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ABSTRACT

The heat shock response of cultured sugarcane cells (Saccharum

officinarum L.) was characterized. Heat shock (HS) at 36°C to 38°C (2 h)

induced the development of maximum thermotolerance to otherwise

nonpermissive heat shock at 54°C (7 min). Optimum thermotolerance was

observed 8 h after HS. When the culture medium was supplemented during HS

with various cations, thermotolerance was observed immediately after treatment.

Development of thermotolerance was initiated by treatments as short as 30 min at

36°C. Only temperaturesof 36°C to 38°C induced maximum thermotolerance

and a full compliment of heat shock proteins (HSPs). In vivo labeling revealed

that HS at 32°C to 34°C induced several high molecular weight HSPs while a

complex of 18 kD HSPs required 30 min at 36°C treatment for induction. The

development and turnover of thermotolerance correlated with the synthesis and

turnover of these 18 kD HSPs. Two-dimensional polyacrylamide gels revealed a

complex pattern of protein synthesis including four major HSPs in the 18 kD

range and apparent continued synthesis of constitutive proteins during HS.

Heat shock at 36°C induced the activity of an 18 kD autophosphorylating

protein kinase (APK) over constitutive levels. This elevated APK activity decayed

as 18 kD HSPs and thermotolerance turned over. The APK was purified 400-fold

using standard biochemical techniques, ATP-agarose chromatography, one-
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dimensional polyacrylamide gel electrophoresis and electroelution. The purified

APK in vitro phosphorylated histone H1 in a time-dependent manner. The 18 kD

protein autophosphorylated in situ on gels after one-dimensional or two

dimensional polyacrylamide gel separations and also phosphorylated histone H1 in

situ. The labeled residue in the APK was phosphoserine. Five isoforms of APK

were detected whether phosphorylation was accomplished in vitro or in situ on

gels; however, the in vitro phosphorylated forms had more acidic isoelectric points.

The most abundant isoforms co-migrated with minor 35S-labeled HSPs consistent

with HS-induced de novo APK synthesis. Depending on the reducing agent, the

APK aggregated to form multimeric species when again separated by one

dimensional polyacrylamide gels. Similar APK activity was detected in a variety of

plant tissues and cell cultures, animal cell cultures, yeast and E. coli.
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CHAPTER I

LITERATURE REVIEW

A. INTRODUCTION

The heat shock response (HSR) occurs when biological organisms are

stressed by temperatures of at least 10°C higher than their normal growing

temperature. This results in modified transcriptional and translational behavior in

cells and tissues. Early research of Ritossa (263) demonstrated the appearance of

puffs at new loci of polytene chromosomes of Drosophila embryos concomitant

with the regression of pre-existing puffs shortly after the embryos had been

subjected to a temperature shift from 25°C to 37°C. Ritossa also demonstrated

that the puffing pattern variations did not depend exclusively upon a 5°C to 7°C

increase in temperature since Drosophila larvae grown at 19°C showed very low

intensity and efficiency in altered chromosome puffing when shifted to 25°C.

These findings were interpreted as a temperature-induced regulation of gene

transcription that results in new messenger RNA (mRNA) synthesis. Eventually,

the protein products of such genes were identified by Tissieres et al., (313) and

designated heat shock proteins (HSPs).

There are numerous physiological and biochemical changes initiated by the

HSR. The response is characterized by altered gene expression which results in a
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dramatic reduction in the rates of transcription and translation of most genes

expressed at the normal growing temperature. Concurrently, the expression of

several families of heat shock (HS) genes is rapidly induced. These genes are

either not expressed at detectable levels before HS or are enhanced several-fold in

their expression. The HS mRNAs accumulate to high levels and are preferentially

translated (146).

Expression of HS genes is conserved in all types of biological organisms

from the lowest prokaryotes to the highest eukaryotes, including cultured cells

derived from these organisms. The production of HSPs at a permissive HS

temperature correlates with the acquisition of thermotolerance to an otherwise

lethal higher temperature. By. convention, thermotolerance is a term generally

used to refer to a transient, non-heritable, state of resistance to the effects of

otherwise lethal heat treatments, that can be induced by a short exposure to a

nonlethal heat treatment. Several agents such as arsenite, dinitrophenol,

canavanine and cadmium ellicit the HSR and can increase or decrease the cell's

ability to develop thermotolerance (143). The molecular mechanisms responsible

for these changes are not presently known (308).

The role of HSPs in cellular responses to stress is currently unclear, due in

part to a variety of experimental findings that are apparently contradictory. The

germinating pollen tubes of Tradescantia padulosa do not synthesize HSPs in
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response to either HS or a gradual increase in temperature (340), suggesting that

the lack of HSP synthesis in these tissues may play a role in the impaired

fertilization of crop plants at high temperatures (285). Alternatively, a study on

lily pollen suggests that HS dramatically changes the pattern of protein synthesis

(123). Tobacco pollen, which survives HS, exhibits both synthesis of HSPs after

HS and synthesis of constitutive heat shock cognate (HSCs) proteins during

normal pollen tube growth (317). In contrast, mature germinating maize pollen

tubes do not synthesize HSPs, but contain in high concentration peptides of 102

kD, 84 kD, 74 kD, 72 kD, 70 kD, 64 kD, 56 kD, 46 kD, and 18 kD which have

mobilities identical to similar HSPs (60,.96). Further analysis demonstrated that

immature maize pollen grains do synthesize HSPs. This finding led to the

conclusion that protection against high temperatures is most needed during pollen

maturation where the general synthetic processes are very active. In terms of

gene expression these same synthetic processes are considered relatively dormant

in mature pollen (96).

There are a number of reviews detailing the organization and sequence of

HSP genes from numerous organisms (66, 193, 227, 236, 276, 320). In addition,

many of the stress protein genes are activated in the absence of stress, with some

HSPs appearing at specific stages of development, in specific tissues, and even

during the normal cell. growth cycle (311, 346). The initiation of the HS response

at the cellular level is also unclear at present. A number of physical conditions
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such as salt and cold shock and chemical agents such as arsenite, dinitrophenol,

cadmium, canavanine, ecdysterone, and ethanol activate the signal pathway(s)

which bring about the HS response (9, 130). Activation of the signal pathway(s)

for this induction might be due to a single change or a combination of changes

known to occur very shortly after the introduction of stress (36).

In Drosophila the HSR is localized in cells which are actually subjected to

stress. Regions of the animal contacted with a heated needle demonstrate the

induction of HSPs. This was monitored by detecting the activity of s-galactosidase

from a transfected hybrid gene containing the promoter of the Drosophila hsp26

gene fused to the Eschericia coli lacZ gene. The induced HS was localized and

did not trigger heat shock gene induction anywhere else in the organism. This

suggests the lack of an induction signal which could travel from cell to cell leading

to a global HSR in the animal (214).

In all organisms studied the HSPs are expressed in response to stress

conditions in a highly conserved manner. This conservation of the response has

also been observed in the amino acid sequence of certain HSPs suggesting a

common mechanism of action during stressful conditions. Therefore it is thought

that HSPs function to protect cells against otherwise lethal temperature stresses,

or in the ability of the cells to recover from the toxic effects of heat and/or

chemical stresses (36).
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Recently, variations to Ritossa's interpretations (263) of HS have begun to

emerge. For example, the HSR in arctic fishes living in temperatures of -2°C

requires only a 2°C increase to be fully induced (201). Therefore the response in

these organisms must operate by a more finely tuned temperature sensing

mechanism.

The HSR is an important tool in the study of the structure and regulation

of promoter regions of genes. In addition, HS promoters are ready made triggers

for the expression of genes transformed into organisms. These and similar studies

will prove useful in understanding the role of gene products at different stages of

development and differentiation as well as in the elucidation of the mechanism of

gene regulation.

B. CHARACTERISTICS OF HEAT SHOCK GENES

Promoter structure. HS genes are defined as those that contain one or more heat

shock consensus element sequences (HSEs) in their promoter regions. The HSEs

are essential for the HS-induced transcription from these genes. Genes which lack

HSEs and are expressed under normal cellular conditions are designated as

constitutive genes in this review. The HSE for eukaryotes was originally defined

by Pelham as a 13 nucleotide palindromic sequence: CI'_GAA_TIC_AG (247).

This has a highly conserved unit consisting of ten bases located on the coding
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strand of DNA 5' -upstream from the TATA box. In most cases, at least an

eight/ten base pair (bp) match with the consensus is required for thermal

induction; however, a six/ten bp match is functional when additional copies of the

consensus sequence are present (11, 23). Recently the structure of HSE has been

revised to two or three modules consisting of alternating GAA or TIC blocks

arranged at 2 nucleotide intervals (3, 65, 249, 341). These 5 bp units called

"nGAAn boxes" are the actual units of HSEs which are essential for recognition by

the trans-acting protein factors responsible for activating the genes. These boxes

are arranged in alternating orientation every 5 nucleotides with the 2 nucleotide

intervals between them (3, 249, 341). The number of HSEs per promoter varies

from gene to gene, and extended HSEs containing up to seven 5 bp boxes are

present in some HS-gene promoters (3, 341). In Drosophila the HSE functions in

both orientations and at different distances from downstream promoter elements

(4). The principal HSE responsible for transcription has been found to be in

close proximity 5' - to the TATA box in a nuclease hypersensitive region. This

finding suggests that the HSE is situated in the inter-nucleosomal linker DNA of

the chromatin, making the HS gene immediately available for activation under

stressful conditions (334). This observation is further confirmed by the ability of a

trans-acting protein factor, which binds to this region of the DNA, to completely

protect both strands from nuclease cleavage over a 55 bp region encompassing the

HSE (244).
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Analysis of the promoter region of the gene coding for the Drosophila

melanogaster hsp26 suggests a distinct, ordered chromatin structure (89, 310).

Sequencing of this gene's promoter indicates the presence of seven HSE copies.

A DNAse I protected footprint is found at the region of the TATA box on the

inactive promoter indicating the constitutive binding of a TATA binding protein

factor (TFnD) which protects this region prior to HS. A large region of

protection (>200 bp) is detected between the first and second, and sixth and

seventh HSEs. These HSEs have an eight/ten bp sequence homology to the

Pelham consensus HSE. These results suggest the presence of a nucleosome

between the two HSE regions. Following HS, four additional footprints

corresponding to the areas of the above mentioned HSEs are found on the active

promoter. These footprints are interpreted as representing the binding of the

trans-acting protein factors to the HSEs. The other three HSEs identified during

the mapping of the promoter are considered to be present within the putative

nucleosomal region and unavailable for binding the trans-acting protein factor.

The latter HSEs contain a seven/ten bp sequence homology to the Pelham

consensus HSE, which renders them inactive and unrecognized by the trans-acting

protein factor. Elgin et aI., (89, 310) suggest that the binding of the TFrrD and

the position of the nucleosome generates the observed DNAse I hypersensitive

sites, leaving the active HSEs accessible. The folding of the DNA by the

nucleosome would bring these HSEs into close proximity facilitating gene

activation by the trans-acting protein factor.
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Transcriptional activation of HS-genes may be due to conformational

changes in the DNA structure that result in the release of the RNA-polymerase II

enzyme by the TFnD. Under normal conditions the TFnD is thought to inhibit

the movement of pre-bound polymerase ~I enzyme along the gene. In support of

this hypothesis it has been shown that the RNA-polymerase II is transciptionally

engaged at the 5' -end of the uninduced hsp70 gene of Drosophila melanogaster.

Transcription has been initiated resulting in a nascent RNA chain of 25

nucleotides, and then arrested or blocked in that position until HS induction (267).

The translocation of RNA-polymerase along a gene generates positive supercoils

ahead and negative supercoils behind the moving transcription complex (161).

Such coils could ultimately block transcription by generating torsional stresses.

Studies in yeast suggest that DNA-topoisomerase I and II are involved in

removing these supercoils and relieving torsional stresses (161).

An attractive hypothesis for the mechanism involved in HSP-gene activation

includes the participation of protein kinase C, an enzyme that is believed to be

involved in the signal transduction mechanisms during HS (332). In vitro

substrates for this enzyme include DNA-topoisomerase II, DNA-methyltransferase,

DNA-polymerase Q, RNA-polymerase II, and PNA-topoisomerase I (270). The in

vitro phosphorylation of DNA-topoisomerase I results in 2- to 3-fold increases in

its catalytic activity (270). This enzyme releases torsional stresses associated with

transcription by cleaving and rejoining the strands of the DNA duplex (161). Such
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stresses are thought to result from the generation of positive and negative

supercoils during the translocation of RNA-polymerase along the gene. DNA

topoisomerase I is associated with the transcribed region of the Drosophila hsp70

gene suggesting that this enzyme plays an active role during HS transcription

(161). If the in vivo activation of this enzyme during HS resembles the

phosphorylation based activation demonstrated in vitro, then the removal of

inhibitory torsion might constitute the mechanism responsible for the release of

arrested transcription of heat shock genes described above.

An alternative hypothesis is provided by the observations that the activation

of HS-genes may involve the removal of inhibitory cellular component(s) from

their promoters. Chromosomal puffs in Drosophila are a result of increased

transcriptional rates from genes occupying those loci (263). The detergent

digitonin, and several other detergents, induce chromosomal puffs in HS loci of

Drosophila salivary gland chromosomes (222). No detergent-induced puffing of

HS loci occurs in the chromosomes of cells recovering from HS. However, non

HS loci continue to express puffing under the same conditions (221). Thus, a HS

product may restrict HSP gene activation by digitonin but not constitutively

expressed genes. Drosophila cell lines transformed with the antisense hsp70 gene

exhibit greatly reduced synthesis of hsp70 protein during the recovery period after

a 30 min HS (188). In addition other HSPs are over-expressed during the same

period and during recovery. These results support the hypothesis that hsp70
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production is precisely regulated and that hsp70 itself is required to down regulate

the HS response (65, 81, 188, 227). The lack of puff formation with detergent

treatment after a HS implies feedback inhibition by HSPs on the transcriptional

machinery of HS genes (221). These observations suggest that detergent

treatment results in the removal or inactivation of inlubitory cellular component(s)

that suppress puff formation in HS loci under control conditions (221, 222). The

puff formations induced by HS (263) probably are due to the removal of such

cellular component(s) allowing transcription from HS genes (222) until feedback

inhibition suppresses them. The feedback mechanism down-regulating these genes

might operate by the direct involvement of HSPs with the promoter region, or the

reactivation of denatured cellular components by the unfoldase action of hsp70

(see below).

After introduction into the yeast genome via a plasmid vector, the

Drosophila hsp70 and hsp83 genes are transcribed in yeast cells during HS. These

genes are integrated into the yeast genome in such a way that the DNAse I

hypersensitivity of the upstream promoter sequences is preserved (64). This

indicates that the information necessary for specifying the hypersensitive structure

in chromatin is contained within the DNA sequence, and at least in this case, it is

not species specific. Deletions of HSEs in the 5' -region of the TATA box greatly

reduce the level of expression of a soybean HS gene under HS conditions (112).

Some HSEs have a reduced number of matches to the ten bases of the consensus
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element sequence which may explain the poor heat inducibility of the HS genes

containing these HSEs (245). Other recent results indicate that certain single-base

substitutions in either of the two HSEs of Drosophila hsp70 promoters as well as

variations in sequences immediately flanking the HSEs cause dramatic reductions

in gene expression (341). These results suggest that the complete regulatory site

of the hsp70 gene may be a 20 bp sequence composed of two tandem 10 bp

sequences consisting of four 5 bp "nGAAn boxes".

Heat shock cognate genes. The most abundant HSP in Drosophila after HS is a 70

kD protein (hsp70) (9). The gene coding for this protein is highly conserved

between different organisms (193). A pair of genes isolated from Saccharomyces

cerevisiae (YGI00 and YGI02) are 97% identical to each other in their nucleotide

and protein coding regions and 72% identical to the Drosophila hsp70 gene (129).

However, there is a variation in their mode of regulation (91). Fusions between

the promoters of the two genes and the Eschericia coli (E. coli) .B-galactosidase

structural gene demonstrates that YGI00 has a low basal level of expression at

23°C, but its expression is enhanced at least 10-fold upon a rapid shift to 39°C.

The YGI02 gene is expressed at a higher basal level at the lower temperature,

and its expression increases minimally (O.6-fold) after a shift to the higher

temperature (68).
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Drosophila cells contain a number of genes related to the heat-inducible 70

kD protein gene (67). These genes were designated as heat shock cognate (HSC)

genes and are transcnbed under normal growth conditions but their transcription

is not enhanced by HS. This feature distinguishes them fro~ the strictly heat

inducible hsp70 genes. Similar HSC genes are found in all cell types examined.

Six other yeast genes related to the Drosophila hsp70 gene have been isolated, and

are 60% to 70% homologous to YG100 and YG102 as shown by hybridization and

DNA sequence analysis. These six genes are not HS-induced indicating that they

are regulated somewhat differently, but their protein products can partially

substitute for each other (129).

The in vivo role of the two yeast hsp70 proteins was put under a genetic

test by replacing YG100 and YG102 with insertion mutations (68). Analysis of the

singly mutant strains led to the conclusion that neither gene has a unique essential

function at any stage in the life cycle of yeast. However, haploid strains containing

both a YG100 and YG102 mutations (yglOO· and yg102-) have slow growth

phenotypes. The growth difference is more pronounced at the higher HS

temperatures than at the 23°C control temperatures. The absence of functional

YG100 and YG102 genes results in a decreased growth rate, even at the optimum

growth temperature of 30 0 C indicating that hsp70 protein products have a

function in normal growth. These findings prompted an analysis of these cells

under spore formation conditions (164). Meiosis and spore formation in yeast are
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triggered by nitrogen deprivation in the presence of a non-fermentable carbon

source (164). Such growth conditions lead to the synthesis of a number of HSPs

and hsp70-related proteins in yeast (164). However, commitment to sporulation

affects the ability of yeast to mount a HS response, and sporulating cells are

thermosensitive. This is similar to the thermosensitive period during oogenesis in

Drosophila embryos (346).

The above mentioned examples indicate that (at least for hsp70) the

eukaryotic HSP-genes appear to have evolved into families of proteins. The

members of the same family appear to be regulated by promoters which respond

differently to various stimuli. In the case of yeast this is exemplified by a nutrient

depletion response and temperature response.

C. REGULATION OF HEAT SHOCK GENES

General characteristics. Heat shock genes are activated in a rapid, reversible

manner which results in the transition of transcription from barely detectable

levels under non-HS conditions to extremely high rates during HS. For example,

the HS mRNA levels increase lOOO-fold in Drosophila within one hour after HS

induction (318), while the transcription of constitutive. genes is repressed (94, 193).

Various lines of evidence indicate that the activation mechanism and the

activation components are very similar within the eukaryotes, but differ among the
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prokaryotes (23). In Drosophila a HS as short as 2 min is sufficient to induce the

HS response by either initiating the transcription of HS mRNAs or by altering the

translation of existing messages. There is no rapid reversion of the response upon

a rapid return to the control temperature of 22°C (88). A minimum of 4 min of

HS is required for production of complete hsp70 mRNA in Drosophila cell lines

(190). Thus it appears that a 2 min HS must have altered the translation of pre

existing mRNAs as well as initiated new transcription and translation. Translation

of hsp70 is considered to start early, the protein being more abundant during

labeling between 5 and 15 min after the 2 min HS. The level of hsp70 translation

increases for some time after HS, suggesting that hsp70 mRNA transcription

continues after return to normal temperature (88). Therefore, irreversible

changes must occur during the first 2 min of HS that lead to the ordered changes

in transcription and translation comprising the HS response. Induction of the

response however cannot depend on a complete transcription of the HS message

during the short period of shock. Once the response is initiated, it proceeds

regardless of rapid return to normal growth temperature.

Gene transcription. In Drosophila cells there is a simultaneous repression of many

constitutive genes that where active prior to HS (94). Conditions which induce the

HSR .(HS or arsenite treatment) alter the pattern of histone methylation (79).

These stress-induced changes occur in the methylation level of the N-terminal

proline residue of histone H2B and in shifts in the methylation pattern of histones
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H3 and H4. In addition, HS induces a new site-specific methylation of arginine

residues in H3. Such changes are suggested to be involved in the restructuring or

stabilization of chromatin in response to stress. Transcriptionally competent

regions of chromatin are thought to be packaged in less condensed nucleoprotein

structures than the bulk of the chromatin (79). Histone H3 is involved in the

condensation of chromatin and interacts with linker DNA (79). The shifts in the

methylation patterns of H3 and the changes in other histone proteins correlate

with the modification in chromatin structure and the repression of constitutive

gene activity rather than with the activation of HS genes. The inhibition of

transcription by actinomycin D induces changes in the methylation patterns similar

to those observed during HS (79).

Heat shock factor (HSF). In a variety of species a DNA binding protein binds

selectively to HSEs (216, 344). This trans-acting protein is known as the heat

shock factor (HSF) and. is responsible for the temperature-induced transcription

from HS genes. The protein has been purified from both heat-shocked and

control Saccharomyces cerevisiae cells. Parker's group estimate the HSF to be 130

kD in size (330) while Pelham's group estimate a mass of 150 kD (299). The size

difference for this molecule may be attnbuted to molecular weight marker

differences used in calculating the size, or the composition of the gel system in

which they were identified (330). The binding activity of HSF is detectable in

control (non-heat shocked) cells (246). The HSF from control cells appears to be
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larger after HS due to the phosphorylation of the protein at multiple sites. The

extent of phosphorylation is dependent upon the severity of the stress; however,

phosphorylation has no effect on the DNA binding properties. Phosphatase

treatment of this protein reduced its size and transcriptional activity in heat

shocked cell extracts, but has no effect in control cell extracts. Both groups have

cloned and sequenced the same gene and found the product to be an 833 amino

acid HSF protein encoded by a single-copy gene with no close homologs (298,

330).

An HSF trimer binds to DNA under non-heat shock conditions; the protein

is essential for growth of cells at normal temperatures, and HS increases its ability

to stimulate transcription in vivo. Trimerization is not a prerequisite for DNA

binding in vitro (134, 298, 299, 330). The HSF has also been purified and cloned

from the yeast strain Kluveromyces lactis (133). The K lactis HSF is structurally

and functionally related to the S. cerevisiae HSF. The N-terminal DNA-binding

domain, and the central hydrophobic domain which allows the protein to

oligomerize are closely conserved between the two fungal strains. However, the

C-terminal activator region has a completely divergent sequence (133). Contrary

to what was thought previously, in both S. cerevisiae and K. Lactis phosphorylation

of the HSF is not required for activation (133). When the K lactis HSF gene is

inserted into mutated S. cerevisiae not expressing this trans-acting factor, the K

lactis gene is functional in the transformed yeast strain. The K lactis HSF like the
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S. cerevisiae one remains bound to DNA under normal growth conditions (133).

Therefore the S. cerevisiae and the K lactis HSF proteins are functionally

interchangeable, even in the event of a remarkable degree of sequence divergence

(133). In contrast to this, DNA sequence and deletion analysis of a DNA damage

responsive gene from yeast cells which is usually HS induced demonstrated that

the promoter region did not contain sequences related to HSEs. However, there

was another 50 bp element identified in the promoter region which conferred HS

induction of transcription from a heterologous reporter gene. This region did not

act as -a binding site for HSF in vitro. These results suggest that transcription of

this gene in S. cerevisiae is activated by a HSF-independent mechanism in

response to HS (155).

A HSF protein has also been purified from Drosophila cells (337, 345) and

the gene encoding for it cloned (54). This HSF is 110 kD in size and has a

sequence which is divergent from that of S. cerevisiae, except in regions essential

for DNA-binding and oligomerization (54). The Drosophila HSF is unable to bind

to the HSE unless the cells are first heat shocked (345) and possesses

indistinguishable footprint boundaries to the yeast HSF (331). It binds to yeast

and Drosophila HSEs as does the yeast HSF (331). The Drosophila HSF protein

produced under non-HS conditions from a gene cloned into E. coli, or synthesized

in a rabbit reticulocyte lysate forms a hexamer that binds specifically to HSEs with

high affinity. This binding activates transcription from a HS promoter in vitro
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(54). However, when the Drosophila HSF is expressed in Xenopus oocytes,

maximal DNA binding affinity is observed only after HS induction. This suggests

that the binding of HSF to DNA is under negative control in higher eukaryotic

cells in vivo. Current thinking is that the HSF protein has an intrinsic ability to

fold into an active conformation, which is suppressed in these cells. Heat

inducible HSF binding appears to be a major regulatory step in the pathway of

HS gene activation in higher eukaryotes (54).

The Drosophila HSF is reversibly induced to bind to HSEs upon heat or

chemical shock in the absence of de novo protein synthesis (345). This reversible

change is likely to occur through a post-translational modification. The Drosophila

HSF extracted from the nuclei of heat shocked cells binds in vitro to HSEs in

nuclear chromatin (337) and to a HSE sequence in a cloned DNA fragment (335).

Competition binding studies indicated that the HSF is able to bind to HSEs of all

HS genes. A synthetic polymer of 40 tandem copies of the pair of the HSE

sequences from the hsp70 gene inhibit heat-inducible expression of the hsp70 gene

when transfected into Drosophila cells via a plasmid vector (339). This experiment

gave the same results with three different HS genes. The authors propose that

the polymer of HSEs competes with the hsp70 gene for the HSF. The ability of

the HSF to cross react with different HSEs provides additional evidence in

demonstrating the highly conserved nature of the HS response (331). These

findings suggest that similar acting but structurally different HSFs are present in
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diverse organisms. This conclusion is supported by the observation that polyclonal

antibodies raised against Drosophila HSF react only with the Drosophila factor and

not with HSF from different species (344).

A HSE-binding protein of 85 kD has been identified in HeLa cells (170).

Purification protocols yield a protein of 83 kD (109). In this system, an increase

in temperature converts the HSF to a form that binds to DNA in vitro. The

introduction of denatured proteins into this system does not alter the rate and

extent of HSF activation or HSF binding to HSE. However, the bound HSF is

inactive in initiating transcription, and is only activated after phosphorylation in

vivo. Efforts to phosphorylate this protein in vitro have been unsuccessful to date

(170). Recent evidence indicates that the human HSF can be transcriptionally

activated by hypoxia (18), cadmium (219), "and by biochemical conditions such as

elevated Ca2+ ion concentrations that effect protein conformation (218). This

cations intracellular concentration increases rapidly- after HS (306), and has been

demonstrated to be required for the activation of HSF in mammalian cells during

HS conditions (256). However, raising the intracellular ea2+ concentration

without HS fails to activate the HSR (84, 305). The implications for the

involvement of this ion in HSF activation will be discussed in another section.

A variety of organisms contain HSFs and transgenic experiments indicate

that the mechanism by which this factor acts are conserved (300).. Lycopersicon
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peruvianum cells contain a pre-existing HSF that is activated by HS. Screening of

a tomato eDNA library has led to the identification of 3 potential HSF genes. All

3 genes posses a putative DNA binding domain similar to the yeast HSF (273). A

chimeric gene construct of the Drosophila hsp70 promoter fused to the neomycin

phosphotransferase II gene when transformed into tobacco tissue is expressed in a

heat-regulated fashion indicating a similar expression mechanism (300). A DNA

fragment containing the Drosophila hsp70 gene was sufficient to generate proper

HS-induced transcription of the gene after transformation into mouse cells (62).

Although the Drosophila hsp70 promoter permits HS induction in this

heterologous system, the temperature optimum of expression is characteristic of

mouse cells. Wu (337) proposes that the differential temperature optima for the

maximum induction of certain HS genes may be a consequence of different HSF

binding affinities for the HSEs. When active HSF is limiting, as in the case of a

low-temperature HS, the genes with the highest affinity for the factor would be

preferentially activated. Consistent with this hypothesis are the different induction

temperature maxima for the hsp83 (33°C) and hsp70 (37°C) in Drosophila (190).

A HeLa cell hsp70 gene contains a serum-responsive element in its

promoter (333). Thus, this gene may be expressed by a variety of stimuli.

Multiple induction mechanisms for hsp70 is not surprising, since hsp70 is essential

for normal cell growth. Another hsp70 gene in HeLa cells is activated by the

transcription factor Sp1. Sp1 activates genes controlled by viral cis elements (215).
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Heavy metals such as cadmium induce the synthesis of HS mRNAs and HSPs in

many organisms including plants (223). The heavy metals also induce the

synthesis of metal binding proteins, the metaIIothioneins. Specific regulatory

elements known as metal response elements (MRE) are present in the 5' -flanking

region of these genes (141). The way in which MREs activate HS genes is

presently unknown. Recently in yeast cells, HSF has been shown to activate

transcription of metaIIothionein genes (293).

The above discussions indicate that the C-terminal activation domains of all

the HSFs examined are unrelated to each other at the sequence level. Therefore,

it appea~s that an activator with a precisely conserved structure is not required

either for the stimulation or regulation of transcription in response to HS or other

elicitors. However, all HSF proteins examined are much more conserved at their

N-terminal DNA binding domains.

Heat shock gene activation. The mechanism by which HSF activates the hsp70

genes of Drosophila is via a cooperative binding to the HSE sites in the DNA

The binding of one HSF to the first HSE located 5' -proximal to the TATA box

facilitates the binding of another HSF to a second HSE site further upstream in

the promoter resulting in the maximal activation of the hsp70 gene (290).

Promoter strength decreases with increasing distance between the two HSE: sites

(4). Correlations have been drawn between the cooperative binding of HSFs at
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the second and other further upstream HSE sites on the promoters of HS-genes,

the putative conformational changes on HSF upon binding, the induced bending

of DNA upon HSF binding to the HSE domain, and the activation of transcription

(290). A possible mechanism for the transcriptional activation by these protein

protein and protein-DNA interactions may be via the active HSF presenting a

complementary surface for interaction with the other components of the

transcription machinery such as RNA-polymerase II, the TATA binding factor

(TFnD) or, the CCAAT binding transcription factor protein (CfF) (41). While

considerable attention has been directed toward the regulation of HS-gene

transcription, the transcription of certain other genes is also known to be affected.

In cultured Drosophila cells constitutive gene transcription is rapidly suppressed

upon HS but returns to normal levels after the cells are returned to normal

culture temperatures (94).

Heat shock also leads to a pronounced inhibition of ribosomal-RNA

(rRNA) production in various species (74, 148,302). Normal rRNA production

resumes after a shift back to normal growth temperatures. In HeLa cells

treatment at the elevated temperature of 45°C for only 10 min leads to a 60%

inhibition of rRNA synthesis. After return to 37°C, recovery is complete by two

hours and the speed of the recovery is dependent on the severity of the initial

heat treatment. After the initial HS and subsequent recovery, rRNA synthesis is

heat-resistant (43).
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Heat shock mRNAs. The half-life of constitutive Drosophila mRNAs is on the

order of six to nine hours (193). These constitutive mRNAs are not degraded

during HS, but instead their translation is repressed. The constitutive mRNAs

persist in the cell until the conditions for constitutive protein synthesis become

favorable. In fact most constitutive mRNAs can be isolated from heat shocked

cells and translated in a cell free protein synthesis system (211). In Drosophila,

HS mRNAs are produced within 4 min after HS (193) and are immediately

translated with very high efficiency (189). As long as cells are maintained at high

temperatures, HSPs continue to be the primary products of protein synthesis.

However, transcription of Drosophila HS-genes ceases after some time period,

even though the HS conditions are maintained (9). When cells are returned to

normal temperatures, constitutive protein synthesis gradually resumes. The time

required for recovery is directly proportional to the severity of the preceding HS

(81).

Only four HS genes have been found to contain introns (72, 113, 193, 268),

while most constitutive genes of higher organisms contain intervening sequences.

The absence of introns in HS genes may be functionally significant and relate to

the rapidity of HS mRNA translation (193). When the intron-containing alcohol

dehydrogenase gene is placed under the control of a HS-promoter, the mRNA

accumulate as unspliced precursors suggesting the inhibition of intron processing

during HS (193). The absence of introns in most HS-genes may circumvent this
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block (193). Splicing of mRNA is interrupted by HS and subsequently restored by

HSP synthesis. The processing of the soybean Gmhsp26-A mRNA intron is not

effected by elevated temperatures but is inhibited by cadmium chloride and

copper sulfate treatments (72). Since mRNA processing is inhibited by HS in

animal cells this result indicates the possibility of a different type of intron

processing in plants. Unprocessed animal mRNAs accumulate in the nucleus

while HS mRNAs which usually lack introns leave the nucleus and accumulate in

the cytoplasm (342). The half life of hsp70 mRNA in control (not heat-shocked)

human cells is on the order of 50 min. The stability of this mRNA increases at

least 10-fold upon the initiation of HS conditions (309). In addition, the stability

of hsp70 mRNA increases in the presence of protein synthesis inlnbitors

suggesting that a HS-sensitive, labile protein may regulate turnover. During

adenovirus infection, hsp70 mRNA levels decline to undetectable levels while

transcription of the hsp70 gene continues unabated. The hsp70 mRNA induced in

canavanine treated chicken embryo fibroblasts is short-lived (329) whereas

Drosophila hsp70 mRNA induced by HS is stabilized in the presence of

canavanine (81). Such observations have led to the suggestion for the presence of

a regulatory nuclease protein that is deactivated during HS. New synthesis of this

nuclease appears necessary for the degradation of hsp70 mRNA during recovery

from HS, as heat-induced hsp70 mRNA is stable in the presence of the

transcription inhibitor actinomycin D even if the cells are returned to control

temperatures (34).
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The 3' -noncoding regions of mRNAs with short half lives contain

sequences which, when linked to normally stable mRNAs, confer instability to

them (289). These sequences contain a single adenine nucleotide (A) followed by

multiple uracil (D) residues, and specifically the sequence AUUUA (289). At

present there is no direct evidence that these sequences are necessary for

regulation of HS mRNA stability; however, the half-life of a Drosophila hsp70

mRNA truncated at the 3' -end was increased during recovery from HS (294).

D. REGULATION OF TRANSLATION

General characteristics. In most species, and for cell culture systems HS inhibits

the translation of all constitutive mRNAs except for the newly synthesized HSP

mRNAs. There have been many attempts to explain this translational control with

major emphasis given to regulation both at the initiation and elongation levels of

protein synthesis. Differences are reported in the 5' -leader sequences of HS

mRNAs (192) as well as alterations effecting the ribosomal protein S6 (272, 274),

ribosomal activity (162, 272, 287), and initiation factor eIF-2 subunits (86).

However, the precise mode of translational regulation is presently unclear.

The constitutive mRNAs remain stable and translatable in homologous and

heterologous cell-free systems in vitro, or in vivo following recovery from HS (162,

211). The recovery of constitutive protein synthesis after HS is not inlnbited by
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the transcription inhibitor actinomycin D indicating a reversible shift of

constitutive mRNAs between the translated and the non-translated messenger

ribonucleoprotein (mRNP) compartments (191, 307).

Heat shock mRNA structure. The 5' -untranslated leader sequences of all HS

mRNAs have the characteristic ofbeing unusually long, deficient in secondary

structure, rich in adenosine residues, and to contain two regions of sequence

homology. The first of these homologous sequences is at the 5' -end and the

·second is in the middle approximately 80 nucleotides downstream (192). This

sequence is required for ready translation of HS mRNAs during HS (150, 205),

and is obligate to render heat inducibility to chimeric non-HS-genes (38).

Deletions of either or both of the homologous sequences or other short deletions

in the leader sequence have little effect on translatability. However, a 39 bp

insertion benyeen the sequences, or complete deletion of the leader prevent

translation under HS conditions. These results clearly suggest complex

interactions in the leader sequences of HS mRNAs which directly affect the

translatability of the mRNAs. The role of the HS mRNA leader sequence in the

regulation of translation is presently unclear (192). It is suggested that a reduction

in the secondary structure of the 5' -terminal region of mRNA makes it less

dependent on the cap for its association with nbosomes (138). The possibility

exists that the 5' -cap of mRNAs is altered during HS providing a translational

control mechanism. During the recovery period after HS the cap may be restored
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to the original structure (192). The caps of constitutive mRNAs and HS-mRNAs

are similar (181), but no information is available on any structural changes

induced by HS (192). These observations suggest that the translational regulation

observed under HS conditions may be due to specific structural features in HS

mRNAs which allows them to be treated differently than constitutive mRNAs.

Active in vitro translation lysates prepared from heat shocked Drosophila

cells display the same translational selectivity for HS mRNAs as intact HS cells.

This selective preference for HS mRNA is reversed by the addition of nbosomal

fractions from control cells (287), indicating the absence of a soluble dominant

inhibitor of normal translation in both lysate fractions (192). The selective

preference of HS mRNAs in the HS lysates is also reversed by 0.5 M KCI (287).

Polysome association/dissociation. Several studies have demonstrated the

disaggregation of constitutive polysomes 10 to 15 min after the initiation of HS

and subsequent formation of HS polysomes containing the newly-formed HS

mRNA species (147, 189,207). The rapid disaggregation of constitutive

polysomes is evidently a typical stress phenomenon and not dependent on

preceding synthesis of HS mRNAs. This disaggregation is demonstrated by adding

the transcription inhibitor actinomycin D to the cells prior to HS (189). The

constitutive polysomes are attached to the cytoskeleton (49, 179); a feature

thought to be necessary for the efficient translation of mRNAs under normal
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growth conditions. During HS the cytoskeleton is disrupted (25) which may lead

to a rapid disaggregation of polysomes and a reduction in the rates of protein

synthesis (132).

RNP complexes. The constitutive mRNAs rather than being degraded during HS

are retained in the cytoplasm in protein complexes known as mRNPs. These can

be in the form of mRNP-monoribosome complexes or as free mRNPs (280). The

protein that binds control mRNAs to form mRNPs during HS in HeLa cells is a

heat shock protein (hsp73) (281). This protein has similar properties to hsp70

isolated from different cell lines (328) and a very high affinity to the 3' -poly(A)+

sequence of polyribosomal mRNA (28). Heat shock protein granules (HSG)

isolated from plant cells exhibited buoyant densities characteristic of RNP particles

by isopycnic centrifugation (200). The HSPs associated with these putative RNP

particles may play roles similar to those descnbed in Drosophila. The mRNPs

obtained from plant cell cultures have been shown to associate with the

perinuclear cytoplasm (234). These results suggest a direct involvement of HSPs

in the regulation of translation.

In Drosophila a small subset of low molecular weight HSPs are responsible

for formation of 16S mRNP complexes. These complexes shuttle between

different cytoplasmic fractions during stress induction and recovery. These

cytoplasmic mRNP complexes are believed to possess the potential to interact
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with other free mRNP complexes (152). The authors suggest that the constitutive

mRNAs contained in these complexes are stabilized during stress conditions and

may be a ready source of constitutive mRNAs during the recovery period after

stress. This feature would allow the cell to rapidly attain normal metabolic activity

through synthesis of constitutive enzymes and structural proteins from an existing

cytoplasmic pool of mRNAs. Constitutive mRNAs require a period of

approximately six hours after HS to stabilize (152). This period may explain the

need for the "lag" or "recovery" intervals, such as those demonstrated in plants.

This "lag" interval is necessary for the acquisition of thermotolerance to otherwise

lethal temperatures following brief HS of lower temperatures (118).

Ribosorn~l proteins. The selective translation observed during HS and recovery

may be connected to changes in the phosphorylation state of a basic protein on

the small subunit of ribosomes (r-protein S6) (104, 274). A key question is

whether the dephosphorylation of protein S6 observed after HS results in

translational specificity. Results of experiments with Drosophila cells suggest that

there is no correlation between the two phenomena (239). The recovery of

constitutive protein synthesis after a brief HS is almost complete in two to four

hours; whereas there is no significant rephosphorylation of S6 within eight hours

(239). In addition, sodium arsenite causes inhibition of constitutive protein

synthesis similar to that observed for HS, but does not cause significant

dephosphorylation of S6 (239). Recent research with mRNA dependent in vitro
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translation systems from normal and heat-shocked Drosophila cells suggest that the

basis for the protein synthetic patterns after HS is due to supernatant factors

(272), rather than altered ribosomes as reported by Scot and Pardue (287).

There is evidence for the coordinated regulation of ribosomal-RNA

(rRNA) and r-proteins in both prokaryotic and eukaryotic systems (17). Under

normal conditions the r-proteins are reported to be coordinately synthesized in the

cytoplasm and then rapidly transported into the nucleus where they bind to

precursor rRNA (17). During oogenesis or early embryogenesis in Xenopus and

Drosophila, there ~ay be lack of coordination in the timing of rRNA and r-protein

synthesis (95, 209). The synthesis of rRNA continues after HS without new

ribosomes being formed in Drosophila (90, 178). Heat shock does not disturb the

coordinated expression of the r-proteins with respect to one another. Instead, the

translation of all r-proteins is inhibited more than the translation of other cellular

proteins (17). Transcription of the rRNA precursor continues after HS at a rate

70% of cells at 25°C. Altered processing of the primary transcription product

prevents the accumulation of mature rRNAs (17). Pulse-chase experiments show

that this unprocessed precursor rRNA is very unstable with a half-life of

approximately 16 min. Correct rRNA processing may depend partially on the

presence of r-proteins (17). These conclusions are based on the results of

Ballinger and Pardue (12) in which many constitutive mRNA molecules are found

both on polysomes and in smaller RNP particles after HS. A subset of
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constitutive mRNAs which code for small proteins is found only in non-polysomal

RNP particles during HS. Messenger RNA coding for r-protein rp49 is the only

identified example of this subset. The synthesis of one r-protein may be regulated

by a different translational control than most other constitutive mRNAs. The

exclusion of the mRNAs from polysomes during. HS slows the rate of translational

activity (17).

The uncoupling of r-protein and rRNA synthesis is reported for Xenopus

anucleate mutants and yeast cells defective in r-protein synthesis (251, 291). In

Escherichia coli ribosomal protein synthesis increases and HSP synthesis decreases

after a temperature shift from 36°C to 28°C (177). In these cells the synthesis of

HSPs is stringently regulated with the rate increasing when ribosome biogenesis is

inhibited (108). Inversely, when ribosome synthesis is increased, the synthesis of

HSPs is decreased (279). These findings indicate that conditions which stimulate

ribosome formation cause a decrease in HSP synthesis and vice versa. This may

explain the uncoupling of r-protein and rRNA observed during HS.

Initiation factors. The role of protein synthesis initiation factors in translational

regulation has been studied in great detail. At least a dozen factors may be

required for initiation of translation in eukaryote reticulocytes (301). The exact

roles of all twelve are presently unknown, but eIF-2, eIF-3, and eIF-5 are essential

for the initiation of protein synthesis. The eIF-2 fraction contains three subunits,
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a, B, and 'r (of molecular mass 35 kD, 38 kD, and 55 kD respectively) in

mammalian cells (194). The eIF-2 forms a ternary complex with guanosine

triphosphate (GTP) and the protein chain initiating methionyl amino acid transfer

RN~ (Met-tRN~) resulting in (eIF-2)-GTP-(Met-tRN~). This complex binds to

the initiating 40S nbosomal subunit forming a 438 subunit before mRNA is bound

(132). The roles of all the subunits are unclear. The eIF-2a subunit binds GTP;

eIF-2'r binds Met-tRN~; while eIF-2B may be a recycling factor (180). The

binding of mRNA to the 43S subunit results in a 48S subunit, and the hydrolysis of

GTP to GDP occurs when the 60S subunit of the ribosome joins this 488 complex

(132). The presence of eIF-5 is indispensable for this process (301). The

phosphorylation status of eIF-2a (eIF-2(aP)) during HS appears to limit

constitutive mRNA translation in heat-shocked cells (75, 86). The addition of

purified unphosphorylated eIF-2 to lysates from HS cells stimulates protein

synthesis in vitro (86). Phosphorylation of the eIF-2a subunit prevents the

recycling of eIF-2-GDP· to eIF-2-GTP. Another initiation factor, eIF-2B (referred

to as relief factor) is required to recycle eIF-2 (86). The GDP:GTP exchange

reaction is impaired by the phosphorylated form of eIF-2a, apparently due to the

formation of a stable eIF-2(aP)-eIF-2B inactive complex (156, 241). Without

recycling of eIF-2 by eIF-2B, protein synthesis initiation is effectively stopped,

because the complexing of eIF-2B with eIF-2 is an effective means of sequestering

away eIF-2B (269). The relief factor eIF-2B is present in the cell at 20% the

molar amounts of eIF-2 and it becomes rate limiting (86). The eIF-2-GDP
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complex cannot function as a protein synthesis initiator. During the recovery

period after HS, eIF-2a is dephosphorylated by a specific phosphatase (75). The

stimulation of constitutive mRNA translation by in vitro HS cell lysates brought

about by addition of supernatant factors from control cells (272) may be

dependent on soluble molecules such as eIF-2a or other initiation factors.

Peterson and Mitchell (250) demonstrated that pretreatment of Drosophila

cells with a heat stimulus greatly enhances the recovery of protein synthesis after a

.second HS. This suggests that a HS gene product may be involved in the

regulation of protein synthesis initiation. Using a monoclonal antibody to identify

rat thymic lymphocyte eIF-2a Colbert et. at, (56) demonstrated that eIF-2a

synthesis dramatically increases in the fourth hour of continuous HS, and even

more so (15-fold) in the third hour of recovery after a one hour HS. These

researchers suggest that changes in the ratios of adenine nucleotides (ADP/ATP

ratios) may be critical (with or without changes in eIF-2a phosphorylation), since

large shifts in ADP/ATP are observed in heat-shocked cells (172). The protein

synthesis initiation reaction is very sensitive to even small increases in adenine

dinucleotides in both normal cells (208) and in vitro assays (125). The induction

of eIF-2a by continuous HS and during recovery after HS, taken together with

Peterson and Mitchell's work (250) suggests that HS-induced de novo eIF-2a

synthesis may be responsible for the recovery of initiation (56). Colbert et aI.,

pointed out that as eIF-2 was active as a trimer of a, B, and r subunits, it is
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important to determine whether the other subunits were HS induced as well.

Maytin et al., (203) identified a HSP (hsp39) that has a molecular weight and pI

similar to eIF-2B as previously reported (85), although it has not been possible to

confirm the identity of this protein.

The study of adenovirus infection may provide clues to the translational

regulation during HS. When the genes coding for the VAI RNA are mutated in

the viral genome, host-cell protein synthesis is shut off due to the phosphorylation

of the eIF-2a. This results from the activity of a protein kinase which requires low

concentrations of double stranded (ds) RNAs for activation during infection (278).

Kinase activation is prevented by high concentrations of dsRNAs. VAI RNA is

highly double stranded, and accumulates in large amounts in infected cells. If the

ability to form dsRNAs is modified in the mutant viral lines, this would explain the

observed kinase activation. The mutant translational defect is relieved by the

addition of eIF-2 or eIF-2B in vitro (278). The wild type virus which has the intact

form of VAI genes fails to activate the kinase possibly due to the presence of high

amounts of dsRNAs. These results suggest that translational control by initiation

factor protein modification may be an important regulatory strategy under stress

conditions.

The above mechanisms for HSP-dependent recovery of constitutive protein

synthesis is supported by experiments in which non-functional HSPs are
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synthesized by the incorporation of the arginine analogue, canavanine, in

Drosophila cells. Under such conditions normal protein synthesis is not restored

when the cells are returned to normal temperatures and inactive HSPs continue to

be the major products of protein synthesis (192). The addition of arginine to

these cells results in the restoration of functional HSP synthesis. No constitutive

protein synthesis is observed until a certain quantity of HSPs accumulates (192).

Chinese hamster fibroblast cells treated with canavanine are heat-sensitive. If the

cells are allowed to synthesize normal HSPs prior to treatment with the analogue,

they are thermotolerant indicating that the presence of canavanine is not directly

responsible for the thermosensitivity (184).

Heme-controlled repressor (HeR) and hsp90. In rabbit reticuloeytes protein

synthesis is controlled by the availability of a heme (105, 107). In the absence of

heme, protein synthesis declines abruptly after a few minutes. The onset of

inhibition is accompanied by disaggregation of polysomes (326). All protein

synthesis ceases in experiments in which uninhibited reticuloeytes are mixed with

inhibited lysates suggesting the presence of a dominant inhibitor in the inhibited

lysates (124, 202). This inhibitor is called a heme-controlled repressor (HeR)

because its formation is repressed by heme. The inhIbition of translation in the

absence of heme is time-dependent and is controlled by an enzyme system

consisting of several constitutive peptides (106). Longer incubations in the

absence of heme result in non-reversible inhibition (106). The mechanism of
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inhibition is thought to be via an intramolecular rearrangement of existing proteins

affecting the structure of eIF-2a (115).

Heat shock lysates of HeLa cells inhibit reticulocyte lysate translation by

promoting the phosphorylation of reticulocyte eIF-2a. The kinase responsible for

this phosphorylation is sensitive to heme and is inhibited by anti-HCR antibodies

(75). These data suggest that an eIF-2 kinase is induced in heat-shocked HeLa

cells (86). Purified preparations of the heme-regulated eIF-2a kinase contain an

abundant 90 kD peptide by SDS/pAGE (266). This peptide does not

phosphorylate eIF-2a or inhibit eIF-2-mediated binding of Met-tRN~ to 40S

ribosomal subunits (323). Rather, the 90 kD peptide increases the enzymatic

activity of eIF-2a kinase (163). The 90 kD peptide was immunologically cross

reactive with HeLa hsp90 and both the a and B subunits of erythroid spectrin

(163,264, 266). Both subunits of spectrin [abundant components of erythroid

membrane skeleton (19)], and hsp90 stimulate eIF-2a kinase activity (115, 163,

264). Antibodies against spectrin and hsp90 inhibit eIF-2a kinase (75, 163, 264).

These proteins are analogous to the HCR-associated 90 kD protein in their mode

of action (264, 266). The association of other protein kinases with a hsp90 also

occurs in the Rous sarcoma virus src oncogene product (240), and with casein

kinase II (82). A fourteen residue tryptic peptide from the reticulocyte 90 kD

protein is phosphorylated by casein kinase II and is identical to a sequence of the

Drosophila, mouse, and human hsp90 (264, 265).

36



Hsp90 may modulate the activity of eIF-2a kinase and playa role in the

inhibition of translation in heat-shocked cells (264). Two forms of hsp90 (a and

B) are present in heat shocked cells. Hsp90B is 97% identical to hsp90a, but

lacks two amino-terminal threonine residues that are phosphorylatable by a

double-stranded (ds) DNA-activated protein kinase (173). Casein kinase II

phosphorylates hsp90a at these sites (173) and both a and B forms at serine

residues (174). Mammalian hsp90 binds to ATP-agarose and autophosphorylates

at serine residues in a cation dependent fashion. However, hsp90 does not display

phosphotransferase activity. If it acts as a protein kinase it must have a very

limited substrate specificity (71).

Mouse lymphoma cell hsp90 is a homodimer bound to F-actin filaments

under physiological conditions (158). This protein is released in a

Ca2+/calmodulin dependent manner but calmodulin does not bind to F-actin

(232). Hsp90 may be released due to a ea2+/calmodulin dependent

phosphorylation, or by direct binding of ea2+-activated calmodulin to hsp90. This

protein is phosphorylated in heat shocked HeLa celllysates (175). Other proteins

[hsp70 (53, 304), and hsp100 (232)] have been demonstrated to be calmodulin

binding proteins associated with the cytoskeleton.

The HS response is inhibited in Ca2+-deprived rat hepatoma cells (166).

Spectrin cross-links actin filaments (55), and its B subunit has been purified by
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calmodulin-Sepharose affinity chromatography (288). Spectrin and the hsp90

contain acidic regions with many glutamic and aspartic acid residues suggesting

some physical and functional similarities between these peptides (265, 266). The

acidic regions and amino acids contained in these peptides are very reminiscent of

the Ca2+-binding EF-hands of other calcium-binding proteins. The interaction of

a HSP with the inhibitory mechanism of eukaryotic translation during HS has

attractive physiological implications. The hsp90 peptide may be released from F

actin by HS-induced disruption of the cytoskeleton or by ea2+/calmodulin

interactions. Free hsp90 may activate eIF-2a kinase in a ea2+/calmodulin

dependent fashion.

The stimulatory activity of the reticulocyte 90 kD protein for eIF-2a

phosphorylation is lost if the protein is preincubated with a Mn2+-dependent

phosphatase (264). This removes phosphates that were incorporated as a result of

in vivo phosphorylation. The inactive 90 JP) protein can be reactivated by casein

kinase II in vitro (264). Therefore, the phosphorylation state of hsp90 may

regulate the shut down of constitutive protein synthesis during HS.

Calcium and translation. While much information on translational regulation has

been obtained by studies of the reticulocyte system, these cells are atypical in that

they contain heme. The inhibitory effect of heme on the HCR can be overcome

by ea2+ and phosphatidylserine (76). These two factors are also necessary for the
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in vitro activation of protein kinase C (C-kinase) (233). Diacylglycerol (DG) (a

byproduct of PIP2 breakdown) increases the affinity of C-kinase for ea2+ and also

acts as a direct activator of the enzyme (233). Phorbol esters are activators of C

kinase in vivo (22).

In cells that lack heme and HCR alternative translational regulation

mechanisms must be functioning. In serum depleted HeLa cells the protein

synthesis machinery is deactivated. When serum or the tumor promoting agent

(TPA) phorbol ester was added to such cells there was increased phosphorylation

of eIF-4B (87). This initiation factor is responsible for the binding of mRNA to

the 438 ribosomal subunit. In most cases when eIF-2a phosphorylation increases,

eIF-4B phosphorylation decreases suggesting the existence of a concerted

mechanism that leads to the modification of a number of components of

translation (87). In lysate experiments w~ere the HCR was poorly inlubited by

heme, more pronounced inlubition was obtained by the addition of either the

Ca2+ chelator EGTA or the phospholipid antagonist polymyxin B. In addition

HCR activation by either ea2+ or phospholipid was prevented by either EGTA or

polymyxin B (76). The HCR activation by the ea2+-phospholipid mechanism was

not due to the lack of heme, because neither EGTA nor polymyxin B reverse the

effects of the lack of heme in translational inlubition of the lysates (76). The

ea2+-mediated inhibition of translation was overcome by the addition of high

levels of eIF-2 or GTP (76). In systems other than reticulocyte lysates the
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phosphorylation of eIF-2a appears not to be ea2+/calmodulin regulated, but may

be the result of other membrane-associated kinases which may be regulated

similar to C-kinase. The heat shock-induced increases in intracellular ea2+ and

DG (306) (discussed in section E below) may activate a membrane bound C

kinase facilitating eIF-2a and phospholipase C (PLC) phosphorylation. Although

associated with membranes, this kinase has been shown to phosphorylate

cytoplasmic proteins (22). In fact, HS treatment of rat embryo fibroblasts results

in a 60% increase in cytosolic protein kinase C activity, in contrast to the phorbol

ester-induced protein kinase C translocation to the membrane (332).

Elongation. Several studies suggest that the regulation of translation may also

take place at the level of elongation during HS. RIbosomes of Drosophila 'cells

incubated at 36°C translate constitutive mRNAs 15- to 3D-fold less efficiently than

HS mRNAs; however, the overall protein output per ribosomal unit increases 6

fold when the temperature is increased from 25°C to 36°C (12). Since initiation

of constitutive mRNAs occurs these results suggest that the rate of elongation is

reduced for constitutive mRNAs during HS. Analysis of specific constitutive

mRNA polysomes indicate that similar numbers of ribosomes are present at 250C

and 360 C suggesting that reasonably normal elongation occurs. Thus, elongation

is not completely blocked for constitutive mRNAs and the reduced rate of protein

synthesis must be due to some other factor(s). Constitutive mRNAs released from

the polysomes after HS no longer bind to oligo(dT)-cellulose or poly(U)-
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Sepharose (307). This could be due to either the partial cleavage of the poly(A)+

tails or the masking of tail regions by the binding of HSPs as previously discussed.

There is also the unlikely possibility that newly synthesized constitutive proteins

are specifically degraded during HS.

Both nonadenylated and adenylated mRNAs are translated equally well

shortly following their injection into Xenopus laevis oocytes; however, translation of

nonadenylated mRNAs progressively decreases with time (98). Translation is

initiated in vitro at similar rates with nonadenylated and adenylated mRNAs (98).

The 3'-poly(A)+ may interact with the 5'-noncoding regions of an mRNA

thereby bringing terminating nbosomes in close proximity with the cap site of the

same mRNA (242). In the absence of such an interaction, nonadenylated mRNAs

would always be at a competitive disadvantage when components of the

translational apparatus are limiting. Additional research indicates that the

elongation of a secretory protein is blocked at a single site on the mRNA in vitro

by association with a specific factor (325). Recently, a 57 kD protein was shown

to accumulate in polysomes of maize during HS and other forms of stress (338).

This 57 kD protein is mobilized from a preexisting store to the elongating

polysomes. The purified protein reassociates with polysomes isolated from non

HS cells in vitro and inhibits translational efficiency. Incubation of polysomes

with several other proteins has no effect on translational activity suggesting a

specific role for the 57 kD protein in translational inlnbition (338).
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Heat shock induces a mechanism of translational control that promotes the

specific translation of HSP mRNAs and selectively inhibits the translation of

constitutive mRNAs. The mechanism that contributes to translational control

during HS may involve various diverse levels of regulation including the 5'

untranslated leader sequence of HS mRNAs; alterations of initiation factor

activity; dissociation of polysomes and/or reassociation; disruption of cytoskeleton;

uncoupling of r-RNA and r-protein synthesis; length of the 3' -poly(A)+ mRNAs

tail; and the presence of inhibitory proteins. The precise mode of translational

regulation is presently unknown.

E. SIGNAL TRANSDUCTION DURING HEAT SHOCK

IP3 pathway. Heat and chemical inducers of the HSR stimulate phospholipid

turnover in animal cells (45, 46, 47, 306). Inositol trisphosphate (IP3),

diacylglycerol (DG), and intercellular ea2+ increase" in the first thirty seconds of

stress conditions (45, 46, 47, 306) suggesting a second-messenger cascade

mechanism during HS. Activation of phospholipase C-y1 (PLC), the enzyme that

catalyzes the breakdown of the membrane lipid phosphatidylinositol 4,5

biphosphate (PIP2) to IP3 and DG, may directly disrupt cell structure (171). This

is linked to disruptions of actin filaments through release of profilin from its

binding sites on PIP2 in the membrane (110, 111). Cytoskeletal disruptions are

one of the early events associated with heat shock (168, 292). The association of
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profilin with PIP2 prevents the hydrolysis by PLC under normal conditions.

Calcium-dependent phosphorylation activates PLC allowing more efficient

competition with profilin for PIP2 (111). This results in the release of large

quantities of profilin from the membrane.

Free profilin associates with and inlubits actin polymerization preventing

the formation of the cytoskeletal filaments (110, 111). PIP2 and PIP reverse the

effects of profilin on actin, whereas IP3 and PI do not (111). The rate of PIP2

hydrolysis in resting cells is low because bound profilin acts as a negative regulator

of unphosphorylated PLC (111, 171). Yeast cells which have the profilin gene

deleted are not viable, indicating the need for this protein during normal

metabolism (197). If similar events operate during HS then this will be of

significant importance in understanding the nature of signal transduction

mechanisms during stress conditions.

Anti-calmodulin drugs inhibit alterations of the cytoskeleton network after

HS. This results in cell death, brought about by cytoskeletal modifications during

the stress condition, and suggests that a Ca2+-calmodulin-dependent reaction(s)

activated by HS may be necessary for the cells to overcome and survive the HS

modulated lethal cytoskeletal changes (168). However, researchers working with

primary cultures of chicken embryo fibroblasts that were cultured at. 38oC, and

then transferred to the higher temperature of 41-C were unable to demonstrate
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increased IP3 levels in the first 10 min of this mild HS stress (277). In contrast,

others have demonstrated that the addition of the stress-response inducing

chemical agents such as arsenite to four different mammalian cell lines results in

the increase of cellular IP3 levels. This response is regulated similarly to the

guanine-nucleotide binding "G" protein mediated regulation (45, 135). Many of

the effects of heat are induced by "membrane-active" compounds such as alcohols

and local anesthetics (114).

All the intermediates of the phosphatidylinositol cycle exist in plant plasma

membranes (83, 297), but there are no data on the effects of HS on IP3 levels in

plants. However, within minutes after the addition of auxin to Catharanthus roseus

cells arrested in G1 phase of the cell cycle there were transient changes of IP2 and

IP3 levels in the cytoplasm (92). These results suggest that IP3 acts in signal

transduction during hormone stimulation of plant cells. The second messenger

roles of IP3, and mobilized ea2+ have "been demonstrated during guard cell

closure (102).

The IP3 regulation of elevated ea2+ levels is demonstrated in experiments

where the IP3 receptor purified from mammalian brain is reconstituted in lipid

vesicles (93). Calcium release experiments from these vesicles reveal that the IP3

binding site and the ea2+ release channel reside in a single protein. Cytosolic

ea2+ at physiological concentrations is a coagonist for IP3 receptor activation
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resulting in increased ea2+ release presumably through allosteric interactions.

Sustained elevation of cytosolic ea2+ results in autoinlubition of the ea2+ release

process (93). The increased cytosolic ea2+ concentration now acts as an

antagonist of IP3 mediated ea2+ release. This indicates the existence of a feed

back inhibitory mechanism for ea2+ release' from such signal stimulated ion

channels.

Consequences of IP3 release. The presence of a net negative charge in the polar

head groups of phospholipids increases the optimal membrane surface area due to

electrostatic repulsion between head groups. The head group influences

interactions with membrane proteins, and facilitates formation of lamellar phases

(262). During elevated temperatures the acyl chain composition of lipids changes

due to the introduction of unsaturated cis double bonds by newly activated

desaturases (262). The eventual outcome is a reduced hydrocarbon chain length

with an increased width of the hydrocarbon space, but very little change in the

hydrophobic volume (262). A reduction in the size of the polar head groups of

lipids by the release of IP3 decreases the packing parameters for these lipids at,

elevated temperatures by reducing the area occupied by the polar head group at

the hydrocarbon-water interface. These and other related changes in the polar

head groups of lipids promote the formation of hexagonal II (Rn) phase for lipids

having two acyl chains (262). The sudden increase in the rate of leakage from

plant cells at elevated temperatures is coincident with membrane phase transitions
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(Hn) (253). If the organism cannot reverse these membrane alterations lethal

damage occurs (253).

Protein phosphorylation. One of the most common events during HS is the post

translational phosphorylation of proteins (69, 275, 276). Animal hsp27 has been

shown to be 'rapidly phosphorylated in the first minutes of HS, indicating an early

activity for this protein in the HSR (167). Landry et. al., (167) suggest that the

early activation of hsp27 by'phosphorylation during HS "sets up an immediate

feedback protective mechanism to limit heat-induced cascade reactions that lead

to hyperthermic lesions. The other HSPs may then act at a later time to repair

lesions that have escaped the hsp27-dependent protecting mechanism" (167).

Protein phosphorylation is involved in all forms of signal transduction in the

cells of biological organisms (159). Kinases catalyze the transfer of the y

phosphoryl group of ATP to seryl, threonyl, or tyrosyl residues. Regulatory

control is maintained by cascade regulation of both kinases and protein

phosphatases. Transmembrane signal transductions utilize phosphorylation

mechanisms by employing plasma membrane associated protein kinases (127).

The existence of protein kinases and their substrates is well established in plants

(255). One of these is a plasma membrane associated, calcium/calmodulin

activated, autophosphorylating 18 kD protein (29). This peptide is believed to be

the catalytic subunit of a much larger holoenzyme. Due to the cellular location,
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this protein may be involved in signal transduction and regulation (31). Although

most protein kinases have multiple substrates (127) lysophosphatidylinositol is a

substrates for this 18 kD kinase (30). Autophosphorylation of this enzyme is due

to the rapid cycling of phosphate on serine residues. This autophosphorylation

acts as a negative regulator of the kinase for protein phosphorylation (29).

F. THE HEAT SHOCK RESPONSE IN PLANTS

General features. In general, plants exlubit a HSR that has many features similar

to other groups of organisms. This response has been demonstrated in soybean

(145, 146, 147, 200), como (60), tomato (235, 237, 274), tobacco (13, 118, 139),

cotton, pea, millet, sunflower (144), as well as in field-stressed soybeans (149) and

cotton (44). Plants respond to stress by modulating the expression of many genes

with the accompanying synthesis of HSPs. The level of translational control of

constitutive mRNAs during HS varies considerably among plants and does not

appear to demonstrate the level of control observed in Drosophila (145).

In an important experiment transgenic tobacco plants containing the

Drosophila hsp70 promoter fused to the neomycin phosphotransferase II gene

exhibited HS-inducible antibiotic resistance. This finding indicates the recognition

of HSEs of the Drosophila promoter and the presence of HSF in tobacco plants,
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suggesting that the mechanism of induction is highly conserved across a wide

variety of organisms (300).

Hsp70 is the predominant HSP in many eukaryotes. While plants

synthesize a set of high molecular weight (HMW) HSPs similar to Drosophila,

most of the translational capacity is devoted to the synthesis of a complex of up to

30 low molecular weight (LMW) HSPs that range from 15 kD to 30 kD (199, 320,

322). In animals, there are only a few of these proteins (199). The number of

LMW HSPs vary between plant species and are not synthesized in substantial

quantities in maize (199). Chlorella protothecoides synthesizes a single LMW HSP

of 19 kD (316). The HMW HSPs (hsp70, 84, 92) are highly conserved between

plants, animals and bacteria (145). The exact roles of plant HSPs remain to be

identified, but the functional properties of the different HSPs may collectively

confer thermotolerance in biological organisms (286).

Heat shock mRNA transcription. The production of HSPs in field grown plants

indicates that these proteins are produced as part of the normal response to high

temperatures (44, 149). In soybean plants the induction of HS mRNAs is

transient declining in the late afternoon. This was interpreted as feedback

autoregulation where the accumulation of HSPs in plant tissues inhibit HS gene

transcription. Autoregulation has been demonstrated for hsp70 in Drosophila cells

(81, 188), and also for dnaK in E. coli (227).
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A temperature shift from 28°C to 40°C produces approximately 20,000

transcripts per LMW HSP-gene in a soybean cell over a two hour period (283,

284). Transgenic tobacco plants containing one of these soybean HS genes

generates the same number of transcripts (285). The physiological role of these

LMW HSPs .may be. to substitute for the lower levels of hsp70 in plants (146).

Alternatively, the LMW HSPs may be involved in binding constitutive mRNAs to

form stable RNP granules (152, 200, 234, 237). The subcellular localization and

biochemical function of the LMW HSPs will help to elucidate the roles of these

proteins during and after HS in plants (146).

Translation and HSPs. The level of translational control of constitutive mRNAs

during HS varies considerably among plants (145). Higher temperatures of 40°C

and above represent "breakpoint" temperatures above which constitutive protein

synthesis declines (145). Experiments using several different exposure

permutations to elevated temperatures suggest that plants are able to measure the

duration and severity of heat treatment (145). A more severe heat treatment

results in a much stronger HSR (146). .

HSP localization. Analysis of HSP distribution in plants under stress conditions

indi~ates that these proteins associate with specific cellular structures. In soybean,

the LMW HSPs associate with all organelles examined. A protective role has

been suggested for these proteins (145). Additionally, in Nicotina plumbaginifolia
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the BMW HSPs preferentially accumulate in the soluble fraction of the cell (259).

A nuclear-encoded HSP localizes in the chloroplasts of soybeans and peas (322).

These HSPs contain a transit peptide of 5 kD to 6.5 kD which is removed during

import into isolated chloroplasts. The in vitro translation of transcripts for one of

these peptides results in a 26 kD protein which is the precursor of a 21 kD

chloroplast HSP. This LMW HSP has homology with similar proteins found in the

cytoplasm of all eukaryotes suggesting a common evolutionary ancestry (322).

The mitochondrial and chloroplast genomes of maize (226, 295), Brassica

campestris (295) and Acetabularia (154) playa role in the HS response.

Experiments in peas demonstrate that synthesis of HSPs is prevented by

cycloheximide but not by chloramphenicol (321). In maize and B. campestris a 60

63 kD HSP is thought to be of plastid origin (295). In Acetabularia the synthesis

of a hsp70 protein is induced by HS in the absence of the nucleus. The synthesis

of this HSP is inhibited by chloramphenicol suggesting that synthesis is on 70S

ribosomes (154). Additionally, there is cycloheximide-sensitive synthesis of 80S

ribosome translated HSPs in the absence of the nucleus in Acetabularia. This

result suggests that the synthesis of some HSPs is controlled at the translation

level with certain mRNAs present in the cells prior to HS (154). Similar

conclusions are drawn from experiments in which the transcription inhibitor

actinomycin D has no effect on HS-induction of HSPs in Chlorella protothecoides

(316). This type of regulation of HSP synthesis is similar to that of Xenopus
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oocytes where the HSP synthesis is regulated at the level of translation from

prestored mRNAs during HS (24). The reasons why these mRNAs are not

translated at 25 <C is presently unclear, but they may facilitate more rapid

development of thermotolerance. Such a feature would by-pass the transcriptional

steps and quickly deal with the threatening stress conditions in these single celled

organisms.

The HS response in the green alga Chlamydomonas follows the pattern of

higher organisms in that most constitutive nuclear-encoded mRNAs are not

translated under as conditions. Alternatively, certain constitutive proteins coded

by the chloroplast DNA [32 kD herbicide binding protein, large subunit of

ribulose-1,5-bisphosphate carboxylase-oxygenase (Rubisco)] are synthesized during

HS. These findings suggest that translation on 70S ribosomes is less sensitive. to

HS than the 80S ribosomes (153).

G. LOW-MOLECULAR-WEIGHT HSPs

The LMW HSPs of plants appear to be functionally related by common

localization and aggregation properties. In fact, their accumulation and

aggregation closely parallels the acquisition of thermotolerance (193).

Additionally, the genes for these HSPs are highly homologous and conserved
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between species, and also exist in the form of several multigene families (187, 224,

229,320).

The LMW HSP gene families have domains of homology with

evolutionarily distant organisms including Drosophila, Xenopus, and Caenorhabditis

elegans (223). The gene products from these related families exhibit the highest

conservation in the carboxyl portion of the peptides, and possess similar

hydropathy profiles in this region (187, 320). A gene for an 18 kD antigen that

shows homology to the 18 kD soybean LMW HSP has been isolated from

Mycobacterium leprae indicating a high level of conservation during evolution for

this gene (229). A protein antigen from Schistosoma mansoni which belongs to

the plant LMW HSP family has been reported (228).

A function for the LMW HSPs has not yet been determined; however, the

above conserved C-terminal sequence exhibits partial homology t-o a sequence in

mammalian o-crystallins (187, 282, 320). This a-crystallin sequence is essential for

the formation of large protein aggregates and multi-subunit enzyme complexes

(57). Alpha-crystallin proteins also interact with membranes (258). The LMW

HSPs are principally found in nbonucleoprotein (RNP) complexes (200, 234, 237),

although the possibility that one (or more) of the LMW HSPs is an enzyme per se,

or a subunit of an enzyme cannot be excluded.

52



LMW HSPs and thermotolerance. A mutant strain of Dictyostelium that cannot

synthesize LMW HSPs does not acquire thermotolerance (195). In Drosophila,

the molting hormone ecdysterone induces only the LMW HSPs and induces

thermoresistance. In different developmental stages Drosophila have high intrinsic

levels of these LMW HSPs and are more heat-resistant (21).

Seed vigor is a function of the ability to survive a series of environmental

stresses during germination (1). Wheat embryos, heat-shocked prior to imbibition,

demonstrate that the capacity for HSP synthesis is affected by seed vigor. Low

vigor seeds are deficient in the synthesis of the 83 kD, 25 kD, 21 kD, and the 17

kD to 18 kD HSP groups while other HSPs are synthesized at levels similar to

that of high vigor seeds. The .decline in the HSR of low vigor seeds may be due

to decreases in the synthesis of specific HSPs such as the 17 kD to 18 kD (121).

The wheat 17 kD HSP is homologous to the 17.5 kD HSP family of soybeans

(204) suggesting its possible importance in other plant systems.

In contrast to plants and Drosophila melanogaster, avian cells, yeast, and

mammals synthesize a single LMW HSP (8). Mutated Chinese hamster cells that

constitutively over-express the 27 kD LMW HSP with no apparent modification in

the level of other HSPs are heat-resistant (52). When the human 27 kD LMW

HSP is constitutively expressed in transfected Chinese hamster or mouse cell lines

the cells are protected from thermal killing (167). This represents the first direct
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causal relationship between the presence of a specific HSP and thermoresistance.

Additionally, in adenovirus transformed rat cells the presence of oncogene

products results in the suppression of the 27 kD HSP as indicated by Northern

blots of HS mRNAs (343). This suggests that the inability to mount a stress

response may be one of the manifestations of oncogene expression in cells. In

human cells the 27 kD HSP is regulated by estrogen as well as HS (206). In these

organisms during pregnancy, stages involving estrogen may be a stressful condition

requiring the presence of HSPs.

LMW HSP localizations. The 18 kD ~SPs of maize (59) and soybean (185)

localize in the plasma membrane. However, in the maize experiments 50% of

hsp18 co-purified with the nuclei; and a portion was also found with the

ribosomal and mitochondrial fractions (59). In Drosophila (319) and mice (126)

hsp70 has been reported to accumulate in the plasma membrane. The association

of certain HSPs with the plasma membrane suggest a role in the maintainance of

normal membrane-associated processes during heat stress (59). Electron

microscopy studies demonstrate that the plasma membrane is disrupted during

lethal HS (198). This results in the plasma membrane becoming more permeable

to solutes (185). A moderate sub-lethal HS results in the reduction of membrane

permeability even at the lethal temperatures. This suggests that HS induces

changes which prevent disruption of the plasma membrane at lethal temperatures

(198). The reduction in solute leakage at these temperatures correlates with the
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association of a 15 kD HSP with the plasma membrane (185, 198, 253).

Alterations in membranes during HS have been shown in aleurone layers of

germinating barley seeds where the normally abundant endoplasmic reticulum

lamellae are disrupted (16). The endoplasmic reticulum reassociates during the

recovery period after HS (16). The implications from these observations are that

different membranes may have different thresholds for disruption. Some HSPs

induce gated pores in membranes indicating a possible mode of their action in

biological organisms under stress conditions (6).

H. FUNCTIONS OF HEAT SHOCK PROTEINS

Although the exact functions of HSPs are not presently understood, all

available evidence including analyses of specific mutants indicates that HSPs are

required for the development and expression of thermotolerance. The presence

of HSPs contribute to the development of tolerance to other environmental

stresses (58, 167,216,271). A demonstration of this was provided by the HS

induction of HSP synthesis in cucumber seedlings prior to inoculation with the

disease causing Cladosporium cucumerinum fungus. This resulted in a 60%

reduction of disease symptoms (303). In situations where HSPs have been

induced by stresses other than HS such as the application of arsenite, plant

hormones, heavy metals, and ethanol thermotolerance has also been demonstrated

(145). In vida [aha root meristem, the HS or chemical-agent induction of HSP
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synthesis is essential for protection against chromosomal structural changes after

lethal high temperature treatments. When protein synthesis is inhibited by

cycloheximide, mild HS fails to prevent chromosomal structural changes (261).

The association of HSPs with polysomes during HS may protect the translational

machinery from the damaging effects of non-permissive temperatures (200).

Alternatively, maize seedlings develop thermotolerance in the absence of

detectable HSPs (37). However, this form of rapidly decaying thermoprotection is

effective only against temperatures below 45o C. The HSP-independent state

relies on the phosphorylation of existing HS-cognate gene products, the

constitutive HSCs (69). The concept that the activation of HSCs by

phosphorylation leads to thermotolerance is strengthened by the observation that

one of the most common events during HS is the post-translational

phosphorylation of proteins (275). Mammalian hsp27 is rapidly phosphorylated

. during the first minutes of HS (167).

The isolation of yeast HSP mutants with identifiable phenotypes other than

sensitivity to heat has provided some potentially important clues relative to the

function of certain HSPs during growth (66). Certain HSPs (or cognitive forms)

are expressed during the life cycles of various organisms suggesting roles in normal

developmental or physiological processes (20, 210). Some HSPs may be

regulatory molecules that serve to alter metabolism under stressful conditions or

to restore cellular functions lost during HS. Since such regulatory molecules are
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likely to be present in small amounts, much effort should be focused on the less

abundant proteins expressed during the HSR. In any event, much of the effort in

HS research has focused on the molecular biology of the response while

comparatively little success has been achieved in determining the functions of the

HSPs. Future research must be directed toward the characterization and

identification of the functions of HSPs in order to fully understand the nature of

the HSR. Because HS-genes are found in groups of families of genes mutational

experiments on these genes are likely to yield ambiguous results in terms of HSP

functions in thermotolerance. The presence of HSC genes is likely to make the

detection of mutational deficiencies in an organism more difficult in physiological

terms because its impact may be compensated for by another member of the

family (286).

HSP70. The sequence of hsp70 is highly conserved both at the amino acid and

nucleotide levels (193, 276). A monoclonal antibody produced against Drosophila

hsp70 reacts with a group of proteins of 70 kD from a variety of animals (193). A

similar antibody raised against chicken embryo fibroblast (CEF) hsp70 cross-reacts

in Western blots with analogous proteins from yeast, dinoflagellates, Drosophila,

Dictyostelium, worms, human cells, frog cells, mouse cells and plants (142). The

use of a DNA probe for the Drosophila hsp70 gene allowed the isolation of

analogous sequences in plant tissues (146). All of these observations coupled with

similar conservation of gene sequences mentioned above indicate that hsp70 is one
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of the most conserved proteins presently known across the different biological

kingdoms.

In addition to the initial induction by elevated temperatures, HS genes are

further regulated during continuous HS. Heat shock proteins are implicated in

gene regulation in Drosophila (81, 188). This hypothesis is supported by

observations in E. coli where induction of HS mRNA transcription is controlled by

the positive regulator a32, a 32 kD protein product of the htpR locus. The

synthesis of this factor is HS-induced (97), and its physiological role is as a positive

a-factor for prokaryotic transcription of HS-genes (227). Another HSP, dnaK,

acts as a negative regulator of the HSR in E. coli, and is considered the bacterial

counterpart of the eukaryotic hsp70. The accumulation of the dnaK product

represses the HSR, possibly by mediating the degradation of a32 (312). Cells

carrying dnaK7S6, a temperature sensitive mutation of the dnaK protein, fail to

turn off the HSR for several hours after its induction. These mutants are wild

type in growth at 30 0 C but inviable at 420 C. At elevated temperatures the

dnaK7S6 mutants accumulate large amounts of hsp70, presumably because the

altered protein cannot autoregulate its synthesis (312). In Drosophila aberrant

HSPs synthesized by incorporation of canavanine fails to exhibit autoregulation of

the HSR (81). These proteins do not display selective subcellular localization ,

and do not confer thermotolerance to the cells. Therefore, the synthesis and
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accumulation of functional HSPs plays a major role in the negative regulation of

the response.

An additional important role is attributed to dnaK in the replication of

bacteriophage lambda (..t) (348). In..t DNA replication several stages are

demonstrated in vitro. The first stage is the assembly of a protein complex at the

origin of..t DNA replication. One protein OA binds to the origin of replication.

Another protein p Abinds specifically to both OA and the host-encoded dnaB

helicase protein. This DNA-protein complex is very stable in vitro, and is capable

of DNA replication provided that it is supplemented with the host-encoded HSPs

dnaK, dnaJ, and grpE. During L infection, constitutive protein synthesis is

inhibited and the above HSPs are synthesized. The addition of ATP or GTP

releases the p Aprotein from the complex allowing detachment of the dnaB

helicase protein which then attaches to a nearby single-stranded DNA and

unwinds ..t DNA. The host dnaG primase protein locates the single-stranded

DNA-dnaB complex and makes an RNA primer at random sites. DNA

polymerase III then extends this RNA primer into DNA The role of HSPs in ..t

DNA replication is in the disassembly of the OA-pA-dnaB complex allowing dnaB

to gain access to single-stranded DNA near the origin (101). These functions of

HSPs are among the few well-documented biochemical roles of stress proteins in

cellular metabolism (277).
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Another ATP-dependent biochemical function described for eukaryotic

hsp70 is in the dissociation of clathrin baskets from coated vesicles (50, 315). One

of the highly conserved domains of hsp70 is a high affinity ATP-binding site which

may confer ATPase activity (50). The hydrolysis of ATP is thought to provide the

energy necessary to disrupt the c1athrin-clathrin interactions in the coated vesicles.

The prokaryotic analog of hsp70 (dnaK) does not exhibit ATPase activity when

incubated in the presence of clathrin coated vesicles. However, when the OA

protein is added to the incubation media ATPase activity is detected. The

addition of pAinhibits this ATPase activity (347). Thus two prokaryotic proteins

cooperate to provide a function similar to the eukaryotic hsp70 in dissociating

c1athrin coated vesicles. Additionally, dnaK from E. coli and hsp70 from

mammals, yeast, and plants autophosphorylate under high ea2+ concentrations in

vitro (5, 347). DnaK and some eukaryotic hsp70 proteins also have been shown to

be phosphorylated in vivo (5,216). The observation that members of the hsp70

family contain a highly conserved calmodulin-binding domain enlarges the

biochemical possibilities for the role of these proteins in metabolism (304). There

is also evidence that hsp70 acts as a protease (213).

Hsp70 is involved in protein translocation into/through the membrane of

yeast endoplasmic reticulum and mitochondria in vivo (78) and into isolated

microsomal fractions in vitro (51). Post-translational translocation presumably

requires the unfolding of the precursor prior to or during transit across the
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membrane. This unfolding is catalyzed, in some way, by a constitutively

synthesized hsc70 protein in an ATP dependent manner (51, 327). A hypothesis

has been advanced in which the HSPs bind tightly to hydrophobic surfaces

exposed in partially unfolded or aggregated proteins. Using the hydrolysis of ATP

as an energy source the HSPs undergo a conformational change which in turn

"distort" the substrate, and by repeated cycles may catalyze disaggregation or

complete unfolding (182).

HSP90. Monoclonal antibodies raised against the chicken hsp89 cross-react with

the human, mouse, frog, and Drosophila hsp90 (142, 193). This protein is highly

conserved across different species (142), and abundant in the cytosol at

physiological temperatures (26). A function for hsp90 is to associate with the

steroid hormone receptor of mammalian and chicken cells. Hsp90 associates with

the DNA binding site of the receptor and effectively blocks the site. This prevents

the receptor from binding to the hormone regulatory elements of the DNA and

transcription of steroid hormone-regulated genes. The receptor protein is

approximately 100 times less-abundant than hsp90 in the cell and contains "zinc

fingers" for both hsp90 and DNA association. Certain a-helices in the most

negatively charged region of hsp90 mimic DNA configuration. In the absence of

steroid hormone this portion of the protein interacts with and caps the positively

charged DNA-binding domain of the receptor (26). The binding of a hormone

molecule to the receptor changes its structure and releases the hsp90. This allows
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the activated receptor to bind to DNA and transcribe the genes. The association

of an antihormone with the receptor causes hsp90 to bind more tightly to the

DNA binding domain of the receptor (15, 27). The sare oncogene active site,

Rous sarcoma virus transforming protein, and aryl hydrocarbon receptor are also

capped by hsp90 (27, 42, 248). Similar to hsp70, hsp90 also gets

autophosphorylated, binds to ATP-agarose, and is phosphorylated by casein kinase

II in vitro (71, 264). In a previous section, hsp90 stimulation of an eIF-2a kinase

as well as the hsp90 interaction with actin and tubulin in a ea2+Icalmodulin

dependent manner was discussed in detail. These observations suggest that hsp90

may be a intracellular shuttle for diverse molecules that have key biological

functions, and in doing so maintain them in an inactive form.

Ubiquitin. Ubiquitin is a heat inducible ubiquitous eukaryotic protein that has a

highly conserved structure and amino acid sequence in all organisms studied. It is

thought to play roles in chromatin structure and is demonstrated to be involved in

ATP-dependent proteolytic degradation of unstable cellular proteins (35).

Ubiquitin forms conjugate complexes with aberrant or unstable proteins and

several chains of ubiquitin may be bound to a single polypeptide. These

complexes then become a target for proteolytic degradation. This protease

targeting activity effectively removes aberrant proteins from cells. The ubiquitin

conjugating enzymes of yeast UBC4 and UBC5 are heat shock inducible and

essential for viability at elevated temperatures (136).

62



Heat induced enzymes. The glycolytic enzymes enolase (128), phosphoglycerate

kinase (252), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (193) are

HS-induced in yeast cells. The promoters of enolase and GAPDH genes contain

.perfect HSEs making them HSP genes. Mammalian and Xenopus cells also

exhibit de novo GAPDH synthesis in response to HS (225, 230). In addition

human and rat cells induce the synthesis of heme oxygenase (212), and Xenopus

cells the synthesis of pyruvate kinase at elevated temperatures (230).

Chloramphenicol inhibits HS-induced synthesis of superoxide dismutase in E. coli

(257).

Induction of the glycolytic enzymes by HS suggests an elevated level of

glycolytic activity in response to this form of stress. Heat shock inhibits oxidative

phosphorylation and reduces intracellular ATP (77, 225). This may necessitate

increased glycolysis. The HS-induced glycolytic enzymes may compensate for the

depletion of energy charge. Many of the enzymes of carbohydrate metabolism

listed above are also found as structural proteins of eye lens crystallins which

occur as large aggregates (77). LMW HSPs also have regions of high homology to

o-crystallins and exist as large aggregates after HS. These data suggest perhaps a

common ancestry for these proteins (77, 152, 187, 200, 234, 237).

In yeast. the activities of trehalose-6-phosphate synthase and trehalase are .

also induced by HS. This induction is resistant to cycloheximide indicating that de
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novo protein synthesis is not required (80). An increased synthesis of trehalose

producing enzymes during HS supports the idea that this disaccharide may be a

protectant against physical stresses such as desiccation, heat and freezing (80).

The induction of superoxide dismutase during HS provides further evidence

indicating a relationship between HS and oxidative stress (257.).

Thennotolerance. The functional role of HSPs in the acquisition of

thermotolerance has been extensively studied (216, 320). Experimental results

with cultured animal cell lines indicated that the HSPs must be in a functional

form for the development of thermotolerance. In one such example, the

incorporation of canavanine into HSPs in Chinese hamster fibroblasts sensitized

the cells to subsequent heat treatment (183). Furthermore if the cells are allowed

to synthesize functional HSPs prior to treatment with canavanine, normal

thermotolerance develops. Thus, the lack of thermotolerance is not due to the

presence of canavanine, but due to the absence of functional HSPs (184).

Additional involvement of HSPs in the acquisition of thermotolerance is provided

by the following lines of evidence. Temperature-sensitive mutants lacking one or

more HSPs (39, 195), and thermotolerant mutants constitutively producing HSPs

have been isolated (52). Depletion of hsp70 by the injection of hsp70 monoclonal

antibodies renders heat-shocked fibroblasts thermosensitive (260). Competition

for the pool of HSF by insertion of a highly expressed plasmid containing the

hsp70 promotor region including HSEs greatly reduces hsp70 gene expression and
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prevents the development of thermotolerance (137). Yeast cells in which a single

HSP gene is deleted fail to develop thermotolerance to NPHS. The reinsertion of

a wild type gene for the same HSP reverses the thermosensitivity of the mutant

cells (271). Unshocked, mutant Chinese hamster cells that constitutively over

express the 27 kD HSP with no apparent modification in the level of other HSPs

are thermotolerant (52). When the human 27 kD HSP is constitutively expressed

in transfected Chinese hamster or mouse cell lines, the cells are protected

demonstrating a relationship between the presence of a specific HSP and

thermotolerance (167).
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CHAPTER II

PROPOSED RESEARCH

The research proposed here is part of a comparative physiological and

biochemical study of the HSR in tropical and temperate plants. The HSR has

been studied in com (60), a tropical plant adapted to grow in temperate climates.

To date however, little information is available on the features of the HSR in

other tropical plants. Sugarcane has been grown exclusively in the tropics, and is

of agronomic importance. For this reason sugarcane represents a system in which

heat shock may be examined in a "true" tropical plant. The proposed research

will be accomplished with the tissue culture cell line H50-7209 derived from an

explant of internodal tissue.

In light of the ubiquitous nature of the HSR, cultured sugarcane cells are

expected to demonstrate a typical HSR. The proposed research will test the

following hypotheses:

a) Sugarcane cells develop thermotolerance to non-permissive

temperatures after a brief HS.

b) Sugarcane cells produce HSPs in response to HS, with the

concurrent reduction of non-HS protein synthesis.
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c) Sugarcane cells acquire and maintain thermotolerance in the

presence of HSPs.

d) Heat shock induces a protein kinase.
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CHAPTERm

PHYSIOLOGY OF THE HEAT SHOCK RESPONSE

AND

HEAT SHOCK PROTEIN SYNTHESIS

A. INTRODUCTION

The mechanism by which biological organisms respond to elevated

temperature, the heat shock response (HSR), has been shown to be highly

conserved at the genetic level in both prokaryotes and eukaryotes. Moderately

elevated temperature leads to selective transcription and translation resulting in

specific proteins that are termed heat shock proteins (HSPs) as well as the

development of tolerance to an otherwise lethal high temperature stress (see 193

for a recent review): The HSR of higher plants is similar to that of other

organisms. The HSPs have been characterized in great detail in soybean (73, 143,

147, 186), maize (14, 61), tobacco (118, 139) and tomato (235). The soybean

HSPs are also induced by other forms of stress such as arsenite, however the

proteins are not localized in the cell as they are under HS conditions (73).

The synthesis and decay of HSPs has been correlated with the acquisition

and decay of the therrnotolerant state respectively (52, 193). However, there are

cases where thermotolerance has been observed in the absence of detectable HSP
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synthesis (37) or in the absence of key HSPs such as hsp68, the hsp70 analog in

mouse cells (10). While the precise functions of HSPs in thermotolerance are

presently unclear, much evidence supports the idea that these proteins are directly

involved (193). Temperature sensitive mutants lacking one or more HSPs (39,

195), and thermotolerant mutants constitutively producing HSPs have been

isolated (52). Depletion of the hsp70 by injection of hsp70 monoclonal antibodies

renders fibroblasts thermosensitive to HS (260). Competition for heat shock

transcription factor (HSP) by insertion of a highly expressed plasmid containing

the hsp70 promotor region including heat shock elements (HSE) greatly reduces

hsp70 gene expression and prevents the development of thermotolerance (137).

The specificity of translational down regulation of constitutive protein

synthesis during HS appears to vary depending on the organism, incubation

temperature, and experimental protocol. In Drosophila tissues translational

specificity for HS mRNAs is near absolute after a direct shift to 37°C (192) while

in cultured Drosophila KC161 cells constitutive protein synthesis persists (131). In

soybean, constitutive protein synthesis is evident at 37.5°C but almost

undetectable at 42°C (147). Little constitutive protein synthesis was observed in

cultured cells of tobacco (118) and tomato (235) after direct shift to 38°C. In

maize tissues, many constitutive proteins are synthesized at 40°C (61) while maize

protoplasts exhibit little constitutive protein synthesis at 42°C (48).
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A series of comparative studies of HS and salt stress in a temperate dicot,

tobacco, and in a tropical monocot, sugarcane were initiated. In these studies we

have used two well-characterized cultured cell systems were used and identical

methods to allow direct comparison of results were employed. A recent report

described the interaction of heat and salt stress in cultured tobacco cells (118).

Here the physiology of the HSR and the synthesis of HSPs in cultured sugarcane

(SC) cells is described. Evidence is provided for temporal and temperature

dependent regulation of HSP synthesis as well as extensive constitutive protein

synthesis during heat shock.

B. MATERIALS AND METHODS

Plant material and culture conditions. Sugarcane cells (Saccharum officinarum

L.) of the cell line # H50-7209 were obtained from Dr. A Maretzki at the

Hawaiian Sugar Planters' Association (HSPA), Aiea, HI. The cells were

maintained as suspension cultures on the standard HSPA medium at pH 5.8 (231).

The major components of the medium are 1.76 mgIL MgS04.7HzO, 2.0 gIL

Ca(N03hAHzO, 2.0 gIL NaZS04, 0.8 gIL KN03, 0.65 gIL KCI and 165 mgIL

NaHzP04.HzO. The medium was also supplemented with a micronutrient and a

vitamin stock, yeast extract, 2% sucrose and 2.0 mgIL 2,4-dichlorophenoxyacetic

acid (2,4-D). Cell suspension cultures were grown in 70 mL of medium in 250 mL

Erlenmeyer flasks at 23°C in the dark. Cultures were maintained by routine
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transfer of 10 mL of cell suspension at mid-log phase growth (14 days) to fresh

medium. All results reported here were obtained using cells from mid-log phase

cultures.

Heat shock and thermotolerance growth experiments. Mid-log phase cultures

were heat-shocked at various temperatures (32°C to 42°C) for 2 h in conditioned

medium in 250 mL Erlenmeyer flasks. On termination of the HS treatment, 5 mL

of cell suspension was transferred to 35 mL of fresh growth media (23 0 C)

contained in 125 mL Erlenmeyer flasks as above. The flasks were transferred to a

non-permissive heat stress (NPHS) (54°C, 7 min) immediately (0 h), 4 h or 8 h

after the end of HS treatment. The cultures were then grown at 23 0 C and

harvested by fil~ration 15 or 30 days later for fresh weight determinations. Each

experiment was repeated at least twice with four replicates of each treatment.

Each data point represents the mean of all replicates.

Protein labeling and extraction. Aliquots (0.1 gin 5 mL) from mid-log phase cell

suspensions were transferred to sterile centrifuge tubes and placed in a shaking

water bath maintained at the appropriate HS temperature. Thirty minutes later,

50 fJ.Ci of Tran-35S-Label (ICN Radiochemicals) was added to each tube. The

cells were incubated for 2 h and harvested by filtration then washed with 50 mL of

fresh growth medium to remove labeled material in the free space. The cells

were rapidly weighed, frozen in liquid N2 and homogenized with a douncer under

71



liquid Nz. The cells were extracted with 0.5 mL of Laemmli sample buffer

containing 2% SDS (165) and 0.1 mM PMSF. The entire cell harvest procedure

to this juncture was completed within 2 min to minimize degradation of protein

extracts. This mixture was immediately placed in a boiling water bath for 5 min

and centrifuged at 15,000g for 15 min (20°C). The in vivo incorporation of Tran

35S-Label into protein and estimation of protein in samples was accomplished as

described previously (118).

Determination of uptake and internal labeled amino acid pools. Cells (0.1 g)

were incubated for 2 h a~ above at a variety of temperatures. The washed cells

were weighed, ground under liquid Nz, and extracted with 20 mL aqueous 80%

ethanol containing 10% TeA (v:v). The extract was centrifuged for 45 min at

30,000 g to yield the soluble free pool and an alcoholffCA insoluble pellet. Since

the initial labeled material was a mixture of methionine (70%) and cyst(e)ine

(30%) the free pool was analyzed for these amino acids (119). This analysis

indicated that greater than 90% of the intemallabel was present in these amino

acids in the expected ratios. The amounts and specific activities of protein were

determined in parallel incubations as descnbed for protein extractions above.

Gel electrophoresis of proteins. Extracts obtained as above in Laemmli sample

buffer were used in single dimension SDS-PAGE (165) on minigels, and in jwo

dimensional mini IEF/SDS-PAGE by the modified method of O'Farrell (238).
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Two-dimensional electrophoresis extracts were prepared as above except with

0.3% SDS, dialyzed against ammonium bicarbonate (20 mM), lyophilized and

redissolved in IEF sample buffer containing 5% ampholines (1:1, v:v, pH 3-10 :

pH 5-7, LKB). The ratio of the original cell extraction buffer to the IEF sample

buffer was maintained at least 1:2 to insure that any remaining SDS from the

initial extraction buffer did not interfere with IEF. Equal radioactive protein or

equal total protein samples «20 ~g) were applied to the basic end of prefocused

(20 min 400 V, 20 min 600 V, 40 min 800 V) tube gels containing 5% ampholines

as above. The gels were focused for 10,000 V h plus an additional 2 h at 1000 V.

Blank focused gels were cut into 5 mm sections, incubated in 0.5 mL of 100 mM

CaCl2 for 24 h, and the pH of the segments determined. From this analysis, the

pH gradient of the IEF gel was estimated to range from 4.4 to 6.0.

The tube gels were prepared for SDS-PAGE by a brief H 20 wash followed

by 3 washes (10 min each) in hot Laemmli sample buffer. The tube gels were

placed on the top of SDS-PAGE gels (12.5%) and held in place with 3% agarose

in Laemmli sample buffer. Proteins were visualized with 0.1% Coomassie R-250

in aqueous 50% methanol and 10% acetic acid, (w:v:v), destained and prepared

for fluorography with Autofluor (National Diagnostics). Fluorography was carried

out on dried gels using preflashed Kodak XAR-5 film at -80°C.
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All reagent grade chemicals were obtained from commercial suppliers.

Acrylamide and other gel components w~re from BDH; ultra-pure urea was from

Schwarz-Mann and low molecular weight protein standards were from Pharmacia.

C. RESULTS AND DISCUSSION

General features of the sugarcane heat shock response. Under the conditions

used here, 40 mL of culture medium contained in a 125 mL Erlenmeyer flask

reached a maximum temperature of 52°C after 5 min in a 54°C shaking water

bath. Sugarcane cells failed to grow after a 6 min incubation in a 540 C water

bath. A treatment of 7 min was selected as a nonpermissive heat stress (NPHS)

to assess heat shock-induced thermotolerance. The ability of cell suspensions to

exhibit control culture growth kinetics after NPHS was taken as a measure of

acquired thermotolerance. Cells subjected to NPHS immediately after heat shock

(2 hat 32°C to 42°C) exhibited no thermotolerance. However, cells heat

shocked for 2 h at 36 0 C or 38 0 C developed near complete thermotolerance 4 to 8

h after heat shock. Similar intervals between HS and the development of

thermotolerance have been reported for tobacco cells and soybean seedlings (118,

186). Temperatures above or below the optimum were less effective or failed to

induce any thermotolerance (Figure 1). Thus, SC cells exhibit heat shock

characteristics similar to other plant cell cultures and whole plant systems. For

subsequent studies a temperature of 36°C was selected as the HS optimum
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Figure 1. Effect of heat shock temperature and nonpermissive heat stress on
culture growth. Cells were heat shocked at indicated temperatures, transferred to
fresh medium as described in the methods section and then subjected to a 7 min
incubation at 54°C in a shaking water bath immediately (D); 4 h after transfer (~);

8 h after transfer (.); or no 54°C treatment (0). Error is reported as the
standard deviation of 8 replicates. In graphs where the standard deviation is not
visible the error bars lie within the data point.
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because this treatment resulted in thermotolerant cell suspensions with growth

kinetics indistinguishable from 23 0 C controls.

The possibility that the procedures used here resulted in the selection of

thermotolerant cells was examined. Tolerant cells might be expected to exlubit

thermotolerance without any preliminary HS treatment. Cells were heat-shocked

for 2 hat 36°C followed by NPHS 8 h later, then returned to the shaker for

growth. These cells exhibited typical thermotolerance as shown in Figure 1. If

similar cells were transferred to fresh media at mid-log phase (14 days) and again

challenged at 54 0 C for 7 min without prior HS the resulting cultures failed to

grow. Heat-shocked cells maintained at 23°C lost the ability to withstand NPHS

within 48 h while cells that were maintained continuously at 36°Clost

thermotolerance to NPHS after 120 h (data not shown). These results indicate

that the protocol used here induced thermotolerance, but did not result in the

selection of thermotolerant cells from the cell population.

Determination of minimum heat shock treatment. If HSPs are required for

thermotolerance, those new proteins essential to cell survival must be induced by a

minimum time interval at an optimum HS temperature. Accordingly, the

minimum HS treatment that resulted in optimal thermotolerance was determined.

The approach used was to carry out a HS time course at 36°C followed by NPHS

8 h later. The results in Figure 2 indicate that the minimum HS time
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Figure 2. Effect of duration of heat shock on acquisition of thermotolerance.
Cells were transferred as in Figure 1; incubated in a 36°C shaking water bath for
the indicated time; then subjected to NPHS 8 h after heat shock and grown for 30
days. No NPHS (D), Heat shock-treated (e), initial inoculum (0).
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was 30 min at 36°C. This treatment resulted in maximum thermotolerance and

longer incubations (up to 8 h) did not increase the ability to withstand NPHS

(data not shown). While all of the molecular events involved in this induction

period leading to the acquisition of thermotolerance are presently unknown,

clearly the minimum HS treatment must result in the induction of HS-mRNAs,

sufficient synthesis and localization of HSPs, and stabilization of cellular structures.

One possible reason for the 30 min at 36°C requirement may be to facilitate

transcription of mRNAs from HS genes that require longer periods of HS for

induction.

Analysis of labeled amino acid uptake and incorporation into protein. The results

in Figure 3 demonstrate that increasing temperature greatly increased the rate of

labeled amino acid accumulation into cellular free pools.. Considering that the

medium contained 20 x 106 cpm/mL, the cells accumulated a minimum of 10-fold

higher levels of labeled amino acids. The cells accumulated labeled amino acids

up to 25-fold over the surrounding medium at temperatures in the 40°C to 46°C

range. These data are consistent with increased active transport of amino acids by

SC cells under HS conditions. These calculations are conservative in that they do

not consider the sizes of internal pools into which amino acids are transported and

assume that 1 g fresh weight of cells is equivalent to 1 mL of liquid.

Determinations of the specific activity of protein labeling during HS treatment

indicated a peak of incorporation at 36°C and to a lesser degree at
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Figure 3. Effect of heat shock temperature on labeled amino acid uptake and
incorporation into protein. Cells were labelled at the indicated temperatures and
distribution of 35S labeled material into the free pool and protein was determined
as in the Methods. Total labeled free amino acid pool (0); Specific activity of
protein formed (.).
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38°C (Figure 3). The specific activity at 36°C was 2.5-fold greater than at 23°C

while the free pool increased only 34%. These results may be explained by the

presence of several amino acid pools with more label entering the pools destined

for protein synthesis under HS conditions, by an increased ratio of methionine

and/or cyst(e)ine in HSPs, or by increased rates of protein synthesis during HS.

Increased translational efficiency and rates have been proposed to occur during

HS (12).

Heat shock temperatures of 34°C and 40°C also resulted in elevated

protein specific activities relative to the control, however these treatments yielded

sub-optimal thermotolerance in growth experiments (Figure 1). At 42°C, the

protein specific activitywas approximately 70 to 80% that of the 23°C control but

this treatment resulted in little or no thermotolerance as shown in Figure 1.

These results suggest that, although protein synthesis may be generally quite active

at elevated temperatures, essential HSPs may be lacking or present in insufficient

amounts to facilitate the development of thermotolerance. Cells were also labeled

for 5 min with 50 JLCi of Tran.35S-Label during NPHS at 54°C. The label was

added 2 min after the start of incubation and the pools were analyzed as above.

While the cells transport considerable amounts of labeled amino acids, only small

. amounts were incorporated into protein during this lethal treatment.
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Analysis of labeled protein by SDS-PAGE. If the presence of HSPs and

thermotolerance are directly related, temperatures that induce optimum tolerance

must induce the synthesis of a complete set of HSPs in sufficient quantities.

Conversely, treatments that confer sub-optimal tolerance might be expected to

result in reduced quantities of HSPs or fail to induce certain HSPs altogether.

Cells were labeled at different temperatures to determine if the observed

physiological data corresponded to detectable alterations in HSP synthesis.

The fluorograph in Figure 4A was obtained by loading equal amounts of

total protein. The. labeling pattern at 23°C was diffuse with few distinct bands.

The diffuse nature of the bands was not due to proteolytic degradation because

similar patterns were observed using a variety of protease inhibitors and

techniques to terminate cellular activity..In addition, the cell extraction procedure

from harvest to the start of the boiling step was completed within 2 min and all

manipulations after the fresh weight determination were carried out under liquid

N2. The labeling pattern in the control was interpreted to be the result of label

incorporation into numerous newly synthesized polypeptides. Subsequent analysis

by two-dimensional gel electrophoresis confirmed this interpretation (see below).

Temperature upshift to 32°C or 34°C resulted in little change in the level

~r general pattern of label incorporation; however these treatments !esulted in the

appearance of new labeled bands in the 40, 70 and 80 kD ranges. These bands
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Figure 4. Effect of heat shock temperature on incorporation of labeled amino
acids into protein. Cells were manipulated and extracted as described in the
Methods. Proteins were separated by SDS-PAGE and radioactive proteins
visualized by fluorography. Panel A: Each lane was loaded with equal amounts of
total protein (20 J.£g/1ane). Panel B: Each lane was loaded with equal amounts of
radioactive protein (30,000 cpm/lane). Positions of molecular weight markers are
indicated in kD.
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are similar in size to HSPs that have been described in a variety of organisms (14,

61, 143, 147, 192). Analysis of cel~s labeled at 36°C or 38°C revealed additional

label incorporation into polypeptides in the 70, 80, 90, 97 kD ranges and the

appearance of two heavily labeled bands at 18.4 and 18.6 kD. These low

molecular weight polypeptide bands are consistent with the so-called low

molecular weight complex (LMWC) of HSPs characteristic of plants (14, 118,

199). Further elevation of the HS temperature to 40°C and above resulted in

decreased label incorporation into HSPs of 50 kD or larger molecular weight and

ultimately a generalized progressive reduction of incorporation into all

polypeptides. Since these temperatures increased the internal labeled amino acid

pool(s), such results suggest that protein synthesis was inlubited. The results

shown in Figure 4A indicate that the 18.6 and 18.4 kD bands are still heavily

labeled at temperatures exceeding the HS optimum of 36°C to 38°C. At 44.0 C,

the incorporation of labeled amino acids into protein declined as evidenced by the

faint exposure obtained in Figure 4A No incorporation was detected at 46°C or

54°C in the exposure shown. Analysis of gels containing equal amounts of labeled

protein (Figure 4B) revealed a pattern of incorporation similar to that shown in

Figure 4A except that labeled bands were easily detected in extracts of cells

incubated at 46°C. A longer exposure of this gel also revealed labeled bands in

the 54°C lane (data not shown). As the incubation temperature increased above

38°C, less labeled material than expected was detected in the gels when equal

amounts of labeled protein were loaded in each lane (Figure 4B). This apparent
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loss corresponded with the appearance of low molecular weight labeled material

which ran slightly behind the dye front and was readily leached from the gels (data

not shown). As the incubation temperature increased above 38°C, progressively

more low molecular weight species were formed. These may be fragments

resulting from premature termination or other heat-dependent disruption of

translation.

Heat shock at 36°C resulted in optimum thermotolerance and in the

synthesis of a large number of labeled polypeptides (Figures 4A, 4B). Clearly

many of these bands are similar to those labeled at 23°C, particularly in the 25 to

50 kD 'range. These data are consistent with the idea that a large number of

constitutive proteins (i,e. those which are synthesized at 23°C) are also

synthesized during HS. In soybean (143, 147) and in Drosophila (192) moderate

HS temperatures resulted in the labeling of both constitutive proteins and 'HSPs,

however further elevation of the temperature past a so-called critical breakpoint

resulted in the appearance of only labeled HSPs. Our data demonstrate that

higher temperature treatments resulted in continued constitutive protein synthesis

and no such breakpoint was observed in SC cells (Figure 4).

One possible explanation for the present results was that the 2 h labeling

period may have prevented detection of rapid changes in protein synthesis. If

constitutive protein synthesis was disrupted for only a short time period during HS
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then the patterns in Figure 4 might result. A pulse labeling protocol was

employed to determine the spectrum of proteins synthesized during specific time

windows of the HSR. The fluorograph in Figure 5 shows protein extracts from

cells labeled for 10 min periods. The 23°C control (lane C) exlubited numerous

labeled bands similar to the results in Figure 4. During the initial 10 min of HS

(labeled at 0 time) the labeling pattern was similar to the control. As the length

of 360C incubation increased prior to the addition of labeled amino acids, the

pattern of incorporation became essentially identical to the above results (Figure

4). Labeled bands in the 70 and 80 kD range were detected when the label was

added 10 min after upshift to 36°C. In other incubations, HSP70 was detected as

early as 7.5 min after temperature upshift (data not shown). In Drosophila,

HSP70 appeared at detectable levels within 10 min after temperature upshift (9).

In the present studies, the 18.4 and 18.6 kD bands began to appear after 30 min

and were synthesized in large amounts between 60 and 120 min after upshift to

36°C (Figure 5). When cells were subjected to various time intervals at 36°C and

then labeled for a subsequent 2 h period, none of the 18 kD HSPs were

synthesized until the cells had been heat-shocked for at least 30 min (data not

shown). Analysis of in vitro translation products also revealed a similar pattern of

hsp18 synthetic activity (Kakazu and Harrington, unpublished results). The

appearance of these protein bands corresponds with the minimum HS treatment

of 30 min at 36 0 C required to induce thermotolerance (Figure 2).
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Figure 5. Pulse labeling analysis of protein synthesis during heat shock. Cells
were labeled for 10 min at 23°C (lane C) or beginning at the indicated time after
the start of 360 C incubation. Equal amounts of labeled protein were loaded in
each lane.
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In maize, the mRNAs for the 18 kD HSPs are present at sub-optimal

temperatures, but they are only translated at higher temperatures (14). While a

temporal analysis of maize HSP synthesis was not carried out, these workers

suggest that some unknown regulatory mechanism is responsible for the

differential translation of the 18 kD HSPs.

All of the HS extracts shown in Figures 4A, 4B and 5 contained large

.numbers of labeled polypeptides that were similar in size and labeling intensity to

the 23°C control. To better assess the labeling patterns, extracts from 23oC,

36°C and 42°C incubations were separated by two-dimensional electroph<;Jresis on

minigels. The results in Figure 6 indicate that a large number of individual

polypeptides were labeled in the 23°C control. The labeling pattern at 36°C

shows the synthesis of HSPs under optimum HS conditions. While many plants or

plant cells have as many as 25 or 30 low molecular weight HSPs (118, 143, 147,

199), SC cells have 4 prominently labeled peptides in the LMWC (Figure 6).

Similar analysis of cells labeled at 42°C indicated that the synthesis of high

molecular weight proteins was disrupted. While the amount of label entering the

18 kD peptides remained similar to the 360C treatment. Label incorporation into

the 15 kD peptide declined.

The patterns of label incorporation indicate that ~ large number of

polypeptides were labeled under both control and HS conditions (Figure 6).
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Figure 6. Two-dimensional electrophoresis of sugarcane proteins. Cells were
labeled at 23°, 36°,or 42°C. Each gel was loaded with equal amounts of total
protein (20 J,J.g). Positions of molecular mass markers are in kD.
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Many polypeptides are located at the same isoelectric point and molecular

weight coordinates in control and HS extracts. In general, similar polypeptides

were labeled at the same or slightly reduced intensities at 36°C when compared to

the 23°C control. Similar results have been reported in Drosophila KC161 cells

which continue to synthesize constitutive proteins during heat shock (131). Many

examples of similarly positioned labeled polypeptides are also evident in the

present comparisons between the 23°C control and 42°C HS treatment. Thus, 2

D analysis adds support to the contention that SC cells continue to synthesize

large numbers of constitutive proteins during HS and at supra-optimal heat shock

temperatures which inhibit HSP synthesis.

D. CONCLUSION

Sugarcane cells exhibit induced thermotolerance with many features that

are similar to other plant systems. The minimum HS treatment required to

induce thermotolerance was 30 min at 36°C; however, the thermotolerant state

required 4 to 8 h to develop. Such "lags" have been observed previously (118, 143,

186). No detectable changes in protein labeling patterns were observed in SC

cells during this period. The "lag" period is not due to the lack of amino acids,

carbon source, flask size or temperature equilibration kinetics. Recently we have

been able to overcome the "lag" period by reducing the cell suspension density
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during HS; such cells are thermotolerant immediately after a 2 h HS treatment

(Moisyadi and Harrington, unpublished data).

The present studies suggest that the observed HS optimum for SC culture

thermotolerance may be partially due to differential temperature effects on

protein synthesis. The lack of thermotolerance is correlated with the absence of

the LMWC at temperatures below the optimum and with the disrupted synthesis

of 70 to 97 kD HSPs at temperatures above the optimum. The variations of

induction times and temperatures for the LMWC relative to the high molecular

weight HSPs in SC cells are consistent with differential regulation of HS gene

expression observed in other organisms (193).

Sugarcane cells are similar to maize in their ability to continue to rapidly

synthesize large numbers of constitutive polypeptides under HS conditions.

Numerous constitutive proteins were synthesized even when HSP 'synthesis was

inhibited by high temperature. We have been unable to find any reasonable

experimental conditions in which constitutive proteins were not labeled. Analyses

of polysome profiles and in vitro translation products indicates little change in

protein synthetic activity between control and HS cells (Kakazu and Harrington,

unpublished data). Both SC and maize may lack the regulation mechanism by

which HS mRNAs are preferentially translated. Both species evolved under high

temperature stress and intense niche competition. This selective pressure may
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have resulted in a HS mechanism lacking translational control of constitutive

protein synthesis allowing the HSR to occur with little disruption of normal cell

activity.
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CHAPTER IV

TURNOVER OF THE BEAT SHOCK RESPONSE

AND EFFECfS OF SUPPLEMENTAL IONS

A. INTRODUcrION

The heat shock response (HSR) is characterized by the transient synthesis

of heat shock proteins (HSPs) in response to a sudden increase in growing

temperature. The synthesis and accumulation of HSPs in cells positively correlates

with the temporal acquisition of thermotolerance to otherwise nonpermissive heat

stress (NPHS) above 45 0 C (69, Chapter III). Some chemical treatments that

result in the synthesis of HSPs also iriduce thermotolerance -(118, 186, 193),

indicating that there may be a common stress response mechanism to deal with

various environmental insults. The major features of plant HSR are identical in

most respects to other organisms; however, plants synthesize a low molecular

weight complex (LMWC) of HSPs which may contain more than 15 peptides in

the 15 to 30 kD range.

The deletion of the gene for hsp104 in yeast prevents the development of

thermotolerance to NPHS. The insertion of a wild type gene for the same HSP

reverses the thermosensitivity of the mutant cells (271). Mutant Chinese hamster

cells that constitutively over-express hsp27 with no apparent modification in the
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level of other HSPs are thermotolerant (52). When the human hsp27 is

constitutively expressed in transfected Chinese hamster or mouse cell lines, the

cells are protected (167). These results and many other lines of evidence (271)

indicate a clear relationship between the presence of a specific HSP(s) and

thermotolerance. Previously the basic features of the HSR in cultured sugarcane

(SC) cells were described (Chapter III)..Those results support the above reports

in that when certain HSPs are not synthesized the cells are not optimally

protected from NPHS.

Under certain conditions, thermotolerance can be acquired in the apparent

absence of HSP synthesis. The HSP-independent thermotolerant state relies on

the phosphorylation of existing HS-cognate gene products, the constitutive HSPs

(69). The concept that the activation of constitutive HSPs by phosphorylation

leads to thermotole~ance is strengthened by the observation that one of the most

common events during HS is the post-translational phosphorylation of proteins

(275). Mammalian hsp27 is rapidly phosphorylated during the first minutes of HS

(167). Additionally, results from enucleate erythrocytes (157) and whole animal

systems (63) suggest that the plasma membrane is an important target for heat

damage. The association of LMWC H~Ps with plant plasma membranes prevents

and reverses such heat induced alterations (185, 198).
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The research has focused on the LMWC HSPs in SC cells, because

treatments that do not induce these proteins result in sub-optimal thermotolerance

(Chapter III). These studies demonstrate that the synthesis and turnover of

LMWC HSPs correlates with the expression of thermotolerance under a variety of

conditions. The effects of supplemental ions in the culture medium is also

reported, suggesting that a major lesion during heat stress may be at the plasma .

membrane level.

B. MATERIALS AND METHODS

Plant material and culture conditions. Sugarcane cells (Saccharum officinarum

L.) (H50-7209) were cultured, labeled and manipulated as described previously

(Chapter III).

Induction time for HSP synthesis. Aliquots (0.1 g fresh weight in 5 mL) from

mid-log phase SC cell suspensions were transferred to sterile centrifuge tubes and

placed in a shaking water bath maintained at 36°C. The cells were heat-shocked

for 5, 10, 15, 20 and 30 min. Cells were then labeled with 50 J,£Ci of Tran-35S

Label (ICN Radiochemicals) for 2 h at 23°C.

Duration of HSP synthesis after HS. Cells were grown to mid-log phase in 1 L

Erlenmeyer flasks containing 350 mL of media (Chapter III). At the start of the

94



experiment, one flask was maintained on a rotary shaker at 23 °C in the dark; A

second flask was heat-shocked at 36°C in a shaking water bath for 2 h and then

returned to a 23°C shaker as above; And a third flask was heat-shocked

continuously at 36°C. At the indicated time intervals after the start of the

incubation conditions,S mL aliquots of cells were pulse-labeled for 10 min with 50

J.l.Ci of Tran-3SS-Label in sterile centrifuge tubes.

Turnover of USPs. Sugarcane cells were grown to mid-log phase in a 1 L

Erlenmeyer flask. From this flask 80 mL of cell culture was transferred axenically

into each of three 250 mL Erlenmeyer flasks. Two flasks were placed in a 36°C

shaking water bath and the third was returned to a rotary shaker at 23°C. Thirty

minutes after the start of the incubation conditions the cells were labeled with 700

J.l.Ci of Tran-3SS-Label for 2 h. At the end of the incubation period the cells were

allowed to settle by gravity and the liquid medium decanted. The cells were then

gently washed twice with 250 mL of fresh growth medium (PM) containing

unlabeled L-methionine (10 J.l.M) maintained at the appropriate incubation

temperatures. The cells were further washed two more times with the same

volume of FM maintained at the appropriate temperature but lacking the

unlabeled L-methionine. After the final wash, 80 mL of FM maintained at the

appropriate temperature was added to the cells and the flasks were returned to

their respective incubation conditions. At the indicated time intervals after the

termination of labeling conditions, 5 mL aliquots of cell culture were removed for
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labeled protein analysis. Cell extractions, equal protein, radioactive amino acid

incorporation estimations, and SDS/PAGE of proteins were accomplished as

previously described (Chapter III).

Turnover of thermotolerance experiments. One liter Erlenmeyer flasks containing

280 mL of growth medium were inoculated with 30 mL of mid-log phase SC

culture and the cells allowed to grow to mid-log phase (14 days). The cells were

then subjected to the following temperature regimes: 23°C: 5 mL of cell culture

(0.1 g fresh weight cells) were transferred axenically to 125 mL Erlenmeyer flasks

containing 35 mL FM. The cells were then subjected to NPHS at 54°C for 7 min

at the indicated times and allowed to regrow for 30 days (Chapter III). 2 h 36°C

HS returned to .23°C: Erlenmeyer flasks (1 L) containing mid-log phase SC cell

cultures were heat-shocked in the same flask at 36°C (2 h) in a shaking water

bath, and then 5 mL of cell culture (0.1 g fresh weight cells) were transferred to

125 mL Erlenmeyer flasks. The cells were subjected to NPHS at indicated times

and allowed to regrow as above. 36°C continuous HS: Cells were grown in 1 L

Erlenmeyer flasks as above and then 5 mL of cell culture (0.1 g fresh weight cells)

was transferred into 125 mL Erlenmeyer flasks containing 35 mL of growth media.

The cells in the 125 mL Erlenmeyer flasks were then heat-shocked continuously at

36°Gin a shaking water bath until subjected to NPHS at the indicated times. The

flasks were then returned to a rotary shaker (23oC) and allowed to regrow for 30

days as above.
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Supplemental ion experiments. Cells were grown in 1 L Erlenmeyer flasks to

mid-log phase as above. Thirty minutes prior to HS the indicated salts were

added axenically to the medium to give a final concentration of 2.0 mM. The cells

were then heat-shocked at 36 0 C for 2 h as above. Subsequent to HS 5 mL of cell

culture was transferred to 125 mL Erlenmeyer flasks as above and immediately

subjected to NPHS. Each experiment was repeated twice with four replicates for

each treatment. Each data point for fresh weight represents the mean (+/- SD)

of all replicates.

c. RESULTS AND DISCUSSION

Induction time for HSP synthesis as related to duration of HS. Induction of the

events leading to the development of thermotolerance in cultured SC cells

requires at least 30 min at 36°C (Chapter III). the induction of LMWC HSP

synthesis also requires a 30 min HS at 36 0 C as judged by pulse label experiments

(Chapter III). These data provide a correlation between the presence of LMWC

HSPs and the acquisition of thermotolerance. This correlation dictated the

necessity to find out more about the nature of differential regulation of HSP

synthesis. To determine the ability of SC cells to synthesize HSPs, and the types

of HSPs induced by specific HS intervals cells were subjected to a HS time course

followed by a 2 h labelling period at 23°C. The results in Figure 7 indicate that

the synthesis of HMW HSPs was rapidly induced within the first 5 min of HS.
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Figure 7. Effect of HS interval on the subsequent incorporation of labeled amino
acids into proteins. Proteins (20 J,£g/lane) were separated by SDS-PAGE and
radioactive proteins visualized by fluorography. Lane C: 23°C control. Other
lanes: Time at 36 0 C prior to 2 h labeling period. Positions of molecular mass
markers are indicated in kD.
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Alternatively, the synthesis of 18 leD HSPs was only slightly induced by a 15 min

HS incubation but was elevated to increasingly higher levels by longer HS periods.

Significantly the LMWC HSPs were not induced by treatments shorter than 15

min even though the cells were labelled for 2 h after HS. This result suggests that

the mRNAs for these HSPs were not induced by these short HS incubation times.

This slower induction of LMWC HSP synthesis agrees with previous time course

pulse label analysis, and correlates favorably with the induction of thermotolerance

presented in earlier studies (Chapter III). Previous observations show a lack of

optimal thermotolerance with treatments that do not allow the synthesis of

LMWC HSPs (Chapter III).

Duration of HSP synthesis after HS. Pulse label analysis was used to indicate the

duration of HSP synthesis (Figure 8). There were no apparent changes in protein

synthesis in 23°C control treatments during the experimental period (Figure 8A).

Whether the cells were heat-shocked for 2 h or continuously, the synthesis pattern

of HMW HSPs was similar (Figures 8B, 8C). Slight reductions in the synthesis of

HMW HSPs were detected after 12 h. In contrast, 18 leD HSPs were synthesized

at high levels for only 6 h in the 2 h HS treatment and for 8 h in the continuous

HS treatment (Figures 8B, 8C). Thus, the results suggest a reduction in synthesis

for these LMWC HSPs. Evidence from a variety of organisms indicates that HS

mRNAs persist longer when cells are maintained continuously at HS temperatures

(193). The observed synthesis patterns for the LMWC HSPs in Figure 8
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Figure 8. Pulse labeling analysis of HSP synthesis after HS. Cells were labeled
for 10 min after a 2 h treatment begining at indicated times. Proteins (20 J.£gIlane)
were separated by 8DS-PAGE and radioactive proteins visualized by fluorography.
Panel A, 23°C control; Panel B, 36°C HS for 2 h; Panel C, 36°C continuous HS.
Positions of molecular mass markers are indicated in kD.
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may be due to differential transcription and/or turnover rates for specific HS

mRNAs.

Turnover of HSPs and thermotolerant state. Fluorograms of proteins indicate

that the turnover of labeled proteins extracted at different time intervals from

prelabeled cells varies with the molecular weight of the induced proteins (Figure

9). Cells labeled and maintained at 23°C (control) did not exhibit any HSP

synthesis (data not shown). Figure 9A illustrates proteins extracted from cells that

were returned to 23°C after labeling at 36°C for 2 h. The HMW HSPs persisted

throughout the sampling period (120 h) while the IMWC HSPs at the 18 leD

region were present at high levels for approximately 36 h. After this time, the

level of LMWC proteins declined to undetectable levels by 48 h (Figure 9A,

arrow). Analysis of labeled proteins extracted from cells labeled and maintained

continuously at 36°C indicate that HMW HSPs persisted throughout the time

course. Alternatively, the LMWC HSPs persisted for 72 h (Figure 9B, arrow) and

completely turned over by 96 h. Thus, the rate of IMWC HSP turnover was

approximately 36 h slower in continuously heat shocked cells than in cells heat

shocked for only 2 h. This protracted turnover period was not due to continued

synthesis because the duration of LMWC HSP synthesis was 6 and 8 h for 2 h HS

and continuous HS incubations respectively (Figure 8).
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Figure 9. Turnover of HSPs in prelabeled cells. Zero (0) time was regarded as
the end of the 2 h labeling period at 36°C. Proteins (20 #.£g/lane) were separated
by SDS-PAGE and radioactive proteins visualized by fluorography. Panel A, cells
heat-shocked for 2 h at 36°C; Panel B, cells maintained continuously at 36°C.
Positions of molecular mass markers are indicated in kD.
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To determine if variations in HSP synthesis and turnover correlated with

thermotolerance, induction and turnover time courses for thermotolerance were

completed using the above differing experimental treatments. To avoid

contamination that might have occurred during the frequent opening and closing

of the 36°C continuous HS stock culture flask, the cells were first transferred into

125 mL Erlenmeyer flasks containing 35 mL of FM and then subjected to ·HS.

Time course experiments indicated that cells maintained at 23 °C did not exlnbit

any thermotolerance as measured by the ability to regrow after NPHS (Figure 10).

As expected from previous experiments (Chapter III) cells returned to 23°C after

a 2 h HS were not immediately thermotolerant; but began to develop tolerance

within 4 h after the termination of HS. Thermotolerance induced by the 2 h HS

treatment began to decay after 36 h, correlating with the turnover of LMWC

HSPs shown in Figure 9A for similarly treated cells. In contrast, the

thermotolerance in cells maintained continuously at 36°C began to decay after 72

h (Figure 10) again correlating with the turnover of LMWC HSPs (see Figure 9B).

Thus, this data supports the idea that the LMWC HSPs are limiting factors in the

acquisition and turnover of thermotolerance under these conditions. Similar

results have been obtained with mammalian cells (169).

Factors contributing to immediate thermotolerance. Thermotolerance rapidly

developed in mid-log phase cells that were first transferred from the 1 L

Erlenmeyer culture flasks containing conditioned medium (CM) into a 125 mL
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Figure 10. Effect of different HS treatments on development and duration of
thermotolerance. Cells were transferred as in the "Materials and Methods"
section, incubated at 23oC or 36°C for the indicated times, and then subjected to
7 min NPHS of 54oC. Control, no NPHS (C); initial innoculum (IW);
no HS (.); 2 h HS only (A); continuous HS (.).
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Erlenmeyer flasks containing PM prior to incubation at 360 C (360 C continuous

treatment). These cells were immediately thermotolerant after a 2 h HS at 36°C

(Figure 10). This was unexpected because previous results (Chapter III) and

those of others (118, 186, 292) indicated the need of a "lag" period after HS for

the development of thermotolerance. Cell to medium ratio and the transfer into

PM prior to HS were the only differences in the way these cells were treated in

comparison to previous experiments (Chapter III).

The differences in the rate of thermotolerance development in PM versus

CM may be due to the depletion of essential medium components during culture

growth. In previous experiments, the HS treatments were done using mid-log

phase ce~l cultures grown either in 250 mL (80 mL medium, 1.6 g cell fresh

weight) or 1 L (350 mL medium, 7 g cell fresh weight) Erlenmeyer flasks followed

by transfer (5 mL of culture) to 35 mL of PM in 125 mL Erlenmeyer flasks. Such

cells required a "lag" of 8 h for the development of optimum thermotolerance to

NPHS (Chapter III). In contrast, cell cultures (1 L flask, 350 mL CM, 7 grams

fresh weight of cells) that were heat-shocked for 2 h followed by 8 h at 230 C or

continuously heat-shocked for 10 h were immediately thermotolerant to NPHS on

transfer to 35 mL FM (data not shown). The latter result indicates that eM

. allows the slow development of thermotolerance and that the temperature at

which the cells were maintained during the "lag" period was unimportant. This

"lag" period is thought to be necessary for the synthesis of essential factors in
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sufficient quantities to allow the repair of damage and the development of

thermotolerance (292). For example, HS causes rapid, wholesale disruption of

subcellular organization including the collapse of eytoskeletal keratin and actin.
filaments, and the redistribution of organelles. Reorganization to normal, pre-HS,

status requires a 4 to 8 h period (292).

Mid-log phase eM supported normal culture growth when cells were

subcultured into such medium using our standard culture protocol. Such cultures

grew with normal kinetics independent of whether the cells were heat shocked or

not (data not sho~). Similar cells grown in alL Erlenmeyer flask (350 mL of

medium) were axenically filtered and resuspended in another 1 L flask containing

350 mL FM. After a 2 h HS, 5 mL aliquots of cells (0.1 g fresh weight) were

transferred into 35 mL FM in 125 mL Erlenmeyer flasks, and then subjected to

NPHS immediately after transfer. This treatment did not confer thermotolerance,

indicating that HS in FM is also incapable of facilitating immediate

thermotolerance under these conditions (data not shown). Aliquots of mid-log

phase cells (0.1 g fresh weight) transferred into 35 mL of CM, heat shocked for 2

h, and then immediately subjected to NPHS were thermotolerant and regrew with

comparable kinetics to control cells grown at 23°C in FM (data not shown). The

contradiction of portions of these results with earlier findings in which immediate

thermotolerance was not observed (Chapter III) suggested that an interaction. .

between culture density, and CM or FM are important factors during HS.
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At mid-log phase, 1 L flasks contained 350 mL of medium and 7 grams

fresh weight of cells (cell to medium ratio = 1:50 on a weight basis) while 125 mL

flasks contained 40 mL of medium and 0.1 grams of cells (cell:medium ratio=

1:400). The density of mid-log phase cells in alL flask containing CM was

reduced to 1:400 and the effect of HS on inducing immediate thermotolerance was

tested. Under these conditions, cells were thermotolerant to NPHS immediately

after a 2 hr HS (Figure 11). While these cells grew to approximately 62% of

360 C controls that were not subjected to NPHS representing a large increase over

the negative control (23 0 C+ NPHS) which exhibited no growth. In contrast, cells

heat shocked at a high cell:medium ratio of 1:50 in CM were not immediately

thermotolerant (Figure 11). This phenomenon was independent of flask size.

These observations indicate that both CM and FM were deficient in a component

necessary for the rapid development of thermotolerance when the cell:medium

ratio was high (1:50); however, when the cell density was low (1:400) both CM

and FM supported the rapid development of thermotolerance. These results also

suggest that CM did not contain an inhibitor that prevents the rapid development

of thermotolerance.

Rapid development of thermotolerance was not dependent on amino acids

or metabolizable carbon source (data not shown). Rather, the lack of sufficient

salts was the major factor limiting the rapid development of thermotolerance. The

results in Figure 12 show the growth data obtained from experiments in which
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23°C Control

LD 36°C Control

LD 36°C + NPHS

LD 36°C + 8 h lag + NPHS

HD 36°C Control

HD 36°C + NPHS

HD 36°C + 8 h lag + NPHS

o 1 2

Fresh Weight (g)

Figure 11. Effect of cell density on the development of thermotolerance in
conditioned medium. Cells were heat-shocked for 2 h and subjected to 7 min
NPHS at 54"C. Low density cells (LD; cell:medium ratio=1:400), high density
cells (HD; cell:medium ratio= 1:50).

108



analyses of high density cells (1:50) supplemented with individual salts (2.0 mM)

showed that control cells (230 C) were not thermotolerant either in the absence or

presence of excess salts. Supplemental salt had no effect on the growth of control

or heat shocked cells that were not subjected to NPHS. Addition of eao2 (2.0

mM) prior to heat shock resulted in the rapid development of thermotolerance

(Figure 12A). Similar results were obtained with ea(N03h suggesting that Ca2+

ions were responsible for the observed thermotolerance. Other salts such as

MgCl2, KN03 and SrCl2 were also capable of supporting the rapid development

of thermotolerance (Figure 12A, 12B). The addition of LaCI3, while actually

increasing the growth of control cells, prevented the rapid development of

thermotolerance (Figure 12B). Lanthanum inhibition was partially reversed by the

addition of 2.0 mM CaCl2 or Mg02• This result suggests that La3+ may interfere

with a ea2+-dependent process required for the expression of thermotolerance.

The data in Figures 12A and 12B provide evidence that cations play an important

role in protecting heat-shocked cells when challenged immediately after HS with

NPHS. The present studies coupled with previous data (Chapter III) indicate that

the ions function during the 2 h HS period. This conclusion is based on the fact

that neither CM or FM supports the rapid development of thermotolerance in

high-density cell cultures; and that both CM and FM support the slower

development of thermo tolerance over the 8 h "lag" period.
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23·C Control

23·C + NPHS

23·C + cact,

23·C + CaCf z + NPHS

36°C + CaCI.

36·C + CaClz + NPHS

36·C + Ca(NO.):,

36°C + Ca(NO.):, + NPH S

23·C + MgCf z

23·C + MgClz + NPHS

36·C + MgClz

36·C + MgClz + NPHS

A

B

3

36·C + SrCfz

36·C + SrClz + NPHS

36°C + KNOs

36°C + KNOs + NPHS

36°C + LaCls

36·C + LaCl s + NPHS

36°C + LaCl s + CaClz

36·C + LaCls + CaClz +NPHS

36'C + LaCl s + MgClz

36°C + LaCl s + MgClz + NPHS

21o

Fresh Weight (g)

Figure 12. Effects of supplemental ions on the development of thermotolerance
at high cell density. Cells were heat-shocked at high density (HD; cell:medium
ratio =1:50) in conditioned medium for 2 h in the presence of additional salts (2.0
mM). Aliquots were immediately transferred (5 mL, 0.1 g fresh weight) to 35 mL
fresh medium in 125 mL Erlenmeyer flasks and subjected to 7 min NPHS at
54°C.
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The results presented here suggest that cations act in concert with other

heat-induced factors by some unknown mechanism. High temperature (185), ions

(40, 217) and HSPs alter membrane structure and function (185, 186). In artificial

liposomes, HSPs induce the leakage of LMW substances such as calcein across

planar lipid bilayers (6). HSPs form ion pores across bilayers at low or neutral

pH (6). Divalent cations, particularly ea2+, also gate these pores (6). Thus,

some HSPs may play a direct role in biological membranes under stress

conditions. The principal site of thermal damage in animal systems is thought to

be the loss of differential permeability at the plasma membrane level (63). Severe

temperature elevations cause transitions from gel phase to hexagonal II (Hn)

phase in plant membranes; however heat-tolerant membranes do not show such

phase transitions (253). Small HSPs in maize (59) and soybean (185, 198) are

localized in the plasma membrane. The soybean plasma membrane is disrupted

durin~ NPHS but moderate HS prior to NPHS prevents these lesions (198).

Initially, moderate HS results in increased membrane permeability to solutes.

Subsequent reductions in leakage correlate with the association of a 15 kD HSP

with the plasma membrane (185, 198). In beet root disks, betacyanin is released

at a constant rate over 2 h at temperatures ranging from 35°C to 45°C but no

leakage is observed at 27,°C (314). The loss of betacyanin is inhibited by the

addition of 50 mM eaCl2 to the incubation medium while MgCl2 is less effective.

Far lower ea2+ concentrations (2.0-5.0 mM) are effective in inhibiting efflux from

cultured plant cells (120, 296).
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The association of Ca2+ and other cations with the plasma membrane may

affect phase transitions (176), decrease membrane fluidity (40) and increase the

bilayer thickness (217). The rapid development of thermotolerance observed in

low density cell cultures (Figure 11) may be due to such interactions at the plasma

membrane. If the number of binding sites present in mid-log phase cultures

exhausts the available cation concentration necessary for protective. effects, lethal

temperature damage may well occur at the plasma membrane level. In addition

to specific binding sites, mid-log phase tobacco cell cultures contain

macromolecules that are able to bind all the calcium present in FM (296). A

reduction in cell density would, in effect, increase the amount of cations/cell

allowing the rapid development of thermotolerance in the low cell density

experiments above. It must be emphasized again that the cations alone have no

protective effect and are only able to contribute to immediate thermotolerance in

heat-shocked cells, perhaps by lowering membrane fluidity or reducing efflux of

critical solutes. The "lag" period required for the development of thermotolerance

in cells heat shocked under conditions in which ions are limiting may be due to

the synthesis of sufficient HSPs or other HS induced components. Heat shock

proteins may structurally stabilize and/or contnbute to the repair of the plasma

membrane if given sufficient time (i.e, a "lag" period). In the case of rapidly

developing thermotolerance, the heat-induced components and the supplemental

cations may act synergistically to mitigate temperature damage. As the HSR

progresses, structural changes may stabilize the membrane to heat damage and
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eliminate the requirement for excess cations. Once the membrane has been

stabilized, the cell may be better adapted to endure subsequent temperature

stress.

The effects of cations on the efflux of Tran-35S-Label from preloaded SC

cells during HS conditions was measured. Approximately 10% of the label leaked

from control cells not supplemented with ions during the initial 2 hours of heat

shock at 36°C (data not shown). The addition of supplemental cations to the

medium had little effect on the rate of efflux. The rate of efflux rapidly increased

during the first 10 min after heat-shocked cells were subjected to NPHS. This was

followed by a reduction of labeled material in the suspension medium during the

next 2 h suggesting solute reabsorption. Only the addition of ea2+ resulted in

lower levels of efflux (data not shown). Therefore, supplemental ions cannot

reverse the effects of heat shock and NPHS on membrane integrity as measured

by labeled amino acid efflux in these. cells. The identity of the radioactive species

leaking from the cells is unknown; however, greater than 99% of the intemallabel

is present as free amino acids (Chapter III). Labeled proteins could be released

from the cell surface as peripheral membrane proteins are released by

phospholipase C (196). Amino acids may behave differently than other small

solutes by being sequestered into pools that are inaccessible to efflux, or that heat

shock has selective effects on membrane functions such as permeability.
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D. CONCLUSION

The delopment and turnover of thermotolerance correlates with the

accumulation of LMWC HSPs. Heat shock treatments shorter than 15 min do not

induce thermotolerance or the synthesis of LMWC HSPs even if the cells are

labeled for extended periods. In contrast, the expression of HMW HSPs is

induced after a 5 min HS supporting the proposal of differential regulation of

HSP synthesis in SC cells. The relationship between HSP turnover and

thermotolerance suggests that the LMWC HSPs play an essential role in

thermotolerance.

Calcium and other cations may act to stabilize the plasma membrane

contributing to the rapid development of thermotolerance. Stabilization could

occure through reduced fluidity in the membranes (40, 176, 217). The lack of

thermotolerance immediately after a 2 h HS in high density cultures or when ions

are limited might result if essential membrane functions were disrupted. The

development of thermotolerance observed when a "lag" period is inserted between

HS and NPHS may allow for the accumulation of HSPs in sufficient quantities to

protect cells or repair damage both during initial fluidity changes and the more

severe lesions encountered during NPHS. The addition of cations may reduce

damage in heat-shocked cells by stabilizing the plasma membrane until sufficient

products of the HSR have accumulated. The integration of the biochemical
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effects of all of the HS-induced components results in the acquisition of

thermotolerance.

115



CHAPTER V

THE INDUCflON OF A PROTEIN KINASE DURING BEAT SHOCK

A. INTR~DUC1JON

The heat shock response (HSR) which appears to be ubiquitous in all

organisms has been described in cultured sugarcane (SC) cells (Chapter III). The

data demonstrates that thermotolerance correlates with the synthesis and turnover

of low molecular weight (LMW) heat shock proteins (HSPs) (Chapter IV). In

addition, thermotolerance develops more rapidly when sufficient cations are

present in the culture medium (Chapter IV).

The involvement of HSPs in the acquisition of thermotolerance has recently

been demonstrated in experiments with a temperature-sensitive yeast mutant

lacking a single HSP. The reinsertion of the gene coding for the missing HSP

allows the cells to acquire thermotolerance (271). Permanent thermotolerance is

obtained in rodent cells transfected with the human hsp27 gene under the control

of a constitutive promoter (167). Cells that become thermotolerant in the absence

of HSP synthesis are believed t~ obtain this state by the phosphorylation of HSP

cognate gene products, the constitutive HSPs. However, this form of rapidly

decaying thermoprotection is only effective to nonpermissive heat shock (NPHS)
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temperatures of up to 45°C. Longer lasting thermotolerance to higher

temperatures requires de n~vD synthesis of HSPs (69).

Post-translational phosphorylation of hsp27 occurs within minutes of the

onset of HS conditions. This modification occurs before the HS induced synthesis

of this HSP, indicating that phosphorylation of some HSPs may be crucial for the

development of thermotolerance in mammalian cells (69). This hypothesis is

supported by the fact that post-translational phosphorylation of proteins is one of

the most common events during HS (275). Protein phosphorylation in cells is

involved in all forms of signal transduction (159). For example, transmembrane

signal transduction mechanisms utilize plasma membrane associated protein

kinases (127). Regulatory control of protein phosphorylation is maintained

through modulation of both kinases and/or phosphotases (127, 159) often in

response to changes in Ca2+ concentrations.

Calcium may play an important role in the HSR. Heat as well as chemical

inducers of the HSR stimulate phospholipid turnover in animal cells resulting in

inositol trisphosphate (IP3), diacylglycerol (DG), and intercellular Ca2+ increases

in the first thirty seconds of stress conditions (45, 46, 47, 306). This suggests the

possible involvement of a second-messenger cascade mechanism during HS

initiated by the activation of phospholipase C. Results have been obtaiIied

demonstrating similar IP3 increases during the HSR in cultured SC cells. The
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kinetics for this phenomenon are similar to those reported for the animal cells

(Moisyadi et. aI., unpublished results). The apparent HS induction of

phospholipase C mediated IP3 release into the cytoplasm is similar to that of G

protein-linked agonist signaling (47, 135). If phospholipase C and other

phospholipases are activated during HS, the activity of these enzymes could alter

plasma membrane integrity. These alterations would likely require repair to allow

the normal functioning of the membrane. Therefore enzymes involved in lipid

metabolism such as phosphatidylinositol kinases might be induced as HSPs.

Plant cells contain all of the components of the phosphoinositol (PI)

'pathway (160), and IP3 is thought to mobilize sequestered ea2+ into the

cytoplasm (102). Elevated levels of intercellular ea2+ in plants acts as a second

messenger, activating protein kinases in both a calmodulin (CaM) dependent (254)

and CaM independent manner (116). A calcium/calmodulin activated,

autophosphorylating 18 kD protein kinase is associated with the plasma membrane

of pea buds (29). This peptide is thought to be the catalytic subunit of a much

larger holoenzyme. Due to its cellular location, this enzyme is suggested to be

involved in signal transduction (31). The 18 kD peptide phosphorylates histone

Hl (32) and lysophosphatidylinositol in vitro (30). The autophosphorylation of this

enzyme is due to labeling of serine residues which acts as a negative regulator of

protein kinase activity (29).
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In this report evidence is presented for a HS induced autophosphorylating

18 kD protein from SC cells. This protein behaves similarly to the pea bud 18 kD

protein kinase descnbed by Blowers and Trewavas (29). The SC kinase activity

observed here displayed induction and turnover kinetics similar to LMW HSP

. synthesis and turnover (Chapters III and IV).

B. MATERIALS AND METHODS

Plant material and culture conditions. Sugarcane cells (Saccharum officinarum

L.) of the cell line H50-7209 were grown in the dark as suspension cultures on a

rotary shaker at 25°C as described previously (Chapter III).

Protein labeling and extraction. Sugarcane cells (0.1 gin 5 mL) from mid-log

phase cultures 'were labeled by the addition of 50 ",Ci Tran-3~S-Label (ICN

Radiochemicals). The cells were incubated for the desired times and

temperatures in shaking water baths (Chapters III and IV), harvested by filtration

and washed with 50 mL of fresh growth medium to remove external labeled

material. The cells were quickly weighed, frozen in liquid Nz' and homogenized

with a douncer under liquid Nz. The cells were extracted with 0.5 mL of boiling. 2

x Laemmli sample buffer containing 4% SDS (165) and 1.0 roM PMSF. The

entire harvest procedure to this point was completed within 2 min to minimize

degradation of protein extracts. This mixture was immediately placed in a boiling
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water bath for 5 min and then centrifuged at 15,000g for 15 min at 20°C. The

incorporation of 35S-label into protein and estimation of protein samples was

accomplished as descnbed previously (118). Unlabeled protein extracts were

obtained by the same procedure.

Ammonium sulfate partial purification of the 18 kD autophosphorylating protein.

Mid-log phase sugarcane cells heat shocked at 36°C for 2 h were filtered under

vacuum and washed with 5 times the culture volume of fresh culture media. The

cells were quicklyweighed, frozen with liquid Nz, and homogenized with a mortar

and pestle on ice in the cold room in less than 2 min. The cell homogenate was

then washed with ice cold acetone (10:1, v:wt) with constant stirring for 2 h at

0 0 C. The homogenate was filtered and the acetone extract washed 2 times with 1

L of ice cold acetone by filtration. The cell powder was lyophilized overnight and

then extracted at OoC for 5 h under constant stirring with twice the cell mass

extraction buffer containing 10 mM Tris buffer pH 8,2.0 mM EDTA, 2.0 mM

NazEGTA, 1% s-mercaptcethanol, 0.1% Chaps and 1.0 mM PMSF added just

prior to extraction. The extract was filtered through 8 layers of cheesecloth and 2

layers of miracloth. The filtrate was centrifuged at 2,500 g for 10 min. Solid

ammonium sulfate (AS) to 40% saturation (242 gIL) was then added to the

supernatant obtained by this procedure. After stirring for 45 min the precipitated

proteins were collected by centrifugation (20,000 g, 45 min). The supernatant was

made to 70% AS (444 gIL) and treated as above. All fractions obtained were
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dialyzed extensively against 20 mM ammonium bicarbonate. After lyophilization

the proteins were resuspended either in deionized H20 or resuspension buffer

containing 10 mM Tris buffer pH 8, 1.0 mM EGTA, 1.0 mM s-mercaptoethenol,

and 1.0 mM PMSF. All extraction procedures were done in a cold room (l°C)

using ice baths, and all centrifugations were performed at 4 0 C.

Gel electrophoresis of proteins. The extracts obtained as above were separated

on single dimension SDS-PAGE (165) on minigels, and in two-dimensional mini

IEF/SDS-PAGE (238) as previously described (Chapter III).

In situ phosphorylation of proteins. The two phosphorylation procedures used

were based on the method of Geahlen et.al., (100). (A): A "rapid" protocol

developed by Blowers and Trewavas (29) was modified for mini-gels. The

proteins were separated by SDS/PAGE in gels containing no, or 20 p.g/mL histone

H1 (Sigma Chemical Co., Type III-S) cast in the matrix. The gels were washed as

follows to renature the proteins: three washes, 45 min each in 50 mM HEPES pH

7.4; and two 30 min washes in Trewavas renaturation buffer (TRB) 55 mM

HEPES pH 7.4, 11 mM MgCI2, 0.55 mM CaCl2, and 0.45 mM NazEGTA The

gels were in situ labeled in fresh TRB with the addition of 50 p.Ci (3000 Ci/mmol)

[y_32p]_ATP (NEN) for 1 h. Subsequent to phosphorylation the gels were quickly

rinsed 3 times with deionized H20 , incubated for 3 h in 40 mM HEPES pH 7.4,

containing 5 g of the strong anion exchanger Amberlite # CG-400, and then
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washed twice (30 min each) in 40 mM HEPES pH 7.4) containing 2% sodium

pyrophosphate. The gels were incubated for 30 min in Coomassie stain containing

2% sodium pyrophosphate, destained, and rapidly washed three times with

deionized H 20. All the incubation volumes were 100 mL. The gels were dried

and labeled proteins were visualized on Kodak XAR-5 film. by autoradiography.

(B): The second, "long-term" protocol as described by Klimczak and Hind

(151) was modified for minigels. The proteins were separated in SDS/PAGE gels

containing no, or 100 p.g/mL histone Hl (Sigma Chemical Co., Type III-S) cast in

the matrix. The gels were subjected to the following washes to renature the

proteins: four washes, 15 min each in 50 mM Tris pH 8.0, containing 5.0 mM B

mercaptoethanol; a 4 h wash, and a subsequent 1 h wash In Klimczak and Hind

renaturation buffer (KHRB) containing 50 mM Tris pH 8.0, 10 mM MgQ2, 0.1

mM eaQ2' 10 mM DTT, 200 mgIL BSA, and 20% glycerol. The gels were in situ

labeled in fresh KHRB with the addition of 100 p.Ci [y_32p]_ATP (NEN) for 8 h.

The gels were washed four times with deionized H20 for 20 min, incubated for 3

h with 50 mM Tris pH 8.0 containing 5 g Amberlite # CG-400, and then washed 2

times for 30 min with 10% TCA containing 2% sodium pyrophosphate. The gels

were incubated for 30 min in Coomassie stain containing 2% sodium

pyrophosphate, destained, and rapidly washed three times with deionized H20.

All the incubation volumes were 100 mL except the in situ phosphorylation
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medium which was 50 mL. The gels were dried and the labeled proteins were

visualized on Kodak XAR-5 film by autoradiography.

In circumstances where 35S-labeled proteins were used for the

autophosphorylation procedure, four layers of aluminum foil over the gel was

sufficient to prevent 35S exposure of the film.

Microsome preparation. Microsomes were prepared from 230 C control and 36 0 C

heat shocked SC cell cultures as descnbed by Hetherington and Trewavas (122).

The remaining supernatant proteins were exhaustively dialyzed aga~st 20 mM

ammonium bicarbonate, and after lyophilization dissolved in microsome

resuspension buffer.

In vitro phosphorylation. Proteins were phosphorylated in vitro in an ice bath or a

23°C water bath, in a reaction buffer consisting of 55 mM HEPES pH 7.4, 11 mM

MgCI2, 0.55 mM CaCI2, 0.45 mM Na2EGTA (final volume 15 to 100 JJL). The

reaction was started by the addition of 20 JJCi of [y_32p]_ATP (3000 Ci/mmol)

(NEN). Phosphorylation time courses were accomplished by removing 15 JJL

aliquots from a 100 JJL reaction mixture, combining with an equal volume of 2 x

LSB and boiling for 5 min. Time courses done in individual reactions for each

incubation time gave similar patterns of phosphorylation. In other incubations the

reactions were terminated by the addition of an equal volume of boiling 2 x LSB
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followed by boiling for 5 min. All reagent chemicals were obtained from

commercial suppliers as before (Chapter III).

C. RESULTS AND DISCUSSION

Effect of heat shock on in situ phosphorylation of SC extracts. Panel A in Figure

13 represents the Coomassie stained gel of the autoradiogram in panel B, and

demonstrates that the lanes were loaded with equal amounts of protein. The data

in panel B demonstrates that only peptides of 18 kD in SC, and 17 kD in tobacco

were autophosphorylated when the gels are processed by the rapid protocol (A).

these bands are also labeled in gels lacking histone but to a lesser degree

suggesting histone phosphorylation in the gel matrix (data not shown). This

property is a characteristic of autophosphorylating protein kinases (APK) as

described by Blowers and Trewavas (29). The putative SC APK is present at

constitutive levels in extracts obtained from cells treated for 2 h at temperatures

of 23°C and 32oC, but increases during HS at 36°C (Figure 13). Similar

treatment of tobacco cell extracts from control and 38°C heat shocked also

revealed increased autophosphorylation in the HS sample (Figure 13). Heat

shock at 32°C or 34°C induces the synthesis of high molecular weight (BMW)

HSPs, but does not induce the synthesis of 18 kD HSPs in SC cells (Chapter III).

These LMW HSPs require a minimum HS temperature of 36 0 C for induction

(Chapter III).
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Figure 13. In situ phosphorylation of plant cell extracts. Cells incubated at
indicated temperatures for 2 h.. Protein. extracts (20 J,£g/lane) separated by SDS
PAGE and in situ phosphorylated by the rapid protocol (A). Lanes 1 to 3 SC
extracts, lanes 4 and 5 tobacco extracts. Panel A, coomassie stained gel. Panel B,
autoradiogram of panel A Positions of molecular mass markers are indicated in
kD.
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A previous study demonstrated that the 18 kD HSPs are not synthesized

during the first 30 min of HS in SC cells (Chapter III). Extracts from cells heat

shocked for different time intervals were subjected to in situ phosphorylation

under differing conditions to better determine the effect of HS on the APK

activity (Figure 14). The results in both panels A and B demonstrate that the

APK activity increased during the HS time course when the rapid in situ

phosphorylation protocol (A) was used. These data correlate with the time

dependent induction of 18 kD rISPs, and with the induction times for the

acquisition of thermotolerance (Chapter III). Comparison of the results in panels

A and B suggest that the general increased phosphorylation signal in panel B is

due to the phosphorylation of histone contained in the gel matrix. When the long

protocol (B) was used, the HS samples yielded consistently higher levels of in situ

phosphorylation for the 18 kD protein. However, the amount of phosphorylation

activity did not significantly increase during a HS time course (Figure 14C). This

procedure did reveal the presence of several other phosphorylating peptides which

were not detected by the rapid protocol (A). The relative contnbution of

autophosphorylation to the signals in Figure 14C is unknown. When histone HI

was omitted or lower concentrations were used, the longer incubation time

resulted in loss of LMW proteins from the gels as judged by Coomassie staining

(data not shown). Similar losses are less severe in the rapid protocol (A). The

long in situ protocol (B) employs greater concentrations of ATP substrate (4x),

more histone HI (5x), and a longer labeling period (8x). These conditions
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Figure 14. Time course of HS induction for in situ phosphorylation activity of cell
extracts. Cells were heat-shocked for the indicated times at 36°C and protein
extracts (20 JLg/lane) were separated by SDS-PAGE and phosphorylated in situ.
Panel A, autoradiogram of gel without histone in situ phosphorylated by the rapid
protocol (A); Panel B, same as panel A, but the gel containing histone; Panel C,
histone containing gel in situ phosphorylated by the "long-term" protocol (B).
Positions of molecular mass markers are indicated in kD.
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resulted in increased phosphorylation overall and may detect putative kinases with

different kinetic properties. The greater labeling levels obtained in this procedure

may obscure the HS-induced nature of 18 kD proteins because of saturation of HI

phosphorylation signal.

The HS-increased phosphorylation activity presented in Figures 13 and 14

suggest one or more of the following possibilities: the putative 18 kD APK is

induced by HS; the 18 kD APK is activated during HS; other 18 kD HSPs are

substrates for an 18 kD APK whose concentration remains constant during HS.

Effect of heat shock on the in vitro phosphorylation of microsomes. During the

isolation of microsomes the 18 kD autophosphorylation activity is absent in the

cell debris and nuclei/mitochondrial fractions, but is present in the microsomal and

post-microsomal supernatant fractions (data not shown). A time course of in vitro

phosphorylated control and HS microsomal proteins is shown in Figure 15. The

results demonstrate the time-dependent increase of ezp] incorporation into

peptides of 40 kD and larger. The overall level of phosphorylation was 10- to 20

fold greater in the HS samples. The major phosphorylated 18 kD peptide exhibits

anomalous labeling pattern. That is, high levels of label are present in the 18 kD

peptide(s) at very short times (15 seconds) followed by progressive losses as the

time course proceeds (Figure 15). This result may be due to the association of a

specific phosphatase with the 18 kD APK (32). If so, this phosphatase had little
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Figure 15. Time course of in vitro phosphorylation in microsomes. The
phosphorylation was performed in a 23°C water bath for the indicated times, and
the reaction was stopped as iri "Methods and Materials", Equal protein (1.4
J,£g/1ane) was separated by SDS-PAGE. Panel A, control microsomes; Panel B,
HS microsomes. Autoradiograms of gels with positions of molecular mass
markers indicated in kD.
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effect on the BMW proteins whose phosphorylation levels increased during the

time course. Data of similar nature with slower dephosphorylation kinetics were

obtained from microsomal and post-microsomal soluble proteins labeled in a O°C

ice bath (Figure 16A, 16B). These results demonstrate that higher amounts of 18

kD APK activity were present in the post-microsomal supernatant fractions than

in the membrane fractions. The presence of cytosolic and membrane homologs

has been reported for several other protein kinases (140). Only two other

peptides (55 kD, 60 kD) were phosphorylated in the post-microsomal supernatant

fractions even though Coomassie staining indicated the presence of numerous

peptides. These higher molecular peptides are likely to be kinases such as the

ea2+-dependent protein kinase (CDPK) descnbed by Harper et. al., (116). The

in vitro phosphorylation patterns of the SC 18 kD APK is similar to that reported

for an 18 kD APK found in pea bud plasma membrane where the phosphorylation

is also saturated within 15 seconds and then slowly declines (32).

Turnover of 18 kD in situ phosphorylation activity after heat shock. Low

molecular weight HSPs decay at different rates in cells heat shocked for 2 h in

contrast to cells maintained at 36°C (Chapter IV). Extracts from similarly treated

cells were in situ phosphorylated to determine if the 18 kD APK behaved as a

LMW HSP. The results in F~gure 17 demonstrate that elevated levels of 18 kD

APK activity were only present in the extracts from heat shocked cells. As the

time course progressed the high levels of 18 kD APK returned to constitutive
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Figure 16. Time course for in vitro phosphorylation of microsomal and soluble
fractions. The reaction was performed in a ooe water bath and stopped as in
"Methods and Materials". Equal proteins (1.4 ~g/lane) separated by SDS-PAGE.
Panel A, microsomes; Panel B, post microsomal soluble fraction. Autoradiograms
of gels with the positions of malecular mass markers indicated in kD.
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Figure 17. In situ phosphorylation of cell extracts from heat shock response time
courses. The.proteins were extracted at the indicated times and assayed for APK
activity (20 J.l.g/lane) by the short term protocol (A). Panel A, control cells
incubated continuously at 23°C; Panel B, cells incubated for 2 h at 36°C and then
returned to 23°C; Panel C, cells incubated continuously at 36°C. Autoradiograms
of gels with positions of molecular mass markers indicated in kD.
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levels, and the rate of decay was slower in cells incubated continuously at 36°C.

These turnover patterns of elevated 18 kD APK activity are identical to the

turnover of 18 kD HSPs under these conditions and correlate with the turnover of

thermotolerance in SC cells (Chapter IV).

In situ phosphorylations in two-dimensional gels. In situ phosphorylation

(protocol A) of control and HS extracts separated on 2-D IEF/SDS-PAGE

indicated that only two peptides autophosphorylated, and that rJ2p] labeling was

enhanced in the HS extracts. The greater autophosphorylating basic form of the

two peptides had an isoelectric-point (pI) ranging from 5.9 to 6.0, and the lesser

labeled more acidic form ranged in pI from 5.5 to 5.7 (Figure 18A, 18B). These

data additionally demonstrate dilution kinetics for the APK activity in situ. These

results coupled with kinetics of induction and turnover suggest that the increased

18 kD phosphorylation signal in the HS extract is due to the presence of an

elevated quantity of enzyme. The gels in panel C, labeled with the long-term

protocol (B), also reveal increased LMW autophosphorylating activity in the HS

extract. Additional HMW autophosphorylating peptides (55 kD) were detected

with the long protocol.

On two-dimensional gels molecular weight estimates of the LMW

autophosphorylating peptides were consistently in the 16.5 kD range. This size is

slightly smaller than that obtained by 80S-PAGE alone (18 kD) and suggests that
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Figure 18. In situ phosphorylation of total cell extracts separated on two
dimensional gels. Panels A (20 J./.g total protein) and B (10 J./.g total protein)
represent gels phosphorylated using the rapid protocol (A). Panel C, (10 J./.g total
protein) phosphorylated by the "long-term" protocol (B). Autoradiograms of gels
with positions of molecular mass markers indicated in kD.
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some associated factor may have been lost during the two-dimensional separation.

Blowers and Trewavas (29) report that lysophosphatidylinositol co-purifies with

the pea 18 leD APK. Such a component could be lost during 2-D IEF/SDS

PAGE.

Partial purification of 18 kD APK. Recently Klimczak and Hind (151) suggested

that the 18 leD APK is either not active, or is a proteolytic fragment in extracts

obtained from barley leaves. This conclusion casts doubt on the work of others

who have taken precautions to prevent proteolysis. In addition to the pea bud

plasma membrane APK (29) and the SC putative APK described here, a similarly

sized kinase is present in tobacco cell cultures (1"6.5 leD) (243). Significantly, a

17.5 kD autophosphorylating protein kinase has recently been descnbed in barley

root membranes (99). In the present study, HS induces a 17 leD

autophosphorylating protein in tobacco cells (Figures 13 and 20).

The concentration of 18 leD peptides increased as evidenced by in vivo 35S_

label incorporation into HSPs (Chapter III) and by in situ ezp] labeling of extracts

from HS time courses (Figure 14). However, there was no apparent degradation

of BMW peptides during the same time period. To determine if proteolysis is a

contributing factor in the app.earance of the 18 leD APK in SC cells, extracts were

rapidly prepared from control and heat-shocked cells in 2 x LSB, 2 x LSB with 1.0

mM PMSF or in 2 x LSB containing 1.0 mM PMSF, 1.0 mM 2-2' dithiodipyridine,
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1 J..'g/mL leupeptin, 1 J..'g/mL pepstatin A,. and 1.5 J..'g/mL aprotinin as descnbed in

the methods section and then used for in situ phosphorylation experiments. The

phosphorylation patterns obtained with these extraction buffers were essentially

identical to those shown in Figure 13 (data not shown). These results support the

idea that the 18 kD APK is not the product of proteolysis.

To further address this question, SC cells were subjected to a partial

purification protocol employed by Klimczak and Hind as descnbed in the

methods. Briefly; cells were homogenized under liquid Nz with a mortar and

pestle on an ice bath in a l o C cold room. The cell homogenate was incubated

with ten volumes (v:w) of cold acetone (-20°C) for 2 h in an ice bath, and the

acetone powder was extracted with a buffer containing 1.0 mM PMSF. The crude

protein extract was subjected to a stepwise 40% and 70% ammonium sulfate (AS)

precipitation. After extensive dialysis, lyophilization, and SDS-PAGE, fractions

were subjected to in situ phosphorylation by both the rapid (A), and the long-term

(B) protocols (Figure 19). The results with both phosphorylation protocols show

that the 18 kD APK activity was present in the crude extract, but was missing in

the 40% AS pellet. However, the activity was present in the 40% AS supernatant

as well as the 70% AS pellet. The 18 kD APK was missing from the 70% AS

supernatant. These data indi~ate that the SC 18 kD APK was precipitated at AS

conc~ntrations above 40%. Therefore, this protein may have been missing from

the 25% to 40% AS pellets employed by Klimczak and Hind.
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Figure 19. In situ phosphorylation of ammonium sulfate fractions. Equal amounts
of protein (20 JLg/lane) were in situ phosphorylated by the rapid protocol (A)
(Panel A) or by the "long-term" protocol (B) (Panel B). Lane 1, crude extract;
lane 2, 40% AS pellet; lane 3, 40% supernatant; lane 4, 70% AS pellet; lane 5,
70% supernatant. Autoradiograms of gels with the positions of molecular mass
markers indicated in kD.
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The in situ phosphorylation activity of a variety of other plant tissues, yeast,

bacteria, and animal cells was analyzed. Proteins were rapidly extracted in 2 x

LSB as in the methods and separated by SDS-PAGE. An autophosphorylating

peptide in the 17 to 19 leD range was present in all plant cells and tissues tested.

Similar acting 18 leD peptides were present in E. coli and mammalian liver cells.

In Saccharomyces cerevisiae the autophosphorylating LMW peptide was 21 leD

(Figure 20). These results suggest the presence of similar autophosphorylating

proteins in a variety of tissues, and organisms. Thus, the occasional appearance of

the 18 leD APK activity in the barley leaf extracts detailed above may have

resulted from anomalous fractionation rather than proteolysis.
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Figure 20. In situ phosphorylation of cell extracts from different species. Protein
extracts (20 J.Lg/lane) were labelled using the "long-term" protocol (B). Lane 1, SC
cells # H50-7209; lane 2, SC foots; lane 3, tobacco cells W-38; lane 4, mungbean
hypocotyl; lane 5, mature green papaya fruit; lane 6, Romaine lettuce leaf; lane 7,
Saccharomyces cerevisiae; lane 8, E. coli XL1-Blue; lane 9, mammalian liver cells.
Autoradiogram of gel with the positions of molecular mass markers indicated in
lcD.
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CHAPTER VI

PURIFICATION OF AN 18 kD AUTOPHOSPHORYLATING

PROTEIN KINASE

A. INTRODUCllON

In Chapter V the heat stimulated increase of biochemical activity for an 18

kD autophosphorylating protein from sugarcane (SC) cells was descnbed. The

activation of this peptide mirrors the time course of appearance for low molecular

weight (LMW) heat shock proteins (HSPs) (Chapter V), and is similar in

biochemical action to an 18 kD autophosphorylating protein kinase (APK)

catalytic subunit characterized from pea buds by Blowers and Trewavas (29, 32).

The pea protein was characterized in SDS-PAGE as a mixture of three proteins of

sizes 17, 18, and 19 kD with the 18 kD species containing the predominant activity

. (33).

Our efforts have focused on the isolation of this 18 kD autophosphorylating

peptide. Previous results indicate that the APK is present in microsomes and in

the post-microsomal supernatant (117 and Chapter V). The APK precipitates in a

40-70% ammonium sulfate (AS) fraction, and is comprised of at least two

autophosphorylating peptides resolved by two-dimensional IEF/SDS-PAGE

separations (Chapter V). Estimates of mass for the SC APK range from 18 kD in

one-dimensional SDS-PAGE to 16.5 kD in two-dimensional IEF/SDS-PAGE.

140



In this report the purification of the 18 kD APK using standard

biochemical techniques and ATP-agarose chromatography is described. Evidence

is also presented for the co-purification of SC APK activity with 35S-labeled

proteins from partially purified HS microsomes subjected to DEAE-sephadex

fractionation.

B. METHODS AND MATERIALS

Plant material and culture conditions. Sugarcane cells (Saccharum officinarum

L.), cell line H50-7209, were grown in the dark as suspension cultures on a rotary

shaker at 25 0C as described previously (Chapter III).

Protein labeling and extraction. Sugarcane cells (0.1 gin 5 mL) from mid-log

phase cultures were labeled by the addition of 50 J,£Ci Tran.35S-Label (ICN

Radiochemicals). The cells were incubated for the desired times and

temperatures in a shaking water bath (Chapters III and IV), harvested by filtration

and washed with 50 mL of fresh growth medium to remove extemallabeled

material. The cells were quickly weighed, frozen in liquid N2, and homogenized

with a douncer under liquid N2• The cells were extracted with 0.5 mL of boiling 2

x Laemmli sample buffer (LSB) containing 4% SDS (165) and 1.0 mM PMSF.

The entire harvest procedure to this point was completed within 2 min to

minimize degradation of protein extracts. This mixture was immediately placed in
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a boiling water bath for 5 min and then centrifuged at 15,000g for 15 min at

20 0 C. The incorporation of 35S-label into protein and estimation of protem were

accomplished as descnbed previously (118). Unlabeled protein extracts were

obtained by the same procedure.

Microsome preparation. Microsomes were prepared from 23 0 C control and 36 0 C

heat shocked SC cell cultures as described by Hetherington and Trewavas (122).

Purification of the 18 kD autophosphorylating protein. An acetone powder from

heat-shocked cells (324 g) was obtained and extracted as previously descnbed

(Chapter V). The extract was subjected to ammonium sulfate (AS) fractionation

and the 18 kD APK was obtained in the 40-70% AS pellet. Mer extensive

dialysis against 20 mM NH4HC03 and lyophilization, this fraction was used as a

starting material for further purification.

DEAE-sephadex chromatography of 18 kD APK. Fractions to be

chromatographed were suspended in 200 mL column loading buffer containing 10

mM Tris pH 8, 1.0 mM EGTA, 1.0 mM s-mercaptoethanol, and 1.0 mM PMSF.

Samples were loaded into a 1.5 x 25 em DEAE-sephadex column at a flow rate of

1 mL/min at 4°C. Mer initial loading of the sample the column effiuent (flow

through) was cycled back through the column continuously for 3 h. The column

was washed with 75 mL of column loading buffer, and eluted with a 50 mM to 0.8
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M NaQ gradient in the same buffer. Fractions (5 mL) were collected and

conductivities measured with an electrode calibrated against 0.05% NaQ. The

fractions were then extensively dialyzed against 20 mM NH4HC03 and lyophilized.

ATP-agarose chromatography. Two methods were used to chromatograph the

active DEAE-sephadex fractions on ATP-agarose (Sigma, A-2767) column at 4°C.

In both methods the proteins were loaded onto a pre-equilibrated ATP-agarose

column (6 mL) at a flow rate of 6 mL/h. The flow through was cycled once more

through the column at the same rate. The first procedure employed buffer A

which consisted of 0.3 mM sorbitol, 6.0 mM Tris, 6.0 mM MES, pH 7.2, 0.2 mM

NazEDTA, 20 mM NaCI, 0.1 mM DIT and 10 mM MgQz. The column was

sequentially eluted by gravity with 40 mL of buffer A plus 0.3 M NaQ, 2 washes

of buffer A plus 20 mM NazEDTA, buffer A plus 1 M NaCl pH 9, and buffer A

plus 1 M NaCI pH 4. The. second procedure was essentially that of Blowers and

Trewavas (29) using column buffer B consisting of 0.3 mM sorbitol, 6.0 mM Tris,

6.0 mM MES, pH 7.2, 0.2 mM NazEDTA and 10 mM MgClz. The column was

sequentially eluted with 40 mL of buffer B plus 0.3 M NaCl, buffer B plus 20 mM

NazEDTA, and a final strip of 6.0 M urea. All fractions were extensively dialyzed

and lyophilized prior to use.
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Gel electrophoresis of proteins. Protein fractions were separated on single

dimension SDS-PAGE (165) and in two-dimensional IEF/SDS-PAGE (238) on

minigels as previously described (Chapters In and IV).

Electroelution. The ATP-agarose-purified 18 kD APK was separated by SDS

PAGE. The 18 kD region was cut from the gel and macerated. The gel pieces

were placed in the cathode (-) chamber of a microelutor (ISCO) and soaked for 4

h with a soaking buffer containing 2% SDS, 0.4 M NH4HC03, and 0.1% DTT.

The outer electrode chamber contained 50 mM NH4HC03 and 1% SDS, and the

inner electrode chamber held 10 mM NH4HC03 and 0.1% SDS. The proteins

were electroeluted overnight at 4 W, 150 V and 10 rnA. The eluted proteins were

removed from the top of the anode (+) electrode membrane and dialyzed for 24

h against 10 mM NH4HC03 and lyophilized. The resulting proteins were

resuspended in deionized H20 and stored at -20°C.

In situ phosphorylation of proteins. Two phosphorylation procedures based on

the method of Geahlen et.al., (100) were used. A "rapid" protocol (A) developed

by Blowers and Trewavas (32), and a "long-term" protocol (B) developed by

Klimczak and Hind (151) were modified for mini-gels, and the proteins were in

situ autophosphorylated as described in Chapter V.
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In vitro phosphorylation. Proteins were phosphorylated in vitro in an ice bath or a

23 0 C water bath as described in Chapter V.

Phosphorylated residue analysis. Protein samples were transferred to immobilon

and phosphorylated amino acid residue analysis was accomplished as descnbed by

Crow et. aI., (70).

AIl reagent chemicals were obtained from commercial suppliers as before

(Chapter III).

c. RESULTS AND DISCUSSION

Partial purification of APK from microsomes. The above studies suggested that

the APKs were HSPs (Chapter V). The SDS-PAGE separation of 35S-labeled

microsomal and post-microsomal supernatant fractions demonstrated the presence

of labeled LMW peptides in both control and HS extracts (Figure 21). DEAE

sephadex chromatography or" 35S-labeled heat-shock SC microsomes demonstrated

that minor 35S-labeled LMW peptides eluted in the early fractions (2-5) from the

column (5 mL fractions pooled 4 at a time) (Figure 22A). Under these conditions

the peak in situ APK activity eluted in pooled fraction 2 (primary fractions 5-8,

conductivity 8.9 to 18.8 mS/cm) (Figure 22B). Similar results were obtained with

in vitro phosphorylation assays which demonstrate that 18 kD peptides are the
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Figure 21. Incorporation of labeled amino acids into microsomal and post
microsomal supernatant proteins. Cells were manipulated and extracted as
described in "Materials and Methods". Proteins (20 Io'g/lane) were separated by
SDS-PAGE and radioactive proteins visualized by fluorography. Lane 1, 23°C
microsomes;Lane 2, 36°C microsomes; Lane 3, 23°C post microsomal
supernatant; Lane 4, 36°C post microsomal supernatant. Positions of molecular
mass markers are indicated in kD.
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Figure 22. Ion exchange chromatography of APK activity from 35S-labeled HS
microsomes. Proteins were solubilized in loading buffer, applied to DEAE
sephadex A-25 and eluted with a 50 roM to 0.8 M NaCl gradient. Aliquots (10
J.'L) from pooled fractions were analyzed for 35S-labeled HSPs (Panel A,
flurogram) or for the presence of APK activity by the rapid protocol (A) in situ
(Panel B) or in vitro phosphorylated (Panel C). Panels Band Care
autoradiograms and the positions of molecular mass markers are indicated in kD.
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only phosphorylated species in fractions obtained from DEAE-sephadex

chromatography of purified microsomes (Figure 22C). The pooled fraction 2

samples phosphorylated histone Hi in a time-dependent manner indicating the

association of protein kinase activity with this fraction (Figure 23).

Two-dimensional IEF/SDS-PAGE of in vitro phosphorylated DEAE

sephadex pool 2 extracts revealed two ezp] labeled LMW peptides (Figure 24).

The distance between the two in vitro phosphorylated peptides and their relative

intensity of phosphorylation was similar to two in situ labeled peptides reported

previously from total SC extracts (Chapter V). However, the in vitro labeled

peptides were characterized by more acidic isoeleetric points (pI 5.5 and 5.7 for

the acidic and more basic forms respectively) than those obtained with in situ

labeled total SC cell extracts (pI 5.7, 6.0) (Chapter V). These data also indicate

dephosphorylation of the 16.5 kD peptides during the time course (Figure 24)

similar to results obtained with total microsomal extracts for the 18 kD APK by

SDS-PAGE (Chapter V and 117). Two-dimensional IEF/SDS-PAGE of in vitro

phosphorylated total microsomes from both control and HS extracts exhibited HS

induced stimulation of phosphorylation for two LMW peptides with similar pI's

(Figure 25A, 25B) to those in Figure 24.

Purification of 18 kD APK. Ammonium sulfate (AS) fractionation of acetone

powders prepared from heat-shocked SC cells indicate that the 18 kD AP~
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Figure 23. Time course of histone HI phosphorylation by DEAE-sephadex active
fraction. The reaction was performed in a 0 0 C water bath and stopped as in
"Materials and Methods". Proteins were separated by SDS-PAGE with each lane
containing 0.25 J.l.g of histone HI and 1.4 fJg protein from the DEAE fraction.
Autoradiogram of gel with positions of molecular mass markers indicated in kD.
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Figure 24. Two-dimensional gel separation of the in vitro time course
phosphorylated DEAE-sephadex active fraction. Autoradiograms of IEF/SDS gels
with the positions of molecular mass markers indicated in kD.

150



activity is contained in the 70% AS pellet (Chapter V). This fraction was

chromatographed on DEAE-sephadex as above and aliquots were silver stained

after SDS-PAGE (Figure 26A), or in situphosphorylated using the rapid protocol

(A) (Figure 26B). The peak of 18 kD APK activity was released from the column

in primary fractions 3 to 8 (conductivity 1.42 to 18.8 mS/cm) indicating similarity

with the microsomal 18 kD APK. No other putative kinases were found

throughout the gradient using the rapid in situ phosphorylation protocol (data not

shown).

Pooled active fractions from the DEAE step were chromatographed on

ATP-agarose using buffer A in the presence of DIT. Resulting fractions were

separated by SDS-PAGE and either silver stained (Figure 27A) or subjected to in

situ phosphorylation (Figure 27B). A small amount of the 18 kD APK was

observed in the initial column washes (Figure 27B, lanes 2 and 3). No activity was

released by buffer washes with 20 mM Na2EDTA, or 1.0 M NaCl pH 9.0 (lanes 4,

5 and 6). Elution of the column with 1.0 M NaCl buffer at pH 4.0 released the 18

kD APK (lane 7). This suggests that the APK binds tightly to the column under

these buffer conditions. A different ATP-agarose chromatography method used

by Blowers and Trewavas (29) which does not employ DTI in the column buffers

(buffer B) resulted in the elution of the 18 kD APK activity in the EDTA fraction

(Figure 28). In situ autophosphorylation of the EDTA fraction could only be

achieved if the incubation buffer contained 20 mM MgCl2 instead of the normal
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Figure 25. Two-dimensional gel separation of in vitro phosphorylated microsomes
(20 J,£g protein). Total microsome fraction was labeled in vitro at 23°C and
terminated as in "Materials and Methods". Panel A, 23°C control; Panel B, 36°C
HS. Autoradiograms of IEF/SDS gels with the positions of molecular mass
markers indicated in kD.
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Figure 26. DEAE-sephadex purification of APK from 70% ammonium sulfate
pellet. The 70% AS pellet was mixed with loading buffer and chromatographed
on the column with a 50 mM to 0.8 M NaCI gradient. Equal aliquots were
separated by SDS-PAGE and silver stained (Panel A), or in situ phosphorylated
using the rapid protocol (A) (Panel B). Positions of molecular mass markers are
indicated in kD.
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10 roM level. The 18 kD APK was not active in vitro even after extensive dialysis

when eluted by this method. However, the 6.0 M urea strip fraction which

contained the majority of the 18 kD APK in situ activity could be phosphorylated

in vitro (data not shown). Both ATP-agarose chromatography methods yielded an

active fraction that contained only a single, silver stained band on SOS-PAGE

(Figures 27A, 28A). The 18 kD APKs obtained by each method were the same

when separated in two-dimensional gels.

The ATP-agarose-purified APK was separated by two-dimensional

IEF/SOS-PAGE and silver stained (Figure 29A) or in situ phosphorylated using

the "long-term" protocol (B) (Figure 29B). The results indicate that this fraction

contains five 16.5 kD isoforms which in situ phosphorylate (arrows in Figure 29A,

29B). The silver stained peptides and the"APK isoforms migrate to similar

positions in these two-dimensional gels (pI range 5.2, 5.5-5.7, 5.9-6.0) suggesting

that they are identical. The purification procedure apparently results in the

concentration of these additional APK isoforms allowing their identification.

These minor peptides were apparently below the level of detection in total cell

extracts. No other putative kinase peptides were detected by the long protocol

(B) in the ATP-agarose purified fractions eluted by either of the above methods.

Due to the presence of additional protein kinases in the samples in situ

autophosphorylation by the "long-term" protocol (B) after SOS-PAGE was used to
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Figure 27. Analysis of APK activity after ATP-agarose chromatography with
reducing agent. The eluted proteins were subjected to SOS-PAGE with lanes 1 to
6 containing 2.0 ug protein, and lane 7 containing 0.05 fJg protein. Lane 1, DEAE
peak fraction; Lane 2, flow-through; Lane 3, 0.3 M salt wash; Lane 4, 20 mM
EOTA; Lane 5, 20 mM EOTA; Lane 6, 1.0 M NaQ pH 9.0; Lane 7, 1.0 M NaCl
pH 4.0. Panel A, silver stained gel; Panel B, in situ phosphorylated by the "long
term" protocol (B). Positions of molecular mass markers are indicated in kD.
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Figure 28. Analysis of APK activity after ATP-agarose chromatography without
reducing agent. The eluted proteins were subjected to SDS-PAGE (2.0 I-£g(lane).
Lane 1, flow-through; Lane 2, 0.3 M NaCI; Lane 3,20 roM EDTA; Lane 4,6.0 M
urea. Panel A, silver stained gel; Panel B, in situ phosphorylated by the rapid
protocol (A). Positions of molecular mass markers are indicated in kD.
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estimate purification. After labeling and autoradiography the 18 kD region was

cut from gels and the radioactivity measured. This "long-term" protocol employs

an 8 h phosphorylation step, and the specific activityvalues reflect the level of

phosphorylation achieved during this time period. A summary of the purification

for the 18 kD APK is presented in Table 1. The data indicate that the sequential

40% and 70% AS precipitation steps which separate the APK activity from other

proteins resulted in only a small increase in specific activity, The OEAE-sephadex

chromatography resulted in a 32.6-fold purification of the APK. ATP-agarose

purification of the APK results in a 400-fold purification of the enzyme (Table 1).

Electrophoresis of eluted 18 kD APK under different conditions. The purified

ATP-agarose fraction was separated by SOS-PAGE and the 18 kD region was

electroeluted from the gel. The eluted protein was subjected to different

electrophoresis procedures and silver stained (Figure 30). The data demonstrate

that when the protein is subjected to SOS-PAGE with OTT as a reducing agent it

separated as a single 18 kD protein band (lane 1). In SDS-PAGE with 2% .8

mercaptoethanol as a reducing agent several aggregates of the protein formed.

The resulting bands displayed molecular weights of 67 kD, 60 kD, 55 kD, 50 kD,

47 kD, 30 kD, 18 kD and 16.5 kD (lane 2). SDS-PAGE without OTT or s

mercaptoethanol resulted in 2- major bands of 96 kD and 21 kD (lane 3). In a

native gel the electroeluted APK migrated as a single HMW aggregate (lane 4).

These data indicate that several higher molecular weight aggregates formed
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Figure 29. Two-dimensional gel of purified APK. ATP-agarose fraction (0.05 f,Lg
protein) obtained and separated as in "Materials and Methods". Panel A, silver
stained gel; Panel B, in situ phosphorylated using the "long-term" protocol (B).
Positions of molecular mass markers are indicated in kD.
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Table 1

Purification of 18 kD APK from sugarcane cells

Purification Step Total Protein Specific Activity Fold Purification

32P-incorporation

mg pmol/mg protein/8 h

Total extract 761 1.14

40% Ammonium sulfate 190
pellet

70% Ammonium sulfate 240 1.3 1.14

~
pellet

VI
\0 70% Ammonium sulfate 132

supernatant

DEAE active pool 21.9 37.2 32.6

ATP-agarose:

Flow through 5.68 10.9 9.56

0.3 M NaCI 1.44 8.9 7.8

20 mM EDTA (1) 0.38

20 mM EDTA (2) 0.32

1 M NaCI pH 9.0 0.44

1 M NaCI pH 4.0 0.005 456 400



depending on the reducing agent used during electrophoresis. The nature and

significance of these aggregates is unclear. Size exclusion separation on HPLC

indicate 80 kD aggregations for the pea 18 kD APK (29). The results in lane 5

also show that the eluted 18 kD protein retains in situ phosphorylation activity

after PAGE, electroelution, and a second SOS-PAGE step with OIT as a

reducing agent.

Time course of histone Hi phosphorylation. The ATP-agarose purified 18 kD

APK was used to phosphorylate histone H1 in vitro. The reaction was terminated

at the indicated times and the peptides separated by SOS-PAGE. The data

demonstrate the time dependent increase of label incorporation into histone H1

(Figure 31A). This result is similar to the data obtained using the partially

purified microsomal proteins in Figure 23. A similar reaction in which the enzyme

was omitted showed no labeling of histone H1 (panel B). These results indicate

that the eluted 18 kD fraction contains an enzyme which catalyzes the

phosphorylation of histone H1. Panel C indicates that the enzyme also

phosphorylated histone H1 in situ.

Analysis of phosphorylated residue in the 18 kD APK. The purified 18 kD APK

was phosphorylated in situ on an SDS-gel and blotted to immobilon. The blotted

protein was digested and analyzed for phosphorylated amino acid residues (70).

The results in Figure 32 show that the labeled species was phosphoserine. Longer

160



kD

94
67-

43-

30-

14-

1 2 3 4 5

AJlIT

Figure 30. Electrophoresis of.purified 18 kD APK. The purified APK was
electroeluted after SDS-PAGE and subjected to a second SDS-PAGE under. the
following conditions: Lane 1, with 0.2 mM DIT; Lane 2, with 2% B
mercaptoethanol; Lane 3, no reducing agent; Lane 4, native gel; Lane 5, with
DIT and in situ phosphorylated by the rapid protocol (A). Positions of molecular
mass markers are indicated in kD.
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Figure 31. Time course of in vitro histone HI phosphorylation with ATP-agarose
purified 18 kD APK. The reaction performed at 23°C and terminated at the
indicated times as described in "Materials and Methods". Proteins were separated
by SDS-PAGE. Panel A, each lane was loaded with 0.25 J.,£g of histone HI and
0.011 J.,£g of 18 kD APK; Panel B, reaction without enzyme (each lane was loaded
with 0.25 J.,£g of histone Hl only); Panel C, an autoradiogram of a gel in which the
ATP-agarose purified APK was first in situ phosphorylated by the rapid protocol
(A) and the 18 kD region excised and separated again by SDS-PAGE.
Autoradiograms of gels with the positions of molecular mass markers indicated in
kD.
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pH 3.5

-------.~pH 1.9

Figure 32. Analysis of phosphorylated amino acid residue of APK.
Autoradiogram of two-dimensional thinlayer chromatogram obtained as described
in "Materials and Methods". 0, origin; S, serine; T, threonine; Y, tyrosine.
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exposure of this and other TLC separations failed to detect any label

incorporation into either tyrosine or threonine residues.

D. CONCLUSION

The 18 kD SC APK obtained by ATP-agarose chromatography was purified

400-fold as judged by increases in specific activity over the crude cell extract. The

APK behaved as a protein kinase demonstrated by its ability to phosphorylate

histone HI both in vitro and in situ. In the absence of histone the APK does not

pho~phorylate other proteins in the protein rich microsomal fractions in vitro, but

instead apparently only autophosphorylates (Figure 22C). This result suggests a

very narrow substrate specificity for this kinase. Autophosphorylation of the APK

on serine residues reinforces the probability that it is a protein kinase.

Two-dimensional IEF/SDS-PAGE separations of ATP-agarose purified SC

18 kD APK demonstrate that there are at least five autophosphorylating peptides.

The two most abundant peptides (pI 5.7 and 6.0) are also those that demonstrate

the highest autophosphorylation signals. These peptides correspond in pI and

molecular weight (16.5 kD) to the autophosphorylating peptides detected by two

dimensional separations of total cell extracts (Chapter V). At present it is not

know if all the 16.5 kD peptides represent different is~forms of the same protein

or unique gene products. Future goals include the resolution of this question, and
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determination of the reasons for the heat shock induced biochemical activation of

these enzymes.
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CHAPTER VII

IDENTIFICATION OF AN AUTOPHOSPHORYLATING PROTEIN KINASE

AS A MINOR HEAT SHOCK PROTEIN

A. INTRODUCTION

The heat shock response (HSR) of cultured sugarcane (SC) cells was

described previously (Chapters III, IV). The synthesis and turnover of heat shock

proteins (HSPs) correlates with the development and turnover of thermotolerance

to nonpermissive heat-shock (NPHS) at 54°C (Chapter III, IV). Certain

biochemical functions are recognized for a limited number of HSPs (see 320 for a

review), but their role in the development of thermotolerance still remains

obscure. However, the requirement of certain HSPs in the acquisition of

thermotolerance has been demonstrated (167, 271), and some of these proteins

such as hsp27 are quickly phosphorylated during heat shock (HS) (69). In

addition, the activation of the HSR is apparently dependent on protein

phosphorylation (344, 345).

In Chapter V the heat stimulated increase of autophosphorylating protein

kinase (APK) activity in SC cells was descnbed. The APK activity was purified

400-fold by standard biochemical techniques and characterized as a single 18 kD

peptide by SDS-PAGE with dithiothreitol as a reducing agent (Chapter VI). In
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two-dimensional IEF/SDS-PAGE the 18 kD band separated as five

autophosphorylating 16.5 kD peptide isoforms with isoelectric points (pI) ranging

from 5.2 to 6.0 (Chapter VI). The purified protein phosphorylated histone H1

both in vitro and in situ. By all criteria tested the SC APK is similar to the pea

plasma membrane APK described by Blowers and Trewavas (29, 32). These

workers have characterized this APK as a catalytic subunit of a multimeric protein

kinase (29).

In this report evidence is presented for identification of the in situ SC APK

peptides as minor 35S-labeled HSPs in two-dimensional IEF/SDS-PAGE.

Additionally, the co-migration of in vitro prephosphorylated forms of the APK and

35S-labeled HSPs in double labeled two-dimensional gels is analyzed.

B. METHODS AND MATERIALS·

Plant material, culture conditions and experimental procedures. Sugarcane cells

(Saccharum officinarum L.), cell line H50-7209, were grown in the dark as

suspension cultures on a rotary shaker at 25°C as described previously (Chapters

III, IV). All protein 35S-labeling and extractions, purification, in vitro and in situ

phosphorylations (long protocol B), and SDS-PAGE or IEF/SDS-PAGE

procedures accomplished as detailed before (Chapters III, IV). AlI reagent and

chemicals were obtained from commercial suppliers as before (Chapters III, IV).
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C. RESULTS AND DISCUSSION

Earlier research demonstrated a correlation between the HS stimulation

and turnover of APK activity in SC cells and the synthesis and turnover of 18 kD

35S-labeled HSPs (Chapters IV, V). While small amounts of the APK are present

in control cells, the increased activity in heat-shocked cells suggests that the APK

might be an HSP. In this hypothesis the control levels of APK would be the

product of a cognate gene while the increased levels during HS would result from

the induction of a heat shock gene. This interpretation is consistent of what is

known about other HSP genes such as hsp70 (68, 91, 129). This possibility

necessitated the determination of whether APK activity co-migrates with HSPs in

two-dimensional IEF/SDS-PAGE. To answer this question a double labeling

protocol was employed where 35S-labeled control and HS protein samples were

separated in two-dimensional gels and then subjected to in situ phosphorylation.

In vitro labeled APK was mixed with 35S-labeled HS protein extracts to ascertain

the position of the phosphorylated APK isoforms.

In situ phosphorylation of 35S-labeled extracts. Comparisons of two-dimensional

IEF/SDS gels of 35S-labeledSC peptides from control and HS extracts indicate

that there are only 4 major, prominently labeled, and 4 minor LMW HSPs in

36°C samples (Chapter III). The exposures chosen for those gels was selected to

maximize the appearance of all radiolabeled peptides. Longer exposures of
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Figure 33. Location of LMW APK in two-dimensional gels. Total SC protein (20
J,£g/gel), extracts separated in two-dimensional IEF/SDS-PAGE and in situ analized
for 18 kD APK activity using the rapid protocol (A). Panel A, fluorogram of sS_
labeled 23°C control proteins; Panel B, fluorogram of 35S-labeled 36°C HSPs;
Panels C and D, in situ phosphorylations of panels A and B respectively; Panels E
(control) and F (HS) 35S-labeled extracts sub!ected to in situ protocol but not
phosphorylated; Panel G, autoradiogram of 3 S-labeled HS extract in situ
phosphorylated in a gel lacking histone Hi and exposed through 4 layers of heavy
aluminum foil; Panel H, autoradiogram of gel in panel G without foil. Positions of
molecular mass markers are indicated in kD.
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similar gels resulted in the higher resolution of minor LMW peptides, but also led

to totally darkened areas corresponding to heavily labeled, high molecular weight

(BMW) proteins (Figure 33A, 33B). When in situ phosphorylated, fluorograms of

such 35S-labeled gels allowed the detection of two autophosphorylating peptides in

the basic region of the gel (arrows in Figure 33C, 33D). These proteins are

identical in molecular weight (16.5 kD), pI (5.6-5.7 and 5.9-6.0), and relative

quantity to two major silver stained and autophosphorylating proteins obtained by

ATP-agarose chromatography (Chapter VI). Analysis of similar gels that were

subjected to the manipulations of the in situphosphorylation procedure (without

being phosphorylated) indicated that some LMW HSPs diffused from the gels

during the treatments (Figure 33E, 33F). The two 35S-labeled peptides (arrows)

corresponding to the location of the kinase peptides are present in slightly reduced

amounts in such gels (compare panels A, E and B, F in Figure 33). This data

suggests that the final amount of APK activity detected in in situ labeled gels is

reduced in total intensity due to diffusion of peptides.

In situ phosphorylation of 35S-labeled HS samples without histone H1 in

the gel matrix revealed an autophosphorylation signal (Figure 33G, 33H) for two

peptides similar to those observed in gels with histone (Figure 33C, 33D). This

behavior is similar to that described for the pea plasma membrane 18 kD APK

which autophosphorylates in vitro in the absence of substrate (32).
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The above data indicate that the in situ phosphorylation activity in the 16.5

kD region migrated more toward the basic side of two-dimensional gels. It is not

know if these peptides represent different isoforms of the same protein or unique

gene products; however, they do exhibit similar characteristics. The results

demonstrate that there was at least a 50% increase in 35S-label incorporation into

these minor spots during HS (Figure 33A, 33B). This apparent increased

synthesis of peptides corresponding to the APK activity could account for the

increased autophosphorylation activity observed in in situ labeled single and two

dimensional gels (Chapter V).

Co-migration of phosphorylated APK peptides with 35S-labeled proteins. To

determine the position of the phosphorylated peptides in relation to the 35S_

labeled HSPs, "the ATP-agarose purified 18 leD APK (Chapter VI) was

phosphorylated in vitro. The APK was then mixed with a 35S-labeled protein

extract from HS cells and subjected to two-dimensional IEF/SDS-PAGE. The

autoradiogram in Figure 34A demonstrates that the phosphorylated proteins were

easily visible over the 35S-signaI. There were at least 5 isoforms of the purified

APK when phosphorylated in vitro (arrows). This number corresponds to the

number of in situ phosphorylated, purified APK peptides (Chapter VI). The

results in Figure 34B indicate that purified APK peptides alone exlubited similar

separation properties to the mixed preparation. The apparent loss of APK

activity in Figure 34B is due to unavoidable losses of proteins during
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Figure 34. Location of purified APK and 35S-1abeled HSPs in two-dimensional
gels. Panel A, autoradi~am of in vitro autophosphorylated ATP-agarose purified
18 kD APK mixed with S-labeled HSPs (20 ug) and subjected to two
dimensional IEF/SDS-PAGE._ Panel B, autoradiogram of gel containing only in
vitro autop.hosphorylated purified APK; Panel C, fluorogram of gel from panel A
after the eZPllabel had decayed; Panel D, autoradiogram of a two-dimensional
gel containing the ATP-agarose purified 18 kD APK that had first been in situ
phosphorylated after SDS-PAGE, blotted to and then eluted from immobilon.
Positions of molecular mass markers are indicated in kD.
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manipulation. These losses may be minimized by the inclusion of "trapping

proteins" such as BSA or the labeled cell extract. Panel C of Figure 34 is a

fluorogram of panel A after the ezp] label had decayed and can be used to locate

the 35S-labeled peptides corresponding to the APK isoforms. Comparisons of

panels A and C in Figure 34 with the data in Figure 33 demonstrate that the 35S_

labeled proteins migrated to similar final positions. This provides an internal

control to gauge the isoelectric properties of the in vitro phosphorylated APK.

Clearly, the in vitro labeled, purified, APK peptides in Figure 34A migrated to

more acidic pI's (4.5, 4.9, 5.3, 5.5 and 5.9) than the peptides responsible for the in

situ signals (5.2, 5.5, 5.6, 5.8, 5.9-6.0) (Chapter VI). However, if the APK

preparation was first in situ labeled, blotted to immobilon, eluted and then

separated by two-dimensional IEF/SDS-PAGE, the isoforms also migrated to the

more acidic pI's (4.5, 4.9, 5.4 and 5.6) indicating that phosphorylation affects their

mobility on two-dimensional gels (Figure 34D). The in situ labeled APKs

migrated to similar isoelectric positions as those labeled in vitro. Taken together

this evidence indicates that similar peptides are responsible for both the in situ

and in vitro APK activity. The in vitro phosphorylated peptides correspond in pI

to minor 35S-labeled HSPs (arrows in Figure 34C) which are absent in control

cells (Figure 33A). The lack of in situ phosphorylation of these acidic peptides

also suggests that the phosphorylated forms were incapable of further

autophosphorylation or of phosphorylating histone H1. If some of these peptides

are post-translationally modified by in vivo phosphorylation after synthesis, they
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would migrate to more acidic pI's and fail to contnbute to the

autophosphorylation signals in situ. Blowers and Trewavas have demonstrated the

loss of kinase activity toward histone H1 if the pea 18 kD APK is in the

phosphorylated form (32). It has not been possible to duplicate this result with

the purified SC APK preparation..

. D. CONCLUSION

The data presented in this report indicate that the two APK peptides

detected in crude SC extracts are autophosphorylating proteins and do not depend

on histone H1 as a substrate for phosphorylation. Both the in vitro and in situ

phosphorylation procedures that cause migration to more acidic pI's in two

dimensional gels still allow the isoforms to maintain the original intensity of

phosphorylation and relative distance from each other. This observed migration

to more acidic pI's is apparently the result of increased negative charges in these

peptides brought about by phosphorylation. The purification of the SC APK

demonstrated that there were three additional minor forms of APK which cannot

be detected with crude extract preparations (Chapter VI). It is unknown if the

isoforms are modified versions of the same protein or if they are independent

gene products. The APK activity was detected in both the microsomal and soluble

post-microsomal supernatant fractions by SDS-PAGE (Chapter V). If the

microsomal APKs represent myristilated forms of the same protein, they would
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migrate to more acidic pI's in two-dimensional IEF/SOS-PAGE than the

unmodified soluble isoforms resulting in two spots of APK activity.

While resulting in acidic pI shifts, the in vitro phosphorylation of the

purified APK did not result in Rf value decreases. Such decreases may be

expected and have been observed for the pea 18 kD APK (29). The shifts in pI

observed here may represent only a limited number of phosphorylation events and

may not significantly affect the migration in SOS-PAGE. However, several factors

affect the migration of phosphoproteins in single-dimensional and two-dimensional

gels such as sequence, charged residues and the ability to bind SOS. It is further

possible that in vivo phosphorylation occurs on different residues. For example,

the connexin43 gap junction protein is phosphorylated at serine residues in

untransformed fibroblasts and at both serine and tyrosine residues in transformed

cells (70). Such results suggest the presence of independent kinase activities which

would have different effects on the mobilities of the phosphorylated peptides. In

addition, other secondary modifications such as methylation, glycosylation, or

ribosylation would effect the migration of APKs in two-dimensional gels (43).

Thus, the exact identification of all of the APK peptides may still be unknown and

awaits the development of specific antibodies,

The results presented here support the contention that the synthesis of the

APK peptides is HS induced. The data indicate that there was a constitutive level
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of APK activity in SC cells which increased during HS. Heat shock increased 35S_

label incorporation into minor labeled peptides that corresponded to APK

isofonns both in vitro and in situ. The generally low titer of the APKs might be

expected for regulatory molecules serving in the alteration of metabolism. The

apparent HS induction of the APK suggests an important role under stressful

conditions or in the restoration of normal cellular functions. The reported

subcellular locale of the pea APK and its ability to phosphorylate

lysophosphatidylinositol (30) suggests a regulatory role in signal transduction.

Efforts are underway to further purify and sequence the major APK isoforms and

clone the gene(s) coding for them. This information will clarify the HS induced

nature of the APKs.
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CHAPTERVllI

SUMMARY AND FUTURE DIRECTIONS

Sugarcane cells undergo an unusual HSR in which the synthesis of

constitutive proteins continues at prolonged exposures to optimal HS

temperatures. In most other organisms undergoing this response the synthesis of

these proteins first decreases and then stops altogether. Maize, which has been

selected for intensive agriculture in temperate climates, also apparently lacks the

regulation mechanism by which HS mRNAs are preferentially translated. Both

species likely evolved under high temperature stress and intense niche

competition. This selective pressure may have resulted in a HS mechanism

lacking translational control of constitutive protein synthesis. This feature would

be predicted to cause little disruption of normal cell activity during HS and may

provide a competitive advantage in tropical plants.

Many features of the SC HSR are similar to other organisms. Heat shock

proteins are synthesized in response to moderate elevations in temperature, with

the HS temperatures of 36 to 38°C that result in optimum HSP synthesis also

conferring maximal thermotolerance to NPHS of 54°C. The synthesis and

turnover of HSPs correlates with the development and turnover of

thermotolerance. Lack of thermotolerance correlates mainly with the absence of

LMWC HSPs at temperatures below 36oC. This suggests that these HSPs are the
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last to be induced as the temperature increases. The basis for the maximum

induction of LMWC HSP synthesis only after 30 min at the optimal temperatures

is presently unknown, but suggests differential regulation of induction for the HS

.genes responsible for these HSPs. Recent results validate the role of HSPs in the

development of thermotolerance but also indicate that they cannot account for all

thermotolerance observed. For example, thermotolerance to temperatures up to

450 C results from the phosphorylation of constitutive HSCs in the absence of HSP

synthesis.

The idea that the plasma membrane is the primary site of biochemical

lesion leading to cellular death is supported by evidence from various organisms.

That the association of LMWC HSPs with plant plasma membranes reverses the

effects of heat damage and heat induced leaking adds further support to this

hypothesis. Two mechanisms have been proposed to operate during the alteration

of membrane ultrastructure, both leading to similar conclusions. One way in

which elevated temperature acts on membranes is through increasing fluidity of

lipids. Among the effects of increased fluidity are phase separations followed by

phase transitions. These changes not only affect the interaction of membrane

constituents but also affect membrane integrity. For example, leakiness is

associated with membranes that have undergone phase transitions to the

hexagonal II (Hn) state. The fluidity of plant membranes and nonspecific flux can

be reduced by the addition of calcium to assay conditions.
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Another mechanism affecting membrane structure is through HS induced

metabolism of membrane constituents. In mammalian cells, HS and chemical

inducers of the HSR stimulate phospholipid turnover in a G protein-mediated

manner. The PIPz breakdown products, inositol trisphosphate (IP3) and

diacylglycerol, rapidly increase during HS, as does the cytosolic calcium released

from internal stores. This suggests that the IP'3 pathway is an early signaling

mechanism in the HSR. Rapid HS-induced increases in cytosolic IP3 have also

been detected in cultured SC cells (unpublished data). The metabolism of PIPz

from the plasma membrane during HS may affect membrane structure and

function by altering lipid and lipid-protein interactions. This, in conjunction with

the increased unsaturation of acyl chains observed during elevated temperature,

may also promote the formation of Hn phases for lipids having two acyl chains.

Such phase transitions can be prevented by a prior preconditioning HS and the

association of HSPs with the plant plasma membrane. These observations suggest

that HSPs may be involved in stabilizing the plasma membrane during HS. The

plasma membranes of heat adapted plants do not undergo phase transitions

during HS.

Cations contribute to the rapid development of thermotolerance within a 2

h HS treatment. Under other experimental conditions the development of

thermotolerance requires 8 h. Calcium and other cations may act to stabilize the

plasma membrane by a variety of mechanisms and contribute to reduced
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membrane fluidity. The lack of thermotolerance immediately after a 2 h HS in

high density cultures or when ions are limiting might result if essential membrane

functions are disrupted as proposed above. These findings suggest that nutrient

stress in field grown plants could result in limited tolerance of high temperatures.

Field grown plants have been demonstrated to undergo the HSR and produce

HSPs under daily elevations in temperature. However, the addition of cations

such as calcium to the soil may act in concert with HSPs to reduce the effects of

high temperature stress. The "lag" period required for the development of

thermotolerance may allow for the accumulation of HSPs in sufficient quantities to

protect cells or repair damage both during initial fluidity changes and the more

severe lesions encountered at higher temperatures. Cations may reduce damage

in heat-shocked cells by stabilizing the plasma membrane until sufficient products

of the HSR have accumulated.

The demonstration that an 18 leDHSP in SC cells has similar properties to

an 18 leD APK from pea buds is of major importance. The pea APK co-purifies

with lysophosphatidylinositol and phosphorylates this molecule under certain

conditions. If the in vivo role of the APK is to reconstitute the PIP2 pool in

membranes after HS then its biological importance as a HSP will be further

enhanced. The SC APK was purified 40Q-fold and shown to segregate into five

isoforms in two-dimensional gels. These proteins co-migrated with minor 35S_

labeled HSPs both under in situ or in vitro phosphorylated states. Certain
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purification properties such as molecular weights and isoelectric points (pI) of the

APK isoforms exhibit uncanny similarities to proteins called stathmins. This group

of ubiquitous vertebrate phosphoproteins are the product of a single copy gene.

The migration of the different isoforms in two-dimensional gels to different pI's is

dictated by the level of phosphorylation at serine residues. However,

autophosphorylation of these proteins has not been reported. These peptides are

believed to be involved in cellular signal transductions, but their presence in plant

cells has not been investigated.

Future efforts should focus on the elucidation of the 18 kD APK protein

structure to determine if it is a true protein kinase. If so, this will be one of the

smallest protein kinases observed. The identification of in vivo substrates for the

APK will go a long way in determining its exact role-In the development of

thermotolerance. The cloning o~ the gene(s) coding for the APK and analysis of

promoter structure(s) will make it possible to recognize if they are true HSPs and

allow the identification of the number of genes coding for the protein isoforms

observed in two-dimensional gels.
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