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I. Introduction 

A. The Heat Shock Response 

When cells, tissues, or whole organisms are subjected to grossly elevated 
temperatures or heat shock (hs), they respond transiently by synthesizing a 
number of new proteins, the prevalent heat shock proteins (hsps). Hsps are 
operationally defined as those proteins whose synthesis is immediately and 
dramatically induced at high temperatures. The induction of hsp synthesis 
is the major feature of the hs response; other aspects of the reprogramming 
of cellular activities are less well understood (for recent reviews see 
Burdon, 1986; Lindquist, 1986; Nagao et al., 1986; Schlesinger, 1986; 
Schoffl et al., 1986). Some of the general characteristics relevant to plants 
are briefly summarized here. 

In plants, both an abrupt shift and a gradual increase of temperature 
seem to effectively elicit the hs response. The maximum response is usually 

D. P. S. Verma et al. (eds.), Temporal and Spatial Regulation of Plant Genes
© Springer-Verlag/Wien 1988



254 F. SchOffl, G. Baumann and E. Raschke 

achieved at temperatures 10-15° C above optimum growth temperature, 
correlating with the range of exposure under natural conditions. The 
induction of hsp synthesis is very rapid with a maximum activity within 
1-2 hours and a reduced rate continuing for several hours. Sustained 
synthesis may only be observed when the severity of the hyperthermic 
stress is increased and cells begin to die. The threshold temperatures 
sublethal to plants may also vary depending on the normal range of envi
ronmental growth conditions, the duration of heat stress, and eventually on 
a conditioning pretreatment at high temperatures. These temperatures range 
from 37°C to about 45°C for most plants and several hours of treatment; 
however, desert succulents (Cacti and Agaves) may survive much higher 
temperatures for extended periods oftime (Kee and Nobel, 1986). 

Short pulses of extreme and otherwise lethal hyperthermia induce 
tolerance to these temperatures for longer periods, provided the shocks are 
intermitted by a sufficiently long recovery period (usually more than two 
hours) at lower temperatures (Lin et al., 1984). The acquired thermotol
erance in most cases protects plants in the natural environment from 
seasonal and diurnal hot spells. Plants in the field respond to the natural 
changes in ambient temperature in summer in a similar way as to hs simu
lation in the laboratory; however, only when the water supply is limited 
(Kimpel and Key, 1985; Burke et al., 1985). Leaf temperatures of irrigated 
plants are usually below the threshold temperatures required for the elic
itation of the hs response, probably due to the cooling effect of stomatal 
transpiration. 

B. Groups of Related Heat Shock Proteins 

The hsps in plants can be divided into several groups based on molecular 
masses, homologies of derived amino acid sequences, and subcellular 
compartmentation: 

(i) High molecular mass (hmm) hsps ranging from 80 to 100 kDa. Two 
different hsps from this group usually occur in any given plant species. 
Genes with homologies to the Drosophila hsp83 have been recently isolated 
from soybean (Roberts and Key, 1985), Brassica oleracea (Kalish et al., 
1986), Arabidopsis thaliana, and Zea mays (Dietrich et al., 1986). These 
proteins are probably also related to the other hsp83-homologous proteins 
from chicken (hsp90 and hsp108) and yeast (hsp90) (Blackman and 
Meselson, 1986; Kleinsek et al., 1986; Sargan et al., 1986) and with the 
hmm-hsps in human, mouse, and frog (Schlesinger et al., 1982). The most 
interesting property of proteins in this group may be their capability to 
reversibly bind other proteins in the cytoplasm as shown by the interaction 
of hsp89 with pp50 and pp60src (Brugge et al., 1981; Oppermann et aI., 
1981), hsp90 with the 8S progesterone receptor (Catelli et al., 1985) and 
hsp90 and hsp100 with polymerizing actin from rabbit skeletal muscle 
(Koyasu et al., 1986), suggesting that these hsps may serve to carry 
important proteins around the cell in their inactive form. 
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(ii) The hsp70 family with molecular masses ranging from 68 to 70 kDa in 
different plants. Hsp70 is perhaps the most conserved gene product in 
nature as indicated by the 73% homology between human and Drosophila 
and 50% homology between the fly hsp70 and the E. coli dnaK protein. 
Maize hsp70 genes share regional homology (75% in the N-terminal part of 
the protein coding region) with their counter part in Drosophila (Rochester 
et al., 1986) which is also homologous to hsp70 genes in soybean (Roberts 
and Key, 1985), and Arabidopsis thaliana (Coldrion-Raichlen et al., 1986). 

Molecular models for the function of hsp70 are based on the capacity 
of the protein to bind and hydrolyze ATP, its reversible interaction with 
other proteins, and its localization in the nucleus/nucleolus during heat 
shock (Pelham, 1986). It is postulated that hsp70 has a general affinity for 
denatured or abnormal proteins, probably by hydrophobic interaction. 
This property may limit the formation of insoluble aggregates and protect 
proteins from proteolytic degradation. 

(iii) Small or so-called low molecular mass (lmm) hsps, 15-20 kDa, are 
particularly prominent and heterogenous in plants (for review see Schoffl 
et al., 1986). Sequence homology between lmm-hsps of different plants was 
shown by the cross hybridization of soybean cDNA probes with hs
induced mRNAs from pea, sunflower, millet, corn, parsley, and broad 
bean. These proteins tend to form higher order structures (cytoplasmic 
granules in tomato and soybean) or become associated with nuclei and 
other subcellular fractions containing organelles. Similar properties are 
also described for the Drosophila lmm-hsps (hsp22, -24, -26, -27). Features 
of the polypeptide structure common to plant and animal hsps are 
discussed later. 

Other small hsps with molecular masses between 21 and approximately 
30 kDa are less abundant in soybean, pea, maize, and other plants. Some of 
these proteins are transported into chloroplasts and mitochondria; two 
polypeptides, 21 and 24 kDa, become stably associated with mitochondria 
in soybean seedlings during heat shock and recovery (Lin et al., 1984). 
Other precursor hsps with molecular masses between 27 kDa and 30 kDa 
are translocated into chloroplasts of pea, soybean, maize, and Petunia 
(Kloppstech et al., 1985; Vierling et ai., 1986; Vierling et ai., 1987 a); the 
molecular masses of the mature proteins within the chloroplasts are 22 kDa 
in pea, 20-22 kDa in soybean, and 20-23 kDa in Petunia. The biological 
function of these proteins is still obscure but they appear to be structurally 
related to the other small cytoplasmic hsps and they may be involved in 
similar processes inside and outside the chloroplast (Vierling et al., 1987 b). 
Efficient in vitro import of a cytosolic soybean hsp into pea chloroplasts 
occurred only when the protein (Gmhsp17.5-E) was genetically fused to the 
transit peptide of the small subunit of ribulose 1,5-bisphosphate carbox
ylase (Lubben and Keegstra, 1986). Although the imported hsp appeared to 
be targeted to the stroma, this may not be its final destination during heat 
shock. In vitro translocated native pea hsp22 is also targeted to the stroma 
in chloroplasts from normal plants, but it becomes associated with thy-
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lakoid membranes in chloroplasts from heat-stressed tissues (Glaczinski 
and Kloppstech, 1987). Although all the hsps described so far are encoded 
in the nucleus, there is evidence that Brassica and maize hs-induced 
proteins (62 kDa and 60 kDa) may be encoded in the mitochondrial 
genome (Sinibaldi and Turpen, 1985). 

C. Heat Shock and Other Environmental Stresses 

When plants are subjected to adverse environmental conditions other than 
heat shock, their cells respond to these stresses by changes in gene 
expression in a stress-specific manner (for a review see Sachs and Ho, 
1986). However, certain stressors induce also some of the hsps in different 
plant species. This observation evokes two important questions: 

(i) Is there a common molecular mechanism of hsp synthesis induction 
(gene activation) provoked by different environmental stresses? 

(ii) Is there a functional interrelationship among the common hsps 
induced by the different stresses? 

Several hypotheses have been put forward for the signal transduction 
induced by heat shock and a bewildering variety of stress agents in animal 
cells and bacteria (for a review see Nover et al., 1984). One theory was 
based on the coinduction of hsps and unusual bisnucleotides, termed "alar
mones", by many stressors; therefore it was proposed that alarmones 
trigger the hs response. This hypothesis has been discredited recently by 
srutinizing the effect of hyperthermia on hsp synthesis and alarmone 
concentration in Xenopus oocytes and cultured hepatoma cells (Guedon 
et al., 1986). It was shown that hsps are already induced under conditions 
which do not significantly change the level of alarmones. 

Mitochondria were also implicated in playing an important role in the 
hs response, since many other physico-chemical stresses, most of which 
interfere with oxidative phosphorylation of electron transport, induce hsp 
synthesis in Drosophila. Although anaerobic stress or recovery from anae
robiosis also induces hsps in many organisms, anaerobiosis in plants 
induces a different set of proteins (for a review see Sachs and Ho, 1986). 
Hsp synthesis, oxidative stress, and alarmones are not obviously linked in 
plants. Only arsenite and cadmium, two out of 20 tested physical and 
chemical stresses, induce mRNA and hsp synthesis in the soybean 
hypocotyl (Czarnecka et al., 1984; Lin et al., 1984). It seems conceivable 
that abnormal and denatured proteins which accumulate in the cells during 
stresses serve as stress signals and trigger the activation of hs genes. One 
model proposes that the interaction of ubiquitin with the proteolytic degra
dation system of the cell leads somehow to the activation of the hs tran
scription factor, HSTF (Munro and Pelham, 1985; Anathan et aI., 1986). 
HSTF subsequently recognizes and binds to hs promoter elements (HSE) 
upstream from hs genes (for a review see Pelham, 1985). According to this 
model, heat shock and arsenite trigger the hs response in plants in a very 
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similar way. Heat-inducible transcription of soybean hs genes was demon
strated by run-off transcription in isolated nuclei (Schoffl et al., 1987), 
and the DNA sequence analysis revealed multiple copies of HSE-like 
sequences in the upstream promoter regions (discussed later). Cadmium 
may possibly activate hs genes via a different transcription factor that also 
interacts with other promoter binding sites. Such conserved binding sites, 
termed metal responsive elements or MRE, were identified in the promoter 
of metallothionine genes (Karin et al., 1984), but homologous sequences 
are also present in the upstream regions of plant hs genes (Czarnecka et ai., 
1985). The activation of certain human hsp70 genes by different stresses 
seems to require different promoter elements, e. g. for serum stimulation 
and cadmium induction (Wu and Morimoto, 1985). The developmental 
induction of the Drosophila hsp26, -28, and -83 genes seems to be regulated 
by another independent form of interaction between promoter element and 
protein (Hoffman et al., 1987; Mestril et al., 1986). 

In plants, cell-specific differences and developmental induction of hsps 
have not yet been critically examined. Different tissues of a plant species 
usually synthesize identical sets of hsps with the exception of pollen tubes 
and grains (Xiao and Mascarenhas, 1985; Zhang et al., 1984; Cooper et aI., 
1984). The inability to induce a chimeric hs-nptII gene in pollen from 
transgenic tobacco (Spena and Schell, 1987) and the generally lower 
thermotolerance of pollen is in accordance with the view that the ability to 
synthesize hsps is crucial to the development of thermotolerance. Several 
lines of evidence support this hypothesis: 

(i) There is a tight correlation between the kinetics of hsp synthesis and the 
development of thermotolerance in many organisms. 

(ii) Conditioning heat treatment of the soybean hypocotyl can be replaced 
by incubation at normal temperature in the presence of arsenite, a chemical 
inducer of hsp synthesis (Lin et al., 1984). The overlap in the stress protein 
patterns (analysed by 2-D PAGE) induced by arsenite and heat shock is 
incomplete; but, remarkably, it includes the abundant lmm-hsps. Ethanol, 
hypoxia, and other agents affect some animal cell lines in a very similar 
manner and conversely, heat shock induces tolerance to these other 
physical and chemical stresses (see Lindquist, 1986 and refs. therein). 

(iii) Eukaryotic cell lines selected for increased survival at high tempera
tures constitutively produce hsps, whereas mutants of E. coli and Dictyo
stelium which are unable to acquire thermotolerance are defective in hsp 
synthesis (see Lindquist, 1986 and refs. therein). Varietal differences 
between high-tern perature-tolerant and susceptible lines of Sorghum 
correlate with temporal differences in the capacity to synthesize hsps 
during early germination (Ougham and Stoddart, 1986). 

Despite overwhelming correlative evidence, exceptions seem to 
contradict a protective role for hsps and their causal connection to thermo
tolerance. For example, germinating pollen of Tradescantia which fail to 
synthesize hsps nevertheless acquire a certain level of thermal tolerance by 
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a conditioning heat treatment (Xiao and Mascarenhas, 1985). It seems 
conceivable that cells are able to cope with high temperature stress by 
different but concerting processes. Hsp synthesis may be crucial, but 
changes in lipid composition in membranes may also be important in 
plants (Bery and Bjorkman, 1980; Siiss and Yordanov, 1986). Conversely 
hsps seem to protect the cells from harmful effects induced by other envi
ronmental stresses discussed above. The molecular mechanisms of such 
processes are not yet understood and it is unknown whether hsps act via 
the same mechanism during hyperthermia and chemical stresses. 

Heat shock gene activation may be a good model for other environ
mental gene expression. The present data suggest common principles of 
induction for hs genes and in a broader sense also for the regulation of 
gene expression induced by other environmental stresses unrelated to heat 
stress and hs genes (for a review see Sachs and Ho, 1986). Investigations of 
these stress responses have received increased attention for scientific and 
agricultural reasons, but the preference of hs response as a model system is 
based on the accessibility (abundance of mRNAs and hsps) of the 
molecular processes of transcription, translation, etc., the rapidity of 
induction (within minutes following temperature rises), the coordinated 
expression of homologous genes (related gene families), and the advanced 
state of the molecular analysis of hs genes in both native and transgenic 
plants. 

Soybean was the first plant used for these investigations and most 
molecular studies were performed on hs genes of this organism. Here we 
concentrate on this system with emphasis on the lmm-hsps, which are of 
paramount interest for plant-specific aspects of the hs response. The recent 
investigations of hsp70 genes in other plants are also discussed briefly. 

II. Molecular Biology of Heat Shock Genes 

A. Sequence Homology Among Small Heat Shock Proteins 

Current knowledge of the amino acid sequences of hsps and their deduced 
secondary structures is based exclusively on DNA sequencing. Several 
cDNA and genomic clones for lmm-hsps (17-18 kDa) have been 
sequenced to date; six of the seven genes belong to the same gene family, 
class I, and one is a member of another family, class VI (see Table 1). The 
sequence homology within class I is about 900/0, and the same degree of 
homology exists in class VI between the gene Gmhsp17.9-D (Raschke 
et al., 1988) and a full-length cDNA clone pEC75 (Czarnecka et al., 1984; 
Key et al., 1985). The largest open reading frames encode polypeptides 
with calculated molecular masses of between 17.3 kDa and 18.5 kDa, 
assuming translation starts at the first ATG codon downstream from the 
5'-terminus of the mRNA. The molecular masses of polypeptides trans
lated in vitro from synthetic, SP6-polymerase-generated RNAs of 
Gmhsp17.3-B and Gmhsp17.6-L genes are consistent with the proposed 
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translational start sites (F. Schoffl and S. Krusekopf, unpublished results). 
The 5' untranslated leader sequences are remarkably divergent and 
unusually long (75 -104 bp) in proportion to their respective coding 
sequences (459-483 bp). The leader sequences are probably involved in 
the selective translation during heat shock as has been reported for Droso
phila hsp22 and hsp70 (Hultmark et al., 1986; McGarry and Lindquist, 
1985; Klemenz etal., 1985), but except for being A-rich (40%) there are no 
striking homologies between 5' sequences of plant and animal hs-mRNA. 

Table 1. Small Soybean Heat Shock Genes Characterized by DNA Sequencing 

synonymous length of polypeptide length of 5' 
hsp-gene designation 1) (amino acid residues) nontranslated References 

leadersequences (bp) 

class I 

Gm hsp 17.3-8 hs 6871 153 104±2 Schoff 1 et al. 1984 

Gm hsp 17.5-M 153 88,93 Nagao et al. 1985 

Gm hsp 17.6-L 154 93, 96 Nagao et a 1. 1985 

Gm hsp 17.5-E 154 82 Czarnecka et a1. 1985 

Gm hsp 18.5-C hs 53 161 76±2 Raschke et al. 1987 

class VI 

Gm hsp 17.9-0 159 72±2 Rascke et a 1. 1987 

The DNA homology within the coding regions of soybean class I hs 
genes varies between 83-94% and 90-95% of the amino acid sequence 
(see Fig. 1). The average amino acid homology between class I and class VI 
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!in hsp 17.9-0 (VI) 
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Fig. 1. Comparison of the amino acid sequences of small soybean hsp. +: Conser
vative amino acid substitutions, *: invariable amino acid positions (for origin of 

DNA sequence data see Table I) 
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hsps is only 38% and is more pronounced in the C-terminal portions of the 
polypeptides. Secondary structure predictions and the distribution of 
hydrophobic and hydrophilic domains reveal a high degree of conservation 
in this region (Raschke et al., 1988; Schoffl et al., 1986). The conserved 
structural features are: 

(i) A hydrophilic domain at the amino acid positions 80-90 with the 
potential for a-helix formation, followed by (ii) a hydrophobic region 
(positions 130-135) with the almost invariant sequence GlyValLeuThrVal 
and a potential for ~-sheet formation, and (iii) another hydrophilic and 
probably a-helical region towards the C-terminus formed from charged 
and polar amino acid residues. 

These three domains may be the important determinants for the 
structure and function of the small hsps in plants. Similar domains occur 
also in related hsps in Drosophila (Southgate et al., 1983; Ingolia and Craig, 
1982; Ayme and Tissieres, 1985), Caenorhabditis (Johnes et al., 1986), 
humans (Hickey et al., 1986) and in the a-crystallins of the vertebrate eye 
lens (de Jong, 1982; van den Heuvel et al., 1985). It seems that the selection 
pressure conserving the secondary structure of small hsps nevertheless 
allows a considerable variation in DNA and amino acid sequences in 
different organisms. The small hsps from one species are highly homol
ogous in their C-terminal halves (> 90% within soybean class I and 
class VI, up to 75% in Drosophila), but homology is markedly lower for 
different hsp families in one species or between hsps in different species 
(Fig. 2). The two hsp families I and VI in soybean diverge in amino acid 
sequence from each other to the same degree as from the Drosophila small 
hsps. The structural differences between these soybean hsps seem to be 
insignificant and do not imply different functional properties of these 
proteins. It seems possible that these two gene families originated from 
structurally and functionally related ancestors by gene duplication or gene 
conversion at a time late in evolution. The numbers of hs genes within each 
family exceed the potential numbers calculated on the basis of ploidy level 
of present day Glycine max plants which have tetraploid genomes (Singh 
and Hymowitz, 1985; Lee and Verma, 1984). Thus, allelic variation cannot 
be the chief cause of the existence of gene families in soybean. Additional 
data are required to investigate the evolution of hs genes in plants. It is 
noteworthy that hs-induced mRNAs of other dicot plants cross hybridize 
with both class I and class VI cDNA probes (Key et al., 1983; F. Schoffl, 
unpublished results). 

The small hsps from Drosophila and Caenorhabditis share a higher 
degree of homology with vertebrate a-crystallin proteins than with each 
other. The occurrence of introns is an other possible criterion for estab
lishing the family connection of small hsps in different organisms. Introns 
were found in Caenorhabditis and human but not in soybean and fly hsp 
genes. The presence of introns may possibly impair the expression of these 
genes under severe heat stress as shown for the hsp83 gene in Drosophila 
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Fig. 2. Homologies among small hsps in and between different organisms. The 
homologies refer to regions encompassing the conserved domains in the C-terminal 

halves of the polypeptides, according to Raschke (1988) 

(Yost and Lindquist, 1986). In contrast to those of other organisms, 
plant hsp70 genes seem to contain introns. Maize (Rochester et al., 1986) 
and Petunia (1. Winter, personal communication) contain introns at the 
same position as the hsp70 cognate genes of Drosophila which are not 
expressed during heat shock. 

B. Heat Shock Promoter and Upstream Sequences 

The coordinate expression and transcriptional regulation of hs genes 
suggest a conservation of cis-active regulatory promoter and upstream 
sequences (Schoffl et aI., 1986, 1987). Dot matrix comparisons revealed 
local homologies in these regions between soybean hs genes of the two 
different gene families (Raschke et al., 1988). Figure 3 shows an intergenic 
comparison with high resolution and stringency of the 5'-flanking regions 
of the genes listed in Table 1. Two patches of homologies appear in 
different areas of the plots. The proximal areas 5' to the TAT A boxes 
indicate homology of multiple HSE-like sequences. These palindromic 
sequence elements are clustered within about 150 bp upstream from the 
TATA box. A compilation of these sequences (Table 2) with 70% or more 
identity with the Drosophila consensus sequence S'CT-GAA--TTC-AG 
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results in an extended palindrome with the consensus S'TCTAGAA-
TTCTAGA for soybean. Seven out of 10 symmetrical nucleotides in 
synthetic HSEs are sufficient for heat-inducible transcription in animal 
cells (Pelham and Bienz, 1982). The hs genes of all organisms analyzed so 
far contain HSE-like sequences starting 1.5 helical turns upstream from the 
TATA box in most genes (for a review see Bienz, 1985). Many of these 
genes contain multiple copies of HSE and several of them overlap with 
each other by four nucleotides (for soybean see Schoffl et al., 1986; 
Raschke et aI., 1988). This configuration suggests phasing of HSEs by one 
helix turn or multiples of it (see Table 2). The significance of the spacing of 
HSE repetitions for transcriptional activation is not clear but it may reflect 
the potential for fine tuning of the regulation by direct and cooperative 

Table 2. Compilation of Soybean HSE-like Sequences 

Drosophila 
Consensus-HSE: 

Soybean 

Gm hsp 17.3-8 

Gm hsp 18.5-C 

Gm hsp 17.9-0 

Gm h s p 17.6 - L 

Gm hsp 17.5-M 

Gm hsp 17.5-E 

Soybean 
Consensus-HSE: 

Pos. 

-276 
-245 
-235 
-225 
-173 
-163 

-196 
-186 
-146 
-136 

-280 
-270 
-221 
-190 
-146 
-126 

-275 
-253 
-224 
-214 
-155 

-600 
-430 
-359 
-243 
-223 
-213 
-160 
-150 

-535 
-513 
-495 
-144 

5' --CT-GAA--TTC-AG-- 3' » »> «< « 

1 
ATCCCGAAACTTCTAGTT 
GTCCAGAATGTTTCTGAA 
TTTCTGAAAGTTTCAGAA 
TTTCAGAAAATTCTAGTT 
AACAAGGACTTTCTCGAA 
TTCTCGAAAGTACTATAT 

CTGTAGAAAGCTCTAGAA 
CTCTAGAACTTGGGATTT 
AAACAGAATTTTCTGGAA 
TTCTGGAAAACACAGGAT 

TTCTGGACATTACTAGAA 
TACTAGAAAGATCCGAAG 
TACTGGAAGTTTCACAGC 
CTCCAGAAACTTCCATTT 
CTTCAGAAACTTCCATTT 
TTCTCGAATTATCTATGT 

ATCTAGAAGGTTGTAGAA 
AGCTAGAACGTACGTATT 
GTCCTGAAGTTTATCGAA 
TTATCGAATCATCTAAAA 
TTCTGGAACATACAAGAG 

ATCTTCAAACTTCAAGTT 
AAAAACAATATTCTAGAA 
CACAACAATATTTCAGAA 
CACTAGAACCTTCGTACA 
GAGTGGAGAAGTCCAGAA 
GTCCAGAAGTTTTTATAG 
AACACGATTTTTCTGGAA 
TTCTGGAACGTACACGAT 

TCCTCTATGGTTTCAGTG 
GTTTGAAATTTTTTAGAT 
TTCTTTAACATTCTAAAA 
TTCTGGAACATACAAGAT 

5' -TCTAGAA--TTCTAGA- 3' »»»> «««< 

Homology with 
Drosophila 
Consensus-HSE 

9 10 
7 10 
7 10 
8 10 
7 10 
8 10 

8 / 10 
7 / 10 
7 / 10 
7 / 10 

8 10 
7 10 
8 10 
8 10 
7 10 
8 10 

9 / 10 
7 / 10 
7 / 10 
7 / 10 
9 / 10 

9 10 
7 10 
7 10 
8 10 
7 10 
7 10 
7 10 
8 10 

7 / 10 
7 / 10 
8 / 10 
9 / 10 
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interaction with the transcription factor HSTF. The efficient targeting of 
HSTF to HSE may require a DNA distortion provoked by overlapping 
repeats and/or by the central purine and pyrimidine clusters in palin
dromes (Nover, 1987). 

A second cluster of homologous sequences starts upstream from the 
HSE-containing region (# 1 in Fig. 3). These signals correspond to short 
AT-rich repeats, starting with runs of "simple sequences" (A)o, (no, and 
(A no. The repeated structure of the AT-rich intergenic sequences is most 
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Fig. 3. Dot matrix analysis of the 5' flanking sequences of soybean small hsp genes 
The analysis was performed for 500 nucleotides upstream from the translational 
start sites using a span of 15 with a match of 10 nucleotides (> 67% homology). The 
numbers at the top and on the right-hand axes of panels refer to the positions of 
"simple sequences" (1), multiple HSE (2), TATA box (3), mRNA start (4), protein 
coding start (5). The numbers at the bottom panel refer to the endpoints of 
promoter deletions used for a functional analysis of Gmhsp17.3-B (see Fig. 4). For 

origin of DNA sequence data see Table 1 
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pronounced in the region upstream from Gmhsp 18.5-C, with two different 
consensus motifs, 5/TTTTT AA and 5' AAAAA T (Raschke et al., 1988). 
Most other soybean hs genes are also pro ceded by blocks of AT-rich 
sequences. Emphasis is given to these simple sequences, which demarcate 
the upstream repeats (>75% A+T) and the proximal promoter regions 
( - 55% A + T), because of their possible regulatory function in gene 
expression (see next chapter). 

Dot matrix analyses also revealed the repetition of AT-rich motifs at 
positions downstream from the genes. Thus hs genes appear to be flanked 
by repetitive intergenic sequences. The full length of one repeat, upstream 
from Gmhsp17.9-D, is approximately 750 bp; those flanking the other 
genes were not completely sequenced. This organization of genomic 
sequences is in accordance with the short-period interspersion pattern 
(1.3 kb average unit length of single-copy DNA separated by 0.4 kb moder
ately repeated sequences) of the soybean genome (Gurley et al., 1979). The 
flanking repeats may have structural and perhaps also regulatory impor
tance, and they may have served as the targets for the processes leading to 
gene duplication. 

C. Heterologous Expression of hs Genes in Transgenic Plants 

The soybean lmm-hsp genes, Gmhsp17.3-B and Gmhsp17.5-E, were used 
to investigate hs gene expression in heterologous plant systems (Schoff! 
and Baumann, 1985; Gurley et al., 1986). In these early studies, genes were 
introduced into sunflower using tumorigenic Ti-plasmid vectors. Ther
moinduced synthesis of transcripts and the faithful initiation of the 
mRNAs demonstrated the functional integrity of plant hs promoters across 
phylogenetic barriers. The potential promoter sequences were delimited to 
approximately 1 kb (Gmhsp17.3-B) and 3.25 kb (Gmhsp17.5-E) upstream 
from the respective genes. A 5'-deletion to -1.175 kb resulted in a large 
increase in basal transcription, and a deletion to - 95 bp curtailed hs
inducible RNA to 5% of the regular level of hs-induced transcription of 
Gmhsp17.5-E in primary tumors. These results rendered no definitive 
conclusions about the function of conserved promoter structures including 
the HSE-like sequences. 

Sequences with homologies to the metal-responsive elements (MRE), 
the SV40 core enhancer sequence and other potential regulatory eukaryotic 
sequences, are not preferentially clustered in the plant hs gene promoters. 
MRE-like sequences upstream from Gmhsp17.5-E (Czarnecka et al., 1985) 
may be important for the cadmium regulation of this gene (Gurley et al., 
1986), but a more critical analysis of this promoter will be required to 
discriminate between the two separate modes of induction via HSE and 
MRE respectively. 

As a consequence of the known ambiguities of gene expression 
analyses in tumor tissues we changed the experimental strategy for our 
subsequent investigations of Gmhsp17.3-B. The gene was transferred into 
tobacco via leaf disk transformation with the binary T-DNA vector Bin19 
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(Schoffl et al., 1986). Gene expression was studied in regenerated trans
genic plants using Northern blot hybridization and Sl-nuclease mapping 
of hs-induced transcripts. The analysis revealed equivalent levels of 
Gmhsp17.3-B mRNA in normal soybean and transgenic tobacco plants. 
The functional analysis of sequences required for transcriptional activation 
of this gene in tobacco was based on a series of 5' deletions in the promoter 
region (Baumann et al., 1987). For each deletion, seven or eight indepen
dently transformed plants were tested for the induction of mRNA synthesis 
by heat shock. Despite clonal variations of transcript levels in different 
plants, the average level of hs-induced mRNA declined in a nonlinear 
fashion with progressive deletions (Fig. 4). At least two different functions 
can be assigned to distinct parts of the hs promoter: 
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Fig. 4. Schematic diagram of the transcriptional activity of Gmhsp17.3-B upstream 
deletions in transgenic plants 

The transcript levels obtained for the different deletions (vertical arrows) after heat 
shock in tobacco were determined by Northern hybridization using hs-induced 
mRNA in soybean as a standard (data from Baumann et ai., 1987). HSEs are 
marked by squares, A denotes a run of A ("simple sequences"), the bi-pointed hori-

zontal arrow marks a hyphenated dyad 

(i) Thermoinduced transcription requires the sequences between positions 
-181 and -154, a region containing the first two overlapping HSEs 
proximal to the TAT A box. Additional HSEs between positions - 298 and 
-181 seem to modulate moderately the level of transcripts. 
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(ii) The upstream sequences delimited by the deletions - 439 and - 298 
lack HSEs; however, this region is required for maximal transcription. This 
stretch of DNA enhances the mRNA level by a factor of 10. The structural 
features within this region include an imperfect dyad symmetry encom
passing 34 bp with its centre at position - 407 and a run of adenine bases 
between the positions - 357 and - 371. 

It is important to note that full promoter activity was achieved in plants 
transformed by the - 439 deletion. Thus the essential cis-regulatory 
sequences are contained within 335 bp upstream from the start site of tran
scription (position -104). The bipartite structure of this plant hs gene 
promoter is quite unlike the known hs gene promoters in animals where 
transcriptional control seems to be solely based on HSE. The HSE-like 
elements are also essential for thermo induced transcription in plants; 
enhancer-like sequences have not yet been discovered in the other hs 
genes. It is not known whether these characteristics of a hs gene promoter 
are typical for plant genes. The sparse data on the other hs genes in 
connection with inappropriate gene constructs and/or assay systems 
render it difficult to make a comparison. The conservation of the important 
structural features in most soybean hs gene promoter and upstream regions 
(see Fig. 3) and a growing body of information about enhancer based gene 
regulation in plants encourage us to predict the same principles for the 
other hs genes. In most other studies attention was given only to the 
presence of required HSE-like sequences, as for hs-induced transcription 
of Gmhsp17.5-E in sunflower tumors (Gurley et al., 1986), Zmhsp70 in 
transgenic petunia (Rochester et al., 1986), and a chimeric npt II gene 
controlled by the Drosophila hsp70 promoter in tobacco (Spena et al., 1985; 
Spena and Schell, 1987). The combination of HSEs with upstream 
sequences from unrelated genes may generate plant promoters with novel 
functional properties. The fusion of an HSE-containing promoter fragment 
from soybean with the upstream region of a light-inducible gene from pea 
results in a light-dependent, heat inducibility of a linked reporter gene 
(Strittmatter and Chua, 1987). Bipartite promoter structures may also be an 
important feature of non-hs genes as indicated by the requirement of 
upstream sequences from constitutive genes for the anaerobic regulation of 
a maize Adh-1 promoter in tobacco (Ellis et al., 1987). 

In transgenic systems, except Gmhsp17.3-B gene in tobacco (Schoffl 
et al., 1986; Baumann et al., 1987), one could not achieve the same activity 
as the promoter in its native genetic background. This may be the result of 
the close proximity of promoter and enhancer sequences in Gmhsp17.3-B 
and the lack (or a larger distance from promoter) of enhancer-like 
sequences in the other constructs. 

The upstream enhancer-like sequence shares no preferential homology 
with the SV40 enhancer core sequence or with any other known enhancer 
except for the dA: dT simple sequences that function as upstream 
enhancer elements in yeast (Struhl, 1985). Similar runs of simple sequences 
(A)14, (A)13, (AT)15, and (T)1o(A)12 occur within 350 bp upstream from the 
transcriptional start site of Gmhsp17.3-B, -18.5-C, -17.6-L and -17.9-D. 
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Soybean genes encoding the small subunit of ribulose bisphosphate 
carboxylase and leghemoglobin respectively also contain such sequences in 
their 5'-flanking regions or within introns (Grandbastien et al., 1986; 
Brown et aI., 1984; Lee and Verma, 1984). The significance of simple 
sequences for an enhancer effect in gene regulation is unknown. However, 
it can be speculated that their possible function is related to the special 
stereochemical and torsional properties of the DNA helix and its potential 
to form cruciforms (Suggs and Wagner, 1986; Alexeev et al., 1987; 
McClellan et aI., 1986; Koo et ai., 1986; Wright and Dixon, 1986). A new 
and exciting possibility could be the nuclear scaffold attachment of large 
chromosomal loops via "scaffold attachment regions" (SARs) that also 
contain A- and T-rich motifs; such sequences cohabit with some transcrip
tional enhancers in Drosophila (Gasser and Laemmli, 1986; 1987). The 
enhancer function may be viewed as a structural DNA effect keeping the 
nearby genes in close contact with the transcription machinery in the 
nuclear matrix (Jackson, 1986). Studies of the DNA: protein interaction in 
DNA regions with functional significance will be of great importance in 
elucidating the molecular mechanism of enhancer function. 

III. General Conclusions 

Small hsps (15-20 kDa) are the characteristic and most abundant stress 
proteins in plants following hyperthermic treatment. Their synthesis corre
lates with the development of thermotolerance, which may also be induced 
by other stresses (e. g. arsenite and cadmium). A number of the small hsps 
share homologous sequences ( - 90% for members of the same gene family, 
<50% for different families) in soybean; their genes are also related to hs 
genes in other plants. Common (shared) characteristics in the predicted 
secondary structures are particularly pronounced in the C-terminal halves 
of these proteins. Although the function of the small hsps is unknown, their 
possibly protective role may be connected with their ability to aggregate or 
to associate with important cellular macromolecules. 

The synthesis of hsps is primarily regulated by a transcriptional control 
allowing rapid induction of high levels of mRNA and a preferential trans
lation during hyperthermia. 

Local homologies in the promoter and 5'-flanking regions of soybean 
hs genes can be assigned to two different types of conserved sequences: (i) 
short palindromic sequences with 70% or more identity with the Drosophila 
consensus HSE sequence, and (ii) "simple sequences" (runs of A, T or AT) 
which are present in most genes upstream from the HSE-containing 
regions. Functional analysis following progressive deletions from one gene 
suggests a bipartite promoter structure. Whereas the proximal HSE
containing sequences are required for thermoregulated transcription, the 
more distally located region including some of the simple sequences is 
necessary for maximal enhancement of transcription in transgenic tobacco 
plants. It appears that the HSEs interact with a hs transcription factor, 
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promoting transcription in a way very similar to the HSTF: HSE inter
action in animal cells. The enhancer-like function of the upstream region 
of a heat shock gene is without precedent. The binding of nuclear proteins 
to sequences in this region (F. Schoffl and K. Severin, unpublished results) 
is a first step towards an understanding of the mechanism of enhancer 
functions in heat shock and other environmentally controlled gene 
expression. 
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