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Molecular Cloning and Expression Pattern Analyses of Heat Shock
Protein 70 Genes from Nicotiana tabacum
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We have isolated three genomic clones that code tobacco HSP70s, using a tobacco hsp70 ¢cDNA clone as a probe.
NtHSP70-1, NtHSP70-2, and NtHSP70-3 contain full open reading frames of 653, 653, and 648 amino acid residues,
respectively. All share three conserved regions, namely the C-terminal substrate binding domain, oligomerization
domain, and N-terminal ATPase domain. In a comparison of their amino acid sequences, NtHSP70-1 and NtHSP70-2
were very similar to each other, while NtHSP70-3 showed significant differences, instead being highly homologous to
the cytosolic HSP70 members of Arabidopsis thaliana and other plant species. Therefore, NtHSP70-1 and NtHSP70-3
were chosen for further analyses. RNA blot hybridizations showed typical heat shock-responsive expression patterns,
although their signal intensities differed significantly. Transcription of NtHSP70-1 was also induced by dehydration
stress and hormone treatments, such as BA, GA, and IAA, but that of NtHSP70-3 was not.
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Because plants lack the capability of locomotion,
they must possess strong mechanisms for responding
and adapting to various environmental stresses. One
important mechanism responsible for the extra strong
ability of plants to cope with environmental stresses
has been cited from the heat shock response that
accompanies the synthesis of heat shock proteins
(HSPs), especially under high temperatures (Vierling,
1991; Queitsch et al., 2000; Park and Hong, 2001;
Sun et al., 2002; Sung et al., 2003; Sanmiya et al.,
2004). HSPs are grouped into five distinct classes
based on molecular mass; their functions are most
aptly regarded as molecular chaperones (Buchanan et
al., 2000). Among these, the HSP70 family (i.e., pro-
teins of ~70 kD) is active in a wide array of pro-
cesses, from nascent protein synthesis to the protec-
tion of proteins during abiotic-stress exposure and
developmental programs (Dix, 1997; Krebs and Feder,
1997; Luft and Dix, 1999; Lee and Vierling, 2000;
Efremova et al., 2002)

Members of the HSP70 family have been localized
to various cellular compartments, including the cyto-
sol, mitochondria, chloroplast, and endoplasmic reti-
culum. Cytosolic members include the heat-inducible
HSP70 and the constitutively expressed heat shock
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cognate 70 (HSC70), both of which play key roles in
the molecular chaperone machinery. HSP70 can pre-
vent the irreversible aggregation of denaturing pro-
teins by binding to their hydrophobic portions, which
normally are not exposed in native conformations.
The binding and release of nonnative peptides from
HSP70 are ATP-dependent; nucleotide- and peptide-
binding domains have been localized at the ~27-kD
carboxy-terminal portion. Therefore, denatured pro-
teins can be maintained in a form that may be subse-
quently refolded to a native conformation through a
process that usually requires ATP and co-chaperones
(Bukau and Horwich, 1998; Mayer et al., 2001;
Caplan, 2003).

Because most cellular proteins are likely to require
protection by molecular chaperones sometime during
their life span, diverse interactions between HSP70s
and cellular proteins are expected. In most organisms,
heat shock-inducible HSP70 and constitutively ex-
pressed HSC70 are encoded by gene families (DeRo-
cher and Vierling, 1995; Guy and Li, 1998; Luft and
Dix, 1999; Sung et al., 2001). The diversity of those
HSP70 members may be a significant basis for the
various interactions between HSP70 and the pro-
tected proteins.

To better understand the diversity of these plant
HSP70s, we investigated the nucleotide sequences of
three genomic clones that code HSP70s from tobacco.
Our objective was to examine the similarities and dif-
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ferences in structure and expression patterns among
these clones.

MATERIALS AND METHODS

Plant Material, Bacterial Strain, and Chemicals

Tobacco (Nicotiana tabacum L. cv. Wisconsin 38)
plants were raised in a growth chamber under a 16-h
photoperiod, at 24-25°C, 60% humidity, and 200 pE
m™ s irradiance from white fluorescent lamps.
Escherichia coli strain DH50 was used for the recom-
binant DNA process, while E. coli strain KW251 was
used to host bacteriophage A. DNA modifying enzymes,
Tag DNA polymerase, and DNA ligase were obtained
from Promega (USA); other materials were from

Sigma (USA) or as otherwise mentioned.

Abiotic Stress and Hormone Treatments

Young plants with 4 to 6 leaves were chosen for
treatments involving high temperatures, dehydration,
or hormones. To induce heat stress, plants were
exposed for 1 or 2 h at 40, 44, or 48°C. Relative
humidity in the incubator was maintained at >90%,
as measured with a hygrometer (UEI, Korea). For the
dehydration treatment, plants were subjected to pro-
gressive drought by withholding water for 1, 2, 3, or 4
weeks. In the hormonal experiments, abscisic acid
(ABA), gibberellic acid (GA4), and indoleacetic acid
(IAA) were each dissolved in ethanol to 100 mM,
whereas benzyl aminopurine (BA) was dissolved in 1
N NaOH to 100 mM. After the hormone solutions
were adjusted to pH 5.7 with 1.0 M KOH, they were
added to MS media (Murashige and Skoog, 1962), at
concentrations of 10 uM, 100 UM, or T mM, before
being applied to the plants.

Screening of the Genomic Library

The tobacco genomic library in the EMBL3 arms
(Promega) was plated on an E. coli lawn, as described
by Sambrook et al. (1989). Approximately 1 x 10°
plaques formed on a 23 cm x 23 cm LB bottom agar
plate and were blotted onto a Hybond-N membrane
(Amersham, USA) for primary screening. This mem-
brane was prehybridized and hybridized in 5X SSPE,
5X Denhardt's solution, 1% SDS, and 100 pg ml™'
denatured salmon sperm DNA at 65°C. For the
hybridization, a tobacco cDNA clone coding HSP70
that was isolated from EST analysis (Choi and Hong,
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2000) was labeled with o**P-dCTP, using the Prime-a-
Gene system (Promega). After washing in 0.5X SSPE
and 0.1% SDS at 65°C, the membrane was exposed
to X-ray film (Kodak, USA) with two intensifying screens
(Dupont, USA) at -75°C (Sambrook et al., 1989). For
the secondary screening, plaques at the positive signal
in the primary screening were picked and plated out
to form well-separated plaques. Prehybridization and
hybridization of this blot were carried out as
described for the primary screening.

Nucleotide Sequencing and Analysis

Insert of the genomic clone was subcloned into
pBluescript I SK(+) (Promega), and a set of unidirec-
tional deletion series was obtained by exonuclease lll,
using a deletion kit for kilo-sequencing (Takara,
Japan). Nucleotide sequencing reactions were per-
formed via Sequenase Version 2.0 (United States Bio-
chemical, USA), based on the dideoxy nucleotide
chain termination sequencing method (Sanger et al.,
1977). The nucleotide and deduced amino acid
sequences were searched for homologous genes and
proteins from the current GenBank and Swiss-Prot
databases.

RNA Extraction and Blot Hybridization

RNA was extracted from 1 g of tobacco leaves that
had been ground with a pestle to fine powder in li-
quid nitrogen. The powder was transferred to a 40-ml
polypropylene tube, and 2 ml of lysis buffer (25 mM
Tris-Cl pH 8.0, 50 mM LiCl, 35 mM EDTA, 35 mM
EGTA, and 0.5% SDS) was added. After vortexing, 2
ml of phenol was added, and the homogenate was
vortexed or shaken vigorously. One ml of chloroform
was then added to the homogenate, followed by vor-
texing and centrifuging at 6000g for 15 min at 20°C.
Afterward, the supernatant was transferred to a 1.5-
ml microcentrifuge tube, and an equal volume of 4 M
LiCl was added. The mixture was then held at -20°C
for over 3 h, and RNA was collected by centrifugation
for 15 min at 4°C in a microcentrifuge at 15,000 rpm.
After being washed with 2 M LiCl and then 70%
ethanol, the RNA pellet was dissolved in DEPC-
treated distilled water. RNA was size-fractioned on an
1% agarose gel with formaldehyde, and blotted onto
a nylon membrane (Amersham). The membrane was
then prehybridized for 1 h and hybridized for 16 to
22 hin a solution containing 0.5 M sodium phos-
phate (pH 7.2), 7% (w/v) SDS, and 1 mM EDTA (pH
7.0) at 65°C. o*P-dCTP randomly labeled DNA
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probes (the ORF of NtHSP70-1 or NtHSP70-3) was
used for the hybridization. The membrane was
washed sequentially in 1X SSPE and 0.1% (w/v) SDS
at room temperature (RT) for 10 min, 1X SSPE and
0.1% SDS at 65°C for 15 min, and twice in 0.2X SSPE
and 0.1% SDS at 65°C for 15 min each before being
exposed to X-ray film, as above (Sambrook et al.,
1989).

Genomic DNA Isolation and Blot Hybridization

Genomic DNA was extracted as described by Jung-
hans and Metzlaff (1990). Briefly, tobacco leaves were
ground in liquid nitrogen and incubated at RT for 15
min in lysis buffer (50 mM Tris-HCl pH 7.6, 100 mM
NaCl, 50 mM EDTA, 0.5% SDS, and 10 mM B-mer-
captoethanol). To the lysate, 1/3 volume of 1:1 phe-
nol:chloroform was added, mixed, and centrifuged
for 5 min at RT in a microcentrifuge at 15,000 rpm.
The aqueous phase was then collected, and an equal
volume of isopropanol was added. Genomic DNA
was precipitated by centrifugation for 15 min in a
microcentrifuge at 15,000 rpm. Restriction-digested
genomic DNA was subjected to electrophoresis on a
0.7% agarose gel, and blotted onto a nylon mem-
brane. A o**P-dCTP randomly labeled DNA probe
(the ORF of NtHSP70-1) was used for the hybridiza-
tion. DNA blot hybridization was carried out accord-
ing to the procedure described above for the primary
screening of the genomic library.

RESULTS

Nucleotide Sequences and Deduced Amino Acid
Sequences of Tobacco HSP70 Genomic Clones,
NtHSP70-1, NtHSP70-2, and NtHSP70-3

Nucleotide sequences of the three genomic clones
-- NtHSP70-1, NtHSP70-2, and NtHSP70-3 -- showed
ORFs of 653, 653, and 648 amino acids, respectively.
All ORFs started with ATG and ended with TAA, and
their sizes suggested that they were complete for
HSP70s.

NtHSP70-1 had a 537-nucleotide-long untrans-
lated region at the 5’ end of the putative ORF. We
also located, within this upstream region, more than
20 putative heat-shock elements (5'nCAAN3’ or its
inverse complement, 5'nTTCn3’) (Pelham, 1982) as
well as the GACA sequence (Janet et al., 1997) and
repeats of the CA sequence (Martin-Farmer and Jan-
ssen, 1999). The putative ORF also comprised two

putative intron sequences -- one for 66 nucleotides,
the other for 54 nucleotides -- over which the sequence
for one complete HSP70 could be defined. Putative
introns started with GT and ended with AG, the con-
sensus intron-flanking sequence (Kastury et al., 1997).
This ORF included several other features, such as a
putative nuclear localization sequence, KRKHKKDL-
STNVRALRR (Delelis-Fanien et al., 1997; Tom et al.,
1999) and the eukaryotic thiol (cysteine) protease his-
tidine active site (Bercovich et al., 1997; Bogyo et al.,
1997), plus a glycine-rich region and the C-terminus
EEVD sequence, which have been suggested as the
linker and the binding site for HSP40 (Qian et al.,
2002). The ORF extended for 653 amino acids, with
an estimated molecular mass of 71.01 kDa and a pl
value of 5.02. In the 3’-region, the sequence extended
for 426 nucleotides, including several putative poly-
adenylation signal sequences (Fig. 1).

As the second clone, NtHSP70-2 had an ORF led
by 1063 nucleotides in the 5’ upstream sequence,
which contained more than 20 consensus heat-shock
elements. The CACGA sequence and repeats of CA
were also located in this region. The putative ORF
extended to its full length without an intron. It also
showed a putative nuclear targeting sequence, the
eukaryotic thiol protease histidine active site, a gly-
cine-rich region, and the C-terminus EEVD sequence.
The NtHSP70-2 protein comprised 653 amino acids,
with an estimated molecular mass of 71.28 kDa and
a pl value of 5.07. In the 3'-region, the sequence
extended for 430 nucleotides, with several putative
polyadenylation signal sequences (Fig. 2).

The ORF of NtHSP70-3 was led by 188 nucleotides
which contained several consensus heat-shock ele-
ments. A putative CAAT box, CCAAT, was also found
in this region. One long intron sequence of 876
nucleotides was located in the putative ORF, which
also included a putative nuclear targeting sequence
and the eukaryotic thiol protease histidine active site.
In addition, NtHSP70-3 possessed a cytosolic com-
partment sequence, GPKIEEVD, at the C-terminus
(Boorstein et al., 1994; Guy and Li, 1998; Tom et al.,
1999). This ORF coded a protein of 648 amino acids,
with an estimated molecular mass of 71.05 kDa and
a pl value of 5.14. In the 3'-region, the sequence
extended for 197 nucleotides, with one putative
polyadenylation signal sequence (Fig. 3).

Family Genes of NtHSP70 in N. tabacum

Genomic DNA blot hybridization for HSP70 genes
in tobacco was done using the NtHSP70-1 genomic
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AGRAGAATAGACGGAASTAIGGGAATAAACACGATCGASCTCTTAIC
ToTTGATACCTCATCAGGRATCAGCCAGRAGCART CAAAGAT CCATCTCAGC TTGOGCATCATTTGG A L COCAGTTT
TTTTAGTGGEECEARSCCAGATCTGTC TG TG TGCCAGETGCACGCAGCTGCTAGACGCTTC T TTAGACUCCTCECCCIT
CCAAMGCACICOCOCCAGCARCGCCTAGCAGCACCCAGRANGTGGTAGACCCCOCTEGCAACADCASAGRAGCTO T CAR
AGTGGECTCCTTTGGAACAGCGCAGAACCCCATCGRACC TTGGCACCCECCTTTATT TAGATCCT TTTGOTCAACTIGT
TCTGTTCCETOTTTCT T T CTCACAACATCATCACACTCAAATACCCTCTCAARNS TCTTCAAATAALCGCGITCCTCCA
TTGLAGCAACTGCGHLLJllLLLLJlLCLlJ11lLlLCF"ACTLTQ”GACATAATCTTCAFGLATTCTA'
AAARTEGITCCCGOOOTCGSTATOGATT TCCCTACCACGTACTCTTGCGTS GTATCTTCCGTGA

¥ A P AV S I L L GT T VY & < V 3 T F R E
GATCGETAAGTT T TACTO AN AANA A CCATTTATGAST TS CAT TAGSGAGUATGACACTAACATCTTACCCCAGATET
I 49 K C
GATATTATCACCARCSACCAGGGTAACCEGANC CACCCOCTCATTCG TGS TTTOAC CGACRCCGAGCGTCTGATIGETG
o L 1 A N 0T Q & N ET T P2 &E F Y 5 F T DTEW®R L I &
ATGCCGCCARGARACCARCTCGCTATEAACCCTCACGAACACTCTCTTC GRACECCAMICGATTGATCGGTCOCARSTTICC
oA A K N Q ¥ A N P Q N T VYV F D a E X L I ¢& R K F A
CGACCCTEAGE T TCAGGCOGATATGRAGTACTTTCO O T TCAAGATCGTCGACAAGGETSGCAAGCCCARCATCGAGETT
D P B Vg A DM K H F P F K I VD K GGG K P N I E V
GAGTTCARCGCGGCEAGACCAAGACCTTCACCCOTGAGRADAT CTOTOCTATGATCCT TAT CAAGATGCGTEAGRCOGITG
E F ¥ G E T ¥ T F T P & E I 8§ A2 ¥ I L 7T KM EREE T A
ASTOTTACO MO GECEAGACTET CACAAAC SCTETTET TACTGTACCTGCCTACT TCARCGAT TCTRAGCST CAAGCCAL
Z &8 ¥ L G R 7 ¥V T N & VvV ¥V T V P A Y 7 WD E QPR G HAT
CARAGGATGOTGETCTCATIGCIAATOTCARCGTTCTCCS ﬁATCAT”AACbAG CTACTGOTGCCSCOATTGLCTADGGT
¥ D A & L T A G L N V L E = I W = 2 T A A A T A Y &
CTTGACAAGAAGGTTZAGRACCAGCGTAACGTCOTCATCTTUCGAT CTTGGTGETGGTACTTTCRATGTGTICTCTCCTTA
L oL K X ¥V EGE & N Vv L I FD UL G & G T » I ¥V 5 L L
OOATIGAGGAGGGTATCTTCEASGTCAAGTCTACTGO TG TCACACTCACT TGRG I SGTGAGGACTTTGACARCOGTCT
T I 2= E & I ¥ E VvV K & T A G&&EDTHULESG G E D F R K R L
GETCANCCACTTCGTRAACS AuT”CQAGC SCRAACATAAGGTAATTTAASCTCACCOGTCARAATAAGGARACATETAMG

vV M H F Vv N E F K, E H E
ACTAAFTQAHACFAnEAhGﬂTCTTAGCANCAPCSTCCGTGCTCmGCGACuTFTﬂCOAA TGCTTGCGAGCCTSCCARGT
K D & 8 T N V B A L R RE L R * a C 2 R a4 K
HAACA””A”“TTFTTCmGCTFhFALCTCChTTCQuATCJACT(TCTCTT{GAGSGTAT”GACTTLTRCAFCTCTATCAC
R T L 5 2 8 A Q T 5 I E'I D &L F E 4TI 2 F ¥ T 5 I T
CCGTGCTCGTTTCGAGGAF*TCTCuFAGGATCTCTLCCGATCC CATCCAGCCCEICGRTOGTETCOTTACCGRNGEC
R A R F EE - COQDDILPFERSET™ 1 Q2 2 VDRV L T DA
“ATCGACAA”TC““T”GTCCACGAFATTGTCCTC TOSCTGETTCTACCCGTATCCTCCATGTOCAGARGCTCATCA
K I D K 8§ A 2 T R I L FE ¥V Q K L I
CCGA”TAClrLAP”CGAAAbGALLLL%ACAnGTCCATvAﬁb\CCPAﬁCAGGCTGTWGCGTACGG”GCfGCCGmACAGGC
T J Y ¥ NG K E P N K &8 I N ¢ I E A Vv A ¥ &G A A V Q A
GCGATTCTCTCCOGTGACACCTCCAGTAAGGCOACCAATGAGATCCTGITTCTCGATCTCGCTCCTCTCTCTOTOGET
» I - & ¢ o T 8§ S5 K& TWNEI L L LDV AP L & L G
ATCOAGRCCSCTGCTOGTAT ATCACUARGCTTATCOCOCGCARCACCACCATCOOCACCRAGRAGTCCAACGTCTICT
L T A G 6 M M T KL I Z R NTTI P T KK S E V F
COACC T TOTONGACARCCASCCIGGTG T TCTCAT CCASSTCTACGAGGGTGAGCGTCAA CGCACCAAGGACARCRACCT
s T F 8 DN Q P G ¥V L T ¢ ¥V Y E G E R Q F T K I N N L
GNIGGECANGTTCGAGC I CACTGGTATCCCC o U TGCCCCCoRTEGTETTCCCCACAT TGAGGTCACCTTCCATCTTGAT

tlj

M & K F = i T ¢ 1 P P A P R G WV ¥ 9 I E VYV T rFr D L D
GCCARCSGTATCATGAACGT CTCCGCTGTCGAGRAGRICACTGOCAAGT I CAACAAGATTGTCATTACTAATGACAAGG
A N G I M N V & a4 VYV E K S T GG K S N E I V I T N D K

GOOaC TS TCOCAACCAGGAGAT CGAGUGCATECTTAGUGA UG TEAGRAGCTACAAGGAGGASEATCAGGUCCAGEECAR
2 R L § ¥ F E I BE E ¥ L & D A E K ¥ K E E D E A = 0 K
GCATGTCC U TGCCAAGAACGETCTTCAATCTTATGCGTACTCTCTTCECAATAC CCTCTCIGACCCTAAGG T CGAZGAG
R ¥V B A K N & L E & ¥ A ¥ § L 3 N T L 5 [ P K V E E
AAGATCCAGGCTAGCOGACARSCGACACTCTCACTGCOCACATCGACRREGTOGT CCAGTGLCTTGATCACARCTACCAGS
K I E A 858 I K ETUL TAETI DKWV WV Q WL DI KN Q G
CTACTORTOAGGAGTATSAGGAGTACCAGAAGEAGCTCGAGEGCARGGUCAACCOCAT CATGATGAAGT TCTACGGEAGC
A T R E E Y E EH Q K & L E G K a NP I MM X 7 Y G A
GAOTECTGAGOGTGCTOCTGETGHUATSCCNCGETEETCCOGECGECTTCOCTSATSCTEGCAGCCCTGETESTGoTOCC
G 6 E G AP G G M P G & P G G F P G A G G P @G G A P
GGCGCTGGIGGTGACGAlGGTCCCACCGTCﬁ%ff%ﬁffff%fTAAATTCTTTGATRCCCCAACAATATC&GTCTCGACT
G A G G DD G P T W i *
TCTACACTTGTCATCIGTCCAATOCCGTARTGCGGAGICTAGGROTTTCATOCCATGATATGATGRACATTAGATTTTCC
TETTTTG T ITTCCCGAC T T TCACGG TTATGAAARAGCTCCG TGGTTTTTACCCAATGTATT TTAATGAATCGATGAATC
AMGATATTCACAATAACTACTCCTTTUCOTCTTCCCTTSTCICACATGICTTTCTOGTTGCSAT TGETGCAGCACCCAC
CT T ATAACGTATTCATAT CCTTGEU TTTGCTACACAACAT CTTCATGOAGGTATGGCCATGCTGAT GCCOGGACTAG
GOGTGEMAGAAANCT CAGGACC TOEACC T AAGCGATAAAAGTGT S IACCETAAAT CTAATCTAAGCTTAGSS
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Figure 1. Nucleotide sequence and deduced amino acid sequence for tobacco HSP70 genomic clone, NtHSP70-1. A putative
open reading frame started with ATG and ended with TAA. Putative intron sequences are underlined. Amino acid sequence is
represented by one-letter symbol. In the 5’-untranslated region, putative HSEs are in bold letters, CA-rich region in shaded let -
ters, and GACA-sequence in shaded letters and underlined. In the ORF, underlined bold letters indicate putative nuclear local-
ization sequence. Underlined and shaded letters represent putative protease histidine active site. In the C-terminus, glycine ri ch
region is in bold letters, and EEVD sequence is boxed. In the 3"-untranslated region, putative polyadenylation sequences are in
bold letters and underlined.

clone as a probe. To identify its gene-family members,

the hybridization conditions were moderately adjusted. NtHSP70-2, and NtHSP70-3

Approximately 10 bands appeared in each of several
restriction digests (Fig. 4).

Homology of Proteins Coded by NtHSP70-1,

The deduced amino acid sequences of NtHSP70-1
and NtHSP70-2 shared 93.4% identity while those of
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GCATGCCTACCTARCT TBRGTGCGCOGCAGATAAGC TGCATGGGCACEETG I CTAGGCGTCCTACTGGGI TETOTATOT 79
GTCTGTTGTCTGRAGC TCACCGCTGCAMAGCCTCGCTCCCACCAATCTGAGCGETRRACGTGCGAGCAALILIAATECG 158
ACAGACACAGATGGGCACTCTTGRARATGCTGCAGTACGTAT TUGCATGGATTRGATCCAGACTCATGE TTE T CCACGA 237
GCTICCAMATGTAGATCCGATCATGCTCATGCCATTATTCGCCAGTTATGBARGCTAAAAGACAGAATTTTTCCTTST 3le
TCGCCTCAAGCCCATGETGRLGTITCCAMCCOTGCOCCA A A TTCATEGTATCATCTAGACTAAT AR ;A ATAGRTTTTG 385
AGGAGGGGCACACAAAGGUROGATACAAGRAGEAGGGAGAMA AAALADL AAGAATACATGAGGGGAGCTTCOCACANCTT 474
GGETAGGEECAGGTAGCAGETACTCGEGCCCCGCC T COTOGCCCAGCAATTCRAGGTCCCTSGAACCTCTACCCCACGA 553
TGGARTTCUCEGEAGCCTEACANT GACNTCARTCAGAACGCCATGEARG 'GEACAT CGGECTECGHEGT MM ECAGRUAA 532
AGAGCCATGGCATCGUGGEAATTERGRG U CHGGAAGGUGATAGAAGEGAMT TATGGATATTGCTAGTAATECAOCTGA 711
TTTTTGAGGATCCATAGAAC CAGGACGEECTOTGCAGCGGTCGU TSGLCGTTTCTCCTGCTTGUTAGACTCTTCOCGTA 730
G:ECCTGCACCCTTCTGAGGT”‘GETL(TLTGGAATAGTGTAGAALCG”h*“GAAlLFCTACATCCACCTTTA“TFGGT BRY

TECCCTGCAAGCTOCCTTCARCCAGTCGAACTCTTTTICCTCACGCACATAT T CAAATACCCCCATOTCALLR 1A 0TTCA 548
AALAALTCATLfTﬂGAAuCACAAAﬂA CAATTCTTTETCCTCTTCTCTOTTCT ITTOTCCCTCATOCACTTCAACIATA 1927

COOCTGCAAR REFLARE GTCALCATGGRPCCCECUCTOAGTAYCGAT CIGEGTACCACITAOTIGT 1106
M ¢ P A VvV B I DL G T T Y g 14
CrCTOAGTATCTTCCGTGABGACCGATGCGATATCATCGCCAACOACCACGETARCCGAACCACCCCTTCCTTCETTGE 1185
¢ v ¢ I r & EDRCDTIT I A NDQOGDNU&RTTU®P G F V A 41
CTTCACCCACACCGAGCGTTTGATOGGTGATCCCOCCAAGAACCAGGT DG CCATGAACCCCCACAATACCETETTIGE AT 1264
F T O T E R L 2 G B P A K N Q ¥V A M N 7 H N T V ¥ &7
GOCAARGCGTCTGATTECTCOCAAGTTCAGTGACTC TGAGGTCCANSCOCACATGRAGTAOTT CCCCTTCMGGTCL:TC.‘G 1343
A K R L I 6 R K F & D S5 EV Qg ADMWMIXKHVF PF F K V V¥ 93

ACAAGGGCGGCAAGCOTTOCATUGAGGT CGAGTTCAAGGECAAGACCARGTCCTTUACCCOTUAGUAGATOTNOTOCAT 1422
p Kk 336G K P 5 I EV EF KEG E T K S F TP EE I 8 5 M 120
GATCCTCACCRAGATGOGTGAGACCGI TGAGAGCTACCTIGETACCACTSTLARCARCGCCOTTGTCACTITOCNOGEC 1500

I LT KMPRETAUERESSY L g T TV NNAWVV T V F A l4s
TRITTCAACGACAGCCAGCSTCAGGC TACCAAGGACGCCGGTCTCATTEUCGECCTCARCGTTCTOCGTATCATIAMGG 15480
¥ F N b 8 Q R 2 A T ¥ D A G L I A & L N VvV L E I I W 172

ASCCCACCGCTECTGCTAT TACCTACGETCTTGACAAGAAGATCAACEGTEAGCGTARCGTCCTAATCTTORATCTTEE 1659
E B T A A A 1 D v ¢ L I K K 1l E & E R N V L L F D L G 149
TGRCGOTACCTTOOATGTC TO N TCS T TANCATCOAGGAGGOTAT CTTOGAGH T TARGTC TANTGOCS hTuACATTCAC 1738

G & T F DV S5 L I.TTEZESGTFEREWY ¥ &8 TAGTD
TTG””TGG*GAGGAC"TCGALRhFCGTCTTCT”AACCA”TTCGTCAACGAATTCAAuCuCAALCACAAGAAaGﬁ CTCT 1817
L @ G-E D DN K L VvV N H F ¥V K FE ¢ KRN H X' E D L 251
CPEUCARCAGUCUTGCCCTEOGTOGTC I TCGCACTSC I TECCASCATECARSCGARCCCTCICT TCC TCT SO IAART 1896
5 A N 8 R A 1L R R L B T A ¢ B &% A K ® T L & 8 & A Q T 278
CTCCATCGRAGATCOACTCTC T T T GAGGGCATTAGATTTTACACTTUOATARACCOATGCOCATTTCSAGIAGOTOTOC 1975
g 1 2 I b & L FEG I RPF Y T S I TRAURF EE L ¢ 304
CAGGACCTCTTCCGATCCACCATCCAGCCOGTCEACLGUG ICCTCACTGACGCTARGATUGACAAGAGUCASGTCIACG 2054
D.L F % 5 T I ¢ P YV DRV L TDA AU I D XK 8 1
AGATCATCOTCaTTGATEECTCOACECE TATCCCCOGUATCCAGARGUTUAT TACCEACTACT T AACGICARGEAGES 2133
; T R I ¥ % I Q E L I T D Y F N G K E B 357
GAGGCTCTTACCTACGSTACTGUCETCCASGCTECTATCCTETOTISTUACACTTCT 2212
N K § I N P B E AV A Y G A AV ¢ R A I L § @& D T 8 383
TCCARGTCCACCAACGAGATCCTGCTGCTCOATGTCGCTCCCCTCT S CCTCGGTATCGAGACTGCTGS TG TATGATCA 2291
T K § T N E I L L L D WV A P L & L &I E T A3 3K M 409
COAAGCTCATCCCCOOCAACA L CACCATTCCCACCAAGAAGTCCOACS TOTTCTCCACCTTUTCTOACRALCACTCTSG 2370
™ K L I PR N T T I P T K X 8 E Y F 8 T F &8 I N @ © & 438
TETCCTGATCUAGGTC TACIAGEG TEAGCATCAGCICACCAAGEAUARUARC CTGATHHGUAAUTTCIAGCTOADTORET 2449

v L I & VvV ¥ E G E R @ R T K B N W L M & & F E L T & 462
ATOCCTCOTGUTCOTCETEGTETCCCTCAGAT TGAGGT CACCTTCGATATGCACGCIAACGOTATCATSRAACCTITCTG 2524
I P P A PR 3 V B Q I E ¥V T F DM IJ A NG I MK V B £88

CCCTCGAGARGEGCACTGECAAGTCCAACARGATTOTCATCACCARCCATAAGGCCCOCCTCTCCAAGGAGGAGATTGA 2607
AV E £ G T 6 K & N X I v £ T K O K G R L 5§ K E E I I 515
GCOGCATGCTTAGCGACGOTIACGAAGT ACEAGUGACGAGHACGAGGUTGAGSHTCGUCETUTCAUTGCCAAZAROGETCTT 2686

R M L 2 D A E K Y ED EUDE&AZE G RRUV A A KNG L 541
GAGTCTTACGCCTACTCTC TCCGCAACACTUTCGECGACCCLARGETUGACGAGRAGATTGAGGCTGUTOACAAGGAGA 2765
E § ¥ &4 Y 8 L R N T L 4 D P K ¥V L E X I E A 3 D K E 267

CTCTCRACGACTSAGATCGACAAGGTTGTCCAGTGGUTCCACIACRRLTAGCAGECTACTCOTGAGGASTACCACGAGTA 2844
T L KT E [ O K ¥ ¥ @ W L D D N Qg € A T E B BE Y E E H 394
COAGAAGGAGCTCSAGEGTATTECCAACCOCATCATGATGAAGTTCTACGGAGCTGCTEGOTGAGHGTIGCATCOOIGEC 2923

¢ K = L & G I A N P I M M K F Y G A @G G E & G M F G 620
ATGCCCGETEGR TGO TCCCGETEGOTT CCCIGROCTGETGRICCCGGIGGCECOCETEETGOOGACCICGANGACGRCC 3002
M P G G A P G G F P @ A QG @ P G G A P G A D RUDTD @ 546
CCACCGTOCAGGAGGYCRACTARATTACTTEGATACCCT CAC T IGUAC M I TARTARGG TOGAT ITGAGACGCGGAGEATTC 1041
P T V bd 653

GGCTTCTCAT RSAATCGACSACACGACTAGATCTTTITT 2 IGUSGTT TGO T TITGCATT TITACGE T TAT SAACACGEGAL 3160
ARATACTAGGTAGATAAGCCTACGRARTGTACTCTAATGAATAAGGGATTAATTTAATGCCTTCTAAARACATEARARTTG 34239
CTTATGACTCT I TGTGATAT TG TCTCCATCGTAGCAAATTCATASTACARGTAACAATTTTTAGACTACAATTATTTAR 3318
TTCTTTTATAT ITTA DT U T AATAAT IAL IGRATGTIATTCTEAGK I"TATTCTAGTATTCATTTAA TAC U TGIC I ARTAT 21397
TACTTGATATATCATTAARTATTATCCAGTATTATTUTAATATTATTUTAACATTTAT 1456

Figure 2. Nucleotide sequence and deduced amino acid sequence for tobacco HSP70 genomic clone, NtHSP70-2. Intron
sequence could not be located. Amino acid sequence is represented by one-letter symbol. In the 5'-untranslated region, puta-

tive HSEs are in bold letters, putative TATA box in underlined bold letters, and CA-rich region in shaded letters. CAGA-sequence

is in shaded letters and underlined. In the ORF, underlined bold letters represent putative nuclear localization sequence. Under -
lined and shaded letters represent putative protease histidine active site. In the C-terminus, glycine rich region is in bold le tters,
and EEVD sequence is boxed. In the 3'-untranslated region, putative polyadenylation sequence is in underlined bold letters.

NtHSP70-1 and NtHSP70-3 shared 71.6% identity. strong homology, i.e,, >83% identity, whereas the
When the deduced amino acid sequences of these range of homologies for NtHSP70-1 and NtHSP70-2
three genes were compared with Arabidopsis cytoso- were 65 to 71% (Table 1). This discrepancy among
lic HSP70s (Sung et al., 2001), NtHSP70-3 showed our genes in identity to the reported Arabidopsis cyto-
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GEATCCAGTTACAARAGAATATTCTAGAA. A ARGCTCAGCCCATTARATACTCCTITCCTTTCCCCTCOC 73
CCTCTCATCARACT FTAACACAATTCTTTATTCCCTTGL TTTCTCTCCAUCGTCITCATATTCTCTT TTTTGCTTTCTS 152
T T TGCGTTGETGTATAGT GAAGRAACUTAAGTARTEGOCGEARAAGGAGRAGGTCCOGCCATCOGAATOGATCTCG 231
M & & K & E G F A I 8 I D L 14
CAAC A AT TAC T T TG TG TG TG TAT GG CAACATCAT CG TG 'GAGATTAT TEUTAATSAT CAAGGRGAACAGRACGAT il0
G T T ¥ & ¢ VvV & ¥V W Q H D R V¥V E I I & N o Q@ O N R T T 41
GUCGTOTTATGTTGGATTTACTGATTCTGAACGTCTCATTAOTCGAT 3CNGCTAACAATCARGTOGC CATGAATCCTATT 389
= 5 Y vV & FTUL S5 =2 E L I & D A A KNGV A MNP I 67
AN ACTCTTTTTCETAAGT T T T AAGE T T GA T C T ST T T T T ACATCTTAATTTTTTG TGS TTTETRATTTAGCTESTTTG 168
9 T V F 7
TTETTOATTARTAGTACA D CTATTOT TAATTC TAGATTGAR " CTTGAGCTATTGCATAATCACCTCATTICTETTAATA 547
GTAC TG T TAA TG TATGTASTAA TT T TTTGGTARATAST 3T AL TACGTATTATAT CTCGTTTEATGAAGGTARTTCTT 626
708
T84
863
AGCTTCATGETTTARACCT O AAGT TTOTTAGCG T TGAR CCTCTTATATTTTTAAAGCTAGGTAGTTTATACCTACTACT 942
TATTGCAATCAAATCTAR T T TCOGTETCACGGTACCT T CATCCTGCATCCTCCCC TGO OATATAGETTETTOCTS 1021
CARLA AT TGACCA T AN AT CEATT T T TaARCTAC TADTGRTTTAATATTCATGAATATCTCTGCTGTCATTGGTT 1100
f"T'Tr\nAl TTATCCTOAR TT A TOC T CT T T TGO TG TTA TG T TACCTTTTGTECTATASTTEOCETTOATHCATAGTCTE 1173
LAACTTI T TEA T AT AARTAC T TEARGTAARGATTGCATGTOATTCAATCACTCCTTE 1258
ATUCCAAGAGGCTTATTEERAGGASCTTTACTCATCCC TOTGTACRGAGTGACATCARN 12337
F'AI—ZRLIGRRE‘BDAS”QSD-’K 91
TTETGGCCTTTCANG S ITAT TTCCGGACCIGE IGACAAGDIAATAATTOTAGTCARCTATARGGOTGAAGACAAGCAST 1416
L."IPF‘K'\.'ISGI-‘("DI(FMT‘J\TNYKGEEKQ 117
TTGOTOCTEAAGARARTCTCT TCCATCGTGCTTATAAAGATGARGEARATTGCOGAGSCU I IO T IEAGATCAALTGTIAA 495
F & A E E I 5§ 8§ ¥ ¥V L I K ¥ K = I A E A FF L G 8 T ¥V K 144
AN PGS TG TAC TG TACCTOCATACT TCAATGACTCATARCOTOAGACTACTARSCATCCTGGTGTCATATOTSSC 2574
N A Vv ¥ T V F & Y F N D 2 ¢ 2 ¢ A T KD A 3 Vv I 5 3 7
TTCAATGTCATGCETAT AT TAATGAGCCTACAGCAG U TG U CATTGCTTACGGTCTTAATAAGAAACGCCACTAGTGTCS 16563
L'\JVMR‘IP.EPTAPAIAYGLDKKATS\E 156
TCACARRGARCCTTCTTATCT TTCATCTAGGTGETEGETACTITCGATGTETCOCTCCTIACTATTEGAAGAAGGUATITT 2752
GEKN'\."LIFDLGGG'L‘FD‘J&LL"L"IF,F!GT_F‘223
TGAGGTGRAAGCUACREAGGAGACACTCACNCTTSRAGGTOARGATTTTCATAACRCAATGE TGAACCACTTTGTCCAS 1411
E VvV KA T A S D THUL G G E D F D N 8 M ¥ N H F ¥ Q 2439
CAGTTCALAAGAAAS ATARGAAGGACATTACCHGTAANCCARGAGCOCTTAGRAACATTOACAACAGCATGTGAGAGSE 1930
L F E R K H XK E D 1 T @ N P R A L R R L E 7T A ¢ E R 273
COAAGACGAACTCTTT O T TCCACTGOCCAGACARACAATTGAMNTTCAT T CO P TUTATSAGUGAGTTEACTTOTATTCCAT 1363
A KR T L § & 7T A Q9 T T Z E I D & L ¥ & 0O %W D F Y & T 302
CATTAUTOGTROCAGATT TGAGGAGT TORACAT SCATCTTTTCACGGARGTGTATSCACGCCCOTTGAGAANTGTT TIAGE 2048
I T R A R F E E L N MDD L F R KO M EZ B ¥ R K C L R ize
GATGUCARGATGGATARGAGTACTO TAFA’F‘(‘ ATITTC TTFT‘TGTT’GTGGRTC CRACTAGAATTCCCAAGGTACAACAGT 2127
oA KM D K 3 =& : woe T RO P K OVOQOQ 334
GTTGCE ACTT’"""’“TAAI‘G(JUAA&:».GC'I qL!LmuLArCAALL"‘AGATCmCCL TETTGOCTATCCTOCTSTAGT 2208
L L QD rFr NG KEULUGCI K S T W PUDEA AUV A Y ¢ A R V 381
GCAAGUTGCCAT T T AAC TGCAGAGGCTAATCAGAAGGT TCAAGACTTGTTGCTTOTGEATSTLACCT TATCTOTT 2285
Q A0A I L 3 G E S N E K VYV Q D L L L L 3V T P L & L ao07
GEETTEGAARCTEOTGEAGCAGTRATGEOTATOTTGAT TCCARAGGARATACCACTATTCC TACCAAGARAGAGCAGETGT 2264
4 L. ¥ T A 6 3V M TV L I P E K TT I P T E K E Q2 ¥ 433
TCTCTACATATTCTGACAACCARCCTEGAGTETTEATI CAGGTGTATGAGGETIRGAGAGCARAGAACTACACACRATAL 2443
F & T ¥ 5 ©C N Q P 6 V L. T Q ¥V Y E 3 ERAURTR 2 N N 480
CTTECTO SO TRAATT TOACGCTTTCTGGTATCCCTOU TG CACCTASGECTETEGCCALAGAT M ACAGTCTGOTTTIATATT 23272
L L 5 £ F E L &§ G [ P B A P R ¢ ¥V P g I ™V 2 F D I 4BE
GATGCCAATGGTATC T TARACGTUT CTHUTAAACACAAGROCAC TOGACACARACAACAACGATCACRATTACCAATZACA 2601
oD A N T LN VY 8 A E I K T T G g K N K I T I T N D 512
AGGGTASGTT =T CALACCRAAGAAATTEARIAGA TGET CCACGARGCAGAGAAGTATCAAGGOTGAAGATGAGIRACACEA 2660
K & KR L 8 K = E I E K M V Q FE A E K ¥ K A E D E E H K 5i¢
CRACGARCGTACGACOCOCAACGAACSCACTGCASAACTATGCCTACAACATGAGSAACACCATARAGGACGREARAGATTOOT 2755
¥ K vV E &4 £ N & L E N ¥ A& ¥ N M E N T T K D E K Z G EEE
TCTAAGUTARCCTCAGATGACARGARRALGETACACCATCCTATTGACCASGCAATTTCATGGC TTGACASCAATCAGD 2838
s KL 8§ 8 DD K K EKE - EDaAa I Qg &£ I 5 W L D S5 N ¢ 551
TTGCT ARG TGAT GAGTT TAAGRTARGATGARGIAGOTOOAGAGCATCTSTAATCCCATCATTGCTAASATETACCA 2917
4L Fm A D FE 7 EDD EM K EL E S I C ¥ P I I A K M Y Q0 E15
ACGGTECTSETEETSAAGCCGETGCACCTATGEATGAIGATGCICOTCCASCTEETERTAGTAGTGIAGGICOIAAGATT 2996
G A ¢ G E A 3 A P M D I DATDTT X G G S 5 A G P K I 644
GAGRAGGTCGACTARAGTGTACCOACACCCTTCCAAACAAGGECTTTTTTAACT TTCANCTAGACT I IGTUTTTTATAAT 075
* 648
GTGTTAAA O T ARG T TCCGEAATAC T CARCOTAGAASTTTAASCAAACTOAAAACCGACGC TG TSARALAARARE 3154
AARAANGACGEATOGRAGTAATATAAGATTAACTCARATGOARTGGARCRASTOGT 3208

Figure 3. Nucleotide sequence and deduced amino acid sequence for tobacco HSP70 genomic clone, NtHSP70-3. Putative
intron sequence is underlined. Amino acid sequence is represented by one-letter symbol. In the 5’-untranslated region, putative
HSEs are in bold letters, putative TATA box in underlined bold letters, and CCAAT-sequence in underlined and shaded letters. In
the ORF, underlined bold letters indicate putative nuclear localization sequence. Underlined and shaded letters represent puta-
tive protease histidine active site. In the C-terminus, cytosol compartment sequence, GPKIEEVD, is in bold letters. In the 3'-
untranslated region, putative polyadenylation sequence is in underlined bold letters.

solic HSP70 genes, i.e.,, NtHSP70-3 showed strong
homologies, and NtHSP70-1 and NtHSP70-2 showed
lower levels of homology, was also found for other
reported cytosolic plant HSP70 genes (data not
shown).

For all these HSP70s, their ATP-binding domains
and substrate binding domains (B-domains) were well
conserved, with most of the discrepancies in the
amino acid sequences being localized to the C-termi-
nus (Fig. 5).
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Figure 4. Cenomic DNA blot analysis of tobacco for
NtHSP70-1. Restriction-digested tobacco genomic DNA was
hybridized to the *?P-labeled NtHSP70-1.S, Sact; H, Hind!ll;
E, EcoRV.

Expression Patterns of NtHSP70-1 and NtHSP70-3
in Response to Heat-Shock, Dehydration Stress,
and Hormone Treatments

We selected two genomic clones, NtHSP70-1 and
NtHSP70-3, to analyze their expression patterns undcler
abiotic stress or hormonal treatments. RNA levels of
these HSP70 members increased in response to heat-
shock. The northern bands commonly appeared for
both genes were barely detected under non heat-
shock condition and strongly detected under heat-
shock conditions, however differences in the expres-
sion pattern of each HSP70 gene was also strongly
apparent. Transcript level of NtHSP70-3 was much
lower than that of NtHSP70-1 in all the conditions
tested. Heat-shock at 40°C for 1 h was sufficient to
induce the strong accumulation of NtHSP70-1 tran-
script. In contrast, for NtHSP70-3, heat-shock at 44°C
seemed to trigger stronger expression, although the
level of transcript remained low. Finally, heat-shock at
48°C seemed to be too high to induce a significant
level of transcription for either gene (Fig. 6A).

Dehydration stress by withholding watering for 2

weeks led to the strong induction of NtHSP70-1
expression, but not NtHSP70-3 (Fig. 6B).

When our tobacco plants were treated for 24 h
with GA;, IAA, or BA (10 uM, 100 uM, or T mM),
transcript was detected for NtHSP70-1, but not
NtHSP70-3. However, ABA apparently was not effec-
tive in inducing transcription of either clone. Interest-
ingly, the dose effects for both GA; and IAA were
quite different for NtHSP70-1 expression, i.e., 10 uM
of GA; induced transcription whereas a level of 1 mM
IAA was required in order to detect any activity (Fig.
60).

DISCUSSION

We can classify the three HSP70 genes from N.
tabacum into two groups, based on their level of
homology and putative subcellular locality. NtHSP70-
1 and NtHSP70-2 are highly homologous to each
other and are putatively classified to nuclear forms,
whereas NtHSP70-3 is highly homologous to the
cytosolic HSP70s reported from other plant species.
The putative ORF in the C-terminus region of
NtHSP70-3, GPKIEEVD, has been suggested as a tag
for cytoplasmic HSP70 (Boorstein et al., 1994; Guy
and Li, 1998; Tom et al., 1999). In contrast,
NtHSP70-1 and NtHSP70-2 lack this cytoplasmic tag,
but have their putative nuclear localization sequences
in the center (see also Delelis-Fanien et al., 1997;
Tom et al., 1999). This difference among tobacco
HSP70 genes is paralleled by the variations in their
expression patterns. The putative nuclear form,
NtHSP70-1, is strongly induced under stresses of high
temperature and dehydration, as well as by treat-
ments with BA, GA;, and IAA. Accordingly, while
transcription of NtHSP70-3 is also induced by high
temperature, neither dehydration stress nor hormonal
treatment seems to affect its pattern of expression in
that clone.

These various patterns can be attributed to the
structural differences in the promoter regions of each
gene. For example, the pentanucleotide heat-shock
element (HSE) core, 5' nCAANn3’, or its inverse com-
plement 5'nTTCn3’ (Pelham, 1982), is common to all
three tobacco HSP70 genes. However, only NtHSP70-
1 and NtHSP70-2, but not NtHSP70-3, contain the
GACA-sequence, which has been suggested as the
binding site for the GAGA factor. The promoter
regions of those first two clones also comprise another
regulatory protein that binds to the heat shock pro-
moter (Janet et al., 1997), as well as the CA repeat,



156 Cho and

'”LIﬂHEI
FD

MR----- anq!
w5 el

sAGKIEC*+I+

CLSTTYS
-

ED
HD
H
“

}
|
i
b
i
13
1t

Y
]

R'SS§%”“S"LH‘3
FeiSpges38e s e S
ACERTE AR E kA
lfb‘p\llgitt-“)id?

o]l DI @ EE -

L e
R e R
L

AR R

T

3D

sy

FEDFUNRTVANHEYNEFEER!

R R R TRy

TSI TFAMetTeACATE Y * | T
sukbkwasgaand eleddaRGen s LTCH]
wEw bR E b p e s A e TG

L RN T e R s
AT H b e b AR R E AR R [
swwxsxssr=Te[Ape st adywns
Hhb AN ra s bA A Tead s Toe s T+
WATERGA LISV FES Tt KINTITTEND

PVWR TTeKIDK;;VP IVL

-

tN‘t!Tﬁtn“‘
T Er S a ki
CHE&&EKC*FD&&M&**T*&P"&w
SEKA*ED#* #], 4% {QI** Lo w

KA T ENE R AT E e
QN**PSL*D***
Tlowwws

VEDLYNRS (Tr Lk‘JAI_ LI

n‘w're;-:m'\gastev *YDESE | AEd ¥ &gy b 2T G0
S.cerevisias EEa LY At R e A GTOR-Ti% & #00
E_ Rl‘Qi!.:t-‘ yas K“‘""'%.P.DJ."I].-W'.
e LTAGLHVLE ™ IN'EE"]'A.%.!‘\I.A
NE Trewswiswwansssnnstnt

h EE R Ql—l—tkllllit(‘liti
A (A AA AR AT AN A RET A8 0d TR
z. EEETETIUT A TI e e e b

B i e g

Hong J. Plant Biol. Vol. 47, No. 2, 2004

PYMMEQNTYTEALSL 2GR

liiaiiiiiiiii
AETRRR AT A
wamw gk E e
TR T
TETsReTRvTEROR L
ks mww kR
kLA R

EF”DIIANDQGNRT*PS? ;FT“TERLI’QAAKL

Ml i it T

R-VEasdsddmmbrwidys éaaas««a-ach
A bl ol (e bl
xsrararrack b frr kb
‘FI"‘*O)!!)A"“ DAkswwin

Ersrsrrsrr vy

'tiniiaiiﬂﬁdﬁjﬁ
SEVES L AR
vEnnannﬂasddn

i
911« -mnl [E
1(-_.nm\——\fac"mn,r "

dxbbun

LEE s
tiitttn
EEEEEE D

psswRT
resanT

c

whhAw o el ATNe ke
VEALRLARTACKHAKRTLSSSAQTSL FYTE [TTRARFRELC gnu
a-rln-[.ﬂll!&&&u.‘&’&" - R

B R R R L A
Desdas]snTarrandenrnassTu
SAERERAs s b aidd bdTHERTH
whaaw Qlllnlltln‘ltlvOO$ B Y- | ¥
{I&thLgQt!t&&*w“*&‘T‘an hrmdmrddd bk A A bk R Dk
PRI AT AR TR AT AN R I T I A A NSNS AU R NN R R P T TN
[iss os[snnrjensmnttntn VR R R I L AL R s Dtvrkvﬂtt&ttttihtt
tttﬁQLvan!!l!t\Qﬁkicnii“Qttbii*qbibl Ll e

LAMQFLAETARKA 4L P"‘hﬁ‘*“V}'“fTTﬁDAT"P@DQIK“TRAthSL
5o L;N?hLITDY“hGKEPN"INPTJAVAY:AAV?A%;E%GDTSSKAT

ER R
Trew Ll

I ek A
Ra8 §§

a5

TR RO
‘Iwww**ttttqt-rt'tiittzqu&v
ww*ii**&bbabb.aﬁ.aaan:*qg&g
SRR REFERNF R Vo Ahe A ELEONER
TRl R R e R L T e thR‘ﬁ
FEWRNEDT RN R kb b b A h i d b R HENT
twﬂﬂﬂﬁtphtilfh FEXEARI ARG RN AT T RIS AT O AL E N VRN
P Rl - TN T S ol LR S TR TR wwmdwww e Iw ]

haw b EDH R
wkdrxr P
rxmd ek D4
LRS- L3

*L

?.L

ELILP
A
AR EA S S
,awtht
EEATE R
7 wrre b b

iw ke f s

W= Jll[?VﬁPh TG TR A
T h FEEEA A
OL- iittt?ln-inLii*iﬁ
Do, *wwebTavosn] sdvin
Cl-wmtwdTowmmn- kdans
CL #sdwaTosunsl dwbnn
Ol.-**vvdiwrwds] &&newn
DL -tk kwsssddns], 444+

A I e R LR R ] &
FhEmE s s Tt et

DWVTH e kw s bk wpfa_ s

Sr T

J*tnhﬂxﬂlﬁbhlh'

LA NS l('!bb\“'F" el A A R - - iT
v - IA.V(.ta,"IEmP\-N.aJ(F'.mt- FRGEEPREDVNPTIEAVAT G W "L, VE

LMGKFELT3I =22
Guwkwdw

e PTKK N PGV L TQOVY
Saawwaw

5 RORT
LI R * inrwttttw'wrttt*gt¥k
kxkk kb xxaTON R R R R R L S -1
TowkhwwSwwhwnw
*iLiliwig&&*i&&

anttnn»pwln»-aV|ntan EAE AN F RN hh S
wpfe lr*ER"Iwfﬂtw'wttw'wi}ﬁtth'

ANTO - am s TRAL LY UL A kb hhrhbt bh P Tann
“!T-ﬁRYQQQttwrt***tti**

LR Y Jljf,wnwnttwrwri**tttAMtv

VPSIEVY “LDANCIMLVLR}E*GT
A e T T
tti*t)[IC**'-rvI'L""LD*T'
kb kAT H b kTR nm s =kt EOATH
e E R e TA R TR NN Rk ST
sxkwhaperta THUCT4 ke DO*T
whkh bk ard a T AR EAT R RTHTIAE S
e I T e
rxhkhd v b ks nrnd[brrr{(DME
R R T S
B L R T A n e NI

lanogaster
cereviias
B, o0dl

;-.}C\TE
OXS V

“RLJkEEIERMLSDAEﬂYVEEDEAEGYRUAAKNCLE.Y»Y“

TaE PR AT AR Rk ke hE
K**ﬂTII#ﬁIl!fllIIIIKQU EwwuedkEoww e GHUN AR S 0 f v wph ey
EhwbTedbbbnhrddLda+PAYOER# bW b Sod* BT+ b AR b s p4 £ o]

*
*

3

] SRR PE RISl 0 L LAt 30 S Sl Sl e
L R R R R LR g L A LR N R LR A
*&\q!h”*a-a‘nn-'lﬂttttl‘ o A ) = R =]

ROkesuv s

o

g

cepehr g

%itlfﬁ'i-l.“

IR A L T A AL EE A R R L oY F‘t*R**Ai LR}
e BEN* e Ch e n e s m R e D e VTR w0 # AT SRR
**'tt‘TQ!I"k’l"“rﬂ"f"”‘ LR *iR*FJ\;‘ii
SGREQT* r wASSGINEDE) QEMYENABANAZT * 2KF K17

ﬂFFETLﬂnFTﬂ
*KT*

e

3 £PEA
LKEFA - - -APSGGS
crisEea

Ahe et s ARCCOGROGR

_&‘liESQ‘F

QETII'J““'J‘,‘Z“ J*s
ETALEGRIE S

CRSGATGAGECT
- -ADASANNAK® *DYVYDAKY

RNCGTHLLHET |
5‘"'guLDEN,.?,;i\‘QEIWFEHOhJ-:‘.FCEL\N TOACEY - {\ﬁgyﬁﬁr

AL THDEM* # b 43

4w Qe+

e ks Jed[#EA®EFD

b i
R ﬁ?-ékvixnw«--

IR**+C+TTAZK=*FLHE HE

£

STC** KD
THAKMODELAQVEQKI MRT ]

w

Gh;;:,-
sEisunn
naa14‘~a

Figure 5. Comparison of deduced amino acid sequences of NtHSP70-1, NtHSP70-2, and NtHSP70-3 with other HSP70s. = rep-
resents conserved amino acid. A hyphen was inserted within the amino acid sequence to denote a gap. First and second boxes
represent HSP70 family signature; third box, the o-domain of substrate binding; and fourth box, the B-domain of substrate
binding. Forward arrow indicates ATP-binding domain; backward arrow, the substrate binding domain (Guy and Li, 1998; Data-

base, NCBI).

which has been suggested to stimulate transcription,
translation, and mRNA turnover (Martin-Farmer and
Janssen, 1999). Although the length of the promoters
in the revealed nucleotide sequence also differ among

the HSP70 genomic clones, all those elements and
sequences mentioned above reside in close proximity
to the putative translation initiation codon. Thus, the
short promoter described for NtHSP70-3 cannot be
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Figure 6. Transcripts of NtHSP70-7 and NtHSP70-3 differen-
tially induced by hormones and environmental stresses.
Total RNA was isolated from young tobacco plants treated
accordingly and blot-hybridized with **P-labeled genomic
clone, which is indicated on right side of each blot. (A) Plants
were heat-shock treated for 1 or 2 h at 40°C; for 1 or 2 h at
44°C; or for 1 or 2 h at 48°C. (B) Plants were dehydration-
stressed by withholding watering for 1, 2, 3, or 4 weeks. (C)
Plants were treated for 24 h with one of the following hor-
mones: BA at 10 uM, 100 uM, or T mM; GA , at TO UM, 100
UM, or T mM; ABA at 10 uM, 100 UM, or 1 mM; or IAA at
10 uM, 100 M, or T mM. Lane Cin (A), (B), and (C) repre-
sents untreated control tobacco plants maintained at 24-
26C.

the reason for this difference.

Our tobacco HSP70 genes also vary in their
OREFs. For example, although each consists of an ATP-
binding domain, substrate binding domain (-
domain), and C-terminal domain (o-domain), these
genes show diversity in their proteins. Whereas
NtHSP70-1 possesses a glycine-rich region that is a
putative interacting site with other co-chaperones,
such as HSP40 (Bercovich et al., 1997; Bogyo et al.,
1997; Qian et al, 2002) to the C-terminus,
NtHSP70-3 does not have this component. Likewise,
while NtHSP70-3 has the conserved sequence of
cytosolic HSP70 at its C-terminus, NtHSP70-1 is lack-
ing in this.

NtHSP70-1 and NtHSP70-3 also manifest different
expression patterns in response to heat-shock, dehy-
dration, and hormonal treatments. Here, both NtHSP70-

1 and NtHSP70-3 were expressed upon exposure to
high temperature, but only the former responded in
like manner to dehydration or hormone applications.
This further demonstrates that the functions of NtHSP70
members can be variable and differentiated. ABA has
been widely implicated in plant functioning under
abiotic stress, but the roles of auxin, cytokinin, and
gibberellin in that adaptive response have rarely been
reported (Rabbani et al., 2003). Therefore, it is note-
worthy that expression of NtHSP70-1 is rather strongly
induced by BA, GA,, and 1AA.

Auxin and cytokinin, in particular, act synergisti-
cally to regulate the process of cell division (Riou-
Khamlichi et al., 1999), while gibberellin governs the
mobilization of soluble sugars from starch in cereal
grains and converts genetic dwarfs of corn, pea, and
rice into taller plants (Johri and Mitra, 2001). There-
fore, our results indicate that nucleocytoplasmic
NtHSP70-1 is linked to major physiological or devel-
opmental processes. Although the induction of tran-
scription does not necessarily mean higher-level syn-
thesis of the protein, positive regulation of NtHSP70-1
expression by BA, GA;, and IAA (but not ABA) sug-
gests that the functional mode of HSP70 in abiotic-
stress responses should differ from that of the so-
called stress proteins, e.g., super oxide dismutase, late
embryogenesis proteins, and small chaperones. Based
on the hormonal induction of the HSP70 gene, it is
tempting to speculate that HSP70 might be dually
active during nonstress conditions and stress condi-
tions that can be added up to stronger tolerance
against abiotic stresses.

Our genomic DNA gel blot analyses of the HSP70
family genes revealed ~10 HSP70 members in tobacco.
Because of their differences in structure and expression
patterns, we should expect very diverse complexity in
this family. Therefore, comprehensive studies that
include many gene members should be conducted in
order to better understand HSP70 functioning in vivo.
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