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Abstract
During mammalian hibernation, most physiological activities are dramatically
suppressed, but selected genes are up-regulated to provide protein products that protect
cells and organs for long term survival in the hypometabolic, hypothermic state. In this
study, the roles of chaperone proteins including glucose regulated proteins and heat shock
proteins were assessed in two species: thirteen-lined ground squirrels, Spermophilus
tridecemlineatus, and little brown bats, Myotis lucifugus. RT-PCR and Western blot
techniques were used to examine gene and protein expression Compared with euthermic
control squirrels and bats, glucose regulated protein 75 (Grp75), Grp94 and Grpl70 were
elevated in some tissues at the mRNA and/or protein levels with organ-specific patterns
o f response by grp transcripts and GRP protein. The up-regulation of grp mRNA may be
important for rapidly elevating the protein content of these chaperones during hibernation
and arousal; elevated GRP protein would then aid in the folding of other proteins that are
newly synthesized during hibernation and/or in the renaturation of proteins that become
misfolded at low body temperatures. Heat shock proteins (Hsps) including Hsp40, Hsp72,
Hsp73 and Hsp90 were elevated in some tissues of hibernating ground squirrels and bats.
Analysis of partial amino acid sequences of Grps and Hsps showed very high identities
(88-100%) compared with human or mouse sequences which indicates similar structures
and functions of Grps and Hsps among mammalian species. The data support the idea
that Grps and Hsps are up-regulated during hibernation to function as chaperones to bind
non-native polypeptides and suppress protein aggregations caused by low temperature
during hibernation.
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CHAPTER 1
GENERAL INTRODUCTION
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1.1. Hibernation
During the winter, many small mammals adopt hibernation to protect themselves
from the cold temperatures and the scarcity of food. Hibernation is a state in which
physiological and metabolic activities are greatly depressed (Storey, 2002). There are
three major characteristics of torpor including a profound reduction of metabolic rate,
greatly reduced physiological functions (including heart rate, breathing, etc.) and
extremely low body temperature (Tb) (Wang and Lee, 2000). Hibemators drop their Tb
to near ambient temperature and can achieve energy savings of as much as 90%
compared with the energy that they would otherwise spend to remain euthermic (Tb ~
37°) over the winter (Wang and Lee, 1996). Some species such as the Arctic ground
squirrel can even maintain Tb below 0°C for up to 3 weeks (Barnes, 1989). In the case of
hibernating ground squirrels, the heart rate drops to only 5-10 beat per minute compared
with the euthermic value of 350-400 beats per minute (Storey, 2003). Breathing is also
greatly reduced from ~40 to about 1 breath per minute (Milsom, 1992). Metabolic rate in
torpor can drop to just 1-5% of the corresponding resting rate in euthermia (Storey,
2003).
Thirteen-lined ground squirrels (Spermophilus tridecemlineatus) have become
one of the favoured model organisms for studies of the molecular basis of mammalian
hibernation. In nature, thirteen-lined ground squirrels exhibit a strict rhythm of
reproduction, fattening, and hibernation each year (Fig.l) (Kenagy et al., 1989). The
cycle includes mating, gestation, and birth in the spring. Then the young babies gain
sufficient body mass in the summer to prepare themselves for the severe cold winter. All
animals must put on enough fat to supply their fuel needs throughout the winter, usually

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

doubling their body weight by the end of summer. In the fall, the animals disappear into
their burrows to hibernate through the whole winter until the next spring. Over the winter
months, these mammals spend most of their time in deep torpor with their Tb near
ambient. They don’t eat or drink. Periodically they arouse from torpor, re-warming
themselves to core Tb values near 37°C. The interbout arousal period usually lasts from
20 minutes to 2 hours before the animals begin to sink into torpor again, with their Tb
stabilizing at a low value after about 1 day. The arousals are very energy-expensive and,
indeed, they can account for ~90% of the total energy consumption over the hibernation
season (Wang, 2000). Lyman et al. (1982) postulated that periodic arousals must be
essential for both hibernation and survival because otherwise continuous torpor would
save much more energy. However, to date, the true purpose of periodic arousals from
hibernation is not known.
The little brown bat {Myotis lucifugus) is a small insectivorous species. Their
body weight is only 7-11 g and they are found across most of North America (Fenton and
Barclay, 1980). In winter, this species finds caves and mines in which to hibernate in
large numbers. In New England, bats begin to arrive at swarming sites in July and enter
hibernation in early to mid-October (Kunz and Anthony,

1996). During the

prehibemation period between leaving the maternity roosts and entering hibernation, bats
feed nightly and enter torpor during the day in order to fatten for the hibernation
(Kronfeld-Schor et al., 2000). M. lucifugus often hibernates for 8-9 months of the year.
Hibemators keep their blood circulation and respiration well maintained during
hibernation, although at much lower rates than normal (Wang et al., 2002). Nonhibemators, such as humans, will die when core Tb falls to low values because some very

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

4
important physiological activities are halted; for instance, the shivering response stops at
a Tb of 30-32°C, the heart fibrillates at 27-29°C, and ventilation stops at 23-27°C
(Hirvonen, 1979; Ivanov, 2000). However, hibemators do not experience these problems.
They not only survive prolonged cold exposures without damage but also regulate the
transitions between warm and cold Tb values (Breukelen et al., 2000). The mechanisms
involved are not fully understood yet. Many studies on hibernation have shown evidence
o f adaptation in hibemators by means of differential gene expression, altering both the
mRNA transcripts and the protein product levels of a variety of genes. A variety of
examples o f hibernation-responsive gene activation have been reported. Expression of the
gene encoding a 2 -macroglobulin, a broad-spectrum protease inhibitor which has a very
important role in controlling blood clotting, increased at both mRNA and protein levels
during the winter (Srere et al., 1992). Some “intermediate-early” gene mRNAs such as cfos, c-jun, and junB also increased in the brain across the hibernation cycle (O’Hara et al.,
1999). Pyruvate dehydrogenase kinase (PDK) isozyme-4 mRNA was elevated in the
heart of hibernating ground squirrels; production of this enzyme which inactivates
pyruvate dehydrogenase is important for the regulated suppression of carbohydrate
catabolism during torpor (Andrews et al., 1998; Brooks and Storey, 1992). Studies in our
lab showed that genes coding for the ventricular isoform of myosin light chain 1
(MLC1V) and NADH ubiquinone-oxidoreductase subunit 2 (ND2) were also up-regulated
in heart and skeletal muscle of another ground squirrel, S. lateralis (Fahlman and Storey
2000). Fatty acid binding proteins are also up-regulated in both ground squirrel and bat
organs during hibernation (Hittel and Storey, 2001; Eddy and Storey, 2004) to provide
intracellular transport of lipid fuels to the mitochondria. Protein levels also change during
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hibernation. One particular example is insulin-like growth factor which was downregulated during hibernation along with the plasma binding protein (IGFBP-3) that
carries it. However, despite many recent advances, the full range of protein changes that
are needed to support hibernation is still far from completely understood.

1.2. Mammalian stress response
The mammalian stress response is an evolutionarily conserved mechanism that
allows cells to response to adverse environmental or metabolic conditions (Lee, 2001).
Two sets o f cellular protein families with protective functions are often over-produced
when cells are under stress. These are the heat shock proteins and the glucose-regulated
proteins. These proteins are called molecular chaperones and they play essential roles in
protein folding, assembling, transportation and disposal by degradation (Hartl, 1996). By
binding to denatured proteins, they prevent their aggregation and aid in their refolding
into the native state.

1.3. Heat shock proteins
Heat shock proteins are so-called because they were first discovered in salivary
glands and other tissues of Drosophila melanogaster that were given transient sublethal
heat shock (Tb elevated by ~5°C). To date, in eukaryotic cells, six families of HSPs have
been identified based on their molecular weight including HSP100, HSP90, HSP70,

HSP60, HSP40, and the small HSPs (Katschinski, 2004). HSP families have both
constitutive and stress-inducible members whose primary functions are to interact with
nai've and denatured proteins to prevent the aggregation of unfolded proteins, facilitate
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the folding of naive proteins and the re-folding of misfolded proteins, and aid
intracellular protein trafficking (Gething et a l, 1992; Becker and Craig, 1994). These
functions make contributions to the maintenance of cellular homeostasis and proniote cell
survival in response to stressful conditions. HSP sequences are strongly conserved across
phylogeny; for example, the Drosophila hsp70-gene and the prokaryotic Escherichia coli
dnaK-gene show 72% and 50% identity, respectively, with the human hsp70-gene (Luc et
al., 2001). The transcription of hsp genes is regulated by heat shock factors (HSFs),
which are constitutively synthesized cellular transcription factors. In human tissues, three
HSFs have been discovered (HSF1, HSF2, HSF4) but only HSF1 is involved primarily in
the stress response. The HSF is negatively regulated since HSF can bind DNA only under
stress conditions.
In eukaryotes, the Hsp proteins are found in the cytoplasm, nucleus and
mitochondria. In addition to heat shock, other several stressful events such as hypoxia,
ischemia, inflammation, and exposure to toxins including heavy metals, endotoxins, and
reactive oxygen species also induce HSPs. The physiological roles and the protective
potential of HSPs under pathophysiological circumstances have been identified clearly in
animal models. However, there is relatively little known to date about HSP roles in
mammalian hibernation. Hibemators naturally experience very low body temperatures,
hypoxia, and ischemia -

all conditions that could trigger HSP production in

nonhibernating species. Hence, an exploration of the role that HSPs could play in
hibernation is warranted.
Hsp40 (also known as HDJ1) is one member of the HSP40-family. It is found in
both the cytoplasm and the nucleus. Hsp40 is constitutive and can bind to unfolded
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proteins and couple them to Hsc70 or bind directly to the already formed Hsc70-unfolded
protein complex. Hsp40 binds through its J-domain to regulate the function of Hsp70 by
stimulating its adenosine triphosphatase activity (Freeman et a l, 1995; Borges et al.,
2005).
Hsp72 is the major inducible member of the HSP70 family. It is located in both
the cytoplasm and nucleus and contains a peptide-binding site and an enzymatic catalytic
site. It has a function in guiding protein synthesis and binding proteins under stress
conditions. Under unstressed conditions Hsp72 protein can stabilize unfolded nascent
precursor peptides (Beckmann et a l, 1990; Hartl and Martin, 1992). Hsp72 has been
found to associate with cytoskeletal proteins (Tsang, 1993). Under stress conditions,
Hsp72 and Hsp73 translocate into the cellular nucleus, particularly to the nucleolus
(Welch and Feramisco, 1984). Expression of Hsp72 can significantly reduce nuclear
protein aggregation and accelerate refolding of luciferase after heat shock (Nollen et a l,
1999; Stege et a l, 1994). Hsp72 has a protective role in the cardiovascular system and
has received intensive studies in human cardiovascular pathophysiology. Luss et al.
(2002) found that Hsp72 was elevated in stunned human myocardium, which suggests a
cardioprotective action. Hsp72 was up-regulated when myocardial hibernation of rat
heart was induced, which could be viewed as a stereotypical adaptational reaction of the
cardiac cell to stress conditions (Ferrari et a l, 1996).
Hsp73 (also known as Hsc70 due to its 73 kDa molecular weight) is another
member of the HSP70 family. Hsp73 also contains a peptide-binding site and enzymatic
catalytic site like Hsp72. Unlike Hsp72, Hsp73 is constitutively expressed, but it is also
induced under stress. It is located in the cytoplasm, peroxisomes, and nucleus and acts to
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guide protein synthesis and import for protein degradation. Under normal conditions,
Hsp73 can act as a cellular chaperone by forming a complex with an unfolded protein
(Freeman et al., 1995) and can fold and release the newly formed protein in an ATP
hydrolysis-dependent process. Under heat stress conditions, Hsp73 was found to
associate with topoisomerase I and refolded this nuclear protein. During recovery after
heat shock, both Hsp70 and Hsp73 return to the cytoplasm (Welch and Feramisco, 1984).
Hsp90 is one o f the most abundant cytosolic Hsps; it is located in cytoplasm and
nucleus. Hsp90 is constitutive but up-regulated and phosphorylated under stress. It can
bind steroid receptors, protein kinases, intermediate filaments, microtubules and actin
microfilaments in a very specific manner (Koyasu et al., 1986). Hsp90 is an essential
component of the glucocorticoid receptor (Pratt, 1993); it can bind the receptor at the
chaperone site and bind cofactors at other sites to translocate the receptor to the nucleus
(Pratt et a l, 2004). Data from Nadeau et al. (1993) revealed that Hsp90 possesses
ATPase activity and binds heat shock transcription factors. Hsp90 has two isoforms: the
more inducible Hsp90a and the less inducible and more constitutively expressed Hsp90p.

1.4. Glucose regulated proteins
Another set of stress proteins were first identified in 1977 as responses to glucose
starvation of cells and are called glucose regulated proteins (GRPs) (Lee, 1992; Little et
al., 1992; Lee, 2001). Two proteins were discovered with molecular weights of 78 and 94
kDa that were strongly induced when glucose was absent in the culture medium of
growing embryo fibroblasts (Shiu et al., 1977). This stress resulted in the accumulation of
misfolded proteins in the ER, and the elevation of Grp genes has been become known as
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a marker for the unfolded protein response (UPR). The principal Grps now known in
mammals are Grp75, Grp94, Grp78, and G rpl70. Hypoxia exposure as well as other
perturbations o f ER function, such as agents that affect calcium stores or inhibit
glycosylation, also result in Grp synthesis. These proteins have been shown to bind to
newly synthesized, unfolded, and/or incompletely glycosylated proteins in the lumen of
the ER, the mitochondria, and other compartments of cells.
Stress induction of mammalian Grp genes is mainly regulated at the transcription
level. In mammalian cells, the Grp promoters contain multiple endoplasmic reticulum
stress elements (ERSEs). Transcription factors including the nuclear form of ATF6, a
strong activator of mammalian Grp genes, and other transcription factors such as NF-Y
(CCAAT-binding factor) (Roy and Lee, 1999; Marcus and Green, 1997; Yoshida et al,
2001), YY1 (Ying Yang 1) binding to the CCACG motif (Li et al, 1997) and TFII-I
(known to facilitate protein-protein interactions) (Parker et al., 2001) can bind and
activate the ERSE. The promoter region of some Grps, for example Grp78, also contain
another element called the unfolded protein response element (UPRE) to which yeast
H a d can bind and activate transcription.
Grp75 (also known as Mortalin-2 or mthsp70), a member of the hsp70 family of
proteins, has been localized to mitochondria, endoplasmic reticulum, plasma membrane
(Shin et a l, 2003), and cytoplasmic vesicles (Domanico et al., 1993; Singh et a l, 1997;
Ran et al, 2000). Mizzen et a l (1991) showed that Grp75 interacts with and facilitates
the folding and assembly of proteins as they enter into the mitochondria. It can also bind
other proteins such GRP94 and p53 (Takano et a l, 2001; Wadhwa et al, 2002). The level
o f GRP75 protein can be enhanced by exposure to low levels of ionizing radiation,
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glucose deprivation (Merrick et a l, 1997), and calcium ionophore (Massa et a l, 1995). In
humans, Grp75 is up-regulated in tumours and transformed and tumour cell lines (Kaul et
a l, 1998; Taknao et a l, 1997; Bini et a l, 1997). The level of Grp75 was also reported to
be elevated in bat brain during arousal from hibernation (Lee et a l, 2002) and was
consistently higher in intestinal mucosa of 13-lined ground squirrels at five stages of the
hibernation cycle (entrance, short-bout torpid, long-bout torpid, arousal, and interbout
euthermia) as compared with summer-active squirrels (Carey et a l, 2000).
GRP94 (also known as gp96), a member of the heat shock protein 90 family of
proteins, is another stress-inducible protein and also one of the most abundant and wellcharacterized ER molecular chaperone. GRP94 has been studied more extensively
because it’s involved in antigen processing and has potential use in immune therapy
(Nicchitta et a l, 2004; Gidalevitz et a l, 2004; Argon and Simen, 1999). As a molecular
chaperone, GRP94 can bind to malfolded proteins and unassembled complexes. They are
induced in response to stress and are posttranscriptionally modified into biologically
inactive forms after removing the stress. The promoter of Grp94 is well conserved and
can interact with several transcription factors to induce grp94 expression (Little et a l ,
1994; Yoshida et a l, 2001; Parker et a l, 2001). Paris et a l (2005) found that there are
three hypoxia response elements (HRE) in the human GRP94 promoter and GRP94 was
up-regulated in endothelial cells in response to hypoxia. Jeon et a l (2004) evaluated
GRP94 expression level after giving an intracerebroventricular injection of kainic acid to
adult mice. They found an elevated GRP expression compared with control, by which
they think that GRP94 may stabilize the astroglial cytoskeleton and participate in
astroglial antioxidant mechanisms.
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Grp 170 (also known as oxygen-regulated protein, Orpl50) is a novel
endoplasmic-reticulum-associated chaperone induced by hypoxia/ischemia. Induction of
this protein under ischemic stress protected cells from death (Ozawa et al., 1999).
Yoshitane et al. (1998) found that Grpl 70 was up-regulated in human breast tumors
compared with normal breast tissue. In addition to a protective role for cells under stress
conditions, Grp 170 was also described as making a contribution to the import of proteins
and peptides. Dierks et al. (1996) found that Grpl70 was an efficient ATP-binding
protein. Grp 170 was also involved with peptide transport into the ER via the transporter
associated with antigen processing, suggesting that Grpl70 may be involved in the
antigen presentation pathway.

1.5. Hypothesis and proposed studies
Adaptations that support hibernation should predictably include changes to the
protein make-up o f cells to deal with a number of stresses and potential problems. These
could include protein changes that allow cells to maintain coordinated functions under
very low Tb values in torpor or that may deal with potential ischemia/hypoxia stresses,
especially associated with the arousal process when metabolic demand by warming
tissues may rise very quickly Furthermore, because protein synthesis is strongly
suppressed during torpor and because animals remain torpid for many weeks at a time,
mechanisms may be needed to help stabilize cellular proteins over the long term. These
actions may be jobs for HSPs and GRPs in hibernating mammals. Indeed, as reported
above, Grp75 is already known to be elevated in bat brain during arousal from
hibernation (Lee et al., 2002) and in intestinal mucosa of 13-lined ground squirrels in
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winter as compared with summer active animals (Carey et al., 2000). This suggests that
Grp75 may have a wide role to play in all tissues. In addition, other Grp and Hsp family
members may also have important roles in hibernation.
I hypothesize that multiple HSP and GRP family members are up-regulated
during hibernation in the organs of two mammalian species, ground squirrels and bats.
To test this hypothesis, relative quantitative RT-PCR was employed to examine Hsp and
Grp gene expression and Western blotting was used to evaluate HSP and GRP protein
levels in the organs of ground squirrels and bats, comparing euthermic and hibernating
states. Partial cDNA sequences were also obtained from squirrel and/or bat for each gene
studied and were compared with the corresponding sequences from other mammals to
highlight similarities and differences between hibemator and non-hibemator proteins.
In Chapter 3, the responses of several Grps are quantified at the mRNA level
and/or protein level in squirrel and bat tissues. Levels of Grp75 expression in both
squirrel and bat tissues were analyzed for changes in both mRNA and protein levels.
Grp94 expression was also analyzed at both mRNA and protein levels in squirrel tissues
whereas Grpl 70 transcript levels were quantified in squirrel and bat tissues.
In Chapter 4, the effect of hibernation on HSP protein expression is quantified in
squirrel and in bat tissues. Western blots were used to analyze HSP70, HSP73, and
HSP40 levels in both squirrel and bat organs and HSP90 protein expression was also
evaluated in squirrel tissues.
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Figure 1.1 Life history of a hibemator.
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temperatures and euthermy. Graphs plot body temperature against time, showing the
dynamic cycling between longer periods of torpor and interbout arousals (IBA) during
hibernation {top) vs. the relative constancy in summer {bottom).
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Fig. 1.2. Thirteen-lined ground squirrel, Spermophilus tridecemlineatus (A) and little
brown bat, Myotis lucifugus (B).
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CHAPTER 2
MATERIALS AND METHODS
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Animals
Thirteen-lined ground squirrels, Spermophilus tridecemlineatus (130-180 g), were
obtained in September 2000 and transported to an animal housing facility on the National
Institutes o f Health campus (Bethesda, MD) where they were held at the Animal
Hibernation Facility. Hibernation experiments were carried out by the laboratory o f Dr.
J.M. Hallenbeck (National Institute of Neurological Disorders and Stroke). Animals were
held at 21°C on a 12/12-h light/dark cycle and fed ad libitum until they entered and
finished the pre-hibernation phase of hyperphagia that maximized the body lipid reserves
prior to hibematioa When animals had exhibited a rapid increase in body weight to 220240 g, they were placed in constant darkness in chambers at 5-6°C and 60% humidity to
induce hibernation; noise within the chamber was kept to a minimum. These
environmental conditions approximate those to which the animals are normally exposed
in their burrows over the winter season. After hibernation for 2-6 days (as indicated by a
constant low body temperature of ~5°C), animals were sacrificed by decapitation. At the
same time, animals that were kept as euthermic controls at 21°C were sacrificed. Brain,
liver, kidney, heart, lung, brown adipose tissue (B.A.T.), white adipose tissue (W.A.T.)
and skeletal muscle were quickly excised, flash frozen in liquid nitrogen, and then stored
at -80°C. The tissues were packed in dry ice and air-freighted to Carleton University
where they were again stored at -80 °C until use.
Little brown bats, Myotis lucifugus (7-8 g body mass), were collected by Dr. Don
Thomas (Universite de Sherbrooke) in November 1999 from a disaffected slate mine near
Sherbrooke, Quebec where they had been hibernating since October (cave air temperature
was ~5°C). They aroused during transportation to the Universite de Sherbrooke. Some
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were kept at euthermic conditions at 23-24°C for 48 hours and then euthanized by
cervical dislocation while others were placed at 5°C and allowed to re-enter hibernation.
They were sacrificed after 36 hours of continuous torpor with body temperature lower
than 6°C. The tissues from both euthermic and hibernating bats were collected as
described above.

General procedures for molecular biology methods
All materials and solutions used for RNA isolation were treated with 0.1% v/v
diethylpyrocarbonate (DEPC) and subsequently autoclaved. Lab tools and equipment
were routinely sterilized in a UV hood (VWR Canada). Lab benches were washed down
with ethanol and gloves were worn for all procedures and changed frequently to prevent
DNA contamination.

Total RNA extraction
Total RNA was extracted from the tissues obtained above. Trizol reagent (GibcoBRL) was used for the extraction and purification of total RNA following the
manufacturer’s protocol and as reported previously (McMullen, 2004). Briefly, about 50lOOmg of tissue was weighed, placed in a 2 ml microcentrifuge tube and homogenized in
1ml of Trizol reagent. A 200 pi aliquot of chloroform was added (0.2 ml/ml of Trizol)
and the sample was incubated at room temperature (RT) for 2-10 min. The sample was
then centrifuged at 10,000 rpm for 15 min at 4°C to separate the sample into an aqueous
phase and an organic phase. After centrifugation, the upper aqueous phase containing
RNA was removed to a fresh 1.5 ml tube containing 500 pi isopropanol and RNA was
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precipitated over 10 min at RT followed by centrifugation at 12,000 rpm for 10 min. The
supernatant was discarded and the pellet was washed with 70% ethanol and centrifuged
again at 12,000 rpm for 5 min. The total RNA pellet was resuspended in 50-200 pi of
RNAase-free distilled water depending on the amount of total RNA.
The quality of total RNA was assessed by separation on a denaturing
formaldehyde agarose gel; visual inspection showing the presence of sharp and distinct
28S and 18S rRNA bands indicated good quality. Briefly, a 1.2% gel was prepared by
melting 0.75 g of agarose (electrophoresis grade, GIBCO BRL) in 52.75 ml DEPCtreated water, then allowed to cool to ~60°C with addition of 6.25 ml 10x,,MOPS buffer
[0.2 M 3-N-morpholino propanesulfonic acid (MOPS), 50 mM sodium acetate, 10 mM
ethylenediamine tetraacetate (EDTA), pH 7.0] and 3.5 ml of 37% formaldehyde (v/v). To
prepare RNA samples, 10-15 pg of total RNA from each sample (in a volume of 6-10 pi
o f sterile DEPC-treated water) and an equal volume of RNA denaturing buffer (made of
12.5 pi formamide, 2.5 pi lOx MOPS buffer and 4 pi 37% formaldehyde) were mixed
and heated at 65°C for 5 min, then chilled on ice, and then 2.5 pi of 10* RNA loading
buffer [0.9 ml of 50% glycerol, 2 pi of 0.5 M EDTA (pH 8.0), 50 pi of 0.25%
bromophenol blue, 50 pi o f 0.25% xylene cyanol FF] was added to the mixture. After a
quick spin, the RNA sample was loaded onto an agarose gel which had been pre-run at 90
V (4.5 Y/cm) with 1* MOPS running buffer for 10-15 min. A 7pg aliquot of RNA ladder
(lpg/pl, 0.24-9.5 kb, GIBCO BRL) was applied as a size marker in one lane. The
quantity of the total RNA was measured using spectrophotometry at 260 nm with an
OD260 of 1 corresponding to 40 pg of RNA per ml. RNA was stored at -80°C until
required for further use.
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First strand synthesis
Briefly, 15 pg o f total RNA in 10 pi of DEPC-treated water was placed in a 0.5ml
tube to which 1 pi 200 ng/pl of Oligo dT primer (5’-TTTTTTTTTTTTTTTTTTTV-3’;
V=A or G or C) (Sigma Genosys) was added, and the tube was put in a 65°C water bath
for 5 min. Then the following components were added: 2 pi DTT, 4 pi of 5X sample
buffer, 1 pi of 10 pM dNTPs, and 1 pi reverse transcriptase (Superscript, GIBCO). The
mixture was incubated at 40°C for 40 min to reverse transcript the mRNA to cDNA. Then
a series of cDNA dilutions of 10'1, 10’2, 10'3, 10'4, and 10’5were made and stored at 4°C.

Degenerate primer design
Degenerate primers were designed using DNAMAN and Primer Designer
software. Several mammalian sequences for the gene of interest were retrieved from
Genbank and then compared using DNAMAN. Highly conserved regions were identified
in the sequences and these were used to design primers using Primer Designer based on
the variables including primer length, melting temperature, G/C content and 3’-end
sequence. The designed primers were then synthesized by Sigma Genosys.

RT-PCR
The reverse transcription-polymerase chain reaction (RT-PCR) was used to
retrieve the segments of genes and to access the levels of mRNA transcripts in the tissues
o f control and hibernating ground squirrels and bats. To retrieve the segments of genes,
gradient PCR was performed with a 10‘2 cDNA dilution and the designed primers,
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essentially as described by Morin and Storey (2005). PCR tubes contained the following:
ddH20 15 pi, cDNA 5\il, 10X PCR buffer 2.5 pi, 50 pM MgCl2 1.25 pi, 10 pM dNTPs
0.5fxl, Taq 0.125pl and 30 nmol/ml of forward and reverse primer mixture (1:1) 1.25 pi.
The program for i-Cycler PCR machine was set as follows: denaturation at 95°C for 30
sec, primer annealing for 30 sec, and primer extension at 72°C for 30 sec. These cycles
were carried out 35 times.
The resulting PCR products were separated on 1% agarose gels together with a
DNA ladder. The optimum temperature for the PCR reaction was determined to be the
one at which the PCR products showed the brightest band. The PCR products were
sequenced by either Canadian Molecular Research Services (CMRS) Inc. (Ottawa,
Ontario) or by CORTEC (Kingston, ON) using an automated DNA sequencing
procedure.
For the analysis of DNA sequencing data, the segments were analyzed using
computer-assisted programs. Nucleotide sequences and deduced polypeptide sequences
were analyzed with the Blast Program on the World Wide Web (WWW) to search for
homologous sequences in Genbank. The DNAMAN program (Lynnon BioSoft,
Vaudreuil, Quebec) was used for sequence comparison and alignment.
For analyzing the levels of gene expression, relative RT-PCR was employed.
First,

primers

(Forward

AAGGAAGATGCTGCCAATAA,

Reverse

GGTCACATTTCACCATCTG, Sigma Genosys) for a housekeeping gene, a-tubulin,
were subjected to PCR using the series of cDNA dilutions made from control and
hibernating tissues; a-tubulin expression was used to normalize the amount of cDNA
present in control versus hibernated samples. Then RT-PCR was carried out using the
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primers for the gene o f interest and the same dilution series. A tube with reaction mix and
alpha-tubulin primers but with no cDNA was also used as a negative control. A tube with
reaction mix and alpha-tubulin primers but with total RNA was used as control to avoid
genomic contamination. PCR products were separated on a 1% agarose/ethidium bromide
gel. DNA bands were visualized under UV light in ChemiGenius Bio Imaging System
(SynGene) and quantified using SynGene tools. The lowest dilutions for alpha-tubulin
and the gene o f interest which had visible bands were chosen for quantification. The
mRNA band density of the gene of interest was normalized against the corresponding
alpha-tubulin band density for the same sample and then normalized values for euthermic
and hibernating samples (n=4 for each) were tested for significant differences using the
Student’s t-test with P<0.05 accepted as a significant difference. Next, the values for
hibemator samples were expressed relative to euthermic controls and plotted as
histograms. Overall, the ratios shown in histograms represent the following:
(hibernating gene / hibernating tubulin) / (euthermic gene / euthermic tubulin).

Protein isolation and Western blotting
The technique of Western blotting was employed to assess the protein expression
of the genes in tissues from hibernating versus euthermic animals. Methodology was
essentially as described in Eddy et al. (2005) and Morin and Storey (2005). Frozen tissue
samples (-50 mg) from euthermic and hibernating ground squirrels and bats were
homogenized in 0.5ml buffer (20 mM Tris, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA,
1% v/v Triton X-100, 10 mM 13-glycerol phosphate, 1 mM Na3V 0 4 , 1 mM PMSF,
pH7.8). Homogenates were centrifuged at l,1000r/min for 13 min at 4°C, and
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supernatants were collected. Soluble protein concentration was measured with the
Coomassie blue dye-binding method and the Bio-Rad commercial kit. Volumes
containing equal amounts of protein from euthermic and hibernating samples were mixed
with 1:1 v:v with 2X SDS -PAGE loading buffer (100 mM Tris-HCl, pH 6 .8 , 20% v/v
glycerol, 4% w/v SDS, 0.2 % w/v 2-mercaptoethanol, 0.2% w/v bromophenol blue) and
boiled for 5 min. The samples were then loaded to 8-12% acrylamide gels and run at 180
V for 45 minutes using the BioRad Mini-PROTEAN 3 System. Proteins were transferred
to polyvinylidene difluoride (PVDF) membranes by electroblotting using wet transfer
with pre-chilled solution containing 25 mM Tris (pH 8.5), 192 mM glycine, and 20% v/v
methanol at 4°C 70 V for 2 hours.
Membranes were then blocked with 2.5% milk in TBST buffer (10 mM Tris, pH
7.5, 150 mM NaCl, 0.05% v/v Tween-20) at RT for 25-35 minutes and then probed with
primary antibodies at 4°C for overnight. For Grp94, a negative control was performed
using the Grp94 peptide (Cal. Sc-1794p, Santa Cruz Biotechnology) which was used to
raise the antibodies against Grp94. The membranes were washed with TBST for 3 x 5
min and then incubated in secondary antibody at RT for 2 hours. After a further three
washes, immunoreactive bands were detected by use of enhanced chemiluminescence
(ECL) reagents (PIERCE) in Syngene. Subsequently, the membrane was stained by
Coomassie blue. The relative amount of the target protein as well as Coomassie stained
bands were quantified using Syngene tools. Data were collected from n=4 trials for both
hibernating and euthermic samples and significant differences between the two groups
were tested using the Student t-test. Histograms were constructed showing the ratio
hibernating'.euthermic values with error bars that are the sum of SEM values for
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euthermic and hibernating trials.
In selected cases, the specificity of the antibody reaction was tested by using the
immunizing peptide to block the immunoreaction with the band of interest on the blot.
Duplicate blots were prepared. One was reacted as normally with primary antibodies. The
second blot was incubated with primary antibody that had previously been incubated with
10 ug of GRP94 immunizing peptide in TBST for 2 hours at room temperature. Both
blots were then incubated with secondary antibody and developed as normally.

2-Dimentional Polyacrylamide Gel Electrophoresis (2-D PAGE)
To verify that the antibody used in Western blotting was specific to its protein or
peptide target, 2-D PAGE was employed using the Mini-PROTEAN II system,
essentially as described by Eddy et al. (2005). The first dimension gel was prepared in a
capillary tube containing monomer solution [9.2 M urea, 4% acrylamide, 1.6% pH 5-8
ampholytes (Sigma), 0.4% pH 3.5-10 ampholytes (Sigma), 0.01% ammonium persulfate,
0.1% TEMED]. After polymerization, the capillary gels were pre-electrophoresed for 10
min at 200V, 15 min at 300V and 15 min at 400V with 100 mM NaOH as the upper
chamber running buffer and 10 mM H 3PO4 as the lower chamber running buffer.
Tissue samples from ground squirrels and bats (~100mg) were homogenized with
a Polytron homogenizer in 1ml (1:10 w/v) of buffer (25 mM HEPES, 25 mM KC1, 250
mM sucrose, 1 mM EGTA, 1 mM EDTA, pH 7.4). The protease inhibitor
phenylmethylsulphonyl fluoride (PMSF) was added just prior to homogenization. The
samples were then centrifuged at 5,000 rpm for 5 min at 4°C in a Biofuge 15 (Baxter
Canlab). The supernatant was removed and total protein content was quantified using the
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BioRad protein assay. Protein samples were mixed with equal volume of 2x SDS-PAGE
sample buffer (9.5 M urea, 2% v/v Triton X-100, 5% v/v [3-mercaptoethanol, 1.6%
ampholines pH 4-6 and 0.4% ampholines pH 3.5-10), and then boiled for 5 min. Samples
were loaded into pre-electrophoresed first dimensional gel capillary sample reservoirs
and overlaid with the first dimension sample overlay buffer (9 M urea, 0.8% pH 5-8
ampholytes, 0.2% pH 3.5-10 ampholytes, 0.005% w/v bromophenol blue). Separation
generally occurred over 10 min at 500 V and then 3 h at 750 V. Following isoelectric
focusing, the gels were removed from the capillary tubes and incubated for

10

min in

SDS equilibration buffer containing 62.5 mM Tris-HCl, pH 6 .8 , 2.3% w/v SDS, 5.0% pmercaptoethanol, 10% w/v glycerol and 0.00125% w/v bromophenol blue. The gels were
then loaded onto an SDS polyacrylamide gel (12%) for second dimension separation by
molecular mass and probed with primary and second antibodies with the same procedures
as used for Western blotting.

Comparison of gene expression in nuclear and cytoplasmic fractions
Differential centrifugation was used to separate nuclear and cytoplasmic fractions
as described by Morin and Storey (2005). Briefly, frozen tissue samples (0.5 g) were
weighed and added to 0.5 ml of homogenization buffer (1:1 w:v) containing 10 mM
HEPES, pH 7.9, 10 mM KC1, 10 mM EDTA, 10 mM DTT, and 10 pi of protease
inhibitor mixture (1 mM PMSF, 0.015% w/v aprotimin, 10 pM leupeptin, 1 pM
pepstatin, 1 mM NaF). Tissue was disrupted in a Dounce homogenizer and then
centrifuged at 10,000 x g for 10 min at 4°C. The supernatant representing the cytoplasmic
extract was removed into a sterile microcentrifuge tube and stored at -80°C. The pellet
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was resuspended in extraction buffer containing 20 mM HEPES, pH 7.9, 0.4 M NaCl, 1
mM EDTA, 10% v/v glycerol, 0.1 mM DTT and 1.5 pi of protease inhibitor cocktail and
then incubated on ice with shaking for 1 h. After centrifugation at 10,000 x g for 10 min
at 4°C, the supernatant representing the nuclear extract was removed and stored at -80°C.
SDS-PAGE and Western blotting were carried to check the protein localization and
expression level.
The integrity and purity of the nuclei isolated by the above procedure was
checked by running the following tests on the nuclear versus cytoplasmic fractions.
Firstly, DNA content was measured spectrophotometrically at 260 vs 280 nm in the two
fractions; compared with the cytoplasmic fractions, the nuclear fractions that were
isolated were found to contain virtually all of the DNA. Secondly, the distribution of the
transcription factor ATF4 was assessed by western blotting. ATF4 is typically found in
the cytoplasm under control conditions and moves to the nucleus under stress conditions;
nuclei from euthermic animals showed ATF4 in the cytoplasm whereas this shifted to the
nuclear fraction during hibernation. Thirdly, the distribution of the phosphorylated form
of the transcription factor CREB was assessed; CREB is not phosphorylated in its
inactive state in the cytoplasm and when activated moves to the nucleus and is
phosphorylated CREB. Phospho-CREB was detected only in the nuclear fraction and
only in hibernating animals.3
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CHAPTER 3
UP-REGULATION OF GLUCOSE
REGULATED PROTEINS IN
HIBERNATION
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Results

3.1

GRP75

3.1.1. RT-PCR retrieval o f squirrel and bat grp 7'5
RT-PCR was carried out to retrieve cDNA for grp75 from liver of both ground
squirrels and bats. Degenerate primers were designed based on the consensus sequences
of

grp75

from

several

GGAATGGCCTTAGTCATGAG-3 ’

other

mammal
and

species:

Forward

Reverse

5’5’-

CCTGTC(T/G)CTG(C/T)GAGTCATTG-3’. The optimum annealing temperature was
54°C. Fig. 3.1 shows the cDNA segments that were amplified for ground squirrel (A) and
bat (B) liver and the corresponding deduced amino acid sequences. Analysis using the
BLAST program at the NCBI website and DNAMAN software confirmed that the
sequences encoded grp75. The primers amplified the same 482 nucleotide segment of
cDNA from both species. These partial sequences showed 94% identity, respectively,
with the corresponding segment of the human grp75 cDNA sequence (Fig. 3.2). The
amplified nucleotide sequences encoded 160 amino acids, about 25% of the full protein
(659 amino acids in humans and mice), from a region near the N terminal (beginning at
amino acid 37 of the human/mouse sequence). Amino acid sequence identity was very
high; squirrel and bat GRP75 shared 99% and 97% identity, respectively, with human
GRP75 (Fig.3.3), which shows that GRP75 is very conserved among mammals and
furthermore confirmed that the GRP75 partial sequences obtained in this experiment for
squirrel and bat were reliable.
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3.1.2. Expression o f grp75 mRNA in tissues from hibernating squirrels and bats
The technique o f RT-PCR was employed to analyze grp75 mRNA expression
levels in tissues of euthermic (control) and hibernating squirrels and bats. For this, the
degenerate grp75 primers (listed above) were used; the very high nucleotide sequence
similarity between the mammalian cDNAs made it unnecessary to redesign speciesspecific primers for these studies. Fig.3.4 shows a typical pattern of PCR product bands
after amplification of normalized serial dilutions of squirrel liver cDNA using primers for
a-tubulin or grp75. a-tubulin, used as a control, showed no difference in band intensities
between control and hibernating states at any of the dilutions of liver cDNA tested. The
same result was found for alpha-tubulin mRNA levels in other squirrel tissues and also in
bat tissues (data not shown). As the figure shows, the intensity of the bands decreased
e

T

with the increasing dilution. The bands chosen for quantification (10' for tubulin, 10 for
grp75) were clearly nonsaturating in intensity, indicating that they fell within the linear
portion of the [cDNA] versus band intensity relationship. The intensity of the bands in
higher dilutions was measured according to the method described in Chapter 2 and the
formula listed in Fig.3.4. Following the calculation using Syngene software, the mean
values from multiple runs were statistically analyzed.
Fig.3.5A shows the relative expression level of grp75 mRNA in eight organs of
ground squirrels. Expression in BAT (brown adipose tissue) tissue from hibernating
animals was significantly higher (2.9-fold higher) than in euthermic controls. Transcripts
o f grp75 were also moderately elevated in kidney by 1.2-fold. By contrast, grp75
expression was reduced in WAT (white adipose tissue) of hibernating squirrels to 51% of
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the euthermic value. Transcript levels were unaltered during hibernation in liver, muscle,
lung, heart and brain.
The pattern seen in bat tissues was quite different (Fig. 3.5B). Transcripts of
grp75 were moderately elevated in muscle, lung, and brain of hibernating animals by
1.22-, 1.2-and 1.3-fold, respectively, as compared with euthermic controls. By contrast,
expression in BAT of hibemators was reduced to 74% of the control value. Expression
levels were unaltered in bat liver and kidney and grp75 mRNA was not detected in bat
WAT.

3.1.3 Expression o f GRP75protein in hibernated squirrel and bat tissues
The technique of Western blotting was used to determine the protein levels of
GRP75 in hibemator tissues. The antisera used was anti-GRP75 goat polyclonal IgG
antibody (1:200) (sc-1058, Santa Cruz Biotech.). Horseradish peroxidase-conjugated
bovine anti-goat IgG (sc-2350, Santa Cruz) was used as secondary antibody (1:1000).
Band intensities on Western blots were calculated using Syngene software and the data
were analyzed statistically in Excel. Fig. 3.6 A shows representative immunoblots for
GRP75 in squirrel and bat tissues from hibernating versus euthermic control animals.
Histograms in Fig. 3.6B show mean ratios (hibemating:euthermic) for multiple
independent trials. In ground squirrels, GRP75 protein levels increased significantly
during hibernation in two tissues, brain and liver, by 1.68- and 1.23-fold, respectively
(Fig.3.6B). By contrast, GRP75 levels fell in squirrel muscle and heart to 61% of the
euthermic values, respectively, while there was no change in BAT, kidney and lung. In
bats, GRP75 protein levels increased significantly in muscle and brain during hibernation
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by 1.32- and 1.14-fold, respectively (Fig.3.6C). However, protein levels decreased to
84% and 70% in liver and lung, respectively, while there was no change in BAT and
kidney.

3.1.4. Anti-GRP75 antibody specificity confirmed by 2D electrophoresis
To confirm that the antibodies used were specific for a single protein, 2-D gel
electrophoresis was employed. After running the first dimension isoelectrofocusing gel to
separate the proteins on the basis of charge, the proteins were separated in the second
dimension by molecular mass using SDS-PAGE. The resolved proteins were then probed
with primary and secondary antibodies, as described above in section 3.1.3. Fig.3.7
shows the protein spots that reacted with GRP75 antibodies in squirrel liver (A) and bat
liver (B). In both cases strong immunoreactive spots were seen at a position
corresponding to a molecular weight of ~70 kDa and pi value of -5.4, which is consistent
with the characteristics of human GRP75 (NP_004125) which has a molecular weight of
73 kDa and theoretical pi of 5.87 as calculated from the Compute pI/Mw tool at
http://www.expasy.org/tools/ website. Some minor crossreacting spots on the squirrel
liver gel were at a much lower molecular weight; these would not interfere with the
detection and quantification of the GRP75 band on the one-dimensional western blot.
Hence, the results demonstrate that the antibody used for Western blotting is specific to
GRP75 protein and the protein levels examined in different tissues were reliable.
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3.1.5 Localization o f GRP75 protein in squirrel muscle
Subcellular fraction and immunoblotting studies using anti-GRP75 antibody (the
same as used in Western blotting) showed that GRP75 protein was present in both the
cytoplasm and the nucleus of ground squirrel skeletal muscle. Fig.3.8 shows that the
relative amounts of GRP75 were lower in both subcellular fractions in muscle from
hibernating squirrels, in agreement with the decrease in total GRP75 in hibernating
muscle seen in Fig. 3.6. GRP75 protein in the cytoplasmic fraction from hibernating
animals was only 45% of the amount in euthermic cytoplasm whereas in nuclei, the
amount in hibemators was reduced to 70% of the euthermic value.

3.2

GRP94

3.2.1 Similarity analysis o f squirrel GRP94 in both DNA and protein level
RT-PCR was used to retrieve a cDNA for grp94 from ground squirrel brain.
Degenerate primers were designed based on the consensus sequences of grp94 from other
mammalian species: Forward 5’-TGCTG(C/T)GTCCTGCTGACCTT-3’ and Reverse 5’GC(T/G/C)ACAAGGAAGGC(G/T)GAATA-3 ’. The optimum annealing temperature
was 63°C. A 550 bp segment was amplified from squirrel brain. Fig. 3.9 shows the
squirrel grp94 cDNA segment and the corresponding deduced amino acid sequence.
Analysis using the BLAST program at the NCBI website and DNAMAN software
confirmed that the sequence encoded grp94. The partial cDNA sequence shared 94% and
90% identities, respectively, with human and mouse grp94 (Fig. 3.10). The amplified
nucleotide sequence encoded 183 amino acids, about 23% of the full protein (803 and
802 amino acids in human and mouse, respectively), from a region near the N-terminal
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(beginning at amino acid 17 of the human/mouse sequence). Amino acid identity was
high; the squirrel GRP94 protein segment shared 98% identity, respectively, with the
human, mouse and cow sequences (Fig. 3.11). These data show that grp94 is well
conserved among mammals and that the partial nucleotide cDNA sequence obtained in
this experiment is reliable.

3.2.2 grp94 mRNA expression in squirrel tissues
To study the effects of hibernation on the mRNA expression of grp94 in squirrel
tissues, the technique of RT-PCR was employed. Samples were normalized by
amplification of tubulin primers (the same as in section 3.1.2), and then amplification of
cDNA serial dilutions were conducted with the grp94 degenerate primers (listed above).
The PCR products were separated on agarose gels and the DNA bands were stained with
ethidium bromide and visualized under UV light with the Syngene. The intensities of the
bands in the higher dilution samples were measured and the histogram in Fig. 3.4 shows
data derived from the amplification of the cDNA dilutions according to the method
described in Chapter 2 and the formula listed in Fig. 3.4. Fig.3.12 shows the relative
expression level of grp94 transcripts in seven tissues. In squirrel BAT, brain and lung
expression was significantly higher in hibernating animals compared with euthermic
controls; levels were 1.17-fold, 1.31-fold and 1.24-fold higher than controls, respectively.
By contrast, grp94 expression did not change in heart, kidney, liver and muscle and
grp94 was not detected in WAT.
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3.2.3 GRP94protein expression in squirrel tissues
To check the GRP94 protein expression in squirrel tissues, tissue extracts of
soluble proteins were prepared, separated on SDS-PAGE gels, transferred to PVC
membrane and then immuno-reacted with anti-GRP94 goat polyclonal IgG antibody (sc1794, Santa Cruz) (1:200 v:v). Following washing, the membrane was probed with
secondary antibody, bovine anti-goat IgG HRP (sc-2350, Santa Cruz) (1:1000 v:v), and
then bands were developed with ECL and the intensities of bands was quantified using
Syngene software. Fig. 3.13A shows representative Western blots of GRP94 protein
levels in seven squirrel tissues and the histogram (Fig. 3.13B) shows the relative GRP94
protein expression in tissues from hibernating versus euthermic animals. In brain, liver,
lung and muscle, GRP94 protein was significantly higher by 1.17-, 1.15-, 1.3- and 1.2fold, respectively, in hibernating animals versus controls. GRP94 protein levels did not
change during hibernation in BAT, heart or kidney.

3.2.4 Anti-GRP94 antibody specificity confirmed by negative control test
The specificity of anti-GRP94 antibody was assessed by a negative control test.
Samples of squirrel control and hibernating BAT and liver proteins were separated by
SDS-PAGE on three gels and transferred to PVC membranes (Fig. 3.14). One blot was
immunoblotted with primary and secondary antibodies (as in 3.2.3) and immunoreacting
protein bands were visualized at ~94 kDa (Fig. 3.14A). The second blot was also
immunoreacted with primary and secondary antibodies, but the primary antibody had
been previously incubated with 10 ug of GRP94 immunizing peptide in TBST for 2 hours
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at room temperature to allow the peptide to bind to the antibody. When developed, this
blot showed no cross-reacting bands because the GRP94 primary antibody cross-reacted
with the GRP94 peptide, leaving no free antibodies left to bind with GRP94 proteins on
the membrane. This result demonstrated that the GRP94 antibody used in this experiment
was specific for GRP94 protein and crossreacted with squirrel GRP94. The immunoblot
shown in Fig. 3.14C shows a comparable Western blot for GRP94 in squirrel liver and
BAT but with protein molecular weight markers run in the far right lane; this shows that
the immunoreacting band is of the expected molecular weight.

3.2.5 Localization o f GRP94 protein in squirrel muscle
Subcellular fractionation and immunoblotting was used to study the distribution
of GRP94 protein in the cytoplasm versus nucleus of ground squirrel skeletal muscle.
Fig. 3.15 (A) shows that levels of GRP94 were significantly elevated in both
compartments during hibernation; GRP94 protein content was 1.23-fold higher in
cytoplasmic fractions of hibernating versus control animals whereas GRP94 was 1.37fold higher in nuclear fractions of hibemators (Fig.3.15 B).

3.3

GRP170

3.3.1 Similarity analysis o f squirrel and bat GRP170 at mRNA and protein level

RT-PCR was employed to retrieve cDNA for grp 170 from bat brain. Degenerate
primers were designed based on the consensus sequences of grp 170 from several other
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mammal species. These were: Forward 5’-GACCTGTTGGCACTGAGTGA-3’ and
Reverse 5’-CGGAAGACACCATAGCTGAG-3\ The optimum annealing temperature
was

6 6 °C.

The primers for squirrel grpl70 were subsequently designed based on a

consensus sequence derived from bat grpl70 cDNA as well as other mammalian grpl 70
sequences:

Forward

5 ’-CCATGA AGGTGGCC AT(C/T)GTC-3 ’ and

Reverse

5’-

C(G/A/T)GTGGC(A/G)GTGTTGTCATTG-3 ’. The optimum annealing temperature was
6 6 °C.

Fig. 3.16 shows the cDNA segments that were amplified for squirrel kidney (A)

and bat brain (B) and the corresponding deduced amino acid sequences. Analysis using
the BLAST program at the NCBI website and DNAMAN software confirmed that the
sequences encoded grpl 70. The primers amplified 460- and 538-nucleotide segments
(primers excluded from both sequences) of cDNA from both species. These partial
sequences showed

88%

and 90% identity, respectively, with the corresponding segment

o f the human grpl70 cDNA sequence (Fig. 3.17). The amplified squirrel grpl70
nucleotide sequence encoded 153 amino acids or about 15% of the full protein (999
amino acids in mouse and hamster), from a region near the N terminal (beginning at
amino acid 51 of the mouse/hamster sequence). The amplified bat grp 170 nucleotide
sequence encoded 179 amino acids about 18% of the full protein, again from a region
near the N terminal (beginning at amino acid 32 of the mouse/hamster sequence).
Squirrel and bat GRP 170 amino acid sequences shared 94% identity with human GRP 170
(Fig. 3.18).
3.3.2

Grpl 70 mRNA expression in squirrel and bat tissues
RT-PCR was carried out to check the mRNA expression level in tissues from

hibernating versus euthermic squirrels and bats. Since the cDNA bands were not bright
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using the degenerate primers for squirrel and bat, specific primers for squirrel and bat
grp 170 were redesigned from the 500 bp of squirrel grpl70 partial nucleotide sequence
and bat 580 bp of bat partial grp 170 nucleotide sequence, respectively. The specific
primers for squirrels were: Forward 5’-TGGAGTGCCCATGGAGAT-3’ and Reverse 5’GCTCAGCCTGGTTGAAGA-3’; the optimum temperature is
primers

were:

Forward

6 6 °C.

For bat, the specific

5’-TCCATGAAGGTGGCCATCGT-3’ and

CGGTGGCAGTGTTGTCATTG-3’;

the

optimum

temperature

is

Reverse
64°C.

5’After

normalization of hibernating and control samples using amplification of tubulin primers
(as in section 3.1.2), RT-PCR was carried out on the serial dilutions of each cDNA
sample using the grpl70 specific primers. The PCR products were separated on an
agarose gel and DNA bands were stained with ethidium bromide and band intensities
were quantified under UV light in Syngene. The intensity of the bands at the higher
dilutions was measured according to the method described in Chapter 2 and the formula
listed in Fig.3.4. Following the calculation using Syngene software, the mean values from
multiple runs were statistically analyzed.
In ground squirrels, levels of grpl70 transcripts were significantly increased in
heart o f hibernating animals by 1.8-fold over control values (Fig. 3.19a). By comparison,
grpl 70 transcripts in lung and kidney of hibernating animals were reduced to levels that
were 76 and 84% of the euthermic values, respectively. Transcripts were stable in brain
and liver and grpl 70 transcripts were not detected in muscle, BAT and WAT. In bats,
levels of grpl 70 transcript did not change in brain and liver during hibernation but they
decreased to 62- and 52 % of the euthermic value in kidney and lung, respectively
(Fig.3.19b). The message was not detected in heart, muscle, BAT and WAT of bats.
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Unlike grp75 and grp94 that were widely expressed with abundant transcript detected,
grpl 70 mRNA expression levels were very low in all tissues where they were detected
and undetectable in most tissues.
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Fig. 3.1 Partial nucleotide sequences of (A) thirteen-lined ground squirrel {Spermophilus
tridecemlineatus) and (B) little brown bat (Myotis lucifugus) grp75 and their deduced
amino acid sequences. The partial cDNA sequences were amplified from squirrel and bat
liver by RT-PCR using degenerate primers. A single open reading frame was predicted
from the 482 bp nucleotide sequence encoding peptides of 160 amino acids.
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A)
1
1

GCTTTTAGGTTTGTTTCAAGGAGAGATTATGCATCAGAAGCAATCAAGGGCGCAGTTGTT
A F R F V S R R D Y A S E A I K G A V V

61
21

GGTATTGATTTGGGTACTACCAACTCCTGTGTGGCAGTTATGGAGGGTAAACAAGCAAAG
G I D L G T T N S C V A V M E G K Q A K

121
41

GTGCTGGAGAATGCTGAAGGTGCCAGAACCACCCCTTCCGTTGTTGCCTTTACAGCAGAT
V L E N A E G A R T T P S V V A F T A D

181
61

GGTGAACGACTTGTTGGGATGCCAGCGAAGCGACAGGCTGTCACCAACCCAAACAATACA
G E R L V G M P A K R Q A V T N P N N T

241
81

TTCTATGCCACCAAGCGTCTCATTGGCCGGCGATACGATGACCCTGAAGTACAGAAAGAC
F Y A T K R L X G R R Y D D P E V Q K D

301
101

ATTAAAAATGTTCCCTTCAAAATTGTTCGTGCCTCCAATGGTGATGCTTGGGTTGAGGCT
I K N V P F K I V R A S N G D A W V E A

361
121

CACGGAAAACTGTATTCTCCAAGTCAAATTGGAGCATTTGTGTTGATGAAGATGAAAGAA
H G K L Y S P S Q I G A F V L M K M K E

421
141

ACTGCAGAAAATTACTTGGGTCACACAGCAAAAAATGCTGTAATCACAGTCCCTGCTTAT
T A E N Y L G H T A K N A V I T V P A Y

481

TT

B)
1
1

ACTTTTAGAATTGTCTCAAAGCGGGACTATGCATCAGAAGCAATCAAGGGAGCAGTTGTT
T F R I V S K R D Y A S E A I K G A V V

61
21

GGTATTGATTTGGGTACTACCAATTCCTGTGTGGCCGTTATGGAAGGTAAACAAGCAAAG
G I D L G T T N S C V A V M E G K Q A K

121
41

GTGCTGGAGAATGCTGAAGGTGCCAGAACCACCCCTTCAGTTGTAGCCTTTACAACAGAT
V L E N A E G A R T T P S V V A F T T D

181
61

GGTGAGCGACTTGTTGGCATGCCTGCCAAGCGACAGGCTGTCACCAACCCAAACAACACA
G E R L V G M P A K R Q A V T N P N N T

241
81

CTCTATGCTACCAAGCGTCTTATTGGCCGGCGATATGACGACCCTGAAGTCCAGAAAGAC
L Y A T K R L I G R R Y D D P E V Q K D

301
101

ATTAAAAATGTTCCCTTTAAAATTGTCCGTGCCTCCAATGGTGATGCCTGGGTTGAAGCT
I K N V P F K I V R A S N G D A W V E A

361
121

CATGGAAAACTCTATTCTCCAAGTCAGATTGGAGCGTTTGTGTTGATGAAGATGAAAGAG
H G K L Y S P S Q I G A F V L M K M K E

421
141

ACTGCAGAAAATTACCTGGGGCATACAGCAAAAAATGCTGTGATCACAGTCCCAGCTTAT
T A E N Y L G H T A K N A V I T V P A Y

48 1

TT
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Fig. 3.2

Comparison of grp75 partial nucleotide sequences from (A) ground squirrel

(Spermophilus tridecemlineatus) and (B) bat (Myotis lucifugus) with the human and
mouse sequences and homology tree showing the percent identity between the sequences.
Genbank accession numbers are: human {Homo sapiens, NM_004134) and mouse (Mus
musculus, D17556). The nucleotide sequences were aligned using DNAMAN software
and the homology tree generated by DNAMAN shows the percent identities between
squirrel or bat grp75 nucleotide sequences and the human and mouse sequences. For the
human and mouse sequences dashes (-) replace those nucleotides that are identical with
either the squirrel or bat sequences.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

39
A)
GCTTTTAGGTTTGTTTCAAGGAGAGATTATGCATCAGAAGCAATCAAGGGCGCAGTTGTT
a c ------------- c - g -------------------------------------------------- a ----------------a ------------- a --------------------------------------------------------1 --------- g -----

60
60
60

s q u irre l
hum an
m o u se

GGTATTGATTTGGGTACTACCAACTCCTGTGTGGCAGTTATGGAGGGTAAACAAGCAAAG
c a -----------------------------------------------------------------1 ---------------------------1 ---------------------c -----------------------

120
120
120

s q u irre l
hum an
m o u se

GTGCTGGAGAATGCTGAAGGTGCCAGAACCACCCCTTCCGTTGTTGCCTTTACAGCAGAT
---------------------------c -------------------------------------------- a
g ----------------------------— c --------------------------------------------------- 1 ---------------- 1 — g ----------------------------------

180
180
180

Squi r r e1
hum an
m o u se

GGTGAACGACTTGTTGGGATGCCAGCGAAGCGACAGGCTGTCACCAACCCAAACAATACA
g --------------------- a ---------- g — c --------------------------------------------------------------- - a ---------------------------1 -------------- a — a — g — a ---------------------- 1 --------------------- c

240
240
240

TTCTATGCCACCAAGCGTCTCATTGGCCGGCGATACGATGACCCTGAAGTACAGAAAGAC

300

--------------- 1 — t --------------- 1 -------- a — a ---------- 1 ----------------------------------------------

300

s q u irre l
hum an
m o u se

ATTAAAAATGTTCCCTTCAAAATTGTTCGTGCCTCCAATGGTGATGCTTGGGTTGAGGCT
1 --------------- c -------------------------------------- c -----------------------c
g --------------- 1 — t --------------- c ----------------------------------------------------------------

360
360
360

s q u irre l
hum an
m o u se

CACGGAAAACTGTATTCTCCAAGTCAAATTGGAGCATTTGTGTTGATGAAGATGAAAGAA
g -------------------------------------------------------------- g
—t—g
1 -------------------- g
— t -----------------c ---------------------------g -------------------------------------------------------------- g

420
420
420

squir re 1
hum an
m o u se

ACTGCAGAAAATTACTTGGGTCACACAGCAAAAAATGCTGTAATCACAGTCCCTGCTTAT
-------------------------------------- g -------------------------------------- g ---------------------a -------------------------------------------------c -------------------------------------- g -----------------------------------

480
480
480

s q u irre l
hum an
m o u se

TT
—
—

482
482
482

S

qui r re 1

m o u se

-

sq u i r r e l
hum an
m o u se

100%

I__
squirrel human

90%

95%
.. I

94%
92%

m ouse
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B)
bat
hum an
m o u se

ACTTTTAGAATTGTCTCAAAGCGGGACTATGCATCAGAAGCAATCAAGGGAGCAGTTGTT

bat
hum an
m o u se

GGTATTGATTTGGGTACTACCAATTCCTGTGTGGCCGTTATGGAAGGTAAACAAGCAAAG

120
120
120

bat
hum an
m o u se

GTGCTGGAGAATGCTGAAGGTGCCAGAACCACCCCTTCAGTTGTAGCCTTTACAACAGAT

180
180
180

bat
hum an
m o u se

GGTGAGCGACTTGTTGGCATGCCTGCCAAGCGACAGGCTGTCACCAACCCAAACAACACA

bat
hum an
m o u se

CTCTATGCTACCAAGCGTCTTATTGGCCGGCGATATGACGACCCTGAAGTCCAGAAAGAC
t - t -------------------------------- c --------------------------------- 1 — t ---------------- a ---------------t -------------------1-------------------------- a — a ---------------- 1 ----------------------a ----------------

300
300
300

bat
hum an
m o u se

ATTAAAAATGTTCCCTTTAAAATTGTCCGTGCCTCCAATGGTGATGCCTGGGTTGAAGCT

360
3 60
360

bat
hum an
m o u se

CATGGAAAACTCTATTCTCCAAGTCAGATTGGAGCGTTTGTGTTGATGAAGATGAAAGAG
g — t - g -------------- g ----------------------------a ------------------------------------------------------------------------------------------------------------------a -----------------------------------------------

420
420
420

bat
hum an
m o u se

ACTGCAGAAAATTACCTGGGGCATACAGCAAAAAATGCTGTGATCACAGTCCCAGCTTAT
-----------------------------1 ------------- c ------------------------------------------------------------------------------------------ 1 -------- c — c -------------------------------------------------------- 1 ----------

480
480
480

bat
hum an
m o u se

TT

482
482
482

g ---------------------------- C --------------1 -------------- g --------------------- 1 --------------------------------------------------------------------------------------------------------------------------

c

c

a------------------------------------------------------------- 1 — c ---------------------- 1 ----------- g— c ----------------------------------------------------------------- C ---------------------------------------------------

g ---------------------------------g ------------------

------------------------------------------------------------- g -------------------g . ---------------------------------------------------------------------------------------------------------------------■(;----------—

a— a ----------------------1 --------- a — a — a — g — a --------------------- 1------------- 1 — c

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- g —

-c

g ---------------1 -------------------------------------------------------------- 1 --------------- g -----

100%

bat
human

90%

95%

94%
91%

mouse
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60
60

240
240
240

Fig. 3.3

Comparison of GRP75 partial amino acid sequences from ground squirrel

(iSpermophilus tridecemlineatus), bat (Myotis lucifugus), human, mouse and rat. Genbank
accession numbers are: human (Homo sapiens, NM 004134), rat (Rattus sp., S78556)
and mouse (Mus musculus, D17556). DNAMAN software was used to translate the
nucleotide sequences, generate the alignment and compute the percent identities. Dashes
(-) replace those amino acids that are identical the squirrel.

A)

Alignment of the five GRP75 partial amino acid sequences

B)

Homology tree for GRP75 partial amino acid sequences
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A)
s q u irre l
bat
hum an
m o u se
ra t

AFRFVSRRDYASEAIKGAVVGIDLGTTNSCVAVMEGKQAKVLENAEGARTTPSVVAFTAD
t--i—k
11 --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- p -

60
60
60
60
60

s q u irre l
bat
hum an
m o u se
ra t

GERLVGMPAKRQAVTNPNNTFYATKRLIGRRYDDPEVQKDIKNVPFKIVRASNGDAWVEA
1 ----------------------------------------------------------------------------

120
120

s q u irre l
bat
hum an
m o u se
ra t

1 ------------------------------------1 ------------------------------------HGKLYS PSQIGAFVLMKMKETAENYLGHTAKNAVITVPAY

160

B)
100%

95%

I__________________________________________ I
squirrel

99%

human

99%

mouse

99%

120
120

97%

rat
bat
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Fig. 3.4 Representative pictures showing RT-PCR product levels after amplification of
serial dilutions o f a-tubulin or grp75 cDNA from squirrel liver extracts cDNA and the
formula used for the calculation of mRNA expression level. Band intensities from higher
dilutions, (10-5) for a-tubulin and (10-3) grp75, were used to calculate the relative mRNA
expression levels in euthermic versus hibernating situations.
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Fig. 3.5 The effects of hibernation on (A) ground squirrel and (B) bat grp75 mRNA
expression in different tissues as determined from RT-PCR. Histograms show the ratio of
grp75 mRNA levels in hibernating versus euthermic tissues. Data are means ± SEM for n
= 3 independent experiments for both euthermic and hibernating samples. * - Mean value
for hibernating sample is significantly different from the corresponding euthermic value,
P < 0.05.
A) Squirrel grp75 relative mRNA expression level.
B) Bat grp75 relative mRNA expression level.
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Fig. 3.6. The effects of hibernation on ground squirrel and bat GRP75 protein expression
in different tissues.
A) Representative Western blots showing GRP75 protein levels in seven tissues of
euthermic (con) and hibernating (hib) ground squirrels and bats.
B) Histograms show the ratio of GRP75 protein levels in hibernating versus
euthermic ground squirrels. Mean values (± SEM) were calculated from n = 3
trials. * - Mean value for hibernating sample is significantly different from the
corresponding euthermic value, P < 0.05.
C) Histograms show the ratio of GRP75 protein levels in hibernating versus
euthermic bats. Mean values (± SEM) were calculated from n = 3 trials. * - Mean
value for hibernating sample is significantly different from the corresponding
euthermic value, P < 0.05.
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Fig. 3.7 Representative Western blots and 2D-PAGE Western blots showing GRP75
protein bands in ground squirrel muscle (A) and spots in liver (B) and bat liver (C),
respectively.
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Fig.3.8 GRP75 protein distribution in nuclear versus cytoplasmic fractions as assessed
after subcellular fractionation and Western blotting.
A) Representative Western blots show GRP75 levels in cytoplasmic and nuclear
fractions of ground squirrel skeletal muscle from euthermic control (con) versus
hibernating (hib) animals.
B) Histogram shows the relative expression levels of GRP75 (hibernating versus
control) in cytoplasmic and nuclear fractions of squirrel muscle. Mean values (±
SEM) were calculated from n = 3 independent trials. * - Mean value for
hibernating sample was significantly different from the corresponding euthermic
value, P < 0.05.
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Fig. 3.9 Partial nucleotide sequence of ground squirrel (Spermophilus tridecemlineatus)
grp94 and its deduced amino acid sequence. The partial cDNA sequence was amplified
from squirrel brain by RT-PCR using degenerate primers. A single open reading frame
was predicted from the 550 bp of nucleotide sequence which encoded a peptide with 183
amino acid residues.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

1
1

CGGGTCAGTTAGAGCTGACGATGAAGTCGATGTGGATGGTACAGTGGAAGAGGACCTGGG

G

S

V

R

A

D

D

E

V

D

V

D

G

T

V

E

E

D

L

G

61
21

CAAAAGCAGAGAAGGCTCAAGGACAGATGATGAAGTAGTACAGAGAGAGGAAGAAGCTAT
K S R E G S R T D D E V V Q R E E E A I

121
41

ACAGTTGGATGGATTAAATGCATCACAAATACGAGAACTTAGAGAGAAATCTGAAAAGTT
Q L D G L N A S Q I R E L R E K S E K F

181
61

TGCCTTCCAAGCTGAAGTTAACAGGATGATGAAACTTATCATCAATTCATTATATAAAAA
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Fig. 3.10 Comparison of squirrel grp94 partial nucleotide sequence with {Homo sapiens,
NM_003299), mouse (Mus musculus, NM_011631), and cow (Bos taurus, NM_174700)
grp94 partial sequences and the corresponding homology tree. The Genbank accession
numbers are provided in brackets. Nucleotide sequences are aligned and the homology
tree was generated using DNAMAN software. The ground squirrel grp9A nucleotides are
displayed, whereas for the other sequences dashes (-) are used to replace bases that are
the same as in the ground squirrel sequence.
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Fig. 3.11.

Comparison o f GRP94 partial amino acid sequences. Alignment of partial

GRP94 amino acid sequences from ground squirrel (Spermophilus tridecemlineatus),
human {Homo sapiens, NM_003299), mouse (Mus musculus, NM_011631), and cow
(Bos taurus, NM_174700) using DNAMAN software. The partial amino acid sequences
were the translation products of the nucleotides using DNAMAN software. The Genbank
accession numbers for the nucleotide sequences are provided in brackets. The ground
squirrel GRP94 sequence is displayed, whereas for the other sequences dashes (-) are
used to replace amino acids that are the same as in the ground squirrel sequence.
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Fig. 3.12

The effects of hibernation on ground squirrel grp94 mRNA expression in

different tissues. Histograms show the ratio of grp94 mRNA levels in tissues of
hibernating versus euthermic animals. Mean values (± SEM) for band intensities were
calculated from n = 3 separate isolations of mRNA from both euthermic and hibernating
tissues. *- Mean value for hibernating sample was significantly different from the
corresponding euthermic value, P < 0.05.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

g rp94 mRNA expression in sq u irrel tissues

BAT

brain

heart

kid

liver

lung

muscle

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Fig. 3.13 The effects o f hibernation on ground squirrel GRP94 protein expression in
different tissues.
A) Representative western blots showing GRP94 protein levels in seven tissues of
control euthermic (con) and hibernating (hib) ground squirrels.
B) Histograms show the ratio of GRP94 protein levels in hibernating versus
euthermic ground squirrels. Mean values (± SEM) were calculated from n = 3
independent trials. * - Mean value for hibernating samples was significantly
different from the corresponding euthermic value, P < 0.05.
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Fig. 3.14 Representative Western blots run without (A, left) and with (B, right) the
GRP94 blocking peptide using extracts from ground squirrel BAT and liver. (C) The 94
kDa band of GRP94 in western blot bands of liver is shown together with the protein
standard ladder.
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Fig. 3.15

GRP94 protein distribution between nuclear and cytoplasmic fractions as

assessed after subcellular fractionation and Western blotting.
A)

Representative Western blots show GRP94 present in both cytoplasmic and
nuclear fractions of skeletal muscle from control euthermic (con) and hibernating
(hib) squirrels.

B)

Histogram shows GRP94 relative expression levels in squirrel muscle
cytoplasmic and nuclear fractions in hibernating versus euthermic control
animals. Mean values (± SEM) were calculated from n = 3 trials. *- Mean value
for hibernating sample was significantly different from the corresponding
euthermic value, P < 0.05.
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Fig. 3.16 Partial nucleotide sequences of grpl70 from (A) thirteen-lined ground squirrel
{Spermophilus tridecemlineatus) and (B) little brown bat (Myotis lucifugus) with their
corresponding deduced amino acid sequences. The partial cDNA sequences were
amplified from squirrel kidney and bat brain by RT-PCR using degenerate primers. A
single open reading frame was predicted from the 460 bp squirrel and 538 bp bat
nucleotide sequences which encoded peptides of 153 and 179 amino acids, respectively.
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AAGAACCCAAAGGCTACGTTACGTTATTTCCAGCACCTTCTAGGGAAACAGGCAGATAAC
K N P K A T L R Y F Q H L L G K Q A D N

181
61

CCCCATGTGGCCCTGTATCGGGCCCGTTTTCCAGAGCATGAGCTAAGCTTTGACCCACAG
P H V A L Y R A R F P E H E L S F D P Q

241
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AGGCAGACTGTGTACTTCCAGATCAGCCCGCAGCTTCAGTTCTCACCTGAGGAGGTTTTA
R Q T V Y F Q I S P Q L Q F S P E E V L
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GGCATGGTTCTCAATTACTCCCGGTCCCTGGCTGAAGATTTCGCAGAGCAGCCCATCAAG
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GATGCTGTCATCACCGTGCCAGCCTTCTTCAACCAGGCTGAGCGTAGAGCTGTGCTTCAA
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GCTGCCCGAATGGCTGGCCTTAAAGTACTGCAGCTCATCA
A A R M A G L K V L Q L I
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Fig. 3.17 Comparison of grpl70 partial nucleotide sequences from (A) ground squirrel
(Spermophilus tridecemlineatus) and (B) bat (Myotis lucifugus) with the human, mouse
and rat sequences and a homology tree showing the percent identities between the
sequences. Genbank accession numbers are: human (Homo sapiens, U65785), mouse
(Mus musculus, AF228709) and rat (Rattus norvegicus, U41853). The nucleotide
sequences were aligned and the homology tree was generated using DNAMAN software.
For the human, mouse and rat sequences dashes (-) replace those nucleotides that are
identical with either the squirrel or bat sequence.
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Fig.3.18

Comparison of squirrel (A) or bat (B) GRP 170 partial amino acid sequence

with corresponding human, mouse and rat amino acid sequences; all the five amino acid
sequences were compared as well (C). Genbank accession numbers are: human (Homo
sapiens, U65785), mouse (Mus musculus, AF228709) and rat (Rattus sp., U41853).
DNAMAN software was used to translate the nucleotide sequences, generate the
alignment and compute the percent identities. Dashes (-) replace those amino acids that
are identical with the squirrel or bat sequences. Dots (.) represent the absence of the
amino acids.
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Fig. 3.19 The effects of hibernation on (A) ground squirrel and (B) bat grpl70 mRNA
expression in different tissues as determined from RT-PCR. Histograms show the ratio of
grpl70 mRNA levels in tissues from hibernating versus euthermic animals. Data are
means ± SEM for n = 3 independent experiments for both euthermic and hibernating
samples. * - Mean value for hibernating sample is significantly different from the
corresponding euthermic value, P < 0.05.
A) Squirrel grpl 70 relative mRNA expression level.

B) Bat grpl 70 relative mRNA expression level
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CHAPTER 4
UP-REGULATION OF HEAT
SHOCK PROTEINS DURING
HIBERNATION
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Results
4.1 HSP72
4.1.1. RT-PCR retrieval o f squirrel and bat hsp72
RT-PCR was carried out to retrieve the cDNA segments for hsp72 from squirrel
and bat. Degenerate primers were designed based on the consensus sequences of hsp72
from several other mammalian species: Forward 5’-CACGGCAAGGTGGAGATCAT-3’
and Reverse 5’-CGCTTGTTCTGGCTGATGTC-3’. The optimum annealing temperature
for the primers was 56°C and 64°C, respectively, for the tissue sources used: squirrel
kidney and bat brain. Fig. 4.1 shows the hsp72 cDNA segments that were amplified for
squirrel (A) and bat (B) and the corresponding translated amino acid sequences. Analysis
using the BLAST program at the NCBI website and DNAMAN software confirmed that
the sequences encoded hsp72. DNA alignment results showed that the 660 bp of the
squirrel hsp72 segment shared 95% identity with cow and human sequences,
respectively, whereas the 660 bp of bat hsp72 segment shared 97% and 96% identities
with human and cow, respectively (Fig. 4.2). The squirrel and bat nucleotide segments
encoded peptides with 219 amino acids, about 34% of the full protein (641 amino acids in
humans) from a region near N terminal (beginning at amino acid 37 of the human
sequence). Amino acid sequence identity was high; squirrel and bat HSP72 shared 99%
and 96% identity, respectively, with the human protein after amino acid alignment (Fig.
4.3).
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4.1.2 HSP72 protein expression in squirrel and bat tissues
To assess HSP72 protein expression levels, Western blotting was employed. The
primary antibody was rabbit anti-Hsp70 (Hsp72) polyclonal antibody (#SPA-812, Santa
Cruz, 1:30,000), and the second antibody was goat anti-rabbit IgG-HRP (#sc-2004, Santa
Cruz, 1:1000). Band intensities on Western blots were quantified using Syngene software
and the data were analyzed statistically in Excel. Fig. 4.4A shows representative
immunoblots for HSP72 in squirrel and bat tissues from hibernating versus euthermic
control animals. Histograms in Fig. 4.4B show mean ratios (hibemating:euthermic) for
multiple independent trials. In ground squirrels, HSP72 protein levels increased
significantly during hibernation in skeletal muscle by 1.42-fold. By contrast, HSP72
levels fell in squirrel BAT, brain, heart and lung to 87%, 64%, 64% 45% of the
corresponding euthermic values, respectively. There were no changes in HSP72 levels in
squirrel kidney and liver. In bats, HSP72 protein levels increased slightly in brain and
liver during hibernation by 1.27- and 1.29-fold, respectively (Fig. 4.4C). However,
protein levels decreased to 63%, 61% and 69% in BAT, lung and muscle, respectively,
whereas there was no change in kidney.

4.1.3 Anti-HSP72 antibody specificity confirmation by 2-D gel electrophoresis
To confirm that the antibodies used were specific for a single protein, 2-D gel
electrophoresis was employed. After running the first dimension isoelectrofocusing gel to
separate the proteins on the basis of charge, the proteins were separated in the second
dimension by molecular mass using SDS-PAGE. The resolved proteins were then probed
with primary and secondary antibodies, as described above in section 4.1.2. Fig. 4.5A
shows the protein bands on a one-dimensional gel that reacted with HSP72 antibodies in
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squirrel muscle and bat liver. There was only one band in each lane at a molecular weight
o f -72 kDa, which indicates that the HSP72 antibody used was specific to the HSP72
protein. The two-dimensional gels in Fig. 4.5B and C confirm this by showing only a
single strong immunoreactive spot in squirrel liver (B) and bat liver (C). In both cases,
strong immunoreactive spots were seen at a position corresponding to a molecular weight
o f -70 kDa and pi value of -5.4, which is consistent with the characteristics of human
HSP72 (NP_005336) which has a molecular weight of 70 kDa and theoretical pi of 5.48
as calculated from the Compute pI/Mw tool website (http ://www.expasy.org/tools/). One
very small additional crossreacting spot was seen on the squirrel muscle gel at a much
higher pi value, which would not interfere with the detection and quantification of the
HSP72 band on the one-dimensional western blot. Hence, the results demonstrate that the
antibody used for Western blotting is specific to HSP72 protein and the protein levels
examined in different tissues were reliable.
4.1.4 HS72 subcellular localization in squirrel muscle
Subcellular fractionation and immunoblotting studies using anti-HSP72 antibody
(the same as used in Western blotting) showed that HSP72 protein was present in both
the cytoplasm and the nucleus of ground squirrel skeletal muscle. Fig. 4.6 shows that the
relative amount of HSP72 was higher in the cytoplasmic fraction of muscle from
hibernating squirrels (by 1.58-fold) versus euthermic controls, where the relative HSP72
expression level did not change between the two states in the nuclear fraction. The

overall effect of hibernation on HSP72 expression in skeletal muscle seen here is in
agreement with the data in Fig. 4.4B.
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4.2 HSP73
4.2.1. RT-PCR retrieval o f squirrel and bat hsp73
RT-PCR was carried out to retrieve the cDNA segments for hsp73 from squirrel
and bat. Degenerate primers were designed based on the consensus sequences of hsp73
from

several

other

mammalian

TT GC(T/A/C)TATGGT GCAGCTGTC-3 ’

species:
and

Forward
Reverse

5’5’-

ATTCTTCCTTCTC(G/T)GCAGTC-3\ The optimum annealing temperature for the
primers was 58°C for both species. Fig. 4.7 shows the hsp73 cDNA segments that were
amplified from squirrel BAT (A) and bat lung (B) and their corresponding amino acid
sequences. Analysis using the BLAST program at the NCBI website and DNAMAN
software confirmed that the sequences encoded hsp73. DNA alignment results showed
that the 632 bp of squirrel hsp73 segment shared 93% and 89% identities, respectively,
with the human and mouse sequences whereas the 632 bp of the bat hsp73 segment
shared 91% and 89% identities, respectively, with human and mouse (Fig. 4.8). The
squirrel and bat cDNA segments encoded peptides of 210 amino acids, about 32% of the
full protein (646 amino acids in humans) from a region near the C terminal of the protein
(beginning at amino acid 382 of the human sequence). Amino acid sequence identity was
high; squirrel and bat HSP73 shared 99% identity and identity was 98% with
nonhibemating mammals (Fig. 4.9).
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4.2.2 HSP73 protein expression in squirrel and bat tissues
To assess the effect of hibernation on the expression level of HSP73 protein,
Western blotting was employed. The primary antibody was rat anti-Hsc70 monoclonal
antibody (SPA 815, Stressgen, 1:10,000) and the secondary antibody was rabbit anti-rat
IgG horseradish peroxidase conjugate (SAB-200, Stresssgen, 1:2000). Fig. 4.10A shows
representative immunoblots for HSP73 in squirrel and bat tissues from hibernating versus
euthermic control animals and histograms in Fig. 4.10B and C show mean ratios
(hibemating:euthermic) for multiple independent trials. In ground squirrels, HSP73
protein levels increased during hibernation in heart, kidney and lung by 1.49-, 1.32- and
1.41-fold, respectively, whereas levels were unchanged in BAT, liver, brain, and muscle
(Fig.4.10 B). In bats, HSP73 protein levels increased slightly in liver during hibernation
(by 1.18-fold). However, protein levels deceased in lung, kidney and muscle to 24, 57, or
55 % o f euthermic values (Fig.4.10 B). HSP73 levels were unchanged in BAT and brain
o f bats.

4.2.3 Anti-HSP73 antibody specificity confirmed by 2-D electrophoresis
To confirm that the antibodies used were specific for a single protein, 2-D gel
electrophoresis was again employed. Fig. 4.11 A shows the protein bands on a one
dimensional gel that reacted with HSP73 antibodies in squirrel BAT and muscle. Only
one band was detected in each lane at a molecular weight of -73 kDa, which suggests
that the HSP73 antibody used was specific to the HSP73 protein. Fig 4.1 IB and C
support this interpretation. Two-dimensional separations of squirrel and bat liver extracts
showed strong immunoreactive spots at a position corresponding to a molecular weight of
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~70 kDa and pi value of ~5.4, which is consistent with the characteristics of human
HSP73 (PI 1142) which has a molecular weight of 70 kDa and theoretical pi of 5.37 as
calculated from the Compute pI/Mw tool website. Some minor spots on the membrane
would not interfere with the detection and quantification of the HSP73 band on the one
dimensional western blot. Hence, the results demonstrate that the antibody used for
Western blotting is specific to HSP73 protein and the protein levels examined in different
tissues were reliable.
4.2.4 HSP73 subcellular localization in squirrel muscle
Subcellular fractionation and immunoblotting studies using anti-HSP73 antibody
(the same as used in Western blotting) showed that HSP73 protein was present in both
the cytoplasm and the nucleus of ground squirrel skeletal muscle. Fig. 4.12 shows that the
relative amount of HSP73 did not change in either subcellular fraction during
hibernation, in agreement with the relative expression level of total HSP72 in hibernating
muscle seen in Fig. 4.1 OB.

4.3

HSP40

4.3.1. RT-PCR retrieval o f squirrel and bat hsp40
RT-PCR was employed to retrieve the cDNA segments for hsp40 from ground
squirrel and bat. Degenerate primers were designed based on the consensus sequences of
hsp40

from

several

other

mammalian

species.

The

primers,

Forward

5’-

CGAGGAGYTGTTCAGGAAGA-3’ and Reverse 5’-GAGGTCSGAGTGGATGTCTG3’ were used to amplify the squirrel hsp40 nucleotide segment, and the primers, Forward
5 ’-CAGCTGGC AGAAGC YTATGA-3 ’

and

Reverse
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5’-

CTCGGCRTAGCTCAGGATCA-3 ’, were used to retrieve the bat hsp40 partial
nucleotide sequence. The optimum annealing temperature for the primers was 66°C and
62°C, respectively, for the tissue sources used: squirrel heart and bat liver. Fig. 4.13
shows the hsp40 cDNA segments that were amplified for squirrel (A) and bat (B) and the
corresponding translated amino acid sequences. Analysis using the BLAST program at
the NCBI website and DNAMAN software confirmed that the sequences encoded hsp40.
DNA alignment showed that the 452 bp of the squirrel sequence and 649 bp of bat hsp40
shared 90% and 86% identity, respectively, with the human sequence (Fig. 4.14 A and
B). The squirrel nucleotide segment encoded a peptide with 150 amino acids, about 32%
o f the full protein (460 amino acids in mouse) from a region near the middle of the
protein (beginning at amino acid 196 of the mouse sequence). The 649 bp nucleotide
segment of bat hsp40 encoded a peptide with 216 amino acids, about 47% o f the full
protein, again from a region near the middle of the protein (beginning at amino acid 150
o f the mouse sequence). Fig. 4.15A shows that the 150 amino acid segment of squirrel
HSP40 shared 96% and 94% identity with the mouse and human amino acid sequences,
respectively, whereas the 216 amino acids of the bat sequence shared 88% identity with
the human and mouse proteins after amino acid alignment (Fig. 4.15B). Fig. 4.15C shows
that the 150 amino acid sequence that was common to the squirrel and bat proteins shared
90% identity.

4.3.2

HSP40protein expression in squirrel and bat tissues
HSP40 protein expression was assessed by Western blotting; the primary antibody

was rabbit anti-Hsp40 polyclonal antibody (#SPA-400, StressGen, 1:10,000), and
secondary antibody was goat anti-Rabbit IgG-HRP (sc-2004, Santa Cruz, 1:1000). Fig.
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4.16A shows representative immunoblots for HSP40 in squirrel and bat tissues from
hibernating versus euthermic control animals. Histograms in Fig. 4.16 B and C show
mean ratios (hibemating:euthermic) for multiple independent trials. In ground squirrels,
HSP40 protein levels increased significantly during hibernation in BAT, heart, kidney
and liver by 2.62-, 2.14-, 1.23- and 1.64-fold, respectively. By contrast, HSP40 levels fell
during hibernation to 61% of the euthermic value in lung and muscle. There was no
change in HSP40 in squirrel brain. In bats, HSP40 protein levels increased significantly
in liver during hibernation by 3.35-fold and increased slightly by 1.26-fold and 1.21-fold
in kidney and lung, respectively. However, HSP40 protein in muscle decreased during
hibernation to 67 % of the euthermic value, whereas levels were unchanged change in
BAT and brain.

4.3.3 Anti-HSP40 antibody specificity confirmation by 2-D gel electrophoresis
I

Two dimensional electrophoresis was again used to confirm the specificity of the

antibody. Fig. 4.17 A and B show that there was only one strong immunoreactive spot in
squirrel liver and bat liver, respectively. This corresponded to a molecular weight of -40
kDa and pi value of ~9.0, which is consistent with the characteristics of mouse HSP40
(BC027240) which has a molecular weight of 49 kDa and theoretical pi of 9.41 as
calculated by the Compute pI/Mw tool website. A few other spots showed up on the
membranes, but since they were either trace amounts or their molecular weight was
substantially different from 40 kDa, these spots would not interfere with the detection and
quantification of the HSP40 band on the one-dimensional Western blot. Only the spots
with the same molecular weight might interfere with detection, but since they were too
tiny compared with the large HSP40 spot, these would cause only minor interference.
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Hence, the results demonstrate that the antibody used for Western blotting is specific for
HSP72 protein and the protein levels examined in different tissues were reliable.

4.3.4 HSP40 subcellular localization in squirrel muscle
Subcellular fractionation and immunoblotting studies using anti-HSP40 antibody
showed that HSP40 protein was present in both the cytoplasm and the nucleus of ground
squirrel skeletal muscle. Fig. 4.18 shows that the relative amount of HSP40 decreased in
both the cytoplasmic fraction and nuclear fractions of muscle from hibernating squirrels
to 57% and 53%, respectively, of the euthermic control values. The overall effect of
hibernation on HSP40 expression in skeletal muscle seen here is in agreement with the
data in Fig. 4.16B.

4.4 HSP90
4.4.1. RT-PCR retrieval o f ground squirrel hsp90a and hsp90p
RT-PCR was carried out to retrieve the cDNA segments for hsp90a and hsp90p
from squirrel kidney. Degenerate primers were designed based on the consensus
sequences of hsp90a and hsp90p from several other mammalian species. The primers,
Forward

5 ’-TTGC(T/A/C)TATGGTGC AGCTGTC-3 ’

and

Reverse

5’-

ATTCTTCCTTCTC(G/T)GCAGTC-3’, were used for hsp90a retrieval and the primers,
Forward

5 ’-CAGGCT GGTGCAG ACATCT C-3 ’

and

Reverse

5’-

AAGTGCTTGACTGCCAAGTG-3’, were for hsp90p retrieval. The optimum annealing
temperature for the primers was 61°C for both genes. Fig. 4.19 shows the hsp90a (A) and
hsp90p (B) cDNA segments that were amplified from squirrel kidney and their
corresponding amino acid sequences. Analysis using the BLAST program at the NCBI

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

70
website and DNAMAN software confirmed that the sequences encoded hsp90a and
hsp90p. DNA alignment results showed the 620 bp of squirrel hsp90a segment shared
92% and 84% identity, respectively, with the human and mouse nucleotide sequences
(Fig. 4.20A) whereas the 560 bp of the squirrel hsp90{3 segment shared 90% and 87%
identity with human and mouse, respectively (Fig. 4.20B). The 620 bp of hsp90a encoded
a peptide with 206 amino acids, about 28% of the full protein (732 amino acids in
humans) from a region near the C terminal of the protein (beginning at amino acid 511 of
the human sequence). The 560 bp of HSP90/? encoded a peptide with 186 amino acids,
about 26% of the full protein (724 amino acids in humans) from a region near the N
terminal o f the protein (beginning at amino acid 131 of the human sequence). Amino acid
sequence identity was high; squirrel HSP90a and HSP90P shared 100% and 97%
identity, respectively, with the corresponding human amino acid sequences (Fig. 21).

4.4.2 HSP90a/fi protein expression in squirrel tissues
Expression levels of HSP90a/|3 protein were analyzed in ground squirrel organs
by Western blotting; the primary antibody was anti-HSP90a/p goat polyclonal IgG (sc1055, Santa Cruz, 1:200) which crossreacts with both isoforms of Hsp90 and the
secondary antibody was bovine anti-goat IgG HRP (sc-2350, Santa Cruz, 1:1000). Fig.
4.22A shows representative immunoblots for HSP90a/p in tissues from hibernating
versus euthermic control squirrels and histograms in Fig. 4.22B shows mean ratios
(hibemating:euthermic) for three independent trials. HSP90a/p protein increased during
hibernation in kidney by 1.76-fold, whereas levels decreased in lung and BAT to 52- and
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64 %, respectively, of the control value. HSP90 levels remained unchanged during
hibernation in lung, liver and WAT and the protein was not detected in skeletal muscle.

4.4.3 Anti-HSP90oZfi antibody specificity confirmed by 2-D electrophoresis
To confirm that the antibodies used were specific for a single protein, 2-D gel
electrophoresis was again employed. Fig. 4.23 shows a strong immunoreactive spot on
the 2-D gel at a position corresponding to a molecular weight of 90 kDa and pi value of
5.0, which is consistent with the characteristics of human HSP90a (NM_005348) and
HSP90p (NM_007355) which have molecular weights of 89 and 87 kDa and theoretical
pi values of 4.73 and 4.76, respectively. Some minor crossreacting spots were seen but
these would not interfere with the detection and quantification of the HSP90a/p band on
one-dimensional Western blots. Hence, the results demonstrate that the antibody used for
Western blotting is specific to HSP90a/p protein and the protein levels examined in
different tissues were reliable.
4.4.4 HSP90 subcellular localization in squirrel liver
Subcellular fractionation and immunoblotting studies using anti~HSP90a/p
antibody showed that HSP90a/p protein was present in both the cytoplasm and the
nucleus of ground squirrel liver. Fig. 4.24 shows that the relative amount of HSP90a/p
significantly increased in the nuclear fraction of squirrel liver during hibernation by 3.07fold. By contrast, HSP90a/p content decreased in the cytoplasm during hibernation to 72

% of the control value. This shows an increase in HSP90a/p translocation to the nucleus
during hibernation.
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Fig. 4.1 Partial nucleotide sequences of hsp72 from (A) thirteen-lined ground squirrel
(Spermophilus tridecemlineatus) and (B) little brown bat (Myotis lucifugus) and their
deduced amino acid sequences. The partial cDNA sequences were amplified from
squirrel kidney and bat brain by RT-PCR using degenerate primers. A single open
reading frame was predicted from the 660 bp of squirrel hsp72 nucleotide sequence
encoding a peptide o f 219 amino acids and from the 660 bp of bat hsp72 nucleotide
sequence encoding a peptide of 219 amino acids, respectively. “N” represents an
unknown nucleotide, and “X” represents an unknown amino acid.
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A)
1
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GCACCACCCCCAGCTACGTGGCCTTCACGGACACCGAGCGGCTCATCGGCGATGCCGCC
T T P S Y V A F T D T E R L I G D A A

60
20

AAGAACCAGGTGGCGCTGAACCCGCAGAACACGGTGTTCGACGCGAAGCGGCTGATCGGC
K N Q V A L N P Q N T V F D A K R L I G

120
40

CGCAAGTTCGGCGACCCGGTGGTGCAGTCGGACATGAAGCACTGGCCCTTCCAGGTGATC
R K F G D P V V Q S D M K H W P F Q V I

180
60

AACGACGGCGACAAGCCCAAGGTGCAGGTGAGCTACAAGGGCGAGAGCAAAGCGTTCTAC
N D G D K P K V Q V S Y K G E S K A F Y

240
80

CCGGAGGAGATCTCTTCCATGGTGCTGACCAAGATGAAGGAGATCGCCGAGGCGTACCTG
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300
100
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360
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CAGGCCACCAAGGACGCGGGCGTGATCGCCGGGCTCAACGTGCTGAGGATCATCAACGAG
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420
140
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480
160
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540
180

ATCTTCGAGGTGAAGGCCACTGCCGGCGACACGCACCTGGGCGGGGAGGACTTCGACAAC
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600
200
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Fig. 4.2 Comparison of hsp72 partial nucleotide sequences from ground squirrel
(Spermophilus tridecemlineatus), bat (.Myotis lucifugus), human, dog and cow (A) and
homology tree (B) showing the percent identity between the sequences. Genbank
accession numbers are: human (.Homo sapiens, BC009322), dog (Canis familiaris,
A B114672) and cow (Bos taurus, NM_203322). The nucleotide sequences were aligned
and the homology tree was generated using DNAMAN software. For the bat, human, dog
and cow sequences dashes (-) replace those nucleotides that are identical with the squirrel
sequence, “n” represents an unknown nucleotide.
A)

Alignment of squirrel, bat, human, dog and cow Hsp72 nucleotide partial sequences

B)

Homology tree of the five hsp72 partial nucleotide sequences
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Fig. 4.3

Comparison o f HSP72 partial amino acid sequences from ground squirrel

(Spermophilus tridecemlineatus), bat (Myotis lucifugus), human, dog and cow (A) and
homology tree (B) showing the percent identity between the sequences. Genbank
accession numbers are: human {Homo sapiens, BC009322), dog {Canis familiaris,
A B114672) and cow {Bos taurus, NM_203322). DNAMAN software was used to
translate the nucleotide sequences, generate the alignment and compute the percent
identities. Dashes (-) replace those amino acids that are identical to the squirrel sequence.
“X” represents an unknown amino acid.
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Fig. 4.4 The effects of hibernation on ground squirrel and bat HSP72 protein expression
in different tissues.
A) Representative Western blots showing HSP72 protein levels in seven tissues of
euthermic (con) and hibernating (hib) ground squirrels and bats.
B)

Histograms show the ratio of

HSP72 protein levels in hibernating versus

euthermic ground squirrels. Mean values (± SEM) were calculated from n = 3
trials on independent extracts of tissue. * - Mean value for hibernating sample is
significantly different from the corresponding euthermic value, P < 0.05.
C)

Histograms show the ratio of

HSP72 protein levels in hibernating versus

euthermic bats. Mean values (±

SEM) were calculated from n = 3 trials on

independent extracts of tissue. * - Mean value for hibernating sample is
significantly different from the corresponding euthermic value, P < 0.05.
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Fig. 4.5 Representative Western blots of HSP72 expression: (A) one dimensional blots of
ground squirrel skeletal muscle and bat liver (B) 2D-PAGE blots of ground squirrel liver,
and (C) 2D-PAGE blots of bat liver.
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Fig. 4.6 HSP72 protein distribution in nuclear versus cytoplasmic fractions as assessed
after subcellular fractionation and Western blotting.
A) Representative Western blots show HSP72 levels in cytoplasmic and nuclear
fractions of ground squirrel skeletal muscle from euthermic control (con) versus
hibernating (hib) animals.
B) Histogram shows the relative expression levels of HSP72 (hibernating versus
control) in cytoplasmic and nuclear fractions of squirrel muscle. Mean values (±
SEM) were calculated from n = 3 independent trials. * - Mean value for
hibernating sample was significantly different from the corresponding euthermic
value, P < 0.05.
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Fig. 4.7 Partial nucleotide sequences of (A) thirteen-lined ground squirrel (Spermophilus
tridecemlineatus) and (B) little brown bat (Myotis lucifugus) hsp 73 and their deduced
amino acid sequences. The partial cDNA sequences were amplified from squirrel kidney
and bat brain by RT-PCR using degenerate primers. A single open reading frame was
predicted from the 632bp of squirrel hsp73 nucleotide sequence encoding a peptide of
210 amino acids and from the 634bp of bat hsp73 nucleotide sequence encoding a peptide
of 210 amino acids, respectively. “N” represents unknown nucleotide, and “X” represents
unknown amino acid.
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Fig. 4.8

Comparison of hsp73 partial nucleotide sequences from ground squirrel

(Spermophilus tridecemlineatus), bat (Myotis lucifugus), human and mouse sequences
and homology tree showing the percent identity between the sequences. Genbank
accession numbers are: human (Homo sapiens, AF352832) and mouse (Mus musculus,
M l9141). The nucleotide sequences were aligned using DNAMAN software (A) and the
homology tree (B) generated by DNAMAN shows the percent identities between the four
hsp73 nucleotide sequences listed above. For the bat, human and mouse sequences dashes
(-) and dots (.) replace those nucleotides that are identical with the squirrel sequence and
that are lack in the nucleotide sequences, respectively.
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Fig. 4.9

Comparison o f HSP73 partial amino acid sequences from ground squirrel

(iSpermophilus tridecemlineatus), bat (Myotis lucifugus), human and mouse sequences
and homology tree showing the percent identity between the sequences. Genbank
accession numbers are: human (Homo sapiens, AF352832) and mouse (Mus musculus,
M19141). DNAMAN software was used to translate the nucleotide sequences, generate
the alignment and compute the percent identities. Dashes (-) replace those amino acids
that are identical as the squirrel. “X” represents the unknown amino acid.
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Fig. 4.10. The effects of hibernation on ground squirrel and bat HSP73 protein
expression in different tissues.
A) Representative Western blots showing HSP73 protein levels in seven tissues of
euthermic (con) and hibernating (hib) ground squirrels and bats.
B) Histograms show the ratio of HSP73 protein levels in hibernating versus
euthermic ground squirrels. Mean values (± SEM) were calculated from n = 3
trials. * - Mean value for hibernating sample is significantly different from the
corresponding euthermic value, P < 0.05.

C) Histograms show the ratio of HSP73 protein levels in hibernating versus
euthermic bats. Mean values (± SEM) were calculated from n = 3 trials. * - Mean
value for hibernating sample is significantly different from the corresponding
euthermic value, P < 0.05.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

82

A)
Squirrel
Hib con

Hib con

heart
kidney
muscle
BAT
Bat

Hib con

Hib con
muscle

liver

E A m
am
■PT 1

brain
lung

B
H SP73 p ro tein e x p ressio n in sq u irre l tissu e s

BAT

brain

heart

Wd

liver

lung

C)
HSP73 protein expression in bat tissues

m iscle

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Fig. 4.11

Representative Western blots and 2D-PAGE Western blots showing

HSP73 protein bands in ground squirrel BAT and muscle (A) and spots in liver (B)
and bat liver (C), respectively.
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Fig.4.12 HSP73 protein distribution in nuclear versus cytoplasmic fractions as assessed
after subcellular fractionation and Western blotting.
Representative Western blots show HSP73 levels in cytoplasmic and nuclear fractions of
ground squirrel skeletal muscle from euthermic control (con) versus hibernating (hib)
animals.
Histogram shows the relative expression levels of HSP73 (hibernating versus control) in
cytoplasmic and nuclear fractions of squirrel muscle. Mean values (± SEM) were
calculated from n = 3 independent trials. * - Mean value for hibernating sample was
significantly different from the corresponding euthermic value, P < 0.05.
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Fig. 4.13

Partial nucleotide sequences of (A) thirteen-lined ground squirrel

(iSpermophilus tridecemlineatus) and (B) little brown bat (Myotis lucifugus) hsp40 and
their deduced amino acid sequences. The partial cDNA sequences were amplified from
squirrel heart and bat liver by RT-PCR using degenerate primers. A single open reading
frame was predicted from the 452 bp of squirrel hsp40 nucleotide sequence encoding a
peptide of 150 amino acids and from the 649 bp of bat hsp40 nucleotide sequence
encoding a peptide o f 216 amino acids, respectively. “N” represents unknown nucleotide,
and “X” represents unknown amino acid.
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Fig. 4.14

Comparison o f squirrel (Spermophilus tridecemlineatus) (A) and bat (Myotis

lucifugus) (B) hsp40 partial nucleotide sequences with human and mouse sequences,
respectively, and homology tree showing the percent identity between the sequences.
Genbank accession numbers are: human {Homo sapiens, NM_005147) and mouse (Mus
musculus, NM_023646). The nucleotide sequences were aligned using DNAMAN
software and the homology tree generated by DNAMAN shows the percent identities
between the hsp40 nucleotide sequences. Dashes (-) replace those nucleotides that are
identical with the squirrel or bat sequences.
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Fig. 4.15

Comparison of HSP40 partial amino acid sequences of ground squirrel

(.Spermophilus tridecemlineatus) (A) and bat (Myotis lucifugus) (B) with human and
mouse sequences and homology tree showing the percent identity between the sequences.
In (C) the alignment of all four amino acid sequences is shown for the 150 amino acids
that they share in common. Genbank accession numbers are: human (.Homo sapiens,
NM_005147) and mouse (Mus musculus, NM_023646). DNAMAN software was used to
translate the nucleotide sequences, generate the alignment and compute the percent
identities. Dashes (-) replace those amino acids that are identical with the first sequence
shown. “X” represents an unknown amino acid.
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Fig. 4.16 The effects of hibernation on ground squirrel and bat HSP40 protein expression
in different tissues.
A) Representative Western blots showing HSP40 protein levels in seven squirrel
tissues and six bat tissues of euthermic (con) and hibernating (hib) animals.
B) Histograms show the ratio of HSP40 protein levels in hibernating versus
euthermic ground squirrels. Mean values (± SEM) were calculated from n = 3
trials. * - Mean value for hibernating sample is significantly different from the
corresponding euthermic value, P < 0.05.
C) Histograms show the ratio of HSP40 protein levels in hibernating versus
euthermic bats. Mean values (± SEM) were calculated from n = 3 trials. * - Mean
value for hibernating sample is significantly different from the corresponding
euthermic value, P < 0.05.
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Fig. 4.17 Representative 2D-PAGE Western blot showing HSP40 protein spots in ground
squirrel liver (A) and bat liver (B), respectively.
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Fig.4.18 HSP40 protein distribution in nuclear versus cytoplasmic fractions as assessed
after subcellular fractionation and Western blotting.
A) Representative Western blots show HSP40 levels in cytoplasmic and nuclear
fractions of ground squirrel skeletal muscle from euthermic control (con) versus
hibernating (hib) animals.
B) Histogram shows the relative expression levels of HSP40 (hibernating versus
control) in cytoplasmic and nuclear fractions of squirrel muscle. Mean values (±
SEM) were calculated from n = 3 independent trials. * - Mean value for
hibernating sample was significantly different from the corresponding euthermic
value, P < 0.05.
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Fig. 4.19 Partial nucleotide sequences of thirteen-lined ground squirrel (Spermophilus
tridecemlineatus) hsp90a (A) and hsp90ft (B) and their deduced amino acid sequences.
The partial cDNA sequences were amplified from squirrel kidney by RT-PCR using
degenerate primers. A single open reading frame was predicted from the 620 bp of
squirrel hsp90a nucleotide sequence encoding a peptide of 206 amino acids and from the
560 bp of squirrel hsp90fi nucleotide sequence encoding a peptide of 186 amino acids,
respectively. “N” represents unknown nucleotide, and “X” represents unknown amino
acid.
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Fig. 4.20

Comparison of squirrel hsp90a (A) and hsp90p (B) partial nucleotide

sequences with human and mouse hsp90a and hsp90p nucleotide sequences, respectively.
Genbank accession numbers for hsp90a are human (Homo sapiens, NM_005348) and
mouse (Mus musculus, NM_010480) and for hsp90fi are human (Homo sapiens,
NM_007355) and mouse (Mus nusclulus, NM_008302), respectively. The nucleotide
sequences were aligned using DNAMAN software and the homology tree generated by
DNAMAN shows the percent identities between different nucleotide sequences. Dashes
(-) replace those nucleotides that are identical with the squirrel sequence.
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Fig. 4.21. Comparison of ground squirrel (Spermophilus tridecemlineatus) HSP90a (A)
and HSP90P (B) partial amino acid sequences with human and mouse HSP90a and
HSP90P sequences, respectively. Genbank accession numbers for HSP90tx are: human
(Homo sapiens, NM_005348) and mouse (Mus musculus, NM_010480) and for hsp90ft
are human (Homo sapiens, NM_007355) and mouse (Mus nusclulus, NM_008302),
respectively. DNAMAN software was used to translate the nucleotide sequences,
generate the alignment and compute the percent identities. Dashes (-) replace those amino
acids that are identical to those in the squirrel sequence.
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Fig. 4.22. The effects of hibernation on ground squirrel HSP90a/p protein expression in
different tissues.
A) Representative Western blots showing HSP90a/p protein levels in six tissues of
euthermic (con) and hibernating (hib) ground squirrels.
B) Histograms show the ratio of HSP90a/p protein levels in hibernating versus
euthermic ground squirrels. Mean values (± SEM) were calculated from n = 3
trials. * - Mean value for hibernating sample is significantly different from the
corresponding euthermic value, P < 0.05.
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Fig. 4.23 Representative 2D-PAGE Western blots showing HSP90a/p protein spot
ground squirrel liver.
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Fig.4.24 HSP90a/p protein distribution in nuclear versus cytoplasmic fractions of ground
squirrel liver as assessed after subcellular fractionation and Western blotting.
A) Representative Western blots show HSP90a/p levels in cytoplasmic and nuclear
fractions from euthermic control (con) versus hibernating (hib) animals.
B) Histogram shows the relative expression levels of HSP90a/p (hibernating versus
control) in cytoplasmic and nuclear fractions of squirrel liver. Mean values (±
SEM) were calculated from n = 3 independent trials. * - Mean value for
hibernating sample was significantly different from the corresponding euthermic
value, P < 0.05.
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CHAPTER 5
DISCUSSION
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Hibemators can maintain their body temperatures near 0°C for several weeks
without injury whereas nonhibemating mammals (such as man) typically die of
hypothermia when core body temperature falls below about 20-25°C (Breukelen and
Martin, 2002; Hirvonen, 1979). With profoundly reduced metabolism, reduced heart rate
and extremely low body temperature, hibemators can save up to 90% of the energy that
would otherwise be needed to remain euthermic over the winter months. The low body
temperatures of the hibernating state could disturb normal cellular processes and one of
the consequences could be an increase in misfolded and unfolded proteins. Stress
conditions that are damaging to cellular proteins can trigger the increased expression of
several highly conserved proteins such as GRPs and HSPs.
During hibernation, overall metabolic rate is strongly suppressed as a result of the
strong inhibition of many metabolic processes; one of the prominent functions that is
strongly decreased is protein biosynthesis. At least two factors contribute to the general
inhibition of protein synthesis in hibernation: (a) phosphorylation-mediated inhibition of
selected ribosomal initiation and elongation factors including eukaryotic initiation factor
2 (eIF2) and eukaryotic elongation factor 2 (eEF2) (DeGracia et al., 2002), and (b)
disaggregation of polysomes (Storey and Storey, 2004). Although the mRNA transcript
levels for most genes are not affected in squirrel and bat tissues during hibernation (Eddy
and Storey, 2002; Hittel and Storey, 2002) and protein translation slows dramatically
during torpor (Breukelen and Martin, 2002), the expression of selected genes is upregulated as evidenced by elevated mRNA and/or protein levels (Andrews et a l, 1998;
Boyer et al., 1988; Fahlman et al., 2000; Gorham et al., 1998; Hittel and Storey, 2001).
The present study showing that Grps and Hsps increase in tissue-specific patterns during
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hibernation indicates that these proteins are part of a select group of proteins that are upregulated during hibernation. Enhanced levels of these chaperones would potentially help
to stabilize other cellular proteins during hibernation.
To explore the molecular basis of mammalian hibernation, RT-PCR and Western
blot techniques were employed to analyze the expression of some well-known shock
proteins in order to determine whether the altered expression of HSPs and GRPs could
contribute to the biochemical phenotype of hibernation. The results showed enhanced
expression o f proteins in both of these families during hibernation as evidenced by
changes in mRNA (Grps) and/or protein (Grps, Hsps) levels.

5.1. Glucose regulated proteins
5.1.1. Analysis of the structures and similarity of GRP75, GRP94 and GRP170
Grps are mainly located in ER and/or mitochondria where they function as
chaperones to bind to newly synthesized, unfolded, and /or incompletely glycosylated
proteins in the lumen of the ER and mitochondria and are also involved in peptide import
(Easton et al., 2000; Ran et a l, 2000). Studies to date indicate that GRP families are
evolutionarily conserved and present results agree with this. In comparison with other
nonhibemator mammals, the partial amino acid sequences of squirrel and bat GRP75 had
very high similarities up to 99% and 97%, respectively (Fig. 3.3 B). The squirrel GRP94
partial amino acid sequence was also highly conserved with 98% identity with the human
and mouse sequences (Fig. 3.11). Ground squirrel and bat partial GRP170 sequences also
showed 96% and 94% identities, respectively, with mouse and human sequences
(Fig.3.18 A and B). Hence, all three GRPs in squirrels and/or bats show high

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

conservation o f sequence as compared with other mammals. Furthermore, there were
only a few unique amino acid substitutions that were specific to the proteins from
hibemators. No unique amino acid substitutions were seen in the GRP75 sequences of
either ground squirrels or bats as compared with the other mammals. Ground squirrel
GRP94 showed two unique changes as compared with the sequence of human, mouse and
cow GRP94: a lysine at residue 160 replacing asparagine and a serine at residue 169
replacing glycine in the other sequences. Compared with human, mouse and rat
sequences, ground squirrel GRP 170 showed a substitution of a threonine replacing serine
at residue 28 whereas bat GRP 170 showed two differences, a glutamine replacing
histidine at residue 131 and a glutamate replacing alanine at residue 137. However, the
two hibemator species clearly do not have the same substitutions and, therefore, it may be
difficult to characterize these substitutions as being important for low temperature
function of the protein. Future studies would have to purify GRP 94 and GRP 170 from
hibemators and analyze physical and functional properties of the proteins at high and low
temperatures in comparison with the homologous proteins from nonhibemating
mammals.

5.1.2. Hibernation responsive transcription and/or translation Grp75
GRP75 is a well-studied chaperone protein that participates in protein folding in
mitochondria and the endoplasmic reticulum. The data for squirrel tissues show that
GRP75 protein was elevated in brain and liver of hibernating animals although grp75
message was stable during hibernation. Hence, the expression patterns at transcription
and translation levels do not match. The explanation for this may be the differential
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distribution o f individual mRNA species between polysome and monosome fractions.
During hibernation, an overall disaggregation of polysomes occurs, which is one factor in
the inhibition of protein synthesis. However, not all polysomes disappear during
hibernation, and some selected mRNA types remain with the polysome fraction and are
preferentially translated during hibernation (Hittel and Storey, 2002). This may account
for the enhanced levels of GRP75 protein in brain and liver despite a lack of change in
grp75 message. Alternatively, since protein degradation is also suppressed during
hibernation (Storey and Storey, 2004), a reduced rate of GRP75 degradation would also
lead to a net elevation of the protein during hibernation. In squirrel muscle and heart, the
opposite expression pattern was seen - although mRNA expression was stable, protein
levels decreased. This indicates a reduced need for this protein in muscles during
hibernation and may result from differential rates of the synthesis versus degradation of
this protein in muscles during hibernation. Transcript levels of grp75 were strongly
elevated in squirrel BAT during hibernation (by 2.8-fold) and also increased slightly in
kidney, but GRP75 protein content stayed constant in these two tissues during
hibernation. Stimulation of grp 75 in BAT during hibernation could occur as a result of an
accumulation of misfolded proteins in cells at low temperature (Lee, 2001). Upregulation of GRP75 may also help to minimize oxidative damage during torpor (Carey
et al., 2000). The unfolded protein response is known to include induction of some
molecular chaperone genes such as grp75. The signals and transcription factor involved
in this induction of grp75 in BAT remain to be determined. Once synthesized, grp75
gene transcripts are likely sequestered into the monosome fraction which is
translationally silent so that the protein is not synthesized during torpor. However, such a
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pattern would allow rapid rates of synthesis of GRP75 protein when the ground squirrels
arouse from torpor. BAT is the key organ providing thermogenesis to rewarm the
hibemator during arousal from torpor and enhanced rates of protein synthesis during the
arousal process may be necessary to support this function. Early synthesis of GRP75
during arousal, from pre-existing stored transcripts may be important for rapidly
elevating the levels of this chaperone which could then aid the folding of other newly
synthesized proteins, particularly in the mitochondria where thermogenesis is centered.
In bats, an organ-specific pattern of response by grp75 transcripts and GRP75
protein was again seen but differed substantially from the ground squirrels. Both mRNA
and protein were slightly increased in muscle and brain of hibernating bats, compared
with euthermic animals. Hence, gene and protein expression patterns correlated well in
these two organs and this argues for a necessary function for elevated GRP75 in these
organs of torpid animals. In bat liver and lung, grp75 was relatively stable but protein fell
somewhat, suggesting a reduced need for GRP75 chaperone action in these organs during
hibernation.
GRP75 can bind other stress proteins like GRP94 (Takano et al., 2001) and
therefore it might be expected that the two proteins would be up-regulated together in
situations where they were needed. Indeed, there is evidence of this from the present
results. In ground squirrels, GRP75 protein was significantly elevated in brain and liver
during hibernation (Figure 3.6). GRP94 protein was also elevated in these organs (as well
as in lung and muscle) (Figure 3.13). Furthermore, grp75 and grp94 mRNA levels were
both elevated in ground squirrel BAT and, although protein was not increased in BAT,
the increased message may support enhanced protein synthesis during arousal and
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interbout periods. All of these results suggest coordinate regulation of GRP75 and
GRP94.

5.1.3. Hibernation responsive transcription and/or translation Grp94
GRP94 is the most abundant protein of the ER lumen (Csermely et al., 1998) and
possibly has a very similar structural and functional organization of its domains to that of
HSP90. Therefore, it may have a N-terminal domain that can bind ATP/ADP and target
protein, C-terminal domain that can bind target protein and peptide, and highly charged
hinge region that contains nuclear localization signal and can bind target protein
(Csermely et al., 1998). GRP94 is a hydrophobic protein and forms dimers (Nomoto et
al., 1996) which show a tail-to-tail organization of two GRP94 molecules because of the
hydrophobic interactions (Wearsch and Nicchitta, 1996). GRP94 is phosphorylated by
many protein kinases (Cala and Jones, 1994; Wearsch and Nicchitta, 1997) and is also a
calcium-binding protein with 4 high-affinity and about 10 low-affinity calcium-binding
sites (Van et a l, 1989). Csermely et al. (1998) think that calcium may have an important
role in the regulation of GRP94 functions because of the high calcium concentration of
the ER. GRP94 is also a glycoprotein and its glycosylation pattern tends to change under
stress, characterized by the increased resistance to endoglycosidase H digestion (Booth
and Koch, 1989). Csermely et al. (1998) suggest that the status of GRP94 glycosylation
may play an important role in the regulation of ER chaperone activity after stress.
Additionally, GRP94 can specifically bind many kinds of peptides (Wearsch et a l, 1998).
The GRP94-peptide binding can be activated by stress and coincident with a stable,
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tertiary conformational change (Wearsch et al., 1998). GRP94 is an ATP binding protein
as well (Clairmont et a l, 1992).
The transcription and translation of GRP94 was examined in the organs of
euthermic versus hibernating squirrels. Overall, the data show that neither mRNA nor
protein levels were greatly affected during hibernation. Squirrel brain showed a
consistent small increase (about 1.2-fold) in both mRNA and protein, which suggests a
need for the protective action of GRP94 in brain during hibernation. GRP94 protein was
also slightly elevated (1.2-1.3 fold) in liver, lung and muscle during hibernation although
mRNA levels remained the same or lower. This could suggest a difference in the rates of
GRP94 protein synthesis versus degradation during hibernation so that a net small
accumulation o f the protein occurs. The expression pattern in BAT was comparable to the
response seen for GRP75; that is, grp94 mRNA increased during hibernation but GRP94
protein was unaffected. Again, this might result from sequestration of grp94 mRNA into
the monosome fraction during torpor so that rapid protein translation can occur during
arousal.

5.1.4. Hibernation responsive transcription and/or translation Grpl70
GRP 170 is localized in the ER and is induced under ischemia/hypoxia which Pahl
(1999) thinks may trigger an ER stress response. GRP170 was originally purified and
cloned from cultured rat astrocytes exposed to hypoxia and has protective effects in
neurons (Tamatani et al., 2001). Secondary structure predictions of GRP 170 suggest that
it contains an apparent ATPase domain, (3-stand domain (peptide binding), and long loop
followed by a helical domain (Easton et al., 2000). The reported functions of GRP 170 are
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mainly in the protection of ER under anoxic and ischemic stress (Tsukamoto et al.;
Tsukamoto et al., 1998; Tamatani et al., 2001; Miyazaki et al., 2002), low pH, and
glucose starvation (Kobayashi and Ohta, 2005). The intracellular functions may be in
protein folding and /or assembly. GRP 170 has been described as an ER resident
glycoprotein and may play a role in immunoglobulin folding and assembly in conjunction
with GRP78 and GRP94 (Lin et al., 1993). GRP170 is also an efficient ATP-binding
protein (Dierks et al., 1996).
Grp 170 was examined in both squirrel and bat tissues. Compared with the other
two GRPs studied, the mRNA expression level of grpl 70 was very low in both euthermic
and hibernating tissues; indeed, in some tissues it was not detected due to the low level
expression. Significant decreases occurred in both squirrel and bat lung and kidney
grpl70 transcripts during hibernation, which suggests a reduced requirement for GRP 170
in these organs during torpor. In squirrel heart, however, grpl 70 transcripts were
significantly increased during hibernation. Grp 170 is also called oxygen regulated protein
150 (ORP150) and is known to be responsive to the hypoxia-inducible transcription
factor (HIF-1). When DNA array screening was used to search for hibernation-responsive
genes in ground squirrel heart, both the alpha and beta subunits of HIF-1 as well as
ORP150 and prolyl hydroxylase were identified as putatively up-regulated in hibernation
(Storey, 2003). Recent studies have shown that HIF-1 a is up-regulated in selected organs
o f ground squirrels during hibernation (Morin and Storey, 2005). Hypoxia leads to a drop
in Tb in many mammalian species. Hibernating species show an even more pronounced
drop in Tb in response to hypoxia and a hypoxia-hypothermia connection has been
proposed as a part of the mechanism of regulating the drop in Tb during hibernation. The
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upregulation of grp 170 in heart play a part in this hypoxia-hypothermia connection
(Renata et a l, 2001).
The subcellular distribution of Grp75 and Grp94 in cytoplasmic and nuclei was
also analyzed in squirrel skeletal muscle. Results show that both proteins are located in
both cytoplasmic and nuclear fractions, which suggests that both proteins also have roles
to play in nuclei.

5. 2. Heat shock proteins
5.2.1. Analysis of the structure and similarity of HSP40, HSP72, HSP73 and HSP90
Proteins in the Hsp40 chaperone family play an important role as molecular
chaperones in assisting protein folding under both normal and stressed conditions
(Kelley, 1998; Hennessy et a l, 2005). Hsp40 proteins contain a J domain which features
a ~70-amino-acid-residue signature and is comprised of four alpha-helices and a loop
region with a fixed tripeptide o f histidine, proline and aspartic acid (HPD motif). The
Helix II and the HPD motif have very important roles in recruiting co-chaperone (Hsp70)
partners and accelerating the ATP-hydrolysis step of the chaperone cycle (Hennessy et
a l, 2005). Hsp40 functions as a molecular chaperone by forming dimers and the Cterminal fragment o f Hsp40 is responsible for dimerization (Wu et a l, 2005; Borges et
a l , 2005). The sequence o f Hsp40 is typically highly conserved and my study shows that
this is also true of hibernating mammals in comparison with nonhibemators. Thus, the
squirrel partial Hsp40 amino acid sequence showed 96% and 94% identity, respectively,
with that of the mouse and human sequences, while the bat partial Hsp40 had 88%
identity with human and mouse (Fig. 4.15 A and B). When the sequence segments that
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were shared in common between bat, squirrel, human and mouse were compared (Fig.
4.15C), it can be seen that bat Hsp40 showed 10 substitutions that were not seen in the
squirrel, mouse or human sequences. However, only 1 substitution was shared in
common by the two hibemators - isoleucine at position 96 replacing valine in the
nonhibemators. Hence, there is not good evidence in the case of Hsp40 for sequence
changes that might support low temperature function of the hibemator protein.
Hsp72 and Hsp73 are members of HSP70 family. Hsp72 is a major inducible
member of the heat shock protein family and can protect cells against many cellular
stresses including heat shock. Hsp73 is the constitutively synthesized protein. Both Hsps
have several functional domains. The peptide-binding domain is located in the carboxyl
portion which plays an important role in protecting cells from thermal stress by binding
to unfolded or partially folded polypeptides (Li et al., 1995). All HSP70 family members
bind ATP (Snoeckx et al., 2001). The amino-terminal domain contains ATPase activity.
Lewis and Pelham (1985) showed evidence that Hsp72 bound tightly first to some
nuclear component(s) and then to nucleoli after heat shock but were released rapidly from
these binding sites when ATP was present even at very low levels. They suggest that
ATP-driven cycles of binding and release of hsp70 proteins help to solubilize aggregates
o f proteins or RNPs that form after heat shock. In addition to the binding sites, both
proteins carry nuclear localization signals (NLS) (Snoeckx et al., 2001; Lamian et al.,
1996). Most Hsp70 family members are well conserved across phylogeny. In this study,
the results show that squirrel and bat Hsp72 amino acid partial sequences shared 99% and
96% identities, respectively, with human, dog and cow sequences whereas Hsp73 shared
98% identities with human and mouse, respectively. This suggests that hibemator Hsp72
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and Hsp73 share all the common functional domains of the proteins in rtonhibemating
mammals. Furthermore, there were no cases where the Hsp72 sequences from the two
hibemators showed a common substitution that was different from the sequences of
nonhibemators. However, Hsp73 showed two substitutions that were shared by ground
squirrels and bats (glycine 209, lysine 210) replacing two glutamate residues in the
nonhibemating mammals (Fig. 4.9).
Hsp90, one of the most abundant cytosolic Hsps, is a highly conserved and
essential stress protein that is expressed in all eukaryotic cells. Three important functions
o f Hsp90 are related with its conformational transitions. The most conserved domain of
Hsp90 is the nucleotide-binding pocket near the N-terminus which binds to ATP and
ADP (Grenert et a l, 1997). The binding of ATP induces dimer interaction near the Nterminal domains of the Hsp90 homodimer (Prodromou et al., 2000). In addition to the
N-terminal, the C-terminal site also has a nucleotide-binding site (Marcu et al., 2000)
which interacts with that in the N-terminal site in an coordinated fashion (Pratt and Toft,
2003) for regulating the conformational state of Hsp90. Hsp90 has been found to interact
with co-chaperones including the proteins that contain TPR (tetratricopeptide repeat)
domains like Hop; the interaction occurs near the C-terminus of Hsp90 and forms a
complex with the co-chaperone (Pratt and Toft, 2003). The mechanism regarding how
Hsp90 interacts with its substrate remains unclear. One possibility is that multiple sites
for substrate-binding are located in Hsp90. At least two regions of Hsp90, one near the
N-terminus containing a peptide binding site that seems to preferentially bind peptides
longer than 10 amino acids and one near the C-terminus binding to partially folded
proteins in an ATP-independent way potentially regulated by co-chaperones, have been
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shown to prevent the aggregation of denatured polypeptides (Young et a l, 1997; Scheibel
et al., 1998). Hsp90 also plays an important role in folding various nuclear hormone
receptors and a number of protein kinases, all of which are involved in signaling. The
chaperone complex o f Hsp90-Hop-Hsc70-p23 folds steroid receptors and aids the
maturation of the receptors in which Hsp90 plays a crucial role as a central organizer of
the “early” (Hsc70- and Hop-containing) and “late” (p23-containing) complexes
(Csermely et al., 1998). Like other chaperones, Hsp90 protein is highly conserved. Our
study shows that one of the isoforms, Hsp90a, had 100% identity among squirrel; human
and mouse partial amino acid sequences whereas Hsp90p had 97% identity between
squirrel and human/mouse partial amino acid sequences. This indicates that squirrel
Hsp90 has the same domains and functional groups as does the protein in other
organisms. Hsp90|3 showed 4 unique substitutions as compared with the human or mouse
sequences: these were glycine 1, isoleucine 3, threonine 131 and serine 132 replacing
valine, phenylalanine, serine and glycine, respectively.

5.2.2. Hsp40, Hsp72, Hsp73 and Hsp90 in squirrel hibernation
The main function of Hsp chaperones is to aid unfolded and misfolded proteins to
enter or resume their normal conformation, to prevent the aggregation of “sticky”
protein-folding intermediates to refold from folding traps by controlled binding and
release, and transport the proteins to their destination (Snoeckx et al., 2001). During
hibernation, small mammals experience low body temperatures which would induce
conformational changes in various proteins, sometimes with damaging consequences for
protein function. Increased numbers of functionally compromised proteins could cause
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the induction o f molecular chaperones like heat shock proteins to either retain or restore
the functional conformations o f proteins. In our present study, the four Hsps studied were
all elevated in some squirrel and/or bat tissues during hibernation.
Ydjl is the major type I Hsp40 (heat-shock protein 40) family member in yeast.
Ydjl itself can function as a molecular chaperone to bind non-native polypeptides and
suppress protein aggregations in vitro (Li and Sha, 2005) and the over-expression of
another member o f Hsp40, HDJ2, alone also significantly reduced astrocyte injury after
both GD (glucose deprivation) and OGD (oxygen-glucose deprivation) (Qiao, 2003).
Although the mechanisms by which Hsp40 functions as a molecular chaperone to
recognize and bind non-native polypeptides is not understood, Li et al. (2003) found a
crystal structure o f the yeast Hsp40 Ydjl complexed with its peptide substrate. In the
complex, the Ydjl peptide binding fragment contains three domains and the peptide
substrate binds Ydjl by forming an extra beta strand with domain I of Y djl, while the
leucine residue in the middle of the peptide substrate GWLYEIS inserts its side chain into
a hydrophobic pocket formed on the molecular surface of Ydj 1 domain I. Structure-based
mutagenesis studies show that the hydrophobic pocket located on Ydjl domain I may
play a major role in mediating the interactions between Ydj 1 and the peptide substrate (Li
and Sha, 2005). Since the Hsp40 protein sequence is well conserved, the significantly upregulated Hsp40 protein in squirrel BAT, liver, kidney and heart may have the same
function as Ydjl in yeast and HDJ2 in mouse to bind non-native polypeptides and
suppress protein aggregations caused by low temperature during hibernation.
In addition to binding non-native polypeptides and suppressing protein
aggregations by Hsp40 itself, another molecular chaperone activity for Hsp40 is to
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facilitate Hsp70 to refold non-native polypeptides. The molecular chaperones, Hsp72 and
Hsp73, are ubiquitous molecular chaperones that possess weak ATPase activity which
can be substantially stimulated by peptide binding (Flynn et al., 1989; Flaherty et al.,
1990). These chaperones contain three interdependent domains, which are a highly
conserved 44-kDa N-terminal ATPase domain, an 18-kDa peptide binding domain, and a
10-kDa C-terminal helical lid domain. Lee et al. (2004) found that cytosolic chaperone
pairs o f the Hsp70 family and their DnaJ homolog co-chaperones prevent nitric oxidemediated apoptosis and heat-induced cell death, and they also found that the damage to
rat liver by tetrachloride significantly induced both mRNA and protein expression of the
cytosolic chaperones, Hsp40 and Hsp72. Ydjl can pair with yeast Hsp70 Ssal to
facilitate protein translocation and protein folding (Li and Sha, 2005). In mammals, Dj A4
(another type I of DnaJ/Hsp40 homolog) is highly expressed in heart and testis, and the
coexpression of Hsp70 and DjA4 protects against heat stress-induced cell death (Hafizur
et al., 2004); DjA4 binds Hsp70 and promotes its ATPase activity, and the energy from
the hydrolysis of ATP is used to fold the dysfunctional proteins generated under heat
stress. In addition to the functions mentioned above, Hsp72 and Hsp73 both play a role in
protein degradation. Previously studies show that Hsp70 guides misfolded proteins to
lysosomes (Agarraberes et a l, 1997; Chiang et al., 1989) and in lysosomes, Hsp73
assists in protein degradation by transferring them into this organelle (Agarraberes et al.,
1997; Terlecky et al., 1992). The elevated Hsp40 and Hsp73 protein expression in
squirrel heart and kidney during hibernation may behave in this same way to help protect
these organs from low temperature induced damage to proteins during hibernation and/or
to transport misfolded proteins to lysosomes for degradation.
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Hsp90 is another cytosolic stress protein. It contains ATP and ADP binding
pockets near the N-terminus which act as a “ molecular clamp” whose opening and
closing by transient N-terminal dimerization are directly coupled to the ATPase cycle
(Grenert et a l, 1997; Prodromou et al., 2000). Recent studies indicate the presence of yet
another nucleotide-binding site near the C-terminus of hsp90 (Gamier et a l, 2002; Marcu
et al., 2000; Soti et al., 2002). ATP binding and hydrolysis is used to regulate the
conformational states of the Hsp90 during its activities, and ATP is essential for the
formation of an hsp90 state that is able to bind its co-chaperones like p23 (Grenert et al.,
1997). Although Hsp90 is an essential molecular chaperone that is critical for the activity
of diverse cellular proteins, it is unable to bind biologic substrates such as steroid
receptors on its own and requires the assistance of several other proteins (Pratt and Toft,
2003); therefore, the multiple sites for substrate binding to Hsp90 are needed. So far,
three regions of hsp90, one near the N-terminus, one near the C-terminus, and a middle
region, have been shown to prevent the aggregation of denatured proteins (Young et al.,
1997; Scheibel et al., 1998; Johnson et al., 2000). The Hsp90 complexes related to
steroid receptor function and trafficking includes Hsp90 itself, Hsp70, Hsp40, Hop and
p23. In these complexes, Hsp70 is required for the assembly of signalling protein-Hsp90
heterocomplexes, and these two chaperones likely interact directly with each other during
opening o f the steroid-binding cleft in the GR (Morishima et a l, 2001). Hop (Hsporganizing protein), a 60-kDa protein, directly contacts Hsp90 and Hsp70 (Chen et al.,
1996). p23 is present to bind to the ATP-dependent conformation of hsp90 and stabilize
its association with the receptor (Dittmar et al., 1997). Hsp40 is a component of the
multiprotein

hsp90-based
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system
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potentiates
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heterocomplex assembly (Dittmar et al., 1998). The chaperone activities of Hsp90
reported are almost exclusively related to the folding of various nuclear hormone
receptors and a number of protein kinases, all of which are involved in signalling
(Csermely et al., 1998). The increases in Hsp40, Hsp73 and Hsp90 seen in squirrel
kidney may be related to the coordinated formation of Hsp90 complexes and the folding
o f various nuclear hormone receptors and/or protein kinases during hibernation. Another
novel role for Hsp90 was recently found; Hsp90 plays a role in the essential cellular
functions of transcription and DNA repair by the interaction of an ATP-dependent DNA
helicase (Flom et al., 2005). The up-regulation of Hsp90 in squirrel kidney may also have
the same function in folding the denatured enzymes during hibernation.
Compared with euthermic controls, Hsp90 was significantly elevated in the
squirrel liver nuclear fraction and reduced in the cytoplasmic fraction, which indicates
that during squirrel hibernation, a large portion of Hsp90 was transported to the nucleus
from the cytoplasm to function as a nuclear chaperone during hibernation to bind
denatured proteins and/or new synthesized proteins.

5.2.3. Hsp40, Hsp72, Hsp73 and Hsp90 in bat hibernation
In bat tissues, Hsp40 protein levels were strongly enhanced in liver during
hibernation, rose slightly in kidney and lung and decreased in muscle. Hsp72 was slightly
up-regulated in brain and liver but down-regulated or stable in other tissues during
hibernation. Hsp73 was slightly enhanced in liver, but strongly reduced in lung. The
notable increases in all three Hsps bat liver could perhaps suggest the importance of
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chaperones both for stabilizing proteins within this central biosynthetic organ and for the
correct folding of the many of the proteins that liver produces for export.
The cytosolic yeast Hsp40 Ydjl contains a conserved zinc finger-like region
(ZFLR), which has two zinc-binding domains (ZBD) that help regulate and specify
Hsp70 function (Fan et a l, 2005). ZBDII is essential for Ydjl to cooperate with Hsp70 to
suppress protein aggregation and, therefore, it is required for yeast to survive heat stress.
But for protein folding, both ZBDI and ZBDII are required for Hsp70 to capture non
native polypeptides from Ydjl. In this study, Hsp40, Hsp72, and Hsp73 were all upregulated in bat liver. The up-regulation of Hsp40 may bind non-native polypeptides and
then cooperate with either Hsp72 or Hsp73 to fold the polypeptides by stimulating ATP
hydrolysis in the ATPase domain and capturing the client protein in the peptide-binding
domain o f Hsp70/DnaK. The J-domain of DnaJ simultaneously stimulates ATP
hydrolysis in the ATPase domain and capture of the client protein in the peptide-binding
domain of DnaK (Landry, 2003). During hibernation, the fine structure of the kidney
cortex is well preserved, whereas most apparent ultrastructural changes take place in
glomerular endothelial cells and podocytes (Zancanaro et a l, 1999). The finding of only
minor ultrastructural changes in the kidney of arousing dormice undergoing ‘reperfusion’
further suggests that the whole process is finely regulated to prevent lesion. The upregulation of Hsp40 in bat kidney may contribute to the maintenance and preservation of
cell and organ structure in hibernation. Lung experiences long periods of ischemia and
hypoxia in torpor (Mellen et a l, 2002), and so does brain, which may induce the
molecular chaperone Hsp40 protein in bat lung and Hsp70 in bat brain, respectively, to
fold the misfolded proteins resulting from stress.
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5.3. A comparison of Grp and Hsp responses to hibernation in ground
squirrels and bats
Overall, for most Grps studied, the changes in gene expression were more evident
in ground squirrel tissues than in bat tissues during hibernation. For example, at the
mRNA level, Grp75 was strongly up-regulated in ground squirrel BAT whereas it was
only slightly up-regulated in some bat tissues. Grpl 70 transcripts were also strongly upregulated in ground squirrel heart during torpor but transcripts were not elevated in any
bat tissue examined. At the protein level, Grp75 increased strongly in ground squirrel
brain but was only slightly elevated in bat brain and muscle.
Similar findings were noted for Hsps. Hsp40 protein was highly expressed in
ground squirrel BAT, heart and liver during hibernation whereas levels increased strongly
only in liver o f bats during hibernation. Hsp72 increased substantially in ground squirrel
muscle but rose only slightly in bat brain and liver during hibernation. Hsp73 was
moderately expressed in ground squirrel heart, kidney and lung but only slightly
increased in bat liver during hibernation. These results may indicate that bat organs
experience less stress than do ground squirrel organs during hibernation. However, it may
also be that constitutive levels of shock proteins (and shock protein mRNA) in bat tissues
are high enough that there is not a need for up-regulation of the genes/proteins during
each hibernation bout.
The patterns of expression of some of the shock proteins were similar in ground
squirrel and bat tissues. For instance, Hsp40 was stable in brain, up-regulated in kidney
and liver, and down-regulated in muscle of both ground squirrels and bats. This suggests
that Hsp40 expression may be independent of species but respond to the common needs
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o f different organ types during hibernation. Hsp40 can function as a molecular chaperone
alone and can also facilitate the binding of Hsp70s to other proteins.
Hsp72 is thought to be highly inducible whereas Hsp73 is constitutively
expressed. The present analysis shows that Hsp72 is highly expressed in tissues of both
control and hibernating animals and levels were elevated only in muscle of hibernating
ground squirrels and in brain and liver of hibernating bats. This indicates that Hsp72 is
sufficiently expressed in both stress and non-stress cells of hibernators. Hsp73 was
upregulated in ground squirrel heart and lung but strongly suppressed in bat lung, kidney
and muscle. This demonstrates that Hsp73 is actually inducible and its chaperone
function is species specific.
In the present study, all the proteins except Grp 170 were found to reside in both
the cytoplasm and the nuclear fraction in ground squirrel muscle or liver. Both Hsp72 and
Hsp73 carry nuclear localization signals (NLS) (Snoeckx et al., 2001). Tuijl et al. (1991)
and Welch et al. (1984) reported stress-mediated translocation of both Hsc70 and Hsp72
into the cellular nucleus, in particular to the nucleolus, which suggests a specific and
unique role in the repair and protection of these cellular structures (Collier et a l, 1986).

5.4. Conclusions
Based on the above results, I conclude that Grps and Hsps indeed play a role in
mammalian hibernation, supporting organ specific needs during torpor-arousal cycles by
assisting in protein folding/refolding, degradation, and inhibition of irreversible
aggregation of denatured proteins. However, although the elevated protein levels imply a
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functional need for these proteins in hibernation, full proof that Hsps have protective
roles in hibernation remains to be determined.

5.4. Perspectives
The data in the present thesis has documented a role for shock proteins in
mammalian hibernation but considerable work remains to be done to fully understand
what that role is as some actions and/or targets of Hsps and Grps might be quite different
from their known functions under other stress conditions (e.g. heat) in nonhibemating
species. Further studies could address the following topics.
1. To further characterize the role and control of HSps and Grps in hibernation
more work could be done on the transcriptional regulation of the genes. For example, a
detailed time course of the response/levels of the HSF transcription factor that control
Hsp gene transcription should be done along with quantitative analysis of Hsp mRNA
levels in response to hibernation. This would (presumably) confirm that HSF is the
regulatory factor involved in hibernation-responsive expression of Hsps and then further
experiments could be designed to examine the upstream second messengers and protein
kinases that control HSF. Knowledge of the signaling pathway that is regulating HSF in
hibernation would provide ideas about of how and why Hsps are responding to
hibernation.
2. Mammalian heat shock proteins are usually induced at high body
temperatures (39°C

to

42°C)

and

function

at

euthermic

(or

higher)

body

temperatures. Protein structure and function is affected by temperature change because
the hydrophobic and hydrophilic weak bonds that determine protein conformation are
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differentially affected by temperature change. Hence, it is perhaps possible that the
chaperone effects that Hsps or Grps have at euthermic body temperatures could be quite
different to their actions/effects at cold body temperatures during hibernation. Hsps
could be isolated from the tissues of hibemators (or produced by overexpression of
complete Hsp genes generated from cDNA library screening). Their function at 5°C
versus 37°C should be analyzed by examining and comparing their ability to re-fold
denatured enzymes or other proteins in vitro at the two temperatures. Similarly, high
versus low temperature functions of Grps could be analyzed with similar procedures.
3.

The present study shows that HSPs and GRPs are elevated in selected tissues of

hibemators but each tissue is composed of different cell types. Studies could be done to
determine whether shock protein responses occur throughout an organ or occur only in a
specific cell type within the tissue.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

122

References:
Agarraberes FA, Terlecky SR, Dice JF. An intralysosomal hsp70 is required for a
selective pathway of lysosomal protein degradation. J Cell Biol. 1997; 137(4):
825-34.
Andrews MT, Squire TL, Bowen CM, Rollins MB. Low-temperature carbon utilization is
regulated by novel gene activity in the heart o f a hibernating mammal. Proc. Natl.
Acad. Sci. USA 1998; 95: 8392-8397.
Argon Y, Simen BB. GRP94, an ER chaperone with protein and peptide binding
properties. Cell Devel Biol. 1999;10:495-505.
Barnes BM. Freeze avoidance in a mammal: body temperatures below 0°C in an Arctic
hibemator. Science 1989; 244: 1593-1595.
Barros RCH, Zimmer ME, Branco LGS, Milsom WK. Hypoxic metabolic response of the
golden-mantled ground squirrel. J. Appl. Physiol. 2001;91:603-612.
Becker J, Craig EA. Heat-shock proteins as molecular chaperones. Eur. J. Biochem.
1994; 219(1-2): 11-23.
Beckmann RP, Mizzen LE, Welch WJ. Interaction of Hsp 70 with newly synthesized
proteins: implications for protein folding and assembly. Science. 1990;
248(4957): 850-854.
Bini L, Magi B, Marzocchi B, Arcuri F, Tripodi S, Cintorino M, Sanchez JC, Frutiger S,
Hughes G, Pallini V, Hochstrasser DF, Tosi P. Protein expression profiles in
human breast ductal carcinoma and histologically normal tissue. Electrophoresis.
1997; 18(15): 2832-2841.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

123
Booth C, Koch GL. Perturbation of cellular calcium induces secretion of luminal ER
proteins. Cell 1989; 59(4): 729-737
Borges JC, Fischer H, Craievich AF, Ramos CH. Low resolution structural study of two
human HSP40 chaperones in solution: DJA1 from subfamily a and djb4 from
subfamily b have different quaternary structures. J Biol Chem. 2005; 280 (14):
13671-13681.
Boyer BB, Barnes BM, Lowell BB, Grujic D. Differential regulation of uncoupling
protein gene homologues in multiple tissues of hibernating ground squirrels. Am.
J. Physiol. 1998; 275(4 Pt 2): R1232-R1238.
Breukelen F van, Martin SL. Molecular adaptations in mammalian hibemators: unique
adaptations or generalized responses? J. Appl. Physiol. 2002; 92: 2640-2647.
Brooks SPJ, Storey KB. Mechanisms of glycolytic control during hibernation in the
ground squirrel Spermophilus lateralis. J. Comp. Physiol. B 1992; 162: 23-28.
Cala SE, Jones LR.GRP94 resides within cardiac sarcoplasmic reticulum vesicles and is
phosphorylated by casein kinase II. J. Biol. Chem. 1994; 269(8):5926-31.
Carey HV, Frank CL, Seifert JP. Hibernation induces oxidative stress and activation of
NK-kappaB in ground squirrel intestine. J. Comp. Physiol. 2000; 170(7): 551559.
Chen S, Prapapanich V, Rimerman RA, Honore B, Smith DF. Interactions of p60, a
mediator of progesterone receptor assembly, with heat shock proteins hsp90 and
hsp70. Mol. Endocrinol. 1996; 10(6): 682-693.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Chiang HL, Terlecky SR, Plant CP, Dice JF. A role for a 70-kilodalton heat shock protein
in lysosomal degradation of intracellular proteins. Science. 1989; 246(4928): 382385.
Clairmont CA, De Maio A, Hirschberg CB. Translocation of ATP into the lumen of
rough endoplasmic reticulum-derived vesicles and its binding to luminal proteins
including BiP (GRP 78) and GRP 94. J Biol Chem. 1992; 267(6): 3983-3990.
Collier NC, Schlesinger MJ. The dynamic state of heat shock proteins in chicken embryo
fibroblasts. J Cell Biol. 1986; 103(4): 1495-507.
Csermely P, Schnaider T, Soti C, Prohaszka Z, Nardai G. The 90-kDa molecular
chaperone family: structure, function, and clinical applications. A comprehensive
review. Pharmacol Ther. 1998; 79(2):129-68.
DeGracia DJ, Kumar R, Owen CR, Krause GS, White BC. Molecular pathways of
protein synthesis inhibition during brain reperfusion: implications for neuronal
survival or death. JCereb Blood Flow Metab. 2002; 22(2): 127-41.
Dierks T, Volkmer J, Schlenstedt G, Jung C, Sandholzer U, Zachmann K, Schlotterhose
P, Neifer K, Schmidt B, Zimmermann R. A microsomal ATP-binding protein
involved in efficient protein transport into the mammalian endoplasmic reticulum.
EMBOJ. 1996; 15(24): 6931-6942.
Dittmar KD, Demady DR, Stancato LF, Krishna P, Pratt WB. Folding of the
glucocorticoid receptor by the heat shock protein (hsp) 90-based chaperone
machinery. The role of p23 is to stabilize receptor.hsp90 heterocomplexes formed
by hsp90.p60.hsp70. J Biol Chem. 1997; 272(34): 21213-21220.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Domanico SZ, DeNagel DC, Dahlseid JN, Green JM, Pierce SK. Cloning of the gene
encoding peptide-binding protein 74 shows that it is a new member of the heat
shock protein 70 family. Mol Cell Biol. 1993; 13(6): 3598-35610.
Easton DP, Kaneko Y, Subjeck JR. The hspl 10 and Grpl 70 stress proteins: newly
recognized relatives of the Hsp70s. Cell Stress Chaperones 2000; 4: 276-290.
Eddy SF, Storey KB. Dynamic use of cDNA arrays: heterologous probing for gene
discovery and exploration of animal adaptations in stressful environments. In:
Cell and Molecular Responses to Stress, edited by Storey KB and Storey JM.
Amsterdam: Elsevier Press, 2002, vol.3, p. 297-325.
Eddy SF, Storey KB. Up-regulation of fatty acid-binding proteins during hibernation in
the little brown bat, Myotis lucifugus. Biochim. Biophys. Acta 2004; 1676: 63-70.
Edgington SM. Therapeutic applications of heat shock proteins. Biotechnology (NY).
1995; 13(13): 1442-1444.
Fahlman A, Storey JM, Storey KB. Gene up-regulation in heart during mammalian
hibernation. Cryobiology. 2000; 40(4):332-342.
Fenton MB, Barclay RMR. Myotis lucifugus. Mamm Species 1980; 149: 1-8.
Ferrari R, Bongrazio M, Cargnoni A, Comini L, Pasini E, Gaia G, Visioli O. Heat shock
protein changes in hibernation: a similarity with heart failure? J Mol Cell Cardiol.
1996; 28(12): 2383-2395.
Flaherty KM, DeLuca-Flaherty C, McKay DB. Three-dimensional, structure of the
ATPase fragment of a 70K heat-shock cognate protein. Nature. 1990; 346(6285):
623-628.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

126
Flom G, Weekes J, Johnson JL. Novel interaction of the Hsp90 chaperone machine with
Ssl2, an essential DNA helicase in Saccharomyces cerevisiae. Gurr Genet. 2005;
47(6): 368-380.
Flynn GC, Chappell TG, Rothman JE. Peptide binding and release by proteins implicated
as catalysts of protein assembly. Science. 1989; 245(4916): 385-390.
Freeman BC, Myers MP, Schumacher R, Morimoto RI. Identification of a regulatory
motif in Hsp70 that affects ATPase activity, substrate binding and interaction with
UDJ-l.EM BOJ. 1995; 14(10): 2281-2292.
Gamier C, Lafitte D, Tsvetkov PO, Barbier P, Leclerc-Devin J, Millot JM, Briand C,
Makarov AA, Catelli MG, Peyrot Y. Binding of ATP to heat shock protein 90:
evidence for an ATP-binding site in the C-terminal domain. J Biol Chem. 2002;
277(14): 12208-12214.
Gething MJ, Sambrook J. Protein folding in the cell. Nature 1992; 355(6355): 33-45.
Gidalevitz T, Biswas C, Ding H, Schneidman-Duhovny D, Wolfson HJ, Stevens F,
Radford S, Argon Y. Identification of the N-terminal peptide binding site of
glucose-regulated protein 94. J Biol Chem. 2004; 279(16): 16543-16552.
Gorham DA, Bretscher A, Carey HV. Hibernation induces expression of moesin in
intestinal epithelial cells. Cryobiology 1998; 37(2): 146-154.
Grenert JP, Sullivan WP, Fadden P, Haystead TA, Clark J, Mimnaugh E, Krutzsch H,
Ochel HJ, Schulte TW, Sausville E, Neckers LM, Toft DO. The amino-terminal
domain of heat shock protein 90 (hsp90) that binds geldanamycin is an ATP/ADP
switch domain that regulates hsp90 conformation. J Biol Chem. 1997; 272(38):
23843-23850.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

127
Hafizur RM, Yano M, Gotoh T, Mori M, Terada K. Modulation of chaperone activities of
Hsp70 and Hsp70-2 by a mammalian DnaJ/Hsp40 homolog, DjA4. J Biochem
(Tokyo). 2004; 135(2): 193-200.
Hartl FU, Martin J, Neupert W. Protein folding in the cell: the role of molecular
chaperones Hsp70 and Hsp60. Annu Rev Biophys Biomol Struct. 1992; 21: 293322.
Hartl FU. Molecular chaperones in cellular protein folding. Nature 1996; 381(6583):
571-579.
Hennessy F, Boshoff A, Blatch GL. Rational mutagenesis of a 40 kDa heat shock protein
from Agrobacterium tiumefaciens identifies amino acid residues critical to its in
vivo function. Int J Biochem Cell Biol. 2005; 37(1): 177-191.
Hirvonen, J. Accidental hypothermia. In: Body Temperature, edited by Lomax P, and
Schoenbaum E. 1979. New York: Marcel Decker.
Hittel D, Storey KB. Differential expression of adipose and heart type fatty acid binding
proteins in hibernating ground squirrels. Biochim. Biophys. Acta 2001; 1522: 238243.
Hittel D, Storey KB. Differential expression of mitochondria-encoded genes in a
hibernating mammal. J Exp Biol. 2002; 205(11): 1625-1631.
Hochachka PW, Somero GN (1984) Biochemical Adaptation. Princeton University Press,
Princeton, NJ.
Ivanov KP. Physiological blocking of the mechanisms of cold death: theoretical and
experimental considerations. J. Therm. Biol. 2000; 25: 467—479.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Jeon GS, Park SW, Kim DW, Seo JH, Cho J, Lim SY, Kim SD, Cho SS. Glial expression
of the 90-kDa heat shock protein (HSP90) and the 94-kDa glucose-regulated
protein (GRP94) following an excitotoxic lesion in the mouse hippocampus. Glia.
2004; 48(3): 250-258.
Johnson BD, Chadli A, Felts SJ, Bouhouche I, Catelli MG, Toft DO. Hsp90 chaperone
activity requires the full-length protein and interaction among its multiple
domains. J Biol Chem. 2000; 275(42): 32499-32507.
Katschinski DM. On heat and cells and proteins. News Physiol. Sci. 2004; 19: 11-15.
Kaul SC, Duncan EL, Englezou A, Takano S, Reddel RR, Mitsui Y, Wadhwa R.
Malignant transformation of NIH3T3 cells by overexpression of mot-2 protein.
Oncogene. 1998; 17(7): 907-911.
Kelley WL. The J-domain family and the recruitment of chaperone power. Trends
Biochem Sci. 1998; 23(6): 222-227.
Kenagy GJ, Sharbaugh SM, Nagy KA. Annual cycle of energy and time expenditure in a
golden-mantled ground squirrel population. Oecologia (Berl) 1989; 78: 269-282.
Kobayashi T, Ohta Y.150-kD oxygen-regulated protein is an essential factor for insulin
release. Pancreas 2005; 30(4):299-306.
Koyasu S, Nishida E, Kadowaki T, Matsuzaki F, Iida K, Harada F, Kasuga M, Sakai H,
Yahara I. Two mammalian heat shock proteins, HSP90 and HSP100, are actinbinding proteins. Proc Natl Acad Sci US A . 1986; 83(21): 8054-8058.
Kronfeld-Schor N, Richardson C, Silvia BA, Kunz TH, Widmaier EP. Dissociation of
leptin secretion and adiposity during prehibematory fattening in little brown bats.
Am. J. Physiol. 2000; 279(4): R1277-R1281.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Kunz TH, Anthony ELP. Variation in nightly emergence behavior in the little brown bat,
Myotis

lucifugus

(Chiroptera:

Vespertilionidae).

In:

Contributions

in

Mammalogy: A Memorial Volume Honoring J. Knox Jones, Jr., edited by
Genoways HH. and Baker RJ. Lubbock, TX: Texas Tech Univ. Press, 1996, pp.
225-236.
Lamian V, Small GM, Feldherr CM. Evidence for the existence of a novel mechanism for
the nuclear import of Hsc70. Exp Cell Res. 1996; 228(1): 84-91.
Lee AS. The glucose-regulated proteins: stress induction and clinical applications. Trends
Biochem. Sci. 2001; 26(8): 504-510.
Lee KJ, Terada K, Oyadomari S, Inomata Y, Mori M, Gotoh T. Induction of molecular
chaperones in carbon tetrachloride-treated rat liver: implications in protection
against liver damage. Cell Stress Chaperones. 2004; 9(1): 58-68.
Lee M, Choi I, Park K. Activation of stress signaling molecules in bat brain during
arousal from hibernation. JNeurochem. 2002; 82(4): 867-873.
Lee AS. Mammalian stress response: induction of the glucose-regulated protein family.
Curr. Opin. Cell Biol. 1992; 4: 267-273.
Lewis MJ, Pelham HR. Involvement of ATP in the nuclear and nucleolar functions of the
70 kD heat shock protein. EMBOJ. 1985; 4(12): 3137-3143.
Li J, Qian X, Sha B. The crystal structure of the yeast Hsp40 Ydjl complexed with its
peptide substrate. Structure (Camb). 2003; 11(12): 1475-1483.
Li J, Sha B. Structure-based mutagenesis studies of the peptide substrate binding
fragment of type I heat-shock protein 40. Biochem J. 2005; 386(3): 453-460.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

130
Li L, Shen G, Li GC. Effects of expressing human Hsp70 and its deletion derivatives on
heat killing and on RNA and protein synthesis. Exp Cell Res. 1995; 217(2): 460468.
Li WW, Hsiung Y, Zhou Y, Roy B, Lee AS. Induction of the mammalian GRP78/BiP
gene by Ca2+ depletion and formation of aberrant proteins: activation of the
conserved stress-inducible grp core promoter element by the human nuclear factor
YY1. Mol. Cell. Biol. 1997; 17(1): 54-60.
Lin HY, Masso-Welch P, Di YP, Cai JW, Shen JW, Subjeck JR. The 170-kDa glucoseregulated stress protein is an endoplasmic reticulum protein that binds
immunoglobulin. Mol. Biol. Cell. 1993; 4(11): 1109-1119.
Little E, Ramakrishnan M, Roy B, Gazit G, Lee AS. The glucose-regulated proteins
(GRP78 and GRP94): functions, gene regulation, and applications. Crit. Rev.
Eukaryot. Gene Expr. 1994; 4(1): 1-18.
Luss H, Schafers M, Neumann J, Hammel D, Vahlhaus C, Baba HA, Janssen F, Scheld
HH, Schober O, Breithardt G, Schmitz W, Wichter T. Biochemical mechanisms
of hibernation and stunning in the human heart. Cardiovasc Res. 2002; 56(3):
411-421.
Lyman CP, Willis JS, Malan A, Wang LCH. Hibernation and Torpor in Mammals and
Birds. New York: Academic Press, 1982.
Marcu MG, Chadli A, Bouhouche I, Catelli M, Neckers LM. The heat shock protein 90
antagonist novobiocin interacts with a previously unrecognized ATP-binding
domain in the carboxyl terminus of the chaperone. J Biol Chem. 2000; 275(47):
37181-37186.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Marcus N, Green M. NF-Y, a CCAAT box-binding protein, is one of the trans-acting
factors necessary for the response of the murine ERp72 gene to protein traffic.
DNA Cell Biol. 1997; 16(9): 1123-1131.
Massa SM, Longo FM, Zuo J, Wang S, Chen J, Sharp FR. Cloning of rat grp75, an
hsp70-family member, and its expression in normal and ischemic brain. J
Neurosci Res. 1995; 40(6): 807-819.
Mattson JP, Ross CR, Kilgore JL, Musch TI. Induction of mitochondrial stress proteins
following treadmill running. Med Sci Sports Exerc. 2000; 32(2): 365-369.
Mellen NM, Milsom WK, Feldman JL. Hypothermia and recovery from respiratory arrest
in a neonatal rat in vitro brain stem preparation. Am J Physiol. 2002; 282(2):
R484-R491.
Merrick BA, Walker VR, He C, Patterson RM, Selkirk JK. Induction of novel Grp75
isoforms by 2-deoxyglucose in human and murine fibroblasts. Cancer Lett. 1997;
119(2): 185-190.
Milsom WK. Control of breathing in hibernating mammals. In: Physiological
Adaptations o f Vertebrates: Respiration, Circulation and Metabolism, edited by
Wood SC, Weber RE, Hargens AR, and Millard RW. NY: Marcel Dekker, 1992,
p.119-148.
Miyazaki M, Ozawa K, Hori O, Kitao Y, Matsushita K, Ogawa S, Matsuyama T.
Expression of 150-kd oxygen-regulated protein in the hippocampus suppresses
delayed neuronal cell death. J. Cereb. Blood Flow Metab. 2002; 22(8): 979-987.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

132
Mizzen LA, Kabiling AN, Welch WJ. The two mammalian mitochondrial stress proteins,
grp 75 and hsp 58, transiently interact with newly synthesized mitochondrial
proteins. Cell Regul. 1991; 2(2): 165-179.
Morin P Jr, Storey KB. Cloning and expression of hypoxia-inducible factor 1alpha from
the hibernating ground squirrel, Spermophilus tridecemlineatus. Biochim Biophys
Acta. 2005; 1729, 32-40.
Morishima Y, Kanelakis KC, Murphy PJ, Shewach DS, Pratt WB. Evidence for iterative
ratcheting of receptor-bound hsp70 between its ATP and ADP conformations
during assembly of glucocorticoid receptor.hsp90 heterocomplexes. Biochemistry.
2001; 40(4): 1109-1116.
Nadeau K, Das A, Walsh CT. Hsp90 chaperonins possess ATPase activity and bind heat
shock transcription factors and peptidyl prolyl isomerases. J Biol Chem. 1993;
268(2): 1479-1487.
Nemoto T, Matsusaka T, Ota M, Takagi T, Collinge DB, Walther-Larsen H.
Dimerization characteristics of the 94-kDa glucose-regulated protein. J. Biochem.
(Tokyo) 1996; 120(2): 249-56.
Nicchitta CV, Carrick DM, Baker-Lepain JC. The messenger and the message: gp96
(GRP94)-peptide interactions in cellular immunity. Cell Stress Chaperones. 2004;
9(4): 325-331.
Nollen, EA, Brunsting JF, Roelofsen H, Weber LA, and Kampinga HH. In vivo
chaperone activity of heat shock protein 70 and thermotolerance. Mol Cell Biol.
1999; 19: 2069-2079.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

O’Hara BF, Watson FL, Srere HK, Kumar H, Wiler SW, Welch SK, Bitting L, Heller
HC, and Kilduff TS. Gene expression in the brain across the hibernation cycle. J
Neurosci. 1999; 19: 3781-3790.
Ozawa K, Kuwabara K, Tamatani M, Takatsuji K, Tsukamoto Y, Kaneda S, Yanagi H,
Stem DM, Eguchi Y, Tsujimoto Y, Ogawa S, Tohyama M. 150-kDa oxygenregulated protein (ORP150) suppresses hypoxia-induced apoptotic cell death. J
Biol Chem. 1999; 274(10): 6397-6404.
Pahl HL. Signal transduction from the endoplasmic reticulum to the cell nucleus.
Physiol. Rev. 1999; 79: 683-701.
Paris S, Denis H, Delaive E, Dieu M, Dumont V, Ninane N, Raes M, Michiels C. Upregulation of 94-kDa glucose-regulated protein by hypoxia-inducible factor-1 in
human endothelial cells in response to hypoxia. FEBS Lett. 2005; 579(1): 105114.
Parker R, Phan T, Baumeister P, Roy B, Cheriyath V, Roy AL, Lee AS. Identification of
TFII-I as the endoplasmic reticulum stress response element binding factor ERSF:
its autoregulation by stress and interaction with ATF6. Mol. Cell. Biol. 2001;
21(9): 3220-3233.
Pratt WB, Toft DO. Regulation of signaling protein function and trafficking by the
hsp90/hsp70-based chaperone machinery. Exp Biol Med (Maywood). 2003;
228(2): 111-33.
Pratt WB. Galigniana MD, Morishima Y, Murphy PJ. Role of molecular chaperones in
steroid receptor action. Essays Biochem. 2004; 40: 41-58.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

134
Pratt WB. The role of heat shock proteins in regulating the function, folding, and
trafficking of the glucocorticoid receptor. JB iol Chem. 1993; 268(29): 2145521458.
Prodromou C, Panaretou B, Chohan S, Siligardi G, O'Brien R, Ladbury JE, Roe SM,
Piper PW, Pearl LH. The ATPase cycle of Hsp90 drives a molecular 'clamp' via
transient dimerization of the N-terminal domains. EMBO J. 2000; 19(16): 43834392.
Qiang WS, Lakatta EG, Heping C, Quan ZZ. Adaptive mechanisms of intracellular
calcium homeostasis in mammalian hibemators. J. Exp. Biol. 2002; 205: 29572962.
Qiao Y, Ouyang YB, Giffard RG. Overexpression of HDJ-2 protects astrocytes from
ischemia-like injury and reduces redistribution of ubiquitin staining in vitro. J
Cereb Blood Flow Metab. 2003; 23(10): 1113-1116.
Ran Q, Wadhwa R, Kawai R, Kaul SC, Sifers RN, Bick RJ, Smith JR, Pereira-Smith
OM. Extramitochondrial localization of mortalin/mthsp70/PBP74/GRP75.
Biochem. Biophys. Res. Commun. 2000; 275(1): 174-179.
Roy B, Lee AS. The mammalian endoplasmic reticulum stress response element consists
o f an evolutionarily conserved tripartite structure and interacts with a novel stressinducible complex. Nucleic Acids Res. 1999; 15;27(6): 1437-1443.
Scheibel T, Weikl T, Buchner J. Two chaperone sites in Hsp90 differing in substrate
specificity and ATP dependence. Proc Natl Acad Sci U S A . 1998; 95(4): 14951499.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

135
Shin BK, Wang H, Yim AM, Le Naour F, Brichory F, Jang JH, Zhao R, Puravs E, Tra J,
Michael CW, Misek DE, Hanash SM. Global profiling of the cell surface
proteome of cancer cells uncovers an abundance of proteins with chaperone
function. J Biol Chem. 2003; 278(9): 7607-7616.
Shiu RP, Pouyssegur J, Pastan I. Glucose depletion accounts for the induction of two
transformation-sensitive membrane proteins in Rous sarcoma virus-transformed
chick embryo fibroblasts. Proc. Natl. Acad. Sci. US A. 1977; 74(9): 3840-3844.
Singh B, Soltys BJ, Wu ZC, Patel HV, Freeman KB, Gupta RS. Cloning and some novel
characteristics of mitochondrial Hsp70 from Chinese hamster cells. Exp Cell Res.
1997; 234(2): 205-216.
Snoeckx LHEH, Comelussen RN, Van Nieuwenhoven FA, Reneman RS, Van der Vusse
GJ. Heat shock proteins and cardiovascular pathophysiology Physiol. Rev. 2001;
81 (4): 1461-1497.
Soti C, Racz A, Csermely P. A Nucleotide-dependent molecular switch controls ATP
binding at the C-terminal domain of Hsp90. N-terminal nucleotide binding
unmasks a C-terminal binding pocket. J Biol Chem. 2002; 277(9): 7066-7075.
Stege, GJ, Li L, Kampinga HH, Konings AW, and Li GC. Importance o f the ATPbinding domain and nucleolar localization domain of HSP72 in the protection of
nuclear proteins against heat-induced aggregation. Exp Cell Res. 1994; 214: 279284.
Storey KB. Gene expression and protein adaptations in mammalian hibernation. In:
Heldmaier G, Klingenspor M (Eds.), Life in the Cold, Springer, Berlin, 2000, pp.
303-313.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

136
Storey KB. Mammalian hibernation: transcriptional and translational controls. Adv. Exp.
Med. Biol. 2003; 543: 21-38.
Storey KB, Storey JM. Metabolic rate depression in animals: transcriptional and
translational controls. Biol. Rev. Camb. Philos. Soc. 2004; 79(1): 207-33.
Takano S, Wadhwa R, Mitsui Y, Kaul SC. Identification and characterization of
molecular interactions between glucose-regulated proteins (GRPs)
mortalin/GRP75/peptide-binding protein 74 (PBP74) and GRP94. Biochem J.
2001; 357(2): 393-398.
Takano S, Wadhwa R, Yoshii Y, Nose T, Kaul SC, Mitsui Y. Elevated levels of mortalin
expression in human brain tumors. Exp Cell Res. 1997; 237(1): 38-45.
Tamatani M, Matsuyama T, Yamaguchi A, Mitsuda N, Tsukamoto Y, Taniguchi M, Che
YH, Ozawa K, Hori O, Nishimura H, Yamashita A, Okabe M, Yanagi H, Stem
DM, Ogawa S, Tohyama M. ORP150 protects against hypoxia/ischemia-induced
neuronal death. Nature Med. 2001; 7(3): 317-323.
Terlecky SR, Chiang HL, Olson TS, Dice JF. Protein and peptide binding and stimulation
of in vitro lysosomal proteolysis by the 73-kDa heat shock cognate protein. J Biol
Chem. 1992; 267(13): 9202-9209.
Tsang TC. New model for 70 kDa heat-shock proteins' potential mechanisms of function.
FEBSLett. 1993; 323(1-2): 1-3.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Tsukamoto Y, Kuwabara K, Hirota S, Ikeda J, Stem D, Yanagi H, Matsumoto M, Ogawa
S, Kitamura Y. 150-kD oxygen-regulated protein is expressed in human
atherosclerotic plaques and allows mononuclear phagocytes to withstand cellular
stress on exposure to hypoxia and modified low density lipoprotein. J. Clin.
Invest. 1996; 98(8): 1930-1941.
Tsukamoto Y, Kuwabara K, Hirota S, Kawano K, Yoshikawa K, Ozawa K, Kobayashi T,
Yanagi H, Stem DM, Tohyama M, Kitamura Y, Ogawa S. Expression of the 150kd oxygen-regulated protein in human breast cancer. Lab Invest. 1998; 78(6):
699-706.
Tuijl MJ, van Bergen en Henegouwen PM, van Wijk R, Verkleij AJ. The isolated
neonatal rat-cardiomyocyte used in an in vitro model for 'ischemia'. II. Induction
o f the 68 kDa heat shock protein. Biochim Biophys Acta. 1991; 1091(3): 278-284.
Van PN, Peter F, Soling HD Four intracistemal calcium-binding glycoproteins from rat
liver microsomes with high affinity for calcium. No indication for calsequestrinlike proteins in inositol 1,4,5-trisphosphate-sensitive calcium sequestering rat
liver vesicles. JB io l Chem. 1989; 264(29): 17494-17501.
Wadhwa R, Yaguchi T, Hasan MK, Mitsui Y, Reddel RR, Kaul SC. Hsp70 family
member, mot-2/mthsp70/GRP75, binds to the cytoplasmic sequestration domain
of the p53 protein. Exp Cell Res. 2002; 274(2): 246-253.
Wang LCH, Lee TF. Perspectives on metabolic suppression during mammalian
hibernation and daily torpor. In: Life in the Cold, edited by Heldmaier G and
Klingenspor M. Berlin: Springer-Verlag, 2000, p. 152-158.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

138
Wang LCH, Lee TF. Torpor and hibernation in mammals: metabolic, physiological, and
biochemical adaptations. In: Handbook o f Physiology: Environmental Physiology,
edited by Fregley MJ, and Blatteis CM. NY: Oxford University Press, 1996, sect.
4, vol. l,p . 507-532.
Wang LCH, Martin SL. Central role for differential gene expression in mammalian
hibernation. Proc. Natl. Acad. Sci. USA 1992; 89: 7119-7123.
Wearsch PA, Nicchitta CV. Endoplasmic reticulum chaperone GRP94 subunit assembly
is regulated through a defined oligomerization domain. Biochemistry 1996;
35(51): 16760-16769.
Wearsch PA, Nicchitta CV. Interaction of endoplasmic reticulum chaperone GRP94 with
peptide substrates is adenine nucleotide-independent. J Biol Chem. 1997; 272(8):
5152-5156.
Wearsch PA, Voglino L, Nicchitta CV. Structural transitions accompanying the
activation of peptide binding to the endoplasmic reticulum Hsp90 chaperone
GRP94. Biochemistry 1998; 37(16): 5709-5719.
Welch WJ, Feramisco JR. Nuclear and nucleolar localization of the 72,000-dalton heat
shock protein in heat-shocked mammalian cells. J Biol Chem. 1984; 259(7):
4501-4513.
Wu Y, Li J, Jin Z, Fu Z, Sha B. The crystal structure of the C-terminal fragment o f yeast
Hsp40 Ydjl reveals novel dimerization motif for Hsp40. J Mol Biol. 2005;
346(4): 1005-1011.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

139
Yoshida H, Okada T, Haze K, Yanagi H, Yura T, Negishi M, Mori K. Endoplasmic
reticulum stress-induced formation of transcription factor complex ERSF
including NF-Y (CBF) and activating transcription factors 6alpha and 6beta that
activates the mammalian unfolded protein response. Mol. Cell. Biol. 2001; 21(4):
1239-1248.
Young JC, Schneider C, Hartl FU. In vitro evidence that hsp90 contains two independent
chaperone sites. FEBS Lett. 1997; 418(1-2): 139-43.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

