
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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Formation of cold-stable microtubules
by tubulins and microtubule-

associated proteins from antarctic
fishes

H.W. DETRICH, III

Department of Biochemistry
University of Mississippi Medical Center

Jackson, Mississippi 39216-4505

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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bulins contained smaller quantities of the minor beta variant,
beta-2 tubulin, than did the mammalian tubulin. These results,
together with other structural data (Detrich 1986; Detrich,
Prasad, and Ludueña 1987), suggest that many of the adapta-
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Heterogeneity of tubulins from antarctic fishes, from temperate fishes, and from a mammala

Composition of alpha	 Composition of beta
(Percentage of total alpha)

	
(Percentage of total beta)

Species	 alpha-1	 alpha-2	 alpha-3
	

beta-1	 beta-2

N. gibberifrons	 56
	

30
	

14
	

92
	

8
N. corliceps neglecta	 65

	
35
	

0
	

88
	

12
C. aceratus	 58

	
43
	

0
	

96
	

4
Catfish (I. punctatus)
	

17
	

83
	

0
	

90
	

10
Dogfish (M. canis)
	

0
	

100
	

0
	

83
	

17
Cow (B. taurus)b
	

0
	

100
	

0
	

75
	

25

a Samples of tubulins, reduced with 2-mercaptoethanol and carboxy-methylated with sodium iodoacetate, were electrophoresed in the presence of
sodium dodecyl sulfate on a 5.5 percent polyacrylamide slab gel, and the gel was stained with Coomassie Brilliant Blue R-250. Appropriate lanes from the
stained gel were scanned at 595 nanometers with a Helena Quick-scan densitometer, and the amount of protein in each of the alpha- and beta-tubulin
bands was determined by integration. For each organism the table summarizes the distribution of protein between the three alpha chains (alpha-1,
alpha-2, and alpha-3 in order of decreasing relative mobility) and between the two beta variants (beta-1 and beta-2, ordered as for the alpha chains)
routinely observed. Portions of this table are reprinted from Detrich, Prasad, and Luduena (1987) with permission. (Copyright 1987 American Society of
Biological Chemists.)

b Ludueña et al. 1982 and this investigation.

tions that enhance the assembly of microtubules from antarctic
fish tubulins at low temperatures are present in their unique
alpha chains.

During the past year (1986-1987) we continued to investigate
the role of antarctic fish MAPS in the formation of cold-stable
microtubules. MAPS were isolated from the brain tissues of
antarctic fishes by taxol-dependent microtubule assembly (Val-
lee 1982; Detrich and Overton 1986; Williams and Detrich 1986).
As shown in the figure, microtubules prepared from N. coriiceps
neglecta (lanes A and B) and from N. gibberifrons (lane C) con-
tained tubulin (Th) and several presumptive MAPS (i.e., the
nontubulin proteins with apparent molecular weights between
32,000 and 430,000). Prior to use, the MAPS were separated from
the taxol-stabilized microtubules and desalted into assembly
buffer. To determine their role in microtubule asembly, MAPS

were added to solutions containing low, subcritical (i.e., below
the threshhold for assembly) concentrations of pure tubulins.
Analysis of results obtained this past year and during 1985-1986
showed that antarctic fish MAPS promoted the formation of
microtubules from antarctic fish tubulin at 00 or 2°C and from
bovine tubulin at 37°C. The fish MAPS did not, however, stimu-
late the assembly of microtubules from bovine tubulin at 00 or
20°C. Thus, the MAPS of antarctic fishes do not make mam-
malian tubulins competent to form microtubules at low tem-
peratures. We conclude that MAPS may contribute to, but are not
required for, the assembly of the cold-stable microtubules of
antarctic fishes.

4

Electrophoretic analysis of microtubule preparations from antarctic
fishes. Samples of brain microtubule proteins, isolated by taxol-
dependent assembly, were electrophoresed on a sodium-dodecyl-
sulfate urea-polyacrylamide gradient gel, and the gel was stained
with Coomassie Brilliant Blue R-250. Electrophoretic migration was
from top to bottom. Lanes: A and B, two different microtubule prepa-
rations from N. corilceps neglecta; C, microtubule proteins from N.
gibberifrons. The molecular weights of standards run on the same
gel are given on the right in thousands. The positions of the top of
the gel, the tubulin chains (Tb), and the dye front (DF) are also
indicated. Reprinted from Williams and Detrich (1986) with permis-
sion. (Copyright 1986 The New York Academy of Sciences.)
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Field work was performed at Palmer Station from mid-Febru-
ary to late April 1987. I am deeply indebted to Bonnie W.
Neighbors (University of Colorado, Boulder), Thomas J.
Fitzgerald (Vanderbilt University), Melvyn Little (German Can-
cer Research Center), and George S. Bloom (University of Texas
Health Science Center at Dallas) for their participation in the
field research program. I gratefully acknowledge the assistance
provided to the project by the personnel of ITT/Antarctic Serv-
ices, Inc., by the captain and crew of RIv Polar Duke, and by the
scientists of Palmer Station. This research was supported by
National Science Foundation grant DPI' 83-17724.
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Growth of antarctic fish: Notothenia
nudifrons and Trematomus newnesi

RICHARD L. RADTKE

Oceanic Biology, Hawaii Institute of Geophysics
University of Hawaii

Honolulu, Hawaii 96822

Understanding the ecology of antarctic fishes requires infor-
mation on growth variability in life history and population
processes. To help provide such information on a group of fish
which have no related counterparts anywhere in the world, we
performed growth investigations on Notothenia nudifrons and
Trematomus newnesi.

Fish growth is a continuous process of decreasing intensity
inversely related to age. Internal factors (spawning, physical
stress) as well as external factors (temperature, food) affect
growth causing cyclic variations, which in turn affect the de-
velopment of calcified tissues and are registered as growth
increments.

External factors tend to show regular and marked seasonal
changes in temperate areas thus creating clearly identifiable
annual growth periods in fishes. Studying these regular, sea-
sonal rings in otoliths of temperate fishes is an accurate aging
technique widely employed for temperate environments. Ant-
arctic habitats are characterized by more limited and irregular
changes in biotic and abiotic factors than in temperate habitats.
This lack of regularity and periodicity in the seasonal changes is
reflected in the fish by a rather uniform growth with smooth
cycles. Growth increments laid down in the otoliths of antarctic
fishes are therefore irregular and frequently related to wide
spawning periods. Otoliths of long lived antarctic fishes show a
series of seasonal growth marks of unknown periodicity which
in some cases have been used for aging purposes (Kock 1981). In

shorter living fishes (5-8 years of age) which in many cases are
not important fisheries sources, the otoliths usually lack the
presence of any seasonal increments that can be used for age
determination.

Information about events that occurred in the life of a fish can
be obtained from the use of daily increments in otoliths.
Otoliths are calcified tissues which may contain a large amount
of biological and ecological information about a fish's life histo-
ry. This information may be divulged when structural compo-
nents of otoliths are investigated. During favorable periods of
fast growth, an area rich in protein is laid down in the otoliths.
During unfavorable periods or slow growth, an area higher in
calcium content is laid down in the otoliths. This process results
in daily increments. Daily increments have been found in
otoliths from a host of fish species (see reviews by Campana and
Neilson 1985; Jones 1986). Daily increments are laid down in
relation to metabolic daily cycles which are in turn syn-
chronized with photoperiodicity.

Otoliths in this study were prepared as described in Radtke
and Targett (1984). Internal examination of otoliths from the
antarctic fish, Notothenia nudifrons and Trematomus ncwnesi, by
scanning electron microscope methodology revealed internal
rhythmic patterns.

Results from the marking experiments with both tetracycline
(Notothenia nudifrons and Trefnatomus newnesz) and
acetazolomide (Notothenia nudifrons.) demonstrated that linear
markings were formed at the rate of one per day. Tetracycline is
an antibiotic which is incorporated into the otolith and marks
the time of injection. When viewed under a compound micro-
scope at filtered reflected wavelengths of 700-800 nanometers
tetracycline fluoresces and appears as a fluorescent band inside
the otolith. The microincrements can then be counted beyond
that point. Acetazolamide is a diuretic which causes a cessation
of calcium deposition and leaves a distinct mark on the otoliths.
This can be used as a benchmark, making it possible to count
the increments beyond the mark.

The validation of the increments enabled us to validate the
microincrements seen by scanning electron microscope which
revealed small increments, some less than 0.2 microns in width.
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