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Summary

The intracellular build-up of thermally damaged  on the heat-activation of HSF1 in the eurythermal teleost
proteins following exposure to heat stress results in the Gillichthys mirabilis. After a 5-week acclimation period (at
synthesis of a family of evolutionarily conserved proteins 13, 21 or 28°C) the temperature of HSF1 activation was
called heat shock proteins (Hsps) that act as molecular positively correlated with acclimation temperature. HSF1
chaperones, protecting the cell against the aggregation of activation peaked at 27°C in fish acclimated to 13°C, at
denatured proteins. The transcriptional regulation of heat  33°C in the 21°C group, and at 36°C in the 28°C group.
shock genes by heat shock factor 1 (HSF1) has been Concentrations of both HSF1 and Hsp70 in the 28°C
extensively studied in model systems, but little research group were significantly higher than in the colder
has focused on the role HSF1 plays in Hsp gene expressionacclimated fish. Plasticity in HSF1 activation may be
in eurythermal organisms from broadly fluctuating important to the adjustable nature of the heat shock
thermal environments. The threshold temperature for Hsp  response in eurythermal organisms and the environmental
induction in these organisms shifts with the recent thermal control of Hsp gene expression.
history of the individual but the mechanism by which this
plasticity in Hsp induction temperature is achieved is Key words: Thermal acclimation, DNA-binding activity, heat shock
unknown. We examined the effect of thermal acclimation factor 1 (HSF1), gobyGillichthys mirabilis heat-shock response.

Introduction

Eurythermal organisms adapted to variable thermalvhich have body temperatures that are strongly influenced by
environments are faced with the challenge of maintainingheir external conditions, the temperature at which Hsp genes
biochemical and physiological performance across a range afe induced is not fixed for a given species but varies with the
temperatures. Despite the behavioral avenues of temperatuseent thermal history of the individual. In the field, higher
control and stress avoidance available to many eurytherms, #weshold Hsp induction temperatures have been measured in
environmental temperature begins to drive body temperatusummer-acclimatized mussels and fish (Dietz and Somero,
towards its stressful limits, survival can become dependeri992; Roberts et al., 1997; Buckley et al., 2001) than in their
upon sub-organismal response mechanisms. Differential geménter-acclimatized counterparts. In laboratory studies,
expression in response to environmental stress is one suabclimation to different temperatures resulted in intra-specific
mechanism (Pigliucci, 1996), and an increasing number afivergence of Hsp induction temperature in several species of
studies have focused on the gene-level effects of abiotimarine invertebrates (Hofmann and Somero, 1996; Tomanek
stressors, e.g. heat shock and oxidative stress (Gosslau et ahd Somero, 1999) and in various fishes, including the fathead
2001) and oxygen availability (Gracey et al., 2001; Rees et aminnow Pimephales promela@yer et al., 1991), rainbow
2001). In particular, the induction of heat shock proteins (Hspdjout Oncorhynchus mykis§Currie et al., 2000) and, the
— a powerful tool for mediating the negative effects of thermasubject of the current study, the goByllichthys mirabilis
stress (Lindquist, 1986; Parsell and Lindquist, 1993) — hafietz, 1994). However, it is currently unclear how this
become important to ecologists and evolutionary biologists galasticity in the induction set point for Hsp genes is achieved
a model of environmentally controlled gene expression and mechanistically.
source of phenotypic plasticity (for a review, see Feder and To investigate the processes underlying the adjustments to
Hofmann, 1999). For instance, numerous recent studies hatsp induction temperatures in eurytherms, we examined the
demonstrated that in organisms such as aquatic poikilothernmesgtivity of heat shock factor 1 (HSF1), the transcriptional
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regulator of all inducible Hsp genes (for a review see Wul1992; Dietz, 1994). The acclimation-induced modification in
1995). Hsps function as molecular chaperones, interactingSF1 activation measured hereGn mirabilisis discussed in
with polypeptides that have begun thermal denaturatioterms of its implications for the plasticity of the heat shock
during periods of heat stress, preventing their aggregation amesponse (HSR) and its relevance to the environmental control
degradation, and assisting in their eventual refolding (Finkof Hsp gene expression.
1999; Hartl and Hayer-Hartl, 2002). Hsps can also control
their own expression through interaction with HSF1 ,
(reviewed in Morimoto, 1998; Pirkkala et al., 2001), which Materials and methods
is maintained constitutively as a monomer in the cytosol. In Animal collection and acclimation conditions
the absence of thermal stress, HSF1 is complexed with Gillichthys mirabilis (Cooper, 1846) is an estuarine goby
70kDa and 90 kDa heat shock proteins (Hsp70 and Hsp98pmmon to the Eastern Pacific and is found from central
respectively) (Baler et al., 1992; Rabindran et al., 1994; ZoCalifornia to the Sea of Cortez, Mexico (Eschmeyer et al.,
et al., 1998; Ali et al.,, 1998). During heat stress, as th&983). All fish were collected by baited trap in the reverse
population of thermally damaged cellular proteins begins t@stuary Estero Morua, at Puerto Pefiasco, Sonora, Mexico
increase, Hsp70 and Hsp90 dissociate from HSF1 to perfor(81.33°N, 113.60°W). Water temperature data were recorded
their chaperoning functions (Shi et al., 1998). HSF1 thewith a submerged StowAw&} (ONSET Computer
acquires  promoter-binding  ability through  homo- Corporation) data logger permanently deployed in the estuary
trimerization (Westwood et al., 1991; Westwood and Wuat the site of collection.
1993) and translocates to the nucleus (Sarge et al., 1993)For the measurement of HSF1 activation and concentrations,
where it binds to the heat shock element (HSE), a highlfish were collected on June 16, 2001 and transported to the
conserved sequence in the promoters of heat shock gerlaboratory in an aerated cooler. After a 24 h adjustment period
(Xiao and Lis, 1988). Further regulation of HSF1in re-circulating saltwater aquaria (at 21°C and salinity 32%o)
trimerization and the final transactivation of Hsp genes ifive fish were sacrificed to serve as an initial ‘time 0’ group for
afforded through control of the phosphorylation state othe acclimation experiment. Five additional fish were kept in
HSF1 by members of the mitogen-activated protein kinasesach of three re-circulating aquaria, set to 13, 21 and 28°C, for
(MAPKSs) (Sarge et al., 1993; Kim et al., 1997; Kline and5 weeks and were fed marine flake food (algae, krill, plankton)
Morimoto, 1997; Xia and Voellmy, 1997; He et al., 1998). ad libitum The water, which was continuously aerated, was
To date, there is no evidence that the temperature at whichanged weekly.
HSF1 becomes activated directly reflects the temperature of Fish used in the Hsp induction temperature experiments
Hsp gene induction; indeed, HSF1 became activated in the gillere from a second collection, which was made in April, 2000.
tissue of the muss#lytilus californianusat a temperature 9°C Three fish from this sampling were acclimated to either 21°C
lower than the temperature at which Hsps began to appearan 28°C for 8 weeks before useimvivo metabolic labeling
the cell (Buckley et al., 2001). Other studies have shown tissuexperiments.
specific differences in HSF1 activation temperature within
single individuals. The temperature of HSF1 activation is In vivo metabolic labeling
lower in germ cells than in somatic cells in mammals (Sarge, Metabolic labeling of liver tissue was conducted to detect
1995) and rainbow trout (LeGoff and Michel, 1999), and thehe appearance de novasynthesis of Hsps in response to heat
activation of the two isoforms of HSF1 identified in theshock. Dissected liver sections were held in [#08agles
zebrafishDanio rerio is temperature- and tissue-dependentMinimum Essential Medium (MEM, adjusted with NaCl to
(Rabergh et al., 2000). However, these studies did not focus 835 mosmoltl, the plasma osmolarity os. mirabilis) in
the effect of varying an organism’s thermal environment omicrocentrifuge tubes at a given exposure temperature for 1 h.
HSF1 activation. In a suggestive study on laboratoryTemperatures used for the 21°C-acclimated group were 15, 19,
‘evolution’, HSF1 activation temperature varieddrosophila 22, 26, 29, 33 and 37°C; for the 28°C group, temperatures were
strains reared for 20 years in the laboratory at differen24, 26, 29, 32, 35, 39 and 42°C. After this exposure, all tubes
temperatures (Lerman and Feder, 2001). were transferred to a 15°C waterbath, and tissue sections were
Here, we investigate the effect of thermal acclimation (Sncubated with 3.¥10°Bq of 3°S-labelled cysteine/methionine
weeks at a single temperature) on the activation temperatufspecific activity 10 mCinm; NEN) for 2h. Tissue sections
of HSF1 in individual organisms exposed to a subsequemyere then rinsed twice with clean MEM buffer, and
ecologically relevant heat stress. The intention was ttiomogenized in 100 homogenizing buffer (HB) containing
approximate the type of adjustments to new temperatur80 mmolt! Tris-HCI, pH6.8, 4% sodium dodecyl sulfate
environments that are routinely made on a seasonal basis (§DS), 1 mmolt! ethylenediaminetetraacetic acid (EDTA)
natural populations. The gol§y. mirabiliswas chosen for the and 1mmolt? phenylmethylsulfonylfluoride  (PMSF).
study because of its ability to tolerate a wide range oHomogenates were heated at 100°C for 5min, and centrifuged
temperatures and the fact that its threshold Hsp inductioat 12 00Q for 10 min. Total counts of incorporated radiolabel
temperature for Hsp70 and Hsp90 has already been shownito each extract were determined on a scintillation counter.
vary with acclimatization and acclimation (Dietz and SomeroProteins were loaded onto 10% acrylamide gels, and separated
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by SDS-polyacrylamide gel electrophoresis. An equal amourgeparated on 10% gels by SDS-polyacrylamide gel
of radioactivity (75000 c.p.m.) was loaded in each lane. Driegélectrophoresis. An equal amount of protein &P was
gels were exposed overnight to X-ray film (Kodak). loaded per lane. Proteins were then transferred to nitrocellulose
membranewia electroblotting at 100V for 30 min. To detect
Electrophoretic mobility shift assays HSF1, Iug of each sample was directly blotted onto a
Fish were killedvia cervical transsection, and their livers nitrocellulose membrane using a BioRad Bio-Dot apparatus.
removed and sectioned into pieces (approximatelyugPO All blots were dried for 45min at 70°C.
After immediately freezing a piece of tissue in liquid nitrogen Blots were blocked for 1h in phosphate-buffered saline
for use in western blots, the remaining pieces of tissue wel@®BS) (pH 7.5) containing 5% (w/v) non-fat dry milk (NFDM),
transferred to 200l ice-cold 335 mosmott MEM buffer in  followed by three 5 min washes in PBS and 0.1% (v/v) Tween-
microcentrifuge tubes. Tubes were then held at control or he20. Immunodetection was accomplished by incubating all blots
shock temperatures for 1 h. The temperatures used were 13, fivprimary antibody for 1 h with constant shaking. To quantify
21, 24, 27, 30 and 33°C for the 13°C-acclimated group, andSF1, blots were incubated for 1.5h in a rabbit anti-
17,21, 24, 27, 30, 33 and 36°C for the time 0, 21°C- and 28°C-
acclimated groups. After the 1 h exposure, liver sections wel
immediately frozen in liquid nitrogen and stored at —80°C unti
used in subsequent assays.
For the electrophoretic mobility shift assays (EMSAS), frozer
tissues were thawed in 2(QDextract buffer containing 25%
(v/v) glycerol, 20 mmott! Hepes, pH7.9, 420 mmofiNaCl, YT
1.5mmolt! MgClz, 0.2mmolt! EDTA, 0.5mmolt! PMSF 1 i
and 0.5 mmoH! dithiothreitol. Tissue extracts were centrifuged L !
at 2200@ at 4°C for 10min. Pellets were discarded and the ‘
supernatants frozen at —80°C, after a sample was taken for to
protein content determination by Bradford assay (Pierce 2& y
EMSAs were conducted using LightShit EMSA kits - g L &4 85
(Pierce). Tissue extracts|{g total protein) were incubated with ha Y ) '
15pmol of biotinylated HSE oligonucleotide probé-@CC-
TCGAATGITCGCGAAGTTT-3; Airaksinen et al., 1998) in e
25mmolt! Hepes, pH7.6, 100mmofi NaCl, 15% (v/v) : :
glycerol, 0.1% (v/v) NP-40, and 0.5mmodi PMSF in a final
volume of 2Qul. Incubations were conducted for 20 min at 18°C.  23° \
After incubation, HSF1-HSE complexes were separated froi
unincorporated HSE probe on 5% acrylamide non-denaturin S 5
gels and electrophoresed for approximately 2h at 100V
Proteins were then transferred to nylon membranies
electroblotting at 380mA for 30min. HSF1-HSE complexes
were visualized by a chemiluminescent reaction witk
streptavidin—horseradish  peroxidase according to th
manufacturer’s protocol and exposure of the blot to X-ray filrr
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(Kodak). Specificity of the HSE probe was confirmed in assay
where unlabelled HSE probe was added in excess as
competitor.

Quantification of HSF1, Hsp70 and actin
Solid-phase immunochemistry
Western blotting analysis was used to quantify HSF1 an
Hsp70 in the livers of gobies from each acclimation group. T
test for the effect of thermal acclimation on overall protein
synthesis, actin levels were also quantified. After heat shoc
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frozen tissue sections were thawed in [p0Oof HB. . .
Homogenates were heated at 100°C for 5min and Centrifug(Flg' 1. Map of Este_ro Morua, Mexico and water temperature da_lta.
(A) Experimental animals were collected on June 19, 2001 by baited

at 1200@ for 10 min. Pellets were discar.qed’ and total prOtEirtrap in an estuary (Estero Morua) near Puerto Pefiasco, Sonora,
content of the supernatants was determina@®radford assay exico. (B) Water temperatures at the collection site for 53 days

(Pierce). prior to sampling. Temperature data were gathei@@ submerged
For the Hsp70 and actin western blots, proteins werdata recorder.
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DrosophilaHSF1 antibody (courtesy of Dr Carl Wu), diluted initiation of the acclimation experiment. Organisms at this
1:10000 in PBS containing 5% (w/v) NFDM, 20% (v/v) fetal location are routinely exposed to a variable thermal
bovine serum, 1 mmat} PMSF and 0.02% (w/v) thimerosal. environment and can experience daily temperature changes
Incubation in primary antibody was followed by cross-reactiorof 12°C and an annual temperature range of 5-37°C (B. A.
with a horseradish peroxidase-conjugated goat anti-rabbB. and G. E. H., unpublished data). Water temperature data
secondary antibody (BioRad 170-6515) diluted 1:50000 irdor the 53 days prior to the date of collection are shown in
PBS containing 5% NFDM. Hsp70 levels were determinedrig. 1B. The water temperature exceeded the study
with an anti-Hsp70 rat monoclonal antibody (MA3-001,organism'’s preferred temperature of 23°C (Barlow, 1961) by
Affinity Bioreagents; diluted 1:2500). The secondary antibodyseveral degrees for at least part of every day during this
was the same as in the HSF1 westerns, diluted 1:5000. Fperiod, and in some cases (5/14-5/22 and 5/25-6/5) remained
actin quantification, the primary antibody was a mouse antiat or above that temperature for the entire day. The average
sea urchin actin antibody (courtesy of Dr JoAnn Otto) at alaily temperature change during this period was
dilution of 1:10000. The secondary antibody was a goat antb.47+1.69°C, with a maximum temperature of 30.9°C
mouse antibody conjugated to horseradish peroxidase (Sigmecorded 9 days prior to collection.

A-9044), used at a dilution of 1:10000. Final detection of

proteins was accomplished by exposing the blots to a solution Hsp induction temperatures

of enhanced chemiluminescent (ECL) reagent (Amersham) for To confirm the plasticity in Hsp induction temperature&in
5min. Blots were then exposed to X-ray film (Kodak) for 15,mirabilis reported elsewhere (Dietz and Somero, 1992; Dietz,
30 and 60s to obtain exposures in the linear range of tHE994),in vivo metabolic labeling experiments were performed

detection signal. All samples were run in duplicate. on whole liver sections from fish acclimated to 21 and 28°C.
o Data from two representative fish are shown in Fig. 2. As in
Statistics previous studies, Hsp induction temperature depended upon

Effects of acclimation and heat shock temperatures on HSRicclimation temperature. In the 21°C-acclimated fish, Hsp70
activity were determined by nested analysis of variancevas induced at 22—-26°C (Fig. 2A). In contrast, no induction of
(ANOVA) (SYSTAT software). Differences between peak Hsps was observed in the 28°C-acclimation group until they
HSF1 activities were analyzeda paired Student's-test. were exposed to 32°C, with Hsp70 being the most strongly
Effect of acclimation temperature on Hsp70, HSF1 and actimduced (Fig. 2B). Hsp90 appeared in the 21°C-acclimated
concentrations was determined by ANOVA and painpisgt-  group at 29°C, and in the warmer acclimated group at 35°C. It
hoc comparison. was noted that all protein synthesis was inhibited at 37°C in the

21°C-acclimated group, but protein synthesis was still robust in

the 28°C-acclimated group at 39°C.
Results

Water temperature data EMSA-determination of HSF1 activation

Water temperatures were recorded in the estuary at Puertoln order to use EMSAs to quantify the DNA-binding activity
Pefiasco, Mexico (Fig. 1A) in order to describe the recentf HSF1, it was necessary to test the specificity of the cross-
thermal history of G. mirabilis in the field before the reaction of a biotinylated HSE-probe with HSF1 @&

Fig. 2. Representative protein
synthesis patterns in response 21°C acclimated B 28°C acclimated
to heat shock in the liver
tissue ofGillichthys mirabilis

(N=3) acclimated to (A) 21°C
and (B) 28°C. Proteins were

radiolabelled ~ with  35S- < 90kDz
methionine/cysteine after heat < 70kDs
shock for 1h at the
temperatures listed below
each lane. After heat shock, < /5kDa

proteins were separated on
7.5% polyacrylamide gels,
which  were dried and
exposed to X-ray films. The
positions of molecular mass [
markers are denoted on right 15 19 22 26 29 33 37 24 B 29 32 3B 39 44
(arrows). N=3 for both

acclimation groups. Heatshak tenperature (°C)
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mirabilis. Specificity was confirmed with competitor/non- Effect of acclimation on HSF1 activation
competitor assays (Fig. 3) in which the density of HSE-HSF1 After a 5-week acclimation period, the effect of heat shock
bands did not decrease in the presence of excess unlabellgfl HSF1 activation ifG. mirabilis liver was determinedia
non-competitor DNA probe (AP2) but disappeared in theEMSA. A representative HSF1 activation profile from each

presence of an excess of unlabelled HSE probe. acclimation group (and time 0) is shown in Fig. 4 and the
average HSF1 activation levels of the five fish from each
1 2 3 group, as determined by scanning densitometry, are shown in

Fig. 5. The effect of heat shock on the activation of HSF1

. . - HSE_HSH varied significantly with acclimation temperature (Fig. 5;

complexes ANOVA, P<0.001; Table 1), primarily because of the effects

of heat shock on the 21°C and 28°C groups (Table 2). Within
the time 0 group, there was no significant effect of heat shock

o . temperature on HSF1 activation (Table 2), except for a
decrease in HSF1 activation at 36°C (Fig. 5A; paintitest
P<0.05). Although there was not an overall effect of heat shock
on HSF1 activity in the 13°C group (ANOVAR=0.388;
Table 2), there was a significant increase in activated HSF1 at
24-30°C in this group (Fig. 5; pairwidetest, P<0.05; see
below for more discussion of these results).

Freeprobe As opposed to the Hsp induction temperature, which is often
a discrete set point at which the first appearance of Hsps is
observed (see Fig. 2), we found rather a gradual increase in the
level of activated HSF1 as a function of heat shock

Fig. 3. HSF1-HSE complexes in the liver tissue Gaf mirabilis ~ temperature, to a peak intensity level that was similar among

visualized via electrophoretic mobility-shift assay (EMSA). A all laboratory-acclimated groups (no differences in paintvise

competition assay was run to determine HSE probe specificity. HSFigsts). In all cases, the value at the peak level of activated HSF1
activation was visualizedvia EMSA, using a LightShif®  was higher in the laboratory-acclimated groups than the peak
chemiluminescent EMSA kit (Piert¥8). After a 1 h heat shock at the level in the time 0 groupP&0.001;t-test). Across all groups,

?”dicé‘tedd tef*;]pel';"t”re’l $]£gb_of_ hfm%ggrllilied liver ftissg(e) Were the most significant effects of acclimation temperature were
incubated wit pmol of biotinylated- protein for 20min at oPserved at 33°C and 36°C (Table 3).

18°C and then separated on a 5% non-denaturing polyacrylamide gel: . . )
Protein was blotted to nylon membrane, and HSF1-HSE complexes Among the acclimation groups (Fig. 5B-D), the heat shock

were visualized through a chemiluminescence reaction. Lane 1, livégMperature at which the activation of HSF1 reached a peak

tissue and biotinylated HSE probe only; lane 2, identical to lane Vel varied with acclimation temperature. In the fish
except for the addition of a 200 motlexcess of an unlabelled non- acclimated to 13°C, HSF1 DNA-binding activity increased

competitor DNA probe (AP2 from Promega); lane 3, identical to langteadily with heat shock temperature, peaking at 27°C
1 except for addition of a 200 motlexcess of unlabelled HSE probe. (Fig. 5B). Activated HSF1 levels remained equivalent until
Intensities of HSF1-HSE bands were determined by scanning0°C, at which point a drop off similar to that seen in the time
densitometry (BioRa! Fluor S Multimager). 0 group was measured. The 21°C-acclimated fish
responded to heat shock similarly, with HSF1
activation increasing to a peak at 33°C before

»

_‘ ‘ ‘ . 5 + - Time 0 decreasing at 36°C (Fig. 5C). In contrast, HSF1
activation levels in the 28°C-acclimated group did not
17 21 24 27 30 33 ® increase until exposure to 30°C and the intensity of
" . HSF1 activation in this group continued to climb
— - . . ‘ - . 13°C even at the highest exposure temperatures (Fig. 5D).
HSE-HSFLY 13 T 21 24 27 30 33
complexes X - " .
' Fig. 4. Electrophoretic mobility-shift assay (EMSA) of
— - .. . . 21°C HSF1 activation in liver tissue fromG. mirabilis
Representative activation profiles of HSF1 in the liver
17 212 24 27 30 33 6 tissues of differently acclimate@. mirabilis in response
= to heat shock (mean HSF1 activation levels f&t5
L & A L ‘ . . ‘ 28°C samples from each of the groups shown in Fig. 5). EMSAs
were run as described in the legend to Fig. 3 and Materials
17 21 24 27 30 33 68 — and methods. Heat shock temperatures are labeled below
Heat shock temperature (°C) Acclimation each lane and acclimation groups are shown to the right of

group the figure.



3236 B. A.

HSFL DNA-binding activity

(absorbance)

Buckley and G. E. Hofmann

3

25| TimeO

2]
1.5

1
0.5 1

SITTIEY

°C- i *
25| 21°C-acdimated .

*

1.5

0.5+

o HEL,

17 21 24 271 30

33 36

25| 13°C-acdimated B

1.5 1

O.E:I_T_II’I_‘I | | | |

13 7 21 24 27 30 33

,5 | 28°C-acdimated D

1.5

|0 B 1

7 21 24 27 30 33 36

Heat $iock temperatire (°C)

Fig. 5. The effect of thermal acclimation on the temperature sensitivity of HSF1 activation in liver tiss@ frorabilis Fish were collected

in June, 2001 and either killed immediately (time 0), or acclimated for 5 weeks at 13°C, 21°C or 28°C. HSF1 activatioeréedetermined

via electrophoretic mobility-shift assay. HSF1 activation levels are measm: (N=5). There was a significant effect of both heat shock
temperature F=0.011) and acclimation temperatufe<(0.001) on HSF1 activation (ANOVA). Analyses of heat shock temperature effects
within the acclimation groups are shown in Table 2. Analyses of the effect of acclimation group at a given heat shock ¢éeanpdistea in
Table 3. *Within acclimation groups, heat shock temperature at which the mean HSF1 activity differed signife@mdly; (pairwisd-test)

from that at the lowest heat shock temperature.

Table 1.Analysis of variance of effects of heat shock
temperature and acclimation temperature on HSF1

activation inGillichthys mirabilis(pooled data)

Source d.f. MS F-value P

Heat shock temperature (HST) 7 202 2.735 0.011
Acclimation temperature (AT) 3 4905 6.871 <0.001
Nested: AT (HST) 20 1.86 2.945 <0.001
ATxHST 21 1.807 2.864 <0.001

d.f., degrees of freedom; MS, mean squares.

Table 2.Analysis of variance of effects of heat shock
temperature on levels of activated HSF1 in differently

acclimatedGillichthys mirabilis

Acclimation group d.f. MS F-value P
Time 0 6 0.336 2.104 0.085
13°C-acclimated 6 1.071 1.098 0.388
21°C-acclimated 6 2.338 2.943 0.024
28°C-acclimated 6 2.085 5.577 <0.001

d.f., degrees of freedom; MS, mean squares.

Concentrations of HSF1, Hsp70 and actin.

Concentrations of HSF1, Hsp70 and actin were determined
for each acclimation group (Fig. 6). There was a significant
increase in HSF1 with increasing acclimation temperature
(ANOVA, P<0.001) (Fig.6A). Levels of HSF1 were
approximately 10% higher in 28°C-acclimated fish than in the
time 0 and 13°C-acclimated fish.

Hsp70 levels also increased significantly with acclimation
temperature  (ANOVA, P=0.05) (Fig. 6B). Mean Hsp70
concentrations in the 28°C-group were 28% higher than in the
21°C-group and 47% higher than in the 13°C-group. However
unlike HSF1, Hsp70 levels in the time O group were equal to
those in the 28°C-group.

In contrast to Hsp70 and HSF1 levels, there was no
difference in actin levels among acclimation groups (Fig. 6C),
suggesting that overall protein synthesis did not increase at
warmer temperatures.

Discussion
We investigated the effect of thermal acclimation on the
acquisition of DNA-binding ability (‘activation’) of HSF1, the
transcriptional regulator of all inducible heat shock genes, in
the eurythermal gobyG. mirabilis We hypothesized that
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Table 3.Analysis of variance of effects of acclimation group A
on HSF1 activation itGillichthys mirabilisat individual heat 12
shock temperatures < 1] . ab E d
Heat shock -E,a | T
temperature (°C) d.f. MS  F-value P g% 0'8:
13 NA NA NA NA £ 5 061
17 3 0.284  2.000 0.152 82 04
21 3 0.658 1576  0.232 e
24 3 1.605 2.488 0.095 T 0.2 -
27 3 1.12 1.703 0.205 0*
30 3 1.411 1.541 0.240 , T o .
33 3 393 10196  <0.001 fime0  1C 2l)c 28°C
36 2 4269 4.2 0.039 B
6
d.f., degrees of freedom; MS, mean squares; NA, not applicable. 2 ac ac
SE il
g S 4 _L c
S o
o L . @
plasticity in the activation of HSF1 could contribute to the e § 3 b
observed plasticity in the temperature at which Hsps ar 8 ‘g
induced in thermally stressed cells. The temperature sensitivi %_ 2 2
of HSF1 activation inG. mirabilis was determined to be 28
dependent upon acclimation temperature, lending support 0

that hypothesis. To the best of our knowledge, this is the fir: Timeo 13°C  21°C 28°C
evidence for acclimation-induced changes in the effect of he:

shock on HSF1 activation. c 0.8
As demonstrated here and elsewhere (Dietz and Somel '
1992; Dietz, 1994), the threshold temperature for Hsp70 ar s 0.74
Hsp90 induction in the tissues oB. mirabilis varies TE 06 L 1 1 i
considerably as a function of the recent thermal history of th g g 0.5
individual (Fig. 2). In field-sampled individuals, Hsp90 was S 04
induced in brain tissue at 28°C in winter-acclimatized fish, an S ‘g 0.3
at 32°C in summer-collected fish (Dietz and Somero, 1992 % 8 02
Likewise, laboratory acclimation to warmer temperatures <& 7
raised the Hsp induction temperature in the gill, brain and live 0.1

(Dietz, 1994). Here, the Hsp induction set point in liver tissut 0
was several degrees higher in fish acclimated to 28°C than

those maintained at 21°C. Acclimation-related variability in

Hsp induction thresholds has also been observed in the fatheFig. 6. Concentrations of (A) HSF1, (B) Hsp70 and (C) actin in liver
minnow (Dyer et al., 1991), rainbow trout (Currie et al., 2000tissue fromG. mirabilis Levels of HSF1 and actin were determined
and sea lamprey (Wood et al., 1999). In addition, fish specidy western blotting. Briefly, liver tissue was homogenized in
demonstrate a considerable amount of tissue-specificity in HS0 mmol F* Tris-Cl, pH6.8, 4% sodium dodecy! sulfate (SDS) and
induction temperatures and intensities (reviewed in lwama ¢ Mmol I phenylmethylsulfonylfluoride ~ (PMSF). Homogenates
al., 1998). The goal of the current study was to examine trere boiled fog 5min and centrifuged at 12@0for 10min before
plasticity in Hsp induction from a mechanistic perspectiveloadmg on 7.5% polyacrylamide gels. After electrophoresis, proteins

ifically f . the t t itivity of HSF,Were blotted onto nitrocellulose membranes. Blots were incubated in
Spf_CI ![t_:a y focusing on he temperature sensitivity o ‘primary antibody (for antibodies used, see Materials and methods)
activation.

for 1.5h and secondary HRP-conjugated antibody for 1h. Bands

Acclimation of G. mirabilis to different temperatures \yere visualized by a chemiluminescence reaction and their densities
affected the activation of HSF1 upon subsequent heat shodetermined by scanning densitometry. Values are meass.

(Fig. 5) in a manner similar to the changes observed in Hs(N=5). Within a graph, values labeled with different letters differ
induction temperature (Fig. 2). In contrast to the time 0 grousignificantly from one anotheP¢€0.05: pairwise-test).

(Fig. 5A), in which heat shock did not significantly increase

levels of activated HSF1, in the laboratory-acclimated group:

heat shock resulted in a significant increase in HSF1 activatiabserved at 27°C in the 13°C group, at 33°C in the 21°C group
in all cases (Fig. 5B-D). However, the temperatures at whichnd at 36°C in the 28°C group (although this was the highest
peak HSF1 activation was observed were strongly dependeexperimental temperature and so may not represent the true
upon acclimation temperature. The highest HSF1 activity watemperature of peak HSF1 activation for the 28°C group).

Time0 13°C  21°C  28°C
Acdimationgroup
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Furthermore, in the time 0, 13°C- and 21°C-acclimatedtudy, HSF1 levels were higher in desert lizards than in non-
groups, a decrease in HSF1 activation was observed at tHesert species (Zatsepina et al., 2000).
highest heat shock temperature. Although HSF1 activation in One factor that might have affected the HSF1 activation
the 28°C-acclimated group continued to climb at these sanmtemperature in this study is the observed increase in Hsp levels
temperatures (mirroring the robust Hsp synthesis observed atth warm acclimation (Fig. 6B). Increases in standing stock
35 and 39°C in warm-acclimat&g. mirabilis as opposed to Hsp concentrations in response to warm acclimation and
cold-acclimated fish; Fig. 2), we postulate that a similamacclimatization have also been observed in other taxa and are
decrease in HSF1 activation in this group could have beeorobably the outcome of repeated gene induction events
observed at a sufficiently high heat shock temperature. Theccurring in response to increasing temperatures and the build
decrease in HSF1 activation that occurred at high temperaturep of damaged proteins (Hofmann and Somero, 1995; Maloyan
is interesting in light of the break down in total proteinetal., 1999; Buckley et al., 2001; Tomanek and Somero, 2002).
synthesis observed in this, and many other, species &he concentrations of Hsps in the 28°C group were nearly
temperatures near their upper thermal lethal limit (Hochachkavice those in the 13°C group and 28% higher than those
and Somero, 2002). It is possible, therefore, that acclimatomycclimated to 21°C. The amplified level of Hsps in the 28°C-
adjustments made in the machinery of gene expression aadclimated fish in this study is correlated with a higher
protein synthesis may play an important role in determiningemperature of peak HSF1 activation compared to the colder-
the upper thermal limit of Hsp induction. acclimated groups. This is consistent with a scenario in which

The effect of thermal acclimation on HSF1 activationthe high levels of chaperone in the livers of the 28°C group
observed here is broadly consistent with other related studiesaintained a greater proportion of the HSF1 pool in the
Clos et al. (1993) demonstrated that transfection of a humanactive monomeric state at heat shock temperatures that were
HSF1 gene int®rosophilacells reprogrammed the activation sufficient to cause significant HSF1 activation in the colder-
temperature of HSF1, illustrating the importance of cellulamcclimated groups.
context on the regulation of Hsp genes. In addition, HSF1 Why the equally-elevated levels of Hsp70 in the time 0
activation temperature was found to differ among warm- androup were not correlated with a similar temperature profile of
cold-adapted lizard species (Zatsepina et al., 2000). HowevédSF1 activation to that of the 28°C group is unknown. The
the species chosen for this study were from different familieslSF1 levels in the time O group were the lowest of any of the
and so it is not possible to separate out those differences tirratments, coupled with high Hsp70 levels. According to the
HSF1 activation temperature that were caused by thermalrrent model of HSF1 regulation, this would result in the
acclimatization and those that were solely owing togreatest repression of HSF1 activity by Hsp70 of any of the
phylogenetic distance. groups. However, there were only relatively minor differences

The changes in the temperature profiles of HSF1 activatioim HSF1 levels among groups compared to the differences in
measured in the current study occurred concomitantly with Bsp70 levels and so it is difficult to explain the HSF1 activity
significant increase in the concentration of HSF1 with warnin the time 0 fish in terms of the HSF1/Hsp70 ratio alone.
acclimation (Fig. 6A). Concentrations of actin — chosen for its It is worth noting that the time 0 fish were freshly collected
status as the product of a non-inducible housekeeping gendrem the field, where they are exposed to variable conditions.
were also quantified to control for any direct effects ofThis species inhabits burrows in the muddy substrate of the
temperature on protein synthesis. There was no significaestuary where water temperatures may diverge from those of
acclimatory change in actin levels (Fig. 6C). As the peak HSFthe water column (Eschmayer et al.,, 1983). Furthermore,
activation intensities among acclimation groups were similahypoxia and salinity stress are also routine daily challenges in
(no significant differences in pairwisdests), the impact that this habitat. Therefore, the previous stress exposure of these
the additional HSF1 measured in the warm-acclimated fish hdish is unclear. It is possible that the effect of a subsequent heat
on HSF1 activation measurements is unclear. The HSF1 geskock on these field-collected fish may have differed from the
is under the control of general transcription factors and is naffect of heat shock on the fish acclimated to a single
itself heat-inducible and HSF1 concentrations have beetemperature under controlled conditions.
shown to be poor indicators of Hsp gene expression ratesWhile much has been gained from the accumulation of
(Victor and Benecke, 1998). Evidence for acclimatory changestudies on Hsp gene regulation in the cells of homeothermic
in HSF1 concentrations in poikilotherms under ecologicallyorganisms, it is becoming increasingly clear that the HSR in
relevant conditions is equivocal. In one study, laboratorypoikilotherms cannot be discussed solely in terms of
acclimation did not alter HSF1 concentrations Niytilus ~ mammalian regulatory models derived from organisms with
trossulus compared to levels in field-collected individuals body temperatures that have become more or less independent
(Buckley et al, 2001), whereas in another, HSFIlof their environmental temperatures. For eurythermal
concentrations were higher in laboratory-acclimated snailsrganisms, a constantly adjustable regulatory scheme to
(Tegulacongeners) compared to levels in the field (Tomanekontrol Hsp production would be favorable in order to tailor
and Somero, 2002). However in laboratory-acclimdtegula  the response to the current thermal conditions. Here, we have
congeners, acclimation temperature itself had no effect odemonstrated the potential for acclimation-induced variability
HSF1 concentration (Tomanek and Somero, 2002). In a fielith the activation temperature of HSF1, which supports
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