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Summary

We have investigated the role of eukaryotic initiation both states. Conversely, irfN. sutor during estivation, the
factor 2a (elF2a) in two estivating organisms previously level of total elF2u increases approximately 1.6-fold and
shown to downregulate protein synthesis during metabolic the ratio of elF2a(P)/elF2a increases from 0.22+0.11 to
depression, the land snailHelix aspersaMiiller and the 0.52+0.08, implicating elF21 phosphorylation in the
desert frog Neobatrachus sutorMain 1957. We have  downregulation of protein synthesis during estivation in
developed a method using a single antibody (which this animal. The differences in the amounts of elF2 and
binds specifically to the phosphorylated, conserved the level of its phosphorylation between these two species
phosphorylation region) by which the total levels of elF@ also suggest possible differences either in the mechanism
and the ratio of phosphorylated elF2: [elF2a(P)] to total by which protein synthesis is downregulated during
(phosphorylated and unphosphorylated) elF&@ can be estivation or in the sensitivity of the initiation of
determined. In H. aspersawe have shown that the level of translation to elF2a(P) levels.
elF2a mRNA expression is unchanged between the awake
and estivating states. The amount of total elR2 is the  Key words: elF&, eukaryotic initiation factor, estivation, protein
same in the estivating and awake states, and elé&@) is  synthesis, metabolic depressidielix aspersaNeobatrachus sutor
undetectable and must represent10% of total elF2a in phosphorylation.

Introduction

During adverse environmental conditions, many organismsietabolic depression, would become an impossibly costly
are able to enter a state of quiescence and survive for extendgedcess in terms of its contribution to total energy
periods on stored fuels. Associated with this quiescence thecensumption. Accordingly, the downregulation of protein
is typically a depression of basal metabolic rate by 60—-100%ynthesis is a consistent phenomenon seen in metabolically
(termed metabolic depression; Guppy and Withers, 1999jlepressed organisms. The extent of this downregulation has
which necessitates a coordinated change in ATP productidreen well characterised in a number of hothivoandin vitro
and utilization. Estivation is a form of metabolic depressiorsystems and in a variety of different types of metabolic
that occurs in some animals in response to a lack of food and/depression, including that associated with anoxia (Bailey and
water or in response to otherwise potentially desiccatin@riedzic, 1996; Hofmann and Hand, 1994), developmental
situations. It occurs without any change in ambient oxygearrest (Podrabsky and Hand, 2000), hibernation (Frerichs et al.,
partial pressurePp,) or temperature. The cellular signaling 1998) and estivation (Fuery et al., 1998; Pakay et al., 2002).
mechanisms that coordinate the change in energy metabolismDespite the often substantial decrease in the rate of protein
during estivation, and indeed the initial cue that initiatesynthesis during metabolic depression, mMRNA pools appear
estivation, remain unknown. to be maintained during the depressed state. For example,

Given that ATP utilization decreases during metabolidranslatable mRNA can be detected in dormamntemia
depression,  energy-consuming pathways must  bembryos, and ité vitro translation demonstrates that there is
downregulated. If their mode of regulation during estivatiomo significant qualitative and/or quantitative differences in
can be elucidated it may be possible to delineate the upstreaniRNA between anoxic and developing embryos (Hofmann
signaling mechanisms that would then point to the initial cu@and Hand, 1994). Also iArtemia the addition of exogenous
for metabolic depression. Protein synthesis is a major energgRNA does not increase the translational capacity of lysates
consuming pathway and, if maintained at a similar rate duringrepared from dormant embryos (Hofmann and Hand, 1994).
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During anoxia in turtles, protein synthesis is undetectable iNeobatrachus centraliguery et al., 1998) and by 78% and 48%
liver and white muscle (Fraser et al., 2001) while translatabla vivoin hepatopancreas and foot muscle, respectively, ffom
mMRNA concentrations increase by 38% in liver and remaimspersa(Pakay et al., 2002). The intrinsic nature (the absence
constant in white muscle (Douglas et al., 1994). These dat# obvious, confounding, extrinsic effectors) of the metabolic
demonstrate that it is not message limitation that causesdepression in these animals makes them ideal models in which
downregulation in the rate of protein synthesis. The major sit® study the regulation of protein synthesis and to search for
for the regulation of protein synthesis during metabolidntrinsic cues for metabolic depression.
depression must therefore be translation. The objective of this study was to determine whethereelF2

It is now generally accepted that the rate at which mRNA igs involved in the downregulation of protein synthesis during
translated into protein is limited by the rate of initiation of metabolic depression associated with estivation. We have
translation, and there are two specific processes in the initiationeasured elF2 mRNA levels in the snali. aspersaand the
pathway that have been shown to be sites for physiologic&#vels and phosphorylation status of etF2 both the snalil
regulation (Pain, 1996). These are (1) the binding of the Metnd the frog\. sutor This comparative study highlights some
tRNA| to the 43S pre-initiation complex, mediated by elF2fundamental differences in the expression and phosphorylation
(eukaryatic initiation factor 2), and (2) the initial binding of of elFZx in two estivating species that may have regulatory
the 43S pre-initiation complex to the é&nd of the mRNA significance and is the first study to provide evidence for a
(mediated by elF4E and associated factors). elF2 is involvaabssible mechanism by which the rate of protein synthesis is
in the binding of an initiation complex (elF2—Met- downregulated during the metabolic depression associated
tRNAi—GTP) to the 43S ribosomal pre-initiation complex. Thewith estivation.
formation of this ternary complex is regulated by the
phosphorylation of a conserved site on the alpha subunit of
elF2, which results in the formation of an inactive complex
comprising elF2 and elF2B. This mechanism and the Materials
sequence of the phosphorylation site in elff2e conserved Rabbit anti-elFa(P) was purchased from Research
between yeast and man. An increase in the extent obielF2Genetics (Huntsville, AL, USA). Sheep anti-rabbit 1gG
phosphorylation occurs concomitantly with a downregulatiorhorseradish peroxidase was purchased from Silenus
of the rate of protein synthesis in normal tissues responding {dMelbourne, Australia). SuperSignal West Femto Maximum
a diverse array of stresses, including heat shock (Hu et aBgensitivity Substrate was purchased from Pierce (Rockford, IL,
1993), amino acid deprivation (Kimball et al., 1991),USA). Hybond N, Hybond C+ extra, Hyperfim MPy-[
reperfusion following ischemia (Martin de la Vega et al., 2001$2P]dCTP and \-32P]JATP were purchased from Amersham
and anoxia (Tinton et al., 1997). Pharmacia Biotech (Buckinghamshire, UK). Reagents for

Data on the role of elF2 in the regulation of protein synthesisodium dodecyl sulfate—polyacrylamide gel electrophoresis
during metabolic depression are limited to two systems, angSDS—PAGE) were from ICN Biomedicals (Aurora, OH,
in both, the metabolic depression is confounded by extrinsidSA). PCR reagents, phenylmethanesulphonyl fluoride
factors; changes either in temperature or ambigst So  (PMSF), Leupeptin, E64 and ATP were from Boehringer
decreased rates of protein synthesis and the concomitgiMannheim, Germany). Benzamidine, aprotinin, 3¥@a,
accumulation of phosphorylated etiFpave been observed in dithiothreitol (DTT), Hepes, EGTA, Tween 20, bovine serum
hibernating ground squirrels (Frerichs et al., 1998) but most aflbumin (BSA) andp-glycerophosphate were from Sigma
the metabolic depression in this system is due to decreas€themical Co. (St Louis, MO, USA). All other reagents were
temperature. During short-term anoxia in the marine snaftom BDH chemicals (distributed by MERCK, Victoria,
Littorina littorea, there is an accumulation of phosphorylatedAustralia).
elF2n that occurs concomitantly with a decrease in protein

Materials and methods

synthesis (Larade and Storey, 2002). But again, protein Experimental animals
synthesis and metabolic rate depression in this system onlyHelix aspersa Miller were collected, maintained and
occur as a result of large changes in amidRent sectioned as described in Pakay et al. (20082pbatrachus

The Australian desert frogNeobatrachus sutoand the sutor Main 1957 were collected 80n south of Newman,
land snail Helix aspersaboth survive extended dry periods Western Australia. They were not fed but either sectioned or
or potential desiccating environments by estivating. Innduced to estivate within a few days after arrival in the lab.
Neobatrachusthere is a reduction in oxygen consumption ofThey were kept at 20°C, individually, in 788 plastic
50-70% after 8—1®%eeks of estivation (Withers, 1993), and, containers with a sealed lid, which had mh-diameter hole
likewise, within four weeks of the removal of food and waterfor gas exchange. They were initially in approximately 500
from Helix aspersdhere is an 84% metabolic depression (Pedleof moist soil, which was allowed to dry out over time. All frogs
et al., 1996). In contrast to the examples above, the metaboliocooned as the soil dried out. Cocooned frogs were allowed
depression in both of these animals occurs without any changes estivate for %nonths. Frogs were double pithed and
in ambient temperature &o,. During metabolic depression, sectioned by hand. Tissues were removed withinrir3and
protein synthesis is downregulated, by 67% in liver slices fromvere immediately frozen in liquid nitrogen.
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Sample preparation the phosphorylated form of the protein only) in the western

Tissues were thawed on ice and homogenised in ningnalysis, the total amount of elF2n post-mitochondrial
volumes of assay buffer using an Ultra-Turrax T25Supernatant was determined by converting (by phosphorylation)
homogeniser (Janke and Kunkel IKA Labortechnik) atall of the endogenous elénto elF2x(P) and then determining
20500r.p.m. for 30s on ice. Assay buffer consisted of the total amount of elfgP). Phosphorylation was carried out
120mmolI-1 KCI, 2mmoll-t DTT, 20mmoll-! Hepes Using HCR. HCR (0.l of the preparation described above)
pH 7.2, 12mmoll-! MgCHsCOO, 40umoll-l ATP, Was added to a duplicate sample of each post-mitochondrial
50mmoll-1 NaF, 1mmoll-! benzamidine, 2@gml-1  supernatant, containing 1@ of protein in a total volume of
leupeptin, Immoll- PMSF, 10ugmll aprotinin and 25, and incubated at 37°C. Subsequently, the levels of total
5ugmi-l E64. This assay buffer was used because it i€IF2 and elF2(P) were determined by quantifying the
compatible with HCR (heme controlled repressor kinase), amount of elF2(P) in both the phosphorylated sample (with
specific elF2 kinase (hence the ATP and Rty and contains HCR) and the unphosphorylated sample (without HCR) from
a cocktail of protease inhibitors but no divalent cationeach post-mitochondrial supernatant.
chelators, kinase inhibitors or detergent. As it was a concern TO ensure that all of the endogenous elf&as converted
that the levels of phosphorylated etFelF2a(P)] detected to elF2x(P) by the HCR treatment, aliquots containingugb
using this buffer could be affected by the action of kinases d¥f protein were removed at 20in, 40min and 60min after
metalloproteases or by the fact that not all membranes wefee addition of HCR and the reaction stopped by adding
disrupted, extraction was also performed using an alternaf@DS—PAGE loading buffer. The above reaction was also
lysis buffer, which, in addition to the assay buffer describedperformed with 20umol I-* ATP (vs 40 umol I=L ATP in the
above, contained @moll-1 EDTA, 2mmoll-1 EGTA, normal lysis buffer) in the reaction mix to ensure that ATP was
0.1mmolI-1 NagVO4, 20mmoll-t B-glycerophosphate and not limiting in the reaction. In addition, to ensure that the HCR
1% (v/v) Triton X-100 but no MgCsCOO and ATP. There itself was not losing activity during the time course, additional
were no differences in signal intensities on western blotsICR (0.5ul) was added following the 4@in time point. The
between extracts prepared in the two buffers. time courses were done using both awake and estivating

Post-mitochondrial ~ supernatant was prepared bpamples.
centrifuging homogenates at 8309 for 20min at 4°C. The i
supernatant was removed and an aliquot stored for protein Western analysis

determination (DC protein assay kit; Bio-Rad, Hercules, CA, The samples (equal amounts of protein) were subjected to
USA) using BSA as a standard. SDS-PAGE and electrophoretically transferred using a Bio-

Rad SD semi-dry trans-blot apparatus with Towbin buffer
Preparing recombinant rat elR&P) for use as a positive  [25 mmolI-1 Tris-HCI pH 8.3, 150nmoll-1 glycine, 20%
control and standard (v/v) methanol] to Hybond C+ extra nitrocellulose membranes.
A positive control for western analysis of etRP) was After air drying for 30min, the membranes were blocked for
prepared by phosphorylating recombinant rat etFLAG 1 hin 5% non-fat milk in TBST [2@mol -1 Tris-HCI pH 7.6,
(elFx expressed with the FLAG fusion octapeptide) usingl37mmoll~t NaCl and 0.1% (v/v) Tween-20]. The
HCR partially purified to approximately 20% purity from membranes were then incubated fdr @ith a 1:5000 dilution
rabbit reticulocytes (Jackson and Hunt, 1985). HCR wa¢f primary antibody [rabbit anti-elEZP)] in 1% non-fat milk
lyophilised after purification and redissolved inrfoll-1  in TBST.
Tris-HCI pH 7.5, 100nmoll-1 KCI, 0.1mmoll-1 EDTA, For western analysis oH. aspersapost-mitochondrial
7mmoll~1  B-mercaptoethanol, 30% (v/v) glycerol. supernatant, the primary antibody was first pre-absorbed
Phosphorylation involved incubating ebdF2FLAG with a  againstH. aspersahemolymph in order to remove keyhole
sufficient amount of the HCR preparation to ensure completémpet hemocyanin (KLH)-related non-specificity (Pakay et
phosphorylation (Kimball et al., 1998). The reaction wasal., 2002). The membranes were then washed in TBST and
monitored by the addition ofy32PJATP, and aliquots were incubated for h with a 1:10000 dilution of secondary
removed at @nin, 5min, 20min and 40min post addition of antibody in 5% non-fat milk in TBST (sheep anti-rabbit IgG
HCR. The aliquots were subjected to SDS—PAGE followed bgonjugated to horseradish peroxidase). All incubations and
autoradiography and densitometric analysis, which revealegiashes were performed at room temperature. Immunoreactive
that complete phosphorylation of ebFFLAG occurred bands were detected by enhanced chemiluminescence

within 5 min. (Supersignal West Femto Maximum Sensitivity Substrate)
followed by exposure to autoradiography film. Densitometry

Phosphorylation of endogenous etF frog and snail was performed on scanned films using NIH Image 1.62.
extracts Immunoreactive bands were quantified by comparing their

It was necessary to determine the total amount ofcelF2density to the density of known quantities of recombinant rat
(phosphorylated and unphosphorylated) as well as the amouwgif-20(P)-FLAG. In order to verify equal loading and transfer,
of elF(P) in the post-mitochondrial supernatants. Since wenembranes were stained for total protein by Ponceau S
were only using rabbit anti-elE2P) (an antibody specific to staining.
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Cloning and northern analysis bf. aspersa&IF2a sequenced and used to prepare a probe in the subsequent

Total RNA was prepared fromd. aspersahepatopancreas northern analysis.
using the acid guanidium thiocyanate—phenol-chloroform Total RNA was analysed by northern analysis by
extraction method (Chomczynski and Sacchi, 1987). Howevehybridisation after formaldehyde gel electrophoresis
RNA prepared using this method contained a contaminant thé@ambrook et al., 1989). The probe was prepared?By
inhibited any subsequent reverse transcription reactionfabeling of the elF@ message fragment by random priming
Therefore, to remove the contaminant, RNA from which thgSambrook et al., 1989). After transfer, hybridisation and
poly(A*) RNA fraction was to be separated was firstwashing, the membranes were exposed to a BAS-llIs
precipitated by salt, a procedure normally used when the RNphosphorimaging plate (Fuji, Stamford, CT, USA), and
is contaminated by glycogen (Sambrook et al., 1989). PH)y(A the plates scanned using a BAS 1000 phosphorimager
RNA was prepared by chromatography of total RNA on ar{Fuji). Densitometric analysis of the bands was performed
oligo-dT cellulose column with a single binding and elutionusing the program NIH Image 1.62. Equal loading of RNA
cycle (Sambrook et al., 1989). for northern analysis was checked by densitometric analysis

cDNA was synthesized from polyfARNA using the primer  of the methylene-blue-stained rRNA band (Sambrook et al.,
5'-GCGGCCGCTTGAATTCCCAC(T)-3' (Sambrook et al., 1989).
1989), and PCR was performed using a pair of degenerate o
primers, 5>GC(AGCT)GA(AG)ATGGG(AGCT)GC(AGCT)- Statistics
TA(TC)-3 and B3-AT(AG)TA(AGCT)CC(TC)TT(TC)TC- All values are quoted as means.em. (N). Comparisons
(TC)TT(AG)TC-3 (Macromolecular Resources), based on theébetween time points, tissues and/or treatments were made
amino acid sequences conserved between yPassophila  using unpaired-tests. Statistical significance is quoted at the
melanogasterand humans corresponding to residues 27-33% level.
and 75-81 of human elB2 The PCR reaction yielded a
150bp product that was directly cloned (pGEBM Easy
Vector; Promega, Annandale, NSW, Australia) and sequenced Results
(ABI Prism BigDye Terminator Cycle Sequencing Ready Sequencing and northern analysis
Reaction Kit; Applied Biosystems, Foster City, CA, USA). The partial cDNA clone representirtd. aspersaelF2a
Analysis of sequencing reactions was carried out by themRNA is 2314bp in length. Comparing the translation of the
Department of Clinical Immunology at Royal Perth HospitalcDNA clone to the known amino acid sequences of yeast and
(Perth, Australia). A BLAST search revealed that theld450 human elF2 (Fig. 1), there are approximately 32 amino
fragment corresponded to elir2A primer based onthé &nd  acids missing from the amino terminus. aspersaelF2u
of this sequence and an oligo-dT primer were used to obtashows 62% and 48% identity at the amino acid level with
a larger cDNA corresponding to eli2 This clone was human and yeast elB2respectively, with a 19-amino-acid

region surrounding the phosphorylation

k% kkkk Kk khkkkhkkkkkhkkkkhkkkkk kk k% k % * k  kkkkkkk Site Completely Conserved betWeen
H. aspersa 1  YVKLLEYNDI EGMILLSELS RRRIRSINKL IRVGRNECVVVISVDKEKGY  the three species. The 8ntranslated
Yeast 33 YVKLLEYDNI EGMILLSELS RRRIRSIQKL IRVGKNDWV VLRVDKEKGY ; ; ;
Human 33 YVSLLEYNNI EGMILLSELS RRRIRSINKL IRIGRNECVV VIRVDKEKGy ~ '€gion is 144®&p in length. The
Fkkkkkkkk kKKK kK ok K kK K Kk *k K message is po|yadeny|ated and the 3
H. aspersa 51 IDLSKRRVS EEVVKCEER AKAKAVNSIL RHVAELRG-K SSEKLEDLYE ; e i
Yeast 83 IDLSKRRVSS EDIIKCEEKY OKSKTVHSIL RYG\E— K FO PLEELYK ~ Untranslated region (UTR) contains five

Human 83 IDLSKRRVS EEAIKCEDKF TKSKTVYSIL RHVAEVLEYT KDEQLESLFQ putative polyadenylation signal sites at
*

**k * * * % oy
H. aspersa 101 RTAWFFDAKY GKAG ASYEA FRLAVQNPNV LDDCDIDEE kscupnicr — PoSitions 988, 1068, 1123, 1943 and
Yeast 129 TI AWPLSRKF GHA-—- YEA FKLSIIDE TV WEGIEPPSKD VLDELKNYIS — 2278.
Human 133 RTAWFDDKY KRPGY@\YDA FKHAVSLPSI LDSLDLNEDEREVLINNINR Northern analysis of total RNA from

*kkk kkk kkk Kk k Kk k kk k k% *kk k k Kk %k

H. aspersa 151 -- LTPQSVKI RADVDMACTY YDGVBVKRA LKKGLELSTE SMPIKINLI A H. aspersdissues reveals that the cDNA
Yeast 175 KRLTPQAVKI RADVEVSES YEGIDAIKDA LKSAEDMSE QVQVKVKL\A hybr|d|sed with two messages (estimated
Human 183 - RLTPQAVKI RADIEVACYG YEGIDAVKEA LRAGLNCIE NMPIKINLI A :

* to be 2.&kb and 1.4&b in length)

H. aspersa 199 PPLYVVTTN TLERTEGLER LNKALQAKE EI TAAKGWFN | QEEARVVSDM in hepatopancreas. Northern analysis
east 225 APLYVLTTQ ALDKOKGIEQ LESAIEKI TE VI TKYGGVCN TMPPKAVTAT
M Q KCIEQ revealed that these messages were

Human 232 PPRYVMTT TLERTEGLSV LSQAVAVIKE KIEEKRG\FN VOVEPKVVTDT .

H a 249* DEIET_*EKQ_ OKLEEAPQER AGDDDSBEE EEEDEM equally expressed in awake  and
. aspersa . . . ..

Veast 275 EDAELQAL ESKELDNRSDSEDDEDESDIE estivating individuals. Methylene blue

Human 282 DETELARQM ERLEREMEV DGDDBEEME AKAED staining demonstrated that there was an

Fig.1. The partial predicted amino acid sequencélelix aspersaelF2a, deduced from equal ampunt of RNA I.oaded' in each
translation of theH. aspersaelF20 cDNA sequence, aligned with the predicted sequenceé‘f’me’ as judged by the intensity of the
of yeast Saccharomyces cerevisjagnd human elR2 Conserved residues are indicated fibosomal RNA band. There were no
with an asterisk. The multiple alignment was performed manually after comparing each @ifferences in the levels of expression
the pairwise sequence alignments made using the program ALIGN by FASTA (Universiietween the different sized transcripts
of Virginia, Charlottesville, VA, USA). within each tissue type.
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A Fig. 2. (A) Representative western blot showing
varying amounts of elf2-FLAG(P) using the
0.5 1 15 2 3 4 09) immunoblot procedure described in the

Materials and methods. The fiim of the
R— ¢ elF(P)-FLAG immunoblot was scanned, and densitometric
.* (41kD3) analysis was performed using the program NIH
Image 1.62. (B) Representative standard curve
of density versusamount of elF@—FLAG(P).
Similar standards were run on all western blots

> 100 B to aid quantification.
o2 80
S g0 - :
g £ 2 hepatopancreas anbl sutor liver. In both tissues, the
JE elF20(P) had an apparent molecular mass by SDS—PAGE of
g 2 39kDa.

T T - In H. aspersapost-mitochondrial supernatant, after the
1 2 3 addition of HCR there was a rapid increase in the amount of
elF20(P)-FLAG (ng) elF20(P) (Fig.3A). There was no apparent difference in
quantity between the 2@in and 60min time points.
Increasing the concentration of ATP in the reaction from
Phosphorylating and detecting recombinant rat efFELAG 40 umol I-X to 20Cpmol I-L had no effect on the density of the
The elF2—-FLAG(P) was detected by western analysis,39kDa band after 6énin. Also there was no effect of adding
which indicated an apparent molecular mass ok[@d  additional HCR after 4énin. Note thaH. aspersaxtracts also
(Fig.2A). The primary antibody was specific for the showed an additional band at KRa that could be detected in
phosphorylated form of the protein only. There was ahe absence of HCR. This band sometimes increased in
sigmoidal relationship between the density of theintensity after the addition of HCR, but not consistently
elF20—FLAG(P) band and the amount loaded (2B). Using  between samples (FigA).
the described working concentration of the primary and Similarly, in N. sutorpost-mitochondrial supernatant, after
secondary antibody, as little as @g of elF2—FLAG(P) the addition of HCR there was a rapid increase in the amount

O 4
N A

could be detected. of elF2u(P) and there was no difference between theni20

and 60min time points (Fig3B). However, inN. sutoronly

Phosphorylation and detection of elé# snail and frog the band corresponding to etR®) was detected. In bot¥.
extracts sutorandH. aspersathere was no difference in the time course

Endogenous elk2 was phosphorylated by HCR in of phosphorylation with HCR between the awake and
post-mitochondrial supernatant from botH. aspersa estivating states.
To calculate the ratio of elBZP) to total elF&, the amount
of elF2u(P) before the addition of HCR was compared with

0 20 40 60 (min) that present after phosphorylation with HCR. These levels
were quantified from elfZP)-FLAG standards run on the
A am——— same blot. InH. aspersa(Fig. 4A), there was no detectable
A — < 39kDa endogenous elfdP) in post-mitochondrial supernatant in
either awake or estivating hepatopancreas but, since the
minimum amount of elF®(P)-FLAG that could be detected
) was 0.1ng, we can calculate that less than 12% of thecelF2
0 20 40 60 (min) was phosphorylated in the snail lysates. The total amount of
B elF20 was not significantly different between awake and
--.-4_ 39kDa estivating tissues (Tabl®. The total amount of ell2

represented approximately 0.002% of the total amount of
_ ) _ ) ) protein in post-mitochondrial supernatant.

Fig. 3. Represeptatlve western |mmun0_b|0t5 showing the time course In N. suto there was more total and phosphorylated elF2
of phOSphor.ylat'on of endo.genous e.u:@'th HCR (heme C(.mtm”ed in estivatingversusawake tissues (FigB; Tablel). The ratio
repressor kinase). Post-mitochondrial supernatant was isolated fro
H. aspersahepatopancreas (A) or froml. sutor liver (B) and . _phosphor_ylateq to_ u_nph(_)sphorylated @IF_Zwas .
incubated with HCR in the presence of ol I-X ATP. Aliquots S|gn|f|cantly higher in estivating tissue compared with that in
were removed immediately prior to the addition of HCRn{a) and ~ awake tissue (Table; P<0.05, N=6). The total amount of
at 2Cmin, 40min and 60min after the addition of HCR. Proteins €lF20 represented approximately 0.005% and 0.008% of the

were separated using SDS-PAGE, transferred to nitrocellulog®tal amount of protein in awake and estivating post-
membranes then probed with anti-edfR). mitochondrial supernatant, respectively.
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Fig. 4. Representative weste Estivating Awake
immunoblots of pos | ¥
mitochondrial supernata

either unphosphorylated
phosphorylated with HC

(heme controlled repress .
kinase). (A) Helix aspers: A v . 3 - B
hepatopancreas. ( E— <4— elF(P) 39 kDa

Neobatrachus sutdiver. Two

identical samples from . | _ .

individual were analysed, o - . a a o

sample was left untreat B --- - - - elF2u(P) 39 kDa
(-HCR) and the other w . : 4

phosphorylated (+HCR,

Samples from the same individual are shown as pairs on the figure. Proteins were separated using SDS—-PAGE, transfeelbdasenitroc
membranes and probed with anti-edft®). The comparison between samples incubated with HCR (+HCR) and without HCR (-HCR) was
used to determine the ratio of phosphorylated to unphosphorylatedl iellB®th the awake and estivating states. The bands corresponding to
elF2u(P) have been quantified and are summarised in Table

HCR + - + - + - + -

Discussion mechanism. This leaves elf2phosphorylation as the only
Sequence and expressiortbfaspers@|F2a mRNA candidate mechanism by which etF2ould be involved.
As expected, the predicted partial sequencel.ofspersa
elF2x shares a high amino acid identity with other described Detection of elF& phosphorylation — validation of the
elF2ns. The most likely explanation for the different sized methods
elF2x mRNAs estimated from the northern analysis is that The western analysis presented us with three initial
they differ in the size of their TR. This corresponds to the problems. First, we needed to be able to detectcelif2
sizes of messages predicted from the alternate polyadenylatiomo distantly related species. We therefore used an antibody
sites in the cDNA sequence, assuming thaasperseelF2x based on a region conserved across all eukaryotes, the
has a similar length coding region arild AR to other elFa phosphorylated regulatory phosphorylation site. We were able
sequences (Cigan et al., 1989; Ernst et al.,, 1987; Qu amnd use this antibody to detect etH®) in both snail and frog
Cavener, 1994). A similar pattern of etFBARNA expression extracts. The apparent size of the elf2 (32kDa) was the
is seen in mouse and human tissues, where synthesis of vari@asne for bottH. asperseandN. sutorand was similar to the
forms of elF2t mMRNA occurs in a tissue-specific manner. Theapparent size of mammalian etFth SDS-PAGE (3%Da).
biological significance of the different transcripts is unknowrnThe 42kDa band detected iH. aspersaextracts was
in H. aspersabut it has been shown that there are differencephosphorylated by HCR in an individual-specific manner.
in stability for the different transcripts in human T cellsSince all elF2s described so far have similar molecular
(Miyamoto et al., 1996). masses (Deharo et al., 1996), it is unlikely that k[#& protein
There was no differential expression of the @i 2RNAs is an elF&. It is unknown if it represents a physiological

between the awake and estivating statesl.ofspersa The  substrate for HCR, but it is likely that it shares sequence
level of elF2x protein per mg of total protein is the same inhomology with the elF® phosphorylation site since it is
the awake and estivating states. The data cannot be usedrégognised by both HCR and the primary antibody.
draw conclusions about the rate of turnover of eithercelF2 The use of this antibody led to the second problem, which
message or protein, but if eléF2loes play a role in regulating was that this antibody measures the levels of &lFR but
protein synthesis irH. aspersaduring transitions between gives no information about the more physiologically relevant
states, neither elE2mRNA nor protein levels are part of the ratio of phosphorylated to unphosphorylated elFZhis is

Table 1.Levels of total and phosphorylated etFib H. aspers&epatopancreas and. sutorliver

Awake Estivating
Total elF2x elF2a(P) Ratio Total elF@ elF2(P) Ratio
H. aspersa 0.82+0.12 n.d.<0.1 NA 0.97+0.09 n.d.<0.1 NA
N. sutor 2.40+0.35 0.55+0.15 0.22+0.11 4.00£0.55* 1.95+0.25* 0.52+0.08*

The values for total elk2and phosphorylated elBZelF20(P)] are expressed as ng permd@ of post-mitochondrial supernatant protein
(means 1s.e.M.; N=6). The ratio is the proportion of the total etFthat is phosphorylated (means.£.M.; n=6). n.d., not detectable; NA, ho
applicable. An asterisk denotes that the value is significantly different from its comparative awake<@le)
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especially true when long-term changes are involved, dgsates the ratio of elF2/elF2B is approximately 5, and the level
changes in this ratio can occur without changes in thef elF2x phosphorylation required to completely inhibit
amount of elF&(P). We overcame this problem by totally protein synthesis is approximately 25-30% (Pain, 1996). In
phosphorylating all of the endogenous elFa a sample, Ehrlich cells, the ratio of elF2/elF2B is approximately 2, and
thereby enabling us to measure the total @ & well as the the level of elF& phosphorylation required to completely
phosphorylated form with the same antibody. The system wiahibit protein synthesis is approximately 50—-60% (Scorsone
describe allows the use of SDS-PAGE with a single primargt al., 1987). The data for snails are inconclusive because
antibody, allowing simpler quantification of elkF2and endogenous levels of the phosphorylated form of ela
elF2u(P) levels. This system relies on a single antibodybelow the limit of detection. However, the data are still useful
specific for the conserved phosphorylation site and oas they define the limits of the el@2IF20(P) ratio, which in
phosphorylation by HCR, which has been shown tdurn (see above) can be used to predict the elF2/elF2B ratio.
phosphorylate elk2 from all eukaryotes tested so far (Mehta The elF2/elF2B ratio is not known for any non-mammalian
et al., 1986). Therefore, this system potentially enables th&pecies, but our data suggest (since we can calculate that less
phosphorylation state of elB2to be determined in any than 12% of the elf2was phosphorylated in the snail lysates)
eukaryotic system. that in H. aspersahepatopancreas the ratio would have to

The third problem in this study was that we needed texceed 10 for phosphorylation of etF2 exert any control
quantify levels of elF&(P) in order to accurately estimate the over the rate of protein synthesis.

ratio of elF2i/elF20(P). To this end, we have: The data from the frog liver are easier to interpret as
(1) determined that the primary antibody is specific for onlyboth endogenous elB2and elF2(P) are detectable. The
the phosphorylated form of el&2FLAG; percentage of elEZP) and, in contrast to the snail, the total

(2) quantified the amounts of eldHP) against known amount of elF& increases from the awake to the estivating
quantities of elF&(P)-FLAG (produced by phosphorylating state. The increased percentage of phosphorylated @lRfBe
recombinant rat elkF2-FLAG with HCR); this was necessary estivating state is consistent with the 67% decrease in the rate
as autoradiography film was used to obtain the requiredf protein synthesis seen i sutorliver in this state (Fuery
sensitivity and there is a sigmoidal relationship between thet al., 1998). Due to the high proportion of etFthat is
quantity of elF&(P) and the density of bands correspondingohosphorylated, for elfe2phosphorylation to be involved in
to elF21(P) on the film; and regulating the rate of protein synthesis in estivatihgsutor

(3) made the assumptions that the affinity of the primarjiver the ratio of elF2/elF2B would only need to be
antibody to endogenous. aspersaandN. sutorelF2o(P) is  approximately 2. The function of increasing the level of alF2
the same as the affinity to elé2FLAG(P) and that the during estivation in the frogersusthe snail is unknown but
percentage recovery of elé2s the same from both tissues. perhaps the difference reflects the degree of precision required

The absolute levels of elB2hat we report here (in terms to modulate the rate of protein synthesis (assuming that levels
of the percentage of total protein present) in awdkaspersa of elF2B remain constant). For example, a low elF2/elF2B
hepatopancreas (0.002%) addsutorliver (0.005%) are of a ratio under normal conditions would allow a high precision in
comparable magnitude to those reported for rat liver (0.004%ontrolling the rate of protein synthesis, as large changes in the
Everson et al., 1989) and rabbit tissues (0.003%; Oldfield gtercentage phosphorylation would result in relatively small
al., 1994) (assuming that these mammalian tissues contathanges in the rate of protein synthesis. However, with a low
100mgproteing~lwet mass). Using the same system toratio it would be more difficult to completely downregulate
determine the level of elle2in neonatal rat cardiomyoctes protein synthesis, as a greater percentage of thereild
(Casey et al., 2002), we have found that approximately 0.006%eed to be phosphorylated. Therefore, by upregulating the
of total protein is elF@, a value comparable with other amount of elF@ it would be easier to obtain the percentage of
mammalian systems. elF2u(P) that is required to downregulate protein synthesis

during estivation. Possibly, the snail needs less precision in its

Changes in phosphorylation state of etF&ith estivation control over protein synthesis during normal conditions and

The extent of elF2 phosphorylation required to therefore maintains a high elF2/elF2B ratio, which allows it to
significantly suppress protein synthesis depends upon tlmpletely downregulate the rate of protein synthesis during
elF2/elF2B ratio, as it is the high-affinity binding of etKP)  estivation without needing to synthesise more elFais idea
to elF2B that results in the inhibition of protein synthesis. Thisvould seem consistent with the greater metabolic depression
value is known to be somewhat variable among differenduring estivation in the snail compared with the frog.
animals and tissues. For example, the ratio is 5 in calf and ratAn alternative explanation is that the differences are not
brain (White et al., 2000), 2.5 in rabbit liver and 10 in rabbitfunctional but obligatory. Possibly, the phosphorylated form
brain (Oldfield et al., 1994). The variation appears toof elF2x is less susceptible to proteolytic breakdown;
predominantly depend on elF2B levels (Oldfield et al., 1994)thus, upregulating the phosphorylated species pelFg is
The ratio of elF2/elF2B is a good predictor of the level ofnecessarily associated with an increase in the total level of
elF20 phosphorylation required to completely inhibit protein elF2u. There is evidence for a similar mechanism in apoptotic
synthesis (Everson et al., 1989). For example, in reticulocytdeLa cells, where caspase cleaves elHut shows a



2370 J. L. Pakay and others

preference for the unphosphorylated form and does not cleageanine nucleotide exchange on elF2, then identifying whether
elF2o(P) complexed with elF2B (Marissen et al., 2000). If thisthe increased phosphorylation is due to increased kinase or
is a similar case, then the increased level of @l&ression decreased phosphatase activity will be the next necessary step
seen in the estivating frog is not the result of an activén delineating the mechanism of signal transduction between
upregulation of elF@ levels but is due to a higher proportion the intrinsic cue for estivation and the downregulation of
of the more stable species [etHP)]. The data are consistent protein synthesis. In the case dfl. aspersa future
with this hypothesis, as the increase in the amount obeilF2 investigation is needed to determine whether there is a role for
N. sutorduring estivation is equal to the increase in the amourglF2a phosphorylation in the downregulation of protein
of elF2(P). synthesis, possibly by directly assaying guanine nucleotide
_ _ _ _ exchange on elF2 in the awake and estivating states. Virtually
Potential mechanisms for changes in edfffhosphorylation  nothing is known about the potential regulatory mechanisms
status inN. sutor in any estivating animal, but the data are accumulating and
There are several possible mechanisms by which th&uggest that research in this direction will be an effective
percentage of elfZP) could increase in the liver of estivating strategy to delineate the mechanisms of this common, but
N. sutor The downregulation of protein synthesis in otherinscrutable, form of metabolic depression.
systems has been attributed to an increase inoekiitase
activity. Specific elF@ kinases that are upregulated in activity
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