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The cytoplasmic microtubules of eukaryotic cells perform
essential functions in many cellular processes, including mi-
tosis, organelle transport, and nerve growth and regeneration.
The polymerization of microtubules from their subunit pro-
teins, tubulin alpha-beta dimers and microtubule-associated
proteins (MAPs), is an entropically driven reaction mediated
largely by the release of structured water at regions of inter-
subunit contact (Correia and Williams 1983). Because subunit
association is driven by an increase in entropy, microtubule
formation is favored by high temperatures. The microtubules
of warm-blooded animals, for example, assemble from their
subunits at physiological body temperatures (30-37°C) and de-
polymerize at lower temperatures (0-4°C). By contrast, the
cytoplasmic microtubules of the antarctic fishes, a group of
poikilotherms adapted to temperatures in the range -1.8 to
+ 2°C, must assemble in an unfavorable thermal environment.
The long-term goal of our project is to determine the biochem-
ical adaptations that enable the microtubules of antarctic fishes
to assemble and function efficiently at low temperatures. As
part of this effort, we have initiated studies of the dynamics
of antarctic fish microtubules polymerized to a steady state in
vitro.

Cytoplasmic microtubules in vitro are dynamic polymers that
add and lose tubulin dimers by several end-dependent mech-
anisms. "Tread milling" involves the net and balanced addition
and loss of tubulin dimers at opposite microtubule ends (Mar-
golis and Wilson 1978) at polymer steady state. Consequently,
subunits that enter a microtubule at one end eventually dis-
sociate from the other. For MAP-rich and MAP-free mam-
malian microtubules at 30-37°C, the rates of this subunit "flux"
are approximately 1 and 52 micrometers per hour, respectively
(Margolis and Wilson 1978; Farrell etal. 1987; Hotani and Horio
1988). If treadmilling is important physiologically, then the
microtubules of the cold-adapted antarctic fishes should ex-
hibit similar behavior at low temperatures.

During the past year, we completed studies of the tread-
milling of the microtubules of antarctic fishes at near-physio-
logical and supraphysiologica! temperatures (Himes and Detnch
1989). Samples of pure, MAP-free brain tubulin from Not othienia
gibberifrons, purified as described previously (Detrich and
Overton 1986), were polymerized at 5, 10, or 20°C for intervals
sufficient to achieve steady states in polymer mass and stable
length distributions. Tubulin incorporation into and loss from
the steady-state microtubules were measured by a modification
of the radio-labeled guanosine 5'-triphosphate (GTP) marker
procedure (Margolis and Wilson 1978; Himes and Detrich 1989).
Microtubule length distributions were determined by negative-
stain electron microscopy. Figure 1 shows the initial rates of
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Figure 1. Temporal-dependence of the incorporation of [3H]GTP-
labeled tubulin into microtubules at three temperatures. Samples
of a preparation of N. gibberifrons tubulin were polymerized at
temperatures of 5, 10, or 20°C for intervals (300 minutes at 5°C and
10°C, 220 minutes at 20°C) sufficient to attain a steady state in
microtubule mass and to achieve stable length distributions. The
microtubules were then exposed to pulses of [3H]GTP for the times
indicated, collected by centrifugation, and analyzed for radiolabel
incorporation (Himes and Detrich 1989). The uptake of radiolabeled
nucleotide by the microtubules (Mts) is plotted as a function of
pulse duration at 5°C (open circles), at 10°C (closed circles), and
at 20°C (open triangles). Tubulin concentrations: 5°C, 1.1 milligrams
per milliliter (mg/ml); 10°C, 0.86 milligrams per milliliter, and 20°C,
0.59 milligrams per milliliter. Microtubule number concentrations:
5°C, 1.5 x 10- 10 molar (M); 10°C, 3.4 x 10 10 molar; 20°C, 3.0 x
10 10 molar. The microtubule length distributions corresponding
to these experiments are shown in figure 2. Reprinted from Himes
and Detrich (1989) with permission. (Copyright 1989 American
Chemical Society.) (jiM denotes micromolar.)
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tubulin uptake (monitored by tritium-labeled GTP ([3H]GTP))
into N. gthherifrons microtubules at the three temperatures, and
figure 2 presents the length distributions for the same three
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Figure 2. Microtubule length distributions at three temperatures.
Samples of the microtubule populations from the experiments of
figure 1 were prepared for negative-stain electron microscopy 200
minutes after the temperature jump to 20°C and 300 minutes after
the temperature jump to 5 and 10°C. Specimens were examined,
micrographs were recorded, and microtubule lengths were mea-
sured by methods described elsewhere (Himes and Detrich 1989).
Each panel presents a histogram of microtubule number as a func-
tion of microtubule length. The mean length of each microtubule
population is noted in the appropriate panel. The numbers of mi-
crotubules measured were 333 at 5°C, 263 at 10°C, and 406 at 20°C.
Reprinted from Himes and Detrich (1989) with permission. (Copy-
right 1989 American Chemical Society.) (pim denotes micrometer.)

microtubule populations. Clearly, the greatest rate of tubulin
incorporation occurred at 5°C, the temperature at which the
mean microtubule length was greatest .. and the microtubule
number concentration was smallest. The linear uptake of la-
beled tubulin is consistent with subunit incorporation by a
treadmilling mechanism, and the flux rates were 3 micrometers
per hour at 5°C, 1 micrometer per hour at 10°C, and 0.4 mi-
crometer per hour at 20°C. Thus, when examined at a tem-
perature, 5°C, near the physiological range of the antarctic
fishes, the MAP-free microtubules of N. gibberifrons treadmill
at a rate intermediate between those reported for MAP-free
and MAP-rich mammalian microtubules at 30-37°C. The ap-
parent conservation of microtubule treadmilling by these cold-
adapted fishes suggests that subunit flux may play an impor-
tant functional role in microtubule-dependent processes.

During the past year, we made substantial progress in other
project objectives. For example, we employed automated Ed-
man degradation on a gas-liquid solid-phase protein sequencer
to determine the amino acid sequences of alpha-tubulin pep-
tides from N. coriiceps neglecta brain. These peptides, compris-
ing an estimated 15 percent of the alpha chain, were isolated
from tryptic digests of the fish alpha tubulin by reverse-phase
high-performance liquid chromatography as described previ-
ously (Detrich 1988). Comparison of the sequences of cognate
peptides from the antarctic fish and from a mammal (pig) re-
vealed that the alpha tubulin of the fish contains amino acid
substitutions at approximately 10 percent of the positions ex-
amined. Evaluation of the functional significance of these re-
placements is currently in progress.

Due to the impact of the Bahia Paraiso oil spill at Palmer
Station, we were unable to conduct planned field studies dur-
ing the 1988-1989 austral summer. We gratefully acknowledge
the assistance provided to the project during past years by the
captains and crews of R/V Polar Duke and by the personnel of
ITT Antarctic Services, Inc. This research was supported by
National Science Foundation grant DPP 86-14788.
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