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Metabolic Rate Depression
CHANGES




PROTEIN KINASES




PATHWAY CONTROL IN
MR DEPRESSION

Estivation:  Storey & Storey 2012. J. Exp. Biol. 215:1425-33
Hibernation: Storey & Storey 2010. Adv Clin Chem 52:77-108
Hypometabolism: Storey & Storey 2007. J. Exp. Biol. 210, 1700-14
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NOVEL P/deP ENZYME CONTROL

Enzyme Res. 2012:2012:317314. Epub 2012 Mar 26.
Insights into the in vivo regulation of glutamate dehydrogenase from the foot muscle of an estivating land snail.
Sell RA, Dawson NJ, Storey KB.

Departmant of Chamistry, Caniston University, 1125 Colonal By Drive, Ottawa, ON. Canada K1S S86.

Abstract
Land snails, Otala lactea, survive in seasonally hot and dry environments by entering a state of aerobic torpor called estvation. During estivation,
snails must prevent excessive dehydration and reorganize metabolic fuel use so as to endure prolonged periods without food. Glutamate
dehydrogenase (GDH) was hypothesized to play a key role during estivation as it shutties amino acid carbon skeletons into the Krebs cycle for energy
production and is
estivating conditions

J Comp Physiol B. 2011 Ot 131(7):351-0. Epud 2011 Apr 26.
Regulation of tail muscle arginine kinase by reversible phosphorylation in an anoxia-tolerant crayfish.
Dawson NJ, Smfex KB.

INsTU2 Of Siochamisty and Depanment of Biology. Caneton Universly, 1125 Colonel By Drive, Oftawa, ON, K1S $58, Canaga.

Abstract
Freshwater crayfish, Orconectes virilis, can expenience periodic exposures to hypoxia or anoxia due to low water flow (in summer) or ice cover (in
winter) in their natural habitat. Hypoxia/anoxia disrupts energy metabolism and triggers mechanisms that to support ATP levels while often also

suppressing ATP use.
stores to buffer ATP
state and structural stabili
significantly higher (by 59
was converted to a high

Enzyme Res 2011:2011:524905. Epud 2011 Oct 17.
Glucose-6-Phosphate Dehydrogenase Regulation in Anoxia Tolerance of the Freshwater Crayfish Orconectes
virilis.

Lant B, Storey KB,

ingtaute of Siochamistyy and Department of Biology, Carleton University, 1125 Colonal By Drive, Ottawa, ON, Canada K1S 586,

Abstract

Glucose-£-phosphate dehydrogenase (GEPDH), the enzyme which catalyzes the rate determining step of the pentose phosphate pathway (PPP),
controls the mmdnuc e L iR R P " TR U R VL T [T Erei i
functions, including antioxidan comp Biochem Shysiol B Blochem Mol Blol. 2012 Oct16%(2):221-8. Epub 2012 Jun 23,

response to 20 h anoxic

Regulation of liver lactate dehydrogenase by reversible phosphorylation in response to anoxia in a freshwater
turtle.

effects on anoxia on K(m) valuj X103 ZJ, Storey K5

whose proportions changed du PS¥e of Sochamisty, Carieton Lniversty, Otawa, Ontaro, Canaca.
oot a0 e
NADFH supply for antioxidant Lactate dehydrogenase (LDH] is the terminal enzyme of anaerobic glycolysis and key to hypoxia/anoxia survival by most animals. In this study. the

effects of anoxic submergence (20 h at 7°C in nitrogen-bubbled water) were assessed on LDH from liver of an anoxia-tolerant freshwater turtle, the redll
-eared slider (Trachemys scripta elegans). Liver LDH from aercbic and anoxic turties was purified to homogeneity in two steps. The kinetic properties
and thermal stability of purified LDH were analyzed, revealing significant differences between the two enzyme forms in V(max), K(m) pyruvate, and |
(50) pyruvate as well as melting temperature determined by differential scanning fluorimetry. The phosphorylation state of aerobic and anoxic forms of
LDH was visualized by ProQ Diamond phosphoprotein staining, the results indicating that the anoxic form had a higher phosphorylation state.
Incubation studies that promoted protein kinase versus protein phosphatase actions showed that changes in the phosphorylation state of aerobic and
anoxic forms mimicked the anoxia-responsive changes in K{m) pyruvate and I(50) pyruvate. The high phosphate form of liver LDH that occurs in
anoxic turtles appears to be a less active form. Turtle liver LDH was also subject to another form of posttransiational modification, protein acetylation,
with a 70% higher content of acetylated lysine residues on ancxic versus aerobic LOH. This is the first study to show that LDH function in an anoxia-
tolerant animal can be differentially modified between aerobic and anoxic states via the mechanism of pesttransiational modification.
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TURNING OFF GENES:
Role of Epigenetics
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Cryobiclagy 53 (2006) 310-313

Evidence for a reduced transcriptional state during hibernation
in ground squirrels *

Pier Jr Morin®, Kenneth B. Storey

Institufe o Blecheminiry aad Deparimeni of Chemiriry, Carledon Uniserary, 1125 Colonel By Drise, (hidawa, Oni., Camads K15 586

Hecciend 14 Marcl 2006 gocepied 4 Sughusd 2006
Aveslablde online 13 Seplomber D006

Absirmct

haring mammalizn hikermation, metabaolic rte can be reduced Lo <5% of the cuthermic r=te as
suppression of multiple energy cxpensive metabolic procesees. Gene ranscription is ong of these
cnzmine mochanisms of ranscriptiona] coatrol that could contribute 10 lowering the rale of gen
Histone doscctylases (HIDAL) have boon linked to gene silencing and messured HIDALC activity +
skelotal muscle of hibernating thirtoen-lined ground sgquirrcls, Spermephilur fridecemifmeaims,
conlrols, Wesiorn botling also showed that HIDAC] and HIACS proton kvels wene |.2]1-and 1
tively, in muscle from worpid animals. Histone H3 was alko evalesied by Wiestern blotling. Tolal bi
but two farms of covilently modificd histone FI3 that ane sssocated with active transcription (phaos
acciylated Lys X3) were sigmificantly reduced by 283094 in musclo during hibernation. Fimally, BN
was moasunxd using @ PCR-based approech; activily in musclc from hibomating squirrels was onl
value, Thee data sapport an overall decrease in ranscriptional activily in skeletal muescle of hib
accomplished by multiple molecular mechanisms
£ 2 Elsevier Inc. Al rights reservsd-




Transcription Suppression
MRD

* Inhibits transcription

* Both inhibit transcription *




MICRO RNA

Journal of Molecular Cell Biology Advance Access published December 21, 2010
fimeb/miq0ss Joumal of Molecular Cell Biolagy (2010),

Review

The emerging roles of microRNAs in the molecular
responses of metabolic rate depression

Kyle K. Biggar and Kenneth B. Storey*

sty and Department of B Carleton Univesity, 1125 C
enee to: Kenneth B. Storey, T

Metabolic rate depression is an important survival strategy for many animal species and a common element of hibernation, torpor,
estivation, anoxia and diapause. Studies of the molecular mechanisms that regulate reversible transitions to and from hypometa-
bolic states have identified principles of regulatory control. These control mechanisms are conserved among biologically diverse
organisms and include the coordinated reduction of specific groups of key regulatory enzymes or proteins in the cell, a process
likely driven by microRNA target repression /degradation. The present review focuses on a growing area of research in hypometa-
bolism and mechanisms imvolving the rapid and reversible control of translation facilitated by microRNAs. The analysis draws pri-
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Micro RNAs in Liftforina littorea

FOOT MUSCLE:
Up-regulated by Freezing & Anoxia
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miR-125b
miR-29b

miR-1a-1
miR-210
miR-34a

Biggar, Kornfeld & Storey, 2011. Anal. Biochem. 416, 231-3.
Biggar, Kornfeld, Maistrovski & Storey, 2012. Genom.
Proteom. Biotech. in press




Micro RNAs in Littorina littorea
HEPATOPANCREAS:
Up-regulated by Freezing & Anoxia
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MICRO RNA: Drosha & Dicer

imperfect complimentarity = translational repression
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Regulation of Gene Transcription

RNA
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'I Beyond gene chips: transcription factor
profiling in freeze tolerance

KennerH B, STOREY

Institute of Biochemistry, Carleton University, Ottawa, Canada K185 5B6; kenneth_storey@carleton.ca

Abstract

The Wood Frog, Rana sylvatica, is one of several terrestrially hibernating anurans that
display natural freeze tolerance. The multifaceted biochemical responses to the cellular

atresses imnnsed when ~65% of total hodv water 1s converted to extracellular ice have
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OXIDATIVE

Brazilian Journal of Medical and Biological Research (1996) 29: 1715-1733

1SSN 0100-879X

Correspondence

K.E. Storey

Institute of Biochemistry and
Department of Biology
Carleton University

Ottawa, Ontaric
Canada K15 5B6

Fax: (613} 520-4389
E-mail: khstorey@ers carleton ca

Oxidative stress: animal
adaptations in nature

Institute of Biochemistry and Department of Biology,
Carleton University, Ottawa, Ontario, Canada K15 5B6

Abstract

As a consequence of aerobic life. an organism must deal with the  Key words

continuous generation of reactive oxygen species (05, Hy0,. *OH) as  » Reactive oxygen species

byproducts of metabolism and defend ifself against the harm that these  » Free radical damage
can do to cellular macromolecules. Organisms protect themselves = Lipid peroxidation
from such damage with both enzymatic and nonenzymatic antioxidant ~ * APoxia tolerance
defenses. However, the reperfusion injuries noted after ischemic " :”:EZ: tolerance
insult in mammalian organs and ascribed to a burst of reactive oxygen . I:C;::n_‘.?
species produced when oxygenated blood is reintroduced demonstrate

hat the of man 3 whelme

Q103N ap be gveraheljmed

free radical generation
GS-electrophile

electrophile o) itathione

superoxide S-transferase
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catalase NADF

glutathione
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dependent NADPH
Fenton glutathione

reaction peroxidase
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N
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o
Fe?* + OH™ +«OH —_— 3 peroxidation
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STRESS

CBP

ELSEVIER Comparative Biochemistry and Physiology Part B 120 (1998) 437448

Review
Antioxidant defenses and metabolic depression. The hypothesis of
preparation for oxidative stress in land snails

Marcelo Hermes-Lima ®*, Janet M. Storey ®, Kenneth B. Storey "

& Departamento de Biologia Celular, Universidade de Brasilia, Brasilia 70910-900 DF, Brazil
® Department of Biology, Carleton University, Ottawa K15 5B6, Canada

Received 4 November 1997; received in revised form 16 May 1998; accepted | June 1998




REACTIVE OXIDATIVE SPECIES
0,+€ mmmp O,  superoxide radical
0{"‘ H,0 —} HOO' +OH~ hydroperoxyl radical

HOO' + e +H* —} H,0, hydrogen peroxide
H 0, + e —} '‘OH+0H~ hydroxyl radical

Fe (1) + O, === Fe (II) + O,

Fe (II) + H,0, —} Fe (III) + 'OH+0H" Fenton reaction
0, +H,0, ===y O, + "'OH+0OH" Haber-Weiss reaction




ANTIOXIDANT ENZYNMES

free radical generation
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ANTIOXIDANT DEFENSE

Estivation: Storey & Storey 2012. J. Exp. Biol. 215:1425-33
Cold hardiness: Storey & Storey 2012. Can. J. Zool. 90: 456475
Marine: Freire et al. 2011. In: Oxidative Stress in Aquatic Ecosystems. pp.
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L. littorea FOOT MUSCLE:

20 h anoxia & 4 h recovery at 10°C:
GST responses
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L. littorea HEPATOPANCREAS

20 h anoxia & 4 h recovery at 10°C:
GST responses

GST Isoforms in Littorina littorea Hepatopancreas
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ANOXIA SURVIVAL

100 —
Constitutive

Metabolic
downregulation

Metabolic rate (%)

Maintenance

Recovery

Pre-anoxia 1-2h

Constitutive factors ~ Metabolic downregulation

Glycogen Hypoxia/energy failure sensing
Opioid receptors HIF-1a T, glycolysis T
GABA receptors ATP | T, adenosine T
Ton channels |, electrical activity |
Glutamate, dopamine release |
Protein synthesis |
Hsp72 1, Hsc73 1

Suppression of ATP turnover rates

h—days

Basal maintenance

ATP turnover rates minimal
Preserve network integrity
Ton channel <

Electrical activity <
Glutamate release <
Dopamine release <>
GABA release T

GABA receptors T

Protein synthesis <>

Hsp72 |, Hs¢73 1

h

Recovery

Oxygen sensing
Ton channels T
Electrical activity
Protein synthesis T

ROS defenses T
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Novel phosphorylations

Comparaive Biochemistry and Physickgy, Part B 157 [2010) 310-316

Available online at www

o0 . .
'.’ SCIenCEDII'eCt ABB Ay Contents lists available at & cienceDirect

ELSEVIER Archives of Biochemistry and Biophysics 467 (2007) 10-19 — Comparative Biochemistry and Physiology, Part B

www.elsevier.com/locate'yabbi

journel homepage: www.elsevier.com /locate/cbhphb

Regulation of skeletal muscle creatine kinase from a

hibernating mammal Regulation of liver glutamate dehydrogenase by reversible phosphorylation in a

Khalil Abnous, Kenneth B. Storey * hibernating mammal

Institute of Biochemistry and Department of Chemistry, Carleton University, 1125 Colonel By Drive, Ottawa, Ont., Canada K15 5B6 Ryan AV. Bell, Kenneth B. Smrey *

Received 2% May 2007, and in revised form % July 2007 Instiaute of Bochemistry and Department of Biolagy, Carlston University 1125 Coloned By Drive, Qttewa, Ontari, Ganada K15 585
Available online 22 August 2007

ARTICLE INFO ABSTRACT

Abstract

Articls hictary: Cutamate d.eb;li.roynase (GDH) & a key enzyme that links amino acid and carbohydrate metabolism in
Recmiver 1 June 2010 . 1 important when erganisms are confronted with extreme stresses such as the
eratures and lack of food associated with winter. Many small mammals, such as
tels, Spermophilies richardsoni i, cope with these conditions by hibernating. Animals
squirrels, Spermophilus richardsonii. CK activity was ~20% lower during hibe - d torporwhere metabolic rate is greatly suppressed, body temperature drops o
mRNA was reduced by ~70%. Hibernator CK showed reduced affinity for A’ Protein sbolic nesds must bs met from foed intemsal body stores of fusls, To investgate
that promoted endogenous protein kinase or phosphatase action, coupled wil
phosphate forms, showed that soluble CK from euthermic squirrels was a - reks, revealing significant differences in'V .y Koo, glutamate. K, ADPand in hibition
only phospho-CK was detected in hibernating animals. High and low phosp Klnase o forms of GDH These data suggested an activation of the glutamate-oxidizing
substrates but did not differ in stability to urea denaturation. About 20-2% pometabalic state. Subsequent experiments suggested that the molecular basis of
bound CK showed different kinetic responses to kinase and phosphatase tre 353 change in the protein phosphorylation state of GDH between euthermia and
© 2007 Elsevier Tne. Al rights reserved. DH appears to beiliephu.phmjflamld and activated when animaks uansn':lm into

Control over skeletal muscle energetics is critical in hibernation o sustain
thermogenesis during arousal. Creatine kinase (CK)' has a key role in muscle

Protein
Phosphatase




Epigenetics in Adaptation
MIRNA PLUS

Mol Cell Biochem. 2010 Sep;342(1-2):151-61. Epub 2010 May 1.
Epigenetics in anoxia tolerance: a role for histone deacetylases.
Krivoruchlko A Storev KB.

Inztitute of Biechemiztry, Carlston University, Ottawwa, ON, Canada. kriveruchke@gmail.com

Abstract
The importance of epigenetics has been established in many key biological processes mlabile oeling al wiew sthoncad irech com

‘.'J"
mechanism to animal survival of low axygen conditions has never been examined. To Lo . SI:I D'I t
. . ) . ) - i enceLirec
mechanisms could be involved in natural anaxia tolerance, we have examined the ano

transcripticnal silencers, histone deacetylases (HDACSs), intissues of a unique model Cryohialogy 11 (HI} 110-118
turtle Trachemys scripta elegans. Transcript and protein levels of all five HDACS rose b
in skeletal muscle inresponse to 20 h of anoxia exposure. In addition, HDAC activity in

response to 20 h of anoxia and levels of acetylated histone H3 (Lys @ or Lys 23) decrea . - . . .
liver displayed a milder response with HDAC, -4, and -2 protein levels increasing by 1 E"u'ldEI'lC:E.' rﬂr d IEﬂLIE!Ed tIEIIIECleIﬂﬂE' state dLII'IIIg ]I'lhEmEItltlll

acetylated histone H3 levels also decreased to 50-75% of contral values. Only HDACS il'l gIﬂlllld SqUiITEIS *
heart; Hdach transcript levels increased 2.1-2 3-fold and HDACE protein rose by 3.3-fol

Pier Ir Morin®, Kenneth B.

St o Reohrmietry aud Neperomen: af Chonlzry Crdnm Caiwerdy, 1120 Calo

Histone acetylation Peceived 14 March 204; scerpial 4 Augai
{transcriptional activation) (Gene transcription ) Avuilsbic ok 11 Sepioraber 206
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Closed chromatin Open chromatin
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navoidable metabolic costs

Crrrent Genemics, 2008, 10, 573-584 573

Perspectives in Cell Cycle Regulation: Lessons from an Anoxic Vertebrate

Kyle K. Biggar and Kenneth B. Storey*®

Institure of Biochemistry and Deparmment of Bielogy, Carleten University, 1125 Colomel By Drive, Omawa, ON, KI5
JBd, Canada

Abstract: The ability of an animal, nomally dependent on asrobic respiration to
state for long tenn sarvivel is clearly a fascinating feat, and has been the fiog
anoxia tolerant turtles are faced with periods of oxygzen deprivation, numesno

tike place m order to facilitate vital reductons in ATP consumpton. Such st
modifications as well as the implementation of translation and franscription oof
though it is clear that anoxic survival relies on the suppression of ATP consw

tolerant mrtles. Understanding bow venebrates respond w0 anoxia can have im
cellnlar proliferation and hypoxic tamer progression are mescapably linked in




Unity through Evolution

Int. |. Biol. 54 2010, &

International Journal of Biological Sciences

2010; &(1):9-50
© Ivyspring Intemational Publisher. All rights reserved
Review

An Overview of Siress Response and Hypometabolic Sirategies in (aenor-
habditis elegans: Conserved and Contrasting Signals with the Mammalian
System

Benjamin Lant and Kenneth B. Storey =

Institute of Biechemistry, Carleton University, Ottawa, Ont., Canada

B3 Comrespondence to: Kenneth B. Storey. Institute of Bi

Ottawa, Ont. K15 5B6, Canada. Tel. +1 613 520 3678, Fax]
= =Canonical DAF-2 signaling
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Studies of the molecular mechanisms th Stress activated
physiological) have long been used to il \
model organism. Coenorhabditis elegans \, oxidative stress A
‘dauer” stage. This period of developme A
in metabolic rate, triggered by ambient

ents. C. elegans employs a number of si /

unfavourable conditions and survive for | R“;;f':g o
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survival of nematodes through the dau

nisms that are fundamental to control

general, mammalian systems are highly i

temperatures and low oxygen), howevel

signal transduction pathways of nematod
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Life span extension

Oxid Med Cell Longev. 2010 May-Jun;3(3}:1286-58.

Forever young: mechanisms of natural anoxia tolerance and potential links to longevity.

Krivoruchko & Storey KB.
Ingtitute of Biochemiztry and Department of Biclogy, Carleton Univerzity, Ottawa, ON, CA.

Abstract

While mammals cannat survive axygen deprivation for mare than a few minutes withaout su
some animals have mastered anaerohic life. Freshwater furtles kelanging to the Trachemy
champion facultative anaercbes of the vertebrate world, often surviving without acygen for m
physialagical and biochemical mechanisms that underlie anoxia tolerance in turtles includ
depression, posttranslational modification of proteins, strong antiocxidant defenses, activat

transcription factors, and enhanced expression of cytoprotective proteins. Turtles are also k
and display characteristics of "neagligible senescence”. We propaose thatthe robust stress-t
long term anaerchiosis by turtles may also support the longevity of these animals. Many of
natural anaoxia tolerance, such as hypometabolit :
to play important roles in mammalian oxygen-re
axygen could aid inthe understanding and treat
In the present review we discuss the recent ady
turtles and the potential links between this toler
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Climate Change:
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e TERRESTRIAL INSECTS
e INTERTIDAL MOLLUSCS & BARNACLES

 AMPHIBIANS & REPTILES:
FROGS (6 species)
HATCHLING PAINTED TURTLES
GARTER SNAKES
LIZARDS (some)
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Abstract

Muny marine invertebrates can live without oxygen for long periods of time, a capacity that is facilitated by the ability to sup-
press metabolic rate in anoxia to a value that is typically less than 1026 of the normal acrobic rate. The present study demon-
strates that & reduction in the rate of protein synthesis is one factor in the overall anoxia-induced metabolic suppression in the
marine spail, Lirtoring littorea, The rate of [*H]legcine incarporation inte newly translated protein in hepatopancreas 1so=
lated from 48 h anoxic snails was determined to be 49% relative o normoxic controls. However, protein concentration in
hepatopancreas did not change during anoxia, suggesting a coordinated suppression of net protein tumover. Analysis of
hepatopancreas samples from snails exposed to 24-72 h anoxia showed & gradoal disaggregation of polysomes into monosomes.
A re-pgprepation of monosomes inte polvsomes was observed after 3 h of acrobic recovery. Analysis of fractions from the
ribosome profile using radiolabeled probe to detect a-tubulin trenscripes confirmed a general decrease in protein translation
during anoxia exposure (transcript association with polysomes decreased) with a reversal during aerobic recovery. Western
blotting of hepatopancreas samples from normoexic, 24 h anoxic. and 1 h aerobic recovered snails demonstrated that elF-2a is
substantially phosphorylated during anoxia exposure and dephoesphorylated during normexia and serobic recovery, suggesi-
ing a decrease in translation imitiation during anoxia exposure. These results sugges: that metabolic suppression during anoxia
exposure in L. fittorea involves a decrease in protein translation, (Mol Cell Biochem 232: 121127, 2042}
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Glutathione S-transferase

Glutathione S-transferases are a family with at least 9 subfamilies:
e.g. Alpha, Kappa, Mu, Pi, Sigma, Theta

Function in transformation / detoxification of many compounds, including
carcinogens, drugs, xenobiotics and products of oxidative stress.

Catalyze the reaction of reduced glutathione (GSH) with an acceptor molecule to
form an
S-substituted glutathione.

Gene expression of some forms are under control by the antioxidant response
element (ARE) regulated by the Nrf2 transcription factor

H
NH COOH + Xenobiotic (X

COOH 0 Glutathione
Glutathione S-transferase

S-X

0
NH | COOH
2Y\)\NHL“NH\/
0

COOH
Glutathione S-conjugate




