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Glossary

Colligative properties: Properties of solution - osmotic pressure, vapor pressure, freezing point,
boiling point, and  that depend on the quantity of dissolved solutes but not on their chemical
nature

mOsM: Milliosmolar. A measure of the concentration of osmotically active solutes dissolved  in a
solution. 

Teleosts: Belonging to the Teleostei or Teleostomi, a large group of fishes with bony skeletons,
including most common fishes. The teleosts are distinct from the cartilaginous fishes such as
sharks, rays, and skates.

Hypoosomotic: At a lower osmotic concentration
Isosmotic: At the same osmotic concentration
Osmolyte: Ions, molecules (generally small) in solution that contribute to the osmotic concentration

of the solution.
Supercooling: To cool a liquid below a transition temperature without the transition occurring,

especially to cool below the freezing point without solidification. For example, cooling an
aqueous solution below its freezing point without ice formation.

Divergent: Gene or protein sequences, or phylogenetic positions that are evolutionarily distant from
each other.
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Extant: Currently in existence, as opposed to extinct.
Orthologous: Pertaining to corresponding structures or genes that are of the same evolutionary

origin in different species. 
Paralog: Duplicated gene within the same species.
Sialic acid: Any of a group of amino carbohydrates that are components of mucoproteins and

glycoproteins, especially in animal tissue and blood cells.
Intron: One of a number of segments of a gene situated between exons that does not code for

protein and is removed before translation of messenger RNA.
Exon: One of a number of segments of a gene that codes for a protein and is transcribed to

messenger RNA.
Electrophoretic mobility: The distance moved by a protein or other molecules in a gel or colloidal

matrix under the application of an electric field. The distance moved is generally inversely
related to the size of the molecule. 

Amino acid: An organic molecule containing an amino group (NH2), a carboxylic acid group
(COOH), and any of various side groups, especially  any of the 20 compounds that have the
basic formula NH2CHRCOOH, and that link together by peptide bonds to form proteins.

Nucleotide: Any of various molecules consisting of a nucleoside combined with a phosphate group
and forming the basic constituent of DNA and  RNA.

Mutagenesis: The process of making a mutation in gene sequence.
Codon: A sequence of three adjacent nucleotides constituting the genetic code that specifies a

particular amino acid in a polypeptide chain during protein synthesis, or the signal to stop
protein synthesis.

Signal peptide: A peptide sequence of about 20 amino acids at the N–terminus of proteins that
target the protein to the cell membrane to become incorporated as a membrane component, or
to be secreted to the extracelluar space. The signal sequence is normally removed from the
nascent peptide chain and thus does not appear in the mature protein.

Summary

The field of fish antifreeze research started about 40 years ago with the simple observation and
question - why shallow-water polar marine bony fishes which have a higher colligative freezing point
than the icy seawater they inhabit do not freeze. The identification 10 years later of the
macromolecular antifreeze compound and how it interacts with ice crystals to stop them from
growing leading to freezing avoidance launched a new, exciting area of research into this novel
adaptation to extreme cold, and continues to expand in many directions today.  The major questions
are what are these molecules, how do they work, where do they come from, and how do they evolve.
Diverse types of antifreeze proteins are now found in different fishes, and new types continues to be
discovered in fish and other organisms. Sophisticated physical and structural studies have lead to an
understanding of how some antifreeze proteins bind to ice, but the commonality that unites such
disparate molecules in achieving the same function remains elusive. The structural diversity also
means diverse evolutionary origins and molecular studies to decipher where these novel proteins
come from have uncovered remarkable convergent evolutionary pathway and mechanism. What
began as investigations into how cold-water teleost fish meet the freezing challenge is now a multi-
faceted research area than encompasses ecophysiology, organismal physiology, protein biochemistry,
ice physics, structural biology, molecular evolution, organismal evolution, and polar paleogeography.
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In the end what these investigations collectively strive to achieve is to provide a thorough picture and
understanding of how polar fishes avoid freezing. This paper presents a perspective on some of these
related major aspects of fish antifreeze research.

 1. Introduction

The polar seas hover closely around !1.9oC, the freezing point of seawater. Although this is much
milder when compared to terrestrial temperatures which can reach the cold extreme of !80oC in the
Antarctic winter, for marine bony fishes, it presents a daunting challenge to their survival, especially
if ice is present. Seawater temperature is determined by the colligative property of solutions; full
strength seawater contains about 1000 mOsm of solutes (mostly salts) which depress its freezing
point (f.p.) to about !1.86oC. The waters of the high polar latitudes are almost constantly at freezing
and ice covered. The inshore shallow water of some of the northern cool temperate coasts could
reach similar frigid conditions in the winter.  Bony fishes are hyposmotic to seawater, that is, the
colligative solutes in their body fluids are at much lower concentration than seawater, generally
around 400-600 mOsm for cold-adapted species. This means they would freeze at about !0.75oC to
!1.3oC, substantially above the f.p. of seawater. Unlike organisms that can survive freezing and
thawing (see Freezing Tolerance),  even partial freezing in teleost fish is always lethal. 

Thus the only viable survival strategy for cold-water marine teleost fish is to avoid freezing. The
simplest one is behavioral. Some leave for warmer offshore water or seek out non-freezing water
layers during winter. Others live in ice-free deep water in a metastable supercooled state. Ice
formation generally does not occur below 30 meter of water due to the effect of hydrostatic pressure
on the in situ freezing temperature, which becomes lower than the colligative f.p. of seawater at
about 30 meter and  below. In the late 1950s, Scholander and coworkers described fishes that inhabit
the !1.7oC deep (200-300m) water of the northern Labrador fjord. These fish are hyposmotic to
seawater, with a colligative blood f.p. of !0.8oC, and thus are supercooled by 0.9oC with respect to
ambient temperature. However, their ice-free deep water habitat allow them to remain supercooled
and not freeze for the duration of their lives.

More recently, colligative depression of freezing point by seasonal elevation in blood osmolyte
concentration has been found to be another strategy for freezing avoidance.  The rainbow smelt,
Osmerus mordax, produces high serum levels of glycerol in the winter, reaching over 400 mOsM.
This, in conjunction with serum electrolytes and other osmolytes renders the smelt almost isosmotic
with seawater, which enables it to avoid freezing in frigid marine environments. Highly augmented
colligative f.p. depression as a mechanism to avoid freezing is common among terrestrial insects,
but may be rare among teleosts, as it has only been observed in the rainbow smelt thus far.

For marine teleosts that are confined to frigid shallow marine environments because of life histories
or geographical constraints, freezing death would seem inescapable based on physical colligative
considerations alone. Shallow water habitats of the polar regions, and of the high-latitude coasts in
the winter, are laden with ice-crystals in the column. The hyposomotic teleost fishes could not avoid
freezing by supercooling in these habitats, because the environmental ice will quickly propagate and
freeze the body fluids of the fish upon contact. Paradoxically, thriving fish faunas are found in the
freezing waters of both the Arctic and Antarctic, as well as the northern coastal winter waters, and
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the search for why these endemic fish do not freeze began in the early 1960s.

The prevailing physical principle that freezing point depression of solutions is effected by dissolved
small colligative solutes set the early research on identifying the agent responsible for fish freezing
avoidance on that path. Scholander and co-workers tallied all identifiable serum ions and osmolytes
from the Arctic sculpin Myoxocephalus scorpius and fjord cod Gadus ogac collected at the Labrador
coast,  and collectively these could only account for 60% of observed serum freezing point
depression in the winter. In the fjord cod, after precipitation of the serum proteins by a strong acid
such as trichloroacetic acid (TCA), the acid-soluble fraction of the serum was found to contain high
levels of nitrogen, in excess of circulating levels of nitrogen-containing molecules such as free amino
acids and nucleotides. This high non-protein nitrogen level was thought to be somehow associated
with the fjord cod’s ability to avoid freezing, but the identity of the actual antifreeze compound
remained unidentified for almost another decade.

In his doctoral work on freezing avoidance in Antarctic nototheniid fishes in the 1960s, DeVries
discovered that when the soluble fraction of heat- or TCA-treated serum was dialyzed to remove all
small ions and osmolytes, substantial freezing-point depressing activity was retained within the
dialysis tubing. This seminal work and observation clinched the macromolecular nature of the
antifreeze agent in these fish, and lead to the isolation and characterization of the first fish antifreeze,
a heat- and acid-resistant carbohydrate-containing protein, termed antifreeze glycoprotein (AFGP),
from the Antarctic nototheniid Pagothenia borchgrevinki. 

The macromolecular paradigm of fish antifreeze and its role in freezing avoidance established with
the nototheniid AFGP discovery launched a new field of  research that continued to expand in many
facets in the subsequent three decades through today. Among these are the discovery of new types
of antifreeze proteins in different fishes and other organisms (insects, plants and microbes), and
investigations of the physical mechanism of how they interact with ice and prevent ice growth, their
in vivo functional role or roles, the regulation of their expression, the ancestral origin and
evolutionary pathway of these novel proteins,  the paleoenvironmental driving force leading to their
creation, as well as the potential use of these ice-growth inhibiting proteins in real world
applications.

2. Diversity of fish antifreeze proteins

The two decades following the discovery of AFGP in the Antarctic nototheniid fish envisaged a
flurry of studies in uncovering the antifreeze agents in the northern teleost fishes. Members of the
cod fish family Gadidae were found to have a very similar AFGP as the Antarctic nototheniid fish.
Three other antifreeze proteins, unglycosylated and structurally distinct were found in other taxa;
these were named type I, II, and III AFPs based on the structural difference and chronology of their
discovery. The latest addition is type IV AFP described in 1997. Figure 1 shows the types of
currently known fish antifreeze proteins and some of the fish taxa that possess them.
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Fig. 1: Types of antifreeze protein, their structure, and some of the fish associated with each
type. 
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2.1. Antifreeze glycoprotein

The AFGP in the Antarctic nototheniid fish is present as a family of size isoforms, all composed of
repeating units of a simple glycotripetide monomer, (Thr-Ala/Pro-Ala-)n with a disaccharide
galactose-–acetylgalactosamine attached to each Thr.  Based on  electrophoretic mobility, eight sizes
named AFGP 1-8 were first identified from the Antarctic nototheniid P. borchgrevinki. With four
glycoptripeptide repeats, AFGP8 is the smallest (MW=2600 daltons) and AFGP1 is the largest
(MW=36,000 daltons). Some larger sizes and many more intermediate sizes based on protein and
gene analyses have now been identified in various taxa of the five related endemic Antarctic families
(Nototheniidae, Artedidraconidae, Harpagiferidae, Bathydraconidae and Channichthyidae)
comprising the suborder Notothenioidei. Notothenioid fishes are modern bony fishes belonging to
the order Perciformes in the superorder Proctocanthopterygii.

The AFGPs of Arctic and northern cod fishes are found in members of the genus  Microgadus,
Eleginus, Boreogadus, Gadus and Arctogadus  in the family Gadidae. Cod fishes belong to the order
Gadiformes and superorder Paracanthopterygii, and are presumed to have evolved long before the
Antarctic notothenioids,  and thus the two groups of fishes are unrelated. However cod AFGPs have
a very similar glycotripeptide repeat as the notothenioid version, except for an occasional Arg for
Thr replacement in some species. The size heterogeneity is also similar except the largest size
isoform is usually smaller than its counterpart in the notothenioid fish.

The 3-dimensional structure of AFGPs has not been determined but a number of evidence indicate
that they have an expanded polyproline type II helical structure. The carbohydrate side-chains
comprise as much as 60% of the glycoprotein, and impart the observed heat and acid resistance. The
high level of “non-protein” nitrogen in G. ogac observed by Scholander and coworkers in the early
1960's was in fact the denaturation-resistant proteinaceous AFGP. In contrast, antifreeze peptides
(section 2.2)  are acid-labile. Arctic sculpin has an antifreeze peptide  which would be precipitated
by TCA, and explains why Scholander and co-workers did not observe elevated non-protein nitrogen
level in sculpin serum, as opposed to the case of the fjord cod.

2.2. Type I, II, III and IV antifreeze peptides (AFPs)

The four types of AFPs are small peptides or proteins without attached sugars. They were first
classified based on distinctive differences in their protein sequences, which was corroborated by
higher order structural differences determined subsequently (Fig. 1).  A great deal of antifreeze
research effort in the 1990s through today has been devoted to solving the 3-dimensional structures
of antifreeze proteins which are essential for elucidating structure-function relationships in the
interaction of antifreeze with ice to bring about the observed non-colligative freezing point
depression (section 3).

Type I AFPs are found in three groups of fish, the right-eyed flat fishes (flounders and plaice, order
Pleuronectiformes), the cottid sculpins and the Arctic liparid snail fishes (order Scorpaeniformes).
They are  4 to 7 kDa,  Ala-rich (>50%) peptides, some of which have a 11-residue repeat ending with
a Thr. High resolution X-ray crystal structures of the winter flounder AFP show it to be a near-
perfect "-helix.  Type II AFPs are 11 to 24 kDa, cystine-rich proteins found in three highly divergent
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fish - rainbow smelt (order Salmoniformes), herring (order Clupeiformes) and sea raven (order
Scorpaeniformes).  NMR (Nuclear Magnetic Resonance) structural determinations showed type II
to be a $-structured proteins with a few disulfide bridges. Type III AFPs are 7 kDa and 14kDa
globular proteins with unbiased amino acid composition found in the closely related zoarcid eel
pouts and anarhichadid wolffishes (order Perciformes). Its structure has been determined to very high
resolution by X-ray crystallography and NMR.  Type IV AFP of long-horn sculpin (order
Scorpaeniformes) is 12.3 kDa and is predicted to have a helix bundle structure. 

3. Antifreeze property and function

Despite their disparate structures, all antifreeze proteins perform a similar function. They recognize
ice crystals, bind to them, and prevent them from growing within the subzero temperature range the
fish lives in. Arresting ice growth in the fish means the body fluid can remain in the liquid state for
normal physiological function. Being macromolecules, antifreeze proteins contribute very little to
the osmotic concentration of serum - in the several milliosmolar range at physiological levels. Thus
the equilibrium m.p. (same as equilibrium f.p.) of an antifreeze solution based on colligative
principles is only slightly below that of water, about -0.005oC to -0.01oC. In the serum of antifreeze-
bearing fish, the extent of equilibrium m.p. depression reflects the concentration of the predominant
serum ions (Na+ and Cl!) and other small osmolytes, since the low osmotic contribution of antifreeze
is insignificant as compared to these. Antifreeze protein exerts its effect on the freezing temperature.
A small seed ice crystal introduced into antifreeze-bearing serum, or a solution of purified antifreeze
protein at physiological concentration, will not grow and turn the sample into solid ice until the
temperature is lowered to -1oC or below. This separation of equilibrium m.p. and freezing
temperature (non-equilibrium) is called thermal hysteresis which is the hallmark and a quantitative
measure of antifreeze activity. The additional 1oC or more of non-equilibrium f.p. depression by
antifreeze protein, added to the 0.75oC to 1.3 oC equilibrium f.p. depression by colligative solutes
in the blood, would prevent the fish from freezing to subzero environmental temperatures of at least
-1.75oC to -2.3oC or lower.

3.1. Adsorption-inhibition mechanism of antifreeze action

The generally accepted mechanism of the antifreeze property is adsorption-inhibition, first put forth
in 1977, and still persists as the working hypothesis of antifreeze mechanistic studies today. The
model postulates that antifreeze proteins bind to ice through hydrogen bonding, and involves a lattice
match between regularly spaced hydrogen-bonding moieties in the protein and the periodic water
molecules in the ice crystal lattice. 

The elongated helical notothenioid AFGPs and type I AFP of the flat fishes (winter flounder and
plaice) provide the clearest examples of lattice matching for ice binding. The ice crystallography of
antifreeze adsorption was examined experimentally by growing a single ice crystal in low antifreeze
concentrations into an ice hemisphere, followed by ice surface sublimation to determine the
orientation of adsorbed antifreeze molecules. Ice growth is not arrested at low antifreeze
concentrations. Antifreeze molecules adsorb to specific crystallographic planes of the growing ice
surface and become incorporated into the ice as the ice grows over them. Sublimation of the final
ice hemisphere remove the surface layers of water molecules, and the regions where antifreeze 
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Fig. 2 Adsorption planes
of AFGP and type I AFP in
ice crystals.

molecules adsorbed to would
appear as etched or ground
glass, whereas the antifreeze-
free regions are clear and
smooth. Using this method, it
has been possible to determine
the crystallographic index
corresponding to the plane of
adsorption for AFGP and type I
AFP and the possible alignment
direction of the adsorbed
antifreeze molecules, with
reasonable confidence. 

The notothenioid AFGPs were found to adsorb the prism planes {10-10} of ice and deduced to align
along the a-axes. The spacing of the tripeptide repeats (9.31D) is about twice the periodicity of the
a-axes (4.519D). Thus hydrogen bonding presumably occurs at the hydroxyls of the Thr-linked
disaccharides of each repeat with alternate water molecules along the a-axes. Type I AFP of winter
flounder adsorb on the pyramidal planes {20-21} of ice along the <01-12> direction, which has a
periodicity that closely matches the lengths of the AFP’s 11-residue repeats (16.5D); binding
presumably occurs at the four repeated polar Thr. The helical type I AFP and AFGPs are
amphiphathic, which would position the putative ice-binding moieties linearly on one side of the
molecule for alignment to the planar surface of ice. Chemical modifications of the hydroxyls of the
AFGP disaccharides lead to loss of thermal hysteresis, which supports the hydrogen-bonding premise
of ice binding. However for the winter flounder AFP, conservative replacement of Thr with Ser
(preserving the putative ice-binding hydroxyl) leads to substantial loss of antifreeze activity, while
replacement of Thr by the non-polar Val leads to less decrease in activity, which suggests that
hydrogen-bonding may not be the predominant force for binding. It was also observed that the non-
polar Ala-rich face plus the adjacent Thr is a perfectly conserved  region in type I AFP isoforms, and
that modification of the immediate Ala neighbor of Thr affect ice-binding. Collectively these results
indicate a role for hydrophobic interaction in the binding of type I AFP to ice. 

Type II and type III AFP are globular proteins that do not contain repetitive sequence, thus the ice-
lattice match model does not appear to apply. The ice-binding sites of type II AFP have not be
identified. The 3-D structure of  type III AFP has been well resolved and the putative ice-binding
residues have been identified and mapped in detailed through extensive site-directed mutagenesis
of selected residues. One conclusion from some of these studies indicate that the arrangement of the
ice-binding residues constitute a flat surface that matches with the planar surface of ice for binding
to occur through hydrogen bonding. Another contends that the putative binding surface of type III
is relatively hydrophobic and the tight packing of the side chains on this surface precludes effective
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hybdrogen bonding to ice. The ice crystallography of type III AFP adsorption is not entirely clear cut,
showing binding primarily to the prism faces but also at orientations between prism and basal, which
could not be correlated to any particular binding motif in the protein. Thus despite extensive
literature on the structure-function relationship of type III AFP, the precise nature of how it binds
to ice is not definitive. The structure of type IV AFP has not been determined, but its primary
sequence has a tandem 11-amino acid repeat pattern, and the protein is predicted to be a helix
bundle. The nature of type IV AFP binding remains to be determined.

The second part of the bipartite antifreeze action is inhibition of ice crystal growth. How the binding
of the antifreeze protein molecule leads to retardation of ice growth has received much less attention
and experimental elucidation than the mechanism of adsorption. Again the mechanism of ice growth
inhibition put forth with the 1977 adsorption-inhibition hypothesis remains largely as the adopted
model today. It postulates that binding of the antifreeze molecule to a growth step on the surface of
ice divides the step into many small growth fronts. Water molecules can only join the ice crystal
lattice in between adsorbed antifreeze molecules at these small growth fronts, which become highly
curved as growth proceeds. The increase in interfacial curvature raises the surface free energy which
inhibits further growth, at which point ice and the bulk solution phase reach equilibrium.  Greater
supercooling is required to permit ice growth to continue, in other words, the freezing temperature
is lowered. Scanning tunneling microscopy examining the surface topography of ice adsorbed with

      Fig. 3: Adsorption-inhibition of ice crystal growth in environmental fish.



10

winter flounder type I AFP shows a systematic pattern of groves and ridges on the pyramidal plane
of adsorption. The grooves presumably are where the AFP molecular adsorb, and the depth of the
grooves, about 2-100m, indicate the curvature of the ice growth front. This is the first direct
experimental evidence supporting the mechanism of inhibition proposed in 1977. This ice-growth
inhibition model derived its basis from the Kelvin effect, which acts on the local freezing point (the
growth fronts) but not on the bulk freezing point (the solution), producing the observed thermal
hysteresis characteristic of antifreeze solutions. A diagrammatic representation of the adsorption-
inhibition mechanism is shown in Figure 3, which also put the biological significance of the role of
antifreeze in freeze avoidance in fish in the environmental context (section 3.2)

3.2. Antifreeze protein in freezing avoidance in fish

The adsorption-inhibition mechanism of the antifreeze function implies that ice crystals are present
somewhere in the fish for the antifreeze protein to be useful. An obvious route of ice entry is through
ingestion of ice-laden food and seawater, which would introduce ice crystals to the fluids of the
intestinal tract. Another route of entry is through the thin, single-celled epithelium of the gill or
through the integument through abrasions, which would introduce ice crystals to the blood
circulation. The presence of ice in fish, or in different tissues and fluids of fish can be indirectly
assayed by placing the specimen or sample in supercooled solutions, under strict temperature control
to avoid inadvertent melting of ice. Surface tissues such as gills and skin of Nototheniid fish from
the shallow water of McMurdo Sound, Antarctica expectedly test positive for ice because these fish
inhabit waters laden with ice crystals. None of their body fluids except intestinal fluid tests positive
for ice, nor does any of the internal tissues except the spleen. 

The primary site of antifreeze synthesis in most fish is the liver, which secretes the antifreeze into
the blood circulation wherefrom it becomes distributed throughout the entire extracellular space.
While serum antifreeze osmolar concentration is minimal, the mass per volume concentration is very
high, ranging from 10-35 mg/mL in the blood depending on the species and the environmental
severity of its habitat. If ice crystals do not enter the circulation the functional role of such high
serum levels of antifreeze becomes moot. The curious presence of ice in spleen suggests that ice
crystals do occasionally enter the blood circulation and become lodged in the spleen because of its
blood-filtering function in teleosts.  The apparent absence of ice in blood is likely artefactual because
of the small sampling volume (1 mL) compared to the entire vascular space of the fish. The number
of ice crystals that enter the blood stream is unknown.  Supercooling assays of serial dilutions of
spleen cell suspensions from nototheniid fish indicates that the number is not high, in the order of
tens to hundreds.

To prevent intestinal fluid from freezing, antifreeze must be transported into the intestine, and
substantial amounts of AFGPs  are indeed present  in the intestinal fluids of nototheniid fishes. If
liver is the only site of antifreeze synthesis, then intestinal antifreeze must somehow be translocated
from the blood to the intestinal tract, but it is unclear what the anatomical route would make this
possible. It is recently established that the pancreas is another major site of antifreeze synthesis in
notothenioid fish, and intestinal AFGP is derived directly from pancreatic secretions. Whether the
same occurs across all antifreeze-bearing fish taxa remains to be verified, although pancreatic
expression of antifreeze mRNA has been found to be a common phenomenon.  The  concomitant
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delivery of digestive enzymes to digest food, and antifreeze protein to inhibit freezing of intestinal
fluid by ice that enters with the ingested food exemplifies the ingenuity of physiological adaptation.

Besides secreted antifreeze proteins, peripheral tissues (skin and gill epithelia) have been found to
express antifreeze mRNA that lack the signal peptide sequence of liver and pancreas type antifreezes
which target them for secretion. This peripheral tissue type of antifreeze has been found in winter
flounder, ocean pout, short-horn and long-horn sculpin. The lack of a signal peptide sequence
suggests that if the mRNA is indeed translated into protein, the protein would be retained
intracellularly, which raises the question of its functional role. Intracellular ice nucleation is always
lethal for cells (in freeze-tolerant organisms as well),  thus high levels of extracellular antifreeze are
found in all antifreeze-bearing organisms for arresting ice propagation in the vascular and interstitial
spaces. Environmental ice that invades these spaces presumably are quickly bound by and deterred
by the abundant antifreeze molecules from growing and penetrating into cells. It is therefore unclear
why there should be cytoplasmic antifreeze proteins. The possibility exists that the intracellular
antifreeze may serve another function. The one tissue that is potentially vulnerable to intracellular
ice entry is the exposed gill epithelium where cytoplasmic antifreeze may play a role in intracellular
freeze avoidance. Further studies are needed to uncover the functional significance of the skin type
AFP. Nevertheless, the presence of antifreeze protein in peripheral tissues does suggest that it may
act as an external line of defense against ice entry.

Figure 3 illustrates the function of antifreeze protein in the organismal and environmental context.
The figures depicts a cross-section of McMurdo Sound and the associated Ross Ice Shelf in
Antarctica. At longitude 165º00'E; latitude 77º30'S, McMurdo Sound is the southernmost limit of
marine life, home to the coldest shelf water in the world, and almost perpetually ice-covered. The
water exiting from under the nearby Ross Ice Shelf is extremely cold and supercooled with respect
to surface water. Upwelling of the Shelf water results in anisobaric decompression which drives ice
nucleation in the water column and surface water. Shallow-water (surface to 30 m) notothenioid
fishes are in constant contact with ice crystals. In fact some species such as the cryopelagic P.
borchgrevinki forage in the platelet ice layer for food and to avoid predators. Mid-pelagic species
(100-400 m) such as the giant Antarctic toothfish Dissostichus mawsoni also come into contact with
ice crystals in the water column from down welling of ice-laden surface water, or ice nucleation of
supercooled Ross Ice Shelf water. Ice crystals that enter the fish are recognized and bound to by
circulating AFGPs at the prism planes, which prevent the ice from growing through the Kelvin effect
within the temperatures these fish live at. The body fluids of the fish remain in the liquid state and
the fish avoids freezing. 

4. Evolutionary origins and pathways of antifreeze proteins 

The transition from freeze avoidance and staying alive to death from being frozen for marine teleost
fishes is literally a step function, and involving the change of only a few-tenths of a degree at subzero
temperatures when environmental ice is present. Freezing death means termination of an organismal
lineage, which would impose tremendous selective pressure on the evolution of a protective function.
The fish antifreeze proteins eminently exemplifies evolutionary creativity and propensity in face of
such strong natural selection. This is evident from the divergent taxonomic positions occupied by
the currently known antifreeze-bearing fish taxa in the tree of the Teleostei division of fishes (Fig.
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4), and the diverse types of antifreeze protein that have been created. 

   Fig. 4: Antifreeze-bearing fish taxa and their taxonomic relationship in the Teleostei tree.
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Based on the classification of Nelson (1994), the antifreeze-bearing taxa are dispersed in two
subdivisions, three superorders and six orders of teleosts, and there is no consistent correlation
between phylectic relatedness and a particular type of antifreeze produced. While a particular type
of antifreeze is often found in related fishes, it is also found in unrelated fish. AFGP and type I AFP
fall into this category. On the contrary, two closely related taxa could have very different antifreezes
as in the case of the two sister species of the sculpin Myoxocephalus - type I AFP in the shorthorn
sculpin and type IV in the longhorn sculpin.  Type III AFP is the only antifreeze that has not yet been
found outside of the group of related zoarcoid fishes. These observations collectively indicate that
antifreeze proteins have evolved independently multiple times, drawing on diverse ancestral
molecules or antecedents that shared a propensity to be refined into an ice-binding protein.
Evolutionary biology of antifreeze proteins in terms of deciphering the ancestry and molecular
mechanisms that created these novel ice-binding proteins, and the paleogeographic driving forces
that lead to their evolution is a recent facet in antifreeze research that has made several major
advances. 

4.1. Type II and IV AFP - evolution by gene or domain duplication  

The probability of producing a functional protein from a random assortment of amino acids (or their
encoding nucleotide sequence) is infinitesimal if not nil. Thus most new protein genes arose from
pre-existing functional protein genes, either by duplication of the gene sequence of whole protein
or protein domain, and if the new copy conferred some selective advantage to the organism, it
became retained, and through sequence divergence or change over time a new function is acquired.
Type II, III and IV AFP apparently evolved through this pathway.  The newly evolved protein, and
the extant version of the ancestral molecule from which both are derived, share similarities in their
protein sequences which can be discerned by sequence comparison using statistical algorithms. Thus
the evolutionary ancestry of a novel protein can be inferred through statistically meaningful sequence
similarities to existing protein gene sequences by searching the database (BLAST search) using the
new protein as query. 

Through sequence comparisons, Type II AFP of herring, smelt and sea raven was found to share
about 30% amino acid identity to the carbohydrate recognition domain (CRD) of C-type (calcium
dependent) lectins, suggesting these AFPs descended from the an ancestral molecule of the latter.
C-type lectins comprise a large superfamily of proteins, some of which bind specific sugars or sugar
moieties when complexed with Ca2+ in the binding site. Others contain C-type CRD-like sequence
motif but serve functions other than carbohydrate binding, and are therefore more appropriately
named C-type lectin-like domains or CTLDs.  The type II AFPs can be considered as CTLDs with
an ice-binding function. The herring and smelt AFPs require Ca2+ for antifreeze activity reminiscent
of the Ca2+ requirement of its putative CRD progenitor, and supporting their evolutionary homology.
Mutagenesis studies indicated that the ice-binding site of herring AFP may in fact correspond to the
carbohydrate-binding site in the C-type lectin mannose binding protein. The NMR solution structure
of sea raven AFP shows a global fold very similar to mannose-binding protein and the CTLD
lithostatin (pancreatic stone protein). Sea raven AFP is independent of Ca2+ for its activity, and
mutagenesis studies indicated that the ice-binding surface of sea raven AFP resides outside of the
counterpart of the Ca2+ and sugar binding motif. 
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Both protein sequence and 3-dimensional structural similarity between type II AFPs and lectin
support a lectin ancestry. Among the three type II AFPs, the herring and smelt versions are very
similar, sharing about 85% amino acid identity, which suggests the two fishes inherited a common
AFP-like lectin antecedent before they diverged. However, these two fish are widely separated in two
subdivision (Clupeomorhpa versus Euteleostei) (Fig. 4), and therefore independent evolution from
an orthologous lectin after speciation is a more parsimonious possibility. Sea raven AFP is only
about 40% identical to the herring and smelt AFPs, and therefore very likely evolved from a separate
lectin paralog. The creation of the herring/smelt AFP and the sea raven AFPs drew on two related
ancestral molecules, an example of parallel evolution. 

The 12 kDa type IV AFP from the long-horn sculpin protein and shares about 20% sequence identity
with members of the exchangeable apolipoprotein superfamily. Apolipoproteins are the protein
components of plasma lipoproteins which are macromolecular complexes responsible for lipid
binding and transport and other related functions. Vertebrate apolipoproteins contain multiple 22-
residue repeats each beginning with a single conserved proline residue, and each 22-mer repeat in
turn is comprised of two characteristic 11-mers in tandem. Residue 28-104 (of the 108 residues) of
the long horn sculpin AFP conform to the 22-mer repeat structure, and three of the possible four
repeats begin with the characteristic single Pro. Thus although the overall sequence similarity
between long-horn sculpin and apolipoprotein is low, and 3-dimensional structure of the AFP is not
yet available to verify structural similarity, this distinct sequence repeat structure does lend support
to an apolipoprotein ancestry. The region of similarity is only to the amino acid encoded by the last
exon (exon 4) of apolipoprotein. Thus, the evolution of long-horn AFP is an example of domain
duplication.

The recent efforts in genome sequencing have finally lead to the discovery of the elusive ancestry
of the type III AFP of the zoarcoid fishes. Type III AFP was found to be related to the C-terminus
of human sialic acid synthase (SAS) by significant protein sequence similarity, as well as to the same
region in mouse and zebrafish SAS.  Structural research on this AFP-like domain in SAS will
determine its role in sialic acid synthesis, and how the structural requirement for this function
predisposes it to become an antifreeze. 

Not all antifreezes however, have sequence similarity to currently known genes in the database. Such
is the case of type I and  northern cod AFGPs (see below) and thus their ancestries remain to be
solved. The escalating amounts of gene sequences from the genome sequencing efforts no doubt will
aid in the discovery of the ancestry of novel proteins. The inferred SAS ancestry for Type III AFP
was identified through the public effort of human genome sequencing which identified similarity of
the human SAS to type III AFP just this year.

4.2. Notothenioid AFGP - evolution by partial gene recruitment and de novo amplification

The evolution of notothenioid AFGP gene was more complex than straight forward gene or domain
duplication and sequence divergence mechanism of type II, III and IV AFP. The repetitive
glycotripeptide sequence of AFGPs suggest that the encoding gene might have arisen from de novo
duplications of a short coding element for the tripeptide monomer. Initial molecular work on AFGP
showed that unlike most protein genes which encode a single molecule of protein per gene, AFGP
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gene encode a large AFGP polyprotein precursor which consists of many AFGP molecules (as many
as 41) linked in tandem by conserved 3-residue spacers (mostly Leu-Asn-Phe or Leu-Ile-Phe). Post-
translational removal of the spacers produce the individual mature AFGPs.

Database search revealed that AFGP is related to a trypsinogen-like protease (TLP) from Atlantic
plaice Pleuronectes  platessa. The sequence similarity however resides only in the upstream (signal
peptides) and down stream C-terminus of TLP and 3' flanking sequence of AFGP) sequences of the
two proteins.  The repetitive AFGP proper bears no resemblance to the mature TLP sequence, and
thus it was not immediately obvious how an AFGP gene could be derived from a TLP gene. The
evolutionary pathway was deduced from the cloning and analysis of both TLP and AFGP genes gene
from the Antarctic toothfish D. mawsoni. The AFGP gene has two exons separated by one intron.
The TLP gene has six exons and five introns. Straddling the junction of intron 1 and exon 2 of the
TLP gene is a 9-nt element that translate into Thr-Ala-Ala, the monomer of the AFGP tripeptide. The
formation of the primordial AFGP gene is believed to involve recruitment of the front and the tail
segments of the ancestral protease gene, to provide for the secretory signal and downstream
sequence, repeated duplications of the Thr-Ala-Ala coding element along with a spacer sequence of
unknown origin to form the AFGP polyprotein proper, and deletion of the bulk of the TLP gene. This
process is validated by the discovery of an evolutionary intermediate, a chimeric TLP/AFGP gene
from the Antarctic toothfish, which contains the instruction for making AFGPs and the TLP. This
chimeric gene is identical in gene structure to that of independent TLP genes, except that exon 2 is
a hybrid, consisting of a large 5' AFGP polyprotein coding segment and a small 3' segment similar
in sequence to TLP exon 2. The location of the full-fledge AFGP polyprotein coding sequence in the
chimeric gene corresponds to that of the single Thr-Ala-Ala-coding element in the TLP gene (intron
1- exon 2 junction), which strongly indicates that the repetitive AFGP polyprotein coding sequence
arose from expansion of the element through repeated duplications. 

Thus the notothenioid AFGP gene evolved through a combination of recruitment of segments of an
existing TLP gene, plus de novo amplification of a short ThrAlaAla coding element to create an
entirely new protein coding region for the new ice-binding function. The isolation of a key
evolutionary intermediate of this process in the form of chimeric TLP/AFGP gene provided a rare
glimpse of the evolution of a novel protein gene in action.

4.3. Evolution of Arctic Cod AFGP by Protein Sequence Convergence. 

The very similar AFGP proteins in the northern cods suggest that cod and notothenioid fishes
inherited their AFGP gene from a common ancestor. This has been disproved by comparative
sequence analysis of the AFGP genes of the two taxa, which support a separate molecular origin for
the cod AFGP. The AFGP genes from the polar cod, Boreogadus saida also have a polyprotein
structure like the notothenioid AFGP genes in which multiple copies of AFGP coding sequences are
linked by small cleavable spacers, but that is where the similarity ends.  The two version are distinct
in the signal peptide sequence, exon-intron number and boundaries, spacer sequence, and codon bias
in the repetitive ThrAlaAla coding sequence. In addition the cod signal peptide and 3' flanking
sequences (which revealed the evolutionary link  between notothenioid AFGP and TLP genes) are
definitively unrelated to TLP. Although the evolutionary progenitor of cod AFGP remained to be
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determined, these key molecular differences strongly indicate that the cod AFGP gene was derived
from a different evolutionary origin, and arrived at very similar AFGPs through convergent
evolution. In addition, the wide phylogenetic distance (different order and superorder) of the two
taxa, their different geographic origin of speciation (cods evolved in the boreal Atlantic,
notothenioids in the isolated Antarctic region), and the separate chronology of glacial history of the
two polar regions, all support independent evolution of their respective AFGP after the two taxa
diverged.

5. Environmental driving force for antifreeze evolution

Antifreeze protein in fish is directly responsible for the physical retardation of endogenous ice
growth, by which freeze avoidance and survival in icy subzero temperatures is conferred. This causal
relationship means that the evolution of the antifreeze protein is directly linked to or driven by the
cooling of the marine environment to freezing temperatures and the appearance of ice in the water,
in other words glaciation of the polar and subpolar seas in geologic times. Sea-level glaciation
occurred in the Antarctic about 10-15 million years ago, a mid-Miocene time frame that is consistent
with the amount of time elapsed between the TLP and AFGP in notothenioid fish estimated using
molecular methods. The glaciation of Antarctica was brought on by the formation of the Circum-
Antarctic Current at about 22 millions ago after the breakup of the Gondwana supercontinent, which
formed a massive oceanographic and thermal barrier and effectively isolated the Antarctic region
from any temperate influence of the other Southern oceans. As the water chilled towards freezing,
many existing fish taxa became extinct, while the notothenioid fish which evolved the protective
AFGP function diversified and radiated into all water column niches to become the predominant
group in the Antarctic fish fauna today, and the only known marine species flock in the world.
Glaciation of the northern hemisphere occurred much more recently, about 2.5 to 3 million years ago.
Thus the antifreeze proteins of the northern fishes are presumably much more recent  evolutionary
events.  A puzzling question in the evolution of antifreeze protein is why there are such diverse types
in the northern fishes. This may be related to the dynamic glacial advances and retreats in the north,
unlike the relative stability in the Antarctic region. The cyclical glacial advances and retreats
throughout the Quaternary Epoch since the initial northern glaciation in late Pliocene might have
created freezing conditions in smaller scale marine environments in the northern oceans at different
times. If so, the freezing selection pressure might have been temporally and spatially disjoint such
that, depending on where habitat range of a particular fish was, closely related species might not have
been subjected to selection at the same time, or distantly related species might have been, thus
leading to multiple independent evolution of the northern fish antifreeze. 

6. Conclusion

The freezing challenge posed by the frigid polar and subpolar seas had created a “hot bed” of
antifreeze evolution in diverse fishes to ensure their survival in otherwise uninhabitable waters. The
more global biological consequence of this freeze avoidance ability is the preservation of
biodiversity in the polar regions. This is especially true in the oceanographically and thermally
isolated Antarctic Ocean. The strong Circum-Antarctic Current effectively prevents surface dispersal
of fish in either North-South direction, and thus the shallow and mid-water niches where ice is
prevalent is species poor,  dominated by the families of notothenioid fishes which have the antifreeze
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protection. Only at depth where water could be ice-free are there invasion of species that have
northern hemisphere distribution (e.g. eel pouts and snail fishes). The notothenioid fishes comprise
about 45% of all the fish species in the Antarctic waters, and greater than 90% of  fish biomass along
the continental shelf waters. The evolution of their AFGP quite clearly played a key role in such
remarkable organismal success. The huge notothenioid biomass forms a crucial link in the Antarctic
food chain, as they are prey for the Antarctic marine mammals and birds. Without the notothenioids,
the marine fauna will be rather exiguous of fish, and the entire Antarctic marine ecosystem will be
sparse in biodiversity. From the point of view of basic science, antifreeze proteins are truly novel
proteins of which there are very few examples. Molecular studies to decipher the ancestry and the
mechanism that created the antifreeze proteins have and will continue to contribute to the
understanding of the mechanism and ingenuity of the evolutionary process in changing or
transforming an old to a new protein with a new function. The unique ice-binding and ice-growth
inhibiting property of antifreeze proteins has captured the imagination of the business sector for
potential use in cryopreservation, or limiting ice damage in other applications. The ongoing structural
studies on the mechanism of antifreeze action, which include the much more active insect antifreeze
proteins besides fish antifreezes, in time will not only lead to the fundamental understanding of how
freezing avoidance is achieved in the natural biological systems, but also holds promise to rational
designs of enhanced antifreeze molecules that may be useful in real world applications. 
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