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Encysted embryos (cysts) of the brine shrimp, Arferia franciscana, are arguably the most stress-resistant of all ammal hfe-listory stages. One of ther many adaptations 15 the ability |+ Absiract
w Inireduciion

to tolerate anoxia for periods of years, while fulty hydrated and at physiclogical temperatures. Previous work indicated that the overall metabolism of anozic embryos is brought to a
reversible standstill, mcluding the transduction of free energy and the turnover of macromelecules. But the issue of protein stabiity at the level of tertiary and quaternary structure was
not exarmnmed Here I prowide ewdence that the great majonty of protemns do not wreversibly lose their native conformation dunng vears of anoma, despite the absence of detectable

protein turnover. Although a modest degree of protein denaturation and aggregation occurs, that is quickly reversed by a brief post-anoxic asrobic meubation. I consider how such
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extraordinary stability iz achieved and suggest that at least part of the answer involves massive amounts of a small heat shock protein (p26) that acts as a molecular chaperone, the fiunction of which does not

appear to require nibonucleoside di- or tri-phosphates

Introduction

»

Wery few adult avmals, or thewr developmental stages, tolerate anoma for an extended tune (Hochachka and Somero, 2002%. Among anwnals that are well adapted to survirmg

anoxia, the most impressive are intertidal organisms such as mussels, oysters, and various worms, but many others are known (Bryant, 1991; Hochachkea of @f , 1993, Grieshaber of

al., 1994, Guppy and Withers, 1999). The response of these well-adapted ammals to ancma n the laboratory, and I assume i nature, is to reduce their metabolic rates to levels that
are commonly between 1% and 10% of the aercbic level, a response that has come to be known as metabolic rate depression, or WMED (Guppy and Withers, 1999 Hochachkea and

Somero, 2002). The ultimate m WED occurs in encysted embryos of the crustacean Aréemia, which eventually reduce their overall metabolism to a rate that is not detectable, and I -

will consider that ewvidence, and its significance, m the Discussion,
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Species of this genus are found m a variety of very harsh environments m all contments except Antarchca (Wan Stappen, 20023 Innature their encysted embryos {cysts), the focus of this paper, encounter
severe hypersalinity and air desiceation; high doses of ultraviclet radiation; varying degrees of hypoma, including anca; and extremes of temperature {Clegg and Conte, 1980, Browne of af , 1991,

Abatzopoulos et @l | 2002, Tanguay o2 @i, 2004) These embryos are animal extremophiles, so it is not surprising that they exhibit a wide variety of biochermical and biophysical adaptations (Clegg and

Trotman, 2002). Here I focus on their astomshing tolerance to prolonged anoxia

Although metabolism iz detectable in embryos during the first day or so of anoma (Hand, 1957, 1998, Clegg, 1897; Hand and Podrabsky, 20007, it eventually comes to a reversible standstill, or at leastis
reduced to an undetectable level (see Warner and Clegg, 20013 Thue, evidence from 140 fabeled arino acid incorporation and SD3-PAGE autoradiography mdicated that protem synthesis stops during
anoxma, and no detectable hydrolysis at the level of mdadual polypephde chains was detected (Clegg, 1997, Tanguay of &, 2004). However, in those studies no mformation was obtamned about protein

stability at the tertiary and quaternary levels. Thatis, the issue of protein unfolding and aggregation was not considered. Although the methods used in the present work do not detect subtle changes in those

structures, they do reveal the occurrence of protein aggregation following unfolding (denaturation) of proteins.

[ 3 Materials and Methods

Source of embryos and hatching assays
Specimens of Arfemia franciscana from salterns m the San Francisco Bay (SFB) were purchased from San Francisco Bay Brand, Hayward, CA, as dned (activated) encysted
embryos, and stored at about —10°C under 100%% Mz, Embryos were placed at room temperature for 5 days before use and had a final hatching percentage close to 90%

For hatching assays, groups of at least 200 embryos were placed into 20-welled plastic depression plates, each well containing 10-20 embryos in 300 Wl of 0.2-pm-filtered
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seawater. The plates were covered, sealed with tape to prevent evaporation, and imcubated in constant hight at 21-24%C until hatching was complete. Adequate Og is present in these
sealed plates since controls (embryos not exposed to anoma) exhibited close to 0% hatching within 2 days of meubation. Previous ancxia substantially delays the hatching process (Clegg, 13%7), so one must
mcubate long enough to ensure that hatching i1s complete

Anoxia

Embryos were made anoxic with 100% M3, using procedures described in detail previously (Clegg, 1997, Briefly, dried embryos were hydrated under ancsic conditions: about 75 mg dried weight was placed
in each &-ml screw-capped glass wial, to which was added 6 ml of 0.3 mol r MaCl, buffered to pH 7.2 with 0.1 mol i phosphate that had just been degassed for 4 h with the purest available grade of
7. The 2-ml air space was displaced with I3, and the caps were screwed tight and wrapped with several layers of Parafilm to ensure sealing and preventloosening. Vials were then oscillated at 50 rpm for 8
h to fully hydrate all the embryos, which were then stored under laboratory conditions of hight and temperature.

I note that the embryos will rapidly consume whatever traces of molecular oxygen that rmght be present, down to exceedingly low partial pressures that are, in effect, zero to the embryos. However, I
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these embryos because bacteriain the shells apparently convert sulfates to sulfides that accumulate to toxc levels under anowc conditions (see Clegg, 1997,

Analysis of p26 and artemin in previously anoxic embryos

Controls {no anoma) and embryos that had previously undergone 1 and 4.5 years of anoxma were homogenzed at ~0 °C m buffer K (5 mmol rt MgS04, 5 mmol r MNaHzPO4, 40 mmol rt Hepes, 70 mmol
r potassum gluconate, 150 mmol rt sorbitol, pH 7.2). MNucler and volk platelets were removed by low-speed centrifigation (1600 X g, 5 mun, 2 °C), and the resuling supernatant was applied to a column of
Sepharose CL-6B calibrated with several native proteins of known molecular mass (Clegs of af | 1984, Fractions {1 ml) were obtained, reduced to equal volumes under vacuum, and analyzed by
SDE-PAGE, with protein detection by Coomassie staining and p26 by Western blotting, Further details about all these methods are available (Clegg o7 af., 1994, 1595, Clegg, 1557

Anowa results m the translocation of substantial amounts of the total p26 to nuclei that are moved to the pellet by low-speed centrifugation (references above, Willsie and Clegg, 2001, 2002); hence,
supernatants from anocwic embryos contain wisibly less p26 than those from controls. That fact should be kept in mind when evaluating the results to be presented here. Wevertheless, these low-speed
supernatants contain the vast majority of the total nonyolls proteins in these embryos compared to proteins present in the low-speed pellet (Willsie and Clegg, 2001, 2002). Therefore, the studies to be
presented here involve most of the physiological (nonyolk) proteins in these embryos, Although a mmor aspect of this study, some results are also presented on the protem artemin, a potential EINA chaperone

(Warner e al., 2004).

Gel filtration

Sepharose CL-6B columns were calibrated with proteins of known native molecular mass, using 0.1 mel ™ 19aCL in 0.05 mel I Tris-HCL, pH 7.2, as the mobile phase. Fractions 1-3 represent the column
void volume, containing proteins and other cell components of 4 milion moelecular mass and higher, and fractions of greater number contain proteins of decreasing mass between that and about 20 kD (Clegg s2
al, 1994 Natwve arternn and p26 in control embryo extracts elute from the column in frachions 912, corresponding to an average molecular mass of roughly 500 kD, in keeping with previous more precise
measurements (Winer and Clegg, 2001; Warner ef ., 2004 Ofmajor interest in this study was the translocation of proteins into and out of the void volume, reflecting aggregation and its reversal, respectively.

SDS-PAGE and immuncblotting

Enown volumes of low-speed superatants and fractions from gel filtration were added to equal volumes of 2x sample buffer (Laemmli, 1570} and boiled for 5 min Protemn profiles on gels from SD3-PAGE
were staned with Coomassie or transferred to nitrocellulose sheets and prepared for anmunodetection using a polyclonal anti-p26 at 1:5000 for 1 h (Clegg of ad., 1984, 1995) as the pnmary antibody, and
horseradish perozidase conjugated anti-rabbit IgG (1:5000, 1 h) as secondary. Chemiluminescence was detected on blots in the Epi Chemi IT Darkroom (UVE Laboratory Products) after incubation with
Super Signal West Pico (Pierce, Rocldord, IL).

[ 3 Results
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laboratory conditions of light and temperature. Hatching in all three groups was determined as described, and the results are, for means and standard dewiations: control, 8% £3; 1 . Resulis

Three groups of embryos have been examined in this study: controls (no ancwia), and embryos that had previously experienced 1 and 4.5 years of continuous anoxa under ordinary

vear anoxia, 83 £ 2; 4.5 years anoxia, 34 + 7 {also shown in Fig, 1). Three independent sets of at least 200 embryos were studied for each group to determine the standard M %C'md
w LIIETA] 1

deviations (z = 3).

T Figure 1. The profiles of proteins in low-speed supernatants separated first on a Sepharose CL-6B gel filtration column, followed by SDE-PAGE of the
= '_“!!""i. | . resulting 1-ml fractions. An aliquot of this supernatant (super.) was appled to SDS-PAGE for reference (Fig. 14, upper-right). Eesults are shown for controls
wes FETEERupaaaRRIRRES < | (A, no anoma) and embryos previously anowic for 1 and 4.5 years (B and C, respectively). Artemin is the abundant protem of slightly higher molecular mass
e s me IRNEEC located above p26. The arrowhead indicates the location of native p26 in controls, and the horizontal arrows to the left point to the location of p26 for all
thi | fractions. Mean wability of the three groups of embryos (£ standard desnations) 1s shown at the bottom center of each of the three gels
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Artemin and p26 in control and anoxic embryos
“When encysted embryos are made anosic, much of the p26 translocates reversibly to nuclel, whereas artemin remams m the extranuclear space, the "soluble" supematant fraction (Clegg of &/, 1554, 1595,
TWarner ef @l., 2004) When anoxic embrvos are returned to acrobic conditions, the p26 that had translocated to mucled quickly returns to the supernatant fraction (same references).

Figure 1 shows protein profiles from gel filtration, followed by analysis of the fractions by SD5-PAGE and Coomassie staining. In these studies the low-speed supernatants from homogenates of embryos that
had not undergone ancwxa (Fig, 14, control) and those that had previcusly experienced anoxic bouts of 1 year (Fig. 1B) and 4.5 years (Fig. 1C) were analyzed. The numbers at the bottom-middle of each gel
m Figure 1 are the mean hatching lewels (& the standard dewiation, 5D} for these three groups of embryos. Whole supernatant for the control preparationis shown at the top right for general reference to what
was applied to the gel filtration column (Fig. 14 super.). Fimure 14 also indicates the location of native artemin and p26, chiefly in gel filtration fractions 9-12, corresponding to an average molecular mass of

roughly 500 kD, The horzontal arrows to the left in Figure 14-C indicate the location of p26. As mentioned, and stressed again here, the low-speed supematants from previously ancsdc embryo extracts lack
much of the total p26 because significant amounts had been translocated to nucleiunder these condiions. Even so, small amounts of this protem are also present m all gel filtration Factions (Clegg ¢ &, 1994,

Willsie and Clegg, 2001, 2002).

MNote that the void volume (fractions 1-3) of control extracts contains very little p26, whereas void volumes from anoxic preparations contain much more of this protein (confirmed later by Western blotting)
and other proteins as well However, for the present, the principal result of Figure 1 iz the markced similarity of the protein profiles of fractions 4 through 23, for controls and both anozic samples, the exception
bemg peb m extracts from previously anoxic embryos

Because gel fltration precedes SDE-PAGE i these studies, the wreversible denaturation and aggregation of protemns will be revealed by this approach. But the overall sumilanty of these three profiles mdicates

that such an outcome did not occur (see Discussion).

Figure 2 shows Western blots of void-wolume fractions of extracts from controls and previcusly anosic embryos. The results are for two independent studies, indicating the degree of variation one can expect.

However, the cogent result is that the void volume from controls contains no detectable p26, whereas substantial p26 15 seen i these fractions (1-3) from anoxic embryos

26 Figure 2. Western blots of extracts from controls (C) and from embryos presiously meubated anoxically for 1 and 4.5 years. Each of these lanes represents
- — ""'a void volumes, the combmed fractions 1-3 (Fig. 14-C). Duplicates are shown (to the left and right of p26) to indicate variability, along with pure p26 in the
C oy sy ¢ tw asm
=) 4o e center lane.
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Further analysis is described in Figure 3. In this case, samples of controls (C) are compared to those from embryos previously ancxc for 1 vear, and for 1 year followed by an aerobic incubation of 2 h (1 yr+).
This figure compares void volumes (fractions 1-3) and fractions 5—12 that contam most of the natve p26 and artermn (Fig, 143 Fiure 34 shows Coomassie stammng of the abundant arternm and p26, and part
B shows the result of Western immunoblotting for identification of these proteins. As seen previously in Figure 1, the amount of p26 in the control weid volume is negligible, but is abundant in these fractions of
extracts of embryos that previously experienced 1 year of anozia However, when the latter embryos were first given an aerobic incubation of 2 h and then analyzed the same way, little if any p26 was detected
in the woid volume. Similarly, fractions 9-12 from control embryos contained the usual amounts of arternin and p26 (also seen in Fig. 14), althoughlittle p26 was detected in these fractions in extracts from
previously ancxic embryos (1 vr). But when those anoxic embrvos were first incubated aerobically for 2 h (1 yr +), abundant p26 was detected in fractions 9-12, the region where native p26 is found.

Figure 3. Coomassie staining (4) and Westem immuncoblotting (B) of extracts from contrels () and from embryos immediately after 1 year of anomia (1 )

and from embryos that were ancsc for 1 year, followed by an aerobic incubation of 2 h at 23°%C prior to analysis (1 yr+). Void volume refers to pooled

fractions 1-3 from gel filtration and SDS-PAGE. Pooled fractions 3—12 represent the location of native structures of most of the p26 and arternin in these
M iEs. | P __ || preparations.

|B ~oid volume: — Facbons § -12. ‘
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Taken together, these results show that the movement of p26 from fractions 9-12, the location of its native molecular mass, to the void wolume takes place under anomc conditions, and that the reversal takes

place when anoxic embryos are returned to aerobic conditions. I will consider reasons for this behavior of p2é, one of which involves molecular chaperoning

| 2 Discussion

« TOP
Previous worle on these embryos indicated that they eventually bring their overall metabolism to a reversible standstill when placed under ancsia (Clege, 1987, Clegg and Trotman 4 Ahstract

2002; Tanguay of al., 2004). Although a minuscule change m some of the guancsine nuclectides has been observed, its detection requires incubation penods of years (Warner and : Wn:c]s:ldl\'[eﬂmds

Clegg, 2001). One cannot prove the absence of a rate by expermments at physiological temperatures. Nevertheless, the case has been made (references above) that f these anosic 4 Resulis

embryos are metabolizing at all, the rate is so slow as to be rrelevant in any reascnable context of what the term "metabolism” means (Clegg and Trotman, 2002 - L::::::Cimd

The current study has focuszed on the stability of native proteins in these ancsc, "ametabolic” embryos. We know from previous work that the proteins of anoxc embryos are not turning over at a rate sufficient
to be detected over penods of years vsing radicactive amino acids (Clegg, 1997, As mentioned, that research did not consider protein stability at the tertiary and quaternary levels, which 15 obwiously a
consideration of major imp ortance. Very preliminary work (Tanguay ef )., 2004) suggested that most proteins were stable at all levels of structure during anoxia. The present study supports those findings
since the overall profiles of soluble proteins in these embryos are very similar, whether they have experienced 4.5 years of continuous anoma or no anoxia at all (Fig. 1) Indeed, that is the case even though the
overall hatching level of previously long-term anczic embryos was reduced by a facter of about 2.5, In other words, even embryos that do not hatch maintam the miegrity of their protems although they are, in
effect, dead (Clegg and Trotman, 2002). That 15, such stability apparently does not require wability or an ongoimng overall metabolism

These anoxic embryos appear to be exceptions to a central paradigm of cell biology, namely, that a constant and substantial flow of free energy is requited to maintain cellular structure and fiunction (incliding
the requirement for macromolecular turnover); these major endergonic processes in cells are apparently not in evidence in long-term anoxic Arfemia embtyos. A question then arises—what are the mecharisms
that enable protem stability in the absence of turnover and free-energy supply? There are probably a number of such mechamsms, mcluding the presence m these embryos of very large amounts of trehalose and
glycerol, "compatible solutes” that could be involved with protein stabilization (Clegg and Trotman, 2002; Hochachka and Semere, 20020, Even the stoppage of metabolist might involve processes that
stabilire proteins against unfolding. The present study has implicated participation of the molecular chaperone p2é, and I focus on that possibility next

Much previcus worle documents the importance of p26 in these embryos (for example, Clegg oz ., 1994, 1935, Liang af @, 1997, Liang and MacRae, 1998, Crack o¢ af , 2002; Clegg and Trotman, 2002,
MacRae, 2003; Sun and MacRae, 2005, Om e af , 2006, Sun ef @l , 2006; Villeneuve of @l., 2006). In the absence of stress, all of the p26 15 in the cytoplasm and presumably not associated with
cytoplasmic elements. Upon encountering stresses such as high temperature or anomia (or when the diapauze embryo forms) about half of the p26 12 translocated into nuclei (see Willsie and Clegg, 2002) and
perhaps other sites such as mitochondria (unpubl obe) These translocations are apparently initiated by stress-induced acidification within the embryos (Clegg of @, 1994, 1955, Willsie and Clegg, 2001,
2002). That mtracellular pH regulates anoma-nduced metabolic transitions was first shown by Crowe and colleagues in the early 1980z (see Busa and Crowe, 1983) and confirmed many times since then (see
Hand, 1957, 1998, Hand and Podrabsky, 20003 However, the mechanisms that lead to acidification, and itz reversal after anoxia ends, have escaped description for almost 25 vears. In two elegant studies,
Cow and Hand (2005} and Cowi of af. (2005 showed that V-ATPase is of direct and central importance m these proton transactions. The mechanism of the pH-induced translocation of p26 into and out of
nuclet 15 not known, but it does not seem to require a source of free energy in the form of nuclectides (see Clegg and Trotman, 2002). This translocation process requires further study

Translocated p26 15 believed to finction as a molecular chaperone for nuclear protems, mcluding lamns—major nuclear protems—probably in association with hsp70 (Willsie and Clegg, 2002). Importantly, no
indication of a requirement for ribomucleoside di- or tri-phosphates for p26 chaperoning can be found in a variety of #z vitre studies (Liang ef el 1957, Viner and Clegg, 20013

Comparing the protein profiles of extracts fom embryos after 1 year and 4.5 vears of ancsxda (Fig. 13, one is hard-pressed to conclude that they are appreciably different, considering the limited resolution of
this system of gel filtration (for natve protems) followed by SDE-PAGE (for therr subunits). Thus, 1t should be recognized that the resolving power of this approach would not reveal modest changes i terfiary
and quaternary structure, only the aggregation that resulted from the mutial unfoldng of polypeptide chains. In wiew of the inherent mstability of most globular protemns (Somero, 1995, Hochachka and Somero
20027 and the lack of detectable protein turnover i these embryos (Clegg, 1997, Tanmuay ef ad., 2004), one can assume that atleast some globular proteins are indeed unfolding, but that this does not lead to
irreversible aggregation. Thus, it seems plavsible that the chaperoning activity of p26 is involved. Further rationale for that interpretation follows.

Analysis reveals sigmficant amounts of p26 n the weid wolume of embryos that had previously expenienced a year of anosa (Figs. 1B and 3), but not in controls (Figs. 14 and 3). That result is consistent with
p26 bindmng to unfolding protems, to aggregates that are large enough (greater than 4 milhon equivalent molecular mass) to enter the void wolume, of to both entihes—an mterpretation m keeping with what 13
known about molecular chaperones (MWonmeoto of al , 1994; Amgo and Miller, 2002, WMacRae, 2003; Ealtz, 2005; Sun and MacRae, 2005). But f'those ancsxic embryos are first given a 2-h aerobic
mcubation and then analyzed as above, p26 disappears from the void volume and resumes its native molecular mass (Fractions 9-12 i Fig, 3). Although ne direct evidence was obtamed for this interpretation,

such results are precisely those expected for p26 chaperonng. An alternatve mterpretation would be that p26 undergoes self-aggregation and 1s then chaperoned back to its native state by ttself or by some
other molecular chaperone, such as hsp70. That possibility seems unlilcely to me, but canmot be excluded by current results. Howewer, hap70 requires ATF to function, and there is adequate evidence that the
amount of AT iz very low and that turnover is not ocourring in long-term anosc embryos. In addition, the lewels of this stress protein are much lower than those of p26 in these embryos. Finally, f p26 iz not

actvely chaperomng, then one must advance an alternatve explanation for the observed exceptional stability of embryome protems during anoza

I beleve the mterpretation proposed here 12 the most plausible way to account for the lack of substantial and wreversible protemn aggregation over 4.5 years of ancsma. In further supportis the emdence that p26
does act as a molecular chaperone iz vive. Thus, when bacteria were transfected with the p2é gene and this protein was expressed, the bactenia exhibited significantly greater thermal tolerance (Liang and
MacRae, 1999, Sun et /., 2006}, and stnilar results were obtamed using human 293H cells in culture (Villeneuve f &l 2006). Also, green monkey kidney cells were protected from the damaging effects of




hydrogen peroxde when pure p26 was directly introduced into these cells by means of the BioPORTER reagent {Colins and Clegg, 2004). Finally, Ma et af , (2005} found that human 293H cells were better
able to survive dehydration when transfected with p26, although itis alse possible that p26 plays a role i reducing apoptosis under these conditions (Villeneuve af @f., 20087,

TWe recently turned our attention to the finction of artemin (Fig. 17, a protein first descnbed by De Herdt ef @l (1979 and later by De Graaf es @l (13%0). Thiz ferritin-lilce protein (Warner o¢ ad., 2004) iz
present in amounts comparable to p26, and both proteins appear and disappear at about the same time in development (Jackson and Clegz, 1996; MacRae, 2003). Artemin is worth mentioning here because
there iz evidence, albeit it somewhat indirect (Warner af al., 2004), that artemin might be a protective EINA chaperone, a subject of mcreasing interest (Lorsch, 2002; Henies, 20033 Should this prove to be

cotrect, it means that these embryos have acquired dual protection of macromelecules: p26 to protect proteins, and artemin to do the same for ERA

L umque feature of p26 and artemm in terms of stress protems is that they are synthesieed as an integral part of the developiental program of these embryos and not m response to environmental stress per se

(see Jackson and Clege, 1996, Liang and MacRae, 1999, Clegg and Trotman, 2002). It 1z as if these syntheses pre-meditate stresses that these robust embeyos may encounter soon, or decades after they are

produced and released into their harsh environment. This scenario is yet another example of the remarltable features of the encysted embryo of Artersia, and its repertoire of biochemical and biophysical

adaptaticns (reviewed by Clegg and Conte, 1980, Clegg and Trotman, 2002).

Are the masse levels of these stress protems sufficient to account for the extraordnary tolerance to anoma extibited by these embryos? Although possible, it seems likely that factors m addition to these stress

proteins are involved in the remarkable tolerance of these embryos to prolonged anoxmia and other stresses that rapidly ldll nonadapted cells.
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