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Abstract. The cellular stress responses of most organisms ir1988; Ryan and Hightower 1994), can all induce the synthesis
part involve the induction of a class of proteins called heatof HSPs that act to prevent protein aggregation and to maintain
shock or stress proteins (HSPs) as a result of damage tnctional conformations. A wide range of organic compounds,
existing proteins. Cellular proteins can be damaged by chempurportedly causing cellular oxidative stresses, may also in-
ical exposures known to induce various HSPs. In these expeduce HSP level changes in many organisms (for review see
iments, we examine the HSP responses of muddgtilus  Feder and Hofmann 1999). The recovery from heat shock and
galloprovinciali§ and abaloneHaliotis rufescengtissues to  other stress events requires the protein folding abilities of HSPs
both thermal and chemical exposures. HSP70 isoformsn all eukaryotes (Feder and Hofmann 1999).

HSP60, and HSP90 all show varying induction capabilities. Members of the HSP70 and HSP90 stress protein families
The results demonstrate that the extent of stress exposure é&@d possibly others) are also involved in the stabilization of
both a time- and dose-dependent phenomena can be ascertairsiiferent types of intracellular receptors. For instance, both
by examining changes in mollusc HSP protein levels. We als¢1SP70 and HSP90 are required for stable steroid hormone
examined the relationship between HSP induction and levels gfeceptor complexes (Hutchinsehal. 1994). HSP90 also binds
amussel cytochrome P450 (CYP4Y1) mRNA in dose-responsto and stabilizes the aryl hydrocarbon receptor protein in a state
experiments with the products of biologically degraded weathcapable of interacting with its substrates (Whitelat al.
ered crude oil. The increases in HSP70 isoforms and HSP99995).

were correlated with decreases in CYP4Y1 expression levels in In this study, we examine the effects of temperature stress
a dose-dependent manner. HSP responses may therefore b@ng various chemical treatments on the stress protein responses
valuable part of a suite of biomarkers in biomonitoring for of juvenile abalonetfaliotis rufescenp We also examine adult

hydrocarbon exposures in nearshore environments. mussel Mytilus galloprovincialiy stress protein and cyto-
chrome P450 mRNA levels in response to both thermal stress

and exposure to the microbial degradation products of weath-
ered crude oil. Products of such microbial processes appear to

. . be more toxic to a diverse array of aquatic organisms including
The major responses of organisms to acute heat shock (ar?qysid larvae and shrimp embryostysidopsis bahiandPal-

other physica_ll s_tressors) are W_eII known to involve changes i amonetes pugidviddaughet al. 1998), embryonic and larval
gene transcription and translation of heat shock or stress prayerring Clupea pallasi Sheltonet al. 1999), and inland sil-

teins (HSPs). HSPs are coded for by a small set of heat shoglg(sjdes fienidia berylling Middaughet al. 1996).
genes that show elevated transcription during periods of stress

in organisms, ranging from bacteria to humans. Many organ-
isms exhibit increased production of multiple classes of stres
proteins: HSP90 (85-90 kDa), HSP70 (68—-72 kDa), HSP6
(GroEL, 60 kDa), and a low molecular weight series of HSPs
20-30 (20-30 kDa) (Feder and Hofmann 1999). Organisms and Chemicals
HSPs act as molecular chaperones, promoting the initial
folding of other proteins at the ribosome and the refolding ofAdult mussels (15 g wet weight; 98 7 mm length) M. galloprovin-
unfolded proteins when they are partially denatured (see recesialis, were obtained from Hog Island Oyster Company (Tomales Bay,
review in Nover and Scharf 1997). Environmental stressesCA). Juvenile abalone (2 g wet weight; 19 2 mm length), H.
such as changes in temperature (Hofmann and Somero 199%}‘!{35‘36”5""9[‘9 Obta'”ed_l fﬁmeO?ﬁgatsj_a Farms_(Bot()j_elglga (li%ay, gAé
: o ut were no longer available for the studies on microbially degrade
?_gg?l))(laa(nl?joﬂfttaf li.oigii)r;cseil'l?all%/oﬁez)gtfa?rllizrt a;:r? d Blg?gll?ell?” products. All :_;mimals were held in ambient sea water (13-15°C) at
’ he Bodega Marine Laboratory and fed either on raw seawater organ-
isms (mussels) or fresh kelp (abalone). The sea water from the Bodega
Bay area is considered “clean” (McCagt al. 1988), and animals in
these experiments are considered to have minimal contact with other
Correspondence tavl. J. Snyderiemail: mjsnyder@ucdavis.edu anthropogenic chemicals.
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All chemicals used were of the highest grade available. Phenobar- Discontinuous SDS gels (1 mm) were 6.2% for the stacking gel and
bital was from RBI (Natick, MA), heptachlor an@-naphthoflavone  12% for the resolving gel. After running f@ h at 150 V(BioRad
(BNF) were from Chem Service (West Chester, PA), and pentachloMiniprotean 1), SDS gels were electroblotted (BioRad Mini Trans-
rophenol was from Aldrich. Phenobarbital was chosen as a referencBlot) onto nitrocellulose membranes (fa h at 100 V). Theprotein
detoxification enzyme inducer in many species (Waxman and Azarofband quality of each Western blot was checked by visualization of
1992). BNF is a model hydrocarbon inducer of detoxification re- proteins by ponceau S staining.
sponses in many organisme.q§, Snyder 1998b). The cyclodiene The following antibodies from StressGen (Victoria, B.C.) were used
pesticide heptachlor is a persistent organic pollutant present in neate detect HSPs by Western blotting: mouse monoclonal anti-HSP60
shore marine environments and is known to induce aquatic inverte(SPA-805), mouse monoclonal anti-HSP70 (SPA-822), and mouse
brate detoxification responses (Snyder 1998a; Masters and Inmamonoclonal anti-HSP90 (SPA-830). The secondary antibody was goat
2000). anti-mouse 1gG, conjugated to peroxidase (Sigma), and visualization

Pentachlorophenol has been part of wood-bleaching operations awas performed using ECL reagents (Amersham) and exposure of blots
the U.S. West Coast and is a known toxicant to aquatic species such &s X-ray film. Blot band intensities were compared by laser-scanning
abalone €.g, Tjeerdema and Crosby 1992). For all exposure experi-densitometry and NIH image software. For each blot, known amounts
ments, control animals received only the carrier solution (0.025%of standard HSP60 (human HSP60, StressGen), HSP70 (human
2-methoxyethanol) without the added toxicant. All exposures wereHSP70, StressGen), and HSP90 (bovine HSP90, StressGen) were
done in the laboratory in static 1.5-L aerated seawater jars each wittcluded, and scanned intensities of all HSP bands were compared
one animal. Water was changed once per day (with toxicant if includ-against the intensities of the standards for each blot. The results are
ed). Digestive glands and muscle tissue were individually frozen incompared as HSP70 or HSP90 ng equivalents. Statistical comparisons
liquid nitrogen and stored at 70°C until analysis. of each treatment against respective controls were done utgsts or

In the last few years, investigators have shown that microbialANOVA followed by Student-Newman-Keuls multiple comparison
communities inhabiting sediments near natural oil seeps degrade crudests.
oil to products that are more toxic to aquatic species than the parent
compounds (Middauglet al. 1996, 1998; Sheltoet al. 1999). Me-
tabolites from microbial degradation of oil were obtained by the
methods of Middauglet al. (1998) using artificially weathered Santa Mussel Cytochrome P450 mRNA Levels
Barbara crude oil instead of Alaska North Slope crude (weathering
was accomplished by autoclaving the oil for 30 min). Eight liters of 1 Additional M. galloprovincialis were individually exposed to DO
pm-filtered sea water including 3.27 g/L of Bushnell-Haas broth concentrations (= 4 for each) of 0, 0.1, 1.0, or 5% (16.7 ppm) or a
(Difco) with 4% inoculum of a mixture of microbial mat organisms model hydrocarbo@N F (0.06 ppm or 0.33 ppm) for 24 h as indicated
from Coal Oil Point Seep sites and 0.2% weathered oil (w/v). Theabove. Digestive glands were dissected, and total RNA was prepared
culture was maintained at 18°C for 2 weeks with constant stirring withfrom each individual tissue using the Totally RNA procedure (Am-

a Teflon-coated stir bar and a magnetic plate. Prior to use in assaybjon). Thirty micrograms of each digestive gland RNA preparation
bacteria were removed by centrifugation and the supernatant (degraddetermined by Aq, absorbance measurements) was run on 1%-dena
ed oil, DO) was filtered to 0.45um. Mussels were individually turing agarose gels and blotted on to nylon membranes before fixation
exposed to different DO concentrations in static aerated 1.5-L jars, angy UV cross linking (Stratagene). Mussel CYP4Y1 cDNA (Snyder
digestive glands removed, frozen in liquid nitrogen, and stored atl998b) was®?P-labeled (Stratagene), and blots were all probed to
—70°C until analysis. Water-soluble components of the degraded oigether at 42°C in 50% formamide, 5x Denhardt's, 2x SSPE, 0.5%
have not been well characterized. They include 10-50- and 200-fol&DS, and 100uwg/ml denatured herring sperm DNA. Blots were
increases in neutral and acidic fractions, respectively (Middaagih washed last in 0.1x SSPE, 0.1% SDS at 60°C, and exposed to X-ray
1996) and the total water-soluble fraction is 20-fold higher in degradedilm for 2 days. Films were scanned and analyzed as indicated for
versus sterile cultures (Middaugt al. 1998). Western blots above. All mRNA levels are compared to those of
control (untreated) mussel digestive glands. Statistical comparisons
were made by ANOVA and Student-Newman-Keuls tests as indicated

. . . i ly.
Alterations in Stress Protein Levels previously

Levels of stress proteins were examined in response to various stress
exposures. The following physical and chemical stress conditions werResults
used: (1) One- hour heat-shock from ambient (14°C) sea water to 30°C
for juvenile abalone or adult mussels, followed by return to ambient
temperature for recovery. (2) Static sea water exposures (with constan

aeration and daily water with chemical or carrier changes) to individ- . ) . .
ual chemicals or carrier alone. The effects of various chemical treatments on abalone digestive

Tissue samples (mussel digestive gland, abalone digestive glan@land HSP70 levels are shown in Figure 1. As in mussels, three
abalone foot muscle) were homogenized in 0.5 ml (abalone tissues) dsands of 67, 70, and 74 kDa were recognized in digestive gland
1 ml (mussel digestive glands) of buffer K containing 5 mmol/L with the HSP70 antibody. Treatment with a variety of toxicants
NaHPQ,, 40 mmol/L HEPES, pH 7.4, 5 mmol/L Mggl70 mmol/L  for 24 h resulted in elevation of all three HSP70 bands.
potassium gluconate, and 150 mmol/L sorbitol). Homogenates of each Time course experiments with the chlorinated pesticide hep-
individual were ce_ntrlfuged 10 min 40,000 X g, and supernatants tachlor (Hc) are shown in Figure 2. HSP67 levels mirrored
were combined with equal volumes ok2SDS sample buffer (Lae- o0 ot 1iSP70 in digestive glands and are not shown. In
mmli 1970) _and boiled for 5 min. Determination of individual homog- igestive glands (Figure 2A), there was a significant elevation
enate protein content was by BioRad assay. Equal amounts of supeﬁj-g 9 9 . ! 9
natant protein from each individual (and tissue; 2§ of abalone g}dHrfol::?ir?c?ggslgstr?l?eT(;?J(rai;I;s:hiazefoerfdpgzl;/rﬁ% S)(SpF:)Ts?Jrlgv:r:il
muscle, 50ng abalone digestive gland, and mussel digestive
gland prote%r?) were ana|ygzed by %he fo||owing@Westem b|ogtting pro- steadily declined to control levels by day 5, 3 days of recovery.
cedures. HSP74 and HSP9O0 levels increased dramatically on the second

balone
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Fig. 1. Western immunoblot of
HSP70 protein levels in digestive
glands ofH. rufescendollowing
24-h xenobiotic exposures. The
position of human HSP70 protein
and the calculated sizes of aba-
Con Con He Hce lone HSP70 proteins are shown.
HSP70 Pb Pb Pc Pc kDa Con = control vehicle tre_ated
FR3En abalone; Pb= phenobarbital (1.4

e e SRS )
ppm); Pc= pentachlorophenol
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:E Fig. 3. Representative Western immunoblots of HSP70 and HSP90
100 - - protein levels in (A) muscle and (B) digestive gland of juveriile
- rufescendollowing 1-h heat shock (31°C) and the indicated recovery
0 - - times at 15°C. The positions of human HSP70 and HSP90 proteins are
1 2 3 4 5 shown
Time (d)

Fig. 2. HSP70 isoforms (HSP70 and HSP74) and HSP90 proteirreturned to control levels. HSP70 and HSP74 remained high at

expression levels following 1 day of heptachlor exposure (0.7 ppm4 days of recovery.

and 4 additional days of recovery in (A) muscle and (B) digestive A single HSP60 band was also found in all abalone digestive

gland of juvenileH. rufescensValues represent the mean of four §jand treatments (data not shown). The effects of DO concen-

determinations plus one standard deviation (as percentage of contrgloiion were less dramatic in abalone digestive gland than in

\Clgzlttr:(ljstreated abalone); asterisks indicate significant differences frorpnussel. DO concentrations of 1-5% and heat shock gave
HSP60 levels of 120% and 140% of control values, respec-

tively.

day of Hc exposure and remained significantly elevated until
day 5.
In abalone muscle, HSP70 was not significantly affected byMussel
Hc exposure except on day 3, 1 day of recovery from exposure
(Figure 2B). HSP74 and HSP90 were elevated by Hc andhree protein bands of 67, 70, and 74 kDa were recognized in
remained high until day 5. mussel digestive gland by the HSP70 antibody (Figure 5A,B).
Time course studies on the effects of single 31°C heat shockwo sets of DO exposure experiments were performed. Figure
on abalone digestive gland and muscle are shown in FigureSA shows the results of DO concentration and heat shock on
3—4. In digestive gland,t& h of recovery following the heat digestive gland HSP70 levels. There was no significant effect
shock, levels of HSP70 and HSP90 were significantly reducedn levels of the 67-kDa protein in the 24-h exposures. Levels
compared to untreated control abalone. At 24 h of recoverypf HSP70 and HSP74 were significantly reduced2ah of
both HSP67 and HSP70 were nearly absent, whereas HSPTdcovery following the heat shock (Figure 6A). Levels of both
was significantly elevated. At 48 h of recovery, HSP67 was stilithe 70- and 74-kDa proteins were significantly elevated by
reduced, but HSP70 and HSP74 remained high and HSP9fbncentrations of 0.01-5% DO and by 15 h after recovery
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40 I A have been largely ignored by most investigators. Generally,
mollusc HSP levels have been examined in mollusc gills (Hof-

mann 1999; Feder and Hofmann 1999) known to be thermally
labile (e.g, Hofmann and Someno 1996). Some workers have

EHSP70 examined mussel mantle or adductor muscle (Saneeed.

B HSP74 1992; Sanders and Martin 1993; Chapeleal. 1997), or oyster

L HSP9O hemocytes (Tirarcet al. 1995). Neither digestive tissues nor
foot muscle have been yet examined in any mollusc prior to
this study.

The magnitudes of HSP inductions in these experiments
were variable depending on HSP isoform.Nh galloprovin-
cialis, the major constitutive HSP70 isoform appears to be

15 = B HSP74 (Figure 5). HSP74 was inducible by heat shock but only
* several fold versus control samples. HSP67 was little changed
by heat shock, but elevated by several hundred fold within 1 h
of DO exposure. HSP70 was induced by heat shock or DO
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':zggi exposure to 5-15 times control values. Pdr rufescens
EHSPQO HSP70 appears to be the major constitutive isoform in both

muscle and digestive glands, although HSP74 was present in
many control digestive gland samples. Abalone tissues proved
less inducible (in the magnitude of HSP inductions with vari-
ous stresses). Reported HSP induction values for each of these
protein families (HSP60, HSP70, HSP90) in aquatic inverte-
brates range from zero to several hundred fold higher than

Fig. 4. H. rufescengA) muscle and (B) digestive glands HSP70 and found in controls (reviewed in Hofmann 1999; Feder and
HSP90 levels following 1-h heat shock (37°C) and the indicatedHofmann 1999).
recovery times at 15°C. HSP levels (pg/tissue protein) representthe ~ The HSP60 family of stress proteins is less well understood
mean of four determinations, bars represent one standard deviatidn terms of stress responses, especially in aquatic organisms.
from the mean, and asterisks indicate significant differences fromMembers of this family in eukaryotes are required for normal
control abalone mitochondrial functions in terms of importing proteins and
folding them into their proper functional conformations (Ryan
et al.1997). Results witi\M. galloprovincialisdemonstrate that
HSP60 may prove useful as an additional marker of stress

following 1 h of heat shock. The 1% DO concentration was . o .
chosen to perform the time-dependence of HSP70 inductio duced by exposure to hydrocarbons. HSP60 is increased in

(Figure 6B). Significant elevations (versus control levels) in a”mussel gills by heat stress (Sandetsal. 1992, Sanders and

HSP70 protein bands were noted within 4—8 h of exposure tﬁ/\gagrgh ézzgérgogﬁgrl\jgﬂfulrggég";igdlgslanier;mszndg? e in
1% DO. HSP70 and HSP74 were not further elevated after 8 ’ ! ), g Xposure |

- ntaminated field sites (Sanders and Martin 1993; Lundebye
afse;g;) sbl;rt(\a/\,/: ét: %liggntg%rghseemed to be a greater mcreasegﬁ al. 1997). Elevated HSP60 was correlated with decreased

A single band of 60 kDa was found for HSP60 in all musselsur\/ival of amphipodsAmpelisca abditain sediments con-

treatments (data not shown). There was a dose-dependent ik@_\r/ninated by high levels of polyaromatic hydrocarbons

crease in HSP60 levels with DO, from 125% of control levels erneret a_I_. 1998). The algasochrysis galbanalso dis-
at 1% DO to 225% at 5% DO. Heat shock (L h at 37°C,played _S|gn|f|gantly ele_vat_egl HSP60 levels on exposure to
followed by 15 h recovery at ambient temperature) resulted i grude oil fractions and individual hydrocarbons (Woéeal.

. . : mperature "999).
a 200% increase in HSP60 in mussel digestive tissue. . . L
The effects of increasing DO concentrations on mRNA Iev-Hg‘S%h?r ?Spect mg‘azgggqmﬁ? IS :he dt.ramatlc rfegu;:glon Iln
els of the cytochrome P450 CYP4Y1 are shown in Figure Isoforms an In digestive Ussues ot both motk-

7A,B.. A dose-dependent significant reduction in CYP4Y1EZ§§ \g'th'gf ii\rﬁr‘;l Orlogrsn-?:;a?]%at e8|20;t|; éF|l|gsu|:r>e|e2'e|2 ' 06C)'
levels (Figure 7b) were found M. galloprovincialisdigestive very Igniti y €lev v i

gland with DO concentrations from 0-5%, similar to that curred by 15 h inM. galloprovincialis In contrastH. rufescens
found for BNF (Figure 7A) ' digestive tissues required 24-96 h to restore or increase HSP

levels. These results are similar to that found for lobsters,
Homarus americanysmidgut gland (hepatopancreas) follow-
ing heat shock (Speex al. 2001). Similarly, Krebs and Feder
(1997) found thatDrosophila digestive tissues were particu-
larly vulnerable to the effects of heat shock and required much
HSP Responses longer to recover than other tissues. It is likely that heat shock
disrupts cellular compartments and liberates digestive enzymes
Both natural and artificial toxicants affect the expression ofthat result in greater damage to these tissues, hence longer
HSPs inM. galloprovincialis and H. rufescengissues. One recovery times.
goal of this work was to examine HSP levels in tissues that Mollusc stress protein responses can persist for long periods

Time (h)

Discussion
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(A)
HSP70 Con Con HS HS HS

74 Fig. 5. Western immunoblots of
70 individual adult musseMytilus
67 galloprovincialisdigestive glands

in (A) control or heat-shocked (1

h at 28°C, followed by 15 h re-

covery at 15°C), or (B) control

(B) (Con) or following exposure
(1—-36 h) to 1% biologically de-

HSP70 1 4 8 168 24 36 Con kDa graded oil (DO) for the times in-
T EERmmm 3 " ‘ dicated. The position of human
HSP70 protein is shown in the
first lane, and the calculated sizes
of mussel HSP70 proteins are
listed on the right

10

HSPs and Degraded Oil Metabolites

* * % A
Biologically degraded oil experiments provided an example of
the effects of natural toxicants on mussel HSP protein levels in
time course and concentration regimes. Water-soluble compo-
nents of oil from natural nearshore seep sites, such as the Santa
Barbara channel, contain hundreds to thousands of different
hydrocarbons and potential microbial toxins as well. The mix-

'nHW’ ture is known to inhibit sea star embryo growth in the parts per

o
4

001 01 10 50 2h 15h WHSP70 million range (Spies and Davis 1982). There is evidence that

Degraded Oil (%) HS @HSP74| much of the oil toxicity can be explained by the large amounts
of lower molecular weight hydrocarbons (Spies 1987). For oil
spill emergenciesin situ bioremediation is increasingly rec-

B ommended as a useful response strategy (Lee and de Mora
1999). The techniques involve fertilization with added nitrogen
and phosphorous and/or seeding with microbes capable of
metabolizing oil compounds. Recent work has indicated that
this approach may lead to the production of microbial metab-
olites that have increased toxicity versus the parent oil in both
fish and invertebrates (Middaugt al. 1996, 1998; Sheltort
al. 1999). The identities of the toxic microbial products of olil
are currently unknown, as are their biochemical effects on wild
species. This information warrants further study of the bio-

Fig. 6. Adult M. galloprovincialis digestive gland HSP70 isoform Chemical and molecular responses of aquatic species for the

levels following (A) 24-h exposure to increasing DO concentrations orfuture prediction of the effects af situ oil spill responses on

1-h heat shock at 28°C followed by either 2 or 15 h of recovery atlocal environments.

15°C, and (B) time course exposure to 1% DO. Values represent the The identification of a mussel cytochrome P450, CYP4Y1

mean of four determinations (ng H$RY tissue protein), bars represent (Snyder 1998b), allowed the comparison of this P450

one st_andard deviation from the mean, and asterisks indicate signifih RNA and HSP protein levels following exposure to the
cant differences from controls for each HSP DO metabolites irM. galloprovincialisdigestive gland. The
significant reduction in CYP4Y1 mRNA with DO was sim-
ilar to that found previously witiBNF (Snyder 1998b). High

after the initial stress exposure (Sanders and Martin 1993). IK[(]:I"? en %irg::gggsrﬁiﬁjﬁge{ltg e7 %%rﬁ)h%dhri%?tageg 4(313 gxp;?gs?r

the experiments reported here, abalone required 2—-3 days Bon by nearly 100%. Corresponding increases in mussel
recover HSP levels to control values after heptachlor eXposUrgyinestive gland HSP70 and HSP74 with DO exposures occur
_Clegget aI._(1998) showed that HSP70 isoforms were induced;, 5 dose-dependent manner (Figure 6A). Hydrocarbon in-
in oyster gills by heat shock and levels remained higher thamipitions of P450 enzyme activities and specific P450 pro-
controls for at least 2 weeks in gills. In short-term experimentSiein levels have been reportedih edulis(Stegeman 1985)
mussel gills exhibited elevated HSP70 for 5 days followingand other molluscs, including@hryptochiton stelleriand
heat shock (Bradlegt al. 1998; Tedengreet al. 1999). Octopus pallidusand in mammals (Schlenk and Buhler

iy
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A Con BNF Con OQil
L H 0.1 5.0%

3.2kb- @

B
5
4 +
- Fig. 7. Adult M. galloprovincialis
sl digestive gland CYP4Y1 mRNA

* levels following 24-h exposure to
the indicated3NF or DO concen-
. . trations. (A) Representative

i Northern blot ofBNF (Snyder
1998b) and DO exposures; (B)
CYP4Y1 mRNA values represent-
1T 1 * ing the mean of four determina-
tions at the indicated DO concen-

FKIK! trations plus one standard
— t t deviation (as percentage of con-
Control 0.1% 1.0% 5.0% trol, untreated mussels), and aster-
isks indicate significant differ-

DO Treatment ences from controls

Relative CYP4Y1 mRNA Levels

1989; Cheatet al. 1995; Jones and Riddick 1996). It is not ing stress exposures have been studied. Elevated HSP90 ex-
known whether this inhibition is maintained over longer pression is found in rat brain, liver, and lung after oral dosing
exposures. Also, it is unclear if the inhibition is mediated by with polycyclic halogenated hydrocarbons and chlorinated or
a specific hydrocarbon receptor mechanism yet to be diserganophosphate pesticides (Bagehial. 1996). The results
covered in aquatic invertebrates. were attributed to tissue differences in oxidative stress resulting
from these exposures. Ansamycin antibiotics bind directly to
) HSP90 and change its function from protein refolding to en-
HSPs as Biomarkers hancing protein degradation in mammalian carcinoma cells
) ) _ (Schneideret al. 1996). HSP induction correlates with the
HSPs have proven useful as part of a suite of biochemicagegree of cytotoxicity of a substance (Neuhaus-Steinmetz and
markers pf xenobiotic exposure in molluscs. Other such prOte"Rensing 1997). Also stressors that act via disruption of normal
markers include, for example, cytochrome P4S0, esterase, MUl qtein folding and transit within cells, the so-called unfolded
tixenobiotic resistance protein, glutathione S-transferase, anﬂrotein response, also elevate HSP expression (Welikihaa
glutathione peroxidase (Darlst al. 1993; Dauberschmidét 1999).

al. 1997; Fitzpatricket al. 1997; Epel 1998; Snyder 1998a, In aquatic invertebrates, a few studies have shown that

1998, 2000). By themselves, HSP inductions are markers 0>Eenobiotic toxicity may also result from its metabolism to more

multiple stress exposures, whereas specific proteins such as_ .

. F .. reactive products. For example, oyster and abalone can produce
P450s are generally responsive to a limited group of xenobiotic " tachl henol tabolit ble of d .
exposures (Dograt al. 1998; Snyder 1998a). HSPs therefore reactive pentachioropnenol metabolites capable of damaging

cannot indicate exposure to any specific stressor without direéi?"mar components (TJe_erdema and Crosby 1992; Shofer and
observation under carefully controlled conditions (Ryan and!/eérdema 1993). Reactive products of hydrocarbons bound to

Hightower 1994; Feder and Hofmann 1999). When combinec®NA and cellular proteiljs were produced by cultured digestive
with additional physiological observations, HSPs can, how-gland cells fromM. edulis(Mitchelmoreet al. 1998) and cell
ever, be indicative of the severity of the stress exposure. Foffactions from a variety of marine invertebrates (Maegral.
example, Steinert and Pickwell (1993) demonstrated khat 1992). Such compounds have also been reported in mussel
edulis gill tissue showed 12-fold induction of HSP70 with tissues following the Aegean Sea oil spill (Seeal. 1996).

tributyltin exposure, and these results correlated directly with d-urther study of xenobiotics, such as DO, and their effects on
reduction in mussel filtration rates. mussels and other aquatic invertebrates should be directed

The potential of toxicants to interact with lipophilic constit- toward the examination of tissue and cellular changes that may
uents of membranes and proteins is also related to its ability ttead to long-term changes in organismal health and reproduc-
induce HSP production. Mechanisms of HSP induction follow-tive impairment.
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