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The gggng;ngpgigig elegans hsp70 gene family consists of at
least nine genes and I have sequenced and characterized five of ‘
these genes. Theiéonstitutively expressed, heat inducible
hsp~1(IV) gene is highly homolbgous'to the Drosophila
melanogaster Hsc4 gene and the Saccharomyces cerevisiae SSAl
gene. The hsp-~1 gene shares 5' seguence elemenﬁs‘common to
other heat inducible genes. Unlike other heat inducible hsp70
genes, the Ngp-1 coding region is interfupted by ‘introns. The
hsp-2ps(X) gene is a pseudogene of hsp-1. 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 hgp-2ps as a pseudogene. The hsp-2ps gene
duplicates a region of hsp-1 DNA which corresponds eﬁclusively
to the transcribed region retaining the introns. The
nucleotide substitution gate of the third codon position was
twice that of the firét or second codon positions suggesting
that hsgp-2ps was nonfunctional since the time of the
transpositional duplication event and is estimated to have
occurred approximately 8.5 million years ago. The
constitutively expreééed h§p7OCAgene.product is highly
homologous to the rat éndoplasmic reticulum-located grp78 gene
producti Therefore, the hsp70C gene is probably the C. elegans
grp78 gene. ‘The hsp70C'gené homolog from a closelym}elated' |
species, C. briggsae, 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
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‘'which is conserved in ﬁhe rat grp78 regulatory region. This
sequence may be involved in‘the glﬁcose-mediated response.
Other conserved regionsxbncompass a heat shock element and
copies of mammalian viraf core enhancér 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 constifutively expressed, heat
inducible hsp70F gene shares more identity with the Egcherichia
coli gﬁgx~gene than with any eukaryotic hsp70 gene identified
to date. The-hsp70F protein has a leader sequence
characteristic of proteins transported into the mitochondrial

matrix.
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GENERAL INTRODUCTION : 1
; When orgaqisms og,ceils in culture are ex;osed\to)a suédan'
elevation 6fqtemperature, they respond by synthesizing a sﬁall
specific set of highly conserved proteiné,.thekheat shock
proteins khsp)."Tﬁe heat shock respbnse was first obServed\by
Ritossa (1962) when 'he sh%ftedﬁp;gggnhilg hydei larvae from
'20°é to 37°C. Examinaﬁion of the salivary gland polYtene
h chromosomes revealed an alteration in ‘the puffing pattern
iﬁdicativg of an a}tefation in gene activity. This change in
,puffing“patéern wés also knduced by e*posing the larvae to
dinitrophenol or(godium salicylate. The heapyshock response,
or more appfopﬁ;étely the stresélshock response, is a univers&l
response wﬁi;; hag been obsefved in every brganism studied
inqluding bécteria; yeast, mammals and plants (Schlesinger et
‘al., 1982; Craig, 1985; iindquis;, 1986; Burdon, 1986).

The heat shock response is characterized by a vigorous and
transient activatigh of é small number of specific genés ‘
previously either activé at low levels or inactive (Craig,
1985; Lindquist, 1986). This increase in expression is
accompanied by repressing transcription of normally active
-genes (Berendes, '1968; Spradling et al., 197S5: Jamriéh'et al.:

1977; Findly and Pederson, 1981) and ﬁranslation of pre-~-
&- exiéting mRNAS (ﬁcKenzie et al.;‘1975; Lindquist, 1981; {e{}y
,jf and Schlesinger, 1982; DiDomenico et éi., 1982a). 1In addition
g to an increase in ambient temperature the héat shock:%pspbnse

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

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

B



al., 1984; Hiromi and Hotta, 1985; Ananthan et al., 1986),
ethanol (Li, 1983; Plesset et al., 1982; Neidhardt et al.,
1984), heavy metals (Levinéon et al., 1980; Burdon et al.,
1982; Courgeon et al., 1984; Key et al., 1985; Li and Laszlo,
1985), éluéose'starvation (Sciaﬁdra and Subjeck, 1983), viral
infection (Collins and Hightower, 1982; Nevins, 1982; .
ﬁotarianﬁi and Preston, r982a Khandjian and Turler, 1983; Wu
and Morimoto, 1985), soéium 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 phosﬁhorylation (Ashburner and
Bonner, 1979; Schlesinger et al., 1982). Pre-treatment with*
an&‘bf the inducers of the heat shock response also induces
thermotolerance, i.e. the ability to survive lethal
temperatures (Plesset et al., 1982; Li, 1983; Velazquez and
\‘Aﬁ/\w_;gngggfst, 1984; Key et al., 1985).

Thé\éxaqt number and types of proteins synthesized varies
from one orgénism'to the next but. falls within several well
defihed’groups (Schlesinger et al., 1982; Craig, 1985;
Lindquist,‘1986). These groups include proteins ranginé in
size from 80 to 110 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,



1984; Bienz, 1984; Farrelly and Finkelstein, 1984). This is
exemplified by the observation that qﬁe of the human hsp70
protein§ (Hunt and Morimoto, 1985) shares 47% identity at the
amino aéid level with the Escherichia coli hsp70 equivalent,
dnakK (Bardwell and Craig, 1984). |

The heat shock proteins are highly conserved both in
sequence and ip structure. Their presence playé an eésential
role in the survival of and the recovery from stresé. In fact,
some of the heat inducible genes are present in multiple copies
(Ashburner and Bonner, 1979; Ingolia et al., 1980; Bienz,
1984). Related proteins are important not only during times of
cellular.stress but also under non-stressed condition§.
Several isoforms of the hsps have been found in the unstressed
¢ells. These hsp-like proteins have been termed heat shock
cognates or hsc and are important nsrmal cellular constituents
(Schlesinger et al., 1982; Hughes and August, 1982; Ingolia and
Craig, 1982; Velazquez et al., 1983; Bardwell and Craig, 1984;
Lowe and Moran, 1984; Craig and Jacobseﬁ, 1984; Chappell et
al., 1986; Munro and Pelham, 1986). Some of these hscs are
heat inducible (Ingolia et al., 1982; Craig and Jacobsen, 1984;
Palter et a.i., 1986) and have been termed constitutive genes to
distinguish them from the non-heat inducibie hscs. éome of the
hsp70 isoforms may also be developmentally regulated (Dura,
1981; Sirotkin and Davidson, 1982; Bensuade et al., 1983;
Cheney and Shearn, 1983; éimmerman et al., 1983; Mason et al.,

1554; Vitek and Berger, 1984; Kurtz and Lindquist, 1984; Bienz,

« P
1985; Glaser et al., 1986; Kurtz et al., 19865z5%lter et 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'Topol, 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., i987), 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,
exhibits dyag symmetry and has been found in all eukaryofic
heat inducible genes studied (Pelham, 1982, 1985). Proteins
such as HSTF that bind to 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 Qezcontrolled by the number of
HSEs and the affinity of HSTF for the HSEQ (Wu, 1984a). The
HSTF binds to the HSE in stressed Drosophila, HeLa and yeast
cells (Wu, 1984b; Kingston et al., 1987; Sorger et al., 1987)
and unétressed yeast cells (Sorger and Pelham, 1987; Sorger et
al., 1987). Although HSTF does not bind to the HSE in
unstressed Drosophila 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. coli there is no
HSTF. 1Instead, the product of the htpR gene, a 32 kDa sigma

factor, replaces the normal 70 kDa sigma factor and facilitates

e
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transcfiption of the heat inducible g es while under stress
conditions (Neidha}dt and VanBogelen,e?lsl; 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 systenm (Hef 1ko and

Ciechanover, 1982; Hershko, 1983; Hershkp et/al., 1984).
Overloading the ubiquitin-dependent proteips degradation system
induces the heat shock aﬁsponse (Munro ang*Pelham, 1985;
Ananthan et al., 1986). Therefdre, upon heat shock or stress,
the amount of damaged, abnormal and denatured protein increases
which may result in a transient shortage of free ubiquitin. Ag
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 reﬁlenish
the cellular stocks of ubiquitin. The hsp70 proteins also
negatively control their own synthesis (DiDomenico et al.,
1982b; Tilly et al., 1983; Craig and qacobsen, 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 mRNAs during heat shock and not

of those normally present is mediated through the presence of

specific signals within the 5' leader seguence of heat shock

AN



‘mRNAS (McGarry and Lindquist, 1985). These seqﬁences are
thought to adopt a conformation allowing only the heat shock
mRNAs to be translated under heat shock conditions. Repression
of translatién of pre-existing pre-mRNAs may also be mediated
through the lack of intron brocgssinq (Yost and Lindquist,
1986) .
One of theﬁbest 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 fQund before and after héif
shock. Protein localization experiments reveal that the heat
inducible hsp70s before and after heat shock were disﬁributed
between the nucleus and cytoplasm. After heat shock, the
concentration of hsp70 protein increases in both compartments
(Arrigo et al., 1980; Welch and Feramisco, 1984). The majority
of the h§p70 protein in the nycleus is concentrated within the
nucleolus and is bound to the chromosomes at the inte:band
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;
lLevinger ﬁnd Varshavsky, 1981; Welch and Feramisco, 1984). The
heterochromatic regions and the chromocenters of Drosophila
polytené chromosomes are not bound by the hsp70 proteins
(Arrigo et al., 1980; Velazquez et al., 1980). Heat shock also
appears to disrup% the nuclear rikonucleoproteins (Maynard and
Pederson, 1983). Nuclear proteins becéme insoluble and
operationally part of the nuclear matrix. The hsp70s are bound

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



(Sinibaldi and Morris, 1981; Levingef and Varshavsky, 1981;
Welch and Suhan, 1985).

A number of cellular 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.
Associated with the intermediate filaments are hsp70 proteins
(wélch and Suhan, 1985; Palter et al., 1986) and the migration
of the hsp70 proteins to the nucleus‘ﬁay 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 humber of actin-containing
stress fibers increases (Welch and Suhan, 1985). This last
feature is a characteristic of growth-arrested cells (Thomas et

\@1., 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 dpnakK protein binds ATP and has a DNA-independent
ATPase activity (Zylicz et al., 1984). The dnaK protein is
involved in replication of A DNA. During A DNA replication,

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



DNA. The )P protein binds to both the © protein and the host
dnaB helicase protein. The dnaK 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). - ~
Eukaryptic hsp70s share the ability to bind and hydrolyze
ATP (Welch and Feramisco, 1;85). An observed tight association
of hsp70 with ofher proteins can only be reversed by»the
addition or presence of ATP (Lewis and Pelham, 1985). The rat
hsc70 or "uncoating ATPase" (Rothmah 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 préviously
known as the immunoglobulin heavy chain binding protein "Bip"
(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 additicon of ATP (Munro and
Pelham, 1986). Recently, members of the Saccharomyces
gerevigiae SSA hsp70 subfamily have been shown to facilitate
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,
SaSed on:the above properties, was proposed by Hugh Pelham
(1986). He suggested that the hsp70 groteins 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 aenatured 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. 1If aggregates did
form, the hs%?O protein would then catalyze the disaggregation
of the insoluble aggregates. Once hsp?O was bound to fhe
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 of the
substrate within the aggregate. After release, the substrate
could then refold or reassemble 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

-
an over-production of the hsp70 proteins (Pelham, 1984). Under
heat shock conditions, the hsp70 protein would function in tﬁe
same manner binding to exposed hydrophobic regions preventing

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

reaction, dissociating proteins within a protein complex or

-
-
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aggregate.

The function of the heat shock proteins has been primarily
‘determined by molecular biological and cellular localizaﬁion
studies. Recently, the eukaryotic hsp proteins have been the
subject of genetic analysis parallelling the genetic studies of
the hsp proteins in E. ¢oli (Neidhardt ef al., 1984). As a
method of determining the function of various hsps, null
mutations of specific heat shock genes have been creaéed in the
yéast Saccharomyces cerevisiae. Genetic and functional
analysis of the hsp70 multigene family of S. cerevisjiae has
revealed at least four subfamilies based on their expression
characteristics and their ability to complemeg%’null alleles of
other hsp70 genes (Craiqg and Jacobsen, 1984, 1985; Craig et
al., 1987; Werngr-Washbﬁrne et al., 1987). These genes, when
disrupted, may: E» have no effect (SSD1 [Craig et al., 1987])
2) have no effect until combined with one or more mutant geH;s
(the SSA subfamily [Craig and Jacobsen, 1984; Werner-Washburne
et ai., 1987] and the SSB subfamily [Craig and Jacobsen,
1985]): or 3) have a lethal effect (SSCl [Craig et;él., 1987]).
The SSA subfamily has many complex interactions. When either
SSALl or SSA2 are disrupted, no mutant phenotype is observed.
However, when null alleles of both SSAl and SSA2 are present,
the yeast cells will not grow at higher than normal
temperatures but still retain thermotolerance {Craig and
ant ssal
ne SSia4.
When a triple mutant §§%} §sa2 ssa4 is constructed, the yeast

' ®

- Jacobsen, 1984). During normal growth, the double

g8sa2 induces the synthesis of the heat inducible
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cell cannot survive. This lethal\ phenotype can be rescued by
placing the other heat inducible gene SSA3 under the control of
the SSA2 promoter (Werner-Washburne et al., 1987). $SSBl and
§§§%, when either is present as a null allele, appears to have
no é}fect on the cell but when both are present as hull alleles
the yeast cell does not grow normally at reduced temperatures.
The double mutant ggbl 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 1éaét 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
likely due to the different cellular locations of the hsp70
subfamilies.

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 D, gglgngggg;g; has been hampered by the
numerous copies of each hsp gene ;s well as the size and
complexity of the organism (E.A. Crgig, personal
communication). Caenorhabditis elegans offers an alternative
to D. melanogaster 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
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(Brenner, 1974; Riddle, 1980). The C, elegans haploid genome
consists of five autosomeS'and 6ne X‘chromosome (Brenner, 197f1
and consistg of approx@mately 8x107 base bairs (Sulston and |
Brenner, 1974). C, elegans 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 ¢. elegans (Sulston and Horvitz, 1977: Sulston et al.,
1983).

The heat shock response of C. elegans Hég recently been
characterized (Snutch and Baillie, 1983; Snutch, 1984; Snutch
et al., 1988). Upon heat sh¢ck, 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.vahese 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 and translation of non-heat shock
mRNAS appears to be repreésed. The dauer larva, a ;acultative
larval stage formed when environﬁen@al conditions are
unfavorable, also produce a set of mRNAs upon heat shock even
though they do not appear to be synthesizing non-heat shock
mRNAS (Snutch and Baillie, 1983: Snutch, 1984). The hsp70 gene
family appears to have at least nine members (Snutch, 1984;)2
Snutch et al., 1988). Sequences corresponding to some of the

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



13
al?? 1988) and the hsplé genes (Russnak and Candido, 1985;

Jones et al., 1986) have been isolated. .
In S. cerevisiae, mutations inﬁ;hé he;tashock genes were
constructed jin vitro using the one-step gene replacement method
of Rothstein (1983). There is no aﬁalogous system in C, |

elegans that allows for a targeted replacement of the heat
shock genes. Therefore, in order for mutations to be induced
in fhe 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 C, elegans strains
Bristol andﬂBergerac. Mutant phenotypes for each 6f the
identified hsp70 genes can be predicted and a genetic 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 ¢. elegans, my first objectivg
was to identify the six hsp70 genes previously isolated
(s;utch, 1984; Snutch et al., 1988). By sequenciﬁg the hsp70
genes I could then determine their homologs from other
organisms. These results could then beé used to predict a
mutant phenotype and then proceed with the long term goals
outlined above. Second, I wanted to compare one of the hs:>b\»
genes from C. elegans to its homolog from a closely related
species C, briggsae. Snutch (1984) and Prasad (1988) have

stated that only genetically important sequences are conserved
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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

s

poFentially reveal sequence elements important for gene
expression.

The first gene to be described, hsp-1, is a constitutively
expressed, heat inducible hsp70 gene closely related to the SSA
genes from S. cerevisiae and the Hsc4 and heat inducible hsp70
genes fromVQL melanogaster. The second gene, hép-Zps, is an
unusual pseudogene of hsp-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 ciosely related to the dnak
gene from E, ¢oli than any known eukaryotic hsp70 gene

>

identified to date.
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o INTRODUCTION

In Drosophila melanogaster, the hsp70 gene family consists
- of b&ﬁh heat inducible énd constitu;ivelyﬁekg;eSSed genes. A

- family of:genes homolog;us to hsp70 are exbressed 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. melanogaster hsc70 genes have been identified
\

including Hscl, Hsc2 and Hsc4 which map at 70C, 87D and 88E

respectively. These hsc70 genes do not map at the same

location as the heat inducible hsp70 and hsp68 genes which map

at 87A,C and 95D, respectively. The mRNA levels of each of the

hsc70 genes differs in adults. ﬂggi mRNA ievels approach the
level of actin mRNA while ﬂggi and Hsc2 mRNA levgls are 30- to
_ 60-fold less abundant.

The hsc70 protein is the Hsc4 gene product (Palter et al.,
1986). hsc70 is ehriched in embryos and the Hsc4 mRNA is
abundant in oocytes representing a large percentagé 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. 1In contrast to the synthesis of hsc70, the |
synthesis of ﬁggivaﬁA is enhanced 2-fold upon heat shock. In
yeast, a family related to the Hsc4 gene, the SSA family, has
been identified (Craig and Jacobsen, 1984; Werner-Washburne et
al., 7). _§§51 is both constitutively expressed and heat
inducibl%, ssaz id constitutively expressed and non-heat

{

f

|

s
o
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inducible while SSA3 and SSA4 are heat inducible. Some members
- of the SSA gene subfamily encode proteins which facilitate the
translocation of proteiﬁs into the mitochondria, the lumen of
the endoplasmic reticulum (Desaies et al., 1988) and microsomes
(Chirico et al., 1988). |

In C. elegans, the hsp-1 gene encodes the hsp70A protein
(Snutch,” 1984; Snutch et al., 1988). The hsp-1 gene is-
constitutively expressed and has been mapped to the right end
of linkage group IV. hsp-1 transcripts are most abundant in
the L1 larva and decrease by about 50% by the adult étages but
remain an abundant message. Transcription of hsp-1 mRNA is
stimulated 3-fold upon heat shock and remains heat inducible
during larval development. -

In this chapter I describe the DNA sequence of_fhe hsp-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. melanogaster and S,
cerevisiae. Similarities in expression characteristics suggest
that the hsp-1 gene is more closely related to the
congtitutively expressed, heat inducible hsc70 genes. In
addition the hsp-1 regulatory region shares features common to
gﬁe regulatory régions of other eukaryotic heat inducible

genes.
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MATERIALS AND METHODS
Ww ’ .

The phage containing the hsp-1 gene, hsl 151 (Snutch, 1984;
Snutch et al., 1988) was subcloned into the plasmid vector
pUC19 (Norrander et al., 1983). The plasmid containing the
hsp-l1 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 eithef
exonuclease III (Henikoff,. 1984) or restriction enzymes.

P] {d DN2 ]

Plasmid DNA for deletion and sequencing reactions was
prepared using the mini alkali lysis method (Maniatis et al.,
1982) - except that two phenol:sevag extractions were done and
after the first ethanol precipitatipn, the air dried pellet was
resuspended in 0.25 M sodium acetate and reprecipitated with
ethanol. After digestion with RNas;, the plasmid DNA samples
were precipitated with polyethylene glycol (Hattori and Sakaki,
1986) .

DNA sequencing and sequence 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
Microgenie (Beckman). Visual inspection and prepération of the
DNA sequences for publication was done with the aid of the

computer program ESEE (E. Cabot, personal communication).
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RESULTS AND DISCUSSION

Characterization of the hsp-1_gene sequence
A restriction map of the hsp-1 gene is shown in Figure 1-1.

The entire sequence of the hsp-1 gene and its flanking DNA is

presented in Flgure 1-2. Within the 3 kb reglon sequenced an
open reading frame correspondlng to a Drosophila hsp70 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 hsp-1 (aaé69) is similar to that
of an intron in the non-heat shock inducible Drosophila Hscl
(aa66) and Hsc2 (aa58/59) genes (Craig et al., 1983). The
sequence of the intron boundaries (AG/GTAAGT..... TTTCAG/G)
matched that found-fgr other C. elegans 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 hsp-1 (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 hsp-1 mRNA would encq@e a 640
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 pCeé6.2 cDNA seguence 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 hgp-

1 mRNA is trans spliced under both heat shock and non-heat
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Figure 1-1. Restriction map of the hgp-1 gene. Regions

corresponding to the coding sequences are shaded. Tﬁﬁ/,

transcribed, non-translated regions are unshaded. Introns are

shown by breaks. -in the shaded coding region. B, BamHI; E,

25
o

EcoRI; H, HindIII; K, KpnI: O, XhoI; S, Sall; X, Xbal.
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Figure 1-2. Nucleotide sequence of the hsp-]1 gene. Seguence
from the cDNA pCeé6.2 is shown on the bottom line and is in
lowercase letters. Numbering is with respect to the start of
translation. The putative TATA 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 stem‘and 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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EcoR1 — 2 S
GAATTCGCCGAGT TATTCT TCETCAMAT GT GG TGCGCGCTCTCTCTCCCCCTTTTCGTCGCGAACATTCTCTGCGAGGCATCTCTCTTCTTTTAATTCA

CAATTCTCAACACTTTTCTGTAGGCAAMCTCTCTATATTGLTCLTT TTI’CAGAY“’YYGTYCMACTTTfl’TTGTAI’I’TAYCCYTG"’TMTG"“;C

N S ——iSE1 Xbel
CATTCAGCAGT TACAGACTATTTAAGGAAAT TTTAGGTTTTTAGCACAT TTTTCTAATTTTTTGACGAAAT TCGAAT TTTCTAGAATCCCGCCACGCCCA
* ShEeh deewe

GTCAICTAGTAAATTTGTTGAACTTCATTTCTCTATT TTTAATCATTGTTCTCGACGTCCTAATTTTTTATCTCCAT TTGAGTGACTATTTCTTGATTTT
e dh i ew %

M S K H WAV GIDLGTTY S CV G VY F M KRG K V
TAMTTATTTTTTACAGTAAAATGAGTAAGCATAACGCTGTTGGAATCGATT TGGGAACTACCTACTCCTGCGTGGGAGT TTTCATGCACGGAAAGGTA
agtasasatgagtaagcataacgctgttggaatcgatttgggasctacctactcctogcgtoggagt tttcatgcacggaasggts

E I I A ND QG NURTTP S YV AFTDTERILTI GDAAKNAG QLY
GAAATCATTGCCAACGATCAAGGAAACCGTACAACTCCATCATATGTGGCTTTCACCGACACCGAGCGTCTCATCGGAGATGCTGCCAAGAATCAAGTTG
gaaatcattgccaacgatcaaggaaaccgtacaactccatcatatgtggetttcaccgacaccgagegteteatcggagatoctogccaagaatcaagtty

A M NP HNTUVEF © 0D AKRLI GR
CCATGACCCACATAACAC TG TTTCGGTAAGTGCTTAATTTTATATTT TCAACAATCT CAACGT CTGT TTTTCAGATGCCAAACGTCT TATTGGACGCA
ccatgsacccacatascactgttttcge«---- sevessesechotionns seceseenes S ceeenns atgccasscgtcttattgge

K FDDODP AV QS DM KHUWPFKVISAEGAXZPIKTVYA QVETYKSE G
AGTTCGACGATCCAGCAGT TCAGTCTGACATGAAGCATTGGCCATTCAAGGTCATCTCTGCCGAAGGAGCTAAGCCAAAGGTCCAAGTTGAGTACAAAGG

ENKI1FTPETETLSSHMVYLLKMNKKXTAEATFLEPTVKDA
AGAGAACAAGATCTTCACTCCAGAAGAGATCTCCTCAATGGTTCTGCTGAAGATGAAGAAGACTGCCGAGGCT TTCCTTGAACCGACCGTCAAGGATGCC

VV TV PTY F NDSQRQATIXDAGAI AGLNVYLRTIINE
GTTGTCACTGTCCCGACTTACTTCAACGACTCGCAGCGT CAAGCCACCAAGGA TGCCGGAGCCATCGCTGGACTCAACGTTCTCCGTATCATCAACGAGC

) Kpnl
PTAAAILIAYGLDIKIKTE GHGETRMNYLIFODLGGG GTTFD VTSI
CAACCGCTGCAGCTATCGCTTACGGACTTGACAAGAAGGGACACGGAGAACGCAACGTTCT TATCTTCGATCT TGGAGGTGGTACCT TCGATGTCTCCAT

L T 1 EDG 11 FEVIKSTAGDTHLGSGTETDTFUDMNWNRMYNUHEFC
TCTTACCAT TGAGGACGGAATCTTCGAAGTCAAGTCTACCGCT GGAGACACTCATCTTGGAGGAGAGGACT TCGATAACCGCATGGTGAACCACTTCTGT

A EFKRKMHKIEKDILASNKPRALRRLRTACETRAMNETILS
GCCGAGT TCAAGCGCAAGGACAAGAAGGATCTTGCTTCCAACCCACGTGETCTTCGTCGTCTTCATACCGLCT GCGAGCGCGCAAACGAGACTCTTTCGT
gagactctttcgt

SSCQASVIEXDSLFEGXDFYYHIYRARFEELCADL
CGTCTTGLCAGGCTTCGATTGAGATCGATTCTCTCTTCGAAGGAATTGACT TCTACACCAACATCACTCGTGCTCGT TTCGAGGAGCTCTGCGCTGATCT
cgtettgecagpettegattgagategattetetettcgaaggsattgact tetacaccaacatecactcgtgctegtttcgaggagetetgegetgatet

F R ST MDPVEKSILRDAKMDTIKS SO Q
CTTCAGMCCACCAYGGN:CCAGYWTCTCTCCGYWYWGCCAAGYAAGTYUCAAGMMUYGYGYTG”AGYCTGCT

CttcagatceaccatggacccagtcoagaagtctetecgtaacgttangatggacaRgRQC Rl - -~ - o o rrocerccoomcacroancn
TATCCTCTTCTGYTCCGGETTCGATTCCCGTAGTT TT‘IGCCGAIATAMMGAGGAMI’ATMCTCTGGCMMCCCTACTGTIGCGCTHYAI’GYGYTG

Bam| -

VHDI VLY GGS TR I P

TCTGTTTCTTAGTCGCCTGTACAAT TAATGCAATAAMATCTAATTTGATAATTTTCAGGTTCATGACATCGTCCT TGTCGGAGGATCCACTCGTATCCCA
---------------------------------------------------------- gttcatgacatcgtecttgteggeggatee

K vy @K L L SDLF S GKTETLWNKTSTINPDEALAYGAAVY QA
AAGGT CCAGMACTTTTGTCCGATCTCTTCT CAGGAAAGGAAT TGAACAAG TCCATCAACCCAGATGAGGLGT TAGCCTACGGAGC T GL.CG TCLAAGCCG

A1 L SGDKSEAVYQDLLLLDVY APLTSLGTIETAGSEGVHT
CTATLCTCT CGRAGACAAGTCT GAGGLT GT CCAGGATCTTCTTCTTCT TGACGT TGCCCCACTTTCCCTTGGTATTGAGACCGC TGGAGGAGTCATGAC

A%LlKIITTlPTKTAQTFYYYSD!GPGVL!OVYE
TGCTCTCAT CAAGAGAACACCACTAT CLCAACCAAGACCGCT CAGACC TT CACAACCTAT TCTGAT AMCCAACCAGGAGT GT TGATCCAGGT TTACGAA

@ ER A X T XD MM N LLGKTFELSGI PP APRGYVYPAI!EVT
GGAGAACGT GCLATGACCAAGGACAACAALT TGET CGGAMGT TCOAGC TCT CLGGAAT CLCACCAGCACTACGLLOAGT CCCACMAT CGAAGTCACT T

E}
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TCGATAT TGACGECAACGRAATCTTGAACGT CTCT GLCACT GACAAG TCCACCGGAAAGGLAAALA A TCACCATCACCAACGACAAGGATCGLTTTTC

- Xhol
KDDl!llVIEAEKY,KADDEAQKDRlGAKlGLES'

CAAGGATGACATTGAACGCAT GG T CAACGAAGC T GAGAAA TACAAGGCT GACGAT GAGGCCCAAAAGGACCGTAT TGGAGCCAAGAACGGACT CGAGTCA
goctgecgatgaggcccansssggaccgtat tggagecaagaacggactcgagtca

Y A F XN LKG@T I EDEK ‘ LK
TACGCCTTCAACCTTAAGCAGACCATT GAGGACGAGAAGGT TAGT TAATTAATTTATATTT TGTCAACAAGTT TT TAATTTCCATTTTTTTCAGCTCAAG
TaCcECCtiCaNCe L L aNgCagICCat LOROQACGRgRRg -~ - - o oo ocrcceon R R ctcaag

Obbx 1 ¢ P ED KKK 1TEDKT CDETILIKUMWLD S NQT AETKTETEF
GATAAGA TCAGCT CAGAAGACAAGAAGAAGA T CGAGGACAAGT GU GACGAGATCT TGAAGT GGLT CGACAGCAAC CAGACCGCAGAGAAGGAGGAGT TCG
SAT8AGE LCRGCCCAGASGAC BAGARGGA TCRRP0C BAg Tt g gacagatct tgasgtgact cgacageaaccagaccgcagagasaggaggagt teg

Kindlf1
E $ G QKDL EGLAKPDODLTSKLY @S AGGEGAPPGAAPGGSGA
AGT CACAACAGAMAGGAT TTGRAAGGA T TGGCCAAGCCCGATCT TTCCAAGC TT TACCAGAG T GCCGGAGGAGT CCCACCAGGTGC TGCT CCAGGAGGAGC
agTCACHACaGA800AL tLOGANgRAt tEaCCaagCeCCRatet ttocsege t t taccagag tgce pgadaegccecaccaggtgctgctccaggaggage

Ssll

A GG AGGPTI1 EEVYD S
COLLOGAGGAGCT GLAGGACTAALGA T COAGGAGG TCOACTAATTATTTATCTTCTTTTTTGATCTCGGTTTTTATCTTTATTCTCTTTTCCCCCAAATC

COCCEoeoUagetogageacc aacatcoagoaggtegactaattatttatcttottttttgatcteggtttttatctttattctettttcccecaaate
poly A

CLCTATATAATCGATCT TCTGLCCLLT TCLCTGT CACCCACCCAMMECGTTATTACGCCTAGAAT GG TGAACAATAAAAAAAT TAAMATAATCCAAGTTG

ccctatataatcgatettcotgecceeticectgteacceacccaaacegttat tacgectagaatggtgaacaatassssaat tasastas

TTTGCTTTCGTGTTCTTTCCAGTAGAATCGLTTTTAAGGATGGLAGCTT TTTTTCACAATCGGCATATTTGTGTGACGTCTTGATGC TTCTAATCGTCTT

GACAMA GCAMAGAMATGGAT MMM TT CAACTCTACACG

‘\\
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Figure 1-3. Comparison of the hsp-1l cDNA to the trang spliced
leader sequence. The cDNA sequence (pCe6.2) is compaied to the

genomic DNA (hsp-1) and the trans spliced leader DNA (tréns:

Krause and Hirsh, 1987). DNA homologies are indicated.
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shock conditions (K. vanDoren and D. Hirsh, personal
communication).

heat shock genes have previously been considered unique
among eukaryotes in their relative lack of iﬁtrons. The
presence of introns in the heat inducible members of the C,
elegans hsplé family (Russnak and’Candido, 1985; Jones et al.,
1986), and as I report here, in the hgp-1 gene (this chaptér),
the hsp70C and hsp70D genes (Chapter 3) and the hsp70F gene
(Chaptef *4), suggests a fundamental difference in géne
strﬁcture between the heat shock genes of C. elegans and those
of other organisms. It has been suggested for Drosophila and
other organisms that heat shock genes are relatively devoid of
introns in order to circumvent a block in ﬁNA splicing which
occurs during a severe heat shock (Yost and Lindquist, 1586)}
"'All eight C. elegans heat shock inducible genes sequenced to
date (the four hsplé genes [Russnak and Candido, 1985; Jones et
al., 1986] and the four hsp70 genes reported in this thesis)
contain at least one int:on. Thus, if the theory proposed by
Yost and Lindquist (1986) also applies to C. elegans, I would
expeét that tranécripts from these genes would be correctly
processed and translated only under conditions of mild or
moderate heat shock. It will be interesting to sée if the
strictly heat inducible members of the hsp70° gene family that
are related fo hsp-1 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); HSEl1l (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
Aescribed as a dimef of the 10 base pair sequence NTTCNNGAAN
(Xiao and Lis, 1988); This dimer sequence is required for'heat
induciblity. Further examination of HSE1l reveéled 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 HSEl. Two sequences analogous to the cap site
consensus signal in ¢, elegans (Klass et al., 1588) 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 TATA box were two repeats, one inverted with respect
to the other. The first 6ne, from -118 to -114, has one
nucleotide difference from the gepond sequence, from -103 to
-99 (Figure 1-2). The presence ;f inverted repeats is also
seen around the TATA box in a Drosophila heat inducible hsp70
gene (Ingolia et al., 1980). Encompaésing the TATA box and
HSEl was a palindromic sequence stretching from -150 to -138
and from -118 to -104 with 11 out of 13 matches (Figure 1-2).
These two stretches are capable of pairing wi;; each other to
form a stem and loop structure. The resulting loop would be 19
nucleotides long. HSEZ and HSE3 do not have any sequences
surrounding them that are capable of forming stem and loop
structures. The final seqﬁences of note, flanking HSEl'aﬁd

HSE2, are three potential CCAAT boxes, CCAAT1 from -125 to
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=121 and CCAAT2 from -169 to -165 and CCAAT3 from -265 to :561“ |
(Figure 1-2). CCAAT1 is within the loop of the potenfial stem g
and loop structure. ’
hsp70A is 10 ogous o C :

Overall, hsp70A is highly homologous to both-hsp7b and
‘hsc70 from g;gg_gn;lg and yeast (Figure 1-4). At'the amino'
acid level hsp70A is 75%:¢identical to a Q;Qggph;lg §f970 |
protein (Ingolia et al., 1980) and 77% identical with the ye&st
hsp70 protein products of the SSA)] and SSA2 genes (Ingolia et
al.,%1982; M. Slater and E.A. Craig, pe?sbnal communicaiionjf
It is also 81% identical to the Drosophila hsc70 (Craig et al.;
1983; M. Slater and E.A. Craig, personal communication). Based‘
on the protein similaritiesv‘hsclo is probably the homolog of
hsp70A. ?Tgnre 1-4 also shows thaE a similar homology profile
exists between hsp-1 and the other hsp70 family members; the N-
terminus and the initial approximate 550 amino acids are most ;
highly conserved, while there is harginal conservation at the
C-terminal portion of hsp70 related genes. An exception to
this, as noted by Hunt and Morimoto (1985), is the conservation
between hsp70 related genes of the peptide EEVD at the extreme
C-terminus. )

The hsp-1 gené of C. elegans is probably the D.
melanogaster Hsc4 and S. cerevisiae SSAl gene equivalent based%%
onvprotein homologies and similarities in the expression
characteristics. Like Hsc4 and SSAl, hsp-l1 produces a highly

abundant message under non-stress conditions and the synthesis

of this mRNA is increased during heat stress. 1In addition, the
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Figure 1-4. Amino acid comparison of the hsp-1 gene product,
hsp70A, to hsc70 (Craig et al., 1983; M. Slater and E.A. Craig,

personal communication), the SSAl and SSA2 gene products

(Ingolia et al., 1982; M. Slater and E.A. Craig, personal
communication) and a heat inducible D. melanogaster hsp70

(Ingolia et al., 1980). Amino acid matches are indicated with

a dot (.) and gaps are shown with a dash (-).
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Hsc4 genefproduces a maternally stored mRNA (Palter et al.,
1986). It has been suggested that the hsp-1 gene is expressed
in the germ line because of the unusually high amount of DNA
pqumorphiéms surrounding the hsp-1 gene (Snutch and Baillie,
1984). Therefore, it would not be surprising to find that the
hsp-1 mRNA is also a maternally stored message. The other
hsp~i homolog, the SSAl gene, beloﬂgs to a multigene subfamily
of the S, cerevisiae hsp70 gene family. If the hsp70 gene
organiz;tion is similar between C. elegans and S. cerevisiae; I
believe that theré are other members of this C. elegans hsp70
gene subfamily, including the strictly heat inducible hsp70
gene, which need to be isolated.
Possible mutant Qgenogiggs of the hsp-igggg

The similarities of the hsp-1 gene with the members of the
SSA gene subfamily and the Eggi gene facilitates predicting a
possibie phenotype for the hsp-l gene. It is probable that a
lethal mutation of the hsp-1 gene would not be recovered
because of the compensating actions of the other proposed
members of the hsp-1 genelsubfamily. 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 él., 1987}. Since the
hsp-1 gene is very similar to the Hsc4 gene, the hsp-1l gene is
most likely'a maternally expressed mRNA and as such, one should

be able to isolate a maternal effect lethal of the hsp-1 gene.
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CHAPTER 2

A HEAT SHOCK PSEUDOGENE, hsp-2ps
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INTRODUCTION

Two members of fhe C. elegans hsp70 gene family, hsp-1 and
hsp-2ps (formerly hsp70B; 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 hgp-1 gene has been mapped to linkage group (LG)IV (Snutch,
1984; Snutch et al., 1988) while hsp-2ps has been localized to
the left arm of LGX (D. Albertson, personal communication). At
the level of transcription, the hsp-1 éene is constitutively
expressed and heat induciblq while no transcripts have been
detected for the hsp-2ps gene (Snutch, 1984; Snutch et al.,
1988). Only a homolog of the hsp-1 gene and not the hsp-2ps
gene has been found in the closely related species C. briggsae.
Based on theée features, it was suggested that the hsp-2ps gene
was a pseudogene of hsp-1. Several pseudogenes from three
different C. elegans multigene families have been identified to
date: the hsp-7Q family (Snutch, 1984; Snutch et al., 1988),
the vitellogenin (vit) family (Spieth et al., 1985a) and the
sperm-specific (msp) family (Ward et al., 1988).

Here I describe the DNA sequence of the hsp-2ps gene. Tﬁe
hsp-2ps gene is unusual in that it duplicates only a part . of
the hgp-1 transcription unit including the introns but does not
duplicate any of the flanking region. I present my arguments
suggesting that the hsp-2ps gene was nonfunctional from the

time of the duplication event.
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MATERIALS AND METHODS
- The phage containing the hsp-2ps gene,bhsl 143 (Snutch,
1984; Snutch et al., 1988) was subcloned into the plasmid
vector pUCl9 (Norrander et al., 1983). The plasmid containihg
the hsp-2ps gene, pCes440, was identified féom the other
fragments by its restriction pattern.

Overlapping plasmid delgfions were made using either

exonuclease III (Henikoff, 1987) or restriction enzymes.
asmij NA e io

Plasmid DNA for deletion and sequencing reactions was
prepared using the mini alkali lysis method (Maniatis et al.,
1982) except that two phenol:sevag extracfiohs 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 Ryase, the plasmid DNA samples
were precipitated with polyethylene glycol (Hattori and Sakaki,
i986).

DNA sedquencing and

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 (Beckman). Visual inspection and preparation of the
DNA sequences for publication was done with the aid of the
computeé program ESEE (E. Cabot, gersonal communication).

Gel electrophoresis
Genomic DNAs (2 ug) were digested with 20 units of ECQRI



36

for 4 hours (Davis et al., 1980). The reactions were stopped
by thé addition of 1/10 volume 50% sucrose, 25 mM EDTA, 2% BPB
and 1xTBE. The DNA was electrophoresed through a 0.7% adarose
gel containing 10 ug ethidium bromidé/100 ml and 1xTBE (bavis
Vet al., 1980). Marker DNA was )\ (cI857 Sam?) HindIII-digested
DNA. The DNA was visualized and photographed under a 300 nm
wavelength transilluminator.

DNA transfer, nick-translation and hybridizations

The DNA was transferred to nitrocellulose using the
bidirectional method of Smith and §ummers (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;
respectivély. The specific activity of the‘resulting probes
was approximately 1x108 cpm/ug DNA.

Hybridization of the filters to the 32p-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 2.5x Denhardt's (1x=0.02% bovine serum élbumin,
0.02% Ficoll and 0.02% polyvinyl pyrrolidone) was used. All
the hybridizations and posé-hybridizations steps were carried
out at 68°C. Post-h;bridization washes were done using 1xSSPE

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

Kodak X-Omat K film at -70°C for 3 days.
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RESULTS AND DISCUSSION

Characterization of the hsp-2ps _gene sequence

The hsp-2ps gene was sequenced and homology with the hgp-1
gene was determined to be 88%. A comparison of the hgp-2ps
gene to the ggp;l gene revealed that the hsp-2ps sequence
homology was truncated and missing the last one-third of the
sequence corresponding to the 3' end of the hsp-1 gene (Figure
2-1). Sequence homology between hsp-2ps and hsp-1 began just
upstream of the start of translation. rhe homology extended
through the introns to a point two-thirds of the way down the
hsp-1 sequence. At this point, the sequence showed no identity
(ie. approximately 25% identity) (Figure 2-2). Sequences
upstream of the start of transcription, including the hsp-1
gene TATA box, were not conserved. No 3' flanking sequences
from the hsp-1 gene were found flanking the hsp-2ps gene
(Snutch, 1984; Snutch et al., 1988). There was a large
interhal deletion of 243 base pairs, from +723 to +966 of the
corresponding hsp-]1 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 hsp-2ps gene as a pseudogene.
Estimatjon o ime

The rate of nucleotide substitution between the
corresponding coding regions was examined. The substitutions

were not randomly located with respect to the codon positions.
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Figure 2-i. Restriction maps of the hsp-2ps and hsp-1 genes.
Limits of homology are defined i:y the dotted lines (see also
Figure 2-2). Regioné corresponding to thené:oding regions are
shaded. Transcribed, non-translated regions are unshaded.
Introns are represented by breaks in the coding region. B,

BamHI; E, EcoRI; H, HindIII; K, KpnIl; O, XhoI; S, Sall; X,

gbal.
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Figure 2-2. Nucleotide sequence comparison of the hsp-2ps and
hsp-l genes. The hsp-2ps sequence is on the bottom line and.
the hgp-l1l 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 hsp-2ps gene. Inframe s;op 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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Sal!l
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' poly A

AMTCCCCTATATAATCGATCTTCTGECCCCTTCCCTGT CACCCACCCAAACCGTTATTACGCCTAGAATGGT GAACAATAAAAAAAT TAAAATAATCCA
AGTTGTTTGCTTTCGTGTTCTTTCCAGCAGAATCGGT TTTAAGGATGGCAGCT TTTTTTCACAATCGGCATATTTGTGTGACGTCTTGATGCTTCTAATC

GTCTTGACAAGCAAAGAAA TGGATAAMATTCAACTCTACACG
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Instead, a substitution rate of 7.5% (23/306), 5.6% (17/30
and 13.3% (41{306) at the first, second and third positio&i?;:A
the codons, reépectively,,was observed. Determin;tion of the
nﬁg}eotide substitutionrrgte between a pseudogene and the
functionzgqgene must take into account the fact that both
sequences havé beeﬁ accumulating nucleotide substitut}ons at
different rates. 1In a functional gene there is very little

selection pressure occurring at the third codon position wﬂigf

there is high selection pressure occurring at the first and

- second codon positions. - In a pseudogene there is no geléction

o
pressure at any of the three codon positions. Nucleotide

. substitutions will accumulate randomly (with reépect to the

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

_positions in both genes whereas nucleotide substitutions wiil

accumulate randomly (with respect tc the ancestral gehe bafore
the duplication event) at the first and second codon posigions'
in the pseudogene onl&. Therefore, if inactivation accompanied
duplication I would expect the nucleotide substitution rate at
the third codon position to be approximately double\tbat of the
fi;st»or second codon positions. I observed a two-foldv
difference in the substitution rate at the third codon position
with respect to the first and second codon positions. ;3 i
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

substitution rate of the introns should be similar to that of

the third codon position. Taking into account the six

\
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nucleotides at the 5' and 3' ends of the intron which sre
highly conserved (Karn et al., 1983; Spieth et al., 1985b) the
nucleotide substitution rate fot\the‘two introns was found to
be 12.2% (26/212). The nucleotide substitutions occurréd
rondomly regardless of "codon position". This substitution
rate is similar to tne substitution rate of 13.3% calculated
for the third codon position. Based on\thgse arguments and the
structure of the hsp-2ps gene, I conclude that the hsp-2ps gené
has been nonfunctional sincs 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 hsp-1 and
hsp-2ps genes 24 of which are substituted at the third
position. ﬁ’percent divergence of these codons wss calculated
to be 15.3%. This proportion was corrected for multiple hits
by aséﬁming a Poisson distribution of mutations (-3/41n{1-4/3f]
wheﬂe £=15.3%). The corrected percent divergencs is 17.1%. A
rste\of 1% divergence per million years at synonymous sites has
been estimated for the hsp82 gene of Drosophila (Blackman and
Meselson, 1986) as well as frogs, sea urchins, plants, mammals
and bacteria (Ochman snd Wilson, 1987 and references therein).
If this is used then I estimate that the hsp-1 and hsp-2ps -
genes have a divergence time of approximately 17 million years.
This suggests that the duplication event occurted approximately

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

of separation of ¢. elegans and C. briggsae, based on taxonomy,
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'the‘fossil record and plate tectonics, occurred 20-40 miII%on
years ago (personal communication). My estimate Qf the timg of
duplication pre;ented here falls well after the estimated point
of species divergence and is consiétent with the results of DNA
hybridizations involving the hsp-1 and hsp-2ps geneé to ¢,
briggsae (Snutch, 1984). _
Hybridization of the hsp-2ps gene to seven ¢. eledqans
strains collected from several geographical locations indicates
that the hsp-2ps gene is present in all laboratory strains
tested (Figure 2-3). Thus, it appears these strains have
originated since the duplication event occurred.
%gﬁceng;agion of the hsp-2ps gene
The hsp-2ps gene is unlike the vitellogenin pseudog;ne,

vit-1 (Spieth et al., 1985a), and the msp pseudogenesgjﬁard et

al.y 1988; Klass et al., 1988). These pseudogenes a; fouﬁd
within their respective multigene family clusters. The 55
flanking DNA corresponding to the regulatory region is also
conserved between the pseudogenes and their functinnal
counterparts. I propose two possible models for the origin of
the hsp-2ps gene. 1) The hsp-2ps gene could have arisen
through an RNA intermediate since it has only transcribed DNA
sequences from the ancestral gene. It is known that in

osophila, if the heat stress is great enough introns of the

transcripts are not excised (Yost and Lindquist, 1986). Ba;ed
on this, it is possible that the ancestral genome underwent a

heat stress great enough to induce heat shock transcription of

the hsp-1 gene without intron excision. The unprocessed pre-

}
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Figure 2-3., Hybridization of hgp-2ps to differem:(;,§ elegans

strains. The hsp-2ps plasmid, pCes440, was}hybridized to EcoRI
&\\digggged genomic DNAs of various C. elegans laboratory strains.

The st;ETh\dgsignations are indicated on the autoradiograph.

The 5.4 kb hsp-2ps band and the 6.6 kb hsp-1 band are

indicated. The higher molecular weight bands represent partigi

digests. Hybridizations were done at 68°C in S5xSSPE, 0.3% SDS

and 2.5xDenhardt's (Davis et al., 1980).
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mRNA would then be available to b2 reversed transcribed.
Integration of the cDNA into the DNA of the X-chromosome would
result in the duplication of the hsp-1 gene. 2) The hsp-2ps
gene could have arisen by a DNA duplication event involving a
transposition of & copy of the hsp-1(L3IV) DNA to LGX. A high
amount of restriction fragment length polymorphisms have been
observed around the hsp~-l gene between the Bristol and Bergerac
strains (Snutch and Baillie, 1984).' This suggests that the
hsp-1 gene region is prone to nucleotid; changes and DNA
damage. As such, a stretch of DNA corresponding only to the
hsp-1 gene may have been excised and then transposed to the X
chromosome. This may also account for the large internal
deletion seen in the hsp-2ps gene. Either model could explain
the duplication of the hsp-1 gene. However, due to the lack of
a proven reverse transcriptase activity in C. elegans, the \
simpler hypothesis is that the hsp-2ps gene arose as an unusual

DNi-mediated transposition/duplication event of the hsp-1 gene.
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INTRODUCTION

Proteins related to the stress inducible hsp70 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 havz2 been determined. Recently, one
of the constitutively expressed hsc70 proteins has been
identified-as a clathrin-uncoating ATPase and appears to be
involved in disrupting the protein-protein interactions of the
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 of 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 ;losely related to a wide variety of hsp70 proteins
sharing 57-62% identity. 1In gddition, the grp78 protein may be
identical to the immunoglobulin heavy chain binding protein
“BiP“’(Munro and Pelham, 1986). The grp78 protein has a
hydrophobic secretory leader sequence 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, is 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, undefglycosylated proteins in glucose starved cells.
Undér normal conditions, the grp78 protein may also associate
with partially assembled protein complexes until assembly can
be completed and the proteins secreted or incorpbrated into the
membrane (Pelham, 1986}.

The C. elegans hsp70C gene is constitutively expressed ard
non-heat inducible under the conditions tested. The hsp70C
mRNA is found at maximum Iévels 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 C. elegans. I f£ind
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 ant
inducible member of the grp78 subfamily. Comparison of the
coding region of the hsp70C gene to its homolog from a closely
related species, C. briggsae, reveals a high degree of
similarity. Likewise, analysis of the 5' regulatory region
reveals that there are several stretches of nucleotide homology
between C. elegans and C. briggsae. One of these blocks of
homology is found in the rat grp78 regulatéry region. I
suggest that this conserved element may be involved in the

transcriptional regulation of the glucose-regulated proteins.
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MATERIALS AND METHODS

The phage containing the hsp70 genes (hsp70C-hsl 140 andr
hsp70D-hsl B9 [Snutch, 1984; Snutch et al., 1988]; C. briggsae
hsp70C-CB10 ([T.P. Shutch, personal communication]) were |
digested with EcoRI or HindIII and subcloned into the plasmid
vectors pUC19 (Norrander et al., 1983) or Bluescript+
(Stratagene). The plasm®’ds containing the hsp70 genes were
identified (¢. elegans hsp70C 5' end, pCes433 and pCes434,
hsp70C 3' end, pCes428; hsp70D pCes403; C. briggsae 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 III (Henikoff, 1987) or restriction enzymes.
Plasmid DNA preparatijon

Plasmid DNA for deletion and sequehciﬁg reactions was
prepared using the mini alkali lysis method (Maniatis et al.,
1982) except th&f‘two phenol:sevag extractions were done and
after the first ethanol precipitation, the air dried pel}et was
resuspended in 0.25 M sodium acetate and reprecipitated Qith
'ethanol.l After digestion with RNase, the plasmid DNA samples ~
were precipitated with polyethylene glycol (Hattori and Sakaki,
198¢).

DNA sequencing and sequence analysis

Dideoxy segquencing was performed on denatured plasmid DNA
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(Chén and Seeburg, 1985; Sanger et al., 1980).

DNA sequences were analyzed using the computer program
Microgenie (Beckman). Visual-inspection and preparation of the
DNA sequences for publication was done with the aid of the
computer program ESEE (E. Cabot, personal commun}cation).

, ) g
Screening of genomjc libraries B

The lambda libraries were screened according to Benton and
Davis (1977) andkthe phage purified on a 0.75 g cesium chloride
‘per millimeter equilibrium gradient. Phage DNA was purified as
described by Davis et al. (1980). Nick translations and

hybridizations of the filters were done as described in Chapter

2.
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RESULTS AND DISCUSSION
Characterization of the hsp7oC gene from C._elegans

A restriction map of the ¢. elegans hsp70C gene
(hsp70C(Ce)] is shown in Figure 3-1. The complete sequence of
theAhsp70C(Ce) gene and flanking DNA is preseﬁted 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 gaés and shifts in the amino acid
sequence when compared to the hsp-1 gene sequence and predicted
amino acid sequence. As well, similarity to the 5' and 3
intron splice sites, characterized by the consensus sequences
AG/G?AAGT 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 hsp-1 introns (Snutch et al., 1988).

There is a long 3' untranslated sequence of 623 R
nucleotides. Typically, in C. elegans, 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 B) and an approximation of 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 C,
elegans [hsp70C(Ce)] and ¢, briggsae [hsp70C(Cb)] and the
hsp70D gene from C. elegans. The geﬁes are aligned to show
regions of homology. The coding regions are shaded and the
transcribed, untranslated regions are unshaded. Introns are
shown by breaks ig’the coding region. B, BamHI; E, EcoRI; H,

HindIXII; K, KpnI; P, PstI; S, Sall; Sa, SacIlI; X, XbhaI.
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Figure 3-2. Nucleotide sequences of the hsp70C(Ce) and
psp70C(Cb) genes. The sequences are aligned for maximunm
homology. introhs are shown in lowér case letters. Numbering
is with respect to the start of translation. bots‘(.) indicate
a nucleotide match and gaps (-) in the séquence are shown to
maintain maximum homology of the sequences. The amino acid
sequences are shown above and Below their respective genes with
only the amino acid changes shown for tﬁé hsp70C(Cb) gene.) |
Sequences homologous to the ElA core enhancer séduence‘
(éGGAAGTGé; Hearing and Shenk, 1983) are indicqted with a * and
the SV40 core enhancer sequence (GTGG@Q@G; Weiher et al., 1983)
are indicated with an x. Blocks 1 to 8 represent regions
conserved between C. elegans and C. briggsae. Block 8 contains
an inverted repeat and the region between block 8 and‘flockA7
contains an alternatfﬁg Pu/Py stretch thought to be involved in
the formation of Z DNA. Block 54is an imperfect repeat of
block 6. Block 4 contains an HSE while‘blocks 2 and 2a
represent regions that are TC-rich. 'Bloqk 1 represen;s the ]
region of transcription ;nitiation and the
transcribed/untranslated leader sequence. Within this re&ién,
at ~23, is a 3' splice site which could serve as a transg Eplice
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 C, elegans transposable element Tcl (Rosenzweig et al.,
1983) was examined and the TTTTTTC sequence was found several
times within the terminal arms of the Tg¢l element but not in
the open reading frame. A hexamer sequence of similar nature
(PTTTTC) is tandemly repeated four times in the 3! uﬁtranéiatéd'
regions of the Trypanosoma cruzi hsp83-like genes (Dragon et
al., 1987). The significance of these repeats, however, is not
known.

The predicted hsp7oé(Ce) amino acid sequence was compared
to the predicted hsp-1 amino acid sequence (Figure 3-3) and |
grp78 from rat (Munro and Pelham, 1986) in order to identify
the hsp70C gene product. This comparison revealed é striking
degree of similarity with the rat grp78 amino acid sequence
{}7%). 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 termiﬁus. This sequence is
required for retention of the protein in the ER (Munro 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
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- Figure 3-3. Comparison of the amino acid sequences of
hsp70C{(Ce), hsp70C(Cb), hsp70D, hsp-l1 (Chapter 1; Snutch et 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 (Figure 3-3 and Figure 3-4) followed by two
small ﬁonpolar residues with a single residue between (Figure
3-3). Cleavage probably occurs between I17 and Y18 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 (Figure 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 i -
daltons. The hsp76C 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 has led me to conclude that the hsp70C gene is
probably*the grp78 gene equivalent in ¢, glggggﬁ.

Characterization of the hsp70C gene from a closely related

species, C._briggsae

It has been suggested that only sequences important for the
survival of the nematgde would be conserved between C. elegang
and a closely related species ¢, briggsae (Snutch, 1984;
Prasad, 1988). Sequences important for gene regulation and
sequences representing genes have been identified usir.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
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Figure 3-4. A hydropathy plot of the first 80 amino acids of
the hsp70C(Ce) and hsp70C(Cb) proteins and the corresponding
region of the grp78 protein. The hydropathy of the protein

sequence was determined using Microgenie (Beckman).

N\
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C. elegans and C. briggsae hsp?OC 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. briggsae .
hsp70C gene [hsp70C(Cb)] were isolated from a partial EggﬁI
genomic library in Charon 4 (Snutch, 1984). Only the first
two-thirds of the hsp710C(Cb) gene was represented in the phage
iéolated. These data are summarized in Fiéure 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.

e

. e
Comparison of the hsp70C genes from C._elegans_and C._briggsae

The hsp70C coding fegion appears to be highly consérved
between the two-species. The two»hsp7oc 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 C. elegans and C. briggsae was made by
determining the percent divercence of the third position of the
codons that can accept all four nucleotide substitufions
without changing the amino acid. Of 203 such codons, 44 or
21.6% have substitutions at the third position. However, this
figure must be corrected to take into account multiple mutafion -
-events. Assuming a Poisson distribution of mutations
(=3/41n(1-4/3f) where f=21.6%), the corrected percent
divergence is 25.5%. An estimate of 1% divergence per million

years has been calculated for the hsp82 gene in Drosophila
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(Blackman and Meséelson, (1986) as well as other organisms
(Ochman and Wilson, 1987). Based on this, I predict that g,

and C. briggsae have been diverging for approximately
25§5 million years. This would imply the last comﬁon ancestor
thaé C. glgggngland‘g‘ briggsae shared Qas'approximately 13
million years ago. This is less than an estimate of 20-40
million years ago based on taxonomy, the fossil record and
plate tectonics (G. Poinar, personal communicatioﬁ). My
estimate probably underestimates the time of divergencé of C,
elegans and C. briggsae because 1) the;e is some bias in the
use of individual codons but the codon usage is similar between
these two speéies and 2) it has been suggested that there are
functional constraints placed on the secondary structure of the
hsp70 mRNAs or at the DNA level (Hunt and Morimoto, 1985).

» .
70 !

the rat grp78 requlatory region

The 5' requlatory regions were searched for sequences knowﬁ
to act as regulatory elements in other genes. I detected one
copy of an HSE (Pelham, 1982) from -205 to ;195 in ¢, glgggnag
and =230 to -217 in C. briggsae (Figure 3-2). This would
suggest that the hsp70C gene should be heat inducible although
no increase in thé mRNA concentration has been detected under
the conditions tested (Snutch et al., 1988). It mayrbe that
the hsp70C gene is transiently expressed for only a short time
after heat shock. The presence of an HSE is consistent with
the observation that the grp78 genes are slightly heat

inducible (Attenello and Lee, 1984; Lin et al., 1986).
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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 appears 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 biocks 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 region surrounding the TATA box, the
transcription start site and the 5' transcribed/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
sequences similar to core enhancer sequence; 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
represented 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 Z DNA. 1In the rat grp78 regulatory region, an

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



of the promoter/enhancer sequences (Lin et ‘al., 1986).

L 4

However, this repeated promoter motif is not sqéhﬁin the
regulatory regions of the Caenorhabditis éequpﬁcés.

My results are similar to those seen iﬁ‘é comparison of_the
hsp82 genes of several Drosophila sp. (Blackman and Meselson,
1986). Several blocks of nucleotides were conserved between
four closely related Drosophila species. Some of these blocks
have known reguiatory 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
"glucose responsive element" should beﬂconserved between
Caenorhabditis and rat. Seven of the eight blocks of homologf,
excluding the 5' untranslated region, were compared to the rat
grp78 regulatory region (Lin et al., 1986) fof any regions of
identity. Disregarding homologies to the viral enhancers, the
sixth block shares identity with a sequence in the rat grp7s
reqgqulatory region (Figure 3-5). Within this block there is 80%
»identity.i 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..
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Figure 3-5. A comparison of the regulatory regions of the
hsp70C(Ce) gene and the rat grp78 gene (Lin 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
the stretch of nucleotide identity shared bet&ééﬁ/ghe hsp70C

regulatory region and the rat grp78 régulatory region.

N
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-330 TCGTCCTAGGCCACGTCGACGATTCGGCAGTT CGTTCCTTCGE

-180 GCGGAGGAGGCCGCTTCGA AT CGGCAGCGGCCAGCGTTGGT
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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. Resendez Jr., S.K. Wooden and A.S. Lee, manuscript

submitted). My observations of the conservation pf blocks of
sequencevin the 5' region suggest that putative regulatory
elements could'be detected through a comparison of sequence
data obtained from C., elegans and C. briggsae.
Intron sequences are highly 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 cdmpared to
gﬁe first two introns of the hsp70C(Ce) gene sequence. The
secénd introns of the hsp70C(Cb) gene and the hsp70C(Ce) gene

S

are approximately the saﬁe size (243 vs. 238 nucleotides
respectively) while the first introns a;e not (74 vs. 46
nucleotides respectively). The simila: sizes of the second
intron facilitated a comparison of the two introns. It was
expécted‘that 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
two introns. The significéﬁce of these sequence homologies is
not knowh./
A heat inducibl 75;1.1

One of the heat inducible geneslpreviqusly described,
hsp70D, is represented only by the 3' half (Snutch, 1984;
Snutch et &i;, 1988). The hsp70D EcoRI fragment was usea to

screen both a partial E¢oRI genomic library in Charon 4 (Snutch

/l'i
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et al., '1988) and.a partial MboII gehomic library in EMBL4 (a
gift of M. Krause). Using high stringency hybridization
cohditions (Snutch et al., 1988), several positives were
isolatgd. Characterization of these phage revealed a
restriction pattern identical to the hsﬁ?OC(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 hsp70C gene. The sequence of
the hsp70D gene is shown in Figure 3-6 and corresponds to the
last half of the hsp70C gene from a shared EcoRI site (Figure
3-1).

Two introns are found in the 3' half of the hsp70D gene.
The intron poéitions are not conserved with respect to the
hsp70C gene (Figdre 3-1). In addition, the 3' untranslated
region is not as long as the 3? untranslated region of the
hsp70C gene.

Analysis of Fhe predicted amina'acid sequence reveals a
high degree of identity between the hsp70D énd hsp70C genes
(76%; Figure 3-3). The hsp70D gene shares 71% identity with
the rat grp78 amino acid sequence. When comﬁared;to the hsp-1
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 hsp70D
polypeptidé 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,



74

&

Figure 3-6. Sequence of the 3' half of the hsp70D gene.
Intron sequences arw in lower}gase letters. Amino acid
sequence of the hsp70D gene is shown. 'TheﬂpolyA addition

signal is shown.

“
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EcoRl
I PKVaaelLl Il KDY FNGKTETPSR
GAATTCCAAAGGTTCAACAACTTATCAAGGAC TACT TCAACGGCAAGGAGCCATCTCGTGgt sagagtansnattaactt ttatat ttctaagtttggts

G I NPDEAVAYGAAVQAGVYIGGVENTGDOVVLLD
tt tcagGAAT CAACCCTGACGAAGCAGT TGCT TACGGAGC TGCTGT TCAAGCAGGAGTAATCGGAGGTGTCGAAMTACCGGAGATGTTGTCCTTCTTGA

vVNEPLTLGI ETVGGY NTKILIGRNTVI]IPTKXKKSU GQVEF
CGTCATCCACTCACTCTGGGTAT TGAGACTGTCGGAGGAGT CATGACTAAGTTGATTGGAGAAATACCGT TATCCCAACAAAGAAGAGCCAAGTTTTT

P T AAD S QS AV S 1 VI Y EGERPMVY MDD NHKKILGNTFUDODYV
CCTACCGCTGCCGATAGTCAGAGCGCTGTATCAATCGTTATT TATGAAGG TGAACGACCAATGGTTATGGACAA TCACAAGCTCGGAAACTTCGATGTCA

T GI PP APRGVY P Q1 EVT FETIDVNGTILMNVSAETDIKTGT
CCGGAATCCCACCAGCTCCACGCGGTGT TCCACAATTGAGGTTACAT TCGAAATTGATGTCAACGGAATAT TGCACGTAAGCGCCGAAGACAAGGGAAC

G N KNKILTIT T NDMKNRILS®PETDTIERMMI NDADIKTEFAAD
TGGAAACAAGAACAAGCTCACAATCACCAACGACCACAATCGTCTCAGTCCAGAAGACATCGAGCGCATGATCAATGATGCTGACAAGTT TGCTGCAGAT

0D Q AQ K E K V ESRNEILEAYAY QI KT Q1 ADKEIKILGG
GATCAAGCCCAAAAAGAGAAGGTTGAGTCACGAAAT GAGC TGGAAGCATATGCCTATCAGAT CAAAAC TCAAATCGCCGACAAGGAAAAACTCGGAGGAA

K L TDEUDIKYV S ESAVERAIEWLGSNOQDA ASTTETENINTKETE
AGCTCACTGACGAAGACAAGGTGTCCATCGAGTCTGCCGT CGAGAGAGCTAT TGAGTGGC TCGGAAGCAACCAAGATGCCTCTACT GAAGAAAACAAGGA

Q K K ELESVVAQPI VSK LY
GCAMAGMthttgttttcatcaattttctamguutntntatttgtttttcagGMCTTGMTCTGTTGTTCMCCMTCGTCTCCMACTTTA

Hindlll
S A GG QG E QA SEEPS EDHDEL ¥ ®»
CTCGGCGGGAGGACAAGGAGAACAAGCT TCTGAGGAGCCATCGGAGGATCAT GATGAACT GTAAAATATTAATTGCCT TCAACTACTTGCTGCCATCGGG
: _RolyA
TTCCTGTTTATTGCTTTATCCCCCCTTCATTCTTTCCCAACCCAACCCCACCATTCATTTTTACGAGT TTAGTGAAATTTTTTATTTAATAAATTATTTA
TTATTTATCATGATATCCTGTATATT TGAGTTGAACATACAGAACAAGCTAGATCGATCAGT TTTGGGTATTAAAAAAGT TAATCATGATTTTCATATGG

CCTTATGAGAAGTTCT?TUAGATCAMA

i
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nistidine 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 members of the grp78 family may interact and
complemenf 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 communicétion). Using this DNA, it should now be
possible to find some restriction fragment length differences
and map the hsp70C(Ce) gene to a specific chromosomal region.
Assignment of the hsp70D gene to éosmids and eventually a
chromosomal region awaits the isolation of phage DNA containing
the hsp70D gene and flanking DNA. Once the C. elegans grp78
genes have been localized to a spgciﬁéc region of a chromosome,
if should be possible to generate strains mutant for the grp7s8
genes. |

e 7 enes

Mutations of the hsp70C and hsp70D genes may be difficult
to isolate; however, there are several different scenarios
possible. First, the gr§78 proteins, being‘located in the ER,
are probably essential proteins. If there is.an interaction
befween the two grp78 genes as seen in the SéA and SSB families

of 8§, cerevisiae (Craig and Jacobsen, 1984; Werner-Washburne et
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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 étress.;}Second, mutationé
in the hsp70C and hsp70D genes may be recover;d by looking for
temperature-sensitive mutations that are defective in secreting
proteins (for example, cuticie proteins). Third, the grp78
genes are induced when glucose sources are depleted. 1In the
case of C. élggggg, this would be when the food source is
depleted. This is followed by the appearance of a specialized
vlarvai stage, the dauer larvae, in which the larvae become
resiétant.fo most environmental conditions and the external
oﬁenings are sealed until the larvae encounter favorable
nutritional environﬁents.7 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. In this scénario, mutations of the grp78
genes may be recovered as dauer defective genes or daf. Over-
production of either protein may force the nematode to enter
the dauer larva life cycle even though fobd is abundant.
Under-production of either protein may 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.

“
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A dnaK-LIKE GENE, hsp70F
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INTRODUCTION

The hsp70 pfoteins have been highly conserved throughout
evolution. The Escherichia ¢oli dnaK 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 htpR gene (Neidhardt and VanBogelen, 1981). The gngk
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 dpaK protein
increases as the temperature ;od growth rate increases.
Isolation of dnaK mutants revealed that the dpak pootein is
necessary for A DNA replication (Georgopoulos and Herskowitz,
1971; Sonshine et al., 1977; Georgopoulos, 1977; Saito and
Uchida, 1977) and probably interacts with the P protein of )
(Georgopoulos and Herskowitz, 1971;AGeorgopoulos, 1977).
4However; ;hé role of dnakK in bacterial functions is nof as well
defined. When the temperature-sensitive mutant dpakK756 is
present DNA synthesis is inhibited after a shift to non-
permissive temperatures (Saito and Uohida, 1977). Further
analysis showed that RNA synthesis is inhibited more rapidly
than DNA synthesis after the temperature shift (Itikawa and
Ryu, 1979). The lack of dnaK alleles that are nOt'temperature-_
sensitive suggests that the dnaK gene produces a protein
essential for cell v1ab111ty \ , ,

The E. coli hsp70 equivalent, the dpak gene, when compared
to a human hsp70 gene (Hunt and Morimoto, 1985)1and a

Drosoghilg‘hsp7o gene (Craig et al., 1982) shares 47% and 48%
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identity at the amino acid level, respectively, and 50% and 57%
identity at the nucleotide level, respectively. However, the
Drosophila hsp70Q gene and the human hsp70 gene share 73%
identity at the amino acid level and 72% identity at the
nucleotide lévél (Hunt and Morimoto, 1985).

The C. elegans 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 this chapter, I describe the sequencing and features of the
hsp70F gene. The hsp70F gene product shares a significant
amount of homologf‘with the dnakK gene produét but only moderate
amounts of identity with previously identified eukaryotic hsp70
proteins. The hsp70F protein has a leader seqﬁence

characteristic of proteins imported into the mitochondrial

matrix.
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MATERIALS AND METHODS

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

Snutch et al., 1988) was digested with EcoRI 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
restrictibn digests and hybridizations to the hsp-1 gene.

Overlapping plasmid deletions were made using either
exonuclease III (Henikoff, 1987) or restriction enzymes.
lasmid DN ¢

Plasmid DNA for deletion and sequencing reactions was
prepared using the mini alkali lysis method (Maniatis et ai.,
1982) except that two phenol:sevag extractions were done and
after the first ethanol precipitation, the air dried pellet was.
resuspended in 0.25 M sodium acetate and reprecipitated Qith
ethanol. After digestion with RNase, the plasmid DNA samples
wefe precipitated with polyethylene glycol (Hattori and Sakaki,
| 1986).
DN2 . 3 lvsi

Dideoxy sequencing was performed on denétured plasmid DNA
(Chen and seéburg, 1985; Sanger et al., 1980).

DNA sequences were analyzed using the compﬁter progrém
Microgenie (Beckman). Visual inspection and preparation of the
DNA sequences for publication was done with the aid of the

computer program ESEE (E. Cabot, personal communication).
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RESULTS AND DISCUSSION

Characterization of the hspiOF gene

A restriction map of the 2.9 kb EcoRI restriction fragment
containing 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 c;mparison to the hgg;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 nﬁcleotides. These two introns are not in the same position
as the introné of the other three C. elegans hs§70 genes
déscribed.in this thesis. 1In the 5' flénking 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 shock inducible
genes (Xiao and Lis, 1988). The HSE is flénked by the heptamer
sequence TTTTTTC (Chaptef 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 HSE
is a region centered around -278 to -272 which could function
as a TATA box. Approximately 30 nucleotides downstream offthis
region is a sequence that shares idéntity with a transcription
initiation/capsite sequence (derived from an analysis of. the c.
elegang major sperm protein gene family, CATAATCTTCA where A is
the probable site of transcription initiation [Klass et al.,
1988]) from -246 to -236 aﬁd -216 to -206. There is a 3!
splice site at -6 which is a feature- of thevixggg splicing

event (Krause and Hirsh, 1987).
— N



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.

B-BapHI; E-EcoRI; H-HindIII; O-XhoI:; P-PgtI; Sa-SacI.
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| \ 7‘)(35“
Figure 4-2. Nucleotide sequence of the hsp70F ?ena. Introns
are shown in lowercase letters. Numbering is'wéfh respecﬁrto
the start ofvtranslation; A putative TATA box is shown as well
as potential transcriptiqn start sites (v); A dimer\of the_HSE‘

(x{éo and Lis, 1988) is indicated.

I
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EcoRl
GAATTCT TGCATCMTTCCCGTCGTTTTGCAATMGTTCWWTCTTCCCGATGTWCTCATCCTCTTCTCCTTCTTCTTCT
TCATCACCGCTTTTTTCTTCTTCGTCTTCCTTMCTTCTTTTTCTCGTGTCWCGAATCAGTGTTCCATCTTTTAGCTTMTCGGCAGAAGTTC}TCA.T
cccimcn CGAGTAGTCCTGCRAAT T TTCTCTTTTTCTTCTCAACATCATCTTCATCGTCCTGTCTGATTCTACACCATTCTTTCTGCAATTTAACGTT
ATTAAGTTTTATTAACTAATT TTCAAACAACAATTACTT TTCTCAAGCCGCCTTTTTGCGT TGGCAAAT GCGCTGTGTCCCTTCGATGTCGTCGTCCATC
ATG(TCCAATGCGAMCTTCATCACTATTCTCATMTGAGTCTTNUNCGGCGTMTUTCTTWTCTGAMATTATTGGATMA?I'TGTTTTATT

Pstl
TTCGAMMTTGCTCACATTMCAGCTCTCTGCCTCAMTCTGCAGATTTTCTTGATTTMTATCTGCCATTCCATCGCGAATCTCTCTCGACAGCTTTTE

Bami |
TCCGCTTTGCAAGGCGATTTAMTBTTTCGTAGTTTTTCTTGTTT TATTTGTCTTCAGCATTTTCAGCTTCTCTTCGCMGMGCMCAGGATCCCA

TGTTTTTCTGCAAMATAATCCAT TGAT TTAACACCTCGTAAATAATT TAAAAAAGAGTTAAAT TTAATT GCAACCCTAT T TGTAAAMAGAAAACTCATTT

TCGCCAAMAATAAAGCAMAATAAT TCAAGAGAMAACGCGCCGGTGTTGLGATTGGGGCGTAACTGCAATGT GTGCGCACACAATCTCAACAAGCGCTG

" CGAGACCCGCCGCCTGACCGTAATGTGAAATGGGCGGAGACGAGAAGTTTTTTTCTGTTTGAAAGTTGATGCAAAAGCCCGTGATTCTTTTTTTCGAGAA

1 S JATA v v
ATTTCTCGAGTTTTTTCCAACGAAAAATTCATTAAAT TTAAACCTTTTAGCTCTCCTTTCCAATCTTTTGCATCATTATTCTCCTAAACTTGGCATATTC

AGTGGAAATGATGCAAAATGACCCTGACTTTTGTTATCAAAAMTAACAAGAAAAT TGTCCCGT TTAACGGT TGAAAAGCAAATTTTGTGTCATTTTGTTT
AGGAAATGT CAAAAT AAGCTCAAAAACCGAT TACAAATTATATTTTACTGCTTTTTATCCTATTTTCTCGCGTTTTCGTTCATGAATGCAATTTTCTTTC

. . Hindlll
M LS ARSF LS SARTTIARST SLMS ARSLSDI K®PIKSG G
AGGCACTATGCTTTCCGCACGATCATTCITGTCTTCCGCTCGCACAATTGCTCGATCGAGE TTGATGAGCGCCAGAAGC TTGT CGGACAAACCAAAGGGA

HVlGlDLGTT_NSCVSIHEGKTPKVIEIAEGV!TQ
CATGTTATCGGAATTGATCTTGGAACCACAAACTCCTGTGTCAGTATCATGGAAGGAAAGACTCCAAAMAGT TATCGAGAACGCAGAAGGAGTCAGAACCA

Sacl
T PS TV AFTADGETRTLYGAPAKRG QAVTHNSANTLEFAT
CTCUTCGACGGTTGCTTTCACTGCTGACGGTGAGCGTCTTGTTGGAGCTCUGCWAGGCCGTTACCAACTCTGCCMTACTCTTTTCGCCIC

K R LI 6GRRYEDUPEV QKDL
AMGAGATTGATCGGMGMGATACGMGATCCAGAGGTTCMMGMCTTgtumtcttttuctluttttcttttunnwtcttttcnt

K'YV VPYKI]IVKASNGDAWWYEAQGKTETTPPS
asattttcatttttcagAAAGGTCGTTCCATACAAGATTGT CAAAGCCAGCAACGGAGACGCGTGGGTTGAGGCT CAAGGAAAAGAGTATCCCCCATCTC

Q@ VGAFVLMEKMEKETAESYLGTTVNNPVYVTVPAYFN
AGGTTGGAGCATTCGTTCTGATGAAGATGAAGGAAAL TGCCGAAAGCTATT TGGGAACCACCGTCAACAACCCCGTTGTTACAGTTCCAGCTTACTTCAA

DSOROATK.DA.GOISGI\LNVLRVINEPTAAALAYG
CGATTCTCAGCGTCMGCTACTA,AGGATGCTGGACMATCTCTGGTCTTMCGTTCTTCGTGTCATCMCGAGCCMCTGCTGCCGCTCTCGCCTATGGA
L DK D AGDK I / I AV Y D L G G
TTG&ATMGGACGCTGGAGATMGATgtaogctnocgctcmt,h.cttttc.cutntntltttttttnqCATCGCTGTCTACGATCTTGGAGGTG

GTFDVSILEIQKGVF(EVKSTIGDTFLGGEDFDNA
GTACTTTCGATGTGTCAATTCTTGAMTCGAMAGGGCSTCTTCMTUAGTCCACCMCGMGATACATTCCTCGGAGGAGAAGACTTCGATCACGC

Bomti|
LVHHLVY GETFIKIKEQGVY DLTXDUPQQ@AMNW QRILUREA AAEHTK
TCTCGTCCATCACCTCGTTGGAGAG TT CAAGAAGGAGCAAGGAGT TGATCT TACCAAGGAT CCACAGGCCATGCAGAGACT TCGT GAAGCCGCCGAGAAG

AKCELSSTTAQTOTI!I NLPY 1 TAHDGQTSGCPKHLMHNLIKILT

 GCLAAGTGCGAACTTTCAT CCACCACCCAGACCGACATTAATCTTCCATACATCACCATGGAT CAAT CTGGACCAAMACATCT TAAC T TGAAGCTCACCA

R AK FEQTI VGDLIKRT I EPCRNVYLHDAEVKTSSQAIA
GAGCCAAGT TCGAGCAGAT TGTCGGAGAT CTCATCAAGAGAACCATT GAGCCATGCCGTAACG TCCT TCACGACGLT GAAG TCAAGT CCTCCCAAATCGC

D VL LV GGMSRMPIKTVYG G@G@ATVYQAQETITFGKVPSEKAVNEPD
CGATGTTCT TCTCGTAGGAGGAATGAGCAGAAT GCCAAGG TGCAAGCCACTGTTCAAGAAAT CT TCGGAAMGT TCCATCAAAGGL TG TCAACCCAGAC
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EAY AM G A ALl QG AY LAGD VTDODV LLLDYTPLSLGI
GAGGCCGTCGLCATGGGAGCTGCTATT CAAGGAGCCGTCTTGRCCGGAGACGTCACCGATGTTCTTCTCCTTGATGTCACTCCACTTTCCCTTGGTATLG

ETLGGI! MTKLITRNTTIPTEKKSQVFSTAADG GO TG
AGACT CTCRGAGGAATTATGACCAAAG TCAT CACCAGAAACAC TACCAT CCCAACTAAGAAGT CCCAAG TCTTCT CTACCGCCGCCGAT GRACAGACTCA
" EcoRl

Yy QI KV FQGEREMAT S NKX LLGOQFSLVG I
AGTGCAGATCAAGGTGT TCCAAGGAGAACGT GAA TGGCCACCAGCAACAAMC TTCTCGGTCAATTCTCGCTTGTCGGAAT TC
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To determine the identity of the hsp70F gene, a comparisén
" of the hsp70F amino acid sequehce to several éther known hsp70
amino acid sequences was made (Figure 4-3). The hsp70F gene -
shares limited amino acid identity with hsp70A (53%; Chapter 1;
Snutch et al., 1988) and the hsp7oc gene product (53%;
Chapter3) from ¢, elegans, the SSBl gene product from §,
cerevisjae (43%; M. Slater and E.A. Craig), and the Hscl (48%),
Hsc2 (43%: Craig et al., 1983&land a heat inducible hsp70 (52%;
Ingolia et al., 198)p) qene‘products from D, mglgngggg;gz.
Surprisingiy, a coiparison of the hsp70F protgln,tp the
gﬁﬁpredicted dnakK protein (Bardwell anq Craig, 1984) revealed a
67% identity. The hsp70 proteins listed above, over the same
region covered by the hsp70F gene, share appro*imately 48-54%
identity at the amino acid level with the dnaK protein and 61-
86% iéentity at the amino acid level amongst themselves.
Therefore, I conclude that the hsp70F gene is moré,like the
dnakK gene from E., c¢oli than any eukaryotic hsp70 ge;e"
identified to date. _

Af the nucleotide level, the hsp70F gene éhares g3-865%
identity with the other C. elegans hsp70 genes (Figure 4-4).
This is in comparison to the 75% identity shared among the two
grp78-1like genes, hsp70C énd‘hsp7OD. "In a comparisoﬂi.p the
dnak gené, hsp70F. sharés 65% identity at the nucleotide level
while the remaining functional hsp70 genes share 55-57% '
identity at the‘nhcleotide level. The shared identity between

' the dpak gene and the . elegans hsp70 genes is slightly higher
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?igure 4-3. Comparison of the hsp70F amino acid sequence to
the protein products of dnaK, hsp-1 (hsp70A4), hsp70cC, §§§;,'

Hecl, Hsc2 and hsp70. Matches are indicated with a dot (.) and

gaps with a dash (-).
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Pigure 4-4. A comparison of the percent nucleotide identities
of the ¢, elegans hsp70 genes. Nucleotide identity of the DNA

sequences was determined using Microgenie (Beckman)}
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than the identity shared between the dnaK gene and the
Q:Qggpﬁil; (Ingolia et al., 1980) and humep (Hunt and Morimoto,
1985) hspfo genes. 7

The hsp70F protein has a 29 amino acid leader‘sequence'when
compared to the dpnaK protein (Figure 4-3). The hsp70F leader
sequence ie composed primarily of uncharged amino acids with a
few hydrophobic and'basic amino acids but no acidic amino
acids. Within this 29 amino acid leeder sequence ten of the
residﬁes 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 quitersiﬁilar to the mitochondrial matrix import
leader sequence. These sequences are characterized by their
lack of acidic amino acids and the presehce of basic amino
acids as well as extensive stretches of uncharged amino acids
and a high content of serine and threonine residues (ven Loon
et al., 1§86; Colman and Robinson, 1986). “Therefore, it seems
likely that the hsp70F protein is transported into the o
mitochondrial ﬁatrix. This would explain the high degree of
homology shared between hsp70F and the bacterial dnaK protein
since it is believed that mitochondria arose as a symbiotic
relationship between bacteria and the primitive»eukaryot c
cell. Recently, it has been determined that the S. cerevisiae
SSC1 protein is imported into the mitochondria (E.A. Craig,
personal communication). It is likely that the SSC1l gene
product will be homologous to both the dnaK and hsp70F gene

products. -

~



., Possible mutant phenotypes of the hsp70F gene
Only temperature-sensitive mutations of the dnakK gene have

beén/is§iated (Saito and Uchida, 1977; Itikawa and Ryu, 1979;
Neidhardt et al., 1984)v§g§gesting that the dnaK gene product
is essential for cell growth. The hsp70F gene is most likely a
dnaK-like gene because mRNA levels under stress and non-stress
conditions are similar and there is a high degréé of homology
between the two genes at the amino acid level. A survey of thg
S. cerevisisae hsp70 genes reveals that the SSCl gene, when
disrupted, prevents growth (Craig et al., 1987) suggesting that
the SSC1 gene product is essential for cell viability. This is
consistent with the genetics of the dnaK gene. There are three
possible mutant phenotypes for the hsp70F gene. The first type
of mutation would be an early embryonic lethal, the second type
would be a temperature-sensitive mutation thazj when shifted to
. the non-permissive temperature, would block growth and the
third type would be a hypomorphic mutant with a slow growth

phenotype.
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SUMMARY AND CONCLUSIONS

- The work presented in this thesis involved DNA sequencing
of five members bfgt\g Caenorhabditis glgggng hsp70 multigene
family. ' The primary goal of this thesis was to identify the
functional homologs of the hsp70 genes and then predict the
mutant phenotypes so that, eventually, isolation of mutant
hsp70 alleles can be done. The second goal was to compare at
least the 5' flanking seduences of twd'homologs, one from each
of the two closely related species, ¢. elegans and C. b;iggsae,
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 homol%?y~w
determined using DNA sequence comparisons should also represent
functionally important (i.e. regulatory) sequence elements.

The constitutively expressed, heat inducible gene, hsp-1
(Chapter 1), was found to be homologous to the Hsc4 gene from
Drosgsopinila and the SSAl gene, a member of the essential SSA
subfamily from S, gerevisiae. The hsp-2ps gene was identified
as‘an unusual pseudogene duplicating only a part of the hsp-1
transcription unit that had been transposed from LGIV to LGX
(Chapter 2). The pattern of nucleotide substitutions led me to

suggest that the hsp-2ps gene was ﬁﬁh-functional from the time
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of the duplicaﬁion event which occurraa;approximately 8.5
millionLyeérsﬂago. The hsp70C and hsp70D genes were identified
as members of the C. elegans grp78 géﬁe 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 dnakK gene from E, ¢oli than any other
identified eukaryotiénhsp70 gene (Chapter 4). The hsp70F
protein may be transported into the mitochondriai natrix.

A comparisbn of the 5' flanking sequences of thé hsp70C
genes from C. elegans and C. briggsae 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 detected in
the rat grp78 5' flanking éequence which has subsequently been
shown to be protected by a protein during nuélease footprinting
- studies (E. Resendez, Jr., S.ﬁi Woo&en and A.S. Lee,
submitted). My observations suggest that in a comparison of
nucleotide sequences, flanking regions that are conserved
between C. elegans and C. briggsae are potentially regulatory
sequence elements..

Hsp70 multigene families consisting of eight or more
members have been identified in S. cerevisiae, Drosophila (see
Craig, 1985 and Lindquisti, 1986), humans (Mues et al., 1986)
and C. elegans (Snutch, 1984; Snutch et al., 1988).' Some of

the Drosophila and human hsp70 genes have been sequehced,
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identified and studied in detail (Créig, 1985; Lindquist, 1986)
but only the §. gcerevisiae hsp70 multigene\family,has>been
extensiﬁely dnalyzed. This includes an analysis-of}the
expression of each individuai hsp70 gene and a genetic *
characterization of thg hsp70 gene family (Craig and Jacobsen,
1984, 1985; Craig et‘éi;, 1987; Werner-Washburne et al., 1987).
There are at leastreight genes ln the yeast hsp70 multigene
famil& (Ingolia et al., 1982). Four of these genés belong to
the essential SSA subfamily (Craig and Jacobsen, 1984; Werner-.
ﬁashburne et al., 1987) which includeé two heat inducible genes
SSA3 and SSA4, a constitutively expressed gene SSA2 and a
éonstitutively expressed, heat inducible gene SSAl. Two genes
belong to the cold sensitive SSB suhfaﬁily (Craig and Jacobsen,
i;gés; dne gene, &ﬁgltxis an essential gene and thé last gene,
SSD1, cannot be assigned to a subfamily because of thé lack of
-a mutant phenotypé (Craig et al., 1587). ;
A.comparison of the nucleotide sequences of the C. elegans
hsp70 genes to the other hsp70 gene sequences revealed that the
(ol hlgggng hsp70 genes could also be assigned to gene
subfamilies. The hsp-1 gene represents one gene family
analogous to the SSA gene family in yeast. Within this
subfamily is the pseudogene hsp-2ps. Isolation and further
analysis of the remaining . elegans hsp70 genes should allow
identification of hsp70 genes analggous at least to the heat
inducible varieties of the Ssa §ﬁbfamily and a constitutively
expressed SSA gene. The grp78 subfamily is a separate family

~not yet defined in the S, cerevisiae system although a grp7s8
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homolog has been identified (R.C. Nicholson and L.A. Moran,
submitted). The hsp70F gene probably represents the SSC family

based on the mitochondrial location of SSC1 and *the proposed

transport of hsp70F into the mitochondrial -matrix. No nhomologs

of the-cold sensitive SSB family have been identified yet in ¢,
elegans and remain to be isolated. :

g
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PROPOSALS FOR FURTHER RESEAﬁCH
Isolate and sequence the remaining fragments ffvtye hsp70D
and hsp70F genes and complete their characterization. °
Map the hsp70C, hsp70D and hsp70F genes with the aid of
RFLPs. |
Isoiate mutants of the hsp70 genes: 7 -
a) ‘ﬁgg;l: éround the dpy-4 region, look for‘a'materﬁal

effect lethal

b) hsp70C and hsp70D: look for temperature-sensitive

mutants that are»defective in secreting proteins or
intracellular protein transport

c) hsp70F: 1look far an éarly embryonic lethal effect
mutant,‘a tempefature-éensitive mutant which arrests
growth at the non-permissive temperature or a mutant
which exhibits a slow growth phenotype.

Verify the isolation of mutants of these genes by

- microinjecting the purified gene DNA to rescue the mutant

phenotype.

Isolate and identify the remaining hsp70 genes including
the stfictly heat inducible and the cold sensitive hsp70
genes. |

Using DNA microinjection techniques, study the effects of
deletions in the 5' flanking DNAs on expression of the
hsp70 genes.

Using DNA microinjection techniques, study the effectsf6}
deletions of the heat inducible 3' untranslated sequences

on the stability of the mRNAs during heat shock.

]
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