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The coastal fishes of the Antarctic diverged from temperate
fishes approximately 40 million years ago as the southern
oceans began to cool (DeWitt 1971). Subjected to the selective
pressure of an increasingly severe thermal environment, the
antarctic fishes evolved over time cellular and molecular adap-
tations that maintain appropriate biochemical reaction rates
and equilibria at their now chronically low body temperatures
(- 1.9 to + 2 °C). Our recent studies have been focused on the
molecular adaptations that enable the microtubules of antarctic
fishes to assemble and function efficiently in such an extreme
thermal regime. In this report, we consider evolutionary con-
straints imposed by the domain structure of antarctic fish tu-
bulins.

Microtubules are major components of the eukaryotic cyto-
skeleton, and they are composed of two classes of protein
subunits, tubulin alpha-beta dimers and the heterogeneous
microtubule-associated proteins (MAPs). Polymerization of mi-
crotubule proteins is an entropically driven process mediated
largely by hydrophobic interactions, and, consequently, micro-
tubule formation is favored by high temperatures (Correia and
Williams 1983). The microtubules of mammals, for example,
assemble from their subunits at 30-37 °C and depolymerize at
low temperatures (0-4 °C). Antarctic fish microtubules, by con-
trast, polymerize and function at subzero body temperatures.

We have shown previously that the molecular adaptations
responsible for the efficient low-temperature polymerization of
the cold-stable microtubules of antarctic fishes reside in their
tubulin subunits (Williams and Detrich 1986; Detrich, Johnson,
and Marchese-Ragona 1989; Detrich et al. 1990; see also Wil-
liams, Correia, and DeVries 1985), perhaps largely in their
unique alpha chains (Detrich and Overton 1986; Detrich, Pra-
sad, and Luduefla 1987). Surprisingly, these adaptations in-
clude an increased reliance on entropy-driven molecular inter-

actions at sites of tubulin-tubulin contact in microtubules
(Detrich, Johnson, and Marchese-Ragona 1989). Thus, mitiga-
tion of the destabilizing influence of low temperatures on mi-
crotubule assembly has been achieved through evolution of
tubulin dimers that form increased numbers of, and/or
stronger, hydrophobic interactions (or both). During the past
year (1990-1991), we sought to determine whether the molec-
ular adaptations present in antarctic fish brain tubulins include,
or have been accompanied by, changes in the three-dimensional
organization of their structural domains.

In mammals, each of the monomers of the native brain tubu-
lin alpha-beta dimer appears to be folded to give a bibbed
structure composed of larger amino-terminal (N-terminal) and
smaller carboxy- terminal (C-terminal) globular domains
(roughly two-thirds and one-third of each subunit, respec-
tively) linked by an exposed, protease-sensitive connecting re-
gion (Mandelkow, Herrmann, and Ruhl 1985; Sackett and Wolff
1986). In addition, a short (approximately 40 amino acid), ex-
tended, highly acidic carboxy-terminal tail terminates each
chain (reviewed by Sullivan 1988). To determine whether brain
tubulins from antarctic fishes share this three-dimensional or-
ganization, we subjected native brain tubulins from an antarctic
cod, Notothenia gibberifrons, and from the cow, Bos taurus, to
limited proteolysis at 0 °C followed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (for methods, see Sackett
and Wolff 1986). The figure presents domain maps (derived
from the electrophoretic data) for alpha and beta tubulins from
the fish and from the mammal. Clearly, alpha tubulins from
these organisms are organized similarly, as are their beta
chains. Trypsin or pronase cleaved the alpha chains at an in-
ternal site to yield amino-terminal fragments of apparent mo-
lecular weight (M,,)	38,000-39,000 and carboxy-terminal
fragments of M,	18,000-19,000, whereas chymotrypsin
clipped the beta subunits internally to give N-terminal peptides
of M,, 34,000-35,000 and C-terminal fragments of M,,,
22,000. Subtilisin removed small, acidic peptides (M, ,, 4,000)
located at the extreme C terminus of each subunit (the fish
alpha chain was cleaved more slowly than the cow alpha; cf.
Detrich, Prasad, and Luduena 1987), while V8 protease cut the
"tails" of the beta chains only. The near-perfect interspecific
concordance of the cleavage maps for each chain type demon-
strates that the tubulin monomers of antarctic fishes fold in
three dimensions to yield structural domains that resemble
those of the corresponding mammalian subunits. Evidently, the
molecular adaptations present in antarctic fish tubulins evolved
within the context of structural constraints imposed by conser-
vation of the tertiary structure of the dimer.
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Domain maps of native brain tubulins from an antarctic fish and a
mammal. Shown by linear position within the primary sequences
of the alpha- and beta-tubulin monomers are the major sites sus-
ceptible to proteolytic cleavage at 0°C by trypsin (T), chymotrypsin
(C), pronase (P), subtilisin (5), or V8 protease. For each monomer,
cleavage sites for tubulins from an antarctic cod, N. gibberifrons
(Ng), and from the cow, B. taurus (Bt), are presented above and
below the line, respectively. To preclude polymerization during
digestion, each tubulin was preincubated with colchicine prior to
addition of protease (Detrich, Prasad, and Ludueña 1987). M ra de-
notes apparent molecular weight.

Further experiments performed at Palmer Station during the
1990-1991 field season addressed three other project objectives.
To evaluate potential functional adaptations located within
their carboxy- terminal tails, we and graduate student William
Singer examined the polymerization of antarctic fish brain tu-
bulins following modification of these regions by proteolysis or
by neutralization of carboxyl groups. We also continued studies
of the polymerization of tubulin purified from eggs of N. con-
iceps neglecta. Finally, project members Silvio Marchese-Ragona
and Robley Williams purified and characterized samples of cy-
toplasmic and flagellar dyneins from antarctic fishes for future
research on cold adaptation of these important mechanochem-
ical MAPs.

To support our research, we obtained specimens of two no-
totheniids, N. coriiceps neglecta and N. gibberifrons, and one ice
fish, Chaenocephalus aceratus, by bottom trawling from RIV Polar
Duke south of Low Island and in East Dallmann Bay near Bra-
bant Island. Fishes were transported to Palmer Station where
they were maintained in seawater aquaria at 0 to +2 °C.

References

Correia, J.J., and R.C. Williams, Jr. 1983. Mechanisms of assembly and
disassembly of microtubules. Annual Review of Biophysics and Bioengi-
neering, 12, 211-235.

Detrich, H.W., III, K.A. Johnson, and SR Marchese-Ragona. 1989.
Polymerization of antarctic fish tubulins at low temperatures: Ener-
getic aspects. Biochemistry, 28(26), 10,085-10,093.

Detrich, H.W, III, B.W. Neighbors, R.D. Sloboda, and R.C. Williams,
Jr. 1990. Microtubule-associated proteins from antarctic fishes. Cell
Motility and the Cytoskeleton, 17(3), 174-186.

Detrich, H.W., III, and S.A. Overton. 1986. Heterogeneity and struc-
ture of brain tubulins from cold-adapted antarctic fishes: Comparison
to brain tubulins from a temperate fish and a mammal. Journal of
Biological Chemistry, 261(23), 10,922-10,930.

Detrich, H.W., III, V. Prasad, and RE Ludueña. 1987 Cold-stable mi-
crotubules from antarctic fishes contain unique alpha tubulins. Jour-
nal of Biological Chemistry, 262(17), 8360-8366.

DeWitt, H.H. 1971. Coastal and deep-water benthic fishes of the ant-
arctic. In V.C. Bushnell (Ed.), Antarctic map folio series, folio 15. New
York: American Geographical Society.

Mandelkow, E.-M., M. Herrmann, and U. Ruhl. 1985. Tubulin domains
probed by limited proteolysis and subunit-specific antibodies. Journal
of Molecular Biology, 185(2), 311-327

Sackett, D.L., and J . Wolff. 1986. Proteolysis of tubulin and the sub-
structure of the tubulin dimer. Journal of Biological Chemistry, 261(19),
9070-9076.

Sullivan, K.F. 1988. Structure and utilization of tubulin isotypes. Annual
Review of Cell Biology, 4, 687-716.

Williams, R.C., Jr., J . J . Correia, and A.L. DeVries. 1985. Formation of
microtubules at low temperatures by tubulin from antarctic fish.
Biochemistry, 24(11), 2790-2798.

Williams, R.C., Jr., and H.W. Detrich, III. 1986. Presumptive MAPs
and "cold-stable" microtubules from antarctic marine poikilotherms.
Annals of the New York Academy of Sciences, 466, 436-439.

178	 ANTARCTIC JOURNAL




