
National Library - 1+1 ofCanada 
BiblbthegUe nationale a 

du Canada 

Canadian Theses Service Service des theses canadiennes 

Ottawa. Canada 
d K1 A ON4 

NOTICE 

The quality of this microform is heavily dependent upon the 
quality of the original thesis submitted for microfilhing. 
Every effort has been made to ensure the highest quality of 
reproduction possible. 

I? pages are missing, contact the university which granted 
the degree. 

Same pages may have indistinct print especially if the 
original pages were typed with a poor typewriter ribbon or 
if the university sent us an inferior photocopy. 

Reproduction in full or in part of this microform is 

subsequent amendments. 
rerned by the Canadian Copyright Act, R.S.C. 1970, c. 30, and 

La ualit6 de cette microforme depend grandement de la 9 qua it6 de la these soumise au microfilmage. Nous avons 
tout fait pour assurer une qualit6 superieure de reproduc- 
tion. 

S'il manque des pages, veuillez communiquer avec 
I'universitd qul a conf6r6 le grade. 

La qualit6 d'impression de certaines pages peut laisser A 
dhsirer, surtout si 16s pages originales ont 6th dactylogra- 
phi& A I'aide d'un  ban use ou si I'universitb nousa fait 
parvenir une photocopie de qualitd infbrieure. 

La reproduction, meme part/elle. de cette microforme esl 
soumise B la Loi canadienne sur le dmit d'auteur, SRC 
1970, c. C-30, el ses amendernents subsequents. 



CHARACTERIZATION OF THE HSP70 MULTIGENE SUBFAMILIES 

FROM CAENORHABDITIS E.xdsAm 

by 

Mark Frank Patrick Heschl 

B.Sc. (Honors), University of Alberta, 1981 

M.Sc., University of Calgary, 1984 

THESIS SUBMITTED IN PARTIAL FULFILLMENT OF 

THE REQUIREMENTS FOR THE DEGREE OF 

DOCTOR OF PHILOSOPHY 

in the Department 

of 

Biological Sciences 

. 
Mark Frank Patrick Heschl, 1988 

Simon Fraser University 

June, 1988 

All rights reserved. This work may not be 
reproduced in whole or in parthty photocopy 

or other means, without permission of the author. 



Permission has been granted 
to the National Library of 
Canada to microfilm this 
thesis and to lend or eel1 
copies of the film. 

The author ( copyright owner ) 
h a s  r e s e r v e d  o t h e r '  
publication rights, and 
neither the thesis nor 
extensive extracts from it 
may be printed or otherwise 
reprduced without his/her 
written permission. 

L'autorieation a- &t& aceordie 
h la ~ibliothaque nationale 
du C-anada de microfilmar 
cette thbse et de prater ou 
de vendre des exenplaires du 
film. 

L'auteur (titulaire du droit 
d'auteur) se rhserve lea 
gwtres droita de'publication; 
ni la th&se ni de longe 
extraits d e  celle-ci ne 
doivent 8tre imprimes ou 
autrement reproduits sans oon 
autorisation &rite. 



Degree: 

Mark Frank Patrick Heschl 

Doctor of-Philosophy 

T i t l e  of Thesis: 

.d' 
Characterization of the hsp70 lnultigene subfamilies frm Caenorhabditisr 2 

elegans 

Chairman: 

Dr. D.L. Baillie, Professor, Senior 
' ~upervikor - 

Dr. H.q./Smith, Profksor 

DK B. M. Honaa, ~ssodiate ~rofessor 

Dr. A.T. Beckenbach, Associate Professor, 
Public Examiner 

.Dr. E.P.M. candido, Professor, U.B.C., 
Public Examiner 

Dr. A.S. ssdciate Professor, 
University of 

Calif., 
External' Examiner 

Date Approved 21 June 1988 



PARTIAL COPYRIGHT LICENSE 

I hereby grant t o  Slmon Fraser Un lve rs l  t y  t he  r l gh t  t o  lend 

my thes is ,  proJect  o r  extended essay ' ( t he  ?It10 o f  whlch I s  shown below) 

t o  users o f  the S lmon F r a t o r  Un lve rs l  t y  L l  bra"ry, and t o  m k o  p a r t  l o  l o r  
... 

s i n g l e  coples on l y  f o r  such usors o r  I n  response t o  a request  from tho 

l i b r a r y  o f  any o t h o r  u n l v e r s l t y ,  & o t h o r  educst lonal  l n s t l t u t l o n ,  on 

i t s  own behalf  o r  f o r  one o f  I t s  users. I + t u r t h e r  agree t h a t  permission 

f o r  mu1 t l p l b  copy lng  o f  t h  I s  work f o r  s c h o l a r l y  purposes m y  be granted 
by ma o r  the  Doan o f  Graduate Stud lo f .  I t  I s  understood t h a t  copyfng 

o r  p u b l l c a t l o n  o f  t h l s  wqrk f o r  f l n a n c l a l  ga ln  s h a l l  not bo al lowod 

w i thout  my w r i t t e n  permCsslon. 
-% 

@ ' 

. .. , -%+ 

P c 

'fPf I e o f  Thes l s/ProJect/Extandod Essay 

Characterization of the hsp70 multi~ene subfamilies f'rorn 

Caenorhabditis elegans 

Author : 

(s lgna tc re )  

Mark Frank P-chl 

(name 1 



?-- 

ABSTRACT 

The 7 hsp70 gene family consists of- at 

least nine genes and I have sequenced and characterized five of 

these genes. The constitutively expressed, heat inducible 

V) gene is highly homologous-to the prosoahila + 

-aster gene: and the Saccharomvces cerevisiae S S U  

gene. The ~SD-l'gene shares 5' sequence elements common to 

other heat inducible genes. Unlike other heat inducible hsp70 

genes, the W D - ~  coding region' is interrupted by -introns. The 

hsal.2psm gene is a pseudogene of ~ S D - I .  Two stop codons 

generated near the 5' end of the sequence as well as several 

frame shift mutations and a large internal deletion confirm the 

identification of M D - ~ S  as a pseudogene. The hso-2ps gene 

duplicates a region of b )  DNA which corresponds exclusively 

to the transcribed region retaining the introns. The 

mleotide substitution rate of the third codon position was 
I 

twice that of the first or second codon positions suggesting 

that m s  was nonfunctional since the time of the 

transpositional duplication event and is estimated to have 

occurred approximately 8.5 million years ago. The 

constitutively expressed hap70~ gene. product is highly 

homologous to the rat endoplasmic reticulum-located grp78 gene 

product. Therefore, the hsg7OC gene is probably the elesans 

grp78 gene. The hsp70C gene homolog from a closely related 

species, btiuasae, shares a high degree of homology with the 

hsp70C gene in the coding and non-coding regions. The 5 '  

regulatory regions share several blocks of sequences one of 

iii 



,which is consented in the rat grp78 regulatory region. Thia 

sequence may be involved in the glucose-mediated r6sponsa. 

Other consented regions'm~om~ass a heat shock element and 

copies af mammalian viral core enhancer sequences. .. The highly 

heat inducible hsp70D gene is closely related to the hsp70C and 

grp78 genes and is the first heat inducible variety of the 

grp78 family described. The constitutively expressed, heat 

inducible hsp70F gene shares more identity with the-- 

.a goli m K - g e n e  than with any eukaryotic hsp70 gene identified 
, 

to date. The hsp7O-F protein has a leader sequence 

characteristic of proteins transported into the mitochondria1 

matrix. 



DEDICATION 

to 

Susan 



>. --, 

ACKNOWLEDGEMENTS 

I would like to thank my senior superviaor, Dr. David Ii. 

Baillie, as welk as Dr. Ann Rose and the members of my 

supervisory committee, Drs. Michael Jo Smith and Barry Mo Honda 

for' their suggestions in the course of my research and the 

preparation of the thesis and manuscripts. I would also like 
\ 

to thank my colleagues Karen Beckenbach, Debashish 

Bhattacharya, Denise Clark, Shiv PrasaQ and Raja Rosenbluth for 

their helpful discussions and encouragement. Thanks to Eric 

Cabot for his assistance with the computer and the various 

programs. Finally, I would like to thank my friends and family 

(old and new) for their support auring the highs and lows of; 

the research and writing of the thesis. 

This work was supported by.a ~edicsl..Besearch'~ouncil of 
T 

Canada Studentship and Simon Fraser University Graduate 

Fellowships. 



TABLE OF CONTENTS 

TITLE PAGE 
APPROVAL PAGE 
ABSTRACT 
DEDICATION 
ACKNOWLEDGEMENTS 
TABLE OF CONTENTS 
LIST OF FIGURES 

i 
- ii 
iii 
v 
vi 
vii 
ix 

GENERAL INTRODUCTION 1 

CHAPTER %: A Hl$AT INDUCIBLE COGNATE GENE, hsp-l 
Introduction 
Materials and Methods 

Construction of-plasmids for sequencing 
Plasmid DNA preparation 
DNA sequencing and sequence analysis 

Results and DPscussion 
Characterization of the J I S D - ~  gene sequence 
hsp70A is homologous to hsc70 and the 

SSAl protein 
Pogsible mutant phenotypes of the ~SD-1 gene 

CHAPTER 2: A HEAT SHOCK PSEUDOGENE, ~ S D - a s  
Introduction 
Materials and Methods 

Construction of plasmids for sequencing 
Plasmid DNA preparation 
DNA sequencing and sequence analysis 
Gel electrophoresis 
DNA transfer, nick-translation and ' 

hybridizations 
Results and Discussion 

Characterization of the ~SD-2ps gene sequence 
Estimation of the time of gene duplication 

and inactivation 
Generation of the hs~-as  gene 

CHAPTER 3: THE GRP78 GENE SUBFAMILY 
~ntroduction d 

Materials and Methods 
Construction of plasmids for sequencing 
Plasmid DNA preparation. 
DNA sequencing and sequence analysis 
Screening of ggnomic libraries 

Results and Discussion 
Characterization of the hsp70C gene from' 

LelsKlans 
Characterization of the hsp7OC gene from 

a closely related species, II, $riaas= 
Comparison of the hsp70C gene from eleaans 

and L brLwW!3 

vii 



The hsp70C 5' regulatory regions.shar8 strong 
similarities w i t h  the rat grp78 
regulatory region 67 

Intron sequences are highly conserved between 
L elecrans and 1(; briarrsae 79 

A heat inducible grp78-like gene 7.2 
Possible mutant phenotypes of the grp78 genes: 76 

CHAPTER 4: A m K - L I K E  GENE, HSP70F 
Introduction -& - - Materials and Methods 

Construction of plasmids for sequencing 
Plasmid DNA preparation 
DNA sequencing and sequence analysis 

Results and Discussion 
terization of the hsp70F gene 

,-'- Compar son of the hsp70F gene- - 
=--'- genes 

phenotypes of ', 
SUMMARY AND CONCLYSIONS 95 

PROPOSALS FOR Fm hF,R RESEARCH 99 
/ 

/ 
REFERENCES 100 

viii 



LIST OF FIGURES 
Restriction map of the UP-L gene 20 
Ntrcluotide sequence -of the gene 22 
comparison of the cDNA to the trans 

spliced leader 5 seque c 25 
-Amino acid comparison of hsp70A 30 
Restriction maps of the ~D-@s and Fs~-&'genes 38 
Nucleotide sequence comparison of-the 

-8 and genes 49 '  
Hybridization of M ~ - 2 p s  to different 

-* strains 3 46 
Restriction maps of the hsp70C genes from 2" 

al.crans [hsp70~ (b) ] and & ~riuusae +& 
I< 

[hsp70C(Cb)] and the hsp70D gdne from 
Leleaans 55 

Nucleotide sequences of the hsp70C(Ce) and 
hsp70C (Cb) genes % 57 

Comparison of the' amino acid sequences of 
hsp70~(~e), hsp70C(Cb), hsp70D, 
and the rat grp78 61 

A hydropathy plot of the first 80 amino acids 
-of-the hsp70C(Ce) and hsp7OC(Cb) proteins and 
the,corresponding region of the grp78 protein 64 

A comparison of the regulatory regions of the 
hsp70C(Ce) gene and the rat grp78 gene 9 0  

,Sequence of the 3 '  half of the hsp70~ gene 74 
Restriction map of the hsp70F gene ; 83 
Nucleotide sequence of the hsp70F gdne '8 5 
Comparison of the hsp70F amino acid sequence to 

the protein products of gnaK, hsn-1, hsp70C, 
SSB1, HscT, Hsc2 and hsp70 89 - 

A comparison of the percent nucleotide identities 
of the eleuaw hsp70 genes 

4, 
91 



GENERAL INTRODUCTION, 
h 

' When organisms or cells in culture ax% exposed >to' a sudden 
- *  \. 

elevation of-temperature, they respond by synthesizing a small 

specific set of highly conserved proteins, the heat shock 

proteins (hsp). The heat shock response was first &served by 

Ritossa (19.62) when'he shifted U o s o u  h w  larvae from 

20•‹C to 37•‹C. Examination of the salivary gland polytene 
'1 

chromosomes revealed an alteratian in the puffing pattern ' 

\ 

indicative of an a4teration in gene activity. This change in 
/ 

I 

.puffing-pattern whs also induced by exposing the larvae to 
. 

dinitrophenol or/sodium salicylate. The heat shock response, 
I -. 

or more approprj,Ately the stress shock response, is a universdl 
. J~ 

response which has been observed in every organism studied 1 

including bacteria, yeast, mammals and plants (Schlesinger et 

al., 1982: Craig, 1985: ~indquist, 1986: Burdon, 1986). 

The heat shock response is characterized by a vigorous and 

transient activation of a small number of specific genes 

previously either active at low levels or inactive"(Craig, 

1985; Lindquist, 1986). This increase in expression is 

accompanied by repressing transcription of normally active 
f 

-genes (Berendes, 1968; Spradling et al., 1975: Jamrich et al., 

1977; Findly and Pederson, 1981) and translation of pre- 

5 existing mRNAs (McKenzie et al., 1975; Lindquist, 1981; 

and Schlesinger, 1982 I DiDomenico et a1 . , 1982a) . In addhion 
' $ 

"+a// t o  an increase in ambient temperature the heat shock:%spoarse 
Y 

2 ,  

can also be induced, in whole or in part, by the presence of 

denatured or abnormal proteins (Finley et al., 1984; KarSik et 



al., 1984; Hiromi and Hotta, 1985; Ananthan et al., 1986), 

ethanol (Li, 1983; Plesset et al., 1982; Neidhardt et al., 

1984), heavy metals (Levinson et al., 1980; Burdon et al., 
J 

1982; Courgeon et al., 1984; Key et al., 1985; Li and Laszlo, 

1985) , glucose ,starvation (Sciandra and Subjeck, 1983) , viral 

infection (Collins and Hightower, 1982 ; Nevins, 1982 ; 

~otari~nni and Prestbn, 9 8 2 ;  Khandjian and Turler, 1983; Wu 

and Morimoto, P985), sodium arsenite (Burdon et al., 1982; 
$ 

Kothary and Candido, 1982; Tanguay and Vincent, 1982; Li, 1983; 

Key et al., 1985), amino acid analogs (Kelley and Schlesinger, 

1978; Hightower, 1980; Thomas and Mathews, 1984), oxygenation 

following anoxia (Li and Schrieve, 1982; Sciandra et al., 1984) 

and inhibitors of oxidative phosphorylation (Ashburner and 

Bonner, 1979; Schlesinger et al., 1982). Pre-treatment with 

any o f  the inducers of the heat shock response also induces 

thennotolerance, the ability survive lethal 

temperatures (Plesset et al., 1982; Li, 1983; Velazquez and 

.. 1984 ; Key et al., 1985) . 
The exact number and types of proteins synthesized varies 

from one organism to the next but falls within several well 

defined groups (Schlesinger et al., 1982; Craig, 1985; 

Lindquist, 1986). These groups include proteins ranging in 

size from 80 to 11C kDa (the hsp80/90 class), 62 to 78 kDa (the 

hsp70 class), 16 to 35 kDa (the low molecular weight class) and 

8 XDa (ubiquitin; Bond and Schlesinger, 1985). The heat shock 

proteins represent some of the most highly conserved proteins 

throughout evolution (Ingolia et al., 1982; Bardwell and Craig, 



1 9 8 4 ;  Bienz, 1 9 8 4 ;  Farrelly and Finkelstein, 1 9 8 4 . ) .  This is 

exemplified by the observation that o-ne of the human hsp70 

protein (Hunt and Morimoto, 1 9 8 5 )  shares 479 identity at the f 
amino acid level with the Escherichia coli hsp70 equivalent, 

&gK (Bardwell and Craig, 1 9 8 4 ) .  

The heat shock proteins are highly conserved both in 

sequence and in structure. Their presence plays an essential 

role the survival and recovery from stress. fact, 

some of the heat inducible genes are present in multiple copies 

(Ashburner and Bonner, 1979;  Ingolia et al., 1 9 8 0 ;  Bienz, 
E 

1 9 8 4 ) .  Related proteins are important not only during times of 

cellular stress but also under non-stressed conditions. 
\ 

Several isoforms of the hsps have been found in the unstressed 

cells. These hsp-like proteins have been termed heat shock 

cognates or hsc and are important normal cellular constituents 

(Schlesinger et al., 1982;  Hughes and August, 1982;  Ingolia and 

Craig, i 9 8 2 ;  Velazquez et al., 1983;  Bardwell and Craig, 1984;  

Lowe and Moyan, 1 9 8 4 ;  Craig and Jacobsen, 1984;  Chapp~ll et 

al., 1 9 8 6 ;  Munro and Pelham, 1 9 8 6 ) .  Some of these- hscs are 

heat inducible (Ingolia et al., 1982;  Craig and Jacobsen, 1984;  

Palter et a:., 1 9 8 6 )  and have been termed constitutive genes to 

distinguish them from the non-heat inducible hscs. Some of the 

hsp70 isoforms may also be developmentally regulated (Dura, 

1 9 8 1 ;  Sirotkin and Davidson, 1982;  Bensuade et al., 1 9 8 3 ;  
\ 

Cheney and Shearn, 1 9 8 3 ;  Zimmerman et al., 1983;  Mason et al., 

1 3 3 4 ;  Vitek and Berger, 1984;  Kurtz and Lindquist, 1984;  Bienz, 

1 9 8 5 ;  Glaser et al., 1986;  Kurtz et al., 1986?%lter at al., 



1986). Within each class size the different isoforms are 

related and as such are members of specific multigene families 
- 

(Craig, 1985; Lindquist, 1986). 

Expression of the heat shock genes is mediated through-a 

heat shock transcription factor, HSTF (Parker and~opol, 1984a, 

1984b; Wu et al., 1987). The HSTF recognizes and binds to a 

heat shock element, or HSE (Parker and Topol, 1984b; Wu, 1984a; 

Wiederrecht et al., 1987), found in the 5 '  regulatory region of 

all heat inducible hsps. The HSE sequence CNNGAANNTTCNNG, is 

found approximately 20 base pairs upstream of the TATA box, 
F 

exhibits dyad symmetry and has-been found in all eukaryotic 

heat inducible genes studied (Pelham, 1982, 1985). Proteins 

such as HSTF that bind t~ the HSE facilitate the transcription 

of the hsp genes during heat shock (Wu, 1984a). Differences in 

transcriptional activity and kinetics of activation of the 

individual heat shock genes may be controlled by the number of 
7 

HSEs and the affinity of HSTF fo# the HSEs (Wu, 1984a). The 

HSTF binds to the HSE in stressed Proso~hila, HeLa and yeast 

cells (Wu, 1984b; Kingston et al., 1987; Sorger et al., 1987) 

and unstressed yeast cells (Sorger and Pelham, 1987; Sorger et 

al., 1987). Although HSTF does not bind to the HSE in 

unstressed D r o s o ~ u  and HeLa cells, HSTF is present in the 

cells (Parker and Topol, 1984b; Wu et al., 1987; Zimarino and 

Wu, 1987). Activation of the yeast HSTF .occurs when HSTF is 

phosphorylated (Sorger et al., 1987). In E. colt there is no 

HSTF. Instead, the prduct of the m R  gene, a 32 kDa sigma 

factor, replaces the normal 70 kDa sigma factor and facilitates 
2 

a' 



transcription of the heat inducible g while under stress 

conditions (Neidhardt and Vangogelen, Yamamori and Yura, 

1982; Grossman et al., 1984; Grossman et al., 1985; Neidhardt, 

1987). 

How is HSTF activated during periods of stress? Ubiquitin 

is part of a protein degradation system (~arsfiko and 

Ciechanover, 1982; Hershko, 1983; Hershko e al., 1984) . 
Overloading the ubiquitin-dependent prot degradation system 

induces the heat shock esponse (Munro a elham, 1985; 5. 
Ananthan et al., 1986). Therefore, upon heat shock or stress, 

the amount of damagefi, abnormal. and denatured protein increases 

which may result in a transient shortage of free ubiquitin. A 

lack of ubiquitin is known to induce the heat shock response 

(Finley et al., 1984). The synthesis of ubiquitin during the 

heat shock response would be to cope with the demand for 

ubiquitin by the protein degradation system and to replenish 

the cellular stocks of ubiquitin. The hsp70 proteins also 

negatively control their own synthesis (DiDomenico et al., 

/ 

1982b; Tilly et al., 1983; Craig and Jacobsen, 1984; Grossman 

et al., 1984). It has been suggested that the hsp70 proteins, 

once having reached a certain level, might bind to HSTF and 

inactivate it. Hsp70 has also been reported to have a 

proteolytic activity (Mitchell et al., 1985) which could then 

cleave HSTF. 

Translation of only hsp mRHAs during heat shock and not 

of those normally present is mediated through the presence of 

specific signals within the 5 '  leader sequence of heat shock 



'mRNAs (McGarry and Lindquist, 1985). These sequences are 

thought to adopt a conformation allowing only the heat shock 

mRNAs to be translated under heat shock conditions. Repression 

of translation of pre-ey-isting pre-mRNAs may also be mediated 

through the lack of intron processing (Yost and Lindquist, 

One of the best studied hsp classes is the 70 kDa class. 

In order to determine the function of the hsp70s it is 

important to know where they are found be'fore and after heat 

shuck. Protein localization experiments reveal that the heat 

inducible hsp70s before and after heat shock were distributed 

between the nucleus and cytoplasm. After heat shock, the 

concentration of hsp70 protein increases in both compartments 

.:. (~rrigo et al., 1980; Welch and Feramisco, 1984). The majority 

of the hsp70 protein in the nucleus is concentrated within the 

nucleolus and is bound to the chromosomes at the interband 

regions (Arrigo et al., 1980; Velazquez et al., 1980; Welch and 

Feramisco, 1984). The chromosome-bound hsp70 protein is 

resistant to nuclease digestion (Sinibaldi and Morris, 1981; 

Levinger and Varshavsky, 1981; Welch and Feramisco, 1984). The 

heterochromatic regions and the chromocenters of Prosonhila 

polytene chromosomes are not bound by the hsp70 proteins 

(Axrigo et al., 1980; Velazquez et al., 1980). Heat shock also 
* 

appears to disrupt the nuclear rikonucleoproteins (Maynard and 

Pederson, 1983). ~uc1ea.r proteins become insoluble and 

operationally part of the nuclear matrix. The hsp70s are bound 

to the nuclear matrix in a salt-resistant or hydrophobic manner 



(~inibaldi and Morris, 

Welch and Suhan, 1985) 

1981; Levinger and Varshavsky, 

. 
A number of cellulu morphological changes occur during 

heat shock. The Golgi apparatus is disrupted and fragmented 

concomitant with the appearance of vesicularized membranes and 

the mitochondria swell (Welch and Suhan, 1985). The 

intermediate filament network collapses around the nucleus. 
a 

Associated with the intermediate filaments are hsp70 proteins 

(Welch and Suhan, 1985; Palter et al., 1986) and the migration 

of the hsp70 proteins to the nucleus may be the result of the 

collapse of the intermediate filament network during heat shock 

(Biessmann et al., 1982; Sanders et al., 1982a, 1982b). Also, 

the cells become flattened as the number of actin-containing 

stress fibers increases (Welch and Suhan, 1985). This last 

feature is a characteristic of growth-arrested cells (Thomas et 

'91. , 1982) . The nucleoli become less condensed accompanied by 

an increase in nucleolar size and the number of granular 

ribonucleoprotein components. This change is concomitant with 

the binding of hsp70-like proteins to the partially assembled 

ribosomes (Welch and Suhan, 1985) . 
The function of the hsp70 proteins has long been an enigma. 

Recently, identification of some of the hsp70 proteins and 

their properties has led to a partial understanding of their 

function. The gnsK protein binds ATP and has a DNA-independent 

ATPase activity (Zylicz et al., 1984). The m K  protein is 

involved in replication of X DNA. During X DNA replication, 

the A 0  protein recognizes the origin of replication of the X 



DNA. The AP protein binds to both the 0 protein and the host 

m B  helicase protein. The m K  protein then interacts with 

the P protein, hydrolyzes ATP and catalyzes the dissociation of 

the P protein from the helicase which allows movement of the 

helicase along the DNA (Dodson et al., 1986). - 
. - 

Eukaryotic hsp70s share the ability to bind and hydrolyze 
- 

ATP (Welch and Feramisco, 1985). An observed tight association 

of hsp70 with other proteins can only be reversed by the 

addition or presence of ATP (Lewis and Pelham, 1985). The rat 

hsc70 or "uncoating ATPasen (Rothman and Schmid, 1986; Chappell 

et al., 1986; Ungewickell, 1985) uses ATP to disrupt the cage 

of clathrin triskelions surrounding coated vesicles. However, 

there is a thirty fold excess of hsc70 over clathrin suggesting 

that hsc70 is involved in many cellular functions rather than 

being used exclusively to uncoat clathrin coated vesicles. The 

endoplasmic reticulum localized glucose regulated protein, 

grp78, is also a member of the hsp70 family and was previously 

known as the immunoglobulin heavy chain binding protein "BiPn 

(Munro and-Pelham, 1986). BiP or grp78 protein recognizes the 

exposed hydrophobic regions of the immunoglobulin heavy chain 
- 

and binds to these sites until an immunoglobulin light chain is 

available (Bole et al., 1986). The heavy chain is released 

from the grp78 protein by the addition of ATP (Munro and 

Pelham, 1986). Recently, members of the Saccharomvces 

s e r w i s a  SSA hsp70 subfamily have been shown to faci.litate 

the translocation of proteins into mitochondria, the lumen of 

the endoplasmic reticulum (Desaies et al., 1988) and microsomes 



- 
(Chirico et al., 1988) . 

A model for the function of the hsp70-related proteins, 
P 

based on the above properties, was proposed by Hugh Pelham 

(1986). He suggested that the hsp70 proteins were involved in 
-- 

the assembly/disassembly of proteins and structures containing 

proteins under normal and heat shock conditions. During heat 

shock or stress, proteins become partially denatured or protein 

synthesis disrupted. This can result in hydrophobic regions 

becoming exposed which would then interact with other exposed 

hydrophobic regions to form insoluble aggregates. The hsp70 

protein would bind to the hydrophobic surfaces limiting the- 

interaction of the hydrophobic regions. If aggregates did 

form, the hsb70 protein would then catalyze the disaggregation 

of the insoluble aggregates. Once hsp70 was bound to the . 
substrate it would use ATP to undergo a conformational change 

- 

and then release itself from the substrate. Before release the 

conformational change of the hsp70 would distort the substrate 

resulting in a weakening or breaking of the interactions the 

substrate within the aggregate. After release, the substrate 

could then refold into its pre-heat shock state. 

The freed hsp70 would then bind a new substrate and undergo the 

cycle once more. In fact, this process is enhanced if there is 
3.- 

an over-production of the hsp70 proteins (Pelham, 1984). Under 

heat shock conditions, the hsp70 protein would function in the 

same mapner binding to exposed hydrophobic regions preventing 

the formation of insoluble aggregates or, in an ATP-dependent 

reaction, dissociating proteins within a protein complex or 



aggregate. 

The function of the heat shock proteins has been primarily 

determined by molecular biological and cellular localization 

studies. Recently, the eukaryotic hsp proteins have been the 

subject of genetic analysis parallelling the genetic studies of 

the hsp proteins in E (Neidhardt et al., 1984). As a 

method of determining the function of various hsps, null 

mutations of specific heat shock genes have been created in the 

yeast S a c c h ~ o m ~ c e g  ~erevisiae. Genetic and functional 

analysis of the hsp70 multigene family of S. cerevisiae has 

revealed at least four subfamilies based on their expression 

characteristics and their ability to compleme null alleles of 

other hsp70 genes (Craig . . and Jacobsen, 1984, 1985; Craig et 

al., 1$87; Werner-Washburne et al., 1987). These genes, when 
\ 

disrupted, may: 1) have no effect [Craig et al., 1987 ] ) ; - 3 
* - 7 

2) have no effect until combined with one or more mutant genes 

(the SSA subfamily [Craig and Jacobsen, 1984; Werner-Washburne 

et al., 19871 and the SSB subfamily [Craig and Jacobsen, 

19851 ) : or 3) have a lethal effect (SSCL [Craig et Al., 1987 1 ) .  

The SSA subfamily has many complex interactions. When either 

SSAl or SSAZ are disrupted, no mutant phenotype is obsemed. 

However, when null allebs of both SSAL and SSA2 are present, 

the yeast cells will not grow at higher than normal 
b 

temperatures but still retain thermotolerance (Craig and\ 

Jacobsen, 1984). During normal growth, the double 

ssa2 induces the synthesis of the heat inducible ne u. 
, When a triple mutant 

Y 
ssa4 is constructed, the yeast 
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cell cannot survive. This letha phenotype can be rescued by 

placing the other heat inducible gene SSA3 under the control of - 

the S S U  promoter (Werner-Washburne et al., 1987). and 

SSBa, when either is present as a null allele, appears to have 

no gffect on the cell but when both are present as null alleles 

the yeast cell does not grow normally at reduced temperatures. 

The double mutant g- ssb2 cannot be rescued by gene members 

of the SSA subfamily (Craig and Jacobsen, 1985). These results 

demonstrate that gene members within a subfamily can compensate 

and at least partially duplicate the function of the other 

members of that family but cannot compensate functionally for 

mutant genes in other families. The compensatory action is 

most likely due to the hsp70 proteins within a family having a 

similar function but the non-complementary action is most 
L 

cS- likely due to the different cellular locations of the hsp70 
9 

i subfamilies. 
l& 

Studying the genetics of the heat shock response in a 

multicellular organism would contribute to the understanding of 

the complex functions of the heat shock response. Isolation of 

mutant hsp genes in pel an waste^ has been hampered by the 
- 

numerous copies of each hsp gene as well as the size and 

complexity of the organism (E.A. Craig, personal 

communication) . Caenorhabditk elesang offers an alternative 

to D. P- in the study of the genetics of the heat 

shock response in multicellular eukaryotes. The self- 

fertilizing hermaphrodite is an excellent model system for the 

genetic and biochemical analysis of the eukaryotic genome 



(Brenner, 1974; Riddle, 1980). The C_ elesans haploid genome 

consists of five autosonesf and one X chromosome (Brenner, 1974) 

and consists of approximately 8x10' base pairs (Sulston and 

Brenner, 1974). kleqgns is a relatively simple eukaryote 

consisting of approximately 1000 somatic cells in the adult 

nematode (Sulston and Horvitz, 1977). It is differentiated 

into various tissue types including hypodermis, nerve, gonad, 

muscle and gut and a complete cell lineage has been determined 

for e l e m  (Sulston and Horvitz, 1977; Sulston et al., 

1983). 
a 

The heat shock response of C. eleuans has recently been 

characterized (Snutch and Baillie, 1983; Snutch, 1984; Snutch 

et al., 1988). Upon heat shock, synthesis of eight major 

groups of proteins with molecular weights of approximately 81 

kDa, 70 kDa, 41 kDa, 38 kDa, 29 kDa, 19 kDa; 18 kDa and 16 kDa 

is initiated. These proteins first appear at 29'C and continue 

to be synthesized at temperature shifts up to the lethal 

temperature of 35'C. Like the heat shock response of other 
$ 

organisms, transcription gnd translation of non-heat shock 
- 

mRNA8 appears to be repressed. The dauer larva, a facultative 

larval stage formed when environmental conditions are 

unfavorable, also produce a set of mRNAs upon heat shock even 

though they do not appear to be synthesizing non-heat shock 

mRNU (Snutch and Baillie, 1983; Snutch, 1984). The hsp70 *gene 
% % 

family appears to have at least nine members (Snutch, 1984; 

Snutch et al., 1988). Sequences corresponding t~ some of the 

hsp70 genes (Snutch, 1984; Snutch and Baillie, 1984; Snutch et 



a1 .q 1988) and the harp16 genes (Russnak and Candido, 1985; 
Jones et al., 1986) have been isolated. 

, 
In S. cerevisiae, mutations in-Qe hea& shock genes were 

constructed v i t r ~  using the one-step gene replacement method 

of Rothstein (1983). There is no analogous system in C, 

eleqans that allows for a targeted replacement of the heat 

shock genes. Therefore, in order for mutations to be induced 

in the hsp70 genes, they must first be isolated, their 

expression characterized and the genes identified. The genes 

could then be mapped genetically using restriction fragment 

.length differences (RFLD) between two s l e w  strains 

Bristol and Bergerac. Mutant phenotypes for each of the 

identified hsp70 genes can be predicted and a gen=tic screen 

devised to isolate mutant alleles of the heat shock response. 

These mutants could then be verified as hsp70 mutants by 

transforming the mutants with the purified gene (Fire, 1986). 

As part of the long term goal in the study of the genetics 

of the heat shock response in elesans, my first objective 

was to identify the six hsp70 genes previously isolated 
b 

(Snutch, 1984; Snutch et al., 1988). By sequencing the hsp70 

genes I could then determine their homologs from other 

organisms. These results could then b& used to predict a 

mutant phenotype and then proceed with the long term goals 

outlined above. Second, I wanted to compare one of the hsp7 

genes from C. eleaans to its homolog from a closely related 

species L briuasae. Snutch (1984) and Prasad (1988) have 

stated that only genetically important sequences are conserved 



between the two species which can be detected by cross- 

hybridization. I wanted to extend this idea and show that a 

comparison of the sequences from the 5 '  regulatory region could 

potentially reveal sequence elements important for gene 
L 

expression. 

The first gene to be-described, ~ S D - 2 ,  is a constitutively 
expressed, heat inducible hsp70 gene closely related to the SSA 

genes from S, srevisiac and the Bsc4 and heat inducible h s ~ 7 0  

genes from p, melantxaster. The second gene, hsp-2ps, is an 

unusual pseudogene of ~ D - L .  The third and fourth genes, a 

heat shock cognate gene, hsp70C, and a highly heat inducible 

gene, hsp70D, belong to a grp78-related subfamily. And 

finally, a fifth gene, the constitutively expressed, slightly 

heat inducible hsp70F gene, is more closely related to the -K 

gene from E, than any known eukaryotic hsp70 gene 

identified to date. 



CHAPTER 1 

A HEAT INDUCIBLE COGNATE GENE;, hsn-1 



INTRODUCTION 

In Droso~hila pelanoaaste~, the hsp70 gene family consists 
B 

of both heat inducible and constitutively ekpressed genes. A 
.- 

family of genes homologous to h s ~ 7 0  are expressed under normal 

growth conditions (Ingolia and Craig, 1982 ; Craig et al. , 
1983). These genes are termed heat shock cognate genes or hsc. 

At least three D. melanosaster hsc70 genes have been identified 
\ 

including Hscl, Hscz and Bsc4 which map at 70C, 87D and 88E 3 
+A,=-'. 

respectively. These hsc70 genes do not map at the same ++F 

3- 
location as the heat inducible b s ~ 7 0  and h s ~ 6 8  genes which map 

at 8 7 A , C  and 95D, respectively. The mRNA levels of each of the 

hsc7Q genes differs in adults. Hsc4 mRNA levels approach the 

level of actin mRNA while Hscl and Hsc2 mRNA levels are 30- to 
d 

. 60-fold less abundant. 

The hsc70 protein is the Hsc4 gene product (Palter et al., 

1986). hsc70 is enriched in embryos and the Hsc4 W A  is 

abundant in oocytes representing a large percentage' of the 

maternal message stored in the egg. Synthesis of hsc70 still 

occurs after heat shock although the synthesis is repressed 

slightly. The presence of the hsc proteins during heat shock 

suggests that the cognate proteins are not dispensable during 

.heat shock. In contrast to the synthesis of hsc70, the 

synthesis of HsC4 mRNA is enhanced 2-fold upon heat shock. In 

yeast, a family related to the H s c 4  gene, the SSA family, has 

been identified (Craig and Jacobsen, 1984; Werner-Washburne et 

a l . ) .  is both constitutively expressed and heat 

induciblje, S m  id constitutively expressed and non-heat 
I 



17 

inducible while SSA3 and SSA4 are heat inducible. Some members 

of the SSA gene subfamily encode proteins which facilitate the 

translocation of proteins into the mitochondria, the lumen of 

the endoplasmic reticulum (Desaies et al., 1988) and mi'csosomea 
. ~ 

(Chirico et al., 1988). 

In C. eleaans, the bsa-l gene encodes the hsp70A protein 

(Snutch,'1984; Snutch et ale, 1988). The ~ s D - &  gene is- 

constitutively expressed and has been mapped to the right end 

of linkage group IV. bsw-& transcripts are most abundant in 

the L1 larva and decrease by about 50% by the adult Atages but 

regain an abundant message. Transcription of hsn-1 mFWA is 

stimulated 3-fold upon heat shock and remains heat inducible 

during larval development. ' 

In this chapter I describe the DNA sequence of the b13-1 - 
gene. hsp70A shares a high degree of homology with the 

strictly heat inducible and the constitutively expressed, heat 

inducible hsp70-like genes from D. melanoaaste~ and 

cerevisiae. Similarities in expression characteristics suggest 

that the hsw-l gene is more closely related to the 

constitutively expressed, heat inducible hsc70 genes. In 

addition the hsp-1 regulatory region shares features common to 

the regulatory regions of other eukaryotic heat inducible 

genes. 



MATERIALS AND METHODS 

on of D I ~ s ~ ~ s  for seauencinq 

The phage containing the ~ S D - &  gene, hsl 151 (Snutch, 1984; 

Snutch et al., 1988) was subcloned into the plasmid vector 

pUC19 (Norrander et al., 1983). The plasmid containing the 
4 

Mo-1 gene, pCes401, was identified and the orientation of the 

insert determined by the pattern derived,from restriction 

digests. Isolation of the plasmid pCe6.2 is described 

elsewhere (Snutch, 1984) . 
Overlapping plasmid deletions were made using either - 

exonuclease I11 (Henikoff,.1984) or restriction enzymes. 

Plasmid DNA preparation 

Plasmid DNA for deletion and sequencing reactions was 

prepared using the mini alkali lysis method (Maniatis et al., 

1982).except,that two pheno1:sevag extractions were done and 

after the first ethanol precipitation, the air dried pellet was 

resuspended in 0.25 M sodium acetate and reprecipitated with 

ethanol. After digestion with RNase, the plasmid DNA samples 

were precipitated with polyethylene glycol (Hattori and Sakaki, 

1986). 

DNA semencina and aeuuence analvsis 

Dideoxy sequencing was performed on denatured plasmid DNA 

(Chen and Seeburg, 1985; Sanger et al., 1980). 

DNA sequences were analyzed using the computer program 

Wicrogenie (Bechan). Visual inspection and preparation of the 

DNA.sequ-ences for publication was done with the aid of the 

computer program ESEE (E. Cabot, personal communication). 



RESULTS AND DISCUSSION 

Characterization of the hsp-1 sene semen- 

A restriction mgp of the gene is shown in Figure 1-1. 

The entire sequence of the ~ S D - &  gene and its flanking DNA is 

presented in Figure 1-2. Within the 3 kb region sequenced an 

open reading frame corresponding to a Q r o s o ~ u  gene 

(Ingolia et al., 1980) was found. The open reading frame was 

interrupted by three short introns of 49, 194 and 55 bp. The 

position of the first intron in ~SD-I (aa69) is similar to that 

of an intron in the non-heat .shock inducible proso ghilamGl 

(aa66) and Fsc2 (aa58/59) genes (Craig et al., 1983) . The 

sequence of the intron boundaries (AG/GTAAGT ..... TTTCAG/G) 
matched that found- for other glesanq introns (Karn et al., 

1983; Spieth et al., 1985b). The positions of the introns were 

confirmed by sequencing the corresponding regions of a full 

length cDNA of hs~-& (pCe 6.2; Figure 1-1, lower case letters). 

The pCe6.2 cDNA included the first met residue of the 

polypeptide and extended 150 bp downstream of the UAA 

termination codon. The mature ~S D - L  mRNA would encode a 640 
I -  

amino acid polypeptide of 69,851 daltons. 

Within the transcribed leader sequence is a 3 '  splice site 

at -6 (Figure 1-2). These 3 '  splice sites are candidates for a 

trans splicing event (Krause and Hirsh, 1987). At the 5 '  end 

of the pC=6.2 cDNA sequence was a stretch of DNA matching the 

trans spliced leader sequence (Figure 1-3). It has recently 

been demonstrated in primer extension experiments that the 

L mRHA is trans spliced under both heat shock and non-heat 



Figure 1-1. Restriction map of the ~ s D - L  gene. Regions 

corresponding to the coding sequences are shaded. '"? 
transcribed, non-translated regions are unshaded. Introns are 

e shown by breaks-in the shaded coding region. B, -HI; E, 
= / 

u, 5 - 
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Figure 1-2. Nucleotide sequence of the ~ S R - 1  gene. Sequence 

from the cDNA pCe6.2 is shown on the bottom line and is in 

lowercase letters. Numbering is with respect to the start of 

translation. The putative TPTA box and polyA addition signal 

are shown. Also shown are the three heat shock elements (HSE). 

The amino acid sequence is shown above the DNA sequence. The 

regions involved in the potential stemfand loop structure are 

indicated with a *. Transcription starts at or near -78 (v). 

A 3 '  splice site involved in trans splicing is located at -6. 
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Figure 1-3. Comparison of the ~ s D - L  cDNA to the trans spliced 

leader sequence. The CDNA sequence (pCe6.2) is cornpazed to the 

genomic DNA ( ~ s D - 1 )  and the trans spliced leader DNA ( trans:  

Krause and Hirsh, 1987). DNA homologies are indicated. 



M S K H N  
h l ~ - 1  T C e A T T T W G T W C T A T T T C I T G A T T T n M A T T A T T n T T U T M M  ATG AGT M G  CAT M C  

1 1 1 1 1  1 1 1  1 1 1  111 1 1 1  1 1 1  
pCd.2 WTTCGGTTT~TTTTff iTTTMG1TTMTTACCCMGTTTGM;TMM ATG AGT M G  CAT M C  

IIIIIII11111111111111 
t r w  U G A G A C G C C i C G C U j n C A M ; T C G G T T T M T T A C C C M G T T T W T W T T W T G M : C U  



shock conditions (K. vanDoren and D. Hirsh, personal 

communication) . 
Heat shock genes have previously been considered unique 

among eukaryotes in their relative lack of htrons. The 

presence of introns in the heat inducible members of the G_ 

ele~ans hspl6 family (Russnak and Candido, 1985; Jones et al., 

-* 1986), and as I report here, in the ~ D - I  gene (this chgter), 

the hsp70C and hsp70D genes (Chapter 3) and the hsp70F gene 

(~haptef'l), suggests a fundamental difference in gene 

structure between the heat shock genes of eleaana and those 

of other organisms. It has been suggested for Drosoohu and 

other organisms that heat shock genes are relatively devoid of 

introns in order to circumvent a block in RNA spliqing which 

occurs during a severe heat shock (Yost and Lindquist, 1986). 

All eight C. eleuans heat shock inducible genes sequenced to 

date (the four hspl6 genes [Russnak and Candido, 1985; Jones et 

al., 19863 and the four hsp70 genes reported in this thesis) 

contain at least one intron. Thus, if the theory proposed by 

Yost and Lindquist (1986) also applies to ~lecraw, I would 

expect that transcripts from these genes would be correctly 

processed and translated only under conditions of mild or 

moderate heat shock. It will be interesting to see if the 

strictly heat inducible members of the hsp70'gene family that 

are related to ~ s D - &  have introns or not. 

Upstream of the coding region are three sequences which are 

homologous to the consensus heat shock element (HSE) 

CNNGAANNTTCNNG (Pelham, 1982); HSEl (88% homology), HSE2 (75% 
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homology) and HSE3 (88% homology) (Figure 1-2). It has 

recently been suggested that the 14 base pair HSE may be better 

described as a dimer of the 10 base pair sequence N T T V A A N  

(Xiao and Lis, 1988) . This dimer sequence is required for heat 

induciblity. Further examination of HSEl revealed a one and a 

half repeat (cGAAttTTCtaGAAt) which is suggested to be just as 

functional as the dimer (Xiao and Lis, 1988). An examination 

of the nucleotide sequence in the HSEl region also revealed a 

putative TATA box, TAAATT from -113 to -108, 25 nucleotides 

downstream of HSE1. Two sequences analogous to the cap site 

consensus signal in eleaans (Klass et al., 1988) were found 

from -80 to -75 and from -98 to -93, 28 and 10 nucleotides 

downstream of the putative TATA box (Figure 1-2). Flanking the 

 putative'^^^^ box were two repeats, one inverted with respect 

to the other. The first one, from -118 to -114, has one 

nucleotide difference from the second sequence, from -103 to 
i 

-99 (Figure 1-2). The presence of inverted repeats is also 

seen around the TATA box in a Brosonhila heat inducible hsp70 

gene (Ingolia et al., 1980). Encompassing the TATA box and 

HSEl was apalindromic sequence stretching from -150 to -138 

and from -118 to -104 with 11 out of 13 maqches (Figure 1-2). 
8 

.I 

These two stretches are capable of pairing with each other to 

form a stem and loop structure. The resulting loop would be 19 

nucleotides long. HSE2 and HSE3 do not have any sequences 

surrounding them that are capable of forming stem and loop 

structures. The final sequences of note, flanking HSEl'and 

HSE2, are three potential CCAAT boxes, CCM~ from -125 to 



-.p 

29 
- - 

-121 and CCAAT2 from -169 to -165 and CCAAT3 from -205 to -201 

(Figure 1-2). CCAATl is within &e loop of the potential stem 
-7 

and loop structure. 

hs~70A is homoloaous to hsc70 and the S S A l  nroteh 

Overall, hsp7OA is highly homologous to bothlhsp70 and 

hsc70 from Droso~hil~ and. yeast (Figure 1-4). At the amino 

acid level hsp30A is 75%aidentical to'a QrosophiLg h y 0  

protein (Ingolia et al., 1980) and 77% identical with the yea'at 
L 

hsp70 protein products of the SSAL and SSAl genes (Ingolia et 
3 

al., 1982 ; M. Slater and E .A. Craig, personal communication) . 
It is also 81% identical to the p r o s o ~ h u  hsc70 (Craig et al., 

1983; M. Slater and E.A. Craig, personal communication). Based 

the protein similaritiew probably the 

hspSOA. -re 1-4 also shows that a similar homology profile, 

exists between ~SD-& and the other hsp70 famil3 members; the N- 

terminus akd the initial approximate 550 amino acids are most * 

highly conserved, while there is marginal conservation at the 

C-terminal portion of hsp70 related genes. An except,ion to 

this, as noted by Hunt and Morimoto (1985), is the conservation 

between hsp70 related genes of the pept..de EEVD at the extreme 

The ~ S D - 1  gene of C. clew is probably the 

melanwaster Hsc4 and & ~erevisiag S S u  gene equivalent baseds*- 

on protein homologies and similarities in the expression 

characteristics. Like Hsc4 and S m ,  ~ S D - 1  produces a highly 

abundant message under non-stress conditions and the syhthesis 

of this mRNA is +creased during heat stress. In addition, the 



Figure 1-4. Amino acid comparison of the ~sD-& gene product, \ 

\, 
i' 

hsp?OA, to hsc70 (Craig et al., 1983; M. Slater and E.A. Craig, 

personal communication), the SSAL and SSA2 gene products 

(1ngoli.a et al.; 1982; M. Slater and E.A. Craig, personal 

communication) and a heat inducible B, pelanoaaster hsp70 

(Ingolia et al., 19B0). Amino acid matches are indicated with 

a dot ( . )  and gaps are shown with a dash ( - ) .  
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Hsc4 gene produces a maternally stored mRNA (Palter et al., 

1986). It has been suggested that the J I S D - ~  gene is expressed 

in the g e m  line because of the unusually high amount of DNA 

polymorphisms surrounding the JISD-1 gene (Snutch and Baillie, 

1984). Therefore, it would not be surprising to find that the 

hs9-l mRNA is also a maternally stored message,. The other 

bgn-: homolog, the SSAL gene, belongs to a multigene subfamily 

of the S, cerevisiae hsp70 gene family. If the hsp70 gene 

organization is similar between C. eleaans and S. cerevisiae, 1 

believe that there are other members of this C. elesans hsp70 

gene subfamily, including the strictly heat inducible hsp70 

gene, which need to be isolated. 
- 

-- - - Possible mutant ~henotmes of the hsp-lgene 

The similarities of the ~IsD-1 gene with the members of the 

gene subfamily and the Hsc4 gene facilitates predicting a 

possible phenotype for the ~SD-1 gene. It is probable that a 

lethal mutation of the h s ~ l  gene would not be recovered 

because- of the compensating actions of the other proposed 

members of the ~ s D - L  gene subfamily. Mutations of individual 

genes in the SSA subfamily cannot be recovered because other 

SSA members compensate for the lack of the gene product (Craig 

and Jacobsen, 1984; Werner-Washburne et al., 1987). Since the 

&D-& gene is very similar to the Hsc4 gene, the ~SP-2 gene is 

most likely a maternally expressed mRNA and as such, one should 

be able to isolate a maternal effect lethal of the h s ~ l  gene. 



CHAPTER 2 

A HEAT SHOCK PSEUDOGENE, ~ S D - U S  



INTRODUCTION 

Two members of the L eleaane hsp70 gene family, ~SD-1 and 

M D - ~ P S  (formerly hsp7OB; Snutch et al*., 1988), cross hybridize 

under high stringency conditions suggesting that these two 

genes are closely related (Snutch, 1984; Snutch et al., 1988). 

The ~ D - L  gene has been mapped to linkage group (LG)IV (Snutch, 

1984; Snutch et al., 1988) while bs~-2ps has been localized to 

the left a m  of E X  (D. Albertson, personal communication). At 

the level of transcription, the ~SD-I gene is constitutively 

expressed and heat induciblq while no transcripts have been 

detected for the bsr)-&s gene (Snutch, 1984; Snutch et al., 

1988). Only a homolog of the ~SD-1 gene and not the ~SD-2ps 

gene has been found in the closely related species C. briaasae. 

Based on these features, it was suggested that the ~SD-2ps gene 

was a pseudogene of ~ s D - L .  Several pseudogenes from three 

different eleaam multigene families have been identified to 

date: the h s ~ 7 0  family (Snutch, 1984; Snutch et al., 1988), 

the viteliogenin (u) family (Spieth et al., 1985a) and the 

sperm-specific (m) family (Ward et al., 1988) . 
Here I describe the DNA sequence of the ~SD-2ps gene. The 

w s  gene is unusual in that it duplicates only a part.of 

the hs- transcription unit including the introns but does not 

duplicate any of the flanking region. I present my arguments 

suggesting that the ~D-Ds gene was nonfunctional from the 

time of the duplication event. 



MATERIALS AND METHODS 

construction of ~lasmids for seauencinq 

The phage containing the ~SD-DS gene, hsl 143 (Snutch, 

1984; Snutch et al., 1988) was subcloned into the plasmid 

vector pUC19 (Norrander et al., 1983). The plasmid containing 

the ~SD-as gene, pCes440, was identified from the other 

fragments by its restriction pattern. 

Overlapping plasmid delsions were made using either 

exonuclease 111 (Henikoff, 1987) or restriction enzymes. 

plasmid DNA ~re~aratioq 

Plasmid DNA for deletion and sequencing reactions was 

prepared using the mini alkali lysis method (Maniatis et al., 

1982) except that two pheno1:sevag extractions were done and 

after the first ethanol precipitation, the air dried pellet was 

resuspended in 0.25 M sodium acetate and reprecipitated with 

ethanol. After digestion with RNase, the plasmid DNA samples 

were precipitated with polyethylene glycol (Hattori and Sakaki, 

1986). 

DNA seauencina and seauence analvsis 

Dideoxy sequencing was performed on denatured plasmid DNA 

(Chen and Seeburg, 1985; Sanger et al., 1980). 

DNA sequences were analyzed using the computer program 

Microgenie (Beclanan). Visual inspection and preparation of the 

DNA sequences for publication was done with the aid of the 

computer program ESEE (E. Cabot, personal communication). 

Genomic DNAs (2 ug) were digested with 20 units of &QRI 
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for 4 hours (Davis et al., 1980). The reactions were stopped 

by the addition of 1/10 volume 50% sucrose, 25 mM EDTA, 2% BPB 

and IxTBE. The DNA was electrophoresed through a 0.7% agarose 

gel containing 10 ug ethidium bromid~~l00 ml and lxTBE (Davis 

et al., 1980). Marker DNA was X (cI857 Sam7) mdIII-digested 

DNA. The DNA was visualized and photographed under a 300 nm 

wavelength transilluminator. 

er, nzck - translat ion and hvbridizations 
The DNA was transferred to nitrocellulose using the 

bidirectional method of Smith and -- Summers (1980). The nick- 

translations - were done according to Davis et al. (1980). The 

reactions were stopped by the addition of sodium dodecyl 

sulphate and EDTA to a final concentration of 0.3% and 10 mM, 

respectively. The specific activity of the resulting probes 

was approximat y 1x10~ cpm/ug DNA. 9 
Hybridization of the filters to the 32~-labelled probe was 

done essentially according to the procedure outlined in Davis 

et al. (1980) except that the carrier DNA and formamide were. 

omitted and 2.5~ Denhardt's (1x=0.02% bovine s e w  albumin, 

0.029 Ficoll and 0.02% polyvinyl pyrrolidone) was used. All 

the hybridizations and post-hybridizations steps were carried 
- 

out at 68'C. Post-hybridization washes were done using lxSSPE 

instead of 2xSSPE. The filters were air dried and exposed to 

Kodak X-Omat K film at -70.C for 3 days. 



RESULTS AND DISCUSSION 

characterization of the h s p - 2 p w  

The ~SD-2ps gene was sequenced and homology with the MQ-1 

gene was determined to be 88%. A-comparison of the UD-~PS 

gene to the h s ~ - L  gene revealed that the b ~ - 2 p s  sequence 

homology was truncated and missing the last one-third of the 

sequence corresponding to the 3' end of the b M  gene (Figure 

2-1). Sequence homology between U Q - ~ S  and m - 1  began just 

upstream of the start of translation. The homology extended 

through the introns to a point two-thirds of the way down the 

~ S D - 1  sequence. At this point, the sequence showed no' identify 

(ie. approximately 25% identity) (Figure 2-2). Sequences 

upstream of the start of transcription, including the MD-1 

gene TATA box, were not conserved. No 3' flanking sequences 

from the ~ I S D - ~  gene were found flanking the ~ S D - ~ J S  gene 

(Snutch, 1984; Snutch et al., 1988). There was a large 

inter'hal deletion of 243 base pairs, from +723 to +966 of the 

corresponding ~ s D - &  sequence (Figure 2-1). There was one 

single nucleotide insertion and a number of single nucleotide 

deletions and substitutions. These changes are shown in Figure 

2-2. Two of the substitutions generated stop codons occurring 

near the 5 '  end of the sequence. These features have led me to 

confirm the identification of the hs-s gene as a pseudogene. 

Estimation of the time of aene du~lication and inactivation 

The rate of nucleotide substitution between the 

corresponding coding regions was examined. The substitutions 

were not randomly located with respect to the codon positions. 



Figure 2-1. Restriction maps of the bsn-2ps and hsp-1 genes. 

Limits of homology are defined by the dotted lines (see also 

Figure 2-2). Regions corresponding to the coding regions are 

shaded. Transcribed, non-translated regions are unshaded. 

Introns are represented by breaks in the coding region. B, 
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Figure 2-2. Nucleotide sequence comparison of the ~ S D - ~ S  and 

h m - L  genes. The hsp-2ps sequence is on the bottom line and 

the h s ~ - l  sequence is on the upper line. Introns are shown in 

lowercase letters. Nucleotide matches are indicated by a dot 

( . ) ,  deletions with a dash ( - ) .  The predicted amino acid 

sequences are shown above or below their respective DNA 

sequences with only the amino acid differences being shown for 

the m s  gene. Inframe stop codons are indicated with a #. 

The putative TATA box and polyA addition signal of the hsp-1 

gene are indicated to show the extent of hsp-1 transcription. 
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Instead, a substitution rate df 7.5% (23/306), 5.6% (17/30 F-- 
and 13.3% (41/306) at *the first , second and third positio& of 

* 

the codons, respectively, was observed. Determination of the 

r nucleotide substitution rate between a pseudogene and the 
cL * 

functiona1,gene must take into account the fact that both 
& 

i. 
sequences have been accumulating nucleofide substitut#ons at 

different rates. In a functional gene there is very little 

selection pressure occurring at the third codon position wh '?? * 
there is high seleation pressure occurring at the first and 

second codon positions. In a pseudogene there is no selection 
S 

pressure at any of the three codon positions. Nucleotide 

substitutions will accumulate randomly (with respect to the * 

ancestral gene before the duplication event) at the third codon,, 

positions in both genes whereas nucleotide substitutions will 

accumulate randomly (with respect ta the ancestral gene before 

the duplication event) at the first and second codon positions, 

in the pseudogene only. Theref ore, if inactivation accompanied 

duplication I would expect the nucleotide substitution rate at 

the third codon position to be approximately double'that of the 
d 

first-or second codon positions. I observed a two-fold 

difference in the substitution rate at the third codon position 

with respect to the first and second codon poeitions. 0 * 

The nucleotide substitution rate of the introns was also % 

examined. Since most of the intron sequences are not under . 

selective pressure, I would predict that the nucleotide 
b 

substitution rate of the introns should be similar to that of 

the third codon position. Taking into acdount the six 

\ 



nucleotides at the 5 '  and 3 '  ends of the intron which are 

highly conseped (Karn et al., 1983; Spieth et al.,: 1985b) the 

nucleotide substitution rate for'the'two introns was found to 

be 12.2% (26/212). The nucleotide substitutions occurred 

randomly regardless of wcodon positionw. This substitution 

rate is similar to the substitution rate of 13.3% calculated 

for the third codon position. Based on -these arguments and the - 
structure of the ~ S D - ~ S  gene, 1.conclude that the ~SD-2ps gene 

has been nonfunctional since the duplication event. 

To estimate the time since the duplication event, the 

number-'of codons that could allow all four nucleotide 

substitutions without an amino acid change was determined. 

There are 157 of these codons shared between the h s ~ - 1  and 

m s  genes 24 of which are substituted at the third 

position. A percent divergence of these codons was calculated 
I 

to be 15.3%. This proportion was corrected for multiple hits 

by as&&ing a Poisson. distribution of mutations (-3/4ln[l-4/3f ] 

where f=15.3%). The corrected percent divergence is 17.1%. A 
1 

' 

rate of 1% divergence per million years at synonymous sites has 

been estimated for the -82 gene of Droso~hila (Blackman and 
i 

Meselson, 1986) as well as-frogs, sea urchins, plants, mammals 

and bacteria (Ochman and Wilson, 1987 and references therein). 

If this is used then I estimate that the ~ s D - A  and hs~-lps- 

genes have a divergence time of approximately 17 million.years. 

This suggests that the duplication event occurred approximately 

8.5 million years ago. G. Poinar has estimated that the time 

of separation of 91- and briqssaq, based on taxonomy, 
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the fossil record and plate tectonics, occurred 20-40 minion 

years ago (personal communication)., My estimate of the time of 
\ 

duplication presented here falls well after the estimated point 

of species divergence and is consistent with the results of DNA 

hybridizations involving the ~sD-L and m s  genes to 

briuqsae (Snutch, 1984) . 
Hybridization of the h s ~ 2 p s  gene to seven ~ 1 e q a ~  

strains collected from several geographical locations indicates 

that the h s ~ 2 p s  gene is present in all laboratory strains 

tested (Figure 2-3). Thus, it appears these strains have 

originated since the duplication event occurred. 
4 

Generation of the hsp-2ps qene 

The jls~-2ps gene is unlike the vitellogenin pseudogqe, 
/ 

vit-1 (Spieth et al., 1985a), and the msp pseudogenes ard et P 
a .  1988: Klass et al., 1988). These pseudogenes arb fouqd 

within their respective multigene family clusters. The 5 '  

flanking DNA corresponding to the regulatory region is also 

conserred between the pseudogenes and their functional 

counterparts. I propose two possible models for the origin of 

the hs~-2ps gene. 1) The bst2-2~~ gene could have arisen 

through an RNA intermediate since it has only transcribed DNA 

sequences from the ancestral gene. It is known that in 

8 proso~hila, if the heat stress is great enough introns of the 

transcripts are not excised (Yost and Lindquist, 19869. Based 

on this, it is possible that the ancestral genome underwent a 

heat stress great enough to induce heat shock transcription of 

the h s ~ - l  gene without intron excision. The unprocessed pre- 
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Figure 2-3. Hybridization of ~ I S D - ~ ~ S  to different 

strains. The bs~-2ps plasmid, pCes440, was hybridized to m R I  

W e s t e d  genomic DNAs of various eleuans laboratory strains. 
1 

The strhh4esignations are indicated on the autoradiograph. 

The 5.4 kb b m - 2 ~ ~  band and the 6.6 kb ~ S D - L  band are 

indicated. The higher molecular weight bands represent partial 

digests. Hybridizations were done at 6 8 ' C  in SxSSPE, 0.3% SDS 

and 2.5xDenhardtfs (Davis et al., 1980). 





mRNA would then be available to bz reversed transcribed. 

Integration of the cDNA into the DNA of the X-chromosome would 

result in the duplication of the ~ S D - L  gene. 2) The h s ~ 2 p s  

gene could have arisen by a DNA duplication event involving a 

transposition of a copy of the m ( L 5 I V )  DNA to LGX. A high 

amount of restriction fragment length polymorphisms have been 

observed around the ~ D - L  genesbetween the Bristol and Bergerac 

strains (Snutch and Baillie, 1984). This suggests that the 
Y 

gene region is prone to nucleotide changes and DNA 

damage. As such, a stretch of DNA corresponding only to the 

~ s D - L  gene may have been excised and then transposed to the X 

chromosome. This may also account for the large internal 

deletion seen in the ~SQ-2ps gene. Either model could explain 

the duplication of the bsn-l gene. However, due to the lack of 

a proven reverse transcriptase activity in C. elesans, the 

simpler hypothesis is that the ~ S D - ~ P S  gene arose as an unusual 

DNA-mediated transposition/duplication event of the hsD-& gene. 



CHAPTER 3 

THE GRP78 GENE SUBFAMILY 

ir 



INTRODUCTION 

Proteins related the stress inducible proteins are 

normally found in unstressed cells and organisms. These 

proteins have been called hsc70 (heat shock cognates; Ingolia 

and Craig, 1982; Craig et al., 1983). Some of the functions of 

the hsp70-related proteins hav2 been determined. Recently, one 

of the constitutively expressed hsc70 proteins has been 

id?ntifiedaas a clathrin-uncoating ATPase and appears to be 

involved in disrupting the protein-protein interactions of the I 

clathrin triskelions (Chappell et al., 1986). 

A second constitutively expressed protein has been 

identified as a glucose-regulated protein (grp; Munro and 

Pelham, 1986). Synthesis of the grp78 protein is enhanced in 

rat cells when the cells are deprived o-f glucose or stimulated 

with calcium ionophores (reviewed in Lee, 1987). The rat grp78 

protein also appears to be slightly heat inducible in hamster 

fibroblasts (Attenello and Lee, 1984; Lin et al., 1986) and 

HeLa cells (Watowich and Morimoto, 1988). The rat grp78 

protein is closely related to a wide variety of hsp70 proteins 

sharing 57962% identity. In addition, the grp78 protein may be 

identical to the immunoglobulin heavy chain binding protein 

"BiPW (Munro and Pelham, 1986). The grp78 protein has a 

hydrophobic secretory leader sefience and is transported into 

the endoplasmic reticulum (ER) with subsequent removal of the 

hydrophobic leader sequence (Munro and Pelham, 1986). The 

carboxy terminal sequence, KDEL, important for the retention 

of the grp78 protein in the lumen of the ER (Munro and Pelham, 
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1987). It has been suggested that the grp78 protein binds to 

abnormal, underglycosylated proteins in glucose starved cells. 

Under normal conditions, the grp78 protein may also associate 

with partially assembled protein complexes until assembly can 

be completed and the proteins secreted or incorporated into the 

membrane (Pelham, 1986) . 
The C. eleaans hsp70C gene is constitutively expressed and 

non-heat inducible under the conditions tested. The hsp70C 

mRNA is found at maximum~vels in the L1 larval stage and 

decreases to about 15% that level in the adult nematode. The 

hsp70D gene has low basal mRNA levels and heat induction of 

this gene results in the increased synthesis of mRNA 8 to 50 

fold (Snutch et al., 1988) . 
In this chapter I present the sequence of the hsp70C gene 

- 
and the 3 '  half of the hsp70D gene from sleqans. I find 

that the hsp70C and hsp70D genes share a high degree of 

homology with the rat grp78 gene and appear to be the 

elegans grp78 equivalents. The hsp70D gene is a highly h$at 
"T 

inducible member of the grp78 subfamily. Comparison of the 

coding region of the hsp70C gene to its homolog from a closely 

related species, C. brisasag, reveals a high degree of 

similarity. Likewise, analysis of the 5 '  regulatory region 

reveals that there are several stretches of nucleotide homology 

between C, eleaans and C. brisasae, One of these blocks of 

homology is found in the rat grp78 regulatory region. I 

suggest that this conserved element may be involved in the 

transcriptional regulation of the glucose-regulated proteins. 



MATERIALS AND METHODS 

ction of ~ l - d s  for semencinq 

The phage containing the hsp70 genes (hsp70C-hsl 140 and 

hsp70D-hsl B9 [Snutch, 1984; Snutch et al., 19881; C, briaasae 

hsp70C-CB10 [T. P. Snutch, personal communication] ) were 

digested with W R I  or m d I I I  and subcloned into the plasmid 

vectors pUC19 (Norrander et al., 1983) or ~luescript' 

(Stratagene). The plasm'ds containing the hsp70 genes were 

identified (L ~ 1 e u m  hsp70C 5 '  end, pCes433 and pCes434, 

hsp70C 3' end, pCes428; hsp70D pCes403; C. briuusae hsp70C 

gene, pCbsl, and flanking DNA, pCbs2) and their orientations 

determined based on the pattern derived from restriction 

digests. The hsp70C(Cb) coding region was delineated by 

hybridizations back to the hsp70C(Ce) gene. 

Overlapping plasmid deletions were made using either 

exonuclease I11 (Henikoff, 1987) or restriction enzymes. 

plasmid DNA ~re~aratioq 

Plasmid DNA for deletion and sequencing reactions was 

prepared using the mini alkali lysis method (Maniatis et al., 

1982) except that.two pheno1:sevag extractions were done and 

after the first ethanol precipitation, the air dried pellet was 
*4 

resuspended in 0.25 H sodium acetate and reprecipitated with 

ethanol. After digestion with RNase, the plasmid DNA samples " 

were precipitated with polyethylene glycol (Hattori and Sakaki, 

s e w u  and s m e n c e  analysis 

Dideoxy sequencing was performed on denatured plasmid DNA 



(Chen and Seeburg, 1985; Sanger et al'., 1980). 

DNA sequences were analyzed using the computer program 

~icrogenie ( ~ e c h a n )  . Visualdinspection and preparation of the 

DNA sequences for publication was done with the aid of the 

computer program ESEE (E. Cabot, personal communication). 
I. a 

Screeninu of uenomic libraries 

The lambda libraries were screened according to'~enton and 
* 

Davis (1977) and the phage purified on a 0.75 g cesium chloride 

per millimeter equilibrium gradient. Phage DNA was purified as 

described by -~avis et al. (1980). Nick translations and 

hybridizations of the filters were done as described in Chapter 



RESULTS AND DISCUSSION 

1 A restriction map of the C. elesans hsp70C gene 

[hsp70C(Ce)] is shown in Figure 3-1. The complete sequence of 

the hsp70C(Ce) gene and flanking DNA is presented in Figure' 

3-2. The hsp70C(Ce) gene contains three introns (Figure 3-1 

and Figure 3-2) of 46, 238 and 104 nucleotides. The intron 

boundaries were determined by gaps and shifts in the amino acid 

sequence when compared to the h s ~ l  gene sequence and predicted 

amino acid sequence. As well, similarity to the 5' and 3' 

intron splice sites, characterized by the consensus sequences 

AG/GTAAGT and TTTTCAG/G (Karn et al., 1983; Spieth et al., 

1985b) was used to aid in the identification of the hsp70C 

intron boundaries. One of the intron positions was confirmed 

by sequencing over the appropriate region surrounding the third 

intron from a cDNA. None of the hsp70C introns were in the 

same position as the h s ~ - 1  introns (Snutch et al., 1988). 
- 

There is a long 3' untranslated sequence of 623 
&. 

nucleotides. Typically, in eleaans, the 3' untranslated 

sequences are much shorter (approximately 150 nucleotides). I 

estimate the size of the mRNA to be approximately 2.7 kb based 

on the positioning of the polyA addition signal (Figure 3-2, 

block and approximation the transcriptional start site 

(see below). This is in good agreement with the 2.6 kb size 

predicted from Northern blots (Snutch, 1984; Snutch et al., 

1988). 

Within this trailer sequence is the septemer TTTTTTC 



Figure 3-1. Restriction maps of the hsp70C genes from 

elesans [hsp70C(Ce)] and L; briuusae [hsp70C(Cb)] and the 

hsp70D gene from C, eleuans. The genes are aligned to show 

regions of homology. The coding regions are shaded and the 

transcribed, untranslated regions are unshaded. Introns are 

shown by breaks iq the coding region. B, W I ;  E, m R I ;  H, 

m d I I I ;  K t  m I ;  P, m I ;  S t  =I; Sa, -1; X ,  -1. 





Figure 3-2. Nucleotide sequences of the hsp70C(Ce) and 

hsp70C(Cb) genes. The sequences are aligned for-maximum 

homology. Introns are shown in lower case . . letters. Numbering 

is with respect to the start of translation. Dots (.)  indicate 

a nucleotide match and gaps ( 0 )  in the sequence are shown to 

maintain maximum homology of the sequences. The amino acid 

sequences are shown above and beiow their respective genes with 
i- 

only the amino acid changes shown for the hsp70C(Cb) gene.) - 
Sequences homologous to the E1A core enhancer sequence 

(&GAAGTG&; Hearing and Shenk, 1983) are indicated with a * and 
the SV40 core enhancer sequence ( G T G G ~ ;  Weiher et al., 1983) 

are indicated with an x. Blocks 1 to 8 represent regions 

conserved between C. eleaans and brisssae. Block 8 contains 

an inverted repeat and the region between block 8 and block 7 

contains an alternating Pu/Py stretch thought to be involved in 

the formation of Z DNA. Block 5 is an imperfect repeat of 

block 6. Block 4 contains an HSE while blocks 2 and 2a 

represent regions that are TC-rich. ' Block 1 represents the 

region of transcription initiation and the 
*3 

transcribed/untranslated leader sequence. Within this region, 

at -23, is a 3' splice site which could serve as a trans splice 

site (Krause and Hirsh, 1987). Block A represents the three 
- 

time repeated heptemer sequence TTTTTTC and block B represents 

the polyA addition signal. 
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repeated three times tandemly (Figure 3-2, block A). This 

septemer was searched for in other sequences. The sequence of 

the g l e u u  transposable element (Rosenzweig et al., 

1983) was examined and the TTTTTTC sequence was found several 

times within the terminal arms of the Tcl element but not in 

the open reading frame. A hexamer'sequence of similar nature 

(TTTTTC) is tandemly repeated four tines in the 3' untranslated 

regions of the Tmanosomq ~ruzi,hsp83-like genes (Dragon et 

al., 1987). The significance of these repeats, however, is not 

known. 

The predicted hsp70C(Ce) amino acid sequence was compared, 

to the predicted ~ s D - L  amino acid sequence (gigure 3-3) and 

grp78 from rat (Munro and Pelham, 1986) in order to identify 

the hsp70C gene product. This comparison revealed a striking 

degree of similarity with the rat grp78 amino acid sequen=e 

(77%). This is in contrast to the degree of identity shared 

with hsp70A (59%) and the heat inducible hsp70 (55%). The 

hsp70C carboxy terminus has 'the characteristic sequence KDEL 

found at the rat grp78 carboxy terminus. This sequence is 
5- 

required for retention of the pr~tein in the ER (Hunro and 

Pelham, 1987). Overall, the last 70 -amino acids, excluding the 

last four, exhibit marginal conservation between hsp70C and 

grp78. This has been observed with other members of the hsp70 

family. The amino -terminal segment when compared to hsp70A is 

much longer (Figure 3 - 3 ) .  The leader sequence has features 

characteristic of secretory leader sequences. It contains a 

positively charged amino terminus followed by a hydrophobic 



Figure 3 -3 .  Comparison of the amino acid sequences of 

hsp70C(Ce), hsp70C(Cb), hsp70D, ~ S R - 1  (Chapter 1; Snutch st al. 

1988) and the rat grp78 (Munro and Pelham, 1986). Amino acid 

matches are indicated by a dot ( . )  and amino acid gaps are 

shown with a dash ( - )  . 
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central region (Figurp 3-3 and Figure 3-4) followed by two 

small nonpolar residues with a single residue between (Figure 

3-3). Cleavage probably occurs between 117 and Yl8 after the 

two nonpolar residues. Although the structural features may be 
/ 

conserved between the hsp70C and grp78 proteins, the amino 

acids in the leader sequence are not conserved (.~igure 3-3 and 

Figure 3-4). The size of the hsp70C protein before cleavage 

has been estimated to consist of 661 amino acids with a 

moLecular weight of 73,339 daltons. After cleavage, the hsp70C 

protein would have a predicted molecular weight of 71,579 *<. 

daltons. The hsp70C protein does not have any glycosylation 

sites (Asp-X-Ser/Thr) in agreement with the rat grp78 results 

(Munro and Pelham, 1986). 

The high degree of similarity shared with the rat grp78 

protein in both structural characteristics and amino acid . 
sequence Bas led me to conclude that the hsp70C gene is 

probably'the grp78 gene equivalent in elesan;. 

Characterization of the hs~70C aene from a closely relatea 

s~ecies, C.-briggsae 

It has been suggested that only sequences important for the 

survival of the nematade would be conserved between L eleqans 

and a closely related species Prigasae (Snutch, 1984; 

Prasad, 1988). Sequences important for gene regulation and 

sequences representing genes have been identified u8ir.g DNA 

sequence comparisons (Blackman and Meselson, 1986; Fischer and 

Maniatis, 1986; Henikoff and Eghtedarzadeh, 1987). Based on 

this, I decided to compare the extent of similarities of the 



Figure 3-4.  A hydropathy'plot of the first 80 

the hsp70C(Ce) and hsp70C(Cb) proteins and the 

amino acids of 

corresponding 

region of the grp78 protein. The hydropathy of the protein 

sequence was determined using Microgenie (Beckman). 





s l e a a ~  and C. bricrasae hsp70C genes in 1) the coding 

regions, 2) 5 '  flanking regions and 3) the introns of the two 

species. Two phage of one type containing the C. brisssae 

hsp70C gene [hsp70C(Cb)J were isolated from a partial &QRI 

genomic library in Charon 4 (Snutch, 1984). Only the first 

two-thirds of the hsp70C(Cb) gene was represented in the phage 

isolated. These data are summarized in Figure 3-1. The 

sequence of the hsp70C(Cb) gene and 5 '  flanking DNA is 

presented in Figure 3-2 and is aligned against the hsp70C(Ce) 

gene for maximum homology. 
/ 

-4- 
ison of the hs~70C aenes from C.-elegans and C.-briggsae 

The hsp70C coding region appears to be highly conserved 

between the two species. The two hsp70C genes share 93% 

homology at the nucleotide level (Figure 3-2) and 93% homology 

at the amino acid level (Figure 3-3). The hsp70C(Cb) protein 

also has the same hydrophobic leader sequence as the hsp70C(Ce) 

protein (Figure 3-3 and Figure 3-4). An estimate of the time 

of divergence between eleaang and brimsae was made by 

determining the percent diverqence of the third position of the 

codons that can accept all four nucleotide substitutions 

without changing the amino acid. Of 203 such codons, 44 or 

21.6% have substitutions at the C!,?ird position. However, thiS 

figure must be corrected to take into account multiple mutation -I- 

events. Assuming a Poisson distribution of mutations 

(-3/41n[l-4/3f] where f=21.6%), the corrected percent 

divergence is 25.5%. An estimate of 1% divergence per million 

years has been calculated for the.hsa82 gene in Broso~hilg 



(Blachan and Mesblson, ~1986) as well as other organisms 
_-* 

)+4 
,/-+ * (Ochman and Wilson, 1987). Based on this, I predict that G_ . $  

J 

7 and briaua 

ae have been diverging for approximately 

2 5 ( 5  million years. This would imply the last common ancestor 

that elea-' andk briaarae shared was approximately 13 

million years ago. This is less than an estimate of 20-40 

million years ago based on tsxonomy, the fossil record and 

plate tectonics (G. Poinar, personal communication). My 

estimate probably underestimates the time of divergence of 

slesans and C, briaasae because 1) there is some bias in the 

use of individual codons but the codon usage is similar between 

these two species and 2) it has been suggested that there are 

functional constraints placed on the secondary structure of the ' 

hsp70 mFUJAs or at the DNA level (Hunt and Morimoto, 1985). 
& 

The hs~70C 5 '  re-tom reqions share stronq s-s with 

the rat a m 7 8  recnilatom reqion . . 

The 5 '  regulatory regions were searched for sequences known 

to act as regulatory elements in other genes. I detected one 

copy of an HSE (Pelham, 1982) from -205 to -195 in G_ eleaans 

aqd -230 to -217 in L briassql: (Figure 3-2). This would 

suggest that the hsp70C gene should be heat inducible although 

no increase in the mRNA concentration has been detected under 

the conditions tested (Snutch et al., 1988). It may be that 
L. 

the hsp70C gene is transiently expressed for only a short time 

after heat shock. The presence of an HSE is consistent w$th 

the observation that the grp78 genes are slightly heat 

inducible (Attenello and Lee, 1984; Lin et al., 1986). 
- 



Several sequences similar to the enhancer core sequences of 

E1A (Hearing and Shenk, 1983) and SV40 (Weiher et al., 1983) 

are also found in the 5 '  regulatory region of these two genes 

(Figure 3-2). similarities to E1A and SV40 core enhancer 

sequences are also observed in the rat grp78 regulatory region 

(Lin et al., 1986). There appear$ to be a TATA box from -58 to 

-50 and a CCAAT box from -78 to -74 (Figure 3-2). 

The 5 '  regulatory regicns of hsp70C(Cb) and hsp70C(Ce) were 

further compared visually. Allowing for insertions and 

deletions, eight distinct blocks of homology were observed and 

are outlined and numbered 1 to 8 in Figure 3-2. The fourth 

block corresponds to the HSE and surrounding nucleotides. The 

first block is adjacent to the hsp70C translated region and 

probably represents the regiop surrounding the TATA box, the 

transcription start site and the 5 '  r~anscribed/untranslated 

leader sequence. Within this block, at -23, is a 3 '  splice 

site which may be involved in a trans splicing reaction (Krause 

and Hirsh, 1987). The fourth and seventh blocks contain 
d 

sequences similar to core enhancer sequences from E1A and SV40. 

A pyrimidine rich region is represented by the second block and 

is repeated further upstream. The fifth block is an imperfect 

repeat of the sixth block. Two inverted sequences are 

rapresented by the eighth block. Between the seventh and ' 
eighth blocks is a region of alternating purines and 

pyrimidines, these sequences are thought to be involved in the 

formation of 2 DNA. In the rat grp78 regulatory region, an 

alternating Pu/Py region is seen and divides two tandem repeats 



of the promoter/enhancer sequences (Lin etbl., 1986). 
* 

However, this repeated promoter 5otif is not se& in the 

regulatory regions of the Caenormdit is  sequqnces. 

My results are similar to those seen in a comparison of the 

hsn82 genes of several D r o s o ~ u  sp. (Blackman and Meselaon, 

1986). Several blocks of nucleotides were conserved between 

four closely related B r o s o ~ h u  species. Some of these blocks 

have known regulatory functions. Others are conserved but no 

function has yet been assigned to them (Blackman and Meselson, 

1986). 

It has been reported that the 5 '  regulatory region of the 

rat grp78 gene has an enhancer-like activity (Lin et al., 

1986). I reasoned that if the HSEs are highly conserved 

between evolutionarily distant species (Pelham, 1982, 1985) 

then, if the grp78 enhancer-like activity is important, the 

wglucose responsive elementw should be conserved between 

Caenorhabditis and rat. Seven of the eight blocks of homology, 

excluding the 5 '  untranslated region, were compared to the rat 

grp78 regulatory region  in et al., 1986) for any regions of 

identity. Disregarding homologie,~ to the viral enhancers, the 

sixth block shares identity with a sequence in the rat grp78 

regulatory region (Figure 3 - 5 ) .  Within this block there is 809 

identity. This block of identity in the rat is located within 

the restriction fragment reported to contain the enhancer-like 

activity (Lin et al. 1986; Chang et al., 1987). I believe that 

this element is important for the regulation of the grp78 genes 

because of the high degree of conservation within this block. 



Figure 3-5. A comparison of the regulatory regions of the 

hsp70C(Ce) gene and the rat grp78 gene (tin et al., 1986). 

Numbering in hsp70C(Ce) is with respect to the start of 

translation. Numbering of the rat grp78 gene begins at the 

start of transcription (Lin et al., 1987). Block 6 represents 

-1'- 

the stretch of nucleotide identity shared between the hsp70C 

regulatory region and the rat grp78 regulatory region. 
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Recently, nuciease protection studies using the rat grp78 

genehave revealed that this block of identity is protected by a 

protein <E, Rsszsdez Jr., S.K. Wooden and A.S. Lee, manuscript 

submitted). My observations of the conservation of blocks of 

sequence in the 5 '  region suggest that putative regulatory 

elements could be detected through a comparison of sequence 

data obtained from ~leuans and C. brim p- sae. 

tron seausnces are hiahlv conserved between C.-elegans and C. 

briggsae 

The two introns that are represented in the hsp70C(Cb) gene 

sequence are found at corresponding positions when compared to 
f 

t#a first two intro.ns of the hsp70C(Ce) gene sequence. The 

second introns of the hsp70C(Cb) gene and the hsp70C(Ce) gene 
'-' 

are approximately the same size (243 vs. 238 nucleotides 

respectively) while the first introns are not (74 vs. 46 

nucleotides respectively). The similar sizes of the second 

intron facilitated a comparison of the two introns. It was 

expectedthat the introns, having little or no known important 
\ -  

functional sequences, would not be similar. To my surprise, - 
there were several long blocks of homology present between the 

B 

two introns. The significance of these sequence homologies is 

not known. 
% 

A heat inducible am78-like sene 

One of the heat inducible genes previously described, 

hsp70Dt is represented only by the 3' half (Snutch, 1984; 

Snutch et al., 1988). The hsp70D m R I  fragment was used to 

screen both a partial m R 1  genomic library in charon 4 (Snutch 
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et al., 1988) and-a partial -11 gehomic library in EMBL4 (a 

gift of M. Krause). Using high stringency hybridization 

conditions (Snutch et al., 1988), several positives were 

isolated. Characterization ef these phage revealed a 

restriction pattern identical to the hsp70C(Ce) gene and not 

the hsp70D gene. Since the hsp70D gene hybridized strongly to 

the hsp70C gene sequences I felt that the hsp70D gene might be 

a heat inducible variety of the hsp7OC gene. The sequence of 

the hsp70D gene is shown in Figure 3-6 and corresponds to th'e 
- --~---~., - ,~~  - 

last half of the hsp70C gene from a shared m R I  site (Figure 

3-11 . 
Two introns are found in the 3 '  half of the hsp70D gene. 

The intron positions are not conserved with respect to the 

hsp70C gene (Figure 3-1). In addition, the 3'. untranslated 
8 

region is not as long as. the 3 '  untranslated region of the 

hsp70C gene. 

Analysis of the predicted amino acid sequence reveals a 
i 

high degree of identity between the hsp70D and hsp70C genes 

(76%; Figure 3-3). The hsp70D gene shares 71% identity with 

the rat grp78 amino acid sequence. When compared to the 

amino acid sequence, an identity of 54% was calculated. Like 

hsp70C, no glycosylation sites were detected in the last half 

of the hsp70D protein. 

The predicted carboxy terminal'residues of the hsp7OD 

polypeptide has the sequence HDEL. This is similar to the KDEL 

sequence found at the carboxy terminus of the predicted hsp70C 

and rat grp78 polypeptides. Although it is not identical, 



e 

Figure 3-6. Sequence of the  3 '  half  of the  hsp70D gene. 

signal is shown. 
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histidine is a conservative substitution of lysine and may be 

able to function in a similar manner. It is possible that 

although the hsp70D gene is heat inducible the sequence HDEL 

may signal retention of this polypeptide in the ER or ER- 
'> 

derived structures but only under heat shock or stress 

conditions. The constitutively expressed hsp70C and the heat 

inducible hsp70D menbers of the grp78 family may intekact and 

complement each other, functioning together or separately as 

the situation dictates. 

The hsp70C(Ce) gene has been tentatively mapped within 

approximately 150 kb of cosmid DNA (A. Coulson and J. Sulston, 

personal comunication). Using this DNA, it should now be 

possible to find some restriction fragment length differences 

and map the hsp70C(Ce) gene to s specific chromosomal region. 

Assignment of the hsp70D gene to cosmids and eventually a 

chromosomal region awaits the isolation of phage DNA containing 

the hsp70D gene and flanking DNA. Once the C. elesans grp78 

genes have been localized to a specif c region of a chromosome, t 
it should be possible to generate strains mutant for the grp78 

genes. 

Mutations of the hsp70C and hsp70D genes may be difficult 

to isolate; however, there are several different scenarios 

possible. First, the grp78 proteins, being located in the ER, 

are probably essential proteins. IP there is an inteiaction 
between the two grp78 genes as seen in the SSA and SSB families 

of L ~erevisiag (Craig and Jacobsen, 1984; Werner-Washburne et 



al., 1987) then no lethal mutation could be recovered for at 

least the hsp70C and possibly the hsp70D gene. Since the 

hsp70D gene is highly heat inducible a mutation which renders 

the hsp70D gene product nonfunctional might be sensitive to 

heat stress i.e. might not survive a prolonged heat stress or 

take longer to recover from a heat stress. Second, mutations 
e 

9 

in the hsp70C and hsp70D genes may be recovered by looking for 

temperature-sensitive mutations that are defective in secreting 

proteins (for example, cuticle proteins). Third, the grp78 

,f- genes are induced when glucose sources are depleted. In the 
i 

case of C, eleuang, this would be when the food source is 

depleted. This is followed by the appearance of a specialized 

larval stage, the dauer larvae, in which the larvae become 

resistant to most environmental conditions and the external 

openings are seale until the larvae encounter favorable 

nutritional It may be that the hsp70C and hsp70D 

genes are involved in the decision to become dauer larvae. A 

decrease in food would lead to a decrease in glucose and 
? 

enhance the synthesis of the grp78 proteins triggering dauer 

larva formation. this scenario, mutations the 

genes may be recovered as dauer defective genes or daf. Over- 

production of either protpin may force the nematode to enter 
r _ 

the dauer larva life cycle even though food is abundant. 

Under-production of either protein m y  prevent the nematode 

from entering the dauer life cycle. A second possibility is 

that the grp78 genes, once turned on could not be turned off 

forcing the nematode to stay a dauer larva. 



CHAPTER 4 

A m K - L I K E  GENE, hsp70F 



INTRODUCTION 
b 

The hsp70 proteins have been highly conserved throughout 

evolution. The Escherichh G& -K gene product is one of 

fourteen polypeptides whose synthesis is enhanced upon heat 

shock. Induction of the heat shock response is under control 

'of the m R  gene (Neidhardt and VanBogelen, 1981). The m K  

protein was previously identified as the B66.0 protein 

(Georgopoulos et al., 1982) and is an abundant protein under 

normal growth conditions. The abundance of the a K  protein 
\ 

increases as the temperature and growth rate increases. 

Isolation of -K mutants revealed that the m K  protein is 

necessary for X DNA replication (Georgopoulos and Herskowitz, 

1971; Sunshine et al., 1977; Georgopoulos, 1977; Saito and 

Uchida, 1977) and probably interacts with the P protein of A 

(Georgopoulos and Herskowitz, 1971; Georgopoulos, 1977). 

However, the role of m K  in bacterial functions is not as well 

defined. Wh5n the temperature-sensitive mutant m K 7 5 6  is 

present DNA synthesis is inhibited after shift to non- 

permissive temperatures (Saito and Uchida, 1977). Further 

analysis showedsthat RNA synthesis is inhibited more rapidly 

than DNA synt3esis after the temperature shift (Itikawa and 

Ryu, 1979). The lack of -K alleles that are not temperature- 

sensitive suggests that the -K gene produces a protein 
4 

essential for cell viability. 

The E. co18 hsp70 equivalent, the gene, when compared 

to a human hsp70 gene (Hunt and Morirnoto, 1985) ,and a 

Droso~hila h s ~ 7 0  gene (Craig et al., 1982) shares 47% and 48% 



identity at the amino acid level, respectively, and 50% and 57% 

identity at the nucleotide level, respectively. However, the 

D r -  b ~ 7 0  gene and the human bs~7Q gene share 73% 

identity at the amino acid level and 72% identity at the 

nucleotide level (Hunt and Morimoto, 1985). 

The elearn hsp70F gene is transcribed under non-stress 

conditions and upon heat shock, the synthesis of the hsp70F 

mRNA is enhanced two-fold (Snutch, 1984; Snutch et al., 1988). 

In +.his chapter, I describe the sequencing and features of the 

hsp70F gene. The hsp70F gene product shares a significant 
. 

amount of homology with the m K  gene product but only moderate 

amounts of identity with previously identified eukaryotic hsp70 

proteins. The hsp70F protein has a leader sequence 

characteristic of proteins imported into the mitochondria1 

matrix. 



MATERIALS AND METHODS 

Construction of wlasads for sem- 

The phage containing the hsp70F gene, hsl B4 (Snutch, 1984; 

Snutch et al., 1988) was digested with m R I  and subcloned into 

the plasmid vector pUC19 (Norrander et al., 1983). The plasmid 

containing the hsp70F gene, pCes405, was identified and the 

orientation determined based on the pattern derived from 

restriction digests and hybridizations to the ~ s D - L  gene. 

Overlapping plasmid deletions were made using either 

exonuclease I11 (Henikoff, 1987) or restriction enzymes. 

d DNA ~ r e ~ a r a t i o n  

Plasmid DNA f.or deletion and sequencing reactions was 

prepared using the mini alkali lyois method (Maniatis et a l . ,  

1982) except that two pheno1:sevag extractions were done and 

after the first ethanol precipitation, the air dried pellet was 

resuspended in 0.25 M sodium acetate and reprecipitated with 

ethanol. After digestion with RNase, the plasmid DNA samples 

were precipitated with polyethylene glycol (Hattori and Sakaki, 

Dideoxy sequencing was performed on denatured plaamid DNA 

(Chen and Seeburg, 1985; Sanger et al., 1980). 

DNA sequences were analyzed using the computer program 

Microgenie Visual preparation 

DNA sequences for publication was done with the aid of the 

the 

computer program ESEE Cabot , personal communication) . 



RESULTS AND DISCUSSION 

a c t u t i o n  of the h s ~ 7 d F  aene 

A restriction map of the 2.9 kb EEpRI restriction fragment 

containrng the hsp70F gene is shown in Figure 4-1. The region 

of the hsp70F gene sequenced represents the first two-thirds of 

an hsp70 gene based on comparison to the ~ S D - L  gene. The 

sequence of the partial hsp70F gene is presented in Figure 4-2. 

Within the hsp7CF coding region there are two introns of 66 and 
* 

49 nucleotides. These two introns are not in the same position 
1 

as the introns of the other three eleaans hsp70 genes 

described in this thesis. In the 5 '  flanking region is an HSE 

(Pelham, 1982, 1985) from -316 to -303 (Figure 4-2) . This HSE 

is also part of a two dimer 10 base pair sequence NTTCNNGAAN 

required for full heat inducibility of the heat shokk inducible 

genes (Xiao and Lis, 1988). The HSE is flanked by the hegtamer 
\ 

sequence TTTTTTC (Chapter 3). There are several more copies of 

this sequence as wcll as several degenerate copies of this 

sequence upstream of the coding region. Downstream of the H S E  

is a region centered around -278 to -272 which could function 
\ 

as a TATA box. Approximately 30 nucleotides downstream of this 

region is a sequence that shares identity with a transcription 

initiation/capsite,sequence (derived from an analysis of.the (& 

major sperm protein gene family, CATAATCTTCA where A is 

the probable site of transcription initiation [Klass et al., 

19881) from -246 to -236 and -216 to -206. There is a 3' 

splice site at -6 which is a feature+of the trans splicing 

event (Krause and Hirsh, 1987). 
sza== 
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Figure 4-1. Restriction map of the hsp70F gene. The coding 

region is shaded and the transcribed, untranslated region is 

unshaded. Introns are shown by breaks in the coding region. 





Figure 4-2. Nucleotiee sequence of the hsp70F gem. Introna * .  . 
i 

are shown in lowercase letters. Numbering is 'with respect to 

the start of translation. A putative TATA box'is show as well 

as potential transcription start sites (v). A dimer of the HSE 

( X p o  and Lis, 1988) is indicated. 



nSE TATA v v 
-307 ATTT C T C M G T T T T T T C C M C W T T U T T M T T T M A C C f T T  TACCTCTCCfTTCUATCTTTTGUTUTTATTCTCCTMTTUiCATATTC 

H l r d l  1 1 
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- 7  A U ; U C T A T C C T T T C U j C A C f A T U T T t T T G T C T T U C C T C ~ T T C C T C Q T C ~ U : T T ~ f ~ G C l T G T C C G A C A M ~ U i A  





To determine the identity of the hsp7OF gene, a comparison 

of the hsp7OF amino acid sequence to several other known hsp70 

amino acid sequences was made (Figure 4-3). The hsp70F gone 

shares limited amino acid identity with hsp70A (53%; Chapter 1; 

Snutch et al., 1988) and the hsp70C gene product (53%; 

Chapter3) from g l e u a ~ ,  the SSR1 gene product from S, 

cerevisiae (43%; M. Slater and E.A. Craig), and the (482), 

Hsc2 (43%; Craig et al., 1983 and a heat inducible hsp70 (52%; A. 
~ngolia et al., 1988) gene'products from ~elanosaste_r. 

Surprisingly, a comparison of the hsp70F protein to the 

redicted -K protein (Bardwell and Craig, 1984) ,revealed a 

67% identity. The hsp70 proteins listed above, over the same 

region covered by the hsp70F gene, share approximately 48-549 
, , 

identity at the amino acid level with the m K  protein and 61- 

86% identity at the amino acid level amongst themselves. 
- 

Therefore, I conclude that the hsp70F gene is more.like the 

dnaK gene from E_ ~ o l i  than any eukaryotic hsp70 gene' - 
identified to date. 

At the nucleotide level, the hsp70F gene shares -9 

identity with the other d e q a n g  hsp70 genes (Figure 4-4). 

This is in comparison to the 75% identity shdred among the two 

grp78-like genes, hsp70C and hsp70D. In a comparison* the 

m K  gene, hsp70F shares 65% identity at the nucleotide levgl 

while the remaining functional hsp70 genes share 55-579 

identity at the nbcleotide level. The shared identity between 

the m K  gene and the m a a ~  hsp70 genes is slightly higher 
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Figure 4-3.  Comparison of the hsp70F amino acid sequence to 

the protein products of -Kt bsw-1- (hsp70A), hsp70C, SSB1, 

at and ham. Matches are indicated .with a dot ( ) and - 
gaps with a dash ( 0 ) .  





Figure 4-4.  A comparison of the percent nucleotide identities 

of the eleaans hsp70 genes. Nucleotide identity of the DNA 

sequences was determined using Microgenie (Beckman) . 





than the identity shared between the m K  gene and the 
.: 

p r o n u  (Ingolia e t  al., 1980) and human (Hunt and Morimoto, 

1985) hsp70 genes. 

The hsp70F protein has a 29 amino acid leader sequence when 

compared to the m K  protein (Figure 4 - 3 ) .  The hsp70F leader 

sequence is composed primarily of uncharged amino acids with a 

few hydrophobic and basic amino acids but no acidic amino 

acids. Within this 29 amino acid leader sequence ten of the 

residues are serine and threonine. Since there are few 

hydrophobic residues this sequence would not be as hydrophobic 

as the hsp70C leader sequence. Instead, the hsp70F leader 

sequence is quite similar to the mitochondria1 matrix import 

leader sequence. These sequences are characterized by their 

lack of acidic amino acids and the presence of basic amino 

acids as well as extensive stretches of uncharged amino acids 

and a h i m  content of serine and threonine residues (van Loon 

et al., 1986: Colman and Robinson, 1986) .  herefo fore, it seems 
likely that the hsp70F protein is transported into the 

mitochondrial matrix. This would explain the high degree of 

homology shared between hsp70F and the bacterial -K protein 

since it is believed that mitochondria arose as a symbi tic 

relationship between bacteria and the primitive eukaryot c \ cell. Recently, it has been determined that the & cere isiae 

SSCl protein is imported into the mitochondria (E.A. Craig, 

personal communication), It is likely that the SSCL gene 

product will be homologous to both the -K and hsp70F gene 

products. J 
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Possible mutant nhenotmes of the hsg7OF uew 

Only temperature-sensitive mutations of the g n n K  gene have 

been isolated (Saito and Uchida, 1977; Itikawa and Ryu, 1979; 
i 

Neidhardt et al., 1984) s3gesting that the m K  gene product - 
is essential for cell growth. The hsp70F gene is most likely a 

m K - l i k e  gene because mRNA levels under stress and non-stress 

conditions are similar and there is a high degree of homology 

between the two genes at the amino acid level. A survey of the 

S, ~erevisisae' hsp70 genes reveals that the 3SCl gene, when 

disrupted, prevents growth' (Craig et al., 1987) suggesting that 

the SSC& gene product is essential for cell viability. This is 

consistent with the genetics of the m K  gene. There are three 

possible mutant phenotypes for the hsp70F gene. The first type 

mutation would early embryonic lethal, the second 
4-- 

would be a temperature-sensitive mutation that, when shifted to 

the non-permissive temperature, would block growth and the 

third type would be a hypomorphic mutant with a slow growth 

phenotype. 



The work presented in this thesis involved DNA sequencing 

of five members kt&e-- 9- hsp70 multigene 
- 

> 

family. The primary goal of this thesis was to identify the 

functional homologs of the hsp70 genes 

mutant phenotypes so that, eventually, 

hsp7O alleles can 'be done. The second 

least the 5 '  flanking sequences of two 

of the two closely related species, 

and then predict the 

isolation of mutant 

goal was to compare at 

homologs, one from each 

eleuans and C. briuusae, 

to identify any possible regulatory elements based on 

nucleotide sequence conservation. If there was any nucleotide 

sequence conservation, and if some of these conserved regions 

contained known regulatory elements, then I would be able to 

extend the hypothesis of Snutch (1984) and Prasad (1988). They 

suggested that cross-hybridizing DNA sequences representing 

functionally important elements are conserved between the two 

species. Therefore, blocks of nucleotide sequence homolo m 
determined using DNA sequence comparisons should also represent 

functionally important (i.e. regulatory) sequence elements. 

The constitutively expressed, heat inducible gene, ~ S D - 1  

(Chapter I), was found to be homologous to the JIsc4 gene from 

o s o u  and the S S A l  gene, a member of the essential SSA 

subfamily from L ~erevisiae. The h s a - a s  gene was identified 

as an unusual pseudogene duplicating only a part of the ~ S D - 1  

transcription unit that had been transposed fram LGIV to LGX 

(Chapter 2). The pattern of nucleotide substitutions led me,to 

suggest that the ~ S D - ~ P S  gene was n$i-functional from the time 



of the duplication event which occurr*dc approximately 8.5 

million years-ago. The hsp7OC and ksp70D genes were identified 
\ 

as members of the g m  grp78 ger!e subfamily (Chapter 3). 

The hsp70D gene is the first description of a highly heat 

inducible grp78 gene. The last gene, the constitutively 

- expressed, heat inducible hsp70F gene was found to be more 

closely related to the m K  gene from than any other 
J 

identified eukaryotic hsp70 gene (Chapter 4). The hsp70F 

protein may be transported into the mitochondria1 niatrix. 

A comparison of the 5 '  flanking sequences of the hsp70C 

genes from C. elesans and C. briaasae revealed several long 

stretches of nucleotide sequence conservation (Chapter 3). 

Within these conserved blocks were homologies to sequences 

known to function as enhancer sequences and heat shock promoter 

elements. One of the conserved sequence blocks was detectedin 

the rat grp78 5 '  flanking sequence which has subsequently been 

shown to be protected by a protein during nuclease footprinting 
', 

studies (E. Resendez, Jr., S.6. Wooden and A.S. Lee, 

submitted). My observations suggest that in a comparison of 

nucleotide sequences, flanking regions that are conserved 

between C. elesans and C. briussae are potentially regulatory 

sequence elements.. 

Hsp70 multigene families consisting of eight or more 

members have been identified in gerevisiae, Q r o s o ~ u  (see 

Craig, 1985 and Lindquisb, 1986), humans (Mues et al., 1986) 

and C. elesans (Snutch, 1984; Snutch et al., 1988).' Some of 

the Droso~hilq and human hsp70 genes have been sequenced, 
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identified and studied in detail (Craig, 1985; Lindquist, 1986) 

but only the S, wrevisiae hsp7O multigene family.has been 

extensively analyzed. This includes an analysis. of the 

expression of each individual hsp70 genedand a genetic B 

. characterization of th4 hsp70 gene family (Craig and Jacobsen, 
i3 

1984, 1985; Craig et%l., 1987; Werner-Washburne et al., 1987). 

There are at least eight genes in the yeast hsp70 multigene 

familk (Ingolia et al., 1982). Four of these genes belong to 

the essential SSA subfamily (Craig and Jacobsen, 1984; Werner- 

Washburne et al., 1987) which includes two heat inducible genes 

and SSA4, a constitutively expressed gene SSA2 and a 

conatitutively expressed, heat inducible gene SSA1. Two genes 

belong to the cold sensitive SSB subfamily (Craig and Jacobsen, 
- 
1985). One gene, SSCL, is an essential gene and the last gene, 

S m ,  cannot be assigned to a subfamily becaus"e of the lack of 

a mutant phenotype (Craig et al., 1987). 

A comparison of the nucleotide sequences of the C, elesans 

hsp70 genes to the other hsp70 gene sequences revealed that the 

eleaans hsp70 genes could also be assigned to gene 

subfamilies. The UD-1 gene represents one gene family 

analogous to the SSA gene family in yeast. Within this 

subfamily is the pseudogene h-s. Isolation and further 

analysis of the remaining eleuans hsp70 genes should allow 

identification of hsp70 genes analogous at least to the heat 
Y1 

inducible varieties of the SSA subfamily and a constitutively 

expressed SSA gene. The grp78 subfamily is a separate family 

not yet defined in the S, cerevisiae system although a grp78 



homolog has been identified (R.C. Nicholson and L.A. Moran, 

submitted).. The hsp70F gene probably represents the SSC family 

based on the mitochondria1 location of SSCl and the proposed 

I transport of hsp70F into the mitochondrizil-matrix. No nornologs c3 - 
of the-cold sensitive SSB family have been identified yet in G_ 

elesans  and remain to be isolated. 



PROPOSALS FOR FURTHER RESEARCH 

Isolate and sequence the remaining fragments of "the hsp70D 
0 

and hsp70F genes and complete their characterization. ' 

Map the hsp70C, hsp70D and hsp70F genes with the aid of 

RFLPs . 
Isolate mutants of the hsp70 genes: 

LSD-1: around the ~DY-4 regibn, look for'a* maternal 

effect lethal 

hsp70C and look for temperature-sensitive 

mutants that are defective in secreting proteins or 

intracellular protein transport 

hsp70F: look for an &arly embryonic lethal effect 

mutant, a temperature-sensitive mutant which arrests 

growth, at the non-permissive temperature or a mutant 

which exhibits a slow growth phenotype. 

Verify the isolation of mutan* of these genes by - 
microin j ecting the purified DNA to rescue the mutant 

phenotype. - 
Isolate and identify the remaining hsp70 genes including 

the strictly heat inducible and the cold sensitive hsp70 

genes. 

Using DNA microin j ection techniques, study the effects of 

deletions in the 5 '  flanking DNAs on expression of the 

hsp70 genes. . 

Using DNA microinjection techniques, study the effects' of 

deletions of the heat inducible 3 '  untranslated sequences 

on the stability of the mRNAs during heat shock. 

1 
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