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The limited work on stress-related modifications of protein 
synthesis in plants at the cellular-molecular level at the time this 
proposal was initiatedallowed foramultifaceted approach to gainingnew 
insights into the mechanisms through which stress agents modify protein 
synthesis in plants and whether the different stress agents operated 
through similar or different mechanisms. The proposed research focused 
on the influence of stress agents on protein synthesis in crop plants 
primarily using soybean. Investigations into the "heat shock" (HS) 
stress mediated changes in transcriptional and translational regulation 
of proteins syntheis coupled with studies on anaerobic, water deficit and 
other stress mediated alterations in protein synthesis in plants provided 
the basis of the proposed research. The.reason for studying the HS 
response in plants was several fold. First, the system offered a 
dramatic example of the rapid on/off regulation of expression of a set 
of genes where the stimulus was readily manipulated. With our limited 
knowledge of the regulation of gene expression in plants at that time, 
this system contributed significantly to an understanding of gene 
regulation in general and particularlyby external stimuli. Second, this 
system had evolved to provide short-term tolerance (thermal protection) 
to otherwise deleterious or lethal temperature conditions. Additionally 
there was accumulationg evidence that some HS genes and/or closely 
related genes function at particular stages of development under non-HS 
conditions in animal systems. So an understanding of HS gene expression 
and function(s) of the HSPs may clarify regulatory mechanisms operative 
in development, especially during embryogenesis. Since the reproductive 
system of plants is often very temperature sensitive, it may be that the 
system could be manipulated to provide greater thermotolerance to 
reproductive stages of plant development. 

Physiological aspects of.2he HS response and thermotolerance were 
two areas of focus. Thermotolerance is defined as the ability of an 
organism to withstand a lethal heat treatment if previously given a 
preconditioning non-lethal heat treatment. Analysis of HS induced mRNAs 
using cloned cDNA sequences and identification of HSPs with each cloned 
cDNA sequence were conducted. Several conditions of HS which allow 
plants to develop tolerance to an otherwise lethal temperature were 
identified. Comparative analyses of different stresses using HS cDNAs 
clones was initiated. The kinetics of HS mRNA induction during high 
temperatures and recovery temperatures were studied along with treatment 
with compounds like arsenite which mimics a HS-like response without 
elevated temperatures. Short term HS regimes were used to establish the 
threshold for a "full H S  response" and the establishment of 
thermotolerance. Confirmation of field study results were obtained using 
controlled environment growth chambers. Well watered and water stressed 
plants responded in the predicted manner: 40°C was sufficient to induce 
a near maximum HS response in water stressed plants, while 45 to 47.5"C 
was required to achieve a similar response with well watered plants. 
Water stress alone did not induce the accumulation of detectable levels 
of HS mRNA for the 15 to 25 kD HSPs. 

Selective localization of HSPs was studied. The major abundant 15 
to 18 kD HSPs purify with all organelle fractions isolated (e.g. nuclei, 
mitochondria, ribosomes and other membrane fractions). Some 68 to 70 kD 
and 92 kD HSPs also localize somewhat similarly while the 27 kD and 84 
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kD HSPs remained soluble ‘and did not localize. Association with 
organelles is HS-dependent and delocalization occurred following HS in 
some fractions e.g. nuclei and ribosomes; however, HSPs remained 
localized in the mitochondria fraction suggesting translocation into the 
organelle. Arsenite treatment while inducing HSPs at 3OoC does not cause 
localization of the arsenite-induced HSPs but a HS rapidly causes 
localization of arsenite-induced HSPs just as would occur during HS. 
Thus, localization seems to be strictly HS-dependent. Selective 
localization of nuclear-encoded HSPs was demonstrated by in vitro 
transport experiments into isolated chloroplasts. 

The kinetics of HS mRNA induction and synthesis were shown to be 
temperature and time dependent. Run-off transcription studies using 
nuclei isolated from HS plants showed that HS mRNA transcription ceased 
after 1 to 2 hr of HS, at the time of maximum accumulation of HS mRNA 
during continuous HS. There was a marked differential stability of HS 
mRNAs at HS and normal temperatures. 
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A comparative analysis of the HS response to other stresses was 
undertaken. Our working hypothesis was that some common regulatory 
event(s) might come into play upon introduction of the stress event 
leading to common physiological response(s) for the purpose of 
acquisition of stress tolerance. A large number of stress agents (e.g. 
anaerobiosis, water stress, salt stress, arsenite, cadmium and other 
heavy metals, DNP and other uncouplers of oxidative phosphorylation and 
electron transport inhibitors) were studied for effects on induction of 
mRNAs to HS cloned cDNAs. All stress agents induced the accumulation of 
one class of cDNA clone (pCE54). This clone family was subsequently 
determined to be a general stress induced protein and not strictly a HSP. 

Research continuedon the isolationand characterizationof a number 
of HS-related cDNAs and genomic clones. Isolation of genomic clones was 
accomplished by screening rgenomic libraries. Sequencing of 
representatives of the various molecular weight classes of HSPs was 
conducted. This activity included the sequencing of two genomic clones 
of the 13-member pCE53 family of genes (now classified as Class I), one 
of the pFS2033 family (now classified as Class IV), one of the HSP70 
family, partial sequences of three genomic clones of the pEV set of 
clones and corresponding cDNAs (now classified as Class 111, IV, V and 
VI). One important feature of all plant HS genes sequences to date is 
the conservation of the putative regulatory sequence (heat shock element 
or HSE) among diverse organism, indicating evolutionary conservation of 
the regulatory mechanism(s) operative in HS gene expression. Genomic 
clone GmHspl7.5E (pFS2019 cDNA) was transformed via Agrobac te r ium 
t u m e f a c i e n s  into sunflower and expression in primary tumors at very high 
levels in response to HS was demonstrated. A HS promoter cassette using 
the upstream region of GmHspl7.5E was developed and used to express a 
number of genes in transient assays and s u b s e q u e n t l y i n t r a n s g e n i c p l a n t s  
in a heat-inducible manner. The HS cassette has been distributed to 
numerous laboratories around the world where it has been useful for the 
inducible expression of inserted genes. 

One distinguishing feature of the plant HS response versus other 
systems is the abundance and complexity of the LMW HSPs. Therefore, a 
detailed analysis of HS and HS genes, HSPs and the physiological 
significance of the HS response was undertaken with particular emphasis 
on the low molecular weight HSPs of some 10 crop species was made. All 
species tested synthesize from 12 (wheat) up to 27 (soybean) HSPs of 15 
to 25 kD; all of these accumulate during HS to become major abundant 



proteins (i.e. stainable by Coomassie blue or silver) in all species 
studied. One or more of these HS-induced proteins was present at 
stainable levels in control non-HS seedling tissues. 

The HSPs are stable for many hours and differentially localize 
during HS, but most become soluble cytoplasmic proteins during recovery 
from HS (except those localized in chloroplasts and mitochondria.). HSPs 
appear to be involved in thermoprotection to otherwise lethal 
temperatures. In addition cytoplasmic structure is maintained, though 
altered somewhat during a tolerant (40°C for soybean) HS based on EM 
analyses. A lethal 45°C HS totally disrupts the membrane structures of 
most cells; however, if the 45°C HS is preceded by a 40°C HS for 2 hr or 
more, the membrane structures are stabilized to damage at 45°C as is 
seedling viability. 

An analysis of the expression and structure of a number of HS genes 
was made. Cadmium and arsenite induce a rather typical HS response, 
although the kinetics of HS mRNA and HSPs accumulation is somewhat slower 
than the response to HS. Most other common environmental stresses do not 
cause activation of the HS system to significant levels, although they 
often induce some minor changes in gene expression/protein accumulation. 

A full-length cDNA and the corresponding genomic clone for an HSP70 
gene were isolated from soybean libraries. The sequence between the cDNA 
clone and the genomic clone is co-linear indicating the genomic clone did 
not contain an intron. The soybean HSP70 gene is heat inducible and its 
corresponding mRNA is not detectable at normal temperatures. 

Genes corresponding to HSP83 (HSP90 class) were isolated from 
genomic libraries of both soybean and Arabidopsis. Two different soybean 
HSP83 cDNAs were isolated and partially characterized; these cDNAs 
represented genes which showed differential constitutive/HS-induced 
expression. Both were expressed constitutively and one was induced about 
5-fold by HS while the other was not. Mapping of the genomic clone 
indicates the presence of an ifitron. A full-length cDNA encoding a hsp 
of the 83/90 kD family of HSPs was isolated from Arabidopsis,  sequenced, 

v and expression patterns analyzed. DNA sequence comparison between this 
cDNA and HSP90 class HSP from human, yeast and Drosophila reveal amino 
acid identities of 63 to 698, typical identities for interspecies 
comparisons between HSP90 class proteins. 

The influence of amino acid analogs and cycloheximide on induction 
and regulation ofthe HS response was examined. The effect of azetidine- 
2-carboxylic acid, (aze) a proline analog, on the induction of a "HS 
response" was studied in detail, with lesser studies using canavanine, 
an arginine analog. Aze and to a lesser extent canavanine induced the 
accumulation of most classes of soybean HS mRNAs at the 28°C control 
temperature. The accumulation was slower than that of HS and the levels 
continued to increase for 12 hrs which is in contrast to a normal HS 
where mRNA synthesis and HSP synthesis is self-regulated. Under normal 
continuous HS, transcription of HS genes is off at 4 hr and HSP synthesis 
as measured by radioactive amino acid incorporation is markedly reduced 
after about 6 hrs. Cycloheximide treatment delayed the aze induced 
accumulation of HS mRNAs at 28OC but did not prevent it suggesting that 
a short-lived regulatory protein inhibited by cycloheximide was not 
involved in the regulation of induction. Nine HS cDNA clones were 
evaluated and only GmHSP20.7 (a nuclear-encoded chloroplast localized 
HSP) and pFS2033 were not induced by aze treatment at 28OC. This 
suggests a major difference in the regulation of expression of some HS 



genes,’ either transcriptionally or post-transcriptionally. Two of the 
tested HS cDNA clones, GmHsp22.5 and pFS2033, share 73% identity (90% 
conservation) at the amino acid sequence level; however, transcripts 
hybridizing to GmHsp22.5 but not pFS2033 accumulated with aze treatment 
at 28°C. Substantial incorporation of radioactive amino acid into high 
molecular weight HSPs was observed in vivo during aze treatment at 28°C; 
the incorporation into low molecular weight HSPs was hardly detectable. 
However, these LMW HSPs were detected by immunoblot analyses using 
antibodies raised against an abundant member of the LMW Class I HSPs 
indicating that LMW HSPs were synthesized during aze treatment in spite 
of the lack of substantial in vivo radioactive amino acid incorporation. 

The function of plant HSPs in the HS response and in the acquisition 
of thermotolerance has been implied by the conservation of HSPs 
throughout evolution. Specific data demonstrating this is lacking in but 
a few examples. One notable exception is yeast Hspl04 where it has been 
shown that cells containing a deletion of this gene ( A h s p l O 4  mutant) were 
not thermotolerant and introduction of a plasmid carrying this HsplO4 
gene restoredthermotolerance. Clones encoding 110 kD HSPs were isolated 
from a soybean cDNA library constructed from enriched high molecular 
weight HS-induced mRNA using the yeast H s p l O 4  gene as probe. A full- 
length soybean cDNA was constructed and sequence analysis determined the 
deduced protein to be 101 kD. Soybean HSPlOl is 44% identical and 65% 
similar in amino acid sequence with yeast HsplO4. Transformation of the 
soybean HsplOl gene into a yeast HSPZO4 deletion mutant partially 
complemented restoration of acquired thermotolerance demonstrating that 
soybean GmHsplOZ appears to perform a function similar to if not exactly 
the same as yeast HSPlO4 in the acquisition of thermotolerance during 
heat stress. 

Research continued to determine the role of LMW HSP in 
thermotolerance and recovery by determining the intracellular 
localization of 22 to 24 kD classes of HSPs. Based on a number of 
criteria including amino acid sequence analysis, hydropathy profiles, and 
location of mRNA translation to free or ER-bound polysomes two new 
classes of organellar localized LMW HSPs were proposed bringing the 
number of distinct LMW HSP classes to six. Less conserved amino acids 
in the N-terminal portion of the protein are involved in specific protein 
targeting (e.g. to chloroplast, mitochondria, ER etc. ) while the 
conserved domains are thought to have a common function. Our working 
hypothesis is that LMW HSPs have chaperone function and that plants have 
evolved abundant and complex LMW HSPsto provide this chaperone function 
to specific locations in the cell e.g. chloroplasts, mitochondria, 
nuclei, ER, ribosomes. Presumably in other organisms lacking the 
abundant constellation of LMW HSPs this function is accomplished by 
higher molecular weight HSPs. Why plants have taken the complex route 
of LMW HSPs rather than use the mechanism of other eukaryotes is an 
intriguing evolutionary question. 
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