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Abstract. A 68-kDa heat-stress protein (HSP68) has been 
purified from cell-suspension cultures of tomato (Lyco- 
persicon peruvianum L.). Antibodies raised against 
HSP68 cross-react with the Escherichia coli heat-stress 
protein DnaK. HSP68 was found to be a hydrophilic, 
ATP-binding protein. Immunological analysis of subcel- 
lular fractions and immunogold-labelling of ultrathin 
sections showed consistently that HSP68 is localized in 
the mitochondrial matrix. In-vitro translation experi- 
ments indicated that HSP68 is synthesized as a precursor 
protein. Immunoscreening of cDNA libraries from toma- 
to and potato (Solanum tuberosum L.) led to the isolation 
of corresponding cDNA clones. The deduced amino-acid 
sequences show strong relationships to the DnaK-like 
proteins from bacteria and organelles of eukaryotic cells. 
The protein HSP68 is constitutively expressed, but its 
synthesis is increased during heat stress in all cells of 
higher plantes investigated so far. 
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Introduction 

A typical response of  all living cells to elevated tempera- 
tures is the synthesis of  a specific subset of  heat-stress 
proteins (HSPs). Among them, proteins of  the HSP70- 
family are the most prominent and best studied. Different 
types of HSP70 coexist in eukaryotic cells. In spite of  
basic similarities of  conserved domains they can be classi- 
fied into three subfamilies with characteristic intracellu- 
lar localizations (for review, see Nover 1991): (i) nuclear/ 
cytoplasmic-localized proteins (HSC70/HSP70), (ii) ER/ 
Golgi-localized proteins (GRP78) and (iii) DnaK-like 
proteins of  chloroplasts and mitochondria. All proteins 

Abbreviations: HSP = heat-stress protein; SDS-PAGE = sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis 
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of  the HSP70-family share the ATP-binding sites and 
other conserved domains (Nover 1991). Nevertheless, 
typical differences exist among these three groups: (i) The 
nuclear/cytoplasmic HSC70/HSP70 types have no N-ter- 
minal leader or transit peptide. The C-terminus is rich in 
PGG-motifs  and ends with -EEVD.  In contrast to the 
other two subfamilies they show a putative nuclear- 
targeting sequence ( - K R K H K  around position 250). 
Some representatives are constitutively expressed 
(HSC70), while others are induced by heat stress 
(HSP70). All are subjected to a typical heat-stress-depen- 
dent translocation to the nuclear compartment (for re- 
view, see Nover 1991). (ii) Representatives of the ER/ 
Golgi proteins (GRP78 = BiP) have a cleavable leader 
sequence and end with an ER retention signal - K D E L  
(Munro and Pelham 1987; Pelham 1989, 1989a). They 
are constitutively expressed mass proteins of  the ER. 
Their synthesis increases under conditions of  aberrant 
protein accumulation in the ER, e.g. under glucose defi- 
ciency (Lee 1987). (iii) The organellar members of the 
HSP70 family belong to the prokaryotic DnaK-like 
proteins. They are constitutively expressed, but their 
synthesis is enhanced upon heat stress. They have an 
N-terminal transit peptide, necessary for their proper lo- 
calization in choroplasts and mitochondria. 

While the work reported here was in progress, Watts 
et al. (1992) reported for the first time the sequence of  a 
mitochondrial DnaK-like protein from a plant source 
(pea). Our paper reports on the purification, immuno- 
logical localization and sequence analysis of  HSP68 from 
tomato and potato. 

Materials and methods 

Plant material. The origin and culture conditions of the cell-suspen- 
sion cultures of Lycopersicon peruvianum L., Catharanthus roseus 
L., Digitalis lanata Ehrh., Peganum harmala L., and Petroselinum 
crispum Mill. were the same as described in Nover et al. (1982) for 
Lycopersicon. Seedlings of L. peruvianum L., Nicotiana rustica L., 
Solanum tuberosum L., and Zea mays L. were grown at 25 ~ C under 
greenhouse conditions. The following heat-stress conditions were 
used: preincubation for 15 min at 40~ followed by 2 h at 25~ 
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and a second heat stress at 38 ~ C (L. peruvianum, S. tuberosum), 
40 ~ C (N. rustiea), or 43 ~ C (Z. mays). Heat-stress treatment of 
Escherichia coli was for 15 min at 41 ~ C. 

Preparation of antibodies and mitochondrial proteins. Spots of 
HSP68 were cut out from Coomassie-stained two-dimensional poly- 
acrylamide gels. After thorough washing with distilled water the gel 
pieces were homogenized in complete Freund's  adjuvant (Serva, 
Heidelberg, FRG)  for subcutanous injection into rabbits. After six 
weeks the rabbits were given a booster injection, and bled 2 d later. 
The crude sera were characterized by dot-blotting and Western blot 
analysis as described earlier (Neumann et al. 1987). The preparat ion 
and subfractionation of  potato mitochondria  was carried out as 
outlined previously (Braun et al. 1992a). 

Electron-microscopic immunocytoehemb~try. As shown earlier, HSPs 
are sensitive compounds,  which loose their immunoreactivity after 
glutaraldehyde fixation and embedding in epoxy resins (Neumann 
et al. 1987). Therefore, the plant material was fixed for 2 h at 4 ~ C 
with 3 % formaldehyde (w/v), dehydrated at low temperature with 
ethanol, and embedded at - 20 ~ C in Lowicryl 4KM (Serva) (Carle- 
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maim et al. 1981). Ul t ra thin  sections on Ni-grids were preincubated 
in modified phosphate-buffered saline (mPBS : 10 m M  K-phosphate 
buffer pH 7.4, 0.5 M NaC1, 1% Tween 20) for 15 min at 25 ~ C and 
incubated in the monospecific antiserum (dilution 1:50 to 1:100, 
12 h, 4 ~ C). Immunstaining was carried out with protein A-Au16 
(Neumann et al. 1987) for 2 h at 25 ~ C. All washing solutions 
contained mPBS. Grids were finely stained with 5 % aqueous uranyl 
acetate (20 min, 60 ~ C). Preimmune rabbit  sera or protein A-Au 
alone were used in controls. 

Purification of HSP68 on ATP-Sepharose. Heat-treated cells of a 
cell-suspension culture of L. peruvianum were sonified in buffer M 
[50 m M  Tris-HC1, pH 7.5; 10% glycerol; 25 mM NaC1; 10 m M  
MgC12; 0.1% Triton X-100;  14 mM mercaptoethanol;  1 mM ED- 
TA; 1 m M  phenylmethylsulfonyl fluoride (Sigma, Deisenhofen, 
FRG)]. The 15 000 .g  supernatant  was applied to a column of 
diethylaminoethylcellulose (DEAE) 23SS equilibrated with the 
same buffer. The HSP68/HSP70-containing fractions were detected 
by dot-blot  analysis with the corresponding antibodies. After ad- 
justing to 500 mM NaC1 they were applied to an ATP-agarose 
column equilibrated with buffer M containing 500 mM NaC1. After 
carefully washing, the bound proteins were eluted with buffer M 
supplemented with 3 m M  ATP. Fractions were precipitated with 
trichloroacetic acid (8% final concentration), separated by one- 
dimensional sodium dodecyl sulfate-polyacrylamide gel electro- 
phoresis (SDS-PAGE) and blotted onto nitrocellulose for Western 
analysis. 

Fig. 1A-C. Specificity of anti-HSP68 antibodies raised against Ly- 
copersicon peruvianum HSP68. A Part  of a Coomassie-stained two- 
dimensional gel of crude heat-shock proteins from tomato. The spot 
cut out for immunization (HSP68) is marked by an arrowhead. 
B Two-dimensional immunoblot  with HSP68 antibodies. C Two- 
dimensional immunoblot  successively treated with HSP68 and 
HSP70 antibodies. No cross-reaction between HSP68 and the cyto- 
plasmic HSP70 can be observed with the HSP68 antibodies 

Fig. 2A, B. Immunological characterization of Lycopersicon peru- 
vianum HSP68. A Sodium dodecyl sulfate-polyacrylamide gel of 
tomato proteins after heat stress: lane 1, stained wih Coomassie 
Blue; lane 2, Western blot after incubation with HSP68 antibodies; 
lane 3, Western blot after incubation with DnaK antibodies. B 
Sodium dodecyl sulfate-polyacrylamide gel of E. coli proteins after 
heat stress: lane 1, stained with Coomassie Blue; lane 2, Western 
blot after incubation with HSP68 antibodies; lane 3, Western blot 
after incubation with DnaK antibodies 
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Fig. 3A-H. Subcellular localization of  HSP68 in different plant 
species. Ultrathin sections of  heat-stressed tissues and bacteria were 
incubated with HSP68 antibodies. A Lycopersicon peruvianum cell- 
suspension culture. B Nicotiana rustica leaf. C Zea mays leaf. D 
Lycopersieon peruvianum root. E Solanum tuberosum leaf. F Soil 
bacteria found in root preparations. G E. coli. H Lycopersicon 

peruvianum cell culture - control (preimmune serum). The labelled 
protein is nearly exclusively localized in the mitochondria (m). In 
E. coli and soil bacteria the HSP68 antibodies recognize the bac- 
terial heat-shock protein DnaK. n, nucleus; p, plastid; w, cell wall; 
hg, heat-shock granules. A-G • 24000, H x 20000; bars= 1 tam 
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In-vitro translation and immunprecipitation. Total RNA from heat- 
stressed cell cultures of L. peruvianum was isolated by standard 
methods. The in-vitro translation was carried out in a wheat-germ 
system (Nover et al. 1989). For immunprecipitation cell wall 
preparations of Staphylococcus aureus in TNET buffer (20 mM 
Tris-HC1, pH 7.5; 150 mM NaCI; 5 mM EDTA; 1% Triton X-100) 
were loaded with HSP68 antibodies (2 h, 25 ~ C) and then washed 
carefully with TNET buffer. A 100-1A aliquot of the cell-wall 
preparation was added to the in-vitro translation mixture and 
incubated for 12 h at 4 ~ C. After sedimentation and washing with 
TNET buffer the proteins were removed from the cell walls with 
100 gl of glycine buffer (200 mM glycine-HC1, pH 2.3; 500 mM 
NaC1; 0.5 % Tween 20) and analysed by SDS-PAGE and autoradio- 
graphy. 

Cloning and analys& of nucleic acids. A cDNA library from 
poly(A) + RNA of heat-stressed L. peruvianum cell cultures (Scharf 
et al. 1990) was screened with HSP68 antibodies. An HSP68 eDNA 
fragment from tomato was used to schreen a eDNA library from 

poly(A) +-enriched RNA of potato tubers and leaves (Emmermann 
et al. 1991). The inserts of positively reacting plaques of tomato and 
potato were cloned into "Bluescript" vectors (Stratagene, La Jolla, 
Calif. USA) and sequenced from both ends following the dideoxy- 
nucleotide method (Sanger et al. 1977). Overlapping subclones were 
produced using the exonuclease-III deletion procedure (Dale et al. 
1985). 

Results 

Immunological characterization o f  a 68-kDa heat-stress 
protein ( HSP68)  f rom L yeopersicon peruvianum. A m o n g  
the heat-stress prote ins  of  t oma to  cell cultures,  one abun -  
dan t  p ro te in  was detected, which was slightly more  basic 
and  smaller than  the cytoplasmic  HSP70.  It  was desig- 
na ted  HSP68 (Nover  and  Scharf  1984). To generate  ant i-  
bodies in rabbits ,  heat-stress prote ins  were isolated f rom 
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L. peruvianum. The specifity of  the rabbit antisera against 
tomato HSP68 was tested by Western blot analysis of  
two-dimensional gels (Fig. 1). No cross-reaction with 
other tomato proteins, including the cytoplasmic HSP70 
could be observed. Interestingly, antisera against the 
E. coli DnaK cross-reacted with HSP68 and, vice ver- 
sa, antibodies against tomato HSP68 recognized the 
72-kDA DnaK protein of  E. coli (Fig. 2). Thus, HSP68 
is immunologically related to the prokaryotic type of  
HSP70 proteins (DnaK-like). 

Intracellular localisation of  HSP68. The cross-reaction 
between antibodies directed against HSP68 and the bac- 
terial DnaK protein would argue for an organellar local- 
ization of  the heat-stress protein. To test this hypothesis, 
ultrathin sections of  normally grown (see below, Fig. 7) 
and heat-stressed tomato cells (Fig. 3) were incubated 
with the HSP68 antiserum and afterwards labeled with 
protein A-gold. Immunocytochemical analysis of HSP68 
showed a prominent labeling of  the mitochondria. In all 
cell cultures additionally investigated (Digitalis lanata 
Ehrh., Peganum harmala L., Petroselinum crispum Mill., 
Catharanthus roseus L. : data not shown), and in different 

organs of  whole plants (L. peruvianum, N. rustica, S. 
tuberosum, and Z. mays." Fig. 3; L. esculentum Mill., 
Glycine max L., Pisum sativum L. and Hordeum vulpare 
L. : data not shown), a high density of  specific labeling 
of  the mitochondria could be shown. In addition, a small 
fraction of  gold particles was detected in other compart- 
ments (cytoplasm, cell wall, nucleus and plastids, see 
Fig. 3). With the exception of  the cytoplasm, where the 
synthesis of HSP68 proceeds, the source of  this labeling 
presumably represents unspecific binding of  the antibod- 
ies. This view is substantiated by control experiments 
with preimmune sera, which showed a very weak labeling 
of  the cell wall and the nucleus. However, we cannot 
completely exclude a weak interaction of  the antibodies 
with a DnaK-like protein of the plastids. In accordance 
with the Western blots (Fig. 2), the HSP68 antibodies 
raised in L. peruvianum recognized proteins in heat- 
stressed E. coli cells (Fig. 3G) as well as in soil bacteria 
(Fig. 3F). 

To establish the intramitochondrial localization of 
HSP68, isolated mitochondria from potato were subfrac- 
tionated into matrix and membranes, as described 
previously (Braun et al. 1992a). After SDS PAGE the 
purity of  the subfractions was tested with antibodies 
against marker enzymes of the matrix and the mitochon- 
drial membranes (Braun et al. 1992b). Immunoblots 
show that HSP68 is found exclusively in the mitochon- 
drial matrix (Fig. 4A). 

In-vitro translation. If HSP68 is a nuclear-encoded 
mitochondrial protein it should be synthezized as a pre- 
cursor. To test this hypothesis, total RNA from heat- 
stressed tomato cells was translated in vitro in a wheat- 
germ system. Immunoprecipitation of  the translation 
products with HSP68 antibodies yielded a protein of  
72kDa (Fig. 4B), which is likely to represent the precur- 
sor protein of HSP68. The increase of  the apparent mo- 
lecular weight by 4 kDa corresponds to the putative 
length of  the transit peptide. The presequence of the 
tomato HSP68 is not yet known; however, the sequenced 
part has 95 % identity with the potato HSP68 (see Fig. 6). 

Fig. 4A-C. Intramitochondrial localization and properties of Lyco- 
persicon peruvianum HSP68. A Western blot of SDS-denatured 
proteins from potato mitochondria after incubation with HSP68 
antibodies: lane 1, membranes; lane 2, matrix. B In-vitro translation 
products of tomato heat-stress RNA analysed by SDS-PAGE 
(lane 1) and after immunoprecipitation with HSP68 antibodies 
(lane 2). C Western blot of ATP-agarose-purified tomato proteins 
after incubation with HSP70 (cytoplasmic) antibodies (lane 1) and 
successive treatment with HSP70 and HSP68 antibodies (lane 2) 

Binding of A TP by HSP68. Prokaryotic and eukaryotic 
HSP70 are known as ATP-binding proteins (Lewis and 
Pelham 1985). The ATP-binding site was identified by 
our group (Neumann et al. 1989) and later on confirmed 
by crystallization of  the N-terminal domain of  the 
ATPase fragment of HSC70 (Flaherty et al. 1991). 
HSP68 from L. peruvianum was prepurified using 
DEAE-cellulose and ATP-binding was checked by ab- 
sorption on ATP-agarose. The fractions were tested by 
dot-blot and Western analysis (Fig. 4C). Two different 
ATP-binding proteins could be identified. One of  them 
was identical to the cytoplasmic/nuclear HSC70/HSP70 
(Fig. 4C, lane 1), while the other reacted with HSP68 
antibodies (Fig. 4C, lane 2). 

Sequence analysis. Using the HSP68 antibodies, a cDNA 
fragment encoding a part of  tomato HSP68 was isolated. 
The labelled DNA fragment was applied to rescreen the 
library and to screen a potato cDNA library (Emmer- 
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1 E. coli 
2 Bacillus subtilis 
3 Bacillus negaterium 
4 Chlanydia trachonatis 
5 Caulobacter crescentus 
6 Mycobacteriun leprae 
7 Metha~osarcina ~azei 
8 Clostridium acetobutylicun 

9 Solanum tub.-mit. 
i0 Lycopersicon per.- mit. 
ii Pisun sativ~n - nit. 
12 Saccha@onyces cerev.-nit. 
13 Schizosccharonyces ponbe - nit. 
14 Trypanbsoma cruzi- mit. 

15 Synechocystis sp. PCC 6803 
16 Cryptononas - plastids 
17 Pavlova luth.-plastids 
18 Porphyra umbilicalis - plastisds 
19 Chlanydononas reinh.- plastids 

20 CONSENSUS prokaryotic/crganellar HSP70 
21 CONSENSUS nuclear/cytoplasmic HSP70 

MGKIIGIDLGTTNS 
VSKVIGIDLGTTNS 
MSKIIGIDLGTTNS 

MSEKPJ~SNKIIGIDLGTTNS 
MSKIIGIDLGTTNS 
~VGIDLGTTNS 
MAKILGIDLGTTNS 
MSKVIGIDLGTTNS 

NATAALLRSLRRREFATSSISAYRTI~SNTKPSWCPSLVGAKWAGI~PFSSKPAGNEIIGIDLGTTNS 

MJ%ATLLRSLQRRNLSSSSVSAFRSLTGSTKTSYATHKLASLTRPFSSRPAGNDVIGIDLG~INS 
MLAAKNILNRSSLSSSFRIATRLQSTKVQG-SVIGIDLGTTNS 

MTARWNSNASGNEKVKGPVIGIDLGTTTS 
MFARRLRGAGSLAAASLARWQSSKVTGDVIGIDLGTTYS 

MGKVVGIDLGTTNS 
MGKVVGIDLGTTNS 
M/tKVVG I DLGTTNS 
MGKV~GIDLGTTNS 

VVGIDLGTTNS 

M.kviGIDLGTTns 
M~ 

1 C~ ~IM--D--~TTPRVLENAEGDRTTPSIIAYTQDGETLVGQPAEIRQAVTNPQNTLFAIKRLI'GRRFQDEEVQRDVSI ~ I  .... A A D ~ A ~ G Q ~  
2 C~ %VLE~G EPKVlANA ~GNRTTPSWAF -KNGERQVGEVA/~RQS ITNP -NTI MS I KRH~GTDYK .......... .... ~ ........ -~---VEI~GKD~ 
3 C\ %VLEG~ EPKVI PNP EGNRTTPSWAF-KNGERQVG EVAKRQAITNP-NT I I SVKR/~MGTDHK .......... .... ~ ........ ~---VE~GKQ~ 
4 C~ ~VMEG~QPKVIASSEGTRTTPSIVAF-KGGETLVGIPAKRQAVTNPEKTLASTKRFIGPCKFSE--VESEIKT ~PYK%~ .... PNS~GDAVFDV~QK~Y 
5 Cl %IMD~KTPKVIENAEGARTTPSWAFLEDGERLIGQPA/<RQAVTNPTNTLFAIKRLIGRTASDPWEKDKGM ~PYR@S .... RARA~DAWVKA~GKD~ 
6 V~ ~VL EC4~ D PV~AN S EG SRTTP STVAFAP~NG EVLVGQ PA/~NQAVTNVDRT I RS VKP~HMGS ................. q ........ -~ DWS I EIDGK/<~ 
7 C\ ~VME~GEAWI PNAEGSRTTPSWG FSKKGEKLVGQVA/~RQAI SNPDNTVYS IKRHMGEANYK ............. ~ ........ -~- - -VTL~GKD~ 
8 C\ %VM E~ D PAY II%N S EGARTT P SVV SFQKNG ERLVGQVA/<RQ S I TNPDKT I I S I KR/fMGTAEK .............. ~ ........ T - ~ ~KV~I DKN~ 

9 C~ %VMEC~NPKVIENSEGARTTPS~rVAFNQKGELLVGTPA~RQAVTNPTNTLSGTKRLIGRRFDDPQTQKEM]fM #PYK~V .... RGS~GDAWVEA~GQQ~ 
I0 1 ELLVGTPA/~RQAVTNPTNTLSGTKRLI GRRFDDPQTQKE24K~ #PYK~% ..... KGS~GDAWVEA~GQQ~ 
II Cl ~%9~EG~NPKVIENSEGARTTPSWAFNQKSELLVGTPAKRQAVTNPTNTLFGTKRLIGRRFDDAQTQKEN/<M;PYK~V .... RAPN~DAWVEA~GQQ~ 
12 A% ~IMEG~VPKIIENAEGSRTTPSVVAFTKEGERLVGIpA/fRQAV~PENTLFATKRLIGRRFEDAEVQRDIKQ ~PYK~V .... KHS~GDAWVEA~GQT[f 
13 CI %IMEG~TPKVIA/~AEGTRTTPS~AFTKDGERLVGVSAKRQAVINPENTFFATKRLIGRRFKEPEVQRDIKE ~PyK~V .... EHS~GDAWVF~RGKT~. 
14 C\ %V~EG~KPRVLENTEGFRATPSWAF-KGQEKLVGL~QAVTNPQSTFFAVKRLIGRRFEDSNIQHDIKN ~PYKI~ .... R S ~ G K Q ~  

~K ~ GNGN~QGKQF 15 C\ IVME pTVITNAEGFRTTPSWGYA/~NGDRLVGQIA/<RQAVMNpGNT~Y~KRFIGRKFDEITNEATEVAYSVArKD .... 
16 %~ ~VMEG~KPAVIQNAEGFRTTPSWAYTKTGDRLVGQIAF~RQAVINPDNT~YSV~RFIGRRSEEVSEELKQVSYIVKTD .... 6NGN~KLDCP~LKKEF 
17 \~ ~VME~GKPTVITNSEGG~y~pS~rvAYA/~NGDLLVGQIAKRQAV~NSE~T~YS%~RFIGR~KEVSDELRQT~YKIE-~ .... SEG~IRLKCP~LNKNF 
18 V3 %VMEG~KPTVIPNAEGFRTTASWAYTKSGDKLVGQIA-RQAVINPENT~YS%~RFIGRKQNEISQEIRQTSYNVKT ..... SGSS~KIECI~LNKDF 
19 A\ h%ME~KPTIITNAEGGRTTPSWAFTKTGDRLVGQIAKRQA%~NPENT~FSV~RFIGRRMSEVGSESTQVPYRVIED ..... GG~C~AGKDF 

_l 
20 c~avmet~g, p .v i. naEG. r tTpSvvaf, k. ge. ivG.. AKrQav. Np. nT .... KR. iGr ................... ----. .............. y 
21 CVgv fqngkVeI iAndQGNRtTPSyVaFT" dteRLiGdaAKNQvamNP" nTvFDaKRLIGrk f .... vqsdmknwP f. v~ ..... kPk. qv. gkg. e.kF 

l ~ ?Q I S AEVLK]~KKTA EDYLG EPVTEAVITVPAY FNDAQRQATKDAGRI AGLEVKRI I NEPTAAAI~AYGLDKGTGNRT- IAVYDLGGGTFDI S I I EI DE 
2 Tp ~ EVSA I I LQHLKS YAESYLG EI~VsKAVITVPAYFN DAERQATKDAGK IAGLEVERI INEPTAAALAYGLDKTDEDQT- ILVYD LGGGTFDVS ILEL-- 
3 T~ ~ F)MSAI ILQNLKGYAEEYLG EPVTKAVITVPAY FNDAERQATKDAGKIAGLEVERI I NEPTAAALA-GLEKTDEDQT-VLVYDLGGGTFDVS I LEL- - 
4 TP ~EI GAQI LM]q4K ETA EA Y LG E%~rf EAV ITVPAY FND S QRASTKDAGRIAGLDVKR I I P EPTAAALAYG IDKEG DKX- - IAVFDLGGGTFDI S I LEI R - 
5 S~ ~EVSAFI LQKM~EAAEAHLG EPVTKAVITVPAYFNDAQRQATKDAGKIAGLEVLRI INEPTAAALAYGLDKNDGKK-- IAVYDLGGGTFDVSI LEI- - 
6 T~ ~EI SARVIAKKLKRDAEAYLGEDITDAVITTPAY FNDAQRQATKEAGQIAGLNVLRIVNEPTAA/LLAYGLDKGEREQT- ILVFDLGGGTFDVSLLEI - - 
7 TP ~EI SAMILQKLKADAEAYLGETIKQAVITVPAYFNDSQRQATKDAGAIAGLEVLRI INEPTAASLAYGLDKGDI DQK-I LVYDLGGGTFDVS ILEL- - 
B T] ) E ISAMI LQKLKADAEAYLG ETVTQAVITVPAYFNDSQRQATKDAGKIAGLEVLRI INEPTAASLAYGLDKMDTNQK- ILVYDLGGGTFDVSVLEL-- 

9 SI ~ LTK~---E~EAYLGKSI~VIT~: pay FNDAQRQAIKDAGRIAGLDVQRI INEPTA~tALS YGMNSKEG - - - LVAVFDL GGGTFDvSILEIS- 
!o S| ~Q~GAF~LT~KET~EAYLGKSINKAvITv~AYFNDAQRQAT~DAGRIAGLDVQRIINEPTAAALSYGMNSKEG---LVAVFDLGGGTFDV~ILEIS- 
II SI ~Q~GA~VLTK~KET~EAYLGKTISKAV~TVPAYFNDAQRQATKDAGRIAGLDVQRIINEPTA~LS~GMNNKEG---LIAVFD~GGGTFDVSILEIS- 
12 SP %Q~GG~VLNK~KE~AEAYLGKPVK~AVVTVPAYFNDSQRQATKDAGQ IVGLNVLRVVNEPTAAALAYGLEKSDSK--VVAVFDLGGGTFDI S ILDID- 
13 S [~ ~Q~ GG F~ LS ~ E ~ J A S T  Y LGKD'~<NAV~'f VPAY FNDS QRQAT~<~GA I AGLHVLRVVN E P T ~ Y  ELDKSS N DA - IVAVFD LGGGTFDISILELN- 

16 AS~E I SA~VLRK~VD~ASKY LGESVKQAVITVPAYFND SQRQATKDAGRIAGLEVLRI IN EPTAASLAYG LDKKN~ E~- - I LVFOLGGGT FDVSVLEV - - 
17 A~EE I S ~ V L ~ % r N  [~%N KY LG EKVE:'~AV I TVP Au ~N DS QRQATKDAGK I AG LL~",.~-LR~ I N E P T ~  S LAY G LDKKD~t E ~ -  - I LVF [~LGGGTFDVS~LEV-- 
18 A~EE I S A,~VLR~LVE~A STY LGETVTQAVI TVPAYFNDSQRQATKDAGKI AGLDVLRI I NEPTAASLSY GLDKQN~ ET~ - I LVFDLGGGT FDVS I LEV - - 
19 A ~ V L ~ F L N  DKVEKAV I TVP Ay FNDS QRQATKDAGKI AG LEVLR I I N EPTAAS LAY G FDKKA~E~- - I LVFDLGG GTFDV SVLEV- - 

20 .... isa. vl. kmke. Ae. yLGe. v.. AViTvPAYFNd. qRQAtKdAG. IaGL. VlRiiNEPTAAaLaYgLdk ..... -. i .VfDLGGGTFDvSile... 
21 .peeiSsMvLtKMKe. AEayLg..vt.AVvTVPaYFNDsQRQATKDAG.iaGInvlRIinEPT~AAiAYGLDk .... E.nvlifDLGGGTFDVsiLtIe- 

I VDG EKTFEVLATNGDTHLGG EDFDSRLINYLVEEFKKDQG I D LR/qDPLAMQRLKEAA EKAKI ELS SAQQTD~DATG pKHMN I KVTRA/{LES LV 
2 - - GDGV FEVR STAGD NRLGG DD FDQVI I DALVS EFK~ ENG I DLSKDKMALQRLKDAAEKAKKDLSGVS STQ I ~LPFI T~G EAGP LHLELTLTRA/~FEELS 
3 - -G DGVFEV~ATAG DNRLGG DD FDQV I I D YLVA E FKK ENGVD LSKDEIMALQRI~KDAA EKAKKDLSGVTSTQ I ~LPF I T~G EAGP LNLEVS LS RAKF D E LS 
4 - -WIGVFEVLSTNGDTHLGGDD FD ......... EFK~QEG IDLSKDNMALQRI~DAAEKAKI ELSGVSSTEI~QpFIT~ DANGPKHI~LTLTRAQ F EHLA 
5 - -GDGVFEVKSTNGDTFLGGEDFDLRIVDYLADEFKKEQGVDLRKDKLALQRLREA- EKAKKELS STAQyEVN~pF I S~NASGPLHLNIKLSRAKLEALV 
6 - -G EGWEArRATSGDNHLGGDDWDDRI VNWLVDKFKGTRGIDLTKDKMAMQRLREAAEKAKI ELSSSQSTSV~LPyI~VDSKNPLFLDEQLI RAEFQRIT 
7 - -GGGVFEVKSTSGDTHLGGD D FDQRVIDY LLAEFKKS EG I DLS KDKAVLQRLKDAA EKAKI ELSGVA]~TN I~LP FL~VGTDG EPKHD I DLTRAQFQKMT 
8 - -GDGVF EVKSTNGNTH LGGDDFDEKIMD Y IA EEFK/<DNG I DLRNDK~IALQP~LKEAAEKAI<I ELSS STQTN iN~LpFITADATGPKH IDMNLTRAKFN ELT 

9 ---NGVFEDU~ATNGDTFLGGEDFDNALLEFL~SEFKRTEGIDLSKDKLALQRLREAAEKAKIELSSTSQTDI~ LI FI~DASGAKHLNITLTRSKFETLV 
iO ---NGVFEArKATNGDTFLGGEDFDNALLEFLVSEFKRTEGIDLSKDKLALQRLREAAEKAKIELSSTSQTDI~ L~ FI~ADASGAKHLNITLTRSKFETLV 
ii ---NGVFEVEATNGDTFL~GEDFDN~LLDFLVSEFKRTESIDLAKDKLALQRLREAAEKA/~IELSSTSQTEI~ LI FI~ADASGAKHLNITLTRSKFEALV 
12 ---NGVFEVKSTNGDTHLGGEDFDIYLLREIVSRFKTETGIDLENDRMAIQRIREAAEKAKIELSSTVSTEI} LI FI~ADASGPKHINMKFSRAQFETLT 
13 ---NGVFEVRSTNGDTHLGGEDFDVALVRHIVETEKKNEGLDLSKDRLAVQRIREAAEKAKCELSSLSSTCI. c LI FI~ADATGPKHINMEISRAQFEYLV 
14 - - -GGVF EVI<ATNGDTHLGG ED FDLCLSDY I LTEFKKSTG I D L S N E ~ R I R E ~ E K ~ C E L S T T M E T E ~  iLt FI~QDGAQHVQMTVSRSKFES % 

15 --GEGVFEV~T~GDTHLGGDDFDKKIVDFLAGEFQKAEGIDLRKDKQALQRLTEAAEKAKIELSGVSQTEI~ ~ FI~ATQDGPKHLDTTLSRAKFEEI~ 
16 --GDGVFE~LST~GDTHLGGDDFDDKIVQWLLKEFETEHSINLKSTRQALQRLT~_ASE~AKIELSNLSQTEI~ ~ FL~ATETGPKHLERSITRAKFEEL~ 
17 --GDGVFEA~STS~DTRLGGDDFDEKIVKq4LLNEFEKEEKFSLKGDSQA/~QP~LTF3tAEY~AKIELSSLSQTEI~ ~I FI~ANENGAXHIEKTLTGEKFES~C 
18 --~GGVFE~LSTS~DTHLGGDDFDQQIVEWLIKDFKQSEGIDLGKDRQALQP~LTEASEKA/<IELSNLTQTEI~ iLl FI~ATQDGPKHLEKTVTRA/~FEE~C 
19 --GDGVFEV~uS_T~GDTHLGGDDFDKRIVDEL~DDFKKSEGIDLR/~DRQALQRLTEAAEKAKIELSGMAQTSI~ ILl FI~TADGPKHIDTQLTP~KFEEM~_ 

20 . . g. gvFEV, sTnGDtnLGGdDfD ...... iv. elk.., gidL. kd.. aLQRI, eAaEKA~ieLSs.., t. il l~j f i~a.., gpkhl.., ltrakfe. 1. 
21 ---dgiFEVk. TaGDTHLGGEDFDnrnvnn f v. e ~ i .  �9 n. rAlrrLrtacerAkr tLSS., qa. iE---Idslfeg-iDfytsitRArFEELn Fig. 6 
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EDLVNRSIEPLKVALQDAGLSVSDIDDVILVGGQTRMPMVQKKVAEFF-GKEPRKDVNPDEAVAIGAAVQGGVLTGD .... VKDVLLLDVTPLSLGIETM 
SHLVERTMGPVRQALQDAGLSASEIDKVILVGGSTRIPAVQEAIKKET-GKEAHKGVNPDEWALGAAIQGGVITGD .... VKDWLLDVTPLSLGIETM 

3 AGLVERTMApVRQALKDAGLSASELDKVILVGGSTRIPAVQDAIKKET-GQDPNKGVNPDEWALGAAIQGGVLTGD .... VKDVVLLDVTPSSLGIETM 
4 SSLIERTKQPCAQALKDAKLSASDIDDVLLVGGMSRPRVOAVVKRSLV-KSLI-KAVNPDEWAIGAAIQGGVLGGE .... VKDVLLLDVIPLSLGIETL 
5 DDLIARTIGPCEQALKDAGLKKSDIDEVILVGGMSRMPKVQQAVQDFF-GREPHKGVNPDEVVALGAAVQAGVLQGD .... VKDVLLLDVTPLTLGIDTL 
6 QDLLDRTRQPFQSVVKDAGISVSEIDHVVLVGGSTRMPAVTDLVKELT-GKEPNKGVNPDEWAVGAALQAGVLKGE .... VKDVLLLDVTPLSLGIETK 
7 EDLLEKTLVSM~SDAKLTPNDLDk~VILVGGATRMPA~ELVENFT-GKKPYKNINPDEAVAIGAAIQAGVL GGE .... VKDVLLLDVTPLTLGIETL 
8 EGLVQDTIEPM]<KALSDAGLSINDIDKIVLVGGSTRIPAVQEAVI<NYT-GKDPSKGVNPDECVAIG~IQAGVLTGD .... VKDVLLLDVSPLTLGIETL 

9 NHLIERTRNPCKNCLKDAGVSLKDVDEVLLVGGMTRVPY2VQEIVSEIF-GKSPSKGV~PDEAV~MGAALQGGILRGD .... ~q<ELLLLDVTPLSLGIETL 
i0 NNLIERTRNpCKNCLKDAGVSLKDVDEVLLVGGMTRVPKVQEIVSEIF-GKSPSKGVNPDEAVAMGAALQGGILRGD .... VKELLLLDVTPLSLGIETL 
II NNLIERTF~PCKSCLKDANISIKDVDEVLLVGGMTRVPICVQQ%rVSEIF-GKSPSKG~rNPDEAVAMGAALQGGILRGD .... ~TKELLLLDVTPLSLGIETL 
12 APLVKRTVDPVKKALKDAGLSTSDISEVLLVGGMSRMPKVVETVKSLF-GKDPSKAVNPDEAVAIGAAVQGAVLSGE .... VTDVLLLDVTPLSLGIETL 
13 DPLv~%RTIDPCKRALKDANLQTSEINEvILvGGMTPJ4pRVVET%~KSIF-KREPAKS9-NPDEAvAIGAAIQGGVLSGH .... VSELVLLDVTPLSLGIE-L 
14 EKLVQRSLGPCKQCIKDAAVDLKEISEV~LVGGMTRMPK~IEAV]<QFF-GRDPFRGV~PDEAVALGGATLGGVLRRD .... VKGLVLLDVTPLSLGVETL 

15 S----~LIDRCGI~IRDA/~IDKSALDEIVLVGGSTRIPAV~E~/KKIL-GKDPNQGVNPDE%rVAVGAAIQGGVLSGE .... VKDILLLDVSPLSLGVETL 

16 SD~INRV~I~VE~ALKDA/<LDSSKIDEvVLvGGSTRIPAAQELV~RIL-NKTPNQTvNPDEwAIGAAvQAGVLAGES~LFDRCRIP~E~ALKDAKLKPNQIDEVVLVGGsTRIPAVKKLV]<DIL-GKEPNETVNPDEVVAIGAAIQAGVLSGE .... .... VKDILLLDVTPLSL G~'V~<DILLLDVTPLSLGVETL 
17 
18 S~LIDKCSIP~N~ALKDAKLEASSIDEWLVGGSTRIPAIQQMVKRLI-GKDPNQSV~PDEVVAIGAAVQAGVLAGE .... 9KDILLLDVTPLSLG 
19 ~LERCKV~V~9~ALRDAKLSISDIQEVILVGGSTRIPAVQEIV~LSGGKDPNVTVNPDE~ALGAAVQAGVLAGE .... VSDIVLLDVTPLSLGLETL 

20 ..L..rt..p...alkdA,l .... idev. LVGG.tR.P.v...v .... -gk.p.kgvNPDEvVA.GAA.qggvl.g.----Vkd.iLLDVtPlsLGieTl 
21 .dLFr.t..PVek. LrDakldKs..ndiVLVGGSTRIPEvq.llqdfFnGkelnksINPDEAvayGAAVQAaiLsGd ..... qdlILIDV.pLsLGiETa 

1 GGVMTTLIA~<NTTI~TKHSQVFSTAEDNQSAVTI}{VLQGERKRAADNKSLGQFNLDGINPAPRGMPQIEVTFDIDADGILHvSAKDKNSGKEQKITIKAS 
2 GGVF ............................................................... IEVSFDIDYuNGIVN~DLGTGKEQNITIKSS 
3 GGVFTKLIERNTTIPTSKSQVFSTAADSQTAvDINvLQGERPMSADNKTLGRFQLTDIPPAPRGvPQIEvSFDIDKNGI~DLGTNKEQAITIKSS 
4 GGVMTPLVERNTTI•TQKKQIFSTAADNQPAVTIwLQGERPMAKDNKEIGRFDLTDIPPAPRGHPQIEvTFDIDANGILHVSAKDAASGREQKIRIEAS 
5 GGVFTpLIER~TTIPTKRSQTFSTADDNQSAvTIRVFQGER~/gAQDNK~4QGQFDLvGI~PAPRGvPQIEVTFDID~NGIVQV~DKATNKEQSIRIQAN 
6 GGVMTKLIEP~TTIPTKRSETFTTADDNQPSVQIQvYQGEREIASHNKLLGSFELTGI~APRGVFQIEVTFDIDANGIV~{VTA/~DKGTGKENTIKIQEG 
7 GGIATPLIQPJNTTIPTKKSQIFSTAADNQ~SvEI5[VLQGERGIRSE~KTLGRFILDGIPPAPRGIPQIEVTFDIDANGILHvSA/<DLGTGKQQSISIQKP 
8 GGVATPLIERNTTIPTRKSQVFSTAADNQ•SVEINIVQGERKMAADNKSLGRFTLDGIAPAPRGVPQIEvTFDIDANGIvNV$AKDKGTGKESHITITAS 

9 GGIFTRLINR/~TTI~TKKSQVFST~-%DNQTQ~GIKVLQGEREF~ASDNKLLGEFDLvGIPPA~RGM~QIEvTFDIDA/~GF~VTVSAKDKATSKEQQITIRSS 
I0 GGIFTRLINRNTTI~TKKSQVFSTAADNQTQvGIKVLQGER~SDNKLLGEFELvGIPpAPRGMFQIEvTFDIDA-~GF~VTV~AKDF~TSKEQQITIRSS 
ii GGIFTRLISRN~fI~TK~<SQvFSTAADNQTQvGIK-vLQGEREMAADNKSLGEFDLvGIPpAPRGLPQIEVTFDIDA~GIVTv~AKDKSTGKEQQITIRSS 
12 GGVFTRLIPR~TTIPT}~KSQIFST/u~AGQTSvEIRVFQGERELVRDNKLIGNF-LAGI~pAPKGV~QIEvTFDIDADGIIhrVS~qDKATNKDSSITVAGS 
13 GGVF 
14 GGVFTRMIPKNTTIPTKKSQTFSTAAFNQTQvGIK"~QGEREMAADNQF~4GQFDLVGIPpApRGVPQIEvTFDIEPNGIC}~vTA/<DKATGKTQNITITAS 

| 
15 GGV~TKIIPRNTTIPTK~SEIFSTAVDGQSNvEIh"~LQGEREM~%NDNKSIX;TFRLDGI~pA~RGvPQIE%~fFDIDA~GIL~/VTAKDRGTGKEQSISIT~A 
16 GGVTTRIIPRNTTIPTKKSEvFSTAVDNQPNvEIHVLQGEREFAXDNKSLGTFRLDGILpA•RGVPQIEVTFDIDAGGILSVTA/<DKGTGKEQSITITDA 
17 GGVTTKIIPRNTTV~TKKSEIFSTAVDNQ~rVEI~[VLQGEREFARDNKSLGTFRLDGILpAPRGIPQIE~pTFDIDA~GILSVTAQDKGTSKQQSITI~A 
18 GGVMTKIIPR~TTI~TK/<SEVFSTAVDNQ~NvEIQVLQGERELTKDNKSLGTFP~LDGIMpAPRGvPQIEVTFDIDA/~GILSV~EKATGKEQSITIS~A 
19 GG9~KTKLIPR~TTL~TSKSEVFSTAADGQTSVEINvLQGEREFARDNKSLGTFP~LDGIPpA~RGvPQIEVKFDID~GILSvTATDKGTSKKQDIRI~A 

20 GGv.T.•i.rNTTi•Tkk•..FsTA.dnQ..V•I.V•QGER..a.dNk.•G.F.L.gI••APrG.PQIEVtFDIdanGi..V~ 
21 GGvMt.LI.RNttiptK..q.fsTysDNQpgV•iqvyEGERamtkDnn••GkFeLsgI•PApRgVPQIeVtFdiDaNgILnvsA.d..tg..nkItITND 

1 SG-LNEDEIQK~DAEANAEADPd<FEELVQTRNQGDHLLHSTR/<QVEEAGDKLPADDKTAIESALTALETALKGED~3~AIEA~QELAQVSQKIMEIAQ 
2 SG-LSDEEIEP~EAEENADADAKKKEEIEV~EADQLVFQTEKTLKDLEGK-VDEEQVKK/%NDA/<DALKAAIEKNEFEEIKA/<KDELQTIVQELSM~LY 
3 TG-LSDDEIDRMvKEAEENADADKQRKEEVELRNEADQLVFTTEKTLKDLEGKVEEAEVTKAKEAKDALKAAIEKNDLEEIKAKKDELQEIVQALTVKLY 
4 SG-LKEDEIQQMIRDAELHKEEDKQR/<EASDv~NEADGMIFF~EKA~rKDYHDK~AEL~rKEIEEHIEK~rRQAIKEDASTTAIKAASDELSTH~QKIGEAM 
5 GG-LSDSDIE~VKEAE~3~K~DEKKKQLVEAKNQGEAILHSTEKALAEHG~k~VG~EKTAIETGITELKTALEGEDVEAIQA/~TQALIQASM]<LGEAMY 
6 SG-LSKEEIDRF[VKDAEAjiAEEDR/<~EEADVp-NQAETLVYQTEKFVKEQRETENGSRVPEDTLNK~EAAVAEA/<TALGGTDISAIKSAMEKLGQDSQAL 
7 GG-LSDDEIERMArKDAEF~HAEEDR~RKEEVEIRNNAEALINAAEKTIKEAGDLATEDQKSk-VN~AIEDLF~<ALEGKDAEDIY~/<TEALQESVYPISTAMY 
8 TN-LSDEEIDKAV1<DAEKFAEEDKKKKENIE%rKNNADQIVFQTDKALKDLGDKVSAEDKSNIEAKKEALSK~KDGDDIEAIKKATEDLTQALYAITTKMY 

9 GG-LSEDEID~EAEF~iA/~RIKNA/~HLLISGIVQSTTIYSIEKSLSEYKEA~VPKEVvTEIETAI~DLRAAMGTENIDDIF~KLDAANKAvSKIGEH~LA 
i0 GG-LSEDEIDK~EAE~iAQKDQERKALIDIR/~SADTTIYSIEKSLSEYKDKVPKEV~TEIETAI~DLP~AMGTENIDDIK~KLDAANKAVSKIGEH~ 
ii GG-LSDDEID}~V~EAELHAQRDQERKALIDIRNSADTSIYSIEKSI~EYREKIPAEv~KEIEDAVSDLRT~L~AGENADDIK~KLDAANKAVSKIGQHMS 
12 SG-LSENEIEQF/VNDAEKFKSQDEA/~KQAIETA~KADQI~DTENSLKEFEGKVDKAEAQk-VRDQITSLKELVARvQGGEEVNAEELKTKTEELQT~SF~< 
13 
14 GG-LSKEQIER~IRDSESHAESDRLKRELVEirR/qNAETQA/~TAERQLTE~KYVSDAEKENvRTLLRACPd<SMENPN-vTKDELSAATDKLQKAVMECGRTE 

15 S-~LPDEEVDPMVKEAESN/~DKERREKIDR~NQADSLVYQAEKQITELGDKVP~DKIKAEGLIKDLKEAVAQEDD~IQTVNPELQQVLYSIGSNNY 
16 ~T~LPSDEVER/KVNEAQN~A~EDKEKRDKIDL~NQSDSLCYQSEKQLKELEGLIDDTNKNKISS~I~ELRNAINNENYDEM~DLNSkWQTALMDLGKSVY 
17 S~-L~KEEVEK~EAEQNAAADKEKGENIRV~<NEADLYCYQAEKQISELPEALVNENQSLIKESKETVEMLKENIKKEDYDKIKENLKKLQEKL~EIGQ 
18 S~-LPKDDVERNVNEAEENFDVDQKRRNNIDIRNQAESLCYQSEKQVKEFEDKIDEELKNRITNLISELRSNLEKEELDSIEANSEKLQNAI~IEIGKNAT 
19 S~-LD~GDVER~q<EAE~FAGEDK~RESVETF~NQA~TM~/~QTEKQLKEFEGKVPADI~Lk/~VE~d<LGELKAAL~ADDAEATF~ALQQ~r~LAMGQAMu 

20 ..-Ls.dei..MvkeAe ..... d..r ...... rN ......... ek...e ................................................... 
21 kg-Rlsk..ierMvqeAeky..eD ......... R/~.LEsyafn ......................................................... 

1 QQHA-QQTAGADASANNAK .......... DDDVVDAEFEEVKD---KK 
2 EEAAKAQQAQGGANAEKGA .......... GGNVVDAEYEEVNDDQNKK 
3 EQAQQAQQAGEQG-A .............. NDDVVDAEFEEVNDD--KK 
4 QAQSASA~SSAANAQGGPNINSEDLKKHSFSTRPPAGGSASSTDNIEDADVEIVDKPE 
5 AAQQGSAEGGDAK-A .............. DDGVVDAEFEEV~DD-~NKPAA 
6 GQAIYEATQAASKVGGEASAPGGSNSTDDVLTRRWSTTNGSPK 
7 QKAQQAQQ-AAGGEGG;u%GTDARGP .... DET%~DADYEVV-DDEKRK 
8 EQSGAQGAPGADPNAGASQKTNGGA .... DDNVVDADFK-VDND---K 

9 GGSSGGASGGGGAQGGDQPP .............. EAEYEEV ..... KK 
i0 GGSSGGASGGGGAQGGDQPP .............. EAEYEEV ..... KK 
ll GGSSGGPSEGGSQGGEQAP ............... EAEYEEV ..... KK 
12 LFEQLYKNDSNNNNNNNGNNAESG-ETKQ 
13 
14 YQQ;L~AGNSSSSGNTDSSQGEQQQQGDQQKQ 

15 QQAGAEAGVGAPGAGPEAGTSSGGG .... DD-VIDAEFSEPE ..... K 
16 EKTSKQQTSTSSPTNS ............. NDSVIDADFSET ...... K 
17 KAYAKKEPLKDEDSNK-AGSQ ........ DD-FIDADFTES ...... K 
18 SAEKDTQNASN .................. DDTVIDTDFSEA ...... K 
19 SQAGAAPGGAPGAEPGAGAGAGGAPGGKKDDDVIDAEFTD ...... KK 

20 .............................................. kK 
21 ....................................... iEEVD Fig. 6 (for caption see page 40) 
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Fig. 7A-C. Expression of HSP68 in L. peru- 
vianum. Ultrathin sections of tomato leaves 
after incubation with HSP68 antibodies 
(A, B) and Western blots of total proteins 
isolated from the same material (C). The 
labelled protein is nearly exclusively local- 
ized in the mitochondria (m). The protein is 
constitutively expressed (25 ~ C; A; C, 
lane 1); its synthesis is increased during heat 
stress (40 ~ C; B; C lane 2). n, nucleus; v, 
vacuole. • 24000; bars= 1 ~tm 

Fig, a. Alignment of HSP68 from potato (9) and tomato (10) with 
members of  the prokaryotic/organellar HSP70 family grouped into 
bacterial (1-8), mitochondrial (9-14) and plastid (15-19) represen- 
tatives. Sequences are: 1, E. coli DnaK (Bardwell et al. 1984); 2, 
Bacillus subtilis DnaK (Wetzstein et al. 1990); 3, Bacillus mega- 
terium DnaK (Sussman et al. 1987); 4, Chlamydia trachomatis 
HSP75 (Danilition et al. 1990); 5, Caulobacter crescentus DnaK 
(Gomes et al. 1990); 6, Mycobacterium leprae HSP70 (McKenzie et 
al. 1991) ; 7, Methanosarcina mazei $6 DnaK (Macario et al. 1991); 
8, Clostridium acetobutylicum DnaK (Narberhaus et al. 1992); 9, 
Solanum tuberosum mitochondrial HSP68; 10, Lycopesicon peru- 
vianum mitochondrial HSP68; 11, Pisum sativum mitochondrial 
PHSP1 (Watts et al. 1992); 12, Saccharomyces cerevisiae mitochon- 
drial SSC1 (Craig et al. 1989); 13, Schizosaccharomyces pombe 
mitochondrial SSP1 (Powell et al. 1990); 14, Trypanosoma cruzi 
mitochondrial Mtp70 (Engman et al. 1989); 15, Synechocystis sp. 
DnaK (Chitnis et al. 1991); 16, Cryptomonas plastid pDnaK (Wang 
et al. 1991); 17, Pavlova lutherii plastid HSP70 (Scaramuzi et al. 

1992); 18, Porphyra umbilicalis DnaK plastid (Reith and Mun- 
holland 1991); 19, Chlamydomonas reinhardii HSP80 (C. Beck, 
Institut •r Biologie III, Freiburg, FRG, personal communication); 
20, consensus sequence of prokaryotic/organellar HSP70; 21, con- 
sensus sequence of nuclear/cytoplasmic HSP70 (Nover 1991). 
A prokaryotic/organellar (this report) and a nuclear/cytoplasmic 
(Nover 1991) consensus are shown in 20 and 21, respectively. In- 
variant amino acids of all proteins of one group are given in upper- 
case letters and residues conserved in at least 50% of the organisms 
in lower-case letters. Dots indicate positions with lower conserva- 
tion. The underlined sequence of Clamydia trachomatis (4) was 
corrected after consultation with the authors. All regions suitable 
to discriminate between families and subfamilies of HSP70 proteins 
are boxed. Boxes I - I V  allow discrimination between prokaryotic/ 
organellar and nuclear/cytoplasmic HSP70 proteins, boxes a, b, c 
distinguish prokaryotic and mitochondrial from chloroplastic 
HSPs, and boxes A - I  delimit regions specific for the chloroplast 
proteins 
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mann et al. 1991) for full-length cDNA clones. Several 
potato cDNA clones with insert sizes around 2.3 kb were 
isolated. The complete primary sequence of the cDNA 
insert of one of the clones (pHSP1) was determined. The 
entire sequence is 2418 nucleotides long and contains an 
open reading frame of 2046 nucleotides (Fig. 5). Since the 
ATG of the open reading frame is preceded by an in- 
frame stop codon 21 bp upstream, we assume that this 
open reading frame encodes the entire protein. The 
HSP68 from potato is composed of 677 amino acids. It 
has a calculated molecular weight of 72 741 kDa, corre- 
sponding well with the estimated size of the in-vitro- 
synthesized HSP68 precursor protein on SDS polyacryl- 
amide gels (see Fig. 4B). Sequence alignment of the pre- 
cursor protein with prokaryotic DnaK proteins (Fig. 6) 
also indicates the presence of a presequence which may 
be about 40 amino acids long. 

Expression of HSP68. The expression of HSP68 was 
analysed at the protein level using specific antibodies. 
Ultrathin sections from normally grown L. peruvianum 
plants and from plants which had been exposed to a heat 
stress at 40~ were immunolabelled with anti-HSP68 
antibodies. As shown in Fig. 7, heat stress enhanced the 
density of gold particles specifically in mitochondria, 
indicating the synthesis of elevated levels of HSP68 in 
these organelles. Mitochondria from control cells grown 
at 25 ~ C contained at least two or three times less HSP68. 
Western analysis of total protein extracts probed with 
HSP68 antibodies confirmed these results, indicating that 
HSP68 belongs to the constitutively expressed heat-stress 
proteins, whose synthesis is increased during heat stress. 
Western analysis of cell cultures from different higher 
plants and different organs (roots, leaves, cotyledons, 
filaments and petals; data not shown) consistently 
showed that HSP68 is a common, constitutively ex- 
pressed but heat-inducible protein of higher plants. 

In contrast to our data, Watts et al. (1992) reported 
that HSP68 is not heat-inducible in pea. This discrepancy 
possibly results from application of a rather low temper- 
ature (30 min, 37 ~ C) for induction of a heat-shock re- 
sponse. At least in our hands, pea seedlings, like all other 
plants investigated so far, had increased levels of mito- 
chondrial HSP68 after induction by heat stress. 

Discussion 

Heat-stress proteins belonging to the prokaryotic sub- 
family of HSP70 have been found in protozoans, fungi 
and mammals (Craig et al. 1989; Engman et al. 1989; 
Leustek et al. 1989; Powell et al. 1990). They are local- 
ized in the mitochondria and have an amino-acid com- 
position similar to that of the DnaK protein from E. eoli. 
In plants, both plastids (Reith and Munhold 1991 ; Wang 
et al. 1991; Scaramuzi et al. 1992) and mitochondria 
(Watts et al. 1992) have been shown to contain related 
proteins. For the first time we have isolated HSP68, a 
member of this protein family, from a higher plant and 
raised antibodies against it. We demonstrate by immuno- 
blotting of proteins from fractionated organelles and by 

immunogold labelling of ultrathin section that this pro- 
tein is located in the mitochondria. Consistent with its 
hydrophilic properties, HSP68 is confined to the matrix 
space of the mitochondrial compartment. As a nuclear- 
encoded protein, HSP68 is synthesized with a cleavable 
presequence. The putative mature polypeptide shares 
nearly 60% sequence identity with members of the 
prokaryotic subfamily of HSP70. The fact that HSP68 is 
more similar to the DnaK protein from E. eoli than to 
nuclear/cytoplasmic HSP70 from eukaryotes is consis- 
tent with the postulated bacterial origin of mitochondria. 
During evolution most of the genes of the prokaryotic 
ancestor of mitochondria and chloroplasts, including 
those that encode heat-stress proteins, were transferred 
to the nucleus, except in the case of chloroplasts from 
some algae, where a DnaK-like protein is encoded in the 
organelles (Chitnis et al. 1991; Reith and Munholland 
1991 ; Wang et al. 1991 ; Scaramuzi et al. 1992). 

We have tried to identify sequence motifs suitable for 
discriminating between the prokaryotic/organellar and 
the nuclear/cytoplasmic groups of HSP70 and to further 
subdivide the prokaryotic/organellar group as outlined 
in Fig. 6. Diagnostic regions discriminating prokaryotic 
and eukaryotic members of the HSP70 family are 
marked by boxes I-IV. Examples are the missing cluster 
of basic amino acids (box III), which represents a puta- 
tive nuclear targeting signal of the cytoplasmic members, 
the variable region II, and also C-terminal parts. The 
characteristic - M P G G -  motifs of the nuclear/cyto- 
plasmic HSP70 and the conserved -EEVD- at the 
C-terminus are lacking in the prokaryotic members. In- 
stead, part of a sequence motif found at the C-terminus 
of the E. coli DnaK are retained in practically all re- 
presentatives of the prokaryotic subfamily (see Fig. 6). 

From the evolutionary point of view, it is worth notic- 
ing that there are a number of chloroplast-specific (Fig. 6, 
boxes A-I) and mitochondria-specific motifs (Fig. 6, 
boxes a-e). In accordance with the endosymbiont 
hypothesis, the Synechocystis DnaK fits excellently into 
the plastid group, whereas the bacterial Sequences are 
closer to the mitochondrial HSP70. 

Regarding the remarkable degree of sequence con- 
servation between the members of the HSP70 family, it 
is surprising that the HSP68 antibodies do not cross- 
react with the dominant cytoplasmic HSP70 and, vice 
versa, that the antibodies against the latter do not recog- 
nize HSP68. This provides the experimental basis for the 
unequivocal localization of HSP68 in plant mitochondria 
using Western blot analysis (Figs. 2, 4, 7) and immu- 
noelectronmicroscopy (Fig. 3). These results provide a 
valuable confirmation of the earlier results using cell- 
fractionation procedures (Watts et al. 1992). 

Our knowledge about the role of DnaK-related pro- 
teins derives mainly from the detailed investigations with 
yeast (Hartl and Neupert 1990; Kang et al. 1990; Baker 
and Schatz 1991). As chaperones (Laskey et al. 1978; for 
review, see Ellis and van de Vies 1991), they are essential 
components of the protein-import machinery and seem 
to be directly involved in translocation of proteins across 
the mitochondrial membrane, and possibly in refolding 
thereafter (Hartl and Neupert 1990; Kang et al. 1990; 
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Bake r  and  Scha tz  1991). Since m i t o c h o n d r i a l  HSPs  are  
synthez ised  in the c y t o p l a s m  and  i m p o r t e d  into  the or-  
ganelle ,  it w o u l d  be o f  in teres t  to ascer ta in  how much  
ass i s tance  they  need by  o the r  chape rones  o f  the same 
family .  T h o u g h  deta i l s  o f  these A T P - d e p e n d e n t  act ivi t ies 
r e m a i n  to be e l a b o r a t e d ,  it  is ev ident  tha t  all types  o f  
p l a n t  HSP70  pro te ins ,  have  s imi lar  funct ions .  

F ina l ly ,  it  is w o r t h  recal l ing tha t  the genet ic  te rm for 
the  H S P 7 0  f rom E. coli ( D n a K )  or ig ina l ly  der ives  f rom 
its role  in D N A  synthesis .  T o g e t h e r  wi th  DnaJ ,  and  a 
g r o u p  o f  o the r  pro te ins ,  it  is involved  in the reversible  
a s sembly  o f  the p r i m o s o m e  complex  in i t ia t ing  D N A  
rep l i ca t ion  (A l fano  a n d  M c M a c k e n  1989; D o d s o n  et al. 
1989; W i c k n e r  et al. 1991). T h o u g h  the b iochemis t ry  o f  
this  c h a p e r o n e  func t ion  is p r o b a b l y  very s imilar  to  the  
fo rmer  one,  it  concerns  a f u n d a m e n t a l l y  di f ferent  pa r t  o f  
cell m e t a b o l i s m .  Very  li t t le is k n o w n  a b o u t  p l an t  mi to -  
c h o n d r i a l  D N A  rep l ica t ion ,  a n d  no th ing  is k n o w n  a b o u t  
the role o f  HSP68  in this  process .  The  i m m u n o l o g i c a l  
and  m o l e c u l a r  c h a r a c t e r i z a t i o n  o f  HSP68 f rom t o m a t o  
and  p o t a t o  will be a first s tep t o w a r d s  a m o r e  comple te  
u n d e r s t a n d i n g  o f  the func t ion  o f  HSP68  in p l an t  mi to-  
chondr i a .  

This work was supported by the Deutsche Forschungsgemein- 
schaft. 
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