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ABSTRACT  The isolation of cold-stable microtubules in high
yields, described previously only from rodents, was extended to
the brain of higher animals. Under optimal conditions, yields of
30 mg of cold-stable microtubules per 100 g of sheep brain could
be obtained routinely. Material purified by two polymerization
cycles displayed the same stability to cold temperature or to mil-
limolar concentrations of calcium and the same lability to cal-
modulin and to ATP as did the purified material obtained from the
rat [Job, D., Rauch, C. T., Fischer, E. H. & Margolis, R. L. (1982)
Biochemistry 21, 509]. Furthermore, DE-52 chromatography of
this material yielded a fraction that restored cold stability when
added to cold-labile microtubules. Known to bind to calmodulin
and to enhance microtubule assembly, 7 proteins had no cold-sta-
bilizing activity. Protein profiles of the cold-stabilizing fraction from
sheep and rat brain were similar to one another but showed no
protein bands corresponding to the 7 proteins.

Microtubules are fibrous elements found ubiquitously in eu-
karyotic cells, where they perform a wide variety of physiolog-
ical functions. They are centrally involved in mitosis and in other
motility-related phenomena such as the transport of subcellular
organelles or changes in cell shape (for reviews, see refs. 1-3).
To perform these tasks, they must be able to assemble at the
proper time and place and with the proper orientation in re-
sponse to specific physiological signals (1). Cytoplasmic micro-
tubules are by and large highly labile, being in rapid equilib-
rium with their constituent tubulin subunits (4). Simultaneous
aggregation and disaggregation at opposite ends can allow for
the establishment of a steady state, during which subunits will
flow from one end of the microtubule to the other (3, 5). This
constitutes a treadmilling process that may be implicated in cer-
tain fundamental intracellular phenomena such as chromosome
movement during anaphase (5, 6). Because lability allows for
constant flux, it is likely that the equilibrium between the as-
sembled and disassembled states may define the physiological
function of microtubules. Indeed, microtubules locked in a
nonequilibrium state by the drug taxol appear to lose their mi-
totic function (7).

The physiological mechanisms regulating microtubule as-
sembly and disassembly are unclear at this time. There is evi-
dence that pH (8), Ca®* (9, 10), calmodulin (11-13), and the
phosphorylation of microtubule-associated proteins (14-16) can
affect to some extent microtubule behavior. We have been in-
terested in a particular population of microtubules that has been
designated as cold stable (13, 16-19). These microtubules, con-
trary to the more common cold-labile type, do not disassemble
at 0°C or in the presence of millimolar concentrations of Ca®*
or when exposed to assembly-inhibiting drugs such as colchicine

or podophyllotoxin. On the other hand, they do disassemble
rapidly when exposed to ATP (16) or to substoichiometric amounts
of calmodulin (13) or when subjected to shearing (19).

On the basis of these observations, we have proposed that
disassembly at cold temperatures can be prevented by substoi-
chiometric protein blocks randomly distributed along the poly-
mer (19). A number of polypeptides appear to be involved; they
seem to exist in the form of a large complex, but their individual
contributions to microtubule cold stability have not been elu-
cidated as yet.

In the past, all the work on cold-stable microtubules has been
carried out on rat or mouse brain, from which only minute amounts
of cold-stable microtubules could be isolated. Clearly, for any
detailed biochemical characterization of the system, one would
have to rely on a more abundant source of starting material.
However, all attempts to reproduce in larger animals what had
been done with rodents met with little success, in spite of the
fact that stability to cold appeared to be a general phenomenon.

This manuscript describes a new procedure for the isolation
from sheep brain of cold-stable microtubules having properties
similar to those obtained earlier from the rat. From these cold-
stable preparations, a group of polypeptides could be isolated
displaying the same cold-stabilizing properties and size distri-
bution as the proteins described earlier from rodents (19). Al-
though their cold-stabilizing activity is greatly affected by cal-
modulin, the data presented here indicate that they are different
from the 7 proteins (20), a family of microtubule-associated pro-
teins shown by Sobue et al. (21) also to react strongly with cal-
modulin.

MATERIALS AND METHODS

Preparation of Crude Extract. Sheep brains (about 100 g per
brain) were packed in ice immediately after slaughter and pro-
cessed within 30 min. All procedures were performed at 0-4°C
except where indicated. Brain tissue was homogenized for 10
sec in a Waring blender set at the lowest speed in buffer des-
ignated MEM buffer (100 mM 4-morpholineethanesulfonic acid,
pH 6.75/1 mM EGTA/1 mM MgCl,) and 1.5 mM CaCl,. Al-
though the proportions of buffer to brain material were varied
as indicated under Results, a ratio of 1.4:1 gave optimal yields
of cold-stable microtubules. The homogenate was allowed to
settle for 1 min, EGTA was added to a final concentration of 3.0
mM, and the mixture was blended for an additional 5 sec.

Assembly and Isolation of Microtubules. The extract was
centrifuged at 150,000 X g for 30 min, and the supernatant was
carefully collected. Microtubule assembly was initiated at 30°C.
For all assembly measurements, turbidity was monitored at 350
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nm with a temperature-controlled UVICON 810 spectropho-
tometer. After 100-120 min, the extract was chilled to 0°C for
30 min and centrifuged at 200,000 X g for 90 min through a 50%
(wt/vol) sucrose cushion in MEM buffer. After suspending the
pellets in the same buffer to a final concentration of ca. 10 mg
of protein per ml, the suspension was centrifuged at 5,000 X
g for 5 min at 0°C. The supernatant was sheared at 0°C by re-
peated passage through a syringe fitted with a 26-gauge needle
and recentrifuged at 50,000 X g for 20 min. The supernatant was
collected for further use.

Other Isolation Procedures. Cold-stable microtubules from
rat brain were isolated as described (13, 19); 7 polypeptides were
prepared from purified bovine brain microtubules as described
by Cleveland et al (20). A protein fraction showing cold-stabi-
lizing activity was isolated from purified cold-stable microtu-
bules by methods to be detailed elsewhere (unpublished data).
In brief, sheared cold-stable microtubule supernatants were made
1.0 mM in free CaCl; and passed through a DE-52 cellulose col-
umn. The flow-through fraction containing the activity was used
for subsequent experiments and gel electrophoresis analysis.

RESULTS

Isolation of Cold-Stable Microtubules. Analysis of microtu-
bule assembly in crude-extract supernatant solutions from
sheep brain revealed that addition of guanine nucleotides was
not required for optimal polymerization (Fig. 1), as established
for the rat system (16). However, addition of either GDP (Fig.
1) or GTP (data not shown) did alter the kinetics of assembly,
always delaying initiation. At increasing ratios of buffer to tissue
during homogenization, the initiation lag became more and
more pronounced, even though final yields in assembled ma-
terial were the same.

During the assembly reaction, aliquots were removed at 5-
min intervals and chilled to 0°C to determine the quantity of
cold-stable microtubules present. The data clearly show that at
different buffer-to-brain-tissue ratios, very different yields of
cold-stable material were obtained. At a 0.5:1 ratio, cold-sta-
bility was at most 10% after 2 hr (Fig. 1A), whereas it increased
to 50-55% at a 1.4:1 ratio (Fig. 1B). However, the ratio of cold
stability to total polymer did not vary appreciably with time dur-
ing assembly for any condition.

The differences in stability to cold observed at different buff-
er-to-tissue ratios may be related to the presence of salts in the
brain extract. The conductivity of the most concentrated so-
lution was 11 mS and of the most dilute extract was 8.5 mS.
Likewise, increasing the conductivity of a purified solution of
cold-stable microtubules to a value greater than 10 m$S by ad-
dition of NaCl substantially suppressed cold stability (data not
shown). At an optimal buffer-to-tissue ratio of 1.4:1, =30 mg
of purified cold-stable microtubules could be obtained per 100
g of brain.

Recycling of Cold-Stable Microtubules. To obtain cold-sta-
ble microtubules, the crude-extract supernatant solution was
assembled at a buffer-to-tissue ratio of 1.4:1, optimal for cold
stability. After 1 hr, the turbid solution was brought to 0°C for
10 min so that only cold-stable polymers would remain. The
chilled solution was layered onto a 50% sucrose cushion and
centrifuged at 30°C; cold-stable microtubules were recovered
in the pellet. For further purification, the pellet was suspended
in 0°C buffer, sheared, centrifuged in MEM buffer, and then
carried through a second assembly cycle as just described.

Cold-labile microtubules were prepared by allowing tubulin
to assemble in crude-extract supernatant solutions at a 0.5:1.0
buffer-to-tissue ratio. The assembled material was centrifuged
through a 50% sucrose cushion at 30°C.

Proc. Natl. Acad. Sci. USA 80 (1983) 1561

0.6 -

AOD4

90 120
Time, min

Fic. 1. Effect of buffer-to-tissue ratio on sheep brain crude-extract
microtubule assembly and cold stability. Supernatant fractions from
high-speed centrifugation were warmed to 30°C and monitored for mi-
crotubule assembly by changes in turbidity. Aliquots were removed at
10-min intervals during assembly and chilled to 0°C. The turbidity was
measured to determine the residual levels of cold-stable microtubules.
Assembly was carried out at a buffer-to-brain tissue ratio (vol/wt) of
0.5:1(A) and 1.4:1 (B). Curves: a, assembly with no nucleotide added;
b, assembly with 1.0 mM GDP; ¢ and d, levels of cold-stable material
remaining when aliquots from samples a and b were brought to 0°C,

respectively.

A comparison of the assembly properties and stability of the
two types of purified microtubules is shown in Fig. 2A. Dif-
ferences observed were reproducible and persisted after ad-
ditional assembly/disassembly cycles. As with the rat system,
cold-stable microtubules never exceeded 50-60% of the ma-
terial present. In all cases, there was a characteristic difference
in the initiation of assembly, which occurred always more rap-
idly with the cold-stable population.

Further tests were made to determine whether the sheep cold-
stable microtubules behaved similarly to the rat bram material
in the presence of destabilizing agents. Free Ca®*, up to a con-
centration of 1 mM, was without effect at 30°C but caused rapid
disassembly in the presence of 1.0 uM calmodulin. Disassem-
bly also was observed with 0.5 mM ATP and occurred almost
immediately enther in the presence of 10 mM free Ca®* or in
1.0 mM free Ca®* at 0°C. Similar responses have been observed
with rat brain cold-stable microtubules (13, 16, 19, unpublished
data).

Use of a Protein Fraction to Induce Cold Stability. After
disassembly of cold-stable microtubules, a fraction capable of
conferring cold stability to microtubules could be obtained by
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Fic. 2. Properties of purified cold-stable microtubules. Sheep brain microtubules (purified by three assembly cycles; 2.5 mg/ml) were assembled
in MEM buffer containing 0.5 mM GTP at 30°C. (A) Behavior of cold-stable microtubules (curve a) is compared to that of similarly prepared cold-
labile material (curve b). At the time indicated by the arrow, aliquots from each sample were removed and chilled at 0°C for 10 min. The resulting
level of cold stability is shown. (B) After cold-stable microtubules were assembled as above (curve a), 25 uM podophyllotoxin was added at the time
indicated by the arrow, and the sample was brought to 0°C for 10 min. Curve b represents the remaining level of cold-stable material measured
after rewarming the solution to 30°C. To that sample, the following additions were made: 1 mM free Ca2* (curve c), 1 mM free Ca2+*/1 uM beef
brain calmodulin (curve d), 0.5 mM ATP (curve e), and either 10 mM free Ca2* at 30°C or 1.0 mM free Ca%* at 0°C (curve f).

passage of the disassembled protein through a DE-52 cellulose Because cold-stable microtubule-associated proteins present
ion-exchange column (see legend of Fig. 3 for details). The ac- in the DE-52 flow-through fraction migrated on gels in the same
tive material emerged from the column in the flow-through molecular weight range as the 7 proteins (refs. 19 and 20; see
fraction, while the bulk of the tubulin and microtubule-asso- also Fig. 4), purified 7 proteins were assayed to determine
ciated protein was retained, as reported for the mouse brain sys- whether they could confer cold stability. Though the 7 proteins
tem (18). Readdition of this fraction to cold-labile microtubules isolated by the method of Cleveland et al. (20) did enhance the
(isolated as described in the legend of Fig. 1A) produced sub- assembly of cold-labile microtubule protein, they did not in-
stantial cold stability even when added at a low ratio (0.075:1.0) duce any detectable cold stability in either of two assembly cycles,
to cold-labile microtubule protein (Fig. 3A). Curiously, the DE- even when added at a high ratio (0.25:1.0) to total microtubule
52 eluate fraction diminished the extent of polymerization rel- protein. Neither 71 nor 72 protein displayed any demonstrable
ative to the control in the first assembly cycle but greatly aug- activity.
mented the extent of assembly in the second cycle. The reason Comparison of Proteins on NaDodSO,/Polyacrylamide Gels.
for this effect is not known; it was not seen with rat brain mi- Sheep-derived proteins containing cold-stabilizing activity mi-
crotubules similarly assayed (unpublished data). grated on NaDodSO, gel chromatography with a pattern iden-
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Fic. 3. Effects of a purified cold-stabilizing fraction and of 7 proteins on microtubule assembly and cold stability. (A) Reconstitution of cold
stability with the flow-through eluate from the DE-52 column. Twice recycled cold-stable microtubule protein (8 mg) was disassembled and then
passed through a 3-m]1 DE-52 cellulose column at 4°C in MEM buffer containing 2 mM CaCl,. Curves: a, control with three-cycle-purified cold-labile
beef brain microtubule protein (1 mg/ml) alone; b, in the presence of 75 ug of protein from the DE-52 column flow-through fraction. At the time
indicated by the arrows, the samples were chilled to 0°C for 10 min; additionally, at the time indicated by the second arrow, 25 uM podophyllotoxin
was added to prevent further assembly and to reveal the cold-stable level. (B) 71 and 72 proteins isolated from beef brain microtubules were added
to three-cycle-purified cold-labile beef brain microtubule protein (1 mg/ml). Assembly was carried out as described in A, with no additions (curve
a), 250 ug of 71 protein (curve b), 250 ug of 72 protein (curve c), and 125 ug each of both 71 and 72 proteins (curve d). The samples were chilled
to 0°C for 10 min (first arrow), and 25 uM podophyllotoxin was added to prevent further reassembly (second arrow).
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-F16. 4. NaDodSOj gel electrophoresis (21) of cold-stabilizing fac-
tors isolated from both sheep (lane A) and rat (lane B) brain cold-stable
microtubules by DE-52 cellulose column chromatography as described
in the legend of Fig. 3. These are compared to 71 (lane C) and 72 (lane
D) proteins prepared from beef brain microtubules. Proteins (50 ug)
were loaded in each lane, and the gels were stained with Coomassie
blue R. Molecular weight standards are shown x 1073,

tical to the cold-stabilizing microtubule proteins isolated by the
- same procedures from rat brain. In both instances, no major band

corresponding to the 7 proteins could be observed, consonant
with the above results, which demonstrated that 7 proteins lacked
.cold-stabilizing activity.

DISCUSSION

‘The purpose of this investigation was three-fold: (i) to extend
previous studies that had been carried out only in rat or mouse
brain to-the brain of larger animals so that sizeable amounts of
cold-stable microtubules could be obtained; (i) to demonstrate
. that observations that had been made only in rodents could be

reproduced in other species—that is, that cold stability was
. widespread and, therefore, potentially of general significance;

and (i) to see whether some of the observed effects could be

attributed to the 7 proteins because Sobue et al. (22) have shown
- that these proteins react strongly with calmodulin.
Cold-stable microtubules could be isolated in high yields
from sheep brain. Many of their properties are similar to.those
-described previously for microtubules from rat. brain: both are
stable to millimolar concentrations of Ca®* and to assembly-in-
hibiting drugs but rapidly disassemble when exposed to mi-
cromolar concentrations of Ca?*/calmodulin or to ATP. Con-
ditions necessary to duplicate in higher animals what had been
done with rodents are now clear: (i) brains must be processed
rapidly after sacrificing the animals; (i) the system is sensitive
to ionic strength; and (i#) microtubule assembly must be al-
lowed to proceed spontaneously without the addition of glycerol
or dimethyl sulfoxide. (Although these reagents greatly increase
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the viscosity of the protein solutions, they inhibit the formation
of cold-stable microtubules.)

In a purified system, there must be a proper ratio of tubulin
to the microtubule-associated proteins that are responsible for
cold stability. This point deserves further elaboration. Webb
and Wilson (18) have proposed that cold stability depends on
the addition of a factor.that would stabilize a constant amount
of tubulin, independent of its total concentration, once satu-
ration had been reached. By contrast, we have proposed a
model based on the presence of substoichiometric amounts of
the associated proteins, the main factor being the mean number
of blocks per microtubule (19). This model predicts that addi-
tion of tubulin to partially cold-stable preparations would lead
eventually to-the disappearance of cold stability. It is easy to
demonstrate that this actually happens both in crude extracts
and in purified preparations. Thus, addition of purified tubulin
to acrude extract substantially decreases the yield of cold-stable
material obtained: Because ionic strength plays an important
role in determining the number and length of microtubules
formed during assembly, it thus affects the mean number of

- blocks per microtubule and, hence, the overall cold stability.

The profiles of the proteins involved in cold stability from rat
and sheep brain are qualitatively similar, although a protein of
35,000 molecular weight seems to be more abundant in the sheep
fraction. A mumber of these proteins have been designated as
STOPs (Stable-Tubule-Only Proteins) because they are found
only in those purified microtubules that show cold stability (19).
Although they appear to be incorporated into a single complex

- (unpublished data), it is not known which of these polypeptides
. is responsible for the observed activity or what other regulatory

properties the entire complex might have.

Although the molecular weight of the polypeptides isolated
from DE-52 chromatography is in the range of that of the 7 pro-
teins (ca. 60,000) it is evident that the two protein groups are
distinct. Indeed, they do not comigrate on gels nor do they have
overlapping functions: purified 7 proteins cannot generate cold
stability, and we show elsewhere that, unlike the 7 proteins,
material in the DE-52 column flow-through cannot induce as-
sembly of purified 6S tubulin (unpublished data).

Assembly and disassembly of microtubules are, of course,
highly regulated phenomena, ‘and it is quite probable that the
extensive studies that have been carried out in vitro cannot ad-
equately express the complexity of the physiological system be-
cause of the absence of certain regulatory components. None-
theless, the mechanism by which microtubules may control
various cellular processes in response to intracellular and ex-
tracellular signals is becoming increasingly clear. Regulation of
microtubule behavior by Ca®* /calmodulin appears to occur both
through direct interaction and by promoting a.calmodulin-de-
pendent phosphorylation (unpublished data). As these may rep-
resent distinct functions, a dual role for calmodulin can be en-
visaged in the attachment of microtubules ta cellular elements
and in the translocation and disassembly (3) of celd-stable mi-
crotubules as they approach the poles of the mitotic apparatus.
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