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ABSTRACT 

sHSPs are induced at elevated temperatures in virtually all organisms 

and they are believed to help the cell survive heat stress, although the 

mechanism by which this occurs is unclear. Recently sHSPs have been 

proposed to function as a type of molecular chaperone, acting to prevent 

irreversible aggregation of other protein substrates. To increase our 

understanding of the properties of these proteins, I have studied two 

members of the sHSP family. The first part of the research presented here 

focuses on the chloroplast-locallzed sHSP, HSP21, and the second part 

focuses on the Saccharomyces cerevisiae cytosolic sHSP, HSP26. 

Plants synthesize several classes of small (15-30 kD monomer) heat 

shock proteins (sHSPs) in response to heat stress, including the nuclear-

encoded chloroplast-locaiized HSP21. I examined the native structure and 

phosphorylation of chloroplast HSP21 to understand this protein's basic 

properties and to compare it to cytosolic sHSPs. Cytosolic sHSPs exist as 

large oligomers (~200 - 800 kD) composed solely or primarily of sHSPs, and 

phosphorylation of mammalian sHSPs causes oligomer dissociation, which 

appears to be important for regulation of sHSP function. Initial studies 

confirmed that, similar to the cytosolic sHSPs, the apparent size of native 

HSP21 was >200 kD, but in contrast to mammalian cytosolic sHSPs, HSP21 

did not dissociate during heat stress. Furthermore, I found no evidence that 

HSP21 or the plant cytosolic sHSPs are phosphorylated in vivo. A partial 

HSP21 complex purified from heat stressed Pisum sativum leaves contained 

no proteins other than HSP21. Mature recombinant pea and Arabidopsis 

thaliana HSP21 were expressed in E. coli, and purified recombinant 
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Arabidopsis HSP21 assembled into homo-oligqmeric complexes with the 

same apparent molecular weight as HSP21 complexes observed in heat 

stressed leaf tissue. In total the data indicate that the native, functional form 

of chloroplast HSP21 is a large, oligomeric complex containing a9 HSP21 

subunits, and that plant sHSPs are not regulated by phosphorylation-

induced dissociation. 

In the second half of my research I examined the ability of S. 

cerevisiae cytosolic HSP26 to interact with model protein substrates in vitro. 

HSP26 was first purified to greater than 95% homogeneity from a yeast strain 

engineered to overexpress HSP26. The protein behaved as a large homo-

oligomer with an estimated size of 625 kD, comprising >24 subunits. HSP26 

was shown to form stable complexes with model protein substrates and to 

prevent thermally induced aggregation of the proteins. In addition, HSP26 

was able to maintain a thermally inactivated substrate in a conformation 

which could subsequently be refolded and reactivated in reticulocyte lysate. 

These characteristics of HSP26 are consistent with sHSPs having a role in 

protecting other proteins from permanent thermal damage during heat stress. 
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Chapter 1: Introduction 

The role of molecular chaperones In the cell 

It is widely believed that protein folding in the cell requires molecular 

chaperones (Morimoto et al., 1994). Molecular chaperones are a diverse 

group of structurally distinct proteins, many of which have been shown to be 

essential for cell viability (Morimoto et al.. 1994) (Tables 1-1 to 1-4). 

Molecular chaperones appear to stabilize the conformation of other proteins. 

The ability of chaperones to regulate the conformation of their protein 

substrates is key to their function in a number of cellular processes. 

Chaperones facilitate the unfolding and refolding of proteins translocating 

into membrane-bound organelles (Langer and Neupert, 1994). Chaperones 

are involved in uncoating clathrin coated vesicles (Hightower and Sadis, 

1994) and dissociating protein aggregates (Parsell, et al. 1994). They are 

also required to maintain steroid receptors in a conformation capable of 

binding ligand (Bohen and Yamamoto, 1994), and may be required to 

prevent the aggregation of proteins during translation. In addition, they are 

believed to prevent damage to the cell that occurs under a number of stress 

conditions, including elevated temperatures. 

Many chaperones were first identified as heat shock proteins (HSPs) 

because they are induced when an organism is exposed to elevated 

temperatures. Increased HSP expression following heat stress is a universal 

feature of both prokaryotes and eukaryotes and is consistent with the 

hypothesis that molecular chaperones play a crucial role in helping ceils 

survive temperature stress. The evidence indicates that HSPs function in 

many ways to help the cell survive heat stress. In vitro, several HSPs 
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including HSP70. HSP90. chaperonins and small heat shock proteins 

(sHSPs) have been shown to prevent the heat induced aggregation of other 

proteins (Jakob and Buchner, 1994; Morimoto et al.. 1994). In vitro HSP70, 

has also been shown to be involved in reactivating thermally damaged 

proteins provided that the inactivated proteins did not undergo heat-induced 

aggregation (Minami, 1996; Schroder et al., 1993). In vivo, the deletion of 

HSP70 or chaperonins has been shown to profoundly impair the reactivation 

of thermally damaged proteins in E. co//(Schroder et al., 1993). In addition, 

in yeast, HSP104 has been shown to be involved in resolubiiizing protein 

aggregates (Parsell etal., 1994). 

Current models suggest that chaperones function in concert with one 

another and with other specific chaperone-associated proteins. A number of 

chaperones and their auxiliary proteins are listed in Table 1.1 through Table 

1.4. As indicated in these tables, ATP has been shown to be important in the 

function of many chaperones. HSP70. cpn60, and HSP100 are ATPases 

and HSP90 has recently been shown to bind ATP (Prodromou et al., 1997). 

Many of the auxiliary, or co-chaperone proteins modulate ATPase activity or 

substrate binding of one or more molecular chaperones (Table 1.1-Table 

1.4). 

Some molecular chaperones show extremely high conservation from 

prokaryotes through higher eukaryotes. Most notably, HSP70 is 50% 

identical in E. coli and higher eukaryotes. HSP90s from numerous sources 

have also been shown to be highly conserved (Gupta, 1995). The high level 

of sequence conservation indicates conservation of function for these 

chaperones. Consistent with this possibility, HSP104 from Arabidopsis 



Table 1.1 The HSP 70 system 

Protein 
HSP70 

HSP40 

Hop 

Hip 

GrpE 

Other names 
HSC70 
(constitutive) 
Ssa, Ssb (yeast) 
DnaK (£ coli) 

Hdj (human) 
Ydj (yeast) 
DnaJ (E. coli) 

p60. RF70 
(mammals) 
Stil (yeast) 

P48 (mammals) 

(E coli) 

Activitv 
ATP-dependent 
protein folding; binds 
non-native proteins 

Stimulates HSP70 
ATPase to increase 
affinity for substrate 

Modulates HSP70 
substrate binding; 
bridges HSP70 to 
HSP90 

Comments 
Homoiogs also 
present in ER, 
mitochondria, 
chloropiasts 

Stabilizes HSP70 in 
ADP-bound form to 
stabilize substrate 
binding 

Stimulates 
nucleotide exchange 

No genes with 
similar sequence 
prokaryotes; 
functional 
homoiogs are lik€ 
to exist. 

no prokaryotic 
homoiogs 

no eukaryotic 
homoiogs 

General References: 
Frydman and Hohfeld, 1997 
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Table 1.2 The HSP 90 system 

Protein 
HSP90 

Hop 

p23 

Other names 
HSP82 (yeast) 
HtpG (E coli) 

p60, RF70 
(mammals) 
Sti-1 (yeast) 

Activitv 
Stimulate protein 
folding; binds non-
native proteins; exact 
mechanism 
unknown; may be 
ATP-dependent; 
involved in steriod 
receptor folding. 

Bridges HSP70 to 
HSP90 

Exact function 
unknown 

Comments 
Form also found in 
mitochondria and 
chloroplasts 

eukaryotic 

eukaryotic 

Immuno-
philins 

Cyclophiiins and 
FK506-Binding 
Proteins 

Peptidyl-prolyl cis- eukaryotic 
trans isomerase 

General References: 
Jakob and Buchner, 1994; Frydman and Hohfeld, 1997 
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Protein 

TRiC 

HSP60 

GroES 

Table 1.3 The Chaperonin System 

Other names Activity Comments 

TCP-I, CCT, 
cytosolic 
chaperonin. 
Distantly related 
to £ coli GroEL 

GroEL, Rubisco 
small subunit 
binding protein 
Cpn60 

cpnIO 
cpn20 
(chloroplasts) 

ATP-dependent protein 
folding; substrates may 
be limited to 
cytoskeletal proteins. 

ATP-dependent protein 
folding of many 
proteins under 270 
kOa, in prokaryotes and 
organelles of 
eukaryotes forms 
double ringed structure; 
substrate believed to 
bind in interior cavity 

Modulate ATPase 
activity of GroEL; 
required for refolding 
some substrates 

eukaryotic, also 
archaebacterial form 

Found in bacteria, 
chloroplasts and 
mitochondria 

General References: 
(Frydman and Hartl, 1994) 
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Table 1.4 Other Chaperones 

Protein 

HSP100 

Other names 

CIpB (E. coli) 
HSR 104 (yeast) 

small heat 
shock 
proteins/a-
crystallins 

sHSPs, smHSPs, 
LMW hsps 

Activitv 

ATPase that is 
believecl to 
resolubilize protein 
aggregates 

Prevent the thermal 
aggregation of 
substrate proteins in 
vitro. Function in vivo 
not well understood 

Comments 

sut}class of a large 
family of related 
proteins found in both 
prokaryotes and 
eukaryotes 

Prokaryotes and 
eukaryotes 

General References: 
Schinner et al., 1996; Jakob and Buchner, 1994 
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(Schirmer et al., 1994) and HSP70s from a number of organisms rescue 

mutations in the corresponding genes of the yeast Saccharomyces 

cerevisiae (Craig et al. 1994). In contrast to other chaperones, although 

sHSPs are also found in both prokaryotes and in higher eukaryotes, their 

level of amino acid conservation is low. 

Although molecular chaperones were first identified only ten years 

ago, an extensive literature on these proteins now exists. It Is not within the 

scope of this dissertation to review all the data that has established our 

current models for function of each chaperone system. Instead, below I 

review areas of the chaperone literature that are most relevant to the data 

presented here. 

The Chaperone Systems 

HSP70 and associated proteins 

The HSP70 system is the most extensively characterized chaperone 

system and includes a growing number of auxiliary proteins (Table 1.1). 

HSP70 is composed of an N-terminal ATPase domain and C-terminal 

substrate binding domain. The atomic structure of both domains has been 

determined separately (Flaherty et al., 1990; Zhu et al, 1996 ). The structure 

of a peptide complexed with the substrate binding domain (determined at 2.0 

angstrom resolution) suggests that peptides are bound in an extended 

conformation (Zhu et al., 1996). HSP70 is essential for cell viability and 

participates in translation, protein translocation and protein folding (Craig et 

al., 1994). HSP70 appears to preferentially bind hydrophobic peptide 



24 

sequences In an extended conformation (Blond-Elgulndl et al., 1993; Flynn 

eta!., 1989). 

In vitro and in vivo evidence indicate that the components of the 

HSP70 system can function co-operatively to prevent the aggregation of 

substrate proteins during heat stress and to reactivate thermally inactivated 

protein substrates (Minami, 1996; Schroder et al., 1993; Schumacher et al., 

1994). Many of the co-chaperone proteins which function with HSP70 act to 

regulate its ATPase activity. HSP70 associates weakly with substrate 

proteins when ATP is bound (Greene et al., 1995). When ADP is replaced by 

ATP, the affinity of HSP70 for substrate is reduced, increasing the likelihood 

that the substrate will be released (Palleros et al., 1993). In the prokaryotic 

HSP70 system (DnaK, DnaJ and GrpE), DnaJ increases the rate of ATP 

hydrolysis, and GrpE increases the rate of nucleotide dissociation from 

DnaK, the prokaryotic HSP70 (Georgopoulos et al., 1994; Liberek et al., 

1991). DnaJ is believed to interact with substrate molecules directly, as well 

as with DnaK. DnaK alone cannot prevent the aggregation of the model 

substrate luciferase at 42 ^C, while DnaJ alone provides moderate inhibition 

of the aggregation of luciferase. Together, DnaK and DnaJ can completely 

suppress the aggregation of luciferase. In the presence of ATP the 

combination of DnaK, DnaJ and GrpE is sufficient to reactivate luciferase in 

vitro (Schroder et al., 1993). In vivo, an additional requirement for the 

chaperonin system has not been ruled out (Schroder et al., 1993). 

A similar but modified HSP70 system appears to operate in 

eukaryotes. In the presence of ATP. HSP70 and the eukaryotic auxiliary 

protein HSP40 prevent the thermal aggregation of substrate proteins and 
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reactivate thermally inactivated luciferase (Minami, 1996). However, the 

intrinsic nucleotide dissociation rate of eukaryotic HSP70 may be high 

enough to make an analog of the prokaryotic nucleotide exchange factor 

(GrpE) unnecessary. Instead, the protein Hip (Hsc70 interacting protein) may 

act to slow the dissociation of ADR from HSP70 (Hohfeld et al., 1995). Hop 

(HSP organizing protein) is also believed to regulate the function of HSP70 

and HSP90 (Frydman and Hohfeld, 1997), and it is likely that additional 

eukaryotic HSP70-regulatory proteins remain to be discovered. 

The Chaperonin System 

Another well-characterized system is the chaperonin or HSP60 

system. Although chaperonins were first identified in plant chloroplasts 

through an association with Rubisco, cpnSO is also found in E.coli and in 

mitochondria of all eukaryotes. In eukaryotic organelles 

chaperones/chaperonins are believed to be crucial for protein import and 

folding in organelles (HartI et al., 1994; Stuart et al., 1994) and similar results 

were obtained in vitro (Langer et al., 1992). The fourteen 60 kD subunits of 

HSP60 form two seven-membered rings (Puskin et al., 1982). 

Crystallographic and electron microscopy data indicate substrate proteins 

bind within the cavity formed by the rings (Braig et al., 1994; Roseman et al., 

1996). ATP hydrolysis is believed to cause conformational changes within 

the ring, modulating the affinity of cpn60 subunits for substrate (Roseman et 

al., 1996). As with HSP70, ttie ADP bound form of the chaperonin binds 

substrate more tightly than the ATP bound form. However, unlike HSP70, 

HSP60 does not recognize short peptides (Frydman and HartI, 1994).. 
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Although HSP60 alone can prevent the thermal aggregation of some 

substrate proteins, release of most substrate proteins in their native form 

requires interaction with a co-chaperonin cpn10 or cpn20. Co-chaperonins 

from bacteria, mitochondria and chloroplasts have been characterized and 

found to be subunits of 10 or 20 kD that form single ring heptamers (Viitanen 

et al., 1995). Co-chaperonin binding may also co-ordinate the hydrolysis of 

ATP by HSP60 subunits, facilitating release of bound substrate (Todd etal., 

1994). 

TRiC (f complex polypeptide 1 ring complex) is a eukaryotic protein 

complex with structural and functional similarity to cpnSO, although identity at 

the level of amino acid sequence is low (Yaffe et al., 1992). TRiC has been 

shown to be important in the folding of tubulin and actin both in vitro and in 

vivo, (Yaffe et al., 1992), furthemiore it has been suggested that TRiC may 

interact with HSP70 and be involved in chaperoning newly translated 

proteins (Frydman et al., 1994). 

Several studies have indicted that chaperonin systems may function 

together with the HSP70 system in the cellular protein folding pathway. 

HSP70 and its associated proteins may interact with proteins in a more 

unfolded state such as during translation or translocation through a lipid 

membrane, while chaperonins appear to interact with the same substrates at 

a somewhat later stage in the folding pathway (Frydman et al., 1994,) and as 

recently reviewed (Stuart et al.. 1994). 

HSP90 and associated proteins 

In eukaryotes HSP90 is the most abundant cytosolic chaperone 
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(Frydman and Hohfeld, 1997), and related proteins are known from E coli 

and eukaryotic organelles (Undquist and Craig, 1988). HSP90 was first 

described in studies of steroid hormone receptor complexes, which it 

maintains in a conformation that is capable of binding hormone (Pratt, 1993). 

The structure of HSP90 and its interactions with substrate are not as well 

characterized as those of HSP70. However, very recently, crystallographic 

studies have identified the HSP90 ATP-binding site (Prodromou et al., 1997), 

ending a long-standing controversy over whether or not HSP90 binds ATP 

(Prodromou et al., 1997; Scheibel et al., 1997). Future studies will be 

required to characterize putative ATPase activity and to determine its 

functional significance for associations between HSP90 and its substrates. 

HSP90 has been shown to prevent the aggregation of substrate proteins in 

vitro in an ATP-independent manner (Weich et al. 1992), although possible 

relationships between this activity and the role of HSP90 in hormone binding 

are not clear at this time. 

HSP90 has been shown to increase the refolding of denatured 

substrates in reticulocyte lysate (RL) and in vitro (Schumacher et al., 1996). 

HSP90 may act as a dimer, and HSP90 has been reported to increase the 

amount of substrate refolding which occurs in the presence of HSP70 and 

Ydji (Schumacher et al., 1996). Interaction between HSP90 and HSP70 

may occur via the chaperone associated protein Hop (HSP organizing 

protein) (Johnson et al., 1998). Future studies may clarify the role of ATP 

binding or hydrolysis for HSP90. Further work will also be needed to 

understand the interactions between HSP90 and other chaperones. 
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HSP 100 

The HSP100 family of proteins includes at least two major classes and 

eight subfamilies (Schirmer et al., 1996). HSP104-type proteins (Class 1, 

subfamily B) contain two nucleotide binding domains and assemble into 

hexamers in the presence of ATP or ADP. HSPI04 has been shown to play 

an important role in thermotolerance in S. cerevisiae during extreme heat 

stress although its effects are not detectable under milder thermal stress. 

Unlike the previously mentioned chaperones, HSPI 04 does not seem to be 

effective at preventing thermal aggregation of substrates. Rather, in vivo and 

in vitro data suggest HSPI 04 may instead be involved in resolubilizing 

aggregated proteins (Parsell et al., 1994). Plant HSPI04 homologues have 

been shown to substitute for the yeast gene in vivo, suggesting its function 

may be conserved in very diverse species (Lee. et al., 1994; Schirmer et al., 

1994). Plants are currently the only multi-celled eukaryotes that are known to 

have members of this HSPI00 subfamily (Schirmer et al., 1996). Regulation 

of the ATPase activity of HSPI 04 and the interactions between HSPI 04 and 

other chaperone systems remain to be defined. 

The small heat shock/a-crystallin family of proteins 

In contrast to our extensive knowledge of the HSP70, HSP90 and 

chaperonin systems, the small HSP/a-crystallin family of proteins is poorly 

understood both structurally and functionally. When work began on this 

dissertation, little information was available about the native structure of 

these proteins, and no functional assays were available. Below I review our 



29 

current knowledge of these proteins to provide the context for the research 

presented in this dissertation. 

sHSP distribution and expression 

sHSPs are expressed in all eukaryotes and related proteins are 

found in prokaryotes. The sHSPs have a monomeric molecular weight that 

ranges from 12 to 42 kD but in vivo they are found in large oligomers. 

Although proteins in this family show extensive amino acid sequence 

divergence, all share a characteristic C-terminal domain of approximately 

100 amino acids. An anologous domain is found in the vertebrate a-

crystallins (aA and aB), which also form large oligomers. Thus, the sHSPs 

and a-crystallins have been grouped as a single family. A comparison of the 

amino acid sequence of several sHSPs is shown in Figure 1.1. 

The number of sHSPs expressed varies considerably between 

different organisms. Mammalian cells express only a single major cytosolic 

sHSP, HSP25 or HSP27, depending on the species. The protein is 

expressed under non-stress conditions at a low level, and at a higher level 

following heat stress. Some mammalian tissues also express a low level of 

aB-crystallin in the absence of heat stress (Klemenz et al., 1993), and aB-

crystallin is induced in a number of mammalian tissues following heat stress 

(Guetal., 1997; Inaguma et al., 1995). Saccharomyces cerevisiae 

expresses two cytosolic sHSPs, HSP26 and HSP42. Like the mammalian 

sHSPs, HSP42 is expressed constitutively, and is expressed at higher levels 

following heat stress. Yeast HSP26 is not expressed constitutively, but is 

expressed during heat stress, late log phase, stationary phase and in the 
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presence of 0.7 M sodium chloride. Yeast HSP42 mRNA levels also 

increase under these conditions (Petko and Undquist, 1986; Wotton et al., 

1996). 

Plants produce a larger number of sHSPs than other eukaryotes, and 

the sHSPs produced are specifically targeted to a number of organelles as 

well to the cytosol. Plant sHSPs are not constitutively expressed, some are 

expressed only following stress, while the expression of others is both stress 

and developmentally regulated (DeRocher and Vierling, 1994; Waters et al., 

1996; Wehmeyer et al., 1996) Plant sHSPs can be grouped into at least 5 

classes based on sequence similarity and location within the cell. There are 

two classes of cytosolic sHSP (class I and class II), as well as distinct types of 

sHSP localized to the endoplasmic reticulum, the mitochondrion and the 

chloroplast (Waters, 1995). The strength and diversity of sHSP expression 

may indicate that the sHSPs play a particularly important role in helping 

plants cope with thermal stress. 

In this dissertation, work investigating both the chloroplast-localized 

sHSP and a S. cerevisiae cytosolic sHSP will be presented. 

sHSP and a-crystallin subunit and oligomer structure 

sHSP and a-crystallin polypeptides are believed to be composed of 

one C-terminal and one N-terminal domain (Wistow, 1985) the latter of 

which shows relatively greater conservation (Figure 1.1). Within the C-

terminal domain, the highest conservation occurs at the sequence XGVLX 

which is a signature motif of the sHSP/a-crystallin family (See Fig. 1.1). A 

comparison of the C-terminal domains from a number of a-crystallins and 
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Figure 1.1 Comparison of sHSP amino acid sequences. Pea HSP18.1 

and pea HSP17.7 are, respectively, cytosolic class I and class II sHSPs from 

Pisum sativum, Arab HSP21 is the nuclear-encoded, chloroplast-localized sHSP 

from Arabidopsis thaliana, yeast HSP26 is one of two cytosolic sHSPs from 

Saccharomyces cerevisiae, human HSP27 is the major cytosolic sHSP in 

humans, and mouse crystallin is the murine aB-crystallin. P* denotes beginning 

of the hsp27 R-X-X-S phosphorylation site. C* denotes beginning of C-terminal 

domain. Sequences aligned using the GCG programs Pileup and Pretty. Gap 

creation penealty = 2, Gap extension penalty = 2, ^4 of 6 identical residues 

required for Consensus sequence. Underlined region in the consensus 

sequence is the signature domain of the sHSPs. 
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sHSPs indicates a marked similarity in the hydropathy profiles of these 

proteins, despite the lack of conservation in amino acid sequence (Caspers 

et al., 1995). The a-crystallins and many sHSP subunits are predominantly 

B-sheet (deJong et al., 1993; Siezen et al., 1983). The mammalian sHSPs 

contain two major phosphorylation sites also shown in Figure 1.1 and one 

minor site (not shown) (Gaestel et al., 1991). 

As mentioned above, almost all sHSPs and a-crystallins have been 

found in oligomeric structures that are believed to be important for function 

(Table 1.5). The a-crystallins have been isolated in complexes from 300 to 

800 kD (Augusteyn and Koretz, 1987) and size-estimates for the mammalian 

sHSPs range from 16 (Ehmsperger et al., 1997) to 32 subunits (Behike et al., 

1996). Saccharomyces cerevisiae HSP26 has been reported to form 

oligomers of >500 kD (Bentley et al., 1992). Plant sHSPs have been 

estimated from ~200 to 400 kD (Clarke and Critchley, 1992; Clarke and 

Critchley, 1994; Lee et al., 1995a; Osteryoung and Vierling, 1994; Suzuki et 

al., 1998). Larger complexes containing sHSPs, other HSPs and mRNA 

(>1000 kD) are observed in cultured tomato cells following heat stress, 

although the role of such particles is not known (Nover et al., 1989). Two 

recombinant sHSPs from pea each form complexes of 12 subunits (Lee et 

al., 1995a). The 16.3 kD Mycobacterium tuberculosis sHSP has an 

estimated molecular weight of 149 kD, and forrns an oligomer with 9 subunits 

(Chang et al., 1996). Size determination by a primary method 

(sedimentation equilibrium) has only been carried out for the mycobacterial 

and plant cytosolic sHSPs. Interestingly, the oligomeric structure of the 

mammalian sHSPs has been shown to be dynamic. Phosphorylation at 



Table 1.5 sHSP/a-crystallin oligomer subunil number 

Organism/Protein 
(Source) 

C. elegans HSP12.6 
{E.coli recombinant) 

Estimated 
Oligomer 

size 

monomenc 

Size 
determination 

method 

SEC 
cross-linking 

Subunits 
per 

oligomer 

monomer 

Reference 

Leroux et al., 1997a 

C. elegans HS?\62 550 kD 
{E.coli recombinant) 240 & 400 kD 

aB-crystallin 
(bovine eye-lens) 

mouse HSP25 
[E.coli recombinant) 

Pisum sativum 
classi HSP18.1 
(E.coli recombinant) 

300 kD 

800 kD 

400 kD 

730-800 kD 

216 kD 

240 kD 

SEC* 
Sed vel.** 

Sed vel. 

Sed vel. 
SEC 

SEC/Sed vel. 

SEC 

Sed. equilibrium 

N-PAGE 

14 or 24 Leroux et al., 1997b 

~18 Thomson and 
Augusteyn, 1984 

~42 Van den Oetelaaret al., 
1985; Walsh et al., 
1991 

16 Ehmsperger et al., 
1997 

32 Arrigo et al., 1988; 
Behlke et al., 1996 

12 Lee et al., 1995 



Table 1.5 -continued 

M. tuberculosis 151 kD 
HSP16.3 
{E.coli recombinant) 210 kD 

Pisum sativum 230 kD 
Chloroplast HSP21 
{E.coli recombinant) 

S. cerevisiae HSP26 625 kD 
(yeast recombinant) 

* Size Exclusion Chromatography 
•• Sedimentation Velocity 

Sed. equilibrium 

SEC 

SEC 

SEC 

Chang et al., 19% 

This study, Chapter 2 

This study, Chapter 3 
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consensus sites within the mammalian proteins (see Rgure 1.1) causes 

dissociation of the sHSP oligomers and alters their function in vivo and in 

vitro (Benndorf et al., 1994; Hickey et al., 1996; Kato et al., 1994; Lavoie et 

al.. 1995). 

Large variations in the apparent size of the a-crystallins (Stevens and 

Augusteyn. 1993) and the mammalians sHSPs (Behike et al., 1996; 

Ehmsperger et al., 1997) have been reported. In the absence of 

crystal lographic data widely divergent models have been suggested for the 

structure of sHSP and a-crystallin oligomers, including three-layer (Tardieu 

et al., 1986), tetramer based (Wistow, 1985), and micelle models (Augusteyn 

and Koretz, 1987). These and other models have been recently reviewed 

(Boelens and de Jong, 1995). Despite the lack of a definitive model for the 

structure of the oligomer, oligomerization is a nearly universal feature of the 

sHSPs and a-crystallins, and it has long been suggested that sHSPs 

function as oligomers in vivo. 

sHSPs and a-crystallins prevent the thermal aggregation of substrates 

Recently, both the a-crystallins and some members of sHSP family 

have been shown to effectively prevent the aggregation of model substrate 

proteins at elevated temperatures (Horwitz, 1992; Jakob and Buchner, 1994; 

Jakob et al., 1993; Lee et al., 1995a; Lee et al., 1997). When heat labile 

proteins are exposed to high temperatures they denature and fonn 

aggregates that scatter light. When heated in the presence of sHSPs or a-

crystallins, substrate aggregation Is suppressed. In contrast, incubation of 

substrates with comparable amounts non-chaperone proteins such as BSA 
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(Raman and Rao, 1994), catalase (Lee et al., 1995) or bovine IgG (Lee et al. 

1997) does not prevent substrate aggregation. This indicates that prevention 

of substrate aggregation does not result from non-specific protein-protein 

interactions. 

Although little information is currently available on the nature of the 

interactions between sHSPs and substrates, a few generalizations can be 

made (Chang et al., 1996; Ehmsperger et al., 1997; Lee et al., 1995a). The 

sHSPs and a-crystallins appear to interact with substrate stoichiometrically 

rather than catalytically. As shown in Table 1.6, al subunit of sHSP or a-

crystallin may be required for each molecule of substrate, although the actual 

ratio varies considerably. Pea HSP18.1 protects citrate synthase (CS) at a 

ratio of 2 subunits for each subunit of CS, while 24 subunits of C. elegans 

HSP16.2 are required for each subunit of CS. Additional studies of the 

ability of sHSPs to suppress heat-induced protein aggregation are also 

summarized in Table 1.6. 

The observation that different sHSPs protect the same model 

substrate (e.g. citrate synthase) with varying efficiencies may reflect some 

unknown similarity between the model substrate and the substrate(s) of the 

sHSPs in vivo. More of a given sHSP is sometimes required to protect one 

substrate in comparison to another substrate, possibly reflecting differences 

in structure of the substrates. Other studies have also examined the 

influence of sHSPs or a-crystallins on model substrates following chemical 

denaturation or disulfide bond reduction (Raman et al., 1995; Raman and 

Rao, 1995). 



Table 1.6 Stoichiometries tested for the suppression of thermal aggregation by sHSPs/a-crystallins 

Organism/ 
Protein 

(Source) 

C. e/egans HSP16.2 
recombinant 

C. elegcms 
HSP12.6 

recombinant 

Subunits/ 
HSP 

Oligomer 

14 or 24 

No 
oligomer 

Substrate 

citrate synthase 

Chap:Sub^ Chap:Sub^ 
(Oligomer (Monomer 

to to 
Monomer) Monomer) 

1 : 1  24:1 

Reference 

Leroux et al., 1997b 

citrate synthase No No Leroux et al., 1997a 
supression supression 

bovine eye lens 

aB-crystallin 

40 rhodanese 1:33 40:33 Das and Surwicz, 
1995 

bovine eye lens 

aB-crystallin 

18 citrate synthase 
alcohol 

dehydrogenase 
carbonic anhydrase 

lactate dehydrogenase 
enolase 

18 
18 
18 
18 
18 
18 

Horwitz, 1992 

Jakob, et a). 1993 

bovine eye lens 
aB-crystallin 

18 B-crystallin 

Y-cryslallin 

1:12 
1:10 

3:2 
9:5 

Horwitz, 1992 



Table 1.6- conlinued 

pea HSP18.1 12 citrate synthase 1:2 6:1 
recombinant lactate dehydrogenase 1:0.25 48:1 

GAPDH 1:2.4 5:1 
MDH 1:6 2:1 

pea HSP17.7 12 citrate synthase 1: 0.6 19:1 
recombinant Partial 

suppression 
Partial 

suppression 

mammalian HSP25 32 citrate synthase 1:1.5 32:1.5 
recombinant (dimer) 1:13 32:13 

16 
a-glucosidase 

citrate synthase 1:0.75 32:1.5 

M. tuberculosis 
HSP16.3 

recombinant 

citrate synthase 1:0.2 9:0.2 

S. cerevisiae HSP26 
recombinant 

24 MDH 1:12 2:1 

® ratio of chaperone: substrate on a chaperone oligomer to substrate monomer basis 
ratio of chaperone: substrate on a chaperone monomer to substrate monomer basis 

Lee et al., 1995 

Leeetal., 1997 

Lee el a!., 1995 

Jakob, et al. 1993 

Ehmsperger et al., 
1997 

Chang et al., 1996 

This study, Chapt. 3 



sHSP-substrate complexes 

In vitro, sHSP-substrate complexes are formed at elevated 

temperatures, consistent with the observation that sHSPs protect model 

substrates at stoichiometric ratios. Complexes fomned in vitro that are 

sufficiently stable to be observed by size exclusion chromatography have 

been reported. Raman and Rao (1994) observed complexes between a-

and y-crystallins following UV radiation, and a-crystallin became more 

effective at suppressing the UV-induced aggregation of y-crystallin with 

increasing temperature (30OC to 50^C). Lee et al. (1995) observed 

complexes formed in vitro between pea HSP18.1 and substrate proteins at 

elevated temperatures. The stability of the interactions between HSP18.1 

and substrate may have been influenced by the temperature at which the 

sHSP and substrate were combined. Complexes between HSP25 and 

citrate synthase have been observed by Ehrnsberger et al. (1997) and 

Sharma et al. (1997) demonstrated an interaction between a-crystallin and 

alcohol dehydrogenase at elevated temperatures. In vivo there may be 

sHSP-substrate complexes similar to those formed in vitro, although no such 

complexes have yet been identified. 

Structural and functional studies of sHSPs and a-crystallins 

Although the structural elements involved in sHSP-substrate 

interaction have not been defined, initial studies suggest that hydrophobic 

patches on the sHSP or a-crystallin may play a role in substrate binding. A 

study by Raman et al. (1995) using the hydrophobic fluorophore 8-anilino-1 

naphthalene sulfonate reports an increase in both the hydrophobicity of a-



crystailin and an increase in its ability to inhibit substrate aggregation with 

increasing temperature. Similar results were observed by Das and Surewitz 

(1995) using the hydrophobic probe 1,1'-bi(4-anilino)napthalene-5,5'-

disulfonic acid (bis-ANS). Hydrophobic patches might also be expected to 

become exposed on substrate proteins during thermal denaturation. The 

presence or absence of exposed hydrophobic regions are known to be 

important in helping many other chaperones distinguish between native and 

non-native forms of proteins (Craig et al., 1994; Frydman and HartI, 1994; 

Randall and Hardy. 1995). 

Very recently Lee et al. (1997) have identified hydrophobic regions of 

pea cytosolic class I HSP18.1 that label with the hydrophobic probe bis-ANS. 

This bis-ANS binding is reduced when the sHSP is bound to a model 

substrate, consistent with these regions being involved in substrate binding. 

Sharma et al. (1997) examined interactions between a-crystallin and 

substrate using alcohol dehydrogenase labeled with the bifunctional, 

photoactivatable crosslinker sulfosuccinimidyl-2(7-azido-4-methylcoumarin-

3-acetamido)-ethyl-1,3' dithiopropionate (SAED). Following the association 

of alcohol dehydrogenase and a-crystallin, the label was transferred from the 

substrate to a-crystallin, and the latjeled regions were sequenced. A 

sequence alignment of a-crystallin and pea HSP18.1 with the respective 

labeled regions is shown in Figure 1.2. If the region identified by Lee et al. 

(1997) is involved in substrate binding, the corresponding region in the a-

crystallin sequence may have been in contact with the substrate alcohol 

dehydrogenase. The region adjacent to the substrate binding site may have 

been labeled by the crosslinkers bound to the a-crystallin. Together the data 
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Figure 1.2 Amino acid ailgnment of a-crystallin and HSP18.1 and 

location of proposed substrate-binding sites. Sequences aligned 

using NCSA Computational Biology - ALIGN Version 2.0. Red indicates the 

potential substrate interacting region identified by Lee et al. (1997). Green 

indicates the potential substrate interacting regions identified by Shanna et al. 

(1997). Underlined region indicates the conserved sHSP/a-crystallin motif. 

Asterisks above or below the sequence Indicate the begining of the C-

terminal domain for a-crystallin and HSP18.1, respectively. 



Figure 1.2 
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Of Lee et al. (1997) and Sharma et al. (1997) are consistent with the central 

regions of sHSP/a-crystallin proteins being involved in substrate binding. 

To investigate the hypothesis that the N-terminal domain of an sHSP 

is important for oligomerization, Leroux et al. (1997) created three N-terminal 

and one C-terminal deletion of C. elegans HSP16.2 . Deletion of 15, 30 or 

44 N-terminal residues resulted in loss of both oligomerization and 

chaperone activity, while a 15 amino acid C-terminal deletion did not. The 

authors note that the region homologous to the region labeled by Lee et al. 

(1997), postulated to be involved In substrate binding, is not altered by any of 

the deletions in this study. This region is also present in C. elegans HSR 12.6 

which does not form oligomers. Leroux et al. (1997), suggest that this region 

is indeed involved in substrate binding, but that multimerization may be 

required to produce a functional substrate binding site. They and others 

suggest that binding sites may be formed by adjacent subunits with substrate 

binding occurring in the resulting cleft (Lee et al., 1997; Leroux et al., 1997; 

Singh et al., 1995). The regions identified as potential binding sites by 

Sharma et al. (1997) are also consistent with this possibility (see Figure 1.2). 

In the model proposed by Leroux et al. (1997b), the N-terminal domain is 

oriented towards the center of the molecule and is required for 

oligomerization, while the C-terminal domain is oriented towards the 

solution. They propose that the extreme C-terminus is dispensable for 

chaperone activity and that substrate binding may be mediated by more 

central regions of the C-terminal domain. Lee et al. (1997), have noted bis-

ANS labeling of the extreme N-terminus of pea HSP18.1 and a lack of 

labeling in the C-terminal conserved hydrophobic GVL region, consistent 
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with higher solvent exposure of the N-terminal domain and somewhat at 

odds with the proposed model. Future work that addresses orientation of the 

subunits within the oligomer, the chaperone activity of other non-

oligomerizing mutants and the location of the substrate binding site will 

improve the structural models of the oligomer and should increase our 

understanding of the mechanisms through which the sHSPs and a-

crystallins function. Differences may exist in the oligomeric structures of 

sHSPs and a-crystallins from different sources, and work characterizing 

sHSPs from additional sources will help identify such differences and 

determine their significance. 

sHSPs and reactivation of thermally inactivated substrate 

In addition to their ability to suppress the aggregation of model 

substrates, two very recent reports suggest that.sHSPs may also be involved 

in maintaining thermally inactivated substrates in a form that can be refolded 

by the subsequent addition of other chaperones. In a study reported 

subsequent to the initiation of this dissertation research, Lee et al. (1997) 

showed that when pea HSP18.1 was present during the thermal inactivation 

of firefly luciferase approximately 40% of the enzyme activity could be 

recovered after the sHSP-luciferase complex was added to rabbit 

reticulocyte lysate. Luciferase activity could not be regained when it was 

thermally inactivated in the absence of sHSP. Rabbit reticulocyte lysate is 

known to be a rich source of numerous chaperones and has previously been 

used to study the refolding of luciferase (HartI et al., 1994; Schumacher et al., 

1994). Ehrnsperger et al. (1997) demonstrated that citrate synthase (CS) 
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could be similarly protected by the mammalian sHSP and that some citrate 

synthase could be reactivated following the addition of purified HSP70. Both 

studies indicate that ATP is required for efficient reactivation of substrate, 

consistent with the proposed role of HSP70. To determine if this is a general 

characteristic of sHSPs, and to develop an assay that could be used to 

explore structure-function relationships in vitro, I decided to determine if 

yeast cytosolic HSP26 can maintain thermally inactivated substrate in a 

conformation which can be subsequently refolded. The results are 

presented in Chapter 3 of this dissertation. 

sHSPs and function in vivo 

A number of studies have correlated the expression of sHSPs in vivo 

with increased tolerance of elevated temperatures (Undquist, 1986; Nagao 

et al., 1990). In transgenic Arabidopsis the induction of HSPs, including 

sHSPs, controlled by a constitutively active heat shock transcription factor, 

has been shown to confer thermotolerance (Lee et al.. 1995b). In 

mammalian cells, other evidence that more directly implicates sHSPs in 

thermotolerance has also been reported. Overexpression of human HSP25 

in hamster tissue culture cells conferred thermotolerance, while expression 

of a mutant form of HSP25 did not (Landry et al., 1989; Lavoie et al., 1995; 

Lavoie et al., 1993b). Expression of a-crystallin in murine fibroblasts has 

also been reported to confer thennoresistance (Aoyama et al., 1993). 

Efforts to understand sHSP function using genetic analysis have also 

been made. Disruption of HSP30 in Neurospora crassa rendered cells 

sensitive to a combination of heat stress and carbohydrate source limitations 
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(Plesofsky-Vig and BrambI, 1995). The sensitivity was reversed by 

reintroduction of a functional HSP30 gene. However, when carbohydrate 

levels were high, no difference in thermal sensitivity was observed between 

wild type and mutant cells. The functional basis for the HSP30 mutant 

phenotype is not yet understood. Deletion of both HSP26 and HSP42, the 

only two known sHSPs in S. cerevisiae, has not resulted in any detectable 

phenotypes under conditions of heat stress or salt stress (Petko and 

Lindquist, 1986; Wotton et al., 1996). 

Potential sHSP substrates 

Although no substrates for an sHSP have been identified in vivo, 

indirect evidence for interactions between sHSPs and other proteins has 

been obtained. In mammals and yeast several researches have reported 

interactions between cytosolic sHSPs and actin. A 25 kD sHSP from turkey 

muscle (Miron, '88) and the murine sHSP (Benndorf et al., 1994) have been 

shown to inhibit actin polymerization in vitro. In some cultured cell lines, 

overexpression of wild type HSP27 increased F-actin in the cell cortex and 

pinocytosis, while overexpression of a non-phosphorylatable mutant did not, 

and the authors suggest that these sHSPs may be involved in stabilization of 

the actin cytoskeleton (Lavoie et al., 1995; Lavoie et al., 1993b). In less 

motile cultured cells non-phosphorylatable sHSP mutants were still able to 

confer thermotolerance (Knauf et al., 1994 and E. Hickey, personal 

communication). This may indicate that sHSPs interact differently with actin 

in different cell types, or that the sHSPs in some cells have different 
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substrates altogether. Several additional studies relating the mammalian 

sHSPs and actin have been recently reviewed (Liang and MacRae, 1997). 

Limited data also suggests that yeast HSP26 inhibits actin 

polymerization in vitro (Liang and MacRae, 1997). A very recent report 

indicates that overexpression of S. cerevisiae HSP42 or HSP26 can reverse 

the destabilization of the actin cytoskeleton which occurs in yeast upon 

expression of Vpr, a protein encoded by the human immunodeficiency virus 

(HIV-1) (Gu et al., 1997). In this study it was also determined that the Ahsp42 

mutant recovers actin cables more slowly than the corresponding wild type 

yeast following heat stress. Some type of interaction between sHSPs and 

actin may not be surprising given the heat lability of the actin cytoskeleton 

(Gu et al., 1997; Lavoie et al., 1995). Immune-localization studies have yet to 

co-localize sHSPs and actin in non-muscle cells. However, sHSPs are often 

found in cellular regions with high rates of assembly and disassembly of 

actin (Gu et al., 1997; Lavoie et al., 1993a). 

Disruption of HSP30 in N. crassa may lead to identification of 

protein(s) that interact with this MSP (Plesofsky-Vig and BrambI, 1995). In 

addition to reduced survival following heat stress under conditions of low 

carbohydrate, hspSO disruption has been correlated with a change in the 

extractablity of a 22 kD protein in the mitochondrial membrane fraction of a 

cell lysate. The authors suggest that this unidentified protein may require 

HSPSO for proper association with the mitochondrion, and future work should 

determine if this protein is indeed an sHSP substrate. 

The diversity of sHSPs in plants, including their multiple cellular 

locations, indicate a potentially diverse set of substrates. In addition to 
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cytoskeietal proteins and potential mitochondrial substrates, the 

photosynthetic apparatus of plants is a potential substrate for chaperones, 

including the chloroplast-localized HSPs and sHSP. Photosystem II (PSIl) is 

known to be one of the most heat sensitive components of the photosynthetic 

apparatus (Weis, 1982 and references therein). PSIl is inactivated at 

relatively low temperatures (e.g. 38 in potato leaves), however the 

temperature at which inactivation occurs can be increased by several 

degrees if leaf tissue is preincubated a moderately high temperature (e.g. 35 

OC) (Havaux, 1993). This adaptation occurs with a half-life of 20 minutes, 

which is believed to be too rapid to be explained by large changes in the 

composition of the thylakoid membrane. Adaptive changes in the ionic 

environment of the thylakoid membrane may contribute to this short-term 

adaptation (Weis, 1982). 

Identification of in vivo substrates should greatly increase our 

understanding of the role of the sHSPs. Additional strategies for 

accomplishing this goal are discussed in Chapter 4. 
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Dissertation Overview 

Chapter 2 focuses on the chloroplast-localized sHSP, HSP21. The 

majority of this work is published (Suzuki et al., 1998) as presented. 

Following in ^/ivo labeling no detectable phosphorylation of the chloroplast 

sHSP was observed during heat stress. This indicates that, contrary to what 

has been observed in mammalian systems, phosphorylation-mediated 

dissociation does not modulate the oligomeric state of HSP21 or of cytosolic 

sHSPs in plants. In a major review by Morimoto et al. (1994), the biological 

role of phosphorylation with respect to the function of the sHSPs was 

considered one of the three most important questions regarding the sHSP 

family of proteins. The lack of phosphorylation in the plant sHSPs suggests 

that sHSP phosphorylation may not play a universally significant role in all 

systems. Consistent with a lack of dissociation, HSP21 was detected as an 

oligomer of 29 subunits under all the conditions examined. In Chapter 2 1 

also report purification of a recombinant form of HSP21. However, the 

presence of a proteolytic contaminant precluded using this protein 

preparation in vitro chaperone studies. 

In Chapter 3 I report studies of the S. cerevisiae cytosolic sHSP, 

HSP26. In this work I show that HSP26 has properties consistent with a role 

as a molecular chaperone. HSP26 was overexpressed in, and purified from, 

S. cerevisiae and the protein was shown to prevent the thermal aggregation 

of model substrate proteins in vitro. HSP26 was also shown to bind the 

model substrate luciferase, and following incubation with chaperone-rich 

rabbit reticulocyte plus ATP, HSP26-bound luciferase could be released and 

refolded to its native state. 
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Chapter 2: The Chloroplast sHSP Is A Large Non-

Phosphorylated Oligomer During Heat Stress. 

Introduction 

As discussed above, small heat shock proteins (sHSPs) with 

monomeric molecular mass of 15 to 30 kD are among the most abundant 

proteins synthesized by plants in response to heat stress (Vierling, 1991). 

The plant sHSPs can be divided into several classes based on DNA 

sequence analysis, immunological cross-reactivity and intracellular 

localization. There are two classes of cytosolic sHSP (class I and class II), as 

well as distinct types of sHSP localized to the endoplasmic reticulum, the 

mitochondrion and the chloroplast (Waters et al., 1996). When compared to 

other plant sHSPs, the chloroplast-localized sHSP is most closely related to 

the cytosolic class I sHSPs, but it also has unique features including a 

methionine-rich domain and an amino terminal transit peptide (Chen and 

Vierling, 1991). The diversity of sHSPs is unique to plants: other eukaryotes 

produce fewer sHSPs and do not have organelle-localized sHSPs. 

In plants and other organisms, sHSPs are believed to protect cells 

from heat-induced damage (Nagao et al., 1986; Vierling, 1991), and a 

number of studies have correlated sHSP expression in plants with 

thermotolerance (Landry et al., 1989; Lavoie et al., 1993; Lee et al., 1995b; 

Rollet et al., 1992). However, little is known about the mechanisms by which 

the sHSPs may confer thermotolerance. Recent evidence indicates that 

cytosolic sHSPs from plants, as well as the a-crystallins and the mammalian 

sHSPs, function as ATP-independent chaperones in vitro (Honwitz, 1992; 
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Jakob et al., 1993; Lee et al., 1995a; Lee et al., 1997). The in vitro studies 

suggest that sHSPs prevent the aggregation of substrate proteins due to heat 

or chemical denaturation and facilitate the reactivation of denatured 

substrate proteins. 

Studies of mammalian cells indicate phosphorylation of sHSPs may 

be an important regulator of sHSP function. The mammalian sHSPs are 

phosphorylated through a MAPKAP kinase pathway at three conserved R-X-

X-S sites (Gaestel et al., 1991). Phosphorylation of mammalian sHSPs 

results in a dissociation of the sHSP oligomer from approximately 400 kD to 

less than 70 kD (Kato et al., 1994) or from 200 and 250 kD to 150 and 125 kD 

(Lavoie et al., 1995), depending on the method of size determination used. 

sHSP phosphorylation is proposed to affect interaction of sHSPs with actin 

and in some cases also tinermotolerance (Benndorf et al., 1994; Knauf et al., 

1994; Lavoie et al., 1995). 

Although members of the sHSP family are present in high molecular 

mass complexes in vivo, (see Table 1-5) the structure and composition of 

these complexes are not yet fully described. Several different plant sHSPs 

have also been studied. A partially purified soybean cytosolic class I sHSP 

complex is reported to contain at least 15 polypeti'des ranging from 15 to 18 

kD, all of which react with antibodies raised against a soybean sHSP, and 

may also contain higher molecular weight HSPs as minor components (Jinn 

et al., 1995). The same study reports that the class I complexes in rice, mung 

bean and pea contain at least 11,15 and 8 sHSP peptides respectively. 

Overexpression of a recombinant class I or class 11 pea cytosolic sHSP in £ 

coli leads to the formation of complexes which have been isolated and 
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Shown to be homo-oligomeric dodecamers (Lee et al.. 1995a). sHSP 

complexes have not been purified to homogeneity directly from plants. 

However, in total, the data suggest that the large sHSP-containing 

complexes seen in vivo represent homo-oligomers of the sHSPs. 

To gain information which will further our understanding of the diverse 

plant sHSPs I have investigated the structure and phosphorylation state of 

the chloroplast sHSP, HSP21. HSP21 is a nuclear-encoded protein targeted 

to the chloroplast by an amino terminal transit peptide that is removed 

following import to yield the mature 21 kD subunit. HSP21 is not 

constitutively expressed but becomes detectable in both leaves and roots 

following heat stress. In heat stressed leaves, HSP21 has been estimated to 

represent approximately 0.05% of soluble chloroplast protein (Chen et al.. 

1994), making HSP21 much less abundant than the cytosolic sHSPs which 

represent 1% of total plant protein following heat stress (DeRocher et al., 

1991). 

Like the mammalian and plant cytosolic sHSPs, mature HSP21 is 

detected in a soluble, high molecular weight complex. The chloroplast-

localized sHSP (HSP21), was found in complexes of approximately 230 and 

300 kD, in pea and Arabidopsis, respectively, when examined in plant 

extracts by non-denaturing pore-exclusion PAGE (N-PAGE) (Chen et al., 

1994; Osteryoung and Vierling, 1994). Additionally, in pea, a 42 kD form of 

HSP21 was detected when in vitro translation products were imported into 

isolated chloroplasts (Chen et al., 1994). Previous work has not ruled out the 

possibility that proteins other than HSP21 are in the HSP21-containing 

complexes. 
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Here I examined the native structure and phosphorylation of 

chloroplast HSP21 to understand this protein's basic properties and to 

compare it to the cytosolic sHSPs. I found the apparent size of the native 

HSP21 complex was >200 kD and remained constant during heat stress. 

Furthermore, I found no evidence that HSP21 or the plant cytosolic sHSPs 

are phosphorylated in vivo. A partial HSP21 complex purified from heat 

stressed pea leaves did not contain proteins other than HSP21. Following 

identification of the transit peptide cleavage site, mature recombinant pea 

and Arabidopsis thaliana HSP21 were expressed in E coli. Purified 

recombinant Arabidopsis HSP21 assembles into homo-oligomeric 

complexes that have the same apparent molecular weight as the HSP21 

complexes observed in heat stressed leaf tissue. I propose that the native, 

functional form of chloroplast HSP21 is a large. 29 subunit. homo-oligomeric 

complex, and that the plant sHSPs are not regulated by phosphorylation-

induced dissociation in the manner observed for the mammalian sHSPs. 
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MATERIALS AND METHODS 

Plant Growth and Heat Shock Treatment 

Pea seeds (Pisum sativum cv "Little Marvel") were germinated and 

grown in vermiculite under a 16 hour photoperiod for 9 days as described 

previously (Chen et al., 1994). For heat stress treatment intact plants were 

taken from 229C to 380C at a rate of 4^0 hr"', this maximum temperature 

was maintained for 4 hours and then the temperature was decreased at 4^C 

hr"! back to 22^0 (Chen et al., 1990). 

Arabidopsis thaliana plants which constitutively overexpress 

Arabidopsis HSP21 (Osteryoung et al., 1993b) were grown in soil for 4 

weeks under a 16 hour photoperiod. Heat treatment was as described for 

pea except that the temperature was increased or decreased at a rate of S^C 

hr"' and the maximum temperature reached was 420C. 

Electrophoresis and immunoblotting 

Samples for non-denaturing pore-exclusion gel electrophoresis (N-

PAGE) were prepared by homogenizing leaf tissue directly in non-denaturing 

sample buffer (60 mM Tris-HCI pH 8.0, 5 mM e-amino-n-caproic acid, 1 mM 

benzamidine, 15% sucrose) using a ground glass homogenizer. The ratio of 

tissue to buffer was 100 mg mL*"'. Samples were microcentrifuged at 16,250 

X g for 10 minutes and applied directly to 4 - 22% gradient N-PAGE. 

Electrophoresis was carried out as previously described (Chen et al., 1994) 

except that gels were run at 90 V for 48 hours in 50 mM Tris-glycine buffer. 

Native molecular mass standards were; thyroglobulin. 669 kD; ferritin, 440 
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kD; catalase, 232 kD; lactate dehydrogenase, 140 kD; bovine serum 

albumin, 67 kD (Pharmacia LKB Biotechnology. Inc.). 

Samples for SDS-PAGE were prepared as above except that SDS to 

2% and DTT to 60 mM were added to the sample buffer and samples were 

heated for 2 minutes at 100°C after homogenization. SDS-PAGE was 

carried out on 10 - 16% or 12.5% gels using the method of Laemmli 

(Laemmli, 1970). Following electrophoresis, gels were either stained with 

Coomassie Brilliant Blue R or transferred to nitrocellulose for western 

analysis. Rabbit antiserum against a pea HSP21 fusion protein was used at 

a dilution of 1 ;3000 as described previously (Vierling et al., 1989). Anti-pea 

HSP18.1. (DeRocher et al., 1991), HSP17.7, (Helm et al., 1997) and HSP70 

(DeRocher and Vierling, 1995) antisera were used as described previously. 

Bound antibodies were detected using goat-anti rabbit horseradish 

peroxidase and an enhanced chemiluminescent system (Amersham, 

Arlington Heights, Illinois). Molecular mass standards were mysosin H-chain 

(200 kD), phosphorylase B (97 kD), bovine serum albumin (67 kD), 

ovalbumin (43 kD), carbonic anhydrase (29 kD), B-lactoglobin (18 kD), and 

lysozyme (14 kD) (Life Technologies, Inc., Gaithersburg, MD). 

Size Exclusion Chromatography 

Pea extracts were prepared by homogenizing 200 mg of leaf tissue in 

1.5 mL of column buffer (10 mM Tris-HCI pH 8.0, 150 mM NaCI) with the 

addition of s-amino-n-caproic acid to 10 mM and benzamidine to 1 mM. The 

insoluble mater ial  was removed by microcentr i fugat ion at 16,250 x g for  ^5 

minutes at 4^0. The resulting supernatant was combined with 200 p.L of 1 
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mg mL""' protein standards; ferritin, 669 kD (Pharmacia); catalase, 232 kD 

(Pharmacia); or p-amylase 200 kD (Sigma); bovine serum albumin, 67 kD 

(Sigma); chymotrypsinogen, 25 kD (Pharmacia); and Dextran Blue 2000 

(Pharmacia). The sample was applied to a Sephadex G-200 column (1.5 cm 

I.D. X 100 cm) equilibrated with column buffer and 0.01% sodium azide. 

Elution was carried out at 0.4 mL min''̂  and 2.25 mL fractions were collected. 

SDS-PAGE and immunoblotting were used to identify fractions containing 

HSP21. The relative amount of HSP21 in each fraction was determined by 

scanning the X-ray film using a Molecular Dynamics laser densitometer and 

ImageQuant 3.1 software (Molecular Dynamics, Sunnyvale, CA). Purified 

HSP21 was analyzed on size exclusion chromatography using the same 

methods with the following changes; Samples were dialyzed into the 

appropriate column buffer and additional buffers were used to test the effect 

of varying salts on the elution of HSP21 (150 and 300 mM KCI, and 500 mM 

(NH4)2S04). 

The variability In the apparent molecular weight of proteins 

determined by size exclusion chromatography with Sephadex G-200 was 

estimated as follows; Four of the five standard proteins were used to 

generate a linear equation relating the log of the molecular weight to the 

elution volume. This line was then used to calculate the apparent molecular 

weight of the fifth standard. The apparent molecular weights for three 

replications varied by approximately 12.5%. 

Heat stressed pea leaf tissue samples were also analyzed on a 

TosoHaas G3000 HPLG size exclusion column (TosoHaas, Montgomeryville, 

PA). The relative amounts of HSP21 in the column fractions were analyzed 
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using a Macintosh computer and the public domain NIH Image program 

(developed at the U.S. National Institutes of Health and available on the 

Internet at http://rsb.info.nih.gov/nih-image/)- The size standards used for the 

TosoHaas G3000 HPLC size exclusion column were: thyroglobulin, 669 kD 

(Pharmacia), ferritin 440 kD (Pharmacia), aldolase 158 kD (Pharmacia), 

ovalbumin 42 kO (Pharmacia), and cytochrome c 12.3 kD (Sigma). A plot of 

the log of the molecular mass against the elution time for thyroglobulin, 

Rubisco and ferritin produced a linear relationship (R2 value = 0.996) that 

was used to calculate the apparent molecular weight of the HSP21 complex. 

The smaller molecular weight standards were used to ensure that the column 

was run for sufficient time to elute species the size of monomers or dimers of 

HSP21. 

In vivo Labeling 

Nine day old pea seedlings were labeled with 0.1 to 0.8 mCi of 

H332PO4 (carrier free, 5 mCi/ml DuPont NEN) in 2 mM Tris-HCI pH 8.0 for 1 

or 2 hours. Specific samples, as cited in the text, were also incubated with 5 

okadaic acid or 50 m.M cantharidin (Sigma, St. Louis, MO). Seedlings 

were heat treated as described above, and labeled at the timepoints 

indicated in the text. At the start of the heat stress, seedlings in damp 

vermiculite were placed in the growth chamber. To initiate labeling, 

seedlings were removed from the vermiculite and the roots were excised 

underwater approximately 1.5 cm tDelow the expanded cotyledons. The cut 

ends were placed in 200 (xL of labeling solution and seedlings were then 

returned to the growth chamt>er for the described treatments. 
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At the end of the labeling period seedlings were processed by one of 

the following three methods. 1) Leaf tissue (200 mg) was homogenized in a 

glass homogenizer in SDS sample buffer or in SDS sample buffer 

containing 10 mM NaF. Samples were heated for 2 min. at lOOOC, 

microcentrifuged and analyzed by gradient SDS-PAGE and immunoblotting 

as described above. 2) Labeled seedlings were crushed in liquid nitrogen 

using a mortar and pestle and approximately 0.2 g transferred to a ground 

glass homogenizer. Samples were then treated as above except the sample 

buffer also contained 50 mM NaF. 100 mM EDTA and 100 mM EGTA. 3) 

Seedlings were homogenized in 2 mL of 20% trichloroacetic acid and 80% 

acetone using a glass homogenizer immersed in a bath of dry ice and 

acetone. Samples were transferred to a microcentrifuge tube and the 

precipitated protein pelleted at 16,250 x gat40C for 30 minutes. These 

samples were then resuspended in SDS sample buffer pH 10.0 and boiled 

for two minutes. Gels containing radiolabeled proteins were dried and 

exposed to X-ray film for 4 to 20 hours. 32p.|abeied samples that had been 

transferred to nitrocellulose were also exposed to film. 

Purification of Pea HSP21 

HSP21 accumulation was induced in 9 day old peas using the 

gradual 38^0 heat stress regimen described above. Chloroplasts were 

isolated from approximately 1 kg of heat stressed leaf tissue using methods 

previously described (Vierling et al., 1986), except that the final Percoll 

gradient step was omitted. Washed chloroplasts were diluted to 5 mg mL""! 

chlorophyll and lysed in 10 mM HEPES pH 8.0 containing 10 mM e-amino-n-
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caproic acid and 1 mM benzamidine. The membranes were removed by 

centrifugation for 45 minutes at 12,000 x g in a fixed angle rotor. A 40% 

(NH4)2S04 fractionation was carried out by adding 0.1 M citrate buffer pH 

5.0 (equal to one half volume of the supernatant) and a saturated solution of 

(NH4)2S04. After incubation at 4^0 for 1.5 hours, precipitated protein was 

removed by centrifuging at 40C for 45 minutes at 12,000 x g. The soluble 

fraction containing HSP21 was filtered through a 0.2 ^m filter and applied to 

an HPLC hydrophobic interaction column (Rainin HIC 83-B23-E Dynamax 

Hydropore, 21.4 x 100 mM, 300 A pore-size). HSP21 was eluted from the 

column with a gradient from 2 M to 0 M (NH4)2S04 in 100 mM phosphate 

buffer pH 7.0. The flow rate was 5 mL min""! and 5 mL fractions were 

collected. Samples were dialyzed against 10 mM Tris pH 8.0 and fractions 

containing HSP21 were identified by SDS-PAGE and immunoblotting. 

Amino-terminal Sequencing of Processed, Mature, Radiolabeled 

HSP21 

The methods employed for production of chloroplast protein 

precursors and their import into chloroplasts were basically those of Vierling 

(Vierling et al., 1988). The Arabidopsis HSP21 cDNA (Osteryoung et a!., 

1993b) was in vitro transcribed to produce RNA coding for the full length 

HSP21 precursor protein. The RNA was then in vitro translated in the 

presence of [3H]isoleucine (DuPont NEN, 89.6 Ci/mmol) and [3H]glutamine 

(DuPont NEN, 43.98 Ci/mmol). The labeled HSP21 precursor protein was 

imported into isolated chloroplasts. The chloroplasts were lysed, 

membranes were removed by microcentrifugation and the supernatant 



52 

containing the processed, labeled HSP21 was amino terminally sequenced 

(Arizona Research Laboratories, Biotech Facility, Tucson, AZ). Each cycle 

was analyzed in a Beckman LS6000 IC scintillation counter to identify the 

cycles containing the labeled amino acids. The pattern of labeled residues 

was then aligned with the pattern of isoleucine and glutamine residues in the 

deduced amino acid sequence of the Arabidopsis HSP21 precursor. Using 

[^HJaspartic acid (DuPont NEN, 10 Ci/mmol), in place of [^HJisoleucine and 

pH]glutamine, this method was also used to determine the amino terminus of 

pea HSP21. 

Construction of E.coli Expression Vectors 

The mature amino terminus of HSP21 which results from the removal 

of the transit peptide was determined as described atxsve. To replace the 

amino terminal amino acids of the transit peptide with a start methionine in 

both Arabidopsis and pea HSP21, polymerase chain reaction mutagenesis 

was used. Plasmid AZ311, the Arabidopsis HSP21 cDNA cloned into 

Bluescript (Osteryoung et al., 1993a) was used as PGR template. The 

universal T3 primer and the custom 5' primer 

CATATGCAAGACCAGAGAGAAAAC were used to generate the PGR 

product. This DNA was ligated into the pGR"*ll vector using the Original TA 

Cloning Kit (Invitrogen, San Diego, GA) and amplified. An Ndel-Xhol partial 

digest was used to obtain a segment of DNA which included the entire 

HSP21 cDNA. The segment was cloned into the expression vector pJG20 

(Clos and Brandau, 1994) to produce pAZ376. 
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The mature pea HSP21 construct was synthesized as follows. The 

appropriate PGR fragment was generated from the plasmid A2043 using the 

5' primer 3004 (GGCCGGATCCCATATGCAGGCTGGTGGTGATGG) and the 

3' fragment 3005 (CGGAATTCCCTATCACTGAATTTGAAC). The PGR 

fragment was cloned into pCR™ll as described above. An Ndel/EcoRI 

fragment corresponding to mature pea HSP21 and a start methionine was 

then subcloned into pJG20 to make plasmid AZ315. Following 

transformation into E coli BL21 (DE3) cells, induction of pea or Arabidopsis 

HSP21 was directed by T7 polymerase which was induced by 1 mM 

isopropyl 0-D-thiogalactopyranoside (IPTG) for 6 hours. 

Purification of Recombinant Arabidopsis HSP21 from E.coii: 

Cells were harvested by centrifugation and washed with 50 mM Tris-

HGI, 1 mM EDTA, pH 7.5 (Buffer T50E1). Gells were sonicated in the 

presence of 1 mM benzamidine, 10 mM e-aminp-caproic acid and 

centrifuged at 17,500 x g for 30 minutes. The supernatant containing 

HSP21, and a wash of the pellet fraction were pooled. An ammonium sulfate 

precipitation was carried out and the 40 - 70% pellet was found to be 

enriched for HSP21. This pellet was resolubilized in 25 mM Tris-HCI, 1 mM 

EDTA pH 7.5 (T25E1), dialyzed against T25E1 at 4OC and separated on 0.2 

to 0.8 M sucrose gradients for 3 hours at 45,000 rpm in a Beckman VTi50 

rotor. Fractions containing HSP21 were pooled and applied to a 

diethylaminoethyl-Sepharose (DEAE-Sepharose) column equilibrated with 

T25E1. HSP21 was eluted with a 0 - 0.15 M NaCI gradient. Fractions 

containing HSP21 were pooled, dialyzed, brought to 2 M ammonium sulfate 
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and 0.2 fjm filtered. Samples were then separated on a Rainin hydrophobic 

interaction column as described above for isolation of pea HSP21. 
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RESULTS 

HSP21 Complexes Maintain a Constant Size During l^eat Stress 

In leaf extracts analyzed by N-PAGE after heat stress, pea HSP21 Is 

detected in complexes with apparent molecular weights of 230 and 200 kD 

(Chen et al., 1994). I was interested in determining if HSP21-containing 

cxDmplexes changed in size or relative abundance during heat shock or 

recovery in vivo as seen for mammalian cytosolic sHSPs. Samples were 

taken at hourly intervals during a gradual heat stress and recovery. When 

analyzed by N-PAGE and western blotting, immuno-reactive species were 

detected at 230, 200 and 42 kD at all timepoints after HSP21 was induced 

(data not shown). The 42 kD immuno-reactive species was not seen in plant 

extracts in previous studies (Chen and Vierling, 1991), although a 42 kD form 

of HSP21 has been observed upon import of radiolabeled HSP21 into 

isolated chloroplasts (Chen et al., 1994). The relative abundance of the 

large forms and the 42 kD form could not be compared because their relative 

reactivity with the HSP21 antibody is not known. 

To obtain an estimate of the size of the HSP21-containing complexes by 

an independent method and to determine the relative abundance of the 42 

kD form of HSP21, samples taken during a gradual heat stress were 

analyzed by size exclusion chromatography using a TosoHaas G3000 

column followed by western blotting. Native extracts of pea leaves were 

prepared during a gradual heat stress in which the temperature was 

increased from 22 to 3000, maintained at 380C for 4 hours and then 

gradually returned to 220C. Samples were analyzed from the following 
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timepoints: 1) at 340C during HSP induction. 2) as the temperature reached 

380C, 3) after 4 hours at 38^0, 4) as the temperature decreased to 21^C, 5) 

after 1 hour of recovery at 229C and 6) after 2 hours of recovery at 22^0 

followed by 30 minutes of abrupt stress at 380C. Samples were also taken 

from plants that were allowed to gradually return to 220C and were then 

abruptly restressed at 380C. As shown in Figure 2.1, the highest 

concentration of HSP21 occurred in a fraction corresponding to a molecular 

weight of 550 ± 50 kD. The appearance of HSP21 containing-complexes 

occurred in parallel to accumulation of the HSP21 polypeptide and the 

protein was not consistently detected in any fraction corresponding to 42 kD 

or other low molecular weight species. 

The size of the HSP21-containing complex in extracts of pea leaves 

exposed to a 12 hour gradual heat stress was also analyzed using a gravity-

loaded size exclusion column with a different matrix (Sephadex G-200) 

followed by SDS-PAGE, western blotting and laser densitometry. HSP21 

eluted in a single peak corresponding to 415 kD +/- 52 kD as shown in 

Figure 2.2. The resolution of size exclusion chromatography is less than that 

of N-PAGE so I cannot rule out the possibility that the single large HSP21 

complex detected with size exclusion chromatography is actually composed 

of two species of very similar size. A small amount of HSP21 signal was 

detected in a fraction corresponding to an apparent molecular weight of >700 

kD. The nature of of this minor form is unclear. No HSP21 was detected by 

western blot in the 42 kD range so these fractions were not analyzed by laser 

densitometry. 
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Figure 2.1. Comparison of pea HSP21 complex size during a gradual 

heat stress. Leaf samples were talcen at the timepoints indicated as discussed 

in the text, fractionated by size exclusion chromatography and the fractions 

analyzed by immunobiotting with pea HSP21 antibodies. Lane numbers 

correspond to time of elution in minutes. The elution times of thyroglobulin (669 

kD), aldolase (158) and cytochrome C (12 kD) are indicated. R indicates the 

elution time of endogenous pea Rubisco. 
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Figure 2.2. Estimation of pea HSP21 complex size in heat stressed 

ieaf tissue by size exclusion chromatography. A. Total leaf extracts 

were analyzed on a Sephadex G200 size exclusion column and pea HSP21 

was detected in column fractions by immunoblotting. B. The western blot signal 

was quantified and plotted to identify the elution point of the majority of HSP21 

relative to standard proteins. The elution times of thyroglobulin (669 kD) and 

aldolase (158 kD) are indicated. 



4 6 8 10 12 
fraction number 

B 
3000 

(0 

c 
3 

75 2000 
o 

Siooo 
£ 
< 

o> 
CO 
CO 

00 

r\ 
\ 

\ 
\ K 

2 4 6 8 10 12 
fraction number 



71 

The absence of the 42 kD form of HSP21 in heat stressed leaf tissue 

analyzed using the two size exclusion chromatography columns suggests 

that the 42 kD form of HSP21 is substantially less abundant than the larger 

forms in vivo. Alternatively, the 42 kD band appearing with N-PAGE of tissue 

extracts may be an artffact produced during electrophoresis. The fact that 

HSP21 is detected in a large complex throughout a gradual heat stress and 

recovery suggests that, unlike the sHSPs in mammalian systems, chloroplast 

sHSP function during heat stress may not be regulated by dissociation. 

Phosphorylation of HSP21 is not Detected in vivo 

Phosphorylation has a significant influence on the structure and activity of 

many proteins, including the mammalian sHSPs, where phosphorylation 

correlates with dissociation of the sHSP complex as well as a decrease in 

thermoreslstance in some cell lines (Kato et al., 1994; Landry et al., 1991). 

Although changes in the native size of HSP21 were not observed during 

heat shock or recovery, it was still possible that phosphorylation might 

modulate HSP21 function. To determine if HSP21 is phosphorylated in vivo, 

pea seedlings were labeled with [32p]orthophosphate as described in 

Materials and Methods. Samples were taken at several tlmepoints during 

heat stress and recovery in order to be able to detect transient protein 

phosphorylation. Seedlings were labeled in several separate experiments, 

and following labeling, seedlings were processed in the presence of 

phosphatase inhibitors using three alternative techniques designed to 

minimize phosphatase activity (see Materials and Methods). 
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Seedlings were labeled for 1 or 2 hours under the following conditions; 1) 

during Induction of HSP21 expression, starting when leaf tissue reached 

30OC, 2) at 22^C in the absence of heat stress, 3) during the final 2 hours at 

the maximum temperature of 380C, 4) during recovery from heat stress as 

the temperature returned to 22^C and 5) after samples had returned to 22^0 

following the gradual heat stress. In addition, plants which had been heat 

stressed and allowed to recover at 22°C were then incubated with label and 

returned abruptly to 380C (data not shown). 

In the representative experiment documented in Rgure 2.3, radiolabeled 

samples extracted from equal weights of tissue were analyzed. No 

incorporation of 32p was detected in proteins corresponding to HSP21 or to 

any of the other plant sHSPs. Strong incorporation of 32p by other plant 

proteins indicates that abundant label was present and protein 

phosphorylation occurred. Samples transferred to nitrocellulose blots were 

reacted with antibodies to pea HSP21 and HSP70, or with pea cytosolic 

class I HSP18.1 or class II HSP17.7 antibodies.(data not shown) to confirm 

that sHSPs accumulated during the treatment. Comparison of the westerns 

and the autoradiograms indicates that neither HSP21 nor the cytosolic 

sHSPs are phosphorylated in vivo under any of the conditions tested. 

Addition of the protein phosphatase inhibitors cantharidin or okadaic acid 

during in vivo labeling did not alter the labeling pattern (not shown). Analysis 

of samples containing equal cpm (rather than from equal weight of tissue) 

was also performed, and did not change the data interpretation. These data 

indicate that neither the chloroplast nor cytosolic plant sHSPs are 

phosphorylated in vivo. 
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Figure 2.3. Phosphorylation of pea HSP21 Is not detectable In vivo. 

Leaf samples prepared after in vivo labeling with [32p]orthophosphate as 

descrit^ in the text were separated by SDS-PAGE and gels were either 

stained (left panel), autoradiographed (center panel) or subjected to western 

blotting using anti-pea HSP21 or HSP70 antibodies (right panel). I: Leaf 

sample taken at 30<^C during gradual temperature increase. C: Non-stressed 

control leaf tissue. HS; Sample taken after 2 hours at 38 °C. R: Sample taken 

at 22 following gradual heat stress. D: Sample taken at 38 at the end of 

the heat stress, as temperature begins declining. Arrows at A, B and C indicate 

the positions of HSP21. HSP18.1 and HSP17.7. Positions of HSP18.1 and 

HSP17.7 were determined on separate blots. The position of HSC70 and 

HSP70, which are not separable in this analysis, are indicated by an asterisk (•). 
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Purification of an HSP21 Complex from Heat Stressed Pea 

Leaves 

In order to examine the composition of the HSP21-containing complexes, 

steps were taken toward purrfication of HSP21 from pea leaves. As 

described in Materials and Methods, chloroplasts were lysed and soluble 

proteins processed through ammonium sulfate precipitation and hydrophobic 

interaction chromatography to yield a preparation of nearly homogeonous 

HSP21 polypeptide (Fig. 2.4 A). As shown in Figure 2.4B, western blotting 

confirmed that the 21 kD polypeptide corresponded to HSP21, and an 

immuno-reactive 42 kD species is likely to correspond to a dimer of HSP21. 

Approximately 1 mg of HSP21 was recovered per kg of heat stressed pea 

leaf tissue. The low abundance of HSP21 is consistent with previous 

estimates of pea HSP21 abundance (Chen et al., 1994). The level of HSP21 

in pea is also comparable to the amount of HSP21 found in heat stressed 

Arabidopsis leaf tissue (approximately 0.05% of soluble leaf protein), 

determined using rabbit anti-Arabidopsis HSP21 antibodies (Vierling et al., 

1989) and purified, recombinant Arabidopsis HSP21 as standard (data not 

shown). 

The size of purified pea HSP21 was compared to the size of the HSP21-

containing complex observed in leaf extracts. The purified HSP21 

complexes could not be resolved into discrete bands by N-PAGE for reasons 

that remain unclear. However, the HSP21 complexes had an apparent 

molecular mass of 300 kD when analyzed by size exclusion chromatography 

on Sepharose G-200, significantly smaller than the apparent molecular 
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Rgure2.4. Purification of pea HSP21 from heat stressed ieaf tissue. 

Panel A: Coomassie stained gel. Panel B: Western blot. Lane 1: Total soluble 

chioroplast lysate proteins. Lane 2: 40% ammonium sulfate supematant. Lane 

3; Purified HSP21 following hydrophobic interaction chromatography. Closed 

arrowhead indicates HSP21. Open arrowhead indicates dimer of HSP21 that 

does not dissociate on SDS-PAGE (Chen et al., 1994). The asterisk (•) next to 

l_ane 1 in Panel A represents a chioroplast protein that comigrates with HSP21 

in the chioroplast lysate, but is separated from HSP21 during the ammonium 

sulfate precipitation and does not react with anti-HSP21 antibodies. Numbers 

indicate molecular mass standards in kO. 
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weight of 420 ± 50 kD observed for HSP21 in homogenates of whole leaf 

tissue analyzed using the same size exclusion column. As shown in Table 

2.1, the apparent molecular weight of the purified complex was not altered in 

the presence of 500 mM NaCI, indicating that the decrease in apparent size 

was not caused by interaction between the HSP21 complexes and the 

column matrix. The fact that no proteins other than HSP21 were identified in 

the complex is consistent with HSP21 forming a homo-oligomer. The 

difference in apparent molecular weight between purified HSP21 and 

HSP21 in leaf extracts may be due to the loss of subunits during the low pH 

ammonium sulfate precipitation (data not shown). Although variations in the 

purification were tried, larger stable complexes containing pea HSP21 were 

not successfully isolated. 

Determination of the Mature Amino Terminus of HSP21 from Pea 

and Arabidopsis 

The low abundance of HSP21 and difficulties in purification of native 

sized complex prompted me to undertake expression of HSP21 in E. coli as 

an avenue for further study of this protein. As cited above, cytosolic sHSPs 

from plants have been successfully overexpressed in E. coli and found to 

assemble into oligomeric complexes similar to those observed in v/Vo(Helm 

et al., 1997; Lee et al., 1995a). I was interested in determining if HSP21 

would exhibit similar properties. Because HSP21 is nomially synthesized as 

a precursor, in order to express HSP21 in E. coli it was first essential to 

determine the amino terminus of the mature protein. This was approached 

by microsequencing the amino terminus of purified, mature pea HSP21 and 
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Table 2.1. Analysis of the pea HSP21 complex by size-exclusion 

chromatography 

Salt Apparent 

Sample Concentrationa. MW 

Chioroplast lysate 150 mM NaCI 420 

40% {NH4)2S04 sup 150 mM KCI 300 

Purified complex 150 mM NaCI or 150 mM KCI 310 

Purified complex 500 MM (NH4)2S04 340 

3 Concentration and salt used during size exclusion chromatography with the 

Sephadex G200 matrix 

Estimated molecular masses are +/-12.5% as described in Materials and 

Methods 
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by sequencing radioactive HSP21 that had been processed by import into 

isolated chloroplasts (see Materials and Methods). The latter technique 

allowed determination of the Arabidopsis HSP21. as well as the pea HSP21, 

amino terminus. 

Edman degradation of purified pea HSP21 yielded the following amino 

acids: Q-A-G/D-G-D-G/N-D/K-N-K-D. Amino acids separated by a slash 

indicate sequencing cycles in which two amino acids were detected. Amino 

acids in bold face are the amino acids predicted from the HSP21 cDNA 

previously isolated from pea (Vierling et al., 1988). The results of Edman 

degradation are consistent with processing occurring immediately before 

Q50. The presence of amino acids not predicted by the HSP21 cDNA may 

represent sequence derived from an HSP21 isomer. Two distinct forms of 

HSP21 that differ slightly in their pi have been previously observed and 

Southern analysis indicates there is probably more than one HSP21 gene in 

pea (Vierling et al., 1988). 

The amino terminus of pea HSP21 was independently determined by 

sequencing processed, radiolatDeled HSP21 as indicated in Materials and 

Methods. Briefly, HSP21 cDNA was in vitro translated in the presence of 

[3H]-aspartic acid, and the labeled precursor was imported into isolated 

chloroplasts, where the transit peptide was cleaved to form the mature amino 

terminus of HSP21. The soluble chloroplast proteins were subjected to 

automated Edman degradation and the products of each sequencing cycle 

were analyzed for the presence radiolabeled aspartic acid. The amino 

terminus of mature HSP21 was determined by aligning the pattern of 

radiolabeled residues found in mature HSP21 with the pattern of Asp in the 
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precursor as indicated in Figure 2.5A. Using this method, the first 10 amino 

acids of mature pea HSP21 were deduced. The resulting amino terminal 

sequence is Q-A-G-G-D-G-D-N-K-D, indicating that the amino terminus of 

mature HSP21 is Q50. This result is consistent with that predicted by the 

direct sequencing of HSP21 purified from heat stressed leaf tissue. 

The radiolabeled amino acids pHJisoleucine and [3H]glutamine were 

used with this technique to determine the mature amino terminus of 

Arabidopsis HSP21 as shown in Figure 6B. The mature amino terminus was 

found to be; Q-D-Q-R-E-N-S-l-D-V-V-Q-Q-G-Q-Q. Thus, in both Arabidopsis 

and pea, the transit peptide cleavage site was within a conserved R-A-Q 

sequence, between A immediately amino terminal to the cleavage site and 

Q, the first residue of mature HSP21. 

Expression of Pea and Arabidopsis HSP21 in £. co/i 

Following identification of the mature amino terminus of pea and 

Arabidopsis HSP21, it was possible to overexpress HSP21 in E.coli, as 

described in Materials and Methods. To determine if recombinant pea 

HSP21 assembled into complexes comparable.to those observed in heat 

stressed leaf tissue, recombinant pea HSP21 was compared to HSP21 in 

heat stressed pea leaves by N-PAGE. In both samples, HSP21 was detected 

in complexes with apparent molecular weights of approximately 230 and 200 

kD (data not shown). When analyzed using a TosoHaas G3000 size 

exclusion column, recombinant pea HSP21 and HSP21 from heat stressed 

leaves have the same apparent molecular mass (Fig. 2.6). Rubisco 

(molecular mass 550 kD) elutes at 7.0 minutes on this column and HSP21 in 
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Figure 2.5. Identification of radioialDeied amino acids in the 

processed N-termlnus of imported in vitro translated HSP21. I-ISP21 

precursors were imported into and processed by isolated chloroplasts. Graphs 

indicate cpm detected after each Edman degradation cycle as completed on 

imported, processed pea (A) or Arabidopsis (B) HSP21. Corresponding 

deduced amino acid sequences are aligned to match radioactive peaks with 

radiolabeled amino acids (indicated by bold face type and underlined). 
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Rgure 2.6. HSP21 complexes from heat stressed pea tissue and E. 

coll extracts are the same size. Size analysis of HSP21 from heat 

stressed pea tissue and £ coli extracts by size-exclusion chromatography using 

a TosoHaas G3000 column. HSP21 was detected by immunoblotting (inset 

panel) and the resulting signal was quantified and plotted to identify the fraction 

containing the most HSP21 (indicated by an asterisk) R indicates the elution 

point of Rubisco in leaf homogenates, numbers indicate the elution point of 

molecular weight standards (in kD) listed in Materials and Methods. 
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samples that did not contain Rubisco (E. coli lysates and purified HSP21) 

also consistently eluted at 7.0 minutes. This information, combined with the 

elution times of thyroglobulin (660 kD) and ferritin (440 kD) was used to 

calculate an apparent molecular mass of 550 kD ± 50 kD for the recombinat 

pea HSP21 complex . 

Similar results were obtained with Arabidopsis HSP21. Recombinant 

Arabidopsis HSP21 migrated as three species of very similar molecular 

weights, the largest of which had an apparent molecular mass of 300 kD 

when analyzed by N-PAGE (Rg. 2.7A). This 300 kD complex comigrated 

with the single 300 kD complex detected in heat stressed leaf tissue as 

shown in Figure 2.7B. The largest 300 kD complex also comigrated with the 

HSP21 complex formed in transgenic Arabidopsis (Osteryoung et al., 

1993b) which constitutively overexpress HSP21 in the absence of heat 

stress (Fig. 2.7B). Recombinant Arabidopsis HSP21 and HSP21 from the 

transgenic Arabidopsis also co-eluted with an apparent molecular weight of 

540 kD when analyzed using the TosoHaas G3000 (data not shown). In 

total, these results suggest that either 1) HSP21 containing complexes are 

homo-oligomeric or 2) HSP21-containing complexes include other factors 

common to both E coli and the chloroplast. 

Purification of Recombinant Arabidopsis HSP21 Complexes 

To confirm that the recombinant HSP21 complexes were composed 

solely of HSP21 subunits, I undertook further purification of the recombinant 

complexes. Although highly expressed, the pea complexes formed in E coli 

could not be isolated as stable oligomers. The E coli expressed Arabidopsis 
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Rgure2.7. Arabidopsis HSP21 expressed in E. coli comigrates 

with HSP21 from heat stressed wildtype and transgenic 

Arabidopsis plants. Panel A; Stained N-PAGE. Lane 1; Non-heat 

stressed Arabidopsis leaf tissue. Lane 2; Heat stressed leaf tissue. Lane 3: 

Lysate from control E. coli. Lane 4; E. coli lysate containing HSP21. Panel 

B: Western blot of N-PAGE. Lane 1: Non-stressed Arabidopsis leaf tissue. 

Lane 2: Heat stressed leaf tissue. Lane 3; Transgenic Arabidopsis 

constitutively expressing HSP21. Lane 4; Lysate from E. coli containing 

HSP21. The asterisk (*) indicates the position of Rubisco. Note that HSP21 

is not visible as a stained band on the Coomassie Blue stained gel. 



A. B 

e O I 
Q. ui 

C HS C I 

669-

Plant 

wt 
^ o 
tr o 

c HS c Ui 
669-

440-

147-

67-

12  3  4  12 3 4 



89 

HSP21 complexes proved to be more stable and were purified, as detailed in 

Materials and Methods, to apparent homogeneity. Recombinant HSP21 

assembled in to the three similarly sized, higher molecular weight forms 

present in the initial E. coli lysate as shown in Figure 2.8. The largest purified 

recombinant Arabidopsis HSP21 complex comigrated with the complex 

identified in heat stressed leaf tissue. The fact that no proteins other than 

HSP21 were identified in the E. coli expressed HSP21 complexes indicates 

that HSP21 is a homo-oligomer in vivo which does not contain other protein 

components. 

To determine the possible origin of the recombinant Arabidopsis 

complexes that migrated slightly faster than the major 300 kD complex, each 

of the high molecular weight bands separated by N-PAGE was excised and 

subjected to SDS PAGE. Western blotting indicated that the two faster 

migrating forms of the HSP21 complex contain HSP21 which has been 

proteolytically cleaved to remove one to two kD (data not shown). The extent 

of proteolysis was not reduced by the inclusion of protease inhibitors and did 

not increase during the course of purification suggesting proteolysis may be 

occurring in E. coli prior to lysis. 

Discussion 

I have investigated the native structure of the chloroplast-localized 

sHSP, HSP21. The data indicate that HSP21 is a large oligomer which 

appears not to be phosphorylated and does not dissociate during heat stress 

and recovery. These findings contrast with what has been observed for 

mammalian cytosolic sHSPs, which also exist as large oligomers, but are 
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Figure 2.8. Comparison of the native size of E. col! expressed-

Arabldopala HSP21 tiefore and after purification. 

Homo-oligomeric recombinant Arabidopsis HSP21 forms a 300 kD complex 

which comigrates with HSP21 from £ coli lysate. Lane 1: Lysate of E coll cells 

which do not express HSP21. Lane 2: Lysate of E. coli cells expressing HSP21. 

Lane 3: Assembled HSP21 following purification. Gel was stained with 

Coomassie blue. 
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known to undergo regulated phosphorylation and dissociation during heat 

stress (Lavoie et al.. 1995). The dissociation of the mammalian sHSPs is 

believed to alter their interaction with other proteins in vivo (Lavoie et al., 

1995) and in vitro (Benndorf et al., 1994). 

Although both size exclusion chromatography and N-PAGE indicate 

that HSP21 is in a stable high molecular weight complex during stress, the 

two methods give different absolute values for the apparent molecular weight 

of the HSP21 complexes. In lysates of heat stressed pea leaves HSP21 is 

420 ± 50 kD when measured by Sephadex G200 size exclusion 

chromatography, and 550 ± 50 kD when analyzed on a TosoHaas G3000 

column. When the same samples are analyzed by N-PAGE, pea HSP21 is 

detected in species with apparent molecular weights of 230, 200 and 42 kD. 

Arabidopsis HSP21 also migrates as a 550 kD complex on the TosoHaas 

G3000 size exclusion column, but has an apparent molecular weight of 300 

kD on N-PAGE. Similar discrepancies have been observed when the 

mammalian sHSP, HSP27, is analyzed by size exclusion chromatography 

(apparent molecular mass; 400 kD) or N-PAGE (apparent molecular mass; 

230 kD) (Lavoie et al., 1995). Both methods of analysis are secondary 

methods, and differences in the shape of the HSP21 complexes relative to 

the standard proteins may give anomalous estimates of molecular weight. 

However, by either method, HSP21 appears to form a stable complex of at 

least 200 kD in vivo. 

The absence of the 42 kD form of HSP21 in heat stressed pea leaf 

tissue analyzed by size-exclusion chromatography suggests that this form of 

HSP21 is substantially less abundant than the larger forms or that it is an 
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artifact of the N-PAGE technique. In addition, a 42 kD form of HSP21 is not 

observed in Arabidopsis samples analyzed by N-PAGE and western blotting. 

In mammalian cell lines the 70 kD to 150 kD sHSP oligomers which result 

from the dissociation of the large oligomers are the major form of sHSP 

following heat stress (Kato et aL, 1994; Lavoie et al., 1995). In contrast, in 

those experiments in which the 42 kD form of HSP21 has been observed, it 

is a minor component. It has been suggested that the 42 kD form may 

represent an assembly intermediate which subsequently assembles into the 

large oligomers (Chen et al., 1994). 

When purified from heat stressed pea leaves. HSP21 was found in a 

complex of 300 kD as measured by size-exclusion chromatography using a 

Sephadex G-200 matrix. The purified protein did not yield discrete 

complexes on N-PAGE. HSP21 complexes may have t>een less disrupted 

by size exclusion chromatography than by N-PAGE. The 300 kD HSP21 

complex was a homo-oligomer of HSP21 and may represent a stable core of 

the larger, >400 kD, HSP21 complex seen in whole leaf homogenates. 

Similar suggestions have been made for the a-crystallins which have been 

purified as complexes with molecular masses ranging from 300 and 800 kD 

(Walsh et al., 1991). The biological role of phosphorylation with respect to 

the function of the sHSPs has been considered one the most important 

questions regarding the sHSP family (Morimoto et al., 1994). The absence of 

any measurable decreases in the size of the HSP21 complex during heat 

stress is significant because the dissociation of. the mammalian sHSPs is 

believed to t>e important for their function in vivo. The dissociation of the 

mammalian sHSP complexes is regulated by phosphorylation of Ser at 
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conserved R-X-X-S sites (Gaestel et al.. 1991; Kato et al.. 1994). In some 

mammalian cell lines, phosphorylatable sites are required for the increased 

thermotolerance which accompanies the overexpression of the mammalian 

sHSPs, but these sites are not required in other cell lines (E. Hickey, 

personal communication; Knauf et al., 1994; Lavoie et al., 1995). Plants are 

known to have a MAPKAP-like kinase cascade (Jonak et al., 1994; Popping 

et al., 1996). However, neither HSP21 nor the cytosolic sHSPs contain this 

conserved R-X-X-S motif, and my results indicate that plant sHSPs are not 

phosphoryiated in vivo and do not undergo the dissociation which 

accompanies phosphorylation of the sHSPs in mammals. These results 

indicate that the plant sHSP oligomeric structure is unlikely to be regulated 

by phosphorylation as seen for mammalian sHSPs. If the large sHSP 

oligomers are the active species in vivo then the plant sHSPs may be 

regulated by other mechanisms such as controlling the rate of sHSP 

degradation. 

Lack of sHSP phosphorylation In plants has been suggested by 

previous studies. Phosphorylation of sHSPs was not detected In cultured 

tomato cells (Mover et al., 1989), and work by Clarke and Critchley (1992) 

Indicated that a 260 kD, nuclear-encoded, chloroplast localized sHSP-

containing complex In barley was also not phosphoryiated in vivo. The latter 

authors suggest that the barley complex represents an octamer of a 32 kD 

sHSP, although they noted that the presence of additional nuclear-encoded 

proteins could not be ruled out. The sequence of this 32 kD protein has not 

t)een determined, so it Is unknown whether or not this protein Is a member of 

the sHSP family. In sorghum and millet, small heat-induced, chloroplast-
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localized proteins have been found in complexes of approximately 380 kD. 

These chloroplast proteins also do not appear to be phosphorylated in vivo 

(Clarke and Critchley, 1994). My experiments, using antibodies specific to 

defined chloroplast and cytosolic sHSPs, confirm and extend these earlier 

observations regarding sHSP phosphorylation. 

Our analysis indicates that the transit peptide sequences for pea and 

Arabidopsis HSP21 are 49 and 44 amino acids long, respectively. The 

amino terminus of mature HSP21 isolated from heat-stressed pea leaves 

was found to corespond to the amino terminus identified for the in organelle 

processed pea HSP21. Since Arabidopsis HSP21 was imported and 

processed in chioropiasts isolated from pea, it is still a formal possibility that 

in vivo the transit peptide cleavage site may be different. It was not feasible 

to purify mature HSP21 from Arabidopsis for amino terminal sequencing to 

confirm this amino terminus. However, given the conservation between pea 

and Arabidopsis HSP21 at the cleavage site and the similarity of the site to 

the general chloroplast transit peptide cleavage site (see below), It is likely 

the cleavage sites for both pea and Arabidopsis HSP21 transit peptides have 

been identified. 

The transit peptide cleavage site of both pea and Arabidopsis HSP21 

was found to be at an R-A-Q site which occurs in both species. The 

Arabidopsis cleavage site; PRKIPSRIRA (cleavage) Q and the pea 

cleavage site: PRLGLRNVRA (cleavage) Q also show several features 

of the frequently occurring motif [(V/I)-(X/R)-(A/C) (cleavage site)-A] identified 

by von Heijne (Gavel and von Heijne, 1990; von Heijne et al., 1991). These 

features include I or V at position -3 from the cleavage site, A at position -1, R 



96 

at position -2. and 1 or more R residues in positions -10 to -6. The A at +1 

relative to the cut site Is not seen in the HSP21 cleavage sites. Given the 

absence of a strictly conserved consensus site for transit peptide cleavage 

(Gavel and von Heijne, 1990) the overall agreement between the cleavage 

site determined for HSP21 and the frequently occurring motif is high. 

In vitro translated HSP21 precursor, when imported into chloroplasts 

Isolated from heat stressed leaves, is incorporated into the same HSP21 

complexes observed in heat stressed leaves alone (Chen et al., 1994). 

However, the same precursor does not form high molecular weight 

complexes when imported into chloroplasts isolated from leaves that have 

not been heat stressed. It was suggested that the failure of imported HSP21 

to assemble in the latter case might be due to the low concentration of in vitro 

translation product or a requirement for heat-induced factors (Osteryoung et 

al., 1994). However, HSP21 overexpressed in transgenic Arabidopsis \n the 

absence of heat stress assembles into a complex with the same apparent 

molecular weight as the complexes seen in heat stressed tissue suggesting 

heat stress per se is not required for assembly (Chen et al., 1994). The fact 

that a substantial portion of Arabidopsis HSP21 expressed in £ coli 

assembles into large oligomers with the same apparent molecular weight as 

HSP21 complexes in heat stressed leaves suggests that HSP21 complexes 

in vivo do not contain chloroplast proteins other than HSP21. In addition, 

recombinant HSP21 which comigrates with HSP21 complexes from heat 

stressed leaves has been purified and shown to be homo-oligomeric. These 

data also indicate that no chloroplast factors are strictly required for 

oligomerization. A small proportion of HSP21 was found in complexes 
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Slightly smaller than those observed in heat stressed leaf tissue. The addition 

of the start methionine required for expression in E. coli, or other unknown 

factors may affect protein folding, resulting in complexes that are more 

susceptible to proteolysis. It is possible that although not strictly required, 

plant factors may increase the yield of correctly assembled HSP21 in vivo. 

If chloroplast HSP21 acts as a chaperone as is proposed for the 

cytosolic sHSPs, it is perhaps surprising that I saw no evidence of an 

increase in HSP21 oligomer size during heat stress in the plant. However. I 

cannot rule out the possibility that HSP21 oligomers associate with 

substrates or other chaperones, as such interactions may be too labile to be 

observed in tissue homogenates using these techniques. Alternatively, 

these interactions may be too dynamic to be identified by the non-equilibrium 

methods used. In addition, small changes in apparent molecular weight (s30 

kD) are not easily observed using size exclusion chromatography and 

cannot be ruled out. 

Plant sHSPs are present in the cytoplasm, chloroplast, mitochondrion, 

and endoplasmic reticulum, while mammalian and yeast cells express only 

cytosolic sHSPs. The work presented here suggests that the size, stability 

and regulation of the plant sHSPs may differ from what is obsen/ed in other 

organisms. I conclude that native HSP21 is a non-phosphorylated oligomer 

of a9 HSP21 subunits in vivo which does not dissociate during heat stress. 

Further work will be required to identify the substrates of the sHSPs and to 

determine how they function in vivo. 

An original aim of this study had been to obtain sufficient HSP21 in a 

purified state to test its chaperone ability in vitro. However, the presence of a 
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proteolyic fragment of HSP21 as a contaminant in the purified oligomeric 

Arabidopsis protein led to the selection of S. cerevisiae HSP26 as an 

alternate sHSP for in vitro chaperone studies. As discussed in the following 

chapter the genetic tools available in this yeast may also add additional utility 

to chaperone information gained for HSP26. 



99 

Chapter 3: HSP26, A Cytosolic sHSP From S. cerevlsfae 

Prevents Thermal Aggregation Of Substrate Proteins And 

Maintains Substrate Protein In A Refoidable Conformation 

Introduction 

The yeast Saccharomyces cerevisiae provides a potentially excellent 

system for studying the function of sHSPs in eukaryotes. At the time this 

study was initiated, HSP26 was the only sHSP i<nown in S. cerevisiae. 

Recently, a second sHSP, HSP42 (Wotton eta!., 1996), has been identified. 

However, the complete sequencing of the S. cerevisiae genome makes it 

unlikely that additional sHSPs will be discovered and the limited number of 

sHSPs in the system should simplify analyses of sHSP function. Very large 

amounts of sHSP can be generated from plasmids in yeast, as shown here 

and by others (Bentley et al., 1992), and production of yeast sHSPs in S. 

cerevisiae increases the likelihood of proper modification and assembly. 

Biochemical data obtained using the isolated yeast proteins can also be 

combined with any information that may be gained from the extensive 

genetic manipulations that are possible in yeast. 

It is currently hypothesized that sHSPs function as molecular 

chaperones during heat stress. Although several studies have shown that 

other members of the sHSP protein family can suppress the aggregation of 

proteins at elevated temperatures (Table 1.6), no similar analysis of the yeast 

sHSPs has been performed. The current information on the interactions of 

sHSPs with substrates is consistent with the substrate binding sites being 

hydrophobic regions formed by intersubunit interactions which are exposed 
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at elevated temperatures (Lee et al., 1997; Leroux et al.. 1997; Singh et al., 

1995). Such regions are predicted to interact with hydrophobic patches 

exposed on non-native substrate proteins during heat stress. Binding of 

substrate to the sHSP competes with irreversible substrate aggregation. The 

sHSP-bound substrate is then accessible for refolding (or perhaps 

proteolysis) by other cellular components (Ehrnsperger et al., 1997; Lee et 

al.. 1997; Leroux et al., 1997). 

Our current understanding of the sHSPs is not sufficient to predict the 

presence or effectiveness of in vitro chaperone activity of a given sHSP. In 

addition, not all members of the sHSP family show similar levels of 

chaperone activity. For example, C. elegans HSP12.6 does not appear to 

effectively suppress thermal aggregation of other proteins and may have 

other functions in vivo (Leroux et al., 1997). In addition, recombinant pea 

cytosolic class II HSP17.7 has substantially less activity than pea cytosolic 

class I HSP18.1 (Lee et al., 1995). In order to determine if HSP26 can 

function as a chaperone, it was necessary to test the hypothesis directly. 

Structure of HSP26 

Based on its deduced amino acid sequence, the HSP26 monomer 

has a molecular mass of 23.5 kD. The sequence of HSP26 is most similar to 

the recently discovered HSP42 (Wotton et al., 1996); with most of the 

conservation occurring in the C-terminal region shared by all members of the 

sHSP family (Figure 3-1). Aside from HSP42, HSP26 is most similar to the 

cytosolic class I sHSPs, and is more similar to the plant sHSPs than to the 

mammalian sHSPs (of. Figure 1.1). Although there have been few studies of 
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Figure 3.1 Amino acid sequence alignment of I4SP26 and 

HSP42. Aligned using the GCG program Gap. Asterisk indicates the 

t3egining of the conserved homologous C-terminal domain of the sHSPs. 

Gap Weight: 2. Average Match; 2.912, Length Weight; 2, Average 

Mismatch; -2.003. The underlined R-X-X-S sequence in HSP42 is a 

potential phosphorylation site. This sequence is phosphorylated in 

mammalian cells. 
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the structure of HSP26, there are published observations indicating HSP26 

forms large oligomers in vivo. Rossi and Lindquist (1989) observed HSP26 

in oligomers of >500 kD by SEC of total yeast cell lysates. Similarly, Bentley 

and Tulte (1997) have observed complexes of 550 kD in a partially purified 

preparation of HSP26 (Bentley et al.. 1992). Electron micrographs of these 

preparations suggest that HSP26 forms roughly spherical particles that are 

15-25 nm in diameter (Bentley et al., 1992). There are no data on the 

phosphorylat ion state of  the yeast sHSPs. HSP26 does not contain the R-X-

X-S site found in mammalian sHSPs although HSP42 does contain such a 

site. Future studies should address the possibility that phosphorylation plays 

a role in regulating the function of sHSPs in yeast. 

Expression and localization of HSP26 

Like the plant sHSPs, HSP26 is not constitutively expressed, instead 

expression occurs during stress or at specific developmental stages. HSP26 

is not present in logarithmically growing cells, but is expressed during 

stationary phase and sporulation (Petko and Lindquist, 1986). HSP26 is one 

of the major yeast proteins expressed in response to heat stress (Petko and 

Lindquist, 1986) and is also expressed in response to salt stress (Wotton et 

al., 1996). In contrast, HSP42 the newly identified yeast sHSP, is reported to 

be expressed constitutively at a low level, with increased expression 

following stress (Wotton et al., 1996). The pattern of expression observed for 

HSP42 is more reminiscent of what is seen for the mammalian sHSPs. 

Rossi and Lindquist (1989) have studied the localization of HSP26 

within the yeast cell. Heat shock of logarithmically growing yeast in media 



104 

containing glucose resulted in concentration of .HSP26 within the nucleus. 

Heat shock of stationary phase cells (that induce HSP26 in the absence of 

heat stress) did not result in nuclear localization of HSP26. Heat shock of 

cells grown in galactose also failed to cause migration of HSP26 into the 

nucleus. The reasons for the differences in the localization of HSP26 under 

these conditions are not clear, although as the authors note, the 

physiological state of the cell clearly plays a role in determining the 

localization of HSP26. 

Genetic studies of HSP26 

Although HSP26 Is believed to play a role in helping the yeast cell 

survive thermal stress, deletion of HSP26, or HSP42, simultaneously or 

separately does not measurably alter resistance to heat stress or salt stress 

(Petko and Undquist, 1986; Wotton et al., 1996). Deletion of HSP26 did 

result in a very slight decrease in viability during long term storage at 4 OC 

(Petko and Undquist, 1986), and a very slight increase in thermotolerance 

following high levels of overexpression of HSP26 (Bentley et al., 1992) has 

been reported. Although it is formally possible that neither HSP26 nor 

HSP42 has an important role during stress in vivo, this seems unlikely given 

the ubiquitous expression of the sHSPs and the increased thermotolerance 

observed upon overexpression of sHSPs in other systems (Gaestel et al., 

1991: Landry et al., 1989). The detection of a phenotype associated with 

loss of function of HSP26/HSP42 may require conditions other than those 

used to date. Alternatively, the observed lack of phenotype may result from 

other, as yet unidentified, functionally redundant proteins that are not 
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members of the sHSP family. Alternative genetic approaches to identifying 

such proteins are currently being undertaken in the Vierling lab. 

Overexpression of HSP26 or HSP42 have been shown to be required 

to prevent the cytoskeletal defects which occur in S. cerevisiae expressing 

Vpr, a human immunodeficiency virus (HIV) protein (Gu et al., 1997). In this 

study it was also determined that the Ahsp42 mutant recovers actin cables 

more slowly than the corresponding wild type yeast following heat stress. 

Cells expressing Vpr fail to correctly orient actin cables towards nascent 

buds and fail to divide. HSP42 was somewhat more effective than HSP26 at 

reversing this Vpr-induced phenotype. HSP42 and actin did not co-localize 

during a moderate heat stress, however, the cytoskeleton is known to be heat 

sensitive and the authors hypothesize that the yeast sHSPs are acting as 

chaperones for mature actin in vivo. Chaperonins (cf. Table 1.2) are 

believed to be important in the folding of actin and tubulin and HSP26 and 

HSP42 may also be involved with these proteins. However, given its lack of 

constitutive expression, HSP26 is unlikely to be required for the folding or 

maintenance of actin or tubulin in unstressed log phase cells. 

Identification of artificial phenotypes such as those described upon 

expression of Vpr. or phenotypes identified by mutational analyses such as 

those proceeding in the Vierling laboratory, should provide a powerful 

approach to structure and function studies of HSP26. Such HSP26 

mutations could be analyzed for cellular function, and the effect of the same 

mutation on chaperone-substrate interactions, or oligomerization, could also 

be characterized in vitro. As a crucial step in determining if HSP26 functions 

as a chaperone and in understanding the biochemistry of HSP26, I initiated 
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in vitro studies of the ability of HSP26 to prevent irreversible heat inactlvation 

of model proteins. In this Chapter 1 show that HSP26 has properties and in 

vitro chaperone activities that are similar, but not identical to those of sHSPs 

from the plant cytosol. 
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MATERIALS AND METHODS 

S. cerevlsea strains and growth conditions 

S. cerevisea strains used in this study are listed in Table 3.1. Strains without 

plasmids were grown in YPD (1% yeast extract, 2% peptone, 2% dextrose) 

(Harlow and Lane, 1988). Strains requiring the maintenance of plasmids 

containing markers other than tryptophan were grown in the appropriate 

dropout media with a composition in g/L of Bacto-yeast nitrogen base 6.7g, 

glucose 20g. drop-out mix 2g. Drop out mix comprised adenine 0.5g, uracil 

2.0g, inositol 2.0g, para-aminobenzoic acid 0.2g, and all amino acids, 2.0g, 

minus the appropriate nutrient to maintain selection. Strains carrying 

plasmids with a tryptophan marker were grown either on tryptophan deleted 

dropout media or in SCA (cas amino acid) media. Plasmid designations and 

genotypes are listed in Table 3.2. Liquid cultures were grown with shaking at 

30 oc. Heat shock was carried out in a shaking water bath at the 

temperatures noted in the text. 

Expression of HSP26 

HSP26 was expressed in protease deficient S. cerevisea strain EVY133 from 

plasmid EVB21 (kind gift of Dr. S. Lindquist, plasmid is a derivative of 

pTSV30A) under the control of the strong constitutive glyceraldehyde-3-

phosphate dehydrogenase promoter. Cells were grown for 13 hours at 30 

OC in 4L LEU dropout media. 
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Table 3.1 Yeast strains used in this work 

Lab Stock 
Number 

EVY15 

EVY17 

EVY126 

EVY127 

EVY128 

EVY129 

EVY130 

EVY131 

EVY132 

EVY133 

Genotype 
MATa,ura3, trp, ade2, adeS 

MATa,trp, LYS, Ieu2, ade2, ade3, CANR, 
HSP26::URA3 

MATa ypt1-6B, hisS, Ieu2, ura3-52 [pYES2 ] 

uso1, trp, leu, ade2, ade3, HSP26::URA3-h 

uso1, trp, leu, ade2, ade3, HSP26::URA3+ 
[p AZ524] 

uso1, trp, leu, ade2, ade3, HSP26::URA3+[pAZ520] (pGN) 

MATa, ypt1-6B, his3, Ieu2, ura3-52[pAZ523 ] 
(hsplS.I) 

MATa, ura3-52, trp1, leu2A1, his3A200, 
PEP4::HIS3, prb1A1.6R, can1,GAL 

MATa/Mata, ura3-52, trp1/+, leu2A1/+, his3A200, 
PEP4::HIS3, prb1A 1.6R,can1, GAL 

MATa,ura3-52, trp1, leu2A1, his3A200, 
PEP4::HIS3, prb1A1.6R. can1, GAL[pEVB21] 



Table 3.2: Plasmid Table 

Lab stock 
Number Vector Insert 

EVB21 pTSV30A 2^ GPDp-HSP26. LEU2. ADE3 

AZ367 TA pCRI) hsp21, Arabidopsis chloroplast sHSP 

AZ520 pGN glucocorticoid receptor 

AZ521 TApCRII hsplS.l, pea class 1 sHSP 

KZ522 pYES2 none 

AZ523 pYES2 hsplS.I, pea class 1 sHSP 

AZ524 pGN hsp21, Arabidopsis chloroplast sHSP 
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Electrophoresis and western analysis 

Unless othenwise noted, electrophoresis and western analysis were 

carried out using the methods described in Chapter 2. 

Purification of HSP26 

Cell harvesting, lysis, and sucrose gradient fractionation 

Cells were harvested by centrifugation, resuspended in a minimum 

volume of 2X yeast lysis buffer (2X YLB) (50 mM Tris-HCI pH 7.0, 20 mM e-

amino-caproic acid, 2 mM benzamidine, 2 mM EDTA, 2 mM EGTA, 3 /;g mL-'' 

antipain and leupeptin). The supernatant was removed, the pellet weighed 

and an equal weight of 2X YLB, and equal volume of glass beads were 

added. The slurry was transferred to a small volume bead beater chamber 

(Biospec Products, P.O. Box 722, Bartlesville, OK, 74005) and immediately 

prior to lysis PMSF and 2-mercaptoethanol were added to final 

concentrations of 1 mM and 6 mM, respectively. Cells were lysed with 1 min 

bursts and 1 min pauses in the chamber surrounded by wet ice until 

approximately 75% of the cells were lysed as assessed by light microscopy. 

The lysate was centrifuged 30 min at 12,000 x g and the supernatant 

removed and centrifuged at 50 K rpm (200,000 x g) for 2.5 hours in a 

Beckman VC53 rotor. The resulting pellet was resuspended in 2 mL lysis 

buffer and applied to 37 mL, linear sucrose gradients (0.2M to 0.8M in 25 

mM Tris-HCI, pH 7.0). Samples were centrifuged at 50 K in the VC53 rotor 

for 3 hours. 1.5 mL fractions were collected and Coomassie Blue staining 

followed by SDS-PAGE was used to identify fractions enriched in HSP26. In 

37 mL sucrose gradients, HSP26 was typically found in 6 mLs, in the 
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fractions of the gradient from 10,11 mL to 16,17 mL (gradients fractionated 

from the bottom to the top of the centrifuge tubes). 

DEAE Chromatography 

A DEAE column (Sigma) with a 25 - 35 mL bed volume was used to further 

purify HSP26. The three 2 mL sucrose gradient fractions most enriched in 

HSP26 were pooled and 0.2 ijn\ syringe-filtered to remove a cloudy white 

contaminant found to interfere with DEAE chromatography. The sample was 

gravity loaded and the column was washed with 50 mL of 25 mM Tris-HCI, 

pH 7.0. Elution was carried out in a 100 mL gradient of 0 to 0.3 M NaCI in 25 

mM Tris-HCI. pH 7.0. and 2 mL fractions were collected. Fractions were 

subjected to SDS-PAGE on 12.5% acrylamide running gels (pH 8.0) with a 

2-layer, discontinuous stacking gel of 5% and 10% acrylamide (pH 6.8) to 

facilitate protein separation in the presence of salt (Dr. G. Lee, personal 

communication). Proteins were visualized by staining with Coomassie Blue 

R. Fractions enriched in HSP26 were dialyzed for 8 to 12 hr against 25 mM 

Tris-HCI, pH 7.0. HSP26 typically began eluting at 0.15 M NaCI. 

Hydrophobic Interaction Chromatography 

12 mL of sample, pooled following DEAE chromatography, was 

brought to 2 M ammonium sulfate and 100 mM sodium phosphate, pH 7.3 

and loaded onto an HPLC hydrophobic interaction column (Rainin HIC 83-

B23-E Dynamax Hydropore, 21.4 x 100 mm) at a flow rate of 1 mL min""'. 

HSP26 was eluted using a gradient of 2.0 to 0 M ammonium sulfate in 100 

mM sodium phosphate buffer. pH 7.0 and 2 mL fractions were collected. 
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Protein elution was monitored by absorbance at 220 nm and a portion of 

those fractions with high absorbance was microdialyzed against 25 mM Tris-

HCI, pH 7.0. Fractions were subjected to SDS-PAGE and stained with 

Coomassie Blue R. Fractions containing purified HSP26 were pooled and 

dialyzed against 25 mM Tris pH 7.5 or 50 mM phosphate, pH 7.5. 

Approximate protein concentration was determined using a Coomassie dye 

binding assay (BioRad, Hercules. CA 94547, catalog number 500-0006). 

Anti-HSP26 antibody production 

An aliquot of affinity purified anti-rabbit HSP26 was provided by Dr. 

Susan Lindquist and used for initial identification of HSP26. However, this 

antibody was not stable when stored at -80 OC. To generate sufficient 

antibodies for further studies, HSP26 purified as described above was used 

to generate antibodies in a rabbit. Lysates prepared from a yeast strain that 

was deleted for HSP26 (EVY17) and a strain that overexpressed HSP26 

{EVY133) were both used to pre-screen anti-sera from uninoculated rabbits 

supplied by Cocalico Biologicals, Inc. (Reamstown, PA, 717-336-1990). The 

rabbit with the least amount of cross-reactivity to the yeast lysates was 

selected for inoculation. Following purification, HSP26 was subjected to 

SDS-PAGE and visualized by Coomassie Blue staining. The HSP26 band 

was excised from the gel and sent to Cocalico Biologicals. Following the 

initial inoculation, three boosts were made and the resulting antiserum was 

used in all subsequent experiments. Anti-sera from a fourth bleed had a 

lower titer and the rabbit was exsanguinated. 
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Size Exclusion Analysis (SEC) 

TosoHaas G4000 columns (TosoHaas Montgomeryville, PA) were 

used to estimate the size of purified HSP26, of HSP26 in yeast iysate 

samples and of HSP26-substrate complexes. The column buffer was 0.2 M 

NaCI and 0.2 M sodium phosphate. pH 7.3. Aliquots of column fractions 

were subjected to SDS-PAGE and proteins were identified by Coomassie 

Blue staining or western blotting. The column was calibrated with the 

following protein standards; Thyroglobulin, 669 kD; ferritin, 440 kD; and 

aldolase, 147 kD (Pharmacia LKB Biotechnology, Inc.). Yeast (ysate SEC 

samples were prepared in 2X YLB by vortexing with glass beads in a 

microfuge tube and the resulting lysates were 0.2 /;m syringe-filtered prior to 

application to the column. (Omission of the filtering step did not alter the 

elution of HSP26, but did result in substantially increased pressure in the 

system). Purified HSP26 was analyzed using the same method with the 

omission filtering step, although filtering did not alter the elution of the 

purified protein. SEC was performed on HSP26/substrate complexes 

without prior filtering. For these samples protein elution from the column was 

monitored by absorbance at 220 nm. Where Indicated, the identity of protein 

peaks was confirmed by western analysis. 

Thermal Aggregation Assays 

MDH and CS 

Thermal aggregation of pig heart malate dehydrogenase (MDH) 

(ammonium sulfate slurry, Boehringer Mannheim, catalog #127 256) or 

citrate synthase (CS) (Sigma) was measured alone or in the presence of 
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varying amounts of HSP26 in 50 mM phosphate buffer, pH 7.5 (total volume 

1 mL) in quartz cuvettes at 25 OC or 45 ^C. The methods used were 

basically as described previously (Lee et al., 1995a; Lee et al., 1997; Lee, 

1995). Briefly, 300 nM MDH dimer or 75 nM of CS dimer was incubated with 

0 to 100 nM HSP26 oligomer. (The apparent molecular weight of the HSP26 

complex observed in this and other studies suggests the HSP26 complex 

contains at least 24 HSP26 subunits. Therefore, 1 HSP26 oligomer was 

calculated to represent a24 /;M HSP26 monomer). Where indicated 62.3 

mL'"' of BSA (equivalent weight to 100 nM HSP26 oligomer) was used as a 

negative control. Samples were incubated in a water bath at 45 and 

aggregation-induced light scattering was monitored by the increase in 

apparent absorbance at 320 nm. 

Luciferase 

Thermal aggregation of 200 nM firefly luciferase (Promega) was 

analyzed alone, in the presence of 100 nM HSP26 or in the presence of 62.3 

/yg mL""! BSA- TO prevent adhesion of luciferase to the quartz cuvettes at 42 

OC, reactions were carried out in siliconized microfuge tubes (ISC; 

Bioexpress, Intermountain Scientific) that were additionally pretreated with 1 

mg mL"! BSA for a15 minutes. BSA blocking solution was removed, the 

reaction components were combined in sodium phosphate buffer, pH 7.5 

(50 mM final concentration) and incubated at 25 or 42 in a water bath. 

At the timepoints indicated in the text, reactions were transferred to 

siliconized quartz cuvettes (Sigmacote, catalog number SL-2, Sigma). 
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Following each reading, the cuvette was washed extensively and its 

absorbance measured to ensure that no protein accumulated in the cuvette. 

Analysis of HSP26-substrate complexes 

Formation of HSP26-substrate complexes in vitro 

HSP26 was mixed with varying amounts of MDH, or luciferase in 50 

mM phosphate. pH 7.5 with a total sample volume of 100 iJl Samples were 

combined in tubes that had been pre-treated with 1 mg mL""! BSA and 

washed with H2O. Samples were incubated at 22 (control), 45 OC (MDH) 

or 42 OC (luciferase), and cooled briefly on ice. Unless otherwise noted, 

complexes were formed at a ratio of 0.5 HSP26 (12 monomer) to 1 

/JM substrate (2 MDH monomer: 1 fjM luciferase monomer). 

Sucrose gradient analysis of HSP26-substrate complexes 

HSP26/substrate samples were prepared as described above. Yeast 

cell lysates were prepared for sucrose gradient analysis as follows; Early log 

cells were maintained at a cell density of <0.4 O.D.eoo for 48 hr prior to 

harvesting. For analysis of stationary phase cells, cells were grown for 12 

hours to an O.D.eoo >"• O- Cells were harvested and resuspended in 

water and incubated at either 22 OC or 39.5 for 2.5 hours. For each 

sample 0.15 g of cells were pelleted and added to 150 /il of YLB and 0.2 g 

glass beads. Immediately before lysis by vortexing, the samples were 

supplemented to 1 mM PMSF, 0.5 units of apyrase and 1 mM 1,10-

phenanthroline. Samples were vortexed for 2 min, supplemented with an 

additional 1 mM PMSF and then vortexed for an additional 8 min. Lysis was 
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assessed as greater than 50% by light microscopy. Uniysed cells were 

removed by a 15 second spin at 1,200 x g and the supematants loaded on 

sucrose gradients. 

In vitro prepared HSP26-substrate complexes or whole cell lysate 

samples were loaded onto 12 mL gradients of 0.5 to 1.0 M sucrose in 20 mM 

HEPES, pH 7.5. Sedimentation was carried out in a Beckman SW40Ti 

swinging bucket rotor at 30,000 x g for 18 hours. Fractions (1 mL) were 

collected at 0.5 mL min"'' using a peristaltic pump (highest sucrose 

concentration in fraction 1). SDS-PAGE sample buffer was added to aliquots 

of sucrose gradient fraction and samples were heated for 2 minutes at 100 

OC and analyzed by SDS-PAGE and western blotting. 

Immune precipitation of I-ISP26 and luciferase 

Protein A agarose t)eads were obtained as a 1:1 slurry with buffer 

(Sigma). The beads were washed once with immune precipitation buffer (IP 

buffer; 25 mM HEPES pH 7.5, 200 mM NaCI, 0.5% Triton), the supernatant 

r e m o v e d  a n d  t h e  b e a d s  r e s u s p e n d e d  a s  a  1 : 1  s l u n ^  i n  t h e  s a m e  b u f f e r .  5  /J I  
of packed beads (10 fj\ slurry volume) were used per precipitation reaction. 

Beads and antibody were combined at a ratio of 4 fj\ of antiserum to 10 /L/I of 

slurry, and incubated on ice for 60 minutes, with vortexing at 5 minute 

intervals. Beads were washed with 1 mL of IP buffer and pelleted (3 

washes). Following the final wash, the beads were resuspended in 20 p\ of 

IP buffer per 5 jul of packed beads. 

HSP26-luciferase complexes were formed as described above and 50 

^1 of the appropriate reaction or control was combined with the 20 p\ of the 
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resuspended Protein A coupled antibody. Samples were incubated on ice 

for 20 minutes, with vortexing at 5 minute intervals. The supernatant was 

removed and the precipitant washed and repelieted with three 1 mL washes 

o f  I P  b u f f e r .  T h e  f i n a l  w a s h  w a s  r e m o v e d ,  t h e  b e a d s  w e r e  r e s u s p e n d e d  6 0  /J I  
of SDS sample buffer and incubated at 100 OC for 2 minutes. One third (20 

fj\) of each sample was subjected to SDS-PAGE followed by western 

analysis as described above. 

Luciferase reactivation experiments 

Using the method of Lee et al. (1997),1 fjM luciferase and 0.5 jiM 

HSP26 oligomer or 1 [xM luciferase and BSA (Sigma) of equivalent mass to 

0.5 fiM HSP26 (negative control), or 1 fiM luciferase alone, were incubated 

in 50 mM sodium phosphate buffer pH 7.5 at 22^0 or 42 for 15 or 20 

minutes as indicated in the text. Luciferase was diluted to 25 nM and 

aliquoted into 50 of SO^C RL solution (25 mM HEPES, pH 7.5, 5 mM 

MgCl2, 10 mM KCI, 2 mM dithiothreitol (DTT) and 2 mM ATP) which had 

been pre-incubated at 30 OC for 10 minutes for maximal refolding activity. 

Refolding reactions that were carried out in the absence of ATP were pre-

treated with 0.5 U of potato apyrase during the .10 minute pre-incubation. 

Luciferase activity was measured by removing aliquots of the RL solution, 

diluting them 500-fold into 25 mM HEPES, pH 7.5, and then measuring 

luciferase activity using the Promega luciferase assay system and a Turner 

20/20 luminometer. The percentage of luciferase reactivation was calculated 

by comparing the activity of the experimental samples with samples that were 

not heat inactivated prior to addition to RL at all time points. 
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RESULTS 

Purification of S. cerevislae HSP26 and antibody production 

In order to obtain sufficient HSP26 for in vitro activity studies, HSP26 

was overexpressed in and purified from S. cerevisiae. Expression was 

directed by a constitutive promoter on a high copy (2 fj) plasmid in a protease 

deficient yeast strain (EVB131). The purification procedure described in 

Materials and Methods was developed from an HSP26-enrichment protocol 

published by Bentley et al. (1992). Four liters of culture yielded 5 to 10 mg of 

protein with greater than 95% homogeneity (Fig. 3.2). When purified HSP26 

was analyzed by size exclusion chromatography a single large species was 

detected, consistent with purified HSP26 forming a single homogenous 

species (Fig. 3.3). 

Purified HSP26 was used to generate polyclonal anti-HSP26 

antibodies in rabbits for use in identifying HSP26 oligomers and complexes 

as described in Materials and Methods. The final HSP26 antiserum obtained 

recognized 0.5 ng of HSP26 in western analysis (dilution of 1 ;2000). 

Specificity of the antiserum was also confirmed by reaction with proteins from 

a lysate of an HSP26 deletion strain (not shown). 

Estimation of HSP26 native size 

To confirm that purified HSP26 retained its native oligomeric structure, 

the size of the purified protein was compared to the size of HSP26 In lysates 

from protease deficient yeast cells (strain EVY131) using size exclusion 

chromatography (SEC). HSP26 is induced in stationary phase cells and 

heat stressed early log phase cells, therefore lysates were prepared from 
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Figure 3.2. Purification of S. cerevislae i4SP26. 

Lane 1: Total lysate of yeast cells overexpressing HSP26. Lanes 2 and 

3: HSP26-enriched 50K pellet and discarded HSP26-depleted 

supernatant. Lane 4; HSP26-enriched pooled fractions from sucrose 

gradient. Lane 5: Following DEAE chromatography. Lane 6. Following 

HIC chromatography. Samples were analyzed by SDS-PAGE and 

stained with Coomassie Blue R. Approximately equal protein was loaded 

in each lane (as estimated by Bio-Rad protein assay using BSA as a 

standard). Positions of MW markers are indicated at left. 
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Figure 3.3. Purified HSP26 analyzed by size exclusion 

chromatography has an apparent molecular weight of 625 ± 50 

kO. Chromatogram of 30 /ig of purified HSP26 analyzed by HPLC-SEC 

chromatography on a TosoHaas G4000 column. Protein was detected by 

absorbance at 220 nm. Column and buffer conditions are detailed in 

Materials and Methods. Closed arrowheads indicate the elution point of 

molecular weight markers. Thyroglobulin, 669 kD; ferritin, 440 kD; and 

cytochrome c,12.3 kD. The * indicates HSP26. 
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cells In both growth phases. HSP26 in SEC fractions was identified by SDS-

PAGE followed by western blotting (Fig. 3.4A). The size of non-denatured, 

overexpressed HSP26 before and after purification was also determined by 

SEC with HSP26 identified by Coomassie Brilliant Blue staining (Fig. 3.48) 

or western blotting (not shown). In all cell lysates, and following purification, 

HSP26 had an approximate molecular weight of 625 ± 50 kD. This size Is 

consistent with the previous SEC estimates of HSP26 apparent molecular 

weight as >500 kD or as 550 kD (Bentley et al., 1992; Rossi and Lindquist, 

1989). 

The number of subunits in an sHSP oligomer varies depending on the 

organism (cf. Table 1.5). In order to determine the concentration of HSP26 

monomer and oligomer required to protect a given amount of substrate in the 

experiments discussed below, the number of subunits of HSP26 per HSP26 

oligomer was estimated. The molecular weight of the HSP26 monomer 

deduced from the amino acid sequence is 23.5 kD. The molecular weight of 

625 ± 50 kD obtained by SEC and is consistent with an oligomer composed 

of between -24 to 28 subunits. For the remainder of this dissertation, HSP26 

will be considered to be an oligomer of 24 subunits. 

HSP26 prevents thermal aggregation of substrates in vitro 

Before testing HSP26 for the ability to prevent thermal aggregation of 

other proteins, I determined that HSP26 did not aggregate when heated 

alone. Protein aggregates scatter light, allowing aggregation to be 

monitored by measuring the increase in apparent absorption (Honwitz, 1992). 

When HSP26 was heated to 60 OC for time periods up to 2 hours, no 
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Figure 3.4. Purified HSP26 has the same apparent iMW as HSP26 

from heat stressed or stationary phase ceils. Analysis of HSP26 

from yeast cell lysates by SEC-HPLC. Lane numljers indicate the time of 

elution in minutes. Panel A; HSP26 from wild type yeast cells in stationary 

phase (top) or following heat stress (bottom). Cell lysates analyzed using a 

TosoHaas G4000 HPLC size exclusion column. Column fractions were 

subjected to SDS-PAGE and HSP26 was identified by western blotting. 

Panel B; Cell lysates from cells that constitutively express HSP26 (top), and 

purified HSP26 (bottom) were analyzed by SEC. HSP26 was identified by 

Coomassie Blue staining after SDS-PAGE. Position of HSP26 was 

confirmed by western blotting (not shown). Closed arrowheads indicate the 

elution times of MW standards. 
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increase in light scattering was observed (not shown). In addition, HSP26 

heated to 50 and then cooled to room temperature and analyzed by SEC 

did not change in apparent molecular weight (not shown). These data 

indicate that elevated temperature does not irreversibly change the 

oligomerization state of HSP26. 

To determine if HSP26 could prevent thermal aggregation of other 

proteins, HSP26 was tested for the ability to prevent the aggregation of pig 

heart mitochondrial malate dehydrogenase (MDH). MDH, a dimeric protein 

of 35 kD subunits is known to be heat labile (Miiller and Klein, 1982). When 

incubated at 45 for 20 minutes or more, MDH denatures and aggregates, 

and aggregation can be monitored by measuring the increase in apparent 

absorption at 320 nm (Fig 3.5A) (Lee et al., 1995). In contrast, when MDH is 

heated in the presence of HSP26, the aggregation of 300 nM MDH (dimer) is 

suppressed. As shown in Figure 3.5A, near total suppression of aggregation 

was observed with 50 nM HSP26 oligomer (1200 nM monomer). Even as 

little as 12.5 nM HSP26 oligomer (300 nM monomer) provided a significant 

reduction in aggregation (Fig. 3.5B). These data indicate that a ratio of two 

HSP26 monomers to one MDH monomer is sufficient to completely suppress 

aggregation, and that even at a ratio of one HSP26 monomer to two MDH 

monomers, significant protection is achieved. As a control for non-specific 

protein effects assays were repeated using 930 nM BSA (62.3 /yg mL"^ 

protein weight equivalent to 100 nM HSP26). In contrast to what was 

observed with HSP26, BSA did not provide 300 nM MDH any protection from 

aggregation (data not shown). 
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Figure 3.5. HSP26 prevents thermal aggregation of MDH. 300 

nM MDH dimer was incubated at 45 OC, in quartz cuvettes, in the absence 

or presence of varying concentrations of HSP26. Panel (A): MDH in the 

absence of HSP26 (O) or in the presence of 50 nM (•) or 100 nM (A) 

HSP26 oligomer. Panel (B) MDH in the absence of HSP26 (O) or in the 

presence of 12.5 nM (•) or 25 nM (A) HSP26. Samples of MDH alone 

were not run in duplicate, and therefore do not have error bars, other 

samples were run in triplicate. Panels (A) and (B) represent separate 

experiments, and are representative of the variation between 

experiments. Error bars represent standard deviation. 
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Firefly luciferase, a monomer of approximately 70 kD is another 

enzyme that is very heat labile and has been used for in vitro refolding 

studies (Schumacher et al., 1994). Native luciferase can be detected at very 

low concentrations because it catalyzes a reaction that yields a 

chemiluminescent product. This property makes luciferase an ideal 

substrate with which to measure protein refolding following heat stress (Lee 

et al., 1997; Schumacher et al., 1994). As a first step in determining if 

luciferase would be useful for studying the interaction between HSP26 and 

substrate proteins, the ability of HSP26 to prevent luciferase aggregation 

was examined. As shown in Figure 3.6, 100 nM KSP26 protected 200 nM of 

firefly luciferase from aggregation at 42 (HSP26:substrate; monomer to 

monomer, 12:1). An equivalent weight of BSA actually increased the amount 

of light scattering beyond the scattering detected when luciferase was heated 

alone, indicating that BSA cannot suppress thermal aggregation of 

luciferase. Because this assay requires large quantities of luciferase, 

additional assays with varying concentrations of HSP26 were not performed. 

100 nM HSP26 oligomer (2400 nM monomer) also prevented the 

aggregation of 75 nM pig heart citrate synthase at 45 °C (data not shown). 

Complexes of HSP26 and MDH, but not of HSP26 and luciferase 

can be observed by size exclusion chromatography 

The above data suggest that HSP26 binds proteins that are heat-

denatured, thereby preventing the denatured proteins from interacting with 

each other to form light-scattering aggregates. Formation of sHSP-substrate 

complexes have been observed previously in experiments that examined 
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Figure 3.6. HSP26 prevents thermal aggregation of luciferase. 

200 nM luciferase was incubated at 42 in the absence (A) or presence 

(0) of 100 nM HSP26 or 930 nM BSA (•) (equivalent protein weight to 100 

nM HSP26). Luciferase and HSP26 were incubated in BSA-treated, 

siliconized tubes and transferred to siliconized cuvettes. Data are from a 

representative experiment. 
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model substrate proteins heated in the presence of sHSPs or a-crystallins 

(Table 1.6). If HSP26 forms stable complexes with denatured proteins, then 

a protein complex of higher apparent molecular weight than either HSP26 or 

substrate alone should be detectable when substrate and HSP are 

incubated together at elevated temperatures. To test for the formation of 

such complexes 0.5 /yM HSP26 oligomer and 1.0 fjM MDH dimer were 

combined and incubated at 22 OC or 45 OC for 20 minutes and then 

analyzed by size exclusion chromatography. To facilitate detection following 

chromatography, the absolute concentration of protein used to form 

complexes (1 ^M) was higher than the ratio used in the thermal protection 

assays. However, the ratio of HSP26 to MDH (6 HSP26 monomers to 1 

MDH monomer) was well within the range at which HSP26 protected MDH 

from aggregation. 

After treatment alone at 45 ^C. the MDH peak on the chromatogram 

was greatly reduced (Rgure 3.7, compare A and B) because a large 

percentage of the MDH that formed visible aggregates was removed by low 

speed centrifugation prior to loading the sample onto the column (all 

samples were centrifuged in the same manner). Consistent with the analysis 

of the stability of HSP26 to heat treatment, the elution profile of HSP26 was 

not changed following incubation at 45 in the absence of MDH (Fig. 3.7, 

C and D). When combined and incubated at 22 ^C, HSP26 and MDH eluted 

at the same apparent molecular weight as when they were analyzed 

separately (trace E). However, when combined and incubated at 45 a 

higher molecular weight species was detected (trace F). Western analysis 

showed that both HSP26 and MDH were present in fractions corresponding 
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Figure 3.7. Heat denatured MDH forms high molecular weight 

complexes with HSP26. MDH (1 dimer) incubated at 22 (A) or 45 

OC (B). HSP26 (0.5 /iM oligomer) inculDated at 22 OC (C) or 45 OC (D). 

MDH and HSP26 combined and incubated at 22 oc (E) or 45 oc (F). 

Samples were analyzed by SEC as in Figure 2 and proteins were monitored 

by absorbance at 220 nm. Closed arrowheads at the top indicate the elution 

point of molecular weight standards. Positions of free MDH, HSP26 and 

HSP26/MDH complexes are indicated at the bottom. Asterisk indicates the 

position of a UV absorbing contaminant present in the MDH sample. 
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to the higher molecular weight species (data not shown). These data are 

consistent with HSP26 stably associating with MDH at the temperatures at 

which HSP26 prevents MDH aggregation. Doubling the amount of MDH (0.5 

uM HSP26 to 2.0 uM MDH) decreased the amount of high molecular 

species seen in trace F. Decreasing the amount of HSP26 to 0.166 uM also 

resulted in loss of the high molecular weight species seen in trace F, and in 

the appearance of a small peak eluting at a point corresponding to a very 

high apparent molecular weight (near the column void volume, data not 

shown). Unlike MDH heated in the absence of HSP26, samples heated at 

the lower relative concentrations of HSP26 did not form visible pellets 

following centrifugation. The complexes formed with the relatively lower 

proportion of HSP26 may have been retained on the column or possibly 

prevented from entering the column by the inline 10 micron filter that 

preceded the column. 

Identification of HSP26-luciferase complexes by SEC was also 

attempted. Conditions were very similar to those described for MDH. The 

stoichiometry of HSP26 to substrate was 0.5 fjM HSP26 to 1.0 fjM luciferase. 

although since luciferase is a monomer, this is equivalent to a ratio of 12 

HSP26 monomers to 1 luciferase monomer. This is the same 

HSP26;substrate ratio that was shown to effect complete protection of 

luciferase from aggregation. The MDH dimer and luciferase monomer both 

have molecular masses of approximately 70 kD so the relative mass of 

HSP26 to substrate protein was the same for both substrates in these 

complex formation experiments. Luciferase was found to aggregate at lower 
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temperatures than MDH (data not shown), and so the HSP26 and Iuciferase 

were heated at 38 and 42 rather than the 45 used with MDH. 

Surprisingly, although HSP26 protected Iuciferase from aggregation 

at 42 OC, no higher molecular weight species were detected using SEC (Fig. 

3.8). Although no substrate visibly precipitated during the 42 incubation 

in the presence of HSP26. the loss of the Iuciferase peak in the 

chromatogram was observed after incubation at 420C. This loss of the 

substrate peak and a reduction of the HSP26 peak suggested that HSP26-

luciferase complexes might have formed in solution but then adhered to the 

SEC column and thus have been undetectable. As described in the next 

section, alternative techniques were used to investigate possible HSP26-

luciferase interactions. 

HSP26 and Iuciferase co-immune precipitate when heated 

together 

As an independent method for determining if HSP26 associated with 

Iuciferase following heat treatment, experiments were performed using the 

HSP26 antifcx)dies and commercially available Iuciferase antibodies (see 

Materials and Methods). HSP26 and Iuciferase were combined under the 

same conditions used for size exclusion chromatography as described 

above. As shown in Figure 3.9, when HSP26 and Iuciferase were incubated 

together at room temperature, HSP26 was precipitated with anti-HSP26 

antibodies, while only trace amounts of Iuciferase were detected. 

Conversely, in the same 22 ^C sample, Iuciferase precipitated with Iuciferase 

antibodies, while no HSP26 was detected. These results indicate that 
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Figure 3.8. High molecular weight HSP26-luciferase complexes 

are not detected by SEC. Luciferase (1 /yM) was combined with HSP26 

(0.5 ^M) at room temperature (A), 38 (B), or 42 OC (C) for 20 minutes and 

analyzed as described in Figure 6. in this experiment HSP26 was prepared 

a UV absortJing buffer component, indicated by an *. 
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Figure 3.9. HSP26 and luciferase show heat-dependent co-

immunepreclpitatlon. Western analysis of immune precipitated samples 

of HSP26 and luciferase incubated together at 22 (Lanes 1 -3) or 42 

(Lanes 4-6). Blot was reacted with both HSP26 and luciferase antibodies. 

Immune precipitations were performed with antibodies to HSP26 (Lanes 

land 4), luciferase (Lanes 2 and 5) or rabbit preimmune sera (Lanes 3 and 

6). 
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HSP26 and luciferase do not stably associate at room temperature. In 

contrast, after incubation for 20 minutes at A2^C, HSP26 and luciferase both 

precipitated with antibodies to either HSP26 or luciferase (Rg. 3.9). Some 

luciferase was also observed in the heated reactions precipitated with 

HSP26 preimmune sera which may indicate that heated luciferase shows 

some non-specific interactions with antisera. However, the amount of 

luciferase that precipitated with the preimmune serum was significantly less 

than that precipitated either with HSP26 antibodies or with luciferase 

antibodies under the sanne conditions (Fig. 3.9). Luciferase antibodies do 

not precipitate HSP26 which has been incubated alone at 42 (data not 

shown). It is not possible to F)erform the converse control using HSP26 

antibody to precipitate luciferase heated alone, because the heated 

luciferase aggregates as described above. The heat-dependent co-

immuneprecipitation of luciferase and HSP26 indicates these proteins form a 

complex following a 42 oc heat stress. 

Evidence for formation of HSP26-luciferase complexes as 

detected by sucrose gradient analysis 

To characterize HSP26-luciferase interactions by an additional 

independent method, HSP26 and luciferase were analyzed by sucrose 

gradient fractionation. In the absence of substrate, HSP26 held at 22 OC or 

heated to 420C for 20 minutes sedimented identically (Rg. 3.1 OA). At 22 oc 

luciferase was found in sucrose gradient fractions corresponding to a lower 

sedimentation velocity than the rate observed for HSP26, consistent with the 

smaller size of luciferase relative to the HSP26 oligomer (Fig 3.1 OB, top 
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panel). After 20 minutes at 42 OC, luciferase alone (data not shown) or 

luciferase in the presence of ovalbumin aggregated and became insoluble 

(Fig. 3.1 OB, bottom panel). The insoluble protein formed a visible pellet in 

the tubes used to incubate the protein at 42 oc, and the pellet was not 

transferred to the sucrose gradients. When HSP26 and luciferase were 

combined at 22 ^C, the size at which each protein sedimented was 

unchanged from the size at which each sedimented alone (Fig. 3.10 C and D 

upper panels, compare with upper panels in A and B). However, when 

incubated together at 42 for 20 minutes, both HSP26 and luciferase 

remained soluble and a significant portion of both proteins shifted to sucrose 

fractions corresponding to a substantially larger size (Fig. 3.10 C and D, 

lower panels). 

To determine if similar shifts also occurred with an sHSP previously 

found to form complexes with heat denatured luciferase, the behavior of 

luciferase and PsHSPlS.I, a plant class 1 cytoplasmic sHSP, was analyzed. 

The sedimentation of HSP18.1 and luciferase proteins was markedly similar 

to that observed for HSP26 and luciferase, although more luciferase and less 

HSP18.1 were detected in the sucrose fractions corresponding to the highest 

sedimentation velocity (compare Fig. IOC and 10D with 10E and F). The 

luciferase present in this sucrose fraction may have pelleted during 

centrifugation. In contrast to what was observed with the sHSPs, in the 

presence of luciferase the sedimentation behavior of ovalbumin was not 

altered when ovalbumin was heated alone or in the presence of luciferase 

(Fig. 10G). This is consistent with the inability of ovalbumin to protect 

luciferase from aggregation and precipitation. The analysis of HSP26-



Rgure3.10. HSP26 and luciferase increase in apparent 

molecuar weight when heated together. HSP26 and luciferase, or 

HSP 18.1 and luciferase analyzed by sucrose sedimentation followed by 

western blotting with HSP26, luciferase, or HSP 18.1 antibodies. All 

panels show samples kept at 22 (RT) or incubated at 42 (HS) as 

described in Materials and Methods. Lanes 1 -12 represent gradient 

fractions from 1.0 to 0.5 M sucrose. Panel A; HSP26 alone. Panel B: 

Luciferase in the presence of ovalbumin (control protein). Panel C; 

HSP26 and luciferase incubated together, probed with anti-HSP26 

antibodies. Panel D; As in Panel C, only probed with anti-luciferase 

antibodies. Panel E; PsHSPIS.l and luciferase incubated together, 

probed with anti-PsHSP18.l antibodies. Panel F; As in panel E only 

probed with anti-luciferase antibodies. Panel G: Ovalbumin alone, silver 

stained. Asterisk (*) indicates sub-stoichiometric species of HSP26 

detected by western blot but not by stain. The amount of this species 

varied from experiment to experiment. 
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substrate interactions by sucrose sedimentation indicates that HSP26 and 

luciferase form large, soluble complexes under high temperature conditions. 

The apparent sedimentation velocity of HSP26 in whoie ceil 

lysates is very similar to that of HSP26 complexes observed in 

vitro 

To detennine if the heat-dependent sHSP-substrate complexes 

formed in vitro might be analogous to HSP26-containing complexes formed 

in vivo, I analyzed the sedimentation behavior of HSP26 in lysates from 

control and heat stressed yeast cells. Stationary phase cells or cells 

maintained in early log phase (ODsoO < 0.4) were incubated at room 

temperature or 39.5 OC for 2.5 hours. HSP26 was present in stationary 

phase yeast cells, even in the absence of heat stress as observed previously 

(Kurtz et al., 1986; see also Rgure 3.11C). Whole cell lysates were prepared 

and analyzed on sucrose gradients as described above for the complexes 

formed in vitro. 

In heat stressed or non-stressed stationary phase cells a large 

percentage of HSP26 occurred in fractions 6 to 12, similar to the distribution 

seen for purified HSP26 (compare Fig. 10 and 11). However, a significant 

percentage of HSP26 was detected in fractions 1 to 6 as was observed when 

HSP26 and luciferase were heated together at 42 oc. As expected HSP26 

was not detected in yeast ceils in early log phase, but was induced by heat 

treatment. HSP26 was less abundant in the lysate from heat treated early 

log cells than in the lysates from stationary phase cells. These results 

suggest that the size distribution of HSP26 in yeast lysates is very similar to 
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Figure 3.11. Lysates from ceils in stationary phase or foiiowing 

heat stress have HSP26 with a distribution of apparent 

moiecuiar weights similar to that of HSP26-iuciferase 

complexes. Cell lysates were analyzed by sucrose gradient 

fractionation and western blotting with HSP26 Antibodies as In Figure 9. 

Stationary phase cell lysates after 2.5 hours at 22^C (A) or 39.5 (B). 

Lysates from early log phase cell lysate after 2.5 hours at 220C (C) or 

39.5 OC (D). Closed arrowhead indicates the position of HSP26. 
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that observed for HSP26-substrate complexes formed in vitro. Thus, the 

HSP26 in these fractions could represent HSP26-substrate complexes 

consistent with a model in which HSP26-substrate complexes are formed in 

vivo. The fact that these complexes were not observed by SEC (Figure 3.8), 

may indicate that these complexes bind to the SEC column as was 

suggested by the analysis of HSP26/luciferase interactions. It is important to 

note, however, that it remains a formal possibility that the presence of HSP26 

in the gradient fractions corresponding to higher sedimentation velocity 

results from artifactual interactions which occur during cell lysis. 

Luciferase heated In the presence of HSP26 can be renatured in 

rabbit reticulocyte lysate 

As described above, at 42 ^C HSP26 prevented the thermal 

aggregation of luciferase and appeared to form HSP26-luciferase 

complexes. The method of Lee et al. (1997) was used to determine if 

luciferase that had been thermally inactivated in the presence of HSP26 

could be refolded in the presence of the cellular components present in 

rabbit reticulocyte lysate (RL). RL is known to be a concentrated source of 

chaperones including HSP70, HSP90 and their auxiliary proteins 

(Schumacher et al., 1994). Luciferase (1 /yM) was thermally inactivated at 42 

OC; 1) alone, 2) in the presence of 0.5 /JM HSP26 or 3) in the presence of 

BSA of equivalent mass to 0.5 fjM HSP26. Aliquots of each of these samples 

were transferred to either RL supplemented with ATP or RL depleted of ATP 

by the addition of apyrase. Aliquots of luciferase that had not been heated 

(native) were used to determine 100% of the possible luciferase activity. The 
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concentration of luciferase in the final RL reaction was 25 nM. As shown in 

Figure 12A and B. the amount of time used to heat inactivate luciferase at 42 

OC influenced the yield of refolding. Samples Inactivated for 15 minutes 

(12A) showed approximately 2 fold higher recovery compared to samples 

heat inactivated for 20 minutes (128). The amount of activity in samples 

incubated in BSA also increased 2 to 3 fold with the shorter incubations (not 

shown). In a sample incubated at 42 for 15 minutes, a 3 fold decrease in 

the amount of HSP26 decreased the percent reactivation from 45% to 8% 

(not shown). Neither doubling the amount of HSP26 nor supplementing the 

RL reactivation reaction with additional RL significantly increased the 

reactivation yield, indicating that neither HSP26 nor RL components were 

limiting. The ATP-dependence of refolding is consistent with the action of 

other ATP-hydrolyzing chaperones in RL (Schumacher et al., 1994). The 

observation that luciferase must be heated in the presence of HSP26, but 

tiiat folding does not take place in the absence of RL suggests tiiat HSP26 

maintains thermally inactivated luciferase in a conformation that can 

subsequentiy be refolded by other chaperones. 



Figure 3.12. Luciferase heat denatured in the presence of HSP26 

can be released in a refolding competent state. 1 mM luciferase 

was incubated at 42°C either alone, in the presence of 0.5 mM HSP26, or 

with BSA equivalent to the weight of HSP26. Luciferase was then diluted 

into RL in refolding buffer and luciferase activity was measured at the time 

points indicated. The activity of unheated luciferase was measured at each 

timepoint and all other samples were normalized against the activity of the 

unheated luciferase. Samples in 3.12A were heated for 15 minutes, 

samples in 3.12B were heated for 20 minutes. Points represent means ± 

standard deviation for at least 3 replicates. 
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Discussion 

Oligomeric Structure of HSP26 

The comparison of overexpressed, purified HSP26 with HSP26 

induced in wild-type cells by heat stress or growth to stationary phase is 

consistent with the purified protein forming a homo-oligomeric complex with 

the same number of subunits as native HSP26 observed in cell lysates. 

When analyzed by size-exclusion chromatography, purified HSP26 and 

HSP26 induced in wild-type cells both had an apparent molecular weight of 

625 ± 50 kD. The majority of HSP26 in cell lysates also comigrated with 

purified HSP26 complexes when analyzed by sucrose sedimentation. My 

results suggest HSP26 forms a homo-oligomer of 224 subunits. Previous 

SEC analyses of HSP26 in total cell lysates have estimated the size of wild-

type HSP26 as >500 kD (Rossi and Undquist, 1989) and the size of 

overexpressed HSP26 as 550 kD (Bentley et al., 1992). The difference 

between the 550 kD reported previously and the 625 kD reported here may 

be due to the use of different size exclusion column matrices. Published data 

suggest that HSP26 is an oligomer that appears to form a spherical protein of 

15-25 nm diameter on electron micrographs of negatively stained material 

(Bentley et al.. 1992). This suggests that the shape of the HSP26 oligomer 

should not cause it to migrate anomalously on SEC. However, interactions 

between the HSP26 and the column matrix might retard the elution of 

HSP26, leading to an apparent molecular weight that is lower than the actual 

molecular weight. 

Preliminary mass estimates of purified HSP26 oligomers have also 

been obtained from Scanning Transmission Electron Microscopy (STEM) 
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data by Martha Simon at the Brookhaven National Laboratory. STEM image 

intensity Is directly proportional to the local mass per unit area in the 

corresponding region of the sample 

(http://bnlstb.bio.bnl.gov/www_root/webdocs/stem/stem.htmlx is the website 

for the STEM information page). Using this method, STEM images of purified 

HSP26 oligomers were obtained and STEM intensity was integrated for 

dozens of isolated particles using the program AUTOMASS. Although 

optimization of the HSP26-STEM grids may be necessary to reduce 

background, a preliminary estimate of 640 kD has been obtained. This 

estimate is in good agreement with the 625 ± 50 kD apparent molecular 

mass obtained by SEC in my experiments. In future studies, purified HSP26 

could be used for analytical ultracentrifugation, providing a more definitive 

molecular weight for determining of the number of subunits in the HSP26 

oligomer. 

My experiments are the first to directly compare the size of purified 

HSP26 with HSP26 from whole cell lysates. The co-migration of the purified 

HSP26 complex with the HSP26 in cell lysates combined with the lack of 

other genes encoding a similarly-sized sHSP isoform, indicate the formation 

of the HSP26 complex from a single type of subunit. In contrast, a 

cytoplasmic class I sHSP oligomer from soybean is reported to contain 15 

isoforms of class I sHSPs (Jinn et al., 1995). In addition, recombinant class I 

HSP 18.1 from pea forms a homo-oligomer which varies slightly from the size 

observed in vivo (Gary Lee, personal communication), consistent with the 

class I sHSP forming an oligomer composed of closely related subunits in 

vivo. However, other homo-oligomeric sHSPs have been observed. The 
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mammalian sHSPs are believed to be homo-oligomers, although complexes 

between aB-crystallin and mammalian HSP27 have been observed in 

cultured cells (Zantema et al., 1992), and the Arabidopsis chloroplast-

localized sHSP oligomer appears to be composed of a single subunit 

(Suzuki et al., 1998). The reason some sHSP oligomers are homo-

oligomeric while others appear to contain several sHSP isoforms is not clear. 

Future studies may determine if greater diversity in subunit composition 

broadens substrate specificity or has other functions in vivo. The other sHSP 

in yeast, HSP42 is also observed in oligomers in yeast cell lysates (Wotton et 

al., 1996). I have not observed a 42 kD protein in the purified HSP26 

preparations, however future work will be required to determine if HSP26 

and HSP42 can interact or co-assemble in vivo. 

Interaction of HSP26 with denatured proteins 

HSP26 protects substrates from thermal aggregation 

HSP26 was shown to effectively suppress the thermal aggregation of 

MDH, firefly luciferase and citrate synthase. The ability of HSP26 to prevent 

the thermal aggregation of these model proteins is consistent with HSP26 

functioning as a type of molecular chaperone. At the concentrations of 

substrate tested, a ratio of 2 HSP26 monomers to 1 MDH monomer 

prevented the aggregation of MDH at 45 ^C. Protection decreased as the 

amount of HSP26 was decreased, but significant protection was still 

observed at 1 HSP26 monomer to 2 MDH monomers. Protection was not 

observed with BSA, suggesting that prevention of aggregation does not 

result from non-specific interactions. The ability of HSP26 to protect several 
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model substrates is consistent with a roie as a general chaperone but does 

not rule out interactions with specific substrates in vivo. 

Stoichiometry of thermal protection 

The ratio at which HSP26 protects MDH (equivalent to 2 HSP26 

monomers to 1 MDH monomer), is comparable to the protection observed 

with the plant class I HSP18.1 (on an sHSP-oligomer to substrate-monomer 

basis). However, since I estimate the HSP26 oligomer to be approximately 

twice as large as the HSP18.1 oligomer. HSP26 is half as effective as 

HSP18.1 on a sHSP monomer; monomer substrate basis and even 

somewhat less effective on a weighf.weight basis. The protection is 

substantially higher than that observed with the plant class II sHSP, a-

crystallins or the mammalian sHSPs (Table 1.6). However caution should be 

used when comparing stoichiometries using model substrates since it is 

difficult to know how well the interactions between sHSPs and model 

proteins reflect the interactions of sHSP with proteins in vivo. The a-

crystallins suppress the aggregation of B- and y-crystallins (other eye-lens 

proteins) 10-fold more effectively than the aggregation of model proteins 

when tested under the same conditions (Table 1.6). The R- and y-crystallins 

are likely to be substrates of the a-crystallins in vivo (Das and Sunwicz, 1995; 

Horwitz, 1992) and it is possible that HSP26 may also interact with specific 

substrates in vivo more effectively than the model substrates used in this 

study. The results presented here suggest that one HSP26 oligomer may be 

able to prevent the aggregation of as many as 12 substrate molecules 

(depending on their size), and that 50 mg of HSP26 may prevent the 
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aggregation of approximately 35 mg of substrate under the conditions tested. 

By comparison, >540 -1600 mg of HSP90 (Jakob et al., 1995; Yonehara et 

al., 1996) or >800 mg of chaperonin (Frydman and HartI, 1994) is required to 

protect similar amounts of model substrate. The bacterial HSP70 system is 

able to efficiently protect substrate from thermal aggregation at a ratio of 230 

mg of chaperone to 35 mg of substrate and similar results were obsen/ed for 

the eukaryotic HSP70 system (Minami, 1996). However, the HSP70 and 

chaperonin systems require the hydrolysis of nucleotide to effectively prevent 

thermal aggregation of many substrate proteins. Since relatively less mass 

of sHSPs and no ATP is required to protect substrate proteins from thermal 

aggregation, sHSPs may be an efficient way to protect as much substrate as 

possible with the the least amount of energy and the smallest mass of 

chaperone. 

HSP26-substrate complex formation 

The data are consistent with HSP26 binding substrate molecules at 

elevated temperatures and forming stable complexes. When HSP26 and 

MDH are combined at a ratio of 0.5 oligomer and 1.0 /vM dimer and then 

incubated at 45 OC, a high molecular weight species is observed by SEC. 

Western analysis of fractions containing this species confirmed both MDH 

and HSP26 were present (data not shown). In contrast, MDH heated alone 

formed visible aggregates and little soluble protein was detected. HSP26 

heated alone had the same apparent molecular weight at both room 

temperature and 45 OC. The amount of high molecular weight species 

observed was somewhat less than has t)een observed when PsHSP18.l 
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and MDH were heated under the same conditions and analyzed with the 

same type of HPLC column (Lee et al., 1997). Differences in the behavior of 

HSP26-MDH and HSP18.1-MDH complexes could result from differences in 

the conformation of the substrate when bound to different sHSPs. Since 

HSP26 contains twice as many subunits as HSP18.1 and yet protects the 

same amount of MDH on a per oligomer basis, differences in structure of the 

sHSP and in its association with substrate are not unlikely. MDH associated 

with HSP26 may expose different areas of substrate or sHSP regions and 

these may interact with the sizing column matrix, causing the complexes to 

be retained on the column. Alternatively, some forms of HSP26-MDH 

complexes could be substantially larger than expected and be retained by 

the column frit. Future work examining the structure of HSP26-substrate 

complexes and those of other sHSPs using electron microscopy may be 

useful in comparing the structures of different sHSP-substrate complexes. 

Size exclusion analysis of heated HSP26-luciferase mixtures yielded 

surprising results. Although HSP26 was able to protect luciferase from 

thermal aggregation at 42 OC and the level of soluble HSP26 and luciferase 

detectable by SEC decreased following heating, a higher molecular weight 

species representing HSP26-luciferase complexes was not detected. This is 

consistent with HSP26-luciferase complexes forming but being retained on 

the SEC column or being too large to enter the column and therefore not 

being detected. HSP18.1-luciferase complexes can be detected under the 

same conditions, again suggesting that substrates bound to HSP26 may 

bind in a different conformation than obsen/ed with HSP18.1, or that HSP26 

behaves d'rfferently than HSP18.1 when associated with substrate. 
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Alternative methods to detect HSP26-luciferase interactions (sedimentation 

velocity and immune precipitation) are consistent with the conclusion that 

HSP26-luciferase complexes are fomned. Both these methods detected 

interactions after incubation at 42 but not at 22 oc. The successful 

immune co-precipitation of HSP26 and luciferase indicates that the 

complexes formed at high temperature are fairly stable and is consistent with, 

but does not prove, an association constant of >10®. Protein-protein 

interactions often have an equilibrium constant association in the range of 

105 to 10^ mol""'. however, the chaperone SecB, which is involved in the 

export of E. coli proteins to the periplasm, has been estimated to have an 

unusually high association constant (Randall and Hardy, 1995). Future work 

examining complexes formed in vivo between HSP26 and substrates may 

determine if the affinity in the cell is similar to what I have observed in vitro. 

Stability of the HSP26 oligomer 

Recently Dr. J. Buchner has reported (personal communication to Dr. 

E. Vierling) that HSP26 dissociates to what may be a tetrameric species at 

elevated temperatures. This dissociation was observed by fluorescence and 

by SEC using a temperature controlled column. HSP26 dissociation has not 

been observed in my experiments. However, if the rate of reassociation is 

rapid following return to room temperature then the dissociated species may 

not have been detected because the column and sample delivery system 

used here were not temperature controlled. Dissociation into tetramers might 

preserve the inter-subunit contacts postulated by Leroux (1997b) to t)e 

important in substrate binding (cf. Chapter 1). The phosphorylation-mediated 
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dissociation of the mammalian sHSPs has been shown to be regulated 

through a MAPKAP kinase cascade (Kato et al., 1994; Lavoie et al., 1995). In 

contrast, the plant sHSPs have not been shown to undergo reversible 

dissociation, do not contain the conserved phosphorylation sites observed in 

mammalian sHSPs and do not appear to be phosphorylated in vivo (Mover et 

al., 1989; Suzuki et al., 1998 and Chapter 2). HSP26 does not contain the 

conserved phosphorylation sites with the consensus R-X-X-S found in 

mammalian sHSPs, but phosphorylation may be possible at other sites. I did 

not find any significant evidence of a stable lower molecular weight species 

of HSP26 in cell extracts. Future studies investigating the size and 

phosphorylation state of HSP26 under varying conditions may help 

determine if dissociation of the oligomer is involved in the function of HSP26 

in vivo. 

Role of HSP26 in the protein folding pathway 

The observation that heat denatured luciferase could be reactivated in 

RL only when denaturation was carried out in the presence of HSP26 is 

consistent with HSP26 maintaining substrate proteins in a conformation that 

can subsequently be refolded by other cellular components. Quantitative 

recovery of all luciferase activity following heat stress was not observed 

under any of the conditions tested. Since neither increasing the amount of 

HSP26 present during denaturation nor the increasing amount of RL 

significantly increased the amount of luciferase activity, the lack of 

quantitative recovery does not appear to be due to limiting quantities of either 

of these components. It is possible that luciferase bound to HSP26 could be 
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released and subsequently aggregate, leading to reduced recovery, 

although little evidence of this has been observed with other sHSPs 

(Ehrnsperger et al., 1997; Lee et al., 1997). 

A number of other possibilities could also be responsible for the 

inability of HSP26 to protect ail of the ludferase. Other HSPs may be 

required during denaturation, or differences between luciferase and the in 

vivo substrate(s) of HSP26 may account for the less than full recovery of 

activity. The lack of some component in this system could also result in a 

portion of luciferase being irreversibly bound to HSP26, or luciferase may be 

released in a form which cannot be refolded in the absence of the unknown 

component. Although experiments presented here have not addressed the 

possibility, components such as proteases may be used in vivo to degrade 

irreversibly bound proteins or proteins released in conformations that cannot 

be refolded. Developing a system using yeast lysate, or using all yeast 

components would address some of the possibilities and this approach is 

discussed in Chapter 4. Incomplete reactivation of luciferase may occur 

even in the presence of the appropriate components t}ecause of differences 

between refolding in RL and refolding in the cell. 

The ATP-dependent refolding of luciferase is consistent with the 

involvement of the eukaryotic HSP70 system, known to be abundant in RL 

Minami et al. (1996) have show that in the presence of ATP, 5% RL and a 

>30-fold excess of HSP70 and HSP40, approximately 60% of thermally 

inactivated luciferase can be reactivated within 30 minutes. Similarly, up to 

80% of thermally inactivated luciferase can be reactivated without RL by 

DnaK, DnaJ GrpE (the prokaryotic HSP70 system) in 1 mM ATP (Schroder et 
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al., 1993). in both of these studies, as well as the work reported here, 

reactivation of thermally inactivated luciferase was only possible if luciferase 

did not aggregate during heat inactivation. 

Evidence for the involvement of sHSPs in the protection and 

reactivation of luciferase has been shown by Forreiter, Kirschner and Nover 

(1997). In an Arabidopsis cell suspension culture that stably expressed 

firefly luciferase, transient expression of class I HSP17.6 resulted in slower 

rates of luciferase inactivation during heat stress. Transient co-expression of 

HSP70 and HSP17.6 increased the level of luciferase reactivation observed 

following heat stress compared to control cells, consistent with an interaction 

between HSP70 and sHSPs during heat stress.- Interestingly, expression of 

HSP70 alone did not result in a similar increase in luciferase activity. In the 

absence of sHSPs, HSP70 may have an increased requirement for co-

chaperones, similar to the in vitro observation that DnaK alone was not 

effective at preventing thermal aggregation in the absence of DnaJ 

(Schroder et al., 1993). 

In the studies by Schroder et al. (1993) and Minami et al (1996), the 

yield of luciferase activity recovered was higher than observed in this study. 

In addition, the time required to reactivate luciferase heated in the presence 

of DnaK/DnaJ or HSP70/HSP40 was, respectively, one-half and one-sixth 

the time observed for luciferase heated in the presence of HSP26. 

Differences in the amount of native luciferase remaining following heat 

inactivation may account for much of the obsen/ed difference. In the two 

studies cited, luciferase was inactivated for 10 minutes at 42 oc, and the 

amount of residual luciferase activity present prior to the intiation of refolding 
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was 10 to 20%. In contrast, in this study luciferase was incubated at the 

same temperature for 15 or 20 minutes, resulting in substantially lower 

residual luciferase activity (<3% and <1% for 15 and 20 minutes, 

respectively). As shown in Figures 3.12A and B, the length of time used for 

heat inactivation has a substantial effect on the amount of luciferase activity 

recovered following incubation in RL However, the 15 minute inactivation 

results in an approximately 20 fold increase in activity (from less than 0.5% at 

time 0, to 12% after three hours). The 20 minute inactivation produces a 6 

fold increase in activity (from 7 % to approximately 42%) in the same time 

period. Differences in the time required to achieve reactivation may also 

reflect changes in the conformation of inactive luciferase that may occur 

when luciferase is heated for longer periods of time. Alternatively, 

differences in the time of reactivation could reflect 1) differences in the 

concentration of HSP70 available in the different refolding systems, 2) 

differences in the conformation of luciferase heated in the presence of 

HSP26 compared to the conformation of luciferase heated in the presence of 

the HSP70 system, or 3) interactions between luciferase and other 

components in the relatively concentrated RL used in this study. 

HSP90, another chaperone which is very abundant in RL has recently 

been shown to bind ATP and may also be involved in the reactivation of 

luciferase in RL (Johnson et a!., 1998; Prodromou et al., 1997). HSP26 does 

not contain any known ATP binding motifs and it has been suggested that 

sHSPs associate with substrates in an ATP-independent manner to prevent 

substrate aggregation and maintain substrates in a conformation which can 
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subsequently be refolded by other chaperones (Ehrnsperger et al., 1997; 

Lee et al.. 1997). 

The relationship between in vitro and in vivo activities 

When analyzed by sucrose gradient sedimentation, a significant 

portion of HSP26 from wild-type yeast lysates migrates with the same size as 

observed for HSP26-substrate complexes. In lysates, the fraction of HSP26 

with increased size could represent HSP26 bound to in vivo substrates. 

These data are consistent with, but certainly do not prove, the hypothesis that 

HSP26 forms complexes with other proteins in vivo. 

It is of major importance to begin to relate the in vitro chaperone 

activities reported here with activity of HSP26 in vivo. Isolation of HSP26 in 

association with putative in vivo substrates will be essential to defining the 

role of this protein in vivo. The Vierling lab has taken several approaches to 

relating the in vitro activities I report here to the In vivo functions of HSP26. 

Dr. R. Azpiroz has expressed firefly Iuciferase in yeast to examine the 

behavior of the protein following heat stress in the presence and absence of 

HSP26. Following heat stress (42 OC, 60 min), the level of Iuciferase activity 

in a whole cell yeast lysate is reduced to 5% of the activity observed in 

lysates from non-stressed cells. Following heat stress no significant 

differences in the amount of Iuciferase activity have been observed in lysates 

from wild type yeast compared to lysates from AHSP26, a AHSP26, AHSP42 

double mutant, or HSP26 overexpressing strains. It is possible that 

Iuciferase does not compete well with endogenous substrates in vivo. 



Alternatively, it may be that in vivo, recovery of luciferase activity is not 

altered because of redundancies In the chaperone machinery. 
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Chapter 4: Discussion and Future Directions 

sHSPs, like other heat shock proteins, are believed to help protect 

cells from the damage caused by elevated temperatures. The current 

hypothesis is that sHSPs act as molecular chaperones during heat stress, 

protecting heat labile substrate proteins from aggregation and facilitating 

substrate refolding. Neither the mechanism by which the sHSPs protect 

substrates, nor the structure of the sHSPs are thoroughly defined. To 

increase our understanding of the sHSPs, I have investigated the native 

structure of the chloroplast-localized sHSP, HSP21, in leaf tissue in pea and 

Arabidopsis, and after overexpression and purification from E coli. In 

addition, I have purified HSP26, a cytosolic sHSP from S. cerevisiae and 

demonstrated its ability to form stable complexes with model substrates and 

to prevent the thermal aggregation of these substrate proteins in vitro. I have 

also shown that HSP26 can facilitate the refolding of a heat inactivated 

protein in the presence of other cellular proteins in an energy dependent 

process. Here 1 discuss these findings and their implications for future work. 

HSP21 is a non-phosphorylated oligomer 

sHSPs from several sources have been shown to form oligomers 

(Table 1.2), and it has been suggested that oligomers may be the active form 

of the sHSPs in vivo (Leroux et al., 1997a; Liang and MacRae, 1997). 

However, it has also been shown that mammalian sHSPs undergo 

regulated, phosphorylation-induced dissociation that some studies suggest 

is required to protect cells from the effects of heat stress (Lavole et al., 1995). 
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My results suggest that in vivo HSP21 in heat stressed leaf tissue exists as a 

large oligomer that does not dissociate during heat stress and recovery, 

consistent with the oligomer being the active form of the protein (Chapter 2). 

Organization of sHSP subunits within the oligomer 

There are no atomic level structural data for any of the sHSPs or a-

crystallins, so subunit interfaces remain undefined and cannot be compared 

between species. However, it has been suggested that the subunits of sHSP 

and a-crystallin oligomers may be organized into subassemblies. The 

oligomers of M. tuberculosis are believed to form from 3 trimers (Chang et al., 

1996), while it has been suggested that a-crystallin oligomers form from 

tetramers (Wistow, 1985). HSP26 oligomers may also have a tetramer-

based structure (Dr. J. Buchner, personal communication to Dr. E. Vierling). 

The organization of subunits in an oligomer may influence its final structure 

and may detemnine which sHSPs can co-assemble to form hybrid oligomers. 

Experimental evidence suggest that overall sequence homology is not 

sufficient to predict which sHSPs can co-assemble. The a-crystallins and the 

mammalian sHSPs co-assemble in cultured cells (Kato et al., 1992; Zantema 

et al., 1992) and in vitro (Merck et al., 1993), despite very limited similarity, in 

contrast, two plant cytosolic sHSPs that share 60% similarity (HSP18.1, a 

class I sHSP and HSP17.7, a class II sHSP) do not co-assemble in vivo or in 

vitro (Helm et al., 1997; Lee et al., 1995a). Purified recombinant Arabidopsis 

HSP21 (Chapter 2) and pea HSP18.1 share only 42% similarity, but 

assemble after incubation in 8 M urea followed by dialysis. When analyzed 

by N-PAGE, the complex formed by HSP18.1 and HSP21 has an apparent 
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molecular mass between the 215 kD observed for the former and the 300 kD 

observed for the latter (data not shown). Future studies may determine if 

there are distinct intermediates that form during oligomer assembly and if 

these intermediates govern which sHSPs can co-assemble or influence final 

oligomer size. Differences in assembly that prevent the fomnation of mixed 

oligomers may have evolved such that sHSPs in the same compartment 

retain distinct structures or binding sites required for their function in vivo. 

Such constraints might not apply to chaperones such as chloroplast HSP21 

and cytosolic HSP18.1 that would not be in the same cellular compartment in 

vivo. Further investigations should also be carried out to determine the 

active form of HSP21. If HSP21 acts as a monomer or multimer of a few 

subunits, new models may be required to explain the manner in which 

sHSPs bind substrates and the reason for the ubiquitous oligomerization of 

the sHSPs. 

Photosystem II as a potential substrate for HSP21 

Clearly an important unanswered question concerning any of the 

sHSPs is the identity of their potential in vivo targets. In plants it has long 

been known that photosystem II (PSIl) activity is highly heat labile (Berry and 

Bjorkman, 1980; Havaux, 1993), and several researchers have suggested 

PSIl activity may be protected by HSPs, especially chloroplast HSP21 

(Kloppstech and Meyer, 1985; Kruse and Kloppstech, 1992). However, the 

current model of sHSP action predicts that sHSPs function optimally at >1 

subunit sHSP per substrate, and HSP21 is present at very low 

concentrations relative to PSIl. Previous estimates suggest that 
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approximately 1 x lO^ molecules of HSP21 accumulate in the chloroplast 

following a strong heat stress (^38 ^C), with only 1x10^ molecules 

accumulating following a moderate heat stress (34 OC) (Chen et al.. 1990). 

In comparison there are a: 1 x 10® molecules of PSIl per chloroplast. HSP21 

does not appear to be sufficiently abundant in vivo to provide stoichiometric 

protection of PSIl (numbers based on average mesophyll chloroplast from 

pea). One possible explanation is that HSP21 has a catalytic effect on PSIl, 

and therefore is sufficient at lower concentrations. Altematively, the sHSPs 

could interact with another chloroplast factor which in turn exerts a catalytic 

effect on PSIl or an effect on the thylakoid membrane. However, direct 

support for an involvement of HSP21 in protecting any chloroplast process 

has been lacking. 

A very recent study has attempted to determine directly if damage to 

PSIl can be prevented by HSP21 (Heckathom et al., 1998). These authors 

reported that electron transport in lysed chloroplasts that were subjected to 

an abrupt heat stress was 80% lower than electron transport in chloroplasts 

isolated from previously heat adapted plants. This difference in activity could 

be reduced to a 22% loss in activity by the addition of 14 monomers of 

HSP21 per PSIl. However, in these experiments the specificity of the 

requirement for HSP21 was not demonstrated because PSIl electron 

transport was not measured when an equivalent weight of a non-specific 

protein (e.g. BSA) was added in place of HSP21. In a separate experiment, 

when incubated at 47 oc, PSIl electron transport in chloroplasts from 

previously heat adapted plants was shown to be approximately twice the 

level in chloroplasts from non-adapted plants. This difference in activity was 
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reversed by the addition of either of two different antibodies to HSP21, 

consistent with HSP21 being required for the higher level of electron 

transport observed in the heat adapted chloroplasts. A surprising 

obsen/ation in this work was that the HSP21 added to the thylakoids may 

have been in a monomeric state. No reports on the size of the chloroplast 

HSP21 were given, and it is possible that HSP21 reassembled, following 

addition to the chloroplast If monomeric HSP21 was able to prevent thermal 

inactivation of a substrate, it will necessitate a thorough reconsideration on 

the role of oligomerization in sHSP function. 

Areas for future study of HSP21 

Should future experiments confirm the involvement of HSP21 in 

protection of PS 11 activity, many questions remain atxjut the mechanism of 

this protection. Is protection confen^ed through direct interaction with PSIl or 

indirectly? If direct interaction with PSIl occurs, does protection require 

stoichiometric interaction with PSIl? In vitro studies suggest that sHSPs 

interact with substrates at or above stoichiometric levels. It may be that only 

a subset of PSIl reaction centers require interaction with HSP21. 

Alternatively, in vivo HSP21 may act catalytically, possibly requiring factors 

which are not present in the current in vitro systems. 

Heckathom et al. (1998) also report that electron transport in 

chloroplasts isolated from non adapted plants heated to 47 can be 

increased by the subsequent addition of HSP21. In contrast, the data from in 

vitro studies presented here (Chapter 3) and previously (Chang et al., 1996; 

Lee et al., 1995a) suggest that if sHSPs are not present during denaturation, 
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irreversible thermal aggregation of substrates occurs, in the presence of 

other cellular components, the damage to PSIl may not t)e as severe as 

observed in vitro, allowing subsequent addition of HSP21 to be effective. 

Alternatively, if PSIl is the major in vivo substrate of HSP21, it may interact 

with HSP21 in a manner which is not reproduced with other model 

substrates. Future studies characterizing the chaperone activity of HSP21 

are needed. In the studies of Heckatiiom et al. (1998), the addition of HSP21 

to abruptly stressed chloroplasts resulted in increased electron transport 

within one minute, markedly faster that the reactivation of proteins observed 

in vitro. If confinned, these results may indicate that conditions in the cell are 

optimized to allow much faster reactivation of protein than indicated by in 

vitro studies. 

In vivo, evidence for thermal protection of PSIl by HSP21 has not been 

supported by experiments with transgenic Arabidopsis plants that 

overexpress HSP21 to a level approximately five-fold higher than that 

observed in heat stressed plants (Osteryoung et al., 1993b). The effect of 

HSP21 overexpression on PSIl and photosynthetic electron transport has 

been measured by Fv/Fm fluorescence ratios (C. Sundby Emanuelsson and 

K. Osteryoung, unpublished results). When transgenic and wildtype plants 

were heat stressed to 40 OC for 4 hours, no significant differences in the 

fluorescence ratios were observed, suggesting HSP21 does not confer the 

level of protection predicted by the work of Heckathorn et al. (1998). 

However, plants overexpressing HSP21 are reported to show a very slight 

but reproducibly higher dry weight than their wildtype counterparts following 

a week of moderate heat stress (personal communication from Dr. C. Sundby 



173 

Emanuelsson to Dr. E. Vierling). The importance of the level of HSP21 for 

plant survival at elevated temperatures has also been examined using 

transgenic anti-sense Arabidopsis (Osteryoung et al., 1993b). A slight 

decrease in the amount of HSP21 produced during heat shock did not have 

a significant effect on the ability of plants to survive elevated temperatures, 

but plants that expressed no HSP21 were not obtained using this technique. 

Further work on the structure and activity of HSP21 is being carried out in the 

lab of C. Sundby Emanuelsson using HSP21-expression plasmids 

developed in this dissertation (submitted by C. Sundby Emanuelsson, 

personal communication to E. Vierling). 

Alternative genetic approaches to understanding the function of 

HSP21 are currently being pursued in the Vierling Lab. Dr. Suk-Whan Hong 

is attempting to create Arabidopsis mutants that produce no HSP21 using the 

technique of gene disruption by homologous recombination. HSP21 may 

also be identified using a PCR-based screen of existing mutants generated 

by random T-DNA insertion. Examining the phenotype of mutants that do not 

produce HSP21 may provide clear evidence for the mechanism of action of 

HSP21 during heat stress. 

HSP26 and the current model of sHSP function 

My results demonstrate that a S. cerevisiae sHSP, HSP26, has the 

ability to suppress the thermal aggregation of substrate proteins, and that 

protein bound by HSP26 can be subsequently reactivated in RL These 

results are consistent with previous studies demonstrating that preventing 

themial aggregation of substrate proteins is crucial for their subsequent 
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reactivation by the HSP70 system (Minami, 1996; Schroder et al., 1993). 

Schroder et al. (1993) suggest that DnaJ plays a key role in both 

maintaining substrate solubility and in facilitating the association of DnaK 

with substrate. A similar role has been postulated for HSP40, although 

interactions between HSP40 and substrate in the absence of HSP70 are 

less clear (Minami, 1996). It Is possible that the sHSPs may play a role 

similar to that proposed for DnaK and DnaJ in maintaining substrate 

solubility during heat stress. It is also possible that sHSPs may interact 

directly with components in the HSP70 system and future work using 

purified components may help address this question. 

Given the observation that HSP70 and HSP40 are able to prevent the 

thermal aggregation of substrate proteins, why would the cell require an 

additional system for maintaining substrate solubility? As noted by 

Ehrnsperger et al. (1997), one possibility is that unlike the HSP70 system, 

the sHSPs appear to maintain substrate solubility without any requirement 

for nucleotides, which may be of significant benefit to the cell during stress. It 

is also possible that sHSPs and the HSP70 system interact with different 

substrates in vivo. Identification of the in vivo substrates of the sHSPs and 

HSP70 system would be important in addressing this possibility. 

My results are also consistent with the current model for sHSP function 

(Das and Surewicz, 1995; Ehrnsperger et al., 1997; Lee et al., 1997; Leroux 

et al., 1997b), as illustrated in Figure 4.1. In this model HSP26 functions as 

an oligomer. Substrate molecules denature at elevated temperatures and 

HSP26 may undergo conformational changes which increase the 

accessibility of hydrophobic binding sites. It has been suggested that 
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Figure 4.1 Model of sHSP function during heat stress. During 

heat stress proteins t)ecome denatured (A) and in the atssence of 

chaperones these proteins form aggregates that can not be refolded by 

the HSP70, chaperonin or HSR 90 systems (B). During heat stress 

sHSPs expose hydrophobic substrate binding sites (C) and bind 

denatured proteins, preventing thermal aggregation (D). Unlike other 

small sHSPs, HSP26 may dissociate into tetramers during heat stress (Dr. 

J. Buchner, personal to Dr. E. Vierling). sHSP-bound substrates can be 

transferred to cellular components in reticulocyte lysate (E), probably 

including the HSP70 system. Protein substrates are subsequently 

refolded and released in their active form (F). 
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Symbols used in Figire 4.1 

sHSP, RT Native substrate 

sHSP during HS 

sHSP with 
bound substrate 

Dissociating sHSP 
dunng HS 

Dissociated sHSP 
witii bound 
substrate 

Unfolded substrate 

Aggregated 
substrate 

Cellular 
components from 
reticulocyte lysate, 
including 
chaperones 
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binding site accessibility in sHSP oligomers may be linnited at non-heat 

stress temperatures, preventing the intermolecular aggregation of the sHSP 

oligomers themselves (Leroux et al., 1997b). Association of HSP26 and 

substrate prevents the irreversible aggregation of substrate proteins at 

elevated temperatures. When associated at moderate temperatures, some 

portion of substrate may be released to its native state (Ehmsperger et al., 

1997; Lee et al., 1995a). At higher temperatures cellular proteins including 

other chaperones are required to reactivate the substrate proteins. 

One of the limitat'ons of this model Is its .inability to explain the lack of 

quantitative recovery of substrate activity. Possible explanations for this 

observation are discussed in Chapter 3, and include the possibility that 

cellular proteins required during denaturation or for subsequent refolding are 

not present in the in vitro system. It is also possible that the HSP26-substrate 

complex formed with luciferase at 42 differs from the interaction of 

substrates with HSP26 in vivo. Alternatively, in vivo HSP26-substrate 

complexes may be involved in pathways other than refolding. There is no 

experimental evidence indicating sHSPs are involved in facilitating the 

proteolysis of irreversibly inactivated substrates. However, ubiquitin and a 

number of proteases are induced following heat stress (Morimoto et al., 

1994). I cannot rule out the possibility that substrates that are not reactivated 

under the conditions used here may represent proteins that would be targets 

for sHSP-medlated proteolysis. 

Another observation not directly addressed by the model is the 

possibility that HSP26 may bind substrate proteins at non-stress 

temperatures. The sedimentation velocity analysis of HSP26 induced in 
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Stationary phase ceils at non-stress temperatures does not prove, but is 

consistent with, HSP26 binding substrate at non-heat stress temperatures. 

The observation that HSP26 is induced at non-stress temperatures during 

sporuiation and during stationary phase also suggests that HSP26 can 

interact with celluar components at non-stress temperatures. sHSP-

substrate association at non-stress temperatures would indicate that 

elevated temperatures are not required to expose substrate binding sites. 

HSP26 associated with luciferase only at elevated temperatures under the 

conditions used in this study. However, at non-stress temperatures, 

substrate binding sites might become accessible following interactions with 

specific sequences found on substrates in vivo, but not in native luciferase. 

Alternatively interactions between substrates and HSP26 at non-stress 

temperatures may require non-specific hydrophobic patches or other 

structural elements that are not present in luciferase at room temperature. 

Initial non-hydrophobic interactions between substrates and the E. coli 

chaperone SecB are thought to cause conformational changes in the 

chaperone, resulting in the exposure of hydrophobic substrate binding sites 

(Randall and Hardy, 1995). Identification of the in vivo substrates of HSP26, 

or studies characterizing additional substrates may help indicate if and how 

HSP26 might interact with substrates at non-stress temperatures. 
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Paths to identifying proteins that interact with HSP26 in vivo 

Biochemical approaches 

To understand how sHSPs function it will t)e necessary to identify the 

proteins with which the proteins interact; both substrates and other 

chaperones. Chaperones appear to work in association with other proteins 

to fomn "chaperone machines", (Gething, 1991) and different chaperone 

machines function together in processes such as protein transport through 

organelles and hormone receptor maturation. HSP70 has been shown to 

release substrate from a mammalian sHSP (Elimsperger et al., 1997) and 

Dr. Gary Lee has shown the involvement of HSP70 and Ydj-1 and HIP in 

releasing substrates associated with pea HSP18.1 (personal 

communication). Preliminary evidence from Dr. Lee also suggests that an 

Arabidopsis HSP70 and Ydj analog (Atj2) can also release substrate from 

HSP18.1 in the presence of a potential plant specific nucleotide exchange 

factor (identified and supplied by Dr. J. Miernyk). 

I attempted to develop a S. cerevisiae cell lysate that would facilitate 

substrate release and refolding in vitro. A yeast lysate system would have 

allowed the identification of yeast specific factors and would have avoided 

the potential protein-protein recognition problems associated with using a 

heterologous system. In addition the role of specific chaperones could be 

efficiently tested using lysates made from the appropriate mutant strains. 

Yeast lysates were prepared by liquid nitrogen lysis or by glass bead 

homogenization (data not shown) and incubated with performed sHSP-

substrate complexes. Unfortunately, no significant recovery of luciferase 

activity was observed in yeast lysates prepared from wildtype and AHSP26 



yeast strains. Although the possibility that in vivo HSP26 does not act to 

facilitate refolding cannot be ruled out, the concentration of total protein 

achievable in these extracts (32 mg/mL) is only 15% of the protein 

concentration of reticulocyte lysate, and perhaps more significantly, the 

concentration of several chaperones in reticulocyte lysate is in the pM range, 

while in the yeast lysate chaperones may be orders of magnitude less 

abundant. To test the ability of specific yeast chaperones to facilitate 

substrate release from HSP26 it may be possible to add the appropriate 

purified components to HSP26-substrate complexes. A number of yeast 

chaperones and chaperone associated proteins have been successfully 

overexpressed and purified, which should greatly simplify this approach. 

Genetic approaches 

An obvious significant remaining question is the identification of 

substrates that interact with the sHSPs in vivo. Although the sHSPs, like 

other chaperones, may bind substrates in a non-specific manner, the 

diversity of plant sHSPs may be consistent with different substrates 

associating with different classes of sHSP. Specific sHSPs are 

developmentally expressed in Drosophila, plants and C. elegans. Yeast 

produces one sHSP constitutively and another during stress. Although there 

may be some overlap in function, there are also likely to be additional 

functions or substrates which distinguish the two HSPs in vivo. Some of the 

heterogeneity in structure and chaperone activity observed when comparing 

sHSPs from different organisms, or from different organelles in the same 

organism, may reflect an underlying diversity of function or substrate for the 
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sHSPs. Identification of the in vivo substrates for a number of different 

sHSPs will help clarify the role(s) of the sHSPs in vivo. Examining the 

phenotype of yeast cells deleted in the sHSPs, and with one or more 

additional mutations may be the most powerful way to identify potential 

substrates. The phenotype of sHSP deletions in combination with specific 

mutations of interest (e.g. other yeast chaperones, proteases and actin) are 

also being examined. When such phenotypes are detected it will be 

possible to determine if sHSPs from other organisms can substitute for the 

yeast sHSP. If sHSPs from diverse organisms can fully substitute for each 

other in vivo this will suggest that there is limited specificity in sHSP-

substrate interactions. For this purpose I have developed vectors which 

direct the expression of Arabidopsis HSP21 in yeast, and 1 have 

demonstrated that HSP21 forms oligomers of the appropriate size in yeast 

cell lysates (data not shown). Potential substrates of HSP26 identified 

genetically may in the future be tested biochemically for direct interactions. 
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