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ABSTRACT. Previously, eEF-2 phosphorylation has been identified as a reversible mechanism involved in
the inhibition of the elongation phase of translation. In this study, an increased level of phosphorylation
of eukaryotic elongation factor-2 (eEF-2) was observed in the brains and livers of hibernating ground
squirrels. In brain and liver from hibernators, eEF-2 kinase activity was increased relative to that of active
animals. The activity of protein phosphatase 2A (PP2A), a phosphatase that dephosphorylates eEF-2, was
also decreased in brain and liver from hibernators. This was associated with an increase in the level of
inhibitor 2 of PP2A (}°P24), although there was an increase in the level of the catalytic subunit of PP2A
(PP2A/C) in hibernating brains and livers. These results indicate that eEF-2 phosphorylation represents
a specific and previously uncharacterized mechanism for inhibition of the elongation phase of protein
synthesis during hibernation. Increased levels of eEF-2 phosphorylation in hibernators appear to be a
component of the regulated shutdown of cellular functions that permits hibernating animals to tolerate
severe reductions in cerebral blood flow and oxygen delivery capacity.

Recent progress has defined a number of molecular and mRNA translocation on the ribosome involves elongation
cellular changes that occur during the preparation, entrance factor-2 (eEF-2¥,and eEF-2 is phosphorylated and inhibited
and torpor stages of hibernatiohd 25). The process of by a specific kinase (eEF-2 kinase), with phosphorylation
mRNA translation is conventionally divided into three reducing the ability of the factor to promote translocation
distinct phases termed (peptide-chain) initiation, elongation, possibly by decreasing its affinity for pretranslocation ribo-
and termination30). Global rates of protein synthesis have somes{, 24, 32, 36, 37). Increased levels of phosphorylation
been determined to be profoundly reduced in hibernating of eEF-2 occur in response to cellular stimulation by mito-
animals, the decreased rate of protein synthesis resulting fromgens, growth factors, and neurotransmitters that influence
inhibition of both initiation and elongatiorL(). intracellular C&" levels @1, 35, 37). However, the precise

One cellular mechanism that contributes to the regulated physiological role of eEF-2 phosphorylation has not yet been
suppression of metabolism and thermogenesis during hiber-elucidated.

nation is reversible phosphorylation of enzymes and proteins eEF-2 kinase is a Ga/calmodulin-dependent enzyme
that limits rates of flux through metabolic pathway&) which appears to have eEF-2 as its only subst2gpe ¢EF-2

The acute regulation of mRNA translation depends on s dephosphorylated by protein phosphatase 2A (PP2A), and
changes in the activity of initiation factors or elongation fac- regulation of dephosphorylation by PP2A also appears to
tors, which is also commonly mediated by alteration in their be important in determining the level of phosphorylation of
states of phosphorylatiori4). Phosphorylation of el eEF-2 @4, 32, 33). Mutation of Tyr307 and Leu309 in the
contributes to a substantial decrease in the rate of proteinPp2A catalytic subunit favors association with t&esubunit

synthesis initation in hibernatora@, but the mechanism-  (PP2AkL4) which promotes dephosphorylation of elongation
(s) involved in the regulation of elongation in hibernators is factor-2 @).

not known. In this study, we have investigated the potential role of
eEF-2 phosphorylation in reducing the rate of elongation in
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EXPERIMENTAL PROCEDURES measurement of the amounts of PP2A afit?f, tissue was
) ) ) o homogenized (1:4, w/v) in a buffer containing 20 mM Tris-

Animal Proceduresinduction of hibernation in ground (pH 7.5), 150 mM KCI, 1 mM dithiothreitol, 1 mM
squirrels was carried out as previously descrit&dThirteen EDTA, 1 mM EGTA, 1 mM benzamidine, 1 mM PMSF,
lined ground squirrelsSpermophilus tridecemlineatusere and 20ug/mL leupeptin. Homogenates were centrifuged at
captured by a trapper licensed by the U.S. Department 0f1250q; for 10 min at 4°C. The protein concentrations of
Agriculture (TLS Research, Bartlett, IL). All experiments he supernatants were determined using a Bio-Rad protein
were approved by the Animal Care and Use Committee of 4554y kit (Bio-Rad Laboratories, Richmond, CA) with bovine
the National Institute of Neurological Disorders and Stroke. serum albumin as a standard. Tissue extracts were adjusted
The squirrels were housed individually in a room with an ¢,, equal protein concentration and stored-ato °C.

ambient temperature of 2IC and a 12 h:12 h lightdark — petermination of the Amounts of Phosphorylated eEF-2,
cycle, and were fed standard rodent diet and water ad libitum. o5 eEF-2. eEF-2 Kinase, PP2A/C, andPA by Immu-

To induce hibernation, the squirrels were placed separatelyqp|otting.Immunoblotting was performed according to the
in cages containing wood shavings in a cold chamber meihod of Frerichs et al.10). In brief, tissue extracts
(hibernaculum) that was kept at°€ and 60% humidity. containing 20ug of protein were subjected to SBS
The hibernaculum was kept in constant darkness, except forpolyacrylamide gel electrophoresis (SBBAGE) (1.5 h at
a photographic red safe light<3 lux), and could be entered 155 V) on 8 or 14% Tris-glycine gels (NOVEX, San Diego,
only through a darkened anteroom. Noise within the chamberCA) followed by transfer to PVDF membranes (NOVEX)
was kept to a minimum. After hibernation forB days (@ py glectroblotting for 1.5 h at 25 V. Blots were incubated
hibernation state will be sustained forZ days after ground  \yith 5 1:1000 dilution of rabbit polyclonal antibodies specific
squirrels begin hibernating), animals were killed by decapita- 5, the phosphorylated form of eEF-2, total eEF-2, eEF-2
_tion. The brains and livers were removed quickly, frozen kinase, PP2A/C, or,fP? followed by peroxidase-labeled
immediately on dry ice or homogemzedo immediately in the  gnii-rabbit secondary antibody (1:4000 dilution). Immunore-
specified buffers, and then stored-a70 °C. Animals that  4¢tive bands were developed using an ECL kit (Western
had not yet entered hlbernqtlon in the cold chamber or thatBIotting Analysis System, Amersham Pharmacia Biotech,
were aroused from hibernation were used as active Contm'S-Buckinghamshire, England). The optical density of the bands
Materials. ATP, benzamidine, Brij 35, glycerol, PMSF, was measured using an EAGLE EYE Il computer-controlled
B-mercaptoethanol, dithiothreitol, EDTA, EGTA, Tris, so- |mage system (Stratagene, La Jolla, CA). All immunoblots
dium dodecyl sulfate, sodium azide (NgN aprotinin,  were exposed to Hyperfilm (high-performance chemilumi-
pepstatin A, HEPES, myelin basic protein (MBP), leupeptin, nescence film), and the optical densities measured for the
antipain, histamine, diphtheria toxin (DT), ethylene glycol, immunoreactive bands were in the linear range. Results from
sodium orthovanadate, sodium pyrophosphate, and trichlo-immunoblots for samples obtained from up to seven active
roacetic acid were obtained from Sigma (St. Louis, MO). or seven hibernating animals were averaged. Optical density
Calmodulin and anti-PP2A/C antibody were from Calbio- data from different experiments were normalized with the
chem (La Jolla, CA). Inhibitor 2 of protein phosphatase-1 results for active liver being assigned the value of 1.
(PP1) was from New England Biolabs, Inc. (Beverly, MA).  Measurement of eEF-2 Kinase Adty. eEF-2 kinase
[y-*P]ATP was from ICN Pharmaceuticals, Inc. (Costa activity in active and hibernating brains and livers was
Mesa, CA). Anti-total eEF-2 antibody (G118) and anti- measured as previously describd)( Briefly, eEF-2 kinase
phospho-eEF-2 antibody (CC81) were prepared as previouslyactivity in cytosolic extracts was assayed in a reaction
described 20). Anti-eEF-2 kinase antibody (CC371) was mixture (final volume of 10QL) containing 50 mM HEPES
prepared against a C-terminal domain of eEF-2 kinase fused(pH 7.4), 10 mM magnesium acetate, 5 mM dithiothreitol,
to GST. Anti-inhibitor 2 of PP2A antibody was prepared as 20 yg/mL calmodulin, 0.2ug/mL purified eEF-2, 1 mM
described previously§( 17, 18). EGTA, 1.5 mM CaGJ, 1 ug/mL leupeptin, and tissue extract
Preparation of Tissue Extract&xtracts were prepared containing 30ug of protein. The reaction mixtures were
from the brains and livers of active and hibernating ground preincubated at either 4 or 3@ for 1 min, and reactions
squirrels by homogenization performed on ice using a glass/were initiated by the addition of %V nonradioactive ATP,
glass hand homogenizer for 15 strokes. For the eEF-2 assay¢ontinued for 5 min at either 4 or 3@, and terminated by
tissue samples were homogenized in 4 volumes of homog-the addition of 2QuL of Tris-glycine SDS sample buffer.
enization buffer containing 20 mM HEPES (pH 7.5), 50 mM Assays were linear with respect to time of incubation and
NaCl, 25 mM KCI, 10 mM dithiothreitol, 3 mM benzami- protein concentration. For the SB®AGE assay, the
dine, 1% SDS, 1 mM sodium orthovanadate, 20 mM sodium terminated mixtures were boiled for 5 min and proteins were
pyrophosphate, 0.2 mM PMSF, 1.26/mL pepstatin A, and  subjected to electrophoresis and transferred to PVDF mem-
1 mM protease inhibitor cocktail. Homogenates were cen- brane. Blots were incubated with the antiphosphorylated form
trifuged at 20000 for 30 min at 4°C. For analysis of eEF-2  of eEF-2 antibody (CC81) (1:1000 dilution) followed by
kinase protein, brain and liver samples from active and peroxidase-labeled anti-rabbit secondary antibody. Immu-
hibernating squirrels were homogenized in 4 volumes (w/v) noblots were developed using ECL reagents. All immuno-
of a buffer containing 20 mM Tris-HCI (pH 7.6), 1 mM  blots were exposed to Hyperfilm, and the optical densities
EDTA, 1 mM EGTA, 15 mMg-mercaptoethanol, 20 mM  measured for the immunoreactive bands were in the linear
sodium pyrophosphate, 1 mM sodium orthovanadate, 0.02%range.
NaNs;, 100 mM NaCl, 10ug/mL leupeptin, 10ug/mL Assay of PP2A Adctity. PP2A activity in active and
antipain, 1Qug/mL Trasylol, and 10tM PMSF. Homoge- hibernating brains and livers was determined using the
nates were centrifuged at 100@0for 30 min at 4°C. For method of Damuni12). Briefly, tissue extracts from brains
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Ficure 1: Hibernation-induced eEF-2 phosphorylation in brain and
liver from ground squirrels. The total amounts of eEF-2 (A=
7) and phospho-eEF-2 (B,= 7) were measured by immunoblotting

FIGURE 2: Increased eEF-2 kinase levels in brain and liver from
hibernating ground squirrels. The total amount of eEF-2 kinase

in extracts from brains and livers of hibernating and active squirrels. Protein was measured by immunoblotting in extracts=(6) from
Tissue extracts containing 24 of protein were subjected to SBS brains and livers of hibernating and active ground squirrels. Samples
PAGE (8% Tris-glycine gels) followed by transfer to PVDF Were subjected to SDSPAGE and analyzed as described above.
membranes. Immunoblotting ECL data were analyzed using an A representative blot is shown in each of the lower panels, and the
EAGLE EYE Il computer-controlled Image system. A representa- data in the upper panels are a summary of six experiments. The
tive blot is shown in each of the lower panelis, and the data in the optical densities were normalized to that of samples obtained from

upper pane|s are a Summary of seven experimentsl The Opticalactive |iVerS (A'l) (Set toan arbitrary Value Of 1) A'b, aCtiVe brains;

densities were normalized to that of samples obtained from active
livers (A-l) (set to an arbitrary value of 1): A-b, active brains;
H-b, hibernating brains; A-l, active livers; and H-l, hibernating
livers. Asterisks indicate thd& < 0.05, as compared to an active
control.

and livers (protein concentration of dg/ul) were diluted
1:800 with the assay buffer containing 50 mM Tris-HCI (pH
7.0), 10% glycerol, 1 mM benzamidine, 0.1 mM PMSF, 14
mM S-mercaptoethanol, 1 mM EDTA, 0.2 mg/mL bovine
serum albumin, and 1 mM Brij 35. Diluted tissue extracts
(5 uL) were added to a reaction mixture containing/a5

of assay buffer and bL of inhibitor 2 of PP1 (1:40 dilution).
Reactions were initiated at 3C by the addition of L of
32P-labeled MBP. After incubation for 5 min, reactions were
terminated by addition of 0.1 mL of 12% TCA. The mixtures
were centrifuged at 10 000 rpm in a Fisher microcentrifuge.
An aliquot of the supernatant (0.12 mL) was mixed with 1
mL of scintillant, and the amount of radioactivity was
determined in a liquid scintillation spectrometer. One unit
of PP2A activity was defined as the amount of phosphatase
that released 1 nmol ¢fP; per minute from &?P-labeled
substrate. Preparation 8P-labeled MBP has been described
previously in detail 12, 17).

Statistical AnalysisResults are expressed as means
standard error of the mean (SEM). Comparison between dif-
ferent groups was performed using ANOVA and a Student’s
t test.P < 0.05 was taken as the level of significance.

RESULTS
Hibernation-Induced eEF-2 Phosphorylatioithe total

H-b, hibernating brains; A-l, active livers; and H-I, hibernating
livers. Asterisks indicate thd&® < 0.05, as compared to an active
control.

content) (Figure 1B). It can be concluded that entry into
hibernation is accompanied by an increased level of eEF-2
phosphorylation in both brains and livers, especially in brains.

Increased eEF-2 Kinase Protein Agty during Hiberna-
tion. eEF-2 is specifically phosphorylated by eEF-2 kinase
and dephosphorylated by PP2A. An increased level of eEF-2
phosphorylation during hibernation may therefore result from
an increased eEF-2 kinase content and/or activity or from a
decreased PP2A content and/or activity. eEF-2 kinase protein
levels, measured using an antibody specific for eEF-2 kinase,
increased significantly in both hibernating brains (increased
by 54.3%) and hibernating livers (increased by 51.5%) as
compared to that in active controls (Figure 2). However, the
level of eEF-2 kinase in livers was lower than that in brains
(only 56.7% of the brain level in active animals and 61.5%
in hibernating animals).

A significant increase in eEF-2 kinase activity was also
observed in hibernating brains (increased by 110.8%) and
livers (increased by 77.5%) as compared to those in
corresponding tissues from active controls, when incubations
were carried out at 4C (Figure 3). When eEF-2 kinase
assays were carried out at 3D, a similar significant increase
in the activity of eEF-2 kinase was observed in brains and
livers of hibernating animals as compared to those of active
animals (increased by 99.6% in hibernating brains and by
66.3% in hibernating livers), indicating that cold is not
required for the activity differences.

eEF-2 content and the amount of phosphorylated eEF-2 were PP2A Actiity Is Decreased through Changes in the

measured by immunoblotting in the brain and liver extracts

Activity of 1,PP?A during Hibernation.PP2A activity in the

from the same animals. There were no differences in the brains and livers of active and hibernating squirrels was
total amount of eEF-2 in extracts from brains and livers of measured using?®fP]MBP as a substraté?P-labeled MPB
hibernating or active squirrels (Figure 1A). However, a is used as a substrate to assay PP2A activity because PP2A
significant increase in the levels of phospho-eEF-2 was is most sensitive to this substrate. Although PP2B and PP2C
observed in hibernating brains and livers as compared to thatcan dephosphorylate MPB in vitro, the activities of the
in active controls (a 65% increase in hibernating brains and phosphatases with this substrate are an order of magnitude
a 45% increase in hibernating livers in phospho-eEF-2 lower relative to that of PP2A16). The activity of PP2A
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FIGURE 5: Increased levels of catalytic subunit and inhibitor 2 of
PP2A in brain and liver of hibernating ground squirrels. The total
GBKDa T S w— P 30 degrees amounts of PP2A(A, n= 6) and b°F?A(B, n = 6) were measured
by immunoblotting in tissue extracts from brain and liver of active
and hibernating squirrels. Tissue extracts containingd6f protein

98kDa—— W e—— 4 degrees were subjected to SDPAGE (14% acrylamide), and proteins were
transferred to PVDF membrane. A representative blot is shown in
A-b H-b A-l H-I each of the lower panels, and the data in the upper panels are a

= 3 d eEF-2 ki ivity in hib . d summary of six experiments. The optical densities were normalized
'GL?REI ' E‘gezaie ecr- i _|tna_se a::tlwtly in tl ernatlgg ground 5 that of samples obtained from active livers (A-l) (set to an

squirrels. eEF-2 kinase activity in cytosolic extraats= 8) was rbitrary value of 1): A-b, active brains; H-b, hibernating brains;

aésasyed als described k')F‘ E;(p()je;lmgrg'glAgrgcedtéres "’}[t either 30 or 4y | "acfive livers; and H-l, hibernating livers. Asterisks indicate

°C. Samples were subjected to , and proteins were - :

transferred to PVDF membrane. Phospho-eEF-2 was detected withthatp 0.05, as compared to an active control.

an anti-phospho-eEF-2 antibody. A representative blot is shown in . S . . .
each of the lower panels, and the data in the upper panels are ssubunit of PP2A (PP24 in hibernating brains (increased

summary of eight experiments. The optical densities were normal- by 66%) and livers (increased by 76%) as compared to active
ized to that of samples obtained from active livers (A-l) (setto an controls (Figure 5A). There was no difference between
arbitrary value of 1): A-b, active brains; H-b, hibernating brains; - piernating and active animals in the amount of either the
A-1, active livers; and H-1, hibernating livers. Asterisks indicate . .
thatP < 0.05, as compared to active controls at the corresponding structural A subunit (PP24) or the regulatory B subunit
temperature of 4 or 36C. (PP2As,,) of PP2A (data not shown). However, the level of
the inhibitor of PP2A, °F?4 detected by a specific antibody
N increased significantly in hibernating brains (increased by
54%) and livers (increased by 57%), as compared to levels
in active controls (Figure 5B).

)
7

DISCUSSION

Entry into hibernation results from a regulated suppression
of metabolic rates and physiological functions (such as the
remarkable reductions in body temperature, respiratory rate,
heart rate, blood pressure, cardiac output, and cerebral blood
flow and metabolism) &, 9). During hibernation, the dra-
matic changes in body temperature and other physiological
variables are associated with a slowing of many cellular
processes. In hibernating squirrels, the initiation phase of
protein synthesis is inhibited by phosphorylation of eif-2
and the elongation phase, as measured by an increase in
A-b H-b ribosomal transit time, is prolongedl@. In the study

presented here, we have obtained results that suggest that

Ficure 4: Decreased PP2A activity in brain and liver from the i in t it ti It of A
hibernating ground squirrels. PP2A activity in cytosolic extracts | € Increase In transit ime occurs as a result of an increase
(n = 8) was determined as described in Experimental Proceduresin the level of phosphorylation of the essential elongation

using 3?P-labeled MBP as a substrate. Phosphatase activity wasfactor, éEF-2. An increased level of eEF-2 phosphorylation
measured as the amount &P released and is expressed in results from both an increase in eEF-2 kinase activity and a
picomoles per microgram of extract protein: A-b, active brains; decrease in PP2A activity. An increased level of phospho-
H-b, hibernating brains; A-l, active livers; and H-l, hibernating . ) . - oo
livers. Asterisks indicate tha < 0.05, as compared to an active ylation of €EF-2 appears to be a hibernation state-specific
control. and reversible mechanism for inhibition of translation
elongation since no difference in eEF-2 phosphorylation was
was found to be significantly reduced in both hibernating found in active squirrels that had been aroused from
brain (~32% decrease in PP2A activity) and livers20% hibernation compared to those that had never hibernated (data
decrease in PP2A activity), as compared to that in active not shown).
controls (Figure 4). These decreases in PP2A activity eEF-2 is a monomeric 100 kDa protein composed of 857
occurred despite an increase in the amount of catalytic amino acid residue28), which mediates the translocation

PP2A activity (pmol/ug protein

0.5 -
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step in peptide-chain elongation by promoting transfer of phospho-eEF-2. In vitro, bisphosphorylated eEF-2 is de-
peptidyl-tRNA from the A to the P site and the movement phosphorylated efficiently by PP2A, but hardly at all by the
of mRNA relative to the ribosome by one codae¥( 31, other major cellular protein phosphatase, PR1, (33).
35). eEF-2 is phosphorylated by eEF-2 kinase, &"Ca  Studies in intact cells using PP2A inhibitors indicate that
calmodulin-dependent protein kinase with a unique structure PP2A is the main phosphatase for eEF-2, although PP2C
(7, 40). Phosphorylation of eEF-2 at Thr56 by eEF-2 kinase can dephosphorylate eEF-2 at some level in vitro, and recent
inhibits protein synthesis2@) by a mechanism that likely  results support the idea that regulation of eEF-2 dephospho-
involves a reduction in the affinity of phospho-eEF-2 for rylation by PP2A is modulated by rapamycin-sensitive
the pretranslocation ribosomg, 35), although eEF-2 phos-  signaling pathways3). This process involves a novel PP2A
phorylation may also influence the ability of the factor to regulatory subunit called4, and it appears that the PP2A/
catalyze mRNA translocation. o4 complex may function downstream of the mammalian
Activation of eEF-2 kinase occurs in response to a variety target for rapamyicin (mTOR) to specifically promote eEF-2
of hormones, neurotransmitters, and growth factors that dephosphorylation. A reduction of PP2&/ activity in
influence cellular C& levels @0, 36). As a consequence, response to an increase in the levels 8f¥, coupled with
the phosphorylation of eEF-2 and the resulting inhibition of an increase in eEF-2 kinase levels and activity, may be
protein synthesis are often transient in nature. Such a transientesponsible for the increase in the level of eEF-2 phospho-
process may act in several ways. For example, eEF-2rylation and the reduced rate of elongation of translated
phosphorylation may conserve cellular energy during exo- proteins observed in tissue from hibernating ground squirrels.
cytosis in certain cell types. Transient eEF-2 phosphorylation
would be expected to result in a decrease in the levels of ACKNOWLEDGMENT
short-lived protein repressors, and this in'turn may influence  \ye are grateful to Ms. Mary Crawford for her skillful help
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