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ABSTRACT 

Heat shock proteins (HSPs) are strongly conserved families of proteins induced 

when an organism is exposed to elevated temperatures. I have studied the expression of 

two of these protein families, small (s) HSPs and HSP70s in pea (Pisum sativum). Both 

protein families are induced during seed maturation in addition to being expressed in 

response to elevated temperatures. Class I cytoplasmic sHSP mRNAs are strongly 

induced in response to heat stress, comprising over 1 % of the mRNA population. HSPs 

are strongly induced by environmental conditions mimicking conditions plants would 

experience on hot days. Antiserum raised against a class I sHSP fusion protein detects 

eight polypeptides in protein from heat stressed leaves. These peptides are induced at 

leaf temperatures as low as 290 C, and comprise approximately 1 % of the SDS soluble 

protein in 380 C heat stressed leaves, and have a half-life of 38 hours. The low 

induction temperature and extended half-life of these proteins suggests that they have a 

important role in the plant life cycle. 

HSPs are also developmentally regulated during seed maturation, even though 

the tissue temperature is lOoC below the heat stress induction temperature. Both class I 

and class II cytoplasmic sHSP mRNAs and proteins accumulate during mid-maturation 

in cotyledons and during desiccation in axes, and persist in the mature, dry seeds. The 

amount of protein that accumulates in the maturing seeds is comparable to that induced 

by a moderate, 340 C, heat stress. Additional sHSPs accumulate if seeds are heat 

stressed. sHSPs persist for two to three days in germinating seeds. Only five of eight 

class I sHSP polypeptides accumulate in maturing seeds, and only three of four class II 

sHSPs are developmentally regulated. HSP70-family proteins are also developmentally 

regulated during seed maturation. The heat induced mRNA, PsHSP71.2, is 



coordinately regulated with sHSPs, while a constitutively expressed mRNA, 

PsHSC71.0, is present throughout seed maturation. The amount of another 

constitutively synthesized HSP70 mRNA, PsHSP70b, declines in cotyledons as seed 

maturation progresses. These data suggest that HSPs have a specific role in seed 

maturation in addition to their role in response to heat stress. 

13 



CHAPTER 1 

INTRODUCTION 

14 

The goal of the work perfonned in this dissertation was to better define the 

potential biological roles of specific HSPs in plants. Organisms respond to elevated 

temperatures by inducing six highly conserved families of genes encoding proteins 

known collectively as heat shock proteins (HSPs). These six families were initially 

described as heat induced proteins, but five of these families, HSPlOO, HSP90, HSP70, 

HSP60, and ubiquitin also encode constitutively expressed proteins. Presumably, the 

constitutively expressed proteins have some biochemical activity in unstressed cells and 

there is an increased demand for this activity in heat stressed cells. 

It has long been known that organisms, including higher plants, can develop the 

ability to withstand otherwise lethal heat shock temperatures, a phenomenon referred to 

as acquired thennotolerance (Key et aI., 1985; Lindquist and Craig, 1988; Neumann et 

al., 1989). Thennotolerance can be induced by several regimes: a prior moderate heat 

stress, a gradual temperature increase, a short, severe heat stress followed by a 

recovery period, and by pre-treatment with arsenite (Altschuler and Mascarenhas, 1985; 

Key et al., 1985; Lin et aI., 1984). All of these procedures induce accumulation of 

HSP mRNAs and synthesis of HSPs. These observations have led to the hypothesis 

that HSPs confer thennotolerance (Lin et aI., 1984). Similar correlations between HSP 

synthesis and thennotolerance have been obtained in prokaryotes and other eukaryotes 

(Lindquist and Craig, 1988). However, the mechanism by which HSPs may affect 

thennotolerance has not been determined. 

Unlike most other organisms, plants are unable to escape physically from 

extreme environmental conditions, and therefore must adapt to these conditions in order 
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to survive. Although all organisms are capable of synthesizing HSPs, plants might be 

required to respond to a more protracted heat stress than other organisms because of 

their rooted life style. This difference in plant life style might be reflected by the 

spectrum of HSPs synthesized by the plant in response to elevated temperatures. Thus, 

studying their response might yield information about adapting to a protracted 

environmental stress. 

Plant sHSPs 

Plants synthesize most families of HSPs in response to elevated temperature, 

but the most prominent component of the heat stress response in plants are the small (s) 

HSPs. sHSPs are a conserved family of proteins that is found in all eukaryotes, 

ranging in size from 15 to 30 kDa (Key et aI., 1985; Neumann et aI., 1989. They 

contain a conserved 27 amino acid (a.a.) domain near the carboxy-terminus and fonn 

oligomeric structures ill vivo that range from 200 - 800 kDa (Lindquist and Craig, 

1988; Vierling, 1991), and. Unlike yeast and most animals, which produce only one to 

four sHSPs (Lindquist and Craig, 1988), plants synthesize many sHSPs. There are 

between 12 and 27 different polypeptides, depending on the plant species (Mansfield 

and Key, 1987; Nagao et al., 1985; Vierling, unpublished). Plant sHSPs have been 

divided into four classes based upon subcellular localization, amino-acid sequence 

homology, and immune-cross-reactivity (Vierling, 1991). 

Two distinct sHSP classes (class I and class II) are located in the cytoplasm, 

and the other two are targeted to the plastid and the endoplasmic reticulum (ER). The 

major classis of sHSPs and the species from which they have been cloned and 

sequenced are listed in Table 1.1. sHSPs are not known to be targeted to organelles in 

other eukaryotes. Class I cytoplasmic sHSPs are strongly conserved throughout most 



Table 1.1, Plant sHSPs Characterized by DNA Sequencing 

Gene Class/ Plant Species 

Class I Cytoplasmic 

Pea 

Soybean 

Alfalfa 

Tomato 

Carrot 

Wheat 

Arabidopsis thaliana 

Class II Cytoplasmic 

Pea 

Soybean 

Arabidopsis thaliana 

Pharbitis IIi! 

Maize 

Lily 

Endoplasmic Reticulum-Localized 

Pea 

Soybean 

Arabidopsis thaliana 

Plastid-localized 

Soybean 

Pea 

Maize 

Wheat 

Petunia 

Arabidopsis thaliana 

Reference 

This Work. (DeRocher et al., 1991) 

Nagao et al., 1985 

Gyorgyey et al., 1991 

Fray et aI., 1990 

Darwish et al., 1991 

McElwain and Spiker, 1989 

Helm and Vierling, 1989 

Lauzon et al., 1989 

Raschke et al., 1988 

Bartling et al., 1992 

Krishna et aI., 1992 

Dietrich et al., 1991; Goping et aI., 1991 

Bouchard, 1990 

Helm et aI., 1993 

Helm et al., 1993 

Helm, unpublished 

Vierling et aI., 1986 

Vierling et al., 1988 

Nieto-Sotelo et al., 1990 

Weng et aI., 1991 

Chen and Vierling, 1991 

Chen and Vierling, 1991 

16 
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of the protein in addition to the conselVed carboxy-tenninal domain. Typically there is 

at least 70% a.a. sequence identity between any two class I sHSPs. Class I sHSPs are 

encoded by a multi-gene family; five class I sHSPs have been cloned from soybean, 

and thirteen class I sHSP mRNAs have been identified by hybridization selection 

(Nagao and Key, 1988). Although a.a. sequence identity between any two class II 

sHSPs can be as low as 50%, the a.a. sequence identity between a class I and class II 

sHSP is substantially lower, between 30% and 40%. Even though these two classes 

are both cytoplasmic proteins, they appear to form distinct, separate oligomeric 

structures in vivo (Helm and Vierling, unpublished). The differences in the primary 

structure and oligomerization characteristics of the class I and class II sHSPs might 

reflect a functional difference between these proteins. ER-Iocalized sHSPs have a 

hydropathy profile that is very similar to the class I sHSPs, except for an amino 

terminal extension that corresponds to the ER transit peptide and a short carboxy

terminal ER-retention signal (Helm et al., 1993). The chloroplast sHSPs contain a 

distinct amphipathic alpha helix domain (Chen and Vierling, 1991) and are moderately 

homologous to both classes of cytoplasmic sHSPs (30% to 35% a.a. identity). 

sHSPs do not have any identified constitutively expressed homologues in 

higher plants or in other non-mammalian eukaryotes (Lindquist and Craig, 1988). It is 

also interesting that unlike other families of HSPs, sHSPs do not have homologues in 

prokaryotes (with the exception of Mycobacterium (Verbon et aI., 1992)). Hence 

sHSPs appear to be required primarily in stressed eukaryotic cells, but the significance 

of this distribution is obscure. 
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Proposed Functions of sHSPs 

sHSPs have been proposed to interact with, and stabilize, several components 

within cells: mRNA, lipid membranes, or other proteins (Helm et al., 1993; Horwitz, 

1992; Lin et al., 1984; Nover et al., 1989). Currently the most favored hypothesis is 

that sHSPs prevent aggregation and maintain activity of other proteins under adverse 

conditions. The alpha-crystallin proteins of the mammalian eye lens have both amino 

acid sequence and quarternary structure similarity to sHSPs, and are therefore thought 

to be sHSP homologues (Lindquist and Craig, 1988; Merck et aI., 1993). Both the 

alpha-crystallins and mammalian sHSPs can prevent heat-induced aggregation of the 

beta-crystallins and gamma-crystallins, other proteins in the mammalian eye lens 

(Horwitz, 1992). Both alpha-crystallin and sHSPs from mouse and human can prevent 

aggregation of and even reactivate chemically denatured citrate synthase and alpha

glucosidase (Jakob et aI., 1993). There is some controversy concerning the optimal 

stoichometry of sHSP to substrate for preventing aggregation of target protein. Merck 

et aI., (1993) report that a 1: 10 ratio of mouse hsp25 to heat denatured alpha

glucosidase completely suppresses aggregation, while Jacob et al., (1993) report that 

complete suppression of urea denatured alpha-glucosidase required a 1: 1 ratio of sHSP 

to substrate. In spite of the preliminary nature of this evidence, the hypothesis that 

sHSPs act as molecular chaperones has more compelling supporting data than the other 

hypotheses. 

The hypothesis that sHSPs stabilize membranes is based upon biophysical 

observations that the properties of lipid membranes are altered at elevated temperature 

and that sHSPs and cellular membranes co-fractionate ill vitro (LaFayette and Travis, 

1990; Lin et aI., 1984). The association has not been demonstrated ill vivo. sHSPs 

form very large heat shock granules that associate with, and presumably protect, a 
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subset of mRNAs in severely heat stressed tomato cell cultures (Nover et aI., 1989). 

These heat shock granules are much larger than the aggregates of sHSPs mentioned 

above, and appear to have a precursor-product relationship with the smaller particles. It 

is not known if heat shock granules form in moderately heat stressed cells. It is also 

not clear if the association with mRNA is reversible, as would be required if the sHSPs 

protect the mRNAs with which they associate. Alternately, they might be end products 

of an irreversible aggregation. In addition, it is unclear what advantage would be 

conferred by expressing sHSPs in the ER, an organelle that does not contain mRNA. 

Thus, the data supporting these hypotheses is less convincing than the data supporting 

the sHSP as chaperonins hypothesis. 

sHSP Expression During Development 

Although sHSPs are induced only in response to stress in most vegetative 

tissues, evidence suggests that they may also be developmentally regulated in some 

organs. These data are consistent with sHSPs playing a role in some stages of plant 

development, in addition to their function during stress. Several class II sHSP mRNAs 

accumulate during microspore meiosis in both lily (Bouchard, 1990) and maize 

(Dietrich et aI., 1991). Class I cytoplasmic sHSP mRNAs are synthesized during the 

globular stage of somatic embryogenesis in carrot (Zimmennan et aI., 1989) and alfalfa 

(Gyorgyey et aI., 1991). Class I sHSP mRNAs have also been detected in 

commercially grown mature pea seeds (Vierling and Sun, 1989) and in ripening tomato 

fruits (Fray et aI., 1990). sHSPs are readily detectable in the translation products of 

mRNA from wheat seeds grown at 250 C (Helm and Abernethy, 1990) and from field

grown sorghum (Howarth, 1990). Class I sHSP mRNAs are also coordinately 

expressed with late embryogenesis abundant (lea) proteins in sunflower seeds grown at 
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250 C (Almoguera and Jordano 1992). It is not clear whether the sHSP mRNAs are 

translated in all of these cases; in fact, the sHSP mRNAs in unstressed somatic 

embryos are not associated with polysomes (Apuya and Zimmennan, 1992). Only two 

studies have detected sHSP mRNA translation products during development. Some 

proteins in mature wheat seeds grown under controlled conditions comigrate precisely 

with sHSPs (Helm and Abernethy, 1990). Hernandez and Vierling (1993) immune

detected class I sHSPs in mature, field grown seeds of a variety of legumes including: 

pea, soybean, cowpea, tepary bean, and acacia. The proteins were also detected in 

greenhouse-grown alfalfa during later stages of development and in dry seeds. 

Although several of these studies examined plants grown under controlled conditions, 

none of them measured the actual temperature of the developing seed. Therefore it is 

still unclear whether sHSP expression in seeds is environmentally or developmentally 

controlled. 

HSP70 Characterization 

The HSP70 family is the most strongly conserved family of HSPs, and like the 

sHSPs, there is evidence that they are developmentally regulated. Like the plant sHSPs, 

HSP70s are encoded by multi-gene families; but unlike the sHSPs, most of the members 

of this conserved family are constitutively expressed. Several of the eukaryotic HSP70 

gene products are cytoplasmic proteins, and others are targeted to specific subcellular 

organelles, the ER, mitochondria, and chloroplasts. Although heat induced HSP70s 

have been identified in several plant species, and constitutively expressed HSP70s have 

been identified in others, no examples of both modes of cytoplasmic HSP70 regulation 

have been identified in a single plant species. 
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The HSP70 proteins are strongly conselVed throughout all organisms. The 

prokaryotic HSP70 homologue, DnaK, is 45-50% identical to eukaryotic cytoplasmic 

HSP70 proteins (Bardwell and Craig, 1984). The plastid and mitochondrial HSP70 

homologues are more homologous to HSP70s of prokaryotes, which are thought to be 

their endosymbiotic ancestors, than to cytoplasmic HSP70s (Engman et al., 1989, 

Marshall and Keegstra, 1992). Likewise, the ER-Iocalized HSP70 homologues are more 

closely related to ER-Iocalized HSP70s from divergent organisms (e.g. tobacco to 

human) than to cytoplasmic HSP70 from more closely related species (e.g. tobacco to 

petunia) (Denecke et al., 1991). The cytoplasmic HSP70 proteins have been thoroughly 

characterized in yeast, where they can be classified into two sub-families, designated 

stress seventy family A (SSA) and stress seventy family B (SSB) (Lindquist and Craig, 

1988). There are four SSA proteins and two SSB proteins. Their protein sequences are 

approximately 65% identical between families and 82% to 97% identical within each 

family. Several cytoplasmic HSP70s are transported to the nucleus under certain stress 

conditions (Welch and Mizzen, 1988) and return to the cytoplasm during recovery. They 

will therefore be referred to as cytoplasmic HSP70s throughout this manuscript. 

Plant HSP70s 

HSP70 clones have been isolated from several plant species, and their expression 

patterns in vegetative tissue can be divided into three broad categories: exclusively heat 

induced, constitutively expressed without heat induction, and constitutive expression 

with additional heat induction. cDNA or genomic clones that contain the full coding 

region of heat-induced cytoplasmic HSP70s have been isolated from several plant and 

algal species (table 1.2). These clones correspond to proteins that are targeted to several 

cellular compartments, the cytoplasm, ER, mitochondrion, and plastid. Multiple 
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Table 1.2, Localization and Expression of Characterized Plant HSP70s 

Species Expression* Locationt Full length? Reference 

Maize HS cyto. yes Rochester et aI., 1986 

Petunia HS andC cyto. yes Winter et aI., 1988 

Soybean HS cyto yes Roberts and Key, 1991 

Carrot HS cyto. yes Lin et aI., 1991 

C. reinhardtii HS and C cyto. yes von Gromoff et aI., 1989; 

MUlIer et aI., 1992 

Lupine HS cyto. no Perrey and Wink, 1991 

Spinach C cyto. yes Ko et aI., 1992 

Tomato C cyto yes Lin et aI., 1991 

A. thaliana C cyto no Wu et aI., 1988 

Tobacco C ER yes Denecke et aI., 1991 

Maize C ER yes Fontes et aI., 1991 

Pea C mito. yes Watts et aI., 1992 

Pea C and HS plastid yes Marshall and Keegstra 

Cryptomonas F ? plastid yes Wang and Liu, 1991 

Porphyra umbilicalis HS plastid yes Reith and Munholland, 1991 

* HS and C indicate heat inducible and constitutively expressed mRNAs, respectively. 

t Cytoplasmic is abbreviated cyto., and mitochondrial is abbreviated mito. 
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cytoplasmic HSP70s have been identified in tomato (Lin et aI., 1991) and Arabidopsis 

thaliana (WU et aI., 1988). In addition there are multiple ER-Iocalized HSP70s in both 

maize (Fontes et aI., 1991) and tobacco (Denecke et aI., 1991). 

HSP70 Function 

There is mounting evidence that HSP70s facilitate the folding of other proteins, 

an idea first proposed by Hugh Pelham (1986). Data supporting this hypothesis have 

been reviewed recently by several authors (Gething and Sambrook, 1992; Hartl et aI., 

1992; Kelly and Georgopoulos, 1992). HSP70s bind to target proteins or peptides, and 

hydrolysis of ATP causes release of the bound protein segment, which is presumably the 

mechanism by which HSP70 alters protein structure (Liberek et aI., 1991). The amino 

terminal section of HSP70, approximately 44 kDa, is an ATPase that is structurally 

homologous to actin and to hexose kinase (Flaherty et aI., 1990). The approximately 18 

kDa immediately downstream of the A TP binding domain can be modeled as a peptide 

binding domain that is similar to the peptide binding domain of the class I major 

histocompatibility complex I (MHC I) (Rippmann et aI., 1991). The HSP70 peptide 

binding site tightly binds oligopeptides that are a minimum of 7 amino acids long, and 

peptide binding stimulates A TP hydrolysis (Flynn et aI., 1989, Flynn et aI., 1991). The 

carboxy-terminal 8 kDa might interact with the peptide binding domain when this domain 

is unoccupied by substrate protein (Rippmann et aI., 1991). A putative nuclear targeting 

sequence (Dang and Lee, 1989) and calmodulin binding motif (Stevenson and 

Calderwood, 1990) have also been identified within the A TP binding domain. 

Cytoplasmic HSP70s participate in several diverse cellular processes. 

Cytoplasmic HSP70s of eukaryotes remove clathrin triskelia from coated vesicles 

(Chappell et aI., 1986: Greene and Eisenberg, 1990). They also interact with and 
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presumably promote folding or facilitate translation of newly synthesized proteins that are 

still associated with ribosomes (Beckmann et al., 1990; Nelson et al., 1992). 

Cytoplasmic HSP70s also mediate protein transport into several organelles, including 

mitochondria, ER (reviewed in Gething and Sambrook, 1992), and the nucleus (Shi and 

Thomas, 1992), by maintaining newly translated proteins in an unfolded conformation. 

A spinach cytoplasmic HSP70 is associated with the chloroplast outer envelope and may 

be involved in protein import into this organelle (1(0 et al., 1992). In addition, the 

microtubule associated protein, beta-internexin, is a cytoplasmic HSP70 homologue 

(Green and Liem, 1989). The HSP70 homologue in E. coli, dnaK, was first described 

as being necessary for replication of the lambda phage genome (Bardwell and Craig, 

1984; Yochem et aI., 1978). It is unclear if HSP70 proteins are involved in eukaryotic 

DNA replication. Human cytoplasmic HSP70 is targeted to the nucleus during the S 

phase of the cell cycle in HeLa cells that have been synchronized by serum starvation 

(Milarski and Morimoto, 1986), but none of the yeast HSP70 gene family members 

appear to be regulated by the cell cycle (Werner-Washburne et al., 1989). HSP70 

proteins have also been reported to bind fatty acids in vivo (Guidon and Hightower, 

1986), and to bind to calmodulin in vitro (Stevenson and Calderwood, 1990). They have 

also been immune-localized with microfilamants (Welch and Mizzen, 1988) and nucleoli 

(Milarski et al., 1989). This co-localization is consistent with a direct functional 

interaction between HSP70 and these structures. 

There appear to be functional differences between HSP70 family members in the 

cytoplasm. In yeast, proteins in the SSB family are associated with translating 

ribosomes, while the SSA proteins are not (Nelson et al., 1992). Furthermore, members 

of the yeast SSA family uncoat clathrin coated vesicles, but the SSA2 protein has a 

significantly higher uncoating activity than SSAl, even though these proteins are 97% 
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identical (Gao et at, 1991). In contrast, the heat-induced and constitutively expressed 

fonns are equally efficient at stimulating transport into the nuclei of HeLa cells (Shl and 

Thomas, 1992). Thus, it is unclear if functional differences in HSP70 homologues exist 

in organisms other than yeast, and what the mediates the observed functional differences 

between the yeast HSP70 homologues. 

Developmental Regulation of HSP70s 

There are a number of examples of developmental control of HSP70 expression 

in eukaryotes. Normally heat inducible HSP70s are constitutively expressed in some 

vertebrate muscle tissue (Guerriero et at, 1989; Locke et al., 1991) and two HSP70 

homologues are expressed exclusively in testes of mouse (Nover, 1991). HSP70s are 

also very abundant in developing tomato fruits (Duck et at, 1989), and a plastid-localized 

HSP70 is made early during pea seed development (Domoney et al., 1991). Unlike the 

sHSPs, none of the yeast HSP70 homologues are specifically induced during sporulation 

(Kurtz and Lindquist, 1984). In addition, Drosophila HSP70 is not synthesized during 

pupation, even though all 4 of the sHSPs are induced at this stage (Lindquist 1986). 

Goals of the Dissertation 

The specific objectives of this dissertation were to 1) detennine how sHSPs 

accumulate under conditions that mimic the natural environment, 2) characterize the 

expression of sHSPs in response to endogenous stimuli, i.e., seed development, and 3) 

determine if there is differential regulation of HSP70s during seed maturation. Garden 

pea (Pisum sativum) was chosen as a model system because it is easy to grow under 

laboratory conditions, cDNA clones of some pea HSPs were available, and there was a 

body of literature describing morphological and biochemical changes that occur during 
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the development of pea seeds. I developed a stress regimen to mimic field heat stress 

conditions and then examined the expression of class I sHSPs in response to these 

conditions. These data provide information about the complexity of the cytoplasmic 

sHSPs in pea, and established that the proteins are stable following heat stress. 

Furthermore, the amount of class I sHSP induced in response to heat stress is strongly 

correlated with the severity of the stress, and the class I sHSPs accumulate at leaf 

temperatures as low as 290C. The abundance and complexity of sHSPs that accumulate 

in response to heat stress are consistent with sHSPs having a vital role in the plants 

adaptation to heat stress. 

In addition to their induction in response to heat stress, both the class I and the 

class II sHSPs are also induced during seed maturation. The internal temperature of 

these seeds was approximately lOoC below heat stress induction temperatures. Therefore 

induction of sHSPs is not a response to elevated temperatures within the seed. Both 

mRNA and proteins of class I and class II cytoplasmic sHSPs are coordinately induced 

and exhibit both temporal and organ-specific regulation. Only a subset of each class of 

sHSPs are induced during development. Both classes of proteins also persist in imbibing 

seeds. The developing seeds are capable of inducing a strong heat stress response, 

suggesting that the sHSPs have a specific role in seeds, rather than being made to protect 

the plant against a potential future heat stress. This information expands the known 

biological role of these proteins, and indicates that they are specifically regulated by 

conditions other than environmental stress. 

Members of the HSP70 family are also developmentally regulated during seed 

maturation. Three cytoplasmic HSP70 cDNAs were characterized. A mRNA that is 

induced in vegetative tissue only in response to heat stress is coordinately regulated with 

the sHSPs. The induction of this message is followed by accumulation of its 
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corresponding protein. A second mRNA is constitutively expressed in vegetative tissue 

and its accumulation is un-affected by heat stress. It is observed throughout development 

in both the zygotic and associated maternal organs. A third mRNA exhibits a low level of 

accumulation in unstressed vegetative tissues and is strongly induced by heat stress. The 

amount of this mRNA actually declines in cotyledons during seed maturation. The 

differential regulation of these mRNAs suggests that the proteins they encode might have 

distinct functions. 
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MATERIALS AND METHODS 

Plant Growth Conditions 
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For heat stress and recovery experiments, peas (Pisum sativum cv. "Little 

Marvel" from Carolina Biological Supply) were planted in vermiculite and grown in a 

growth chamber on a 220 C/180 C, 16 hr day/8 hr night cycle. Light intensity was 300 

~E m-2 sec-I. Plants were watered with 1/4 strength Hoagland's solution. For seed 

development experiments, peas were planted in 6 inch pots in a mixture of peat 

moss:perlite:vermiculite (1:1:1), and grown to maturity in a growth chamber on a 16 hr, 

180 C day/ 8hr, I40 C night cycle. Light intensity was approximately 300 ~E m-2 sec-I. 

Plants were fertilized weekly with Nutrileaf fertilizer (Miller Chemical and Fertilizer 

Co., Hanover, PA) at a concentration of 4g/l water. Opened flowers were tagged in the 

morning, an estimated 6 to 32 hr following pollination. 

Heat Stress and Recovery Regimen 

Intact plants were heat stressed after the first leaves had expanded (8-9 days) as 

described by Chen et al.(1990). The growth chamber temperature was increased 40 C 

per hour until the desired stress temperature (30 - 400 C) was reached, maintained at that 

temperature for 4 hr, and then decreased at 40 C per hr until the temperature returned to 

220 C. High humidity was maintained during heat stress to prevent transpirational 

cooling, and leaf temperature was measured using an infra-red thennometer (Everest 

Interscience, Fullerton, CA). Samples for protein and RNA analysis were taken before 

the heat stress, at five time points spaced at two hour intervals during the heat stress, 

and when the chamber temperature had returned to 220 C. In order to examine recovery 
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following heat stress, plants were kept at normal growth temperatures for seven days 

following the day of heat stress treatment. Samples for protein analysis were taken 

each day of recovery at the time of day corresponding to the end of the maximum 

temperature treatment of the stress day. 

For heat-stress treatments of developing seeds, a mature plant was heat-stressed 

at 38 0 C and embryo, leaf, and seed coat samples were taken at the end of the stress 

period. Unstressed control samples were taken from developing pods prior to the heat

stress. 

Measurement of Seed Development Parameters 

Seeds were removed from developing pods 13, 15, 18,20,25,30, and 35 days 

after flowering (dat) and dissected into seed coat and embryo, as were mature, dry 

seeds. Seeds were dried by leaving mature pods on the plant in the growth chamber 

until the plant had senesced and the seeds were dry. Seeds whose rate of development 

was obviously precocious or retarded, based on fresh weight, were discarded 

(approximately 10% of the individuals). Seeds with a split seed coat were also not 

used. Seeds were typically completely dry between 42 and 50 daf. Embryos that were 

15 daf (early reserve synthesis phase) and older were further dissected into axis and 

cotyledon. Embryos less than 13 daf were too small to obtain enough tissue for routine 

analysis. Seeds at each time point were used for weight determination and for protein 

and RNA isolation. Tissue samples were also taken from pericarps and subtending 

leaves of developing pods as additional controls. Embryos were weighed, dried for 3-6 

hr at 800 C in a vacuum oven, then re-weighed to determine the dry weight and water 

content (% water = fresh weight - dry weight / fresh weight x 100). 
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Staging of 10 daf and 12 daf embryos was detennined as described by Davies 

and Williams (1985). Embryos were removed from the seed coat and stored in liquid 

nitrogen prior to protein extraction. 

For germination experiments, seeds that had been grown as described above and 

which weighed 250 to 300 mg were imbibed between water saturated paper towels at 

room temperature. For each time point, tissue from six individuals was pooled for 

protein extraction. 

To determine seed temperatures, surface temperatures were measured using a 

hand-held infrared thermometer (Everest Interscience, Fullerton CA). Internal 

temperatures of developing embryos were measured by piercing the developing pod and 

threading a fine wire copper / constantan thermocouple through the hole so that the 

copper / constantan junction was inside the embryo. The thermocouple leads were 

attached to a polycorder recorder and a general purpose interface board (Omnidata 

International Inc., Logan UT) which calculated the temperature of the tissue. 

Temperature readings of an identical thermocouple and a glass-mercury thermometer 

were compared to ensure that the instrument was properly calibrated. 

eDNA Probes 

The PsHSPI8.1 cDNA (AZI43) had been subcloned into the M13 vector and 

both strands were completely sequenced as described (Chen and Vierling, 1991; 

Vierling et aI., 1988). The full length cDNA was used as a probe in all the experiments 

described. The PsHSPI7.9 (class I; DeRocher et al., 1991; AZ050) and PsHSPI7.7 

(class II; Lauzon et aI., 1990; AZ065) cDNAs have also been completely sequenced by 

other members of the laboratory. Full length cDNAs were used as probes in all the 

experiments described. 
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The PsHSP71.2 eDNA was isolated in the Vierling laboratory by screening a 

lambda gt-IO eDNA library constructed from heat stressed pea leaf mRNA (Vierling et 

al., 1988) with a soybean HSP70 cDNA clone (Roberts and Key, 1991). All five cDNA 

clones isolated in this screen had similar restriction enzyme maps, and were presumably 

encoded by the same gene. One of these cDNAs, PsHSP71.2, was chosen for further 

study (clone numbers AZ072, AZ073, AZ075). The PsHSC71.0 cDNA was isolated by 

screening an unstressed pea leaf eDNA library at low stringency with a cDNA probe 

corresponding to the 5' Eco RI fragment of the PsHSP71.2 (AZ077, AZ079) (K. 

Mortara, unpublished). PsHSP70b was identified by screening a heat stressed leaf 

cDNA library at high stringency with the PsHSC71.0 5' end cDNA probe (L. Lauzon, 

unpublished). The entire PsHSP70b cDNA is approximately 2100 nucleotides long. 

The PsHSP70b cDNA probe used in these studies corresponds to an approximately 700 

nucleotide Eco RI fragment from the 3' end of the complete clone. 

DNA and Protein Sequence Analysis 

Analysis of open reading frames, as well as pair-wise sequence comparisons 

between HSP70s were performed using the Gap program included with the Wisconsin 

GCG Sequence Analysis software package (Devereux et aI., 1984). Multiple amino 

acid sequence alignments were done with the Pileup program from the same software 

package. Both pair-wise and multiple comparisons were performed with the default 

parameters specified by the software. 

HSP70 Gene Specific Probe Construction 

Regions of the 3' end ofPsHSP71.2 and PsHSC71.0 to be used for gene specific 

probes were selected based upon their A T content (approximately 50%) and lack of 
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inverted repeat structures, in addition to their sequence specificity. These sequences 

were amplified by PCR with primers having either Xba I or CIa I sites included on their 

5' ends plus 4 additional nucleotides to insure efficient digestion of the sites in the 

amplified fragment. The primer sequences for PsHSP71.2 amplification were 

"GCGCTCTAGATACAAGACACITTCATAG"and 

"CGACATCGATGACTAAAGAAGCCATAGCC", and for PsHSC71.0 the primer 

sequences were "CGCCTCT AGAGTT AGGATGAAAGAACT AC" and 

"CGCCATCGATGGGTGCTGCTGCAGATG" (see also, figure 5.1). The selected 

sections were amplified using 180 ng of each primer per reaction and 5 ng of the 

appropriate template using Taq DNA polymerase and buffers supplied by the 

manufacturer (US Biochemicals). The amplification reactions were pre heated at 950 C 

for 5 min before addition of the polymerase, then denatured at 950 C for 15 sec, 

annealed at 500 C for 1 min, and elongated at 720 C for 3 min for each of 25 cycles. The 

amplified products were digested with the appropriate endonucleases and ligated into 

Bluescript B+ and sequenced to confirm that no errors were introduced during the 

amplification reaction. The remaining PCR fragment was used to synthesize probe. 

RNA Isolation 

Embryos, cotyledons, axes, seed coats and pericarps of developing seeds were 

isolated in parallel with samples used for protein extraction and stored in liquid 

nitrogen. Total RNA was isolated from these samples, from unstressed pea leaves, and 

from pea leaves that had been heat-stressed at 400 C. Briefly, tissue was homogenized 

in extraction buffer (10 mM Tris-HCI pH 8.8, 50 mM NaCI, 6% butanol, 6% p

aminosalicylic acid, 1 % tri-isopropylnapthalene sulphonic acid) using approximately 10 

ml extraction buffer g-l tissue. The homogenate was phenol-chloroform extracted, then 



33 

ethanol precipitated. The precipitate was resuspended in TE pH 8, 1.0% sarkosyl, then 

phenol extracted twice and ethanol precipitated. The precipitate was resuspended in TE 

0.5% sarkosyl and mixed with an equal volume of TE 4 M Liel and precipitated at 4°C, 

then resuspended in TE 0.1 % SDS, and ethanol precipitated. The RNA was 

resuspended in water and the concentration was determined based upon its optical 

density at 260 nm. 

Poly (A) RNA was isolated from total RNA by oligo dT cellulose affinity 

chromatography as described previously (Vierling et al., 1985). Poly (A) RNA 

contents of the samples were normalized to the amount of 3H poly U bound by each 

sample as described previously (Vierling et al., 1988). 

In vitro Transcription 

In vitro transcription reactions were performed using SP6 RNA polymerase 

(Boehringer Manheim Biochemicals) using the protocol supplied by the manufacturer. 

The transcript was ethanol precipitated and its concentration determined based upon its 

absorbance at 260 nm. Poly (A) RNA and in vitro transcript were serially diluted, dot 

blotted to nitrocellulose, and hybridized as described below. 

Northern Analysis 

Ten Jlg of each RNA sample was suspended in 50% formamide, 18% 

formaldehyde, 66 mM MOPS, 0.25 Jlg of ethidium bromide and separated on 

formaldehyde 1.5% agarose MOPS gels. Equal sample loading was verified by 

viewing the gel under ultraviolet light, before it was capillary blotted to nitrocellulose 

(Schleicher & Schuell, Keene, NH) using 10 X sse. The filters were pre-hybridized at 

42°C in hybridization solution (50% formamide, 5 X sse, 50 mM phosphate pH 7.0,5 
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X Denhardt's, 100 J.1g/ml yeast RNA, 100 J.1g/ml salmon sperm DNA, 0.1 % SDS) for 2 

to 4 hr, then incubated in hybridization solution plus probe at 420 C for 16 to 40 hr. 

Filters were washed under high stringency conditions (3 times 10 - 15 min in 2 X SSC, 

0.1 % SDS at room temperature, 3 times 10 - 15 min in 2 X SSC, 0.1 % SDS at elevated 

temperature, 1 time 10 min in 0.1 X SSC 0.1 % SDS at elevated temperature. The final 

wash temperature for cDNA probes (psHSPI8.1, AZ143; PsHSPI7.9, AZ051; 

PsHSC70b, AZ071; PsHSP71.2, AZ073) was 60oC, which would require 85% 

nucleotide identity for hybridization. The final wash temperatures for the PsHSP71.2 

and PsHSC71.0 gene-specific probes were 600 C and 620 C, respectively, which would 

require 90% nucleotide identity for hybridization. Probes were labeled with (X.

[32p]dA TP (lCN Radiochemicals, Irvine CA, 3000 Ci/mmol) by random priming as 

described in Feinberg and Vogel stein (1983). Hybridization signals were quantified 

using a betascope (Betagen Corp., Waltham, MA). 

Antibody Production 

Antibodies against pea HSPI8.1 were generated using antigen synthesized as a 

fusion protein in E. coli. A portion of the HSPI8.1 cDNA encoding the carboxy

terminal 15.3 kD of the protein and 373 nucleotides of 3' non-coding sequence was 

excised as a 775 bp Bam HI - Eco RI fragment and cloned into the expression vector 

pA TH22 (AZI75). In pATH expression vectors, a protein or protein fragment is fused 

to the carboxy terminus of the amino-terminal 35 kD of TrpE and expressed under 

control of the Trp promoter. To prepare the fusion construct, the pATH22 and 

HSPI8.1 cDNA plasmids were digested with Xba I and Eco RI, respectively, and the 5' 

overhangs were filled in using Klenow polymerase. Both plasmids were then digested 

with Bam HI and ligated together. The size of the TrpE-HSPI8.1 fusion protein was 
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detennined by SDS-PAGE to be 49 kD, which is in agreement with the predicted size. 

The TrpE-HSP18.1 fusion protein was overproduced in E. coli using the method of 

Spindler et al., (1984), and purified by SDS-PAGE and electroelution (Vierling et al., 

1989). The purified protein was used to generate antibodies in New Zealand white 

female rabbits as described previously (Vierling et al., 1989). Pre-immune serum was 

taken from the rabbits (animals #6 and #7) before inoculation, and immune serum was 

taken 7 - 9 days after the third and subsequent injections. 

Pea HSP71.2 antiserum was raised against an amino tenninal fragment of the 

PsHSP71.2 cDNA. This segment of the PsHSP71.2 protein was selected for antibody 

production because it had the most homology to the yeast cytoplasmic, ER, and 

mitochondrial HSP70s, and therefore would be more likely to bind to other families of 

HSP70s. Oligonucleotide PCR primers were designed that hybridized to nucleotides 66 

to 82, and nucleotides 573 to 590, of the PsHSP71.2 cDNA and had Bam HI restriction 

endonuclease recognition sites on their 5' ends (primers #585 and #586). This segment 

of the cDNA corresponded to a.a. 9 - 183 of the derived amino acid sequence, (see 

figure 5.2). The PCR fragment was amplified and cloned into the pET3A expression 

vector. The protein fragment was over-expressed in E. coli and gel purified by L. 

Lauzon. Rabbit (animals #18 and #19) HSP70 antiserum was generated as described 

above. 

Rabbit anti-tomato HSP70 antiserum was a gift from Dr. L. Nover. Rabbit anti

vicilin antiserum was a gift from Dr. TJ. Higgins. 

Protein Electrophoresis 

Protein was extracted in SDS sample buffer containing 60 mM Tris-HCI pH 8.0, 

60 mM dithiothreitol, 2.0% SDS, 15% sucrose, 5 mM e-amino-N-caproic acid, and 1 
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mM benzamidine (10 ml per g fresh weight of tissue) using a ground glass 

homogenizer. Protein concentration for the experiments described in chapter 3 was 

determined using the BCA protein assay (pierce Chemical Company, Rockford, IL). 

For experiments described in chapters 4 and 5, protein concentrations were determined 

using a Coomassie dye binding assay (Ghosh et aI., 1988). For visual analysis of 

protein composition, samples were separated on 10% to 16% acrylarnide gradient gels 

in the presence of SDS and Coomassie stained. For Western analysis of the sHSPs, 

samples were separated on 12.5% acrylamide-SDS gels, (DeRocher et aI., 1991) and for 

Western analysis of HSP70 proteins they were separated on 7.5% acrylamide-SDS gels. 

For 2-D gel electrophoresis, samples were prepared by acetone precipitation from SDS 

sample buffer, or extracted using the method of Shuster and Davies (1983) as modified 

by Bray (1990). The protein samples were first separated on isoelectric focusing tube 

gels (4% acrylamide, 9.1 M urea, 2% Nonidet P-40, 2% ampholite (pharmacia, Upsala 

Sweden)) at 400 V for 17 hr followed by 800 V for 1 hr. The sHSPs were separated 

using either 80% pH 5-7, 20% pH 3.5-10 ampholites (chapter 3) or pH 5-7 ampholites 

alone (chapter 4). The HSP70 proteins were separated using pH 4.5-5.4 ampholites. 

The polypeptides in the isoelectric focusing gels were then run on acrylamide-SDS gels 

as described (O'Farrell, 1975). The 2-D gels were either processed for Western analysis 

or silver stained as described (Switzer et aI., 1979; Oakley et aI., 1980). 

Westel'n Analysis and HSP Quantitation 

Protein gels were electroblotted onto nitrocellulose (Schleicher & Schuell, 

Keene, NH) and blocked for 1 hr in low salt buffer (10 mM Tris HCI pH 8.0, 1 mM 

EDTA, 0.1 % Triton, 0.15 M NaCl) plus 5% non-fat dry milk. The filters were then 

reacted with crude antiserum in low salt buffer and incubated for 1 hr to 16 hr. 
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Production of the HSPI8.1 and pea HSP70 sera is described above. Class II sHSP 

antiserum was raised against PsHSPI7.7 (Lauzon et aI., 1989) that had been 

overexpressed in E. coli (Ken Helm, personal communication), ER-Iocalized sHSP 

antiserum was raised against an overexpressed PsHSP22.7 construct (Helm et aI., 

1993). Plastid-localized sHSP serum was raised against a TrpE-PsHSP21 fusion 

protein (Vierling et al., 1989). All antisera were used at a 1:500 dilution except the 

tomato HSP70 serum which was used at a 1 :200 dilution for the seed development 

samples. The filters were washed in low salt buffer either 3 times for 20 minutes each, 

or 5 times for 5 minutes each. Bound antibody was visualized either with 125I-Protein 

A (lCN Radiochemicals, Irvine, CA, >30 mCi/mg) followed by autoradiography, or by 

chemiluminescent detection (ECL system, Amersham, Arlington Heights IL). For 

quantitative analyses, equal protein loading and integrity of protein samples was 

verified on Coomassie blue stained gels in parallel to the immune blots, or by 

Coomassie staining a portion of the gel which had not been electroblotted. HSPI8.1 

was quantified by cutting the 125I-Protein A labeled bands from the nitrocellulose 

filters and determining their radioactivity with a scintillation counter (Chen et aI., 

1990). The amount of radioactivity in the bands was consistent with the intensity of the 

corresponding signal on the autoradiograms. 



CHAPTER 3 

EXPRESSION OF CLASS I sHSPs DURING HEAT STRESS AND 

RECOVERY 

INTRODUCTION 
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Understanding the roles of sHSPs in the natural environment would contribute 

to dissecting their function at the molecular level. While the expression of HSPs under 

laboratory conditions has been studied extensively, only a few studies have focused on 

the heat stress response in intact plants stressed under field conditions. Burke et al. 

(1985) found that proteins with molecular weights corresponding to HSP89, HSP75, 

and HSP21 are induced in cotton grown in dry land fields but not in cotton grown in 

irrigated fields where canopy temperatures were lOoC lower. Likewise, cytoplasmic 

sHSP mRNAs accumulate in soybeans grown in non-irrigated fields when air 

temperature approached 400 C, and to a lesser extent in irrigated fields where leaf 

temperatures were presumably cooler (Kimple and Key, 1985). Chen et al. (1990) 

examined the expression of chloroplast HSP21 mRNA and protein in intact pea 

seedlings stressed in a growth chamber programmed to mimic the conditions on a hot 

day. Over the course of the day, temperature was increased gradually to a maximum 

midday temperature ranging from 340 C to 400C, and then gradually decreased. 

HSP21 mRNA and protein accumulated to levels proportional to the applied stress. 

Chloroplast HSP21 was expressed in both leaves and roots and the protein had a half 

life of 52 ± 12.7 h in both tissues (Chen et aI., 1990). Although these studies firmly 

establish that expression of HSPs occurs under natural conditions, they provide little 

information about the accumulation and stability of specific HSPs other than the 

chloroplast-localized protein. 
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As a step toward understanding the role of HSPs in the natural environment, I 

have characterized a cDNA and the corresponding protein from a major family of 

sHSPs in Pisum sativum. In order to determine under what conditions these HSPs 

may function, a reproducible heat stress regimen was developed that mimicked 

conditions plants would experience on a hot day in a field environment. sHSP mRNA 

and protein accumulation was studied in intact pea seedlings stressed under these 

conditions. These are the first studies examining the abundance and stability of the 

class I sHSPs, and establish a minimum temperature for sHSP induction in vegetative 

tissues of pea. 

RESULTS 

Characterization of the PsHSP18.1 cDNA 

A pea (Pisum sativum) sHSP cDNA was cloned in the Vierling laboratory by 

screening a cDNA library constructed from pea heat stressed leaf mRNA with the 

soybean class I sHSP cDNA, pCE53 (Czarnecka et al., 1984). I sequenced both strands 

of the cDNA, and the cDNA was designated PsHSP18.1 based on the calculated 

molecular weight of the peptide encoded by its longest open reading frame. The 

PsHSP18.1 nucleotide sequence has been deposited in the GenBank library, accession 

number M33899. The PsHSP18.1 cDNA is 860 bp long, contains 13 nucleotides of 5' 

non-coding sequence, 370 nucleotides of 3' non-coding sequence, and has a 477 base 

open reading frame encoding a 159 amino acid protein (Figure 3.1). The 3' non-coding 

sequence contains two polyadenylation consensus sequences (AA TAAA) at positions 

563-568 and 715-720, and the 3' end of the sequence terminates with a single 



1 GGCTATATCAAACATGTCTCTGATTCCAAGTTTCTTTAGTGGCCGAAGGAGCAATGTTTT 
M S LIP S F F S G R R S N V F 

61 CGATCCTTTCTCCCTGGACGTCTGGGATCCTTTGAAGGACTTTCCATTTTCAAATTCTTC 
D P F S L D V W D P L K D F P F S N S S 

121 ACCTTCCGCTTCATTCCCTCGTGAGAATCCTGCTTTTGTGAGCACACGAGTTGACTGGAA 
P S A S F PRE N P A F V S T R V D W K 

181 GGAAACACCGGAAGCGCATGTTTTCAAGGCTGATCTTCCTGGGCTGAAAAAGGAGGAAGT 
E T PEA H V F K A D LPG L K K E E V 

241 GAAAGTTGAAGTTGAAGATGATAGGGTTCTACAGATAAGCGGAGAGAGAAGCGTTGAGAA 
K V EVE D D R V L Q I S G E R S V E K 

301 AGAAGATAAGAATGATGAATGGCATCGCGTGGAACGTAGCAGTGGAAAGTTCTTAAGAAG 
E D K N DEW H R V E R SSG K F L R R 

361 GTTCAGATTGCCTGAGAATGCTAAAATGGATAAAGTGAAAGCTTCCATGGAGAACGGCGT 
F R L PEN A K M D K V K A S MEN G V 

421 TCTGACAGTGACCGTTCCAAAAGAAGAGATAAAGAAGGCTGAGGTTAAGTCTATTGAGAT 
LTV T V P K EEl K K A E V K S I E I 

481 TTCTGGTTAAACTTAGAATGAGCTATGTTACTCTGTTGCTTTTCTTGGTTATAATGTTTT 
S G * 

541 CCTTTTTGTGGCGTGTGCAAGAAATAAATGGTCATGTAATTCTGAAATGTTAATGTATAA 

601 ATAAATAAGTAAACAGTTGTTGTTGGTTATTCAGAGGTGTTATAGTATTCATATTGTAAT 

661 GTATCAGAATGAATCTTGAGAAAAGAGCTGCTATAAATAGAGCTTGAAGTTTTAAATAAA 

721 AAAAAAGGTTCCAGAAAGGAATAAAAAACTGGTAACAGCTAGCAGAGAGAAAAAGCTCAA 

781 ACCACTGTGTTAAGGTGAACAGCGGAAGAAAATGAAGAGATGTTCATAGCCCTTCTTCTT 

841 GAGTCTCTCCAAGATGGA 

Figure 3.1. Pea HSPI8.1 nucleotide and derived amino acid sequence. The 

nucleotide sequence of the PsHSPI8.1 cDNA is presented on the upper line and the 
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single letter code of the derived amino acid sequence is on the lower line. Numbers in 

the left column refer to the nucleotide sequence. 



A residue. Thus the cDNA probably does not contain the entire 3' non-coding region 

of the corresponding mRNA. 
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The derived a.a. sequence of PsHSP18.1 contains a moderately conserved 

domain between a.a. 118 and a.a. 142 that is found in all sHSP and in the a-crystallin 

proteins of the mammalian eye lens (Lindquist and Craig, 1988) The a.a. sequence is 

71.2% identical to PsHSP17.9 of pea (DeRocher et al., 1991) and 71.6% identical to 

HSP17.5-E from wheat (McElwain and Spiker, 1989), both of which are class I 

sHSPs. In contrast, it is only 38.3% identical to a class II cytoplasmic sHSP from pea, 

PsHSP17.7 (Lauzon et al., 1990). Therefore, PsHSP18.1 was assigned to the class I 

sHSP gene family. 

PsHSP18.1 mRNA Abundance 

An indication of the significance of HSP induction in adaptation to heat stress 

would be the amount of the HSP mRNA synthesized in response to heat stress. To 

determine how strongly class I sHSPs are induced in response to heat stress, the amount 

ofPsHSP18.1 and highly homologous mRNAs was estimated by dot blot analysis 

(figure 3.2). For comparative purposes, hybridization to the chloroplast-localized 

HSP21 was also determined. Poly (A) RNA was extracted from leaves and roots of 

unstressed control pea seedlings and from seedlings that had been heat stressed for 2 hr 

in a 390 C water bath. The hybridization signals from these samples were compared to 

the hybridization of in vitro transcripts from the PsHSP18.1 and PsHSP21 cDNAs. 

PsHSP18.1 comprised 0.5% to 1.0% of the mRNA in heat stressed leaves and 2% of the 

mRNA in heat stressed roots. The PsHSP21 message accounted for 0.75% of the 

mRNA that accumulated in heat stressed leaves and only 0.20% of the mRNA in heat 

stressed roots. Neither of the transcripts were detected in unstressed leaves or roots, 
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Figure 3.2. Quantitation of HSP18.1 and HSP21 mRNA accumulation in heat 

stressed leaves and roots. Poly (A) RNA from unstressed (C) leaves and roots and 

from leaves and roots of plants that had been heat stressed in a 390C water bath for 2 hr 

(HS) was quantified by UV spectroscopy and normalized to the amount of 3H poly U 

RNA bound by each sample. PsHSP18.1 and PsHSP21 cDNAs were transcribed in 

vitro using SP-6 RNA polymerase and quantitated by UV spectroscopy. 200 ng, 66 

ng, 22 ng, and 7 ng of each poly A RNA sample and 2 ng, 0.66 ng, 0.22 ng and 0.07 

ng of each in vitro transcript were denatured and dot blotted to nitrocellulose filters. 

The filters were hybridized with PsHSP18.1 or PsHSP21 cDNA probes, washed at 

high stringency and autoradiographed. Unstressed leaf probed with PsHSP18.1 

showed no hybridization and is not shown. 
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even though this method could detect messages that comprised only 0.02% of the 

mRNA. The difference in abundance of these two transcripts suggests that class I sHSP 

translation products might be more abundant than the chloroplast-localized sHSPs. 

Accumulation of this amount of RNA in a 2 hr period suggests that sHSPs have an 

important role in adaptation to heat stress. 

Development of a Physiological Heat Stress Regimen 

In order to study how plants respond to heat stress, it was important to develop a 

heat stress regimen that mimicked conditions in a natural environment. Most heat stress 

regimens used in prior experiments entailed removing seedlings from their growth 

medium and abruptly heat stressing them either in a water bath or an incubator. Plants 

respond to several distinct types of environmental stress, including heat stress, anaerobic 

stress and mechanical damage. Therefore heat stressing 10 day old seedlings removed 

from their growth medium in a shaking water bath might induce all of these stress 

responses. Although anaerobic stress and mechanical damage do not induce sHSP 

mRNAs (Czarnecka et aI., 1984), the combined effect of these stresses might influence 

the ability of a plant to recover from heat stress. Furthermore, induction of these other 

stress responses could complicate interpretation of the heat stress response. If any of 

these additional stress responses were induced, they might reduce a plants' ability to 

recover from a heat stress. 

In order to test whether the heat stress regimen had effects on the plant tllat were 

unrelated to heat stress, plants were incubated in shaking water baths at three different 

temperatures for 30 min., 1 hr, 2 hr, and 6 hr then re-planted and grown at control 

temperatures for several days. Incubating plants at 250C for up to 6 hr did not adversely 

effect their growth. However plants given a moderate, 360C heat stress for 2 hr were 



44 

somewhat stunted, and plants heat stressed at 36°C for 6 hr were very stunted seven days 

after the heat stress, compared to plants treated at 250 C. Even plants given a mild, 330 C, 

6 hr heat stress were very stunted. It is not uncommon for plants in the natural 

environment to experience 330 C temperatures for 6 hr. Therefore the inability of plants 

to recover from a mild, extended heat stress while immersed in water raised serious 

doubts whether this heat stress regimen effectively mimicked conditions a plant would 

experience in nature. 

Since I wanted to study the heat stress response of whole plants under non-lethal 

conditions, I developed a different heat stress procedure to circumvent these problems. A 

growth chamber was programmed to increase from 210 C to the desired stress temperature 

of 390 C at 4°C per hr. The chamber was held at that temperature for 4 hr, and then 

slowly returned to 2IoC. The chamber was maintained at high humidity to prevent the 

plants from transpirationally cooling. Direct measurements of the leaf temperature 

indicated that plants experienced a heat stress when subjected to this stress protocol. The 

surface temperature of the leaf was I.OoC to I.50 C less than the chamber temperature 

while the chamber temperature was increasing and for the fIrst hr of the maximum 

temperature period. After 2.5 hours at the maximum temperature the leaf temperature 

matched the chamber temperature, and the leaf temperature exceeded the chamber 

temperature by IOC at the end of the 4 hr maximum temperature period. Leaf temperature 

did not decline as rapidly as the chamber temperature, it was 250 C when the chamber had 

returned to 2IoC. The measured leaf temperatures of plants heat stressed in the initial 

growth chamber heat stress experiments were approximately 20 C higher than in 

subsequent heat stress and recovery experiments. This discrepancy probably reflects a 

change in the method used to maintain the chamber humidity. In the initial experiments, 

the humidifIer generated water vapor by passing a current through a small portion of the 
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reservoir so that the temperature of the resulting water vapor might have been greater than 

the chamber temperature. In the later experiments, a different humidifier design was 

employed which did not generate additional heat. 

Gradually increasing the chamber temperature induced thermotolerance as 

assessed by the physical appearance of the plants. Slowly increasing the growth chamber 

temperature is similar to exposing plants to a mild heat stress prior to a severe heat stress. 

Plants subjected to this heat stress regimen would be expected to acquire thermotolerance 

and to induce HSP mRNAs. To test these predictions, plants were divided into two sets 

prior to heat stress. One group (group A) was heat stressed at 410 C as described above 

(gradual stress) and the other (group B) was introduced into the chamber at the beginning 

of the 4 hr maximum temperature period (abrupt stress). Plants from both groups were 

removed from the chamber after 1 hr, 2 hr and 4 hr at 41 0C and allowed to recover for 4 

days. Group B plants that had been exposed to 41 0 C for 1 hr were slightly smaller than 

group A plants that had been removed at the same time (figure 3.3, panel A). Group A 

plants that had been stressed at 41°C for 2 hr were robust, but the group B plants were 

noticeably smaller and discolored. Group A plants that had been stressed for 4 hr looked 

similar to the group B plants that had been stressed for 1 hr. Group B plants that had 

been stressed for 4 hr were discolored and did not appear to have grown since the heat 

stress and thus were not thermotolerant. 

RNA was extracted from plants heat stressed by gradually increasing the chamber 

temperature to 390C and maintaining it at that temperature for 1 hr. The RNA was 

Northern blotted and probed at high stringency with PsHSPI8.1, PsHSP21 (Vierling et 

aI., 1986), and PsHSP71.2 (chapter 5) cDNA probes. All three of the corresponsing 

mRNA were strongly induced (figure 3.3, panel B), which confirmed that this method 

effectively induced the heat stress response. The amount of PsHSPI8.1 mRNA detected 
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Figure 3.3 A physiological heat stress regimen confers thermotolerance and induces 

HSP mRNAs. Panel A, plants were heat stressed at 410 C either by increasing the 

chamber temperature at 40C per hr (Group A, gradual stress, solid bar) or by 

introducing the plants into the chamber when the temperature reached 41 °C (Group B, 

abrupt stress, striped bar). Plants were exposed to the stress for the indicated time 

period. They were allowed to recover at control temperatures for 4 days, then the effect 

of heat stress on plant morphology was assessed. Panel B, RNA was isolated from 

Group A plants that had been subjected to a 1 hr, 390C heat stress (HS) and from 

unstressed controls (C). RNA from each sample (10 Jlg) was separated on 1.5% 

agarose formaldehyde MOPS gels, Northern blotted, hybridized with the indicated 

a 32P-Iabeled cDNA probes, washed at high stringency, and autoradiographed. 
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in group A plants declined at the end of the 4 hr stress period, but PsHSPI8.1 mRNA in 

group B plants had not declined noticeably by the time the chamber temperature returned 

to 21°C (not shown). In later experiments described herein the control temperature was 

increased from 21 0 C to 22oC. 

Antibody Production and Characterization 

In order to study the expression of class I sHSP gene products, antibodies that 

specifically recognize these proteins were generated. A TrpE-HSPI8.1 fusion protein 

was constructed which included amino acid residues 25 to 159 of PsHSPI8.1. The 

fusion protein was used as an antigen as described in chapter 2. Antibody specificity 

was characterized by SDS-PAGE and western blotting of protein extracted from heat 

stressed and unstressed leaves. The PsHSPI8.1 antiserum reacted strongly with a 

wide 19 to 20 kD band in heat stressed leaf samples and showed no reactivity with 

samples from unstressed leaves (Figure 3.4, panel A). Pre-immune serum did not react 

with protein from either heat stressed or unstressed leaves (Figure 3.4, panel A). 

To characterize further the proteins detected by the antiserum, a two 

dimensional gel of HS leaf proteins was western blotted and probed with PsHSPI8.1 

antiserum (Figure 3.4, panel B). The antiserum reacted at different intensities with five 

proteins of apparent molecular weights between 19 and 20 kD whose pIs ranged from 

5.6 to 7.4. Two of the five prominent reacting polypeptides co-migrated with the 

polypeptides that had been identified as the products of the HSPI8.1 and HSPI7.9 

(another class I sHSP) cDNAs by hybrid selection (DeRocher et aI., 1991), indicating 

that this antiserum reacts with several members of the class I sHSP family. 

The reaction with HSP17.9 was confirmed by mixing 35S-Met labeled 

HSPI7.9 hybrid-selection/translation products (synthesized by K. Helm) with heat 
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HSP18.1 and closely related sHSPs. Panel A: Proteins isolated from heat stressed 

(lanes 1 and 3) and unstressed (lanes 2 and 4) leaves were separated by SOS-PAGE, 

western blotted, and probed with HSP18.1 immune serum (lanes 1 and 2) or pre

immune serum (lanes 3 and 4). Antibody binding was visualized with 125I-protein A 

and autoradiography. Numbers at the left are molecular weight in kD. Panel B: protein 

isolated from heat stressed leaves was separated by two-dimensional electrophoresis, 

western blotted, probed with HSP18.1 antiserum and visualized with 125I-protein A 

and autoradiography. The arrow with an * indicates the HSP18.1 gene product and the 

arrow with a + indicates the HSP17.9 gene product. 
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stress leaf protein, separating the products on two dimensional gels and transferring to 

nitrocellulose. The filters were autoradiographed, revealing the HSP17.9 hybrid

selection products. The filter was then reacted with PsHSP18.1 antiserum and 12SI_ 

Protein A and re-exposed. The proteins synthesized in the PsHSP17.9 hybrid

selection translation co-migrated precisely with proteins detected by the antiserum (not 

shown). None of the proteins recognized by the antiserum co-migrated with sHSP 

gene products representing the pea HSP17.7 (class ll) or chloroplast HSP21 gene 

families (DeRocher et aI., 1991). Therefore, it is probable that the other proteins that 

react with the PsHSP18.1 antiserum are also members of the class I sHSP gene family. 

Expression of HSPs During and Following Heat Stress 

To determine how high temperatures affect sHSP induction and accumulation, 

intact plants were stressed using the gradual heat stress regimen described above. 

Furthermore, I wanted to determine the minimum temperature at which HSPs 

accumulate and their stability during recovery from heat stress. Intact pea plants were 

heat stressed to maximum temperatures of 280 C, 300 C, 320 C, 340 C, 360 C, 380 C, 

400 C, and 420 C. At 280 C HSPs were not consistently detected, and at 420 C the 

plants suffered extensive visible tissue damage. Therefore, plants treated at these 

temperatures were not further characterized. Protein samples for the heat stress and 

recovery experiments were taken at the time points indicated in figure 3.S. At heat 

stress temperatures other than 38°C, time points 2 and 6 were taken 2 hr before and 2 

hr after the maximum temperature period, respectively. The maximum leaf 

temperatures were 31.80 C when the growth chamber temperature was programmed at 

300 C; 33.00 C when it was set at 320 C; 34.3oC - 34.80 C at 340 C; 3S.4oC - 3S.80 C at 

360 C; 37.SoC - 37.70 C at 380 C; and 38.4oC - 39.SoC at 400 C. 



51 

Stress Day Recovery Period 

0 , , , , 
0 3 4 5 l!! 38 ~ ; ; 
::1 
1U 
G; 30 1 c. 7 8 9 10 11 12 13 
~ 22 , ~ ~ ; ; , ;- ; 
I- 8AM • 

10AM 12N 2PM 4PM 6PM 8PM 1 2 3 4 5 6 

time of day // days 

Figure 3.5 Heat stress regimen and recovery profile for a 38°C heat stress. 

Growth chamber temperature was raised 40 C per hr until the desired stress temperature 

was reached, maintained at that temperature for 4 hr, then decreased at 40 C per hr until 

the chamber returned to 220 C. Plants were allowed to recover at 220 C for six days. 

Numbered arrows indicate time points at which protein was isolated. 



The relative amount of HSP18.1 and related proteins present in leaf tissues 

during heat stress and recovery was detennined by SDS-PAGE and western blotting. 

Analysis of typical heat stress and recovery experiments at 380 C, 340 C and 300 C are 

shown in figure 3.6. No HSP18.1-immune-detected protein is seen in leaves before 

they are heat stressed. At all the temperatures examined, the amount of HSP18.1-

immune-detected protein peaked at the end of the stress day and remained high while 

the leaf temperature returned to 220 C. In the plants stressed at 380 C and 34oC, the 

protein persisted for several days following the stress, declining slowly. 
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In order to detennine the relative abundance of HSP18.1-immune-detected 

protein at different temperatures, samples from the 38oC, 34oC, and 300 C stresses 

were run on the same gel and western blotted. Results showed that the abundance of 

HSP18.1-immune-detected protein was strongly correlated with the severity of the heat 

stress (Fig. 3.6 panel D). 

To detennine more precisely the pattern of HSP18.1 accumulation and decline, 

HSP18.1-immune-detected protein was quantified for the 380 C stress treatment as 

described in materials and methods (Figure 3.7). The values represent the mean and 

standard deviation from three independent heat stress experiments. Significant 

variation at some time points was apparently due to microheterogeneity in leaf 

temperatures and/or some variation in response between individuals. HSP18.1-

immune-detected protein was approximately 1/3 maximum at the beginning of the 380 C 

temperature period and continued to increase throughout the stress period and during 

the temperature decline, with maximum accumulation after the temperature returned to 

220 C. There was an approximately two-fold decline in the amount of HSP18.1-

immune-detected protein in the 20 hours between the time the chamber returned to 

220C and the first recovery time point on the following day. There was a slower 
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Figure 3.6. HSPI8.1 immune-detected protein is stable for several days following 

heat stress. Plants were heat stressed to a growth chamber temperature of 380 C (Panel 

A), 340 C (panel B), or 300 C (Panel C) as described in materials and methods. 

Corresponding maximum leaf temperatures were 37.3oC, 34.80 C, and 31.80 C. Leaf 

samples were taken for protein isolation at the following time points for panels A and 

B: Lane 1, before stress; lane 2, 2 hours before the maximum temperature was reached; 

lanes 3-5, at the beginning, middle, and end of the 4 hour maximum temperature 

period; Lane 6, 2 hours after the temperature started to decline; lane 7, when the 

temperature had returned to 220 C; and lanes 8-13 at 3 PM every day for six days 

following the heat stress. Leaf samples for panel C were taken at the following time 

points: lane 1, before stress; lanes 2-4, at the beginning, middle, and end of the four 

hour maximum temperature period; lane 5, when the chamber temperature had returned 

to 220 C; and lanes 6-11 at 3 PM every day for six days following the heat stress. 

Panel D: samples taken from the 300 C (lane 1), 340 C (Lane 2), and 380 C (lane 3) heat 

stress leaves when the chamber had returned to 220 C. Protein samples were separated 

by SDS-PAGE, blotted, probed with HSP18.1 antiserum, and visualized with 1251_ 

protein A. 
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Figure 3.7 Quantitation of HSP18.1-immune-detected protein and mRNA during 

heat stress and recovery. Plants were heat stressed for 4 hours at 380 C as described in 

materials and methods. The growth chamber reached 380 C at noon (open arrow) when 

leaf temperatures were 35.0oC - 36.6oC, and the plants reached their maximum 

temperatures (37.50 C - 37.70 C) at 4 PM (solid arrow). Filled circles in panel A 

represent RNA abundance, and open circles represent protein abundance. Protein 

amounts in panels A and B represent the mean and standard deviation from three 

separate 380 C HS experiments. HSP18.1 mRNA from a single experiment was 

quantitated as described in materials and methods. 
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decline during the subsequent recovery period. This general pattern was observed at all 

stress temperatures except the 400 C heat stress experiments (not shown). In plants 

stressed to 400 C (38.4oC-39.50 C leaf temperature) in three separate experiments, the 

amount of HSP18.l-immune-detected protein did not decline significantly until after 

one to three days of recovery. 

HSP18.1 Protein Stability 

In order to determine the half life of class I sHSPs, it was necessary to identify 

the recovery time point after which sHSPs can no longer synthesized, i.e., when the 

mRNA is no longer detected. To address this question, RNA was isolated from plants 

heat stressed at 380C and 340 C by L. Lauzon at the same time points used for protein 

analysis during the stress day. RNA was also isolated from samples taken at 8 AM and 

4 PM during the first recovery day. PsHSP18.1 and PsHSP17.9 displayed similar 

accumulation patterns at both stress temperatures, but were more abundant in the plants 

heat stressed at 380 C than those stressed at 340 C. The accumulation of both messages 

peaked during the maximum temperature period, and were undetectable by the 

afternoon of the following recovery day. Quanititation of the HSP18.1 mRNA levels is 

presented in Figure 3.7, panel A. 

Since neither PsHSP18.l nor PsHSP17.9 mRNAs were detectable by the 

afternoon of the day following heat stress. HSP18.l-immune-detected protein cannot 

be synthesized following this time point during recovery. Therefore, the half-lives of 

the proteins can be calculated by quantifying the amount of protein remaining at 24 hour 

intervals during recovery and from that, the rate of decay. A half-life of 37.7 hours ± 8 

hours was estimated for the 380 C experiments shown in figure 3.7 panel B, assuming 



an exponential decay rate (half life = -0.6931 x 24 hr lIn [amount remaining]). The 

half-life of the protein was not significantly different at the other stress temperatures. 
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Since the PsHSP18.1 antiserum reacts with several class I sHSPs, it is possible 

that the persistent signal represents a specific subset of these proteins which are more 

stable than other family members. Alternately, the different family members may have 

similar half-lives. To distinguish between these possibilities, samples taken during the 

heat stress, and after two and five days of recovery were separated on two dimensional 

gels and analyzed by western blotting. There was no evidence of a substantial 

difference in the rates of decay between the proteins (not shown). 

DISCUSSION 

I have characterized a major family of conserved sHSPs from pea and examined 

the expression of the corresponding mRNAs and proteins in intact seedlings. 

PsHSP18.1 is a member of the class I sHSP family of higher plants (Raschke et aI., 

1988; Vierling, 1991), based on its amino acid sequence homology with the known 

class I sHSPs. PsHSP18.1 mRNA comprises approximately 2% of the mRNA 

population in severely heat stressed tissue. sHSPs are very prominent ill vitro 

translation products of mRNA extracted from heat stressed leaves (e.g. DeRocher et 

al., 1991), which is consistent with the observed mRNA abundance. The level of 

amino acid incorporation into ill vitro translation products is dependent upon the 

methionine content of the encoded protein in addition to the abundance of the mRNA. 

Therefore measuring the mRNA content relative to a known amount of ill vitro 

transcript provides a more direct, independent measurement of transcript abundance. 

The amount of mRNA synthesis in response to heat stress represents a substantial 

commitment of the plants' resources at a time when it is under stress, and presumably 
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would be evolutionarily unfavorable if sHSP synthesis did not facilitate adaptation to or 

recovery from stress. 

Heat stressing intact plants in a humid growth chamber more accurately mimics 

the conditions plants experience in the natural environment and circumvents several 

problems associated with heat stressing plants in a water bath. Removing plants from 

soil invariably results in mechanical damage to the roots, and immersing plants in water 

for several hours could induce an anaerobic stress response. Although the latter 

treatments do not induce HSPs (Czarnecka et al., 1984), they might effect the strength 

of the heat stress response or delay recovery from heat stress. The difference between 

the response to a 6 hr incubation at 250 C and 330 C might be due to the increased 

temperature or decreased soluble oxygen at the higher temperature, and/or low light 

availability. 

The class I sHSP gene family in pea contains approximately eight members. 

Five proteins, including PsHSPI8.1 and PsHSP17.9, reacted strongly with the 

HSPI8.1 antiserum and three other proteins reacted weakly on two dimensional 

western blots. The antiserum did not detect pea HSPI7.7 or HSP21, which are 

members of other classes of sHSPs. These results imply that the eight polypeptides 

detected by the HSPI8.1 antiserum are all members of the class I family. 

Hybridization selection-translation experiments with PsHSPI8.1 and PsHSPI7.9 

cDNAs yielded 2 and 5 proteins, respectively, (DeRocher et aI., 1991), and eight to ten 

bands were observed on Southern blots hybridized to PsHSPI8.1 or PsHSPI7.9 at 

low stringency (L. Lauzon, unpublished data). This is less than the 13 class I HSPs 

identified in soybean by hybridization-selection (Nagao and Key, 1988). These eight 

pea class I proteins are a subset of the 16-18 sHSPs observed in pea (DeRocher et aI., 

1991). A similar number of sHSPs has been identified in pea by others (Mansfield and 
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Key, 1987). The remaining 8 - 10 proteins are probably members of the other classes 

of sHSPs. Alternately, some of the polypeptides might be class I sHSPs which are not 

detected by the antiserum. 

The PsHSPI8.1 and PsHSPI7.9 mRNAs accumulated rapidly in response to 

heat stress, fIrst appearing when the leaf temperature was approximately 310 C. The 

amount of mRNA peaked at the beginning of the 4 hour heat stress period, and had 

declined substantially by the end of the 4 hour stress, although the leaf temperature was 

still high. A decrease in sHSP mRNA preceding a temperature decrease was also 

observed in fIeld grown soybeans (Kimple and Key, 1985) and in soybean seedlings 

stressed at 41 0C for 4 hours (Key et aI., 1985). These observations are consistent with 

those of Kimpel et aI. (1990) who reported maximum levels of sHSP transcription 

following 15 minutes of a moderate HS, and a decline in transcription after one hour at 

heat stress temperatures. This suggests that factors in addition to tissue temperature 

regulate HSP mRNA levels. It is interesting to note that PsHSPI8.1 mRNA levels 

began to decline six to eight hours before the amount of HSPI8.1-immune-detected 

protein reached maximum levels. HSP70 protein levels are believed to regulate HSP70 

expression at both the transcriptional and post-transcriptional levels in Drosophila 

(DiDomenico et aI., 1982). My results suggest that sHSP levels in plants may also be 

self-regulated or, regulated by some other heat inducable protein such as HSP70. 

This is the fIrst study in which the accumulation and stability of class I sHSPs 

has been measured, although numerous studies in plants have documented that the rate 

of HSP mRNA synthesis increases with increasing temperature. The level to which 

HSPI8.1 immune-detected protein accumulated was proportional to the HS 

temperature. There is 25 to 50-fold more HSPI8.1 immune-detected protein produced 

during a 400 C HS than during a 300 C HS, and the maximum signal on the 300 C HS 
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western blot was 40-fold above the background in the unstressed leaf controls, as 

detennined by quantitating the bands. Therefore, I estimate there is a 1,000 to 2,000-

fold increase in the amount of HSP18.1 during a 400 C heat stress compared to 

unstressed leaves. Estimates from Coomassie blue stained gels indicate that class I 

sHSPs are a substantial component of the protein in heat stressed leaves; approximately 

1.0% of the protein seen in 380C HS leaves (A. DeRocher, unpublished). This 

amount of class I sHSP accumulation is similar to the amount of class I sHSP 

quantitated by Hsieh et al (1992), 1.54 % of the total soluble protein, in heat stressed 

soybean seedlings. This is much more abundant than chloroplast-localized HSP21 

which accounts for only 0.01 - 0.02% of the total protein in 38°C HS leaves (Chen et 

al.,1990). Both HSP18.1 mRNA and protein were detected at tissue temperatures of 

about 31 oC, a lower temperature than has been reported for soybean, where HSP 

mRNAs are typically fIrst detected at 340C (Altschuler and Mascarenhas, 1985; Key et 

aI., 1985). Since 31 0C is well within the range of temperatures normally encountered 

by peas during their life cycle, this work emphasizes that HSP expression may occur 

frequently during the life of a plant, even in the absence of severe temperature stress. 

Pulse chase experiments indicated that soybean sHSPs were still abundant 21 h 

following heat stress (Key et aI., 1985). Data that show that thermo tolerance is retained 

up to 36 hours after an inducing treatment have led to the hypothesis that HSPs are 

stable for at least this length of time (Nagao et al., 1986). My data demonstrate that 

during recovery from HS the half life of HSP18.1 immune-detected protein is 37.7 h ± 

8 hours. This is similar to the 52 ± 12 hours half life estimated for the chloroplast

localized HSP21 (Chen et aI., 1990). The proteins may persist for several days either 

because damage to the cells caused by the heat stress needs to be repaired by the 

sHSPs, or the sHSPs provide adaptive thermotolerance in the event of a future heat 
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stress. More HSP18.1 accumulation at higher temperatures could be the result of either 

proportionally greater damage to the cell at increased temperatures, or an increased 

requirement for thermoprotection in anticipation of a more severe stress. These 

alternatives are not mutually exclusive, the sHSPs could both repair and prevent cellular 

damage, the latter resulting in adaptive thermo tolerance. The stability of these proteins 

provides correlative evidence that HSPs provide thermotolerance. 
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CHAPTER 4 

DEVELOPMENTAL CONTROL OF SMALL HEAT SHOCK PROTEIN 

EXPRESSION DURING PEA SEED MATURATION. 

INTRODUCTION 

The class I sHSPs are synthesized in pea leaves at leaf temperatures as low as 

300 C (Chapter 3, DeRocher et aI., 1991) and in alfalfa flowers at surface temperatures 

as low as 24.4oC (Hernandez and Vierling, 1993). These temperatures are within the 

range experienced by plants in the natural environment, suggesting that sHSP synthesis 

is often induced at some time during a plant's life cycle. sHSPs are stable proteins; the 

half life of pea class I sHSPs is 37.7 ± 8 hr (Chapter 3, DeRocher et aI., 1991) and the 

pea plastid protein has a half life of 52 ± 12 hr (Chen et aI., 1990). The class I sHSPs 

are strongly induced and can account for up to 1.5% of the total soluble protein in heat

stressed soybean seedlings (Hsieh et aI., 1992) and approximately 1 % of the protein in 

heat-stressed pea leaves (Chapter 3, DeRocher et aI., 1991). The low induction 

temperature, stability, and abundance of the sHSPs suggests that they might facilitate 

adaptation to and / or recovery from heat-stress. 

Previous experiments described in chapter 1 suggested that sHSPs are 

synthesized during seed development. To identify the range of conditions in which 

sHSPs are expressed I wanted to determine if sHSPs do indeed have a role in seed 

development. Toward this end, the timing and organ specificity of sHSP accumulation 

during pea seed maturation in plants grown under non-stress conditions, as confirmed 

by direct measurements of seed temperatures, was examined. Using antibodies and 

cDNAs specific for each class of sHSP I found that synthesis of the cytoplasmic class I 

and II sHSPs is developmentally regulated in the embryo axis and cotyledon, and that 



these HSPs are not expressed in maternal tissues associated with the embryo. These 

results establish a new biological role for the sHSPs and may ultimately aid in 

understanding the biochemical function of these proteins. 

RESULTS 

Physical Characterization of Seed Development 
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To assure that sHSP induction in seeds is developmentally regulated and not the 

result of elevated temperatures, peas were grown under an 180e day, 140e night 

temperature regimen. These growth conditions are normal for garden pea. The pod 

surface and seed internal temperatures were slightly higher than the temperature of the 

growth chamber as shown in Table 4.1. However, there was no significant difference 

between the surface temperature of the pod and the temperature of the embryo. Both 

readings were approximately 100e below the temperature at which sHSPs are induced 

in vegetative tissues of pea (29 - 300e) (DeRocher et al., 1991; chapter 3) and 

approximated ideal growth conditions. Therefore, any expression of HSPs in seeds 

grown under these conditions would not be a consequence of heat-stress. In contrast, 

peas grown at 220e often had seed temperatures as high as 29oe, which is close to 

heat-stress induction temperatures (not shown). Thus, it is possible that in previous 

studies in which plants were grown to maturity at 250e (Almoguera and 10rdano 1992; 

Helm and Abernethy, 1990; Hernandez and Vierling, 1993), seed temperature could 

have been substantially higher than the ambient temperature. Therefore, sHSP 

synthesis observed in these previous studies might have been the result of a mild heat

stress rather than developmental control. 



Table 4.1 Temperature Measurements of Developing Seeds 

Growth Chambera 

Seed Interiorb 

Pod S urfacec 

Temperature (oC) 

17.5 ±0.2 

19.0 ± 0.4 

19.4 ± 0.2 

Temperatures were measured as described in materials and methods using: 

a) coarse-wire thermocouple, 

b) fine-wire thermocouple, 

c) infrared thermometer. 

n 

4 

12 

3 
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Seed development is characterized by several specific stages, and the rate of pea 

seed development varies depending upon genetic and environmental factors (Hedley 

and Ambrose, 1980). Therefore, it was important to characterize the growth of seeds 

under the conditions used in this study in order to identify the major events of seed 

development and to compare my results with the prior body of work on seed 

development. Figure 4.1 charts changes in fresh weight, dry weight, and water content 

starting at 13 days after flowering (dat). The stages of seed development described by 

Bain and Mercer (1966) for pea are indicated below the seed age. The lag in fresh 

weight increase near 300 mg is characteristic of pea seed development (Hedley and 

Ambrose, 1980). The expanding cotyledon completely displaced the endosperm by 

about 18 daf. Vicilin was detected by western analysis starting at 15 daf and legumin 

accumulation was first detected on Coomassie stained gels between 18 and 20 daf 

(figure 4.2). Each organ associated with the developing seed had a distinct protein 

profile, and the storage proteins were much more abundant in the cotyledon than in the 

axis. Abscission of the seed from the pericarp occurred between 30 and 35 daf, and 

was closely followed by the onset of desiccation. Seeds were fully dehydrated (9% -

14% water) by 42 to 50 daf. The dry seeds weighed 280 mg, on average, and were 

larger than commercially produced seeds (average 200 mg). 

sHSP Expression During Seed Development 

In order to determine whether sHSP expression in maturing seeds is 

developmentally induced, protein from developing seeds was analyzed by western 

blotting with sHSP antisera. Protein samples from developing embryos and vegetative 

tissue were separated on SDS-acrylamide gels, transferred to nitrocellulose, and probed 

with class I cytoplasmic sHSP antiserum (DeRocher et aI., 1991). Class I sHSPs, 
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Fresh weight, dry weight, and % water content of pea embryos during 

maturation under an 180 C day, 140 C night regimen. Fresh weight (open squares), dry 

weight (filled squares) and water content (filled triangles) of two to six individual 

embryos were measured at the indicated times during development, and in dry seeds 

(DS). The mean values and standard deviations (n = 3 to 6) are shown except for 35 

daf (n=2), where the average and range of measurements are presented. The stages of 

seed development are indicated below the age of the embryos. 
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Figure 4.2 Tissue specific protein profiles during seed development. Protein was 

extracted from axes, cotyledons, whole embryos, seed coats, pericarps, and subtending 

leaves of developing seeds at the indicated time points. Protein samples (30 Ilg each) 

were separated on 10% to 16% acrylamide gradient gels and stained with Coomassie 

blue. Molecular weight markers are indicated on the left, and the location of prominent 

seed storage proteins, legumin (L) and vicilin (V), and the large subunit of ribulose-

1 ,5-bisphosphate carboxylase (R) are indicated on the right. 
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indicated by arrows in figure 4.3, were detected in whole embryos and cotyledons 

starting at 18 daf. The abundance of class I sHSPs increased between 20 and 25 daf 

and persisted at the same level in dry seeds. The proteins identified as class I sHSPs in 

embryos did not react with pre-immune serum (not shown). The band that is unique to 

the cotyledon sample and migrates slightly above the class I immune-detected band is 

probably a non-specific immune reaction with an unrelated protein. The amount of 

class I sHSP per mg total protein in the dry seed embryos is comparable to the amount 

of class I sHSP in leaves heat-stressed at 340 C, which is substantially less than the 

amount expressed in response to a more severe, 380 C heat-stress (DeRocher et aI., 

1991; chapter 3). In axes of developing seeds, class I sHSPs were first detected at 35 

daf and also persisted in the mature dry axes as shown in figure 4.3. There was 

insufficient protein from 15 dafaxes to perform western analysis. The class I sHSPs 

were not detected in seed coats, pericarps, or sub tending leaves of the developing pods 

(not shown). Intact protein was not recovered from the 35 daf or dry seed coats, 

probably because of the senescence of this organ. The same timing and organ 

specificity of class I sHSP expression was observed in two complete, developmental 

time course experiments and was consistent with results obtained when samples were 

taken at isolated developmental time points. 

sHSP mRNA accumulation has been detected during the globular stage of 

somatic embryogenesis (Zimmerman et aI., 1989). Therefore, we wanted to know if 

sHSPs are synthesized in embryos at earlier stages of seed development ill vivo. 

Protein from 10 daf and 12 daf embryos was probed with class I antiserum, but no 

class I sHSPs were detected in these samples (not shown). Ten daf embryos were 

globular and heart stage, based upon age (Davies and Williams, 1985) and gross 

morphology, and 12 daf embryos were heart and cotyledon stage, by the same criteria. 
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Figure 4.3 Class I sHSP expression is developmentally regulated in embryonic 

organs of pea seeds. Protein was isolated from embryos, cotyledons, axes and seed 

coats of developing seeds at the indicated time points (DS is dry seed), and from 340 C 

heat-stressed leaves. Protein from each sample (6 Jlg) was analyzed by SDS-PAGE 

and western blotting with class I antiserum followed by detection with the ECL 

chemiluminescent system. The class I sHSPs are indicated by arrows. 



71 

Separate blots of developing seed proteins were also probed with class II 

cytoplasmic sHSP antiserum, shown in figure 4.4. Like the class I sHSPs, the class II 

sHSPs were first detected in developing cotyledons 18 daf and in the axes beginning 30 

- 35 daf. They persisted in both organs in the dry seeds. The maximum amount of 

protein detected was comparable to the amount of class II sHSPs found in leaves 

following a 340 C heat-stress. The class II sHSPs were not detected in any of the non

embryonic organs associated with the developing seeds (not shown). 

Identical experiments were perfonned using antiserum against the ER-Iocalized 

sHSPs and the chloroplast sHSP. The ER-Iocalized sHSPs were not immune-detected 

in the developing embryos, and the chloroplast sHSP antiserum detected a band in the 

developing embryo that was much fainter than the corresponding band from 340 C heat

stressed leaves (not shown). These samples were prepared by pooling seeds from 

several pods, so it is plausible that there is a low level of plastid and / or ER sHSP 

synthesis in some, but not all, of the embryos, and that these HSPs are diluted by 

protein from non-expressing embryos. Therefore, protein was isolated from individual 

developing embryos and probed with antisera against each of the organelle-localized 

sHSPs. Low levels of accumulation of the ER and plastid-localized sHSPs was 

detected in approximately 25% and 50%, respectively, of the individual embryos 

between 26 and 42 daf. Their expression did not correlate with any measured 

parameters: seed age, fresh weight, water content of other seeds within the same pod, 

number of seeds in the pod, or position of the tested seed within the pod (not shown). 

Individual seeds which made the ER protein did not necessarily make the plastid protein 

and vice versa. In contrast, all of these samples that were assayed accumulated class I 

sHSPs (not shown). Since the organelle-localized sHSPs were not expressed 

consistently during seed development, their pattern of accumulation was not 

characterized further. 
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was extracted from cotyledons and axes of developing seeds at the indicated time points 

(DS is dry seed) and from leaves heat-stressed at 34oC. Protein from each sample (30 

J..Lg) was analyzed by SDS·PAGE and western blotting with class II antiserum and 

detected using 1251 protein A followed by autoradiography. 
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The cytoplasmic sHSPs in developing embryos might facilitate either 

desiccation or re-hydration of the mature embryo. This hypothesis would predict that 

the cytoplasmic sHSPs would persist in the imbibing embryo during germination. To 

address this question, western blots of protein from the cotyledons and axes of 

imbibing seeds were probed with class I and class II antiserum in figure 4.5. The 

radical emerged from the imbibing seed between 36 and 48 hours after the start of 

imbibition. Both class I and class II proteins persisted in the cotyledon for four days 

following the onset of imbibition. In contrast the amount of both class I and class II 

sHSPs in the axis declined at germination, and were no longer detected following 24 or 

48 hr of imbibition, respectively. The decline in sHSP abundance in the axis might be 

due either to selective degradation of the sHSPs, or dilution of the sHSPs with newly 

synthesized protein in the seedling. 

Differential Regulation of sHSP Gene Family Members 

Multiple sHSP genes are active during embryo development, but only a subset 

of the cytoplasmic sHSPs are developmentally expressed. Since both class I and class 

II sHSPs are members of mUltigene families, it was of interest to determine if all family 

members accumulated during seed development. In addition, if developmental 

regulation is confined to a subset of the cytoplasmic sHSPs, we wanted to know if the 

same set of sHSPs was present in both cotyledons and axes. In order to address these 

questions, 2-D western analysis of protein from embryo, seed axis, and heat-stressed 

leaf was performed using both class I and class II sHSP antisera. Heat-stressed leaves 

accumulated eight class I sHSP polypeptides, as shown previously (DeRocher et al., 

1991), and four class II sHSP polypeptides, indicated by arrows in figure 4.6. In 

developing embryos however, only four of the class I sHSPs and three of the class II 
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Figure 4.5 Class I and class II sHSPs are detected in the cotyledons and axes of. 

imbibing seeds. Protein was extracted from cotyledons and axes of imbibing seeds 

after 24, 48, 72, and 96 hr of imbibition. Protein (50 Jlg) from each sample was 

analyzed by SDS-PAGE and Western blotting with class lor class IT antiserum 

followed by detection with the ECL chemilurninescent system. Arrowheads indicate 

the sHSPs, and asterisks indicate proteins that cross-react with the antiserum. 
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Figure 4.6 Two dimensional analysis of sHSP accumulation in heat-stressed leaves 

and developing embryos. HS leaf protein from 40°C-stressed tissues (25 ~g), HS leaf 

protein (25 ~g) mixed with embryo protein (200 ~g), embryo protein (200 ~g), and 

axis protein (200 ~g) were separated by isoelectric focusing followed by SDS-PAGE. 

The gels were analyzed by western blotting using class I antiserum (left panels), or 

class II antiserum (right panels) and visualized using a chemiluminescent detection 

system. The acidic end of the gels (pH 4.6) is on the left, basic end (PH 8.1) is on the 

right. Arrows indicate sHSPs. 
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sHSPs accumulated. Two of the four class I sHSPs synthesized in embryos are 

products of previously characterized cDNAs (Chapter 3, 
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DeRocher et aI., 1991). The other polypeptides might be either unique gene products 

or posttranslationally modified forms of other sHSPs (Nover and Scharf, 1984). The 

sHSP polypeptides that are not detected in the developing embryos could be either gene 

products that are not developmentally controlled, or not posttranslationally modified in 

these organs. Six of the seven sHSPs that accumulate in whole embryos also 

accumulated in axes. Some of these polypeptides were more abundant in the embryo 

than the axis, and others more abundant in the axis than the embryo. To determine if 

the proteins identified as sHSPs in the developing embryos comigrate with their 

counterparts in heat-stressed leaf, protein from heat-stressed leaves was mixed with 

protein from embryos and separated on 2-D gels. western analysis indicated that all of 

the polypeptides identified as sHSPs in the embryo comigrated with sHSPs in the leaf. 

Some signals detected by the class I antiserum in the developing embryos did not have 

counterparts in the heat-stressed leaves, but did comigrate with abundant embryo 

proteins, indicated by asterisks in figure 4.7. Since these other seed proteins appear to 

be very abundant, the signals probably result from non-specific reactivity of that 

antiserum with other embryo proteins, and not from a sHSP homologue that is only 

expressed in developing seeds. 

It is conceivable that different members of the sHSP gene families are 

differentially regulated over the course of maturation. To address this possibility, 

protein samples from several stages of development were analyzed by 2-D western 

blotting using both class I and class II antisera. No changes in the relative abundance 

of either class of polypeptides were observed (not shown). 

To estimate the relative abundance of sHSPs in mature embryos, embryo 

protein was separated by 2-D gel electrophoresis and silver stained. Three proteins that 
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Embryo protein (25 Ilg) from dry seeds was separated on a 2-D gel and silver stained. 

Arrows indicate class I sHSPs and asterisks indicate non-heat shock proteins that 

appear to cross-react with the class I sHSP antiserum. Molecular weight markers in 

kDa are indicated at the right. 
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exactly comigrate with the most abundant class I sHSPs in the embryo are readily 

detected by comparing the stained 2-D gel with western blots probed with class I sHSP 

antiserum, which are marked with arrows in figure 4.7. The other two class I sHSPs, 

which appeared less abundant from the 2-D western analysis, could not be identified on 

the stained gel. The class IT sHSPs could not be identified on the stained gel. The 

staining pattern in figure 4.7 indicates that class I sHSPs are moderately abundant 

proteins in the developing embryo, and are more abundant than class II sHSPs. 

Additional sHSP Accumulation is Induced in Response to Heat-Stress 

It is conceivable that sHSPs are synthesized in developing embryos because 

their presence would protect the seed from a possible heat-stress since maturing 

embryos may be incapable of inducing a heat-stress response. A previous study has 

shown that class II sHSP mRNA can be induced in response to heat-stress in early-mid 

maturation soybean seeds, and at least some of the induced sHSP mRNAs are 

translated at this stage (Mascarenhas and Altschuler, 1985). However, the stage of the 

seeds used in this study might have preceded the stage at which sHSPs are strongly 

developmentally induced and the induction of other sHSPs was not examined. 

Therefore, a mature pea plant with several sets of twin pods at ages between 20 and 28 

daf was used to assess the effect of heat-stress on sHSP expression. One pod from 

each pair was removed prior to the heat-stress as an unstressed control. The whole 

plant was then subjected to a 380 C heat-stress and the remaining pods were harvested. 

Protein was isolated from heat-stressed embryos, seed coats, and leaves of the mature 

plant. Equal amounts of embryo and seed coat protein from unstressed and heat

stressed pods, and from unstressed, 340 C and 380 C heat-stressed leaves, were 

analyzed on western blots, shown in figure 4.8, using antiserum against each of the 

four classes of sHSPs. The heat shock response of the mature leaves was 
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Figure 4.8 HSP levels are increased by heat-stress during seed development. 

Protein was isolated from unstressed (e) and heat-stressed (HS) 24 daf embryos, and 

seed coats. Protein was also isolated from unstressed leaves, and 340 e or 380 e heat

stressed leaves. Protein from each sample (30 Jlg) was separated by SDS-PAGE and 

analyzed by western blotting with antisera against the class I cytoplasmic, class II 

cytoplasmic, plastid-localized, and ER-Iocalized sHSPs followed by detection with the 

EeL chemiluminescent system. The class I western blot was exposed for 5 seconds, 

the class II and ER-Iocalized western blots were exposed for 60 seconds, and the 

plastid-localized western blot was exposed for 10 seconds. 
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indistinguishable from the response of seedling leaves (not shown). As observed in 

figures 2 and 3, the level of class I and class II sHSPs in 24 daf unstressed embryos 

was comparable to that in 340 C heat-stressed leaves, and neither protein was detected 

in seed coats. The organelle-localized sHSPs were not detected in either unstressed 

embryos or seed coats. In contrast, all of the sHSPs were strongly induced by heat in 

the developing embryos, seed coats, and leaves. The same sHSP expression pattern 

was observed in all sets of pods that were examined. The efficient induction of all four 

classes of sHSPs during seed maturation suggests that the developmentally regulated 

sHSPs have some function other than protection from a possible heat-stress. 

sHSP mRNA Expression During Seed Development 

sHSPs are transcribed in globular somatic embryos, but they are not efficiently 

translated under non-stress conditions (Apuya and Zimmerman, 1992). Thus, it is 

conceivable that sHSP gene transcription in developing embryos might precede 

translation of the gene products by several days. To begin to address the regulation of 

sHSP gene expression during development, RNA was isolated from samples taken at 

the same time points used for protein analysis in figures 4.3 and 4.4, and analyzed on 

Northern blots probed with a class I sHSP cDNA (psHSPI8.1) in figure 4.9A or a 

class II sHSP cDNA (psHSPI7.7) in figure 4.9B. The mRNAs are expressed 

concurrently with the proteins they encode in both cotyledons and axes, and are not 

expressed in seed coats. The increase in the amount of PsHSPI7.7 mRNA in the dry 

seed axes is consistent with the observed abundance of the class II protein in the 24 hr 

imbibing seeds seen in figure 4.5. Vicilin mRNA is detected in both cotyledons and 

axes between 15 and 35 daf, but is not present in either organ in dry seeds (not 

shown). The sHSP mRNAs are at least as abundant in dry seeds as during reserve 

synthesis and maturation, but are substantially less abundant in heat-stressed leaves. 
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Figure 4.9 mRNAs encoding both classes of cytoplasmic sHSPs are expressed 

coordinately with their respective proteins. Total RNA was isolated from cotyledons, 

axes, and seed coats sampled at the indicated time points, and from unstressed and 

400 C heat-stressed leaves. Each sample (10 Jlg) was separated by formaldehyde/1.5% 

agarose gel electrophoresis and Northern blotted. The blots were probed with: panel A, 

PsHSP18.1 cDNA (class I sHSP); and panel B, PsHSP17.7 cDNA (class II sHSP) 

and autoradiographed. 
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The maximum accumulation ofPsHSPI8.1 in the cotyledons and axes is l/18th and 

In5th, respectively, of the amount detected in 400 C heat-stressed leaves, as 

determined by f3-scanning the radioactivity on the nitrocellulose filters. PsHSPI7.7 

mRNA is 1/27th and l/57th as abundant in cotyledons and axes, respectively, as in 

heat-stressed leaves. 

DISCUSSION 
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I have shown that specific members of the two families of cytoplasmic sHSPs 

genes are expressed under developmental control during later stages of pea seed 

development. Directly measuring the temperature of developing embryos demonstrated 

that expression of sHSPs in developing embryos is a normal part of seed development 

that is not associated with heat-stress. The organ specificity of sHSP accumulation 

during seed development suggests that sHSP expression in embryos is tightly 

controlled, and presumably has an important role in the developing seed. In 

cotyledons, both class I and class II cytoplasmic sHSPs are induced during the reserve

synthesis phase, but in the axes they are induced close to abscission, as diagrammed in 

figure 4.10. There is a detectable increase in the amount of both mRNAs in the dry 

seeds of both axes and cotyledons, but the significance of this change in mRNA 

abundance is unclear. Neither class of cytoplasmic sHSP accumulates in the seed coat 

or the pericarp, which is further evidence that their expression is a specific 

developmental phenomenon. 

The sHSPs began to accumulate to detectable levels in cotyledons at 

approximately the stage of development when seeds are first able to survive desiccation 

and germinate (Dasgupta et al., 1982). In the axis sHSP expression coincides with 

abscission of the seed from the pericarp, which defines the onset of desiccation. The 

sHSPs persist in both the cotyledons and the axes for several days during imbibition 
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Figure 4.10 Diagrammatic representation of sHSP expression during seed 

development. Arrows represent the period during which the class I and class II 

proteins and mRNAs are expressed in the indicated organ. Samples were not analyzed 

prior to 15 daf. Bold-face arrows represent stronger protein or mRNA induction. 
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and early gennination. In addition, the class I sHSP mRNAs are still detected in the 

genninating seed after 36 hr of imbibition, based upon preliminary results (unpublished 

observations). These correlations raise the possibility that the sHSPs are necessary 

either for embryos to survive desiccation or for germination upon rehydration. This 

idea is further supported by the observation that class I sHSPs are detected in 

Arabidopsis at approximately the onset of seed desiccation (unpublished observations). 

As a percentage of total protein, the amount of sHSP in developing cotyledons 

is comparable to the amount that accumulates in leaves during a 340 C heat-stress. The 

class I proteins are moderately abundant in the developing cotyledons. This suggests 

that the requirement for sHSPs is comparable in the different organs under these 

conditions, however I can not rule out the possibility that the concentration of sHSPs is 

greater in some seed tissues than in others. It is interesting to note that the class I 

proteins accumulate to higher levels in leaves during a 340 C heat-stress than the class II 

proteins. The ER-Iocalized sHSP is not induced by a 340 C heat-stress in leaves, but 

the plastid-localized sHSP is moderately expressed under these conditions. These 

results indicate that sHSP expression in the developing embryos does not simply 

parallel their abundance in mildly heat-stressed leaves. The role of sHSPs during seed 

development appears to be confined to the cytoplasm, since neither class of organelle

localized sHSP is consistently detected in the developing embryos. 

In this study, I have described the expression of sHSPs within whole organs. 

A growing body of evidence asserts that expression of most seed proteins, including 

seed storage proteins (Fernandez et aI., 1991; Hauxwell et aI., 1990; Hoglund et aI., 

1992 and references therein), Kunitz trypsin inhibitor (perez-Grau and Goldberg, 

1989), and wheat-genn agglutinin (Raikhel et aI., 1988), is spatially as well as 

temporally regulated. In situ hybridization using sHSP gene specific probes would 

identify ceUlayers in which the sHSP mRNAs are expressed. Comparing the sHSP 
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expression pattern(s) with the expression of other seed proteins might identify proteins 

with which the sHSPs could interact, or suggest some other function for these proteins. 

Only four of the eight class I and three of the four class IT sHSP polypeptides 

accumulate during seed development. This pattern of sHSP gene expression is 

substantially different from their expression in response to heat-stress, when all of 

these polypeptides are synthesized. Coordinate synthesis of the two classes of 

cytoplasmic sHSPs in seeds suggests that expression of their genes is modulated by the 

same promoter elements. 

The pattern of sHSP mRNA and protein accumulation I have documented is 

more similar to the lea proteins than to other sets of genes expressed in developing 

cotyledons (Hughes and Galau, 1989). This is consistent with the observations by 

Almoguera and Jordano (1992) that class I sHSP mRNAs are coordinately transcribed 

with leas in sunflower. Abscisic acid (ABA) has been postulated to regulate the 

expression of lea genes in developing embryos (Quatrano, 1986), and ABA 

concentrations are higher in the embryo than in other organs associated with the 

developing embryo (Ross and McWha, 1990). Even though ABA alone has not been 

shown to induce expression of most sHSPs in vegetative tissue (Czamecka et al., 

1984), and HSP induction in vegetative tissues is not inhibited by reduced ABA levels 

(Bray, 1991) ABA regulation of gene expression is usually tissue specific (Skriver and 

Mundy, 1990 and references therein), so ABA might still be required for developmental 

regulation of sHSPs in maturing embryos. Hormone regulation of HSP synthesis has 

been described in other organisms. The steroid hormone ecdysterone directly induces 

synthesis of hsp27 during pupation in Drosophila, and indirectly induces hsp23 in the 

same system (Amin et aI., 1991). 

Class I sHSPs have a half life of 37.7 ±8 hr (DeRocher et aI., 1991; chapter 3), 

while the mRNA has a half life of less than 3 hours in tissue recovering from heat-
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stress (Kimpel et aI., 1990). HSP gene transcription during heat-stress is also 

transient, occurring primarily during the fIrst 90 minutes of stress (Kimpel et al., 

1990). I observed a relatively constant level of sHSP mRNA in developing seeds. 

This result suggests that sHSP gene transcription must occur throughout development, 

and / or the mRNAs are more stable in seeds than in vegetative tissues. Assuming that 

protein stability and mRNA translation rates are the same in developing seeds as in 

heat-stressed leaves, much less mRNA would be required to synthesize a given amount 

of protein in developing seeds than in heat-stressed leaves. This is indeed what was 

observed, class I sHSP levels in seeds are equivalent to the protein levels 340 C heat 

stressed leaves, but the mRNA levels in seeds are much lower than in heat-stressed 

leaves. Hence, there is no evidence of greatly reduced translation of sHSP mRNAs in 

maturing seeds, as was observed by Apuya and Zimmerman (1992) in somatic 

embryos. However, direct analysis of transcription rates, as well as polysome loading 

analysis and pulse labeling experiments will be necessary to confIrm these deductions. 

In addition to their expression during seed development, sHSPs are expressed 

during pollen formation in lily (Bouchard, 1990) and maize (Dietrich et al., 1991), and 

during sporulation in yeast (Kurtz and Lindquist, 1984). A common feature of these 

events is that they all involve dehydration of organs that remain in a quiescent state until 

they encounter the appropriate germination conditions. Even though sHSPs are not 

induced in response to water stress in vegetative tissues (Czarnecka et al., 1984), it is 

tempting to speculate that they are important during phases of the life cycle that entail 

desiccation and rehydration. 
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CHAPTER 5 

DIFFERENTIAL EXPRESSION OF HSP70 FAMILY MEMBERS 

DURING SEED MATURATION 

INTRODUCTION 

It is evident from chapters 3 and 4 that two classes of sHSPs are synthesized both 

in response to heat stress and as a normal part of seed maturation. The expression of 

another family of HSPs, the HSP70s also is modulated by factors besides temperature. 

Expression of the petunia HSP70 gene is induced by cadmium stress in addition to heat 

stress (Winter et al., 1988). The lupine cytoplasmic HSP70 is only expressed in 

response to heat stress in leaf and callus tissue, but it is constitutively expressed in 

protoplasts (Perry and Wink, 1991). Likewise, three Chlamydomonas cytoplasmic 

HSP70s are transiently induced when dark grown cultures are illuminated (von Gromoff 

et al., 1989). Induction of these cytoplasmic HSP70s might reflect and increased 

requirement for HSP70 activity under these conditions. Similarly, a pea mRNA that is 

homologous to the chloroplast stromal HSP70 (Marshall and Keegstra, 1992) is induced 

during the early maturation phase of seed development (Domoney et al., 1991). This 

increased expression coincides with a brief period of photosynthetic activity in the 

embryonic tissue. Tobacco ER-Iocalized HSP70s are much more abundant in anthers, 

stamens, mature seeds, and germinating seeds than in leaves, stems, and roots (Denecke 

et aI., 1991). The abundance in tobacco seeds is consistent with the apparent role of 

maize ER-Iocalized HSP70's during zein maturation (Boston et al., 1991; Fontes et al., 

1991). A constitutively expressed cytoplasmic HSP70 from tomato has elevated 

expression in the receptacle and stylar transmitting tissue of the flower, and in both the 

inner surface of the seed coat and the embryo of the developing seed (Duck et aI., 1989). 
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HSP70 homologues are not developmentally regulated in some of the conditions 

during which sHSPs are developmentally regulated, such as yeast sporulation (Kurtz and 

Lindquist, 1984) and Drosophila embryogenesis (Lindquist, 1986). Therefore it was of 

particular interest to determine whether developmental regulation of HSP expression in 

seed maturation is qualitatively different from developmental regulation of HSP synthesis 

in these other organisms, i.e., if HSP70s and sHSPs are expressed simultaneously. 

HSP70s can be heat inducible, constitutively expressed, or both. Although all 

three modes have been documented in separate plant species, no instances of all three 

modes of regulation have been identified in a single species. I have analyzed the 

sequences of three HSP70 cDNAs and determined that they are all cytoplasmic HSP70s. 

The three mRNA species exhibit three different modes of regulation in vegetative tissues 

and have distinct patterns of spatial and temporal regulation in maturing seeds. Some of 

the changes in mRNA abundance are paralleled by changes in synthesis of the 

corresponding protein. Differential expression of these HSP70 homologues suggests 

that individual HSP70s might have specialized functions within the cytoplasm. In 

addition, the expression of the heat induced HSP70 homologue is similar to that of the 

sHSPs, described in chapter 4. The parallel expression of the sHSP and HSP70 families 

suggests that their gene products might be required during the same stage of seed 

development. 

RESULTS 

HSP70 Sequence Analysis 

Both strands of the PsHSP71.2 and PsHSC71.0 cDNAs were completely 

sequenced (L. Lauzon, personal communication) and a comparison of their nucleotide 
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sequences is presented in figure 5.1. Both PsHSP71.2 and PsHSC71.0 cDNAs contain 

an ATG start codon and T AA tennination codon, shown in bold face type. PsHSP71.2 

is 2,147 nucleotides long and encodes a 1944 nucleotide open reading frame between 

residues 44 and 1,987. The PsHSC71.0 cDNA is 2,122 nucleotides long and encodes a 

1,941 nucleotide open reading frame between residues 36 and 1,976. Their nucleotide 

sequences are 72.9 % identical in the open reading frame, but their homology declines 

sharply to 37 % and 51 % identity in the 5' and 3' non-coding regions, respectively. 

Neither cDNA contained a consensus poly A addition site (AAT AAA) or is terminated in 

a series of A residues. Thus, it is probable that both mRNAs extend past the 3' ends of 

their representative cDNAs. 

One strand of an Eco RI fragment encoding approximately 700 nucleotides of the 

3' end of the PsHSP70b cDNA was partially sequenced (L. Lauzon, personal 

communication). The section that was accurately sequenced (i.e. did not contain any 

reading frame shifts) corresponded to nucleotides 1447 to 1933 ofthe PsHSP71.2 

nucleotide sequence (figure 5.1). This portion of the nucleotide sequence is 72 % 

identical to PsHSP71.2 and 81 % identical to PsHSC71.0, and thus clearly encodes a 

homologous HSP70 protein. In contrast, PsHSP71.2 and PsHSC71.0 are only 73% 

identical through this region of their nucleotide sequence. Thus, PsHSP70b is closely 

related to both PsHSC71.0 and PsHSP71.2. 

The PsHSP71.2 cDNA encodes a 71,166 Da polypeptide with a predicted 

isoelectric point of 5.00, and the PsHSC71.0 cDNA encodes a 71,003 Da polypeptide, 

with a predicted isoelectric point of 4.83 as described previously (Vierling, 1991). The 

derived amino acid sequences of the two clones are 86.1 % identical and are compared in 

figure 5.2. The amino acid sequences of ten plant and algal cytoplasmic HSP70s 

compared in figure 5.3 are 62.7% identical. They are strongly conserved through most 
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Figure 5.1 PsHSP71.2, PsHSC71.0, and PsHSP70b cDNA sequences. Complete 

cDNA sequences of PsHSP71.2 (p71.2) and PsHSC71.0 (c71.0) cDNA were aligned 

using the GAP program of the Wisconsin GCG sequence analysis package. The partially 

characterized segment of PsHSP70b (70b) was aligned to PsHSC71.0 using the same 

program. Identical nuc1eotides are indicated by "I", translation start and stop codons are 

in bold face type, and segments used for PsHSP71.2 and PsHSC71.0 gene specific 

probes are underlined. 



P71.2 1 CMCMAGCAMMATMTC'MAC'I'C"ICTl'O.~C'I'GT'I'ATOGCGACAMA ••• GA.l.GGTMACCCATTCOCATAG1I.CCTCGGC'ACMCCTACAGC 97 

" "" '" "" "'" "" "" """""""'''''''''' C71.0 1 .....•. . CA'lTl'A'IT"ITCCGA'ITAGCCM.MGGTAMATCCAA'I'OCCCGQ.M.AG~GAGGGACCGGCTATCCCAATC'GATCTC'CGAACCAC'CTACTCC 92 

9 9 TGCC'I'CGCCG'ITTCGCMMC'GACCGCGTI'CAGA'tt'ATCCC'TAACGACCMGGC'MCCGAACCACCCC'ATCCTACG'ICGCATTC'ACCCACACCCACAGAC 197 

" " " " """ '" '''''' "'" '''''''''''' '" "" " " " " " " "'" '" "'" , , 93 TGTCTAGGAGTATCGCMCA'ItiATAGAG'ITCAMTC'A'I"roC'CMCGACCMGGI'MCAGMCTACACCGTC'I'TAro'n:GCTI"'l'CAC'TGAC'I'CCGAGCCTC' 192 

19 9 'tt'ATCGGCGATCCAGCCAAGAATC'MG'l"'TGCMTG.V.TCCGCAGMCACCG'M'l"'l'CGACGCCMACGTTI'MTCGGCCr;rACA~CGATGAATCAGT :2 91 

'"'''' "'" " "'" " " """'''' ""'''' "'" "" '"'''' """ "" "" '" " 193 TC'ATCCGTCATCCCCCTAAGMt't'AGGTCGCCATGM.TCCTATC'MCACCGTCT'l'C'GA'l'GCAM.GAGGTrGA'I"l'GGn:GT.\CAG'I'C'Il:TGATGCATCTC:r ~ 92 

29 B TC'MMCGACATCAMCTATGCCCc:rTTMAGTC~CAGGTC'CCGCCCMM.ACCGATCATCGTTGTI'M'ITATMAGGCGAAGAGMQ.M'ITCGCC 397 

"" ""'''' '''''' "'" "'" "'" " " " " "", ""'''' " " " "'" '" "" " 293 TC'AGAGTGACATGAAGTI'GTCGCCT'I"ITMGATCATTC~CTGCTCAGMOCCAATCA'ITC'MC'l'TMCTACMGGGTGAAGATMOCM'ITI'CCT 392 

399 CCGGAGCA.GA~TCGTGTI'GATCMMTCAGGGMGTAGCAc.v.GC'C'I'l'TT't\GGTCMTC'CGTGMMACGCGCTl'GM?C'TG'rt'C'CCCCTI' 497 

" " "'" ""'"'''' """ '" '" '" """ '" '" '''' "'" "'" " "" 393 GC'I'CMGAGATC''I'CTI'C.V.TGGTI'CTCATCMGATCCC'l'CAGA'I''mCTGM.GC'M'AC'CTl''CG ••. CTC'I'GCA'ITAGACGACC'lTC'I'CACTGTC'CCTOC'TT 499 

.. 9 8 A'MTTAACGA'l'Tt"l"CAGAGACMGCTACGAAGCACGCCGGTGCTATCTCTGG'IT'l'CM'I'C1CC'rJ'AGGATMTC'MCCAACCTACI'GCTCCAOCMTl'CC So 97 

, "'" ""'"'' , "'''''' "'" """ '" """ "'" , '" "'" " " """" " "'" 490 ACTrTAATCA'I'I"CTCAGCGTCAAGCTACCMCGATCCTGGTGTI'ATTCC'l'CGTCTI'MTCTC"'TGCc.v.TCATC'M'ICAGCCCACTGC'TCCTOCCAT'I'CC' SS9 

598 Tl'ATc;c'IT'l'CGATi\MM.AGC'M'C'GAGGMACGTC.V.CAGAACC'ICCTI'A'I"ITl'CCACTl'AGCCGGTCG.V.C1"I'"KCA'IC IIIC Ie IIC I JAcrA'l"l'GM 6 97 

"'" '"'' "'" '" """ """ '''''' ", , " "'" "'" "", '" , """""" S90 ATATGGGCTACACAACMACCAACMG'l'G'M'GG'l'G.GM'ro~'1'IT1'TCACCT'roG'I'CG"lt:CTAC'l'l"lTCATG'l'C'lC"lTTCC'ITAcrA'l"l'GM 689 

698 GAAGGCA'l'Tl"ICGAAGTGMAGcrACCCC"l'GGAGATAC'l'CATCT'l'CCACG'lCAACATl"I"J'Q.TMCAGM'l'CCTCAATCA'ITTl'GC'lTCCGAA'M'\:AGCA 197 

" " " " " ""'''' " ""'''' " """"""" """""'"'''''''''' " "'" """" 690 CAGGCTATCTrrGACCTCMAGCCACAGC"TGGAGACACCCATCT'l'CGAGCTCAGCA'lTITG.\TMCAGM'l'CG't'CAACCAC'l'Tl'CT'l'C'MGAC'l"TCMCA 789 

798 GCMGAA.TMGAMGATA'I'I'AG"mGAMTCCAAGAGCATrMGAAGATTGAGMC'l'CC'lTGl'CAGAGAGCGAAGAGMCGC"l"'lTC"lG.'.CCGCACMAC 897 

, "'" "", " """"" '" ", , " ""'" "", """" ""'"'''' "'" " " " " " 790 GAMGAACMCAAGCACATl'AGTCGCMCCCCAGGGCACTCACCCGA'l"l'GAGCAc:rGC'ATGl'GACAGCGCCAAGAGMC'l'C'MTCATCTACTCCCCAGAC 889 

898 TAcrAT'roMAT'roATTC'1'l'TGTATGMGGM'lTGA'lTl'CTATGCAACCATl'ACMGGGC'MCA'l"I"'roMGAA'l"roMTATGCATM'O'l"M"AGGMGTGT 997 

'" ""'"'''' ", , , '" """"""" , '''''' '" "'''''''' '" """ , ""'''' '" 890 TACCA'l"l'GMA'l"l'GACTCTCTATM'CACGGM'lTGA'l'l"tt"T"'CTCCCCTATl''''CTCCTGCCACA'1'l'TGAGGAGC'l':MCATGCA'ICTC1Tl'AGGMAT<::r 989 

998 ATCGACCCTG'M'CAGAAGTGTC'l'l'CCTCATGCMMATCC"'TMGACl'CAAGTl'CATGMG'l"TGTl'CTACrrcGTCGA'ICMcrAGCA'l'l'CCGAAAGTl'C 1097 

"'" " ""'''' "" '"'''''''''''' , "'" ""'''' ""'''' " "'" "'" " "" 990 ATCGMCCAG'lTCAGAMTG'lT'l'CAGACATGCCAAG ... TGCACMAAAAACCA'OCCATGATGIIG II'Cl ro~AcrAGM'1TCCMACG'lTC' 1089 

1098 MCAGCTl"'l"fCCAGGA'I"l"lCTl'CAATGCCAMGAGC"ITI'GCAAGACTATl'MCCCGCA'lGMGC"l'G1TCCTrATGGTGCrGC'l'GTl'CAGCCGCCATITr 1197 

"" """""""'" "'" " "", "'" " "'" ""'" """" "", """" " " " "'" 1 09 0 MCAACTI'Tl'GC ... GGA'1Tl'C1Tl' ...... TGGMACGACCTATGCAMAGCATl'M 'OCCCGATCAGCCTG'I'I'GCGTATGGAGCTCCTGTCCAGGC'TGC'AA'1TIT 1189 

1198 CACTCGTCMGGCGATCAM.AGG'l"TCMGA~CTTCATCM''''CTC'CTCTl''''CCTTGCGTCTAGAMc-rocCGGTOOTG'l'l'ATGACCG'l'''l'''rro 1:Z97 

" """" "" "'" " ""'" ''''"'''''' "'" '""" "'" " "'" "'" '" " 1190 GAGTGGTCAGGGCM.TGAGAACGTCCACGA'IC1'I'CTCClTCTTGATC"M'ACCCC'IC'l'C'R"reTl'GG'lTl'CGAGAC'l'GC'lCGCOGTCTCATGACTGT'l'CTC 1:Z8 9 

1:Z98 A'M'CCC"'GGM.CACGACCAT'l'C'CCACTAACMCCACCAGATlTl"'lTC'GACATA'l"K'AGATM'ICMCC'l'CG'l"GTI'l'A'M'\:MGTl'l'Tl'CAAGG'l'GAAC 1397 

'" ""'"'' "'" " "'" " ", "" " " "'" " " " ""'''' "", "'" ""'''' " 1:Z90 ATCCMACGAATACCACCA'l"K'CMCMAGMACMCAGGTl"'lTC"l'CCcrATl'C'IGACMCCACCC"l'CGTG'I'G'TC"C'MG'l"C'l'Tl'CAAGGAGAGA 1399 

1398 GTGCGAGAACMACGATMTM'IC'lTCTTGGCMATTTGAACTCACTCGTAT"'CCACCA.GCTCCGAGAGGTCTCCC"'CACGTTMTGI'TIGIIIlG ... T ... T 14 9 7 

, '''''' """ "" '"'' """" """'"'' "'" """" "" '" '" " "'" " 1390 GAACMGGACTAGGGATAACMTM'CTrCCGCM~CTl"'n:TCGT"''I''ICCTCCTGCTCCCAGACGTG'l'I'C'CCCMATrACTGTCTGCrrTCACAT 1489 

, ""'''' " '" , "'" " "'" "'" ""'"'''' 70b G.V.TTCCTCCAGCACCCCGTGCTCTACC'I'CMATCACIGTI'IGCrIro"'CAT S:Z 

1499 TG ... TGCGAATGGGATATl'CAATG'lTI'CTGCGCMGATAAAAC ... aCTGCCCTGMGAACMGAT ...... CT ... TMCMATGATAMGCGAGCTl'CACTMGGM l!i97 

"'''' " " """"'" "'" "'" "" '" """""""" ""'''' " " "" "'" 1490 'TG"'TGCCAACGGTATA'I"l'GAA'I'G'l'C'TC'l'GTCMGACAACACTACCGGGCAGMGAACMGA'ICACCATCACMATGACAAGGOT ... CCtTlTCA.MGCAT 1 59 9 

"'"'''' "'" ""'"'''' "'" "'" " " "'" """"""" " " " "'" "'" " " "'" 53 TC ... TGCCAATGCTATC'I"l'GMTCl'CTC'GGC'I'CACGACAM.ACMCTCGGCMMGAACMGATCACCA'ICACMATGACAAGGCT ... GCC"'I"'rl'CAMGCAT 15:Z 

l!i98 CAGATAGAG.V.C ... TGGTG ......... CATCC' ... QAGMrnATMCGCAGACGATGAAQ ... CG'J'GAACACG.V.AGTGGMGCTMCM'ITCCC'Tl'CAQM'ITATGCTT 1697 

" """'"'''' """ ""'''' '" '"'''''''''' "" '" " "'" """ , '"'' "'" , 1!190 GATA'lTGAGAAQATCQ'ITCMQAGGC'lGACMCTACMG'l'Cl'GAGCATCAAGAGCATAACMGAAGG'M'CMCiCCAACMTGCATrCCMMcrATGCAT 1699 

" """"""'" , " " "'" '''''' , " "'" "'" """'''''''' " ""'''' """"""" , 153 GATA'l"l'GAGAAGATCG'lTCACGMGCACAGMATACMCGCAGAACATGACGAGCACAAGMGAAGQTl'GATCC'MAGMTCC"ITl'GCMMcrATGCTJ' :z~:z 

1699 ACMTAn;AGGAATACTA'l"l'MCG"'TGACM.GAT'mGTGQGA.ACTI'CACTMTGATGATAGAGACAAC"'T"'l'G"'CMGGCTGTGG"'QCAGGCTA~AG"IG 1797 

"" """" " """"""'''''' "" , , "'''' """""" , "" ""'" "'" 1690 ACMCATG ... GGAACACCA'ICMGCATCACAAGATTGCACGCJ\MC'rlGAT'l'C'TGMGACAACMGAAGA'rmAGCACACC"'TTGACCACGCT ... TCCACTG 1799 

"""""""" "'" "'" " "'" "" """""""""'''''' """ "" "'" :Z~3 ACMCATCACGAACACMTC'MTGATGAAA.A.u:nGCATCMACC"l"C"l'CC'CCTGMGACAAOMCAAGAT"'Q"'TCA'JGCAATTGACGC'l'CCM~AC'I'G J5J: 

1798 Grl'GGAACCCMTC'M'lTCGGTGAAGTCGACC"'C'I"M'GACCATMCCAc.v.cGACT'lGCAACGCG"l'TTGTAATC'CT"''n'ATl'GCCMC'''TGT''''I'CAAGcr 1897 

"'" '" '" " '" """"""'" """ """ , " " " "'" ""'''''''''' " '" 1790 CI'TAGACAGCMCCMC'Tl'CCAGAGCCAGATCAG'rM'CAGGACAMATGAAGCAA'M'CCAMG'l'G'I'I::l'GCMCCC'TATCATl'GCCAAGATGTACCACCCT 1889 

'" " " """ , " " """"""" " """'''' '"'''' , "'" " ""'''' ""'''' " '" 3!i3 G'M'CCAT"'r:rMCCM'lTCGC"l'CAArJCAGATCAGTM'CMGATAAC"'TCAAGCAGCTI'CA.MGTC'T'lTGC'MTC'CMTCATl'OCTMC"'TCT"'TCAAccr ... 52 

199 9 GCTGCTGGTCGAGATGWCCTAWGCACATGGTA1UCCTGGrGG'l'GGTTCTAATGGATCACGACCCCGTC'CTMGA'lTCAAGAGGMlj"cT'A"Q""gCC 1997 

"'" '" " " , , '" " '" '" "" " '" """"'" " " """ 1990 GCTGCAGGTCCTCACATGmT c:rTgcroc"OhTG,blli"TfjM'fCT"cTgmy<jMgTCIrIJ'jcrcocrcrMG"I,Trr'.Ar"'.QMfiT("(j"CTI,A 1979 

" , " '" ""'"'' '"'' "'" 4~3 GCACGA.GCTC'CCGACATCGGT GGTCATCATCATCA 487 

1998 "T"r;cr"Gcr;cr"r;r(jcrnCfjmc"Din;mxrx:rra"q&ccr:n;QTI!jr&n;xADiCbqrtAcr"rr.aaaqr<i'l'CI"'roTA~ATC"M'ATCTT :Z097 

, '"'' '''''''''' ""'" """" '''' 1980 qrqr"r;TMMTI'rt.trrnaCTATCA'M'T"'TA~MGl'T"'TA'1Tl'M'I"'I"l'GATGCA1Tl'GCCGCTT"'TAT'1'GTM'GCT'lT'l'AOC'l'CC'tTl"'l'TGGAG :Z079 

:Z098 ATAGMTGTAGC'lTl'GGTMAGTGGGTM'GTl'GAGTC"M'GATCn"ITlTTA 2147 

" , ""'''' """ '" 2090 CTATl'I'AGGCTA=GTTA'I1:;TI'C'l'ACTGTIMGGA'M"GTGT ••••••• 2122 

94 
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Figure 5.2 Comparison of PsHSP71.2 and PsHSC71.0 derived amino acid 

sequences. The derived amino acid sequences were compared using the GAP program of 

the Wisconsin GCG sequence analysis package. The single letter code of the 

PsHSP71.2 (HSP71.2) amino acid sequence is shown on the top, the PsHSC71.0 

(HSC71.0) sequence is shown on the bottom. The section of PsHSP71.2 that was used 

as an antigen to generate Pea HSP70 antiserum is underlined. "1" indicates identical 

amino acids, ":" indicates strongly conserved replacements, and "." indicates weakly 

conserved replacements, as defined by the computer program. The A TP binding domain 

is indicated by "*", and the putative peptide binding domain is indicated by "+" placed 

above the sequence. 
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VLIFDLGGGTFDVSLLTIEEGlFEVKATAGDTHLGGEDFDNRMVNHFASE 
11111111111111111111111111111111111111111111111. I 
VLIFDLGGGTFDVSLLTIEEGIFEVKATAGDTHLGGEDFDNRMVNHFVQE 

************************************************** 
FRRKNKKDlSGNARALRRLRTACERAKRTLSSTAQTTIElDSLYEGIDFY 
I: 1111111111: 111111111111111111111111111111: 111111 
FKRKNKKDISGNPRALRRLRTACERAKRTLSSTAQTTIEIDSLFEGIDFY 

************************************************** 
300 ATITRARFEELNMDLFRKCMEPVEKCLRDAKlDKSQVHEVVLVGGSTRIP 

•• 11111111111111111111111111111: II. : I: 11111111111 
300 SPITRARFEELNMDLFRKCMEPVEKCLRDAKMDKKSIHDVVLVGGSTRIP 

************************************* ++++++++++ 
350 KVQQLLQDFFNGKELCKSINPDEAVAYGAAVQAAlLTGEGDEKVQDLLLL 

111111111111111111111111111111111111. III: 111111111 
350 KVQQLLQDFFNGKELCKSINPDEAVAYGAAVQAAILSGEGNEKVQDLLLL 

++++++++++++++++++++++++++++++++++++++++++++++++++ 
400 DVTPLSLGLETAGGVMTVLIPRNTTlPTKKEQIFSTYSDNQPGVLIQVFE 

11111111111111111111.11111111111: 11111111111111111 
400 DVTPLSLGLETAGGVMTVLIQRNTTIPTKKEQVFSTYSDNQPGVLlQVFE 

++++++++++++++++++++++++++++++++++++++++++++++++++ 
450 GERARTKDNNLLGKFELTGIPPAPRGVPQVNVCFDIDANGlLNVSAEDKT 

111.11: 1111111111.11111111111:.1111111111111111111 
450 GERTRTRDNNLLGKFELSGlPPAPRGVPQITVCFDIDANGlLNVSAEDKT 

++++++++++++++++++++++++++++++++++++++++++++++++++ 
500 AGVKNKITlTNDKGRLSKEEIEKMVKDAEKYKAEDEEVKRKVEAKNSLEN 

.1 111111111111111:: 11111.: 11111.1111 I: 111111.111 
500 TGQKNKITITNDKGRLSKDDIEKMVQEAEKYKSEDEEHKKKVEAKNALEN 

++++++++++++ 
550 YAYNMRNTlKDDKIGGKLSNDDREKIEKAVEEAIQWLEGNQLGEVEEFED 

11111111111111: III •• : I: .111 •• : I: 11111:: III: I.: 1111 
550 YAYNMRNTIKDDKIAGKLDSEDKKKIEDTIEQAIQWLDSNQLAEADEFED 

600 KQKELEGVCNPllAKMYQGGAGGDVPMGDGMPGGGSNGSGPGPKIEEVD 
I 1111: 111111111111111. I:. :.: .:: ••• III: 11111111 

600 KMKELESVCNPIIAKMYQGGAGPDMGAAAD.DDAPTGGSGAGPKlEEVD 

96 



97 

Figure 5.3 Multiple sequence alignments of plant cytoplasmic HSP70s. Cytoplasmic 

HSP70 sequences were aligned using the pileup program of the GCG sequence analysis 

software. Asterisks below the alignment denote amino acids that are absolutely 

conserved among all ten proteins. Ps p and Ps care PsHSP71.2 and PsHSC71.0, 

respectively. Le 1 and Le 2 are the constitutively expressed tomato HSP70s, Gm -

soybean, Ph - petunia, So - spinach, Zm - maize, Dc - carrot, Cr - Chlamydomonas 

reinhardtii. References for these sequences are in the text. 
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1 50 
HATK. ECRAI CIOLCTTYSC VCVWQtmRVE IIPNDQCIIRT TPSYVAFTIlT 
HATK.ECRAI CIOLCTTYSC VCVWQtmRVE IIPNDQCKRT TPSYVAFTIlT 
HACKCECPAI CIDLCTTYSC VCVWQHDRVE IIANDQCIlRT TPSYVCFTIlT 
HACKCECPAI CIOLCTTYSC VCVWQHDRVE IIANDQCIlRT TPSYVCFTDS 
HACKCECPAI CI DLCTTYSC VCVWQIIDRVE IIANDQCIlRT TPSYVCFTIlT 
HACKCECPAI Cl DLCTTYSC VCVWQHDRVE IIANDQCIlRT TPSYVAFTDS 
HACKCECPAI CIDLCTTYSR VCVWQHDRVE IIANDQCIlRT TPSYVAFTDS 
.HAKSECPAI CIDLCTTYSC VGLWQHDRVE IIANDQCIlRT TPSYVCFTIlT 
HASKC.CRAI CIDLCTTYSC VCVWQtmRVE IIANDQCIlRT TPSYFAFTIlT 
•• HCKEAPAI CIOLCTTYSC VGLWQtmRVE IIANDQCIlRT TPSYVAFTIlT .. ........... .... .... .. .... .. .... . .. 
51 100 
ERLICDAAKN QVAHNPQNTV FDAKRLICRR FSDESVQNDH KLWPFKWPC 
ERLlCDAAKlI QVAHNPQNTV FDAKRLICRR FSOSSVQNDH KLWPFKVCCS 
ERLICDAAKN QVAHNPnrrv FDAKRLICRR FSDPSVQSDI KLWPFKVIPC 
ERLICDAAKlI QVAHNPnrrv FDAKRLICRR FSDASVQSDH KLWPFKVIPC 
ERLICDAAKN QVAUIPINTV FDAKRLICRR FSDASVQEDH KLWPFKVIPC 
ERLICDAAKN QVIOOIPINTV FDAKRLICRR VSDASVQSDH KLWPFKIIAG 
ERLlCDAAKN QVAHNPINTV FDAKRLICRR FSDASVQADH IUiRPFKWSG 
ERLICDAAKlI QVAHNPTlITV FDAKRLIGRR FSSPAVQSSH KLWPSRHL.G 
SRLIGD.AKII QVAHNPSlrrv FDAKRLIGRR FIIIIPSVQSDH KLWPLQVIPC 

E~!;~ ~~~!~ru~ :~~!~? FSDPI~~SDI KLWPSQVAPA 

101 150 
PlIEKPHIVVN YKCEEKKFAA EEISSHVLIK HREVl\EAFLG Q •• SVKNAW 
PCDKPHIVVN YKCEEKKFSA EEISSHVLVK HREVl\EAFLG H •• AVKNAW 
PCDKPHIWT YKCEEKQFAA EEISSHVLTK HKElAEAYLG T •• TIKNAW 
PCDKPHIVVN YKCEEKQFSA EEISSHVLIK HKEIl\EAFLG T •• TVKNAW 
PCDKPKIWT YKGEEKEFAA EEl SSHVLTK HKEIl\EAFLG S •• TVKNAW 
PlIEKPKIVVN YKGEDKQFAA EEISSHVLKK KRElAEAYLG s •• AL.DDW 
PCEKPKICV!I YKGEEKQFAA EEISSHVLTK HKElAEAYLG S •• TVKNAW 
LGOKPKIVFN YKGEEKQFAA EEISSHVLIK HKElAEAYLG S •• TIKNAW 
PCEKPKIVVN YKCESKQFAA EEISSHVLIK KLEIl\EAFLG H •• SVJlDAW 
H. DVPEIWS YRTEEKVFRA EEISSHVLIK KKETAQl\SLG ADREVKKAW .. .. ......................... . 
151 200 
TVPAYi~IOSQ RQl\TKDl\CAl SCLNVLRIW EPTAMIAYG LDKKASRKGE 
TVPAYFNDSQ RQl\TKDACAl SGLNVLRIlN EPTAMlAYC LDKKASRKGE 
TVPAYFNDSQ RQl\TKDACVl AGLNVKRIIN EPTAMIAYC LDKXASSAGE 
TVPl\YSlroSQ RQATKDACVI SCLNVKRIlN EPTAMIAYG LDKKATSVGE 
TVPAYFIroSQ RQATKDACVI SGLtNKRIIN EPTAMIAYC LDKXATSACE 
TVPAYFlmsQ RQATKDACVI AGLNVKRIIN EPTAMIAYG LDKXATSVGE 
TVPAYFNDSQ RQATKDACVI SCLNVKRIIN EPTAMIl\YG LDKXATSVGE 
TVPAYFNDSQ RQATKDl\CVI l\GLtNKRI UI EPTAMIAYC LDKXATSSGE 
TVPAYFNDSQ RQl\TKDTGVI AGLNVKRIIN EPNCAQIAYG LDKKSSlIPPE 
TVPAYFNDSQ RQATKDAGKI ACLEVLRIIN EPTAMlsYG LDKKDSCLGE .......... ...... .... .... ...... .. ....... . 
201 
QNVLIFDLGC GfFDVSLLTI 
QNVLIFDLGG GfFDVSILTI 
KlNLlFDLGG GfFDVSLLTI 
KNVLIFDLGG GfFDVSLLTI 
KNVLl FDLGG GfFDVSLLTI 
KNVLIFDLGC GfFDVSLLTI 
KNVLI FDLGG GfFDVSLLTI 
KlNLI FDLGG GfFDVSLLTI 
QtNLI FDLGG GfFDVSLLTI 
R1NLlFDLGG GfFDVSLLTI .................. 
251 
SEFRRKllKKD ISCtlARALRR 
SEFKRKlIKKD ISCIIARALRR 
QEFKRKNKKD ISCIIPRALRR 
QEFKRKNKKD ITQIPRALRR 

250 
EEGIFEVRAT ACIlTHLGGED FttlRMVllHFA 
EEGIFEVRAT AGIlTHLGGED FttlR/lVllHFV 
EEG I FEVRAT AGIlTHLGGED FDNRIMIHFV 
EEGIFEVRAT AGDTHLGGED FDNRHVlIHFV 
EECIFEVRAT AGIlTHLGGED FttlRKVllHFV 
EEClFEVRAT ACDTHLGGED FDNRIIVlIHFII 
EECIFEVRAT ACDTHLGGED FDNRIMIHSL 
EECIFEVRAT ACDTHLGGED FttllOMlHFV 
EECIYEVRAP KSIlTHLGGED FttlRLVNRFV 
EEGIFEVRAT AGDTHLGGED FDERLvtnlFA . ........... . 

300 
LRTACERAKR TL.SSTAQTT IEIOSLYECI 
LRTACERAKR TL.SSTAQTT IEIOSLYECI 
LRTACERAKR TL.SSTAQTT IEIOSLYEGI 
LRTACERAKR TL.SSTAQTT IEIOSLYEGI 

HEFKRKHKKD ITCIIPRALRR LRTACERAKR TL.SSTAQTT IEIOSLYEGV 
QEFKRKlIKKD ISCIIPRALRR LRTACERAKR TL. SSTAQTT IEIOSLFECl 
QEFKRKNKKD IKETPRAIRR LRTACERAKR TL.SSTAQTT IEIOSLYECV 
QEFKRKlIKKD ISQIPRALRR LRTACERAKR TL.SSTAQTT IEIDSLFECl 
TEFLTNNKKD IRWECEALRR LRTl\CERAKR TLSSSTAQTT I EIDSLYECV 
tlEFQRKYKKD LKTSPRALRR LRTACERAKR TL.SSMQTT IELDSLFEGV .. ... . ............................ 
301 350 
DFYATITRAR FEELllMDLFR KCKEPVEKCL RDAKIDKSQV IIEWLVCGST 
DFYATITRAR FEEHlIHDLFR KCKEPVEKCL RDAKIDKSQV HEWLVGCST 
DFYSTlTRAR FEELllMDLFR KCKEPVEKCL RDAKKDKSSV IIDWLVGGST 
DFYSTITRAR FEELlIHDLFR KCKEPVEKCL RDAKKDKSTV IIDWLVCCST 
DFYSTITRAR FEELlIHDLFR KCKEPVEKCL RDAKKDKSTV HDWLVGGST 
DFYSPITRAR FEELllMDLFR KCKEPVEKCL RDAKKDKKSI IIDWLVGCST 
DFYSPITRAR FEELNIDLFR KCKEPVEKCL RDAKKDKSTV HDWLVGCST 
DFTPRSSRAR FEELlIHDLFR KCKEPVEKCL RDAKKDKSSV IIDWLVCGST 
DFYTTITRAR FEELllMDLFK KCHDPVEKCL ROSKIDKAQV HEWLVCCST 
DFATSITRAR FEELCHDLFR KCHDPVEKCL HDl\KKDKKTV HDVVLVCCST 
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351 400 
RIPKVOQL. L QDFFNCKELC KSINPDEAVA YCMVQAAIL TCEC. DEKVQ 
RIPKVHQL. L QDFFNCKELC KSINPDEAVA YCMVQAAIL SCQC. DEKVQ 
RIPKVOQL. L QDrnlCKELC KSnlPDEAVA YCMVQAAIL SCEC. NEKVQ 
RIPKVOQL. L QDFFNCKELC KSnlPDEAVA YCMVQAAIL SCEC.NEKVQ 
RIPKVOQVAH TlIFFNCKELC KSINPDEAVA YCMVQAAIL SCEC.NEKVQ 
RIPKVOQL.L QDFFNCKELC KSINPDEAVA YCMVQAAIL SCEC.NEKVQ 
RIPKVOQL.L QDFFNCKELC KSINPDEAVA YCMVQAAIL SCEC.NEKVQ 
RIPKVOQ •• L QDFFI/cKELC KSINPDEAVA YCMVQAAIL SCEC.NER.S 
RIPKVOQL. L QDFFNCKELC KSINPDEJ\VA YCMVQAAIL SCEC. NER. S 
RIPKVOQL. L QDFFNCKELN KSINPDEJ\VA YCMVQAAIL TCEC. CEKVQ ..... .. ....... . ......... "......... .... .. 
401 450 
DLLLLDVTPL SLGLETACCV HTVLIPRnrr IPTKKEQIFS TYSDNQPCVL 
DLLLLDVTPL SLGLETAr.GV HTVLIPRnrr IPTKKEQIFS TYSDNQPCVL 
DLLLLDVTPL SLGLETA= HTVLI PRnrr I PTKKEQVFS TYSDNQPCVL 
DLLLLDVTPL SLGLETACCV HTVLIPRlrrr IPTKKEQVFS TYSDNQPCVL 
DLLLLDVTPL SLGLETACCV HTVLI PRnrr I PTKKEQVFS TYSDNQPCVL 
DLLLLDVTPL SLGLETAGGV HTVLIQRnrr I PTKKEQVFS TYSDNQPCVL 
DLLLLDVTPL SLGLETAGGV HTVLIPRnrr IPTKKEQVFS TYSDNQPCVL 
DLLLLDVTPL SLGLETAGGV HTVLIPRnrr IPTKKEQVFS TYSDNQPCVL 
DLLLLDVTPL SLGLETAGGV HTVLI PRnrr I PTKKEQI FS TYSttlQPCVL 
DLLLLDVTPL SLGLETACCV HTVLIPRnrr IPTKKEQVFS TYSttlQPCVL .......... ......... . .......................... . 
451 
IQVFECE.RA RTKttI •••• N LLGKFELTGI 
IQVFECE.RA RTKDN •••• N LLGKFELTGI 
IQVYECE.RA RTKttI •••• N LLGKFELSGI 
IQVYEGE.RT RTRttI •••• N LLGKFELSGI 
IQVFEGERM RTRttI •••• N LLGKFELSVI 
IQVFECE.RT RTRttI •••• N LLGKFELSGI 
IQVYECE. RT RTRttI •••• N LLGKFELSGI 
IQVYECE.RA RTKDN •••• N LLGKFELSGI 
IQVYECE. RA RTRttlKLLGK LLGKFELTGI 
IQVYECE.RA RTKDN •••• N LLGKFELTGI 

500 
PPAPRCVPQV NVCFDlDANG 
PPAPRCVPQV NVCFDlDANG 
PPAPRCVPQI TVCFDlDANC 
PPAPRCVPQI TVCFDlDANC 
PPAPRWPQl TVCFDlDANC 
PPAPRCVPQI TVCFDlDANC 
PPGPRCVPQI tNCFDlDANC 
PPAPRCVPQI TVTFDIDVNN 
PPAPRCVPQI NVVFDlDANC 
PPAPRCVPQI tNIFDlDllt/G 

501 550 
ILNVSl\EDKT ACVKNKITIT tmKCRLSKEE IEKKVKDAEK YRAEDEEVKR 
ILNVSl\EDKT ACVKNKITIT tmKCRLsKEE IEKKVKDAER YRAEDEEVKK 
ILNVSl\EDKT TGQKlIKITIT tmKCRLSKEE IERKVQEAEK YKSEDEELKK 
TLNVSl\EDKT TGQKNKITIT NDKCRLSKEE IEKKVQEAEK YKSEDEEHKK 
ILNVSl\EDKT TGQKlIKITIT tmKCRLSKEE IEKKVQEAEK YRAEDEELKK 
ILNVSl\EDKT TGQKlIKITIT NDKCRLSKDD IEKKVQEAEK YKSEDEEHKK 
IUNSAEOKT TCOKNlCIRIT llOKGRLSKEE IEKKVOEAEK YKSEDEDfXK 
ILNVSAEDKT TGQKNKITIT tmKCRLSKEE IEKKVQEAEK YRAEDEEVKK 
ILlNFAEDKT ACVKNKITIT NDNGRLSKDE IEKLVKEAEK Y!<AF.DEEVKK 
ILlNSl\EDKT TGNKNKITIT NDKGRLSKDE IER/lVQEAEK YRADDEQLK. 

551 600 
KVEAKNSLEtI YAYNKRIrrIK DDKICCKLSlI DDREKIEKAV EEAIQWLECN 
KVEAKNSLEN YAYNIIRNTIK DEKIGCKLSP DEKQKIEKAV EDAIQWLECtI 
KVEAKlIALEN YAYNlIRIITIK DDKINSQLSA ADKKRIEDAI DEAIKWLDNN 
KVEAKIIALEN YAYNKRIrrIK DEKIASKLSA DDRTKIEDAI EQAIQWLDGN 
KVEAKNSLEtI YAYIIMR/ITVK DEKIGSKLSS DDKKKIEDAV OOAISWLESN 
KVEAKNALEtI YA YNlIRIITIK DDKIACKLOS EDKKKIEIlTI EQAIQWLOSN 
KVESKIIALEN Yl\YNKRNIVK DEKlGAKLSE ADKKKIEEAI DASIQWLDCN 
KVDAKNALElI YAYlIKRIITIK DDKIASKLPA EDKKKIEDl\V DCAISWLOSN 
KVEAKlIALEN YAYNKRIrrIK DDKIPGKLDA GOKEKIETAV tlEAIEWLEKN 
KVEAKNSLEN Yl\YNlIRIITIR EDKVASQLSA SDKESHEKAL TMKDWLEAN .. . .......... . 
601 650 
QLGEVEEFED KQKELECVCN PIIAKKYQC. CA •• GCDVPK GDCKP •• • GG 
QHAEVDEFED KQKELEClClI PIIAKKYQC. AAGPGCDVPK Cl\DHP ••• AlI 
QLAEADEFED KKKELESIClI PIIAKKYQC. CAG.CAT .• M O£OCPSVCGS 
QLAEAEEFED KKKELESLClI PIIAKKYQC. AGC. D •••• K DDECP ••••• 
QLAEVDEFED KKKELECICN PIIAKKYQC. ACC. DACV PK DDDAP ••••• 
QLAEADEFED KKKELESVCN PIIAKKYQC. CACPI»4CAM DDDAP ••••• 
QLAEADEFDD KKKELESIClI PIIAKKYQC. ACC.DHGCGK EDECP ••••• 
QLAEVEEFED KKKELEGIClI PIIAKKYKCE GAGKCAMGK DEDAP ••••• 
QLAEVDELED KLKELEGLCN PIIAIlLYQCR GDVPIGCP •• GDHPCGCYCG 
QKM:VEEFEII IILKELECLCN PIITRLYQGG ACAGe •••• K PGCCACAGAA . ... ...... ... .. 
651 666 

Pa p CSNGSGPGPK IEEVD· 
Qn •••• • CAGPK IEEVD· 
Ph AGSQTGACrK IE£VO' 
Le 2 APSCCCACPK IEEVD· 
Le 1 PSCCSSACPK IEEVD· 
Pa c . TCGSCACPJ\ IEEVD· 
So • TSCCCACPK IEEVD· 
Zm . SGCSGACPK IEEVD· 
Dc SRGSSCACPK IE£VO' 
Cr PSCCSc:ACPK IEEVO· 
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of the ATP binding domain (a.a. 3-388 of PsHSP71.2) (Flaherty et aI., 1990) and the 

putative peptide binding domain (a.a. 392-561 of PsHSP71.2) (Rippmann et aI., 1991). 

The sequences diverge in two short regions near the carboxy terminus, but the 8 carboxy

terminal amino acids are identical, as in other plant cytoplasmic HSP70s. 

The derived amino acid sequences of the PsHSP71.2 and PsHSC71.0 cDNAs do 

not have amino terminal sequences that are characteristic of ER, mitochondrial, or 

chloroplast targeting sequence motifs, suggesting that neither of these proteins is targeted 

to any of these organelles. Amino acid sequence homology comparisons with other 

HSP70s further supports the assertion that PsHSP71.2 and PsHSC71.0 are cytoplasmic 

proteins (table 5.1). PsHSP71.2 and PsHSC71.0 were more homologous to 

cytoplasmic HSP70s from yeast and human (71.7 to 75.7 % identity) than to a 

representative ER-Iocalized HSP70 from tobacco (65.1 to 65.4 % identity). Their 

homology to pea mitochondrial-localized and chloroplast-localized HSP70s was similar 

to their homology to the prokaryotic HSP70 homologue, DnaK (47.1 to 49.8 % 

identity). Thus, I concluded that PsHSP71.2, PsHSC71.0, and PsHSP70b, like their 

homologues in yeast and human cells, are located in the cytoplasm and / or the nucleus. 

Heat Stress Induction of HSP70 mRNA 

Different modes of HSP70 regulation in vegetative tissue have been documented, 

so it was of interest to determine how these three cytoplasmic HSP70 homologues are 

expressed in leaves. In order to insure that the PsHSP71.2 and PsHSC71.0 probes did 

not cross-react with other HSP70 mRNAs, gene specific probes were designed for each 

of these cDNAs. Segments to be used as gene specific probes were selected based upon 

their NT content (between 50% and 55%) and their length (approximately 100 

nucleotides). The 101 nucleotides near the 3' end of the PsHSP71.2 cDNA were 
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Table 5.1 Homology of PsHSP71.2 and PsHSC71.0 to Other HSP70s 

Cytoplasmic ER Plastid~ Prok, 

HSC71.0 Tomato Yeast Human Tobacco Human Pea Pea E, coli 

Pea HSP71.2 86,1 88,0 72,3 74,0 65,4 64,2 48,0 49,8 48,7 
(94,2) (93,6) (84,3) (84,7) (80,2) (79,0) (68.4) (68,6) (68.4) 

Pea HSC71.0 92,4 71.7 75,7 65,1 63,4 47,1 49,8 49.4 
(96,9) (83,6) (86,5) (79,0) (78,7) (66,7) (68,2) (67,5) 

Percent amino acid sequence identity (upper number) and similarity 

(parentheses) was calculated using the GAP program of the GCG sequence alignment 

software package using the default parameters of the program, All HSP70 sequences 

to which PsHSP71.2 and PsHSC71.0 are compared were retrieved from Genbank 

using the indicated file names: Tomato, gb_pl:tomhsc270; yeast, gb_pl:yscssal; 

human cytoplasmic, gb_pr:humhsp70; tobacco ER, gb_pl:tobblp4; human ER, 

gb_pr:humgrp78; pea plastid, gb_pl:pea70hsp; pea mitochondrial, gb_pl:peaphspl; E, 

coli, gb_ba:ecodnak, 
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amplified by PCR as was a 98 nucleotide segment ofPsHSC71.0 (underlined in figure 

5.1). These probes were also designed to be suitable for future in situ hybridization 

experiments. High stringency genomic Southern analysis was performed using 

PsHSP71.2 and PsHSC71.0 cDNA (L. Lauzon personal communication). The 

PsHSP71.2 cDNA reacted with 1-2 bands, and the PsHSC71.0 cDNA reacted with 3-6 

bands. In contrast, Southern analysis using the PsHSC71.0 gene specific probe detected 

one strong band and one weak band in pea genomic Southern analysis (data not shown). 

The PsHSP71.2 and PsHSP71.0 gene specific probes were used in all subsequent 

experiments. Since the sequenced region of PsHSP70b did not contain a segment that 

was a good candidate for a gene specific probe, the 700 nucleotide segment of the cDNA 

corresponding to the 3' end of the clone was used as a probe. The segment of this cDNA 

probe that corresponds to the carboxy terminus of the encoded protein probably would 

not cross-hybridize with the PsHSC71.0 mRNA (81 % nucleotide identity), but the 

possibility that it cross-hybridizes with some other HSP70 family member can not be 

excluded. 

The mRNAs that corresponded to the three HSP70 cDNAs all had distinct 

accumulation patterns in unstressed and heat stressed leaves. The PsHSP71.2 mRNA is 

undetectable in unstressed leaves, but is strongly induced in response to a 400 C heat 

stress (figure 5.4). In contrast, PsHSC71.0 is present in unstressed leaves, and its 

abundance increases approximately 20% in response to heat stress, as determined by ~ 

scanning the nitrocellulose filter. The PsHSP70b expression pattern was intermediate 

between the other two cDNAs, the mRNA is readily detected in unstressed leaves, but the 

amount of RNA increases 16 to 20 fold in response to a 400 C heat stress, as determined 

by ~ scanning the radioactivity on the nitrocellulose filter. 
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C HS C HS C HS 

• _. -, 
PsHSP71.2 PsHSC71.0 PsHSP70b 

Figure 5.4 The PsHSP71.2, PsHSC71.0 and PsHSP70b mRNAs have different 

expression patterns in heat stressed and unstressed leaves. RNA (10 Ilg) from 

unstressed (C) and 400 C heat stressed (HS) leaves were separated on 1.5% agarose 

formaldehyde MOPS gels. The gels were capillary blotted to nitrocellulose and probed 

with a32P-dATP labeled PsHSP71.2 gene specific, PsHSC71.0 gene specific, or 

PsHSP70b cDNA probes. All filters were washed at high stringency and 

autoradiographed as described in chapter 2. 
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HSP70 mRNA Accumulation During Seed Development 

Analysis of RNA from developing pea seeds indicated that there is both organ 

specificity and differential developmental regulation of the PsHSP71.2 mRNA during 

seed development. Total RNA was extracted from cotyledons, axes and seed coats of 

developing peas between 15 and 35 daf, and from mature dry seeds. This time course 

spans the reserve synthesis, maturation, and dehydration phases of seed development 

(chapter 4). There was insufficient tissue from 15 daf and 18 dafaxes for RNA 

extraction. Intact RNA was not recovered from 35 daf and dry seed seed coats, 

presumably due to senescence of this organ. The PsHSP71.2 mRNA is detected in 

cotyledons beginning in the mid-maturation phase and persists in the dry seed, and in 

axes beginning at the late maturation phase and persisting in the dry seed (Figure 5.5). 

The PsHSP71.2 mRNA detected in dry seed cotyledons and axes was only 20% and 

10%, respectively, of the amount detected in 400 C heat stressed leaves. The PsHSP71.2 

mRNA was not detected in the seed coat. Similar results were obtained using a 

PsHSP71.2 cDNA probe for northern analysis ofthree separate developmental time 

courses (data not shown). In addition PsHSP71.2 expression was not detected in the 

pericarp or the subtending leaves associated with each time point in these experiments 

(data not shown). 

Unlike the PsHSP71.2 message, the PsHSC71.0 mRNA is expressed in the 

cotyledons, axes and seed coats throughout seed development, and the amount of 

hybridization does not change substantially in the cotyledons as they mature but declines 

approximately 1.5-fold in the axis during early to mid maturation and approximately 2-to 

3-fold in the seed coat. PsHSC71.0 is 5-fold more abundant in the axes and seed coat 

than in the cotyledons, as determined by p-scanning radioactivity on the filter (figure 

5.6). 
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PsHSP71.2 Northern Analysis 
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Figure 5.5 PsHSP71.2 mRNA is expressed in an organ specific manner in 

developing seeds. RNA (10 Ilg) from cotyledons, axes, and seed coats isolated at the 

indicated stages of development, was separated on 1.5% agarose formaldehyde MOPS 

gels. The gels were capillary blotted to nitrocellulose and hybridized with a 32P-dA TP 

labeled PsHSP71.2 gene specific probe, washed at high stringency, and 

autoradiographed. 
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Figure 5.6 PsHSC71.0 is constitutively expressed in all organs of the developing 

seed. RNA (10 Jlg) from cotyledons, axes, and seed coats isolated at the indicated stages 

of development, was separated on 1.5% agarose fonnaldehyde MOPS gels. The gels 

were capillary blotted to nitrocellulose and hybridized with (l32p-dA TP labeled 

PsHSC71.0 gene specific probe, washed at high stringency and autoradiographed. 
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PsHSP70b expression changes more dramatically as seed development 

progresses. The amount of mRNA detected by the PsHSP70b cDNA probe declines 5-

fold in cotyledons between early maturation and desiccation, and 2-fold and 3-fold in the 

axis and seed coat, respectively, during maturation. Even though this probe might cross 

hybridize with other HSP70 homologues, it is clear from these data that the level of 

expression of at least one HSP70 gene family member declines substantially as seed 

maturation progresses (figure 5.7). 

HSP70·FamiIy Protein Synthesis During Seed Development 

Previous studies describing the synthesis of cytoplasmic HSC70s in tomato 

(Duck et al., 1989) and the synthesis of plastid HSP70s in pea seeds (Domoney et al., 

1991) have focused on mRNA abundance in these systems. Increased synthesis of the 

maize ER-Iocalized HSP70 mRNA and protein is observed infloury-2, defective 

endosperm-B30, and mucronate mutants (Boston et al., 1991). Therefore it was of 

interest to determine if changes in mRNA synthesis during seed development are also 

reflected in changes in the abundance of HSP70 immune-detected protein. Antiserum 

against tomato HSP70 protein (a gift from L. Nover) reacted with pea cytoplasmic 

HSP70s when used at a moderate dilution (1:200). This antiserum also reacted with pea 

chloroplast stromal HSP70 when used at lower dilution (1:80). Antiserum was also 

raised against an amino terminal segment of PsHSP71.2 (described in chapter 2). The 

174 a.a. antigen was selected based upon its conservation with other HSP70 

homologues; it is 72% identical to the tobacco ER-Iocalized HSP70, and 56% identical to 

E. coli DnaK. It contains two 8 a.a. segments that are absolutely conserved between the 

PsHSP71.2, tobacco ER-Iocalized, E. coli, pea plastid and pea mitochondrial HSP70s, 

and three other regions of a similar length that are either strongly conserved or identical 
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Figure 5.7 PsHSP70b mRNA levels decline in maturing cotyledons. RNA (10 ~g) 

from cotyledons, axes, and seed coats isolated at the indicated stages of development, 

was separated on 1.5% agarose formaldehyde MOPS gels. The gels were capillary 

blotted to nitrocellulose and hybridized with a32P-dA TP labeled PsHSP70b cDNA 

probe. The filter was washed at high stringency and autoradiographed. 
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between these proteins. Thus, antiserum against this segment of PsHSP71.2 would 

probably react with HSP70 homologues in other organelles. Both tomato and pea 

HSP70 antisera were used to detect HSP70 protein in these studies. 

Tomato HSP70 antiserum reacts with a broad band at about 70 kDa in SDS

PAGE separated proteins from unstressed leaves as well as an additional, 72 kDa, protein 

in heat stressed leaves (Chen et al., 1990). The appearance of the 72 kDa protein in heat 

stressed leaves corresponds well with the observed expression of the PsHSP71.2 

mRNA. Hybridization-selection, in vitro translation experiments using the PsHSC71.0 

and PsHSP71.2 cDNAs indicate that PsHSP71.2 encodes a 72 kDa polypeptide and that 

PsHSP71.0 encodes a 70 kDa polypeptide(E. Vierling, personal communication). 

Therefore, the 72 kDa band detected by immunobloting is presumably the PsHSP71.2 

gene product, and the 70 kDa band presumably represents the sum of the expression of 

several constitutive HSP70 homologues. In protein samples from developing 

cotyledons, axes and seed coats the tomato antiserum detected a broad, 70kDa band at all 

time points examined (figure 5.8). The antiserum also detected a polypeptide that 

migrated at about 72 kDa in cotyledons beginning at about 25 daf and in the axis 

beginning at 35 daf. The polypeptide co-migrated with the heat induced 72 kDa band in 

leaves. Thus, the 72 kDa band was not detected until 5-7 days after the PsHSP71.2 

mRNA is first detected. Since the protein accumulates gradually in both tissues, the 

PsHSP71.2 translation product is probably too rare to be detected earlier in the 

developing seeds using these methods. As the amount of the 72 kDa protein increases in 

the maturing cotyledons, the amount of 70 kDa protein declines. This change in the 

relative abundance of the two bands has been observed in three independent sets of 

developing cotyledons. These data demonstrate that genes encoding HSP70 proteins are 

developmentally regulated in specific organs during seed maturation. 
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HSP70 Western analysis of developing seed protein detects an abundant 

70 kDa polypeptide and a 72 kDa protein that appears in maturing cotyledons and axes. 

Protein was extracted from developing cotyledons, axes, and seed coats at the indicated 

number of days after flowering using Laemmli sample buffer. Protein samples (6 ~g) 

were separated of 7.5% acrylamide SDS gels and electroblotted to nitrocellulose. The 

blots were reacted with rabbit anti-tomato HSP70 antiserum and visualized using 125I_ 

Protein A and autoradiography. 
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HSP70 Expression During Imbibition and Germination 

Since the abundance of the 72 kDa protein is at its maximum at the end of the 

development time course, i.e. in the dry seed, it was of interest to determine what 

happens to HSP70 expression in the following phase of the plant life cycle. The 72 kDa 

protein persists in both the axes and cotyledons for 72 hr of imbibition (figure 5.9). 

There is little or no change in the relative abundance of the 72 kDa protein in the 

cotyledon as imbibition progresses, but the amount of the 72 kDa protein declines 

somewhat in the axis between 48 and 72 hours after the onset of imbibition. The timing 

of this decline coincides with elongation of the axis following germination (between 36 

and 48 hr dat). Thus, this change in the relative abundance of the 70 kDa and 72 kDa 

bands is probably the result of de-novo synthesis of the 70 kDa protein in the growing 

axis, combined with either dilution or degradation of the 72 kDa protein. 

Analysis of HSP70 Isoforms 

Northern analysis suggested that at least three distinct HSP70 homologues are 

expressed during seed development, but only 2 bands were detected using I-D Western 

analysis. Since the 70 kDa band probably represented the sum of the expression of 

several HSP70 homologues, changes in the relative abundance of different 70 kDa 

HSP70 proteins would be undetectable using one-dimensional Western analysis. 

Therefore, protein samples were separated on 2-D gels, Western blotted and probed with 

pea HSP70 antiserum. The pea antiserum detected the same bands in heat stressed leaf, 

unstressed leaf, and dry seed as the tomato serum, and the pea pre-immune serum did not 

react with any HSP70 proteins (not shown). The antiserum did cross-react with 

ampholites that migrated between 60 and 65 kDa on some of the Western blots, 
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The 72 kDa protein persists in both cotyledons and axes for 3 days after 

the start of imbibition. Mature, dry seeds from plants grown under controlled conditions 

were imbibed for 24, 48, and 72 hr, then protein was extracted from both cotyledons and 

axes. Tissue from 3 individual seeds was homogenized for each time point. Protein 

samples (20 ~g) was electrophoresed on a 7.5% acrylamide-SDS gel, Western blotted 

using tomato-HSP70 antiserum and visualized with 125I-Protein A. 
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particularly the 30 daf seed and the HS leaf. Three 70 kDa polypeptides were detected in 

protein from control leaf (figure 5.lDA, arrows), and three 72 kDa polypeptides were 

induced by heat stress. The same three 70 kDa polypeptides are present in the 20 daf 

cotyledon, and one 72 kDa polypeptide that co-migrates with the most abundant heat 

induced polypeptide is also detected at this time point. The amount of the 72 kDa peptide 

increases in the 30 daf cotyledon and in the dry seed, while the relative amount of all 

three 70 kDa pep tides declines. The number of 72 kDa peptides increases as seed 

development progresses, but it is unclear whether these polypeptides are distinct gene 

products or if they are post-translation ally modified forms of the single protein expressed 

at 20 daf. 

Some of the other immune-detected polypeptides in the seeds and leaves probably 

correspond to the ER-locaIized (Denecke et aI., 1991; Fontes et aI., 1991), chloroplast 

(Marshall et al., 1990; Marshall and Keegstra, 1992), and mitochondrial (Watts et aI., 

1992) HSP70 gene family members. The immune-detected peptide(s) that have a higher 

molecular weight and more acidic isoelectric point than the cytoplasmic HSP70s are more 

abundant in leaf samples than in seeds and are not detected after 20 daf. They are also 

not detected by the tomato HSP70 antiserum when it is used at moderate dilution (1 :200) 

(not shown). The mature form of the chloroplast stromal HSP70 homologue also has a 

lower isoelectric point (4.6) than the cytoplasmic proteins. These observations are 

consistent with this (these) peptides being plastid HSP70 homologues. The immune

detected polypeptides that have a higher molecular weight than the cytoplasmic HSP70s 

and a more alkaline isoelectric point are abundant in both the leaf and seed protein 

samples. The tobacco and maize ER-Iocalized HSP70s both have higher apparent 

molecular weights than the cytoplasmic HSP70s (Denecke et al., 1991; Fontes et al., 

1991) while the pea and Arabidopsis mitochondrial HSP70s have a lower apparent 
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Figure 5.10 The 72 kDa polypeptides expressed in developing seeds co-migrate with 

the heat-induced 72 kDa peptides on 2-D gels. Protein (100 Jlg) from A) 380 C heat 

stressed leaf; B) unstressed leaf; C) 20 daf cotyledons; D) 30 daf cotyledons; and E) dry 

seed cotyledons was separated by 2-D gel electrophoresis. The proteins were 

electroblotted to nitrocellulose and immune-detected using pea HSP71.2 antiserum and 

visualized using an EeL non-radioactive antibody-detection system. Arrowheads 

pointing up mark 70 kDa polypeptides, and arrowheads pointing down mark 72 kDa 

polypeptides. 
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molecular weight (Watts et al., 1992; L. Lauzon, unpublished). In addition, the pea 

HSP70 serum would be more likely to cross-react with the ER-Iocalized proteins than 

with the mitochondrial proteins. Thus, this other group of HSP70 homologues is 

probably localized in the ER. The mitochondrial HSP70s might either be undetected by 

the pea HSP70 serum, co-migrate with the cytoplasmic HSP70s, or be very rare in seed 

tissue. 

DISCUSSION 

Three cytoplasmic HSP70 cDNAs have been cloned from pea and two have been 

thoroughly characterized. One, PsHSP71.2, is not expressed in unstressed leaves, and 

is strongly induced by heat stress. The other, PsHSC71.0, is constitutively expressed in 

leaves and its mRNA level is unaffected by heat stress. They are clearly homologous 

proteins, but they are both more closely related to cytoplasmic HSP70 cDNAs from other 

plants than they are to each other. PsHSP71.2 is most closely related to the soybean 

HSP70 (Roberts and Key, 1991) and PsHSC71.0 is more closely related to the HSP70s 

from petunia (Winter et al., 1988), tomato (Lin et al., 1991), maize (Rochester et al., 

1986), and spinach (Ko et aI., 1992). It is interesting to note that pairwise homology 

comparisons of plant HSP70s group PsHSC71.0 with both constitutively expressed and 

heat-inducible HSP70 homologues. The heat induced HSP70s from petunia and maize 

are more homologous to the constitutively expressed pea protein than they are to the heat

induced protein. Thus, there does not appear to be a strict evolutionary delineation 

between the constitutively expressed and heat induced cytoplasmic HSP70 homologues. 

Two constitutively expressed cytoplasmic HSP70 homologues from pea have 

been identified, and 2-D western analysis identifies the presence of three constitutively 

expressed HSP70 polypeptides in leaves and in cotyledons. Assuming that both of the 
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mRNAs identified in this study are translated, they would account for two of the three 

identified peptides. The third might be either an additional translation product or a post

translationally modified form of the peptide encoded by either PsHSC71.2 or 

PsHSP70b. Low stringency Southern analysis of pea genomic DNA using the 

PsHSC71.0 cDNA as a probe identifies 10 to 12 bands (L. Lauzon, unpublished data). 

The hybridization conditions used were too stringent to allow hybridization to organellar 

HSP70s, so presumably these genes encode cytoplasmic-type HSP70s. 

Three lines of evidence support the assertion that PsHSP71.2 encodes one of the 

72 kDa proteins detected by the HSP70 antiserum. The 72 kDa peptides are expressed in 

response to heat stress in leaves, but are not detected in unstressed leaves, the same 

expression profile as the PsHSP71.2 mRNA. The PsHSP71.2 message is expressed in 

18-20 daf cotyledons, which precedes the detection of the 72 kDa protein on SDS-PAGE 

western blots, but coincides with the stage at which a 72 kDa peptide is first detected 

using 2-D western analysis. Finally, the PsHSP71.2 cDNA hybrid selected translation 

product migrates at 72 kDa (E. Vierling, unpublished data). 

Although it is evident from the hybridization-selection experiments that 

PsHSP71.2 encodes a polypeptide that migrates at approximately 72 kDa, three heat 

induced polypeptides migrate at this apparent molecular weight. Tomato HSP70s are 

phosphorylated in both unstressed and heat stressed cell suspension cultures, and 

methylated in heat stress cell cultures (Nover and Scharf, 1984). There are also reports 

that mammalian, Drosophila, and Dictyostelium HSP70s are phosphorylated and / or 

methylated (Lindquist and Craig, 1988). Thus, it is possible that some of the 72kDa 

polypeptides represent post-translationally modified isoforms of the PsHSP71.2 gene 

product. The number of distinct 72 kDa polypeptides in cotyledons increases as 

development progresses. Most of the additional polypeptides have more acidic isoelectric 



117 

points than the polypeptide detected in the 20 daf seed samples, and therefore might be 

increasingly phosphorylated fonns of a single 72 kDa translation product 

The three HSP70 family members identified in this study have distinct expression 

profIles both in response to heat stress and during seed maturation. The abundance of 

PsHSC71.0 mRNA does not change in vegetative tissue in response to heat stress, and 

its mRNA levels do not change significantly during seed maturation (figure 5.11). 

PsHSP71.2 is expressed in vegetative tissues only in response to heat stress, and is also 

induced during seed maturation. In contrast, PsHSP70b mRNA levels increase several 

fold in vegetative tissues in response to heat stress, but decline in both axes and 

cotyledons during seed maturation. Thus, there does not appear to be a strict correlation 

between heat inducibility and developmental induction. 

The PsHSP71.2 mRNA is induced both in response to heat stress and during 

seed maturation, as is the protein tentatively identified as its gene product. Both of these 

conditions are characterized by very strong expression of a limited set of gene products, 

i.e. HSPs in response to heat stress and seed storage proteins during seed maturation. 

Cytoplasmic HSP70s interact with newly translated proteins and HSP70s are also 

hypothesized to be involved in initiating HSP transcription in response to heat stress 

(Beckmann et aI., 1990; Abravaya et aI., 1992). Thus, the PsHSP71.2 translation 

product might facilitate transcription or translation of abundant proteins in the cotyledons. 

PsHSP71.2 is induced in axes several days after its induction in cotyledons. This might 

reflect later induction of storage reserves in axes than in cotyledons. 

All three of the constitutively expressed 70 kDa proteins persist in the cotyledon 

through seed maturation and desiccation. This observation was somewhat unexpected 

since the PsHSP70b mRNA declines 4-5 fold during this period, and this message 

presumably encodes one of the three observed polypeptides. One possible explanation 
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Figure 5.11 Diagrammatic representation of expression of pea cytoplasmic HSP70 

mRNAs during seed maturation. Lines indicate the stages during which the indicated 

messages are detected by RNA blot hybridization analysis, and arrowheads indicate that 

the mRNA persists in the dry seed. Bold-face lines indicate stronger hybridization and 

lighter lines indicate weak hybridization. The stages of seed development are indicated at 

the bottom of the diagram. Cotyledon samples that were analyzed were no younger than 

13 daf, and axis samples no younger than 18 daf. 
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for this discrepancy is that the PsHSP70b gene product is stable, so that protein 

synthesized during mid-maturation persists in the dry seed. This type of expression 

pattern is obsetved in maize ER-Iocalized HSP70s during endosperm maturation (Boston 

et aI., 1991). Alternatively, the obsetved amount of protein could be efficiently translated 

from the message obsetved in late maturation. These possibilities are not mutually 

exclusive. 

The timing and organ specificity ofPsHSP71.2 expression in developing seeds is 

similar to that of the developmentally regulated sHSPs in pea (chapter 4). Like both 

classes of sHSPs, PsHSP71.2 accumulates in cotyledons starting at 18 daf, and the 

abundance of its mRNA increases more than two-fold between 20 and 25 daf. The 

transcripts remain abundant in dry seeds, as observed for the sHSPs. Furthermore, both 

the 72 kDa immune-detected protein and the sHSPs persist in the cotyledon past 

germination. In the axes however, induction of the PsHSP71.2 transcript at 30 daf is 

stronger than the induction of both of the sHSP transcripts. Even so, the parallel 

expression of the two families of HSPs in cotyledons suggests that expression of these 

genes might be controlled by the same transcription factors. 

The amount of HSP70 immune-detected protein in the cotyledon declines 4 to 5 

fold between 18 and 35 dafrelative to the total protein in cotyledons. However, since 

seed storage proteins sequestered in protein bodies account for most of the protein in 

mature pea seeds (reviewed in Larkins, 1981), the amount of HSP70 immune-detected 

protein in developing seeds does not appear to change substantially relative to the amount 

of non-storage protein. 

Developmental and organ specific regulation of HSP70 homologues has been 

described in other plants as outlined in chapter 1. The mRNA abundance of all three 

characterized Chlamydomonas cytoplasmic HSP70s increases 10 to 20-fold within one hr 
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when dark grown cultures are illuminated, then slowly returns to steady state levels (von 

Gromoff et al., 1989). This induction might reflect an increased requirement for HSP70s 

that facilitate protein import into chloroplasts, or some other activity that is increased in 

photosynthesizing cultures. Duck et al. (1989) used in situ hybridization to examine the 

expression of a tomato HSC70 mRNA in reproductive organs. This mRNA is expressed 

in the transmitting tissue, in the vascular system of the style and the receptacle, and in the 

interior layer of the integument of the developing seed. It is also detected in the embryo 

as maturation progresses. This pattern of constitutive expression in the integument (seed 

coat) and induction during late maturation in the embryo is distinct from all three of the 

HSP70 genes I examined in pea. There are three possible explanations for this difference 

between pea and tomato. A pea mRNA might exist that is expressed in this manner, but 

that was not characterized in this study. The tomato cDNA probe used for the in situ 

analysis hybridized to multiple bands on high stringency genomic Southern blots, so this 

probe might hybridize to multiple mRNAs, one in the integument and one in the embryo. 

Or, developmental regulation of HSP70s might genuinely differ between pea and tomato. 

A HSP70 protein has also been identified that is very abundant in the cytoplasm 

of mung bean cotyledons, and disappears from both the cotyledon and hypocotyl of the 

seedling as germination progresses (Wang and Lin, 1993). This protein co-migrates with 

HSP70 proteins in heat stressed seedlings, and therefore its regulation might be 

analogous to PsHSP71.2. HSP70 proteins from mung bean cytosol migrate as a single 

band on SDS-PAGE gels, while I immune-detected two bands that migrated at 70 and 72 

kDa respectively in the soluble protein extracted using SDS sample buffer. SDS buffer 

would extract a broader spectrum of HSP70 homologues, including those in the nucleus 

and HSP70 proteins associated with organelles, than would be extracted from the 

cytosol. Thus the discrepancy in the number of proteins detected using these two 
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extraction procedures might reflect both the distribution of HSP70s within the cell and 

inherent differences in the HSP70 populations of pea and mung bean. 

Examples of HSP70 genes being expressed only in a single organ or 

developmental phase have been previously documented. A HSP70 protein that is 

normally expressed only in response to heat stress is expressed in skeletal muscle of both 

cow (Guerriero et al., 1989) and mouse (Locke et aI., 1991) as determined by co

migration on 2-D gels and by western analysis. Two distinct HSP70 homologues have 

been identified that are expressed only in mouse testes (reviewed in Nover, 1991) one, 

hsc71, is expressed during pachytene and the other, 73T, during prophase I of meiosis. 

hsc71 is immune-detected at the middle piece of the mature spermatozoa, but is not 

detected along the length of the flagellum or in the head of the spermatid (Maekawa et aI., 

1989). Even though this protein does not encode a mitochondrial targeting sequence 

(Matsumoto and Fujimoto, 1990), its exclusive targeting to the region of the spermatozoa 

that contains mitochondria suggests that it might interact with this organelle. The 

evolutionary advantage of expressing HSP70 homologues exclusively in a given organ is 

unclear. 
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HSP induction in heat stressed plants is correlated with the acquisition of 

thennotolerance, but the molecular basis of thennotolerance is unknown. Presumably 

the function of HSPs is similar in developing embryos and in heat-stressed tissue. 

Therefore comparing HSP accumulation profiles in heat stressed leaves and in 

developing seeds might facilitate understanding the biochemical function of these 

proteins. 

There is substantial homology between the four classes of plant sHSPs, 

suggesting they could have similar functions in their respective cellular compartments. 

Proposed functions of the sHSPs include: sequestering mRNAs during heat-stress 

(Nover et aI., 1989), interacting with and stabilizing membranes (Lin et al., 1984), and 

maintaining protein confonnation during heat-stress as a type of molecular chaperone 

(Helm et al., 1993; Horwitz, 1992; Merck et aI., 1993). The hypothesis that sHSPs 

sequester mRNAs seems unlikely, based upon the targeting of one class of sHSPs to 

the ER, which doesn't contain RNA (Helm et al., 1993). Some sHSPs tend to co

fractionate with, and adhere to, cellular membranes (LaFayette and Travis, 1990). 

Therefore it is possible that sHSPs are required to stabilize or maintain the integrity of 

cellular membranes both in response to heat-stress and during desiccation or re

hydration. The third hypothesis is, that like some other families of HSPs, the sHSPs 

might be molecular chaperones. The alpha-crystallin proteins in the mammalian eye 

lens are believed to be homologues of sHSPs, and there is evidence that they prevent 

aggregation of denatured proteins in vitro (Horwitz, 1992). Mouse sHSP (hsp25) is 
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capable of specifically associating with alpha-crystallins and both classes of proteins 

have similar secondary and quarternary structures. Like the alpha-crystallins, hsp25 

prevents aggregation of other proteins in vitro (Merck et al., 1993). By analogy, plant 

sHSPs might prevent non-specific aggregation of cytoplasmic proteins in developing 

and / or imbibing seeds and in heat stressed tissue. 

The ER-Iocalized sHSP is not expressed under non-stress conditions during 

seed maturation. The ER has a central role in accumulation of seed storage protein and 

in lipid biosynthesis. If the sHSPs help maintain the integrity of membranes this 

activity would be expected to be present in the ER. The lack of sHSPs in the ER of 

maturing seeds is consistent with the hypothesis that sHSPs prevent aggregation of 

other proteins. Unlike cytoplasmic proteins, seed storage proteins coalesce into protein 

bodies, so sHSP expression in this organelle might be counterproductive, i.e. prevent 

assembly of storage protein monomers into mature particles. 

Another interesting aspect of sHSP accumulation in developing seeds is the 

developmental regulation of only a subset of these proteins. Eight class I polypeptides 

are induced in heat stressed leaves but only five of these accumulate during 

development in seeds. Likewise, only three of the four class II sHSPs are 

developmentally regulated. Both the class I and class II proteins form oligomeric 

particles in heat stressed tissue and in developing seeds, but there is a slight difference 

in the particle size in heat stressed tissue and mature seeds (Ken Helm, unpublished 

data). Presumably this size difference reflects a different composition of the particles 

that assemble from these sets of proteins. If the sHSPs do indeed interact with some 

other component of cells in which they are expressed, the difference in particle 

composition could reflect preferential interaction with a particular substrate or more 

efficient action under conditions present in the seed. For example, if sHSPs prevent 
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denaturation and aggregation of other proteins, some members of the class I sHSP gene 

family might operate more efficiently in the environment of the developing, desiccating 

and / or genninating seed than other members of the gene family. This could translate 

to a functional, and therefore selective, advantage to expressing only a subset of the 

sHSPs in developing seeds. 

It is interesting to speculate on the potential advantage of expressing the 

PsHSP71.2 gene product in the developing seed. PsHSP71.2 is expressed in vegetative 

tissues only in response to heat stress. Its amino acid sequence is 86% identical to the 

constitutively expressed PsHSC71.0 protein. Some possible explanations for the 

differential accumulation of some cytoplasmic HSP70s is that certain family members 

may interact with some substrates more efficiently than others, be more (or less) 

efficiently targeted to the nucleus, have different ATP hydrolysis kinetics, or interact 

more efficiently with other components of organelle targeting systems. Any of these 

properties could render some HSP70 homologues better adapted to specific 

developmental or environmental conditions. 

HSP70 proteins are distributed throughout the cytoplasm of unstressed cells, but 

most of the protein migrates to the nucleus and nucleolus in response to heat stress 

(Neumann et aI., 1987). One documented function of HSP70s in the nucleus is 

modulating activity of the human heat shock transcription factor, HSFI (Abrvaya et al., 

1992). There is evidence that in unstressed cells, HSP70 acts as a negative regulator of 

HSFI activity by sequestering HSFI monomers, HSP70 then releases HSFI in response 

to heat stress, allowing trimerization and hence activation of HSFI. Although HSP70 

does not associate with the one other transcription factor examined by Abrvaya et al., it is 

conceivable that HSP70s do act as negative regulators of other transcription factors in the 
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cell. Thus, one possible function of the PsHSP71.2 gene product in developing seeds is 

modulating transcription of other mRNAs at specific stages of seed development 

In yeast, clathrin vesicle uncoating is executed much more efficiently by the SSA2 

HSP70 homologue than by the SSAI homologue, even though their protein sequences 

are 97% identical (Gao et al., 1992). This 3% difference in the a.a. sequence is 

distributed throughout the protein coding region, but appears to confer distinct 

biochemical properties on these proteins. Changes between the a.a. sequences of 

PsHSP71.2 and PsHSC71.0 might be responsible for an alteration of their biochemical 

properties. There are two a.a. substitutions in the 18 a.a. putative nuclear targeting 

domain (Dang and Lee, 1989) (a.a 250-268 of PsHSP71.2) between PsHSP71.2 and 

PsHSC71.0. This domain is similar to typical nuclear and nucleolar targeting domains 

that encode several basic residues flanked by hydrophobic residues (Garcia-Bustos et aI., 

1991). Both substitutions are conservative, replacing arginine 251 of PsHSP71.2 with 

lysine, and alanine 263 of PsHSP71.2 with proline, in PsHSP71.2 compared to 

PsHSC71.0. Since proline is found in nuclear targeting domains somewhat more 

frequently than alanine, this substitution could alter the efficiency of nuclear and or 

nucleolar targeting of either PsHSP71.2 or PsHSC71.0. It is interesting to note that the 

soybean HSP70, which is the only other plant cytoplasmic HSP70 that encodes alanine at 

a.a. 263, is also strongly heat induced (Roberts and Key, 1991). The putative 

calmodulin binding domain of the mouse HSC70 is located between a.a. 263 and 282 of 

the pea proteins, and overlaps the nuclear targeting domain. Residue 263 discussed 

above, is a lysine in the mouse protein, this change could reflect a difference in the 

calmodulin binding activity in addition to the nuclear targeting of these two proteins. 

There are also 17 a.a. changes in the putative peptide binding domain which is 

located between a.a. 392 and 562 of PsHSP71.2 (Rippmann et al., 1991). Seven of the 
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changes are conservative replacements, eight are semi-conservative, and two are non

conservative. The bovine ER localized HSP70 binds preferentially to peptides that 

contain hydrophobic residues (Flynn et al., 1991), but no data are available on peptide 

binding preferences of cytoplasmic HSP70s. The peptide binding domain of HSP70s 

appears to be homologous to the peptide binding domain of the MHC I proteins of 

vertebrate immune systems (Rippmann et aI., 1991). MHC I proteins bind to peptide 

segments, and then present these peptides to other cells of the immune system. The 

MHC I proteins are very polymorphic, and changes in the peptide binding specificity of 

MHC I alleles are correlated with changes in residues that interact with the bound peptide 

(Bjorkman and Parham, 1990). Thus, changes in the a.a. composition of the peptide 

binding domain between HSP70 homologues might alter the binding specificity of 

individual HSP70 proteins. 

Regulation of HSP Expression During Seed Maturation 

Heat-stress induces the synthesis of additional sHSPs in developing seeds. 

This heat-induced expression is presumably mediated through heat shock element 

transcription factor binding sites (Sorger 1991 and references therein). Plants encode 

several heat shock transcription factors (Scharf et aI., 1990) that bind to conserved heat 

shock elements found in the promoters of all HSPs characterized to date. Two modes 

of developmental regulation of HSPs have been described in other organisms. In 

Drosophila, promoter elements that are required for hsp22 induction in response to 

ecdysterone are distinct from the heat shock elements (Rudolph et al., 1991). While 

hemin induced synthesis of HSPs in human erythroleukemia cells appears to be 

transcriptionally controlled by a heat shock factor, HSF2, binding to a canonical heat 

shock element (Sistonen et aI., 1992). Like HSP induction during seed maturation, 



128 

hemin induced HSP synthesis differs qualitatively from heat induced HSP synthesis, 

controlled by another heat shock factor, HSFI. Thus, developmental control of HSP 

expression during pea seed maturation may be controlled by a distinct plant HSF or by 

some other transcription factor. 

Future Directions 

Identifying tissues of the developing seed in which sHSPs and cytoplasmic 

HSP70s accumulate would better define their expression patterns. Both the cotyledon 

and the axis are comprised of distinct cell and tissue layers, so identifying the cell types 

in which HSPs are expressed might eliminate some of the possible substrates for HSP 

action. The sHSP cDNA probes do not hybridize to any other mRNA species in either 

cotyledons or axes, so they would be suitable for in situ hybridization analysis. 

Likewise, the PsHSP71.2 and PsHSC71.0 gene specific probes were designed to be 

suitable as in situ hybridization probes. These experiments would indicate whether 

both classes of cytoplasmic sHSPs and PsHSP71.2 are expressed in the same tissues, 

and therefore would provide correlative evidence suggesting whether or not these HSPs 

are coordinately expressed in maturing seeds. 

I have examined steady state levels of HSP mRNA and protein accumulation at 

several time points during seed maturation and imbibition. HSP synthesis in response 

to heat stress is initiated by a relatively short pulse of transcription and the mRNA 

remains abundant for several hours or until the stress is relieved. In contrast, sHSP 

accumulation in carrot somatic embryos is controlled primarily at the translational level 

(Apuya and Zimmennan, 1992). Run off transcription assays and polysome loading 

analysis would establish whether developmental control of HSP synthesis in seeds is 
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more similar to HSP induction in response to heat stress or HSP mRNA accumulation 

in somatic embryos. 

It would also be interesting to examine further the temporal regulation of HSP 

synthesis in maturing seeds. At some point during maturation, seeds acquire the ability 

to withstand desiccation and genninate under appropriate conditions (Dasgupta et al., 

1982). Desiccation and germination experiments conducted in conjunction with 

immunoblot quantitation of sHSP abundance would detennine if there is a correlation 

between the ability of seeds to sUlvive desiccation and accumulation of HSPs. If there 

is a strong correlation between these events, this relationship could be probed further 

using transgenic plants. These experiments would require plants transformed with 

class I and class IT sHSP constructs and with PsHSP71.2 constructs in both the sense 

and the antisense orientations under the control of an inducable promoter. If HSPs are 

required for seeds to survive desiccation, blocking the synthesis of some or all of the 

HSPs would erase the seeds' ability to withstand desiccation. If blocking the synthesis 

of single classes of sHSPs or PsHSP71.2 does not alter the seeds' ability to survive 

desiccation, then plants expressing different antisense constructs could be crossed and 

their progeny tested. Likewise, precocious synthesis of HSPs might confer the ability 

to withstand desiccation at an earlier stage of development than observed in wild type 

plants. 

The relationship between the three HSP70 cDNAs described in chapter 5 and 

the multiple polypeptides immune-detected on a 2-D gel could be characterized more 

thoroughly using hybrid arrest translation to determine which polypeptide is encoded 

by each of the cDNAs. Likewise, phosphatase and methylase treatments would test the 

possibility that some of the observed 72 kDa polypeptides are post-translationally 

modified variants of the PsHSP71.2 translation product. In addition to identifying 
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polypeptides whose mRNA levels change during seed maturation, this analysis would 

more firmly establish how many discrete HSP70 proteins are expressed during seed 

maturation, and might suggest which of these proteins are post-translationally 

modified. 

The possibility that the cytoplasmic HSP70s interact with different substrates 

within the cell could be examined. These experiments would require antisera that are 

specific for each of the HSP70 gene products possibly raised against the divergent 

region near the carboxy terminus of each protein (e.g. a.a. 625 - 637 of PsHSP71.2). 

Immune-localization experiments would determine if any of the HSP70 family 

members preferentially associate with a particular organelle, e.g. the nucleus, RER 

(facilitating translation), plasma membrane (uncoating clathrin coated vesicles), or 

cytoskeleton (J3-intemexin homologue). These antisera might also be suitable for co

immune precipitation to determine if some proteins preferentially associate with a 

specific HSP70 family member. Identifying preferential substrates of HSP70 gene 

family members would begin to address the biochemical role of the different HSP70 

family members during seed maturation. 
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