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As the southern ocean began to cool approximately 40 million
rears ago, the coastal fishes of the antarctic diverged from

temperate fishes (DeWitt 1971) and began to evolve the cellular
And molecular adaptations that maintain metabolic efficiency at
low temperature. Recent work from my laboratory has focused
on the molecular adaptations that enable the tubulin alpha-beta
dimers of antarctic fishes to form microtubules at the chronically
low body temperatures (-1.9 to +2 'C) now experienced by these
psychrophiles (Detrich and Overton 1986; Williams and Detrich
1986; Detrich, Prasad, and Luduena 1987; Detrich, Johnson, and
Marchese-Ragona 1989; Detrich et al. 1990; and Skoufias, Wil-
on, and Detrich 1992). In addition, we have examined the

functional and structural properties of tubulins purified from
two distinct cell populations (eggs and neural tissues) of the
Antarctic fishes (Detrich et al. 1992). In this report, I review the
evidence that demonstrates that brain and egg tubulins are
functionally distinct in vitro.

Cytoplasmic microtubules are filamentous components of
the eukaryotic cytoskeleton, and they play essential roles in
many cellular processes (e.g., mitosis, intracellular transport,
maintenence of cell shape, etc.). Their alpha- and beta-tubulin
subunits are encoded, in vertebrates, by 12-14 functional genes
(6-7 alpha and 6-7 beta), each of which yields a distinct polypep-
tide (Sullivan 1988). Differential expression and subsequent
modification of these tubulin "isotypes" give rise to heteroge-
neous, tissue-specific populations of tubulin alpha-beta dimers
(reviewed by Sullivan 1988; Joshi and Cleveland 1990; Murphy
1991). Thus, vertebrates elaborate multiple tubulins that possess
diverse physical and chemical properties.

The multitubulin hypothesis, originally presented by Stephens
(1975) and by Fulton and Simpson (1976), proposes that distinct
tubulins may possess different polymerization properties or
may contribute to formation of microtubules with different
functional characteristics. To test this hypothesis in vitro, we
compared the polymerization efficiencies of egg and brain tubu-
lins from the antarctic yellowbelly rockcod, Notothenia coriiceps
neglecta (Detrich et al. 1992).

Tubulin was prepared from eggs of N. coriiceps neglecta by
DEAE ion-exchange chromatography and two cycles of micro-
tubule assembly in vitro. As shown in figure 1, purified egg
tubulin (lane 9) contained equimolar quantities of the alpha and
beta chains and was free of nontubulin proteins. At a concentra-
tion of 0.3 milligrams per milliliter, egg tublulin polymerized
efficiently at near physiological (5 'C) and supraphysiological
(10 'C and 20 'C) temperatures (figure 2). Both the rate and the
extent of assembly increased with increasing temperature, as
expected for a nucleated, entropy-driven polymerization reac-
tion. Pure brain tubulin, by contrast, polymerized less readily at
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Figure 1. Purification of tubulin from eggs of the antarctic fish N.
corilceps neglecta. Tubulin was purified from egg extracts by
DEAE ion-exchange chromatography and two cycles of
microtubule assembly/disassembly in vitro. Protein fractions from
the purification steps were electrophoresed on a sodium dodecyl
sulfate-polyacrylamide gel, and the gel was stained with
Coomassie Brilliant Blue R-250. Lanes:1, high molecular weight
standards; 2, soluble proteins obtained by centrifugation of an
egg homogenate; 3, proteins in the flow-through fraction after
application of soluble egg proteins to a column of DEAE-Sephacel;
4, tubulin-enriched fraction relesed from the DEAE-Sephacel
column by high ionic strength buffer; 5 and 6, supernatant and
microtubule-containing pellet obtained from sample 4 after one
cycle of microtubule disassembly/assembly; 7, protein
contaminants removed by depolymerization and centrifugation
of sample 6; 8 and 9, supernatant and microtubule-containing
pellet obtained from sample 6 after second cycle of microtubule
disassembly/assembly; 10, low molecular weight standards. The
molecular weights of the standards (in thousands), the positions
of the tubulin chains (alpha and beta), and the top and dye front
(DF) of the gel are indicated on the right. Reprinted from Detrich
at al. (1992) with permission. (Copyright 1992 American Society
for Biochemistry and Molecular Biology.)

like concentrations and temperatures (Detrich, Johnson, and
Marchese-Ragona 1989). Using a quantitative sedimentation
assay, we found that the "critical" (i.e., minimal) concentrations
for assembly of egg tubulin ranged from 0.057 milligrams per
milliliter at 3 'C to 0.002 milligrams per milliliter at 18 'C,
whereas those for brain tubulin in the same temperature range
were 4-to-10-fold larger (e.g., 0.21 and 0.025 milligrams per
milliliter at 3 'C and 18 'C, respectively). Thus, the intrinsic
polymerization capacity of egg tubulin significantly exceeds
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Figure 2. Egg tubulin polymerization at three temperatures. Samples
of once-cycled egg tubulin from N. corllcepsneglecta(0.3 milligrams
per milliliter in a polymerization buffer containing 8 millimolar
calcium chloride) were prepared at 0 C. Polymerization was initiated
atzerotimebyadditionot[ethylene-bls(oxyethyienenitriio)]tetraacetic
acid (EGTA;final concentration = 10 millImolar)foilowed immediately
by temperature Jumps from 0 to 5, 10, or 20 C, and microtubule
formation was monitored by turbidimetry. The development of
turbidity (change in apparent absorbance at 350 nanometers) is
plotted as a function of time after warming. Note that addition of the
antimitotic drug podophyilotoxin (PLN; final concentration = 50
micromoiar)to the 10 sample (see arrow)caused a rapid decrease
In solution turbidity, consistentwith depolymerization of microtubules
(cf. Detrich and Wilson 1983). Reprinted from Detrich et al. (1992)
with permission. (Copyright 1992 American Society for Biochemis-
try and Molecular Biology.)

that of the neural tubulin. In agreement with the multitubulin
hypothesis, we conclude that egg and brain tubulins are func-
tionally distinct in vitro (and, possibly, in vivo), due either to
differences in isotypic composition, to differential posttransla-
tional modification of shared isotypes, or to both.
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The coastal antarctic fish fauna is dominated by highly en-
demic species of the suborder Notothenioidei. These species,
with few exceptions, live demersal lifestyles as adults but de-
velop from larvae that must survive in the pelagic environment.
Dramatic seasonal variation and extreme climate of the antarctic
present challenges to the fish larvae. Cold temperatures aside,
the shortness of the summer season, when photosynthetic pro-
duction and copepod abundance peak, is probably the greatest
selective force acting on the early life-history strategies of antarc-
tic fish.

Thorson (1950) and Marshall (1953), discussing invertebrates
and fish respectively, believed that the pelagic phase would be
restricted to the summer season when prey are at maximum
concentration. As late as 1984 (Everson 1984) available data

Otolith techniques to study age
and growth of larval Notothenia
gibberifrons and Nototheniops
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