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Abstract Thehsp60(heat-shock protein §@ene family |ntroduction

of molecular chaperones has been a subject of study In

numerous systems due to its important role in the corrgble HSP60/GroEL (heat-shock protein 60/Large gene of
folding of non-native proteins in development as well @se GroE operon) family of molecular chaperones has an
after heat-shock treatment. Here we present the charagteportant role in mediating folding of non-native proteins

ization of the firstDrosophila hsp60homologue.Dro-

to their native state (Parsell and Lindquist 1993; Ellis

sophila HSP60 is most closely related (72% identit§994). These ring-shaped oligomeric complexes are com-
across the entire protein sequence) to the mouse mjiosed of 14 subunits with a molecular mass of 60 kDa.
chondrial HSP60. Western blot experiments indicate ti&ibunits are arranged in two stacked heptameric rings,
DrosophilaHSP60 is enriched in the mitochondrial fracorming a barrel-like structure (Hutchinson et al. 1989).
tion. The distribution of HSP60 protein is dynamic duringhe function of HSP60/GroEL is distinct from that of the
fly embryogenesis, suggesting that various cell typESP70 class of chaperones. HSP70 maintains proteins un-
might have different HSP60 requirements. The molecufatded and in a relatively extended conformation.

analysis of a P-element-induced mutation that affects theHSP60 proteins are found in the cytosol of bacteria,
I(1)10Aclocus shows that the transposon is inserted innathe matrix compartment of mitochondria and in the
3-kb intron present in thiesp60gene. By genetic rescuestromal compartment of chloroplasts (Cheng et al. 1990;
experiments we prove thBrosophilaHSP60 is encoded Horwich and Wilson 1993). The TCP1 (t-complex
by the essential locugl)10Acopening the possibility for polypeptide-1) complex, a chaperonin located in the cy-

detailed genetic analysis of HSP60 functions in the fly.
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tosol of some eukaryotic cells, is a related protein to the
HSP60/GroEL family and has been demonstrated to have
a role in the folding of some cytoskeleton proteins (Gao
et al. 1992; Yaffe et al. 1992).

HSP60 functions are strongly dependent on
HSP10/GroES (heat-shock protein 10/Small gene of the
GroE operon) chaperonin. Like HSP60 proteins HSP10
proteins are found across all evolutionary lineages.
HSP10 binds to the HSP60 complex and modulates
ATPase activity as well as substrate binding (Saibil et al.
1993). The HSP60 protein is required at normal tempera-
tures. It has been proposed that HSP60 catalyses the
folding of proteins, but more precisely it modulates the
correct folding of proteins (Martin et al. 1991; Ishi et al.
1994; Weissman et al. 1994). A combined model based
on the crystal structures of the proteins GroEL and
GroES has been proposed (Mande et al. 1996), and a
three-dimensional reconstitution map of the domain
movements in GroEL in the presence of nucleotides has
been reported recently (Roseman et al. 1996). These two
studies suggest relevant mechanisms for the high effi-
ciency of this protein complex in mediating protein fold-

ing.
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Mitochondrial HSP60 modulates folding of a larg#s sequence analysis we suggest that they code for a
number of nuclear-encoded proteins after mitochondriztosophilahomologue of thénsp60gene. Interestingly,
membrane translocation. A number of proteins hawar results show that thesp60gene is differentially ex-
been characterized whose functions are required for gessed during fly development. HSP60 protein distribu-
assembly of specific protein complexes in the mitochatien is very dynamic during fly embryogenesis; the pro-
drial inner membrane (Langer and Newpert 1994). Mtein preferentially accumulates in specific cell types.
tants that affect the mitochondria$p60gene have beenMoreover, the molecular analysis of a P-element-induced
described in yeast (Cheng et al. 1989; Cheng et rautation and the genetic rescue experiments have con-
1990). These mutants lack the enzymatic activities foimed that thd(1)10Aclocus encodes for B. melano-
some imported mitochondrial proteins (Cheng et gasterHSP60 homologue.

1990). It has also been demonstrated that the HSP60 pro-

tein is required for its own assembly as well as for the

assembly of some mitochondria-encoded proteins. LiMaterials and methods

many other HSP proteins, HSP60 has a role in the heat-

shock response by apparently facilitating the corrddy strains

folding of a large number of preexisting mitochondrigle \iig-type stock was Oregon R. Ti#)10Acmutants, and al-
proteins after being denaturated by heat treatment (M@fes|(1) 10A¢ 409m fandI(1)10A¢43” m fwere maintained in the
GO B B At 1293) D 1662). Fiies wert reaied on standard yeast-dexirose medi

Heat-shock proteins were originally describedim- u:rTQt 25°C. 4,6-diamidino-2-phenylindole (DAPI st-ainin of em- )
sophila melanogastesy the identification of the de NOVOyy 05 was performed foIIowin% theyprotoco(l desc)ribed bngobbins
synthesis of proteins produced after heat shock (Tissiergn@trimpinelli (1994).
al. 1974; Lewis et al. 1975; McKenzie et al. 1975; Mc-

Kenzie and Meselson 1977; Lindquist 1980; Lindquiglning and DNA manipulations

and DiDomenico 1985). Surprisingly, a protein that may

correspond to HSP60 was not identified in these expéfi4.5-_kb Xhol restriction fragment present in the clone 5D was
d in the first screening of an ovarian cDNA library5(ffu;

ments. In agreement with this observation it has been.t@%lova et al. 1994). The cDNA clone BP5-3 isolated in the first

ported that the mitochondrial HSP60 protein is only i¢reening was used as a probe to identify new cDNA clones in a
duced two- to threefold by heat shock Tietranymena commercial embryonic cDNA library (0- to 24-h embryos; Strata-
(McMullin and Hallberg 1987). The heat-shock respongene) and two cDNA clones were identified. The hybridization
in Drosophilais associated with the appearance of speci‘f ditions were performed as reported in Sambrook et al. (1989).

: . . NA clones were excised from the phage vector using the zap-
puffs in salivary gland polytene chromosomes (reviewgdy orocedure as recommended by the supplier and either directly

in Ashburner and Bonner 1979). The in vivo induction eéquenced or subcloned into M13 vectors. DNA sequencing was
the puffs by heat shock is very rapid; it occurs withinparformed according to the dideoxy chain termination procedure
few minutes of the increase in temperature. Varlss isa”ﬁefeetcfé'-\}vgw)- DNA and proteln :nbf?lﬁ\s was Pet.rformed us-
: - p e isconsin program. ot hybridizations were
genes that are aSSQC'a.‘t.ed with these s_peC|f|C pUﬁS }‘Ee% rmed after RNA separation by electrophoresis in formalde-
been cloned and a significant amount of information ab@ie-agarose gels as described (Seed 1982). Low stringency DNA
gene regulation after heat shock has been accumulatéddizations and other standard DNA manipulations were per-
(Ashburner and Bonner 1979; Fernandes et al. 1994; f@yined according to protocols of Sambrook et al. (1989).
et al. 1994). In spite of this, a gene corresponding to any

HSP60 inD. melanogastehas not been described thubnmunocytochemistry

far. Santaren leg al. (19t93) regorted_ thet 'de(;‘_t'f'cat'pn gﬁole-mount embryos were immunostained for the HSP60 pro-
wing imaginal disc proteins Dby using two-GIMeNnsIONgi, sing a commercial monoclonal antibody (dilutions 1:100 or

gels and determining the partial amino acid sequencef@bo; Sigma) that recognizes an epitope present in all HSP60
some of the protein spots found. In this work, the s#aperones. The immunostaining conditions were essentially as
quence of an 11-amino acid polypeptide potentially iescribed (Lee et al. 1993) except that the fixation step was car-

. : : . ried out in “engrailed” fixing buffer (140 mM KCI, 40 mM NacCl,
cluded in a putativérosophilaHSP60 protein is deter-," .\ N&EGTA, 1 mM spermidine, 30 mM Pipes pH 6.9, 0.2%

mined. The presence of a TCP1 like protein in flies is alsghercaptoethanol) containing 4% formaldehyde. Staining was vi-

documented (Ursic and Ganetzky 1988) sualized using fluorescein isothiocyanate (FITC)-conjugated anti-
Recently, Kozlova et al. (1994) have reported the phy®puse secondary antibody and analysed in a confocal microscope.

cal map of the 10A1-2 band as well as the adjacent regions

present in theX chromosome oD. melanogasterin this Cell fractionation and immunoblot analysis

work, several P-element-induced alleles that correspon%0

t% . . .
o mbryos (0-12 h) were gently homogenized with 20 strokes in a
the I(1)10Ac locus (position 10A4-5) were mapped an unce homogenator in the presence of homogenization buffer

several CorreSponding cDNA C|0Ues were i30|ated_- Diff@sirie 1972). This extract was centrifuged at slow speed 00
ent alleles that result in embryonic and larval lethality haee 10 min. The pellet contained nuclei and unbroken cells. The

been described for thEl)10Aclocus (Bgatov et al. 1986;Supernatant was recovered and centrifuged for 30 min at 19,000

; C1 : The second pellet had the mitochondrial and lisosomal fractions.
Zhimulev et al. 1987; Lindsley and Zimm 1992). The supernatant was ultracentrifuged at 100@00order to sep-

In the present work, we have characterized differefihe the microsomal fractions (pellet) from the cytosolic fraction
cDNA clones that correspond to thig)10Aclocus; from (supernatant; Birnie 1972). The protein concentrations of the frac-
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tions were normalized with the Bradford assay. Proteins from dffelymerase chain reaction (PCR) amplification
ferent cell fractions were separated on 12% sodium dodecyl sarid molecular anaysis of tisd 5lethal allele
phate-polyacrylamide gel electrophoresis (SDS-PAGE) gels (Lae-
mmli 1970), and the gel was blotted onto a nitrocellulose me@ligonucleotide sequencing primers tsp60were used in com-
brane for immunostaining (Burnette 1981) in a 1:100 dilution bfnation with P-element-specific primer in typical PCR reactions.
the anti-HSP60 antibody, followed by alkaline phosphatase-conBriefly, the template DNA was purified from heterozygous adult
gated goat anti-mouse secondary antibody (Gibco). The differfli@s using proteinase K/phenol extractions and ethanol precipita-
cellular fractions were virified by specific antibodies. tion (Sambrook et al. 1989). Amplification reactions were carried
out in a Perkin Elmer 2400 thermal cycler in j5l0volume con-

. ) taining 50 mM KCI, 10 mM TRIS-HCI (pH 8.3), 2 mM Mggl

Fly transformation and rescue experiments 25 pmol each primer, 200M dNTPs and 2.5 U Taq polymerase.

) . Samples were held at 95°C for 50 s, 60°C for 90 s and 72°C for
A genomicSall-Sall DNA fragment of about 15 kb that contains

the Drosophilahsp60 transcription unit was cloned in tKieol site

present in the Casper AUG transformation vector (Thummel et al. CHROMOSOME X

1988; Ashburner 1989). This DNA was microinjecteavidl8 em-

bryos and stocks with the insertion[Biv+*hsp60]were established

and genetically mapped. Heterozygdd310Ac409 or I(1)10AE437 9 10

females balanced withiM6 chromosome mated witiM6/A males

produce homozygougl)10Ac409 or (1) LOACE437 A which die dur- . A B [CDEF

ing embryonic development. The initial cro§d)10A¢&40° or \ - \]
I(1)10A¢437FM6 with transgenic malegwia; P[w*hsp60]/P[w ., ! ')),’ ')} (3!
hsp60] (line 512 transgene on the second chromosome) or ! . )it
ywin;P[w+hsp60]/+ (line 561 transgene on the third chromosome) !

produced non FM6 males 1(1)10Ac¢409 or [(1)10Ac¢437x;

P[w*hsp60]/+ which were viable and fertile indicating the rescue — A K -

of the lethal phenotype in the males. Rescued females were ob- - ~

tained by crossind(1)10A¢409 or I(1)10Ac¢437FM6females with - ™~ -
I(1)10AC409 or I(1)10AE437A; P[wthsp60]/+ males the resultant . =~ ~
homozygous femaled(1)10AcF4091(1)10AcF409 or 1(1)10AE437

(1)10AE437, P[w*hsp60]/+were also viable and fertile. . . l— I l I .
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Fig. 2 Schematic representation of the localization and physical
map of the hsp60 transcript. The 10A1-2 band and adjacent re-
gions were mapped by Kozlova et al. (1994). The genomic clone
5D (about 20 kb) containing thi€1)10Ac locus is indicated. A
4.5-kb Xhol restriction fragment was identified as the region
where six P-element-induced mutations (indicatedS&a§ S15

S21 S26 S37and S3§ affect thel(1)10Aclocus (Kozlova et al.
1994). Two overlapping cDNA clones that encode for the HSP60
(clone BP5-3, 1.8 kb in length and BP5-31 2.0 kb in length) hy-
Fig. 1A, B Embryonic phenotypes of the lethal alleles affectingridize with 4.5-kbXhol restriction fragment, as well as with the
the [(1)10Aclocus. Embryos of th&1)10AF409 or I(1)10AF437 al-  adjacentXhol andEcoRIfragments. The transcription unit and the
leles were stained with DAPA Wild-type (Wt) embryo at stage direction of the HSP60 gene transcription are representeahby

8. B I(1)10AF409Y embryo. Note the amorphous shape of the emafrow indicated as 1(1)10AcThe 15-kbSall fragment used in the
bryo just before gastrulation. No other lethal mutations are presergcue experiments is indicated in the figure ash@e box(E

on theX chromosome (see Resu’ts EcoRlI, X Xhol, S Sg}:
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Fig. 3 Alignment of amino acid sequences for tBeosophila 120 s for 30 cycles. Reaction products were resolved in 1% agaro-
HSP60 protein and HSP60 proteins from other organisms. Osf/gel in TRIS-acetate running buffer (Sambrook et al. 1989).

the representative HSP60 proteins from different species are

shown in the figureRhizobium(Accession No: M94192; Ru-
sanguanwa and Gupta 1993)Arabidopsis (Accession Result
No0.:Z11547; Prasad and Stewart 199€)curbitg (Accession esults

No: X70867; Tsukeyi et al. 1992)Heliotis (Accession No; . . .

X56034: Miller et al. 1990); Corn (Accession No: L21006; UnPhenotypic analysis of the embryonic lethal alleles of the
published); mouse (Accession No: X53584; Venner and Gupd)10Aclocus

1990); rat (Accession No: X54793; Peralta et al. 1990); hamster

(Accession No: M22383; Picketts et al. 1989); human (Accessieveral lethal alleles of tHEl)10Aclocus have been de-

NfO:thM34lg?\lA,fA; Vlenner %rgisgupt% 133(;)-3 Ih_e %UC'GOFtidg Seghuetgﬁibed (Bgatov et al. 1986; Zhimulev et al. 1987; Lind-
o the ¢ cones Bro-s an oL IS deposited wi ey and Zimm 1992), however, no detailed phenotypic
EMBL data bank, accession number X99.341 analysis of these mutants has been reported. Our initial
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experiments showed th#{tl)10Ad409 and I(1)10Ac437 HSP 60
homozygous mutant animals die during embryogenesis.

We proved by genetic rescue that no other lethal muta- 04 48 812 1216 L P F M
tions are present on the correspondig¢ghromosome -

(see below). In order to determine the effect of these mu- . .

tations inDrosophila embryogenesis, DAPI staining of % .
0- to 24 h embryos of these alleles was performed. In ’

both cases the same phenotype was observed (Fig. 1). :
The embryos die very early in development without any
signs of gastrulation, they are very amorphous and th&Kb » . 8
nuclei are distributed randomly in the embryo. This re- '
sult shows that the product of tl{&)10Adocus is essen- . B - .
tial from the early stages of fly embryogenesis. 3

Cloning and characterization
of thel(1)10Aclocus inD. melanogaster rp49

In previous work, several P-element-induced mutatioRs
in the I(1)10Ac locus have been mapped. These muta-
tions are all localized in a 4.5-Khol restriction frag-

ment within a genomic clone 5D at position 270-274.5
of the reported physical map (Kozlova et al. 1994; T. Ko-
zlova, unpublished work). Thishol restriction fragment

was used as a probe to isolate cDNA clones that may
correspond to thé(1)10Ac locus. Several clones were
identified from an ovarian cDNA library (Kozlova et al.
1994) and further characterized in this report. Figure 2

shows the physical map of the region that contains 'ﬂ& 4A, B Northern blot analysis of the hsp60 transcript during

I(l)l_OAC locus in the genomic CI,One 5D. Several 0Veﬁy developmentA A single transcript of around 2.5 kb is detected
lapping cDNA clones that were isolated encode for ti€o- to 4-h embryos. Each lane containsiptotal RNA. The
same protein product. Many clones also hybridize tdblats were hybridized with 1.8-kiEcoRlIrestriction fragment rep-
6.5-kb zone that includes the compl¥ieol 4.5-kb frag- resenting the complete insert in the BP5-3 cDNA cldd€lhe

: g . e blot was hybridized with rp49 probe (O’'Connell and Ros-
ment and the adjacent restriction bands (Fig. 2). T%@h 1984) as a control. Total RNA was purified from embryos

cDNA library used was made with random primers; the4, 4-8, 8-12 and 12-16 h after egg-laying, as well as layae (
largest clone (BP5-3) is about 1.8 kb long. Sequence papae P), adult femalesK) and malesN!)
ta analysis revealed that a region expected to be in' the 3
end of the message was not present, indicating that the
BP5-3 clone was not full length. In order to isolate nelhis is the first characterization of the hsp60 homolo-
cDNAs containing the missing region, an embryon@ous gene ifD. melanogasteflocalizing thehsp60gene
cDNA library (0—24 h) was screened using the BP5i3 the position 10A4-5 on th¥ chromosome). Southern
clone as a probe. A clone of about 2.0 kb that containblat analysis using low stringency hybridizations indi-
complete coding sequence was isolated (clone BP5-3Btes that there is only one copy of Hep60gene in the
The cDNA clones were sequenced and an open readljgenome (data not shown).
frame (ORF) of 576 amino acids was identified starting
with a methionine at position 112 and ending with stop
codon at the position 1840 (data not shown). Distribution of the hsp60 mRNA

Computer analysis showed that the ORF presentaind protein duringp. melanogastedevelopment
the cDNA clones is homologous to chaperonin 60 from
many different organisms (Fig. 3). The most closely releat-shock response Il melanogasteis manifested by
lated sequence is mouse mitochondrial HSP60 (72%tlé synthesis of a specific set of proteins and the appear-
identity with the fly protein). The predicted protein prodance of heat-inducible puffs in salivary gland polytene
uct contains a putative signal peptide typical for proteinfgromosomes. Cytogenetically heat-shock-inducible puffs
that are translocated to the mitochondrial matrix (Fig. 3Qrrespond to the positions 33B, 63C, 64F, 67B, 70A,
thus supporting the idea that it encodes Bhemelano- 87A, 87C, 93D and 95D (reviewed in Ashburner and
gaster mitochondrial HSP60 protein form. This signaBonner 1979). Since no heat-shock-inducible puffs have
peptide is clearly conserved between HSP60 protelrgen identified in the 10A4-5 region of tixechromo-
from animals (includind. melanogastér it is divergent some, and no clear induction of HSP60 is observed after
in plants and is not present in bacterial forms (Fig. $)eat shock inDrosophila culture cells (McKenzie and

0-4 4-8 812 1216 L P F M
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A differential distribution of the protein in various cell
types. To address this problem, we took advantage of the
existence of a commercial monoclonal antibody that rec-
ognizes an epitope present in many mitochondrial HSP60
proteins from different organisms. This epitope is also

Dmhsp60 TTSEYEKEKLQERLARLASGVA conserved in thedrosophila HSP60 protein (Fig. 5A).
FREREERRER FdwE % ww This antibody was tested against different embryonic

Humpmm TTSEYEREKLNERLAKLSDGVA (0-12 h) subcellular protein fractions in a western blot
398 418 experiment. It specifically recognizes a band of around

60 kDa which is enriched in the mitochondrial fraction
(Fig. 5B). Some signal is also detected in the nuclear
fraction. At this point we do not know whether some
B HSP60 protein is localized in the nucleus or whether it is
just the result of mitochondrial contamination in the nu-
W ¢ N M clear fraction. It is clear, however, that the antibody spe-
cifically recognizes aDrosophila protein of the correct
molecular weight that is located in the mitochondria.
¥ ' This antibody was used in immunostaining experi-
ments in whole-mount embryos and visualized in optical
sections in a confocal microscope. Figure 6 shows a
summary of the staining results. During fly embryogene-
, sis many cell types are positively stained. However, it is
! HSP60 clear that some cells contain greater amounts of HSP60
. = -— protein than others. In early embryos at the syncitial
: blastoderm stage there is a significant amount of staining
all around the embryo (Fig. 6A). At the cellular blasto-
derm stage, the staining in the embryo has been dramati-
cally reduced. No signal is detected in the yolk and cells

Fig. 5A, B Western blot analysis of HSP60 distribution in differare preferentially stained in the basal region. The amount
ent subcellular fractions fromrosophilaembryos.A A commer- of HSPEO in the pole cells, however, is higher than in the

cial monoclonal antibody was produced against a human HsPE§t of the embryo (Fig. 6B). The high amount of HSP60
protein and recognizes an epitope present in HSP60 proteins fiaratein in the posterior part of the embryo could be ei-
bacteria to humans. The equivalent sequence iDtmeelanogas- ther of maternal origin or due to de novo expression. At

ter HSP60 protein is showrB Subcellular fractions were teste i ; ;
for the presence of th®rosophila HSP60 protein using thisdthe beginning of germ band elongation (Fig. 6C), the

monoclonal antibody. The antibody recognizes a band of aro#i@ining is more homogeneous but some cells in the em-
60 kDa enriched in the mitochondrial fraction. As positive contr®iryo have a stronger signal (cells of the cephalic furrow
the same antibody was tested with the yeast HSP60 (not showmd mesodermal cells). In stages 11-14 (Fig. 6D) the
(Wmolecular weight marker€; cytosolic fractionN nuclear frac- amnjoserosa cells are particularly rich in HSP60 protein.
tion and unbroken cell$] mitochondrial fractior; Although the HSP60 protein is present in many cell
types during fly embryogenesis, our results show that
Meselson 1977; Lindquist 1980; Lindquist and DiDesome cells have more HSP60 protein than others and that
menico 1985), we thought it would be interesting to die quantity and distribution of DmHSP60 protein during
termine whether th®rosophila hsp6@ene is expressedfly embryogenesis is dynamic.
during fly development in normal conditions and whether The levels of hsp60 mRNA and protein were not sig-
it is induced by heat treatment. Developmental northenificantly increased after heat treatment of embryos,
blot experiments were performed using total RNA preten assayed by northern and western blot experiments
pared from different embryonic stages as well as third {igkata not shown). This result may explain why no heat-
star larvae, pupae and adults. A single message of arasimatck-inducible puffs are observed in the 10A4-5 region
2.5 kb was detected using an insert from BP5-3 cDN theX chromosome and why the HSP60 protein is not
clone as a probe. Unexpectedly, a difference in tbkserved inDrosophila culture cells after heat shock
amount of hsp60 mMRNA during development was fourflcKenzie and Meselson 1977).
(Fig. 4). In 0- to 4 h embryos the amount of hsp60 tran-

script is much more abundant (about thirty times) thanAngenomic DNA fragment containing the hsp60

all other stages. In fact, only after long exposure is tf?ﬁnscription unit rescues the lethal phenotype of
transcript evident in other stages (data not shown). Thigtants in thé(1)10Aclocus
t

result clearly shows a significant difference in the amoun

of hsp60 mMRNA during fly development. It also opens tiolecular characterization of tHéL)10Ac locus in the
guestion as to whether the differences in the amount16fA4-5 region on th& chromosome allowed us to iden-
MRNA are relevant at the protein level and if there istily a gene homologous tiesp60from other organisms.
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Fig. 6A—D HSP60 protein distribution iDrosophilaembryos.A
Syncitial blastoderm embry® cellular blastoderm embryo, stage
5; C stage 6 embryd) stage 11 embryo. Tharrows indicate the
regions were the HSP60 protein is enriched (see the text for [de-
tails)

However, it was important to demonstrate that this par-

ticular locus indeed encodes for the protein described i
this work. Many alleles reported for ti)10Aclocus

are lethal when homozygous, some during embryogepe-
sis and others during larval and pupal development. Cpn-
ditional and hypomorphic mutations have also been fe-

ported (Zhimulev et al. 1987; Lindsley and Zimm 1992).
In order to determine if the genomic region containing
the Drosophilahsp60 transcription unit is able to rescue
alleles ofl(1)10Aclocus, transgenic lines that contain p
15-kb Sall-Sallfragment in which the entire hsp60 cod-

ing region is present were generated. The position of the

transcriptional unit for théasp60gene in theSall-Sall
fragment is indicated in Fig. 2. It is important to mentign

that no other transcripts were detected in northern Qlot

experiments downstream bp60that could be present
in this construct (unpublished data). TliE)10Adlocus
is the closest gene mapped proximally(i910Ac(Koz-

lova et al. 1994). We have cloned cDNAs that correspgnd
to this gene and we know that it is not present in the res-

cue construct (unpublished data).
Transgenic fliesP[wrDmhsp60] were crossed with

two different embryonic-lethal alleles analysed phenotyp-
ically in this report (see Materials and methods for the gle-
scription of rescue crosses). Genetic rescue has HQeen “7%

Table | Rescue of the /(7)10Ac phenotype by a hsp60

transgene.

The miniature (smalf wings ) and forked (defects in
macrochaete) phenotypes are used as markers in mutated X
chromosome (Zhimulev et al. 1987). Similar results were

obtained with the /(1)10Ac (1437 aliele

Males rescue

3

[(1)10AC!(499 m f  x

FMé /

- — Genotype  numberof adults

1(1)10A¢ (1)409m ¢ ; [P.hsp60]
FM6 -

+ ; [P.hsp60)
FM6 +
1(1)10Ac (1409 m £ 1P.hsp60]
p— +

—iM__ ; [Bhsp6ol
— +

; [B.hsp60]
—7 [P,hsp60]

d

50
58
31

39

Females rescue

o}
?

[1)10ACIM9mf  x  (1)10Ac!()499 mf ;[P hsp6O]
6 +

d

Vg

- —Genotype  numberof adults

10Ac 100909 iy 1 ;- [p hsppol
(1)10Ac I(1)409 m f +

[(1)10Ac (1)409 £ ; [Ph§g 1 /

+ M

achieved for both males and females homozygous for the (106109 - (plspg

lethal alleles of(1)10Aclocus and heterozygous for th
transgene construct. Homozygd(E)10Acflies in these

crosses were recovered at expected numbers (Tablg 1).

The rescued flies are viable and fertile; tméniature
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Fig. 7A, B Molecular analysis A
of theS15P-element-induced
lethal allele and genomic orga-
nization of theDrosophila
Hsp60gene A Oligonucleotide
primers deduced from the se-
quence of the BP5-3 and BP5-
31 cDNA clones (shown as
grey dotsn the figure) used in s X X EEX
combination with an inverted 1 1 |
repeat primer from the P-ele- —
ment-produced specific PCR

DNA fragments represented as

1, 2, 3and4. The position of 1@ <5 UTRexon
the S15P-element insertion al- 2 0—.

most in the middle of the intron T 3 — ¢*

is indicatedB The PCR-gener- 1kb -

ated fragments hybridized with BP5-3,BP5-1 cDNA clones

the BP5-3 cDNA clone are

shown. Panels 1, 2, 3 and 4 cor-

respond to the extended DNA

indicated in Fig. 7A. Panel 5

shows the control genomic

DNA from wild-type flies and B
molecular weight markers

types used as markers on mutatetiromosome (Zhimu- boundaries were defined as well. From this analysis we
lev et al. 1987) were evident in the rescued flies (data determined the exact position of an intron of about 3 kb
shown). Therefore, is clear that the 15&hll-Sall ge- located just before the initiation codon (data not shown).
nomic fragment containing the hsp60 transcription unitThese results as well as additional PCR mapping and se-
sufficient to rescue the lethality i(1)10Aclocus. guencing (data not shown) indicate that bsp60gene
consists of two exons, one containing theiftranslated
region (BUTR) and a second containing the HSP60 cod-
Molecular analysis of th€1)10Ac S15llele ing sequence separated by a 3 kb intron (Fig. 7A). The
and genomic organization of thep60gene analysis of the sequence of the intron DNA (600 bp
around P-element insertion site) showed that no large
Molecular analysis of one of the P-element-induced @RF in the six possible frames is present (data not
leles was performed to confirm that mutations in tlhown), confirming that the lethality of the S15 allele is
[(1)10Ac locus affect the hsp60 transcription unit. Gedue to the lesion in thesp60transcription unit.
nomic DNA from the S15 allele was the substrate in
PCR reactions with different primers used to sequence
the hsp60cDNA clones in combination with an invertediscussion
repeat P-element primer. Four of thgp60primers pro-
duced specific PCR products in combination with the ®thile characterizing th§1)10Aclocus at the molecular
element primer (Fig. 7A). Similar reactions with contrdével we have found that it encodes for a member of the
DNA did not produce any PCR product (Fig. 7B). ThESP60 family of molecular chaperones. In spite of the
amplified DNA fragments were hybridized with thdact that the chaperonin family has been the subject of
BP5-3 cDNA clone to prove that they contain sequengesticular attention due to the essential role of these pro-
homologous tdrosophila hsp6QFig. 7B). The size of teins in mediating the folding of non-native proteins to
the obtained PCR bands indicated the presence of antheir native state, this is the first report about a member
tron in the 5region of theDrosophila hsp6yene and of this family inD. melanogaster
that the P-element is inserted in this intervening se-The HSP60 protein described in this work is unequiv-
quence. The amplified PCR products were sequen@edlly homologous to the mitochondrial HSP60 chaper-
around the P-element insertion site and intron/exones found in different organisms. The highest identity is
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with mouse chaperonin. This protein also contains a sfige process of movement. Not all the cells in movement,
nal peptide sequence that is required for the transporhofvever, are particularily rich in HSP60 and therefore it
proteins to the mitochondria that are synthesized in fsedifficult to relate the abundance of HSP60 protein to
cytoplasm, and is only present in HSP60 proteins fraevelopmental cell migration. It has been previously
animal origin (reviewed in Gupta 1995). Tbeosophila demonstrated that mitochondrial HSP60 is an essential
hsp60gene is located in the 10A4-5 division on e protein for the correct function of some mitochondrial
chromosome. It is apparently a single copy gene sincepmoteins (Cheng et al. 1990). It is possible that the func-
other copies have been identified in genomic southeimnal mitochondrial requirements are not the same dur-
blot experiments. ing development and that the different amounts of

No heat-shock-inducible puffs have been describB&P60 in different cells are related to a particular meta-
previously in the 10A region in th& chromosome (re- bolic stage of each cell type. Interestingly, it has been
viewed in Ashburner and Bonner 1979). HSP60 protemported that a decrease in the synthesis of human mito-
is not detectable iBrosophilain vitro culture cells stim- chondrial HSP60 is the primary defect in mitochondrial
ulated with heat shock (Lewis et al. 1975; McKenzie aeticephalomyopathy syndrome (Huckriede and Ag-
Meselson 1977; Lindquist 1980). These results, costeribbe 1994). This shows that defects in the function
bined with our own observations, suggest thatDing- of this protein have a more dramatic effect in some tis-
sophila hsp60gene is not heat-shock inducible or insues than others and furthermore, it suggests that
duced at low levels. This result is not uncommon, hoWSP60 requirements are not the same for all cell types
ever, since there are more examplefigg60genes that in humans. Clonal analysis dfsp60function in Dro-
are only activated 2-3 times or less by heat shock (Psophila development can be used to address this point
sell and Lindquist 1993). in flies.

The hsp60 mRNA is much more abundant in total In the present work we established that li{i@10Ac
RNA preparations from 0- to 4-h embryos compared wilicus encodes for thB. melanogasteHSP60 protein.
all other stages analysed. In fact, the hsp60 transcript @ém performed genetic rescue experiments in which the
be detected only after a long exposure in other RMMnbryonic-lethal phenotype associated with two
preparations besides the 0- to 4-h embryonic sample. Ti310Ac alleles was rescued with a genomic fragment
indicates that the level of hsp60 mRNA is differentiallgontaining the hsp60 transcription unit. Moreover, the
regulated during fly development. Zygotic gene transcripgported P-element insertions that affect this locus were
tion in D. melanogasteembryos starts after 80 min ofall localized in a 4.5-kb fragment which contains most
development, just before the pole cells are formed (Foetthe hsp60 transcription unit (Kozlova et al. 1994; T.
al. 1993). Since very few transcripts are observed in tdt@zlova, unpublished work). One of these mutants
female RNA preparations, it is plausible that the amoy®19 was characterized in detail confirming that the P-
of RNA observed in northern blots is the result of zygotedement is inserted in an intron located in theggion
transcription that occurs in the first hours of developmeuoit the hsp60gene. Our molecular analysis also shows
rather than from maternal contribution. It is important that Drosophila hsp6Gyene consist of two exons and a
note that after 4 h development the amount of hsp@®ge intron. The first exon contains th&J5R and the
MRNA decreases dramatically. This suggests that aiecond exon contains the complete HSP60 coding re-
this time the requirements of tilrosophila hsp6Gunc- gion beginning with the translation initiation codon.
tion might be less than in early development. Alternativiesp60functional gene in humans is intronless (there are
ly it is feasible as well as in agreement with our findingsany pseudo-genes in humans) and it is one of a few
that the protein produced during early embryogenesisggenes of this kind in vertebrates which might be related
maintained and distributed differentially throughout thie its possible prokariotic origin (Venner and Gupta
next embryonic stages. It has been shown that other H$830). In the case dd. melanogasterhowever, the '5
are expressed iDrosophila embryogenesis suggestingintranslated region is separated from the rest of the
that they function in normal development in addition @ene by a 3-kb intron.
their participation in the classical heat-shock responseThe genetic rescue experiments as welSa%llele
(Hass et al. 1990). The dramatic effeci(@)10Aclethal molecular analysis confirm th&. melanogaster hsp60
alleles on early embryonic development presented in thene is encoded by the essential Id¢LEL0Ac The use
work shows that zygotic expression of ti&p60gene is of mutants that affect thesp60gene in yeast has been
fundamental since the embryos are derived from heterelevant to the study of the function of this protein under
zygous mothers. Unfortunately this phenotype makes tlaying physiological conditions. The genetics of the
analysis of thdisp60gene expression in the homozygoug$l)10Ac locus is very complex including interallelic
mutant alleles difficult. complementation and the existence of both cold- and

The amount of HSP60 protein is dynamic throughobeat-sensitive alleles (Zhimulev et al. 1987; Lindsley and
fly embryogenesis. At this point we do not have Zmm 1992; Pokholkova et al. 1991). The availability of
straightforward explanation for the different amount efarious mutations ibrosophila hsp6@ene might great-
HSP60 protein in various cell types. Some of the celisfacilitate genetic screens for interacting proteins such
that have higher amounts of this protein (eg. pole cells putative HSP10 and opens the possibility for a de-
cells of the cephalic furrow; Fig. 6) are migrating or itailed genetic analysis of the HSP60 functions in vivo.
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