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Summary

All organisms studied so far respond to heat shock by inducing the synthesis of a number of
protcins called heat shock proteins (HSPs). This universal response can also be induced by
a variety of stressors, including heavy metal ions and organic and organo-metallic
compounds. As a result, the stress response has recently attracted the attention of
ecotoxicologists for use in environmental biomonitoring. In the present study, we have
investigated the stress responscs of two different organisms; namely the free-living soil
nematode Caenorhabditis elegans (both wild-type and transgenic strains) and the freshwater

crustacean Asellus aquaticus. We have also explored the possible use of these model systems

in environmental biomonitoring, using different techniques which include metabolic labelling
with subsequent one-dimensional electrophoresis and autoradiography, and one- or two-

dimensional Western blotting using antibodies specific to stress protein 70.

The study with A.aquaricus shows that this organism exhibits a classical stress response. The
exposure of asellids to heat shock-treatment (26°C); 13°C above the standard maintenance
temperature or to sublethal concentrations of metal ions (Cd** and Cu**) resulted in the the
induction of at least § putative HSPs which belong to several major HSP families (HSP100,
HSP90 and possibly HSP60). An increase in the synthesis of smaller sizes of polypeptides
(25-35 kD) should be also noted. Moreover, the time-course of heat versus heavy metal
stress-responses in this organism suggests that the pattern of stress-protein synthesis changes
considerably with increasing exposure time; notably the response to heat is more transient
than that to heavy metals. However, HSP70 does not appear to be the major stress protein
induced in this organism. The presence of low molecular weight (LMW) proteins which react

with anti-HSP70 antibodies, and the apparent deficiency of classical 70 kD stress proteins in
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A.aquaticus, both suggest that HSP70s in this organism are for some rcason prone to

degradation.

In the nematode C.clegans, shifting the culture temperature from 20°C to 34°C induces the
synthesis of a sct of HSPs corresponding to the HSP90, HSP70 and small HSP families.
There are at least nine members of the isp70 multigene family in C.elegans; some members
are expressed constitutively, while others are stress inducible. We have studied the cffects of
heat and heavy metal (cadmium) stress on the expression patterns of the HSP70 protein
family in the nematodes by one- and two-dimensional Western blotting using a monoclonal
anti-HSP70 antibody that recognises a conserved epitope shared by most HSP70 family
members. Constitutive C.elegans HSP70s (expressed at 20°C) are almost undetectable on
one-dimensional immunoblots, but chemiluminescent probing of two-dimensional blots
reveals a complex pattern of several HSP70 spots. Mild heat shock at 31°C induces a doublet
HSP70 band on one-dimensional blots, of which the heavier cbmponent (75 kD) is more
prominent than the lighter (73 kD). On two-dimensional blots, this pattern is shown to be
more complex, with a prominent 75 kD spot newly induced and several other spots
intensified. Severe heat shock at 34°C strongly induces both 75 and 73 kD bands on one
dimensional blots; two dimensional analysis reveals a series of novel and/or elevated 73 and
75 kD spots. Treatment with cadmium (16 ppm) at 31°C gives a different pattern of spots as
compared with 31°C alone; several spots show enhanced while some are newly expressed,
and not all of these are present at 34°C. These results indicate that related members of the
HSP70 protein family in C.elegans are independently regulated in response to different forms
of stress. The possible significance of these findings is discussed in relation to the possible

use of stress responses as environmental biomonitors.




We have also utilised a stress-inducible C. elegans strain (CB4027) for monitoring
cnvironmental contamination. This transgenic strain carrics integrated copics of the

Drosophila hsp70 promoter fused to an E. coli lacZ reporter gene. When cxposed to heat

shock or 10 several environmentally relevant stressors, the transgenic strain expresscs the
reporter product, f3-galactosidase, which can casily be quantificd or localised in situ in
staincd worms or on Western blots (apparently enzymatically active as a 170 kD form).
We have cxposed transgenic worms to a varicty of toxicants at an clevated temperature
(32°C) just below that required for heat shock (34°C), in order to obtain optimal transgence
induction. Exposurc of ncmatodes to several hcavy metals (e.g. Cd**, Hg*, Zn**, Sn*,
Mn*" and Ag®), organomctallic toxicants (tributyltin) or organic pollutants (lindanc) induccs
[3-palactosidasc cxpression in a dose-dependent manner. Cadmium is found to be by far
the strongest inducer of transgene activity amongst the agents tested, although tnbutyltin
is an cffective induccr at ppb levels. The effects of mixtures of divalent metal ions
(Cd*™/Ca**, Cd"/Zn** and Cd*/Hg") on [-galaciosidase expression have been also
investigated. All three divalent ions tested in combination with cadmium significantly
inhibit cadmium-induced trapsgene activity in comparison to cadmium alone. In the casc
of Cd™/Ca™ mixturcs, a marked inhibition of Cd™ accumulation by worm tissucs has also
been demonstrated, directly related to the Ca*™ concentration. These effects may represent
competition for metal-ion uptake through calcium channels. Our results show that this
transgenic system works well within strictly defined assay conditions, and can detect clear
responses over a 7h exposure period to environmentally relevant toxicants at sublethal
concentrations well below the 24 or 48h LCS0 values. However, there is a need for carcful

characterisation and containment of any transgenic organism if it is to bc uscd as

cnvironmental monitoning tool.
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CHAPTER 1. INTRODUCTION

1.1 POLLUTION

Public and governmental concern about environmental pollution have recently increascd
because it is affccting human life as well as wildlife habitats and nature gencrally.
Pollution is mainly causcd by man; anything introduced into environment by his activitics
can be considercd as pollution. A list of pollutants found in aquatic ecosystems s given
in Table 1.1. The toxic cffcct of a pollutant on a target organism depends on the
concentration of that toxicant and the exposure time, and this effect may be either acute
or chronic. Acute cffccts occur rapidly, are clearly defined, often fatal and rarely

reversible, whercas chronic effects develop after long exposure to low doscs and may
ultimately causc death. Sublcthal doses often affect an organism’s physiological and

bchavioral processes, and thus reduce overall fitness.

The cffects of many pollutants on aquatic organisms have been extensively studied (sce
revicw of literature in Sheedy et al,1991). The most dangerous toxic matcrials have been
listed by the environmental protection agencics (EPAs; e.g. the U.S. EPA), and their uscs
have been restricted by environmental acts. Major types of toxicants arc listed on the
basis of propertics such as toxicity, persistcnce and potential for accumulation. Two
particular classcs of toxicant, namely organic compounds and hcavy metals, include many
listed matcrials which arc dangerous on all these grounds and therefore have attracted the

attention of ccotoxicologists,




Table 1.1 Categories of pollutants found in aquatic ecosystems*

Pollutants

Alkalis and acids (main sources; sulphur dioxide and
the oxides of nitrogen from burning fossil fuels)

Detergents

Domestic sewage and farm manurcs

Gases (e.g. chlorine, ammonia)

Heat (electricity generating power stations)

Metals (e.g. cadmium, mercury, zinc, lead)

Nutrients, often in the form of agricultural fertilisers (phosphates, nitrates)

Oil (discharges from industry or refinery effluent)

Organic toxic wastes (phenols, formaldehydes)

Pathogens (bacteria, virus)

Pesticides (DDT, organo-tin compounds, organo-phosphorus cdmpounds, fungicides etc.)

Radionuclides

* Based on Mason (1991)

1.1.1 Organic compounds

This group of toxicants originates from a wide variety of industrial, agricultural and some
domestic sources; they are often accumulated within living tissues and some are found to
be extremely toxic, causing carcinogenic, teratogenic and mutagenic effects. The

detoxification of organic toxicants mainly occur through the liver detoxification enzyme
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systems, whose activity and levels can be used as indicator of organic exposure (Adams
et al, 1990). The most dangerous compounds comprisc a heterogenous group of organic
chemicals; many pesucides (sce Murphy, 1986 for the toxic cffects of pesticides) such
as organophosphate (malathion) or organochlorine (DTT, lindanc) insccticides,
chlorophcnoxy herbicides (tetrachloro-dibenzodioxin), aromatic (pentachlorophenol) or
organo-mercuric  (mcthylmercury) fungicides, petroleum hydrocarbons, and other
organomectallic compounds such as tributyltin (an active component of some antifouling

paints) and tetracthyllead which is a very toxic petroleum additive (Icaded petrol).

1.1.2 Heavy metals

Heavy metals are continually released into the aquatic environment from natural sources

such as volcanic activity or weathering of rocks. However, industrial processes and some

agncultural uses have greatly incrcased the mobilization of many mectals. Because this

group of pollutants has been the main subject of the present study, in this scction we will

concentrate on the major cffects of hcavy metal ions at cellular levels in some detail.

Hcavy metals include both cssential clements (Mn**, Zn**, Cu*™* ctc.) and metals with no
known biological function such as Cd**, Hg**, Ag* and Sn**, somc of thesc (Cd™ and
Hg**) arc among thc most toxic and important aquatic pollutants. Mctal ions arc usually
present in tissucs as divalent cations, which may be frec or complexed to different classcs
of biological ligands. In aquatic systems, however, they are present in different forms,
resulting from the cquilibrium between heavy mctal ions and inorganic and organic

complexes (Viarcngo, 1989). The speciation of heavy metals is of particular importance
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because the degree of bioavailability and toxicity of these ions may depend on their
chemical forms in the environment (Jonnalogadda and Rao, 1993). Heavy metal toxicity
is mediated through the activity of the free metal cations in waters (Sanders er al, 1983,
Viarcngo, 1989; Wlostowski, 1992). Furthermore, some inorganic hecavy mctals (c.g.
mercury) can be converted by microorganisms into highly toxic organomctallic
compounds (methyl mercury), which are more readily taken up by tissucs (Jonnalogadda,

1993). Tributyltin and tetracthyllcad arc also highly toxic organometallics.

The mechanisms by which heavy metal ions pencterate into cells are not well known, but
there is increasing evidence that metal ions enter cells through cither voltage- sensitive
calcium channcls or by a sulfhydryl-scnsitive routc which involves receptor-mediated
channcls (Zarooigan et al, 1993). In addition, hcavy mctal uptake is thought to be the

result of passive diffusion or a process of facilitated passive diffusion (Rocsijadi et al,

1993). I will discuss mctal uptake mechanisms (mainly for cadmium) in more detail in

scction 6.1.1.

1.1.3 Molecular mechanisms of heavy metal cytotoxicity

Although hecavy metal ions affcct a number of physiological processes in aquatic
organisms (Viarcngo, 1989), little is known regarding their fate or their cffects at cellular
level. It is known that heavy metals can be bound to sulfhydryl, hydroxyl, carboxyl, and
amino residucs of proteins, peptides and amino acids (Viarengo, 1989). However, hcavy
mctal ions tend o form more stable complexes only with sulfhydryl residues of amino

acids and polypeptides (Viarengo and Nicotera, 1991; Viarengo and Nott, 1993). Heavy
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metals entening cclls may thercfore react with the structural and enzymatic components of

membranes and organelles, or with soluble enzymes, duc to the high affinity of metals for

-SH groups.

The cell membranes are the first target for heavy metal effects, altering their structure and
functions. One of the most important effccts of metal cations (e.g. Cd** and Hg**) concerns
the inhibition of the activity of the membrane transport enzymes such as Ca** Mg**-
ATPases in mussels (Pivovarova et al, 1992; Viarengo et al, 1993) and Na™,K*-ATPascs
(Viarengo and Nicotera, 1991). The effects of heavy metal ions on the activity of many
other enzyme systems have been described, e.g. in fish (phoshatases and aminotransferascs;
Gill et al, 1990; Mayer-Gostan and Lemaire, 1991); in different yeast strains (supcroxide
dismutase and catalase activities; Romandini et al, 1992), in Pekin ducks (renal enzymes;
Prasada-Rao et al, 1993), as well as in bacteria (f-galactosidase and dehydrogenases;

Mazidji et al, 1992; Katayama-Hirayama, 1986).

Organelles such as mitochondria and the endoplasmic reticulum (ER) in cells are also
targets for metal toxicity. Cu®™, but not Cd**, was found to alter mitochondrial functions in
mussels, either by disrupting the membranes of organelles or by altering the activity of
mitochondrial enzymes (Viarengo, 1989). Similar metal effects also occur in the ER. It is
well known that metal ions can inhibit enzyme systems operating in calcium homeostasis;
these include plasma membrane Ca*-transporting systems (ATPases), Ca**, Mg~
ATPases involved in Ca*™ sequestration in the ER, and of the mitochondrial Na*/Ca**

exchanger (Viarengo, 1989; Viarengo and Nicotera, 1991; Viarengo et al, 1993). A

separate issue concerns the interactions between calcium and heavy metal ions in terms
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of uptake, which will be discussed in Chapter 6. Morcover, heavy metals may also affect
other important ccllular functions, such as lysosomal activity, protcin synthesis and

nuclear metabolism (Viarengo and Nott, 1993).

1.2 MONITORING ENVIRONMENTAL POLLUTION

Effcctive environmental management requires knowledge of the fate and cffects of
pollutants in natural systcms. Many studies have documented the effects of environmental
pollutants on various aquatic organisms and the asscssment of water quality by chemical
sampling, or using certain aquatic organisms as bioindicators (Mason, 1991). Although
pollutant levels can be measured by standard methods or by installing a computuriscd
analyser at polluted sitcs, monitoring in this way will not provide information on ncw or
unsuspected toxicants. Biological monitoring scems to be more advantageous in this

respect.

There are many varietics of biological monitoning techniques, only some of which will
be discussed here (sce also scction 3.1.1 which will deal in more detail with the
application of these techniques in aquatic toxicity testing). For instance, changes in
biological community structurc or in certain members of a community may provide uscful
indicators of pollution, since not all organisms arc cqually scnsitive to certain types of
pollutants. This approach has been developed with nearly all forms of wildlife from
bacteria to mammals, with macroinventebrates being the most commonly used organisms
in aquatic pollution monitoring indices (Maciorowski and Clarke, 1980; Chapman et al,

1982: Jeffries and Mills, 1990). The bioaccumulation of certain toxicants (c.g. hcavy



metals, organometallics and organics) by internal organs such as vertebrate kidneys and
livers, or by the whole organism in the case of mussels can also provide useful data on
the type and nature of toxicants (Glaven et al, 1991; Gill et al, 1992; Fent and Hunn,
1993). Other ways of monitoring pollution involve the uses of ecological, morphological
or physiological processes, e.g. the effects of temperature and water quality on the
organism's growth (Holdich and Tolba, 1981), scope-for-growth measurcments (oxygen
consumption rate, food uptake etc.; Sanders er al, 1991), or measures of acute lethality
(LCS50, LD50 values; Martin and Holdich, 1986; Williams and Dusenbery, 1988,1990;

Migliore and Giudici, 1990; Handy, 1994).

Recently, a number of biochemical and molecular assays have been developed, which
have some practical advantages over those discribed above in environmental
biomonitoring: They can provide an early warning of biological effects on organisms
which could adversely affect the whole population, growth and reproduction; they are
also less species specific and are often applicable to different phyletic groups as
compared to other biological endpoints; they could allow monitoring of potential
biological impact in siru using a wider range of native or transplanted organisms
(Anderson, 1989; Sanders, 1990; Jeakins and Sanders, 1992). These assays generally
involve monitoring changes in enzyme activity, or the effects on enzyme biosynthesis
following exposure to environmental toxicants (Gill et al, 1990; Dutton et al, 1988;1990;
Bitton and Koopman, 1992). LiDF recently, molecular analysis of cellular stress
responses has attracted a number cf toxicologists to evaluate the use of this system as an
indicator of environmental polluton. All organisms studied so far have been found to

respond to a wide range of envirgnmental stressors, physical, chemical and biological,
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by synthesising a sct of proteins called stress proteins. Stress proteins can be classificd
into two major groups; the first includes "classic” stress proteins whose synthesis is
dramatically increased by heat and other stressors, the second group compriscs thosc
induced by a specific set of environmental contaminants, called stressor-specific stress
protcins. Duc to the particular interest of the present study, these two groups of stress

proteins will be discussed in . greater detail in the following scctions.

1.2.1 Heat-inducible stress proteins as environmental biomonitors

It is now well established that in most if not all organisms, a rise in ambient temperature
0

results in the rapid induction of symhcsis/a small sct of proteins, called Heat Shock

Protcins (HSPs). There are four major HSP families, frequently referred to as HSP90,

HSP70, HSP60), and the low molecular weight HSPs (16-24 kD). The members of cach
protein group are closcly related, have similar biochemical and immunological
charactenistics (Sanders, 1993). Further, it is well documented that synthesis of these
proteins is also induced in responsce to a varicty of other environmental stressors,
including hcavy metal ions, xcnobiotics, oxidative stress, anoxia and teratogens (see both
Nover, 1991a and Sanders, 1993 for review, also scction 1.4). All inducers of Hcat-
Induciblc (HI) stress proteins arc united in their ability cither to damage cellular proteins
directly or to causc cclls to produce abnormal protecins biosynthetically (Hightower,
1993). The classification and functions of HI-stress proteins will be discussed at length
in scction 1.3, and will not be repeated here. However, it is of particular importance to
cvaluate their potcntial as environmental monitoring tools. Because the HI-stress proteins

(i) arc componcents of cellular response which can protect against environmental stress,
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(i1) are induced by a wide vancty of environmental stressors, and (iii) arc highly conserved
through evolution in all organisms from bacteria to man, it follows that these proteins

should have high potential as biomonitors of environmental contamination.

Many studies have reported the induction of Hl-stress proteins by a large number of
environmental contaminants as well as by heat shock. In particular, two of these proteins
(namely HSP60 and HSP70) have been found to be highly inducible by a wide range of
environmentally relevant toxicants (see e.g. Cochrane et al, 1991; Sanders et al, 1991;
Kohler et al, 1992; Bradley, 1993; Dyer et al, 1993). The techniques most frequently used
for examining stress protein induction are either (i) metabolic labelling (using radioisotopes,
S, "C or 'H amino acids) with subsequent one/two-dimensional electrophoresis and
autoradiography, or (ii) immunoblotting using stress-protein-specific antibodies which often
cross-react with the corresponding proteins from very distantly related organisms.

Quantification of accumulated stress proteins using the immunoblotting technique seems

to be more reliable indicator of environmental contamination. Several anti-stress protein

antibodies, especially anti-HSP70s, are now commercially available.

A number of studies using these and other molecular techniques have explored the
possibility of using HI-stress proteins in biomonitoring assays (Sanders, 1990; McLennan
and Miller, 1990; Odberg-Ferragut e¢ al, 1991; Veldhuizen-Tsoerkan, 1991; Jenkins and
Sanders, 1992; Dyer ef al, 1993; Hightower, 1993; Sanders, 1993). The use of aquatic

organisms (e.g. crustaceans, molluscs, fish) in such biomonitoring assays has been the
main focus for many ccotoxicologists, and will therefore be dealt with in section 3.1.1.

Several workers have agreed that ideal candidate stress proteins should meet the



following criteria : (1) their synthesis should be induced by a wide varicty of stressors:
(2) clevations in stress proteins should occur in organisms exposed to contaminants for
long durations in their environment (persistent response rather than transient): (3) the
relationship between stress protein accumulation, contaminant exposure, and organismal

stress should be linked inapmdictahlc fashion (Jenkins and Sanders, 1992; Sanders, 1993).

1.2.2 Non-heat inducible (or stressor-specific) stress proteins  as

biomonitors

This group of proteins shares in common the characteristic that their synthesis is induced
by specific cnvironmental contaminants, and is not substantially increased by heat. In

fact, non-hecat inducible (NHI) stress proteins arc known to participate in specific
biochemical pathways involved in the metabolism of chemicals, metabolites, or harmful
by-products that arc the result of a particular toxicant rather than being part of the cell’s

protective system in responsc to genceral cellular damage, as is the case for HI-stress
protcins. Morcover, this group docs not comprisc a homologous group of proteins, and
most arc not functionally or structurally related to Hl-stress proteins. Although there may
be a number of proteins falling into this group, we will concentratc on thosc stressor-
specific stress proteins which have been well characterised in many organisms, such as

mctallothioneins, the cytochrome P450 monooxygenase system and heme oxygenasc.
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(a) Mctallothioneins

Mctallothioneins (MTs) arc a class of metal- and hormone-inducible proteins with several
charactenistics: they are soluble, heat stable, low molccular weight (6-7 kD; 6l
aminoacids), and have a high content of cysteine (20-30%) and virtual absence of the
aromatic aminoacids, histidinc and methionine (Viarengo and Nott, 1993). These proteins
show a high hcavy-mctal binding capacity duc to the sulfhydryl residucs of cysteine
forming stable thiolate complexes with metal ions (Viarengo, 1989). MTs appear to be
part of the cellular compartmentalization/ sequestration system which normally regulates
the uptake, ccllular metabolism and tissuc distribution of essential metals such as Zn and
Cu. It also interacts with non-cssential "pollutant” metals such as Cd, Hg, Ag ctc., and
plays a role in the detoxification of excess heavy metals which penetrate into cells. It is
thought that hcavy metals such as Hg, Cd or Cu with a high affinity for -SH residucs,

may displace Zn from the physiological pool of metallothioncins, and therefore the excess
of hcavy mctal cations, including Zn released from metallothionein, induces the synthesis
of MTs. These processes chelate the heavy metal ions thus reducing their cytotoxic
cffects (Viarcngo and Nott, 1993). In plants and many fungi, it is not metallothioncins
which arc induced, but rather specialised glutathione derivatives termed phytochelatins

with extremely high mctal binding affinity (Nover, 1991a).

Mectallothioncins were first desenbed in mammalian cells in 1957, and subsequently
identificd in most living organisms (Kagi and Schaffer, 1988). These proteins were
initially detected in marine inverticbrates (Viarengo, 1989; Viarengo and Nott, 1993), but

have been further characterised in many other aquatic organisms including fish (c.g.
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Hogstrand and Haux, 1991), or amphibians (\Woodall and Maclcan, 1992), molluscs
(Veldhuizen-Tsoerkan et al, 1990) and crustaceans (Sanders et al, 1983). Both laboratory
and ficld studies have shown an increased accumulation of metallothioncin following
cxposure to cnvironmentally relevant concentrations of metal ions (Hogstrand and Haux,
1991: Jenkins and Sanders, 1992; Woodall and Maclean, 1992). It is well established that
MTs arc a significant factor in the accumulation of pollutant metals in parenchymatous
tissucs (liver, kidney, pancreas and intestines) of most organisms (Kagi and Schaffer,
1988; Viarcngo, 1989). Several methods such as HPLC, anion exchange chromotography
and immunoassays have been developed to quantify MT concentrations in different

tissucs (Viarcngo, 1989). In addition, analysis of the protcin’s bound metal content (using
atomic absorption spectroscopy) may provide further information regarding the metals

responsible for induction of MT synthesis. Such studics clearly indicate that the levels
of these proteins in aquatic organisms may provide a uscful monitoring tool for heavy

mctal contamination.

A few studies have alrcady begun to evaluate the potential use of MTs in environmental
monitonng (Viarcngo, 1989; Sanders, 1990; Hogstrand and Haux, 1991; Jenkins and
Sandecrs, 1992). However, all these studies point to the need for more data concerning the
biological functions of thesce proteins. Morcover, the cffccts of other factors such as
variations of cnvironmental parameters (temperature, oxygen availability, salinity), scx,
physiological status ctc. on the tissuc concentration of MT should be investigated in more

detail, before utilising MT levels as a specific stress index.
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(b) Cytochrome P450

The cytochrome P450s are a family of enzymes that modify the structure of a number of
organic molecules, including pollutant chemicals (c.g. organometallics, pesticidcs,

polyaromatic and chlorinated hydrocarbons), drugs, and many chemical carcinogens. It is

known that the rates of synthesis and intracellular concentration of some types of P450 arc
increased in proportion to an organism’s exposure to these compounds (Adams et al, 1990;
Welch, 1990; Jenkins and Sanders, 1992). P450 levels in aquatic organisms may also scrve

as a sensitive indicator of some organic pollutants.

(c) Haeme Oxygenase

This protein was initially known as a 32 kD stress protein that was inducible by metals,
sodium arsenite, and thiol reactive agents (Welch, 1990); recently, it was identified as
haeme oxygenase, an enzyme which is essential for heme catabolism. Particularly, Cd and
other metals such as Cu, Zn, Pb, Sn, sodium arsenite, and gold have been found to be
effective inducers of this enzyme (Sanders, 1990; Jenkins and Sanders, 1992; Mitani et al,
1993). Recently, tributyltin, and the porphyrin complexes of Co, Zn and Sn were found to
induce haeme oxygenase specifically (Zhang and Liu, 1992 and Mitani et al, 1993,
respectively). However, it should be noted that these proteins are also heat-inducible in
some organisms (¢.g. rat), but not in others (e.g. human hepatoma cells and human diploid

fibroblasts) (Nover, 1991a; Zhang and Liu, 1992; Mitani et al, 1993).
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(d) Other stressor specific non-heat inducible stress proteins

These proteins include various other cnzyme; some (c.g. glutathione transferasc,
sulfotransferasc) assist in the detoxification of hydrophobic forcign compounds by linking
them to endogenous molecules (glutathione and sulphate, respectively) that facilitate their
excrction from cclls; others are antioxidant enzymes such as superoxide dismutase, catalase,
peroxidase and glutathione reductase. All of these proteins are induced by varnous
contaminants or free radicals (Cartana et al, 1992; Jenkins and Sanders, 1992; Romandini
et al, 1992). Since thesc enzyme sytems play important roles in contaminant metabolism
and dctoxification, and since their synthesis is increased by specific types of contaminants,

they should also have good potential as environmental biomonitors.

1.2.3 Other molecular parameters as bioindicators of pollutant exposure

DNA damage has been proposed as a useful parameter for assessing the genotoxic

propertics of environmental contaminants. Many of these contaminants are chemical
carcinogens and mutagens with the capacity to cause various types of DNA damage. The
DNA damage by genotoxic chemicals may occur either by forming irreversible DNA
adducts (e.g. polycyclic aromatic hydrocarbons), or by causing strand breaks in DNA (e.g.
benzo[a]pyrene) (Adams et al, 1990; Shugart, 1990; Jenkins and Sanders, 1992).

Indicators of carbohydrate-protein metabolism and parameters of lipid metabolism have
both been evaluated recently as indicators of contaminant exposure, since various
contaminants may have direct or indirect effects in causing physiological dysfunction

(Adams et al, 1990). Metal toxicity generally results from non-specific binding of metals
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to biologically active molecules and thus resulting modification of their function, More
recently, Demuynck and Dhainaut-Courtois (1994) have demonstrated that haecmoglobin and
myohacmerythrin are major metal-binding proteins in the polychacte worm Nereis
diversicolor. Exposure to metals displaces iron from these preteins, which results in an
incrcase in soluble iron concentrations that could well serve as an indicator of metal
exposure. Bradley et al (1994) have recently tested the effects of a cationic polymer
(Kymene; polyamide epichlorhydrin) and resin acids on both inducible and repressible

proteins for qualitative and quantitative diagnoses of components in a complex mixture,

1.3 HEAT SHOCK RESPONSE

The discovery by Rittossa (1962) that specific puffs in the polytene chromosomes of

Drosophila are induced by a brief heat shock was the first indication of a general cellular
response to stress. There was little significant advance for a &ecadc until Tissicres et al
(1974) found that heat shock in Drosophila salivary glands induced the synthesis of a
small number of polypeptides and repressed the synthesis of most proteins characteristic
of normal development; they also related Ritossa's puffs to the heat-induced proteins.
Scientists working on other organisms subsequently discovered that heat and many other
types of stressors could induce the synthesis of similar proteins in cultured avian cells,
yeast and Tetrahymena (Lindquist, 1986). Since then, similar responses have been
reported in a wide range of organisms, including prokaryotes, eukaryotic microorganisms,
plants and and animals (see review by Schlesinger et al, 1982; Lindquist, 1986; Lindquist
and Craig, 1988; Nover, 1991a; Vierling, 1991; Sanders, 1993). The so-called heat shock

response now constitutes a very active area of research in molecular biology. The heat
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shock proteins (HSPs) are the most highly conscerved class of proteins characterized so
far (Boorstein er al, 1994). Although these proteins are induced by heat, most of them
in fact arc expressed in all cells under normal conditions, and arc essential components
in a number of diverse biological processes. The most prominent HSPs are penerally
classificd into four major HSP familics of 90, 70, 60 and 16-24 kD, and these are
frequently referred to as HSPYO, HSP70, HSPG0, and low molccular weight (LMW)

HSPs, respectively (Lindquist and Craig, 1988; Nover and Scharf, 1991).

1.3.1 Heat shock proteins in diverse organisms

(a) Hcat shock proteins of prokaryotes

HS response has been investigated in a number of bacteria including two enteric bacteria
Escherichia coli and Salmonella typhimurium, the cyanobacterium Synechococcus sp. and
the sporulating Bacillus subtillis, Mycobacterium tuberculosis ctc. (Morimoto et al, 1990;
Nover and Scharf, 1991; Young and Garbe, 1991). Among these, the Escherichia coli HS
response is the best characterized, and this led to the identification of a sct of bacterial

HSPs and the clucidation of their cellular functions (Lindquist, 1986; Hightower, 19915

Gamer et al, 1992; Georgopoulos and Welch, 1993).

Sceventeen HSPs have been identificd in E.coli; the well known ones include Dnak, Dnal,
GroEL, GroES, HipG, GrpE and Lon, Clp and two RNA polymerasc sigma subunits (6™
and ™) (Lindquist and Craig, 1988; Nover and Scharf, 1991; Georgopoulos and Welch,

1993). Sequential increases in first 6™ and then 6™ synthesis, as well as the accumulation
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of thc Lon and DnaK proteins, are essential cvents of the control network of HSP
synthesis in E.coli (Nover and Scharf, 1991). In most cascs, cooperation between
different HSPs is necessary. Genetic evidence indicates key regulatory functions for the
HSPs DnaK, Dnal and GrpE at the levels of synthesis, activity and degradation of o®
(Gamer et al, 1992). The mechanisms by which three chaperonin proteins (DnaK, Dnal
and GmpE) regulate the activity and stability of ¢ involve concerted DnaK ATPasc

activity (Lindquist and Craig, 1988; Cyr er al, 1994).

DnaK (HSP70), GroEL (HSP62) and HipG (HSP90) are structurally related to cukaryotic
HSPs; i.c. DnaK is 50% identical to cucaryotic HSP70 in aminoacid scquence, GrpE 1s
a 24 kD HSP, while the ATP-dependent Lon protease is a heat inducible protein of 94
kD that is involved in protcolysis of abnormal protcins accumulated during stress
(Lindquist and Craig, 1938; Parscll and Lindquist, 1993). Immunological techniques used
to identify the GroEL, DnaK protein, and the Lon protcase showed that these proteins arc
also thc major HS-induced proteins in other bacteria such as Salmonella typhimurium
(HSPs 69, 56), Bacillus subtilis (HSPs 94, 76, and 66), and GroEL in Coxiella burnetii

and Mycobacterium tuberculosis (Young et al, 1990; Nover and Scharf, 1991).

(b) HSPs in cukaryotic microorganisms and ycast

This group includes protozoa (Plasmodium falciparum and Tetrahymena pyriformis),
fungi (Claviceps purpurea and Aspergillus nidulans) and ycasts (Trichosporon pullulans
and Saccharomyces cerevisae) (Lindquist and Craig, 1988; Julscth and Inniss, 1990;

Young ez al, 1990; Nover and Scharf, 1991; Odumeru et al, 1992; Sharma, 1992; Weitzcel
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and Li, 1993). In all cascs, prominent HSPs are found in the 70-t0-90 kD region, whereas
the LMW HSPs are highly variable. Both HSPY0 and HSP70 of the parasitic protozoan
P.falciparum arc well characterized as immunogenie antigens (Sharma, 1992). The yeast
HS response, however, is the most extensively studied in this group; the HSP pattern in
ycast includes two HSPY0s, a complex group of at least nine HSP70-type proteins, onc
HSP60 and a single small HSP of 26 kD (Lindquist and Craig, 1988; Weitzel and Li,

1993). The multiplicity of yeast HSP70s will be further discussed in Chapter 4,

(c) HSPs of plants

HS responses have been desenbed in a wide range of plant specics, including the alga
Chlamydomonas, the dicotyledons Arapidopsis, Lycopersicon and Pisum sativum, and the
monocotylcdon Zea mays(Nover and Scharf, 1991; Vicrling, 1991). All plant specics
Iested produce HSPs in response to elevated temperatures, Besides the large HSPs with
molccular weights of 70 and 80 kD plus a short-lived HSP90, the plant HSP pattern
appears to be dominated by a highly complex group of small HSPs. Most of the small
HSPs belong to the HSP20 family which forms cytoplasmic multimeric complexes. Some
of these small HSPs, with molecular weights ranging from 21 to 24 kD, are localised in
chloroplasts. Morcover, plants contain two types of the chaperonin HSP60 in chloroplasts
and mitochondria, respectively, a DnaK-like HSP70 in mitochondria, and at lcast 3
differcnt HSC70s in chloroplasts. The crossrcactivity of HSP70s of higher plants 1is
greater with anti-DnaK antibodics than with those raiscd against animal HSP70s. DNA

scquence anali.ysis of plant HSP90. shows 70% homology to HSP90s from other

cukaryotcs.
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(d) HSPs of animals

The HS response has been studied very extensively in animals (sce c.g. Schlesinger et
al, 1982; Atkinson and Walden, 1985; Lindquist, 1986; Lindquist and Craig, 1988;
Morimoto et al, 1990; Nover and Scharf, 1991; Sanders, 1993). We will bricfly
concentrale on animal model sytems, and on the main differences between these and
other cukaryotes as well as prokaryotes with respect to their HSPs. The nematode
Caenorhabditis elegans, the sca musscl Mytilus edulis, Drosophila, Xenopus laevis,
chicken cells and human cells all provide well characterized examples of induced HSP

synthesis in animals. C.elegans HS response will be dealt with in chapter 4, while the

stress response in aquatic organisms including Mytilus edulis will be discussed in Chapter

3.

In Drosophila, the largest HSP is an 83 kD protein which is expressed under both control
and hcat shock conditions (Graziosi et al, 1980; Nover and Scharf, 1991). Drosophila
HSP70 is found to be a member of a multigene family which includces the constitutively
expressed HSCs 70 and 72, whose synthesis is reduced during heat shock treatment, as
well as the heat-inducible HSPs 70 and 68. There arc also at lcast 4 small HSPs with

molecular weights of 22, 23, 26 and 27 kD (Pclham, 1985; Lindquist and Craig, 1988)

The pattern of HSP synthesis in vertcbrate cclls is similar to that in invertebrate cells;
two constitutively expressed HSP90s, which are homologous to the Drosophila HSP83,

arc cnhanced by heat shock. There are also two main types of protein in the 70 kD
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region: one is slightly larger (72-73 kD), and is cxpressed constitutively but with
increascd synthesis during heat shock: the other is newly induced by heat and compriscs
onc or two HSPs of 70 and/or 71 kD. Each of these HSP70 species comprises multiple
isoclectric forms. The multiplicity of HSP70s in some cukaryotic specics will be further
discussed in chapter 4. The LMW HSPs of 25 and 27 kD in mammals and of 24 kD in
chicken cclls arc encoded by single genes, but multiple forms occur due to
postranslational phosphorylation. Because of their low methionine content, it is not
possible to detect the small HSPs of vertebrates when using methionine for metabolic
labelling. Other major vertebrate HSPs include the minor nucleolar HSP110 and two
glucose-regulated proteins GRPs 95 and 78. The latter two arc structurally related to

HSPs 90 and 70, respectively, while HSPs 100 and 110 do not appcar to have

counterparts in Drosophila and C.elegans (Snutch and Baillic, 1983; Atkinson and

Walden, 1985; Lindquist and Craig, 1988; Welch, 1990; Nover and Scharf, 1991).

1.3.2 Classtfication of HSPs

The analysis of HS responses in a wide range of organisms, as bricfly discussed above,
has shown that thc HSP pattern is rather complex; it appears that HSPs are encoded by
small multigene familics which combine various members with divergent regulatory
behaviour. One group of HSPs was found to be constitutively expressed under normal
conditions, and thesc arc often referred as to heat shock cognates (HSCs); another group
of proteins, the glucose-regulated proteins (GRPs), were found to be homologous to the
HSPs, but arc regulated by glucose rather than by heat. Given the rapidly increasing data-

sct from animal and other systems, it becomes necessary to classify the HSPs and related



proteins into distinct familics characterized by sequence homology, functional relatedness
or intraccllular localization. We will concentrate only on the four major HSP familics of
90, 70, 60, and 16-24 kD which are the most prominent HSP families in Drosophila,

mammals and most other model systems studied.

(i) The HSP90 family

This family includes abundant cytoplasmic proteins which are synthesised at increased
rates under HS conditions. Examples of this protein family are the HSP90s of human,
mouse, chicken, yeast, and the Drosophila HSP83, as well as the plant HSP80. The
corresponding protein in E.coli is known as HtpG. Other members of the HSP90 family
are the vertebrate GRP94, and a constitutively expressed surface glycoprotein of the
protozoan parasite Trypanosoma cruzi (Lindquist, 1986; Lindquist and Craig, 1988;

Monmoto et al, 1990; Nover and Scharf, 1991; Parsell and Lindquist, 1993).

The Drosophila HSP83 appears to be encoded by only one gene, while the haploid
genome of yeast has two nearly identical genes of this type; one, HSC83, is
constitutively expressed at a high level and moderately heat-inducible, the other, HSP83,
is also constitutively expressed at a lower level and is more strongly heat-inducible. In
both Drosphila and yecast, the members of this protein family are developmentally
regulated. In vertebrate cells further diversification of the genes in this family has
occured. Although at least one member of the HSP90 family, namely GRP94, is localised
in the endoplasmic reticulum (ER)/golgi system, most members are abundant cytoplasmic

proteins which are not significantly redistributed during the stress period (Berbers et al,



1988; Perdew and Whitclaw, 1991). It should be also noted that HSP90s arc

phosphoproteins, whercas GRP94 is classificd as a glycoprotein.

Under normal conditions, HSP90 family members have been found to modulate many
cellular activities by binding to target proteins, forming an inactive or unassembled
complex. These target proteins include cnzymes (e.g. kinases), and components of the
cytoskeleton. HSP90s also forms stable complexes with several members of the nuclear
steroid-hormone-receptor family, including the glucocorticoid, ostrogen and progestcrone
receptors (Perdew and Whitelaw, 1991). More recently, HSP90s have been found to

function as chaperones without forming complexes with unfolded proteins (Parsell and

Lindquist, 1993; Sanders, 1993).

(11) The HSP70 family

This protein family is the largest of all HSP families, and has been the most extensively

studied. At least 21 proteins belonging to this multigene family have been characterized
(Sanders. 1993). The multiplicity of HSP70 family members in Arabidopsis, yeast,

Drosophila and C.elegans will be discussed in Chapter 4. The HSP70 family includes

heat shock-inducible (HI) and constitutive members, as well as a group of glucose-
regulated GRP78 proteins known from yeast (originally called KAR2) and vertebrate
cells. Distinct HSP70 family members are found in the ER, mitochondria and
chloroplasts, while others arc found in the nucleus and cytoplasm; some members
concentrate in the cytoplasm, whereas others shuttle between the nucleolus, nucleus and

cytosol. Furthermore, multicellular organisms contain several tissue-specific versions,
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such as the testis-specific HSP70s (Velazquez and Lindquist, 1984; Lindquist and Craig,
1988; Morimoto et al, 1990; Nover and Scharf, 1991; Martin et al, 1993; Parscll and

Lindquist, 1993).

DnaK is a well characterized HSP70 protein in E.coli. Additionally, two related proteins
have been recently identified; onc is HSCG66, sharing 40% amino acid identity with
Dnak, and the other is MreB which shares only 27% identity (Parscll and Lindquist,
1993). DNA scquence analysis of the HSP70 gene family has shown that bacterial DnaK
protcins arc markedly similar to the ycast mitochondrial SSC1 protein. Interestingly,

similar DnaK-like proteins were found in mitochondria of parasitic protozoa, the

nematode C.elegans and human cells, as well as in the chloroplasts and mitochondria of
plants (Nover and Scharf, 1991). Cross hybridization and immunological techniques, as
well as sequence analaysis of HSP70 genes and proteins, all evidence a remarkable
degree of conservation among all members of the HSP70 family across many diverse

phyla. All HSP70 proteins studied so far contain two main domains; the N-terminal
domain is the most conserved and includes a high affinity ATP-binding site, whereas the
C-terminal domain 1s less conserved and is responsible for binding substrate polypeptides

(Parsell and Lindquist, 1993; Sanders, 1993).

The glucose-regulated protein GRP78 is usually classified as a member of the HSP70
family, due to its structural similanty to HSP70s. In particular, the N-terminal domain
of GRP78 corresponds to the ATP-binding domain common to HSP70 protcins. GRP78s
are abundant and constitutively expressed proteins, whosc synthesis is modecrately

stimulated by mild heat shock. However, under conditions of glucose depriviation their
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synthesis is greatly enhanced, and they are therefore called GRPs. A large list of GRP78
inducers has been documented, including agents interfering with glucose utilization (e.g.
insulin, glucosamine, 2-deoxyglucose, and long term anoxia) or causing Ca*™*-depriviation
(e.g. calcium ionophore A23187, EGTA, and low pH), but some of them are also typical
inducers of HSPs (heavy metal ions such as Cd™ and Zn"*, amino acid analogs, and heat)
(Lindquist and Craig, 1988; Morimoto et al, 1990; Nover, 1991b). GRP78s of vertebrates
were found to be associated with aberrant proteins in the ER. It is now known that they
function to stabilise polypeptide subunits on their way to maturation and assembly into
multimeric protein complexes, as in case of immunoglobulin IgG heavy and light chains

(Welch, 1991). It should be noted that this protein was previously described as BiP,

because of this latter function (Lindquist and Craig, 1988; Flyn et al, 1991).

(iii) The HSP60 family

The HSP60 family is a relatively new class of mitochondrial HSPs, compared to the other

three classes. Members of this protein family are found in the cytosol of E.coli (where
they are known as GroEL) and related bacteria, and also in the mitochondria and

chloroplasts of eukaryotes (Lindquist and Craig, 1988; Cheng et al, 1989; Vierling, 1991;

Welch, 1991; Parsell and Lindquist, 1993).

As a molecular chaperone, HSP60 (or chaperonin-60) binds to target proteins to facilitate
protein folding and assembly. However, unlike HSP70 which binds to target proteins as
a monomer, the chaperonin-60 forms an oligomeric complex comprising seven 60 kD

subunits (Welch, 1991; Georgopoulos and Welch, 1993). As in case of HSP70s, HSP60s



have also an ATPase activity that increases with temperature, and the binding of ATP
induces a major conformational change in the structure of the oligomer (Nover and

Scharf, 1991; Parsell and Lindquist, 1993). The chaperonin functions of HSP60 are strongly
dependent upon another heat inducible protein, HSP10 (known as GroES in E.coli, or
chaperonin-10 in eucaryotic mitochondria and chloroplasts) which also forms a homo-
oligomeric complex (Georgopoulos and Welch, 1993). More recently, two novel members
of the chaperonin-60 family have been discovered; one is a heat-inducible protein called
TF55 found in the thermophilic archaebacterium Sulfolobus shibatae, while the other is a
non-heat inducible, eukaryotic cytoplasmic protein called TCP1, which is involved in

mitotic spindle formation (Sanders, 1993).

(iv) The LMW HSP family

Unlike the three large HSP families described above, the multiplicity of LMW HSPs is
much more variable between different organisms. A compiled list of LMW HSPs from a
wide range of organisms showed that this protein family is more species-specific and less
highly conserved than the other major HSP families. The LMW HSPs are found in
prokaryotes and in eukaryotic cytosol, as well as being abundant in plants (found mainly in
endomembrane systems and chloroplasts) (Nover and Scharf, 1991). It is also interesting
to note that all members of this protein family examined to date are found to be related to
a-crystallin proteins of the vertebrate eye, and share the ability to form multimeric higher

order structures (Hockertz et al, 1991; Horwitz, 1992; Parsell and Lindquist, 1993).
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(v) The ubiquitin family

Ubiquitin is a highly conserved LMW HSP comprising only 76 amino acid residues (7 kD).
It is synthesised as a polyprotein referred to polyubiquitin, consisting of tandem repeats of
the ubiquitin unit. In most organisms studied so far, small multigene families code for both
the constitutively expressed and inducible ubiquitin proteins. Under heat shock conditions,
enhanced synthesis of this protein provides an increased capacity for the turnover of
severely damaged proteins along nonlysosomal pathways, and complements lysosomal
degradation and stabilization activities of chaperonin-60 and HSP70 (Lindquist and Craig,

1988; Schlesinger, 1990; Vierling, 1991; Jentsch, 1992; Jungmann et al, 1993; Sanders,
1993). Interestingly, although this protein is characterized as heat inducible in many

eukaryotes, polyubiquitin genes in C.elegans are not induced by heat shock (Nover and

Scharf, 1991).

1.3.3 Conservation of HSPs

In previous sections, we have discussed the major HSP families and showed that these
protein families are found in an extraordinarily diverse array of organisms. The high degree
of conservation among members of most major HSP families is well established. Evidence

for the conservation of HSP family members is generally derived from sequence

comparisons and immunological data.

Amino acid sequence analysis of HSP90 proteins from diverse organisms has revealed

that even the most distantly related eukaryotes have 50% amino acid identity and all have
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greater than 40% 1dentity with the E.coli homologue HtpG. In all eukaryotes, a region

of extremely high negative-charge density is located at the same relative position in the
HSP90 chain, although E.coli HtpG is missing this segment. However, all HSP90s,
including the E.coli protein, contain another smaller conserved region towards the C-
terminal. In fact, the C-terminal regions of these proteins are generally the most diverse,
but the last four amino acids are the same in all eukaryotes. Moreover, HSP90s from a
variety of sources have been shown to bind ATP, although they possessed very different

levels of ATPase activity in different organisms (Lindquist and Craig, 1988; Parsell and

Lindquist, 1993).

The HSP70 family, however, is the most highly conserved protein family studied so far;
a monoclonal antibody to the Drosophila HSP70 cross-reacts with constitutive and/or HS-
induced members of the HSP70 family in sea urchin, nematode, chicken, human and
plant cells. Moreover, anti-DnaK antibodies can detect the mitochondrial HSP70 in human,
HSP78 in pea chloroplasts, and DnaK-like proteins in algal chloroplasts and mitochondria
(Nover and Scharf, 1991). In the C-terminal portion of eukaryotic HSP70s, a highly
hydrophobic but poorly conserved sequence contains upto 50% glycine residues. This
sequence ends with a more conserved oligopeptide of 9 aminoacids (markedly similar to
the conserved C-terminal sequence of the HSP90 family). Interestingly, these residues
have also been found in ER-localised HSP70s, where they appear to be partially
responsible for retention of the protein within the ER lumen (Nover and Scharf, 1991;

Gething and Sambrook, 1992; Gupta and Golding, 1993; Boorstein et al, 1994). Studies

have revealed further biochemical similarities between related HSP70 proteins from a

single organism, as well as among HSP70s isolated from diverse organisms; for example,



all HSP70s and related proteins bind ATP with high affinity (Lindquist and Craig, 1988).
It appcars that all of the HSP70s studicd to date fold into two domains. The N-terminal
domain is the most highly conscrved and contains a high affinity ATP-binding sitc,
whereas the C-terminal domain is less conscrved and is responsible for binding substrate
protcins and polypeptides. This organisation suggests that all HSP70s sharc a common

mcchanism for utilising encrgy from ATP while recognising a wide varicty of substratcs

(Welch, 1991; Gething and Sambrook, 1992; Parscll and Lindquist, 1993).

More recently, Boorstein et al (1994) have analysed the nucleotide sequence of 36 HSP70
family members from 25 prokaryotic and eukaryotic species, and have found that protcins
from the most distantly rclated species share at least 45% identity. Morcover, cach group

of evolutionanly similar proteins shares a common intracellular localisation and thus is

presumed to be comprised of functional homologucs. These protein groups include the
HSP70s of cytoplasm, ER, mitochondria and chloroplasts. The authors further
demonstratc that cukaryotic HSP70s, localised in the cytoplasm and ER, sharc
approximatcly 50% identity with HSP70s both from prokaryotes and from eukaryotic
organelles of endosymbiotic prokaryotic origin (i.c. mitochondria and chloroplasts).

Members of individual eukaryotic subgroups were found to be more similar to each other,

particularly those in the cytoplasm which share at lecast 71% identity (sce also Nover and

Scharf, 1991).

Bacterial GroEL and HSP60s 1n the mitochondria and chloroplasts of cukaryotes all share
é
approximately 60% aminoacid identity. Most also sharc a common oligomeric structurc

comprising two seven-membered rings, while the mitochondrial HSP60 forms a single
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seven-membered ring. Like the HSP90 and HSP70 families, HSP60 also has ATPasc

activity (Welch, 1991; Parsell and Lindquist, 1993).

Conservation among small HSPs has also been reported; although the LMW HSPs are
divergent in sequence, they are conserved in their structural properties, and
charactenistically form highly polymeric structures (Lindquist and Craig, 1988). The amino
acid sequences of 23 small HSPs from diverse organisms including yeast, nematode, human
and plants were compared, showing that this protein family is the least conserved among
the major HSP families; they can be recognised by limited amino acid identity (15-20%),
and a conserved hydrophobic sequence element near the C-terminal. Interestingly, the

vertebrate a-crystallins contain a structurally related domain (Hockertz et al, 1991; Nover

and Scharf, 1991; Parsell and Lindquist, 1993).

1.4 OTHER INDUCERS OF HEAT SHOCK (STRESS) RESPONSE

Following the discovery of heat shock-induced changes of gene activity by Ritossa, and

the finding of HS-induced protein synthesis by Tissieres and co-workers, a bewildering
multiplicity of chemical stressors has been found to induce similar effects, initially with
Drosophila salivary glands, but soon also with vertebrate, yeast, plant, bacterial and other
systems. Therefore, Hightower and White in the early 1980's suggested that HSPs be
renamed cellular-stress proteins(SPs) to acknowledge the fact that a wide variety of
stressors induce them (Hightower, 1993). The heat shock response is now regarded as one
example of a number of inducible cellular response systems which involve the synthesis

of new proteins that protect against environmental stresses. One such related response
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involves the induction of GRPs (sce scction 1.3.2 for further description of this system).
Both HSPs and GRPs arc subscts of related stress proteins. There arc also other types of
SP which arc not hcat-inducible, such as metallothioncins, heme oxygenase and
cytochrome P450. The usc of both heat-inducible and non-hcat inducible stress proteins
in cnvironmental biomonitoring has been already discussed in section 1.2.1. This scction
will focus only on the induccrs of hecat-inducible stress proteins which arc listed in Tablc
1.2. It should be noted that this list of HSP inducers is bascd on thosc mainly compiled
and discusscd by I'\Tovcr (1991a) and Sanders (1993; this latter study mainly focusscs on

cnvironmentally relevant contaminants acting as inducers in aquatic organisms).

Table 1.2 Inducers of heat-inducible stress proteins

- Oxidising agents and drugs affecting
respiration and encrgy mctabolism;

Anoxia and rccovery
Antimycin A

Arsenate (10mM)

Arsenite (10-100 M)
2,4-Dinitrophenol (0.1-1 mM)
H,0, (0.05-1mM)
Hydroxylamine (10 mM)

Anion transporters;

4-Acetamido 4'-isothiocyanostilbene 2,2’-disulfonate (100 uM)
Niflumic acid (100 pM)

Flufenamic acid (100 pM)

K*-ionophores;

Dinactin (0.1-1 uM)
Valinomycin (10 uM)
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Transition scrics metals:

Cd™ (10-100 uM)
Cu® (0.1-1 mM)
Hpg* (10 pM)
Zn* (0.1 mM)

Chelating drugs;

8-Hydroxyquinoline
o-Phenanthroline
Salicylate (10 mM)

Sulphydryl rcagents;

n-Ethylmaleimide (50 pM) (Cajone and Crescente, 1992)
Diamide (0.3 mM)
Iodoacetamide (10 pM)

Amino acid analogs;

Azetidine-2-carboxylic acid (5 mM)
Canavanine (0.1-1mM)
p-Fluorophenylalanine (0.2 mM)
B-Hydroxyleucine
o-Methylthreonone (3 mg/ml)
Histidinol

Inhibitors of gene expression;

Chloromphenicol (1 mM)
Gentianamycin (2 mg/ml)
Paromomycin (1 mg/ml)
Tetracycline
Cycloheximide (10 ng/ml)

Drugs affecting membrane structurc;

Ethanol (2-6%)

propanol

Butanol

octanol

Lidocaine

Digitonin, Saponins, Triton-x-100, Nonidet P-40
SDS (Adamowicz et al, 1991; Bradlcy, 1993)
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Steroid hormones:

Ecdystcrone (1 uM)
Hydrocortisonc
Mcthyltestosterone (10 pM)

Infection with DNA viruscs:

A-phage

Adcnovirus

Herpes simplex virus
SV 40

Teratogens, carcinogens, mutagens;

Sodium arsenite (50 uM) (Honda et al, 1992)
Coumann (0.1-1 mM)

Diphenylhydantoin (0.1-1 mM)

Tolbutamide (0.1-1 mM)

Dicthylnitrosaminc

2-Acctylaminofluorcne

Methylmethane sulfonate (200 pg/ml)

Organometallics;
Tributyltin (Zhang and Liu, 1992; Steinert and Pickwell, 1993)
Organics and pesticides;

Organophosphate (Diazinon)
Organochlorine (Lindanc)
Paraquat (Stringham and Candido, 1994)
Thiram

Carbamate molluscicide
Benzene
1-Chloro-2,4-dinitrobenzenc
2.4-Dichloroantline
Hexachlorobenzene
Pentachlorophenol
Trichlorocthylene
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Other induccrs;

Abnormal protcins (Ananthan et al, 1986)
Ether

Hemin (erythroid cells)

High pH (pH 8.7)

Cationic polyamide epichlorhydrin, resin acids (Bradley et al, 1994)
Low pH (pH 35.5) (Khandjian, 1990)

Calcitonin

Prostaglandins (Santoro et al, 1990)

Yitamin B-6

UV irradiation

Cold shock

Nicotinc

Note: Data in this table have been sclected from Nover, 1991a and Sanders, 1993, unless
otherwise stated. The concentration range of the chemical stressors given may represent

the dose response 1n various systcms, and for some, it may be much higher than would
be present in the environment.

For most of the listed chemical stressors, specific characteristics such as the rapidity of
the response and the level of induction appcar to be stressor specific and probably
represent conscquences of the mechanism of toxicity for each contaminant. It is well
known that regulation of the synthesis of heat shock proteins is decpendent on the
presence of damaged or denatured proteins in cells. The induction of stress-inducible
HSPs is mediated by the activation and binding of the heat shock factor (HSF) to arrays
of heat shock elements (HSEs) in the regulatory promoter region of the HSP gene. It is
therefore suggested that the induction of HSPs by all these chemical stressors requires
both the activation of HSF and the presence of the HSE. This has been demonstrated by
a number of studies; for example, dcletion of HSEs from HSP gene constructs climinatcs
their inducibility by stress, and diffcrent types of chemicals can increase the binding of
the HSF to HSEs (Nover, 1991a; Hightower, 1993; Sanders, 1993; sce also scctions

1.6.2 and 1.6.3 for further details). In the following scctions, the heat shock response will
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often be referred to as the cellular stress response, and the heat-inducible stress proteins
as stress proteins; both terms are o be preferred because of their wider applicability.
Induction of the ccllular stress response by chemical stressors is usually slower than
induction by heat shock, which may reflect the fact that damage to proteins by heat shock
occurs morc rapidly than damage by the chemical stressors. The recason for this is
becausc the effects of chemicals are dependent on their biological availability, uptake,
and mechanisms of toxicity. The ability of chemicals to induce a stress responsc has been
found to differ considerably between species, and this has been attributed to functional
differences in physiology. Furthermore, the dose response range for stress protein (SP)
induction depend in part on the ability of the test species to exclude, scquester, or
detoxify chemical toxicants, as well as on tissuc specificity, developmental stage, and

reproductive state (Sanders, 1993).

1.5 FUNCTIONS OF HEAT SHOCK (STRESS) PROTEINS

Heat shock or stress proteins (SPs) have been implicated in several important cellular

processes. SP levels have been manipulated by generating deficiency mutants or
trangenics that are overexpress particular SP genes. The biochemical characterisation of
SP responses in normal, mutant and transgenic lines under both normal and stressful
conditions has led to an enormous volume of literature concerning their cellular functions.

This scction will briefly discuss the well characterised functions of the major SP familics.
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1.5.1 The chaperonin functions of stress proteins in protein folding,

assembly and translocation

Protein folding in vitro has been demonstrated to be a spontaneous process dictated

primarily by the linear sequence of amino acids present within polypeptides; a denatured
enzyme can refold into its native conformation in the absence of other proteins, but
spontaneous refolding is frequently inefficient in comparison to that observed in vivo.
Recent studies have revealed that appropriate folding requires a class of proteins referred
as molecular chaperones. A number of chaperones have been identified, and most were
found to be heat heat shock or stress proteins (Welch, 1991; Gething and Sambrook, 1992).
This class of proteins comprises both constitutively expressed and stress-induced members
of all major (H)SP families. The constitutively synthesised chaperone proteins, often termed
heat shock cognates (HSCs), play an important role in regulating protein homoestasis in
cells under normal physiological conditions, and they seem to serve many functions that
stem from their ability to recognise and modulate the state of folding of polypeptides. The
chaperone proteins have been found to (1) modulate protein folding/unfolding, (ii) facilitate
assembly/dissasembly of oligomeric structures, and (iii) direct translocation of polypeptides
into appropriate cellular compartments. Under stressful conditions, however, the levels of
molecular chaperones greatly increase to take on new but related roles (Parsell and
Lindquist, 1993; Sanders, 1993). We will limit the discussion to the chaperonin functions

of SPs 90, 70 and 60 which all have distinct cellular functions under both normal and

stressful conditions.
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(1) SP70 chapcrones

SP70 chapcrones are well known to bind to small peptides, to nascent chains on
polysomes, to protcins that have been targeted to the wrong compartements, 1o certain
protcin subunits that arc cxpressed in the abscnce of their partners, and to certain
oligomcric proteins that arc in the process of assembly or disassembly. When binding to
these substrates, SP70s participatc in a number of protein folding/unfolding,
asscmbly/disasscmbly and translocation processes. The role of SP70s in such processes
is mediated by their binding to hydrophobic surfaces of proteins, preventing them from
folding incorrectly and stabilising target proteins in a fully or partially unfolded state. The
hydrolysis of SP70-bound ATP was shown to promote the release of the substrate
allowing 1t to continue folding, transport, or assembly (Schlesinger, 1986; Sadis and
Hightower, 1992; Parsell and Lindquist, 1993). SP70 members implicated in these
processes include:- in E.coli, DnaK; in ycast, the cytosolic proteins SSA1 and SSA2, the
ER protein KARZ, and the mitochondrial protein SSC1; in mammalian cells, the cytosolic
proteins HSP72 and HSC73, the ER protein GRP78 (also known as BiP), and GRP75
which is present in mitochondria or chloroplasts (Lindquist and Craig, 1988; Vicrling,

1991; Welch, 1991; Gething and Sambrook, 1992; Georgopoulos and Welch, 1993).

SP70 chapcrones under heat shock (stressful) conditions. Both constitutively expresscd

HSC70s and heat-induced HSP 70s migrate from the cytoplasm to the nucleus where they

associate with polypepudcs that form insoluble complex at the incrcased temperatures

(Velazquez and Lindquist, 1984; Miller, 1989; Bensaude et al, 1990; Kabakov and Gabai,
he

1993). Subscquently, these proteins also migrate lo‘l nuclcolus to associate with partially

assembled pre-ribosomes. It should be noted that the functional distinction betwceen
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HSP70 and HSC70 is unclear (Welch, 1990; Vierling, 1991; Gething and Sambrook, 1992).
SP70s under normal conditions. Some cytosolic forms of SP70s interact with the growing
polypeptide chains emerging from ribosomes (Miller, 1989; Nelson et al, 1992), preventing
premature aggregation, whilst others are needed for the actual transport of polypeptides to
their corresponding compartments; compartment-specific SP70s bind to these transferred
unfolded polypeptides as they enter their destination compartment (Welch, 1991). The
constitutively expressed HSC73 may bind to nascent secretory precursors (e.g.
immunoglobulins) before they fold, maintaining them in a translocation competent state
before membrane penetration into organelles (Pfanner, 1990). For example, the GRP78 or

BiP is abundantly present in ER and its synthesis can be further induced by the
accumulation of secretory precursors such as immunoglobulins and glycoproteins in ER

(Hightower, 1991). It is sugg;sted that BiP plays a role in folding and assembly of newly
synthesised proteins in ER and translocation of these proteins across ER (Welch, 1990;

Nandan et al, 1990; Flynn et al, 1991; Gething and Sambrook, 1992).

Similarly, cytosolic HSC70s transfer unfolded mitochondrial proteins (encoded by nuclear
genes) to mitochondrial HSP70s which probably pass at least some of these polypeptides
onto HSP60 (chaperonin 60)/ chaperonin 10 for folding or assembly into oligomeric
structures (Parsell and Lindquist, 1993). Chaperoning of newly synthesised proteins in

eukaryotic cells, and of damaged proteins in stressed cells by SP70 and chaperonin 60 is

illustrated in Figure 1.1.
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Figure 1.1 Cellular location and the proposed chaperoning functions of HSPs
(A) Chaperoning of newly synthesised proteins in normal eukaryotic cells.
(B) Chaperoning of damaged proteins in stressed cells. ER, endoplasmic

reticulum; Mt, mitocondrion; Nc, nocleolus; Nu, nucleus; Polys, polysomes

(from Hightower, 1991).

(ii) Chaperonin 60 (SP60/GroEL)

Members of chaperonin 60 family have been found in many prokaryotes (GroEL) and
in eukaryotic organelles such as mitochondria and chloroplasts, as well as recently

identified cytoplasmic counterparts (Cheng et al, 1989; Gatenby et al, 1990; Vierling,
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Unlike SP70 chaperones, which bind to target proteins as a monomer, chaperonin 60 forms
an olgomeric complex. It is widely believed that polypeptides bind to chaperonin in a
conformation different from that of SP70s (Gething and Sambrook, 1992). Under normal
conditions, this oligomeric complex binds to incomletely folded proteins and direct the
folding of proteins to the correct conformation in a specific ATP-dependent fashion, as well

as preventing aggregation of nascent proteins until they are competent for oligomer

assembly.

- l;.

onditions. The synthesis of chaperonin 60s also increases during

110G L
stress, and these protein s also take on an additional role in protein repair and refolding.

Increased levels of SP60s can also protect cells against protein denaturation and
aggregation. However, unlike SP70s, they cannot break up existing aggregates (Sanders,

1993).

(iii) SP90 chaperones

The functions of SP90 chaperones, by contrast, appear to be more specific and diverse, as

compared to the other two major classes of chaperone above.

SP90s under normal conditions. This class of proteins modulates many cellular activities

by binding to target proteins, forming an inactive or unassembled complex. These target
proteins include many protein kinases (such as casein kinase II and the haeme-controled
elF2« kinase), several nuclear hormone receptors (e.g. those for glucocorticoids, ostrogen
and progesterone), and components of the cytoskeleton (actin and tubulin) (Schlesinger,

1986; Rose et al, 1987; Lindquist and Craig, 1988; Hightower, 1991; Sanders, 1993). For

instance, constitutively expressed SP90s bind to transmembrane kinases after synthesis,

’
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forming inactive complexes, until they reach their appropriate destination, after which they
are phosphorylated and their kinase domains activated (Lindquist and Craig, 1988). This
protein group also functions to inhibit the activation and translocation of steroid receptors
into the nucleus in the absence of ligand. Binding of steroid hormone promotes dissociation
of SP90 from the complex and results in the transformation of the receptor into an active
transcription factor. The binding and release of target proteins by SP90 chaperonins are not
well understood, although their weak ATP-binding propertics have been repeatedly
demonstrated. Little is known about the chaperonin functions of GRP94 which is present
abundantly in ER. Like GRP78, it is also induced by accumulation of unfolded proteins in
the ER, suggesting that it may function with BiP to assist the assembly of nascent
polypeptides (Gething and Sambrook, 1992; Georgopoulos and Welch, 1993; Parsell and
Lindquist, 1993). Although SP90 members have been found in association with other SPs,

suggesting some role in a "superchaperone” assembly (see also next section), their relevance

to stress-related phenomena is not well understood.

One of the most recent developments in the analysis of small (LMW) SPs is that they too

display elements of chaperone function in vitro. Unlike other SPs, the formation of stable
complexes between small SPs and protein substrates has not been reported, and their

chaperonin activities also seem to be independent of ATP. Vertebrate lens a-crystallin is

related in structure and sequence to the small SPs, and has recently been shown to function

as a molecular chaperone (Horwitz, 1992).
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(iv) Cooperation between chaperone protein families

In most cascs, SP10 (bactcrial GroES) and ATP arc required for further folding of the
substrate protcin and relcasc from chaperonin 60 (or GroEL; Parscll and Lindquist, 1993).
It has recently been shown that in E.coli, the genes for GroEL and GroES are located in
the same opcron; both proteins together form an oligomeric complex (a chaperone
machin¢) which is involved in the oligomerisation of other proteins (Georgopoulos and
Welch, 1993). As previously mentioned, cooperation between SP70 and chaperonin 60
is thought to occur during polypeptide import and subscquent protcin folding and
oligomersation in mitochondria in vivo (Pfanncr, 1990). Theeinteractions between SP70s
and DnalJ-like proteins are also known to take place in vitro. Therefore, it is suggested
that DnaJ, SP70 (DnaK) and chaperonin 60 (GroEL) work together to provide a pathway
for protein folding (Gething and Sambrook, 1992; Gceorgopoulos and Welch, 1993:
Parscll and Lindquist, 1993). In E.coli, it has been further shown that DnalJ and GrpE
serve as rcgulatory factors to modulate the chaperone activity of DnaK (Gamer et al,
1992; Cyr et al, 1994). Interestingly, recent evidence demonstrates that associations

between SPs 90, 70 and 60 may exist during the assembly of the progestcrone hormone

receptor complex. Indeed, these three proteins may together constitute a functional

~ "super-chaperone machine” (Perdew and Whitelaw, 1991; Parsell and Lindquist, 1993).

1.5.2 The function of stress proteins in degradation of damaged proteins

We have already discussed how the major SPs function as molccular chaperones to form
complexes with nascent polypeptides under normal conditions, or with protcins that

become misfolded or unfolded during stress, hence rescuing these proteins from
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aggregation, irreversible damage and degradation. But not all damaged proteins can be
chapcroned and rescucd in this way, and it is well established that stressed cells can
activate scveral componcents of a proteolytic degradation system to help cope with the
stress. This enzymatic pathway cxists in all prokaryotic and cukaryotic organisms. The
dcgradation of damaged protcins in these organisms is rapid, and helps to (1) reduce the
possibility of deleterious intcractions between these polypeptides and functional proteins,
(2) prevent the formation of insoluble protein aggregates, and (3) relcase the aminoacids
and peptides contained in nonfunctional polypeptides for synthesis of ncw proteins

(Schlesinger, 1990; Kabakov and Gabai, 1993; Parsell and Lindquist, 1993).

(a) Turnover of aberrant proteins in prokaryotes

In E.coli, the cytosolic degradation of abnormal proteins is accomplished by two
proteases, namcly Lon (94 kD stress protein) and Clp protcases (Lindquist and Craig,
1988). Both of these enzymes employ the encrgy of ATP hydrolysis in protein
degradation. As discussed in scction 1.3.1, Lon protease-like proteins arc found in many
other prokaryotcs, and represent a novel class of scrine proteases. Lon plays two
important roles; one 1s a "specific” role in catalysing the turnover of some key regulatory
proteins, the other is a "general” role in promoting the degradation of abnormal proteins.
Besides Lon, other SPs such as DnaK, Dnal, GrpE and GroELJ/ES arec shown to be
important for the ability of E.coli to degrade abnormal proteins. It has been suggested
that these SPs promote intracellular proteolysis in two different ways, both of which
employ their ability to function as chaperoncs; they cither interact directly with protcase

complexes where substrates are maintained in a protease-sensitive conformation, or clsc
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they function scparatcly from the protcases by preventing the aggregation of unfolded
proteins, so increasing the concentration of susceptible substrates, and thereby indircctly

promoting protcolysis.

Expcriments show that the degradation of 50% of abnormal proteins is accomplished by
Lon protcasc, and 15% by Clp proteases. Clp protcasc is a 750 kD hetero-oligomer
composcd of two unrclated subunits which belong to distinct, highly conserved protein
families containing both prokaryotic and cukaryotic members. The Clp family is also
referred to as SP100 family. SP104 in S.cerevisiae is a2 well known member of this

protcin family (Parscll and Lindquist, 1993).

(b) Turnover of abnormal proteins 1n cukaryotes

Many proteins degraded in the eukaryotic cytosol are proteolysed by the ubiquitin-
dependent system. The presence of ubiquitin seems to be restricted to eukaryotes as no
related protein family has been found in bacteria (Jentsch, 1992). A complex sct of
enzymes degrades not only abnormal proteins, but also a number of important short-lived
regulatory proteins. Increascd levels of ubiquitin during stress reflect an increased
demand for removal of damaged proteins. The role of ubiquitin itsclf in proteolysis is to
serve as a tag marking out substratcs to be degraded (Schlesinger, 1986; 1990; Miller,
1989; Vierling, 1991; Jentsch, 1992). As shown in Figure 1.2, the ubiquitin-dependent
degradation pathway involves scveral steps. First, ubiquitin is activated by attachment to
El enzyme (ubiquitin activating enzyme) in an ATP-dependent rcaction. Sccond,

activated ubiquitin is then transferred to E2 proteins (ubiquitin conjugating enzymcs).
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Third, the E2 enzymes catalysc the transfer of ubiquitin to a lysine residuc on the protcin
to be degraded. For some substrates, the action of an additional enzyme, E3 (ubiquitin
protein ligase) is required for substrate recognition. Following the first attachment of a
single ubiquitin molecule to the substrate, ubiquitin itsclf is prone to further
ubiquitinations (multiubiquitination). Finally, the damaged protein is targeted for
degradation by a multi-subunit ATP-dependent protease (26S protease) or proteasome

(Hershko, 1988; Lindquist and Craig, 1988; Schlesinger, 1990; Jentsch, 1992; Jungmann

et al, 1993; Parscll and Lindquist, 1993).

Amino Acids
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Figure 1.2 Enzymatic pathway for ubiquitin-dependent proteolytic degradation in
cukaryotes. El, ubiquitin activating enzyme; E2i, ubiquitin conjugating
enzymes; E3, ubiquitin protein ligase; Ub-PR, mono-ubiqutinated protein; PR-

UBn refers to polyubiqutinated protein (modified from Schlesinger, 1990).

Although polyubiquitin genes are charactenized as heat inducible in many eukaryotes,

thesc genes in C.elegans are not induced by heat shock (Nover and Scharf, 1991).
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Interestingly, the ycast ubiquitin conjugating ecnzyme (UBC7) is induced by cadmium, but
again not by hecat shock (Jentsch, 1992). Morcover, the levels of ubiquitin conjugating
cnzymes have been shown to increase in chicken embryo fibroblasts exposed to heat,
organic solvents, and oxidants (Schlesinger, 1990). Jungmann et al (1993) has recently
shown that the ubiquitin-dependent proteolysis pathway in yeast is activated in responsc
to cadmium, and mutants dcficicnt in the conjugating enzyme, UBC7 or 268 protease
(also known as protcasome) arc hypersensitive to cadmium, suggesting that cadmium
resistance is mediated in part by degradation of abnormal proteins. E3 cnzyme targets
certain proteins for ubiquitin-dependent degradation. It is also belicved that cukaryotic
SPs with chaperonin functions might scrve in an E3-like capacity, and both compete to
bind to unfolded proteins. It 1s intcresting to note that mammalian 26S protease shares

weak homology with an E.coli Clp protein member in the ATP-binding region

(Schlesinger, 1990; Parscll and Lindquist, 1993).

Ubiquitin-dependent protein degradation appears to function in the stress response in

two ways: first, somc of the key rcactions in this pathway are catalysed by heat-inducible
proteins; sccond, the ubiquitin system appears to be responsible for much of the turnover
of cukaryotic stress-damaged polypeptides (Parscll and Lindquist, 1993). Ubiquitin is
known to be involved 1n the nonlysosomal degradation of severcly damaged intracellular
protcins through a well defined pathway. However, a large fraction of proteins arc
degraded in a non-sclective manncr 1n lysosomes (Jentsch, 1992; Sandcrs, 1993). It is
speculated that ubiquitin conjugation may also participate in lysosomal functions (Jentsch,
1992). A similar partial role has also been suggested for a constitutive member of the

SP70 family, which apparcntly binds to long-lived protcins containing a specific
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scquence, and thus targets them to lysosomes during starvation. Although protcolysts in
ER is not well understood, damaged proteins arc rapidly protcolyscd in this compartment,
and BiP may be involved in this process, as BiP is shown to incrcasc in responsc to heat
shock and to the presence of unfolded proteins in ER (Parscll and Lindquist, 1993). It
should be also noted that SP70 1tsclf has been reported to have protease activity (Mitchel

et al, 198)).

1.5.3 Stress protein functions in stress resistance and thermotolerance

Acquircd thermotolerance 1s a phecnomenon  whereby a mild conditioning temperature
confers tolerance to subscquen