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The members of our team for the 1985-1986 season were
Arthur DeVries, Chris Cheng, Jeff Ahigren, Neil Kizer, and
Steve Ware from the University of Illinois, and Peter Wilson
from the University of Otago, New Zealand. All arrived at
McMurdo Staion in early October. Three fish houses were
promptly set up on the annual sea ice to capture specimens of
Dissostich us mawson i, Pa got hen ia borchgrevinki, Trematomus bernac-
chii, and Rhigophila dearborni. Other species that were inadver-
tently caught were T. cent ronotus, Gymnodraco auticeps and Para-
liparis devriesi. Except R. dearhorni which has peptide anti-
freezes, all species have glycopeptide antifreezes (GPAFS)
(Ahigren and DeVries 1984) which enable them to survive in the
-1.9°C ice-laden water of McMurdo Sound.

Studies of the physiological and biochemical roles of biolog-
ical antifreezes in the freezing avoidance of several of these
fishes were continued again this season. One of the un-
answered questions about the GPAF5 is how the different sizes
synthesized by the liver become distributed to some of the body
fluids but not to others. By injecting a tritium labeled GPAF ( 3H-
GPAF) into the circulatory system and sampling each of the body
fluids after several hours, it was found that the 3H-GPAFS equili-
brated between the blood and the other body fluids in the same
way as native GPAF5 in the control fish as shown by acrylamide
gel electrophoresis.

These results indicate that the process of distribution of the
GPAF5 into the various fluid compartments is a passive one,
involving movement through leaky capillaries, as it is for other
liver-secreted blood proteins. Fluids including urine, endo-
lymph, and aqueous and vitreous humors, which are formed
by the secretion of ions across epithelia, either lack all GPAFS5 or
have very low concentrations of only the low molecular weight
ones and therefore are undercooled by about 1°C. The urine
lacks GPAF5 because urine formation involves only secretion by
the aglomerular nephrons of the kidney. The endolymph is
located within the semicircular canals which are located deep
within the head of the fish and have no external connections.
Neither the urinary bladder nor semicircular canal fluid freezes,
apparently because they are surrounded by tissues whose flu-
ids are fortified with GPAF5. Like the endolymph, the cere-
brospinal fluid (CSF) within the ventricles of the brain has no
external connections and is separated from the blood by a

blood-brain barrier which in all vertebrates prevents passage of
blood proteins into the brain and CSF. In contrast to the endo-
lymph and CSF of other vertebrates, however, we have found
large amounts of GPAF present in the CSF of antarctic fishes. We
demonstrated previously the presence of the small GPAF5, and
this season with improved techniques in sampling the inher-
ently minute volumes of CSF and in purification procedures,
using polyacrylamide gel electrophoresis, we have une-
quivocally demonstrated the presence of all eight GPAF5 in the
CSF as well. They are, however, present at slightly lower con-
centrations than are found in the blood. Why the GPAF5 are
present in the CSF is not known. Neither is it known whether
they are synthesized there or translocated from the blood, a!-
though the blood-CSF and blood-brain barriers were found to be
intact.

The ocular fluids lack GPAFs because the blood-eye barrier
prevents passage of proteins including the GPAFs from the blood
to the ocular fluids. To determine how the ocular fluids avoid
freezing, we studied the resistance of the ocular epithelium to
ice propagation. It was found that ice did not propagate across
the ocular epithelium until the temperature was lowered to -3°C
(Turner, Schrag, and DeVries 1985), thus demonstrating that the
presence of the epithelium is sufficient to keep ice from propa-
gating into the undercooled ocular fluids. Apparently the small
amount of undercooling is metastable for the life of the fish in
this environment.

Since continual presence of antifreeze molecules is obligatory
in these fishes for survival in the perennial freezing sea water of
the Antarctic, it is of interest to know the turnover rate of these
molecules in vivo. This study was done with D. mawsoni and was
completed in this season. The protocol involved injecting a
known quantity of 3H-GPAF antifreeze through a permanent
catheter implanted in the caudal vein in a free-swimming fish
and following the decay of the radioactivity over time by daily
sampling of 0.5 milliliter of blood through the same catheter.
The half-life of the GPAF5 determined by this method is about 45
to 50 days in the feeding fish.

The antifreeze present in the antarctic eel pout R. dearborni
was also characterized. In contrast to the antarctic nototheniids,
the eel pout has a peptide antifreeze. Using Sephadex gel filtra-
tion and high-pressure liquid chromatography, three distinct
peptides were purified from the blood which accounted for 95
percent of the antifreeze activity in the blood. Determination of
the primary structure (sequence) of the three peptides revealed
they each have 65 residues but the residues differ slightly
amongst the three, mostly in the carboxyl terminal portion of
the molecules. Studies of their secondary structure indicate
they lack helical structure and are extended molecules with
some beta structure. At concentrations of 20 milligrams per
milliliter all three depress the freezing point of water to -1.2°C,
which is similar to that found for the large GPAF5. It is interesting
to note that two unrelated groups of antarctic fishes living in the
same environment have solved the problem of preventing the
freeqing of their body fluids by making use of two very different
molecules.

Studies of the mechanism of action of antifreeze activity were
continued. The adsorption-inhibition theory of antifreeze ac-
tion (Raymond and DeVries 1977; DeVries 1984) postulated that
the antifreeze molecules whether they be glycopeptide or pep-
tide adsorb to the straight steps of the basal plane of hexagonal
ice, forcing ice to grow between adjacent antifreeze molecules
in the form of small, curved fronts. Using a light-scattering
technique with the coherent light from a small laser aimed at the
interface of the basal plane of hexagonal ice and an antifreeze
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solution, between the melting and freezing points where no
visible ice growth occurs, a 5- to 6-fold increase in light scatter-
ing was observed over that from an ice-water interface. The
increased scattering is indicative of increased surface rough-
ness, which is consistent with the adsorption-inhibition mecha-
nism. Whether the increased surface roughness is due to sub-
microscopic growth of the small curved fronts remains to be
elucidated. These results are being presented at the 19th Sym-
posium on the Chemistry and Physics of Ice, Grenoble, France,
September 1986.
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Our laboratory started studying the blood serum proteins of
antarctic penguins and fish in 1964. During the past decade our
laboratory has been procuring blood serums of fish from Ant-
arctica (Pagothenia borchgrevinki and Dissostichus mawsoni), the
Barents Sea (Boreogadus saida), off Kotzebue, Alaska (Elecinus
gracilis), and off Mombetsu, Japan (Eleginus gracilis). Antifreeze
glycoproteins (AFGP) were prepared from all of these serums
and their properties studied. During the last 2 years the use of
several different experimental techniques has shown that the
antifreeze glycoproteins must function at the ice-solution inter-
face (Feeney, Burcham, and Yeh 1986).

Tools for characterizing structure have included chemical
procedures such as sequencing of the polypeptide chains, deg-
radations, and chemical modifications of the amino and carbox-
yl terminal groups and the carbohydrate chains; and physical
procedures like ultracentrifugal analyses, circular dichroism,
Raman spectroscopy, laser-light scattering, surface second-har-
monic generation, direct visual observations of crystal growth,
and surface activity by microscopic observation of growing crys-
tal fronts (Feeney, Burcham, and Yeh 1986).

All of the antifreeze glycoproteins appear to be functional,
although the extent and nature of the activity are not identical.

An abbreviated summary of the characteristics is as follows:
(1) Lowers solution freezing temperature noncolligatively:

freezing temperature is 500 times lower than predicted
from solution colligative properties.

(2) Lowers solution freezing temperature additively with salt.
(3) No evidence for functioning in liquid or solid phases.
(4) Functions in the presence of ice.
(5) Not excluded from bulk ice phase.
(6) Ice has a normal hexagonal structure as determined by X-

ray diffraction.
(7) Many observations indicate that AFGP functions at the ice-

solution interface:
(a) Growing edge of crystal disrupted.
(b) Surface energy at ice-solution interface is lowered

(Kerr et al. 1985) (table 1).
(c) Crystals growing into AFGP solution have unusual

form:
(i) With a linear temperature gradient, growth is

transverse to the gradient (Kerr et al. 1985)
(ii) On free growth, with minimal supercooling (be-

low the freezing point), growth is along the basal
direction (c-axis), while growth along the pris-
matic face (a axis) is inhibited (cooperative with J.
Hallett).

(d) When growth of performed ice crystals is studied,
small AFGP peptides do not function if ice is highly

Table 1. Interfacial energies between ice and AFGP solutions

Concentration	SL
(in milligrams	(in ergs per	Standard

Sample	 per milliliter)	square centimer)	deviation

Water	 -	 30	 ±5
AFGP 1-5

(high activity)	2	 26	 ± 8
4	 21	 ±9

11	 9	 ±4
AFGP 7-8

(weak activity)	5	 30	 ± 3
26	 26	 ±7
72	 20	 ±10

Ovomucoid	 10	 28	 ± 3
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