs,

the nuclear localization was impaired (compare aa 191-206 + 21-41 and 182-206 + 21-41

to the respective constructs with R195/6A, K198A mutations, Figure 26A), underscoring

the critical role of the lysine and arginine residues in the CTE NLS. When an adjacent,

evolutionary conserved with Strongyloides stercoralis’ DAF-12 orthologue (Antebi et al.,

2000; Siddiqui et al., 2000) region—aaS8-73—was fused to aa 191-206 or aa.182-206

fragment, the fusions were excluded from the nucleus, suggesting that the region between

amino acids 21 to 41 confers DAF-12's N-terminal NLS activity.

In addition to C-terminal DBD extension and N-terminal nuclear localization

determinants, we found that DAF-12's extended ‘hinge’ region contains a nuclear

localization signal. Figure 26B shows that DAF-12 aa207-500 fragment GFP fusion is

localized to the nucleus in CV-1 cells. A central part of the hinge region, such as

fragments aa324-390, aa336-390, and just a 17 amino acid fragment—aa360-376—

accumulated in the nucleus; whereas, fragments such as aa207-369, aa370-500, and

aa370-450 were either diffuse of excluded from CV-1 cell nuclei (Figure 26B). Thus,

DAF-12’s “hinge’ region contains an NLS with its core between amino acids 360 and
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376; the ‘hinge’ NLS is separable from DAF-12 yeast transcriptional activation helix

located between amino acid 450 and 500 (see Chapter 2), as the fragment lacking this

region, aa227–450, still accumulate in the nucleus.

C-terminal region of DAF-12 ligand binding domain counteracts nuclear localization

function of LBD and “hinge’ NLS(s)

We next wished to determine DAF-12 ligand binding domain’s contribution to the

protein’s subcellular localization. We found that DAF-12 LBD fused to four copies of

GFP is localized in the cytoplasm of CV-1 cells and strongly excluded from the nucleus

(Figure 27A). A simple explanation for this result is that DAF-12 LBD does not have a

nuclear localization signal, thus, it is unable to enter the nucleus as a GFP fusion. We

wanted to further investigate whether this was the case. In addition to genetic mutations

in the DAF-12 DBD region, several daf-12 alleles exhibiting various phenotypes with

mutations, including three truncations, in the LBD region have been identified (Antebi et

al., 2000). Although these LBD mutations did not have a major effect of DAF-12

transcriptional activity in the yeast reporter assay (see Chapter II), we decided to

investigate the effects of genetic LBD truncations on DAF-12 subcellular localization in

CV-1 cells.

We found that the most C-terminal truncation generated due to the stop codon at

the 707 position (which deletes predicted helixes 10-12) did not change cytoplasmic

localization or nuclear exclusion of the LBD (aaS00-706, Figure 27A). A similar result

was obtained with the LBD truncated at the 688 position (aa300-687; helixes 10-12 and a

portion of helix 9 are deleted). To our surprise, we found that genetic LBD truncation at
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aa300–753 aa800-706 aa800–687 aa800–617

aa207-753 aa207-706 aa207–687 aa207-617

aa182-753 aa182-706 aa182-687 aa182-617

aa80-753 aa80–706 aa80–687 aa80–617

aa2-687

Figure 27. C-terminal region of DAF-12 ligand binding domain counteracts nuclear

localization function of LBD and “hinge’ NLS(s). DAF-12 derivatives were fused to four

copies of GFP and transiently transfected in CV-1 cells. (A) Subcellular localization of

DAF-12 derivatives containing LBD in combination with the ‘hinge’ and DBD C

terminal extension regions in CV-1 cells. (B) Subcellular localization of DAF-12 A1 and

}
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A2 isoforms, full length or with truncations in the LBD, in CV-1 cells. In (A) and (B),

truncations in the LBD correspond to DAF-12 genetic point mutations which introduce

premature stop codons.

113



... --- ***
- * ~ * -

tºº. **-*.
------- *...-->

-

---------a gº

--~~~

*** ***

º

**********

*…*---

*** * ,

n-tº-wºº'
arrº ºr "ºt,

------ ***



the 617 position (deletes helixes 6-12) results in a strong accumulation of this truncated

LBD GFP fusion (aaS00-617) in the cell nucleus (Figure 27A). This result has two

implication: first, it suggest that DAF-12 LBD contains a strong NLS between amino

acids 500 and 617; and, second, it implies that an unknown determinant in the C-terminal

part of the LBD, past amino acid 617, antagonizes DAF-12 LBD’s action and results in

nuclear exclusion of the LBD.

We then wished to investigate whether this nuclear exclusion activity of DAF-12

LBD could also regulate DAF-12's subcellular localization. We found that DAF-12

derivatives containing the LBD and the ‘hinge’ region, aa207-753 and aa207-706, were

excluded from the nucleus (Figure 27A). Similar results were obtained with DAF-12

derivatives containing complete C-terminal DBD extension in addition to the ‘hinge’ and

the LBD, aa 182-753 and aa182-706. However, in this case, truncations past amino acid

706 in the LBD, with aa207-687 and aa 182-687 constructs, resulted in diffuse

localization or, with aa206-617 and aa 182-617 constructs, strong nuclear accumulation of

these derivatives (Figure 27A). These data suggest that an activity in the C-terminal part

of DAF-12 LBD not only counteracts the LBD NLS function, but also antagonized DAF

12 “hinge’ and C-terminal DBD extension NLS(s) function. Furthermore, the results

suggest the presence of two nuclear exclusion determinants in DAF-12 LBD, as

truncations at the 688 position resulted in nuclear exclusion with aaS00-687 construct but

not with constructs containing additional NLS(s), aa207-687 and aa 182-687; truncations

at the 617 position resulted in strong nuclear accumulation of all derivatives (Figure

27A).
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This nuclear exclusion activity of DAF-12 LBD was abrogated when DAF-12

DBD was included in the constructs. Full length DAF-12 A1 isoform, aa2-753, or an

alternative DAF-12 A2 isoform that starts at amino acid 60 of the A1 isoform, aaé0-753,

thus lacking the N-terminal NLS, were also localized to the nucleus in CV-1 cells; the

LBD truncations did not have any effect on localization (Figure 27B). Constructs with

addition of more minimal DBD regions, starting at amino acid 101 or 115, were localized

to the nucleus as well (data not shown), suggesting that DAF-12 DBD relieves the LBD's

antagonistic nuclear exclusion activity, resulting in the protein’s nuclear accumulation.
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Discussion

Using analyses in heterologous systems, we have identified functionally overlapping and

unique surfaces which serve as determinants of DAF-12's DNA binding and subcellular

localization. We found that DAF-12 employs the C-terminal DNA binding domain

extension, first, for high affinity DNA binding through arginine 197 as a key residue—a

site of genetic loss of function mutation, and, second, as a region involved in the

receptor's nuclear localization (NLS1’—Figure 28), independently of R197 residue. We,

furthermore, uncovered multiple nuclear localization signals located in the N-terminus

(NLS1), the ‘hinge” region (NLS2), and ligand binding domain (NLS3) of DAF-12, as

well as a nuclear exclusion, cytoplasmic retention, or nuclear export region in the C

terminus of DAF-12 LBD which antagonizes NLS3 and NLS1’ function (Figure 28).

Intracellular receptors’ sequence specific DNA binding is conferred by a highly

conserved C4-C4 Zn finger DNA binding domain. Here we show that C. elegans

intracellular receptor DAF-12 with genetic loss of function mutations of conserved

residues in the DNA binding domain is unable to activated transcription in the yeast

reporter assay, most likely due to defects in DNA binding. We demonstrate that a

conservative genetic substitution mutation of an arginine residue at the 197 position, just

13 residues downstream of a core Zn finger DBD fold, to lysine leads to a dramatic loss

of DAF-12's ability to activate transcription due to a great decrease in the protein’s

binding affinity to its specific DNA response element. Interestingly, mutations of the

nearby residues, such as at the positions 195, 196, and 198, do not result in decreased

transcriptional output or significant changes in DNA binding affinities of DAF-12. This
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DNA Binding 688stp
1 ºst■ t 15 183 'Hinge' 500 618sip #737sip 753

DAF-12 [ DBD I | LEDI | |
aa21-41 aa191-206 aa360-376 aa300-618 NES 1 NES 2

NLS 1 NLS 1" NLS 2 NLS 3 | LLNRYLESL
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EEQLRRE}{NSRLNNTG
e

a 197
DNA Binding

Figure 28. DAF-12 DNA binding and subcellular localization overlapping and unique

surfaces. NLS1, 1’, 2 (solid black blocks) denote minimal sequences necessary for

nuclear localization; in bold are predicted signature NLS residues. Arginine 197 (italic

and boxed), a residue required for DNA binding, is located in NLS1’—a regions where

DNA binding and nuclear localization functions overlap. NLS3 is located in the LBD

region between amino acids 500 and 618. NES1 and NES2 are predicted nuclear export

sequences with signature leucine motifs (bold residues) located past residue 618 but

before amino acids 688 and 707, respectively,–sites of genetic DAF-12 mutations

resulting in premature stop codons. 60strt indicates an initiating methionine residue of an

alternative DAF-12 isoform—DAF 12 A2—which lack part of the N-terminus containing

NLS1. Light gray shaded area in the N-terminus represents a DAF-12 evolutionary

conserved region between aaS8-73 of unknown function.
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suggests that arginine 197 is a critical residue required for DAF-12’s high affinity DNA

binding and is likely a part of a C-terminal DBD extension. As mutations of the residues

nearby of arginine 197 do not exhibit transcriptional phenotypes, there must be other

determinants, either in the C-terminal DBD extension or neighboring regions that lead to

a precise positioning of this residue, suggesting a specific secondary and/ or tertiary

structure formation in that region responsible for the R197 position and function. One

possibility is that, as with TR and NGFI-B, DAF-12 DBD CTE forms a response

element-induced alpha helix with the arginine 197 residue making a critical DNA

backbone or base-specific contacts. Interestingly, TR DBD’s crystal structure (Rastinejad

et al., 1995) reveals that the residue at the same position as DAF-12's R197 makes DNA

phosphate backbone as well as binding half site base-specific contacts; however, that

residue is a lysine in TR. Although CTE residues of TR and Reverb were found to

mediate DBD heterodimer (with RXR) and homodimer, respectively, interactions on

DNA (Rastinejad et al., 1995; Zhao et al., 1998), the transcriptional activation-defective

phenotype of DAF-12 R197K mutant on D12.88, the DAF-12 response element with

eight equally spaced (13 nucleotides apart) binding half sites (see Chapter I), does not

support the involvement of the R197 residue in DAF-12 homodimer subunit interactions.

Although the specific cause of DAF-12 R197K DNA binding defect is still undetermined,

the combination of genetic data ascribing dauer-defective phenotype to R197K mutant

DAF-12 (Antebi et al., 2000) and our molecular characterization of DAF-12's R197K

mutation provide compelling evidence for a physiological role for the DAF-12 CTE as a

required DNA binding interface.
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CTEs of several intracellular receptors have been shown to govern, independently

of or in addition to DNA binding, nuclear localization of these proteins. For example, one

of the GR nuclear localization sequences, NL1, in the CTE, mediates GR’s nuclear

import and does not appear to contribute significantly to GR’s intrinsic DNA binding

affinity (Picard and Yamamoto, 1987; Rusconi and Yamamoto, 1987). In the case of the

mammalian orphan intracellular receptor NGFI-B, the CTE is required for DNA binding

and is involved in nuclear localization (Katagiri et al., 2000; Meinke and Sigler, 1999).

Similar to its function in NGFI-B, our findings indicate that DAF-12 employs its CTE for

high affinity DNA binding and nuclear localization. Interestingly, although these

functions occupy an overlapping region, we were able to uncouple a DNA binding

determinant at R197 from the region’s nuclear localization function. In contrast to GR’s

NL1 NLS, which can mediate nuclear import on its own, DAF-12’s C-terminal DBD

extension is required, but not sufficient for nuclear import.

DNA binding domains of intracellular receptors share high sequence conservation

throughout their Zn finger fold; however their C-terminal DBD extensions vary in

sequence dramatically. Although the DAF-12 CTE sequence is highly divergent from

most intracellular receptors of various species, it is 100% identical with the CTE region

in the Strongyloides stercoralis DAF-12 orthologue. This evolutionary conservation

argues that the C-terminal DBD extension is most likely involved in critical and, perhaps,

mechanistically unique functions in DAF-12, supporting our findings of the region’s

requirement for DAF-12 DNA binding and subcellular localization.

Using heterologous systems, we found that DAF-12 contains multiple nuclear

localization signals: the N-terminal NLS1, the CTE NLS1’, the ‘hinge’ NLS2, and the
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LBD’s NLS3 (Figure 28). Under the conditions of our assays, it appeared that most or all

of these signals contributed to localization of the full length DAF-12 A1 isoform. NLS1’

seems to function only in conjunction with other NLSs, such as NLS1. As the DAF-12

A2 isoform lacks NLS1 yet accumulates in the nucleus at similar levels as the A1

isoform, it appears that other DAF-12 NLSs are responsible for A2 localization.

Conceivably, inclusion or exclusion of NLS1 in the different DAF-12 isoforms might

differentially regulate DAF-12 functions in certain contexts, resulting in distinct

physiological outputs by the different receptor forms.

Assayed in mammalian cells, we found that the C-terminal part of the DAF-12

ligand binding domain antagonizes nuclear accumulation, counteracting the functions of

the LBD and ‘hinge’ NLSs. There could be several possibilities to account for this

function: First, DAF-12 LBD could contain nuclear export signals (NES) which would

actively participate in the protein's export from the nucleus and could compete with

NLSs. Second, the LBD could contain determinants that would inactivate nuclear

localization signals, for example by preventing interactions with nuclear import receptors,

thus excluding DAF-12 from the nucleus. Third, DAF-12 LBD, through protein-protein

interactions, could tether DAF-12 to cytoplasmic components, such as cytoskeletal

proteins, retaining it in the cytoplasm. Sequence scanning of the LBD region responsible

for this antagonistic to NLS activity, between amino acids 618 to 687 and 687 to 706,

revealed two leucine rich sequences, one in each fragment, which could potentially serve

as nuclear export signals (Figure 28, NES1 and NES2) (Katagiri et al., 2000), consistent

with the nuclear import-export competition model.
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As our DAF-12 subcellular localization studies have been performed in

heterologous systems, yeast and mammalian CV-1 cells, it is yet to be determined

whether the identified multiple NLS(s) function similarly in C. elegans, as well as

whether and how, mechanistically, DAF-12 LBD’s antagonistic to nuclear localization

activity is regulated and its physiological consequences in C. elegans.

Concerning the potential biological functions for the regulation of DAF-12

subcellular localization, it is interesting to consider the genetic LBD truncation mutations

(at the 618, 688, and 707 positions). Mutants with the 707 truncation retain both putative

nuclear export sequences, and are able to form dauer larvae; in contrast mutants with the

688 or 618 truncations—which lack NES2 or both NES1 and NES2, respectively—are

dauer defective. Conceivably, the loss of the antagonistic to nuclear accumulation activity

in DAF-12 might, at least in part, be responsible for dauer defective phenotype.

Furthermore, the subcellular localization and function of the third DAF-12 isoform,

DAF-12 B1, which contains only the ligand binding domain and is thought to play a, yet

unknown, role in DAF-12-regulated processes in C. elegans (Antebi et al., 2000), might

also be regulated, as the LBD contains both nuclear localization and NLS antagonistic

activities. An intriguing possibility is that regulation of the full length DAF-12 or its LBD

isoform's subcellular localization might, in turn, regulate localization of a yet

unidentified DAF-12-interacting partner, as with the proposed modulation of retinoid

signaling through regulation of NGFI-B subcellular localization (Katagiri et al., 2000).

The functional significance of intracellular receptors’ dynamic subcellular

localization is not well understood. Further studies of DAF-12 subcellular localization in

C. elegans, with the aid of genetic and engineered mutations, could reveal the
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relationship between the regulation of the factors’ cellular location and its distinct

physiological outputs.
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Methods

Yeast transcriptional reporter assay

C. elegans D12.82 and D12.88 genomic fragments (see Chapter I) were subcloned

upstream of a minimal CYC1 promoter driving Lacz expression in pdSS (2p1, URA

marked) vector (Schena and Yamamoto, 1988) (plasmids pySYR0001-3). Expression of

C-terminally Flag-or GFP-tagged with or without SV40 NLS wild type DAF-12 N500 (aa

1-500) and mutants (in order of appearance in Figure 21, Figure 22, Figure 24) was

driven by the copper-inducible CUP1 promoter in pRS424 (2p, TRP) (Sikorski and

Hieter, 1989) vector (M.I. Diamond and K.R.Y., unpublished) in the presence of 0.05 mM

CuSO4 (plasmids pXSYE0002 and pySYE0101-118, respectively). The plasmids were

transformed (Agatep et al., 1998) into S. cerevisiae W303a strain. Expression assays and

data analysis were performed as described (Iniguez-Lluhi et al., 1997), except after

saturation, the cultures were diluted 1/20 and grown for 8 hr with 0.05 mM CuSO4; lysis

was performed for 15 min.

Immunoblotting

Yeast was boiled for 15 min in 2x SDS sample buffer, and the mixture was fractionated

by SDS-PAGE (amounts loaded were normalized to culture cell densities), transferred to

Immobilon paper (Millipore Corp.) and probed with 1:500 dilution of anti-Flag M2

antibody (Sigma). The primary antibody was detected with horseradish peroxidase

conjugated sheep anti-mouse antibody by developing with the enhanced

chemiluminescence (ECL) substrate (Amersham Pharmacia).
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Protein Expression and Purification

For fluorescence anisotropy experiments, wild type DAF-12 DBD (aa 100-206) and

mutants were expressed as GST fusions inserted into pBT41b (Novagen), plasmids

pySEE0003-6 (in order of appearance in Figure 23, in BL21-CodonPlus-RIL(DE3) cells.

Expression was induced (1 L culture, OD600 1.0) with 1 mM IPTG at 30°C for 2.5 hr in

the presence of 10 puM Zn(C2H5O2)2. After lysis by sonication in 20 mM Tris pH 8.0,

2mM EDTA, 1 M NaCl, and 0.5 mM PMSF, the fusion protein was purified on GST

Bind resin (Novagen). After binding, the resin was washed with TBS buffer containing 1

M NaCl (1 M NaCl, 50 mM Tris pH 7.4, 0.5 mM PMSF) followed by two washes with

TBS containing 150 mM NaCl (150 mM NaCl, 50 mM Tris pH 7.4, 0.5 mM PMSF).

GST-DAF-12 DBD was then eluted with 10 mM reduced glutathione in TBS (150 mM

NaCl, 50 mM Tris pH 7.4, 0.5 mM PMSF) and concentrated on Centricon-10 columns

(Amicon).

Fluorescence anisotropy

10nM of fluorescein-labeled double-stranded DR5tt oligonucleotide in 2 mL of 20 mM

Tris pH 7.4, 100 mM KCl, 5 mM MgCl2 were used for fluorescence anisotropy

measurements with wild type GST-DAF-12 DBD and mutants. Excitation was performed

at 485 nm wavelength and emission was monitored at 515 nm using a Photon

Technologies International fluorometer. Anisotropy calculations and Kd determinations

by curve fitting were performed as previously described (Gill et al., 1991; Jagath et al.,

1998) using KaleidaGraph 3.51 (Synergy Software).
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Subcellular localization determination in yeast and CV-1 cells

Subcellular localization of DAF-12 derivatives was determined by live GFP fluorescence

visualization at either 1000x magnification for yeast or 630x for mammalian CV-1 cells.

For yeast experiments, DAF-12 derivatives were subcloned into a URA marked

galactose-inducible yeast expression vector upstream of three copies of GFP (the

pKI1518 vector was generously provided by Joachim Li, UCSF), plasmids pXSYE0201

212; the vector containing 3xGFP with SV40 NLS was also provided by J. Li. Yeast

W303a strain was transformed with plasmids as described above and grown in the

presence of galactose similarly as for the yeast transcriptional reporter assay.

For mammalian subcellular localization studies, DAF-12 derivatives fused to

3xGFP were subcloned into pBGFP-C3 vector (Clontech), producing fusions with an N

terminal and three C-terminal GFPs (4xCFP), plasmids pXSME0001-0048 (in order of

appearance in Figure 25, Figure 26, and Figure 27). The pasmids (0.5 pig) were

transiently transfected into 80-90% confluent CV-1 cells, grown in 24-well plates 20 h

after seeding, in serum-free medium with Lipofectamine-PLUS reagent (Invitrogen)

using 2 pil/well of Lipofectamine and 4 pil/well PLUS as directed by the manufacturer.

Three hour after transfection, cells were incubated with phenol red-free media with 5%

FBS. GFP fluorescence was visualized 18–20 h post transfection.
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DISCUSSION

Intracellular receptor DAF-12 functions as a global developmental regulator in C.

elegans. This work represents the first steps in the investigation to uncover how

molecular mechanisms of DAF-12 action translate into defined biological outputs. We,

first, developed a novel method, In Vitro Genomic Selection, which enabled us, starting

from the C. elegans genome, to identify and characterize DAF-12 DNA binding site,

response elements, and the first target gene. Furthermore, based on the discovery of the

response elements, we began to explore DAF-12 structure/ function relationship (Figure

29).

In Vitro Genomic Selection led to identification of DR5 with the AGTGCA half

site as a high affinity DAF-1.2 binding site and response element, as demonstrated in

Chapter I with D12.82 C. elegans genomic fragment DR5gt and its synthetic derivative

DR5tt (Figure 30A). Our experiments suggest that AGTGCA-related hexamers (Figure

30B) could also serve as lower affinity DAF-1.2 binding half site. We showed that these

hexamers mediate DAF-12 transcriptional activity in a heterologous system and in C.

elegans. Our results indicated that these high affinity binding sites are specific to DAF-12

and not several other C. elegans intracellular receptors. However, DAF-12 family

members, NHR-8 and NHR-48, seemed to recognize DAF-12 response elements in yeast

(Marc R. Van Gilst and Keith R. Yamamoto, unpublished). It is yet to be determined if

DAF-12, NHR-8, and NHR-48 have receptor-specific binding site preference

determinants, and if they regulate transcription from common sites in C. elegans and

influence expression of common gene targets. Furthermore, as DAF-12 low affinity half
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In Vitro Genomic Selection

C. elegans genome

DAF-12 binding sites/
response elements –D. Protein structurel function

Target gene

Figure 29. In Vitro Genomic Selection: Identification and characterization of DAF-12

binding sites, response elements, target gene, and protein structure/function studies.
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DR5tt AGTGCAnnnnnAGTGCA

D12.82 DR5gt AGGACAnnnnnAGTGCA

B

AGTGCA - high affinity

AGTGCG - medium affinity
AGTTCA - medium affinity

AGGACA - low affinity

Figure 30. DAF-1.2 binding sites and response elements. (A) DAF-1.2 binds to and

functions from the synthetic DR5tt AGTGCA-containing site and genomic D12.82

DR5gt site. (B) DAF-1.2 biding half site sequences and their relative affinities.
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sites (i.e. AGGACA), could serve as response elements for other C. elegans IRS (see

Chapter I), genomic fragments isolated by In Vitro Genomic Selection could represent

composite response elements (Yamamoto et al., 1992) where IRs as well as other

transcription factors in concert regulate target gene expression.

The response elements elucidated by the In Vitro Genomic Selection are linked to

potential DAF-12 target genes. We found that D12.82 genomic fragment-linked LIT-1

kinase is transcriptionally activated or repressed by DAF-12 in a cell type and

developmental stage-specific manner, assayed as a transgene. The D12.63-linked

uncharacterized OFR, ZC404.9, encoding a MAPKKKK-like protein is also likely to be

regulated by DAF-12. What are the functions of these target genes in DAF-12-regulated

processes? LIT-1 is required for reproductive development, specifically for gonadal and

vulval morphogenesis. ZC404.9 seems to function in dauer formation. It will be

informative to examine in the future the regulation and function of candidate DAF-12

target genes linked to other C. elegans genomic DNA fragments isolated in our selection

experiment (see Chapter I, Table 1).

As DAF-12 plays broad roles in the C. elegans life cycle progression, we

speculate that various types of genes could be its direct targets, including structural cell

and tissue components and cellular metabolism genes as well as molecules functioning in

signal transduction pathways and other transcription factors. Identification of putative

cellular signal transduction pathway members including LIT-1 kinase and, likely,

ZC404.9, also a predicted kinase, as DAF-12 target genes could imply that transcriptional

regulator such as DAF-12 influence molecular networks by modulating signal

transduction pathways, thus globally effecting cellular and organismal function. The
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activities of these transcriptional regulators, such as DAF-12, are likely, in turn, to be

regulated by multiple signaling inputs, from small molecule ligands to converging signal

transduction pathways. The spectrum of the target genes and their regulation and function

in cellular and tissue-specific context need to be uncovered to fully understand the roles

of the C. elegans DAF-12, intracellular receptors in other organisms, including mammals,

as well as other transcriptional regulators, as regulators of distinct multiple biological

processes.

With our In Vitro Genomic Selection methodology, we established proof-of

principle for the notion that biologically functional genetic elements could be isolated

from metazoan genomic DNA using a purified DNA binding domain. In principle, In

Vitro Genomic Selection should be applicable to any transcription factor (or other DNA

binding protein) for which the functional DNA binding domain can be purified, and

should yield naturally-occurring DNA binding sites in their genomic context for the

protein of interest. Although minimal DNA binding sequences can be derived by random

selection methods (Blackwell and Weintraub, 1990), the biological significance of such

sequences is unknown. Similarly, response element and target gene identification through

sequential random selection and computational genomic analysis is a useful approach for

some regulators (Berman et al., 2002), but may be less so for intracellular receptors,

which typically bind to response elements containing relatively few binding sites and

relatively high half site degeneracy.

It is now apparent that the genomic context of factor binding is a critical

component of factor activity. That is, regulatory protein binding sites typically reside

within “composite response elements” (Yamamoto et al., 1992), which include sites for

130



** *
* - -- *** a- * *

: --->
--- -------
- *

Hº------ ---, * * *
**

rº- 2.4 °-** **- :-

*

gas-, -, **
-----------

* -, -----'ºs
*: ºi----

-******"
*
*

re-ºs--"

*** * * * *

*----. **
are sº...ºr sº " ...

*** ***



multiple factors, and which nucleate assembly of functional regulatory complexes whose

composition and action depend strongly on the precise sites within the element.

Fragments isolated by In Vitro Genomic Selection allow protein binding and activity to

be assessed either in isolation or in a functional combinatorial context. Furthermore, by

identifying genomic sites bound directly by the regulatory factor of interest, In Vitro

Genomic Selection provides an interesting complement to a recently described chromatin

immunoprecipitation/microarray-based in vivo method (Weinmann et al., 2002), which

yields a subset of sites occupied either directly or indirectly by the factor. Finally, the

response elements elucidated by In Vitro Genomic Selection provide “tags” to genes that

are regulated by the factor of interest, thus leading to identification of direct

transcriptional target genes.

In Vitro Genomic Selection provided us with the DAF-12 response elements,

which, in turn, enabled us to explore DAF-12 structure/ function relationship. Our

analyses of DAF-12 domain structure and function in heterologous systems revealed the

complexity not uncommon to intracellular receptors (Figure 31). We found that DAF-12

employs the DBD C-terminal extension for DNA binding as well as nuclear localization

(see Chapter III). In addition to the CTE NLS, we uncovered multiple NLSs in the N

terminus, ‘hinge’, and LBD regions. The DAF-12 LBD, furthermore, contained nuclear

localization antagonistic activities. The phenotypes of specific DAF-12 genetic

mutations, in combination with our studies, support the CTE biological relevance. It is

yet to be determined whether and how the identified multiple DAF-12 NLSs and nuclear

localization antagonistic activities in the LBD function in C. elegans, as well as their role

in DAF-12-regulated processes.
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aa183-206 aa445-464

CTE AH sis ºw
1 59-73 118 183 227 368 500 O © - 753

- -
Pºº-º-º:DAF-12D ERTIEEDIII ºn LII Putative LBD

aa21-41 aa191-206 aa360-376 aa300-618
NLS 1 NLS 1" NLS 2 NLS 3

NuclearLocalization NuclearLocalization NuclearLocalization Nuckear Localization

Nuclear Localization.Antagonistic
Activiti

Activation Function
inhibition

DNA Binding

Transcriptional Activation Function

Figure 31. DAF-12 functional domains. DAF-12 DNA binding requires ‘core’ DBD

region and its C-terminal extension (CTE). The extended ‘hinge’ region, located between

the DBD and putative ligand binding domain (LBD), harbors a transcriptional activation

function with a required amphipathic alpha-helix (AH), contains NLS 2 and a proline

rich stretch with sequence homology to C. elegans DAF-3 protein. Nuclear localization

signals (NLS1, 1’, 2, and 3) are located in the N-terminus, the CTE, “hinge’, and the LBD

of DAF-12. The LBD also contains the transcriptional activation function inhibition and

two nuclear localization antagonistic activity regions. Light gray shaded area in the N

terminus represents a DAF-12 evolutionary conserved region (CR) of unknown function.
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In this study, we mapped DAF-12's transcriptional activation function to the

receptor's extended ‘hinge’ region (see Chapter II). We found that a truncated DAF-12

lacking its putative LBD, DAF-12 N500, activated transcription robustly in yeast, which

is similar to the activities of the LBD-truncated mammalian IRs, such as ligand-regulated

GR and AR (Godowski et al., 1987; Rundlett et al., 1990); the first half of the DAF-12

LBD contained the transcriptional activation inhibitory function (Figure 31). We found

that the hydrophobic side of a predicted amphipathic alpha-helix (AH) in the second half

of the DAF-12 “hinge’ (Figure 31) was required for transcriptional activation, suggesting

its role as a contact interface, an interaction “surface’ with co-factors mediating

transcriptional activation, such as co-activators or general transcription machinery

(Almlof et al., 1997; Bagchi, 1998; Hittelman et al., 1999; Iniguez-Lluhi et al., 1997;

Kobayashi et al., 2000; Ma et al., 1999). Future studies will determine the regulatory

‘surface’ functional in target gene regulation and C. elegans biology, and identify co

factors that mediate the transcriptional regulation.

In DAF-12, the first half of the extended ‘hinge’ region is proline-rich with

Several potential serine-proline phosphorylation motifs. Although we do not know the

function of this region, it does contribute to the transcriptional activation by the LBD

truncated DAF-12 N500 (see Chapter II). Surprisingly, we found that this region has a

weak homology to a linker region in DAF-3 (Figure 32A), a C. elegans protein
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DAF-12:

DAF-3 :

DAF-12:

HNF1-b:

DAF-12:

HNF1-b:

Figure 32. DAF-12 “hinge’ proline-rich region shares sequence homology to C. elegans

DAF-3 Smad, human SUPT5H/ DSIF pl60 (Spts homolog), and mouse HNF1-beta

transcription factors. NCBI Blast search results show DAF-12 sequence homology to
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SPVGSSASDSPPNRSLTMMHNGEKSPDGYD––––PNIMAHRAPPPSFNNRPKMDSGQ-VV
P SS +++P +++ +N P+ Y PN+ P P F++ Q

GPSCSSENNNPFHQN--HHYNDISHPNHYSYDCGPNLYGFPTPYPDFHHPFNQQPHQPPQ

LSTEEYKQLLSRIPGAQVPGLMNEEEPINK 368
LS Q S PG Q G + + PI++
LSQNHTSQQGSHQPGHQ--GQVPNDPPISR 453

PHLSPHHPGV-AIY--------- PPQPQRPLTINPMDNQMMHHM QANRPNAMPQLISPPG
P +P PG A+Y P PQ + P + +H A P SP

PQYNPQTPGTPAMYNTDQFSPYAAPSPQG--SYQPSPSPQSYHQVAPSPAGYQNTHSPAS

AQPYPLTSPVGSSASDSPPNRSLTMMHNGEKSPDGYDPN 315
P P SP4- AS SP + M G SP GX4-P+

YHPTP--SPMAYQASPSPSPVGYSPMTPGAPSPGGYNPH 966

PMDNQMMHHM QANRPNAMPQLISPPGAQPYPLTSPVGSSASDSPPNRSLTMMHNGEKSPD
P+ N + + A +P Q + P QP SP GS + P ++T + N
PVINSVASSLAALQPVQFSQQLHSPHQQPLMQQSP-GSHMAQQPFMAAVTQLQNS-----
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++ AH+ PP +++ + S VV T L S Q P

----HMYAHKQEPPQYSHTSRFPSAMVVTDTSSINTLTSMSSSKQCP 554

DAF-3 in (A), SUPT5H/DSIF plé0 in (B), and HNF-1beta in (C).
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homologous to the mammalian TGF-beta signal transducing transcriptional regulator

Smad4 (Lagna et al., 1996; Zhang et al., 1996). DAF-3 Smad mediates TGF-beta

signaling in C. elegans and is positioned just upstream of DAF-12 in the dauer regulatory

genetic pathway (Patterson et al., 1997; Riddle and Albert, 1997; Thatcher et al., 1999;

Vowels and Thomas, 1992). Although TGF-beta-IR crosstalk has not been examined in

C. elegans, several intracellular receptors were shown to be regulated by TGF-beta

signaling through physical and functional interaction with Smad proteins in mammals

(Chipuk et al., 2002; Hayes et al., 2001; Kang et al., 2001; Matsuda et al., 2001;

Subramaniam et al., 2001; Yanagi et al., 1999; Yanagisawa et al., 1999). This raises a

possibility that in C. elegans, TGF-beta signaling might also regulate IRs function. The

homology between DAF-12 “hinge’ and DAF-3 linker region might imply similar

structural conformation of the region and/or formation of a similar “surface” for common

co-factor interaction or even interaction with each other. Interestingly, the serine residues

preceding prolines in the DAF-12 “hinge’ are not conserved in DAF-3 (at the positions of

proline conservation), implying, purely speculatively, that potential phosphorylation, if

occurred, would be specific to DAF-12. In addition to DAF-3, other proteins, such as a

human transcriptional regulator SUPT5H/ DSIF pló0 (the yeast Spts homolog) and

mouse HNF1-beta contain regions weakly similar to the proline-rich part of the DAF-12

‘hinge’ (Figure 32B and C, respectively). At this point, the significance of these

observations is unknown. Crosstalk of signaling pathways, however, is certain to be a

critical part of regulation by cellular networks.

In this study, we have not attempted to isolate or investigate the identity of a

DAF-12 ligand. It very tempting to speculate that DAF-12 is regulated by a small
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molecule ligand, and that endocrine signaling plays a role in C. elegans reproductive

development, dauer formation and/ or aging. Our study of DAF-12 function at the

molecular level and previous genetic and developmental DAF-12 studies suggest the

involvement of hormonal regulation, but identification and characterization of the

putative cognate ligand or ligands lie ahead.

As we expect multiple determinants regulating intracellular receptor function,

future investigations will uncover signaling inputs that control DAF-12 action in C.

elegans and define specific biological outputs, and, in combination with our study, will

contribute to our understanding of the mechanics of cellular and organismal regulatory

networks.
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