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Much research in comparative biochemistry is focused on understanding the molecular mechanisms that
allow organisms to adapt to and survive diverse environmental challenges. In recent years, genomic and pro-
teomic approaches have been key drivers of advancement in the field, for example, providing knowledge
about gene and protein expression, regulation of signal transduction pathways, and functional control of
enzymes/proteins by reversible protein phosphorylation. Advances in comparative biochemistry have always
drawn upon conceptual and technological advances that arise from “mainline” biochemistry and molecular
biology, often from medical models. The present article discusses three such advances that will have major
impacts on comparative biochemistry in the 21st century. The first is the crucial role of posttranslational
modification in metabolic control, expanding outwards from reversible phosphorylation to explore the
individual and interacting effects of protein modification by acetylation, methylation, SUMOylation and
O-GlcNAcylation, among others. The second is the newly recognized role of non-coding RNA in the regulation
of gene expression, particularly the action of microRNAs. The third is the emergence of powerful multiplex
technology that allows rapid, high-throughput detection of analytes and will revolutionize RNA and protein
profiling in the comparative biochemistry laboratory. Commercial tools such as Luminex allow researchers to
simultaneously quantify up to 100 different analytes in a single sample, thereby creating broad functional
analyses of metabolism and cell signaling pathways.
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1. Introduction

The field of comparative biochemistry explores the diversity of life
at the molecular level and the wonderful biochemical adaptations
that allow organisms to survive and prosper in virtually every envi-
ronment that can be found on Earth. Over the past few decades, the
increasing availability of molecular tools has allowed researchers to
dive ever more deeply into the genomic and proteomic aspects of
comparative biochemistry (Storey, 2006). The field has undergone a
revolution in both the experimental methodologies available for use
and the types of data that can be produced. For example, where ear-
lier studies could often focus only on the responses of small groups
of targets (e.g. heat shock proteins, glycolytic enzymes, antifreeze
proteins, etc.), the introduction of genome and proteome array
screening methods is now allowing exploration of the global changes
in gene and protein expression that underlie adaptation to environ-
mental stress. This new holistic view is now allowing a better under-
standing of integrated responses by cellular metabolism and
providing the opportunity to identify the involvement of previously
unsuspected genes/proteins in the adaptive process. Together with
the ever-expanding list of completed genome sequencing projects
for non-mammalian vertebrates and invertebrates, as well as a huge
range of bioinformatics prediction tools, the comparative biochemist
is now well-armed with tools to better explore how animals work.

However, conceptual and methodological advances continue to be
made and these give comparative biochemists evenmore opportunities
and options for exploring biochemical adaptation. In the present article,
we review selected advances that offer crucial new ideas and opportu-
nities for exploring organismal adaptation to environmental stress.
Three topics are covered: (a) integrated enzyme/protein control by
multiple forms of posttranslationalmodification, (b) posttranscriptional
control of gene expression by non-coding RNA, particularly microRNA,
and (c) high-throughput multiplex technologies for screening and
quantifying gene and protein expression, based on microsphere bead
technology.

2. Regulatory control of metabolism by
posttranslational modification

The role of reversible protein phosphorylation in the regulation of
cellular metabolism is very well known and has been extensively
studied for many years. The mechanism is pervasive throughout the
Eukaryota and many proteins are known to be phosphorylated on
serine, threonine or tyrosine residues by hundreds of protein kinases
with reversal by protein phosphatases. For example, the Human
Protein Reference Database lists over 95,000 phosphosites mapped
to more than 13,000 proteins (Goel et al., 2012). Reversible protein
phosphorylation is a central mechanism of metabolic regulation and
affects manykinds of cellular proteins (e.g. enzymes, structural proteins,
and signaling proteins) to initiate changes in their properties including
activity, sensitivity to effectors, protein–protein interactions, and subcel-
lular localization. For example, signal transduction cascades frequently
propagate by sequential phosphorylation of protein kinases in a chain,
taking a signal received by a cell surface receptor and amplifying and
spreading it to create coordinated action bymultiple functional proteins
(e.g. metabolic enzymes, and transcription factors) (MacDonald, 2004).
In comparative biochemistry, reversible phosphorylation of selected
proteins frequently mediates adaptive responses to environmental
stress and, in particular, our laboratory has documented the broad use
of reversible phosphorylation as a primary means of coordinating
entry into and arousal from states of hypometabolism including hiber-
nation, estivation, anoxia tolerance and freeze tolerance (Storey and
Storey, 2007, 2010).

Much remains to be learned about reversible phosphorylation and
its role in metabolic regulation, but our 21st century approach to
biochemical adaptation also requires us to broaden our scope and

evaluate new directions in posttranslational modification (PTM).
Two themes are of current interest: (a) the widespread phosphoryla-
tion of non-regulatory enzymes and what this means to intermediary
metabolism, and (b) protein/enzyme regulation by PTMs other than
phosphorylation.

2.1. Reversible phosphorylation of non-regulatory enzymes

Reversible phosphorylation control is well-known for regulatory
enzymes (e.g. those gating pathways or branchpoints in metabolism),
functional proteins (e.g. ribosomal initiation and elongation factors,
transcription factors, transporters of multiple types, etc.) and compo-
nents of signal transduction pathways. However, many enzymes in
metabolic pathways are considered to be non-regulatory (e.g. most
dehydrogenases) with their responses to stress or stimuli dictated
by substrate availability (often controlled by regulatory enzymes at
other sites in a pathway). Are non-regulatory enzymes also subject
to reversible phosphorylation and/or other forms of PTM? The answer
is proving to be yes and a key goal for the 21st century enzymologist
is to identify and explore the range of PTMs that modify enzymes and
determine how these contribute to enzyme/pathway control and to
modulating enzyme function in response to external stress.

A recent study of glucose-6-phosphate dehydrogenase (G6PDH)
from hepatopancreas of the land snail, Otala lactea, triggered our
interest in reversible phosphorylation control of a dehydrogenase.
G6PDH is the initial enzyme of the pentose phosphate pathway and
along with the second enzyme of the pathway (6-phosphogluconate
dehydrogenase) is a major source of the NADPH reducing equivalents
needed for cellular biosynthesis and antioxidant defense. We found
that O. lactea G6PDH was a phosphoenzyme and that the enzyme
from estivating snails had a much higher phosphate content than the
enzyme in active control snails. The low (control) and high (estivating)
phosphate forms of G6PDH differed in activity, substrate affinity for
glucose-6-phosphate and other parameters (Ramnanan and Storey,
2006). Interconversion of the two forms was linked with cyclic GMP
protein kinase (PKG) and protein phosphatase 1 (PP1) and it was pro-
posed that phosphorylation of G6PDH when snails enter estivation
may enhance relative carbon flow through the pentose phosphate
cycle and contribute to sustained NADPH production for use in antioxi-
dant defense. A parallel study of G6PDH from hepatopancreas of a
freshwater crayfish (Orconectes virilis) showed comparable anoxia-
responsive phosphorylation of the crustacean enzyme, again with an
increase in glucose-6-phosphate affinity, and links to PKG and PP1
action (Lant and Storey, 2011). This shows a conservedmethod of alter-
ing G6PDH properties both between diverse invertebrate groups and in
response to two different forms of stress-induced hypometabolism,
indicating that reversible phosphorylation is a principle of G6PDH
control. Another novel instance of phosphorylation modification of a
dehydrogenase is the case of polyol dehydrogenase (PDH) from the
cold-hardy gall moth, Epiblema scudderiana (Holden and Storey,
2011). PDH catalyzes the NADPH-linked conversion of glyceraldehyde
to form glycerol, the winter cryoprotectant that builds up to over 2 M
in the larvae and helps to push their winter supercooling point down
to near −40 °C (Storey and Storey, 1988). The low phosphate form of
PDH from 5 °C-acclimated larvae undergoing active glycerol synthesis
showed a 2-fold higher affinity for glyceraldehyde aswell as differential
sensitivity to denaturants (urea, guanidine hydrochloride) as compared
with the high phosphate form of the enzyme from −15 °C, winter
cold-hardened larvae. Treatments that stimulated the actions of endog-
enous protein kinases versus protein phosphatases interconverted the
enzyme between the two forms and ProQ Diamond phosphoprotein
staining as well as immunoblotting with a phosphoserine antibody
showed a much higher content of phosphate on the enzyme in
−15 °C acclimated larvae. Hence, it is apparent that reversible phos-
phorylation of PDH makes a significant contribution to controlling the
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