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ABSTRACT 

The goal of this dissertation is to provide information critical for 

understanding the function of the major chloroplast LMW HSP. The results of 

this research show that the production of a nuclear-encoded, chloroplast LMW 

HSP is a highly conserved event in the plant HS response, and that the HSP 

itself is highly homologous in divergent plant species. 

Three major conserved regions were identified in the chloroplast LMW 

HSP. The carboxyl-terminal HS domain of the chloroplast LMW HSP is also 

found in cytoplasmic LMW HSPs and identifies it as a member of the 

superfamily of eukaryotic LMW HSPs. The amino-terminal region is unique to 

the chloroplast LMW HSP and is capable of forming a Met-rich amphipathic a-

helix. 

The chloroplast LMW HSP can not be detected at normal growth 

temperatures, but accumulates dramatically in both leaves and roots during HS. 

The chloroplast LMW HSP is a stable protein with a half-life of approximately 52 

h. In the chloroplast, the majority of PsHSP21 is localized in the soluble protein 

fraction. In its native state, PsHSP21 exists in a 200 kDa particle as is observed 

for cytoplasmic LMW HSPs. However, unlike the cytoplasmic LMW HSPs, the 

PsHSP21-containing particles do not aggregate into heat shock granules even 

under severe, abrupt HS conditions. The formation of the PsHSP21-containing 

particle can be replicated in isolated chloroplasts, but the chloroplasts must be 

from heat stressed plants. 

The protein sequence homology and the similar native structure of the 

LMW cytoplasmic and chloroplast HSPs suggests they perform similar functions 
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in different cellular compartments. I propose that the 200 kDa particle is the 

functional form of PsHSP21. Furthermore, the chloroplast LMW HSP performs 

functions in all types of plastids similar to those of the cytoplasmic LMW HSPs, 

but with unique substrates within the special environment of plastids. 

This study provides the first information regarding the expression and 

structure of the chloroplast LMW HSP. Since the chloroplast contains only a 

single major LMW HSP, this study also provides the basis for developing a 

simple model system for studies of the function of all members of the ubiquitous 

LMW HSP family. 
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CHAPTER ONE 

INTRODUCTION 

Heat shock response 

When organisms are exposed to high temperature stress, they respond 

by performing a complex, but transient reprogramming of cellular activities 

called the heat shock (HS) response. The HS response is characterized by : a) 

a decline in normal protein synthesis, b) the induction of synthesis of a new set 

of mRNAs called HS mRNAs, c) high level accumulation of a group of proteins 

designated as heat shock proteins (HSPs), and d) the development of 

thermotolerance to otherwise lethal temperatures (Nover 1991 ; Vierling 1991; 

Lindquist and Craig 1988; Ang et at 1991, for review). 

The HS response was first discovered in 1962 by Ritossa (Ritossa 1962). 

He observed that when Drosophila melanogasterwas shifted from 20 to 370 C, 

its polytene chromosome puffing pattern was dramatically changed: preexisting 

puffs, which were later identified as active sites of RNA synthesis, regressed, 

and several new puffs appeared at different loci. In 1974, the induction of a 

new set of proteins in salivary glands of Drosophila upon heat shock was 

reported (Tissieres et at). Since then, the HS response has been observed in a 

variety of other organisms including archeabacteria, eubacteria, fungi, plants 

and animals (Lindquist and Craig 1988; Nover 1991; Vierling 1991). In fact, this 

is a universal response. It has been found in every organism examined. In 

addition to the evolutionary conservation of the response itself, it is known that 
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the molecular mechanism of gene regulation by HS is highly conserved in 

eukaryotes (Nover 1991). Furthermore, HSPs themselves are widely 

conserved among eukaryotes, and proteins homologous to several classes of 

major HSPs have also been identified in prokaryotes as well (Nover 1991 ; 

Vierling 1991; Lindquist and Craig 1988). The conservation of the HS response 

through evolution attests that HSPs play an essential role for the cell in 

response to hyperthermic stress. 

The HS response is induced at very different temperatures in different 

organisms. The induction temperature is in direct correlation with the 

temperatures of each species' natural environment (Lindquist 1980; Li and 

Laszlo 1985; Daniels et al. 1984; Kimpel and Key 1985). Generally, 

temperatures five or more degrees above the normal growth temperatures of a 

organism will induce the HS response (Nagao et al. 1986). In addition to heat, 

amino acid analogues, anoxia, arsenite, calcium ionophores, ethanol, heavy 

metals, inhibitors of oxidative phosphorylation, glucose starvation, and a 

number of other chemicals and treatments also induce the synthesis of 

HSPs(Nover 1991; Lindquist and Craig 1988 for review). Therefore, HSPs are 

also referred to as "stress proteins". However, since the effective inducers vary 

significantly from organism to organism, HSPs are not synthesized in response 

to any general stress but to specific changes which are not common to all 

stresses. Moreover, although HSPs are characterized by their increased 

expression during HS, HSPs themselves or their highly homologous relatives, 

called HSP cognates (HSC), are present in all organisms at normal 

temperatures, being expressed either constitutively, or under cell cycle or 

developmental control (Bond and Schlesinger 1987; Vierling 1991; Lindquist 
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and Craig 1988). This latter finding indicates that HSPs serve vital functions in 

basic cellular activities in non-HS conditions, as well as during HS. 

The most important step controlling HSP expression is gene 

transcription. A cis-acting DNA sequence necessary for regulating HS gene 

transcription was first described in mammalian cells, and later has been found 

in all eukaryotic heat shock genes, including genes from yeast, humans, and 

plants (Pelham 1985; Kingston 1990). This sequence, which is termed the heat 

shock element (HSE), is an inverted repeat of the 5-nucleotide base pairs, -

nGMn-, (-CTnGAAnnTTCnAG-) which is localized 80 to 150 base pairs 

upstream of the start site of RNA transcription (Perisic et al. 1990). In addition to 

the HSE, other regulatory elements are required for the maximal level of HS

induction, or for the activation of these genes in response to other physiological 

signals. 

Another essential factor is the corresponding HSE-specific DNA binding 

protein called heat shock factor (HSF). HSF has been isolated from yeast, 

Drosophila, mammalian and plant cells, and has been cloned from yeast, 

tomato, and human (Scharf et al. 1990; Sorger and Pelham 1988; Sridhar et al. 

1991; Wiederrecht et al. 1988). HSF is a constitutive protein, which undergoes 

a HS-induced transition in its activity. In yeast, HSF binds to the HSE under 

non-stress conditions, however, its state of phosphorylation changes with 

increasing temperature, which is hypothesized to activate the factor (Sorger and 

Pelham 1988). In Drosophila and mammals, the HSF does not bind to the DNA 

at normal temperatures, but does so after HS, correlated with the 

phosphorylation of the factor (Larson et al. 1988). In tomato, three classes of 

HSF genes have been cloned. One class is constitutive, resembling the HSF 
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genes in other eukaryotes. However, the other two classes are heat inducible 

indicating a possible cascade of HSFs in plants. Studies of the plant HSF show 

that the structure of its DNA binding domain is similar to that of HSF from other 

eukaryotes (Scharf et al. 1990). 

Translational mechanisms also playa vital role in controlling HSP 

expression. There are cases in which HSP mRNA is present in cells under 

normal conditions, but is translated only after HS (Bienz and Gurdon 1982). 

The mRNAs from HS genes have structures that allow their preferential 

translation in a stressed cell. These unique structural characteristics of most HS 

mRNAs include a lack of introns (lindquist and Craig 1988), a long 5' 

untranslated leader sequences in certain HS mRNAs (Hultmark et al. 1986; 

McGarry and Lindquist 1986; Schoeffl et al. 1989), and regions in the 3'

untranslated segments providing for increased stability (Nover 1991; 

Schlesinger 1990). While HS mRNAs are selectively translated, many mRNAs 

of other proteins are conserved in a nontranslated state, reducing the 

competition for translation of HS mRNAs, and conserving control mRNA for 

rapid recovery after stress (Ballinger and Pardue 1983; Nover et al. 1989). 

The regulation of HSP expression in prokaryotes has been studied in E. 

coli. Unlike eukaryotes, the HS genes in prokaryotes are in a regulon and are 

expressed coordinately (Neidhardt and Van Bogelen 1981; Yamamori and Yura 

1982). Moreover, the HSF in prokaryotes is the product of gene htpR, coding for 

a HS-specific 0" subunit of RNA polymerase. This 0" factor is present at low 

levels under normal growth conditions, but rises quickly after HS (Gross et al. 

1984; Taylor et al. 1984). 
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For both prokaryotes and eukaryotes, how a cell senses a HS is still 

unknown. If the HSF itself is the sensor, its structure must show species

specificity in order to distinguish the widely different, species-specific inducing 

temperatures. This and other interesting questions are still being investigated. 

Heat shock proteins defined 

The major HSPs in eukaryotes can be grouped into five classes by their 

approximate molecular weight in kDa: HSP11 0, HSP90, HSP70, HSP60, and 

low molecular weight HSPs (LMW HSPs) (Vierling 1991). They are proteins 

which can be induced by increased temperature in most major cell types in a 

wide range of organisms. Each class constitutes a gene family consisting of 

closely related protein isoforms and genes encoding sequences regulated by 

different promoters. Members of the HSP90, HSP70, and HSP60 classes have 

also been characterized in E. coli and other prokaryotes (Lindquist and Craig 

1988). For the LMW HSPs, a homologous protein has been found in a 

prokaryotic organism Mycobacterium leprae (Nerland et al. 1988). The HSPs in 

each class are highly conserved among different organisms. In eukaryotes, 

HSPs from the same class can be found in multiple cellular compartments, for 

example, the HSP70 and LMW HSP class members are found to be localized in 

the cytoplasm, endoplasmic reticulum (ER), and chloroplasts, and HSP70 is 

also found in mitochondria (Amir-Shapira et al. 1990; Craig et al. 1989; 

Marshall et al. 1990; Mizzen et al. 1989). In addition to the above major classes 

of HSPs, ubiquitin, a small protein which participates in intracellular protein 

degradation, is also considered a HSP. 
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HSP70, HSP60, HSP90, and HSP110 

The HSP70 genes are the best example of a HSP family whose 

expression, structure, and function have been thoroughly studied in many 

organisms (Lindquist and Craig 1988; Nover 1991). HSP70s are members of 

mUlti-gene families consisting of heat inducible HSP70 genes and related 

constitutively expressed HSC70 genes. For example, Saccharomyces 

cerevisiae has eight HSP70 genes which belong to four complementation 

groups; and there are potentially 12 HSP70 genes in Arabidopsis (Craig 1990; 

Wu et al. 1988). In eukaryotes, HSP70s are present in different cellular 

compartments including the cytoplasm, ER, mitochondria, and chloroplasts of 

plants (Craig 1990; Wu et al. 1988). During HS, HSP70 can also be found in 

the nucleolus (Lindquist 1986). Analysis of HSP70 expression showed that one 

or more forms of HSP70 are usually produced constitutively in the cell. During 

HS, in addition to the elevated expression of the same proteins, new HSP70s 

are also induced (Nover 1991). For some HSP70s, their gene expression is 

also tissue specific, or under developmental control (Duck et al. 1989; 

DeRocher et al. 1990). For instance, a tomato HSP70 cDNA is expressed 

constitutively, but its mRNA can only be detected in the vascular system of the 

ovary, the integument of developing seeds, and the lateral root tips. The 

prokaryotic member of the HSP70 class is the DnaK protein, which is expressed 

at normal growth temperatures and is induced to higher levels at high 

temperature (Georgopoulos et al. 1990). 

Even though the HSP70 class is composed of gene families encoding 

HSPs localized to multiple cellular compartments, the proteins themselves are 

highly conserved among different species. The amino acid sequence identity 
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between HSP70s from plants and other eukaryotes is approximately 70% 

(Vierling 1991). Even the bacterial DnaK proteins are about 50% identical to 

the eukaryotic HSP70s (Nover 1991). 

HSP60s belong to a class of proteins which are nucleus-encoded and 

localized to the semi-autonomous organelles, mitochondria and chloroplasts 

(Hallberg 1990; Hemmingsen et al. 1988). They are abundant components of 

both these organelles even in the absence of heat stress. During high 

temperature stress, the level of mitochondrial HSP60s can be induced two - to 

three - fold in yeast and plants (Prasad and Hallberg 1989). No close 

homologue of HSP60s have been found in any other cellular compartments. 

Recently, an archaebacterial 55 kDa HSP (TF55) and its eukaryotic homologue, 

t-complex polypeptide-1 (TCP1) were found to bind similar substrates and form 

similar native structures as HSP60s (Trent et al. 1991). Therefore, TCP1 is 

speculated to represent a HSP60-like protein in the eukaryotic cytosol. 

However the primary structure of TF55 and TCP1 are not significantly 

homologous to HSP60s. 

The prokaryotic HSP60 homologue is the product of the E. coli GroEL 

gene. Like its eukaryotic counterparts, GroEL is expressed in normal cells and 

is further induced by HS (Georgopoulos et al. 1990; Hemmingsen et al. 1988). 

In its native state, GroEL is a large homo-oligomeric complex (20S) of 14 

subunits (60 kDa) which form two stacked 7-membered rings with hollow cores 

(Hemmingsen et al. 1988). A 20S native structure similar to that of GroEL 

complex has also been found for HSP60s of eukaryotic organelles (McMullin 

and Hallberg 1988; Prasad and Hallberg 1989). 
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The HSP90 class consists of HSPs with molecular weights of 80 to 95 

kDa. HSP90s have been extensively studied in yeast, Drosophila, and 

mammals, and have also been cloned from plants and prokaryotes (Nover 

1991). The E. coli HSP90, the product of gene htpG, is 40% identical to 

eukaryotic HSP90s, and plant HSP90 shows approximately 79% identity to 

HSP90 of other eukaryotes (Lindquist and Craig 1988; Vierling 1991). Most of 

HSP90 is localized in the cytoplasm of the cell. In vertebrates, an additional 

ER-Iocalized homologue has also been described (Lindquist and Criaig 1988). 

HSP90s are abundant proteins at normal temperatures, and show increased 

synthesis under HS conditions. 

HSP110 is a family of eukaryotic proteins whose expression is induced 

by HS (Lindquist and Criaig 1988). In plants, the induction of HSP11 0 by HS is 

more transient than other HSPs (Nagao et al. 1986). The gene for yeast 

HSP110 (ScHSP104) has been isolated. It has been shown that ScHSP104 is 

not essential for growth at normal or high temperatures, but it is required for 

developing thermotolerance in yeast (Sanchez and Lindquist 1990). 

Function of HSP70, HSP60, and HSP90 

The remarkable conservation of the HS response and HSPs through 

evolution clearly indicates that they playa vital role in survival of the organism. 

A long-standing assumption is that HSPs protect sensitive structures of cells 

from heat damage, and help cells to achieve rapid and complete recovery. The 

most convincing evidence that supports the protective function of HSPs is the 

strong correlation between the induction of HSPs and the acquisition of 

thermotolerance. Many studies with widely divergent organisms including 
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bacteria, yeasts, Drosophila, soybean, and mice have shown that a pre-HS 

treatment can render the organisms more resistant to a subsequent stress 

which would otherwise be lethal (Lindquist and Criaig 1988; Nover 1991). 

However, there are circumstances in which the induction of HSPs is not 

required for thermotolerance (Smith and Yaffe 1991). As mentioned earlier, 

HSPs or their homologues are also produced at normal temperatures, 

presumably serving basic functions in cellular activities. The study of these 

functions are providing important clues to their roles during HS. The precise 

mechanism of how HSPs help organisms to survive HS remains to be 

answered. 

HSP70, HSP60 and HSP90 have been classified as proteins designed 

to protect, preserve, or recover the function of various protein complexes by 

facilitating protein folding, protein transport across membranes, assembly of 

oligomeric proteins, and modulation of receptor activities. It is proposed that 

they perform functions through the mechanism of altering or maintaining 

specific polypeptide conformations. Therefore, they are also referred to as 

molecular chaperones: proteins which are required for the proper folding or 

assembly of protein or protein complexes, without being components of the final 

functional protein or protein complex (Nover 1991; Schlesinger 1990; Vierling 

1991 ). 

The study of the function of HSP70 has benefited from genetic analysis in 

Saccharomyces cerevisiae and biochemical studies in other organisms (Craig 

1990; Craig et al. 1989; Normington et al. 1989; Rose et al. 1989). It is now 

generally believed that HSP70s serve functions in assisting ATP-dependent 

protein unfolding/folding, assembly/disassembly, and in preventing protein 
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denaturation or aggregation during HS (Pelham 1990). All HSP70s have baen 

found to bind ATP and to have weak ATPase activity (Flaherty et al. 1990; 

Pelham 1990). Other data which are consistent with this hypothesis are that 

HSC70 can bind to and, in the presence of ATP, dissociate protein complexes 

such as clathrin-coated vesicles, and the DNA replication complex of lambda 

phage (Chappell et al. 1987; Deluca-Flaherty et al. 1990; Rothman 1989). The 

ER-Iocalized HSP70 called SiP (binding protein) was found to complex with 

immunoglobulin heavy chains in the absence of light chains (Munro and 

Pelham 1986). In addition, SiP binds proteins newly imported into the ER and is 

proposed to prevent formation of abnormal protein oligomers, and aid in folding 

a protein into its correct structure (Gething and Sambrook 1990; Pelham 1989). 

In yeast a cytoplasmic HSP70 is required for the import of proteins into the 

mitochondria (Deshaies et al. 1988). These HSP70s are also needed for 

transport of several proteins into other eukaryotic organelles including the ER, 

the chloroplast and the lysosome (Cheng et al. 1989; Chiang et al. 1989; 

Chiroco et al. 1988). It is proposed that HSP70 binds/unfolds the precursor 

polypeptides to keep them in a proper conformation for crOSSing membranes 

(Pelham 1990). The mitochondria-localized HSP70 is believed to perform 

similar functions as the eukaryotic cytoplasmic HSP70 involving protein folding 

or assembly (Georgopoulos et al. 1990). It has been shown to participate in 

protein transport into mitochondria like cytoplasmic HSP70, but from inside of 

the organelle (Kang et al. 1990). 

The function of HSP70 during HS is proposed to be similar to that of the 

constitutive HSP70s, since no significant structural differences between the two 

have been identified (Morimoto et al. 1990). As mentioned earlier, during HS, 
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most of the HSP70 localizes to the nucleus. It has been suggested that HSP70 

binds to proteins that are incompletely folded in the preribosome assembly unit 

to protect them from denaturation (Pelham 1986, 1990). It is believed that the 

HS-induced HSP70 forms complexes with HS-disassociated or denatured 

proteins and facilitates refolding or reassembly in the presence of ATP. 

The molecular mechanism of HSP70 function is not yet fully understood. 

It has been shown that the more highly conserved amino-terminal half of the 

protein is the ATP-binding domain (Flaherty et al. 1990). X-ray crystallography 

studies showed that the structure of this domain is similar to the ATP-binding 

domains of hexokinase and actin (Flaherty et al. 1990; Kabsch et al. 1990). The 

more divergent carboxyl-terminal half of the protein is proposed to be the 

substrate-binding domain (Chappell et al. 1987; Flaherty et al. 1990). 

HSP60 is another class of HSPs which forms complexes with 

polypeptides, has ATPase activity, and is postulated to participate in the folding 

and assembly of polypeptides. Initial studies showed that GroEL, the 

prokaryotic HSP60, was involved in the assembly of lambda phage 

(Georgopoulos et al. 1990). It was discovered later that the GroEL protein 

participates in many cellular processes such as the assembly of a variety of 

oligomeric proteins including those in the histidine and isoleucine biosynthesis 

pathways, and bacterial translocation enzymes (Van Oyk et al 1989). In yeast, a 

mutation in a HSP60 gene strongly affects the proper processing, assembly, 

and localization of many mitochondrial proteins including the ATPase complex, 

the Rieske Fe/S protein and cytochrome 82 (Cheng et al. 1989). It is proposed 

that the tetradecameric complex of HSP60 binds newly imported, unassembled 

proteins and facilitates their folding on the surface of the HSP60 complex in the 
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presence of ATP (Hartl and Neupert 1990; Ostermann et al. 1989). The 

correctly folded proteins will be released with the hydrolysis of another ATP. 

Studies of mitochondrial HSP60 in plants suggest that in addition to assisting 

the folding and assembly of nucleus-encoded, imported proteins, HSP60 may 

also serve similar functions for proteins synthesized inside the mitochondria 

(Prasad et al. 1990). Based on these properties, HSP60s have been referred to 

as chaperonins (Hemmingsen et al. 1988). The finding that the TCP-1 protein 

might represent a new group of cytoplasmic chaperonin (Trent et al. 1991), 

further extends the fundamental importance of HSP60 in protein folding. 

HSP90 has also been found associated with a variety of normal cellular 

proteins including glucocorticoid receptors, several kinases, actin and tubulin 

(Schlesinger 1990). It is proposed that HSP90 maintains glucocorticoid 

receptors and other proteins in a specific conformation necessary for their 

functions (Rothman 1989). 

Chloroplast HSPs 

Like other organisms, all plants species examined, including the green 

alga Chlamydomonas, synthesize HSPs in response to HS (Vierling 1991). As 

discussed earlier, plants share many other characteristics of the HS response 

with other eukaryotes (Nagao et al. 1986; Vierling 1991). However, since plants 

have chloroplasts, one of the unique aspects of the plant HS response is the 

presence of HSP70, HSP60, and LMW HSPs in these organelles (Vierling 

1991). These HSPs are all nucleus-encoded, synthesized as precursors in the 

cytoplasm and post-translationally imported into chloroplasts (Vierling 1991). 
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Chloroplast HSP70s are more homologous to prokaryotic DnaK than to 

eukaryotic cytoplasmic HSP70s (Amir-Shapira et al. 1990). They have been 

identified in chloroplasts of several plants including pea, maize, spinach, 

Arabidopsis, and Euglena (Amir-Shapira et al. 1990; Marshall et al. 1990; 

Vierling 1991). These HSP70s exist in chloroplasts under normal growth 

temperature and show little induction during HS (Marshall et al. 1990). They 

are localized in the stroma of chloroplasts, and by analogy to their mitochondrial 

homologues, they are proposed to assist protein transport into chloroplasts via 

a similar mechanism (Vierling 1991). In addition to the above DnaK 

homologue, two additional eukaryotic HSP70-like homologues have been 

identified in chloroplasts (Marshall et al. 1990). One of them is found in the 

chloroplast stroma, and the other is associated with the envelope. The function 

of these HSPs is still under investigation. 

The HSP60 homologue in chloroplasts is called the ribulose 

bisphosphate carboxylase (Rubisco) binding protein, also known as chloroplast 

chaperonin 60. Like the prokaryotic GroEL and mitochondrial HSP60, it forms a 

high molecular weight oligomeric complex, but is composed of two subunits of 

approximately 61 (a) and 60 kDa (~) (Hemmingsen and Ellis 1986). This 

protein has been shown to be required for assembly of the hexadecameric (16 

subunits) Rubisco holoenzyme (Roy 1989). It is proposed that the chloroplast 

chaperonin 60 oligomer binds the newly synthesized large subunits of Rubisco 

to facilitate the proper folding of the each subunit and holoenzyme assembly. 

Many studies have provided supporting evidence for this hypothesis. These 

include experiments showing that E. coli GroEL facilitates cyanobacterial and 

Rhodospirillum rubrum Rubisco assembly (Goloubinoff et al. 1989). Other than 
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Rubisco, basically no other substrate of chloroplast HSP60 has been 

convincingly identified. Furthermore, although it is known that chloroplast 

HSP60 is abundant in normal chloroplasts, there is very little information 

concerning its expression during HS. Therefore, its function during HS is still 

unclear. 

A LMW HSP is also found in chloroplasts, and was actually the first 

chloroplast-localized HSP identified. It is a nuclear-encoded protein which is 

synthesized in cytoplasm and transported into chloroplasts (Kloppstech et al. 

1985; Vierling et al. 1986). There is only a single major LMW HSP in 

chloroplasts ranging in size from 21 to 24 kDa depending on the plant species 

(Vierling 1991). Chloroplast LMW HSP mRNA cannot be detected at normal 

temperatures, but is strongly induced during HS (Vierling et al. 1986). It has 

been shown that the chloroplast LMW HSP is homologous to other LMW HSPs 

which are more complex in terms of their number of homologues (see below). 

Unlike the three chaperone classes of HSP90, HSP70, and HSP60, the 

function of the LMW HSPs is not understood. The subject of this dissertation is 

to provide information critical for understanding the function of chloroplast LMW 

HSP, which in turn will aid in elucidating the function of LMW HSPs in general. 

In order to do so, it is necessary to summarize what is known about LMW HSPs 

in other cellular compartments and biological systems. 

LMW HSPs 

LMW HSPs range in size from approximately 16 to 40 kDa, and are a 

more divergent group of HSPs than the high molecular weight HSPs (Lindquist 

and Craig, 1988). Great variance is also observed in the number of LMW HSPs 
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between different organisms. Only one LMW HSP has been identified in yeast, 

chicken, and mammals (Nover 1991). Drosophila has four major LMW HSPs 

(Lindquist and Craig 1988). In contrast, LMW HSPs are remarkably complex in 

plants, and generally more than 20 are detected (Nagao et al. 1986; Vierling 

1991). No LMW HSP has been identified in E. coli, although a protein with 

similar characteristics is found in the prokaryote Mycobacterium (Nerland et al. 

1988). Despite the heterogeneity of LMW HSPs, they are evidently related. 

They have similar hydropathy profiles and show limited regions of amino acid 

identity (Lindquist and Craig 1988). LMW HSPs are primarily cytoplasmic 

proteins except in plants (see below). Unlike other classes of HSPs, most LMW 

HSPs are not present at normal temperatures, but are induced during HS 

(Lindquist and Craig 1988). The exception is that LMW HSPs can be detected 

at non-stress temperatures when they are expressed during specific stages of 

development (Lindquist and Craig 1988; Vierling 1991). 

LMW HSPs appear to be particularly important for plants, since they are 

an unusually complex group of proteins in these organisms. All plants produce 

multiple LMW HSPs between 17 and 28 kDa (Vierling 1991). They cannot be 

detected in leaves at normal growth temperature, but are strongly induced by 

HS (Vierling 1991). The genes of these HSPs have been cloned in many plant 

species including soybean, pea, petunia, Arabidopsis, carrot, Chenopodium, 

wheat, maize, lily, and Chlamydomonas (Vierling 1991). Based on the analysis 

of these genes, Vierling (1991) classified the major LMW HSPs into four multi

gene families with two encoding cytoplasmic HSPs (Class I and Class II), one 

family coding for a protein localized to chloroplast, and one family coding for 

proteins found in the endomembrane system. This multiple-compartment 
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cellular distribution is unique to plant LMW HSPs since no organelle-localized 

homologues have been found in other eukaryotes. 

Soybean has been the early model plant from which the majority of LMW 

HSP genes have been cloned and subjected to molecular analysis (Key at al. 

1985). Analysis of soybean LMW HSP genes shows that cytoplasmic Class I 

and II genes are encoded by multigene families. For example, the Class I gene 

family has 10 to 13 different members in this species (Schoffl and Key 1982, 

1983). In contrast, the' chloroplast-localized HSP is encoded by one or two 

genes, and only a single polypeptide has been identified in soybean (Vierling et 

al. 1988). The cloning of homologous HSPs from pea and other plant species 

revealed a similar structure of the gene family (Nagao et al. 1986; Vierling 

1991). While this dissertation was in progress, a LMW HSP previously 

classified as cytoplasmic was determined to be localized in the ER (Helm and 

Vierling 1990). Sequence comparisons of LMW HSPs from different multigene 

families or different plants show that for l.MW HSPs, the homology among 

genes of the same class from different species (68 - 85% identity) is greater 

than that among genes of different families from the same species « 59% 

identity) (Vierling 1991). These data suggest that a duplication of an ancient 

gene gave rise to the different LMW HSP families, and that the duplication 

occurred before the divergence of higher plant species (Vierling 1991). 

As mentioned earlier, the homology between the major plant LMW HSPs 

is only 52% (similarity). Close examination of the sequence comparison data 

indicated that the consensus sequence shared by these HSPs is located in the 

carboxyl-terminal portion of the protein which is also conserved in LMW HSPs 

of other eukaryotes, and has homology to the a.-crystallin A chain lens proteins 
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(Lindquist and Craig 1988; Vierling 1991). Hydropathy analysis indicated that 

this region has a predicted conserved structure in all LMW HSPs and also in the 

a-crystallin proteins (Lindquist and Craig 1988). In vivo, both the LMW HSPs 

and a-crystallins form high molecular weight complexes (Lindquist and Craig 

1988; see below). It has been suggested that the carboxyl-terminal region 

shared by these proteins is required for formation of these protein complexes 

(Ingolia and Craig 1982). 

The complexity and conservation of distinct classes of LMW HSPs, along 

with the localization of LMW HSPs in three plant cell compartments, strongly 

suggest the functional importance of LMW HSPs for the organism. However, 

the function of LMW HSP is still unknown. Physiological studies indicated that 

there is a correlation between expression of LMW HSPs and increased cellular 

thermotolerance, which suggests that these proteins may protect cells from heat 

induced-damage (Kimpel and Key 1985; Lindquist and Craig 1988; Landry et 

al. 1989). However, genetic studies in Saccharomyces cerevisiae have failed 

to provide any evidence for this hypothesis. Deletion, disruption or 

overexpression of the ScHSP26 gene, the only identified LMW HSP in S. 

cerevisiae, did not produce any detectable phenotypic changes in the mutants, 

even under severe HS conditions (Suzek and Lindquist 1989). It has been 

postulated that some unidentified yeast LMW HSPs may exist and compensate 

the function of ScHSP26 in the mutant (Vierling 1991). 

Biochemical studies have also not yet defined a role for LMW HSPs. In 

S.cerevisiae, Drosophila, plants, vertebrates and other eukaryotes, the 

cytoplasmic HSPs are found in 10 - 20S particles which, depending on the HS 

conditions, can reversibly form larger aggregates (> 1 megadalton) called heat 
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shock granules (HSG) (Lindquist and Craig 1988; Nover et al. 1989; Vierling 

1991). The isolation of HSGs has partially resolved controversial data 

regarding the localization of LMW HSPs. The earlier observed nuclear-, 

membrane-, and ribosome-associations of LMW HSPs probably resulted from 

the cosedimentation of HSGs with these different cell fractions (Nover 1991 ; 

Vierling 1991). In Drosophila and vertebrates, LMW HSPs are the primary 

component of HSGs (Arrigo et al. 1988; Collier et al. 1988; Rossi and Lindquist 

1989). However, in addition to LMW HSPs, HSP70, unidentified proteins, and 

mRNAs can also be detected in tomato HSGs (Nover et al. 1989). Nover et al. 

(1989) observed that the mRNAs in the HSGs are mostly control mRNAs, not 

HS mRNAs. 

It is still not clear whether the 10 - 20S particle (called pre-HSG) or the 

HSGs are the active form of LMW HSPs. Since HSG formation only occurs 

when cells, which have already accumulated high levels of HSPs, are severely 

stressed (Neumann et al. 1989), it is possible that HSGs are not the active form 

of LMW HSPs (Vierling 1991). This suggestion is supported by the fact that 

when the LMW HSP genes are expressed during defined developmental 

stages in Drosophila (without HS), only the 10 - 20S particles are formed 

(Arrigo 1987). 

Based on the above data, several different theories have been proposed 

for the function of LMW HSPs. Nover et al. (1989) hypothesized that LMW 

HSPs participate in translational control during HS by protecting and storing 

normal cellular mRNAs in HSGs. Based on their homology with a-crystallins, 

the eye lens structural proteins which also form similar large aggregates, it has 

been proposed that LMW HSPs have a structural role to protect and maintain 
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repair the heat-induced damage. However, recent studies by the same group 

showed that CrHSP22 was not synthesized under the conditions used in their 

previous report (Ish-Shalom et al. 1990). Clearly, considerable further work is 

required to resolve the functional roles of both chloroplast and cytoplasmic 

LMW HSPs. 

Goal and significance 

Understanding the molecular biology and biochemical activities of 

individual LMW HSPs is a necessary first step toward determining the function 

of these HSPs. The major goal of this dissertation is to provide information 

critical for understanding the function of the major chloroplast LMW HSP, which 

will help in elucidating the function of LMW HSPs in general. Molecular cloning 

was employed to isolate and sequence the gene encoding this protein from a 

non-leguminous plant, petunia. Sequence comparison of the petunia 

chloroplast LMW HSP with that of other plants helped to identify protein 

domains with potential functional significance. Biochemical analyses of the 

chloroplast LMW HSP, including the expression, accumulation, stability, and 

localization during and after HS, revealed when and where this protein 

functions. Furthermore, the HSP's native structure and its formation, and its 

dynamic changes during HS have been studied, which suggests a possible 

functional form of the chloroplast LMW HSP. These studies provide the first 

information regarding the structure and expression of this chloroplast LMW 

HSP, which is of importance for elucidating its function for photosynthesis and 

other essential processes of plastids during stress. Since the chloroplast has 

only a single major LMW HSP, this study provides the basis for developing a 
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simple model system for understanding the function of all members of the 

ubiquitous LMW HSP family. In the long term, the chloroplast LMW HSP 

characterized here can also be used to study the mechanisms regulating the 

expression of nuclear-encoded chloroplast proteins. 
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CHAPTER TWO 

MATERIALS AND METHODS 

Plant material and growth conditions. 

Peas (Pisum sativum L. cv. "Little Marvel"), petunia (Petunia hybrida, cv. 

"Mitchell diploid"), Arabidopsis thaliana (Columbia wild type), and maize (Zea 

mays, inbred line B73; Pioneer Hybrid International, Inc.) were grown from 

seeds in a growth chamber on a 220C day/180C night cycle with approximately 

350 ~E m-2 sec-1 and a 16-h photoperiod. Plants were grown in vermiculite 

and watered with 1/4 strength Hoagland's solution. Peas were grown for 8 - 10 

days, maize for 14 days, petunia for 19 days and Arabidopsis for 16 days prior 

to the experiments. 

Heat stress treatments 

The majority of heat stress treatments were performed on intact plants in 

the growth chamber according to the HS regime developed in the laboratory 

(Chen et al. 1991). Briefly, the growth chamber temperature was increased 

gradually (40C/h) from 220C to the desired maximum temperature (34 - 400C), 

maintained at the maximum temperature for 4 h, and then decreased to the 

control temperature (220C) at the same rate. In specific experiments, plants 

were put directly into the growth chamber set at the desired maximum 

temperature and stressed for 2 h (abrupt HS). During stress experiments the 

growth chamber humidity was maintained at saturation with a vaporizer to 

prevent transpirational cooling. Leaf temperature was measured using an 
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infrared thermometer (Everest Interscience) with a measuring field of 0.18 in2 

focused on the second pair of expanded leaves. Root temperature was 

estimated by measuring the temperature of the vermiculite. For experiments 

examining recovery from heat stress, after the stress treatments, plants were 

grown for an additional seven days under the 220e day/180e night regime. 

For mRNA isolation, intact petunia plants were incubated at 400e in a 

shaking water bath for 2 h. Arabidopsis plants were incubated in a 370 e water 

bath for 90 min. As controls in all the experiments, plants were kept at 220e. 

Isolation of cDNA clones 

A petunia cDNA library of heat shock poly(A) RNA in lambda gt1 0 was 

provided by Dr. Jill Winter (Winter et al. 1987). The library was screened at 

reduced stringency using soybean chloroplast hsp22 as a probe as described 

previously (Vierling et al. 1988). As necessary, cDNAs from positive clones 

were subcloned for further characterization. All phage and plasmid 

manipulations were performed by standard procedures (Maniatis et al. 1982). 

RNA Isolation, hybridization-selection, and Northern analysis 

Poly(A) RNA from heat stressed or control leaves and roots of petunia 

was prepared according to Vierling et al. (1988). Hybridization-selection 

reactions were performed as described previously by Gantt and Key (1985). 

Eluted mRNAs were translated in wheat germ extracts. Samples for Northern 

analysis were electrophoresed on 1.5% agarose gels in formaldehyde. The 

RNA was transferred to Nytran membrane (Schleicher & Schue II) and 

hybridized according to Vierling and Key (1985). The cDNA probes were 
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prepared by labelling with [a-32P] dATP (3,000 Ci/mmol; ICN Biomedlcals, Inc.) 

using the random primer method (Feinberg and Vogelstein 1983). 

DNA Isolation and Southern analysis 

Total genomic DNA was isolated as described by Shure et al. (1983). 

DNA was digested with restriction enzymes according to the supplier 

(Boehringer Mannheim Biochemicals), electrophoresed on 0.8% agarose gels 

and blotted on nitrocellulose (Maniatis et al. 1982). Blots were hybridized with 

probes prepared as for Northern analysis. Hybridization and washing was 

performed as for Northern blots. 

In vitro transcription 

Petunia cDNAs containing the AUG translation start codon were cloned 

into SP65 plasmids (Promega). Plasmids containing cDNAs of pea HSP21 

(Vierling et al. 1988), small subunit of ribulose bisphosphate carboxylase, 

ferredoxin, Arabidopsis HSP21, or petunia HSP22 were linearized with 

appropriate restriction enzymes. Transcription of the linearized plasmids was 

performed using SP6 or T7 polymerase as recommended by the supplier 

(Boehringer Mannheim Biochemicals). 

In vitro translation 

In vitro translation of total poly(A) RNA (0.1 Jlg RNAl10 JlI translation) was 

performed with wheat germ extracts in the presence of [35S]-methionine (>1000 

Ci/mmol; Du PontlNEN) at 0.25 JlC i/Jl I of translation mixture. Translation of 

hybrid-selected or in vitro transcribed mRNA was performed similarly as 
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. described by Vierling et al. (1988) with [35S]-methionine at 0.75 IlCi/1l1 of 

translation mixture. Incorporation of the radioactive amino acid into protein was 

measured by a filter paper disk assay (Mans and Novelli, 1960). Translation 

mixtures were either used directly for chloroplast import experiments, native gel 

electrophoresis, and immunoprecipitation, or samples were dissociated for 

SDS-PAGE in gel sample buffer (60 mM Tris-HCI, pH 8.0, 60 mM dithiothreitol, 

2% SDS, 5.0 mM e-aminocaproic acid, 1.0 mM benzamidine, 15% sucrose) by 

boiling for 1 min. 

DNA sequence determination and sequence analysis 

Nucleotide sequences were obtained by the dideoxy-chain termination 

method (Sanger 1977) using a "Sequenase" sequencing kit (US Biochemical 

Corp.) and single-stranded DNA templates. The complete nucleotide sequence 

was determined for both DNA strands. DNA sequence and protein sequence 

analysis, including secondary structure prediction, hydrophobic moment, and 

hydrophobicity analysis, were performed on a VAX computer system using 

software from the University of Wisconsin Genetics Computer Group (Devereux 

et al. 1984). Multiple sequence comparisons were carried out with the 

microcomputer programs of Higgins and Sharp (1988). The computer program 

"Gene wheel" (Intelegenetics) was used to perform helical wheel analysis. 

Isolation of total leaf and root protein 

Total protein samples were prepared from both leaves and roots as 

described previously (Vierling et al. 1989). Briefly, tissue was ground in SDS 

gel sample buffer (60 mM Tris-HCI, pH 8.0, 60 mM dithiothreitol, 2% SDS, 5.0 
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mM e-aminocaproic acid, 1.0 mM benzamidine, 15% sucrose), the samples 

were boiled and insoluble debris removed by centrifugation (5 min, 12,000 g). 

For protein determinations, samples were precipitated with 4 volumes of 100% 

acetone and resuspended in 0.1 N NaOH. Protein content was then 

determined using the BeA protein assay reagent (Pierce Chemical Co., 

Rockford, IL) with bovine serum albumin as a standard. 

In experiments examining the accumulation and stability of PsHSP21 , 

the second pair of expanded leaves from 9 day old peas, or their morphological 

equivalent on subsequent days, were used for all leaf protein samples. Root 

samples were taken from three individual seedlings. Protein samples were 

prepared from the following time points: (a) before the temperature increase, (b) 

when the temperature had increased to half maximum, (c) at the beginning, 

middle and end of the 4 h maximum temperature period (three samples), (d) at 

the midpoint of the temperature decrease, (e) after the plants had returned to 

control temperatures, and (f) once each day during the seven days after the 

stress. 

Determination of total chlorophyll and chlorophyll to protein ratios 

Total chlorophyll (a+b) was measured in 80% acetone extracts according 

to Arnon (1949). Total chlorophyll per mg leaf fresh weight was determined by 

weighing leaves directly after their removal from the plant and then grinding the 

leaves in 80% acetone. Total leaf protein was measured as described above, 

using a known fresh weight of leaf tissue. By this method the leaf chlorophyll to 

protein ratio was determined to be 1.0 mg chlorophyll per 27.6 ± 2.6 (SO) mg 

protein (Table 2.1). Total leaf chlorophyll was also determined by acetone 
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extraction of leaf samples which had been solubilized in gel sample buffer but 

not boiled. Protein was then determined on these samples as described above. 

Both methods gave similar chlorophyll to protein ratios. To determine the total 

chlorophyll per chloroplast, intact chloroplasts were counted using a 

hemacytometer and a known number of chloroplasts were lysed directly in 80% 

acetone. An equal number of chloroplasts were acetone precipitated for protein 

determination. Alternatively, chloroplasts were solubilized in gel sample buffer 

and chlorophyll determined prior to boiling. Total protein was determined in the 

SDS extracts as described above. Both methods gave chlorophyll to protein 

estimates of 1.0 mg chlorophyll per 11.14 ± 1.09 (SD) mg protein (Table 2.1). 

Chloroplast Isolation and fractionation 

Intact pea chloroplasts were isolated on Percoll gradients as described 

by Vierling et al. (1986) and modified by Chen et al. (1990). When using heat 

stressed plants, chloroplasts were isolated either at the end of the 4 h maximal 

temperature (380 C) stress for localization and native structure studies, or 18 h 

after the end of HS regime for import experiments. When indicated, 

chloroplasts were protease treated (100 Ilg ml-1 of thermolysin for 30 min at 

40 C) and intact organelles reisolated by pelleting through 40% Percoll which 

contained a mixture of protease inhibitors: 5.0 mM e-aminocaproic acid, 1.0 mM 

benzamidine, 1.0 mM PMSF, pepstatin A (0.1 mg ml-1) and antipain, aprotinin, 

chymostatin, leupeptin ( each 0.5 Ilg ml-1). Chloroplasts were hypotonically 

lysed in buffer containing 10 mM HEPES, pH 8.0, 1 mM 2-mercaptoethanol, 5 

mM MgCI2, 150 mM NaCI, and the above protease inhibitors (0.5 ml buffer/mg 

chlorophyll). Variations in lysis buffer are detailed in the results. Membranes 
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Table 2.1. Determination of Total Chlorophyll and Chlorophyll 
to Protein Ratios in Pea Leaves 

Leaf protein 1 leaf fro wt . ChI. 1 leaf fro wt . Leaf protein 1 chI. Chlpst. protein 1 chI. ChI. per chlpst. 

(Ilg/mg) (Ilg/mg) (1l911l9) 

69±2.5 2.5±O.09 27.6±2.6 

Results represent the mean ± SO of three separate determinations. 

fro wt. = fresh weight 

chI. = chlorophyll 

chlpst. = chloroplast 

(1l911l9) (pg) 

11.14±1.09 1.04±O.03 

~ 
I\) 



were pelleted for 10 min at 12,000 g and the supernatant removed. The 

membranes were then resuspended in the same buffer and recentrifuged. The 

supernatant was combined with the first supernatant and designated as the 

soluble protein fraction. The membrane fraction was further washed two times 

in 0.5 mM EDTA (20 ml mg-1 chlorophyll) at room temperature for 20 min. The 

pooled EDTA washes comprised the membrane wash fraction. For 

electrophoretic analysis, the soluble and membrane wash fractions were mixed 

with two-fold concentrated gel sample buffer or were concentrated by TCA 

precipitation before resuspension in gel sample buffer. The membrane fraction 

was solubilized directly in gel sample buffer. For native structure studies, the 

soluble protein fraction was loaded directly on sucrose gradients. 

In vitro Import of protein Into chloroplasts 

Protein import into chloroplasts was performed basically according to 

Vierling et al. (1986). Proteins to be imported were transcribed in vitro from the 

cDNAs and translated as described above. Translation products were mixed 

with isolated intact chloroplasts and incubated in the light at 220 C. For 

assembly studies, import was allowed to proceed for up to 23 min (continuous 

import), or import was terminated after 3 min by the addition of nigericin (1IlM) 

(Shavit and Pietro 1967) followed by a post-import incubation period of 3 to 20 

min (see also Fig. 5.3). For localization studies, import was performed for 20 

min without post-import incubation. When indicated, chloroplasts were treated 

with thermolysin (100 Ilg/ml) for 3 to 15 min at room temperature after import. 

Intact chloroplasts were then reisolated and lysed in buffer containing protease 
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inhibitors as for the chloroplast fractionation studies. Membranes were pelleted 

and the soluble proteins were further analyzed. 

Plastid Isolation from pea roots 

Plastid isolation from pea roots was performed essentially as described 

by Oeng and Gruissem (1987). Pea roots were rinsed with 2 volumes of 1 x GM 

( 1 mM sodium pyrophosphate, 50 mM Hepes, pH6.8, 0.33 M sorbitol, 10 mM 

OTT, 1 mM MgCI2 1 mM MnCI2, and 2 mM EOTA), blot dried, and , 

homogenized with a polytron (Kinematica, Switzerland) in 1 X GM at high 

speed for 6 - 8 s. The homogenate was filtered through 4 layers of miracloth, 

and the filtrate was centrifuged at 250 g for 1 min to remove debris. The 

supernatant was centrifuged at 3000 g for 1 min. The pellet was washed in 1 X 

IC (1 mM sodium pyrophosphate, 50 mM Hepes, pH7.9, 0.33 M sorbitol, 10 mM 

OTT). Plastids were then spun down at 3000 g for 1 min and resuspended in 1 

X IC. The presence of plastids in the pellet fraction was confirmed by electron 

microscopy (E. Vierling, unpublished). When needed, the intact plastids was 

treated with thermolysin (100 Ilg ml-1 of thermolysin for 30 min at 40 C) as for 

chloroplasts. Plastids were lysed in SOS gel sample buffer. 

Sucrose gradient centrifugation 

Sucrose gradients (12 ml, 17 to 34% sucrose) containing the same 

components as the chloroplast lysis buffer were used to analyze the native 

structure of PsHSP21. The soluble protein fraction of chloroplasts was loaded 

onto the sucrose gradient and centrifuged at 40 C for 21 h at 40,000 rpm, in a 

SW40 rotor. After centrifugation, gradients were fractionated into 12, 1 ml 
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fractions and proteins in each fraction were analyzed either by SOS-PAGE and 

immunoblotting for in vivo studies, or by SOS-PAGE and fluorography for in 

vitro import studies. 

Polyacrylamide Gel Electrophoresis 

Protein samples from total leaf, root, chloroplast soluble or membrane 

fractions, sucrose gradients or immunoprecipitations were resuspended in SOS 

gel sample buffer and boiled for 1 min. Samples were then subjected to SOS

PAGE in homogeneous gels (12.5 % acrylamide) or gradient gels (10 to 16% 

acrylamide) according to the methods of Laemmli (1970). Native gel 

electrophoresis was performed using the same buffer system as the denaturing 

gels but excluding SOS in all steps. Proteins from the soluble fraction of 

chloroplasts were mixed with 2X native gel sample buffer (excluding SOS from 

2X SOS gel buffer) and applied to native gels with polyacrylamide 

concentrations of 5 to 12.5%. Electrophoresis was carried out at 4oC. 

Following SOS-PAGE or native gel electrophoresis, the gels were either 

Coomassie blue-stained, fixed and exposed to X-ray film, or the proteins were 

transferred to nitrocellulose membrane filters and analyzed by immunoblotting 

(Towbin et aI., 1979). 3sS-Met labelled proteins were quantified by determining 

the radioactivity of protein bands on the dried gels with a Betascope blot 

analyzer (Betagen, MA). 

Immunoblottlng 

Following electrophoresis, protein gels were blotted to nitrocellulose 

(Towbin et aI., 1979). After transfer, blots were stained with 0.2% Ponceau S 
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(Sigma) in H20 to check transfer and to locate MW standards. Nonspecific 

protein binding sites were blocked by incubation in 10 mM Tris-HCI, pH 8.0, 1 

mM EDTA, 0.15 M NaCI, 0.1 % Triton X-100 (low salt buffer) with 5% non-fat dry 

milk for 1 h. Blots were incubated with whole rabbit serum at a 1 :500 dilution in 

low salt buffer with 1 % milk (approximately 1.0 ml solution per 5.0 cm2 

nitrocellulose). Blots were washed 3 times with low salt buffer plus 5% milk and 

then incubated for 1 h in low salt buffer plus 1 % milk containing 1.0 /lCi 1251_ 

Protein A (46.6 /lCi /lg_1; ICN Radiochemicals) for each 150 cm2 nitrocellulose. 

Blots were washed three times with 10 mM Tris-HCI, pH 8.0, 1 mM EDTA, 1.0 M 

NaCI, 0.1 % Triton X-100, dried and exposed to X-ray film using intensifying 

screens. Results from the immunoblot analyses were quantified by aligning the 

nitrocellulose filters with the autoradiograms and excising the 1251-labeled 

bands. Excised portions were counted in a scintillation counter. Background 

levels were estimated by excising an equal sized segment from a non-reacting 

portion of the gel lane. Samples from different immunoblots were normalized 

relative to each other by re-analyzing representative samples from each 

experiment on the same blot. 

Rabbit antiserum against pea chloroplast HSP21 was obtained using a 

fusion protein comprised of the carboxyl-terminal (amino acids 131-232) or 

amino-terminal segment (amino acids 50-102) of PsHSP21 fused to the E. coli 

TrpE protein as the antigen. Characterization of these antibodies has been 

described in detail (Vierling et al. 1989). Unless otherwise indicated, the 

carboxyl-terminal specific antibodies were used in all experiments. Rabbit anti

HSP70 antibodies were a gift from Dr. L. Nover and were produced using 

purified tomato HSP70 as described by Neumann et al. (1987). Rabbit 
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antibodies against spinach chloroplast ATPase and spinach ferredoxin NAOP 

reductase (FNR) were gifts from Dr. A. Jagendorf and Dr. M. Caffrey, 

respectively. 

Immunopreclpltatlon 

Immunoprecipitation from reticulocyte in vitro translation reactions was 

performed according to Anderson and Blobel (1983). Lysates were brought to 

4% SOS, boiled for 1 min, diluted with an equal volume of water and 

subsequently with 4 volumes of 2.5% Triton X-100, 190 mM NaCI, 6 mM EOTA, 

50 mM Tris-HCI pH 7.5, 1.0 mM aminocaproic acid, 5 mM benzamidine. For 

each sample, 10 III of translation mixture was processed and incubated 

overnight with 1.5 III of preimmune or immune serum. Antigen-antibody 

complexes were then recovered with 20 III of Staph A cells (Sigma), washed as 

described (Anderson and Blobel, 1983), and dissociated by boiling for 1 min in 

50 III of gel sample buffer. 

Preparation of antibody-proteIn A column 

The IgG fraction of antibodies against the PsHSP21 carboxyl-terminal 

segment (amino acids 131-232) was mixed with protein A agarose (Bio-Rad) in 

0.1 M borate buffer, pH 8.2, for 30 min at room temperature with gentle shaking 

(5 mg IgG/ ml wet protein A beads). The agarose beads were washed twice 

with 10 volumes of borate buffer, and twice with 5 volumes of 0.2 M 

triethanolamine, pH 8.2. To covalently couple the antibody, the agarose was 

then resuspended in 20 volumes of 40 mM dimethyl pimelimidate 

dihydrochloride (Sigma) freshly made in 0.2 M triethanolamine with the pH 

47 



readjusted to pH 8.2. The mixture was incubated for 45 min at room 

temperature on a shaker. The cross-linking reaction was stopped by 

centrifuging the agarose beads at 500 g for 1 min and resuspending in an equal 

volume of 40 mM ethanolamine, pH 8.2 for 5 min. The cross-linked agarose 

beads were then washed three times with 0.1 M borate buffer, pH 8.2, and 

packed in a 2 ml Micro-column (Isolab). The efficiency of cross-linking was 

checked by boiling samples of agarose beads taken before and after coupling 

in the SDS-PAGE sample buffer, and the samples were analyzed by SDS

PAGE. 

Purification of PsHSP21 using the Immuno-afflnity column 

Chloroplasts from 380 C heat stressed pea plants were isolated as 

described above and lysed in affinity column binding buffer (0.5 M NaCI, 0.01 M 

Tris-HCI, pH 8.2, 1 mM EDTA) supplemented with 5.0 mM e-aminocaproic acid, 

1.0 mM benzamidine, 1.0 mM PMSF. The chloroplast lysate was centrifuged at 

12,000 g for 15 min at 40 C. The supernatant was further centrifuged at 

100,000 g for 30 min at 40 C in a SW40 rotor to remove particulate matter. The 

supernatant from this centrifugation was applied to the affinity column and 

passed through the column three times using gravity flow. The column was 

washed with 20 column volumes of binding buffer and then washed in 

sequence with 10 volumes of the following two buffers: (a) 0.5 M NaCI, 0.05 M 

Tris-HCI, pH 8.2,1 mM EDTA; (b) 0.15 M NaCI, 0.05 M Tris-HCI, pH 8.2. The 

column was then washed with 10 volumes of pre-elution buffer (10 mM 

phosphate buffer, pH 6.8). Proteins specifically bound to the column were 

eluted stepwise with 0.5 volume of 100 mM glycine, pH 2.5. The eluted material 
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was collected in separate tubes with 1110 volume of neutralizing buffer (1.0 M 

phosphate buffer, pH B.O). The presence of PsHSP21 in each wash and elution 

fraction was checked by western blotting. The tubes containing high 

concentrations of PsHSP21 were combined and analyzed by SDS-PAGE, and 

silver staining or western blotting. After elution, the column was regenerated by 

washing with 20 volumes of binding buffer and stored at 40 C. 
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CHAPTER THREE 

CHARACTERIZATION OF THE MAJOR CHLOROPLAST LMW HSP 

FROM PETUNIA AND COMPARATIVE ANALYSIS OF LMW HSP 

STRUCTURE 

INTRODUCTION 

The chloroplast-localized LMW HSP has been identified in pea (Pisum 

sativum) , soybean (Glycine max), maize (Zea mays), bean (Phaseolus vulgaris), 

and Chlamydomonas reinhardtii (Vierling et al. 1986, 1988; Nieto-Sotolo et al. 

1990; Kloppstech et al. 1985; Suss and Yordanov 1986). It is a nuclear

encoded protein which is synthesized as a precursor in the cytoplasm and post

translationally transported into chloroplasts. This HSP ranges in size from 21 to 

24 kDa in the different species. Pea chloroplast HSP21 (PsHSP21) mRNA is 

undetectable in control leaf tissues, but increases to 0.75% of the total poly(A) 

RNA during a 2 h heat shock at 390 C (Vierling et al. 1988). The fact that 

chloroplast HSPs are found in diverse plant species and that chloroplast HSP 

mRNA is abundant during stress, suggest these proteins are a major 

component of the HS response in plants. 

Although the chloroplast LMW HSP has been identified in several plant 

species, when this work was initiated, its cDNA had only been sequenced from 

the leguminous plants, pea and soybean (Vierling et al. 1988). Analysis of the 

derived amino acid sequence of soybean HSP22 (GmHSP22) and PsHSP21 

has shown that they are 79% identical and 94% similar. The carboxyl-terminal 
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region ( amino acids 138 - 163 and 192 - 220 in pea) of the mature protein has 

homology to the cytoplasmic LMW HSPs of plants and other organisms, and 

also to the a-crystallin lens proteins (Vierling et al. 1988). Thus, the chloroplast 

HSP belongs to one of the major classes of HSPs in eukaryotes. Since pea 

and soybean, and the chloroplast LMW HSP in the two species are so highly 

related, their comparison provides little information about conserved features of 

this HSP. 

To investigate further the structure of chloroplast LMW HSPs, I isolated 

and sequenced cON A clones encoding the chloroplast LMW HSP from a non

leguminous dicotyledonous plant: petunia (Petunia hybrida). This species 

represents a taxonomic subclass that is widely divergent from previously 

sequenced chloroplast HSPs. Therefore, characterization of the petunia 

chloroplast HSP provides comparative information about these proteins in non

leguminous plants. Furthermore, since petunia can be routinely transformed 

and pea and soybean cannot, the isolated cDNA provides a tool for reverse 

genetic approaches to the study of chloroplast HSP function. 

While this study was in progress, the chloroplast LMW HSP from 

Arabidopsis was sequenced in Dr. Vierling's laboratory (Chen and Vierling 

1991). More recently cDNAs encoding this HSP were also sequenced from 

maize and wheat (Nieto-Sotolo et al. 1990; Weng et al. 1991). Therefore, 

combined with the petunia sequence, the amino acid sequences of LMW 

chloroplast HSPs have been derived from the DNA sequence of cDNA clones 

from pea, soybean, petunia, Arabidopsis , maize and wheat (Vierling et al. 

1988; Nieto-Sotolo et al. 1990; Chen and Vierling 1991 ; Weng et al. 1991). To 

identify conserved domains of potential functional significance, I compared the 
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amino acid sequences of the LMW chloroplast HSPs from the above species 

which represent taxonomic subclasses that are widely divergent relative to each 

other. A comparison of the amino acid sequences of the LMW chloroplast 

HSPs from these species led to the identification of three consensus regions. In 

addition to the carboxyl-terminal domain and another domain which are shared 

by cytoplasmic LMW HSPs, chloroplast HSPs have a unique and highly 

conserved amino-terminal region which is predicted to form a methionine rich 

amphipathic a-helix ("methionine bristle"). The unique features of the 

"methionine bristle" domain, and its conservation among these plant species 

separated for as long as 150 million years, suggests it is of functional 

importance for chloroplast HSPs. 

RESULTS 

Isolation of chloroplast HSP cDNA clones 

Putative chloroplast HSP cDNAs were isolated from a petunia heat shock 

cDNA library by screening with soybean Gmhsp22 (Vierling et al. 1986) as a 

heterologous probe. A cDNA of .... 1000 bp was identified. 

Identification of chloroplast HSP cDNA clones 

The protein encoded by the positive cDNA was characterized by 

hybridization-selection of HS poly(A) RNA and translation. Alternatively RNA 

was obtained by in vitro transcription and then used for in vitro translation. 

Evidence that the encoded proteins represented chloroplast HSPs was then 

obtained by testing to determine if they could be imported and processed by 
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isolated chloroplasts. Identical results were obtained with hybrid-selected or in 

vitro transcribed RNA. Only the in vitro transcription and translation results will 

be discussed further. 

Figure 3.1 shows the results of the in vitro transcription/ 

translation and in vitro import experiments. The major polypeptides produced 

by in vitro translation of in vitro transcripts from the petunia cDNA were 29.5 and 

30 kDa (lane 1). The 30 kDa polypeptide is the same size as one of the major 

HSPs seen in the total translation products of petunia HS poly(A) RNA (lane 3). 

The 29.5 kDa polypeptide is probably the product of premature termination of 

transcription or translation. When the proteins produced from the petunia cDNA 

were incubated with chloroplasts, a 22 kDa protein was recovered in the 

soluble protein fraction of the chloroplasts (Fig. 3.1, lane 2). No imported 

proteins were detected in the membrane fraction of the chloroplasts (not 

shown). A prominent protein of 22 kDa was also recovered in the soluble 

protein fraction of chloroplasts when the translation products of total petunia HS 

poly(A) RNA were used for the import reaction (lanes 3, 4). This 22 kDa protein 

was not recovered in chloroplasts following import of translation products of 

poly(A) RNA isolated from control plants (lanes 5, 6). Analysis of the chloroplast 

membrane fraction from import reactions using HS or control poly(A) RNA 

revealed no significant differences (not shown). These results indicate that the 

petunia cDNA contains the whole coding region of a precursor protein to a 22 

kDa chloroplast protein and that the petunia cDNA most likely represents a 

chloroplast-localized HSP. 
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Figure 3.1 Characterization of chloroplast HSP cDNAs from petunia. Lane 1, in 
vitro translation (TL) products of in vitro transcripts from the PhHSP22 cDNA; 
lane 2, chloroplast soluble protein fraction following import (Impt) of 
polypeptides shown in lane 1; lane 3, translation products of poly(A) RNA from 
heat-stressed (HS) leaves; lane 4, proteins recovered in the soluble protein 
fraction of chloroplasts after import of translation products in lane 3; lane 5, 
products of in vitro translation of poly(A) RNA from control (C) leaves; lane 6, as 
in lane 4 but import performed with products in lane 5. The arrows indicate 
sizes of the precursor and mature HSPs (kDa). Dots in lane 3 indicate the 
major petunia HSPs induced by heat stress. Proteins were separated by SDS
PAGE and gels were processed for fluorography. 
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Petunia HSP22 Is expressed only during heat stress 

To confirm that the petunia HSP22 (PhHSP22) mANA was heat 

inducible, poly(A) ANA from control or heat stressed leaves of petunia was 

subjected to northern analysis. PhHSP22 mANA cannot be detected in control 

tissues, but can be identified in stressed tissues as a transcript of "'1150 bp (Fig. 

3.2). The induction level relative to the control tissue for PhHSP22 mANA is 

similar to that observed in pea which was estimated as about 150-fold (Vierling 

et at. 1988). 

Tissue specificity of PhHSP22 mRNA expression 

Understanding the tissue specificity of PhHSP22 will provide information 

regarding the regulation and function of the chloroplast LMW HSP. Northern 

analysis demonstrated that PhHSP22 mANA can be detected in heat stressed 

roots and flowers at approximately the same level as in leaf (not shown). 

However, no PhHSP22 mANA was detected in any of above tissues at the 

control temperature. Therefore, no evidence for tissue specificity of PhHSP22 

mANA expression was seen. 

Southern analysis 

Southern analysiS of petunia genomic DNA indicated that PhHSP22 is 

encoded either by a single gene or two linked genes (Fig. 3.3). Southern 

analysis also suggested that chloroplast LMW HSPs from pea and soybean are 

encoded by one or two genes (Vierling et at. 1988). Therefore, the chloroplast 

LMW HSP is encoded by a small number of genes in higher plants, which is in 
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Figure 3.2 Northern analysis of HS and C mRNA from petunia. Northern 
analysis of poly(A) RNA from control (C) and heat shocked (HS) petunia. 
Petunia samples were probed with 32P-labelled petunia hsp22. Size of the 
hybridized transcript was estimated using pUC DNAffaq I as molecular markers 
(not shown) and is indicated (bp). 
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Figure 3.3 Southern analysis of genomic DNA from petunia probed with 
petunia hsp22. Petunia genomic DNA was cut with EcoRI, Hindlll, Smal, 
8amHI, Sspl, Sphl, Pvul, Ncol, Pstl, Clal, Dpnl, Accl, or Alul. Positions of 
molecular weight markers (bp) are shown at the left. 
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sharp contrast with the cytoplasmic LMW HSPs which are encoded by large 

multigene families (Nagao et aI., 1985) 

DNA Sequence analysis of PhHSP22 

Figure 3.4 shows the entire nucleotide sequence of the petunia cDNA 

and the deduced amino acid sequence. The petunia cDNA has a coding 

sequence of 723 bp flanked by 60 bp of 5' non-coding region and 119 bp of 3' 

non-coding region. The coding region corresponds to 241 amino acids. The 

predicted molecular weight for PhHSP22 is 27,696 Da, which is close to the 

SDS-PAGE estimated size of the precursor protein. 

Based on the PsHSP21 transit peptide cleavage site ( between amino 

acid 49 and 50 of pea, T. Suzuki, personal communication), the first 50 to 55 

amino acids are predicted to encode the transit peptide of PhHSP22. In this 

region, several typical characteristics of chloroplast transit peptides are found 

(Keegstra and Olsen 1989). These characteristics include high Ser and basic 

amino acid content and an absence of acidic residues. 

The nucleotide sequence of the PhHSP22 cDNA is 61.1 % identical to the 

PsHSP21 cDNA (Fig. 3.5). Their predicted amino acid sequences are 58% 

identical and 74% similar. The homology of the two proteins is highest in the 

mature protein (amino acids 50 to 232 in pea) (67% identical). In contrast, the 

identity of the transit peptides between the two proteins is only 22% (Fig. 3.6). 

Like PsHSP21, PhHSP22 shares the carboxyl-terminal "heat shock domain" 

with the cytoplasmic LMW HSPs (Fig. 3.6). Hydropathy analysis indicates that 

PhHSP22 is a hydrophilic protein (Fig. 3.7). Analysis of PhHSP22 and 

PsHSP21 amino acid sequences with the Wisconsin GCG program of Motif 
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-50 
CATAATTAAAGTGTTCCAATAGTGTGTGTTTTTCTTGTTTATTTTATTACTAGTTTTCCAATGGCTTGCAA 

MAC K 

50 
GACTCTTACATGTTCAGCTTCTCCTTTAGTATCAAATGGTGTTGTTAGTGCAACTTCTAGGACTAACAACA 

T LTC S ASP L V S N G V V SAT S R T N N K 

100 150 
AGAAGACAACTACTGCACCTTTCTCTGTTTGCTTTCCATATTCTAAATGCAGTGTTAGAAAACCAGCGTCT 

K T T TAP F S V C F P Y S K C S V R K PAS 

200 
AGACTGGTAGCTCAAGCAACTGGAGATAACAAAGATACTTCAGTGGACGTGCATGTTAGTAATAATAATCA 
R L V A QAT G 0 N K 0 T S V D V H V S N N N Q 

250 
AGGAGGAAACAACCAAGGCTCCGCTGTTGAACGTCGTCCTAGGAGAATGGCTCTTGATGTCTCCCCTTTCG 

G G N N Q GSA V ERR P R R MAL 0 V S P F G 

300 350 
GGTTATTAGACCCAATGTCTCCCATGAGAACAATGAGGCAGATGATGGACACTATGGACAGGCTATTCGAG 

L L D P M S P M R T M R Q M MDT M D R L F E 

400 
GATACCATGACATTCCCTGGATCAAGGAACAGAGGAACAGGGGAAATACGTGCCCCTTGGGACATCAAAGA 
o T M T F P G S R N R G T GEl RAP W 0 I K D 

450 500 
CGATGAAAATGAAATCAAGATGCGTTTTGATATGCCAGGGCTATCTAAAGAAGAGGTAAAAGTATCAGTGG 
DEN ElK M R F D M P G L S K E E V K V S V E 

550 
AAGATGATGTGCTTGTCATCAAAGGTGAACACAAAAAGGAAGAAAGTGGAAAGGATGACTCGTGGGGAAGG 

D D V L V I K G E H K K E E S G K DDS W G R 

600 
AATTACAGTTCCTATGACACTCGTCTAAGTTTACCTGATAATGTTGACAAAGATAAAGTTAAAGCAGAATT 
N Y S S Y D T R L S L P D N V D K D K V K A E L 

650 700 
GAAGAATGGAGTTCTTTTAATCTCAATTCCTAAGACCAAAGTTGAGAAGAAGGTGACTGACGTGGAAATCA 

K N G V L LIS I P K T K V E K K V T D V ElK 

750 
AGTAAAATGTCATGGTTTTGGAACCAAGTTTTTCTTGTTGGTTTTTCTTATGACCTAATGTAAATGTAAGT 

800 830 
TGATATAAGTACGAGCGTCGTTAGAGCTACAGCAAAAAAAAAAAAAAA 

Figure 3.4 Nucleotide and deduced amino acid sequences of the chloroplast 
HSP cDNA from petunia. The translation start site is used as +1 to number the 
nucleotide sequence. The encoded amino acids are indicated by their one 
letter abbreviation. The sequence is registered as X541 03 in the EMBL data 
library. 
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1 ATGGCTTGCAAGACTCTTACATGTTCAGCTTCTCCTTTAGTATCAAATGGTGTTGTTAGTGCAACTTCTAGGACTAACAACAAGAAGACA 
I I I I I I I I I I I I I I I I I I I I II I I I 
I I I I I I I I I I I I I I I I I I I I I I I I I 

1 •••••••••••••••••• ATGGCTCAGTCAGTATCATTGTCAACAATTGCTTCACCTATTCTATCCCAAAAACCAGGCAGCTCTGTCAAA 

91 ACTACTGCACCTTTCTCTGTTTGCTTTCCATATTCTAAATGCAGTGTTAGAAAACCAGCGTCTAGACTGGTAGCTCAAGC •••••• AACT 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

73 AGTACACCACCTTGCATGGCCTCATTTCCATTAAGGAGGCAATTGCCTAGGCTAGGACTGAGAAATGTGAGAGCTCAGGCTGGTGGTGAT 

175 GGAGATAACAAAGATACTTCAGTGGACGTGCATGTTAGTAATAATAATCAAGGAGGAAACAACCAAGGCTCCGCTGTTGAACGTCGTCCT 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I II I I I I II II I I II I 

163 GGTGATAACAAAGATAACTCTGTGGAAGTTCATCGTGTTAACAA •••••••••••• AGACGATCAAGGAACTGCTGTAGAAAGAAAGCCT 

265 AC~AGAATGGCTCTTGATGTCTCCCCTTTCGGGTTATTAGACCCAATGTCTCCCATGAGAACAATGAGGCAGATGATGGACACTATGGAC 
I I I I I I I II I I I I I I I I I I I I I I I I I I II I I I I I I I I I I I I I I II I I I I I I I I I II I I I II III 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I II I I I I I I I I I I I I I II 1 I I II I I I II I III 

241 CGCAGAAGTTCCATCGATATTTCACCATTTGGTTTATTGGACCCATGGTCACCTATGAGAAGCATGCGTCAGATGCTAGACACAATGGAC 

355 AGGCTATTCGAGGATACCATGACATTCCCTGGATCAAGGAACAGAGGAACAGGGGAAATACGTGCCCCTTGGGACATCAAAGACGATGAA 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I II I I I I I I I I I I I I II II II I II I II I II I I I I I III 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I II I I I I I I I I I I I I I I I I I I I I I I I II I I I I I I I I I I 

331 AGAATTTTCGAAGATGCAATCACAATTCCTGG ••• AAGAAACA~TGGAGGAGGTGAGATTCGTGTGCCTTGGGAAATCAAAGATGAAGAA 

445 AATGAAATCAAGATGCGTTTTGATATGCCAGGGCTATCTAAAGAAGAGGTAAAAGTATCAGTGGAAGATGATGTGCTTGTCATCAAAGGT 
111111111 11111111111111111 II 11111111111 II 11111111111 11111111111 11111111 III II 
I I II I I I I I I I I I I I II I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

418 CATGAAATCAGAATGCGTTTTGATATGCCTGGTGTTTCTAAGGAAGACGTTAAAGTATCAGTTGAAGATGATGTTCTTGTCATAAAAAGT 

535 GAACACAAAAAGGAAGAAAGTGGAAAGGATGACTCGTGGGGAAGGAATTACAGTTCCTATGACACTCGTCTAAGTTTACCTGATAATGTT 
II II I 111111 I 11111 I III I II III II III 1111 1111111111111 I 111111111 I 
II II I 111111 I 11111 I III I II III II III 1111 1111111111111 I 111111111 I 

508 GATCATAGAGAGGAAAATGGTGGAGAAGATTGTTGGTCAAGAAAGAGTTATAGTTGTTATGATACTCGTCTCAAGCTTCCTGATAACTGT 

625 GACAAAGATAAAGTTAAAGCAGAATTGAAGAATGGAGTTCTTTTAATCTCAATTCCTAAGACCAAAGTTGAGAAGAAGGTGACTGACGTG 
1111111 II 11111 II II 11111 1111 II 1111 II 111111111111 III 1111 I III I III II 
II 11111 II 11111 II II 11111 1111 II 1111 II 111111111111 III 1111 I III I III II 

598 GAGAAAGAGAAGGTTAAGGCTGAGTTGAAAGATGGTGTGCTTTATATTACTATTCCTAAGACTAAAATTGAACGCACGGTTATTGATGTT 

715 GAAATCAAGTAA 
I I I I I I I I I 
I I I I I I I I I 

688 CAAATTCAGTGA 

Figure 3.5 Relationship of DNA sequence of coding region for petunia and pea chloroplast LMW HSP cDNAs. 
Petunia cDNA (Phhsp22) is above the corresponding pea (Pshsp21) sequence. The identity is 61.1 %. 
Consensus regions I to III (see Fig. 3.6) are underlined. 
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shows that the kinase recognition motif {(R or K)-(R or K)-x-(S or Tn which is 

conserved in mammalian LMW HSPs, can be also found in PsHSP21 (RRSS, 

amino acids 81 to 84, see Fig. 3.5) and PhHSP22 (KKVT, amino acids 233 to 

236, see Fig 3.5). 

Comparison of chloroplast LMW HSPs from divergent plant species 

To identify conserved protein domains with potential functional 

significance, the derived amino acid sequence of petunia PhHSP22 was 

compared with the sequences of the chloroplast LMW HSPs from pea, 

Arabidopsis, maize, and wheat as shown in Figure 3.6. The soybean 

GmHSP22 sequence was not included in this comparison because its 

sequence was not deduced from a full-length cDNA. Also, since the chloroplast 

LMW HSP from soybean and pea are highly related, the presence of the 

GmHSP22 sequence in the comparison would provide little additional 

information for identifying conserved domains. Although the five plant species 

in the comparison include two monocots and three dicots, which represent three 

divergent taxonomical subclasses, the proteins are 41% identical and 85% 

similar at the amino acid level. The nucleotide sequence identity is also 41 %. 

The amino acid sequences of this HSP from the three dicots are 58% identical 

and 93% similar. When only the HSPs from the two monocot plants were 

compared, the identity and similarity of their amino acid sequences were 84% 

and 97%, respectively. The N-terminal region (approximately 45 - 55 amino 

acids, depending on the species), which corresponds to the transit peptide is 

very divergent and basically shows no sequence homology between species. 
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In the mature protein, three highly conserved regions are Identified as 

highlighted in Fig. 3.6. Consensus region I is located at the carboxyl-terminus 

of the protein (amino acids 192 to 220 in pea). The sequence of this region is 

not only highly conserved among these chloroplast HSPs but is also 

homologous to all eukaryotic cytoplasmic LMW HSPs, and has homology to the 

a-crystallin A chain lens proteins (Lindquist and Craig 1988). Hydropathy 

profiles suggest there is a hydrophobic domain towards the end of this region 

(Fig. 3.7). Consensus region II (amino acids 144 to 167 in pea) is also 

conserved in the cytoplasmic LMW HSPs. Consensus region III (amino acids 

90 to 117 in pea) is found only in the chloroplast LMW HSPs and has unique 

characteristics which are further described below. 

Susek and Lindquist (1989) reported that HSP26 from the yeast 

Saccharomyces cerevisiae (ScHSP26) shows weak homologies to yeast 

mitochondrial maturases. ScHSP26 is homologous to chloroplast LMW HSPs 

(e.g. 51 % similar to PsHSP21). To determine if the chloroplast HSPs also 

exhibited these homologies, the Wisconsin GCG programs of BestFit or Gap 

were used to compare the sequence of PsHSP21 with the P1 or P2 sequences 

of the yeast mitochondrial RNA maturases p27bl4 and p28al4 (Oelahodde et al. 

1989). The best fit region of P1 or P2 with PsHSP21 or ScHSP26 does not 

locate at the heat shock domain (consensus I). When the same programs were 

used to specifically compare the P1 or P2 containing sequence (40 amino 

acids) with the described homologous regions of ScHSP26, the similarity is low 

and insignificant (20%), and most of the homologous parts were localized 

outside the P1 or P2 dodecapeptide region (not shown). I also used the FastA 
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Figure 3.6 Sequence comparison of the chloroplast LMW HSPs from five plant 
species. Amino acid residues marked by asterisks represent identical amino 
acids across all five species. Conservative amino acid substitutions are 
indicated by full stops. Conservative replacements is decided based on the log 
odds matrix of Dayhoff (1978). Amino acids in the three consensus regions are 
underlined. The pea PsHSP21 sequence is from Vierling et al. (1988); the 
Arabidopsis AtHSP21 sequence is from Chen et al. (1991); the maize 
ZmHSP26 and wheat TaHSP26.6 sequences were reported by Nieto-Sotolo et 
al. (1990) and Weng et al. (1991) respectively. Arrow shows the cleavage site 
of PsHSP21 (Suzuki, personal communication). Numbers indicate the position 
of amino acids in the PsHSP21 sequence. Similar alignment was also 
observed by using the method of Feng and Doolittle (1987). 
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program (word size 1) to search the database (EMBL) for ScHSP26 and 

PsHSP21 homologous proteins. My results showed that neither VP2 poliovirus 

capsid protein nor yeast mitochondrial nuclease were in the top one hundred 

best matches. Therefore, no regions of significant homology were identified, 

and those regions which were found to align did not correspond to the 

homologies identified in yeast. 

Consensus region III Is predicted to form an amphlpathlc a-helical 

"methionine bristle" 

The structure of consensus region III was further analyzed because it 

represents a highly conserved domain (71 % identity in 28 residues) unique to 

the chloroplast HSPs. Consensus region III has a very' high Met content (24-

25%) compared to the overall Met content of 3-4% for the whole protein. The 

Met residues in this region are spaced evenly between strongly polar amino 

acids such as Asp and Arg (Fig. 3.8A). Following two conserved Pro residues 

(Pro 95 and 98 in pea) the secondary structure predictions for this region 

strongly suggest an a-helical structure, and a high hydrophobic moment value 

for the helix (J.!B=100 ~ 0.8) indicates its high amphipathicity. As shown in Fig. 

3.8B, when the region is projected as a helical wheel, all the hydrophobic 

residues (primarily Met) are exclusively clustered on one face of the helix, and 

the strongly polar residues are on the opposite face, as is typical of an 

amphipathic a-helix. Four of the Met residues on the hydrophobic face are 

conserved in all five plant species, and even more striking is the 100% 

conservation of all residues on the hydrophilic face. The amino acid distribution 
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Figure 3.8 Analysis of consensus region III of the chloroplast LMW HSPs. 
A Sequence comparison of consensus region III from PhHSP22 with the 
predicted amphipathic a-helix forming regions of the M-domain of signal 
recognition particle, SRP54, and its homologue from Escherichia coli (FFH) 
(Bernstein et al. 1989) showing the conservation of spacing between Met and 
polar amino acids. Boldtype letters indicate Met and other strongly hydrophobic 
amino acids, underlined letters indicate strongly polar amino acids. Regions 
shown are SRP54 residues 362-387 (h2), 415-438 (h3a) and 455-477 (h3b); 
FFH residues 365-388 (h2) and 411-434 (h3); and petunia PhHSP22 residues 
98-125. SRP54h3a and FFHh3, and SRP54h2 and FFHh2 were aligned using 
pairwise comparison (Bernstein et al. 1989). The multiple alignment was 
generated by visual inspection using the two pairwise comparisons, 
SRP54h3b, and PhHSP22. B Helical wheel analysis of PhHSP22 consensus 
region III (residues 107-120) and SRP54 M-domain helix 2 (residues 367-380) 
showing the amphipathicity of the helices. Boldtype letters in the PhHSP22 
helix indicate amino acid residues conserved in all five plant species. When 
this region was analyzed with another "moment" program described by 
Eisenberg et al. (1984), the similar result was obtained. 
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pattern in this region is similar to three regions in the M-domain of a 54 kDa 

component of signal recognition particle (SRP54 h2, h3a and h3b) and its 

homologue from E. coli (FFH) (Fig. 3.8A). The three regions in SRP54 are also 

predicted to form Met-rich amphipathic a-helices called "methionine bristles" 

(Fig. 3.6 B) (Bernstein et al. 1989). 

DISCUSSION 

A nuclear-encoded, chloroplast-localized HSP has previously been 

identified and sequenced from pea and soybean (Vierling et al. 1988). I have 

now characterized a cDNA clone for the homologous chloroplast HSP from 

petunia. My results indicate that this protein is synthesized in the cytoplasm as 

a precursor and is processed to its mature form upon import into chloroplasts. 

The mRNAs for these HSPs cannot be detected at control temperatures, 

but are induced dramatically during two hours of heat stress. The expression 

pattern and the induction level of petunia hsp22 is similar to that of the 

chloroplast HSPs from pea and soybean (Vierling et al. 1988). The lack of 

tissue specificity of petunia PhHSP22 mRNA expression is also consistent with 

the situation in pea where approximately equal levels of PsHSP21 mRNA were 

detected in both roots and leaves (Chen et al. 1990). Thus, the general pattern 

of chloroplast HSP expression is similar in most higher plants. 

The predicted transit peptide of PhHSP22 has the general characteristics 

of chloroplast transit peptides. Amino acid sequence analysis of over 250 

transit peptides has failed to identify a universally conserved primary sequence, 

suggesting that secondary structure may playa more important role in transit 
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peptide function (Keegstra et al. 1989; von Heijne et al. 1991). The fact that 

random deletion of small regions of transit peptide did not abolish the import 

and processing of chloroplast proteins provided experimental evidence for this 

hypothesis (Reiss et al. 1987). It has been proposed that an amphipathic p-turn 

at the carboxyl-terminal region of the transit peptide or a random coil structure 

are the prime candidates for the secondary structure which is responsible for 

the function of the transit peptide (Keegstra et al. 1989; von Heijne and 

Nishikawa 1991). 

The conservation of the carboxyl-terminal HS domain in the petunia 

chloroplast LMW HSP and the cytoplasmic LMW HSPs confirms the suggestion 

that chloroplast LMW HSPs are a member of the eukaryotic superfamily of 

HSPs. Vierling et al. (1988) hypothesized that the chloroplast HSP arose from 

a duplication of a nuclear gene for a cytoplasmic protein which subsequently 

acquired amino-terminal sequences sufficient to direct it to the chloroplast 

(1988). PsHSP21 is 74% similar to PhHSP22, but only 52% similar to the pea 

cytoplasmic PsHSP18.1. These data suggest that the gene duplication 

occurred before the divergence of the two taxonomic subclasses (Rosidae, 

Asteridae) to which pea and petunia belong. 

By the effort of our laboratory and others (Vierling et al. 1988; Nieto

Sotolo et al. 1990; Chen and Vierling 1991), the chloroplast-localized HSP has 

now been sequenced from pea, soybean, petunia, Arabidopsis, maize, and 

wheat. The characterization of the chloroplast HSP from these species has 

enabled a comparison of this HSP from plants of divergent evolutionary 

background, resulting in the identification of conserved protein domains with 
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potential functional significance. The chloroplast HSP is the first LMW HSP 

from plants for which extensive sequence comparison is now possible. 

The five chloroplast HSPs I compared were from pea (Pisum sativum), 

petunia (Petunia hybrida), Arabidopsis (Arabidopsis tha/iana), maize (Zea 

mays) and wheat (Triticum aestivum). Maize and wheat are monocotyledonous 

plants and are in the same family, Gramineae. Pea, petunia and Arabidopsis 

are dicotyledons. Pea is in the family of Leguminosae which belongs to the 

subclass Rosidae. Arabidopsis is in the family Cruciferae, which is a member of 

Dilleniidae, and petunia is in the Solanaceae family of the subclass of Asteridae 

(Cronquist 1981). According to classical taxonomy, however, it is generally 

believed that there is no obvious direct evolutionary relationship between these 

subclasses (Stebbins 1974). Although the species are so divergent (at least 

150 million years for monocots and dicots), the mature chloroplast LMW HSPs 

show 41 % identity and 85% similarity at the amino acid level. Strikingly, the 

transit peptides from the five plants show essentially no homology. Sequence 

comparisons of chlorophyll alb binding (Cab) proteins from pea, soybean, 

petunia, Arabidopsis and wheat have been reported by Demmin et al. (1989). 

Like the chloroplast HSPs, Cab proteins are also nuclear-encoded and localize 

to the chloroplast. The similarity of type II Cab proteins between species is 

about 85%, comparable to what is observed for the LMW chloroplast HSPs. 

The transit peptides of the Cab proteins also show little similarity between 

species. There are clearly different evolutionary constraints operating on the 

transit peptide and mature segments of these proteins. 

In the mature protein, three conserved regions were identified and 

designated consensus regions I, II and III. Consensus regions I and II are also 
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found in cytoplasmic LMW HSPs. Most probably these regions have structural 

or catalytic roles which are common to all eukaryotic LMW HSPs. Region I has 

the strongest sequence conservation among all LMW HSPs from plants. I refer 

to this domain as the heat shock domain. The consensus sequence of this 

domain, when comparing the chloroplast HSPs to pea cytoplasmic PsHSP18.1 

and PsHSP17.7 (Helm and Vierling 1989; Lauzon et al. 1990) is 

A,x,UM,x,N/D,G,V,L,x,IN,T/S,x,K. This domain also shows similarity with HSPs 

from organisms as divergent as Mycobacterium /eprae and humans, and with 

the a-crystallin eye lens proteins (Susek and Lindquist 1989). Although in the 

wide species comparison no amino acid consensus sequence can be derived 

other than the conserved P and GVL sequence (Residues 218 and 211-213 in 

pea), the hydropathy profiles of the heat shock domain show a similar pattern, 

with a very distinctive hydrophobic peak towards its end (Fig. 3.7). 

Consensus region II is also conserved in cytoplasmic LMW HSPs with a 

consensus sequence of D,UM,P,G,UV,x,x,x,E/D,V/I,K,V/I,x,V, E,D, among 

PsHSP21, cytoplasmic PsHSP18.1 and PsHSP17.7. The secondary structure 

predictions for this region suggest that part of the region might form an a-helical 

structure. However, no special characteristics have been identified for the 

predicted a-helix, or for the rest of the region. 

Although the sequence between consensus region I and II shows poor 

homology among LMW HSPs, hydropathy analysis of the whole region 

encompassed by consensus I and II suggests that it has a conserved structure 

in all LMW HSPs and also in the a-crystallin proteins (Fig. 3.7). LMW HSPs 

from several organisms and the a-crystallin proteins are found as large protein 

aggregates in their native state (15-20S) (Lindquist and Craig 1988; Nover et al. 
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1989; Rossi and Lindquist 1989). Recently, I observed that the chloroplast HSP 

forms similar aggregates (Chen and Vierling 1990; Chen et a1.1990; Chapter 5). 

It has been suggested that the primary function of this region, particularly the 

strongly hydrophobic domain in consensus region I is to facilitate the formation 

of these aggregates (Ingolia and Craig 1982). 

The characteristics of consensus region III are very interesting. It is the 

most highly conserved region of the chloroplast HSPs, but unlike region I and II, 

this region is unique to the chloroplast HSPs. The amino acid distribution 

pattern in this domain is similar to three regions found in a Met-rich domain (M

domain) of a 54 kDa component of SRP (SRP54). SRP is a complex of six 

polypeptides and a RNA molecule which functions to recognize signal peptides 

and promote protein transport across the endoplasmic reticulum (ER). SRP54 

has been identified as the signal peptide binding subunit of SRP (Bernstein et 

al. 1989). Three regions of the M-domain of SRP54 are predicted to form Met

rich, amphipathic a-helices ("methionine bristles") (Bernstein et al. 1989). It has 

been proposed that these a-helices form a groove with Met and other 

hydrophobic residues protruding into the groove and acting to bind signal 

peptides by hydrophobic interactions (Bernstein et al. 1989). The flexibility of 

the Met side chain would allow the binding site to accommodate a variety of 

signal peptide sequences. The amphipathic helical structure has also been 

found in other proteins, especially in mitochondrial targeting sequences (Roise 

et al. 1986). However, these helices are not rich in Met and their non-polar 

faces are less hydrophobic than that in SRP54 and chloroplast HSP consensus 

region III (von Heijne 1986). 
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It is interesting to speculate that the consensus region III "methionine 

bristle" serves a substrate recognition role, and that it is able to recognize 

substrates of varied composition or structure. Ability to recognize multiple 

substrates could be essential for the chloroplast protein, as there is only one of 

these LMW HSPs in the organelle. In contrast, there is more than one type of 

LMW HSP in the cytoplasm and each type of HSP or their combination may be 

specialized to recognize different substrates. This may explain the absence of 

the "methionine bristle" structure in the cytoplasmic HSPs. The secondary 

structure predictions for pea cytoplasmic PsHSP18.1 show that the segment in 

this protein which corresponds to region III lacks even any <x-helical character. 

propose that consensus region III is a unique functional domain of chloroplast 

LMW HSPs. A critical test of this hypothesis will only be possible when a 

functional assay is developed for the chloroplast HSP. 

A LMW HSP from the green alga Chlamydomonas reinhardtii (CrHSP22) 

has been reported to be associated with thylakoids and is proposed to be 

chloroplast-localized (Kloppstech et al. 1985). CrHSP22 is 57% similar to 

PsHSP21 and shares the heat shock domain and consensus region II with 

chloroplast LMW HSPs from higher plants (Grimm et al. 1989). However, the 

methionine bristle domain is not found in this protein. Therefore, 

Chlamydomonas CrHSP22 may be functionally distinct from the higher plant 

chloroplast HSP described here. 

ScHSP26, the only LMW HSP in yeast, has been cloned, but no function 

for this protein has been identified (Susek and Lindquist 1989). ScHSP26 

shows weak and limited homology with viral coat protein, yeast nucleases and 

mitochondrial maturases. Based on these data, it has been proposed that 
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genes of LMW HSPs represent selfish DNA elements or an ancient virus which 

have no important function in the cell (Susek and Lindquist 1989). ScHSP26 

and PsHSP21 share 51 % similarity, most of which is located in the carboxyl

terminal heat shock domain. However, my sequence comparisons indicated 

that chloroplast HSPs do not show homology to yeast nucleases or to 

mitochondrial maturases. Considering the reported strong correlation between 

expression of LMW HSPs and increased thermotolerance in several organisms 

and the high conservation of special domains of HSPs across diverse species, 

It is unlikely that LMW HSPs are a group of non-functional evolutionary by

products. Instead, LMW HSPs most likely playa significant role in eukaryotic 

cell function during and/or after heat stress. The identification of the highly 

conserved "methionine bristle" domain in the chloroplast HSP suggests that this 

protein also has unique functions adapted to the special environment in the 

chloroplast or other plastids. 
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CHAPTER FOUR 

ACCUMULATION, STABILITY, AND LOCALIZATION OF THE 

CHLOROPLAST LMW HSP 

INTRODUCTION 

As described in Chapter 3, higher plants produce a single, major LMW 

chloroplast HSP of 21 to 24 kDa. These proteins are antigenically related and 

their corresponding cDNAs cross-hybridize (Vierling et al. 1988, 1989; Chen 

and Vierling 1991). The carboxyl-terminal domain of the mature protein 

(approximately 100 amino acids) is homologous to a domain found in 

cytoplasmic LMW HSPs, identifying the chloroplast HSPs as members of a 

eukaryotic superfamily of LMW HSPs (Lindquist and Craig 1988, Vierling et al. 

1988). 

As organisms which are unable to avoid temperature fluctuations in the 

environment, plants frequently experience conditions which induce HSP 

expression. Very little data are available concerning HSP expression in plants 

growing under natural conditions, and measurements of HSP accumulation or 

stability have been limited due to lack of specific antibodies for positively 

identifying the HSPs (Burke et al. 1985; Kimpel and Key 1985; Nagao et al. 

1986). HSP mRNAs are known to be expressed in soybean under high 

temperature conditions in the field (Kimpel and Key 1985). Proteins which 

appeared to co-migrate with HSPs on one-dimensional electrophoresis have 

been observed to accumulate in field grown, heat-stressed cotton (Burke et al. 
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1985). Laboratory studies of etiolated soybean seedlings indicate that LMW 

HSPs accumulate to high levels and are stable for several hours following 

stress (Lin et al. 1984; Mansfield and Key 1987; Nagao et al. 1986). The mRNA 

encoding the LMW chloroplast HSP has been shown to accumulate during heat 

stress to an estimated 0.75% of the poly(A)RNA after 2 h at 380C (Vierling et al. 

1986). However, accumulation of chloroplast HSPs has not been studied. 

One approach to understanding the function of the chloroplast LMW HSP 

is to determine its localization within the organelle. There is a controversy 

regarding the localization of this HSP in the chloroplast. Glaczinski and 

Kloppstech (1988) have reported that the major pea chloroplast HSP binds to 

thylakoids at temperatures above 380 C, while the HSP is found in the soluble 

fraction at temperatures below 380 C. However, the Vierling laboratory has 

consistently observed the protein in the soluble fraction of the chloroplast 

(Vierling et al. 1986, 1989). 

In order to understand under what conditions and in which tissues the 

LMW chloroplast HSP functions, I examined the expression of chloroplast 

PsHSP21 in young, intact pea plants under a series of stress treatments 

mimicking temperature conditions in the natural environment. Using antibodies 

specific to PsHSP21, I find that the protein cannot be detected in control tissues, 

but accumulates in both leaves and roots in proportion to temperature and 

mRNA levels. In both organ types the protein is highly stable following stress, 

having a half-life of approximately 52 h. I also show that PsHSP21 is found in 

the soluble fraction of the chloroplast and shows no apparent association with 

thylakoid membranes. A similar expression pattern of the chloroplast HSP in 

Arabidopsis and maize was also observed: the mature form of the chloroplast 
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HSP in these plants accumulates dramatically, and is stable for at least 12 h 

following the stress. These studies provide some of the first data addressing the 

importance of HSPs to plant growth in their normal environment and have 

implications with regard to LMW chloroplast HSP function. 

RESULTS 

Leaf temperatures during stress treatments 

To determine under what conditions the chloroplast LMW HSP functions, 

I examined PsHSP21 expression in intact plants subjected to temperatures 

typical of a field growth environment (Ehrler 1973, Gardner et al. 1981, Gates 

1968). The imposed heat stress treatments involved a gradual increase (40 C/h) 

to a maximum temperature, a four hour period at the maximum temperature, 

and a gradual decrease returning to the growth temperature (Figure 4.1, Panel 

A). Four stress conditions were used which differed by 20 C in the maximum 

stress temperature (34, 36, 38 or 400C). 

Many studies have shown that the rate of HSP synthesis in plants and 

other organisms is proportional to cell or tissue temperature, and that the rate of 

HSP synthesis can vary dramatically over a small temperature range (Nagao et 

at 1986). Therefore, to determine the relationship between stress temperature 

and the production and stability of PsHSP21 in intact plants, it was necessary to 

be able to control and measure leaf temperature accurately. Controlling leaf 

temperature in intact plants is complicated by the fact that leaf temperature can 

be significantly different from air temperature depending on factors such as 
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humidity, plant water status and irradiance (Gates 1968). I found that when 

growth chamber humidity was maintained at high levels to prevent 

transpirational cooling of the leaves, leaf temperatures were similar to air 

temperatures. Leaf temperatures during the different stress treatments, as 

measured using an infrared thermometer, are shown in Figure 4.1, Panel b. 

Repeated measurements over the stress time course gave error estimates of ± 

O.50 C. Leaf temperatures lagged behind the air temperature, reaching the 

highest levels during the second two hours of the maximum stress. Plants 

subjected to 400 C never registered 400 C leaf temperatures, but rather 

remained at 390 C. Leaf temperature returned to normal (22 - 240 C) in parallel 

to the reduction of the growth chamber temperature. On days following the 

stress treatment, the growth chamber was maintained at a constant 220 C during 

the day, and leaf temperatures did not rise above 240 C. It should be noted that 

none of the temperature treatments caused visible damage to the plants as 

observed during the subsequent week of growth. 

Accumulation of PsHSP21 in leaves 

To determine the relationship between leaf temperature and the 

accumulation of PsHSP21 , total leaf proteins were extracted before, during, and 

after the maximum temperature stress as indicated in the Methods section. 

Total leaf proteins were also extracted from the treated plants once each day for 

seven days following the day of stress treatment. Examination of the abundant 

leaf proteins by one-dimensional gel electrophoresis, showed no significant 

changes during or following the stress treatment (Figure 4.2). When the 

samples were analyzed on immunoblots probed with PsHSP21 antiserum, 
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Figure 4.1. Heat stress conditions and leaf temperatures. 
Panel A: Programmed change in growth chamber temperature during the day of 
heat stress. Separate sets of plants were used for experiments at the different 
maximum temperatures (34, 36, 38 and 400 C). 
Panel B: Temperature of the second pair of expanded leaves during the 
different stress treatments. 
340 C -IJ -; 360 C -+-; 380 C -. -; 400 C -¢-. 
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PsHSP21 could not be detected in leaves prior to the heat stress, but was seen 

to accumulate during the period of maximum temperature stress (Fig. 4.2). The 

protein continued to accumulate as the plants returned to normal temperature 

and reached the highest levels at the end of the stress day. The maximum level 

of PsHSP21 and the number of days PsHSP21 could be detected following the 

stress were both proportional to the maximum leaf temperature. I have not 

tested the possibility that the response to temperature shows diurnal variation. 

However, PsHSP21 was not present in leaves at any time during the day unless 

the plants were heat-stressed (not shown). The 26 kDa precursor form of 

PsHSP21 did not accumulate during any of the treatments. 

Figure 4.3 graphically shows the pattern of PsHSP21 accumulation 

during the day of stress (Panel A) and the subsequent decline during the week 

following the stress (Panel B). The production of PsHSP21 was quantitatively 

assessed by determining the radioactivity of the 21 kDa protein band identified 

on the immunoblots. The validity of this method for estimating the relative levels 

of PsHSP21 was tested by determining the relationship between the amount of 

PsHSP21 loaded on the gel and the cpm of 1251 recovered. The relationship of 

1251 cpm Ilg-1 total protein was found to be linear between 0.5 and 50 Ilg of 

total leaf protein (not shown). The estimate of error in these measurements is ± 

10%. In all four temperature treatments, the highest rate of accumulation 

occurred during the first two hours at the maximum temperature. The rate of 

accumulation declined sharply in the second two hours of stress and essentially 

no additional protein accumulated after leaf temperature had returned to 240 C. 

It is likely that the amount of protein made at 400 C was only slightly higher than 
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Figure 4.2. Accumulation of PsHSP21 in heat stressed leaf tissue. Panel A: 
Coomassie blue stained gel of total leaf proteins from a 380 C stress 
experiment. Leaf proteins ware prepared throughout the day of stress and once 
each day for seven days following the stress. 40 J.lg of total leaf protein were 
loaded per lane. Numbers at right indicate molecular mass in kilodaltons. 
Panel B: Autoradiograms of sections of immunoblots reacted with PsHSP21 
antiserum. Immunoblots of total leaf proteins were prepared from gels 
essentially identical to that shown in Panel A, using 40 J.lg protein samples from 
plants subjected to the 34, 36, 38 or 400 C stress treatments diagrammed in Fig. 
4.1. The maximum temperature stress for each sample is indicated at the right. 
Lane 1: Control leaves prior to stress treatment; Lane 2: Midpoint of increase to 
maximum temperature; Lane 3: Beginning of maximum temperature; Lane 4: 
Two hours of maximum temperature; Lane 5: End of maximum temperature; 
Lane 6: Midpoint of decrease to control temperature; Lane 7: End of stress 
treatment (return to normal temperature); Lanes 8 - 14: Leaves from 1, 2, 3, 4, 5, 
6, or 7 days following the stress treatment, respectively. 



A 1 2 3 4 5 6 7 8 9 10 11121314 

1\, • 

1 2 3 4 5 6 7 8 9 10 11 121314 

\. ' 

-....... --,,-
i, 

'I 

",c.,v"."',·,,, ··.?/'·?~I~1 
:i 

1 2 3 4 5 6 7 8 9 10 11 121314 

.200 kOa 

.97.4 
·68 

.43 

.29 

.18.4 

.14.3 

38 

36 

34 

Figure 4.2. Accumulation of PsHSP21 in heat stressed leaf tissue. 
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Figure 4.3. Quantification of PsHSP21 during heat stress and recovery in 
leaves. All values are expressed as a percentage of the maximum 1251 cpm 
obtained in the 400 C stress experiment. Panel A: Levels of PsHSP21 during 
the day of stress at different maximum temperatures. Panel B: Levels of 
PsHSP21 from the stress day through 7 days following the stress. 
340 C -0 -; 360 C -+-; 380 C -. -; 400 C -¢-. The arrow corresponds to the time 
at which PsHSP21 mRNA could no longer be detected (Chen et a. 1990). The 
estimate of error in these measurement is ±..10%. 
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the level In the 380 C treatment because the leaves only reached 390 C and also 

because 400 C is close to the lethal temperature for these plants. 

PsHSP21 expression In roots 

Chloroplast proteins which are required solely for photosynthesis are not 

typically produced by roots, although plant root tissues contain plastids which 

are derived from the same precursor organelles and have the same genome as 

chloroplasts. Root plastids carry out other processes which occur in 

chloroplasts such as RNA and protein synthesis and steps in amino acid and 

fatty acid metabolism (Mullet 1988). I hypothesized that if PsHSP21 were 

involved only in photosynthetic processes it would not accumulate in root 

tissues and conversely, if PsHSP21 were essential for processes which occur in 

all plastids, the protein would accumulate in roots. 

Root samples were prepared in parallel to the leaf samples to determine 

the temperature dependence and stability of PsHSP21 in root tissues. Root 

temperatures were estimated and shown to be similar to the growth chamber 

temperature (Figure 4.4). Total root protein samples were tested for the 

presence of PsHSP21 on immunoblots and a similar pattern of PsHSP21 

accumulation was seen as that found in leaves (Figure 4.5). No significant 

change in the stained pattern of the abundant root proteins was observed 

during or following the stress treatment. PsHSP21 was not detectable in control 

root tissues, but accumulated during the stress period in proportion to the 

maximum temperature. The 21 kDa, mature form of PsHSP21 accumulated in 

the root tissues, indicating that the protein was appropriately processed. At the 

higher temperatures, 38 and 400C, the PsHSP21 antibodies also detected a 
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Figure 4.4. Root temperature during the stress treatments. Different sets of 
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Figure 4.5. Accumulation of PsHSP21 in heat stressed root tissue. Panel A: 
Coomassie blue stained gel of total root proteins from a 380 C stress 
experiment. Root proteins were prepared throughout the day of stress and once 
each day for seven days following the stress. 40 Ilg of total root protein were 
loaded per lane. Numbers at right indicate molecular mass in kilodaltons. 
Panel B: Autoradiograms showing immunoblots of total root proteins reacted 
with PsHSP21 antibodies. Total root proteins were prepared from plants 
subjected to the 34, 36, 38 or 400 C stress treatments as diagrammed in Fig. 4.1. 
The maximum temperature stress for each sample set is shown at the right. 40 
Ilg of total root protein were loaded per lane. Lane 1 : Control roots prior to 
stress treatment; Lane 2: Midpoint of increase to maximum temperature; Lane 
3: Beginning of maximum temperature; Lane 4: Two hours of maximum 
temperature; Lane 5: End of maximum temperature; Lane 6: Midpoint of 
decrease to control temperature; Lane 7: End of stress treatment (return to 
normal temperature); Lanes 8 - 14: Roots from 1,2,3,4,5,6, or 7 days following 
the stress treatment, respectively. 
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low level of a polypeptide at approximately 26 kDa, the expected size of the 

precursor protein (see Fig. 4.7). However, the possibility that this polypeptide 

reacts non-specifically with the antibodies has not been ruled out. 

The level of PsHSP21 in the roots was quantified as shown in Figure 4.6. 

As found in leaves, the maximum rate of PsHSP21 accumulation occurred 

during the first two hours of stress and the protein no longer accumulated after 

the roots were returned to control temperatures. On days following the stress, 

PsHSP21 gradually declined, persisting longer in tissues stressed to higher 

temperatures. The production of PsHSP21 therefore appears to be regulated 

similarly in roots and leaves. 

To estimate the relative amounts of PsHSP21 in roots and leaves, the 

maximum level of PsHSP21 at each stress temperature was compared in roots 

and leaves. Figure 4.7, Panel A shows that as a percentage of total cell protein, 

PsHSP21 accumulates in roots to only 22-30% of the level seen in leaves. The 

lower level of PsHSP21 accumulation in roots does not appear to be the result 

of a decreased response of roots to heat stress. When the same protein 

samples are reacted with anti-HSP70 antiserum, two molecular weight forms of 

HSP70 can be distinguished, both of which are more abundant in roots than in 

leaves. A polypeptide of approximately 72 kDa appears only after heat shock, 

and a 70 kDa polypeptide was present at control temperatures and also 

increased during heat shock. 

85 



Figure 4.6. Quantification of PsHSP21 during heat stress and recovery in roots. 
All values are expressed as a percentage of the maximum 1251 cpm obtained in 
the 400 C stress experiment. Panel A: Levels of PsHSP21 during the day of 
stress at different maximum temperatures. Panel B: Levels of PsHSP21 from 
the stress day through 7 days following the stress. 
340 C -c -; 360 C -+-; 380 C -. -; 400 C -0-. 
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PsHSP21 In roots Is enriched In the root plastid fraction 

The fact that only the mature, 21 kDa form of PsHSP21 accumulated to 

significant levels in roots suggests that the protein was transported into root 

plastids and correctly processed. In order to confirm this hypothesis, root 

plastids were isolated from pea roots heat stressed at 380 C and the amount of 

PsHSP21 in the plastids was compared with that in the total root samples 

prepared from identically treated plants. Plastid and total root samples 

containing equal amounts of protein were analyzed on western blots reacted 

with PsHSP21 antibodies. The result of this experiment showed that PsHSP21 

is significantly enriched (approximately 10 fold) in the plastid fraction (not 

shown). The PsHSP21 in the root plastid fraction was resistant to protease 

(thermolysin) treatment, suggesting it was internalized and protected from 

protease by the plastid envelope. When identical samples were probed with 

antibodies against cytoplasmic PsHSP18.1 to demonstrate that cytoplasmic 

proteins are not present in the plastid sample, the major polypeptides which 

react with the PsHSP18.1 antibodies in total roots were almost absent from the 

plastid sample. The small amount of PsHSP18.1 in the plastid sample was 

thermolysin sensitive, demonstrating that it was not inside the plastids (not 

shown). The enrichment of PsHSP21 in the plastid fraction provides further 

evidence for its plastid localization in roots. 

PsHSP21 stability 

Experiments were performed to determine if PsHSP21 accumulation was 

proportional to the amount of PsHSP21 mRNA and to estimate the half-life of 

the protein. PsHSP21 mRNA levels were examined by Northern analysis of 
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total leaf and root RNA by L. Lauzon in the laboratory. PsHSP21 mRNA was 

barely detectable at 10 AM when the tissues had reached 300 C and it 

increased to maximum levels by 12 noon. PsHSP21 mRNA levels remained 

high throughout the 380 C treatment and then declined to the point that mRNA 

was essentially absent the morning following the stress. A similar pattern of 

mRNA levels was observed for all temperature treatments and proportionally 

more RNA accumulated at 400 C and less at 36 and 340 C (not shown). 

PsHSP21 mRNA levels were not significantly different in leaf and root tissues 

when compared as a percentage of total mRNA (Chen et al. 1990). 

Given the extremely low levels of PsHSP21 mRNA on the day following 

the stress treatment (less than 1/100th of the maximum levels), new synthesis of 

PsHSP21 can no longer occur (as shown by the arrow in Fig. 4.38). Therefore, 

the decrease in PsHSP21 during the following week was used to estimate the 

half-life of the protein under normal temperature conditions. Using the data for 

380 C from Figure 4.3, the best fit exponential curve was derived for points from 

day one through 7 after heat stress. The resulting half-life was estimated to be 

approximately 52.0 hours (SD 12.7 h). Similar estimates were derived using 

data from other temperatures. There was also no significant difference in the 

estimated protein half-life in roots. 

PsHSP21 Is found only In chloroplasts In leaves 

In the above experiments, detection of PsHSP21 in the mature, 

processed form in leaf tissue, strongly indicates that the protein has been 

translocated across a membrane. In previous experiments, PsHSP21 has been 

shown to localize to chloroplasts in vivo (Vierling et al. 1986). However, none of 
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these experiments rule out the possibility that PsHSP21 is transported into other 

cellular compartments, in particular the mitochondria. Transit peptides for 

chloroplast and mitochondrial proteins have similar characteristics and 

chloroplast transit peptides have been used to direct proteins to mitochondria in 

yeast (Hurt et at. 1986). More recently, a yeast mitochondrial leader peptide 

has been shown to function as a dual targeting signal for both chloroplasts and 

mitochondria in transgenic plants (Huang et at. 1990). To demonstrate that all 

of the PsHSP21 in leaves is localized within the chloroplast, I compared the 

amount of PsHSP21 in protein samples from chloroplasts and whole leaf tissue. 

Comparisons were made on the basis of sample chlorophyll content. Because 

all of the chlorophyll in a leaf is contained within the chloroplast, leaf and 

chloroplast samples containing equal amounts of chlorophyll will also contain 

approximately equal numbers of chloroplasts. 

Chloroplasts were isolated from plants treated at 380 C for four hours (4 

PM time point in Figure 4.1), protease treated and reisolated. Total leaf protein 

samples were prepared from identically treated plants. Chloroplast and total 

leaf protein samples representing 2.0 Ilg of chlorophyll were analyzed on 

immunoblots which were reacted with PsHSP21 antibodies. Figure 4.8, Panel 

A shows that essentially equal quantities of PsHSP21 are detected in the leaf 

and chloroplast samples. Similar results were obtained in a duplicate 

experiment, and the 1251 cpm of the excised reactive band was 5227 ± 112 for 

the total leaf sample and 5575 ± 172 for the chloroplast protein sample. When 

identical samples were probed with antibodies against spinach FNR (Figure 

4.8, Panel B) or chloroplast ATPase (not shown), equal quantities of these 

proteins were also detected in both samples. As a control to demonstrate that 
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Figure 4.8. PsHSP21 in leaves is found only in chloroplasts. Total chloroplast 
protein or total leaf protein samples containing 2 ~g of chlorophyll were 
analyzed by electrophoresis and immunoblotting. Panel A: Autoradiogram of 
samples reacted with PsHSP21 antibodies. Panel B: Autoradiogram of 
samples reacted with FNR antibodies. Panel C: Autoradiogram of samples 
reacted with HSP70 antibodies. Samples in Panel C were separated on 7.5% 
polyacrylamide gels. 
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cytoplasmic proteins are not present in the chloroplast sample, the same 

samples were reacted with HSP70 antibodies (Fig. 4.8, Panel C). The major 

polypeptides which reacted with the HSP70 antibodies in leaves were 

completely absent from the chloroplast sample. A minor polypeptide in the 

chloroplast sample which reacted with the HSP70 antibodies was of a higher 

molecular weight than the major leaf HSP70s. This polypeptide has recently 

been shown to be a specific chloroplast-localized HSP70 homologue (Marshall 

et al. 1990). I conclude that all the PsHSP21 is localized to the chloroplast. 

PsHSP21 Is found In the soluble fraction of the chloroplast 

In order to understand the function of PsHSP21 it is important to 

determine where the protein is localized within the chloroplast. To resolve the 

discrepancy about the localization of PsHSP21, several fractionation 

experiments were performed to reinvestigate its localization. 

Intact chloroplasts were isolated from plants which had been treated for 

four hours at 380 C (4 PM time point, Fig. 4.1). They were then lysed and 

separated into soluble, membrane and membrane wash fractions. Aliquots 

from each fraction, representing protein from an equal quantity of chloroplasts, 

were analyzed by electrophoresis and immunoblotting. Figure 4.9 shows 

identical samples stained with Coomassie blue or reacted with anti-PsHSP21, 

anti-chloroplast ATPase or anti-FNR antibodies. Under these lysis and 

fractionation conditions, approximately 89% of the PsHSP21 was recovered in 

the soluble protein fraction (9586 cpm), 8% in the membrane fraction (879 cpm) 

and 3% in the membrane wash fraction (349 cpm). The majority of the 

chloroplast ATPase, a peripheral membrane protein, was retained on the 
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Figure 4.9. PsHSP21 is localized to the soluble fraction of the chloroplast. Chloroplasts were isolated from plants 
stressed at 380 C and separated into soluble, membrane and membrane wash fractions. Samples of each 
fraction representing an equal proportion of the chloroplasts (33 Jlg of soluble, 72 Jlg of membrane and 4.8 Jlg of 
membrane wash protein) were analyzed by electrophoresis and immunoblotting. Panel A: Coomassie blue 
stained gel. Panel 8: Autoradiogram of immunoblot reacted with PsHSP21 antibodies. Panel C: Autoradiogram 
of immunoblot reacted with chloroplast ATPase antibodies. Panel D: Autoradiogram of immunoblot reacted with 
FNR antibodies. s = soluble fraction, m = membrane fraction. w = membrane wash fraction. Molecular mass in 
kilodaltons is shown at right of each panel. 
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thylakoids. FNR, which is functionally associated with thylakoid components, 

was found distributed between the three fractions consistent with previous 

observations showing that a percentage of FNR is released during osmotic 

shock and the remaining percentage consists of loosely and tightly bound 

membrane pools of the enzyme (Matthijs et al. 1986). These data indicate that 

PsHSP21 is either a soluble protein, or bound to the membrane more loosely 

than ATPase or the loosely bound pool of FNR. Additional membrane washes 

using excess EDTA removed a greater percentage of the chloroplast ATPase, 

but had little effect on the remaining PsHSP21. I suggest that the residual 

membrane associated PsHSP21 represents protein trapped in thylakoid 

vesicles or cross-linked to membrane components during lysis. 

To investigate further whether PsHSP21 may form some type of 

association with membranes, other chloroplast lysis conditions were used in an 

attempt to preserve such associations. Chloroplasts were lysed in 10 mM 

HEPES, pH 8.0, 1.0 mM 2-mercaptoethanol at a range of MgCI2 and NaCI 

concentrations including: i) 5 mM MgCI2, 0 mM NaCl, ii) 5 mM MgCI2, 250 mM 

NaCl, iii) 5 mM MgCI2, 500 mM NaCl, iv) 10 mM MgCI2, 500 mM NaCl, v) 20 

mM MgCI2, 500 mM NaCl, vi) 0.75 mM EDTA, 500 mM NaCI. Chloroplasts 

were also lysed in unbuffered H20 or 5 mM MgCI2' Under all of these 

conditions greater than 80% percent of the PsHSP21 was recovered in the 

soluble protein fraction of the chloroplast (not shown). The same distribution of 

PsHSP21 was also observed when chloroplasts were isolated during the stress 

recovery period, from plants treated at 400 C, or when plants were subjected to 

an abrupt heat stress treatment of 38 or 400 C for 2 hours (not shown). 
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Expression of the chloroplast LMW HSP In petunia, Arabldopsls 

and maize 

In order to demonstrate that the observed PsHSP21 accumulation and 

stability are not limited to pea plants, but represents a general expression 

pattern for chloroplast LMW HSPs from higher plants, the expression of 

chloroplast HSPs in petunia, Arabidopsis and maize was investigated in 

comparison to that in pea. Plants were stressed at 380 C according to the HS 

regime described. Samples of total leaf proteins were prepared at four times 

during the treatment: before the stress, when the temperature reached 380 C, 

after 4 h at 380 C, and after temperature had returned to 220 C. Total leaf protein 

samples were also isolated 12 h after the plant had been returned to normal 

growth temperatures. Like pea, Arabidopsis and petunia plants subjected to 

this type of stress regime showed no visible damage during the stress, nor did 

signs of damage appear during a subsequent week of growth and observation. 

Maize plants developed some bleached and necrotic areas along the leaf 

margins, particularly in leaves that were undergoing rapid expansion during the 

stress period. 

Leaf protein samples prepared prior to stress are compared to samples 

taken immediately after the temperature had returned to 220 C in Fig. 4.10. 

Using the carboxyl-terminal antiserum against PsHSP21, a LMW polypeptide is 

labeled in the Arabidopsis and maize HS samples, but not in the control 

samples (Panel A). These LMW polypeptides are the only proteins which show 

no reaction with preimmune serum (Panel B) and are present only in the HS 

samples. No polypeptides which specifically react with the antiserum were 

seen in the petunia samples. 
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Figure 4.10. Accumulation of chloroplast HSPs from pea, petunia, Arabidopsis 
and maize. Total leaf protein samples were prepared from leaves before stress 
(odd numbered lanes) or at 8 PM following the stress (even numbered lanes). 
Samples are from petunia (lanes 1 & 2), maize (lanes 3 & 4), Arabidopsis (lanes 
5 & 6) and pea (lanes 7 & 8). Panel A: Autoradiogram of western blot reacted 
with carboxyl-terminal PsHSP21 antiserum. Arrows indicate the 24 kDa maize 
HSP (ZmHSP26) in lane 4 (top arrow) and the 21 kDa HSP in Arabidopsis 
(AtHSP21) (lane 6) and pea (lane 8) (bottom arrow). Panel B: Autoradiogram 
of western blot reacted with preimmune serum from the rabbit in which the 
carboxyl-terminal antiserum was produced. Panel C: Autoradiogram of 
western blot reacted with amino-terminal PsHSP21 antiserum. The arrow 
indicates the 21 kDa HSP in Arabidopsis (lane 6) and pea (lane 8). Panel D: 
Coomassie Blue stained gel. Approximately 100 Ilg protein was loaded in each 
gel lane. Positions of molecular weight markers (kDa) are shown at right of 
Panel D. 
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The amino-terminal PsHSP21 antibody was used to detect antigens on 

identical blots (Fig. 4.10, Panel C). This antibody detects PsHSP21 and 

Arabidopsis HSP21 (AtHSP21), but does not recognize the maize or petunia 

proteins. Inability to detect maize HSP26 (ZmHSP26) with this antibody is in 

agreement with results of immunoprecipitation experiments (Vierling et al. 

1989), and consistent with the lower identity of the amino-terminal region 

between species. 

The fact that polypeptides identical in size to the HSP precursors 

identified by immunoprecipitation from the in vitro translation reactions are not 

detected in vivo by Western blot analysis suggests that the proteins undergo 

proteolytic processing. This provides further evidence that the pea HSP 

antibodies are reacting with the corresponding chloroplast-localized HSP from 

the other plant species, and not with a highly related cytoplasmic-localized 

HSP. 

To test the stability of the chloroplast LMW HSP in petunia, Arabidopsis, 

and maize, total leaf protein samples prepared 12 h after the plants had been 

returned to 220 C were analyzed on Western blots with carboxyl-terminal 

antibodies. In comparison to samples prepared immediately following the 

stress, samples prepared the next morning showed little or no decrease in 

antigen (not shown, see Vierling et al. 1989). 
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DISCUSSION 

The synthesis of LMW HSPs which localize to chloroplasts is a unique 

component of the heat shock response in higher plants and Chlamydomonas 

(Kloppstech et al. 1985, Vierling et al. 1986). These LMW HSPs are 

homologous to LMW cytoplasmic HSPs of plants and other eukaryotes (Vierling 

et al. 1988). As initial steps toward determining the function of the LMW 

chloroplast HSPs, I have examined the conditions which elicit their synthesis, 

the organ specificity of their expression and their localization within the 

chloroplast. In these studies intact plants and gradual temperature stress 

conditions were used, providing information relevant to the expression of 

chloroplast HSPs in the natural environment. 

The rate of HSP synthesis in plants and other eukaryotes has been 

shown to be directly proportional to the temperature of the applied stress 

(Nagao et al. 1986; Lindquist and Craig 1988). My experiments showed that 

the accumulation of PsHSP21 in plant tissues was also proportional to 

temperature and that, in leaves, 10-fold more protein accumulated at 380 C than 

at 340 C. PsHSP21 was detected in as little as 0.5 ~g of total protein from 

leaves stressed at 380 C, but was not detected in as much as 1 00 ~g of total 

protein from controls. Therefore PsHSP21 accumulated over 200-fold during 

stress. In leaves, all of this protein accumulated in its mature processed form in 

the chloroplasts. Field measurements of plant temperatures (Ehrler, 1973; 

Gardner et al. 1981) indicate that the types of temperature changes used in 

these experiments are similar to what may be experienced by plants growing in 
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the natural environment, although temperatures above 350 C represent extreme 

stress conditions. 

Currently, purified PsHSP21 is not available to use as a standard for 

quantitation of PsHSP21. However, the amount of PsHSP21 which 

accumulates per chloroplast can be approximated if it is assumed that the 

immunoblotting technique can detect 0.05 - 0.1 ng of antigen. This is the lower 

limit of detection generally reported for immunoblotting methods (Obertelder 

1989). Assuming this level of sensitivity, combined with the observation that 

PsHSP21 was seen in as little as 0.5 Ilg of leaf protein from 380 C stressed 

leaves, it can be estimated that the protein accumulated to 0.01 - 0.02% of the 

total leaf protein. This estimate is consistent with the inability to detect 

PsHSP21 on Coomassie Blue stained gels of heat stressed leaf or chloroplast 

proteins. I have measured the amount of protein in chloroplasts to be 40% of 

the total leaf protein in peas and determined that an individual pea chloroplast 

contains on the average 11.14 x 10-6 Ilg of protein and 1.0 x 10-6 Ilg of 

chlorophyll (Table 2.1). If PsHSP21 is equally distributed among leaf 

chloroplasts, the amount of PsHSP21 would be approximately 1 x 105 

molecules per chloroplast at 380 C and 1 x 104 molecules per chloroplast at 

340 C. These PsHSP21 levels are low relative to other chloroplast 

components, such as photosystems I and II (each approximately 1 x 106 per 

pea chloroplast). I suggest that PsHSP21 is not abundant enough to have a 

structural role in the chloroplast, and is more likely to have a catalytic role in 

stress protection or recovery. 

The data indicate that PsHSP21 is not found in control tissues although it 

cannot be ruled out that PsHSP21 is present at 10-100 molecules per 
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chloroplast. Cytoplasmic LMW HSPs are constitutively present in mammalian 

cells, and also increase during heat stress (Arrigo et al. 1988). In Drosophila 

and yeast, LMW HSPs are not constitutively expressed, but are expressed 

during development or at specific growth phases in the absence of heat stress 

(Arrigo 1987; Rossi and Lindquist 1989). In contrast, other major classes of 

HSPs, HSP90, HSP60, and HSP70 or HSP70 homologues, are constitutive 

proteins in most cells, in addition to increasing during stress treatments. 

Conditions other than stress which lead to the production of chloroplast 

PsHSP21 have not yet been identified. Furthermore, there is no evidence that 

distinct proteins with homology to PsHSP21 are present in the chloroplast 

under normal growth conditions. Like in pea, the chloroplast HSPs are not 

present prior to heat stress in petunia, Arabidopsis or maize. Therefore, I 

conclude that the major function of chloroplast HSPs in higher plants are 

specifically required by organelles subjected to stress. 

Surprisingly, the accumulation of a LMW HSP in petunia was not 

detected by Western blot analysis. This may be due to weak antiserum 

reactivity and/or low levels of accumulation. In comparison to pea PsHSP21, 

the apparent lower level of HSPs in Arabidopsis and maize is most likely due to 

decreased reactivity of the antiserum with heterologous species, rather than a 

result of lower HSP accumulation. The immunoprecipitation results from 

Vierling et al. (1989) indicate that chloroplast HSP mRNA is abundant in both 

species. This hypothesis was further supported by the report that antibodies 

against Arabidopsis AtHSP21 showed the opposite pattern of reactivity 

compared to PsHSP21 antibodies: they react much more strongly with 

AtHSP21 than with PsHSP21 (Osteryoung et al. 1991). 
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The stability of HSPs following heat stress has not been extensively 

examined. Pulse-labeling of etiolated soybean seedlings showed that LMW 

cytoplasmic HSPs were still present 24 h after the stress treatment (Nagao et aJ. 

1986). In mammals, HSP28 remains at elevated levels at least 12 h following 

stress (Arrigo et aJ. 1988). However, these studies did not examine later time 

points following the stress nor determine the half-life of these HSPs. I was able 

to estimate the half-life of PsHSP21 without invasive treatment of the plant 

tissues. These half-life measurements describe how the protein behaves at 

normal leaf temperatures; the half-life of PsHSP21 during the stress period was 

not estimated and may be different. In maize and Arabidopsis, the levels of 

chloroplast HSPs also remained essentially unchanged during the first 12 h 

following the stress. The relatively long half-life of PsHSP21 and chloroplast 

HSPs in other species at control temperatures suggests chloroplast HSP 

function may be as critical during the recovery period as it is during the stress 

period. 

Although PsHSP21 mRNA had previously been shown to be induced in 

etiolated soybean hypocotyls (Vierling et aJ. 1986) and in etiolated pea leaves 

(Kloppstech et aJ. 1985), the present study provides the first data showing 

PsHSP21 is synthesized in tissues which contain non-photosynthetic plastids. 

Relative to temperature and mRNA levels, the pattern of accumulation and 

stability of PsHSP21 in root tissues was very similar to that seen in leaves, 

indicating the basic mechanisms controlling PsHSP21 production are similar in 

both tissues. Only the mature, 21 kDa form of the protein accumulated to 

significant levels in roots, suggesting that the protein was transported into root 

plastids and correctly processed. In cell fractionation experiments PsHSP21 is 
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significantly enriched in the root plastid fraction. The presence of PsHSP21 in 

roots argues that the protein is essential to processes which occur in both 

photosynthetic and non-photosynthetic plastids. This does not rule out a role for 

PsHSP21 in protecting the photosynthetic apparatus; PsHSP21 may protect 

more than one plastid function. 

Although the relative pattern of PsHSP21 accumulation and the protein's 

half-life were similar in roots and leaves, the amount of PsHSP21 in roots was 

22-30% of that in leaves. This is not the result of a less vigorous response of 

roots to heat stress; HSP70 is synthesized to higher levels in roots than in 

leaves. The difference in the relative expression of PsHSP21 and HSP70 

suggests there is some degree of tissue specific control of the heat shock 

response in these two organs. There are 50 to 150 chloroplasts per leaf 

mesophyll cell (Lamppa et at. 1980; Mullet 1988), and in pea, chloroplasts 

contain approximately 40% of total leaf protein. In contrast, there are only 10 to 

30 plastids per root cell (Juniper and Clowes 1965). The amount of total cell 

protein present in root plastids has not been estimated, but is likely to be 

significantly less than 40%. Thus, it is not surprising that roots produced lower 

levels of PsHSP21 , although the actual amount of PsHSP21 per volume of 

plastid may be similar to what is found in leaves. Whether this decreased 

expression is controlled transcriptionally or post-transcriptionally remains to be 

investigated. 

Glaczinski and Kloppstech (1988) studied the localization of PsHSP21 

synthesized in vitro and transported into chloroplasts isolated from heat

stressed pea plants. When plants had been treated for 2 hours at 380 C or 

higher, all the imported PsHSP21 associated with the thylakoids. Using 
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chloroplasts from plants treated at temperatures below 380 C, they found 

PsHSP21 in the soluble fraction. Based on the solublization behavior of 

PsHSP21 from thylakoids with salt and detergents, Adamska and Kloppstech 

(1991) hypothesized that PsHSP21 was an intrinsic constituent of thylakoid 

membranes, or noncovalently bound to integral membrane proteins, even 

though they admitted that their salt washing data are inconclusive and their 

results of a membrane wash with alkaline Tris are inconsistent with their 

conclusions. They also suggested that PsHSP21 might bind thylakoids 

through one membrane span (Adamsl<a and Kloppstech 1991), however, the 

sequence analysis of this HSP from divergent higher plant species has not 

identified such a domain (Vierling et al 1988; Chen et al. 1991; Chapter 3). In 

contrast, my data indicate that PsHSP21 is a soluble component of the 

chloroplast stroma at 380 C and 400 C. This result is supported by the electron

microscopic data from Nover's laboratory (Neumann et al. 1989). It is possible 

that I have not reproduced the stress conditions, or chloroplast fractionation 

conditions, under which Kloppstech's group has observed thylakoid 

association. Alternatively, protein imported in vitro may behave differently from 

in vivo synthesized PsHSP21. In Chlamydomonas a major chloroplast HSP, 

CrHSP22, has been reported to be associated primarily with thylakoids and to 

bind and protect components of photosystem II (Schuster et al. 1988). 

However, comparison of the CrHSP22 sequence (Grimm et al. 1989) with 

PsHSP21 indicates these proteins have limited homology and the methionine 

bristle domain which is typical for higher plant chloroplast LMW HSP is not 

found in this protein (Chen et al. 1991; Chapter 3). Thus, it is possible that the 

thylakoid associated CrHSP22 is functionally distinct from PsHSP21. I 
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conclude that under most stress conditions which would be experienced by 

plants, PsHSP21 is not tightly associated with thylakoids. 
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CHAPTER FIVE 

NATIVE STRUCTURE OF THE CHLOROPLAST LMW HSP 

INTRODUCTION 

The chloroplast LMW HSP is expressed only during HS and 

accumulates dramatically in the soluble protein fraction of chloroplasts as a 

stable protein with a half-life of 52 h (Chen et al. 1990). Sequence analysis of 

this HSP from pea (Pisum sativum), soybean (Glycine max), petunia (Petunia 

hybrida), Arabidopsis thaliana and maize (Zea mays) indicates that it has a 

conserved carboxyl-terminal "heat shock" domain which is shared by all 

eukaryotic LMW HSPs, and an amino-terminal "methionine bristle" domain 

which is unique to chloroplast LMW HSP (Chen and Vierling 1991). The 

conservation of the "heat shock" domain among LMW cytoplasmic and 

chloroplast HSPs suggests that they may serve similar functions in different 

cellular compartments. The function of the cytoplasmic LMW HSPs is unknown. 

Biochemical analyses of cytoplasmic LMW HSPs have revealed that in 

many organisms they form 10 - 20S particles which can reversibly aggregate 

into larger "heat shock granules" > 1.0 megadalton depending on the stress 

conditions (Lindquist and Craig 1988; Nover et al. 1989; Vierling 1991). Since 

LMW HSPs share homology in their heat shock domain with the a-crystallin eye 

lens proteins which also form 15 - 20S particles, it has been speculated that 

these proteins are functionally homologous (Lindquist and Craig 1988). Even 

though no biochemical activity has been determined for the particles, further 

105 



studies of these protein complexes will be crucial in elucidating the function of 

these HSPs. 

To understand if PsHSP21 has a similar native structure to cytoplasmic 

LMW HSPs, which would support further the speculated functional homology 

between the two groups of HSPs, I studied the native structure of Pisum sativum 

PsHSP21. I report that in vivo, PsHSP21 is found in a 200 kOa (10 - 11 S) 

stable particle which, unlike cytoplasmic LMW HSPs, does not aggregate into 

heat shock granules even under extreme HS conditions. The results in this 

chapter also demonstrate that assembly of the PsHSP21-containing particle in 

isolated chloroplasts occurs only in chloroplasts from heat stressed plants, 

suggesting that other HS induced factors or preexisting PsHSP21 are required 

for the assembly of the particle. Preliminary purification data using immuno

affinity column indicated that the PsHSP21-containing particle is composed 

primarily of PsHSP21. These studies provide the first information regarding the 

native structure of the chloroplast LMW HSP. 

RESULTS 

PsHSP21 Is found In a ,.. 200 kOa particle In vivo 

Cytoplasmic LMW HSPs have been found as 10 - 20 S particles in many 

organisms (Lindquist and Craig 1988; Vierling 1991 for reviews). To 

understand the function of PsHSP21, it is of importance to know if PsHSP21 

forms similar particles. My previous studies (Chen et al. 1990) showed that 

PsHSP21 is localized in the soluble protein fraction of the chloroplast. In order 
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to examine the native structure of PsHSP21 , total chloroplast soluble proteins 

from control or heat stressed plants were separated on 17 to 34% sucrose 

gradients. Initially chloroplast lysis and gradient analysis were performed in the 

buffer specified in the materials and methods. Gradient fractions were analyzed 

on 1-0 SOS-PAGE or western blots using PsHSP21 antibodies (Fig. 5.1). 

When chloroplast soluble proteins from heat stressed (Fig. 5.1 A) and control 

(not shown) plants were compared, no major differences were detected in the 

Coomassie blue-stained gels. Western blot analysis of the gradient fractions 

showed that the majority (77.3%) of PsHSP21 sedimented in fractions 3 - 6 (21 -

26% sucrose) with the peak (57%) in fractions 4 and 5 (24.5 - 26% sucrose) 

(Fig. 5.1 B). Less than 2% of PsHSP21 was recovered in the pellet fraction of 

the gradient. Using bovine serum albumin (BSA) (6S), catalase (11 S) and 

ribulose bisphosphate carboxylase (Rubisco) (18S) as molecular weight 

standards on the gradients, a native molecular weight of ~ 200 kOa and a 

sedimentation value of 10 - 11 S were estimated for the PsHSP21-containing 

particle. Other than PsHSP21, an additional protein band of ~ 43 kOa was also 

recognized by the PsHSP21 antibodies (Fig. 5.1 B). The abundance of this 

band in each fraction was always proportional to that of PsHSP21 (Fig 5.1 B), 

suggesting it is a dimeric form of PsHSP21 which has not been denatured by 

the protein sample buffer. 

The stability of the 200 kDa PsHSP21-containing particle was 

investigated by varying the chloroplast lysis and sucrose gradient conditions 

(Table 5.1). Different buffer conditions included 0 to 500 mM NaCI, 0 to 20 mM 

MgCI2, or these buffers containing one of the following additions: 0.75 mM 

EOTA, 20 mM OTT, or KCI instead of NaCI. Under all these conditions, 
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Figure 5.1. In vivo, chloroplast PsHSP21 is found as a 200 kDa particle in heat 
stressed plants. The soluble proteins from isolated chloroplasts were 
fractionated on sucrose gradients and gradient fractions were analyzed on 
stained gels (Panel A) or western blots using PsHSP21 antibodies (Panel 8). 
Lanes 1-12 = sucrose gradient fractions. P = pellet from sucrose gradient. 
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approximately 50% of PsHSP21 was detected in fractions sedimenting between 

10 and 11 S (200 kDa). A similar distribution of PsHSP21 was also observed 

when chloroplasts were lysed in buffers containing 10 mM ATP or 1.0% Triton 

X-100. The similar sedimentation behavior of PsHSP21 under all of these 

conditions supports the conclusion that the PsHSP21-containing 200 kDa 

particle is a stable native complex which is similar to the 10 - 20S complex of 

cytoplasmic LMW HSPs. 

Studies of cytoplasmic LMW HSP particles from plants (Nover et al. 

1983, 1989), vertebrates (Arrigo et al. 1988; Collier and Schlesinger 1986) and 

Drosophila (Arrigo et al. 1980) have revealed that these 10 to 20S particles can 

reversibly form large aggregates (heat shock granules) with masses larger than 

1 megadalton. The dynamic changes of these LMW HSPs between the two 

states depends on the severity and the duration of the HS (Arrigo et al. 1988; 

Collier et al. 1988). In order to determine if the chloroplast PsHSP21-containing 

particle exhibited similar properties, the behavior of the PsHSP21-containing 

particle was investigated by varying the HS conditions prior to chloroplast 

isolation. When chloroplasts were isolated from plants heat stressed abruptly 

for 2 h at 38 or 400 C, the distribution pattern of PsHSP21 on the sucrose 

gradient was similar to that of chloroplasts from plants gradually stressed to 

380 C, with one major peak sedimenting around 10 to 11 S (Table 5.1). As in 

my previous report (Chen et al. 1990), abrupt HS did not change the distribution 

of PsHSP21 in the chloroplast soluble and membrane fraction (not shown). The 

same PsHSP21 sedimentation pattern was also observed when chloroplasts 

were isolated during the recovery period where plants were kept at 220 C for 12 

h after HS (Table 5.1). These results suggest that unlike cytoplasmic LMW 
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Table 5.1. Conditions Used in Characterization of HSP21-Containing Particles 

Heat Stress Chloroplast isolation time Lysis and gradient buffer a Distribution in gradient (%) b 

°C 

38 regime c 
38 regime 
38 regime 
38 regime 

38 regime 

38 regime 

38 regime 
38 regime 
38 regime 

38 regime 
38abrupt f 

40 abrupt 

38 regime 
38 regime 

4pm 
d 

4pm 
4pm 
4pm 

4pm 

4pm 

4pm 
4pm 
4pm 

24hafterHS 
2 hafterHS 
2 hafterHS 

4 pm (total leaf} 
4 pm (total root) 70· 

OmMNaCI 
500mMNaCI 
500mMNaCI 
20mM MgCI2 
OmMMgCI2 
0.75mMEOTA 
+150mM KCI 
OmMNaCI 
+20mM OTT 
+10mMATP 
+1 % TritonX-100 

sucrose % 

21-26 24.5-26 

79A 51.8 
82.0 65A 
73A 49.0 

76A 51.3 

72.1 48A 

685 59.8 
75.0 49.0 
70· 50· 
70· 50· 

72.8 47.6 
65.0 45.6 
71.6 54.7 

70· 50· 
50· 

a) Standard buffer was1 0 mM Hepes pH 8.0, 5 mM MgCl2, 150 mM NaC~ 1 mM 2-mercaptoethanol with 
mocflfications indicated. 

b) As determined by counting the 1251-labelled bands excised from western blots exce~where indicated 
c) As described by then etal. (1990) J Cel Biol11 0:1873-1883, also see Fig. 4.1 this dissertation. 
d) Corresponds to the end of 4 h maximum temperature stress. 
e) VISually estimated from autoradiograms. 
f) Abrupt stress was performed as described in Materials and Methods. 

~ 

~ 
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HSPs, chloroplast PsHSP21-containing particles do not appear to aggregate 

into larger heat shock granules. 

I have previously shown that chloroplast PsHSP21 is also expressed in 

roots during HS (Chapter 4; Chen et al. 1990). To determine if PsHSP21 has a 

similar native structure in non-photosynthetic tissues, proteins isolated from total 

root or total leaf tissues were analyzed by the same methods as for proteins 

from chloroplasts. In these analyses, PsHSP21 was found in a 200 kDa particle 

in root as well as in leaf samples (not shown). Therefore, the formation of the 

PsHSP21 200 kDa particle is not specific to photosynthetic organelles, but it is a 

process occurring in all types of plastids. These results also indicate that 

particle formation is not an artifact of the chloroplast isolation procedure. 

PsHSP21-contalnlng particle size determination by native gel 

electrophoresis 

To confirm the sucrose gradient analysis, native gel electrophoresis was 

used as an independent approach to determine the size of native PsHSP21. 

Soluble chloroplast proteins from heat stressed or control plants were isolated 

and analyzed on native gels with different acrylamide concentrations. 

PsHSP21-containing particles were identified by western blotting with 

antibodies against PsHSP21 , and the size of the particle was estimated by the 

method of Hedrick and Smith (1968) (Fig. 5.2). On the immunoblot (Fig. 5.2A), 

PsHSP21 could be detected as a discrete band only in the HS sample reacted 

with PsHSP21 antiserum, but not in the control sample or samples reacted with 

pre-immune serum. By comparing the mobility of PsHSP21 with that of 

catalase, ferritin and Rubisco (Fig. 5.2B), the size of the discrete band which 
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Figure 5.2. Particle size determination by native gel electrophoresis. 
Chloroplast soluble proteins from both heat stressed (HS) and control (C) plants 
were separated on native gels (10% acrylamide shown) and analyzed by 
western blotting (Panel A). The blots were reacted with either preimmune 
serum or PsHSP21 antiserum. PsHSP21 can be detected only in the HS 
sample reacted with anti-PsHSP21. The discrete band represents the 
PsHSP21-containing particle. The molecular weight of the particle was 
estimated by analyzing its mobility on native gels with acrylamide 
concentrations of 5, 7.5, 8, 9, 10 and 12.5% along with catalase, ferritin and 
Rubisco as standards (Panel B and C). Panel B: The effect of gel concentration 
on protein mobility. The numbers in the figure are the estimated negative 
slopes of the lines. Panel C: The slope - molecular weight relationship. The 
slope determined for PsHSP21 (-10) in Panel B predicts a molecular weight of 
'" 200 kDa. 
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represents the PsHSP21-containing particle was estimated to be approximately 

200 kOa (Fig. 5.2C), in good agreement with the sucrose gradient results. 

Import kinetics and thermolysln sensitivity of Imported PsHSP21 in 

Isolated chloroplasts 

To study further the PsHSP21-containing particle, an in vitro system was 

developed to characterize the structure of PsHSP21 imported into isolated 

chloroplasts. Assembly of chloroplast soluble and membrane protein 

complexes has been shown to proceed faithfully in an isolated chloroplast 

system (Barraclough and Ellis 1990; Roy et al. 1982). Following the assembly 

of the 200 kOa form of PsHSP21 in such a system was therefore undertaken to 

provide independent confirmation of the native size of PsHSP21 and also to 

define conditions required for assembly of the native particle. It was of 

particular interest to determine if additional factors produced during heat stress 

were required for PsHSP21 assembly. 

Chloroplast import and analysis of PsHSP21 assembly was performed 

as shown in Fig. 5.3 and characteristics of the import system are detailed in Fig. 

5.4. In vitro translated, 35S-Met-labelled PsHSP21 precursor was mixed with 

isolated chloroplasts and recovery of mature PsHSP21 was examined by SOS

PAGE and quantified. Import was allowed to proceed continuously for up to 23 

min, or to facilitate assessment of assembly, import was terminated after 3 min 

by the addition of nigericin and samples were allowed an additional post-import 

incubation period of 3 to 20 min. After import and post-import incubation, 

chloroplasts were treated with or without the protease thermolysin before 

reisolation and analysis. Protease treatment is routinely used to demonstrate 
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In vitro Transport and Analysis of 
HSP21 Assembly in Isolated Chloroplasts 

Pea HSP21 cDNA Pea Leaves from HS or control plants 

(homogenize,Percoll gradients) 

+ 35S-Met labelled 
HSP21 precursor Intact Chloroplasts -

Import Incubation 
(3 - 20 min, Iight,22 C) 

+ 
Post Import Incubation : 

0·40 min Assembly Period 
(+ nigericin to block import) 

+ Reisolate Intact Chloroplasts 
(lysis) 

+ 

--

Sucrose Gradient Fractionation 
of Soluble Proteins 

+ Gel Electrophoresis 

Figure 5.3. Scheme for the in vitro transport and analysis of PsHSP21 
assembly in isolated chloroplasts. Pea plants were heat stressed at 380C 
according to the HS regime described earlier. Chloroplasts were isolated 18 h 
after the end of HS regime. 
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that the imported protein is protected within the organelle. Experiments were 

performed in parallel using chloroplasts from either control or heat stressed 

plants to investigate the effects of stress on PsHSP21 import and assembly. 

When PsHSP21 was imported into control chloroplasts without adding 

nigericin to block import or treating with protease, the amount of PsHSP21 

imported into chloroplasts was proportional to the import time and reached the 

maximal level by approximately 23 min. No increase in imported PsHSP21 was 

detected after 23 min (Fig.5.4A). When the ionophore nigericin was added to 

the import reaction after 3 min, no increase in imported PsHSP21 was observed 

between 3 and 23 min (Fig. 5.4A). Therefore, nigericin effectively uncoupled 

chloroplast photophosphorylation and terminated the import. When the 

protease thermolysin was used to treat control chloroplasts, the same level of 

PsHSP21 was recovered from thermolysin treated and non-treated chloroplasts 

(Fig. 5.4A). This is consistent with the previous observation that PsHSP21 is 

well protected from protease digestion after import into chloroplasts from control 

plants (Vierling et al. 1989). Therefore, thermolysin digestion did not have any 

effect on the recovery of PsHSP21 imported into control chloroplasts. 

In experiments performed with chloroplasts from heat stressed plants, 

PsHSP21 import kinetics were similar but not identical to that of the control 

chloroplasts (Fig. 5.48). The amount of PsHSP21 imported into chloroplasts 

increased with the import time, but, import proceeded for only 13 min instead of 

23 min as in control chloroplasts. Within 20 min, the total amount of PsHSP21 

imported into chloroplasts from control or heat stressed plants was similar, 

about 18 to 20'% of the total PsHSP21 precursor used in the import reaction. As 
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shown for control chloroplasts, nigericin effectively blocked import of proteins 

into chloroplasts from heat stressed plants. However, in contrast to control 

chloroplasts, thermolysin had a dramatic effect on the recovery of PsHSP21 

from chloroplasts of heat stressed plants. As show in Fig. 5.48, only about half 

as much PsHSP21 was recovered from the protease treated chloroplasts 

compared to the non-protease treated chloroplasts in both continuous and 

nigericin terminated import experiments. In the experiment with nigericin, the 

amount of PsHSP21 recovered from thermolysin treated chloroplasts increased 

during the first 10 min of post-incubation time (Fig. 5.48). The cause of the 

thermolysin effect on the recovery of imported PsHSP21 into chloroplasts from 

heat stressed plants was further investigated as described below. 

Assembly of In vitro Imported PsHSP21 In isolated chloroplasts 

In order to determine if imported PsHSP21 was found in the 200 kDa 

particle in isolated chloroplasts, samples from imports treated with nigericin 

were analyzed on sucrose gradients. The distribution of PsHSP21 on the 

gradient was visualized by SDS-PAGE and fluorography, and quantified by 

measuring the radioactivity of PsHSP21 bands on the gel (Fig. 5.5). In 

chloroplasts isolated from control plants, when chloroplasts were lysed 

immediately after the 3 min import (no post-import incubation) the majority of 

PsHSP21 (approximately 69%) was recovered in fractions 2 and 3 (19 - 21 % 

sucrose) sedimenting at about 5S (Fig. 5.5A). A similar sedimentation pattern 

was also observed during the subsequent 20 min post-incubation period (Fig. 

5.5A). Therefore, throughout the import and the post-incubation period, the 

majority (> 60%) of PsHSP21 was recovered in a 5S form and less than 10% of 
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PsHSP21 was detected in fraction 5 or 6 which would correspond to the 200 

kOa particle form of PsHSP21 found in vivo (Fig. 5.1 B, 5.5A). Protease 

treatment of control chloroplasts did not affect the recovery or the distribution of 

PsHSP21 in the gradient (Fig. 5.5A). 

In chloroplasts from heat stressed plants, the sedimentation pattern of 

Imported PsHSP21 was very different from that in control chloroplasts (Fig. 

5.58). Similar to control chloroplasts, the majority (approximately 65%) of 

PsHSP21 was recovered in fractions 2 and 3 (5S) when no post-incubation was 

performed after the 3 min import. However, after 20 min of post-import 

incubation, the labelled PsH8P21 sedimented in two main peaks; one in the 58 

region (fractions 2 and 3), and another new peak in the 11 S (200 kOa) region 

(fractions 5 and 6) (Fig. 5.58). Western blot analysis of the same samples 

indicated that the PsH8P21 sedimenting in fractions 5 and 6 corresponded to 

the 200 kOa particle form of PsH8P21 found in vivo (not shown). Quantitative 

analyses of the distribution of PsH8P21 in the gradients revealed that 

approximately 50% of imported PsHSP21 assembled into the 200 kOa particle 

within 20 min of post-import incubation (Fig. 5.58). When chloroplasts from heat 

stressed plants were treated with thermolysin, the distribution of PsHSP21 

recovered from the gradient changed significantly. As shown in Fig. 5.58, the 

58 form of PsH8P21 was digested by thermolysin, however, the assembled 

200 kOa particle form was not affected by the protease treatment. Quantitative 

analyses suggested that the digestion of the 58 form of PsH8P21 (about 54% 

of total imported PsH8P21) corresponded to the loss of PsH8P21 recovered 

from chloroplasts of heat stress plants after thermolysin treatment in 1-0 PAGE 

analyses shown in Fig 5.48. 
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That the observed PsHSP21-containing particle is not a product of 

random aggregation of PsHSP21, was further demonstrated using the small 

subunit of Rubisco (SSU), denatured (monomer) PsHSP21, and PsHSP21 

precursor as controls. PsHSP21 and SSU were translated in vitro and 

imported into chloroplasts isolated from heat stressed plants. To examine 

monomeric PsHSP21 , the chloroplast soluble fraction from a PsHSP21 import 

was treated with 2% SDS and boiled for 1 min prior to loading on the sucrose 

gradient. The imported SSU and SDS denatured PsHSP21 were then 

analyzed on sucrose gradients by the same procedure as for PsHSP21. 

PsHSP21 precursor obtained by in vitro translation was directly analyzed on 

sucrose gradients. As shown in Fig. 5.6, SSU was recovered in the 18S region 

of the gradient (fractions 7 to 9), which corresponds to the sedimentation region 

of Rubisco holoenzyme (See Fig. 5.1 A). Denatured PsHSP21, as expected, 

was detected on the top of the gradient (fractions 1 and 2), and the precursor 

was found mostly in fractions 3 and 4 (Fig. 5.6). The sedimentation behavior of 

in vitro translated ferredoxin (a monomeric chloroplast protein) imported into 

isolated chloroplasts was also examined. The imported ferredoxin sedimented 

on the top of the gradient as did the endogenous protein (not shown). 

I have considered two potential explanations for the protease sensitivity 

of imported PsHSP21 in chloroplasts from heat stressed plants. It is possible 

that the 5S form of PsHSP21 is not completely imported into chloroplasts, 

although it has been processed. Processed, but incompletely imported 

precursors have been observed in mitochondrial import experiments. However, 

this explanation seems unlikely because the 5S form is resistant to thermolysin 

treatment of control chloroplasts. Another possibility is that damage of the 
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Figure 5.6. Sucrose gradient analysis of Rubisco SSU, PsHSP21 precursor and SOS-denatured HSP21. The 
sedimentation behavior of the small subunit of Rubisco (SSU), denatured PsHSP21 and PsHSP21 precursor 
was examined as a control to demonstrate that the 200 kDa particle is not a product of random aggregation of 
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procedure as for PsHSP21. 
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chloroplasts by H8 allows thermolysin to enter the chloroplast where it 

differentially affects the 2 forms: the 58 form is thermolysin sensitive and the 

assembled 10 - 118 (200 kDa) form of PsH8P21 is insensitive. To test this 

hypothesis, protease sensitivity of the two forms of PsH8P21 was examined by 

treating chloroplast Iysates of control or heat stressed plants with thermolysin 

after import. The results demonstrated that the 58 form recovered from 

chloroplasts of both control or heat stressed plants is sensitive to thermolysin, 

but the assembled 200 kDa particle is resistant to the protease (not shown). 

Thus, the data also suggest that H8 damages the chloroplast membrane 

allowing thermolysin to be in contact with proteins inside chloroplasts, which 

appears not to occur with control chloroplasts. 

In total, the in vitro import results indicate that the formation of the 

PsH8P21-containing particle is a biological assembly process and not a result 

of random aggregation of PsHSP21 molecules. The assembly is time 

dependent and only occurs in chloroplasts from heat stressed plants. In vitro, 

only about 50% of the total imported PsH8P21 assembles into the 200 kDa 

particle form which is thermolysin resistant, and the rest remains in the low 

molecular weight form (58) which is thermolysin sensitive. 

Immuno-purification of the PsHSP21-contalning particle 

The composition of the H8P particles has been determined for 

cytoplasmic LMW H8Ps. (Vierling 1991). In yeast, Drosophila, chicken, and 

mammals, the particles are basically composed of LMW H8Ps (Rossi and 

Lindquist 1989; Collier et al 1988; Arrigo et al. 1988; Haas et al. 1989). 

However, in tomato, in addition to a complex set of LMW H8Ps, H8P70 and 
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small cytoplasmic RNAs were also detected in the particle (Nover et al. 1989). 

In order to determine the composition of the PsHSP21-containing 

particle, the particle was purified using an immuno-affinity column. Chloroplasts 

from 380 C heat stressed pea plants were isolated, lysed and the chloroplast 

lysate was centrifuged at 100,000 g to remove particulate matter. The protein 

sample was then applied to the affinity column as described in Materials and 

Methods. Proteins specifically bound to the column were eluted and analyzed 

by SOS-PAGE, silver staining, or western blotting (Fig. 5.7). On the silver 

stained gel (Fig. 5.7 A), no differences in the total protein pattern were observed 

between the starting material (SM) and the pass through (PT) sample which did 

not bind to the column. The major protein visible in the elution fractions was a 

21 kOa protein (mostly in fraction 3 and 4). This protein was demonstrated to be 

PsHSP21 by western analysis (Fig. 5.78). The other band in the silver stained 

gel is probably an artifact of silver staining since it is also observed in lanes in 

which no protein sample had been applied. In the western analysis with 

PsHSP21 antibodies, in addition to PsHSP21, a 55 kOa protein was also 

detected (Fig. 5.78). Western blotting using preimmune-antiserum (not shown) 

or 1251-Protein A (Fig. 5.7C) showed that the 55 kOa protein reacted with 1251_ 

Protein A in the absence of PsHSP21 antibodies. This result indicates that the 

55 kOa protein is the heavy-chain of IgG which was not covalently bound to the 

affinity column. Three separate purification experiments showed that 

approximately 16% of applied PsHSP21 was recovered from the column. In 

this one step purification, 1 - 2 fl9 of relatively purified PsHSP21 could be 

obtained from 10 mg of starting chloroplast soluble protein using a 1 ml affinity 

column. 
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Figure 5.7. Immuno-purification of PsHSP21. Samples were prepared as 
described in the Material and Methods, and in the text. The samples were then 
analyzed by silver staining (Panes A), western blotting reacted with PsHSP21 
and 1251-protein A (Panel B), or reacted with 1251-protein A alone (Panel C). 
ST = starting material. PT = pass through sample. MW = molecular markers. 
The bands corresponding to the PsHSP21 in Panel A and Panel 8 are 
indicated. 
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Although these purification data suggest that the PsHSP21 particle is 

composed primarily of PsHSP21, this interpretation depends on the assumption 

that the protein which binds to the column is in its native form. Other data from 

the Vierling laboratory suggest that the PsHSP21 antibody will recognize native 

PsHSP21 (K. Osteryoung, personal communication). The intactness of the 

PsHSP21-containing particle after the immuno-purification has not been 

characterized. However, because the elution buffer is highly acidic, the elution 

conditions could be expected to denature the particle. Therefore, failure to 

detect the particle in the eluted fraction would not be informative. Further 

experiments are required to confirm the composition of the 200 kDa particle. 

DISCUSSION 

Cytoplasmic LMW HSPs from many organisms have been detected in 10 

- 20S particles (Lindquist and Craig 1988; Vierling 1991). The results in this 

study demonstrated that the chloroplast LMW HSP is found in similar particles 

in its native state. Using a variety of chloroplast lysis and sucrose gradient 

buffer conditions, it was found that the PsHSP21-containing particle is a 200 

kDa (10 - 11 S) complex which is stable under different salt (0 to 500 mM NaCI) 

and Mg 2+ (0.75 mM EDTA to 20 mM MgCI2) conditions. The fact that the 

PsHSP21-containing particle does not dissociate in buffers with high salt 

concentrations suggests the subunits are associated by hydrophobic 

interactions. The results also demonstrated that the integrity of the PsHSP21-

containing particle is not affected by 1.0% Triton X-1 00 or 10 mM ATP. The 

observation of the 200 kDa PsHSP21-containing particle in protein samples 
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isolated from total roots or leaves indicates the function, as well as the formation 

of the particle, is not specific to photosynthetic organelles, but occurs in all types 

of plastids. The results of the sucrose gradient size determination were also 

confirmed by native gel electrophoresis. The identification of the 200 kDa (10 -

11 S) PsHSP21-containing particle further suggests there is functional 

homology between chloroplast and cytoplasmic LMW HSPs. 

For cytoplasmic LMW HSPs, the composition of the HSP particles varies 

depending on the organism and the stress conditions (Vierling 1991). In yeast, 

chicken and mammals, the particles are basically composed of LMW HSPs 

(Rossi and Lindquist 1989; Collier et al 1988; Arrigo et at. 1988). However, in 

tomato, in addition to a complex set of LMW HSPs, HSP70 and small 

cytoplasmic RNAs were also detected in the particle (Nover et at. 1989). 

Presence of small cytoplasmic RNA in the particles has also been reported in 

Drosophila (Haass et at. 1989). My preliminary data suggest that the principle 

component of the PsHSP21-containing particle is PsHSP21. If this is the case, 

the particle would be a decimer of PsHSP21. Based on my estimation of levels 

of PsHSP21 in chloroplasts (Chen et at. 1990), there would be ~1 x 104 

PsHSP21 particles per chloroplast at 380 C HS. 

The 10 - 20S particles of cytoplasmic LMW HSPs can reversibly form 

large aggregates called heat shock granules (>1.0 mega Da (Lindquist and 

Craig 1988; Nover et at. 1989; Vierling 1991). The formation of these 

aggregates depends on the hyperthermic state of the celt. For example, in 

mammalian cells, the LMW HSP is in a 10 - 20S particle form in non-stressed 

cells. However, in heat stressed cells, most of the LMW HSP is found in heat 

shock granules which will return to the 10 - 20S form during the recovery 
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period. This reversible change in structure has also been observed for 

cytoplasmic LMW HSPs in other vertebrates, Drosophila, yeast, and higher 

plants (Rossi and Lindquist 1989; Collier et al 1988; Nover et al. 1989). In 

contrast, I found that chloroplast PsHSP21 was in the same 10 - 11 S particle 

form under a variety HS conditions and during recovery. The chloroplast LMW 

HSP did not aggregate into heat shock granules under any of the HS conditions 

tried. It has been observed that the formation of heat shock granules is closely 

connected with the heat-induced collapse of the intermediate filament system in 

the perinuclear region (Leicht et al. 1986; Duband et al. 1987). The lack of such 

a filament system in the chloroplast may explain the apparent inability of the 

chloroplast LMW HSP to aggregate into heat shock granules. 

Studies of heat shock granules from tomato cell cultures indicated that 

heat shock granules selectively contain RNAs for control mRNA but not HSP 

mRNA, leading to the hypothesis that heat shock granules protect normal 

cellular mRNAs during HS (Nover et al. 1989). However, in other organisms, 

the presence of mRNAs in heat shock granules has not been verified (Arrigo et 

al. 1988; Collier et al. 1988; Rossi and Lindquist 1989). Since significantly 

fewer heat shock granules are formed and the granules can return to the 

soluble phase more quickly in thermotolerant cells as compared with the non

tolerant cells (Arrigo 1987), it is more likely that the 10 - 20S particles are the 

functional form of the LMW HSPs. Additional support for this hypothesis comes 

from the fact that in Drosophila, HSP23 expressed under developmental control 

forms 10 - 20S particles. My results showing that the chloroplast LMW HSP 

forms only the 10 -11 S particle under a variety of HS conditions, provides 
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further evidence that the 10 -20S particles are the functional form of the LMW 

HSPs. 

Soluble and membrane protein complexes from chloroplast have been 

shown to assemble in an isolated chloroplast system (Barraclough and Ellis 

1990; Li et al. 1990; Roy et al. 1982). When this system was used to analyze 

the assembly of the PsHSP21-containing particle, I found that in chloroplasts 

from control plants, the majority of PsHSP21 remained in a 5S form throughout 

the import and post-import incubation period. In contrast, in chloroplasts 

isolated from heat stressed plants, within 20 min of post-import incubation, the 

200 kOa particle form of PsHSP21 was found in addition to the 5S form. The 

inability of PsHSP21 to assemble into 200 kOa particles in control chloroplasts 

could be explained in several ways (Fig. 5.8). The intactness and the viability of 

the chloroplasts evidently are not a factor since SSU of Rubisco correctly 

imported and assembled in these chloroplasts. One obvious possibility is that 

other HS induced factors are required in the PsHSP21 assembly process (Fig. 

5.8A). Alternatively, because chloroplasts from heat stressed plants have a 

significant amount of endogenous PsHSP21 which does not exist in control 

chloroplasts, some of these PsHSP21 molecules may not be assembled and 

would be available for assembly with the in vitro imported PsHSP21. Therefore, 

it is possible that pre .. existing PsHSP21 in chloroplasts from heat stressed 

plants is responsible for the assembly difference between the two kinds of 

chloroplasts. As I show here, the assembly of the particle is time dependent. 

The pre-existing endogenous PsHSP21 molecules could accelerate the 

kinetics of the particle assembly in chloroplasts from heat stressed plants (Fig. 

5.8B). In contrast, particle assembly in control chloroplasts would be much 
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Figure 5.B. Possible mechanisms of 200 kOa particle assembly containing 
imported PsHSP21. The imported, 35S-labelled PsHSP21 (S) could be 
assembled into the 200 kOa particle together with the endogenous 
PsHSP21 (G) or through subunit exchange. It is also possible that other HS 
induced factors (III) or modification of PsHSP21 (f!!» are required for the 
assembly of the particle. 
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slower, explaining why PsHSP21 did not assemble in control chloroplasts 

within the time limit of the experiments. Another implication of pre-existing 

PsHSP21 is that the appearance of in vitro imported PsHSP21 in the 

assembled particle might be the result of monomer exchange between imported 

and endogenous PsHSP21 molecules (Fig. 5.8C). Post-translational 

modification has been shown to be involved in the aggregation of a-crystallin 

particles (Spector et al. 1985; Wistow and Piatigorsky 1988). Since chloroplast 

LMW HSPs has the phosphorylation sites (Chapter 3), it wi" be interesting to 

determine whether post-translational modifications of PsHSP21, such as 

phosphorylation, may regulate the assembly status of PsHSP21 (Fig. 5.8D). 

The kinetics of PsHSP21 particle assembly in chloroplasts from heat 

stressed plants indicate that assembly is a time dependent process. The 

application of the ionophore nigericin to the import reaction after 3 min of import 

did not abolish the assembly process and approximately 50% of the imported 

PsHSP21 proceeded to assemble into the 200 kDa particle. When import was 

stopped by pe"eting out the precursor from the import reaction instead of by 

adding nigericin, a similar pattern of PsHSP21 distribution in the sucrose 

gradient was observed (not Shown). These data indicate that the assembly 

process is not dependent on the presence of the proton potential across the 

thylakoid membrane after 3 min of import. The assembly of the PsHSP21-

containing particle in the absence of ATP in chloroplasts also suggests that 

GroE (also known as the Rubisco binding protein) is not involved in the 

assembly of PsHSP21-containing particle, which is consistent with my 

observation that no PsHSP21 was found sedimenting at the position of GroE on 

the sucrose gradient. 
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It has been suggested that the widely conserved heat shock domain is 

responsible for the formation of the 10 - 20S particles. To test this hypothesis, I 

investigated the assembly of a truncated PsHSP21 (amino acids 194 - 232 

removed) lacking its heat shock domain. My results showed that this truncated 

PsHSP21 did not assemble into the 200 kOa particle in chloroplasts from either 

heat stressed or control plants even after longer post-import incubations. The 

same results were obtained when Arabidopsis AtHSP21 with a partially 

truncated heat shock domain (amino acids 204 - 228 removed) was used in the. 

assembly experiment (not shown). Therefore, the heat shock domain and/or the 

integrity of the chloroplast HSP are required for the correct assembly of the 

particle. Another observation in this experiment is that the truncated PsHSP21 

was degraded. In contrast, the less truncated AtHSP21 was not degraded. It 

would be interesting to investigate the chloroplast protease which specifically 

degraded the truncated PsHSP21. 

In control chloroplasts, the majority of PsHSP21 was detected in a 5S 

form. In chloroplasts from heat stressed plants, the 5S form of PsHSP21 was 

also found in addition to the assembled 10 - 11 S particle. The 5S form is not 

likely to be the monomeric form of PsHSP21 since it was distributed in fractions 

(2 - 3) where proteins larger than 21 kOa (BSA 68 kOa) were detected, although 

possible differences in shape between these two proteins might affect their 

distribution in the gradient. Its distribution in the sucrose gradient is clearly 

different from that of the SOS-denatured PsHSP21, which further supports the 

above conclusion. However, since the density of SOS-bound PsHSP21 may 

differ from that of free PsHSP21, SOS-denatured PsHSP21 is not an ideal 

control. It is possible that the 5S form of PsHSP21 is a true intermediate in 200 

131 



kOa particle assembly. I found that the protease sensitivity of PsH8P21 in the 

two structures is different. In the 58 form, PsH8P21 is sensitive to thermolysin 

treatment. However, PsH8P21 in the assembled particles is resistant to 

thermolysin digestion. It is also possible that the post-translational modification 

status of PsH8P21 in these two forms is different. Comparisons of thermolysin 

sensitivity of 58 PsH8P21 in intact chloroplasts from control or heat stressed 

plants suggest that chloroplasts from stressed plants were damaged, allowing 

thermolysin to interact with proteins inside chloroplasts. This result raises many 

interesting questions about the nature of this damage and the role of H8Ps in 

this process. 
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CHAPTER SIX 

CONCLUSIONS AND FUTURE PROSPECTS 

Since the discovery of the HS response in Drosophila 30 years ago, 

substantial progress has been made in understanding the production of HSPs 

and a wide variety of events in the heat stressed cell. The accumulated 

evidence in a vast body of literature has revealed that the HS response is a 

universal response which occurs in all organisms. Plants share many 

characteristics of the HS response with other eukaryotes. Homologous HSPs of 

all major HSP families have been identified in plants. As in other eukaryotes, 

plant HSP70, HSP60, and HSP90 have been proposed to function as 

molecular chaperones by altering or maintaining the conformation of other 

proteins or protein complexes. The LMW HSPs are unusually abundant and 

complex in plants. The rapid induction, structural conservation and ubiquitous 

presence of LMW HSPs in eukaryotes strongly suggest that they have a role 

during HS. Their function is expected to be critical especially to plants because 

of their abundance and diversity in this kingdom. However, the function of LMW 

HSPs is unknown. 

Studies described in this dissertation provide the first steps necessary to 

elucidate the function of LMW HSPs by characterizing the molecular and 

biochemical properties of the chloroplast LMW HSP. The results in this 

research give rise to several general conclusions. The production of a nuclear

encoded, chloroplast LMW HSP is a highly conserved event in the HS 

response of plants. Unlike cytoplasmic HSPs, there is only a small gene family 

which encodes a single major chloroplast LMW HSP in each plant species. 
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This HSP is highly homologous in divergent plant species and is suggested to 

have evolved from an ancient gene duplication which occurred before the 

divergence of monocots and dicots (at least 150 million years ago). Three 

major conserved regions have been identified in the chloroplast LMW HSP: two 

carboxyl-terminal regions which are also found in cytoplasmic LMW HSPs, and 

an amino-terminal Met-rich region which is unique to the chloroplast LMW HSP. 

The carboxyl-terminal HS domain of the LMW HSP identifies it as a member of 

the superfamily of eukaryotic LMW HSPs. The unique region is capable of 

forming a Met-rich amphipathic <x-helix similar to those formed by the proposed 

signal sequence or RNA binding domain of SRP54. 

The chloroplast LMW HSP is not expressed at a detectable level during 

growth in the absence of stress, but accumulates dramatically in both leaves 

and roots during HS and has a half-life of approximately 52 h during recovery. 

In chloroplasts, the majority of PsHSP21 is localized in the soluble protein 

fraction, existing as a 200 kDa (10 - 11 S) particle as is observed for cytoplasmic 

LMW HSPs. However, unlike the cytoplasmic LMW HSPs, the PsHSP21-

containing particles do not form HSGs even under severe, abrupt HS 

conditions. The formation of the PsHSP21-containing particle can be replicated 

in isolated chloroplasts, but the reaction only occurs in chloroplasts from heat 

stressed plants. The preliminary purification data suggest that the principle 

component of the PsHSP21-containing particle is PsHSP21. 

Concerning the function of the chloroplast LMW HSP, Kloppstech et al. 

(1985) proposed that it protects photosystem II during HS. This hypothesis is 

based on the observation that PsHSP21 was bound to thylakoid membranes at 

high light intensities and temperatures above 380 C. However, my 
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reinvestigation of the localization of PsHSP21 in chloroplasts demonstrated that 

more than 80% of PsHSP21 was not bound to membranes, but rather was in 

the stroma fraction under a variety of stress conditions (Chen et al. 1990). This 

result is supported by electron-microscopic immunolocalization from Nover's 

laboratory (Neumann et al. 1989). Therefore, I suggest that the protection of 

photosynthesis by chloroplast HSP could not be the consequence of a direct 

interaction of the HSP with photosystem II. If this HSP does protect 

photosystem II, it must occur via a more general structural or enzymatic 

mechanism (Chen et al. 1990). The finding of PsHSP21 and the 200 kDa 

particle in roots provides further evidence for this hypothesis and demonstrates 

that chloroplast HSP performs functions in addition to protecting 

photosynthesis. The homology of the LMW cytoplasmic and chloroplast HSPs 

suggests they perform similar functions in different cellular compartments. The 

finding that PsHSP21 forms similar particles in its native state as do cytoplasmic 

LMW HSPs further supports their functional homology. 

Several possible roles for the LMW HSPs have been proposed. The a

crystallin eye lens proteins which share homology with the HS domain of LMW 

HSPs also form large particles. It has been proposed that LMW HSPs have a 

similar structural role as the a-crystallin proteins, acting to maintain the 

structural integrity of stressed cells (Lindquist and Craig 1988). Since lens 

crystallins are believed to have evolved from glycolytic enzymes, an enzymatic 

role for the LMW HSPs has also been suggested based on the structural 

homology of these two groups of proteins (Collier et al. 1988; Rossi and 

Lindquist 1989). My results favor, although by no means prove, an enzymatic 

role, since there will be only ~1 x 104 PsHSP21 particles per chloroplast at 
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380 C, which is not abundant enough to have a structural role similar to that of 

a-crystallin proteins, which comprise up to 50% of total lens protein. 

It is possible that LMW HSPs function as molecular chaperones similar to 

HSP70, HSP60, and HSP90. The finding of specific mRNAs and proteins in 

tomato HSGs (Nover et at. 1989) indicates the association of LMW HSPs with 

other cellular components. The discovery of the methionine bristle domain in 

the chloroplast LMW HSP further suggests a possible involvement of this HSP 

in binding other proteins or RNAs by a mechanism similar to that of the M

domain of SRP54. I propose that the 200 kDa particle is the functional form of 

PsHSP21, in which the heat shock domain is responsible for the formation of 

the particle, and the methionine bristle domain from each HSP monomer will 

contribute to form a structure that serves a substrate recognition role in a 

fashion similar to that of SRP54. Furthermore, the chloroplast LMW HSP 

performs functions in all types of plastids similar to those of the cytoplasmic 

LMW HSPs, but with unique substrates within the special environment of 

plastids. 

Like other scientific research, this study raises more new questions than 

it has answered. Many problems need to be resolved before the function of the 

chloroplast LMW HSPs can be understood. One of the future projects critical for 

this goal is to examine the interaction between the chloroplast LMW HSP and 

other macromolecular components of the chloroplast. Experiments including 

immunoprecipitation of native PsHSP21 and other immunological techniques 

will be required to detect this association. Determining the precise composition 

of the PsHSP21-containing particle by further purification will also be helpful to 

answer the same question. Furthermore, experiments in which native 
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immunoprecipitation of chloroplast Iysates from stressed plants will reveal any 

association of PsHSP21 with newly synthesized proteins. The possible 

association of PsHSP21 with newly imported proteins could be detected by 

native immunoprecipitation of Iysates of chloroplasts into which in vitro labelled 

proteins have been imported. Similarly the possible association of PsHSP21 

with any newly synthesized chloroplast-encoded protein could be detected. 

There are many other interesting questions which remain to be 

answered. For example, what is chemical nature of the co-factor(s) necessary 

for PsHSP21-containing particle assembly? Is another protein required and if 

so, is it nuclear-encoded or chloroplast-encoded? How is its expression 

regulated and how does it react with PsHSP21? To investigate the proposed 

function of the methionine domain and HS domain is also important in 

understanding the role of the chloroplast and other LMW HSPs. Other 

interesting questions include defining the severity, temperature range, and time 

span of the observed damage of the chloroplast membrane (Chapter 5); and 

how differential accumulation of this HSP in leaves and roots is regulated. To 

identify and characterize the chloroplast protease which specifically degrades 

the truncated PsHSP21 molecules is another interesting problem. 

Another approach which undoubtedly will be crucial for understanding 

the function of these HSPs is a genetic approach. This includes isolating or 

constructing HSP mutants which have different HSP expression patterns or 

which produce defective HSPs. Analysis of the effects of these mutations on 

plant cells both at normal temperatures and during HS will give new insight 

regarding the functional role of LMW HSPs, as well as allowing reevaluation of 
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the results from the biochemical and molecular studies. Such studies are being 

initiated in our laboratory. 

Studies in this dissertation provide the first information regarding the 

expression and structure of the chloroplast LMW HSP, which is important for 

elucidating its function during HS and in recovery. Since the chloroplast 

contains only a single major LMW HSP, this study also provides the basis for 

developing a simple model system for studies of the function of all members of 

the ubiquitous LMW HSP family. In the long term, the chloroplast LMW HSP 

characterized here can also be used to study the mechanisms regulating the 

expression of nuclear-encoded chloroplast proteins. The HS response is a 

fascinating phenomenon which not only has provided a powerful tool for the 

study of gene expression, but also is serving as an unique system for learning 

about fundamental ce"ular processes. 
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APPENDIX I 

LIST OF ABBREVIATIONS 

Heat shock protein from Arabidopsis thaliana 

Bicinchoninic acid 

Binding protein, an endoplasmic reticulum-localized, 70 kilodalton 

heat shock protein 

Bovine serum albumin 

Control 

Chlorophyll alb binding protein 

Heat shock protein from Chlamydomonas reinhardtii 

Deoxyribonucleiside adenosine triphosphates 

Deoxyribonucleic acid 

Dithiothreitol 

Ethylenediamine'~etraacetate 

Endoplasmic reticulum 

Fifty-four homologue, an E. coli protein homologous to the 54 

kilodalton subunit of signal recognition particle 

Ferredoxin nicotinamide-adenine dinucleotide phosphate 

reductase 

Genetics Computer Group 

Heat shock protein from Glycine max 

hour 

4- (2-Hydroxyethyl)-1-piperazineethanesu Ifonic acid 
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HPLC 

HS 

HSC 

HSE 

HSF 

HSG 

HSP 

kOa 

LMW 

min 

NAOP 

PAGE 

PhHSP 

PMSF 

PsHSP 

Rubisco 

ScHSP 

SO 

SOS 

SRP 

SSU 

Std. Err 

TaHSP 

TCA 

TCP-1 

High pressure liquid chromatography 

Heat shock 

Heat shock cognate 

Heat shock element 

Heat shock factor 

Heat shock granule 

Heat shod< protein 

kilodalton 

Low molecular weight 

minute 

Nicotinamide-adenine dinucleotide phosphate 

Polyacrylamide gel electrophoresis 

Heat shock protein from Petunia hybrida 

Phenylmethylsulfonyl fluoride 

Heat shock protein from Pisum sativum 

Ribulose bisphosphate carboxylase 

Heat shock protein from Saccaromyces cerevisiae 

Standard deviation 

Sodium dodecyl sulfate 

Signal recognition particle 

Small subunit 

Standard error 

Heat shock protein from Triticum aestivum 

Trichloroacetic acid 

T -complex polypeptide-1 
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Tris 

TF55 

ZmHSP 

Tris(hydroxymethyl) aminoethane 

Thermophilic factor 55, a heat shock protein from Sulfolobus 

shibatae 

Heat shock protein from Zea mays 
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APPENDIX II 

PURIFICATION OF PSHSP21 

This appendix discusses the techniques which were used in attempting 

to purify PsHSP21-containing particles. The corresponding results from these 

analysis are also described. The samples subjected to the following purification 

procedures were derived from the supernatant of a 100,000 g centrifugation of 

chloroplast Iysates from heat stressed plants (see immuno-affinity column in 

Materials and Methods), except where otherwise indicated. For certain 

experiments, the existence and the integrity of PsHSP21 and the 200 kOa 

particle were monitored by a combination of sucrose gradient centrifugation, 

SOS-PAGE, and western blotting. The amount of PsHSP21 was estimated by 

counting the excised radioactive bands from western blots. The amount of total 

protein was measured by the protein assay described in Materials and 

Methods. The fold purification was estimated by determining the ratio of total 

protein between the starting material and the enriched purified sample which 

contained the same amount of PsHSP21. 

Ammonium sulfate precipitation 

Saturated ammonium sulfate solution (767mg/ml) was made at 40 C in 

1 mM EOTA, pH 8.0. The saturated solution was slowly added to the protein 

samples in chloroplast lysis buffer (see Materials and Methods) on ice with 

gentle stirring until to the desired saturation percentage was reached. Protein 

was allowed to precipitate overnight and pelleted at 10,000 g for 30 min. The 
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pellet was resuspended in the same volume as the supernatant. Both the 

supernatant and resuspended pellet fraction were dialyzed against the same 

chloroplast lysis buffer to remove ammonium sulfate. Proteins in fractions which 

contained PsHSP21 were concentrated by precipitation using a higher 

saturation percentage (60%) of ammonium sulfate. 

In repeated experiments, the percentage of saturation at which PsHSP21 

and the major contaminant, Rubisco preCipitated varied depending on the 

protein concentration and the volume of the precipitation mixture. By using a 

constant protein concentration (0.1 mg/ml), the variation problem was solved. It 

was found that at 40% ammonium sulfate saturation, almost all PsHSP21 was 

still in supernatant and approximately 70% of the total Rubisco was precipitated. 

Therefore, approximately a 3-fold purification was achieved in this step. After 

this step, the 200 kDa particle was shown to be intact by sucrose gradient 

ce ntrifugatio n. 

HPLC-anlon exchange chromatography 

Protein samples from ammonium sulfate precipitation were resuspended 

in Tris buffer (60 mM) pH 8.0 at a concentration of 0.8 - 4 mg/ml and were 

loaded on a Mono-Q anion exchange column. The column was run on a HPLC 

as described (Smrcka et al. 1991). Proteins bound to the column were eluted 

with a linear gradient of KCI from 0 to 1000 mM. The profile of proteins in the 

void and eluted fractions was automatically recorded. 

Since the pi of the mature PsHSP21 is predicted to be 4.9, as expected, 

PsHSP21 bound to the Mono-Q column at pH 8.0. It was eluted from the 

column at 320 mM KCI. The profile of eluted protein and Coomassie stain 
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analysis showed that the eluted PsHSP21 fraction was devoid of most 

unwanted proteins but was heavily contaminated by the remaining Rubisco 

which eluted at a KCI concentration of 270 to 300 mM. Similar results were 

obtained when the experiment was repeated at different pH values ranging from 

7 to 8.8. Attempts to separate the Rubisco from PsHSP21 using step-wise KCI 

gradient elution were also unsuccessful. Sucrose gradient centrifugations 

demonstrated that the 200 kDa particle was intact after this step. Since the 

behavior of PsHSP21 and Rubisco are similar, this method was not very 

effective as an early purification step. It is a very useful technique, however, to 

separate other proteins from PsHSP21 when most of the Rubisco has already 

been removed by other purification methods. 

Gel filtration 

As shown in Chapter 5, the PsHSP21-containing particle is about 200 

kDa. In contrast, the holoenzyme of Rubisco is about 500 kDa. Based on this 

information, a gel filtration column was made with Sephacryl 300, which was 

the best choice to separate Rubisco from PsHSP21. The column was tested 

with cytochrome C and dextran 2000 and proved to function (with a diffusion 

factor of 4). Samples with protein concentrations of 5 - 15 mg/ml were loaded 

on the column. The column was run by gravity and 1 ml fractions were 

collected. 

As expected, Rubisco came out of the column earlier than PsHSP21. 

However, because of trailing of Rubisco, only about 20% of Rubisco was 

separated from PsHSP21. Evidently this column is not effective for separation 

from Rubisco. However, this method was shown to be an excellent technique to 
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remove unwanted small proteins. The 200 kOa particle was intact after this step 

of purification. 

Sucrose gradient centrifugation 

As described in Chapter 5, sucrose gradients are an effective way to 

separate Rubisco from PsHSP21. Because of 'the limitation of centrifuge rotor 

and tubes, it is a useful method only for small scale purification. 

Conclusions 

Since PsHSP21 is not an abundant protein ( .... 1 x 105 PsHSP21 

molecules per chloroplast at 3aoC, 0.01 - 0,02% of total leaf protein; .... 1/4310 

as abundant as Rubisco), and pea Rubisco, the most abundant protein in plant 

cells, behaved similarly to PsHSP21 on the above Mono-Q and Sephacryl 300 

columns, the purification of PsHSP21 is not a simple problem. The immuno

affinity purification method described in Chapter 5 has been proven to be a very 

powerful technique and helped to solve this problem. However, it must be 

demonstrated that the protein binds the immuno-affinity column in its native 

state, or conclusions concerning PsHSP21 particle composition cannot be 

made. 

From the above results, I propose the following potential PsHSP21 

purification procedure: 

1. Isolation of chloroplasts from heat stressed pea plants. 

2. Spin the chloroplast Iysates at 100,000 g for 30 min. 

3. Ammonium sulfate precipitate the supernatant from the last step at 40% 
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saturation. Proteins in the supernatant are then concentrated with 60% 

saturation of ammonium sulfate. 

4. Immuno-affinity chromatography with PsHSP21 antibody-protein A column. 

S. HPLC-anion exchange chromatography with Mono-Q column. 
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