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LITTORINA  LITTOREA
Marine gastropod (periwinkle)

 Found on Atlantic coast of Europe & N. America

One of just a few intertidal species in the north

 Intertidal zone highly variable environment 

Intertidal zone



Anoxia  Hyperoxia
High Temp  Sub-Freeze 

Acidification 
Pollution, UV 

Hypo  Hyper Tonicity 
Periodic  Stress

METABOLIC  DEPRESSION 



• mRNA synthesis 
• Translation 
• Fuel use (incl. CHO)
• BioSyn. / Degrad.
• Cell cycle

ATP turnover     to <5% of normal
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Anoxia Recovery
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1. Metabolic rate reduction 

2. Control by protein kinases
(SAPKs, 2nd messenger PKs)

3. Most GENES OFF ! 

4. Selective gene activation



1. Metabolic rate reduction 

2. Control by protein kinases
(SAPKs, 2nd messenger PKs)

3. Most Genes OFF 

4. Selective gene activation
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 Few ‘SAP’ kinases activated
 * Thousands of processes OFF 
 Gene ‘inactivation’ (     RNA )
 Few Genes activated  (1-2%)



PROTEIN KINASES

PROTEIN

nATP nADP

PROTEIN-(P)n

• Covalent modification by phosphorylation

• Families of protein kinases:  PKA (cAMP), 
PKG (cGMP),  CaM (Ca2+),  PKC (Ca2+, PL, DG)

• SAPKs : daisy chain phosphorylations 

• Regulation via interconversion of active
vs subactive forms of protein substrates

• p38,  ERK (1/2),  JNK,  AMPK,  AKT (mTOR) 



• Glycolysis (GP, GS, PFK, PK)
• Fat synthesis  (ATP-CL, ACC)
• CHO fuel use   (PDH)
• Translation     (eIF2α, eEF2)
• Ion pumps       (NaK-ATPase, 

Ca-ATPase)

Phospho / de-Phospho

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



• CHO:  Hexokinase, G6PDH, Aldolase 
• Key DH’s:  GlutDH, IsocitDH, LDH(!) 

• Energy:  AMPD, Arginine Kinase 

• Signaling:  AMPK, GSK-3

• AOE:  SOD, catalase, GST, GPox 

Phospho / de-Phospho
NOVEL DISCOVERIES



NOVEL P/deP ENZYME CONTROL

GlutDH

ARG-K

G6PDH

LDH



 Protein Synthesis slows to 1% 
 Pumps & channels closed 
 Energy Production slows to 5% 
 Energy Utilization slows to 2%
 Few ‘SAP’ kinases activated 
 Gene ‘inactivation’ (      mRNA )
 Few Genes activated 



Epigenetics:
- Stable changes in gene activity that do
not involve changes in DNA sequence

Common mechanisms:
- DNA methylation 
- Histone modification / histone variants

e.g. acetylation, phosphorylation
- Regulatory non-coding RNAs 





Transcription Suppression      
MRD 

• Phospho-Histone H3 (Ser10) levels reduced
* Inhibits transcription 

• Histone Deacetylase activity increased 80%
• Acetyl-Histone H3 (Lys23) levels reduced

* Both inhibit transcription * 
• HDAC 1 & 4 protein levels increased
• RNA Polymerase II activity decreased 



• Size ~22 nucleotides

• Highly conserved across 
species

• Bind to 3’ UTR of  mRNAs

• Repression mechanism(s)  
seem to include:
- Block translation of  mRNA
- Help bind mRNA into 

stress granules 
- Target  mRNA for 

degradation 

MICRO RNA



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

Proteom. Biotech. in press

miR-1a-1   &  miR-133a
- myocyte proliferation &

differentiation
-regulate Mef2a and Gata4, 
Tfs that promote muscle 
maintenance

miR-2a
- anti-apoptotic action by

targeting the pro-apoptotic
protein, Reaper

Micro RNAs in Littorina littorea
FOOT MUSCLE:

Up-regulated by Freezing & Anoxia

** *

*

*

*



Micro RNAs in Littorina littorea
HEPATOPANCREAS:

Up-regulated by Freezing & Anoxia

Major changes:

- miR-1a-1 up in
freeze & anoxia
(like in foot)

- miR-210 up in
anoxia

- miR-29b up in
freeze



Cuellar TL, McManus MT.  J Endocrinol. 187(3):327-332, 2005. 

MICRO RNA:  Drosha & Dicer



DICER ENZYME 
IN L. littorea TISSUES

Dicer protein
increased in 
both freezing
& anoxia
(immunoblots)

Elevated miRNA
processing



 Few ‘SAP’ kinases activated 

 Gene ‘inactivation’ (     mRNA)

 Few Genes activated



GENE CHIPS TRANSCRIPTION FACTOR
PROFILING

Data Leads
ELISAs in plates

Confirm by EMSA

Confirm by
RT-PCR,

Northern blots

Tf
Downstream  genes

ROLE & CONTROL OF SYSTEM

Transgenics
Cell Assay

RNAi Knock out Epigenetics

FUNCTIONAL ASSAYS

Protein levels
- enzyme assay
- antibodies : protein
- functional analysis

e.g. HIF  EPO 



In: Hypometabolism in Animals: Hibernation, Torpor and 
Cryobiology (Lovegrove, B.G., and McKechnie, A.E., eds.) 

University of KwaZulu-Natal, Pietermaritzburg, pp. 101-108.

Upstream TATAA mRNA Coding Sequence

TBP

Transcription Factors

AUG
RNA 
Pol II

AAAAA...*
Transcription

Inducible 
Factors

Upstream 
Factors

Basal 
Machinery

Downstream 
Factors

Regulation of Gene Transcription



- Antioxidant Enzymes 
- Shock proteins (GRP, HSP)
- Low oxygen Shock (HIF)
- Metallothionein & Ferritin
- Unknown:  SARP, KVN, LRD
- Transcription factors

Trans.factors ~1-2%
Larade & Storey. 2009. Curr. Genomics 10, 76-85 



 Central theme in oxygen 
metabolism

 Linked with cancer, aging, 
diabetes, hypoxia, etc.

 Antioxidant enzymes as 
indicators of  oxidative stress

OXIDATIVE  STRESS



REACTIVE OXIDATIVE  SPECIES



Willmore WG & Storey KB
- FEBS J 272, 3602-14 (2005) 
- Am J Physiol 273, R219-25 

(1997). 
- Mol Cell Biochem 170, 177-

185 (1997)



Iron storage:
- Ferritin  (H & L chains)
- Transferrin receptor 2

Antioxidant enzymes
- SOD (1)
- GST (M5, A2)
- GPX (1, 4)
- Peroxiredoxin 1

Estivation:           Storey & Storey 2012. J. Exp. Biol. 215:1425-33
Cold hardiness:  Storey & Storey 2012. Can. J. Zool. 90: 456–475 
Marine:   Freire et al. 2011. In: Oxidative Stress in Aquatic Ecosystems. pp. 41-57 



Multiple subfamilies incl:  Alpha, Kappa, Mu, Pi, Sigma, Theta

Some forms controlled by the antioxidant response element 
(ARE) via the Nrf2 transcription factor 

GLUTATHIONE 
S -TRANSFERASE 



GST Isoforms in Littorina littorea Foot Muscle
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20 h anoxia & 4 h recovery at 10°C:

GST responses

Sigma class GSTs are prominent in marine molluscs



GST Isoforms in Littorina littorea Hepatopancreas

A1/2 A3 M3 P1 T1

R
el

at
iv

e 
le

ve
ls

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Control 
Anoxic 
Recovery 

a
a

a

a

a

a

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

GST responses



• Applications of  MRD research 
• Novel phosphorylations
• Atrophy, hypertrophy  

-- autophagy for survival 
• Turning it all off   -- microRNA
• Epigenetics & adaptation 
• Life span extension
• Antioxidant Defense
• Cell cycle suppression
• Unity through evolution

NEW DIRECTIONS



Lutz PL & Milton SL. 2004. J Exp Biol 207: 3141-3147

ANOXIA SURVIVAL



Big Science Edition: 

1. GENOMES:  Sequence all the genes to feel better !
The western painted turtle genome, a model for the evolution of 
extreme physiological adaptations in a slowly evolving lineage.
Shaffer HB,…et al Storey KB, Genome Biol. 2013 

14(3): R28

2.    Protein  2D: What about the Proteins  
OMICS – Proteomics 
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Novel phosphorylations 

P
P P
P

Pi
Protein

Phosphatase

ATP ADPProtein 
Kinase



Epigenetics in  Adaptation
miRNA  PLUS 



Unavoidable metabolic costs  



Unity through Evolution  

WWCeD



Life  span  extension



Littorina littorea,  periwinkle
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Molecular Adaptation to
Climate Change:

Challenges for Amphibians & Reptiles

Freezing
survival

Estivation

Anoxia 
tolerance
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1. Metabolic rate depression
2. Kinase / phosphatase action 
3. Reversible P-enzymes
4. Global suppression of 

transcription & translation 
5. Selected genes up-regulated



GENE CHIPS TRANSCRIPTION FACTOR
PROFILING

Data Leads
ELISAs in plates

Confirm by EMSA

Confirm by
RT-PCR,

Northern blots

Tf
Downstream  genes

ROLE & CONTROL OF SYSTEM

Transgenics
Cell Assay

RNAi Knock out Epigenetics

FUNCTIONAL ASSAYS

Protein levels
- enzyme assay
- antibodies : protein
- functional analysis

e.g. HIF  EPO 



• TERRESTRIAL INSECTS
• INTERTIDAL MOLLUSCS & BARNACLES
• AMPHIBIANS & REPTILES:

- FROGS (6 species)
- HATCHLING PAINTED TURTLES
- GARTER SNAKES
- LIZARDS (some)
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1. Metabolic rate depression
2. Overall suppression of 

transcription & translation 
3. Alternative end products
4. Reversible phosphorylation

of enzymes
5. Selected genes up-regulated





Willmore WG & Storey KB
- FEBS J 272, 3602-14 (2005) 
- Am J Physiol 273, R219-25 

(1997). 
- Mol Cell Biochem 170, 177-

185 (1997)
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Anoxia Recovery
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 Protein Synthesis slows to 1% 
 Pumps & channels closed 
 Energy Production slows to 5% 
 Energy Utilization slows to 2%
 Few ‘SAP’ kinases activated 
 Gene ‘inactivation’ (      mRNA )
 Few Genes activated 



 Protein Synthesis slows to 1% 
 Pumps & channels closed 
 Energy Production slows to 5% 
 Energy Utilization slows to 2%
 Few ‘SAP’ kinases activated 
 Gene ‘inactivation’ (      mRNA )
 Few Genes activated 



GENES

Transcription

RNAs

Control by
transcriptional regulation

Control by
translational regulationTranslation

PROTEINS
(ENZYMES)

Control by
proteases INACTIVE

ENZYME
No
Modification

FUNCTIONAL
ENZYMES

Covalent
modification

Degradation

Control by post-
translational
modification

ACTIVE
ENZYMES

Inhibition
and
Activation

Control at level of
enzyme function



 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 


