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Our laboratory has been studying the antifreeze protein from
polar fish blood for nearly two decades. Currently under study
are glycoproteins from Pagothenia horchgrevinki, Dissostichus
mawsoni, Boreogadus saida, and Eleginus gracilis. In addition,
some studies have been made with the nonglycoprotein from
Pseudopleuronectes americanus. Our principal, more current stud-
ies have been recently reviewed (Feeney, Burcham, and Yeh
1986). The antifreeze glycoproteins function at the ice-solution
interface; this has been demonstrated by showing that the inter-
facial tension at the ice-solution interface is lowered in the
presence of the antifreeze glycoprotein (Kerr et al. 1985). The
observation of an altered grain boundary curvature with anti-
freeze solutions indicated a decreased surface tension of the
interface. The antifreeze was directly observed at the interface
by measuring surface second harmonic generation using a high-
energy pulse laser (Brown et al. 1985). Finally, the ability to fit
the antifreeze glycoprotein function profiles to a modified Lan-
gmurian adsorption theory (Burcham et al. 1986) further
strengthens the adsorption hypothesis. Work under way or
completed during the last 2 years has been on the growth of ice
crystals and on the ice crystal morphology in the presence of
antifreeze glycoproteins. In one study conducted in our labora-
tory, linear growth in plastic tubes was used to measure the
linear crystallization velocities as a function of temperature and
concentrations of antifreeze glycoprotein. Upon lowering the
temperature below the freezing temperature there was an
abrupt increase in linear crystallization velocities of the anti-
freeze glycoprotein solution above that encountered in the pure
water-ice system. These enhanced linear crystallization ve-
locities plateaued over a wide range of undercooling, eventually
changing to linear crystallization velocities less than or equiv-
alent to that of the pure water-ice system (below - 3°C) (Kerr et
al. 1987) (table, figure).

Free growth studies were performed in the laboratory of, and
with the cooperation of, John Hallett at the University of Nevada
at Reno (Harrison et al. 1987). The main study to date has been
using a cold wire inserted from the top of a cuvette into an
undercooled solution of antifreeze glycoproteins. The subse-
quent crystal growth was recorded by a video cassette recorder
through a video camera and a Questar telescope. Growth rates
of the leading crystal tips were measured by timing the move-
ment of crystal tips across calibrated spatial markers. In the
second technique an ice crystal of known orientation selected
from the surface of a freezing dish of water was carefully inser-
ted through the surface of the undercooled solution using a

micromanipulator. Subsequent crystal growth was observed as
in the experiments with the cold wire. Although faster growth
was observed in the experiments where nucleation was ob-
tained by insertion of the cold wire rather than by the introduc-
tion of a seed crystal, as described above, the relative rates for
ice growth in the antifreeze glycoprotein solutions were very
similar; that is, the antifreeze glycoprotein solutions had faster
growth rates immediately upon exceeding the freezing tem-
perature. This rate is almost constant until nearly -3°C. Then
the rate increased in a manner similar to that of the pure ice-
water system. In the preliminary experiments with an oriented
crystal, when a seed crystal was inserted oriented with a c-axis
parallel to the interface, growth of crystals in the solution was
unequivocally parallel to the c-axis, contrary to growth in pure
water. In all experiments inactive proteins or controlled proteins
(chicken ovomucoid) performed like water. Although the linear
growth experiments are simple to perform in plastic tubes and

Linear crystallization velocities in various solutions expressed as
power law equation, v = AT n (in centimeters per second) (from

Kerr 1985.)a

Concentration
(in milligrams Undercooling

Sample	per milliliter)	range (°C)	A	n

Water	 -c	0.0-6.0	0.054 1.98	0.99

AFGP 15'	2	0.2-3.5	0.227 0.430 0.98
3.5-6.0	0.035 1.85	0.97

5	04-3.6	0.214 0.414 0.99
3.6-6.0	0.021 2.10	0.99

8	0.5-3.2	0.191 0.425 0.97
3.2-6.0	0.037 1.61	0.98

AFGP 8	 2	0.1-2.5	0.024 0.422 0.57
2.5-4.0	0.063 1.68	0.96
4.0-6.0	0.034 2.01	0.99

5	0.3-2.7	0.072 1.34	0.99
2.7-6.0	0.029 2.14	0.98

12	0.4-2.5	0.164 0.251 0.49
2.5-6.0	0.027 2.03	0.99

20	0.4-2.5	0.190 0.177 0.84
2.5-6.0	0.033 1.76	0.99

AFGP 1-5 +	5	0.5-3.0	0.224 0.413 0.98
AFGP 8	5	3.0-6.0	0.044 1.69	0.98

Periodate-	5	0.0-6.0	0.035 1.57	0.99
AFGP 1-5

Periodate-	10	0.0-6.0	0.055 1.54	0.97
AFGP 8

Hemoglobin	5	0.0-6.0	0.054 1.90	0.99

Mannitol	 20	0.0-4.2	0.032 2.05	0.99
4.2-6.0	0.128 0.95	0.95

a In the equation, v is the linear crystallization velocity, A is the power law
coefficient, AT is the change in temperature (undercooling) and n is the
power law index. In the last column, the heading r is the correlation
coefficient.

b "AFGP" denotes "antifreeze glycoprotein."
Dashes denote "not applicable."
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Log-log plots of linear crystallization velocities (Lcv) versus undercooling for solutions of antifreeze glycoprotein 1-5. (a) 2 milligrams per
milliliter, (b) 5 milligrams per milliliter (including 10 4 —antifreeze glycoprotein, a preparation inactivated by periodate oxidation), and (c) 8
milligrams per milliliter. From Kerr (1985). ("cm/sec" denotes "centimeters per second:')

yielded corroborating evidence of enhanced rates upon under-	growth habit. Further experimentation in Professor Hallett's
cooling, the free growth experiments would appear to be gener-	laboratory is planned.
ally superior in terms of attaining better accuracy. The free	Other studies in progress involve a determination of the
growth experiments did not suffer from the attendant diffi-	effects of galactose oxidase on oxidizing the terminal carbons of
culties with the effects of thermal conductivity of the tube walls.	the sugars on the antifreeze glycoprotein to the carbonyl
Free growth also allows for the determination of the crystal	groups, a procedure which has been previously shown not to
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cause any loss of activity (Vandenheede, Ahmed, and Feeney
1972; Ahmed et al. 1976). The preparation of synthetic analogs
of the galactosamine is under way by our colleague Milton
Feather. Attempts to synthesize glycopeptides with structures
approximately resembling the antifreeze glycoprotein have
been underway in the laboratory of Laurens Anderson of the
University of Wisconsin in collaboration with our studies. In
still further studies in our own laboratories, we have been suc-
cessful in growing large c-axis oriented crystals which we plan
to use in studying the interaction of the antifreeze glycoproteins
with the surface of c-axis orientation.

This research was supported in part by National Science
Foundation grant CHE 84-05390 and by National Institutes of
Health grant CM 23817.
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Cytoplasmic microtubules are filamentous components of
the eukaryotic cytoskeleton that participate in many fundamen-
tal cellular processes (e.g., mitosis, nerve growth and regenera-
tion, the maintenance of cell shape, and the transport of
organelles within cells). The assembly of cytoplasmic micro-
tubules from their subunit proteins, tubulin dimers and micro-
tubule-associated proteins (MAPS), is an entropically driven pro-
cess favored by high temperatures and mediated primarily by
hydrophobic interactions. Thus, the microtubule proteins of
warm-blooded animals (e.g., mammals, birds) form micro-
tubules at physiological body temperatures (30-37°C), and
these "cold-labile" microtubules depolymerize to yield their
subunits (and subunit oligomers) at low temperatures (0-40C).
The "cold-stable" microtubules of antarctic fishes, in contrast,
assemble from their subunits at body temperatures (-2 to
+ 2°C) substantially below those of homeotherms. Our goal is
to determine the structural adaptations of the microtubule pro-
teins of antarctic fishes that enable microtubules to form at low
temperatures

During the 1986-1987 austral summer, we collected spec-
imens of two nototheniids, Notothenia gihherifrons and N. cor-
iiceps neglecta, and one channichthyid, Chaenocep/ialus aceratus,
by bottom trawling from IIv Polar Duke in the vicinity of Low
Island and in Dallmann Bay near Brabant Island. Additional
specimens of N. coriiceps neglecta were obtained by fishing with
baited hook-and-line at Arthur Harbor. At Palmer Station the
fishes were maintained in sea-water aquaria at 0° to + 2°C.

The tubulins of antarctic fishes, purified from brain tissue
and free of MAPS, assemble in vitro to form microtubules at both
low temperature (0°C) and physiological protein concentration
(Detrich 1985; Williams, Correia, and DeVries 1985; Williams
and Detrich 1986; Detrich, Overton, Marchese-Ragona, and
Johnson in preparation). During 1986-1987 we continued our
studies to determine the structural adaptations that underlie the
unique assembly properties of antarctic fish tubulins. Piscine
and mammalian tubulins were purified as described previously
(Detrich and Overton 1986; Detrich, Prasad, and Ludueña
1987), the proteins were reduced and carboxymethylated, and
their subunit compositions were examined by sodium-dodecyl-
sulfate polyacrylamide gel electrophoresis (Detrich, Prasad,
and Ludueña 1987). Three (occasionally four) alpha tubulins
and two beta chains could be resolved on this gel system. As
shown in the table, we found that tubulins from three antarctic
fishes (N. gibberifrons, N. coriiceps neglecta, and C. aceratus) con-
tained large quantities (greater than 55 percent) of a unique,
rapidly migrating alpha variant, designated alpha-1 tubulin,
that was absent, or present in substantially smaller amounts, in
the tubulins of temperate fishes (the channel catfish, Ictalurus
punctatus, and the dogfish, Mustelus canis) and of a mammal (the
cow, Bos taurus) (Detrich, Prasad, and Ludueña 1987). In addi-
tion, N. gihherifrons possessed a third, slowly migrating alpha
chain, alpha-3, not detected in tubulins from the other species.
In contrast, the compositions of the beta tubulins from the six
organisms were qualitatively similar. Generally, the piscine tu-
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