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ABSTRACT

Our laboratory has been characterizing the hsp70 multigene family from the nematode Caenorhabditis ele-
gans as the first step to the genetic characterization of the heat shock response in a relatively simple multicel-
Iniar eukaryote. Two gene members, hsp-1 and hsp-2ps have already been characterized (Snutch ef a/., 1988;
Heschl and Baillie, 1989). The third gene member, Asp-3, is expressed constitutively and is non-heat induci-
ble; its mRNA is most abundant at the L1 larval stage. The Asp-3 protein (hsp70C) shares a high degree of
identity with the rat grp78 protein and has a long, hydrophobic leader sequence. The carboxyl terminus of
hsp70C has the putative ER-retention signal, KDEL. The fourth gene member, /sp-6 is expressed constitu-
tively and moderately heat inducible, A partial s5p-6 protein (hsp70F) sequence shares a higher degree of
identity with the Escherichia coli dnaK protein than with eukaryotic hsp70 proteins. The predicted amino-
terminal half of the hsp70F pelypeptide also contains a long, amphiphilic leader sequence similar to mito-
chondrial import leader sequences. These two genes encode proteins that potentially cross intracellular mem-
branes, We compared the 5'-flanking DNA from the C. elegans hsp-3 gene to fragment containing enhancer
activity from the rat grp78 gene regulatory region (Lin ef ¢/., 1986). A 23-nucleotide sequence was conserved
between the two promoter regions. This sequence shares approximaitely 80% identity between these two evo-
lutionary distant organisms, A comparison to other hsp70 genes did not reveal any conservation of this
23-nucleotide sequence. We propose that this sequence may be involved in a unique aspect of the regulation
of the C. elegans’ grp78-like gene and the rat grp78 gene.

INTRODUCTION The various hsp70-related genes are organized into an

hsp70 multigene family. The hsp70 multigene family has

RGANISMS OFTEN RESPOND to sudden elevation of tem-  been well characterized in Saccharomyces cerevisiae (Craig
Operature or stressful circumstances by synthesizing a and Jacobsen, 1984, 1985; Craig et al., 1987; Werner-
specific set of proteins called heat shock proteins (hsp). Si- Washburne ef al., 1987) and identified in humans (Mues ef
multaneously, the synthesis of most proteins normal to de-  a/., 1986}. In S. cerevisige, the hsp70 multigene family can
velopment is inhibited. The sizes and structures of these be subdivided into five subfamilies based on both genetic
stress-induced proteins appear to be highly conserved analysis and nucleotide sequence identity., Two of these
throughout evolution. In all eukaryotic genomes, there are _subfamilies, SSA and SSC, are essential for viability (Wer-
several closely related sequences encoding the 70,000-dal- "ner-Washburne ef al., 1987; Craig ef a/., 1987). Members
ton hsps (hsp70; reviewed in Craig, 1985; Lindquist, 1986). “of the SSA subfamily encode proteins that may be in-
These sequences encode proteins normally found in un-  volved in precursor protein import into the ER and mito-
stressed cells and orgamisms. These proteins have been .chondria (Deshaies ef af., 1988; Chirico ef al., 1988).
termed hsc70 (heat shock cognates; Ingolia and Craig, A fifth subfamily has been defined recently and is rep-
1982; Craig ef al., 1983). In addition, some of the hsc70 resented by KAR2, the yeast grp78-like gene (M. Rose,
genes may be regulated developmentally (Milarski and  personal communication). In mammals, the grp78 gene
Morimoto, 1986; Zakeri and Wolgemuth, 1987). has been isolated and characterized (Munro and Pel-
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ham, 1986; Ting and Lee, 1988). The grp78 proteins had
been studied previously because of their ability to bind to
immunoglobulin heavy chains prior 1o their secretion. Syn-
thesis of the mammalian ER-localized grp78 protein is en-
hanced when cells are deprived of glucose or stimulated
with calcium ionophores (for review, see Lee, 1987).

The nematode Caenorhabditis elegans is a relatively sim-
ple eukaryote, ideal for the study of both genetics and the
biochemistry of genes and proteins. With this in mind, our
laboratory has been characterizing the C. elegans hsp70
multigene family as the basis for a genetic analysis of the
hsp70 genes in a higher eukaryote. An initial characteriza-
tion of the heat shock response in C. elegans has been
done (Snutch and Baillie, 1983) and several of the hsp70
genes have been isolated (Snutch ef ai., 1988). This family
has been estimated to have at least nine members, Two of
the genes have been characterized previously. Asp-I
(LGIV) is a constitutively expressed, heat-inducible gene
{Snutch et a/., 1988) and Asp-2ps (LGX) is a pseudogene of
hsp-1 (Heschl and Baillie, 1989). The hsp-I gene encodes
the hsp70A protein, which shares a high degree of identity
with the Drosophila melanogaster heat-inducible hsp70
protein and members of the 5. cerevisivce SSA gene sub-
family.

In this study, we have characterized and identified the
hsp-3 gene and the Asp-6 gene from C. elegans. The hsp-3
gene, encoding hsp70C, is expressed constitutively and
non-heat inducible under the conditions tested. The Asp-3
mRNA is found at maximum levels in the LI larvae stage
and decreases more than sixfold in the adult nematode,
hsp-6, encoding hsp7OF, has low basal mRNA levels and
exhibits a two- to three-fold increase in mRNA after a tem-
perature upshift (Snutch ef al., 1988). We find that hsp70C
shares a high degree of identity with the rat grp78 protein
and appears to be the C. elegans equivalent of grp78. A
stretch of nucleotides in the 5' regulatory region of the
hsp-3 gene is also found in the rat grp78 gene regulatory
region. We suggest that this highly conserved element may
be involved in a unique aspect of expression shared be-
tween the two grp78 genes. The hsp70F shares more iden-
tity with the draX protein from Escherichia coli Bardwell
and Craig, 1984) than with eukaryotic hsp70 proteins. The
predicted hsp70F amino acid sequence contains a long
amino-terminal peptide characteristic of a mitochondrial
import leader sequence,

MATERIALS AND METHODS
Construction of plasmids for sequencing

The phage containing the hsp70 genes (kAsp-3, hsl 140
and hsp-6, hsl B4; Snutch, 1984; Snutch ef al., 1988) were
digested with Eco RI or Hind III and subcloned into the
plasmid vectors pUC19 (Norrander ef al., 1983) or Blue-
script*(Stratagene). The plasmids containing the hsp70
genes were identified (ksp-3 5 end, pCesd33 and pCesd34,
hsp-3 3’ end, pCesd28; hsp-6 5’ end, pCesd05) and their
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orientations determined based on the pattern derived from
restriction digests. QOverlapping plasmid deletions were
made using either exonuclease I1II (Henikoff, 1987) or re-
striction enzymes.

Plasmid DNA preparation

Plasmid DNA for deletion and sequencing reactions was
prepared using the mini alkali Iysis method (Maniatis er
al., 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 re-
precipitated with ethanol. After digestion with RNase, the
plasmid DNA samples wee precipitated with polyethylene
glycol (Hattori and Sakaki, 1986).

DNA sequencing and sequence analysis

Dideoxy sequencing was performed on denatured plas-
mid DNA (Chen and Secburg, 1985; Sanger ef af., 1980).
DNA sequences were analyzed using the computer pro-
gram Microgenie (Beckman). Visual inspection and prepa-
ration of the DNA sequences for publication was done
with the aid of the computer program ESEE (E. Cabot,
personal communication).

RESULTS
Characterization of the hsp-3 gene from C. elegans

A restriction map of the C. elegans hsp-3 gene is shown
in Fig. 1. The complete sequence of the Asp-3 gene and its
flanking DNA is presented in Fig. 2. The hsp-3 gene con-
tains three introns (Figs. 1 and 2) of 46, 238, and 104 nu-
cleotides. In C. elegans, the intron boundarics are highly
conserved, easily recognized, and characterized by the con-
sensus sequences AG/GTAAGT (5 splice site) and TTTT-
CAG/G (3" splice site) (Karn ef al., 1983; Spieth et al.,
1985). These consensus sequences were used to aid in the
identification of the Asp-3 intron boundaries as well as
gaps and shifts in the amino acid sequence in a comparison
to the Asp-1 gene sequence and predicted amino acid se-
quence (Snutch ef al., 1988). One of the intron positions
was confirmed by sequencing over the appropriate region
surrounding the third intron from a partial ¢cDINA, Al-
though the assignment of intron positions based on the
consensus sequences is reliable in C. elegans, the confirma-
tion of the first two intron positions awaits sequencing of a
full-length cDNA. None of the Asp-3 introns were in the
same position as the hsp-I introns (Snutch ef al., 1988).
Just upstream from the start of translation is a 3’ splice site
from -23 to —31 (Fig. 2, block 3) which may be involved
in a frans splicing reaction (Krause and Hirsh, 1987).

There is a long 3’ untranslated sequence of 623 nucleo-
tides. We estimate the size of the mRNA to be approxi-
mately 2.7 kb based on the positioning of the poly(A) ad-
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Restriction maps of the Asp-3 and hsp-6 genes from C. elegans. The genes are aligned to show maximumn ho-

mology. The coding regions are shaded and the transcribed, untransiated regions are unshaded. Introns are shown by
breaks in the coding region. B, Bam HI; E, Eco RI; H, Hind 1II; K, Kpn I; P, Pst I; 8, Sal I; X, Xba 1.

dition signal (Fig. 2, block B) and an approximation of the
transcriptional start site (see below). This is in good agree-
ment with the 2.6-kb size predicted from Northern blots
(Snutch er ai., 1988).

Within the long trailer sequence is the septemer
TTTTTTC tandemly repeated three times (Fig. 2, block
A). This septemer was searched for in other seguences.
Several TTTTTTC sequences were found within the termi-
nal arms of the C. elegans transposable element Tcl
(Rosenzweig ef af., 1983) but not in the open reading
frame. Similar copies of the septemer sequence were found
tandemly repeated in the 3’ untransfated region of the Try-
panosoma cruzi hsp83-like gene (Dragon ef al., 1987), the
3 untranslated region of a mouse male germ line specific
hsp70 gene (Zakeri et al., 1988) and just 3’ of the plas-
modium falciparum TRAP gene (Robson ¢ef al., 1988).

To identify the hsp-3 gene product, a comparison was
made between the predicted amino acid sequences of the
hsp-3 gene product (hsp70C) and hsp70A from C. elegans
(Snutch ef af., 1988) and grp78 from rat (Munro and Pel-
ham, 1986} (Fig. 3). This comparison revealed a striking
degree of similarity with the rat grp78 amino acid sequence
(77%). This is in contrast to the 59% identity shared with
hsp70A. The hsp70C carboxyl terminus has the character-
istic sequence KDEL found at the rat grp78 carboxyl ter-
minus (Munro and Pelham, 1986). This sequence is re-
quired 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 hsp70C amino terminus
is much longer when compared to hsp70A, but of similar
length to the grp78 leader peptide (Fig. 3). The hsp70C
putative signal peptide has features characteristic of secre-
tory leader sequences. It contains a positively charged

amino terminus followed by a hydrophobic central region
followed by two small nonpolar residues with a single resi-
due between, This is similar to the rat grp78 protein
(Munro and Pelham, 1986). Cleavage of the hsp70C leader
peptide probably occurs between 117 and Y18 after the two
nonpolar residues. Although the structural features may be
conserved between the hsp70C and grp78 proteins, the
amino acid sequences of the leader peptides are not con-
served (Fig, 3).

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 pro-
tein would have a predicted molecular weight of 71,579
daltons. The hsp70C protein does not have any glycosyla-
tion sites (D-X-S/T) in agreement with the rat grp78 se-
quence (Munro and Petham, 1986).

The high degree of similarity shared with the rat grp78
protein in both structural characteristics and amino acid
sequence has led us to conclude that the hsp-3 gene is
probably the grp78 gene equivalent in C. elegans. Based on
this, the Asp-3 gene product is probably transported into
and retained in the ER.

“The hsp-3 and rat grp78 5' regulafory regions
‘contain conserved sequences

The Asp-3 5 regulatory region was searched for sequences

known to act as regulatory elements in other genes. We de-

tected one copy of a heat shock element (HSE) (Pelham,
1982) from —205 to —195 (Fig. 2). Several sequences similar
to the enhancer core sequences of EIA (Hearing and Shenk,
1983) and SV40 (Weiher ef al., 1983) are also found in the
5" regulatory region of the hsp70C gene (Fig. 2). Similar-
ities to E1A and SV40 core enhancer sequences are also
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wiridnkd i 1.0 0]
-441 GGAGMGGGCCAGACGGCCGTCGCCGATTGGCCGMTGACTCTGCGTCTCTWW?GMCC"CGCTGTGCTGACGTTGCCTTGT
* Sall 2
-344  CCTATCGTCCT, T T T GTTCCTTCGCT CTCTCLCACTCRATGCGC TEGTCRAT CCGTCAGT TTGCTCTCCCTTCACTAL
1 Sall H et 4 e

£pn
- 24k TCCCATCGGTTGAC@TACCAITTCGGCCTACMTCEMCCTTGAGCATTMTCTATCMGAGACGACCTACMMMGCAGTCCTMGTTT

X0 buabadebinblid CCAAT JATA
-144 TCCTGUT'ICUTTTCTCTCACCGACTGGCCTTG‘I’TTCGGTCTCTITCTTTATCTCTTTCTTCTCAG(‘AATT(‘AAC.MGTCGTTTCATATTTTAGGCL‘TA

trans M KTLFLLGMNMTIAITAVYSITYC
-y ATAATAATTTTTATTTTTACAGGAAAATAAATCAAACACAAGTATGAAGACCT TATTCT TATT GGGCAT GATCGCCATCALCGCCGTCAGTATCTACTS

K EEEKXKTRKKETKYETIIGIDLGTTYSCVEY Y KN
57 CAAGGAAGAGGAAAAAACCGAGAAGAAGGAGACCAAGTATGAAACCAT TATT GG TATCGATCTCGGAACCACCTACTCGTGTGTCOGAGT TTACAAGAAC

G R Y ET I A ND @ G ¥R I TP S Y
157 GGACGTGTTGMATMTTGCWCGACCM%tatgtgaacgaaaaataaacgtmttatucccatcattttcaﬁiMACCGTATCACCCCATCCTAC

YVAF S GDAQGDRILIGDAAKNR QLTI NPEANTTITFDASTKR
a7 GTTGCTTTCTCTGGAGAT CAAGGAGATCGT CTGATCGGAGATGCTGCTAAGAAT CAGC TCACCATCAACCCAGAAAACACAATCTT TRATGCCAAGCGTE

LlGRDYHDKTVOADlKHUPFKVIDKSNKPSVEVK
357 TTATCGGAAGAGATTACAACGACAAGACTGTTCAAGETGACATCAAGCAC TGGCCATTCAAGGT TATTGACAAGAGCAACAAGCCATCCG TCGAAGTCAA

BamHl
V6&SDNK QFTPEEVSAMNVLVYEKANKETLIAETSTYULGKTEYV
457 GGTTGGATCCGACAACAAGCAATT CACCCCAGAAGAAGTTTCCGCTATGGT TCT CGTCAAGA TGAAGGAGATCGCC GAGTCCTACC TTGGAAAGGAAGTC

KHAVVTVPAYFHDAQRQATKDAGTlAGLHV_VRI
557 MGAACGCOGTCGTCACTGTCCCAGCTTATTTCA.ACGACGCCCAACGTCAAGCTACCAAGGATGCCGGAACCATCGCTGGATTGMCGTTGTTCGTMCA

I W EP T A AAT AY GLDKIKTD
657 TCMOGAGCCMCCGCCGCCGCCATCGCCTACGGACTTGACMGMGGA'Cthgagtttatgagaaagtgctctctaatatttgtctctggactaccctt

Ie14 ttgaccattttgtgtanacaatagattttgggteagtgactggtacaggt tectctetegttaggaatgaggantaggaatgtttgcteaggtcegasge

Pstl G E R W
857 tgtaccaaatcacagattaagatatagagggttgactgcag.atttgaaacaaaataattcttccutcatgaatgtctttcatttacagGAGMCGCMC

I LY FDLGGGTFDVYSMLT I ONGVYFEVLATNGDTH
957 ATCCTCGTCTTCGATCTTGGAGGT GETACT TTCGATGTATCCATGCTCACCATTGACAACGGAGTCTTCGAAGT TT TGGCCACCAACGGAGACACTCACT

KirDIIl
L 6GGEDTFDAEGRYMEYTFIKLYKEKXEKSGKDLTRIXKXDTEKTERALVDa
1057 TGGGAGGAGAAGACT T TGACCAACGT GTCATGGAATACTTCATCAAGCTTTACAAGAAGAAGTCTGGAAAGGAT CTCCGCAAAGACAAGCGTGCCGTTCA

HinDIII
K L RREVEIKAKRALSTOQHQTKVYETIETSLEFDGETDTF S

1157  AAAGCTTCGTCGYGAGGT CGAGAAGGCAAAGAGAGC TCTCTCCACT CAACAT CAMCCAAGGTTGAGATTGAAT CTCT TTTCGACGGAGAAGACTTCTCT

E T LTRAKTFTEELWNMDLTFRATLKPVOKVYLETDTSTD LK.
1257 GAGACCCTTACTCGTGCCAAGT TCRAGGAGCT CAACATGGATCTCT TCCGTGCLACCCTTAAGCCAGTCCAGAAGGTTCT TRAAGATTCTGATCTTAAGA

Bamil EcoRl
KDDVH&IVLVGGST&IPKVOQLIKEFFHGKEPSR
1357 AGGATGATGTTEAC(‘.AGATTGTTCTCGTCGGAGGATCCACTAGMTTCCAMGGTCCMCAGCTUTCMGGAGTTCTTCMCGGMKGGAGCCATCCCG

G 1 WPDEAYAY GAAVOQGGEVY I SGEEDTGETIVLLDYV
1457 CGGAATCAACCCTGACGAGGCCGT CGLCTACGGAGCCGLCGTCCAAGGAGGAGT TATCTCTGGAGAGGAAGACACT GGAGAGAT TGTTCTTCTTGATGTC

HinDI11
N PLT MXG1ETVESEGEV HNTKLTIGRNTVYVYIPTKEKTS SO AQVEFS
1557 AATCCGCTTACCATGGGTATTGAGACTGTCGGAGGAGT TATGACCAAGCT TATTGGCCGTAACACTGT TATCCCAACCAAGAAGTCCCAAGT TTTCTCTA

T A AD RQP T VI I @
1657 CCGCCGCTGACMCGAGCCAACCGTCACCATCCAthaagacggatgttatccagatatttggcagaaatgtcaaactgcttttgagggttttgaaggst

YFEGERPMNTIKDNUHOGLGIKTFTUD.L
177 gagasaccaattaactctictceattatattctttacagGTCTTCGAAGGAGAACGCCCAAT GACCAAGGACAACCAT CAGCTCGGARAGTTCGACCTCA

T G LPPAPFPRGVPQAQIEVTFEIDYNE EGTILHVYT AEDIKTSET
1857 CCGGACTCCCACCAGCACCACGCGGAGT TCCACAAAT TCAGGTTACTTTCGAGATTGACGTCAACGGAAT CCTCCACE T TACTGCCRAGGATAAGGGAAC
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G ¥ KN X1 T 1T MNDOQNKRLSPEDI EAMNTINDA AETKTFA AESD
1957  COGAMCAAGAACAAGAT CACCATCACCAACGACCAGAACAGAC TCAGECECGAAGACAT CGAGGCCATGAT CAACGA TGCC GAGAAGTTCGCT GAGGAT

0D K K VXD KAEARUWMNETLTETSYANYNLKNOGI]I EDPKECKLGSGEG
2057  GACAAGAAGGTCAAGGATAAGGCTGAGGCTCGCAACGAGCT TGAGTCT TACGCT TACAACCT GAAAAACCAGAT TGAAGACAAAGAGAAGCT CGGAGGAA

BamH1
K LDEDDKKTTI EEAVYETEAISWVYLGS ¥ AEASAETETLTKE
2157  AGCTCGACGAGGATGATAAGAAGACTATCGAGGAGGLCGTCGAGGAGGCTATCTCATGGE TCGGATCCAACGCTGAAGEATC TGC T GAGGAGET TAAGGA

NinDII1
@K XDLESKVY QP! VS KLYIKDA AGAGET®RRTPGOGEKTESRTDILTUD
2257  GCAAAAGAAGGATCTTGAGAGCAAGGTTCAACCAATTGTTTCTAAGCT TTACAAGGATGE TGGAGC COGAGAGAGGAGGC CLCAGAAGAGGGATCT TGAC

D X DEL #
2357  GACAAGGACGAGCTCTAAACGATCGAATTTGTTCGATTTCTTTAAAMACT TATTTATTTGTCATGT TATAAGTTCTTTCGAACGGTTTTTGTTGTTTTCE

A
2457  TGTTCTCAATTCOCCTTTTCTTOCTCGATACCARATCT FCACCCCATTTTITCTITTIICTTTITTCTCATCTTGAAACGCGGT CAACATAGTGTTTTAA

2557  CTGAMATGGCTCTCTACCCTTTTATTTCATGGAATACT GGACGT TCAAAACATAGAACAGCT TTTGTTTGTGAAATATCCCAGEGTTTAACTTTGTCTTA
2657 CTGGTCTTCACTITTAALTCTTTAATTATTTTCT TTATCAACAT TGGTTTTGCAGTGCCTTTGATT ITGGATAATAAT TGAGTTTATAGTTTTTAAACTYT
2757  TTTCAGACCAACAGTGTTGTAAAACACGTTTTCAAGAAAAAAGGGAGAACAACCCACGAT TTGCAT GAAAAAAGTCTT TCAAAAAC TAAAACTICTCTCA

2857  TTGTAGTAGCAAAGTCACCTGCATAAATTGAAAATGTCGCCACAATCTTCTCAAMATTAAAMMAAAA TCAATGCAGTGCGACCCATAGTTATTGGAGCT

polyh .
2957 CGTATCCAAACATACAAATTYGAAATAAACAT TCAAAAATACCT CAGCCACACCGGGT TYCATT CCACCAATTTTTTGACCATATGTATGCCGTTTTTGA

3057  AAAAATTAGTTCACGCAATGCTACAAGCCATTCGGCGTTCTGAAATGT TT TGTTGCAGGCGCGCAAAGTACT

FIG. 2. Nucleotide sequence of the hsp-3 gene. Introns are shown in lower-case letters. Numbering is with respect to the
start of translation. The amino acid sequence is shown above the nucleotide sequence. Sequences homologous to the E1A
core enhancer sequence (A/CcGGAAGTGA/¢; Hearing and Shenk, 1983) are indicated with an asterisk and the SV40
core enhancer sequence (GTGGA/TA/TA/1G; Weiher et al., 1983) is indicated with an x. The HSE is shown as are the
putative CCAAT and TATA boxes. The 3’ splice site at —23, which could serve as a trans splice site (Krause and Hirsh,
1987), is indicated. Block A represents the three-time repeated septemer sequence TTTTTTC. The poly(A) addition sig-
nal is also shown. Blocks 1 and 2 represent sequences found in the rat grp78 regulatory region (see Fig. 4).

hsp70C HKTLFLLGMIAITAVS]TCKEEEKTRKKETKYET-]lGlDLGTTYSCVGVYKNGRVEIIAHDOGHRITPSYVAFﬁGDOGDRLIGDAAKNQ 89
grp?B - FTVAAALLLLC. .RA--- ., .DKKEDVGT----V¥V............0 F o i i TPE-E.....vvuue 81
hsp70A MSKHNAV. . .......... FMH. K. .. ..e.e. Teeunnns L I 59
hsp70C LTINPENT I FOAKRL I GRDYNDKTVQAD [ KHWPFKV IDKS - NKPSVEVKVGS - DRKQF TPEEVSAMVL VKMKE I AESYLGKE VKNAYVTY 177
grp78 S Vieoooaoas TW..PS, . Q. FLL . VEK-T. YIQDT.GGAT. T A, . L. T L T AL L KL THL L. 178
hsp70A VAM. B..V...o... .. KFD.PA..S.M.._..... SAEGA..K.Q.EYKG-E..I.....1.5...L...KT. AF.EPT..D..... 148
hsp70C PAYFNDACRQATKDAGT | AGLNVVR! INEPTAAATAYGLOKKD - GERN I LVFDLGGGT FDVSMLT | DNGVFEVLATNGDTHLGGED FDQR 264
rpTB i ieciiiieeea Mo RE-..Kiooovninaann Looooaae Voo 267
hsp70A B B A..... Lovevirinnennnnn... GH....V.l...cviuunnn Lo.ED.1. KS.A . eee o, N. 238
hsp70C VMEY FIKLYKKKSGKDLRKDKRAVQKLRREVEKAKRAL STOHOTKYE 1 ESLFDGED FSETLTRAKFEELNMOLFRATLKPVAKVLEDSDL 356
grp78 RN | TooVoiHe e e S ARILL . FE i, SH...lL 357
hsp70A MVNH .CAEF .R.HK.. .ASNP. .LRR..TAC.R.NET. .SSC.ASI..D_..E.I..YTNL,. R....CA....S.MD. .E.S.R.AKM 328
hsp70cC KKDDVHElVLVGGSTRIPKVOQLIKEFFNGKEPSRG[NPDEAVAYGAAVQGGVISGE-EDT-GE]VLLDVNPLTHG[EIVGGVHTKLIGR 444
grp7s S P eV A..L..D-Q..-.DL..... N P. 445
hsp70A D.8Q..D..evieii. K.LSDL.S...LNKS...... { IO AAIL. .DKSEAVADLL....A..SL....A.....A. X, 418
hsp?0C NTVIPTKKSQVFSTAADNQPTYT] QVFEGERPMTKDNHOLGKFDLTGLPPAPRGVPQIEVTFEIDVNGI LHVTAEDKGTGNKNEITITND 534
grp78 NN P | S O K.Y..... R L..T..... Reveonniiat, 535
hsp70A ST TALTLTLYS L LG L YL LA NL. .. E.S. D L DL NLS T LS. KAKD ., L. .. 508
hsp70C ONRLSPED 1EAMINDAEK FAEDDXKVKDKAEARNELESYAYNLKNQ IEDKEKLGGKLDEDDKKT IEEAVEEA I SWLGSNAEASAEELKEQ 624
grpi8 ceen T BRIV LELLLLLERIDT. L So.... G.orvieens SPE..E.M.X.._.K.E..E.HQD.DI.DF.AK 625
hsp70A KD.F.KD...R.V.E...YKA..EAQ. RIG.K.G.....F...QT.,.-. .KD.ISPE...K..OKCD.ILK,.D..QT.EK..FEH, 597
hsp70C KKDLESKVQP 1 VSKLYKDAGAGERRPQKRDLDDKDEL 661
grp78 «.E.El .. .T....G8G.PPPT-GEE-.TSE.... 660
hsp7DA Q....GLAN..I....Q5..GAPPGAAPGGAAGGAGGPTIEEVD 641

FIG. 3. Comparison of the amino acid sequences of hsp70C, hsp70A (Snutch ef 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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observed in the rat grp78 regulatory region (Lin er al.,,
1986). There appears to be a TATA box from —-58 to —51
and a CCAAT box from —78 to —74 (Fig. 2).

It has been reported that the 5’ regulatory region of the
rat grp78 gene has an enhancer-like activity {(Lin et af.,
1986). We reasoned that if the HSEs are highly conserved
between evolutionarily distant species (Pelham, 1982,
1985) and if the grp78 enhancer-like activity is important
for the expression of the grp78 genes, then this element
should be conserved between Caenorhabditis and rat, The
grp78 regulatory regions from C. elegans and rat exhibit
some conservation of nucleotide sequence. In addition to
identities to the viral enhancers, there is a 23-nucleotide
block in which 18 nucleotides are shared between the hAsp-3
and rat grp78 regulatory regions (Fig. 4). This conserved
element in the rat grp78 gene is located within the restric-
tion fragment reported to contain an enhancer-like activity
(Lin et al., 1986; Chang ef al., 1987). This 23-nucleotide
sequence was compared to other hsp gene 5 regulatory re-
gions to determine if the sequence was a stress general sig-
nal or specific for the grp78-related genes. A search involv-
ing the C. elegans hsp-1 (Snutch er al,, 1988), hsp-6 (this
report), and hsp-16 genes (Russnack and Candido, 1985;
Jones et gl., 1986), a Drosophila hsp70 (Ingolia er ai.,
1980), and a human hsp70 gene (Hunt and Morimoto,
1985) did not reveal any significant homologies to the 23-
nucleotide sequence. Therefore, we conclude that this 23-
nuclectide sequence is specific for the grp78 genes.

Characterization of the hsp-6 gene

A restriction map of the 2.9-kb Eco RI restriction frag-
ment containing the hsp-6 gene is shown in Fig. 1. The re-
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gion of the hsp-6 gene sequenced represents the first two-
thirds of an hsp70 gene based on sequence comparison to
the hsp-1 gene (Snutch ef al., 1988) and the hsp-3 gene
(Fig. 1). The sequence of the partial Asp-6 gene fragment is
presented in Fig. 5. Unfortunately, several screenings of
several different genomic libraries did not result in the iso-
lation of the full-length Asp-6 gene. Within the Asp-6
coding region thewre are two putative introns of 66 and 49
nucleotides. These two introns are not in the same position
as the introns from hsp-1 and hsp-3.

In the 5'-flanking region is an HSE (Pelham, 1982, 1985)
from —316 to —303 (Fig. 5). This HSE is also part of a
two palindromic 10-bp sequences NTTCNNGAAN re-
quired for full heat inducibility of the heat shock-inducible
genes {Xiao and Lis, 1988). The HSE is flanked by the
septemer TTTTTTC. There are several more copies of this
sequence as well as several degenerate copies upstream
from the coding region. Downstream from the HSE is a re-
gion centered around —278 to —272 that could function as

1
TCGTCCTAGGCCACGTCGACGATTCGGCAGTT CGTYCCITCGE

PRI R 1 1 rld
arpTB  -1B0  GCGGAGGAGGCCOCTTCOA AT CGGCAGCGGCCAGLGTIGET

FIG. 4. A comparison of the regulatory regions of the
hsp-3 gene and the rat grp78 gene (Lin ef ¢/., 1986). Num-
bering of Asp-3 is with respect to the start of translation,
Numbering of the rat grp78 gene is with respect to the start
of transcription (Lin ef al., 1986). Block 1 represents the
stretch of nucleotide identity shared between the Asp-3 reg-
ulatory region and the rat grp78 regulatory region, a region
which has demonstrated enhancer-like properties (Lin ef
al., 1986).

hsp70C  -330 -288

-140

-1307
-1207
-1107
-1007

-907

-707
-607
-507

-407

-307

-207

=107

GAATTCTTGCATCAATTCCCGTCGTTT TGCAATAAGT TCCGACGCGGAAAGAT GCGAAAAATCTTCCCGATGTGGCTCATCCTCTTCTCCYTCTTCTTCT
TCATCACCGCTTTTTTCTTCTTCGYCTTCCT TAACTTCT Y Y TTCTCGYGTCGGACGAATCAGTGT TCCATCTTTTAGCTTAATCGGCAGAAGT TCTTCAT
GGCCTTCTTCGAGTAGT CCTGLGAATTTTCTCT TTTTCTTCTCAACATCATCTTCATCGTCCTGTCTGATTCTACACCATTCTTTCTGCAATTTAACGTT
ATTAAGTTTTATTAACTAATT TTCAAACAACAATTACTTTTCTCAAGCCGCCT TTTTGCGT TGGCAAATGCGCTGTGTCCCTTCGATGTCGTCGTLCATC
ATGTCCAATGCGAAACT TCATCACTATTCTCATAATGAGTCTTGTCTGT CGGLGATGAAAT CATCTTCAATCTGAAAAT TAT T GGATARATTGTTTTATY

Psti
TTCGAAAAATTGCTCACAT TAACAGCTCTCTGCCTCARATCTGCAGATTTTCTTGATTTAATATCTGCCATTCCATCGCGAATCTCTCTCGACAGLTTTT

Bami]

TCCGCTTTGCAAGGCGATTTARATGTTTCGTAGTTTTITCTTGT T TTATTTGYCTTCAGCAT TTTCAGCT TCTCTTCGCGAGAAGCGGAGACAGGATCCCA

. TGTTTTTCTGCAAAATAATCCATTGATTTAACACCTCGTAAATAATT TAAAAAAGAGT TAAATTTAATTGCAACCCTAT TTGTAAAAAGARRACTCATTT

TCGCCAAAMATAAAGCAAAAATAAT TCAAGAGAAAAALGCGCCGGTGTTGCGATTGGGGCGTAACTGCAATGTGY GCGCACACAATCTCAACAAGCGETG

CGAGACCCGCCGCCTGACCGTAATGTGAAATGGGCGGAGACGAGAAGTITTTTTCTGT T TGAAAGTTGATGCAAAAGCCCGTGATTCTTTTTTTCGAGAA

HSE TATA v v
ATTTCTCGAGTTTTTTCCAACGAAAAATTCATTAAATTTAAACCTTTTAGETCTCCTTTCCAATCTTTTGCATCATTATTCTCCTARACTTGGCATATTC

AGTGGAAATGATGCAARATGACCCTGACTTTTGTTATCAAAAATAAC AAGAAAAT TG TCCCGT TTAACGGT TGAAAAGCAAATTTTGTGTCATTTIGTTT

trans
AGGAAATGT CAAAATAAGCTCAAMMACCGAT TACAAATTATATTTTACTGCTTTTYATCCTATTTTCTCGCGTTTTCGT TCATGAATGCAATTTTCTTTC
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_ Mt S ARSFL S SARTTI!I ARSSLMSARSLSDIKTPIKSEG
AGGCACTATGCTTTCCGCACGATCATTCTTGTCTTCCGCTCGCACAATTGCTCGATCGAGC TTGATGAGCGCCAGAAGC TTGT CGGACAAACCAAAGGGA

Hv 16 1!DLGTTNSCV S 1T MEGKXT®PIKVIENAETGVRT
CATGTTATCGGAATTGATCTTGGAACCACAAACTCCTGTGTCAGTAT CATGGAAGGAAAGACT CCAAAAGT TATCGAGAACGCAGAAGGAGTCAGAACCA

Sacl
T P STV AFTADGERLVYGAPAKXRAQAVYT NS AMNTLTFAT
CYCCATCGACGGTTGCTTTCACTGCTGACGGTGAGCGTCTTGT TGGAGCTCCAGCCAAAAGACAGGCCGTTACCAACTCTGCCAATACTCTTETCGCCAC

K R LI GRRY EDPEVQKTIDIL
AAAGAGATTGATCGGAAGAAGATACGAAGATCCAGAGGTTCAAAAGGACTTgt aaggactcttitcactaaattttcttttaaaaaggactettttcact

K'YV PY KI1IVKASNTGTDAWWVEAQGKTETYPFPS
aaattttcatttttcagAAAGGTCGTTCCATACAAGATTGT CAAAGCCAGCAACGGAGACGCGTGGETTGAGGCTCAAGGAAAAGAGTATCCCCCATCTC

Q VGAF VL XX MMKETAESYILGTTVHNKNPV VI VPEAYTFNHN
AGGTTGGAGCATTCGTTCTGATGAAGATGAAGGAAACTGCCGAAAGC TATTIGGGAACCACCGTCAACAACCCCGTTGT TACAGTTCCAGCTTACTTCAA

D SQRAQATXDAGO Q! $ G LNVLRVINEPTAAALATYS G
COATTCTCAGCGTCAAGCTACTAAGGATGCT GGACAAATCTCTGGTCTTAACGTTCTTCGY GTCATCAACGAGLCAACTGCTGCCGCTCTCGCCTATGRA

L DKDAGDK!I I AV YDLG G
TTGGATAAGGACGCTGGAGATAAGATgtaggctaagegc tcgagtaatacttttcacaatatatatttttttagCATCGCTGTCTACGATCTTGGAGGTG

6 T FDVST11TLETLDI @QKGV F E VY XS T NGDTZF LG G6ETDTFDH A
GTACTTTCGATGTGTCAAT TCTTGAAATCCAAAAGGGOGTCTTCGAGGTCAAGTCCACCAACGGAGATACATTCCTCGEAGGAGAAGACTTCGATCACGE

BamH |
L VHHL VG ETFKIKESQ@GVY DULT KDUPAQAMZ© Q@RTULRTEAATEK
TCTCGTCCATCACCTCGTTGGAGAGTTCAAGAAGGAGCAAGGAGT TGATCTTALCAAGGATCCACAGGCCATGCAGAGACT TCGT GAAGCCGCCGAGAAL

AKCELSSTTQTOINLPY I TMDQSGEPKWHRLNLIEKILT
GCCAAGTGLGAACTTTCATCCACCACCCAGACCGACATYAATCTTCCATACATCACCATGGATCAATCTGGACCAAAACATCTTAACTTGAAGCTCACCA

R AKFEQ@I1I YGEDLEI KRT I EPCRMNVYLUHDAEUWVIKSSQTI A
GAGCCAAGTTCGAGCAGATTGTCGGAGATCTCATCAAGAGAACCATTGAGCCATGCCGTAACGTCCTTCACGACGCTGAAGTCAAGTCCTCCCAAATCGE

D VLLVYGEGMSRMPIKVEATVQEI] FGKVPSKAVHNPD
CGATGTTCTTCTCGTAGGAGGAATGAGCAGAAT GCCAAAGGTGLAAGLCACTGT TCAAGAAATCT TCGGAAAAGY TCCATCAAAGGC FGTCAACCCAGAL

E AV A MG A AT @G AV LAGDVITDV LLLDVIPILSLGI
GAGGCCOTCGCCATGGGAGCTGCTATTCAAGGAGCCGTCTTGGCCGGAGACGT CACCGATGTTCTTCTCCTTGATGTCACTCCACTTTCCCTTGGTATLG

ETLGGIMTIKIL! TRMNTTI]IPT KKSGQVFSTAADGSQTOQ
AGACTCTCGGAGGAATTATGACCAAACTCATCACCAGAAACACTACCATCCCAACTAAGAAGTCCLAAGTCTTCTCTACCGCCGCCGATGGACAGACTCA

EcoRl

vV a1l KV F @ GEREMATSNKILILG®STFS L VG I
AGTGCAGATCAAGGT GTTCCAAGGAGAACGT GAAATGGCCACCAGCAACAAACTTCTCGGTCAATTCTCGCTTGTCGGAATTE

FIG. 5. Nucleotide sequence of the first two-thirds of the Asp-6 gene. Introns are shown in lower-case letters. Number-
ing is with respect to the start of translation. A putative TATA box is shown as well as potential transcription start sites
(v) and potential trans splice site. A dimer of the HSE (Xiao and Lis, 1988) is indicated. The end of the sequence pre-
sented here does not represent the most 3’ end of the Asp-6 gene (see text for explanation).

(53%:; Snutch ef af., 1988) and hsp7¢C (53%) and the Hsci _-

a TATA box. Approximately 30 nucleotides downstream
from this region is a sequence that shares identity with a
transcription initiation/cap site sequence (derived from an
analysis of the . elegans major sperm protein gene
family, CATAATCTTCA where A is the probable site of
transcription initiation; Klass et al., 1988) from —246 to
—236 and —216 to —206. There is a 3’ splice site from —16
to —6 which is a feature of the ¢rans splicing event (Krause
and Hirsh, 1987).

To determine the identity of the hsp-6 gene, a compari-
son of the hsp70F amino acid sequence to several other
known hsp70 amino acid sequences was made (Fig. 6).
hsp70F shares limited amino acid identity with hsp70A

(48%), Hsc2 (43%; Craig ef al., 1983), and heat inducible
hsp70 (52%; Ingolia et al., 1980} gene products from D.
melanogaster. Surprisingly, a comparison of hsp70F to the *
dnaK protein {Bardwell and Craig, 1984) revealed an iden-
tity of 67%. The hsp70 proteins listed above, over the
same region covered by hsp70F, share approximately 48-
54% identity at the amino acid level with the dnaK protein
and 61-86% identity at the amino acid level amongst
themselves. Therefore, we conclude that the Asp-6 gene is
more like the dnaK gene than any eukaryotic hsp70 gene
identified to date,

hsp70F has a 29-amino-acid leader sequence when com-
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hsp?OF MLSARSFLSSARTARSSLMSARSLSDKPKGHVIGIDLGTTNSCVS I -MEGK TPKVIENAEGVR TTPSTVAF TAD- GE 76
dnak L 4 A.-.D.T..R.L.....D.....IL.Y.Q,-., 47
hsp70A MS.HNAV....... Y...GVF.H..VE-1.A.DQ.N..... YourumoT. 48
hsp70C MKTLFLLGMIAITAVSIYCKEEEKTRKKETKYETI........Y.. .GVYKN.RVE-1.A.DQ.N.1...Y...56.0.D Ia4
hscl M_.LPAV,.. . ... Y...GVFQH..VE-1.A.DQ.N. ... Y....-E-S. 48
hsc2 MG.IPA........ Y...GV-WANSKVE! .A.DQ.N.....Y...N-E-T. 48
hsp70F  RLVGAPAKRQAVTNSAKTLFATKRLIGRRYEDPEVAKDLKVVPYKIV-KASNGD -AW-VEAQ--G- -KEYPPSQVGAFVL 149
dnak | PP » D P..... Iooooo . FO.E...R.VSIM.F..I-A.D. .-, .-, . VK-- . -Q.MA..-.IS.E.. 120
hsp70A ..I.DA..N,VAM_PH. . V.DA...... KFD..A..S.M.HW.F.VI-S.EGAK-PK- .QVEYK.EN.IFT.EEISSM., 125
hsp70C  ..L.DA..N,LTI.PE..I.DA...... D.N.KT..A.1.HW.F.VID.SNKPSVEVK.GSD--N--_.QFT.EE.S.M.. 155
hse «»1.DA..N.VAM.PN..1.DA.......FD.AT..5,M HW.FEAF--,G. .K-PR-IR 104
hsc2 ..1.0.. . N.VAM_AK..V.DA......KFD. .KI.E...LW.F.VI--NEK.K-PK-1. 104
hsp70F  MKMKETAESYLGTTVNNPVVTVPAYFNDSQRQATKDAGGI SGLNVLRVINEPTAAALAYGLDKDA-GDK! AVYDLGGGT 228
dnak KieooKoo DL EPLTEALT e oA RAALEK i e GT-.NRT.......... 199
hspf0A L...K...AF.EP..KDA.....Tivuciuurnnn.. AA LT Lo L JKGHLERNVLIF, . ... 205
hsp?0C V....l......KE.K.A........ Y [ [P TR | (R [ KD-.ERN.L.F...... 234
hsp70F  FOVSILEL--QKG- -VFEVKSTNGDT FLGGED FDHALVHHLVGE FKKEQGVD LTKDPOAMORLREAAEKAKCELSSTTQT 304
dnak «o 1. 1. DEVD.EKT...LA..,..H.......SR.INY, . E....D..I..RN..L..... Keooowd1ooLLAQL, 279
hsp70A  ...... T.--ED.--1...... A .H..o....NRM.N.FCA...RKHKK. .ASN_R.LR...T.C.R.NET...SC.A 281%
hsp70C ....M.T.--DN.--,...LA..... Hooowo . .QRVMEYFIKLY..KS.K..R..KR.V.K,. .REV....RA..TQH.. 310
hsp70F  DINLPY!TMDQSGPKHLNLKL TRAKFEQIVGDL IKRTIEPCRNVLHDAEVKSSQIADVLLVGGMSRMPKVQATVQEIF-G 384
dnak Mows L AWATLL L MLTLVL L LLLSLLEL LVN.S. .. LKVA.Q. .GLSV.D.D..1....QT. ..M. .KK A.F.-. 359
hsp70A  S.EID-SLFE--,IDFYT-NI...R..ELCA,.FRS.MD.VEKS.R..KMDK..VR.IV, ..ST.I1....KLLSOL.S. 357
hsp70C KVEIE-SLF.-- .ED-FSET.......ELNM..FRA.LK.VOK, .E.SDL.KDDVHEIV. . ..ST.I....OLIK.F.N. 386
hsprfOF  KVPSKAVNPDEAVAMGAATQGAVLAGD- - - -V-T-DVLLLDVTPLSLGIETLGGIMTKLITRNTTIPTKKSQVSFTAADG 457
dnak ELRD TV BT K e e MLV T A e E.N 432
hsp70A  LELN.SI..... L.Y.. .V A 1.8, KSEA.-Q-.L.....Aucseu AL Vo ALK ou o L TALTLTLYS.N 435
hsp70C .E..RGl.......Y...V..G.IS.E~~--ED.GEIV....N..TM,...V..V..... G...V..... Arreerann N 482
hsp70F  QTQVAIKVFQGEREMATSNKLLGAFSLVGI .. ... 487
dnak SALTOH.L....KR.AD..S....ND....... 462
hsp70A .PG.L.Q.YE...A.TKD.N...K.E.S....... 465
hsp70C  .PT.T.Q..E...P.TKD.HQ. .X.D.T.L..... 492

FIG. 6. Comparison of the hsp70F amino acid sequence to the protein products of dnak, hsp-1 (hsp704), hsp-3
(hsp70C), Hscl, Hsc2, and hsp70. Matches are indicated with a dot (.) and gaps with a dash(-). The amino acid se-
quences presented here do not represent the complete amino acid sequences for any of the proteins listed above (see text

for explanation).

pared to the dnaK protein (Fig. 6). The hsp70F leader se-
quence is composed primarily of uncharged amino acids
with a few hydrophobic and basic amino acids but no
acidic amino acids. Within this 29-amino-acid leader se-
quence, 10 of the residues are serine and threonine. This
sequence would not be as hydrophobic as the hsp70C
leader sequence since there are few hydrophobic residues.
Instead, the hsp70F leader sequence is quite similar to a
mitochondrial matrix import leader sequence. These se-
quences are characterized by their lack of acidic amino
acids and the presence of basic amino acids as well as ex-
tensive stretches of uncharged amino acids and a high con-
tent of serine and threonine residues (van Loon ef af.,
1986; Colman and Robinson, 1986). Therefore, it seems
likely that the hsp70F protein is transported into the mito-
chondria.

DISCUSSION

We have characterized two members of the hsp70 multi-
gene family from C. efegans. One of these genes is a mem-
ber of a grp78-like subfamily, Asp-3, encoding hsp70C; the
other is the Asp-6 gene encoding hsp70F. hsp70F shares a
high degree of sequence similarity with the E. coli dnakK
protein. The conservation of the amino acid sequence with
E. coli is greater than the conservation seen with other eu-
karyotic hsp70s (67% vs. 43-53%). In addition, the pre-
dicted hsp70F protein sequence has a peptide leader char-
acteristic of a mitochondrial import leader sequence, If the
hsp70F protein is transported into the mitochondria this
would explain the high degree of homology shared between
hsp?0F and dnaK since it is believed that mitochondria arose
as a symbiotic relationship between bacteria and primitive
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cukaryotic cells. Recently, it has been demonstrated that the
S. cerevisige SSCI protein is imported into the mitochondria
and also shares a high degree of identity with the dnak pro-
tein (J. Kramer and E.A. Craig, personal communication).

Unfortunately, we have been unable to isolate a full-
length copy of the hsp-6 gene even though several genomic
libraries have been screened, including those constructed
from partial Eco RI and Mbo 1T digests. This may be due
to infrequent Eco RI or Mbo 11 sites at the 3’ end of the
hsp-6 gene, or the region may contain a sequence rendering
the 3’ end of the hsp-6 gene unclonable, or we have just
had bad luck in our attempts to isolate the 3’ half of the
hsp-6 gene, We are attempting to isolate a cDNA corre-
sponding to the Asp-6 gene and then using this as a probe
to screen a genomic library. Although the lack of a com-
plete sequence for the hsp-6 gene is disappointing, it does
not detract from our suggestions that the Asp-6 gene prod-
uct hsp70F is transported into the mitochondria.

The hsp-3 gene has one copy of an HSE in the 5 regula-
tory region, The presence of an HSE is consistent with the
observation that the mammalian grp78 genes are slightly
heat inducible {Attenello and Lee, 1984; Lin ef al., 1986).
This would suggest that the Asp-3 gene should be heat in-
ducible, although no increase in the mRNA concentration
has been detected under the conditions tested (Snutch ef
al., 1988). It may be that the hsp-3 gene is transiently ex-
pressed for only a short time after heat shock. However,
Xiao and Lis (1988) have shown that for full heat-induci-
bility of a gene, two repeats of the 10-mer NTTCNNG-
AAN must be present. If this is true for C. elegans as well,
then the hsp-3 gene would not be expected to respond sig-
nificantly to a temperature shift.

The presence of the septemer sequence TTTTTTC in the
3’ untranslated trailer sequence of the Asp-3 gene is in-
triguing. A sequence of similar nature is found in the 5
regulatory region of the hsp-6 gene (this report) and termi-
nal arms of the Tel transposable element (Rosenzweig ef
al., 1983). A hexamer sequence of similar nature (TTT-
TTC) is tandemly repeated four times in the 3’ untrans-
lated regions of the T. cruzi hsp83-like genes (Dragon ef
al., 1987}, an octamer sequence (TTTTTTTC) is tandemly
repeated five times just 3’ of the TRAP gene from P, falci-
parum (Robson et af., 1988) and degenerate copies of the
septemer are repeated in the 3’ untranslated region of a
mouse male germ line-specific hsp70 gene (Zakeri ef af.,
1988). It is interesting to note that the hsp83-like gene and the
TRAP gene encode proteins that are presented as antigens
and that all three genes are expressed at specific stages of
development. The Asp-3 gene also appears to be develop-
mentally regulated with its mRNA being most abundant at
the L1 larval stage (Snutch ef al., 1988}, Despite these ob-
servations, the significance of these conserved repeats is
net knowrn.

The C. elegans hsp-3 5 regulatory region shares
identity with the rat grp78 regulatory region

An analysis of the 5'-flanking sequence of the Asp-3 gene
revealed homologies to sequences known to function as en-
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hancer sequences and HSEs. In addition, a 23-nucleotide
element was detected in the rat grp78 5' regulatory region.
This element is conserved between the Asp-3 gene of C. ele-
gans and its homolog from C. briggsae (Heschl and Baillie,
in preparation). The conserved element from the rat grp78
regulatory region is protected by a protein during nuclease
footprinting studies (Resendez et al., 1988). Because C.
elegans and the rat are evolutionarily highly diverged and
this sequence is so highly conserved, this 23-nucleotide ¢ele-
ment must be important for some aspect of regulation spe-
cific to the grp78 genes. Although an increase in Asp-3
mRNA. synthesis in response to glucose deprivation has not
been demonstrated in the nematode C. elegans, based on
the high degree of similarity between hsp70C and the glu-
cose-regulated rat grp78 protein, this 23-nucleotide se-
quence could represent a regulatory element unique to the
regulation of the grp genes.

The hsp70 multigene family of C. elegans

hsp70 multigene families consisting of eight or more
members have been identified in S. cerevisiae, Drosophila
(see Craig, 1985; Lindquist, 1986), and man (Mues ef a/.,
1986). . elegans has at least nine members (Snutch ef al.,
1988) two of which, the Asp-I and hsp-2ps genes, have
been described elsewhere (Snutch et al., 1988; Heschl and
Baiilie, 1989). Some of the S. cerevisiae, Drosophila, and
human hsp70 genes have been sequenced, identified, and
studied in detail (Craig, 1985; Lindquist, 1986}, but only
the unicellular eukaryote §. cerevisige hsp7(0 multigene
family has been analyzed genetically (Craig and Jacobsen,
1984, 1985; Craig ef @l., 1987, Werner-Washburne ef al.,
1987). C. elegans has a relatively complex developmental
pathway but the amenability of this organism to genetic
analyses makes it seem likely that a study of the hsp70
genes in C. elepans may uncover additional, valuable in-
formation about this gene family.

A comparison of the nucleotide sequences of the C. ele-
gans hsp70 genes characterized to date to each other sug-
gests that the C, elegans hsp70 genes can tentatively be as-
signed to gene subfamilies. The hsp-1 gene potentially rep-
resents one gene family analogous to members of the SSA
gene subfamily from yeast (Snutch ef al., 1988). The
grp78-like subfamily consists of at least two members, the
constitutive Asp-3 gene and the highly heat-inducible Asp-4
gene {unpublished results). The third subfamily has as its
sole member the Asp-6 gene, probably homologous to the
yeast SSC subfamily (Craig er af., 1987; J. Kramer and
E.A. Craig, personal communication). A more precise as-
signment of the C. elegans hsp70 genes to specific subfami-
lies awaits the isolation of the remaining gene members of
the family, complete isolation of genes partially character-
ized, and a genetic characterization of the hsp70 genes.

Mutations of the ksp-3 gene may be difficult to isolate.
There are two grp78-like proteins in C. elegans, hsp-3 and
the partially characterized, highly heat-inducible Asp-4 (un-
published results). The Asp-4 gene product, hsp70D, has
the sequence HDEL at the carboxyl terminus instead of
KDEL, like the yeast KAR2 sequence {M. Rose, personal
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communication). A null mutation in the Asp-3 gene might
be lethal like the disruption mutant of KX4AR2. However, if
there is an interaction between the two grp78-like genes as
seen in the SSA and SSB subfamilies of S. cerevisiae hsp70
genes (Craig and Jacobsen, 1984; Werner-Washburne ef
al., 1987), then no lethal mutation could be recovered for
the individual grp78-like genes. Alternatively, nonlethal,
hypomorphic mutations of the Asp-3 and hsp-4 genes, pos-
sibly defective in protein secretion (for example, cuticle
proteins), or temperature-sensitive mutations may be iso-
lated.

In the hsp-6 analog from E. coli, dnaK, only tempera-
ture-sensitive mutations have been isolated (Saito and
Uchida, 1977; Itikawa and Ryu, 1979; Neidhardt et al.,
1984), suggesting that the dnak gene product might be es-
sential for cell growth. The SSCI gene, when disrupted,
prevents growth (Craig ef al., 1987), suggesting that SSC!
is essential for cell viability. If hsp70F is actively trans-
ported into the mitochondria, like the SSC/ protein, then
a mutation in hsp-3 would most probably be an early em-
bryonic lethal, Alternatively, hypomorphic mutations with
a stow growth phenotype might also be recovered.

The genetic analysis of the C. elegans hsp70 genes will be
enhanced greatly by the physical mapping of the hsp70
genes by cosmid assignment, /n sif hybridizations, or the
identification of restriction fragment length differences
(RFLD). The hsp-1 gene has been mapped to LGIV (right)
with the aid of RFLD between two sirains of C. elegans
(Snutch er al., 1988). The hsp-3 gene has been localized to
a cosmid contig of approximately 150 kb of DNA (as de-
scribed in Coulson ef al., 1986). This contig has been
mapped to the middle of LGII by in situ hybridization (D,
Albertson, personal communication), Assignment of the
hsp-6 gene to cosmids and eventually a chromosomal re-
gion awaits either the isolation of phage DNA containing
the respective genes and flanking DNA or the detection of
RFLDs. Localization of the C. elegans hsp70-like genes
will make it possible to generate and isolate mutants lack-
ing a functional hsp70 gene. This would provide a con-
venient starting point for the genetic analysis of the heat
shock response in the multicellular organism C. elegans.
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