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A proteolytic activity has been shown to be associated with the 

heat shock protein 70 (hsp70). In order to study this. I have 

constructed RNA transcribing vectors with the coding sequences of 

the melanogaster (pBUG7) and the human (pMAN70) genes coding 

hsp70, and with an internal deletion (pBUG301) in melanogaster. 

Proteins from 37 kDa to 70 kDa were translated in a rabbit 

reticulocyte lysate in the presence of 35S-methionine from RNA 

synthesized in vitro off the full length templates (pBUG7, and 

pMAN70), or altered templates. Restriction digestion of pBUG7 with 

BamH I and Nar I yields templates that produce carboxy-terminal 

truncated proteins of 37 kDa and 61 kDa respectively. The full 

length and the truncated proteins contain a proteolytic activity 

when assayed by SDS/PAGE in two dimensions. The internally deleted 

protein does not maintain the proteolytic activity. The proteolytic 

activity was shown not to be the result of non-enzymatic cleavage. 

A general serine proteinase inhibitor eliminates the proteolytic 

activity of the full length human and D^ melanogaster hsp70. This 

evidence shows that the proteolytic activity is directly connected 

to hsp70. 
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General Description of the Heat Shock Response 

Exposure of cells 1n culture or organisms to temperatures 5° to 

10° C above their normal physiological temperature, a small group of 

proteins, the heat shock proteins (hsp's) are expressed. The hsp's 

under normal cellular conditions are not expressed or are expressed 

at low levels, when compared to the level expressed during a heat 

shock The genes that code for the hsp's are highly conserved in 

evolution. Three distinct groups of hsp's distinguished by their 

apparent molecular weight (Mr) are observed. The three groups are 

comprised of the small hsp's ranging in Mr from 16 kilodaltons (kDa) 

to 30 kDa, the large hsp's, and the hsp70 group (corresponding to an 

apparent of 70,000). The response to heat shock has been seen 1n 

organism as diverse as coli, yeast, D^ melanogaster, Chinese 

hamster, chicken, rat, and human. The hsp70 group is the most 

thoroughly studied of the heat shock proteins. The ubiquity of the 

response and the remarkable evolutionary conservation of some of the 

heat shock genes attests to their importance (Lindquist, 1986). 

The evolutionary conservation of the major heat inducible 

protein has aroused great interest. A comparison of the amino acid 

sequences of hsp70 between human and D^ melanogaster shows a 73% 

homology and between human and coli a 50% homology, as predicted 

from the DNA sequences (Ingolia et al., 1980; Ingolla et al., 1982; 

Hunt and Morlmoto, 1985). A rate of evolutionary change has been 

calculated for the human and the D^ melanogaster in units of 
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evolutionary period (UEP) which correspondes to the time 1n millions 

of years required for a 1% change In amino acid sequence. This rate 

has been calculated as a UEP value of 22, assuming that humans and 

[h melanogaster shared a common ancestor 600 million years ago (Hunt 

and Morimoto, 1985). For comparative purposes, cytochrome C has a 

UEP value of 20, and a tubulin has a UEP value of 550. 

Ritossa (1962) first observed that the puffing pattern of 

Drosophila busckii polytene chromosomes changed when exposed to 

elevated temperature. Ritossa further observed that a set of nine 

puffs 1s Induced while there 1s a concomitant regression of puffs 

observed before the heat shock. It has been established 1n Diptera 

that the puffs are sites of rapid RNA synthesis (Beermann,1952; 

PelUng, 1964, 1970). In melanogaster polytene chromosomes nine 

new puffs were also associated with the heat shock (Ashburner, 

1970). The actively transcribed genes associated with the puffs was 

shown to correlate with new protein synthesis in salivary glands of 

melanogaster (T1ss1eres, et al., 1974). The most Inducible sites 

of puffing in melanogaster are at the 87A and the 87C loci 

(Henikoff and Meselsen, 1977: Spradling et al., 1977: Ish-Horowicz 

et al., 1977; Craig et al., 1979). There are two copies of the gene 

coding for the major inducible protein, hsp70, at the 87A locus and 

three copies at the 87C locus (Ish-Horow1cz et al., 1979). 

The induction of these proteins 1s not limited to heat stress. 

Many other forms of enviromental insults or cellular stress can 

induce this response Including anaeroblosis (Ashburner, 1970), 

ethanol (Li, 1983), heavy metals, amino acid anologues (Burdon et 
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al., 1982), and glucose starvation (Sclandra and Subjeck, 1983) only 

to name a few. 

In addition to the hsp70 group, several eukaryotlc cells produce 

a protein 1n response to heat stress in the 83-90 kllodalton (kDa) 

range (Lindquist, 1986). The higher molecluar weight heat shock 

proteins have not been shown to localize in any particular region of 

the cell (Lai et al., 1984). These proteins in higher vertebrates 

have been shown to have a number of interesting properties. They 

form complexes with other cellular proteins Including the Rous 

sarcoma virus transforming protein pp60src in cultured avian cells 

(Brugge et al., 1981; Oppermann et al., 1981; Yonemoto et al., 

1982). HSP90 has been shown to form complexes with other viral 

transforming proteins, ppl40fps and pp94yes, both of which have 

tyrosine-specific protein kinase activities (Lipsich et al., 1982). 

Recently the higher molecular weight heat shock proteins have been 

found to bind steroid hormone receptor proteins (Sanchez et al., 

1985) and an actln binding protein (Koyasu et al., 1986). 

The small molecular weight heat shock proteins are the most 

heterologous in number and molecular weight (Lindquist, 1986). 

Leicht et al. (1986) showed through double labeling experiments that 

the small heat shock proteins of melanogaster are associated with 

the cytoskeleton. The molting hormone ectysterone induces the small 

heat shock proteins (Berger, 1984). Ubiqultln a cellular protein of 

Mr 7-8,000 has been shown to be heat inducible 1n both yeast and 

chickens (Bond and Schesinger, 1985; Findley and Varshavsky, 1985). 

There is some evidence that ubiqultin acts to target proteins for 
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degradation that have had amino acid analogue substitutions (Hershko 

et al., 1982; Clechanover et al., 1984). There 1s an observation 

that the effect of heat shock on protein degradation could involve 

ubiquitin (Parag et al., 1987). The other small heat shock proteins 

range 1n molecular weight from 16 kDa 1n nematodes (Russnak et al., 

1983) to 30 kDa in Xenopus (Bienz, 1984). 

Gene and Protein Structure 

The genes coding for the hsp70's have been sequenced from a 

number of species including melanogaster (Holmgren et al., 1979; 

Karch et al., 1981), yeast (Ingolla et al 1982), chicken, and human 

(Hunt and Morimoto, 1985). The sequences of hsp70 share a number of 

common features and regions of extended homology. While most 

eukaryotlc genes have regions of noncoding sequences within the 

coding region, the hsp70 genes lack these intervening sequences 

(Lindquist review, 1986). The 5' terminus of the gene contains 

sequences upstream of the TATA box that are necessary for heat 

inducible promotion 1n melanogaster (Pelham, 1982). The 

sequences involved have been shown to have dyad symetrical consensus 

sequence CnnGAAnnTTCnnG. This sequence has been termed the heat 

shock element (HSE) by Pel ham (1985). The sequences of the hsp70 

gene promoters in eukaryotes have all shown HSE very close to the 

consensus sequence (Am1n et al., 1988). The human sequence has been 

shown to share 12 of the 14 nucleotides of the consensus sequence in 

the melanogaster (Hunt and Morimoto, 1985). 

The leader sequences of the mRNA of the major heat shock 
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proteins have been shown to be similar. These leader sequences are 

long, with Jh melanogaster hsp70 having a 247 nucleotide leader, 

yeast hsp70 a 244 nucleotide leader (Ingolia and Craig, 1981), and 

the human hsp70 having a 211 nucleotide leader (Hunt and Morlmoto, 

1985). In a study of messenger RNA, Kozak (1984) showed that only 

6% of 211 eukaryotic mRNA's have untranslated leader sequences 

longer than 160 nucleotides. The nucleotide content of these leader 

sequences have been shown to be almost 50% adenine, as determined 

from their sequences. This may result 1n a lack of secondary 

structure in the leader sequence. There is a conservation in the 

third nucleotide of the codon in the coding region. This 

conservation may reflect an important character of the secondary 

structure of the mRNA (Hunt and Morimoto, 1985). 

As noted before, the predicted amino acid sequence of the human 

hsp70 is 73% homologous to the IL melanogaster hsp70 (Ingolia et 

al., 1980) and 50% homologous to coli dnaK (Bardwell and Craig, 

1984). The regions along the amino acid sequences vary between 40% 

to 96% homology, with the greatest region of homology occuring 

between residues 125 and 525 in jL melanogaster and human hsp70. 

The human and the coli also share regions of greatest homology in 

the amino terminal portion of the protein (Hunt and Morimoto, 1985). 

The homology between the human, melanogaster, and coli hsp70 

suggests a possible functional relationships (Bardwell and Craig, 

1984). This homology extends into the plant kingdom, and lends 

creadence to the importance of the heat shock genes. 
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Regulation of the Response 

The heat shock response is a dramatic example of rapid changes 

in the pattern of gene expression, and the regulatory mechanism 

appears to have been conserved throughout evolution. The heat shock 

genes are activated when the cells are subjected to heat or other 

stresses. This transcriptional activation has given researchers a 

model system for the study of gene regulation in eukaryotes (Craig, 

1985; Lindquist, 1986). 

The events surrounding transcriptional activation of the heat 

shock genes during heat shock have been revealed. As previously 

stated the HSE has been shown to be required for transcriptional 

activation (Bienz and Pel ham, 1987). The HSE's are sequences in the 

proximal promoter of heat shock genes which are required for the 

binding of a specific factor, the heat shock transcription factor 

(HSF) in Ch melanogaster (Parker and Topol, 1984; Wu, 1985). Wu 

(1984), using a DNase I/exonuclease III assay on CL melanogaster 

chromatin, determined that the TATA box was protected before and 

during heat treatment. However, the area around the HSE was only 

protected during the heat treatment. The HSF was purified to 95% 

homogeneity by affinity chromatography and shown to stimulate 

transcription of the CL melanogaster hsp70 gene in vitro (Parker and 

Topol, 1984; Wu et al., 1987). The yeast HSF has an apparent size 

of 140-150 kDa on an SDS gel (Sorgen and Pel ham, 1987), and the (h 

melanogaster HSF has a Mr of 110 kDa (Wu et al., 1987). Wiederrecht 

et al. (1987) has shown that the yeast and jL melanogaster HSF are 

the same size (70kDa) and have indistinguishable footprints. The 
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purified HSF from IX melanogaster and yeast can stimulate heat shock 

transcription in the other organism (Wiederrecht et al., 1987). The 

confusion about the size of the HSF has been, in part, a problem of 

degradation of the protein, and possibly due to phosphorylation for 

the yeast HSF. 

The gene coding for the HSF has been isolated (Sorger and 

Pelham, 1988; Wiederrecht et al., 1988) and has an 884 amino acid 

open reading frame corresponding to a molecular weight of 93.3 kDa. 

Sorger and Pelham (1988) showed that the yeast HSF exhibits a 

temperature dependent phosphorylation, with the factor becoming 

increasingly phosphorylated as the temperature rises. This may be a 

property only in yeast. They speculate that the phosphorylation 

may result in the preferential transcription of the heat shock gene 

during the heat shock. 

The induction of the heat shock mRNA is both rapid and abundant. 

The message 1s 1n the cytoplasm within minutes of the temperature 

upshift and translates with high efficiency (Lindqulst, 1980). In 

IX melanogaster the heat shock mRNA seems to be Induced to the 

exclusion of most if not all of the other mRNA's. Yost and 

Lindqulst (1986) showed that, during heat shock, RNA splicing is 

interupted. This would effect the processing of non-heat shock 

messages. Heat shock mRNA would not be effected since 1t does not 

contain Intervening sequences, with the exception of IX melanogaster 

hsp83. 

The question of how the heat shock mRNA is preferentially 

translated in a cell exclusive of the other mRNA's present still 
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needs to be addressed. In mammalian cells the pre-existing mRNA 1s 

poorly translated but not completely blocked (Theodorakls and 

Morimoto, 1987); in Hela cells the normal message begins to recover 

after prolonged heat shock (Hlckey and Weber, 1982). In an avian 

system 1t was shown that actin synthesis is repressed during heat 

shock, but during recovery, the levels of actin mRNA increase 

slightly and actin protein synthesis increases to normal levels 

(Banerji et al., 1986). This suggest that either the heat shock 

mRNA is unique or some feature common to pre-existing mRNA exists 

that results in the translational specificity (Klemenz et al., 

1985). The normal messages in the cell are not degraded or 

inactivated. When heat shocked cells are treated with actlnomycin D 

and returned to normal temperature, the normal range of protein 

synthesis is restored (Storti et al., 1980; Lindquist, 1981). 

It has been shown that the 5' untranslated leader sequence is 

necessary for this preferential translation by gene fusion 

experiments. McGarry and Lindquist (1985) created a series of 

mutations in the 5' leader sequences of the hsp70 message. They 

concluded that sequences in the 5' leader are responsible, but which 

sequences was not clear. Another line of evidence that shows the 

leader to be necessary comes from Klemenz et al. (1985). The 

authors made two general constructs: 1) the alcohol dehydrogenase 

(adh) gene including the leader was fused to the hsp70 promoter, and 

2) the adh coding region was fused to the hsp70 leader and promoter. 

They found that the first construct would transcribe but not 

translate during heat shock, while the second construct would both 
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transcribe and translate efficiently during the heat shock. These 

results suggest the 5' untranslated leader sequence of the hsp70 

message is responsible for the observed preferential translation 

during a heat shock 

During the heat shock there is an accumulation of heat shock 

mRNA. This mRNA has been shown to be stably maintained during the 

heat shock in avian cells although synthesis has been terminated. 

(Banerji et al., 1986). The heat shock mRNA levels decline during 

the recovery. This is in contrast to the observations of 

Theodorakls et al. (1988) were the majority hsp70 mRNA is found on 

polysomes in control and heat shocked cells. Theolorakls et al. 

(1988) observed that hsp70 mRNA translation 1s regulated at the 

level of elongation, 1n avian cells. 

During the recovery from heat shock, in D^ melanogaster the 

message levels of the different hsp's are asynchronously repressed, 

while the renewed synthesis of the normal messages is synchronous 

(DiDomenico et al., 1982a). These authors have determined that the 

expression of normal protein is coordinated with the repression of 

hsp70. In another paper by the same authors (DiDomenico et al., 

1982b) using different inhibitors, they were able to show that a 

quantitative level of functional hsp70 must accumulate before hsp70 

is repressed. 

The translational control of protein synthesis is an effective 

method for a cell to alter the level of proteins being expressed. 

As previously stated, during of heat shock the cell responds by 

transcribing as a set of genes with subsequent translation of the 
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mRNA. This system has been used to study the regulatory mechanism 

of protein synthesis. Initially upon a heat shock there 1s a 

disruption of polysomes, and not until later is the heat shock 

pattern established (McKenzie et al., 1975). Within 10 minutes the 

translational machinery has switched to the synthesis of hsp's 

(Lindquist, 1986). 

DiDomenico et al. (1982a) looked at polysome profiles in CL 

melanogaster to show that the hsp70 message was inactivated, after a 

heat shock. The number of ribosomes per message remained the same, 

but the number of messages declined. This is seen as a shrinkage of 

the polysome peak and not a shift to fewer ribosomes per message. 

However, 1n Hela cells during a heat shock (42.5° C) the heat shock 

mRNA is also localized on the large polysomes (6-10 

ribosomes/message), but during the recovery period, the heat shock 

mRNA is localized on smaller polysomes (5-6 ribosomes/messages at 

37° C and 2-3 ribosomes/message at 30° C recovery temperature) 

(Benedettl and Bagl1on1, 1986). In Hela cells the mechanism 

explaining the preferential translation of the hsp's is thought to 

be the efficiency of polypeptide chain initiation. After a 

prolonged heat shock, the synthesis of the hsp mRNA decreases and 

the normal message synthesis begins to recover (Hickey and Weber, 

1982). The block on the translation of non-heat shock mRNA is 

released after a prolonged heat shock. 

Thermotolerance and Function 

The examination of the phenomenon of thermotolerance has been 
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used in an attempt to help characterize the function of proteins 

expressed after stress. Thermotolerance is defined as a decrease in 

the rate of cell killing, based on colony formation assays, of cells 

subjected to heat shock subsequent to an initial heat shock and a 

recovery period (Carper et al., 1987). The relationship between the 

expression of the heat shock proteins and the acquisition of 

thermotolerance has been shown by correlation studies (For review 

see Carper et al., 1987). L1 and Werb (1982) showed that the 

induction of thermotolerance follows closely the Induction of hsp70 

and hsp87 in Chinese hamster fibroblast cells. Heat resistant 

variants of Chinese hamster HA-1 cells show a greater degree of cell 

survival as well as an elevated synthesis of a hsp70 Isoform in 

unstressed cells (Laszlo and L1, 1985). Wldelitz et al., (1987) 

showed that Rat-1 cells treated with the inhibitor of protein 

synthesis, cycloheximide, between the two heat stresses did not 

effect the acquisition of thermotolerance. Heat shock mRNA did 

accumulate during the Interval, but no protein synthesis occured, 

nor was it found to be required for the acquisition of 

thermotolerance. In contrast, Mlzzen and Welch (1988) used the 

level of translation as the assay to study the stress response as 

opposed to the colony forming assay used by Wldelitz et al. (1987). 

Mizzen and Welch (1988) found that cells which are allowed to 

recover from the initial stress for longer periods of time recover 

their normal (37° C) protein synthesis pattern sooner after the 

second stress. The longer recovery time allows for complete 

expression of hsp70 implying that protein synthesis between 
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hyperthermic stresses is important in the recovery of cells and in 

the acquisition of thermotolerance. Mlzzen and Welch explained 

these confusing results, 1n part, by showing that under the 

cyclihexlmide conditions the synthesis of hsp 70 was delayed 4 to 5 

hours after the second heat shock. 

The location of the heat shock proteins within the cell could 

contribute to the understanding of the function of these proteins. 

After a heat shock, it has been shown that the melanogaster hsp70 

transiently expressed in monkey COS cells, associates with the 

nucleoli (Pelham et al., 1984). The small hsp's of melanogaster 

have been shown to associate with the cytoskeleton after heat shock 

(Leicht et al., 1986), and the large hsp's have been shown to be 

binding proteins, as stated above (Koyasu et al., 1986; Brugge et 

al., 1981; Oppermann et al., 1981; Yonemoto et al., 1982). 

The function of the heat shock proteins has been, until 

recently, the source of much speculation. A model for the function 

of the heat shock proteins as well as the heat shock cognates 

(proteins with structures similar to the hsp's but without the heat 

regulated expression) has recently been suggested by Pelham (1986). 

Pel ham's model proposes that during heat shock, cellular proteins 

become denatured, exposing hydrophobic regions which then interact 

with other denatured proteins forming insoluble aggregates. The 

model proposes that hsp70 Interferes with the aggregate formation 

and promotes disaggregation by using the energy of ATP hydrolysis. 

The hydrolysis causes a conformational change in the aggregate upon 

the release of the hsp. Repeated cycles of hsp binding and ATP 
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hydrolysis would result 1n the repair of large structures damaged by 

heat. 

Evidence supporting this model has come from a number of 

observations. Ungewickell (1985) observed that an uncoating ATPase 

removed clathrin from coated vesicles 1n an ATP dependent manner. 

This uncoating ATPase was shown to be related immunologically to a 

constituitive mammalian 71 kilodalton stress protein, by affinity 

purified peptide antibodies (Chappell et al., 1986). Another line 

of support comes from the glucose responsive protein, grp78, a heat 

shock cognate. The grp78 1s a soluble protein located in the lumen 

of the endoplasmic reticulum (ER) (Munro and Pel ham, 1986). This 

protein which is indistiguishable from the immunoglobulin heavy 

chain binding protein (BiP) has been shown to bind Immunoglobulin 

heavy chains 1n the endoplasmic reticulum (Munro and Pel ham, 1986). 

B1P has been shown to bind proteins in the ER if they are not 

glycosylated, but not to bind proteins that are properly 

glycosylated (Kassenbrock et al., 1988). A subfamily of heat shock 

proteins 1n cerevlsiae. stress seventy subfamily A (SSA), 

contains four proteins which share similar function. SSA1 and SSA2 

are constituitively expressed while SSA3 and SSA4 are heat Inducible 

(Werner-Washburne et al., 1987). These proteins have been shown to 

be involved in the translocation of proteins across biological 

membranes (Chirico et al., 1988; Deshaies et al., 1988). Chirico et 

al. (1988) used an In vitro assay to show that yeast prepro-a-

factor, a secretory protein, was translocated into yeast microsomal 

vesicles by a factor isolated in the post ribosomal supernatant. 
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These factors are products of the SSA1 and SSA2 genes (Chlrico et 

al., 1988). The authors suggested that translocation was influenced 

by the comformation of prepro-a-factor. When denatured by 6M urea, 

translocation was 11 times higher than without urea present. They 

hypothesized that the SSA1 and SSA2 gene products unfolded the 

secretory protein thereby enhancing translocation. Another approach 

that lead to a similar conclusion involved a strain of cerevisiae 

with disruptions in the SSA1, SSA2, and SSA4 genes (Deshaies et al., 

1988). The SSA1 gene was present on a plasmid under the control of 

the 6AL1 promoter. When these cells were grown in the presence of 

galactose, no prepro-a-factor or FjATPase accumulated when assayed 

by immunoblots, but these secrectory proteins did accumulate when 

the yeast were grown in the presence of galactose (Deshaies et al., 

1988). The authors demonstrated that the product of the SSA1 gene, 

a constituitively expressed hsp70, was required for translocation. 

The suggestion that a subfamily of hsp70 in yeast maintains proteins 

in an unfolded state prior to translocation, fits well with the 

model proposed by Pel ham (1986) in that secondary structure can be 

remove from a single protein in addition to protein aggregates. 

Another line of evidence suggests that the product of the groE 

genes 1n coll, acts t0 maintain multimeric proteins 1n an 

unfolded state. The groE genes are members of the E^ coli heat 

shock regulon. The groE protein prevents the multimeric proteins 

from forming Incorrect structures by preventing the incorporation of 

improperly folded proteins in the final structure (Hemmingsen et 

al., 1988). The authors showed that the rublsco subunit binding 
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protein also maintains oligomeric protein subunits in an unfolded 

state. It has been suggested that the coli dnaK gene product, 

the hsp70 homolog in coli. causes the release of X P protein. 

The release of the X P protein from the preprimosomal complex 

triggers the initiation of replication of X dv DNA in an ATP-

dependent manner (Liberek et al.f 1988). 

Degradation 

It has been previously mentioned that hsp70 is rapidly induced 

by heat and other forms of stress. In melanogaster hsp70 has a 

biological half life of one to two hours (Mitchell et al., 1985). 

The hsp70 family of proteins in mammalian cells appears to be 

biologically more stable, with a half life of more than 24 hours 

(Mizzien and Welch, 1988). The level of hsp70 in human cells 

fluctuates during the cell cycle with a maximum synthesis occuring 

in the S phase and with a rapid reduction in protein synthesis 

occuring as the cell enters G1 phase (Milarski and Morimoto, 1986). 

The question of what mechanism governs the selective degradation of 

the heat shock proteins is not known. 

The autoproteolysis of hsp70 in melanogaster and Chinese 

hamster ovary cells has been suggested as a mechanism for regulating 

the amount of hsp70 in the cell (Mitchell et al., 1985). By 

injecting melanogaster larvae with 35S methionine, the hsp's were 

labeled over a period of two hours, followed by a mild heat 

treatment. While the higher molecular weight and the low molecular 

weight hsp's remain stable for longer than 24 hours, the hsp70 is 
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reduced to 10% of its maximal level (Petersen and Mitchell, 1983). 

Mitchell et al. (1985) argues that either hsp70 is specifically 

degraded by some cellular proteinase without degrading the other 

hsp's or hsp70 has autoproteolytlc activity. Self processing of 

proteins is not without precedents, eg., pepsinogen autodegrades to 

form pepsin (Barrett, 1986), and the lexA and X repressor proteins 

autodegrade as part of the SOS system (Little, 1984). 

Mitchell et al. (1985) asked the question what is the fate of 

hsp70 once 1t had been formed In response to stress? The authors 

used wing tissue from heat shocked melanogaster pupae as their 

source of hsp70. With the use of a novel system of SDS/PAGE 1n two 

dimensions, they were able to assay degradation. Their results 

suggested that hsp70 degraded In vivo by a mechanism that does not 

affect the other cellular proteins. Mitchell and Petersen (1987) 

described the self-processing of several proteins, including actin, 

in the melanogaster pupae. The degradation of these other 

proteins was the result of the proteins Instability iji vivo. Their 

results demonstrate that the melanogaster hsp70 undergoes 

degradation in vivo, and possibly auto-degrades. 

The results of Mitchell et al. (1985) and Mitchell and Petersen 

(1987) provide strong evidence that hsp70 1n IL melanogaster may 

have an autoproteolytlc activity. However, their experiments cannot 

rule out the possibility of a proteinase contamination and do not 

directly connect the activity to hsp70. I have developed a system 

for the iji vitro synthesis of melanogaster and human hsp70 RNA 

with subsequent translation and can observe proteolysis of the 
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proteins product. This result shows for the first time that this 

activity resides also in a human hsp70. Using selected deletions in 

the DNA coding sequences to produce altered protein, I have been 

able to show that the proteolytic activity is directly related to 

hsp70 and resides 1n the conserved amino terminal sequences of the 

protein. 

MATERIALS AND METHODS 

Materials 

All restriction endonuclease enzymes were purchased from New England 

Biolabs (Beverly, MA), Amersham Corporation (Arlington Heights, IL), 

and Promega Corporation (Madison, WI). Plasmids were purchased from 

Promega Corporation; pPW229 was a gift from M. Meselson, Ph.D. 

(Harvard University, Cambridge, MA); pH2.3 was a gift from R. 

Morimoto, Ph.D. (Northwestern University, Chicago, IL); and pDM301 

was a gift from S. Lindquist, Ph.D. (University of Chicago, Chicago, 

IL). The T4 DNA ligase, the AMV reverse transcriptase, and the E^ 

coli DNA polymerase I (Klenow) were purchased from New England 

Biolabs. The exonuclease III and the Mung Bean Nuclease were 

obtained from Stratagene (San Diego, CA). The M7(5')ppp(5')G was 

purchased from Pharmacia (Plscataway, NJ). The rabbit reticulocyte 

lysate kit was obtained from Bethesda Research Laboratories 

(Galthersburg, MD). Adenosine 5'-triphosphate agarose was purchased 

from Sigma Chemical Corporation (St. Louis, MO). The DNA sequencing 

kit GemSeq K/T™ and the in vitro transcription riboprobe system kit 



were both obtained from Promega. The reagents used to make the 

SDS/PA6E were purchased from Sigma Chemical Corporation and from 

Bio-Rad Laboratories (Richmond, CA). The 35S-methionine (>1000 

Ci/mmole) was purchased from Amersham; a-35S-dATP (500 Ci/mmole) was 

obtained from Dupont New England Nuclear (Wilmington, DE). 

Methods 

RESTRICTION ENDONUCLEASE DIGESTION of DNA and AGAROSE 

GEL ELECTROPHORESIS 

The reaction conditions for restriction endonuclease digestion 

followed the manufacture's specifications. The results of 

restriction endonuclease digestion were observed on agarose gels in 

the presence of ethidium bromide. Agarose mini gels were prepared 

by dissolving 0.3g of agarose in 30ml of electrophoresis buffer 

(20mM Na acetate, 20mM EDTA, 40mM Tris-acetate, and 0.1//g/ml 

ethidium bromide). Gel sample buffer (0.5x electrophoresis buffer, 

0.5% SDS, 5% glycerol, and 0.04% bromophenol blue) was added to the 

digested DNA, and the DNA was electrophoresed under 65mA using a 

Mini-Sub™ DNA Cell Electrophoresis apparatus and a model 100/200 

power supply (Bio-Rad, Richmond, CA). The mobility of the DNA 

through the agarose was recorded by photography on a short wave UV 

bottom lite Foto UV 300 DNA Transillumlnator apparatus (Fotodyne 

Inc., New Berlin, WI). 
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TRANSFORMATION of E^ COLI DH5o 

The bacteria were grown in LB medium (1% NaCl, 1% Bacto-tryptone, 

0.5% Bacto-yeast extract, pH 7.5) in a 37°C shaking incubator. The 

cells were grown to an optical density of between 0.3 and 0.4 at a 

wavelength of 550nm. The cells were chilled on ice for 10 minutes. 

The competent cells were prepared by washing once with cold 0.15M 

NaCl, and once with cold 30mM CaCl2I the cells were suspended in 

30mM CaCl2 at 1:50th the initial volume, and the cells were placed 

on 1ce for one hour. Plasmid DNA was added (10-500ng) to 200/tl of 

the competent cells on ice. The cells were then heat shocked for 

one minute at 42°C followed by a one hour incubation on ice. One ml 

of LB-medium was then added to the transformed cells, and the cells 

were incubated at 37° C for one hour. The transformed bacteria were 

plated on LB plates (LB-medium plus 1.5% Bacto-agar) containing 

25-35 /ig/ml ampicillin and incubated overnight at 37° C. Ampicillin 

resistant colonies were subcloned. 

ISOLATION of PLASMID DNA from BACTERIA 

by MINILYSATE PREPARATION 

Transformed colonies of E^ coli were Isolated placed on a master 

plate, subcultured 1n 2ml LB-medium containing 50/ig/ml ampicillin 

and incubated overnight at 37° C. Cells were collected by 

centrifugation, resuspended in 100/tl of TE (lOmM Tris-Cl, and ImM 

EDTA) and incubated at room temperature for 5 minutes. Two hundred 

microliters of 1% SDS and 0.2N NaOH were added to the cells, and the 

cells were incubated on ice for 5 minutes. One hundred and fifty 
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microliters of potassium acetate (60ml 5M Potassium acetate, 11.5ml 

glacial acetic acid, and 28.5ml H20) was added to the cells, and 

they were incubated on ice for 5 minutes and centrlfuged for 5 

minutes to pellet the cell debris and chromosomal DNA. The 

supernatant was transfered to a sterile microfuge tube; to that tube 

1/jl of 10/<g/ml RNase was added, and the tube was incubated at 37°C 

for 15 minutes. Nine hundred microliters of absolute ethanol was 

added, and the sample was allowed to incubate at room temperature 

for 2 minutes, followed by a 5 minute centrifugation to pellet the 

plasmid DNA. The pellet was washed with 70% ethanol, dried in a 

vacuum desiccator and resuspended in 50/«l of sterile H20. 

SEQUENCING of PLASMID DNA 

Plasmid DNA was sequenced using the dideoxy chain-termination method 

(Sanger et al., 1977). All reagents used were provided by GemSeq 

K/RT™ sequencing system. Plasmid DNA was denatured by alkali 

treatment. The sequencing procedure followed the manufacture's 

suggestions using either E^ coli DNA polymerase I (Klenow fragment) 

or AMV reverse transcriptase. The DNA was labelled with [a-35S]dATP 

and electrophoresed through a 10% acrylamlde sequencing gel. The 

dried gel was exposed on Kodak X-OMAT XAR5 film, and the sequence 

data on the autoradiograph was read directly Into the Gene Master 

computer program for analysis (B1o-Rad, Richmond, CA). 

IN VITRO TRANSCRIPTION 

All material used in transcribing the RNA was pretreated with 
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diethyl pyrocarbonate (DEPC). RNA was transcribed off of a 

linearized plasmid template using the SP6 promoter and the Riboprobe 

system according to manufacturer's specification with the exception 

that [m7G(5')ppp(5')G] was added to a final concentration of 

0.125mM. The reactions were incubated at 37°C for two hours. The 

RNA was phenol extracted and ethanol precipitated. The RNA was 

collected by centrifugation, and the pellet was resuspended in 100/il 

of sterile H20 treated with DEPC. The RNA was put over a sephadex 

G-50 spun column (Maniatis et al., 1982) in a 1 ml seringe. The 

concentration of the RNA collected off the spun column was measured 

using the spectrophotometer reading at A20Onm. The RNA samples were 

stored at -80°C. 

IN VITRO TRANSLATION 

One microgram of capped RNA was translated using 30/<l of a rabbit 

reticulocyte lysate translation system according to the 

manufacturer's specifications in the presence of 35S-methionine. 

The reactions were incubated for one hour at 30°C. The measure of 

35S-meth1onine Incorporation in the protein was determined by 

trichloroacetic acid (TCA) preclpitable counts as follows: 2ji\ of 

the lysate was added to 48/<l of NTE (lOOmM NaCl, lOmM Trlc-Cl, ImM 

EDTA), and the sample was spotted onto a 3MM filter. The filters 

were washed with 10X cold TCA for 10-15 minutes. The filters were 

then placed in boiling 5% TCA for 10 minutes. The filters were then 

rinsed twice with 5% TCA at room temperature, rinsed three times 

with 95% ethanol, dried under a heat lamp, and placed in 3mls of 
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Omniflor scintillation fluid for two hours before counting. The 

number of acid precipi table counts was measured on a Liquid 

Scintillation System (Mark II 6847, Searle Analytic Inc.). A sample 

of the rabbit reticulocyte lysate containing no RNA was used to 

determine background counts. 

CONSTRUCTION of PLASMIDS 

pBUG7: The gene coding for the protein hsp70 from the 87C1 locus of 

IL melanoqaster in the plasmid pPW229 was inserted into the vector 

pGEM3. The pGEM3 vector 1s 2867 base pairs (bp's) long. It contains 

an amplclllin resistant gene, the origin of replication from pBR322, 

the multiple cloning site derived from pUC18, and the bacteriophage 

RNA polymerase promoters SP6 and T7. pPW229 was digested with Bgl 

II which yielded a fragment of 3526 bp's; this contained the hsp70 

gene. The 5* most 1147 bp's represent the 5' promoter regions, 

followed by 247 bp's of the 5' transcribed, non-translated sequences 

(leader), followed by 1922 bp's of coding region, and 210 bp's of 3' 

downstream sequences. This fragment was inserted Into the BamH I 

site of pGEM3, resulting in a 6393 bp plasmid, pGUA3 (figure 1). 

pGUA3 was digested with BssH II, which 1s 60 bp's upstream from the 

transcription start site, and Sph I, which is 1n pGEM3's multiple 

cloning site. Sph I yields a 3' extension which is resistant to 

exonuclease III digestion, and BssH II yellds a 5' extension which 

is sensitive to exonuclease III activity. Exonuclease III digestion 

was performed at 30° C according to manufacture's specifications. 

The exonuclease was inactivated by a 15 minute heating at 65° C. 



30 

A. 
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FIGURE 1: A. The construction of a vector containing the hsp70 gene 
without 5'regulatory sequences. pGUA3 contains the hsp70 gene 
including 5' regulatory sequences. pGUA3 was digested with SphI, 
and BssH II. Sph I has a 3'extension which is resistant to 
exonuclease III digestion. BssH II has a 5'extension which is 
sensitive to exonuclease III. The digested plasmid was treated with 
exonuclease III and the Mung Bean nuclease, the latter used to blunt 
end the molecule. Finally, the ends were 11gated with T4 DNA ligase 
resulting 1n pBUG7. The hsp70 sequences are represented by boxes, 
and the pGEM3 sequences are lines. 
B. The lengths of the RNA transcripts are shown as well as the size 
of the protein product from each transcript. pBUG7 was digested 
with EcoR I to make the full length template. The other templates 
are distinguished by the restriction enzyme used to digest pBUG7. 



The plasmid was made blunt ended by Mung Bean nuclease treatment at 

a concentration of 3 un1ts//»g DNA according to manufacture's 

specifications. 

The plasmid was Ugated with T4 DNA ligase at 0.12-0.2 units//il. 

The ligated plasmids were used to transform coli DH5a; the 

transformed coli were plated on LB-amp1c1llin (25-35/»g/ml) 

plates, and positive colonies were chosen for plasmid isolation, as 

previously described. The isolated plasmids were seqenced as 

previously described. pBUG7 contains all 245 bp's of the 5' leader 

sequence, the entire coding region, and the 3' downstream sequences 

(figure 1). 

PBUG301: pBUG7 was restricted with Pst I at sites which flank the 

restriction sites Ava I and BamH I, creating a 1200 bp fragment from 

the coding sequence and a pBUG7 4065 bp fragment. pDM301 has an 

internal deletion in its coding sequence of 672 bp's from the Ava I 

to BamH I sites. Restricting pDM301 with Pst I yellded a 528 bp 

fragment which was inserted into the Pst I restricted pBUG7 4065 bp 

fragment. This exchange resulted 1n pBUG301, the protein product 

has 224 amino acids removed (figure 2). 

PMAN70: The plasmid pH2.3 contains the entire coding region of the 

human hsp70 gene. Digesting pH2.3 with H1nd III and BamH I results 

in a 2267bp fragment with 61 bp's of 5' non-coding leader 

sequences, 1920 bp's of coding, and 282 bp's of 3' downstream 

sequences. This fragment was ligated into pGEM3 which has been 
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B. Construction of pMAN70 
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FIGURE 2: Construction of pBUG301 and pMAN70. 
A. pBUG7 was digested with Pst I, and the vector was isolated. 
pDM301 was digested with PstI and the 672bp fragment was isolated 
and ligated to the Pst I digested pBUG7 vector. 
B. pH2.3 was digested with BamH I and Hind III, which removed the 
human hsp70 gene including 67bp's of 5'untranslated leader and 282 
bp's of 3' downstream sequences. pGEM3 was also digested with Hind 
III and BamH I, and the hsp70 gene was Ugated into the pGEM3 
vector. 
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digested with the same enzymes. This resulted 1n a 5134 bp plasmld 

(figure 2). 

SODIUM DODECYL SULFATE POLYACRYLAMIDE GEL ELECTROPHORESIS 

(SDS/PAGE) 

The 35S-labeled proteins were electrophoresed on a vertical slab gel 

apparatus, following the procedure described by Laemmli (1970). 

Gels of 10% acrylamide, 0.8% bisacrylamide, and 0.1% SDS were 

prepared, electrophoresed at 25mA constant current and fixed in 10% 

glacial acetic acid and 5% isopropanol for greater than two hours 

followed by a one half hour in 10% glacial acetic acid and 25% 

methanol. The gel was dried on a vacuum slab dryer and exposed on 

XAR5 film for periods of one night to two weeks. 

SECOND DIMENSIONAL SDS POLYACRYLAMIDE GEL ASSAY 

The second dimension gel was done as described by Mitchell et al. 

(1985). Samples were electrophoresed on the vertical gel as 

previouly described, and a strip corresponding to the length and 

width of that sample lane was removed. The gel strip was 

equilibrated 1n a 1:4 dilution of gel stacking buffer, 2% SDS, and 

ImM dlthiothreltol (DTT) for one half hour. The equilibrated gel 

strip was placed between the glass plates of the gel apparatus 

containing a 10% polyacrylamide separating gel as previously 

described (figure 3). The stacking gel was poured over it and 

allowed to polymerize. The gel was then electrophoresed as 

previosly described. When required by the protocol, the gels and the 
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First Dimension SDS/PAGE 

1. Cut out from 1st D. 
2. Equilibrate with Buffer 
3. Run on second Dimension 

200. 

non-degraded 

degraded Material 

Second Dimension SDS/PAGE 

FIGURE 3: Diagram of the two dimensional SDS/PAGE degradation assay 
system. A SDS polyacrylamlde gel Is removed from the glass plates 
and the lane(s) or band, corresponding to the lane the sample was 
occupying, 1s excised. The excised gel fragment 1s then 
equilibrated, and Inserted between the glass plates of a second 
SDS/PAGE. The stacking gel 1s poured over the gel fragment and 
allowed to polymerize before electrophoresis. 
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buffers contained O.lmM Phenylmethylsulfonyl flouride (PMSF), or 

2mM EDTA. 

ATP AGAROSE AFFINITY CHROMATOGRAPHY 

The ATP agarose column (1ml) was developed according to the 

procedure described by Welsh and Feramisco (1985). The ATP agarose 

column was initially washed with five column volumes of buffer D 

(20mM Trie acetate [pH7.5], 20mM NaCl, O.lmM EDTA, 15mM /?-

mercaptoethanol, and 3mM MgCl2) containing 0.5M NaCl, followed by a 

wash with buffer D alone. The product of the translation reaction 

was diluted to 1ml and applied to the washed column. The column was 

washed with five column volumes of Buffer D containing 0.5M NaCl 

followed by buffer D alone. The column was then washed with buffer 

D containing ImM GTP followed by elution of the hsp70 with buffer D 

supplemented with 5mM ATP. Fractions of 200/il were collected, and 

aliquots were spotted on 3mm filters, taken through the TCA 

procedure described above, and counted on the Liquid Scintillation 

System. The fractions with the highest activity were pooled and 

analyzed by SDS/PAGE and second dimensional SDS/PAGE. 

RESULTS 

Construction of pBUG7, pBUG301, and pMAN70: The gene coding for the 

D. melanogaster hsp70 at the 87C1 locus was transferred from plasmid 

pPW229 (Holmgren et al., 1981) to the RNA transcribing vector pGEM3. 

The gene contained 1147 bp's 5' to the start of transcription 
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including the promoter and transcriptional control elements, the 5' 

untranslated leader, the coding and 3' non-translated sequences. 

The isolated plasmid, pGUA3, was digested using restriction 

endonuclease enzymes Sph I and BssH II to excise a 1076 bp fragment 

containing the bulk of the 5' non-transcribed sequences. The digest 

was treated with exonuclease III. The product of the Sph I 

cleavage, a 4 bp 3' extended termini, prevents digestion of the SP6 

promoter sequences while the BssH II 5' extended termini allows 

unidirectional digestion by exonuclease III toward the transcribed 

sequence with subsequent removal of the single stranded product by 

Mung Bean nuclease. By this procedure, all of the non-transcribed 

sequences of the D. melanoqaster hsp70 gene were removed. The 

resulting plasmid, pBUG7, contains the D. melanoqaster hsp70 

sequence beginning at the designated in vivo start of transcription 

as seen in figure 1 (Ingolia et al., 1980). Figure 1 indicates the 

nature of the transcript produced including 5' sequences contributed 

by pGEM3 using the SP6 promoter for transcription. Plasmid pDM301 

has a 672 bp region removed from its coding sequence. PstI 

restriction sites flank this deletion 1n both pBUG7 and pDM301. 

pBUG7 was digested with Pst I and, the 4067 bp fragment was Isolated 

from an agarose gel. A 528 bp fragment created by the Pst I 

digestion of pDM301 and was also Isolated from an agarose gel. The 

ligation of the 4067 bp vector to the 528 bp fragment resulted in 

plasmid, pBUG301. This plasmid is an RNA transcribing vector in 

which the transcript, translates into a 45 kDa protein (Figure 2). 

The gene sequence coding for the human hsp70 (Wu et al., 1985) 
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was obtained from Dr. Richard Morimoto (Northwestern University, IL) 

and transferred into the pGEM3 vector. The human sequence contained 

61 bp out of an estimated 211 of the 5' leader sequence, the entire 

coding sequence and the entire 3' non-translated sequence. RNA 1s 

synthesized using the T7 polymerase promoter (Figure 2) 

One dimension PAGE/SDS of hsp70 made in vitro: Full length hsp70 was 

obtained by translating In vitro the RNA made from pBUG7 digested 

with EcoR I (Figure 4) and from RNA made from H1nd III digested 

pMAN70 (Data not shown). The molecular weights of the proteins 

are those expected from the predicted amino acid sequences: 68 Kd 

human hsp70 and 70 Kd D. melanogaster hsp70. Polypeptides of 

shorter length can be observed with longer exposure of the 

autoradiograph. Such polypeptides are due primarily to early 

termination of transcription or translation with some possibly do to 

degradation of the hsp70. 

Degradation of hsp70 made in vitro: In order to observe the 

degradation of hsp 70 as described by Mitchell et al. (1985), a two 

dimensional gel is utilized in which SDS/PAGE is used in both 

dimensions. A sample from a first dimension SDS/PAGE gel is placed 

across the top of a second SDS/PAGE. In the absence of degradation 

occurring between the time of the first electrophoresis and a second 

SDS/PAGE, the proteins will form a diagonal based upon their 

relative molecular weight. If degradation has occurred, 

polypeptides will be observed below the diagonal created by non-
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FIGURE 4: ~ vitro translation of hsp70 transcribed off of the pBUG7 
template and viewed on a one dimensional SDS/PAGE. The proteins 
were labeled with 35s-methionine. RNA was transcribed off of pBUG7 
linearized with EcoR I, Sal I, Nar I, or BamH I . Full length hsp70 
was translated off the EcoR I linearized template. Carboxy ' 
terminally truncated proteins were translated off of the Sal I (70 
kDa), Nar I (61 kDa), and BamH I (37 kDa) lin~arized templates. The 
vertical axis indicates molecular weight in kilodaltons. NOTE: With 
the exception of Sal I the proteins will be refered to as full 
length, Nar I , and BamH I. Sal I as expected from the DNA sequence, 
appeared no different from the full length, and will not be used in 
any further studies. 
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FIGURE 5: Two dimensional SDS/PAGE analysis of ~ melanogaster and 
human hsp70 made in vitro. The proteins were labeled with 35s
methionine, and electrophoresed in two dimensions as described in 
Materials and Methods. The degradation products are seen beneath the 
diagonal • . Both the~ melanogaster and human hsp70 have degradation 
products in the 45-50 kDa range and 22-27 kDa range. The vertical 
axis indicates the molecular weight in kilodaltons. 



degraded protein. As seen in Figure 5, both the human and the D. 

melanoqaster hsp70 produce degradation products with the size of the 

major product ranging from 41-47 kDa and 22-27 kDa. The pattern 

observed for the D. melanoqaster hsp70 is similar to that observed 

by Mitchell, et al. (1985). Polypeptides migrating on the diagonal 

that are connected to the degradation produces under the diagonal by 

the horizontal line are possibly the result of degradation occurring 

in the first dimension. 

Comparison of degradation products with the minor bands in the first 

dimension gel: The melanoqaster hsp70 was subjected to SDS/PAGE, 

and sections of two lanes containing only the protein bands of the 

major product were removed. The sections were equilibrated, as 

previously described, and placed into another SDS/PAGE in a 

horizontal and vertical position as related to the bands in the 

first dimension. The major bands from the second dimension lanes 

comigrate with the major band on the first dimension. The 

degradation products from the second dimension lanes also comigrate 

with minor bands on the first dimension gel. Although there are 

many bands on the first dimension autoradiograph below the principle 

band, these results suggest hsp70 degradation may be observed 1n the 

first dimension (Figure 6). 

Degradation of hsp70 subsequent to purification by affinity 

chromatography: An analysis of the protein content of the rabbit 

reticulocyte lysate by SDS/PAGE and Coomassie Brilliant Blue 
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FIGURE 6: Comparison of~ melanogaster hsp70 first and second 
dimension SDS/PAGE. Proteins were labeled with 35s-methionine as 
described in Materials and Methods. Bands corresponding to the 
position of the full length hsp70 were excised from a SDS/PAGE. 
These bands were equilibrated and placed either vertically or 
horizontally next to the first dimension hsp70 lane. The vertical 
axis indicates the molecular weight in kilodaltons. 
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staining Indicated a significant amount of protein having a mobility 

similar to that of hsp70 (data not shown). Welch and Feramisco 

(1985) have shown that the hsp70 family of proteins along with the 

GRP from yeast can be purl fed on the basis of their ATP binding 

properties. In order to select for the hsp70 made iji vitro, the 

lysate was subjected to ATP-agarose affinity chromotography. The 

35S-labeled hsp70 was eluted by ATP and subjected to the two 

dimensional SDS/PAGE assay for degradation. Figure 7 shows that 

both the human and the D. melanogaster hsp70 made in vitro retain 

the proteolytic property. It is noted that polypeptides smaller 

than 40 kDa do not bind to the ATP-agarose. If such proteins are 

due to early termination of transcription or translation, this 

result indicates that the ATP binding site may reside in the middle 

region of the hsp70. On the diagonal there are radiolabeled 

peptides that comlgrate with the 22-27 kDa degradation products. If 

truncated proteins smaller that 40 kDa do not bind the column, then 

the presence of these small spots could result from degradation of 

the full length protein after elution from the column. 

Degradation of carboxy-terminal deleted hsp70 made in vitro: A major 

consideration in attributing proteolytic activity to the hsp70 1s 

the possibility of contaminating proteinases. Although ATP-agarose 

affinity chromotography results 1n a high degree of purification, 1t 

is still possible that a contaminating protease is present. In 

order to exclude this possibility, the D. melanogaster hsp70 was 

made in vitro from RNA synthesized from 3' terminal truncated DNA 
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FIGURE 7: Two dimensional SDS/PAGE analysis of the in vitro 
translation products of~ melanogaster and human hsp70 after 
purification by ATP-agarose affinity chromatography. The proteins 
were labelled with 35s-methionine and applied to the column as 
described in Materials and Methods. Fractions were collected, and 
those with greatest activity were pooled and assayed for 
degradation, as previously described. The vertical axis indicates 
the molecular weight in kilodaltons. 
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templates. The full length hsp70 RNA was Included 1n the 

translation reaction as an Internal marker to determine the size of 

the degradation products of the truncated proteins. As seen in 

Figure 8, digestion of pBUG7 with restriction endonuclease Nar I 

yields a protein of 61 kDa from iji vitro transcription and 

translation while digestion with BamH I gives a 37 kDa protein 

(Figure 9). Analysis of these protein products for degradation by 

the two dimensional SDS/PAGE shows that the proteolysis is retained 

in the carboxy terminal truncated proteins. The possibility that 

the proteolytic activity is due to a contaminating protease 

migrating with mobility of a 70 kDa protein is essentially 

eliminated. It should be noted that the degradation products 

generated by the Nar I truncation are the same size as the 45-50 kDa 

degradation products of the full length hsp70. The BamH I truncated 

protein shares degradation products with the intact hsp70 1n the 

22-27 kDa size range. This result also indicates that any 

proteolytic activity lay in the conserved ami no-terminal portion of 

the protein. 

Degradation of hsp70 made in vitro with an internal deletion in the 

D. melanogaster amino acid sequence: hsp70 was made in vitro from 

RNA synthesized from the SP6 promoter of pBUG301. The plasmid 

pBUG301 codes for a 45 kDa protein. Analysis of this protein for 

degradation was performed by two dimensional SDS/PAGE. The result 

suggests that no degradation was taking place (Figure 10). This 

result strengthens the results indicated by analysis of the carboxy 
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FIGURE 8: Two dimensional SDS/PAGE analysis of the in vitro 
translation products of the ~ melanogaster hsp70 derived from Nar I 
t r uncated DNA. The full length hsp70 made in vitro was added to the 
truncated protein so that the number of counts per minute were 
equal. The full length~ melanogaster hsp70 shares degradation 
products with the Nar I in the 45-50 kDa range. The degradation 
products in the 22-27 kDa range are not apparent in the Nar I 
truncat ion. The vertical axi~ indicates the molecular weight in 
ki l oda ltons. 
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FIGURE 9: Two dimensional SDS/PAGE analysis of carboxy-terminal 
truncated hsp70 made from RNA transcribed off of pBUG7 linearized 
with BamH I. RNA which translates into full length hsp70 was 
present along with the BamH I truncated RNA in the lysate. The BamH 
I truncation shares the 22-27 kDa degradation products with the full 
length hsp70. Degradation products smaller than the 22-27 kDa range 
are apparent the Bam HI truncations. The vertical axis indicates 
the molecular weight in kilodaltons. 
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FIGURE 10: Two dimensional analysis of the internally deleted D. 
melanogaster hsp70 . RNA transcribed off the pBUG301 template was 
linearized with EcoR I . The deletion is 45 kDa i n si ze. When 
assayed for degradation as previously described, it appears not to 
have degradation products . The vertical axis indicates the 
molecular weight in kilodaltons. 



terminal truncated proteins, that the proteolytic activity resides 

in the conserved amino terminal portion of the protein. It also 

supports the idea that the proteolysis of hsp70 is based in the 

amino acid sequence of the protein. 

EDTA and DTT treatment of SDS/polyacr.ylamide gels: A factor that 

could influence the degradation of proteins is the presence of metal 

ions and molecular oxygen (Kim et al., 1985). Through a series of 

steps, iron is oxidized by molecular oxygen resulting in the 

creation of reactive oxygen species (superoxide radical anion 02" 

and hydroxyl radical OH). K1m et al.(1985) used EDTA, a chelating 

agent of metal ions, to inhibit degradation of proteins when assayed 

on an SDS/PAGE. Two mM EDTA was added to the stacking gel, the 

separating gel, the running buffer, and the equilibration buffer in 

both the first and the second dimensions. The influence of 2 mM EDTA 

on the degradation of the full length D^ melanogaster was not 

significant. No reduction 1n degradation was observed (figure 11). 

EDTA is a member of the metallo-proteinase Inhibitors; therefore 

hsp70 does not appear to be a metallo-proteinase. 

One of the properties of DTT is to recycle oxidized metal ions 

(Kim et al., 1985). DTT 1s present 1n the equilibration buffer used 

in the two dimensional SDS/PAGE system. The result of the 

elimination of DTT from the equilibration buffer did not change the 

degradation of the full length hsp70 from melanogaster (figure 

11). Therefore the observed causes of degradation reported by K1m 

et al. (1985) are not responsible for the degradation observed in 
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FIGURE 11: The influence of the presence of EDTA or the absence of 
DTT on the degradation of~ melanogaster full length hsp70 . Equal 
numbers of counts were loaded for each comparison. 
Top: The components of the gel including the buffers contained 
either 2mM EDTA of no EDTA. 
Bottom: The equilibration buffer contained 1mM DTT (normal 
condition) or none. The vertical axis indicates the molecular 
weight in kilodaltons 



50 

this system. 

Inhibition of degradation by PMSF: In order to assign the 

degradation activity to an enzymatic activity, the two dimensional 

PAGE/SDS was performed in the presence of phenylmethylsulfonyl 

fluoride (PMSF), an inhibitor of serine proteases. The inhibitor 

was added to the rabbit reticulocyte subsequent to synthesis of the 

melanogaster hsp70 made in vitro and was present in all solutions 

through out the two dimensional PAGE/SDS assay at a concentration of 

10"4 M. As seen in Figure 12, the degradation products are absent 

when PMSF was present. PMSF is a general serine proteinase 

inhibitor, and as such prevents the biological activity of serine 

proteinases. This data indicates that the degradation of the human 

and the D^ melanogaster hsp70 1s influenced by PMSF, which Implies 

the presence of a biological activity. 

DISCUSSION 

The results presented indicate that both the D. melanogaster and 

the human hsp 70 made in vitro undergo proteolytic digestion as 

measured by the two dimensional SDS/PAGE system. The results support 

those of Mitchell et al.(1985) who observed the degradation of 

melanogaster hsp 70 in wing tissue lysates. We have used the human 

and melanogaster genes coding for hsp70 in RNA transcribing 

vectors. This system has advantages over that of Mitchell et al. 

(1985), in that the only labeled proteins are the human or the 
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FIGURE 12: The analysis of the presence and absence of a serine 
protease inhibitor on the degradation of~ melanogaster and the 
human hsp70. Equal numbers of counts were loaded on the gels to 
make comparisons, and degradation was assayed as previously 
described in Materials and Methods. The components of the gels 
including the buffers were made O.lmM PMSF, or no PMSF was added . 
The vertical axis indicates the molecular weight in kilodaltons. 
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melanogaster hsp70 translated in a reticulocyte system. This system 

allowed us to manipulate the genes so as to make carboxy truncated 

proteins and to create an internal deletion. We were able to assay 

for the proteolytic activity not only in the full length human and 

melanogaster hsp70 but also carboxy truncated melanogaster 

hsp70's and one internal deletion of the melanogaster hsp70. The 

deletion in the coding region of the hsp70 gene resulted in a 45 kDa 

protein. This protein when assayed did not degrade in the two 

dimensional SDS/PAGE system. This indicates that a loss of specific 

residues results in a loss of an assayable activity. These residues 

might contain the active site or the cleavage site. The proteolytic 

activity was retained after purification of the full length human 

and melanogaster hsp70's by affinity chromatography on an ATP-

agarose column (Welch and Feramisco, 1985). The use of an Inhibitor 

of proteolysis, PMSF, resulted in a loss of degradation. This 

result supports the contention that the proteolytic activity has a 

biological origin in hsp 70. 

Both the human and the IL melanogaster full length hsp70 

degraded in a similar way (Figure 4). The products of degradation 

are viewed beneath the diagonal. The degradation products of these 

two proteins are in two size ranges: 45-50 kDa, and 22-27 kDa. 

Caizzl et al. (1982) observed 1n extracts of D^ melanogaster bands 

of lower Mr than the principle band hsp70 and suggested that they 

were caused by an altered configuration of the full length protein. 

They preformed tryptic digestion on the altered forms of the hsp70 

and found that all the altered forms contained the same peptide 
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fragments. The results obtained from the carboxy terminally 

truncated proteins are not in agreement with those of Caizzi et al. 

(1982). One of the carboxy terminal truncated proteins codes for a 

protein of 61 kDa. If the altered forms of hsp70 migrate in 

proportion to the full length then one would assume that the 

degradation products from the truncated protein's 1n the 45-50 kDa 

range would also migrate in proportion to the principle protein. 

This is not what is observed (Figure 8). 

Mitchell and Petersen (1987) chose to use heat shocked D^ 

melanogaster wing tissue as their source of protein. They 

described the wing tissue system as not containing significant 

amount of intrinsic proteolytic activity. The truncation 

experiments and the ATP-agarose results reported here demonstrate 

that the presence of a contaiminating proteinase is unlikely. Welch 

and Feramisco (1985) described a method for the purification of 

hsp70 by affinity chromatography as previously described. The human 

and D^ melanogaster hsp70's were purified in this manner from the 

reticulocyte lysate. These proteins when assayed by two dimensions 

SDS/PA6E, contained the degradation products in both the 45-50 kDa 

and 22-27 kDa size ranges (Figure 7). As stated previously both the 

Nar 1 and the Bam HI truncation contained degradation products 

(Figure 8, and 9). These proteins have drastically different sizes 

compared to the full length proteins. A proteinase 1s unlikely to 

these migrate on a SDS/polyacrylamide gel to three different 

positions 37 kDa, 61 kDa, and 70 kDa. The results of the ATP-

agarose purification of the human and the D^ melanogaster full 
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length hsp70 suggest, and the hsp70's with carboxy-terminal 

truncations showed that a contaminating proteinase is not causing 

the degradation. 

Other proteins were assayed by the two dimensional SDS/PAGE and 

we have found that 1) the proteins in the rabbit reticulocyte 

lysate, in general, are resistant to proteolysis as determined the 

two dimensional SDS/PAGE and Coomassie Brill ant Blue staining; 2) 

chick ovalbumin and lysozyme, rabbit muscle /Mactoglobin, 

phosphorylase B and myosin (H-chain), bovine pancreas a-

chymotrypsinogen, and bovine serum albumin, do not undergo any 

proteolysis as assayed by two dimensional SDS/PAGE and silver 

staining; and 3) mouse ornithine decarboxylase and mouse /?-actin 

made iji vitro do exhibit degradation in the second dimension. 

Mitchell and Petersen (1987) have also observed selective 

degradation of Drosophila proteins Induced during the 

differentiation of wing tissue. Extensive analysis of the 

contribution of the chemical compoments of the SDS/PAGE system by 

Mitchell, et al (1985) and Mitchell and Petersen (1987) have 

essentially eliminated those compoments as a source of chemical 

degradation. Kim et al. (1984) described a set of circumstances 

that would result 1n the degradation of yeast glutamlne synthetase 

by components 1n the SDS/PAGE. They determined that the degradation 

takes place 1n the presence of DTT, oxygen, and iron salts, which 

typically contaminate many biochemical reagents. Reactive oxygen 

species can result from the oxidation of these metal ions, and these 

reactive oxygen species were shown to cause the cleavage of 
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proteins. Using EDTA to chelate Iron, they showed that the 

degradation was ellmenated, and by using DTT to recycle the oxidized 

metal Ions, they increased the levels of degradation. All 

components of the gel system were treated so that they were 2mM EDTA 

and no change 1n the degradation pattern of the full length D^ 

melanogaster hsp70 was observed (Figure 11). The equilibration 

buffer contain ImM DTT. But, when DTT is eliminated from the buffer 

no difference in degradation patterns were obseved (Figure 11). 

These results suggest that the observed degradation is not the 

result of reactive oxygen species causing the cleavage of D^ 

melanogaster hsp70. The conclusions generated by K1m et al. (1984) 

that yeast glutamine synthetase, among other proteins, undergoes 

cleavage caused by components of the gel do not extend to the cause 

of the degradation of D^ melanogaster hsp70. 

There are four families of proteinases which have been well 

characterized. These four families are the serine, cysteine, 

aspartic, and metallo proteinases. Mitchell et al. (1985) suggested 

that the amino acid residues in the carboxy terminus of CL 

melanogaster hsp70 could become a serine type protease if folded 

properly. Each of the families of proteinases has Its own group of 

general and specific Inhibitors. PMSF is a general serine 

proteinase Inhibitor (Barrett, 1986). The components of the gel 

system were treated so that they were all O.lmM PMSF. The results 

of two dimensional SDS/PAGE assay showed that both the human and the 

IL melanogaster full length hsp70 had significantly reduced amounts 

of degradation (Figure 12). This supports the assumption of 
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Mitchell et al. (1985) that melanoqaster hsp70 could have 

properties of a serine proteinase. However, our data indicates that 

the serine protease activity cannot be in the unconserved carboxy-

terminal region of the protein as suggested by Mitchell et al. 

(1985). The carboxy terminally truncated proteins degraded, each 

sharing degradation products with the full length protein, and the 

internally deleted protein did not degrade. When the amino acid 

sequence of hsp70 was searched, a consensus sequence for a serine 

protease was not found. The folding of the protein could conform to 

the requirements of the serine protease catalytic triad (Carter and 

Wells, 1988). The use of PMSF to inhibit the degradation of both the 

human and melanoqaster hsp70 is strong evidence that these 

proteins are degraded by a biological mechanism. 

If the human and the CL melanoqaster hsp70 are proteinases they 

will have catalytic sites which when removed should also inhibit 

degradation. The creation of an internal deletion in the coding 

region of the DL melanoqaster hsp70 gene resulted in a 45 kDa 

protein within the amino terminal region. When assayed by the two 

dimensional SDS/PAGE system, this protein had no degradation 

products (Figure 10). With no other changes in the assay system, an 

internal deletion in the coding region of the hsp70 gene resulted in 

a loss of degradation. 

The data presented the supports contention that both the 

melanoqaster and the human hsp70's share a property of serine 

proteinases. The data suggests that this proteolytic activity is 

directed towards hsp70 itself. Whether hsp70's proteolytic activity 
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is only directed against other hsp70's or if it has specificity for 

other heat shock proteins or a larger group of proteins in not 

known. hsp70 could have autoproteolytic properties. 

Autoproteolysis of proteins has many precedents, eg., pepsinogen to 

form pepsin (Barrett, 1986), the proteolysis of fused proteins 

translated from a polycistronic RNA in some RNA viruses (Alperti and 

Schlesinger, 1978; Hahn et al., 1985; Haruka et al., 1986; 

Palmenberg et al., 1979; Simmons and Strauss, 1974; von der Helm, 

1977), the autoproteolysis of the lexA protein as part of the SOS 

system, and the X phage repressors in E. coli (Little, 1984). D. 

melanmogaster cells subjected to heat stress rapidly synthesize 

hsp70, but it 1s selectively degraded with a half life of 1 to 2 

hours unlike the other heat stress proteins which are relatively 

long lived (Calzzi et al., 1982; Mitchell et al., 1985). The human 

hsp70 1s subject to fluctuations In level during the cell cycle with 

maximum synthesis occuring during the S phase and a reduction as the 

cell enters into G1 phase (Milarski and Morimoto, 1986). As 

suggested, self proteolysis may be a mechanism by which cellular 

proteins degrade. Autoproteolysis may be a mechanism to control the 

levels of both the human and melanogaster hsp70's Ui vivo. 

The degradation of hsp70 from melanogaster and human was 

highly variable in extent. Less than 10% of the full length protein 

degraded as assayed by SDS/PAGE 1n two dimensions. The degradation 

of these proteins as observed is not taking place under 

physiological conditions. The two dimensional assay system cannot 

be considered to establish the optimal conditions for degradation to 
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take place, but It Is the only assay available to us. According to 

Carter and Wells (1988) the juxtapostion of specific amino acids to 

form the catalytic triad 1s Important for optomizing degradation. 

The SDS 1n the gel system will alter the folding of hsp70 and may 

remove those structures necessary for degradation. 

Why is the proteolysis observed during SDS/PAGE? Mitchell, et 

al (1985) have suggested that alteration in the structure of the 

protein by SDS produces the proteolytic activity using as an example 

the potential effects of fatty acids on the conformation of proteins 

i_n vivo. In fact, it has been shown that rat hsp70 does bind fatty 

acids (Guidon and Hlghtower, 1986). We would suggest that the 

proteolytic activity may be dependent on the concentration of the 

protein and is manifest in the SDS/PAGE system by the focusing of 

protein to a high concentration in the stacking gel of the system. 

In vivo, autoproteolysls may occur as a method of modulation of the 

level of these proteins as their concentration 1s altered either 

through synthesis or localization of the protein In organells such 

as the nucleolar bodies subsequent to heat shock. Whether the 

degradation is inter- or Intramolecular and whether hsp70 can act as 

a protease on other proteins is unknown. It would be Interesting if 

such proteolytic activity was involved in the removal of precursor 

peptide signals to coincided with, at least 1n yeast, its known 

function of transporting and unfolding precursor molecules to the 

endoplasmic reticulum and mitochondria (Ch1r1co et al., 1988; 

Deshaies et al., 1988). 
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