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ABSTRACT 

Experiments were conducted to quantify Hsp70 proteins and 

mRNAs in non-stressed bovine tissues, skeletal muscle 

undergoing heat shock and during cardiac muscle anoxia. 

Antibodies that show specificity against the inducible Hsp70 

were developed and used in immunofluorescence and quantitative 

ELISA experiments. Tissue surveys using the ELISA assay 

demonstrated Hsp70 to be present in all tissues, with skeletal 

muscle about three fold higher than the other tissues at about 

9 ngjJ.I.g. Immunofluorescence results in non-stressed ovine 

skeletal muscle showed Hsp70 to be mostly located in the 

sarcoplasm and a small but specific staining pattern 

suggestive of sarcoplasmic reticulum (SR) staining was 

observed. Skeletal muscle fractionation studies demonstrated 

about 1% of Hsp70 to be localized in the SR. Skeletal muscle 

heat shock and cardiac muscle anoxia determined that Hsp70 

could be elevated by either of these insults, with heat shock 

increasing Hsp70 levels about two fold. Temporary cardiac 

anoxia experiments demonstrated that Hsp70 could be partially 

increased by initial handling of the heart, but after 3 hours 

following the release of a complete aortic clamp, Hsp70 levels 

had increased about four fold over basal levels. 

A eDNA for bovine skeletal muscle Hsp70 was isolated and 

used for RNAse protection assays and expression experiments. 

Results from RNase protection assays demonstrated the presence 
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of the complete eDNA in all tissues examined with a pattern of 

expression between tissues similar to Hsp70 protein profiles. 

Skeletal muscle contained the highest level of Hsp70 mRNA, 

about three fold higher than brain. Skeletal muscle heat 

shock experiments demonstrated about a four fold increase in 

the level of Hsp70 mRNA from 0.4 pgj~g total RNA to about 1.65 

pg/~g total RNA. Bacterial expression and purification of the 

eDNA product demonstrated the recombinant protein to have 

identical mobility in polyacrylamide gels containing SDS and 

crossreactivity to Hsp70 antibodies as the inducible Hsp70. 

Two dimensional gel electrophoresis demonstrated that the 

recombinant protein encodes a minor isoform in skeletal 

muscle, and carbamylation of the recombinant protein showed 

the carbamylated protein to form a train similar to bovine 

skeletal muscle heat shock protein. 
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CHAPTER 1 

INTRODUCTION 

It is well established that in response to environmental 

stresses cells synthesize a group of proteins called the heat 

shock proteins (reviewed by Hendrick and Hartl, 1993; Welch, 

1992; Gething and Sambrook, 1992; Burel, et al., 1992; Ellis 

and van der Vies, 1991). This response, initially known as 

the heat shock response, is characterized by a rapid increased 

expression of this select group of proteins. It is now 

appreciated that in addition to heat shock, increased 

expression of these proteins also occurs when cells are 

exposed to a number of other proteotoxic insults, perturbants 

of protein structure, including amino acid analogues, heavy 

metals, anoxia, arsenite, and metabolic poisons. 

Consequently, due to the fact that so many varied insults 

result in similar changes in gene expression, this response is 

often referred to as the stress response and the heat shock 

proteins as the stress proteins (Welch, 1992). It is thought 

that the function of these induced proteins is to help the 

cell survive the stress by preventing unproductive protein

protein interactions or aggregates that occur during stressful 

insults, but the mechanism by which this occurs is unclear 

{Gething and Sambrook, 1992; Hartl and Martin, 1992). 
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A significant amount of work has demonstrated that the 

stress proteins are essential for survival of the cell. The 

most intensely studied of these proteins belongs to the class 

of proteins with molecular weight of 70 kDA, and this family 

is known as the Hsp70 family of proteins. Multiple Hsp70 

genes have been identified in various organisms, and it has 

been shown that expression of these proteins is necessary for 

cellular viability {Craig and Gross, 1991). Several members 

have been identified in this family of proteins: the 

constitutive Hsc70; the highly inducible Hsp70; the glucose 

regulated 78 kDA BiP protein; and Hsp75 located in the 

mitochondria. The constitutive Hsc70 and inducible Hsp70 have 

80% amino acid identity and share similar biochemical 

properties. Chromatographically, these proteins behave 

identically and the only feasible form of separation is using 

polyacrylamide gels containing sodium dodecyl sulfate. In 

several organisms (bovine skeletal muscle, some mouse and 

human skeletal muscles, and cell cultures of primate origin) 

the inducible form of the Hsp70 is constitutively expressed 

{Guerriero et al., 1991; Locke et al., 1991; Beckmann et al., 

1992). The presence of the inducible form of the Hsp70 

proteins expressed under non-stress conditions in some cells 

suggests that these proteins may perform a more uni versa! 

function in the cell. 
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The precise regulation of the heat shock response is very 

complex and it is highly dependent on the cell type and the 

previous history of the cell (Laszlo, 1988). Results from 

multiple studies have correlated the thermotolerant effect on 

the cell to be related to a maximal, yet specific, Hsp70 level 

(Beckmann et al., 1992; Li et al., 1989). The absolute level 

of Hsp70 for these studies was not absolutely quantified 

because those studies relied on incorporation of 35s-methionine 

into newly translated proteins. This is not an accurate method 

to quantify Hsp70 proteins since Hsp70 is detectable in some 

tissues or cells prior to a stressful insult and this basal 

level of Hsp70 proteins escapes radiolabelling. For these 

reasons, Hsp70 quantitative data, in order be meaningful must 

be obtained using methods that are independent of the 

translational machinery, like immunoblots or ELISA assays. 

Immunoblots are much less quantitative than ELISA assays. 

For the same regulatory reasons stated above, the same 

problem exists for Hsp70 mRNA quantitation. Numerous studies 

have assayed for relative changes in Hsp70 mRNA levels, yet it 

is critical to know the exact Hsp70 mRNA levels to understand 

the stress response in the cell. 

Two-dimensional electrophoresis of stressed cell extracts 

have revealed the presence of several inducible Hsp70 isoforms 

(Guerriero et al., 1991; Beckmann et al., 1992; craig, 1985), 

yet the nature of each of the isoforms remains a mystery. 
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These isoforms are widely accepted to exist for Hsp70 with 

isoelectric points between 5. 1 to 6. 5. There are three 

possibilities for the existence of these isoforms. It is 

possible that there are multiple genes for the inducible 

Hsp70, and each isoform is encoded by a different gene product 

that varies in amino acid composition sufficiently to cause 

the charge shift observed in the two dimensional gels. 

Alternatively, there could exist one gene product for Hsp70 

and each of the isoforms is a product of some 

posttranslational modification(s) that changes the charge of 

the generated Hsp70 protein. Lastly, a combination of the two 

explanations is also possible. 

These two questions were made the objective of this 

study. To address the protein quantitation question, a 

competitive ELISA assay was developed, and this assay was used 

to measure Hsp70 levels in different bovine tissues, under 

conditions of skeletal muscle heat shock, and in a separate 

study under conditions of complete temporary cardiac anoxia. 

In order to address the mRNA quantitation and isoform 

question, a molecular biology approach was used. A bovine 

Hsp70 eDNA clone was isolated encoding the entire coding 

region and 3' domain, and a quantitative RNAse protection 

assay was developed. This assay was used to quantify Hsp70 

mRNA levels in distinct bovine tissues, and in skeletal muscle 

under conditions of heat stress. The same Hsp70 eDNA was 
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expressed in an E.coli expression system, and the purified 

protein was carbamylated to identify Hsp70 isoforms having 

sequential charge shifts of minus one. 

The results of these experiments provide quantitative 

information for Hsp7 0 at the protein and mRNA level, and 

establish that there may exist a maximal level of expression 

at the protein level caused by the different form of 

proteotoxic insults known. They also verify the previous 

observation that Hsp70 mRNAs are preferentially translated, 

and that heat shock is not necessary for this preferential 

translation. Hsp70 carbamylation results demonstrate that the 

reason for the existence of the different Hsp70 isoforms may 

be posttranslational modifications of Hsp70 molecules with 

charge differences of minus one. This information provides 

some basic knowledge as to the regulation of these proteins, 

and opens the opportunity for many, key, structure/function 

studies. 
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CHAPTER 2 

LITERATURE REVIEW 

Heat Shock Proteins 

The heat shock response occurs in most organisms when 

adverse changes in the local environment occur. Most inducers 

of the stress response represent treatments that perturb 

protein structure and folding such as a transient rise in 

temperature (5-6°C above basal organismal physiologic 

temperature), the addition of chemical perturbants like sodium 

arsenite, ethanol, heavy metals, amino acid analogs, or 

anoxia. It is possible to distinguish three succesive phases 

in the cellular response to these aggressive treatments. 

First there is a general, but not absolute, decrease in gene 

transcription and mRNA translation. In the second phase, 

transcriptional activation of the heat shock protein (Hsp) 

genes occurs, and this is followed by a recovery phase. This 

general response pattern to stress has been shown to be highly 

conserved from bacteria to higher eukaryotic organisms 

including mammals. The timing of the presentation suggests 

that these proteins play a very important role in the repair 

and the control of the cellular damage caused by the insulting 

treatment. Yet studies have shown that the synthesis of heat 

shock proteins is only a part of a general adaptive response 

since the inducible and constitutively expressed heat shock 
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proteins are present under conditions not considered 

stressful. The heat shock proteins have been classified into 

five general families distributed throughout various 

intracellular compartments of the cell performing activities 

related to the functionality of nascent, maturing or senescent 

proteins. The cellular effects of these proteotoxic insults 

affect multiple if not all cellular structures known, and 

these changes have been well documented (Laszlo, 1992; Welch, 

1992; Subjeck and Shyy, 1986). For the purpose of this 

review, these effects will be presented as they relate to the 

Hsp70 family of proteins. 

When cells are exposed to a proteotoxic insult and 

analyzed by one or two dimensional gel electrophoresis, the 

major proteins synthesized are a protein at 110 kDa, two 

proteins at 90kDa, at least five major proteins at 70 kDa, a 

protein at 60 kDa, and several proteins at 20-28 kDa. These 

proteins have been purified and the genes for most of these 

have been identified and characterized to give some clues as 

to their biochemical properties and their physiological roles. 

Among the Hsps it is the 110 kDa and some of the 70 kDa 

proteins that are induced de novo since they may be 

undetectable in normal unstressed cells. The 110 kDa protein 

has been shown to have some regions of homology to the 

ClpA/ClpB protease regulatory protein in E.coli, and to have 

two ATP binding sites. One ATP binding site is similar to the 
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f1-ATPase while the second ATP binding site is similar to the 

ATP binding site in myosin. It has been shown to bind to 

proteins in a manner similar to the other chaperones (proteins 

that prevent inappropriate protein-protein interactions). The 

relationship of the ATP binding sites as it refers to its 

function is not known, but it is proposed that although it has 

amino acid homology to a regulatory protein of the ClpA/ClpB 

proteases, it does not function as an ATP dependent protease 

regulator since gene knock-out mutants in s.cerevisiae for 

Hsp104 do not show the phenotype of mutants lacking proteosome 

subunits or components of the ubiquitin system (Parsell et 

al., 1991). Instead it is proposed that it may function more 

generally to prevent protein aggregation or denaturation of 

vital cellular structures since the thermotolerance defect of 

yeast cells lacking Hspl04 is suppressed by the overexpression 

of Hsp70 (Sanches et al., 1992). 

Hsp90 is an ubiquitous, abundant, essential, and highly 

conserved protein that is bound to the steroid receptors and 

to the dioxin receptor. It exists as two isoforms, Hsp90a and 

Hsp90~, encoded by two different genes (Minami et al., 1993), 

and it is thought that Hsp90 performs also a general chaperone 

function in the cell. Hsp90 must be bound to the steroid 

receptors for the hormone binding domain to be in a high 

affinity ligand binding conformation. The binding of Hsp90 to 

steroid receptors and to some protein kinases is stabilized by 
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molybdate, vanadate, and tungstate. Molybdate binds to the 

ATP site of Hsp90 and induces a conformational change in 

Hsp90. Hsp90 has been identified as part of a heterocomplex 

composed of the steroid receptor, Hsp90, Hsp70, Hsp56, and a 

protein of 23 kDA, and it is known that these particles move 

through the cytoplasm toward the nucleus in a process that is 

driven by tubulin-associated dynein motors (Pratt, 1993). 

The Hsp70 family of stress proteins consists of at least 

five major members, all of which are related in structure and 

bind ATP. These include DnaK, the bacterial form of the 

Hsp70; the constitutively expressed Hsp73 (Hsc70), present in 

the cytosol, and in the nucleus; the stress inducible Hsp72 

(Hsp70), present in the cytosol, nucleus and nucleolus; the 

constitutive glucose regulated Grp78 (Bip), present in the 

endoplasmic reticulum; and the constitutive Grp75 present in 

mitochondria. Studies indicate that members of this family of 

proteins interact transiently with various cellular proteins 

that are in the process of maturation (Welch, 1992). Hsc70 

proteins are 

mitochondrial 

essential in facilitating proteins across 

or endoplasmic reticular membranes by 

maintaining these proteins in an unfolded state (Craig and 

Gross, 1991). Hsc70 proteins promote the dissassembly of 

clathrin cages in a process that requires ATP hydrolysis and 

the presence of clathrin light chains (Gao et al., 1991). Bip 

interacts with proteins that are translocated into and 
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assembled in the endoplasmic reticulum lumen (Pelham, 1989), 

and DnaK which associates with bacterial RNA polymerase 

through many purification steps uses the energy from ATP 

hydrolyisis to reactivate a heat denatured form of this 

polymerase (Skowyra et al., 1990). The interaction of the 

Hsp70 family members with their known target proteins is 

transient and specific, with release of the target dependent 

on ATP hydrolysis. 

Members of the Hsp60 family (GroEL in bacteria) are 

present in all prokaryotes and in eukaryotic organelles such 

as mitochondria and chloroplasts that have a probable 

endosymbiotic origin. These proteins which have been renamed 

Chaperonin-60 are large oligomers composed of two-rings of 

seven subunits stacked on each other. In E.Coli, this toroidal 

ring of proteins interacts functionaly in an ATP dependent 

manner with a 7 member ring of GroES, a 10 kDA polypeptide. In 

the presence of an unfolded substrate, the ATPase activity of 

GroEL is coordinated such that all 14 ATP molecules are 

hydrolysed at the same time and permit the unfolded protein to 

fold (Hendrick and Hartl, 1993). Mitochondria of mammalian 

cells have a protein that is structurally and functionally 

homologous to GroES (Mizzen et al., 1991). 

The 20-28 kDA family of stress proteins is much less 

conserved than the other heat shock proteins. Some members 

have been difficult to identify because they have a low 
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methionine content which results in low labelling when newly 

synthesized stress proteins are identified by labelling with 

radioactive methionine. These proteins are phosphorylated by 

protein kinase c and protein kinase A, and it is proposed that 

this phosphorylation step may regulate protein polymerization 

(Evans et al., 1990) . These proteins are structurally related 

to a-crystali'n proteins of the lens, and they are proposed to 

prevent protein aggregation during periods of stress by some 

unknown mechanism (Kato et al., 1992). 

The stress Response 

The molecular response to temperature upshift has been 

extensively studied in both prokaryotic and eukaryotic 

organisms, and as other chemotoxic insults were studied it 

became apparent that they had a commonality: the insults 

affected protein structure. The results of these insults were 

observed to occur in three general phases. 

First Phase 

In the first phase, there is a decrease in general gene 

transcription and translation. There are changes in the cell 

morphology, and the cytoskeleton, and some enzymatic 

activities are lost or decreased perhaps due to denaturation 

of the corresponding enzymes. However other enzymes are 

activated, including some protein kinases that do not require 



25 

protein synthesis for activation. These protein kinases serve 

an adaptive function, and prevent the insult from generating 

more damage or denaturing more proteins. The kinases permit 

the modification of specific gene transcription by 

phosphorylating the heat shock transcription factor. 

Hyperthermia has multiple detrimental effects on cellular 

structure and function. Morphologically, hyperthermic cells 

round up, loose their microvilli, and generate membranous 

blebs. The numerous effects include inhibition of glycolysis 

and respiration (due to mitochondrial failure) , inhibition of 

translation and loss of polysomal structure (due to 

phosphorylation of eiF-2) , formation of nuclear actin bundles, 

loss of microtubal assembly, and the collapse of keratin and 

vimentin containing intermediate filaments (Laszlo, 1992). 

The heme regulated protein kinase looses its hsp70 moiety, and 

becomes activated to phosphorylate eiF-2 inhibiting general 

translation. Yet this inhibition permits the efficient 

translation of heat shock gene mRNA (Matts et al., 1992). At 

the level of the nucleus, perichromatic granules are 

increased, and a dramatic loss of nucleolar ribonucleoprotein 

granules and internucleolar chromatin is observed leading to 

a loss of ribosomal RNA processing. The synthesis of 

heteronuclear RNA by RNA polymerse II is maintained during 

heat shock, but intron splicing is severely inhibited by heat 

shock (Laszlo, 1992; Yost and Linquist, 1986). DNA synthesis 
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is inhibited at the level of initiation and elongation. This 

is possibly due to the increased aggregation of nuclear 

proteins to chromatin and the nuclear matrix (Laszlo, 1992). 

The overall effect of these changes is the creation of protein 

aggregates at all levels of the cell, and the immediate 

response is the solvation of these aggregates by heat shock 

proteins. 

Other proteotoxic insults also cause protein denaturation 

or the inhibition of protein maturation during this first 

phase of the stress response. Heavy metals denature proteins 

by removing electrons or oxidizing key amino acid side chains 

and arsenite binds to vicinal cysteine residues preventing the 

protein from attaining a proper tertiary structure (Beckman et 

al., 1992) . Ethanol and anoxia cause protein denaturation via 

the synthesis of the highly reactive oxygen radical o2- and 

hydrogen peroxide as a by-product of reoxygenation or ethanol 

oxidation (McCord, 1986). The proline amino acid analog, 

azetidine, causes protein denaturation by preventing proper 

protein folding, and the antibiotic puromycin causes the 

ribosome to prematurely release the growing peptides 

preventing them from folding (Beckmann et al., 1992). 

During this first phase of the stress response, not only 

are substrates for the heat shock proteins being created and 

proteins being denatured but the transcriptional and 

translational machinery are being prepared for the efficient 
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synthesis of the heat shock proteins. Phosphorylation of eiF2 

by a heme-regulated protein kinase causes the shut off of 

polypeptide chain initiation upon sequestration of the 

initiation factor responsible for eiF recycling (Matts, 1992). 

However, translation of the heat shock proteins mRNAs occurs 

efficiently during hyperthermia via a mechanism independent of 

the mRNA cap structure. This cap-independent mechanism has 

been proposed because heat shock proteins mRNAs have very 

little secondary structure at the 5' terminus thereby not 

requiring the ATP dependent unwinding activity of the 

translation machinery (Joshi-Barbe et al., 1992) . At the 

level of transcription, two mechanisms are being activated to 

ensure the synthesis of heat shock protein mRNAs. First, the 

heat shock genes overcome the inhibition of transcript 

maturation (splicing) by not containing introns (Yost and 

Lindquist, 1988). Second, the heat shock factor is activated 

to accelerate transcription of the heat shock genes. 

Activation of the heat shock gene transcription is mediated by 

the trimer of the trans-acting heat shock factor (HSF) binding 

to the cis-acting heat shock element (HSE). The HSE consensus 

sequence is defined as the repeat of a 5-bp unit, nGAAn or 

nTTCn, where n is any nucleotide (Hosokawa et al., 1992). In 

s. cerevisiae HSF is bound to the DNA in unstressed cells and 

undergoes a heat shock dependent phosphorylation concomitant 

with transcriptional enhancement, and in Drosophila and in 
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mammalian cells HSF exists as an non-DNA binding form which is 

rapidly converted to a DNA binding form by elevated 

temperatures and the other forms of stress. It has also been 

shown that human HSF is phosphorylated in heat shocked cells 

(Sarge et al., 1993). 

It has been speculated, on the basis of Drosophila HSF 

studies, that Hsp70 may negatively regulate heat shock gene 

expression via an autoregulatory loop. According to this 

theory, the increased levels of misfolded proteins induced 

bind all of the endogenous Hsp70 present under non-stress 

conditions. The equilibrium established between free Hsp70 

and Hsp70 bound to the HSF is no longer maintained. Free HSF 

is now able to oligomerize, bind to tho HSE and enhance hsp 

gene transcription (Morimoto, 1993: Baler et al. , 1992) . 

Support for this regulatory role of Hsp70 comes from in vitro 

experiments. Inactive HSF in cytoplasmic extracts from non

heat shocked HeLa cells can be converted to the DNA binding 

state by exposure to heat, non ionic detergets, or low pH 

(Mosser et al., 1990), but the addition of Hsp70 blocks this 

conversion (Abravaya et al., 1992). The inhibitory effect of 

Hsp70 on HSF activation is relieved by the addition of ATP, an 

essential feature of Hsp70 function. These observations are 

interpreted to suggest that the inhibition is mediated by 

Hsp70, possibly through an alteration of the native 

conformation of HSF (Morimoto, 1993) . Although the stable 
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interaction between Hsp70 and the inactive form of HSF has not 

been yet directly demonstrated, complexes containing Hsp70 and 

the active form of HSF have been detected from extracts of 

heat shocked cells {Abravaya et al., 1992). The association 

between the HSF trimer and Hsp70 may be important in the 

conversion of the HSF trimer into the HSF monomer. 

The duration of this first phase of the stress response 

has been correlated with the previous exposure of the cell to 

proteotoxic insults. Studies performed by Mizzen and Welch 

{1988) have demonstrated that cells respond to defined 

amounts of stress by titrating the endogenous levels of Hsp70 

proteins. They suggest that a cell containing elevated levels 

of endogenous Hsp70, after a stressful insult, will exhibit an 

acceleration in the recovery of translational ability and 

recovery to normal physiological translational patterns 

{Mizzen and Welch, 1988). This primary phase varies in 

duration. It may be so brief that the cell immediately begins 

the synthesis of the heat shock proteins or it may take the 

cell up to five hours to respond to the insult (Mizzen and 

Welch, 1988). The variation in time depends on the endogenous 

levels of Hsp70 and the severity of the stress insult. 

second Phase 

In the second phase, Hsp gene transcription occurs, and 

the mRNAs generated are preferentially translated and 
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This leads to accumulation and specific 

localization of the heat shock proteins. 

The effects of heat shock and other proteotoxic insults 

include the accumulation of heat shock protein mRNAs and the 

preferential translation of these mRNAs. Although it has been 

suggested that the heat shock mRNAs may require stressful 

conditions for their synthesis (De Benedetti and Baglioni, 

1986) , there is ample evidence suggesting that these mRNAs are 

translated in the absence of stress. Heat shock mRNAs 

isolated from various organisms translate efficently in wheat 

germ, Drosophila, and rabbit reticulocyte in-vitro translation 

extracts (Banerji et al., 1984;), and it is known that some 

cell cultures from primate origin and bovine skeletal muscle 

display elevated levels of the inducible form of Hsp70 under 

non-stress conditions (Mizzen and Welch, 1988; Guerriero et 

al. , 1989) • 

Another consequence of the heat shock response during 

this phase of the stress response is the change in Hsp70 mRNA 

half life. During heat shock Hsp70 mRNA appears to be more 

stable relative to its short half life in cells recovering 

from stress (Theodorakis and Morimoto, 1987), increasing from 

about 50 minutes in non stressed cells to several hours during 

stress (Theodorakis and Morimoto, 1987). The stability of 

Hsp70 mRNA increases during heat shock or in the presence of 

protein synthesis inhibitors, and as the level of Hsp70 
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increases during stressful recovery, the half life of Hsp70 

mRNA decreases to its original state (Theodoriakis and 

Morimoto, 1987). 

During proteotoxic events, the presence of Hsp70 family 

of proteins has been correlated with the ability of the cell 

to overcome a subsequent insult. This process is known as 

acquired thermotolerance, and it is correlated with the 

cells's Hsp70 levels. It has been observed that the absolute 

amount of the Hsp72/Hsp73 stress proteins produced varies as 

a function of the stress severity. Cells exposed to a lesser 

insult produce less Hsp73/Hsp72 proteins than those cells 

treated by a stronger insult (ie. prolonged and increased heat 

shock, increased concentration of arsenite, etc.). Moreover, 

tolerant cells given a particular stress challenge produce 

less Hsp73/Hsp72 than non-tolerant cells exposed to the same 

insult. In the same group of experiments, it has been 

demonstrated that cells respond to defined amounts of stress 

by increasing the levels of the induced Hsp70 proteins and the 

amount depends on the preexisting levels of Hsp70 in the cells 

(Mizzen and Welch, 1988). These results predict that the half 

life of the Hsp70 molecules will dictate the duration of 

thermotolerance. The following experiments are consistent 

with this prediction. Cells treated with the amino acid 

analog L-azetidine 2-carboxylic acid, produce Hsp70 proteins 

with a half-life of about 3-6 hours. When these cells were 
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challenged with a lethal heat shock , they responded as the 

control cells not having a history of thermal stress. on the 

other hand, when cells stressed by arsenite or heat shock at 

43 ·c for 30 minutes followed by a recovery period were 

challenged by a similar lethal heat shock, they were 

therrnotolerant. These cells initially stressed by heat or 

arsenite produced Hsp70 proteins with half lives ranging from 

38-49 hours, and they remained thermotolerant for periods of 

time corresponding to the half-life of the Hsp70 molecules 

(Mizzen and Welch, 1988). These results suggest that it is 

not only the presence of the Hsp70 molecules that mediate this 

therrnotolerant response but also the functionallity of the 

proteins, since the Hsp70 proteins containing the amino acid 

analog, azc, were non-functional (Mizzen and Welch, 1988). 

Having the correct Hsp70 protein structure and 

appropriate level are not the only necessary factors for 

therrnotolerance. Riabowl et al. (1988) have used antibodies 

against Hsc70 and Hsp70 to demonstrate its localization in the 

cell before and after heat shock. Prior to heat shock, they 

observe Hsc70, and Hsp70 in primate cells to be diffusely 

localized in the cytoplasm of the cell. But a heat shock 

challenge caused the Hsc70 and Hsp70 proteins to localize in 

the nucleus, with the majority of the staining localized in 

the nucleolus (Ribowol et al., 1988). The same group 

microinjected therrnotolerant cells with antibodies against 
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Hsp70. These cells were then challenged with a lethal heat 

shock. Heat shock was lethal to cells microinjected with 

Hsp70 antibodies regardless of their previous thermal 

adaptation, and these cells did not translocate Hsp70 into 

the nucleus. These results indicated that functional Hsp70 

localized at the correct cellular compartment is necessary for 

cell survival during and after heat stress (Riabowl et al., 

1988) . 

Third Phase 

In this phase, the recovery phase, gene transcription and 

mRNA translation return to normal levels. The cell recovers a 

normal morphology, and the levels of Hsp70 revert to normal. 

The cell becomes thermotolerant, and enzymatic activities that 

were increased or decreased during the first phase return to 

their initial levels (Mizzen and Welch, 1988). 

Stress 70 Protein Family 

The Hsp70 family of proteins were first observed as a 

family of stress inducible proteins of approximately 70 kDA in 

molecular weight. The proteins are conserved and found in 

many different organisms (Craig, 1985). Homologues of the 

Hsp70 proteins occur in the cytoplasm, the nucleus, the 

endoplasmic reticulum, the mitochondria, and the chloroplasts 

(Craig and Gross, 1991). Hsc70 is found in most cells 



34 

studied. Some tissues, including bovine skeletal muscle, some 

rat and mouse skeletal muscles, and some cell cultures of 

primate origin contain elevated levels of the inducible Hsp70 

(Hsp70) under unstressed conditions (Tanguay et al., 1993; 

Welch, 1992; Locke et al., 1991; Gutierrez and Guerriero, 

1991; Guerriero et al. 1989). E.coli has a single Hsp70, 

DnaK, that is present at high levels and is highly inducible 

upon heat treatment or other forms of metabolic stress. The 

heat inducible Hsp70 proteins of mammalian cells are the major 

translation products of heat shocked cells. Upon heat shock 

Hsp70 accumulates in the nucleolus of these cells, bound to 

nucleolar structures, but it is not released by non

hydrolyzable analogs of ATP. From this observation, Pelham 

(1986) inferred a general mechanism of action for Hsp70 

proteins. Hydrophobic regions exposed on an unfolded protein 

bind to Hsp70. This would serve to solubilize and protect 

such unfolded or denatured proteins. ATP-dependent release of 

the Hsp70 would then allow the substrate protein to refold 

(Pelham, 1986). This simple scheme has many uses in the cell, 

and roles for the family of Hsp70 proteins have been described 

in protein metabolism from synthesis to degradation (Welch, 

1992). The ability of Hsp70 proteins to perform such varied 

functions is in part due to the reversible binding of portions 

of a polypeptide chain that resemble the interior of a folded 

protein (Hendrick and Hartl, 1993). The importance of these 
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proteins for survival has been addressed using gene disruption 

mutants in the yeast s.cervisiae. s. cervisiae contains two 

genes encoding cytoplasmic Hsc70 (Ssal and Ssa2) and two genes 

encoding the inducible Hsp70 (Ssa3 and Ssa4). A yeast mutant 

in which Ssal, Ssa2, and Ssa4 were disrupted was non-viable 

but could be rescued by transformation with a plasmid 

containing the Ssal gene under the control of the GALl 

promoter. When these cells were shifted from a galactose 

containing medium to glucose, the levels of Hsc70 decreased, 

accompanied by the accumulation of precursor proteins targeted 

for the mitochondria and endoplasmic reticulum outside these 

organelles (Deshaies et al., 1988). 

structure of stress 70 Proteins 

The high degree of amino acid conservation in the Hsp70 

family has provided for a consensus model of Hsp70 structure. 

All members of the Hsp70 family contain a highly conserved 

amino terminal ATPase domain followed by a less conserved 

carboxy-terminal portion thought to contain the substrate 

binding domain (Hendrick and Hartl, 1993) . Some of the 

compartment-specific members of this family also have amino 

terminal targeting sequences and carboxy terminal retention 

signals (amino terminal hydrophilic sequences for localization 

in the mitochondria, and a KDEL peptide sequence for ER 

retention of BiP) . The 44 kDA amino terminal proteolytic 
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fragment of the bovine Hsc70 has been shown to hydrolyze ATP, 

but this hydrolysis is not responsive to peptide substrates 

and runs continously (Li et al., 1992; Chappell et al., 1987). 

The crystal structure of this ATPase fragment has been 

determined to 2.2 A, and it reveals a structure similar to the 

globular G-actin monomer and hexokinase(Bork et al., 1992; 

Flaherty et al., 1991; Flaherty et al., 1990;). By analogy to 

actin, it has been proposed that ATP hydrolysis by Hsp70 

effects a conformational change that is transmitted to the 

substrate binding domain (Korn et al., 1987). The DnaK 

protein has been shown to undergo a conformational change upon 

binding ATP as observed by a change in the pattern of tryptic 

fragments and this change in conformation correlates with 

reduced binding with an unfolded polypeptide (Liberek at al., 

1991) . Mammalian Hsp70 binds unfolded proteins less tightly 

in the presence of hydrolyzable ATP, but addition of ADP 

inhibits the ATP dependent release of Hsp70 from the unfolded 

protein (Palleros et al., 1991). This has been explained as 

the exchange of bound ADP for ATP being a crucial slow step in 

the release of substrate. Under normal physiologic 

circumstances, complexes of Hsp70 with a substrate protein 

would be only transiently stable at the ATP concentration in 

the cytosol (Hendrick and Hartl, 1993). 

A three dimensional structure of the carboxy-terminus of 

Hsp70 has been proposed based on a consensus secondary 
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structure deduced from the amino acid sequences of 33 Hsp70 

proteins. This consensus secondary structure can be modeled 

onto the crystallographic structure of the soluble domain of 

HLA-A2 protein of the human major histocompatability complex 

(MHC) (Rippmann et al., 1991) . From this modeling, it was 

observed that the peptide binding groove of the MHC, which 

binds an extended nine amino acid residue peptide, in the 

Hsp70 model is lined with hydrophobic residues. Flynn et al. 

(1991) tested the activity of various peptide substrates in 

stimulating ATP hydrolysis by the Hsp70 protein BiP, and it 

was observed that optimal stimulation was achieved with a 

minimal peptide length of seven residues. Hydrophobic residues 

were enriched at every position of the seven-mer peptides at 

a level very similar to that found in the interior regions of 

proteins. such Hsp70 binding would occur statistically every 

16 residues in globular proteins (Flynn et al., 1991). 

However, the Michaelis constants for these peptides varied at 

least 1000 fold, suggesting that some of interactions of 

Hsp70, or at least BiP, can be very transient (Flynn et al., 

1989) . Experiments using nuclear magnetic resonance with 

peptides interacting with DnaK indicate that the bound peptide 

is in an extended structure (Landry and Gierasch, 1991). Also 

DnaK and Hsp70 form stable complexes with reduced carboxy

methyl-a lactalbumin, a modified protein that has little 

secondary structure (Palleros et al., 1991). 
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Translocation Competence of Precursor Proteins 

Precursor proteins destined for mitochondria, endoplasmic 

reticulum, and chloroplasts are maintained competent for 

translocation by the action of Hsc70 and Hsp70, other protein 

factors and cytosolic ATP. The genetic depletion mutants in 

S.cervisiae, mentioned above, were used to demonstrate the 

role of these proteins in the import of proteins into 

mitochondria (Deshaies et al., 1988). The role of Hsp70 in 

protein translocation was also tested in a cell-free 

translocation system. Import into microsomes of prepro-a

factor synthesized in a wheat germ extract was stimulated by 

the addition of cytosol. Depletion of cytosol of Hsp70 with 

antibodies abolished the stimulatory effect, and in order to 

restimulate translocation, Hsp7 0 had to be added with an 

unidentified cytosolic factor which was sensitive to the thiol 

modifying reagent N-ethylmaleimide (NEM) (Chrico et al.,1992; 

1988). The organellar Hsp70 (mitochondrial, chloroplastic, 

or endoplasmic reticular) is required for protein import into 

the respective organelle. In mitochondria, mutants for Hsp70, 

are lethal (Craig, 1987). Partly translocated precursor 

proteins, spanning both outer and inner membranes bind to the 

mitochondrial Hsp70 in the matrix suggesting that Hsp70 

interacts with the extended polypeptide as it exits the 

membrane. Based on these findings, it has been proposed that 

the energy of binding by matrix Hsp70 may provide all or part 
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of the driving force for translocation (Craig et al., 1987). 

Following their interaction with mitochondrial Hsp70, newly 

imported proteins are transferred to mitochondrial Hsp60, 

where they fold in a reaction dependent on ATP hydrolysis 

(Manning-Krieg et al., 1991). In a similar fashion, it is 

thought that Hsp70 pushes the peptide into the compartment. 

Although Hsc70 and Hsp70 can be co-immunoprecipitated 

with nascent polypeptide chains, the nature of Hsp70 action in 

maintaining these precursor proteins 

translocation or folding is not understood. 

competent for 

currently there 

are two models, an active model and a passive model, to 

explain the nature of Hsp70 action. In the active model 

described by Lewis and Pelham (1985), it is proposed that ATP 

hydrolysis causes conformational changes in Hsp70 proteins 

that are transmitted to the substrates, promoting their 

folding or weakening their interaction with other 

polypeptides. According to this model if the protein does not 

assume its proper conformation, Hsp7 0 molecules bind and 

repeatedly hydrolyze ATP until the hydrophobic side chains are 

buried in the interior of the protein (Lewis and Pelham, 

1985). In the passive model proposed by Rothman (1989), it is 

proposed that ATP hydrolysis, which takes place in vitro with 

a turnover time of about 5 minutes, provides for a timed 

mechanism of release of the Hsp70 proteins from its substrate, 

freeing the polypeptide to continue the folding process. This 
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process would occur until the hydrophobic side chains are 

buried in the interior of the protein, and the turnover time 

could be altered in vivo by interactions with other cellular 

components (Rothman, 1989) . 

DnaK and DnaJ Function Together 

It is currently speculated that Hsp70 function may be 

modulated by other cytosolic factors (Chirico, 1992). In 

support of this, Wild et al. , ( 1992) demostrated that the 

bacterial DnaK and its partner DnaJ together can promote in 

vivo translocation of the bacterial alkaline phosphatase 

across E.coli plasma membrane. over-production of both DnaK 

and DnaJ can compensate for the deletion of the secretory 

pathway protein SecB (Wild et al., 1992). Many functions of 

DnaK are potentiated by cooperation with the E.coli heat shock 

proteins DnaJ and GrpE. The interactions of these proteins 

may suggest similar interactions for the functioning of other 

Hsp70 proteins. DnaJ is active as a homodimer of 41 kDA, and 

it stimulates ATP hydrolysis by DnaK. This serves to increase 

the concentration of DnaK activity, and by analogy to the 

mammalian Hsp70, it is expected to bind substrate with higher 

affinity (Ohki et al., 1986; Palleros et al., 1991). The 

E.coli GrpE gene codes for a heat shock protein of 22 kDA and 

it is essential for both lambda DNA replication and host 

growth at all temperatures. GrpE has been shown to stimulate 
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ADP-ATP exchange by DnaK and the combined effect of DnaJ and 

GrpE is an up to 50 fold increase ATP hydrolysis by DnaK 

(Liberek et al., 1991) . By analogy, the maintenance of 

translocation competence in the cytosol of eukaryotic cells 

may involve complexes similar to those of DnaK. In the last 

two years, a number of reports have emerged from several 

laboratories characterizing eukaryotic homologues of E.coli 

DnaJ. Compared with eukaryotic Hsp70 proteins, which share 

>50% sequence identity, DnaJ homologues are more diverse with 

homologies of only about 30% (Caplan et al., 1993). A 

promising eukaryotic DnaJ homologue is Hsp40 which is 

synthesized at very low levels at 37°C and it is localized 

through out the cell. In response to heat shock, its 

synthesis is elevated, relocalizes to the nucleus, and it 

becomes concentrated in the nucleoli (Pelham, 1990). since 

this protein has some homology to DnaJ, and physiologically it 

behaves like Hsp70, it is proposed to function like DnaJ, but 

the true relationship between this protein and Hsp70 remains 

to be shown. 

Hsp70 in Cells under Metabolic stress 

Recently it was demonstrated that many cellular proteins 

could be co-immunoprecipitated with antibodies against Hsp70 

from control, heat shocked, or cells exposed to the proline 

analog azetidine. Results from control cells showed the 
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presence of a significant number of newly synthesized proteins 

and a smear of other proteins representing unfinished nascent 

polypeptides (Beckmann et al., 1992). In cells placed under 

stress by exposure to the amino acid analog or heat shock 

followed by immunoprecipitation with Hsp70 antibodies, a 

number of mature proteins were identified. Following a chase 

period, the heat shock precipitate contained a pattern similar 

to the control cells. In contrast, the cells exposed to the 

amino acid analog contained a number of newly synthesized 

proteins that failed to release due to their inability to 

properly fold (Beckmann et al., 1992). 

During periods of metabolic stress, Hsp70 may play a 

central role as a regulator of the stress response. In 

cultured mammalian cells, proteotoxic insults increase the 

level of unfolded polypeptides and thus decrease the content 

of free Hsp70 leading to the induction of heat shock protein 

transcription (Hendrick and Hartl, 1993). 

Hsc70 and Protein Degradation 

Lysosomal proteases degrade specific subsets of cellular 

proteins. A consensus peptide sequence motif (KFERQ) common 

to proteins targeted to lysosomes has been identified, and a 

proteolytic fragment of ribonuclease without KFERQ is no 

longer targeted to degradation by lysosomes (Terlecky and 

Dice, 1993; Terlecky et al., 1992) . A 70 kDA cytosolic 
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protein called prp73 has been identified as a crucial 

component for the proper targeting for degradation of KFERQ 

proteins, and biochemically prp73 is indistinguishable to 

Hsc70. But the relationship between KFERQ protein binding and 

other functions of Hsc70 such as the uncoating of clathrin 

coated vessicles is not known (Chiang et al., 1989). 

Posttranslational Modifications of Hsp70 Proteins 

Currently there is little information concerning the 

posttranslational modifications of members of the Hsp70 family 

of proteins, yet the existence of inducible Hsp7 0 and BiP 

isoforms are widely accepted. Methylation, phosphorylation, 

and ADP-ribosylation have been reported for the Hsp70 family 

of proteins, but the relationship of these modifications to 

the function of these proteins is for the most part unknown. 

It is only the modifications of BiP that are partially 

understood as they affect its function. BiP appears to be a 

special case since it is the only Hsp70 family member that is 

ADP-ribosylated and phosphorylated. Wang et al., (1992) 

reported in 3T3 cells that Hsc70, Hsp70, and BiP proteins were 

methylated on lysine and arginine residues. They determined 

that three, four, and four methyl groups were incorporated 

into the lysine residues of Hsp70, Hsc70 ,and BiP. However, 

the functional significance of this methylation is unknown. 

From these experiments, they determined that methylation 
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occurs very soon after translation, and that there is very 

little methylation turnover in vivo (Wang et al., 1992). 

However, they did not determine the relationship betweeen 

methylation and the different isoforms of Hsp70 observed. 

Phosphorylation of some members of the Hsp70 family of 

proteins has been demonstrated, but as with methylation, the 

significance of phosphorylation remains unknown. DnaK has 

been shown to be autophosphorylated in a divalent cation 

dependent manner on serine and threonine residues (Leustek et 

al., 1992; Leustek et al., 1989), and this observation served 

as an impetus to look for phosphorylation of other Hsp70 

proteins. It was determined that mitochondrial Hsp70 and BiP 

from HeLa cells and Drosophila Hsp70 were autophosphorylated 

(Leustek et al., 1992). The physiological reversibility of 

these phosphorylations have not been reported. 

Posttranslational modifications of BiP, including 

phosphorylation and ADP-ribosylation, on substrate (denatured 

protein) free Bip were restricted to BiP oligomers. Only 

unmodified, monomeric BiP molecules were found in complexes 

with unfolded or unassembled peptides. Both modifications 

were obtained in the absence of new protein synthesis, had 

shorter half lifes than BiP itself, and they were acquired at 

a time when BiP was released from proteins undergoing 

degradation. It is proposed that BiP exists as two pools: a 

modified oligomeric form, and an unmodified monomeric form, 
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and the two pools appear to be rapidly interconvertible in 

response to alterations in the pools of non-transported 

proteins in the ER (Freiden et al. 1 1992; Blond-Elguindi et 

al. 1 19 9 3) . From this data 1 it is proposed that ADP

ribosylation of BiP may be used to rapidly adapt the need of 

chaperone proteins in the ER in response to the needs of the 

ER (Blond-Elguindi et al. 1 1993). 
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Nitrocellulose (0.22 ~m and 0.45 ~m) was obtained from 

Schliecher and Schuell (Keene, NH). Bicinchoninic acid (BCA) 

protein analysis reagents and cross-linked agarose beads 

(activated to form aldehyde groups for protein affinity resin) 

were purchased form Pierce Immunochemicals (Rockford, IL) . 

Dialysis membranes were from Spectrum Medical Industries (Los 

Angeles, CA). FlO nutrient mixture was obtained from Gibco 

Laboratories (Grand Island, NY). Bacto-agar, bacto-tryptone, 

and bacto-yeast extract were obtained from Difco Laboratories 

(Detroit, MI). Random priming oligo-labelling kits, nested 

deletions kits and eDNA synthesis kits were obtained from 

Pharmacia P-L Biochemicals (Milwaukee, WI). Sequencing 

quality double stranded plasmid DNA was obtained using a 

QIAGEN miniprep kit (Chatsworth, CA). Poly(A) RNA isolation 

kits (Fast-Track RNA isolation kit) were obtained from 

Invitrogen (San Diego, CA), and Lambda ZAP II vector kits and 

Giga-plus in-vitro Lambda Packaging kits were obtained from 

Stratagene (La Jolla, CA). Restriction and modifying enzymes 

were obtained from Promega (Madison, WI) . 32p radiolabelled 

nucleotides (rUTP and dCTP) and 35s labelled dATP were obtained 

from New England Nuclear (Boston, MA). EIA/RIA 96 well 

styrene plates were purchased from Costar Corporation 
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(Cambridge, MA). Cryostat apparatus was from Reichert-Jung 

(Germany), and OCT tissue mounting reagent was from TissueTek 

(Elkhart, IN) . Sequencing apparatus model S2 was from BRL 

(Gaithesburg, MD), and the electroeluter was from 

International Biotechnologies Inc. (New Haven, CT). 

Amplification reactions were performed in either of two 

thermal cyclers (Techne Dri-Block PHCl, Cambridge, UK or 

Hybaid ornnigene, Woodsbridge, NJ). Glass rnicrofiber filters 

Bf/c, 3MM filter paper and DE-52 resin were obtained from 

Whatrnan (Maidstone England). Unless otherwise specified, all 

other reagents were purchased from Sigma Chemical Company (St. 

Louis, MO). 

Hsp70 and Hsc70 Protein Purification 

Skeletal muscle and recombinant proteins were purified 

following the procedure of Guerriero et al. ( 1989) . Bacterial 

pellets were resuspended in a volume equal to the original 

induction media. The suspension media consisted of column 

buffer (20 rnM Tris-acetate (pH. 7.4), 20 rnM NaCl, 0.1 rnM EDTA, 

and 5 rnM 2-rnercaptoethanol) . Bovine skeletal muscle was 

trimmed of connective tissue, cut into 1-2 ern squares, 

suspended in 10 volumes of column buffer and homogenized three 

times for 30 seconds each in a waring blender at the highest 

setting. Both the bacterial and skeletal muscle suspensions 

were homogenized in a polytron at a medium setting for 1 
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minute and centrifuged at 10,000 x g for 20 minutes at 4°C. 

The supernatants were applied to a 2. 5 ern x 25 ern anion 

exchange column (DE-52) previously equilibrated in column 

buffer under gravity flow. The anion exchange columns were 

washed in column buffer until OD280 reached zero and bound 

proteins were eluted with a single salt step of 200 rnM NaCl. 

Ammonium sulfate (final amount at 20% saturation) was added to 

the isolated peak. This was then applied to a phenyl 

sepharose column. 

Phenyl sepharose columns were equilibrated with column 

buffer 20% saturated with ammonium sulfate. The collected 

peak from the DE-52 column was saturated to 20% with ammonium 

sulfate and applied to the phenyl sepharose column. The 

column was washed with column buffer containing ammonium 

sulfate until OD280 reached zero and eluted with column buffer 

without ammonium sulfate. The eluted protein peak, as 

monitored by OD280 was dialyzed against column buffer lacking 

ammonium sulfate using MWCO 800 dialysis membranes. The 

dialyzed proteins were adjusted to 3 rnM MgC1 2 and applied to 

an ATP-agarose affinity column. 

ATP-agarose (carbon 8 linkage) columns were equilibrated 

in anion exchange column buffer containing 3 rnM MgC12 (ATP 

column buffer) , and the dialyzed phenyl-sepharose eluates were 

applied. Columns were washed with ATP column buffer until the 

OD280 reached zero. To remove nonspecifically bound proteins, 
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the columns were first rinsed with 3 column volumes of ATP 

column buffer containing 500 mM NaCl and then with 3 column 

volumes of ATP column buffer containing 1 mM GTP. 

Specifically bound proteins were eluted with 5 column volumes 

of ATP column buffer containing 3mM ATP or alternatively, the 

columns were eluted with a buffer consisting of 8 M urea in 

2 M KCl. Urea and KCl containing protein fractions were 

extensively dialyzed in ATP column buffer, and protein purity 

was monitored using 7.5 or 10% polyacrylamide gels containing 

SDS. 

Protein Quantitation, one and Two-Dimensional Electrophoresis 

and western Blot Analysis 

Proteins were quantitated using the bicinchoninic acid 

method (Smith, 1985), and analyzed using one and or two 

dimensional electrophoresis. One-dimensional polyacrylamide 

gels containing sodium dodecyl sulfate were performed 

according to the procedure of Laemmli (1979). Proteins for 

two-dimensional analysis were electrofocused using pH 3-10 

(0.4%) and pH 5-7 (1.6%) ampholytes prior to analysis on SDS

PAGE (O'Farrel, 1975). The fractionated proteins were 

visualized by staining with Coomassie brilliant blue or 

transferred to nitrocellulose membranes using the method of 

Towbin et al. (1979). The nitrocellulose membranes were 

incubated in Tris-saline (10 mM Tris-HCl (pH 7.4) and 150 mM 
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NaCl) containing 5% non-fat dry milk for 30 minutes to block 

non-specific binding sites. The membranes were then incubated 

in 5% milk in Tris-saline with affinity purified chicken 

antibodies against Hsp70 for several hours, washed in Tris

saline, and incubated with rabbit anti-chicken IgG antibodies 

conjugated to alkaline phosphatase for at least one hour. The 

blots were rinsed and then incubated with reaction buffer 

containing 100 mM Tris-HCl (pH 9.5), 100 mM NaCl, 50 mM MgC12 , 

75 J.l.g/ml 5-bromo-4-chloro-3-indolylphosphate p-toluidine salt, 

and 150 J.l.g/ml nitroblue tetrazolium chloride. 

Immunization and Purification of Antibodies 

Mature Leghorn layers (Gallus domesticus) were immunized 

and antibodies were isolated using previously described 

procedures (Polson et al., 1980; 1985). A preparation 

containing bovine skeletal muscle Hsp70 and Hsc70 was purified 

as described above and 50 J.l.g of the antigen in Freund's 

adjuvant was inoculated intramuscularly into the pectoral 

muscle of the animals. Each animal was boosted every 14 days 

and antibody production from yolks was monitored using western 

blot analysis. Preimmune antibodies were isolated from eggs 

collected prior to the initial immunization. Positive yolks 

were collected and total immunoglobulins were isolated using 

PEG 8000 precipitation. Specific antibodies against Hsp70 

were isolated using an Hsp70 affinity column made from Hsc70 
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and Hsp70 purified from bovine skeletal muscle. The bound 

antibodies were eluted with o .1M glycine (pH 2. 7) , 

neutralized, reconstituted to 1% protein using BSA and stored 

at -7o•c until needed. 

Competitive ELISA 

A fixed amount of Hsp70 is attached to the wells of a 

microti ter plate. In separate tubes a predetermined amount of 

antibody is added to either increasing amounts of standards or 

unknown samples and incubated. Aliquots from these tubes are 

then added to the Hsp70 coated wells of the microtiter plate 

and incubated. Excess antibody that did not react during the 

first incubation can now bind to the Hsp70 on the plate. The 

amount of antibody bound to the plate is inversely 

proportional to the amount of Hsp70 present in the standard or 

unknown. 

The plates were prepared by adding a fixed amount of 

purified Hsp70 (10 ng per well) in carbonate buffer (1.59 g 

Na2co3 , 2.93 g NaHC03 , and 2.0 g NaN3 per liter (pH 9.6)) to 96 

well microtiter styrene plates and allowed to incubate 

overnight at 4•c. Nonspecific binding sites were blocked by 

incubating the plates in a buffer consisting of 0. 25% 

porcine skin gelatin (60 bloom), 10 mM Tris (pH 7.4), 0.15 M 

NaCl, 0.02% NaN3 , and 0.025% Tween-20 detergent (blocking 

buffer) for 15 minutes at room temperature. 
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by adding SDS (final 

concentration 1%) and boiling for 5 minutes. The standard was 

then diluted at least 10 fold in a buffer consisting of 10 mM 

Tris-HCl (pH 7.4), 0.15 M Nacl, 0.02% NaN3 , and 1% Triton X-

100 (antibody buffer) so that the final stock concentration 

was 800 ng/100 ~1. Next, the stock was serially diluted in 

half 6 times so that the lowest concentration was 12.5 ng/100 

~1. Controls were prepared from samples in 1% SDS but without 

Hsp70. 

The samples to be quantitated for Hsp70 were handled 

similarly as the standards. Tissue was collected from cattle 

as quickly as possible after slaughter, frozen in liquid 

nitrogen, and stored at -7ooc until needed. Approximately 1 

gram of tissue in 10 volumes of Tris-saline was homogenized 

for 30 seconds in a polytron. If total Hsp70 quantitation was 

performed the homogenate was made to 1% SDS, boiled for 5 

minutes, and centrifuged at 10,000 x g. Alternatively, the 

supernatant was centrifuged for 5 minutes at 10,000 x g to 

remove homogenization debris, made 1% SDS, and boiled for 5 

minutes. The resulting supernatant was diluted 10 fold in 

antibody buffer, and further diluted 6 times with equal 

volumes of the same buffer. A sample containing no homogenate 

was also included as a control. Triplicates of all standards 

and homogenates were analyzed. 
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The concentration of antibody was chosen so that wells 

incubated with only buffer (no standard or homogenate) 

reached an optical density reading of 1.0 at 405 nm after 30-

60 minutes of incubation. With 10 ng of Hsp70 bound on the 

wells, approximately 0.5 ~gjml of antibody was needed. An 

equal volume of antibody was added to the standards or the 

samples and incubated overnight at 4•c. Aliquots (100 J.£1) of 

the mixture were added to each blocked well, and incubated at 

4•c overnight. The plate was then washed three times with 

cold blocking buffer. Rabbit anti-chicken IgY alkaline 

phosphatase conjugated antibodies were diluted in cold 

blocking buffer (1:2000), and 100 J.£1 were added per well and 

incubated at room temperature for 2 hours. The plate was 

washed 3 times with Tris-saline buffer and 100 ~1 of p-nitro

phenyl-phosphate (1 mgjml) in buffer (9.7 ml diethanolamine, 

0.01 g MgC12 , and 0.02 g NaN3 (pH 9.8) per 100 mls), was added 

to each well and incubated with continuous shaking until 

absorbance in the wells containing no competitor reached 1.0. 

Optical densities were measured on a Titertek Multiscan 

MCC/340 reader at a wavelength of 405 nM. The blank wells 

consisted of wells coated with carbonate buffer alone and 

exposed to antibodies against Hsp70 and alkaline phosphatase 

conjugated rabbit-antichicken IgY antibodies. 
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Absorbance versus the log competitor concentration were 

plotted, and unknown concentrations were determined using the 

linear regression program of the Iso-Data RIA DATA SYSTEMS. 

sarcoplasmic 

Fractionation 

Reticulum Isolation and Skeletal Muscle 

Bovine sarcoplasmic reticulum was prepared by procedures 

similar to those used for the preparation of rabbit and 

chicken sarcoplasmic reticulum (Campbell et al., 1980; Rossi 

et al., 1990). Semimembranosus and semitendinosus calf 

muscles were removed immediately after slaughter and placed on 

ice and the muscles were trimmed and ground in a meat grinder. 

The muscle was then homogenized in 10 volumes of 0. 3 M 

sucrose, 5 mM imidazole, 2 mM 2-mercaptoethanol, 2 mg/L PMSF 

(pH 7.4) in a waring blender for 30 seconds (total 

homogenate). The homogenate was centrifuged at 1600 x g 

(1600g supernatant and pellet) for 10 minutes and the 

supernatant was passed through six layers of cheesecloth and 

centrifuged for 30 minutes at 9000 x g (9000g supernatant and 

pellet) . Sarcoplasmic reticulum membranes were pelleted from 

the 9000 x g supernatant by centrifuging at 127,000 x g for 60 

minutes. The resulting pellets were gently resuspended into 

homogenization buffer to approximately 10 mgjml and placed on 

a linear sucrose gradient of 25-50 % sucrose (wjv) for 14-16 

hours at 102,000 x g. Intermediate and heavy sarcoplasmic 
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reticulum vesicles were collected , diluted in 0.3 M sucrose, 

5 mM imidazole (pH 7.4), and 2 mg/L PMSF, and pelleted at 

160,000 x g for two hours. The pellets were gently 

resuspended in 0.3 M sucrose, 5 mM imidazole (pH 7.4) and 2 

mg/L PMSF and frozen in liquid nitrogen and stored at -80"C. 

All muscle fractions containing 2 mM 2-mercaptoethanol were 

dialyzed in 0.3 M sucrose, 5 mM imidazole, 2 mg/L PMSF (pH 

7.4) prior to using in the ELISA assay. 

Immunolocalization of Hsp70 in ovine Skeletal Muscle 

Hsp70 proteins were immunolocalized in skeletal muscle 

slides using the method of Osborn and Weber (1982). Briefly, 

ovine skeletal muscle was frozen in an isopentane-liquid 

nitrogen bath immediately after collection and held in 1 em x 

1 em cork squares containing 1 drop of OCT tissue mounting 

compound. Tissue mounts were kept at -7ooc until used, and 7 

~m slices were cut using a cryostat, and attached to glass 

cover slips. The tissue slices were fixed in 2% 

paraformaldehyde-PBS solution for 8 minutes, rinsed twice with 

PBS, and non-specific binding sites were blocked with 1.25% 

(w/v) gelatin-PBS solution for 10 minutes. Primary antibodies 

were added at 5.0 ~g/ml in PBS-gelatin, and incubated at 4"C 

overnight. Next morning, the slides were rinsed three times 

with PBS-gelatin, and FITC-linked anti-chicken-IgG antibodies 

diluted 1:40 in PBS-gelatin were allowed to incubate for 45 
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minutes at room temperature. Covers lips were rinsed three 

times in PBS-gelatin, mounted on microscope slides, and 

examined under fluorescent light ( 495 nm) using a Zeiss 

fluorescent microscope. 

Skeletal Muscle Heat Shock 

Skeletal muscle heat stress experiments were performed 

similarly to the method of Locke (Locke et al., 1990) but 

without radiolabelling. Bovine semimembranosus and 

semitendinosus muscles were removed immediately after 

slaughter, placed in FlO nutrient medium, and immediately 

transported to the laboratory for processing. The muscles 

were trimmed of excess connective tissue, cut into small 

strips and placed on ice or in sterile flasks containing FlO 

medium prewarmed to 37•c or 42•c. The flasks were incubated 

for three hours at either 37•c or 42•c with gentle shaking. 

Following heat shock the samples were homogenized in 4M 

guanidine isothiocyanate for total RNA isolation or in Tris

saline (pH 7.4) for ELISA and western blot analysis. 

Total RNA Isolation 

Total tissue RNA was isolated by extraction with 

guanidine thiocyanate followed by centrifugation in cesium 

chloride as described by Chirwin et al. (1979). All glassware 

and plasticware were autoclaved and dried overnight at ao•c to 
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minimize exogenous RNAses, and all solutions were made fresh 

from crystal stocks, filtered (0.45 J.LM), and autoclaved. 

Tissues were collected immediately after slaughter or heat 

shock treatment, cut into small pieces (2-3 grams each) and 

immediately frozen in liquid nitrogen. Tissues were maintained 

in liquid nitrogen during transport to the laboratory, and 

stored at -70°C until used. For RNA isolation, approximately 

1 gram of tissue was pulverized under liquid nitrogen in a 

mortar and pestle and immediately added to 7 mls of a 

guanidine solution consisting of 4.0 M guanidiurn thiocyanate, 

0.1 M Tris-HCl (pH 7.5) and 1% 2-mercaptoethanol. Sodium 

lauryl sarcosinate was added (0.5% final concentration) and 

the tissues were homogenized in a polytron with 3 bursts of 30 

seconds each at the highest setting, and centrifuged at 10,000 

x g for 20 minutes. The supernate was overlayed onto a 

cushion of 5.7 M CsCl, 0.01 M EDTA (pH 7.5) in a polyallomer 

ultracentrifuge tube and centrifuged at 32,000 RPM for 20-24 

hours at 20°C in a SW-40 swinging bucket rotor. 

The gradients were removed with a Pasteur pipet after 

several washes of the tube sides with guanidine solution. The 

tubes were carefully inverted as to not disturb the RNA 

pellets deposited at the bottom, cut about 1 ern above the 

bottom with a new razor blade, and the pellets were 

resuspended in 100 J.Ll of sterile SET buffer (10 mM Tris-HCl 

(pH 7.0), 1.0 mM EDTA, and 0.1% sodium dodecyl sulfate). The 
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suspended RNA was transferred to a sterile 1. 5 ml 

microcentrifuge tube and insoluble material was removed by 

centrifugation at 14,000 x g for 10 minutes. The supernates 

were transferred to another sterile microfuge tube and 10 ~1 

of 3 M sodium acetate (pH 5. 2) were added and RNA was 

precipitated with 500 ~1 of ice cold ethanol. The tubes were 

mixed and stored at -20°C for at least 3 hours, washed with 

70% ethanol, and briefly dried in the speed-vac drier. RNA 

pellets were dissolved in 100 ~1 of sterile water, diluted 

1:200 in water and yield and concentration were determined by 

measuring absorbance at 260 nm. An oo260 of 1 equals 

approximately 40 ~g of RNA per milliliter. 

mRNA :Isolation 

Polyadenylated RNA was isolated using the Fast-Track mRNA 

isolation kit from Invitrogen. Briefly, tissues were 

pulverized in liquid nitrogen, resuspended in 4M guanidium 

thiocyanate containing 0.5% lauryl sarcosinate, and phenol

chloroform extracted until there was no visible proteins 

layered at the organic interphase. The aqueous phase, 

containing total nucleic acids, was precipitated with 2. 5 

volumes of ice cold ethanol at -2ooc for at least three hours, 

and centrifuged at 10,000 x g for 20 minutes. The nucleic 

acid pellet was resuspended in 10 volumes (tissue frozen 

weight) of buffer consisting of 50 mM NaCl, 50 mM Tris-Cl (pH 
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7.5), 5 rnM EDTA, 0.5% SDS and 200 ~gjml proteinase K, and 

incubated at 37°C for 1 hour. The supernate was transferred to 

a sterile polypropylene tube containing one oligo(dT)

cellulose tablet, and 5 M NaCl was added to adjust the final 

concentration to 0.5 M. The cellulose was incubated for 1 

hour at room temperature with gentle shaking, and the 

cellulose was transferred to a sterile microcentrifuge spin 

column. The column was washed with homogenization buffer 

lacking proteinase K three times or until absorbance at 260 nM 

reached zero. The column was eluted with a buffer consisting 

of 10 rnM Tris-HCl (pH 7. 6) , 1 mM EDTA, and 0. 05% Sodium 

dodecyl sulfate. The eluate was made O.JM with sodium acetate 

(pH 5.0) and precipitated with 2.5 volumes of ice cold 

ethanol. The mRNA concentration and yield were determined by 

absorbance at 260 nM assuming that a solution with an OD260 of 

1 contains 40 ~g of mRNA. 

Northern Blot Analysis 

Northern blot analysis was performed in two phases. First 

the nucleic acids (mRNA or total RNA) were fractionated 

through gels containing formaldehyde and then transferred to 

a nitrocellulose membrane. Second, the membranes were 

hybridized to random primed 32P labeled probes using high 

stringency hybridization conditions. 
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Agarose (1.5%) was melted in running buffer (20 rnM MOPS 

(pH 7.0), 8 rnM sodium acetate, and 1 rnM EDTA) and allowed to 

cool to 6o·c. Filtered formaldehyde was added (final 

concentration of 2.2 M) and the gel was poured under a fume 

hood and allowed to set for at least 1 hour at room 

temperature. Total RNA (20 or 30 ~g) or mRNA (1 ~g) was 

precipitated and resuspended in a buffer consisting of 50% 

deionized forrnamide, 0.5x formaldehyde gel running buffer and 

2. 2 M formaldehyde. The samples were incubated at 65 • C for 15 

minutes, chilled in ice and 2 ~1 of sterile running dye (50% 

glycerol, 1 rnM EDTA (pH 8.0), 0.25% bromophenol blue, and 

0.25% xylene cyanol FF) were added prior to electrophoresis. 

The gels were run submerged in 1 x formaldehyde gel running 

buffer at 3-4 v;cm at 4·c. The gels were stained with 10 ~g/ml 

acridine orange in 10 rnM phosphate buffer (pH 7.0). The RNA 

was visualized by viewing the gel on an ultraviolet light box. 

Capillary transfer of nucleic acids was performed as 

described by Sambrook (1989). Briefly, unused portions of the 

RNA gel were removed with a new razor blade, and the gel was 

briefly soaked in 20 x sse buffer (one liter of 20 x sse 

contains 176 grams of NaCl, and 88 grams of sodium citrate (pH 

7. 0) ) • A support was constructed in a large glass baking dish 

with a piece of plexiglass smaller than the dish but slightly 

larger than the gel. Two sheets of Whatman 3MM filter paper 

were thoroughly wet with 20 x sse and they were layered over 
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the plexiglass to serve as a wick. The gels were placed on top 

of this support making sure that no air bubbles remained and 

a piece of nitrocellulose soaked in 20 x sse cut to the same 

size as the gel was placed on the gel. A pasteur pipet was 

rolled on the membrane-agarose gel stack to remove any air 

bubbles, and two pieces of Whatman 3MM filter paper soaked in 

20 x sse the same size as the nitrocellulose membranes were 

layered on top of the wet nitrocellulose membrane. Strips of 

exposed X-ray film were placed around the gel to prevent 

contact between the wick and any of the components above the 

gel. A stack of paper towels (5-8 em) cut just smaller than 

the gel were placed over the wet filter papers, and they were 

maintained in place and weighed down with an old chemical 

catalog (approximately 500 g). The transfer of nucleic acids 

was allowed to proceed for 12 to 18 hours, and the 

nitrocellulose membranes were allowed to air dry for 30 

minutes at room temperature. The nucleic acids were fixed to 

the membranes by baking for 2 hours at aooe in a vacuum oven 

and the dried filters were kept in a desiccator at 4oe until 

ready to be used. 

Random primed radiolabelled probes were synthesized as 

described by Feinberg and Vogelstein (1984) using a kit from 

Pharmacia. Briefly, fragments to be radiolabelled were 

purified by electroelution from agarose gels. A sample of 40 

ng was denatured by boiling 3 minutes and cooled in ice. 
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Random hexamers, reaction buffer, 50 ~ei of [a-32P]deTP (sp. 

act.> 3000 ei;mmole), and 10 units of the Klenow fragment of 

E. coli DNA polymerase I were mixed and incubated at 37·e for 

1 hour. Unincorporated nucleotides were removed using 

Sephadex G50 quick spin columns and probe activity was 

determined by scintillation counting. 

To perform hybridization reactions, the baked 

nitrocellulose membranes were soaked in 6 x sse and 

prehybridized for at least 2 hours at 42 o e in a solution 

consisting of 6 x sse, 5 x Denhardt 's reagent, o. 5% SDS, 

0. 025% non fat dry milk, and 50% formamide. The radiolabelled 

probe (1x107 cpm. with a specific activity greater than 109 

cpm/~g) was denatured by boiling for three minutes and chilled 

on ice prior to adding to the nitrocellulose membrane in 

prehybridization solution. The membranes were allowed to 

hybridize for at least 8 hours at 42°e. The membranes were 

washed three times at room temperature in a solution 

consisting of 2 x sse, 0.1% SDS. This was followed by two 

washes at 55oe in a solution composed of 0.2 x sse and 0.1% 

SDS. The damp filters were wrapped in saran wrap and exposed 

to x-ray film (Kodak XAR-2 or equivalent) for 12 to 72 hours 

at -7ooe. 
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eDNA Library Construction 

Library construction was performed in three basic steps: 

double stranded eDNA synthesis, vector ligation, and phage 

particle packaging. These three steps were performed using 

prepackaged kits from Pharmacia and from Stratagene. 

Double stranded eDNA synthesis was performed using the 

Time Saver eDNA synthesis kit from Pharmacia. Briefly, 5 ~g 

of poly (A) RNA were heated to 65 o c for three minutes and 

incubated with avian reverse transcriptase, random hexamers 

as primers and the appropriate buffer for 1 hour at 42·c. 

After this incubation, second strand was synthesized using DNA 

polymerase I of E. coli. These blunt ended double stranded 

products were prepared for insertion into the vector by 

addition of synthetic linkers composed of a blunt end and a 

sticky end for EcoRI. The ligated eDNA was size selected on 

sephadex G400 spin columns to recover eDNA fragments greater 

than 500 base pairs. 

The vector used for this library was the Lambda Zap II 

phage vector from Stratagene. This vector was used because of 

its high efficiency of bacterial infection and for its ease of 

insert release. The vector contains the entire sequence for 

the vector pBSK(-), including an EcoRI site for eDNA 

insertion. The vector is flanked by the initiation and 

termination sequences necessary to perform in-vivo excision. 

The excised plasmids efficiently transform the bacterial 
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strain XL-1 blue. EcoRI predigested vector arms were obtained 

from Stratagene, and ligated to the eDNA inserts using 

conventional ligation procedures at an empirically determined 

ratio. 

The ligated DNA particles were packaged into lambda phage 

particles using the Giga-Pack plus packaging extract from 

Stratagene. Packaging and ligation efficiency were determined 

by titering the library using XL1-blue bacteria cells and the 

chromogenic reactant X-gal. The ratio of blue to colorless 

plaques was used as a measure of the proportion of the library 

that consisted of non-recombinant bacteriophages. 

Amplification of eDNA Library 

To establish a large permanent supply of the library, the 

library was amplified once, titered, aliquoted, and stored at 

-70°C until used. To amplify the library, 50 mls of LB media 

supplemented with 0.2% maltose were inoculated with a single 

colony of XL-1 blue cells, and allowed to grow overnight with 

rapid shaking at 37·c. The cells were centrifuged at 4000 x 

g for 10 minutes, and adjusted to OD600=2. o in a 10 mM Mgso4 • 

Phage particles (5 x 104) were added to 100 ~1 of resuspended 

bacteria, and incubated at 37·c for 20 minutes to allow phage 

adsorption. Three ml of molten LB top agar (0.7%) at 48°C was 

added, and the entire contents was poured into plates 

containing bottom agar (1. 5%). Plates were inverted, and 
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incubated at 37"C overnight or until phage plaques reached 1 

mm in diameter. The plates were overlaid with 15 ml of SM 

buffer (100 mM NaCl, 10 mM Mgso4 , 50 mM Tris-HCl (pH 7.5), and 

0.01% gelatin) and incubated at room temperature for 2 hours 

with gentle shaking. The SM media containing bacteriophage 

was harvested, and cellular debris was removed by 

centrifugating at 7000 x g for 20 minutes. The supernate was 

titered to determine the magnitude of amplification. 

Dimethyl sulfoxide was added (7% final concentration) and the 

phage were stored in aliquots at -70"C. 

Library Screening 

Identification of clones containing Hsp70 sequences were 

performed using the plaque hybridization method. To create 

the plaque colonies, 104 phage particles were adsorbed to 100 

f..Ll of XL1-blue cells 00600=2. 0 in 10 mM MgS04 for 20 minutes at 

37"C and added to 3 ml of molten (48.C) top agar. The 

bacteria-phage mixture was added to hardened LB bottom agar 

plates and incubated at 37 •c overnight. The following morning 

the plates were cooled to 4"C for 2 hours, and plaque lifts 

were generated. Each plate was number coded and precut 0.45 

f..Lm nitrocellulose filters were coded accordingly. At room 

temperature, the dry precut nitrocellulose filters were neatly 

placed over the surface of the top agar so that it had direct 

contact with the plaques. The filters were marked in three 
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asymmetric locations by stabbing through with an 18 gauge 

needle. After about one minute, the filters were carefully 

removed using blunt ended forceps and immediately immersed in 

a shallow tray of denaturing solution (1.5 N NaOH and 0.5 M 

Nael) for 1 to 5 minutes. The filters were then transferred to 

another tray of renaturation buffer ( 0.5 Tris-Hel (pH 7.5) 

and 0.5 M Nael) for 1 to 5 minutes. The filters were then 

briefly washed in a buffer consisting of 2 x sse and allowed 

to air dry for 15 to 30 minutes. The DNA was crosslinked to 

the filters in a gel drier under vacuum at 80°e for at least 

1 hour. Filters that were not used immediately for 

hybridization were stored in a desiccator wrapped in 3MM 

filter paper and aluminum foil at 4°e. 

Hybridization of radiolabelled probes was performed by 

first prewetting the baked filters by floating in a tray 

containing 2 x sse, and then submerging for 5 minutes. The 

filters were then transferred to a tray containing wash 

solution (5 x sse, 0.5% sos, and 1 mM EDTA (pH 8.0)), and 

incubated at 42oe for 1 to 2 hours. Bacterial and agar debris 

were removed after prewashing by lightly scrubbing with 

kimwipes thoroughly soaked in warm prewashing solution. The 

filters were then prehybridized in a solution consisting of 

50% deionized formamide, 6 x sse, and 0.05% non-fat dry milk 

at 42oe for at least 2 hours. The radiolabelled probe 

(generated as described for Northern blot analysis) was heat 



67 

denatured at 100oe for 5 minutes and mixed with fresh 

prehybridization solution. The filters were incubated 

overnight at 42oe. 

The hybridization solution was carefully removed and the 

filters were washed at room temperature three times for 5 

minutes each time in about 500 ml of a solution consisting of 

2 x sse, 0.1% SDS. The second series of washes were performed 

in 0.2 x sse and 0.1% sos at 55°e. The filters were washed 

twice under these high stringency conditions for 15 minutes 

each. The filters were then air dried between paper towels at 

room temperature, arranged on large sheet 3MM filter paper, 

and wrapped in saran wrap. The filters were exposed to X-ray 

film (Kodak XAR-2 or equivalent) in cassettes containing 

intensifying screens for 14-18 hours at -7ooe. 

Positive plaques were identified from the autoradiogram, 

and plugs containing plaques were carefully removed and 

allowed to diffuse in SM buffer for at least 2 hours. These 

plaques were screened as many times as necessary until a 

homogeneous positive plaque population was identified. The 

key to producing a homogeneous population was to dilute the 

infecting phage particles so as to have only about 100 plaques 

per plate after the first hybridization screening, and to 

select positive plaques that are well segregated. 
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In vivo Excision of Inserts into pBSK(-) 

Excision of the pBLUESCRIPT phagemid from the Lambda ZAP 

II vector permits a rapid and efficient recovery by 

transformation of XL1-blue cells with the phagemid pBSK(-) 

containing the cloned insert in the EcoRI site. This in vivo 

excision is dependent upon specific DNA replication initiation 

and termination sequences flanking the entire PBSK(-) 

phagemid. This excision is facilitated by the presence of 

specific proteins encoded by the fl or M13 phages. The lambda 

phage, containing the target cloned sequences, is made 

accessible to the helper phage derived proteins by co infecting 

the XL1-blue strain of E.Coli with a homogeneous phage 

population and one of the helper phages. In the bacteria, the 

accessory proteins recognize the initiation and termination 

sequences and orchestrate a process that leads to the 

synthesis of a single stranded circular molecule of the 

phagemid pBSK(-) and the insert. This circularized single 

stranded DNA is packaged and secreted from the bacteria. 

Bacteria that are not infected with helper phage are infected 

with this recombinant phage. These bacteria now become 

transformed with the double stranded DNA phagemid pBSK(-) and 

the insert of interest. 

Recombinant Lambda ZAP phage particles were obtained by 

coring a single plaque from a plate containing a homogeneous 

population of bacteriophages and allowing the phage particles 
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to diffuse in a sterile microfuge tube containing 500 ~1 of SM 

buffer and 20 ~1 of chloroform. In a 15 ml polypropylene 

tube, 200 ~1 of 00600=1. 0 XL1-blue cells, 200 ~1 of recombinant 

lambda ZAP phage stock, and 1 ~1 of R408 helper phage (> 106 

plaque forming unitsjml) were combined and incubated at 37°C 

for 15 minutes. Three ml of 2x YT media (1% w;v NaCl, 1% w;v 

bacto-yeast extract, and 1.6% bactotryptone (pH 7.5)) were 

added and incubated at 37°C for 2-3 hours. The tubes were 

then heated to 70°C for 20 minutes and centrifuged for 5 

minutes at 4000 x g. The supernate containing the single 

stranded recombinant phage was decanted and dilutions of 50 

~1, 5 ~1, and 1 ~1 were combined with 200 ~1 of 00600=1. o XL1-

blue cells. The tubes were incubated at 37°C for 15 minutes 

and 50 ~1 of each were plated on LB/ampicillin plates 

overnight at 37°C. Single colonies were picked and grown 

overnight in LB media containing ampicillin for mini-prep 

plasmid preparations. The size of the inserts was determined 

by restriction endonuclease analysis. 

Minipreparation of Plasmid DNA for Restriction Analysis 

Small scale preparations were prepared using lysis by 

alkali as described by Birnboim and Doly (1979). Briefly, a 

single bacterial colony was transferred into 5 ml of LB medium 

containing 60 ~gjml ampicillin and incubated overnight at 37°C 

with vigorous shaking. Two mls of the overnight culture were 
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then transferred to a microfuge tube, and centrifuged at 14000 

x g for 5 minutes and the medium was carefully removed. The 

bacterial pellet was resuspended in 100 f.Ll of ice cold 

solution I {50 mM glucose, 25 mM Tris-HCl (pH 8.0), and 10 mM 

EDTA), and 200 f.Ll of solution II (0.2N NaOH and 1% SDS) was 

added, gently mixed, and incubated at room temperature for 5 

minutes. Solution III {150 f.Ll of 3M potassium acetate and 5 

M sodium acetate) was added and the solution was incubated on 

ice for 5 minutes. The mixture was centrifuged at 14,000 x g 

for 5 minutes and the supernate was recovered. The 

supernatant (450 f.Ll) was added to a microfuge tube containing 

an equal volume of tris-saturated phenol and chloroform {1 

part phenol and 1 part chloroform). The chloroform contained 

24 parts chloroform and 1 part isoamyl alcohol. The mixture 

was vortexed briefly, and centrifuged at 14, 000 x g for 5 

minutes. The aqueous (top) layer was removed and transferred 

to another microcentrifuge tube containing an equal volume of 

chloroform-isoamyl alcohol. The mixture was vortexed briefly, 

and centrifuged at 14,000 x g for 5 minutes. The aqueous 

(top) layer was removed, transferred to another microfuge 

tube, and 2. 5 volumes of ice cold ethanol was added to 

precipitate the total nucleic acids. The mixture was 

incubated at -2ooc for at least 30 minutes, centrifuged 

{14,000 x g) for 5 minutes, rinsed in 70% ethanol, and briefly 

dried under vacuum. The nucleic acids were redissolved in 50 
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~1 of TE+RNAse ( 10 mM Tris-HCl (pH 8.0), 1 mM EDTA, and 20 

~g/ml RNAse A) and analyzed using restriction enzyme analysis. 

Large Scale Plasmid Isolation 

Large scale plasmid isolation was performed using the 

alkali lysis method of Birboim and Doly (1979), with some 

modifications. The volumes were adjusted accordingly to 

manage 250 mls of bacteria cultures, and digested RNA 

fragments were removed using size exclusion chromatography. 

A single bacteria colony was transferred into 250 ml of LB 

medium containing 60 ~g/ml ampicillin and incubated overnight 

at 37•c with vigorous shaking. The overnight culture was then 

transferred to a 250 ml plastic bottle, and centrifuged at 

10, 000 x g for 15 minutes and the medium was carefully 

removed. The bacterial pellet was resuspended in 10 ml of ice 

cold solution I (50 mM glucose, 25 mM Tris-HCl (pH 8.0), and 

10 mM EDTA), and 20 ml of solution II were added (0.2N NaOH 

and 1% SDS), gently mixed, and incubated at room temperature 

for 5 minutes. Solution III (3M potassium acetate and 5M 

sodium acetate) was added (15 ml) and the solution was 

incubated on ice for 5 minutes. The mixture was centrifuged 

at 10,000 x g for 15 minutes and RNAse A (final concentration 

of 20 ~gjml) was added to the supernate. The solution was 

incubated for 30 minutes at 37•c. The digest was phenol

chloroform extracted until the interphase between the aqueous 
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and organic layer became clear, and the supernate was 

extracted once again with chloroform-isoamyl alcohol. Nucleic 

acids (top layer) were precipitated with 2.5 volumes of ice 

cold ethanol, rinsed in 70% ethanol, and briefly dried under 

vacuum. The resulting pellets were resuspended in 3 ml of 10 

rnM Tris-HCl (pH 8.0), 100 rnM NaCl, 1 rnM EDTA (pH 8.0) and 

applied to a sepharose-4B column equilibrated in the same 

buffer. Fractions were collected, and the elution of nucleic 

acids were monitored by absorbance at 260 and 280 nm. The 

leading peak was collected, made 0.3 M sodium acetate (pH 

4.8), and precipitated with 2.5 volumes of ice cold ethanol. 

The DNA pellets were rinsed in 70% ethanol and dried under 

vacuum. The pellets were resuspended in 500 ~1 of TE. Yields 

from this procedure ranged between 250 and 500 ~g of plasmid 

DNA. This procedure generated DNA suitable for restriction 

analysis, ligations, and transformations of bacteria. 

Nested Deletions for Directed sequencing 

Exonuclease III digestion of plasmid DNA containing a 

protruding 3 1 end and protruding 5 1 end generates a set of 

progressively smaller unidirectional deletion mutants from the 

5 1 protruding end. A specific primer region located just 5' 

of the protruding 3 1 end allows the creation of mutants which 

share the region between the protruding 3' end but differ in 

their internal location which greatly facilitate sequencing 
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with a single primer. The methodology used in this section 

was according to Henikoff et al. 1987. 

DNA was isolated using the QIAGEN mini-prep plasmid kit. 

These small preparations generated approximately 20 J.Lg of high 

quality supercoiled DNA. Restriction nuclease digests ( 10 J.Lg) 

were performed with 2 enzymes: one that generated a protruding 

3 1 end (protected end from exonuclease III), and another that 

generated a blunt end or a recessed 3 1 terminus. 

Alternatively, if a site could not be found that generated a 

protruding 3 1 end, then the DNA was digested with an enzyme 

that generated a recessed 3 1 followed by blunt ending with 

Klenow polymerase and thiodeoxynucleotides. The DNA was 

phenol-chloroform extracted and redigested with an enzyme that 

generated a protruding 3 1 end. The samples were determined to 

be completely digested by agarose gel electrophoresis and the 

DNA was purified by phenol-chloroform extraction. The aqueous 

phase was made 0.3 M sodium acetate (pH 5.0) and precipitated 

with ice cold ethanol. The tubes were stored at -20°C for 60 

minutes, and the DNA was collected by centrifugation at 

14,000xg for 10 minutes. The pellets were rinsed with 70% 

ethanol and briefly dried under vacuum. The DNA was 

resuspended in exonuclease III digestion buffer ( 66 rnM Tris

HCl (pH 8.0) and 6.6 rnM MgC12 ) and the DNA was stored in ice. 

S1 digestion tubes contained 7.5 J.Ll of Sl nuclease buffer (250 

rnM NaCl, 30 rnM potassium acetate (pH 4.5), 5% glycerol, 2.0 rnM 
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The DNA was 

then incubated at 37°C for 5 minutes and 2.5 ~1 was removed 

and placed in the time zero S1 digestion tube. Exonuclease 

III (150 units) was added to the remainder of the DNA solution 

and incubated at 37°C. Aliquots (2.5~1) were placed in the 

corresponding S1 digestion tubes every 2.0 minutes. The S1 

digestion tubes were then incubated at 30°C for 30 minutes and 

1 ~1 of stop solution (0.3 M Tris-HCl and 50 mM EDTA (pH 8.0)) 

was added. The tubes were incubated at 70°C for 10 minutes 

and stored on ice. Five microliters of each reaction tube 

were analyzed on agarose gels to determine the efficiency of 

the digestion. Forty microliters of ligation mixture (50 mM 

Tris-HCl (pH 7.6), 10 mM MgC12 , 10 mM dithiothreitol, 50 ~g/ml 

fraction V bovine serum albumin, 0. 5 mM rATP, 7. 5% w;v 

polyethylene glycol 8000, and 5 units bacteriophage T4 DNA 

ligase) were added to each tube and incubated at 16°C 

overnight. The ligation products were transformed into 

bacteria (XL1-blue) as described below. Mini-plasmid DNA 

preparations (as described above) were digested with the 

appropriate restriction endonucleases to determine the size of 

the DNA fragments. DNA was prepared and sequenced from the 

proper range of nested deletion mutants. 
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Plasmid DNA Sequencing 

Double stranded DNA sequencing was performed using the 

chain termination method of sanger et al. ( 1977) and the 

modified bacteriophage T7 DNA polymerase as described by Tabor 

and Richardson (1987). 

The modified form of bacteriophage T7 DNA polymerase has 

been genetically engineered to eliminate the powerful 3'-5' 

exonuclease activity. This creates a very processive enzyme 

that has a high rate of polymerization and wide tolerance for 

nucleotide analogues. Sequencing reactions are carried out in 

two steps. In the first stage (labelling stage), template 

DNA, specific primer, low concentration of deoxynucleotides, 

a radiolabelled nucleotide, and the DNA polymerase are 

incubated at low temperatures to insure the efficient 

incorporation of the radiolabel. The products of this 

reactions are DNA fragments that have been extended for 20 to 

30 nucleotides and are radiolabelled. In the second stage, the 

product of the first reaction is divided into four standard 

reactions containing high concentrations of dNTPs and a single 

dideoxynucleotide and incubated at 37 ·c. Polymerization 

proceeds until a chain terminating dideoxynucleotide is 

incorporated into the growing chain. 

Sequencing reactions were performed according to 

manufacturer's instructions. Briefly, 3 to 4 ~g of double 

stranded DNA were denatured by addition of NaOH (0.2N final 



76 

concentration) and incubated at room temperature for 5 

minutes. Ammonium acetate (0.4 volumes, pH 7.5) was added and 

the DNA was precipitated with 2.5 volumes of ice cold ethanol. 

The denatured DNA was recovered by centrifugation at 14,000 x 

g for 10 minutes, rinsed in 70% ethanol, and briefly dried 

under vacuum. The DNA was dissolved in 7 ~1 of water and 

mixed with 2 ~1 of sequencing buffer and 1 ~1 of primer (20 

pmole/~1). The mixture was heated to 65·c for 3 minutes, and 

allowed to cool to room temperature (3o•c) in a 100 ml water 

beaker at 65·c. Four microfuge tubes were labelled with 

A,T,C, or G, and 2.5 ~1 of a mixture containing dNTPs and a 

single dideoxynucleotide were added and stored at 37•c. When 

the temperature reached < 3o•c, dithiothreitol, dilute 

labelling mix, (a35S]dATP, and modified T7 DNA polymerase 

(Sequenase) were mixed and incubated at room temperature for 

2 to 5 minutes. The labelled DNA (3.5 ~1) was transferred to 

each of the tubes containing the mixture of dNTPs and ddNTPs, 

and incubated at 37•c fo~ 10-30 minutes. Stop solution (4 ~1) 

was added followed by heating to so·c for 2 minutes. The 

samples were loaded on to a 6% acrylamide/7M urea sequencing 

wedge gels. Gels were electrophoresed according to 

manufacturer's recommendations, fixed in 10% acetic acid and 

15% methanol, and dried in a BIO-RAD gel drier. The gel was 

then exposed to X-ray film. All sequence analysis was 
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performed using the Genetics Computer Group program in the VAX 

computer. 

3 1 RACE 

Rapid Amplification of Complimentary DNA Ends (Frohman et 

al., 1993) was used to generate the 3'end of a eDNA clone 

obtained from the bovine skeletal muscle eDNA library. To 

obtain a eDNA 3' end, mRNA was first reverse transcribed with 

a 35-base oligonucleotide primer composed of 17 dT residues 

and an 18 nucleotide adaptor sequence encoding three 

endonuclease restriction sites. The polymerase chain reaction 

was performed using a small portion of the eDNA pool, a gene 

specific primer (determined by sequence of a partial clone), 

and a primer composed of the 18 nucleotide adaptor sequence. 

Reiterative PCR cycles generated a double stranded eDNA 

product corresponding to the region from the gene specific 

primer to the polyadenylation tail of the message. This 

double stranded DNA product was subcloned into a vector and 

introduced into bacteria to generate DNA for sequencing. This 

DNA product was also ligated to the original clone obtained 

from the library to produce a full length clone. 

One microgram of poly(A) RNA in 10 ~1 was heated at 65°C 

for 3 minutes and cooled on ice. Next, 2 ~1 of 10 x Taq 

buffer (500 mM KCl, 100 mM Tris-HCl (pH 8.3) at room 

temperature and 0.1% gelatin), MgC12 to 1 mM, dNTPs to 200 ~M, 
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10 units of RNAsin, 2.5 ~M primer (5 1 -

ATCGATAAGCTTGGATCCTTTTTTTTTTTTTTTTT-3 1 ), and 10 units of avian 

myeloblastosis virus reverse transcriptase were added. The 

reaction mixture was incubated for 2 hours at 41 ·c to 

synthesize eDNA. The eDNA was diluted to 100 ~1 with sterile 

TE, aliquoted, and stored at -2o•c. 

Five microliters of the eDNA were mixed with 2 ~1 of 10 

x Tag buffer, 2 ~1 of 25 rnM MgC12 , and deoxynucleotides to 

200 ~M. The adaptor primer (5 1 -ATCGATAAGCTTGGATCC-3 1 ) and the 

gene specific primer for Hsp70 (5 1 -TGCTAAGAACGCGCTGG-3 1 ) were 

also added to the mixture tube at a final concentration of 

0.15 ~M, and heated to 97•c for 5 minutes and cooled to 72"C. 

Then 2. 5 units of Tag DNA polymerase was added and the mixture 

was overlaid with 50 ~1 of mineral oil at 72•c, annealed at 

50"C for 2 minutes, and extended at 72"C for three minutes. 

The thermal cycler was programmed for 30 cycles of 

amplification using a step program (94"C, 1 minute; 50"C, 1 

minute; 72"C, 1 minute) followed by a final 15 minute 

extension at 72"C. 

The RACE products were fractionated on 1% agarose gels 

containing ethidium bromide to gauge fragment size. 

Amplification reactions (1 ~1) were subcloned into the TA 

vector (Invitrogen, San Diego, CA) for sequence analysis, 

generation of glycerol stocks, and for subcloning into the 

fragment obtained from the eDNA library. 
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Subcloning and Bacterial Transformation 

The preparation of DNA for subcloning and ligation was 

done using standard procedures presented in the laboratory 

manual molecular cloning (Sambrook, 1989). Briefly, plasmid 

vectors were isolated (large scale DNA preparations, as 

described above). Respective inserts were digested using the 

appropriate restriction endonucleases, fractionated on 1.0% 

agarose gels containing ethidium bromide (0.5 ~gjml), cut 

from the gel and recovered from the gels using electroelution. 

Vector dephosphorylation was performed by incubating the 

required amount of purified digested vector DNA in a buffer 

consisting of 1 mM ZnC12 , 1 mM MgC12 , 10 mM Tris-HCl (pH 8.3) 

and 1 unit of calf intestinal alkaline phosphatase per 2 

pmoles phosphorylated DNA termini. The DNA was purified by 

phenol-chloroform extractions, ethanol precipitation, and 

redissolved in TE (pH 7.6) at an approximate concentration of 

100 ~gjml. 

Ligation reactions were performed with approximately 100 

ng of vector DNA and adding an equimolar amount of insert DNA. 

Water and sufficient 10 x ligation buffer was added to carry 

out the reaction in 20 mM Tris-HCl (pH 7.6), 5 mM MgC12 , 5 mM 

dithiothreitol, 50 ~g/ml fraction V bovine serum albumin, 5 mM 

ATP, and 1 unit of bacteriophage T4 DNA ligase with a final 

volume of 10 ~1. The reaction vessels were incubated 

overnight at 16°C. 
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The ligated DNA was introduced into the E. coli (XL1-

blue) bacterial strain using the procedure of Hanahan et al. 

(1983). A single bacteria colony was picked and incubated at 

37°C in SOB medium (2% wjv bactotryptone, 0.5% bacto-yeast 

extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgC12 , and 10 mM MgS04 ) 

until absorbance at 550 nm reached 0.45-0.55. Bacteria were 

transferred into a 50 ml culture tube, and incubated on ice 15 

minutes. Cells were collected by centrifuging at 2,400 x g 

for 15 minutes, resuspended in 1/3 original volume of ice cold 

transformation buffer (10 mM MES-KOH (pH 6.3), 100 mM RbC12 , 

45 mM MnC12 , 3 mM hexa-amine cocl2 , and 10 mM cacl2 ) and stored 

in ice for 15 minutes. Bacteria were collected again at 2,400 

x g, and resuspended in 1/12.5 original volume of 

transformation buffer. Dimethyl sulfoxide (1/28 of working 

volume) was added and cells were incubated in ice for 5 

minutes. Next, 1/28 of the working volume of a solution 

consisting of 2. 25 M dithiothreitol and 40 mM potassium 

acetate (pH 6. 0) was added and incubated on ice for 10 

minutes. Dimethyl sulfoxide (1/28 of working volume) was 

added again, and the bacteria were incubated on ice for 5 

minutes. Bacteria (210 ~1) were dispensed in chilled 

polypropylene tubes, and 10 ~1 of the ligation reaction was 

added with gentle swirling. Tubes containing competent 

bacteria were incubated on ice for 30 minutes followed by a 90 

second 42°C heat pulse. Bacteria were placed on ice for 2 
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minutes and 800 ~1 of SOB containing 20 mM glucose was added 

to each tube. Tubes were incubated at 37 oc with gentle 

shaking for 1 hour, and 1-10 ~1 of bacteria solution was 

plated on LB plates containing appropriate antibiotics. 

RNAse Protection Assays 

The RNAse protection assays were performed as described 

by Melton et al. (1984) and consisted of synthesis of 

radiolabelled strand specific RNA, isolation of total RNA and 

hybridization-digestion reactions. 

The synthesis of high specific activity sense and 

antisense RNA probes included the preparation of RNase free 

DNA template and an in-vitro transcription reaction. To 

prepare the DNA, 20 ~g of plasmid DNA (pBSK-) was digested 

with restriction endonucleases that generated a protruding 5 1 

termini at the multiple cloning site. The digestions were 

carried out to completion as determined by agarose gel 

electrophoresis and digested with proteinase K to remove 

RNAses. SDS (0.5%) and proteinase K (100 ~gjml) were added 

and incubated at 37°C for 30 minutes. The resulting digests 

were phenol-chloroform extracted, ethanol precipitated, and 

resuspended in RNase free TE (pH 7.0). In vitro transcription 

reactions were performed in 40 mM Tris-HCl (pH 7.5), 6 mM 

MgC12 , 2 mM spermidine-HCl, 5 mM NaCl, 10 mM dithiothreitol, 

100 ~gjml fraction V bovine serum albumin, 20 nM linearized 
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plasmid DNA, 250 ~M each nucleotide (rATP, rUTP, rCTP, rGTP), 

2 ~M c:x-32p rUTP(3000 Ci/mmole) (only for labeling the antisense 

strand), 1 unit/~1 placental RNAse inhibitor, and 5-10 units 

of T3 or T7 bacteriophage DNA dependent RNA polymerase. The 

mixture was incubated at room temperature (22-25°C) for 2 

hours, and 1 ~1 of RNase free Q1 DNAse (1 mgjml) was added and 

incubated for 15 minutes at 37°C. The synthesized RNA was 

purified by phenol-chloroform extraction and glycogen (50 

~gjml final concentration) was added. Sodium acetate (0.3 M 

final concentration) was added and the RNA was precipitated 

with 2. 5 volumes of ice cold ethanol. RNA yields of non-

radiolabelled probe were determined by 260/280 nm absorbance 

and for radio labelled RNA by trichloroacetic acid 

precipitation with scintillation counting. These conditions 

resulted in 60-80% incorporation of the radioactive probe. 

Isolation of total RNA was performed using the denaturant 

guanidium thiocyanate followed by cesium chloride 

ultracentrifugation (Chirwin et al., 1979) as described above 

under northern blot analysis. 

Hybridization reactions consisted of constant amounts of 

RNA. To prepare the carrier RNA, total yeast RNA was 

suspended in TE (pH 7.0), made 0.1% SDS, and digested with 100 

~gjml proteinase K for 1 hour at 37oc to remove endogenous 

RNAses. Sodium acetate (pH 4. 8) was added to a final 

concentration of 0.3 M and the RNA was precipitated with 2.5 



83 

volumes of ice cold ethanol. The RNA pellet was rinsed in 70% 

ethanol, briefly dried under vacuum, and resuspended in TE (pH 

7.0) at a final concentration of 10 mgjml. 

Standards were prepared by adding carrier RNA to tubes 

containing 0, 2.5, 5.0, 10.0, 25.0, 50.0, and 100 pg of in 

vitro synthesized sense RNA to make the final amount 50 ~g or 

100 ~g of RNA in each tube. These samples were precipitated 

with ethanol. Similarly, 50 to 100 ~g of total tissue RNA was 

precipitated with ethanol. Both the standards and tissues RNAs 

were rinsed with 70% ethanol, and briefly dried. The 

resulting RNA pellets were resuspended in 30 ~1 of 

hybridization buffer (40 mM Pipes (pH 6.4), 1 mM EDTA (pH 

8.0), 400 mM NaCl, 80% deionized formamide and 1-2 x 105 cpm 

(approximately 200 pg)) of labeled probe was added to each 

tube. The hybridization mixture was incubated at 85oc for 10 

minutes to denature the RNAs, followed by an 18 hour 

incubation at 65°C. The time and temperature of the 

hybridization incubation were determined empirically. After 

the incubation, 300 ~1 of RNAse digestion mixture (300 mM 

NaCl, 10 mM Tris-HCl (pH 7.4), 5 mM EDTA, 200 units/ml of Tl 

RNase, and 40 ~g/ml, RNAse A) were added and incubated at 37oc 

for 60 minutes. The digested mixture was made 0.1% with SDS 

and 100 ~g/ml in proteinase K. The mixture was incubated for 

30 minutes at 37°C. At this stage the reactions were separated 

between the qualitative and quantitative experiments. 
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For the qualitative experiments, 400 ~1 of phenol-

chloroform were added, vortexed for 

centrifuged at 14,000 x g for 5 minutes. 

30 seconds, and 

The aqueous phase 

was extracted again with chloroform-isoamyl alcohol, 

centrifuged at 14,000 x g for 5 minutes, and the top phase was 

transferred to an RNAse free microfuge tube containing 100 ~g 

of carrier RNA. Ice cold ethanol (1000 ~1) were added, and the 

tubes were incubated at -2o•c for at least 3 hours. The RNA 

was recovered by centrifugation at 14,000 x g for 5 minutes, 

washed in 70% ethanol, briefly dried under vacuum, and 

resuspended in 10 ~1 of formamide loading buffer (80% 

formamide, 10 mM EDTA (pH 8.0), 1 mgjml xylene cyanol FF, and 

1 mgjml bromophenol blue) . The protected and resuspended RNAs 

were heated at 95•c for 5 minutes, and chilled in an ice bath. 

These RNA fragments were analyzed on 4% polyacrylamide/1M urea 

sequencing gels using as molecular weight standards RNA 

transcripts of differing lengths, and radiograms were 

established using Kodak-XAR-2 film (or its equivalent) at -

1o•c using intensifying screens. 

For the quantitative experiments after proteinase K 

digestion, each tube was made to 100 ~g with carrier RNA and 

immediately precipitated with 10% ice cold trichloroacetic 

acid for 10 minutes on ice. Digested fragments were removed 

by filtration with BF/C glass filters, and the amount of 

protected RNA was determined by scintillation counting. The 
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levels of specific mRNA protected were determined by linear 

regression analysis using the corresponding standards. 

site Directed Mutagenesis 

A simple amplification method using a mutagenic primer, 

a downstream primer, and double stranded plasmid DNA was used 

to create specific base pair changes in the cloned sequence. 

The strategy for this mutagenesis by the polymerase chain 

reaction involved three subcloning steps, and it is similar to 

the procedure of Reikofski and Tao (1992). 

Preparation of the template for mutagenesis involved 

subcloning a 1200 bp Psti fragment of the full length Hsp70 

clone into the vector pBS(-). This isolated a BstX1 site for 

which a specific primer was designed. The purpose of the 

mutagenesis was to introduce both a Nco! and an EcoRI sites at 

the beginning of the coding region so as to permit subcloning 

into expression vectors. To perform the polymerase chain 

reaction, a reaction was set up composed of 1 ng of pBS(-) 

vector containing the Psti insert of Hsp70, 1 mM MgC1 2 , 0.2 mM 

dNTPs, o. 15 J..LM mutagenic primer ( 5 '

AAGCTTCTGCAGGAATTCCAGGGCACCGCCATGGCGAAAAAC-3'), and 0.15 J..LM 

downstream primer (5 1 -GTGAAGGCCACGTAGCTG-3') were mixed, 

heated at 97°C for 5 minutes, and cooled to 72°C. Taq DNA 

polymerase (2.5 units) was added to each tube, incubated at 

50°C for two minutes and extended at 72°C for 3 minutes. The 
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amplification reaction was performed using a step program 

composed of 30 cycles at 94•c for 1 minute, 5o•c for 1 minute, 

and 72•c 1 minute, including a final extension incubation at 

12•c for 15 minutes. The amplified product was monitored using 

agarose gels containing ethidium bromide, and 1 p.l of the 

amplification reaction was subcloned into the TA cloning 

vector for sequencing and subcloning. Hindi II and BstXI 

digested PCR products were subcloned into pBS(-) containing 

the 1200 bp Psti fragment, and transformed into XL1-Blue 

cells. The mutagenized 1200 bp Psti fragment was then 

recloned back into the full length Hsp70 clone, and the entire 

coding sequence for Hsp70 (Nco! to BamHI) was cloned into the 

pET-8C (pET.Hsp70) vector for expression. 

Expression and Isolation of Recombinant Protein 

Expression of recombinant genes was performed using the 

T7 RNA polymerase method as described by Studier et al. 

(1990). The plasmid pET.Hsp70 was transformed into BL21 (DE3) 

pLysS cells and a single colony was grown overnight in LB 

medium containing 20 p.gjml chloramphenicol and 20 p.gjml 

ampicillin at 37 •c. The overnight culture was transferred into 

1 liter of terrific broth (1.2% wjv bacto-tryptone, 2.4% 

bacto-yeast extract, 0.4% glycerol, 17 mM KH2Po4 , and 72 mM 

K2HP04) and incubated at 37 ·c with vigorous shaking until OD600 

reached between 0.6 to 1.0. The bacteria were induced with 
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0.4 mM IPTG for four hours. Bacterial cells were then 

harvested by centrifuging at 10,000 x g for 20 minutes and 

resuspended in 2 liters of a buffer consisting 20 mM Tris

acetate (pH 7.5), 20 mM NaCl, 0.1 mM EDTA, and 5 mM 2-

mercaptoethanol. Cells were frozen and thawed at -2o·c once 

and briefly sheared in a polytron at a medium setting to 

release the induced protein, and insoluble components were 

removed by centrifugation at 10, ooo x g for 30 minutes. 

Isolation of the protein was performed as described above. 

Protein carbamylation 

To determine progressive charge shifts of minus one on 

Hsp70 molecules, recombinant bovine Hsp70 was carbamylated as 

described by Dunbar (1987) and Glazer et al. (1976). Briefly, 

recombinant bovine skeletal muscle Hsp70 was made to o. 3 mgjml 

in 0.1M borate buffer (pH 8.5). This protein solution was 

made to 9 M urea and heated at 1oo·c. Timed aliquots of 50 ~1 

at 0, 2.5 minutes, 5.0 minutes, 10.0 minutes, and 20.0 minutes 

were removed, and stored on ice. Sixty microliters of urea 

solubilization buffer were added to each sample, and the 

samples were electrofocused on 2-dimensional electrophoresis 

as described above. 

Statistical Analysis 

Statistical analysis were performed using a paired t

test. 
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CHAPTER 4 

Quantitation and Immunolocalization of Hsp70 in Tissues Using 

a Competitive ELISA and Immunofluorescence 

SUMMARY 

A competitive enzyme-linked immunosorbent assay has been 

developed to quantify the Hsp70 levels in bovine tissues. 

Antibodies that show specificity to the low molecular weight 

form of Hsp70 (72 kDa) were developed in chickens, isolated 

from egg yolks, and characterized using western blotting. The 

competitive ELISA assay verified the previous observation that 

the inducible form of Hsp70 exists at elevated levels in 

bovine skeletal muscle. The basal amount of Hsp70 in bovine 

skeletal muscle is not at a maximal level because it can be 

increased by heat stress. Temporary cardiac anoxia 

demonstrated a four fold elevation in Hsp70 as determined with 

this assay. The reliability, specificity, and use of enzyme

linked antibodies instead of radioactive materials make this 

assay preferable over previous quantitation techniques. 

Immunofluorescence and fractionation of skeletal muscle 

demonstrated the majority of the Hsp70 present in the 

sarcoplasm, and a small but specific amount of Hsp70 is 

localized in the sarcoplasmic reticulum. 
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INTRODUCTION 

The heat shock response in cells and tissues has been the 

focus of studies aimed at understanding the molecular and 

cellular mechanisms as well as physiological scenarios created 

by this phenomenon. The precise role of these proteins 

remains highly controversial, and many potential activities 

have been proposed. Included in the Hsp70 family of proteins 

are Hsp70 and Hsc70. Hsp70 (72 kDa) is induced by various 

types of stress while Hsc70 (73 kDa) is constitutively 

expressed. In cells undergoing forms of stress, Hsp70 is 

rapidly synthesized in the cytoplasm and transported to the 

nucleus, particularly the nucleolus. Similarly, the major 

constitutive Hsc70 has been immunolocalized in the cytoplasm 

of the cell prior to heat shock, and upon heat stress it 

rapidly localizes in the nucleus, particularly in the 

nucleolus (Lewis and Pelham, 1985). 

In the heart, the phenomenon of reoxygenation injury, 

also known as the "oxygen paradox" has been observed during 

the reestablishment of cardiac blood flow. This trauma, apart 

from the potential physical stress of circulatory flow 

reestablishment, has been associated with a rapid tissue 

injury associated with a decline in the myocardial antioxidant 

defenses (superoxide dismutase and glutathione peroxidase) 

followed by the synthesis of the heat shock proteins including 



90 

Hsp70 (McCord, 1988). It is proposed that Hsp70 increases due 

to an elevation in the cellular content of oxygen radicals 

(Marber et al., 1993). studies using heat stressed cardiac 

tissues have demonstrated that Hsp70 proteins may play a 

cardioprotective role during these periods of anoxia as 

observed by a decreased infarct size, an increase in 

superoxide dismutase activity, and reduced creatine kinase 

release (Liu et al.,1992). In an effort to characterize the 

magnitude of the Hsp70 response during cardiac anoxia, Hsp70 

proteins were measured in six week old calves undergoing 

partial cardiac anoxia. 

Recent evidence suggests that the Hsp70 proteins utilize 

the energy from ATP hydrolysis to fold nascent or denatured 

proteins into a stable or functional conformation (Pelham, 

1986; Beckmann et al., 1990) or, alternatively to utilize this 

energy to fold proteins posttranslationally in such a 

conformation so that membrane translocation may occur into the 

mitochondrial or endoplasmic reticular compartments of the 

cell (Deshaies et al., 1988). The precise regulation of these 

proteins is very complex and it is highly dependent on the 

cell type and on the previous thermal history of the cell 

(Laszlo, 1988). In previous studies, investigators have 

measured the concentrations of Hsp70 using [35s )methionine with 

autoradiography or trichloroacetic acid precipitations 

followed by quantitation of radioactivity (Li and Mak, 1989; 
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Laszlo, 1988), but these methods are only accurate in 

determining the de-novo synthesis of proteins. In order to 

measure the total pool of proteins present, a system of 

quantitation is needed which is highly specific and 

independent of the translational machinery of the cell. A 

solid-phase immunoassay has been described and used to 

measure levels of Hsp70 in various tissues and organisms 

(Kelley, 1982) but this assay was semiquantitative and relied 

on radioactive probes. 

We report here the development of antibodies against 

Hsp70 and the use of these antibodies in a competitive ELISA 

and for immunolocalization of this stress inducible protein in 

unstressed skeletal muscle. The advantage of a competitive 

ELISA is that it does not require radioactive labels and it 

reliably measures the total pool of the Hsp70 in tissues. 

These results show that Hsp70 constitutes almost 1% of soluble 

sarcoplasmic protein and that Hsp70 may be further elevated by 

heat shock in vitro and cardiac anoxia in vivo. Also these 

results demonstrate that Hsp70 is mostly localized in the 

sarcoplasm and that a minor component of Hsp70 is located in 

the sarcoplasmic reticulum. 
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RESULTS 

Antibody Characterization 

Antibody production was detected within a period of 14 

days following immunization. The antibodies were 

characterized by Western blot analysis (Fig. 4 .1) and were 

specific for Hsp70 (72 kDa). However, there was a slight but 

detectable reactivity with Hsc70 (73 kDa constitutive form). 

The antibody reacted with Hsp70 in all tissues examined, with 

skeletal muscle showing the highest amount (lane 7). This is 

in agreement with the recent report from this lab (Guerriero 

et al., 1989) in which it was shown that mature bovine 

skeletal muscle contained elevated levels of the inducible 

form of the Hsp70 while bovine fetal skeletal muscle contained 

very low levels of this protein. The difference between 

skeletal muscle and the other tissues is variable and depends 

on the specific animal, but the level in skeletal muscle is 

always higher. 

Optimization of conditions for the ELISA Assay 

Increasing amounts of Hsp70 bound to the wells were 

incubated with increasing amounts of antibody to determine the 

appropriate amount of each reagent for the assay. This was 

verified by competition curves and it was found that 10 ng of 

Hsp70 on the wells and antibody concentration of 0.5 ~gjml was 

optimal. The standard curves were linear, but when 
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Figure 4.1 Tissue survey to characterize the chicken 

antibodies against the inducible form of the Hsp70. Various 

tissues from a bull were collected at the time of slaughter 

and processed as described in materials and methods. Samples 

consisting of 30 ~g were fractionated on 7.5% polyacrylamide 

gels and either stained with Coomassie Brilliant Blue (A) or 

transferred to nitrocellulose paper for blotting with the 

affinity purified chicken antibodies (B). The lanes contain 

the following samples: Lane 1, bovine Hsp70 and Hsc70; Lane 

2, brain; Lane 3, heart; Lane 4, kidney; Lane 5, liver; Lane 

6, lung; Lane 7, skeletal muscle; Lane 8, spleen; Lane 9, 

testes; Lane 10, fetal bovine skeletal muscle. Numbers on the 

left margin are molecular weight markers in kilodaltons. 
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homogenates containing unknown amounts of Hsp70 were analyzed, 

the assay did not detect a proportional increase in Hsp70 

levels with increasing amounts of homogenate. Addition of SDS 

to 1% followed by boiling and dilution resulted in the 

detection of proportional increases in Hsp7 0 levels (Fig. 4. 2) , 

suggesting that some of the antibody recognition sites may 

have been occluded by some Hsp70 associated proteins. The 

addition of SDS did not significantly alter the standard 

curve, therefore, it was added routinely to the standards. A 

typical standard curve is presented in Figure 4. 3. The amount 

of Hsp7 0 present in the standards is inversely proportional to 

the absorbance. The linear range for the assay is between 25 

ng and 400 ng of antigen per well. 

The assay was used to quantify the amounts of Hsp70 in 

different bovine tissues (Table 4 .1) . In mature bovine 

skeletal muscle, the inducible form of the Hsp70 constitutes 

about 0.9% (9.1 ngj~g) of the sarcoplasmic soluble protein, 

while in 3 month old fetal bovine skeletal muscle the level 

was reduced to 0.16% (1.6 ngj~g) of the total soluble protein. 

The validity and accuracy of the assay was tested by an 

addition experiment shown in Table 4.2. Samples of tissue 

homogenates with known levels of Hsp70 were supplemented with 

different amounts of purified Hsp70 to determine if the assay 

can detect the additional protein and if the homogenates 
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Inhibition curve generated by a skeletal muscle 

homogenate. The inhibition observed is a function of the 

concentration of Hsp70, and as can be observed the curve has 

three points in the linear range of the assay. 
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Standard curves for the Hsp70 ELISA. In the 

presence of (open circle) or absence (filled circle) of SDS, 

the shape, position, and slopes of the curves are not 

significantly different. 
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TABLE 4 .1 CONCENTRATIONS OF THE INDUCIBLE FORM OF THE HSP70 IN 

BOVINE TISSUES AS DETERMINED BY THE ELISA ASSAY. 

TISSUE 

BRAIN 

HEART 

KIDNEY 

LIVER 

LUNG 

SKELETAL MUSCLE 

SPLEEN 

TESTES 

FETAL SKELETAL MUSCLE 

CONCENTRATION 

(ng/J.t.g) 8± SD. 

1.90± 0.15 

3.50± 0.06 

5.50± 0.32 

4.70± 0.20 

3.37± 0.63 

9.06± 0.71 

2.60± 0.60 

1.80± 0.14 

1.60± 0.20 

8Means of triplicate determinations. 
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TABLE 4.2 CALCULATED CONCENTRATION OF Hsp70 (ng) IN CRUDE 

TISSUE HOMOGENATES MUSCLE AFTER ADDITION OF A KNOWN AMOUNT OF 

HSP70 

TISSUE PURIFIED EXPECTED ELISA PERCENT 
HOMOGENATES Hsp70 ADDED AMOUNT ERROR 

Heart 
123 200 323 317 1.9 
123 100 223 203 8.9 
123 50 173 160 7.5 

Kidney 
109 200 309 325 4.9 
109 100 209 219 4.6 
109 50 159 154 3.1 

Liver 
53 200 253 249 1.9 
53 100 153 171 10.0 
53 50 103 106 2.0 

Lung 
91 200 291 306 4.9 
91 100 191 212 9.9 
91 50 141 142 0.7 

Skeletal Muscle 
160 200 360 382 5.8 
160 100 260 276 5.8 
160 50 210 226 7.1 

Spleen 
95 200 295 317 6.9 
95 100 195 203 3.9 
95 50 145 144 0.7 

Testes 
71 200 271 293 7.8 
71 100 171 167 1.8 
71 50 121 134 10.4 

aMeans of triplicate determinations 
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interfere with the assay. The additional protein was detected 

in each sample (Table 4.2) and these values were within the 

linear range of the assay. 

Immunolocalization of Hsp70 in ovine Skeletal Muscle 

Mature ovine skeletal muscle (semimembranosus and 

semitendinosus) was fixed (2% paraformaldehyde), cryostat 

sectioned (7 ~m) and stained with no primary antibodies (4.4A 

and 4.4B), antibodies to Hsp70 absorbed with purified Hsp70 

(4.4C and 4.40), and antibodies to Hsp70 (4.4E, 4.4F, 4.4G, 

and 4.4H), followed by FITC conjugated secondary antibodies. 

Phase contrast pictures ( 4. 4A, 4. 4C, 4. 4E, and 4. 4G) and 

fluorescence pictures (4.4B, 4.40, 4.4F, and 4.4H) show the 

same general structures while controls only show background 

staining. Fluorescence photograph of a transverse section 

(4.4F) shows an intense peripheral staining corresponding to 

the sarcoplasm and a continuous polygonal network suggestive 

of sarcoplasmic reticular staining. Longitudinal fluorescence 

pictures ( 4. 4H) show intense peripheral staining of the fibers 

(sarcoplasm) and repetitive cross striations similar to 

staining patterns of the sarcoplasmic reticulum (Jorgensen et 

al., 1979). These results show that most of the inducible 

Hsp70 is localized in the sarcoplasm and that a small amount 

of Hsp70 may be specifically localized in the sarcoplasmic 

reticulum. 
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Figure 4.4 Phase contrast (A, c, E, and G) and fluorescent 

(B, D, F, and H) micrographs of the same ovine skeletal muscle 

sectioned at 7 J..£M and incubated with antibodies against 

bovine Hsp70. Micrographs A and B show the staining pattern in 

the absence of Hsp70 antibodies while micrographs c and D show 

the staining pattern of muscle sections incubated with Hsp70 

antibodies presorbed with purified bovine Hsc70 and Hsp70 

proteins. Fluorescent micrograph F and H show the staining 

patterns for cross sections and longitudinal sections 

respectively with antibodies against Hsp70. Note the intense 

peripheral fiber staining including a continuous polygonal 

staining pattern in micrograph F. In micrograph H, containing 

longitudinal sections, observe again the intense parallel 

staining of the fibers similar to sarcoplasmic staining and 

the repetitive, brightly staining patterns perpendicular to 

the long axis of the myofibers. The continuous polygonal 

staining of cross-sections and the perpedicular repetitive 

pattern of the longitudinal patterns are identical to the 

patterns observed in skeletal muscles stained for the 

sarcoplasmic reticular specific protein calsequestrin. 
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Isolation of sarcoplasmic Reticulum 

Western blot analysis of all the fractions collected 

during SR isolation showed the presence of a protein that 

crossreacts with the Hsp70 antibodies (Fig 4.5B). Different 

fractions contained varying amounts of the Hsp70 protein, but 

the lanes containing the sarcoplasm (supernatants; lanes 2, 4, 

and 6) contained the majority of the protein. Lanes 8 and 9 

containing the intermediate and the heavy SR also contained a 

band that cross reacts with the Hsp70 antibodies. ELISA 

analysis of the fractions collected during SR isolation (Table 

4.3) show that fractions containing sarcoplasm (1600 x g, 9000 

x g, and 120K x g supernatants) contain between 60% and 70% of 

the total Hsp70 detectable in skeletal muscle while the 1600 

x g pellet corresponding to the contractile apparatus and the 

nuclei contain approximately 30% of the total Hsp70. The 9000 

x g pellet corresponding to the crude preparation of 

mitochondria contains only 1% of the total Hsp7 0. These 

results verify that the majority of the Hsp70 is located in 

the sarcoplasm and that the SR contains a small but specific 

amount of Hsp70. Further studies are required to fractionate 

the 1600 x g pellet to determine the specificity and the 

location of the 30% of Hsp70 found in this pellet. 
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Figure 4. 5 Isolation of bovine sarcoplasmic reticulum. 

Supernates and pellets from the SR isolation procedure (5 ~g 

protein) were fractionated on 7.5% polyacrylamide gels and 

stained with Coomassie brilliant blue (A) or Western blotted 

(B) and probed with antibodies against the inducible Hsp70. 

The lanes contained the following samples: 1, Total skeletal 

muscle homogenate; 2, 1600 x g supernatant; 3, 1600 x g 

pellet; 4, 9000 x g supernatant; 5, 9000 x g pellet; 6, 

120,000 x g supernatant; 7, 120,000 x g pellet; a, 

intermediate SR; 9, heavy SR; 10, Hsc and Hsp70. Numbers on 

the left are molecular weight markers in kilodal tons. All 

fractions surveyed contained a protein that reacted with the 

Hsp70 antibodies. 
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TABLE 4.3 INDUCIBLE HSP70 CONCENTRATIONS IN BOVINE SKELETAL 

MUSCLE FRACTIONS8 

FRACTION CONCENTRATION ~ 0 TOTAL 
(ng/JJ.g protein) 

TOTAL HOMOGENATE 4.0 100.0 

1.6Kxg SUPERNATANT 12.5 71.0 

1.6Kxg PELLET 3.9 34.0 

9Kxg SUPERNATANT 10.6 70.0 

9Kxg PELLET 1.2 1.2 

120Kxg SUPERNATANT 8.7 56.0 

120Kxg PELLET 5.6 1.4 

INTERMEDIATE SR 3.6 0.1 

HEAVY SR 4.8 0.2 

8Means of triplicate determinations 
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Heat Shock of Skeletal Muscle 

ELISA analysis of heat shocked muscle shows that Hsp70 is 

inducible (Table 4.4). Measurements of fractionated control 

muscles maintained on ice or at 37"C shows no significant 

difference in all the fractions analyzed. Heat shock of the 

muscle to 42"C for three hours causes an increase in the total 

amount of Hsp70 in the total homogenates from 5 ngj~g to 8 

ngj~g protein and from 11.1 ngj~g to 13.7 ngj~g in the 9000 x 

g supernatant. Further analysis showed that the majority of 

the Hsp70 produced is located in the fractions containing the 

sarcoplasm. These results suggest that even though skeletal 

muscle contains elevated levels of Hsp70, it can be induced to 

higher levels by exposing the skeletal muscle to three hours 

of heat stress. 

Cardiac Muscle Anoxia 

ELISA analysis of cardiac skeletal muscle (cardiac apex) 

showed that Hsp70 increase in response to temporary complete 

anoxia. ELISA results showed the basal and maximal levels 

between the 41 animals studied to be very variable, but in all 

animals studied anoxia increased Hsp70 levels. Basal Hsp70 

levels ranged from 1.5 ngj~g to 3.5 ngj~g Hsp70 in 9000 x g 

supernatants and four hours following the clamp release it 

elevated to 6 ngj~g to 14 ngj~g. Data analysis as a fold 

increase per animal showed very consistently an approximate 
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TABLE 4.4 INDUCIBLE HSP 70 CONCENTRATIONS (ngj~g protein) IN 

BOVINE SKELETAL MUSCLE AFTER HEAT SHOCK 

FRACTION CONTROL8 37 oca 42 oca 

TOTAL HOMOGENATE 5.2±0.4 4.6±0.9 8.4±0.2 

1.6Kxg SUPERNATANT 8.8±0.4 7.6±0.2 16.4±0.2 

1.6Kxg PELLET 3.4±2.1 4.5±3.3 3.5±2.5 

9Kxg SUPERNATANT 11.1±0. 9 7.3±0.4 13.7±2.2 

9Kxg PELLET 1.1±2. 3 1. 2±3. 3 3.5±2.0 

120Kxg SUPERNATANT 9 .1±1. 0 6.8±0.1 12.2±0.9 

120Kxg PELLET 6.7±0.1 4.7±0.5 5.6±0.1 

8Means of triplicate determinations. 
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four fold increase in the levels of Hsp70 (Fig. 4.6). Results 

from the anoxia study demonstrate that manipulation of the 

heart to set up the parallel circulatory system is sufficient 

to increase Hsp70 about one fold. By the time that the aortic 

clamp was released, Hsp70 was observed to increase about 2.5 

fold above basal levels and after three hours from clamp 

release, Hsp70 levels had increased about 4.5 fold above the 

basal levels. Skeletal muscle biopsies were taken in parallel 

as a control, and Hsp70 measurements of these samples showed 

no change in Hsp70 levels (Fig. 4.6). One control animal was 

performed in which the aortic clamp and the parallel 

circulatory system were not placed. Hsp70 quantitation of 

samples from this animal showed no change in Hsp70 level 

(Results not shown). These results demonstrated that Hsp70 

was induced by cardiac anoxia and that the level of induction 

was dependent on the previous basal Hsp70 level. 

DISCUSSION 

The highly inducible Hsp70 is the most studied of the 

heat shock proteins, and levels of this protein increase 

dramatically following stress. The presence of this protein 

in non-stressed tissue would indicate a role in normal cell 

function. For this work, an ELISA assay for Hsp70 was 

developed using antibodies produced in chickens. The assay 

has a sensitivity of 25 ng and the intraassay and interassay 
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Histogram describing the fold increase in Hsp70 

levels in cardiac and skeletal muscles. Cardiac and skeletal 

muscle samples were removed immediately after opening the 

chest to determine basal Hsp70 levels. Tissue samples were 

collected immediately before and immediately after the 22 

minute complete aortic clamp. From that point on, tissues 

were collected every hour for four hours. Hsp70 levels were 

determined using the ELISA assay. 
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coefficients of variance are less than 5%. Previous 

quantitation methods for Hsp70 relied on measuring new protein 

synthesis by incorporation of radioactive methionine or a 

semi-quantitative method using Western blots (Kelley and 

Schlesinger, 1982). The method described here measures the 

total level present in tissues and it is quantitative. It 

provides information on the exact amount of Hsp70 present in 

tissues. 

This assay has been adapted for tissue extracts and 

detected substantial amounts of Hsp70 in various bovine 

tissues from nonstressed animals. The skeletal muscle was 

found to contain the highest level (9.1 ngj~g soluble protein) 

whereas fetal skeletal muscle contained 1. 6 ngj~g soluble 

protein and was the lowest of the bovine tissues examined. 

These results are in agreement with the results of Zakeri et 

al. (1990) in which they observed that distinct members of the 

Hsp70 family are abundantly expressed in the mouse testes in 

the absence of stress and that their expression is under 

developmental regulation. 

The assay has been used to verify that the majority of 

Hsp70 is in the sarcoplasm and that approximately 1% of the 

total Hsp 70 is specifically located in the SR. The 

localization of most of the Hsp70 molecules in the sarcoplasm 

is in agreement with the previous observations showing that 

the inducible Hsp70 is localized to the cytoplasm in the 

absence of heat stress (Lewis and Pelham, 1985; Mizzen and 
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Welch, 1988). In accordance with the proposed function of 

Hsp70, this protein may localize where stress sensitive or 

unfolded proteins are located. The changes in the exposure of 

these protein binding surfaces may be the ultimate defining 

factor for the localization of Hsp70. Upon heat shock {Table 

4. 4), sarcoplasmic Hsp70 is elevated (supernates). These 

results suggest that bovine skeletal muscle sarcoplasm may 

contain protein structures that are more sensitive to the 

insult of heat shock or more critical to cell survival than 

the fraction that is enriched in the contractile apparatus 

{1600 x g pellet), the mitochondrial enriched pellet {9000 x 

g pellet) or the SR enriched pellet (120 K x g pellet). 

The presence of a member of the Hsp70 family of proteins 

in the endoplasmic reticulum (the cellular compartment 

equivalent to the SR) is well known, but this protein, BiP, is 

different than the inducible form of Hsp70 that is identified 

here. BiP has a greater mass than Hsp70, with a calculated 

molecular weight of 78 kDA (Welch, 1992), and the rat BiP has 

an amino acid identity of only 64% when compared to the 

inducible form of Hsp70. In these studies a sarcoplasmic 

reticulum associated protein that crossreacts with our 

antibodies is identified, and the level of this protein is not 

altered by heat shock. These results are very suggestive of 

a permanent form of Hsp70 that may assist the import of 

proteins into the SR. Western blot results shows that the 

Hsp70 protein identified in the SR has identical mobility 
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properties as the sarcoplasmic forms of Hsp70, therefore, it 

is not believed that this protein is BiP. A possibility is 

that bovine skeletal muscle BiP has identical mobility 

properties as the inducible form of Hsp70. The localization, 

fractionation, and heat shock results suggest that this form 

of Hsp70 could be caught in the process of translocation 

across the SR membrane. Another possibility is that it could 

be a form of Hsp70 (through some posttranslational 

modification like the covalent addition of fatty acids) that 

is tethered in the SR membrane. This may function to assist 

protein import into the SR (Guidon and Hightower, 1986). It 

is unlikely that this Hsp70 is a pool caught in the process of 

translocation because it is known that the inducible 

cytoplasmic form of Hsp70 does not contain translocation 

sequences and Hsp70 is not a secreted protein. Again the 

lack of increase by heat shock is suggestive that this form of 

Hsp70 may be permanently bound to the SR. It is known that 

heat shock impairs protein import into the ER suggesting a 

decrease in this (these) protein(s) if these were to be Hsp70 

proteins caught in a translocation process (Mizzen et al., 

1991) . 

The Hsp70 ELISA assay has been used to show that even 

though skeletal muscle contains elevated levels of this 

protein, it can be elevated even further by three hours of 

heat shock. These results suggest that Hsp70 has an alternate 
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function in non-stressed muscle other than its thermal stress 

related activity. 

This assay demonstrated that temporary cardiac anoxia 

increases Hsp70 levels about four fold above basal levels. It 

is proposed that during reperfusion of the heart, oxygen 

radical production is increased by the failure of the 

antioxidant enzymes and the increased production of oxygen 

radicals. It has been proposed that oxygen radical formation 

occurs via mitochondrial disruption and the production of 

oxygen radicals by the enzyme xanthine oxidase. Xanthine 

dehydrogenase is converted into the oxigen radical producing 

enzyme xanthine oxidase by the increased ca2• and the protease 

calpain (McCord, 1988) . It is proposed that the oxidation of 

protein side chains by the oxygen radicals causes the proteins 

to denature or fold improperly, sending the signal for Hsp70 

to increase (Freeman and Tanswell, 1990). 

Recently, Beckmann et al. (1990) demonstrated that both 

Hsp70 and Hsc70 were associated with nascent proteins during 

translation and proposed that this association facilitates 

proper folding of proteins following translation. The authors 

suggested that Hsp70 and Hsc70 are in equilibrium between free 

Hsc70/Hsp70 proteins and Hsc70/Hsp70 bound to denatured or 

nascent polypeptides. A shift toward substrate bound Hsp70 

induces synthesis of these proteins. surprisingly, rapidly 

growing fetal skeletal muscle has much lower levels of the 



Hsp70 than mature skeletal muscle. 

116 

A clue as to the 

function of heat shock proteins in muscle function may come 

from the studies of Hiromi et al. (1986) using Drosophila 

mutants. In their studies, they identified mutants for an 

isoform of actin that is specific for indirect flight muscles. 

The mutant actin genes caused constitutive expression of the 

heat shock genes, including Hsp70 (Hiromi et al. 1986). One of 

the mutant forms of actin which they characterized by cloning 

and sequencing encoded a truncated actin protein in which the 

72 carboxy-terminal amino acids have been replaced by two new 

amino acids. Expression of the mutant actin created flies 

with defects in their flight ability. Examination of indirect 

flight muscle myofibrils indicated a correlation between heat 

shock gene inducibility and the lack of normal myofibryl 

morphology (Hiromi et al. 1986). 

From our studies and the studies of others, perhaps a 

consensus is emerging concerning the function of Hsp70 in 

skeletal muscle. We observe the elevation of bovine and ovine 

skeletal muscle Hsp70 in a developmentally regulated manner, 

and Hsp70 present at elevated levels independently of the 

muscle type analyzed (unpublished results) in both the bovine 

and ovine species. However, studies by Locke et al. (1991) 

and Kregal et al. (Manuscript in preparation) in the rat have 

shown elevated constitutive expression of Hsp70 proteins in 

skeletal muscles of the slow-oxidative fiber type (Type I 
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myosin) but less expression in muscles of the fast-glycolytic 

and fast oxidative glycolytic types. From these studies it is 

suggested that the constitutive expression of Hsp70 in slow 

oxidative muscle fibers types (type I myosin) may be necessary 

for providing an additional stress related function. It is 

known that muscles composed predominantly of type I myosin 

(slow oxidative) fibers have higher catalase and ubiquitin 

levels, contain a greater number of peroxisomes, and have a 

higher intrinsic rate of protein turnover than muscles 

composed of fast-glycolytic fibers (Locke et al., 1991; 

Obinata et al., 1981). Results from Vrbova et al. (1990) show 

that in rats, the proportion of slow fibers containing type I 

myosin increases with the animal's weight due to increased 

functional demands on the muscles. These observations may 

explain our findings that Hsp70 is elevated in ovine and 

bovine skeletal muscle regardless of muscle type analyzed. 

Perhaps in the ovine and bovine species their size and 

exercise behavior places demands on their skeletal muscles as 

to cause a major change in skeletal muscle fiber type. 

Perhaps the association of elevated Hsp70 with skeletal muscle 

containing type I myosin isoforms is entirely coincidental. 

The physiological demands necessary to cause this fiber type 

exchange may create other cellular demands that cause Hsp70 to 

be elevated. Perhaps the metabolism of type I myosin fibers 

causes an increase in oxygen radicals and the increase in 
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protein turnover causes endogenous elevation of Hsp70. This 

is against the idea that Hsp70 may be directly interacting 

with type I myosin isoforms. The results from these 

experiments do not answer these questions, but shovr two 

critical results. First, it is shown that only about 30% of 

the available Hsp70 may be associated with the contractile 

apparatus (Hsp70 present in the 1600xg pellet), leaving the 

remaining 60% to 70% in the sarcoplasm suggesting that the 

majority of the activity for Hsp70 is needed in the 

sarcoplasm. Second, these results show that whatever these 

functional demands in the ovine and bovine skeletal muscle 

are, they are not causing a global stress response, since heat 

shock causes a further increase in Hsp7 0 present in the 

sarcoplasm but not in fractions containing mitochondria and 

nuclei, SR membranes or the contractile apparatus. Perhaps the 

role of Hsp70 in slow oxidative skeletal muscle fibers is more 

general and related to its chaperone properties. 

Similarly, the results of Hiromi et al. ( 198 6) may be 

explained by the proposed foldase activity of Hsp70. When the 

muscle cells produced the mutant actins, they remained bound 

to Hsp70 causing an increase in the muscle's expression of 

Hsp70. In the case of actin binding to aginactin (Hsc70) in 

Dictyostelium discoideum as reported by Eddy et al. ( 1993), 

this again may be the foldase activity of Hsc70 mediating the 

formation of filamentous actin. 
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Skeletal muscles are dynamic cellular systems, and they 

adapt to the necessities of the organism. From these results 

it can be speculated that the function of Hsp70 in skeletal 

muscle cells may be to help them adapt to the needs of the 

organism. 



CHAPTER 5 

Identification and Characterization of a Bovine 

Skeletal Muscle Inducible Hsp70 

SUMMARY 
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A eDNA clone for the inducible Hsp70 has been isolated 

from a bovine skeletal muscle eDNA library. This mRNA encodes 

a protein with a calculated molecular weight of 70,250 Da. 

The eDNA has one continuous open reading frame capable of 

coding a 641 amino acid protein. Expression of this eDNA in 

a bacterial expression system produced a protein of identical 

mobility to the inducible Hsp70 protein from bovine skeletal 

muscle as determined by polyacrylamide gels containing SDS and 

western blots. Two-dimensional gel electrophoresis 

demonstrated this protein to have identical focusing 

properties as a minor isoform from bovine skeletal muscle. 

Upon carbamylation of this bacterially expressed protein, a 

train of charged proteins with charge differences of minus one 

were produced. These carbamylated proteins were shown to have 

similar focusing mobilities as the Hsp70 isoforms isolated 

from bovine skeletal muscle. A RNAse protection assay was 

developed to verify the presence of and to measure the level 

of this message. A 2.7 kb transcript was observed in all 
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tissues analyzed with skeletal muscle showing the highest 

level. Quantitative RNAse protection assays of skeletal 

muscle showed an approximate four fold increase in this 

messenger RNA (0.42 pg/~g to 1.65 pgj~g total RNA) following 

heat shock. These results demonstrate the identification of 

a skeletal muscle heat inducible Hsp70 gene and suggest that 

the presence of multiple Hsp70 isoforms may be the product of 

post translational modifications to the Hsp70 proteins. 

INTRODUCTION 

Two dimensional electrophoresis studies have revealed 

that the Hsp70 proteins exist as a group of at least four 

isoforms with isoelectric points ranging between 5.7 to 6.3. 

Yet the cause for these isoelectric differences or their 

relationship to the proposed functions of Hsp70 remains 

unknown. There are three possibilities for the formation of 

these distinct isoforms. First, it is possible that the cell 

expresses only one Hsp70 gene and that each isoform represents 

a form of Hsp70 that has been uniquely posttranslationally 

modified to cause the charge shifts. Secondly, it is possible 

that each isoform is the product of distinct Hsp70 genes 

expressed independently of each other. And thirdly, it is 

possible that a combination of both theories occurs in the 

cell. 
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Multiple genes for the inducible Hsp70 proteins have been 

identified in yeast (Ingolia et al., 1982), humans (Wu et al., 

1985), cattle (Grosz et al., 1992), mouse (Hunt et al., 1993; 

Lowe and Moran, 1984) and Drosophila (Craig et al., 1979). 

However, studies have not been reported characterizing their 

expression in the cell or their relationship to the Hsp70 

isoforms. It is possible that some of these genes are part of 

silent sequences called pseudo-genes. 

Posttranslational modifications of members of the Hsp70 

family of proteins have been reported. Methylation, 

phosphorylation, and ADP-ribosylation have been reported in 

Hsp70 proteins. However the relationship of these 

modifications to specific isoforms or to their function 

remains unknown. It is only for the protein BiP that an 

insight into the relationship between modifications and 

function is evident. It is proposed that the modifications of 

BiP (ER homolog of Hsp70) alter its abilities to oligomerize 

with other proteins (Blond-Elguindi et al., 1993). 

Current evidence suggests that both of these mechanisms 

are possible, and that neither of these mechanisms may be 

exclusive. In an attempt to address this question, a bovine 

skeletal muscle eDNA library was constructed, and screened for 

inducible Hsp70 clones. If the isoforms are the expression 

products of multiple Hsp70 genes, it was proposed that 

multiple Hsp70 cDNAs would be identified. Alternatively if 
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only one Hsp70 eDNA was identified then the isoforms may be 

the products posttranslational modifications. 

This report describes the identification and 

characterization of an inducible Hsp70 eDNA from bovine 

skeletal muscle. Chemical modification of the purified 

bacterially expressed protein created a pattern of isoforms 

similar to the pattern observed in bovine skeletal muscle. 

These results suggest that the distinct isoform patterns 

observed in bovine skeletal muscle may be the result of 

posttranslational modifications of Hsp70 proteins. 

RESULTS 

Cloning of the Bovine Hsp70 eDNA. 

A probe was derived from a human Hsp70 eDNA (Hunt and 

Morimoto, 1985) and consisted of the Psti to Hindi!! fragment 

of the clone pH2.3. This encompasses approximately 450 bases 

of 3' coding region and 450 bases of the 3' non-coding domain. 

This region was chosen as a probe because of convenient 

restriction sites and it showed the greatest divergence from 

the constitutive Hsc70. Northern blot analysis (Fig 5.1) 

using 20 ~g of total RNA (lane A) and 1 ~g of poly(A) RNA 

(lane B) shows the presence of Hsp70 related sequences in 

bovine skeletal muscle RNA. The difference in band 

intensities between total RNA and poly(A) RNA show the 

expected enrichment effect due to the purification. 
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Figure 5.1 Northern blot analysis of the skeletal muscle 

RNA. Twenty micrograms of total skeletal muscle RNA (A) and 

1 microgram of poly(A) RNA (B) were fractionated in MOPS

formaldehyde agarose gels, transferred to nitrocellulose 

membranes and hybridized to a probe composed of 900 nt of the 

3' end of the inducible human Hsp70. Locations of the 28S and 

16S ribosomal rRNAs are markea on tbe right. 
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The human probe, then, can be used to identify Hsp70 related 

sequences in bovine skeletal muscle RNA. 

The eDNA library was constructed using the same poly(A) 

RNA as described above for the Northern analysis. The library 

contained approximately 618,000 independent clones with an 

average insert size of 1. 2 kbp. The calculated titer was 

approximately 3x107 plaque forming units per microliter and 

95% of the plaques formed are recombinants. 

The probe described above was used to screen the lambda 

ZAP library. Initial screening of 2x105 plaques yielded 5 

clones. Partial sequencing of each of these clones from both 

ends identified them as Hsp70 clones spanning the 5' end of 

the bovine Hsp70 molecule. These clones were compared to the 

porcine Hsp70 sequence (Peelman et al., 1992). The largest 

contiguous clone extended approximately 150 bp 5 1 of the 

initiation codon (ATG), but continued only 1300 bp into the 

coding domain. Further screening of the library with this 

clone yielded 17 additional clones but none contained the 

entire 3 1 coding region of the bovine Hsp70. One clone was 70 

bp short of the termination codon when compared to the porcine 

Hsp70 sequence. Further screening of the library with a probe 

composed of 400 bp from the 3 1 end of the partial clone 

resulted in 27 additional Hsp70 clones. None encoded the 3 1 

termination region of the bovine Hsp70. In summary, 

approximately 1.1x 106 recombinant phage were screened and a 
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total of 49 Hsp70 clones were isolated and partially 

sequenced. These numbers indicated that the relative 

abundance of Hsp70 cDNAs in this library was approximately 

0.005%. These clones contained regions that went from 300 bp 

upstream of the inititation of translation to 70 bp of the 

termination codon. The longest continuous clone, clone 59, 

contained approximately 150 bp of 5 1 untranslated region and 

about 1800 bp of coding sequence. This clone was used as a 

base clone to subclone a product generated by 3 1 RACE. 

Furthermore, this clone was completely sequenced in both 

strands by creating nested deletion mutants (Fig. 5.2). 

To isolate the missing portion of the Hsp70 from clone 

59, a Hsp70 specific primer was designed from information 

obtained by partial sequencing. The Hsp70 specific primer, 

5 1 -TGCTAAGAACGCGCTGG-3 1 , was chosen because of its proximity 

to a Suni restriction site. The two other primers designed, 

5 1 -ATCGATAAGCTTGGATCCTTTTTTTTTTTTTTTTT-3 1 and 5 1 -

ATCGATAAGCTTGGATCC- 3 1 , were for the reverse transcription 

reaction and amplification reaction respectively. Poly (A) 

RNA, an aliquot from the sample used to synthesize the eDNA 

library, was reverse transcribed using the primer that 

hybridized to the polyadenylation tail of the mRNAs. This 

yielded a skeletal muscle eDNA pool. For the amplification 

reaction, the short primer lacking the multiple dTs was used. 

This served to decrease amplification of non-specific products 
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and to introduce three convenient restriction sites to the 

amplified products for subcloning (BamHI, Hindiii, and Clai) 

(Frohman, 1993). Amplification reactions were performed as 

described under materials and methods to yield a single band 

of approximately 700 bp. Control reactions using the Hsp70 

primer, a pBSK(-) sequencing primer, and clone 59 plasmid DNA 

amplified a product of the predicted size, and reactions 

lacking the eDNA pool or any of the primers did not create any 

products. The Hsp70 specific product was subcloned into the 

TA cloning vector (Invitrogen, San Diego, CA) for further 

subcloning. 

Subcloning results using restriction analysis of mini

prep DNA revealed the presence of two distinct groups of 

clones. Restriction digestion with EcoRI showed 8 clones 

containing a band of approximately 700 bp while two contained 

a band of approximately 300 bp. Five of the 700 bp clones and 

one of the 300 bp clones were partially sequenced. All of the 

700 bp clones encoded the 3 1 end of the Hsp70 sequence and the 

300 bp clone did not match any significant sequences in the 

GenBank and EMBL data bases using the program BLASTN. Three 

of the five clones identified were randomly chosen and 

completely sequenced on both strands using nested deletion 

mutations. 
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Figure 5. 2 Physical map for the cloning and sequencing 

strategies of the bovine Hsp70 clone. Diagram A indicates the 

final open reading frame encoding the 641 amino acid protein. 

Diagram B shows the eDNA clone, 59, derived from the lambda 

ZAP library and the restriction sites used for subcloning. 

Diagram c denotes the 3' RACE derived clone, PCR700A, with the 

termination sequences and subcloning restriction sites used 

for assembly of the complete Hsp70 clone. ATG and TAG show the 

sites for initiation and termination of translation, and (a) 

denotes the site of the polyadenylation signal. Double lines 

denote vector sequences. Dashed arrows under each 1 ine 

diagram show the sequencing strategy for each clone and 

capital letters denote sites of specific endonucleases. P, 

Psti; Bx, BstXI; Ba, BamHI; S, Suni; H, Hindiii. 
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Sequencing results revealed two of the three clones 

analyzed to be absolutely identical. The third clone differed 

by one base. The two clones encoded a C at position 2251 of 

the final clone assembled and the third clone contained a T at 

this position. It is most possible that this is a 

misincorporation by the polymerase during the amplification 

reaction, and the location of this base change is 

approximately 180 bp 3' from the translation termination codon 

(Fig. 5.3). One of the two identical clones was subcloned 

into the clone 59. 

Sequence analysis of clone 59 revealed an open reading 

frame for a protein highly homologous to the porcine Hsp70. 

Sequence comparisons between the primer site (bp 1765) and the 

termination of clone 59 (1950) revealed this region to be 

identical. Alignment of the two sequences using the program 

SEQED from the GCG program revealed that the initial reading 

frame continued and that the protein encoded was highly 

homologous to other Hsp70s cloned (Table 5.2). 

The initial strategy for the complete Hsp70 assembly 

relied on directional cloning between the Suni site located by 

the primer and the Hindiii site located in the multiple 

cloning site of the pBSK(-) vector and the Hindiii created 

during PCR. Sequence analysis and restriction mapping with 

Suni revealed the presence of an internal Suni site. For this 

reason, an alternate cloning strategy involving the removal 
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and reintroduction of an internal Kspi fragment was attempted 

but upon isolation of about 100 recombinant clones it was 

observed that all contained the Kspi fragment in the reverse 

orientation. Subcloning of the 3' RACE product was achieved 

in a three step process. First, the Psti fragment from clone 

59 was excised to remove the Hindiii site located at 

nucleotide 114. Secondly, the altered clone 59 and the 3' RACE 

clones were each digested simultaneously with Sun I and 

Hindiii. The altered clone 59 contained in the vector 

pBSK(-) was then ligated to the Suni-Hindiii fragment from the 

3' RACE clone. Upon ligation this yielded an altered clone 59 

lacking the internal suni-Suni fragment. Thirdly, the suni

Suni and Psti fragments were then purified from clone 59 and 

each was independently ligated to the clones missing them. 

Restriction analysis was then used to identify those clones 

containing the suni and Psti fragments in the proper 

orientation. Nested deletion mutants from the 3 1 end of the 

assembled clone were made, and the entire region of Suni 

subcloning was sequenced. Sequencing results showed that all 

fragments assembled properly and that the reading frame for 

the Hsp70 protein was maintained. 

The sequence of the assembled bovine Hsp70 eDNA is shown 

with the predicted amino acid sequence (Fig. 5. 3) . The 

nucleotide sequence contains the initiation codon at 

nucleotide 151, and termination codon at nucleotide 2075. 
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This sequence encodes a 641 amino acid protein with a 

polyadenylation signal at nucleotide 2344. Amino acid 

sequences shown to be highly conserved in the Hsp70 family of 

proteins are located at amino acids (9-16) and (131-139) and 

are underlined. Computer simulated translation of the same 

reading frame as ATG 151 for the region upstream from this ATG 

demonstrated an in-frame stop codon. This shows the absence 

of alternate initiation cedens. The site of clone 59 

termination is shown at nucleotide 1945 and the site for the 

Hsp70 specific primer is located at nucleotide 1761. 

Nucleotides 121 and 283 are the sites of the primers used for 

the introduction of an Ncoi site mutation. This mutation was 

necessary for subcloning into an expression vector. 

Comparison of the predicted amino acid sequence of the 

assembled Hsp70 gene with sequences of members of the Hsp70 

family of proteins revealed that the product is more 

homologous to the inducible Hsp70 proteins than to the Hsc70 

(Table 5.1). The data from table 5.1 also shows the presence 

of a bovine Hsp70 sequence that is 99% similar to the sequence 

presented here. Amino acid comparisons using the program 

FASTA demonstrated that the only amino acid differences were 

in amino acid number four (methionine) and amino acid number 

89 (Glutamic acid). The sequence for bovine Hsp70II, in table 

5.1, encoded a threonine 
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Figure 5.3 Nucleotide sequence and predicted amino acid 

sequence of the bovine Hsp70. Top line shows the numbered 

nucleotide sequence and the bottom line shows the predicted 

amino acid sequence. Underlined amino acids represent the 

highly conserved Hsp70 motifs, and nucleotide sequences in 

lower case lettering represent the different primers and their 

respective orientation used for 3' RACE and site directed 

mutagenesis procedures. Underlined nucleotides between 

positions 1761 to 2399 represent the region corresponding to 

the 3 1 RACE product cloned. Nucleotide sequences overlined 

and starred (*) represent polyadenylation signal. Nucleotide 

2150 (*) represents the only nucleotide observed to be 

different in one of the three clones isolated by 3' RACE. H, 

Hindiii; P, Psti; RI, EcoRI; B, BamHI; C, Clai. 



1 AAAACTTGCGGCTTAGTCCGTGAGAACAGCTTCCGCAGACCCGCTATCTCCAAGGACCGC 60 

61 CCCGAGGGCACCAGAGCTTCACGATGTTGATCCTGTGGGCCGlliiCAGGTTTGAAGCTT 120 

H P RI Ncoi 
s•-aagcttctgcagi::~tccagggcaccgccatqqcgaaaaac----> 3 1 

121 ATCTCGGAGCCG GGCAGGGCACCGGCATGGCGAAAAACATGGCTATCGGCATCGAC 180 
M A K N M A I G l__Q 

181 CTGGGCACCACCTACTCCTGCGTAGGGGTGTI'CCAGCACGGCAAGG'l'GGAGATCATCGCC 24 0 
L G T T Y S C V G V F Q H G K V E I I A 

BstXI 
J' <----gtcgatgcaccggaaqtg-5 1 

2 41 AACGACCAGGGCAACCGCACCACCCCCAGCTACGTGGCCTTCACCGATACCGAGCGGCTC 3 00 
N D Q G N R T T P S Y V A F T 0 T E R L 

301 ATCGGCGATGCGGCCAAGAACCAGGTGGCGCTGAACCCGCAGAACACGGTGTTCGACGCG 360 
I G D A A K N Q V A L N P Q N T V F 0 A 

3 61 AAGCGGCTGATCGGCCGCAAGTI'CGGAGACCCGGTGGTGCAGTCGGACATGAAGGAGTGG 42 0 
K R L I G R K F G D P V V Q S 0 M K & W 

4 21 CCTTI'CCGCGTCATCAACGACGGAGACAAGCCTAAGGTGCAGGTGAGCTACAAAGGGGAG 4 80 
P F R V I N D G 0 K P K V Q V S Y K G E 

4 81 ACCAAGGCGTTCTACCCGGAGGAGATCTCGTCGATGGTGCTGACCAAGATGAAGGAGATC 54 0 
T K A F Y P E E I S S M V L T K M K E I 

541 GCCGAGGCGTACCTGGGCCACCCGGTGACCAACGCGGTGATCACCGTGCCGGCCTACTTC 600 
A E A Y L G H P V T N A V I T V P A Y F 

601 AACGACTCGCAGCGGCAGGCCACCAAGGACGCGGGGGTGATCGCGGGGCTGAACGTGCTG 660 
N D S Q R Q A T K D A G V I A G L N V L 

661 AGGATCATCAACGAGCCCACGGCCGCCGCCATCGCCTACGGCCTGGACAGGACGGGCAAG 720 
R I I N & P · T A A A I A Y G L 0 R T G K 

7 21 GGGGAGCGCAACGTGCTCATcrrrGATCTGGGAGGGGGCACGTTCGACGTGTCCATCCTG 7 8 0 
G K R N V L L F D ~ G G G T F 0 V S I L 

7 81 ACGATCGACGACGGCATCTTCGAGGTGAAGGCCACGGCCGGGGACACGCACC'l'GGGCGGG 840 
T I Q. D G L F E V K A T A G 0 T K L G G 

8 41 GAGGACTTCGACAACAGGCTGGTGAACCACTTCGTGGAGGAGT!'CAAGAGGAAGCACAAG 900 
E D F D N R L V N H F V E E F K R K H K 

9 01 AAGGACATCAGCCAGAACAAGCGGGCCGTGAGGCGGCTGCGCACCGCATGCGAGCGGGCC 960 
K D I S Q N K R A V R ·-R- -L R - -T-~ A C. E: R A 

961 AAGAGAACCTTGTCGTCCAGCACCCAGGCCAGCCTGGAGATCGACTCCCTGT'l'CGAGGGC 102 0 
K R T L S S S T Q A S L E I 0 S L r K G 

1021 ATCGACTTCTACACGTCCATCACCAGGGCGCGGTTCGAGGAGCTGTGCTCCGACCTGTTC 1080 
I D F Y T S I T R A R ~ E E L C S D 4 F 

1081 CGGAGCACCCTAGAGCCCGTGGAGAAGGCGCTACGCGACGCCAAGCTGGACAAGGCGCAG 1140 
R S T L E P V E K A L R D A K L D K A Q 

1141 ATCCACGACCTGGTCCTGGTGGGGGGCTCCACCCGCATCCCCAAGGTGCAGAAGCTGCTG 1200 
I H D L V L V G G S T R I P K V Q K L L 
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1201 CAGGACTTCTTCAACGGGCGCGACCTCAACAAGAGCATCAACCCCGACGAGGCGGTGGCG 1260 
Q 0 F F N G R D L N K S I N P D E A V A 

12 61 TACGGGGCGGCGGTGCAGGCGGCCATCCTGATGGGGGACAAGTCGGAGAACGTGCAGGAC 13 2 0 
Y G A A V Q A A I L M G D K S E N V Q 0 

13 21 CTGCTGTTGCTGGACGTGGCTCCCCTGTCGCTGGGACTGGAGACGGCCGGAGGCGTGATG 13 8 0 
L L L L D V A P L S L G L E T A G G V M 

1381 ACCGCCCTGATCAAGCGCAACTCCACCATCCCCACGAAGCAGACGCAGATCTTCACCACC 1440 
T A L I K R N S T I P T K Q T Q I F T T 

1441 TACTCGGACAACCAGCCGGGCGTGCTGATCCAGGTGTACGAGGGCGAGAGGGCCATGACG 1500 
Y S D N Q P G V L I Q V Y E G E R A M T 

1501 CGGGACAACAACCTGCTGGGGCGCTTCGAGCTGAGCGGCATCCCGCCGGCCCCGCGGGGG 1560 
R D N N L L G R F E L S G I P P A P R G 

1561 GTGCCCCAGATCGAGGTGACCTTCGACATCGACGCCAATGGCATCCTGAACGTCACGGCC 162 0 
V P Q I E V T F D I D A N G I L N V T A 

1621 ACGGACAAGAGCACGGGCAAGGCCAACAAGATCACCATCACCAACGACAAGGGCCGGCTG 168 0 
T D K S T G K A N K I T I T N D K G R L 

1681 AGCAAGGAGGAGATCGAGCGCATGGTGCAGGAGGCGGAAAAGTACAAGGCGGAGGACGAG 17 4 0 
S K E E I E R M V Q E A E K Y K A E D E 

S'tgctaagaacgcgctgg--> J' 
17 41 GTGCAGCGCGAGAGGGTGTCTGCTMGMCGCGCTGGAGTCGTACGCC'TTCMCATGMG 18 00 

V Q R E R V S A K N A L E S Y A F N M K 

1801 AGCGCCGTGGAGGATGAGGGGCIGAAGGGCAAGATGAGCGAGGCGGACMGAAGAAGGTG 1860 
S A V E D E G L K G K I S E A D K K K V 

1861 CTGGACAAGTGCCAGGAGGTGA'lTI'CCTGGCTGGACGCCMCACCT'I'GGCGGAGAAGGAC 19 2 0 
L D K C Q E V I S W ~ D ~ N T L A E K 0 

< 1 Clone- 59-
1921.. GAGTTTGAGCACMGAGGMGGAGCTGGAGCAGG'l'GTGTMCCCCATCATCAGCAGACTG 1980 

E F E H K R K E ~ E Q V C N P I I S R L 

1981 TACCAGGGGGCGGGCGGCCCCGGGGCTGGCGGC'lTI'GGGGCTCAGGGCCCTAMGGGGGC 2 04 0 
Y Q G A ~ G P G A G G F G A Q G P K G G 

2 041 T~C'l'GGCCCGACCA'l'TGAGGAGGTGGATI'AGGMTCC'ITCCCIGGA'l'TGCTCATG 2100 
S G S G P T I E E V D t 

B 

~ J' <-----tttttttttttttttttcctagg€€cgaatagcta 5' 
2341 GTAMTAMCTCAMTAAT'l'CGAAAAAAAAAAMAAAAGGATCCMGCT'l'ATCGAT 2399 
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in place of methionine and a histidine in place of glutamic 

acid. Nucleotide comparisons using the program FASTA showed 

the coding sequences to be almost identical, but in contrast, 

the 5 1 and 3' non coding regions showed very little homology. 

These results suggest that these are the products of two 

distinct genes. 

Northern Blot Analysis 

To examine the relative abundance and the presence of 

Hsp70 related mRNAs in bovine tissues a northern blot analysis 

was performed using the assembled Hsp70 as a probe (Fig. 5.4). 

The probe hybridized to a band of approximately 2. 6 kb. 

Skeletal muscle contained the highest level and brain the 

lowest level. It is evident from the autoradiography signals 

that RNA degradation was occurring since a smear was observed 

below the main signal. 

RNAse Protection Assays 

RNAse protection assays were performed to verify the 

existence of the full length message in skeletal muscle and to 

measure the level of this Hsp70 message in bovine tissues. 

Qualitative RNAse protection assays showed the presence of a 

protected message in all tissues examined (Fig. 5.5). The 

relative amount of protected product paralleled the pattern 
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Table 5.1. Amino acid identities between bovine Hsp70 eDNA and 

other Hsp70 and Hsc70 sequences. Comparisons of amino acid 

sequences were performed with the FASTA program using the 

algorithm of Pearson and Lipman of the Genetics Computer Group 

(GCG). Sequences were identified with the program BLASTN and 

recovered with the GenBank and EMBL data bases with the 

program FETCH. 

Protein 

Bovine Hsp70 II 

Human Hsp70 

Pig Hsp70 

Mouse Hsp70 

Drosophila Hsp70 

Bovine Hsp70 I 

Mouse Hsc70 

Bovine Hsc70 

Rat Hsc70 

Yeast Hsc70 

Rat BiP (ER Hsp70) 

Bacterial Hsp70 (DnaK) 

Identity with 

bovine Hsp70a 

99 

98 

97 

95 

81 

79 

85 

84 

84 

74 

64 

48 

a Percent amino acid sequence identity with bovine Hsp70 
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Figure 5. 4 Northern blot analysis of distinct bovine 

tissues. Thirty micrograms of total bovine RNA from distinct 

tissues were fractionated in MOPS-formaldehyde agarose gels, 

transferred to nitrocellulose membranes, and hybridized to 32p 

labelled bovine Hsp70. Lanes contained the following tissues: 

1, brain; 2, heart; 3, kidney; 4, liver; 5, lung; 6, skeletal 

muscle; 7, spleen; 8, testes. Migration of RNA molecular 

weight markers in kilobases is denoted on the right margin. 



139 

observed for Hsp70 proteins in tissues, with skeletal muscle 

(Lane 6) showing the highest level. The size of the protected 

band in tissues is identical to the protected bands in the 

standard samples demonstrating the existence of a message for 

the assembled Hsp70 in bovine skeletal muscle. Non-specific 

protection was demonstrated not to occur in lane 0 of the 

standard, since this sample contained no sense RNA but a 

constant amount of total carrier RNA and radiolabelled 

antisense RNA. The standard samples served as positive 

controls since they contained sense RNA molecules for the 

entire Hsp70 molecule, and the protected band was of the 

approximate predicted size ( 2. 4 kb) . The standard samples also 

showed the presence of a protected band of approximately 5.3 

kb. It is believed that this band corresponds to DNA:RNA or 

RNA:RNA hybrids generated due to incomplete vector digestion 

during the linearization step. It is proposed that these 

undigested vector molecules generate labeled RNA molecules 

that span most of the vector, and when hybridized to their 

complementary DNA, they become resistant to nuclease 

digestion (Sambrook, 1989). 

Quantitative RNAse protection assays were performed to 

accurately measure the level of the Hsp70 message in bovine 

tissues. Results from these assays verified the Hsp70 

expression pattern observed in the qualitative assays and the 

Hsp70 protein expression patterns observed previously. These 
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Figure 5.5 RNAse protection assays performed on sense Hsp70 

RNA and various bovine tissues. Increasing amounts (pg) of 

in-vitro synthesized sense RNA and about 30 ~g of total RNA 

from various tissues were hybridized to 32P labelled in-vitro 

synthesized bovine Hsp70. Unhybridized RNA sequences were 

digested with RNAse A and RNAse T1 and the protected products 

were fractionated in sequencing gels, followed by 

autoradiography. Lanes contain the following tissues: 1, 

brain; 2, heart; 3, kidney; 4, liver; 5, lung; 6, skeletal 

muscle; 7, spleen; 8, testes. Numbers on the right margin 

denote molecular weight markers in kilobases. 
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results are summarized in table 5. 2. It is observed that 

bovine skeletal muscle contains a level of 0.48 pgj~g total 

RNA while the brain had a level of 0.165 pgj~g. The 

significance of these values is not fully observed until these 

values are converted to a percentage of mRNA. If it is 

assumed that 1% of the total RNA comprises poly(A) RNA then it 

can be observed that the message for the Hsp70 ranges between 

0.00217% to 0.0048% of the poly(A) RNA. This is in contrast 

to the Hsp70 protein percentage values which range from 0.21% 

to 0. 87%. There is about a 100 fold difference in the 

percentage values between the protein levels and the mRNA 

levels. 

Hsp70 mRNA Levels in Heat Shocked Skeletal Muscle 

To examine the level of Hsp70 transcripts in bovine 

skeletal muscle before and after heat shock, RNAse protection 

assays were performed (Table 5. 3) . Measurements of Hsp70 

transcripts or Hsp70 protein in control muscles maintained in 

ice or 37oc showed no significant differences. However, heat 

shock of the muscle at 42°C for 3 hours causes an approximate 

three-fold increase in the level of Hsp70 transcripts from 

0.42 pgj~g total RNA to 1.65 pgj~g total RNA and about a two 

fold increase in Hsp70 protein from about 4 ngj~g to 7. 7 

ngj~g. These results confirm that the Hsp70 cloned is encoded 

by an inducible Hsp70 gene. 
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Table 5. 2 Hsp70 transcript and Hsp70 protein levels in 

bovine tissues as determined by the quantitative RNAse 

protection assay and ELISA assay. 

Tissue Transcript % Protein S!:-0 

level mRNA level Hsg70 Prot 
(pg/ J..Lg) 8±SD Poly(A) RNA (ng/J..Lg) 8±SD Total Prot 

Brain 0.165±0.005 (0.0017) 2.1±0.2 (0.21) 

Heart 0.290±0.020 (0.0029) 4.1±0.2 (0.41) 

Kidney 0.217±0.013 (0.0022) 3.6±0.3 (0.36) 

Liver 0.227±0.010 (0.0023) 3.6±0.7 (0.36) 

Lung 0.262±0.024 (0.0026) 2.9±0.5 (0.29) 

Skeletal 
muscle 0.481±0.043 (0.0048) 8.7±0.4 (0.87) 

Spleen 0.281±0.003 (0.0028) 2.4±0.3 (0.24) 

Testes 0.224±0.011 (0.0022) 2.6±0.2 (0.26) 

8Means of triplicate determinations 
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Table 5. 3 Hsp70 transcript and protein levels in bovine 

skeletal muscle after heat shock as determined using RNAse 

protection assay and ELISA. 

Treatment 

Ice 

37•c 

42·c 

a Means 

b Means 

of 

of 

c,d Values 

e,f Values 

Hsp70 

transcripts8 

(pg/J.Lg)±SD 

0. 42±0 .148c 

0.59±0.169c 

1.65±0.290d 

duplicate determinations 

triplicate determinations 

are statistically different 

are statistically different 

Hsp70 

proteinb 

(ngjJ,Lg)±SD 

4. 5±0. 5e 

3. 8±0. 5e 

7.7±0.6f 

(P<O. 01) . 

(P<0.001). 
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Bacterial Expression of Bovine Hsp70 

Bacterial expression of the bovine Hsp70 required the 

introduction of a Ncoi site near the initiation codon, and the 

subcloning of the Nco I to BamHI fragment into the pET. ac 

expression vector. Site directed mutagenesis was performed 

using a polymerase chain reaction method followed by several 

subcloning steps, and introduction into the expression 

bacteria. 

The strategy for site directed mutagenesis was very 

simple. First, the Psti fragment was removed from the entire 

Hsp70 clone and introduced into the pBS(-) vector. A 42 

nucleotide long mutagenic primer containing Hindi II, Psti, and 

EcoRI restriction sites plus the mutating C to create the Ncoi 

site was used for the amplification reaction together with a 

primer to overlap the internal BstXI site at bp 273 (See Fig. 

5.3). The amplified product was cloned into theTA cloning 

vector for further subcloning. A Hindiii to BstXI fragment 

was isolated and subcloned into the pBS(-) vector containing 

the Psti fragment of Hsp70 (See Fig 5.2). Clones containing 

the mutated fragment were identified, and the entire Psti 

fragment, containing the Ncoi mutation, was reintroduced into 

the full length Hsp70. In order to verify that random 

mistakes were not introduced by Taq polymerase and to verify 

the base changes targeted by the specific primer, the entire 
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Hindiii to BstXI region was sequenced. This created an Hsp70 

eDNA clone containing an in-frame Ncoi site. 

Expression of the bovine Hsp70 was achieved by subcloning 

the Ncoi-BamHI fragment (149-2110) into the pET.8C vector to 

create the pET.Hsp70. The recombinant vector, pET.Hsp70, was 

then introduced into BL21 pLyss cells for expression. An 

induction experiment was performed using bacterial cells 

transformed with pET.Hsp70 or with pET.8C (Fig. 5.6). The 

induction of a 70 kDa protein was clearly evident in those 

bacterial cells transformed with pET.Hsp70 (Hsp70), while in 

those cells containing the vector lacking the Hsp70 insert, 

this protein was not apparent. Western blot analysis (Fig. 

5.6 B) of the same samples showed that this 70 kDa band cross

reacted with the bovine Hsp70 antibodies, and the control 

lanes showed the presence of a faint cross-reacting band. It 

is proposed that this represents well-to-well spillover during 

the gel electrophoresis. These results showed the synthesis of 

bovine Hsp70 in a bacterial expression system. 

Recombinant Hsp70 was purified from induced bacterial 

cells using anion-exchange chromatography, hydrophobic 

chromatography, and ATP affinity chromatography. Starting 

with one liter of induced bacteria, the final yield of 

purified protein was 4.0 mg. The purity of the recombinant 

protein was verified using 
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Hsp70 Control Hsp70 Control 

+ 0 30 60 90 120 150 180 210 0 60 150 210 + 0 30 60 90 120 150 180 210 0 60 150 210 

--------
A B 

Figure 5.6 Time course of induction of the expression of 

recombinant Hsp70. Timed aliquots were obtained every 30 

minutes for bacteria transformed with pET.Hsp70 or at 0, 60, 

150, and 210 minutes for bacteria transformed with pET.SCa 

Samples were fractionated in 7.5% polyacrylamide gels 

containing SDS and either stained with coomassie brilliant 

blue (A) or transferred to nitrocellulose membranes for 

blotting with antibodies against Hsp70 (B). Lanes denoted by 

(+) contain 50 ng of purified bovine Hsp70. Numbers on the 

right margin are molecular weight markers in kilodaltons. 
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polyacrylamide gels containing SDS (Fig. 5.7 A). Results of 

PAGE-SDS demonstrate the recombinant to be highly pure with a 

slight contaminating protein at approximately 75 kDa (Fig 5.7 

A). When the recombinant Hsp70 was compared to the bovine 

Hsp70 (Fig. 5.7 B), it was observed that it migrated with the 

inducible Hsp70. The copurification of the bacterial Hsp70, 

DnaK, was observed in two dimensional gels heavily loaded with 

recombinant Hsp70 (Fig. 5.9 A). These results suggested that 

the eDNA cloned encoded a protein that is indistinguishable 

from bovine Hsp70. 

Two Dimensional Gel Electrophoresis of Recombinant Hsp70 

An addition experiment was performed to identify which 

isoform was encoded by the recombinant Hsp70. Two dimensional 

gel electrophoresis of bovine skeletal muscle Hsp70 revealed 

the previously described isoform pattern (Fig. 5.8 A). When 

recombinant Hsp70 was similarly fractionated, a major isoform 

was observed with a measured pi of 6.1, but more 

interestingly, several other minor isoforms were observed 

(Fig. 5.8 B). The precise identity of the recombinant Hsp70 

was observed when purified bovine Hsp70 and recombinant Hsp70 

were electrofocused simultaneously (Fig 5.8 C). These results 

clearly demonstrated that the recombinant Hsp70 comigrated 

with the bovine skeletal muscle Hsp70 of pi 6.1, a minor 

isoform of the bovine Hsp70. Furthermore, when the same gels 
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Figure 5. 7 Comparison of recombinant purified Hsp70 to 

bovine skeletal muscle Hsp70. Recombinant Hsp70 (A) and Hsp70 

purified from bovine skeletal muscle were fractionated in 7. 5% 

polyacrylamide gels containing SDS and stained with coomassie 

brilliant blue. Recombinant Hsp70 shows a slight contaminant 

band of appro~imately 75 kDA, while Hsp70 proteins purified 

from skeletal muscle show the inducible Hsp70 (72 kDA) and 

the constitutive Hsc70 (73 kDA) . Numbers on the right margin 

are masses of molecular weight markers in kilodaltons. 
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as in figures 5.8 A, 5.8 B, and 5.8 C were stacked on each 

other for isoform alignment, it was observed that some of the 

minor isoforms of the recombinant Hsp70 comigrated with the 

isoforms of purified bovine Hsp70 (Fig. 5.8 D). The presence 

of the constitutive Hsc70 was observed (Upward arrows). 

Recombinant Hsp70 carbamylation 

Recombinant Hsp70 carbamylation created an isoform train 

with charge shifts of -1. The generation of this isoform 

train was done by exposing the purified recombinant Hsp70 

proteins to 9 M urea and boiling. Under these conditions, the 

cyanate ions generated stably carbamylate the amino terminus 

and lysine residues of the protein to prevent them from 

obtaining a positive charge (Glazer et al., 1976). A time 

course was performed of recombinant Hsp70 exposed to 9 M urea 

and boiling followed by two dimensional electrophoresis to 

observe the charge shifts. At time zero (Fig. 5.9 A), the 

pattern and location (pi 6 .1) previously observed for the 

recombinant Hsp70 was observed. After 2.5 minutes, a dramatic 

change in the pattern of isoforms is observed with the 

isoforms becoming more acidic ( 5. 9 B) . By 5 minutes of 

heating, the pattern has completely migrated to the acidic end 

of the focused gel (not shown). Careful observation of the 

2. 5 minute carbamylated pattern showed the presence of at 

least 4 protein groups with pis ranging from approximately 
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Figure 5. 8 Comparison of recombinant Hsp70 and Hsp70 

purified from bovine skeletal muscle. Bovine skeletal muscle 

Hsp70 (A), recombinant Hsp70 (B), and bovine skeletal muscle 

Hsp70 spiked with recombinant Hsp70 (C) proteins were 

subjected to two dimensional gel electrophoresis and stained 

with coomassie brilliant blue. Gels A, C, and B were 

overlapped and photographed (D) to demonstrate the migration 

relationship of the isoforms. The location of the 

constitutive Hsc70 is marked by an upward arrow. 
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5. 6 to 6. 1. Isoform alignment of 2. 5 minute carbamylated 

Hsp70s (B), bovine Hsp70s (*), and 0 minute carbamylated 

Hsp70s (A) by gel overlapping, demonstrated that the -1 charge 

shifts generated by the carbamylation of recombinant Hsp70 

comigrated with the isoform pattern observed in bovine 

skeletal muscle Hsp70 (Fig. 5.9 C). The locations of bovine 

skeletal muscle Hsc70 and DnaK are represented by the filled 

upward arrow and open upward arrows, respectively. These 

results suggest that the Hsp70 isoform pattern observed in 

tissues may be the result of posttranslational modifications 

of these proteins. 

DISCUSSION 

It was previously reported by our laboratory that a heat 

inducible protein with identical mobility and antibody 

crossreactivity to Hsp70 and its mRNA existed in bovine 

skeletal muscle at elevated levels (Guerriero et al., 1989; 

Gutierrez and Guerriero, 1991; 1989) . In this report, the 

complete eDNA for a heat inducible Hsp70 from bovine skeletal 

muscle is described. Amino acid sequence and nucleotide 

sequence analysis clearly place this eDNA as a member of the 

Hsp70 family of proteins, and the ability to identify specific 

message make this a functional gene. Expression of this eDNA 

in a bacterial system produced a protein of mobilities in one 

and two dimensional gel systems identical to 
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Figure 5.9 Carbamylation of recombinant Hsp70. Time zero 

(A) and time 2. 5 minutes of carbamylation of recombinant Hsp70 

were subjected to two dimensional gel electrophoresis and 

stained with coomassie brilliant blue. Gels containing time 

zero (A), time 2.5 minutes (B) and bovine skeletal muscle 

Hsp70 were layered and photographed to demonstrate the 

migration patterns of the Hsp70 isoforms (C). The locations 

of bacterial Hsp70 (DnaK) and H~c70 are shown with tbe upward 

open and filled arrows, respectively. 
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bovine Hsp70 from skeletal muscle. This recombinant protein 

crossreacts with antibodies against bovine Hsp70. 

Multiple genes encode members of the Hsp70 family of 

proteins in S.cerevisiae (Ingola et al., 1982), ~ 

melanogaster (Craig et al., 1979), mice (Hunt et al., 1993; 

Lowe and Moran, 1984), humans (Wu, et al., 1985), pig (Nunes 

et al., 1993), and bovine (Grosz et al., 1992) as identified 

by genomic sequence analysis. In the bovine species 4 Hsp70 

genes have been identified from a genomic sperm library (Grosz 

et al., 1992) . Two genes Hsp70-I and Hsp70-II have been 

sequenced and shown to be tandemly localized on chromosome 23, 

while Hsp70-III has been localized to bovine chromosome 10. 

Hsp70-IV has not been localized (Gallagher et al., 1993) . 

Amino acid comparisons between Hsp70-I and the bovine eDNA 

obtained from bovine skeletal muscle reveals that the two 

proteins are only 79% homologous (Table 5. 2) . Amino acid 

comparison with Hsp70-II reveals a protein that is 99% 

homologous differing in two amino acids. Nucleotide 

comparison between the 5 1 and 3 1 untranslated domains for 

Hsp70-II and the skeletal muscle eDNA reveals a very high 

degree of variation between the two sequences. These results 

suggest even though the two proteins are almost identical 

they are the product of distinct genes. These results suggest 

that in the bovine species very similar Hsp70 proteins may be 
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encoded by different genes, and at least from the amino acid 

sequences these products may encode highly similar proteins. 

The mere presence of genomic sequences identifying a 

particular gene does not mean that this sequence is 

transcriptionally functional. In studies attempting to 

identify mouse Hsp86, it was found that five out of six 

distinct genes, identified from a genomic library, were not 

functional, and they suggested that these pseudogenes arose by 

some erratic replication process (Moore et al., 1990). 

The existence of multiple genes for Hsp70 is well 

established, but the existence of multiple transcriptionally 

active Hsp70 genes is unclear. During the cloning process, 

two fragments, of the bovine skeletal muscle eDNA, were 

spliced together. This creates the possibility that the 

fragment identified from the eDNA library was encoded by one 

message for Hsp70 while the piece obtained with the 3' RACE 

procedure was the product of a different Hsp70 message. The 

legitimacy of the assembled eDNA was demonstrated by 

protecting a Hsp70 RNA of the same size as the cloned eDNA 

with an RNAse protection assay in all the tissues examined. 

These results do not conclusively demonstrate the presence of 

only one Hsp70 mRNA, but they clearly demonstrate the 

presence of this particular message. 

Quantitative Hsp70 RNA measurements using the RNAse 

protection assay demonstrated the pattern of expression of the 
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Hsp70 eDNA to parallel the Hsp70 protein pattern as determined 

by western blot and ELISA assay. However, when the level of 

Hsp70 mRNA is converted to a percentage of the predicted 

poly(A) RNA, it is evident that there exists at least a 100 

fold difference when compared to the percentage of Hsp70 

protein. The accuracy of these measurements is indirectly 

verified by the abundance of Hsp70 clones identified from the 

eDNA library. Hsp70 cDNAs in the library show a calculated 

abundance of about o. 005% while the measurement of Hsp70 

message in skeletal muscle shows approximately an abundance of 

0.005%. These results verify the previous observations that 

Hsp70 mRNAs are preferentially translated (Matts et al., 1993; 

Matts and Hurst, 1992; Joshi-Barve et al., 1992), or that this 

protein is preferentially stabilized. These results also 

suggest that this preferential translation may become limiting 

during periods of non-stress. 

It is proposed that preferential transcription of heat 

shock mRNAs occurs through a mechanism that is qualitatively 

different from that of normal mRNAs. It is proposed that the 

5 1 untranslated region of Hsp mRNAs is unstructured, and this 

permits initiation of translation to occur in a cap

independent manner. One possibility for the low requirement 

of these mRNAs for the eiF-4 factor, components of the 

initiation cap, is that the lack of Hsp70 RNA secondary 

structure does not require the ATP dependent unwinding by the 
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Although this 

proposed mechanism may explain the preferential translation 

during cellular stress, it does not completely explain our 

Hsp70 mRNA and protein measurements during periods of non

stress. 

It appears that the Hsp70 mRNAs are being outcompeted or 

somehow regulated for translation. If the tissue effects may 

be disregarded, it is apparent that an approximate two fold 

increase in Hsp70 mRNA (between brain, heart and skeletal 

muscle) leads to an approximate two fold increase in the total 

level of proteins. If preferential translation was the only 

regulatory mechanism for these mRNAs it would be predicted 

that an increase in Hsp70 mRNA would result in an exponential 

increase of Hsp70 protein. Perhaps during non-stress 

conditions, Hsp70 mRNAs are being translated via both a cap

dependent and a cap-independent path. This proposes that 

Hsp70 mRNA molecules must compete with the rest of mRNAs in 

the cap dependent path, while those Hsp70 mRNAs able to 

initiate translation in the cap independent path would be free 

of this competition. This suggests that if the translational 

machinery is functioning at a fixed rate then a competition is 

established for the rest of the translational machinery 

between Hsp70 mRNAs ready to translate in the cap-independent 

pathway and the mRNA-cap structures that must proceed in the 
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cap dependent pathway. The result of this two step process 

would be limited but enhanced expression of Hsp70 mRNAs. 

During skeletal muscle heat shock, Hsp70 mRNA levels are 

observed to increase approximately three fold, but Hsp70 

protein levels are observed to only increase two fold. These 

measurement perhaps reflect the maximal ability of skeletal 

muscle to synthesize Hsp70. Previous reports have suggested 

that Hsp70 levels in thermotolerant and non-thermotolerant 

cells were equivalent after a stressful period (Mizzen and 

Welch, 1988). These results suggest that the cell may have a 

maximum Hsp70 level that it may accumulate. Several skeletal 

muscle heat shock and cardiac muscle anoxia experiments have 

demonstrated that even though the basal level of Hsp70 

proteins varies between animals, the highest attainable Hsp70 

level observed has been about 8 ngj~g of total soluble protein 

or about 14 ngj~g of soluble protein in 9000 x g supernates 

(Gutierrez and Guerriero, 1991; 1990; Gutierrez et al., 1991). 

These protein measurements perhaps reflect the increase of 

Hsp70 protein and the maximal accumulation of Hsp70 in bovine 

skeletal muscle. 

Several researchers have reported the presence of 

multiple isoforms for the constitutive Hsc70 in mouse L cells 

(Lowe and Moran, 1984), mouse spermatogenic cells (Allen et 

al., 1988), and the inducible Hsp70 in HeLa cells (Welch and 

Feramisco, 1985), in rat bladder and adrenal tissue (Currie 
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and White, 1983), and in bovine skeletal muscle (Guerriero et 

al., 1991). carbamylation of recombinant Hsp70 created a set 

of proteins with progressive charge shifts of -1 which appear 

to migrate in a pattern very similar to bovine Hsp70 isolated 

from bovine skeletal muscle Hsp70. These results indirectly 

show that it may be a series of posttranslational 

modifications of the Hsp70 proteins that cause the isoform 

train. 

There are several types of modifications that may cause 

these progressive charge shifts of Hsp70 proteins in the cell. 

Carboxylation of glutamyl residues, hydroxylation of lysyl 

residues, phosphorylation, methylation, and ADP-ribosylation 

are some of the potential posttranslational modifications. It 

is not believed that these proteins have glutamyl residues 

carboxylated or lysyl residues hydroxylated since the enzymes 

responsible are specifically located in the lumen of 

microsomes (Suttie, J.W, 1980; Kivirikko et al., 1980) or 

extracellular, respectively. Phosphorylation has been 

speculated to occur to cytosolic mammalian Hsp70s since it has 

been shown that DnaK, Drosophila and mitochondrial Hsp70s are 

phosphorylated in vivo (Leustek et al., 1992). This created 

an impetus to look for phosphorylated cytosolic mammalian 

Hsp70s. However, it was determined that Hsp70s are not 

normally phosphorylated in vivo in vertebrate cells(Linquist 

and Craig, 1988). Phosphorylation of Hsp70s would create an 
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isoform train very similar to the charge shift pattern 

observed during recombinant Hsp70 carbamylation. 

Wang et al. (1992) demonstrated in Balb/c 3T3 cells that 

Hsc70, Hsp70, and BiP were methylated on lysine and arginine 

residues. They determined that three methyl groups are 

incorporated into lysyl residues of Hsp70 and that the level 

of arginine methylation is significantly lower to about 0.3 

residues per polypeptide (Wang, et al., 1992). In Hsc70, they 

determined that the level of arginine methylation decreased 

from about four residues per polypeptide to about one upon 

arsenite treatment. It has been demonstrated that protein 

methylation occurs very soon after translation, and there is 

little methyl group turnover in vivo (Wang et al., 1982). The 

physiological significance is obscured by the lack of 

demethylation observed. This type of posttranslational 

modification is therefore unidirectional and difficult to 

regulate. However, it has been reported that methylation of 

calmodulin at a lysyl residue can affect its physiological 

activity (Lucas et al., 1989). It is not believed that 

methylation of lysine and arginine residues causes the isoform 

train observed. Multiple methylation of lysine residues 

creates lysine residues with quaternary amines and these 

methylated lysines have an alkaline isoelectric point. The 

modification of Hsp70 molecules are acidic in their measured 

isoelectric points. 
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ADP-ribosylation of BiP molecules has been clearly 

demonstrated to be reversible and functionally correlated to 

the binding of maturing proteins of the ER (Leno, and Ledford, 

1990) . ADP-ribosylation occurs in arginine residues, and this 

modification creates a more acidic isoform as analyzed on two 

dimensional electrophoresis. However, there are two pieces of 

evidence to suggest that cytosolic Hsp70s are not ADP

ribosylated. First, the ADP-ribosylase is located 

specifically in the ER, and it produces only one isoform with 

a charge shift of -2 against at least four isoforms observed 

in bovine skeletal muscle with charge shifts of -1. Secondly, 

the ADP-ribosylaticr. of BiP appears to be a very specific 

event, since resolution of cellular proteins by two 

dimensional electrophoresis has shown that BiP is the only 

protein modified (Leno and Ledford, 1990). 

The ability of a single Hsp70 protein to produce multiple 

isoforms is unclear and subject to potential speculation. It 

is suspected that if indeed the accumulation of a single type 

of modification in Hsp70 proteins is responsible for the 

isoform pattern observed in bovine skeletal muscle, then it is 

possible that this train may represent either a maturation 

train where the most basic Hsp70 proteins are least modified 

and "younger" while those that are more acidic are "older" and 

perhaps being targeted for degradation. Alternatively it is 

possible that each cumulative modification group may represent 
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a pool of Hsp70 molecules with distinct biochemical properties 

(ie. rate of ATP hydrolysis, rate of substrate turnover, or 

substrate specificity). For either of these ideas, the 

critical question arises as to the exact form of Hsp70 

isoform(s) that interact(s) with its protein target and the 

sequence of events that accompanies the ATP dependent release 

of the target protein. Specifically, do more modified 

isoforms perform their potential activities more or less 

efficiently or more selectively? The identification of these 

specific modifications must be recognized, and the 

functionality of each of these modifications may be the aim of 

Hsp70 structure-function studies. 
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In an attempt to understand the function of the inducible 

form of Hsp70 in tissues, a series of biochemical studies were 

performed. Antibodies against the inducible Hsp70 were 

developed and used to immunolocalize Hsp70 in skeletal muscle 

and to quantify Hsp70 levels in different tissues under non

stress and stressful conditions. These results gave clues as 

to the responsiveness of skeletal and cardiac muscles to two 

forms of stress and also to the compartmentalization of Hsp70 

in skeletal muscle. 

The tools of recombinant DNA technology were used as an 

alternate approach to this question of function and gave 

results that complement the initial findings. A eDNA clone 

for the skeletal muscle Hsp70 was isolated and characterized. 

It was used to quantify mRNA levels of Hsp70 in bovine 

tissues and in skeletal muscle before and after heat shock. 

The protein product of this eDNA was purified, characterized 

and chemically modified to show that posttranslational 

modifications of the Hsp70 proteins may be involved in their 

function. 

It is now becoming clear that many cells have large 

quantities of Hsp70 under conditions not considered stressful. 

It is widely accepted that the Hsp70 family of constitutive 

and inducible proteins are involved in all aspects of protein 
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folding and oligomerization, including the transport of 

folding intermediates, disassembly of oligomeric structures, 

and the solubilization of aggregated structures (Welch, 1992). 

Also, it has been demonstrated that in yeast two different 

Hsc70 isoforms have different clathrin uncoating activities 

and the inducible Hsp70 has intermediate uncoating activity 

(Gao et al., 1991). From these experimental observations, 

some speculations can be made as to the function of these 

proteins in stressed and non-stressed tissues. Perhaps Hsp70 

serves as a central monitor of cellular change. Hsp70 may 

serve as a cellular vigilante constantly looking for unfolded 

or damaged proteins to help them continue transit to their 

final destination. In these studies, it is observed that 

events like anoxia, and heat shock increase its levels, but 

more importantly, Hsp70 is detected in all the tissues 

surveyed. Also in a recent collaborative study using 

exercising rats, Hsp70 was observed in all tissues examined, 

and was elevated during exercise in a temperature independent 

manner (Kregel et al., manuscript in preparation). A single 

component that all of these physiological scenarios have is 

that they are proteotoxic. First, elevated Hsp70 levels are 

observed in skeletal muscles of slow oxidative fiber type. 

Skeletal muscle of slow oxidative fiber types are known to 

have increased catalase activities (to scavenge oxygen 

radicals) and increased protein turnover (Obinata et al., 
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1981). Second, Hsp70 is increased in cardiac and skeletal 

muscles as a result of either temporary anoxia, heat shock, 

exercise, or the combination of heat shock and exercise 

(Gutierrez, Ch. 4; Kregel et al. unpublished observations). In 

heat-shocked bovine skeletal muscle the increase in Hsp70 is 

mostly observed in the sarcoplasmic fraction. More 

critically, the combination of exercise and heat shock result 

in a higher increase of Hsp70 than in either exercised or heat 

shocked animals. These results suggest that Hsp70 is 

responsive to a multitude of signals. Anoxia causes an 

increase in oxygen radicals due to the reoxygenation paradox 

(Marber et al., 1993), and exercise causes a muscle increase 

in oxygen radicals and an increase in protein turnover (Salo 

et al., 1991; Locke et al., 1991; Locke et al., 1990). Heat 

stress causes an increase in oxygen radicals and has a direct 

denaturation effect on proteins (Laszlo, 1992). Each of these 

insults are proteotoxic. 

It is well established that changes in Hsp70 protein 

levels occur at the level of transcription and translation. 

These quantitative studies demonstrate the magnitude of the 

changes that occur at each of these levels. It is observed 

that the relative abundance of Hsp70 mRNA and protein is 

similar between tissues. For example, skeletal muscle 

contains 3-4 times more Hsp70 mRNA than brain tissue (0.481 

pgjJ.,£g vs. 0.165 pgjJ.,£g). Hsp70 protein levels in these 
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tissues also differ by 4 fold (8 .1 ng/J..Lg vs 2.1 ng/J..Lg). 

However, the absolute abundance of Hsp70 mRNA to total RNA and 

Hsp70 protein to total soluble protein differs by at least 100 

fold. For example, in skeletal muscle the Hsp70 mRNA level is 

0.0048 percent of the total mRNA while the protein level is 

0.87 percent of the total protein. It is also observed that 

heat shock increases Hsp70 mRNA levels about three fold while 

protein levels increase two fold suggesting that Hsp70 levels 

may have reached a maximum. 

It is also possible that Hsp70 may be able to modulate 

its activity by generating distinct isoforms which have 

different biochemical properties. The results from these 

experiments are very suggestive that posttranslational 

modifications occur to Hsp70 proteins. If by analogy to the 

yeast system where it has been shown that different isoforms 

perform the same activity differently, then it is possible 

that the distinct Hsp70 isoforms may differ in their 

respective activities. 

The evidence presented here portrays Hsp70 as a central 

regulator of the cell physiology. Any internal or external 

signals that upsets the equilibriums established between some 

of the key regulatory factors (heat shock transcription factor 

or the heme regulated kinase) and Hsp70 sends the cell into a 

state of preparation for change by synthesizing the heat shock 

proteins including Hsp70. Even though specific Hsc70 and 
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Hsp70 isoforms may have unique biochemical properties, during 

periods of major physiological insult perhaps their 

differences are not so apparent and they converge in activity 

by binding and stabilizing aggregating proteins and 

maintaining their solubility until or if the cell survives the 

insult. 

These studies further the understanding of Hsp7 0 function 

by using unstressed tissues (bovine skeletal and cardiac 

muscles) to record absolute changes in the Hsp70 protein and 

rnRNA levels before and after different forms of stress. These 

studies also provide a tool and an insight to better 

understand the biochemical changes of the Hsp7o molecules. 

Hsp70 emerges as a monitor for cellular stress. Two major 

directions for future experiments emerge from these studies. 

The level of Hsp70 in heat shocked and exercised skeletal and 

cardiac muscle as well as anoxic cardiac muscles have been 

characterized, therefore both the RNAse protection and the 

protein assays may be used to monitor the changes in Hsp70 due 

to antioxidants. It is proposed that antioxidants scavenge 

the cell for oxygen radicals which cause protein and membrane 

damage. By monitoring Hsp70 levels, it may be possible to 

observe if dietary antioxidants prevent Hsp70 from increasing 

suggesting that the insult is being suppressed. The second 

series of future investigations involve the nature of the 

posttranslational modifications. First, amino acid 
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composition or sequencing studies using bovine Hsp70 purified 

from skeletal muscle may give a clue as to the types of 

modifications. This would serve as a guide to construct 

mutants of these amino acids and to characterize their 

biochemical properties. A functional model using a stably 

denatured substrate may be used to monitor the effect of each 

change. Similarly this strategy may be carefully used to 

outline critical regions and amino acids for peptide binding. 

These studies may help to outline the nature and regulation of 

peptide binding to the Hsp70 molecules. 
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