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Purification, Characterization, and Assembly Properties of Tubulin from
Unfertilized Eggs of the Sea Urchin Strongylocentrotus purpuratus®

H. William Detrich, III,* and Leslie Wilson

ABSTRACT: Tubulin was purified from unfertilized eggs of the
sea urchin Strongylocentrotus purpuratus by chromatography
of an egg supernatant fraction on DEAE-Sephacel or
DEAE-cellulose followed by cycles of temperature-dependent
microtubule assembly and disassembly in vitro. After two
assembly cycles, the microtubule protein consisted of the a-
and 8-tubulins (>98% of the protein) and trace quantities of
seven proteins with molecular weights less than 55 000; no
associated proteins with molecular weights greater than tubulin
were observed. When analyzed by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis on urea—polyacrylamide
gradient gels, the a- and B-tubulins did not precisely comigrate
with their counterparts from bovine brain. Two-dimensional
electrophoresis revealed that urchin egg tubulin contained two
major a-tubulins and a single major 3 species. No oligomeric
structures were observed in tubulin preparations maintained
at 0 °C. Purified egg tubulin assembled efficiently into mi-

’Ee assembly and disassembly of labile cytoplasmic micro-
tubules are apparently closely coupled with the functions that
they perform. Because it is available in large quantity, most
studies of cytoplasmic microtubule assembly have been per-
formed on microtubule protein isolated from vertebrate brain
tissue. However, it is important to recognize that brain mi-
crotubule protein may be an atypical material for study,
perhaps modified to form stable cytoskeletal elements in
nonmitotic cells. Therefore, we have chosen to investigate the
properties of tubulin isolated from unfertilized eggs of the
purple sea urchin, Strongylocentrotus purpuratus.
Unfertilized sea urchin eggs contain a large pool of pre-
synthesized tubulin (Raff & Kaumeyer, 1973; Pfeffer et al.,
1976). Bibring & Baxandall (1977) have shown that most
of the tubulin incorporated into the mitotic spindle during the
first cleavage division in S. purpuratus zygotes is drawn from
this pool. Doublet-specific ciliary tubulin destined for ci-
liogenesis during the blastula stage is also present in the un-
fertilized egg (Bibring & Baxandall, 1981). However, the pool
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crotubules when warmed to 37 °C in a glycerol-free polym-
erization buffer containing guanosine 5’-triphosphate. The
critical concentration for assembly of once- or twice-cycled
egg tubulin was 0.12-0.15 mg/mL. Morphologically normal
microtubules were observed by electron microscopy, and these
microtubules were depolymerized by exposure to low tem-
perature or to podophyllotoxin. Chromatography of a
twice-cycled egg tubulin preparation on phosphocellulose did
not alter its protein composition and did not affect its subse-
quent assembly into microtubules. At concentrations above
0.5-0.6 mg/mL, a concentration-dependent “overshoot” in
turbidity was observed during the assembly reaction. These
results suggest that egg tubulin assembles into microtubules
in the absence of the ring-shaped oligomers and microtu-
bule-associated proteins that characterize microtubule protein
from vertebrate brain.

of ciliary tubulin in embryos appears to be small (capable of
supporting three to four rounds of ciliary regeneration; Auclair
& Siegel, 1966). Furthermore, Stephens (1978) was unable
to detect ciliary tubulin in the unfertilized egg by peptide
mapping. These studies suggest that the majority of the tu-
bulin in the unfertilized egg is mitotic or cytoplasmic in destiny.

Dramatic changes both in the extent of assembly of cyto-
plasmic microtubules and in their organization take place
during the first cleavage cycle of sea urchin zygotes. Few, if
any, microtubules are assembled prior to fertilization in eggs
of Arbacia punctulata and Lytechinus variegatus (Bestor &
Schatten, 1981). Following fertilization in S. purpuratus, a
monaster of microtubules forms around the sperm pronucleus
and then recedes, to be replaced by the interphase asters and
a spiral cortical array of microtubules (Harris et al., 1980a,b).
The cortical microtubules and the interphase asters in turn
break down prior to the formation of the mitotic spindle and
the occurrence of the first cleavage at 135 min (15 °C). Harris
et al. (1980b) have proposed that the breakdown of microtu-
bules is induced by a transient, wavelike movement of some
depolymerizing factor (perhaps calcium) from the cell center
to the periphery of the cell.

Our long-range objective is to understand the mechanism
and, ultimately, the regulation of the assembly and disassembly
of sea urchin cytoplasmic microtubules, both in vitro and in
vivo. In this report, we describe a protocol for the isolation
of highly purified tubulin from unfertilized eggs of S. pur-
puratus. Furthermore, we have analyzed the protein com-
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position and the assembly characteristics of this tubulin. The
results suggest that study of this system will contribute sig-
nificantly to our understanding of microtubule assembly. A
preliminary report of some of this work has been published
(Detrich et al., 1981).

Materials and Methods

Materials. 1,4-Piperazinediethanesulfonic acid (Pipes),!
DTE, EGTA, GTP (type II-S), TAME, and Coomassie
Brilliant Blue R-250 were obtained from Sigma Chemical Co.
Coomassie Brilliant Blue G-250 was supplied by Polysciences.
Sodium lauryl sulfate (specially pure) was purchased from
BDH Chemicals, and ultrapure urea was produced by
Schwarz/Mann. Ampholines were obtained from LKB and
from Serva. All other chemicals were reagent grade.

DEAE-cellulose (Whatman DE-52) and DEAE-Sephacel
(Pharmacia) were carefully equilibrated with the appropriate
column buffer prior to use. Phosphocellulose (Whatman P-11)
was precycled in 0.5 N HC! and 0.5 N NaOH according to
the manufacturer’s instructions. The precycled phospho-
cellulose was saturated with Mg?* and equilibrated with the
appropriate buffer as described by Williams & Detrich (1979).

Preparation of Unfertilized Eggs. Specimens of the purple
urchin, Strongylocentrotus purpuratus, were collected locally
in the Santa Barbara Channel and were maintained in tanks
supplied with fresh, filtered seawater at 15-20 °C. Urchins
were induced to spawn by injections of 1-2 mL of 0.55 M KCl
into the body cavity, and ova were collected by inversion of
female urchins over glass beakers containing filtered, natural
seawater (15-20 °C). Following completion of spawning, eggs
were collected by centrifugation (4000g, 4 °C, 2-4 min). The
pelleted eggs were washed twice with filtered seawater: eggs
were resuspended in 5 times (5X) their volume of seawater
(15-20 °C), the suspension was stirred vigorously for 20-30
s to strip the jelly coats from the eggs, and dejellied eggs were
collected by centrifugation as described previously. Finally,
the eggs were washed once (by the procedure just described)
with W buffer [0.1 M Pipes~NaOH, 2 mM EGTA, 1 mM
MgSO,, and 0.02% (w/v) NaN;,, pH 6.82], and the egg pellets
were resuspended in an equal volume of PMI buffer [0.1 M
Pipes—NaOH, 2 mM EGTA, 2 mM DTE, 1 mM MgSO,, 1
mM TAME, 0.1 mM GTP, and 0.02% (w/v) NaN;, pH 6.82].

Purification of Tubulin. Tubulin was purified from un-
fertilized eggs by a modification of the method of Kuriyama
(1977). Suspensions of eggs in PMI buffer were homogenized
in a Teflon~glass tissue homogenizer (four strokes, speed 9,
Tri-R Stir-R Model S63C), and the homogenate was cen-
trifuged at 210000g for 100 min at 4 °C. (All subsequent
chromatographic operations were performed at 0—4 °C.) The
lipid-containing layer at the top of each centrifuge tube was
removed by aspiration, and the high-speed supernatants (HSS)
were recovered and pooled. The HSS was either used im-
mediately or prepared for storage by dropwise freezing in liquid
nitrogen (see below). In pilot experiments (e.g., Figure 1),
the HSS was applied to PMI-equilibrated columns of
DEAE-cellulose or DEAE-Sephacel at a ratio of 1.5-2 mL
of supernatant per 1 mL of exchanger. The columns were
washed with 2-4 volumes of PMI buffer to recover nonbound

! Abbreviations: DEAE, diethylaminoethyl; DTE, dithioerythritol;
EGTA, ethylene glycol bis(8-aminoethy! ether)-V,N,N',N'-tetraacetic
acid; GTP, guanosine 5'-triphosphate; HSS, high-speed supernatant(s);
MAP, microtubule-associated protein; Me,SO, dimethyl sulfoxide; Na-
DodSO,, sodium dodecyl (lauryl) sulfate; Pipes, 1,4-piperazinedi-
ethanesulfonic acid; PLN, podophyllotoxin; TAME, p-tosyl-L-arginine
methyl ester hydrochloride; Tris-HCl, tris(hydroxymethyl)aminomethane
hydrochloride.
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proteins. Bound proteins were eluted by application of linear
gradients of NaCl (0-0.5 M) in PMI buffer. Conductivities
through the salt gradient were measured at room temperature
with a Radiometer CDM 3 conductivity meter. After de-
termination of the salt concentration required to elute tubulin
from these exchangers, the chromatographic procedure was
modified to permit batch adsorption and stepwise elution of
tubulin. The HSS was adsorbed to the exchanger (2 mL of
supernatant/ 1 mL of settled exchanger) for 30-45 min at 0-4
°C. The slurry was stirred occasionally to suspend the ex-
changer in the supernatant. Following adsorption, the ex-
changer was collected by centrifugation of the slurry (4000g,
2 min), and the nonbound supernatant was discarded. The
resin was washed twice with 5X volumes of PMI buffer and
then poured into an appropriate column. After the exchanger
had packed, the column was developed with 2 or more volumes
of PMI + 0.15 M Nacl to elute bound, nontubulin proteins.
Tubulin was collected by application of PMI + 0.4 M NaCl
to the column. Fractions were collected and assayed for
protein (see below). Appropriate fractions were pooled, frozen
dropwise in liquid nitrogen (Detrich & Williams, 1978), and
then stored at —80 °C. When compared to the gradient elution
protocol, this batch adsorption, step elution procedure faci-
litates the rapid processing of large volumes of HSS at the cost
of slightly lower purity of the tubulin fractions obtained.

The partially purified tubulin obtained by DEAE ion-ex-
change chromatography (DEAE-tubulin) was further purified
by cycles of temperature-dependent assembly and disassembly
in vitro. Aliquots (10 mL) of the frozen DEAE-tubulin in PMI
+ 0.4 M NaCl were thawed rapidly and centrifuged (4000g,
10 min, 4 °C) to remove small amounts of denatured protein
from the solution. The supernatant was desalted by passage
over 1.5 X 20 cm columns of Bio-Gel P-2 equilibrated with
PB buffer [0.1 M Pipes-NaOH, 1 mM EGTA, 1 mM MgSO,,
and 0.02% (w/v) NaN;j, pH 6.82]. GTP was added to the
desalted DEAE-tubulin to a final concentration of 1 mM, and
microtubules were assembled by warming the protein solution
to 37 °C. After assembly was complete (as judged by tur-
bidimetry; see below), the polymer was collected by centri-
fugation (40000g, 30 min, 35 °C). Microtubule pellets, H,P
[sample nomenclature is that of Borisy et al. (1975)], were
resuspended in PB + 1 mM GTP (25-50% of the H,S volume)
to a final protein concentration of ca. 2 mg/mL, and the
supernatants (H,S) were discarded. Microtubules were de-
polymerized by incubation of the resuspended H,P on ice for
30 min, and the depolymerized protein was clarified by cen-
trifugation at 40000g for 30 min at 4 °C. The cold super-
natant (C;S) was recovered, while the cold pellet (C,P) was
discarded. An additional cycle of assembly and disassembly
was performed to yield twice-cycled tubulin (C,S). The C,S
was frozen dropwise in liquid nitrogen as described (Detrich
& Williams, 1978) and stored at =80 °C.

Several additional comments on this method should be
noted. First, the synthetic trypsin substrate TAME was in-
cluded in PMI buffer to protect tubulin against proteolysis by
cortical granule proteases that may be released during hom-
ogenization of the unfertilized eggs. Second, when large
volumes (>20 mL) of DEAE-tubulin were purified further by
assembly/disassembly selection, the protein was concentrated
by ammonium sulfate fractionation. Ammonium sulfate was
added gradually to the tubulin solution to a final concentration
of 60% (w/v). After a 20-min incubation at 0 °C, the pre-
cipitate was collected by centrifugation (40000g, 15 min, 4
°C). The pellets were resuspended to 2-3 mg/mL in PB
buffer, GTP was added to 1 mM, and the protein was as-
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sembled without the desalting step described previously. The
residual ammonium sulfate present in the resuspended protein
had no effect on the subsequent assembly of the DEAE-tu-
bulin. Third, in contrast to the method of Kuriyama (1977),
the tubulin purified by this procedure has never been exposed
to glycerol. Fourth, preparations of HSS, DEAE-tubulin, and
C,S have been stored as frozen beads at —80 °C for periods
up to 6 months without loss of colchicine-binding activity or
polymerization capacity.

Gel Electrophoresis. NaDodSO,—polyacrylamide gel
electrophoresis was performed according to the method of
Laemmli (1970) on slab gels (15 X 15 X 0.15 cm) containing
linear gradients of acrylamide (4—16%) and of urea (1-8 M)
(Kim et al., 1979). Gels were fixed and stained with 0.1%
(w/v) Coomassie Brilliant Blue R-250 in ethanol-acetic
acid—water (45:10:45) for 8-12 h at room temperature and
then destained with multiple changes of ethanol-acetic acid—
water (25:10:65) over 2-3 days. All destained gels were stored
in 7% (v/v) acetic acid. Gradient slab gels used for quanti-
tative studies were fixed and stained with 1% Fast Green
{Gorovsky et al., 1970) in 50% methanol-7% acetic acid (v/v)
for 24 h (Berkowitz et al., 1977) and destained in 5% meth-
anol-7% acetic acid (v/v). Appropriate lanes were cut out
of the slabs and scanned at 640 nm with a Gilford Model 2400
spectrophotometer equipped with a linear transport device.
The amount of protein in a given electrophoretic band was
determined by integration of the corresponding peak in the
resulting scan. Molecular weights of protein bands were es-
timated by comparison to protein standards (Pharmacia high
and low molecular weight electrophoresis calibration kits)
electrophoresed on the same gel (semilog plots of molecular
weight vs. relative mobility).

Two-dimensional electrophoresis was performed according
to the method of O’Farrell (1975) with some modifications.
Isoelectric focusing on 4% polyacrylamide was performed in
the first dimension on cylindrical gels (0.2 X 12 ¢m) containing
9.2 M urea, 2% (v/v) Triton X-100, 1% (w/v) Servalyt AG
5.0-5.5 (Serva), and 1% (w/v) ampholine, pH 4-6 (LKB),
at room temperature. The gels were prerun as described
(O’Farrell, 1975), the samples [in 9.5 M urea, 5% (v/v) 2-
mercaptoethanol, and 2% (v/v) Triton X-100] were loaded
onto the gels, and focusing was performed at 300 V for 20 h
and then at 600 V for 1 h. Gels were removed, equilibrated
for 1 h in NaDodSO, sample buffer [2% (w/v) NaDodSO,,
5% (v/v) 2-mercaptoethanol, and 0.0625 M Tris-HC], pH 6.8],
and run in the second dimension on urea—polyacrylamide
gradient slab gels (15 X 15 X 0.15 cm) according to the
method of Laemmli (1970). Second-dimension slab gels were
stained with Coomassie Brilliant Blue R-250 as described
above. The pH gradient in the first dimension was determined
by cutting duplicate gels into 5-mm sections, eluting the am-
pholytes from each section with 1 mL of water for 3 h, and
measuring the pH of the solution at room temperature.

Polymerization Assays. Microtubule assembly was mon-
itored turbidimetrically at 350 nm with a Gilford Model 2400
recording spectrophotometer equipped with a four-cell, ther-
mostatable cuvette chamber. Polymerization reactions were
performed in PB buffer supplemented with 1 mM GTP at 37
°C. Podophyllotoxin (PLN) was added when indicated from
a 5 mM stock solution in Me,SO.

Determination of Critical Concentrations. The critical
concentration for assembly of the egg C,S at 37 °C was de-
termined by the quantitative sedimentation assay of Johnson
& Borisy (1975). This procedure yields the equilibrium
distribution of assembled microtubule protein in terms of two
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operationally defined species: polymer (microtubules) and the
polymerizing unit (designated monomer). Briefly, samples (0.5
mL) of C,S in PB + 1 mM GTP were incubated for 60 min
at 37 °C to assemble microtubules. The polymerized samples
were centrifuged at 28000g for 20 min at 37 °C, and the
supernatants were recovered to yield the monomer fraction.
The pellets were resuspended to the original sample volume
in PB + 1 mM GTP, incubated at 0 °C for 30 min, and then
centrifuged at 4 °C (28000g, 20 min) to remove irreversibly
aggregated material. Finally, the cold supernatants were
recovered to give the cold-reversible polymer fraction. Protein
concentrations of the monomer and polymer fractions were
determined as described below. Concentrations of protein in
the monomer and cold-reversible polymer fractions were
plotted as a function of the total C,S concentration. The
critical concentration was estimated as the y intercept of the
linear regression line through those monomer (supernatant)
data points obtained at total protein concentrations =0.15
mg/mL. Sedimentation of protein was specifically dependent
upon assembly of tubulin, and polymer was quantitatively
sedimented, on the basis of the criteria of Johnson & Borisy
(1975): (1) microtubules were the predominant product of
assembly under these conditions as revealed by negative-stain
electron microscopy; (2) greater than 95% of the protein re-
mained in the supernatant following incubation of the C,S in
the presence of 107 M colchicine; (3) approximately 90% of
the protein in a microtubule pellet was recovered in the
cold-reversible polymer fraction; and (4) the speed and du-
ration of centrifugation produced a stable plateau in the mass
of polymer sedimented.

The critical concentration for assembly of the C,S (in PB
+ 1 mM GTP at 37 °C) was also evaluated by turbidimetry
(Gaskin et al., 1974). Samples of C,S at various initial con-
centrations were assembled to steady state (apparent equi-
librium), and the change in absorbance at 350 nm was plotted
vs. the total protein concentration. The apparent critical
concentration was estimated by extrapolation of the linear
regression line to the abscissa (zero turbidity, i.e., no assembly).
Steady-state turbidity values corresponded to scattering by
microtubule polymer as determined by negative-stain electron
microscopy (cf. Figure 9); few nonmicrotubule aggregates were
observed. Furthermore, increases in turbidity of the assembled
C,S were reversed to base-line levels by exposure of the sam-
ples to low temperature (0 °C). These observations indicate
that the observed increases in turbidity were due to the re-
versible assembly of microtubules and exclude the presence
of large amounts of irreversible aggregates.

Electron Microscopy. Microtubule samples for electron
microscopy were diluted with warm PB + 1 mM GTP (37 °C)
to a final protein concentration of 0.7-0.9 mg/mL. Following
dilution, samples were immediately applied to carbon-coated
collodion grids and negatively stained. One drop of sample
was deposited on a grid for 30-60 s, excess solution was drawn
off with filter paper, and the grid was rinsed with one to five
drops of cytochrome ¢ (1 mg/mL) and then with two to three
drops of water. Excess water was drawn off with filter paper,
and the samples were stained with several drops of 1% (w/v)
aqueous uranyl acetate for 30~60 s. The last drop was re-
moved with filter paper, and the grid was allowed to air-dry.
Samples were observed with a Philips EM 300 electron mi-
croscope operated at 80 kV.

Samples of depolymerized solutions of microtubules were
fixed for 5 min at 0 °C by 1:1 dilution with 2% aqueous
glutaraldehyde. After the protein concentration was adjusted
to 0.2-0.3 mg/mL with cold PB + | mM GTP (0 °C), sam-
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FIGURE 1: DEAE ion-exchange chromatography of the urchin egg
HSS. The HSS (30 mL at 21 mg/mL in PMI) was adsorbed to a
1.6 X 10 cm column of DEAE-Sephacel equilibrated with the same
buffer. The column was washed with PMI buffer (2 volumes) and
then was developed with a 300-mL linear gradient from 0 to 0.5 M
NaCl in PMI buffer (connected at fraction 48). At fraction 170, the
column was eluted with PMI + 1 M NaCl. Fractions of 2.5 mL were
collected. Protein was monitored by the method of Bradford (1976)
and is plotted as the absorbance at 595 nm (O). Conductivities of
the fractions (A) were measured at room temperature. Three peaks
were observed and are numbered for reference in the text.

ples were applied to grids at room temperature, stained with
uranyl acetate, and then observed as described above.

Miscellaneous Methods. Samples of urchin egg C,S were
chromatographed on columns of Mg?*-saturated phospho-
cellulose equilibrated with PB + 0.1 mM GTP as described
by Williams & Detrich (1979). The protein was applied at
a ratio of 0.5 mg of C,S/mL of bed volume, and tubulin, which
does not bind to phosphocellulose under these conditions, was
eluted with PB + 0.1 mM GTP. Finally, the column was
washed with PB + 0.1 mM GTP + 0.8 M NaCl to release
bound proteins. Bovine brain microtubule protein (C,S) was
purified through three cycles of assembly and disassembly in
the absence of glycerol by the method of Asnes & Wilson
(1979). Brain tubulin was separated from the microtubule-
associated proteins (MAPs) by chromatography of the brain
C,S preparations on phosphocellulose (Detrich & Williams,
1978; Williams & Detrich, 1979). Protein concentrations were
measured by the method of Bradford (1976) with bovine serum
albumin as the standard.

Results

Purification of Tubulin from Unfertilized Eggs. Unferti-
lized eggs of the sea urchin Strongylocentrotus purpuratus
contain a substantial pool of cytoplasmic tubulin (Pfeffer et
al,, 1976). We have purified this protein by DEAE ion-ex-
change chromatography followed by cycles of microtubule
assembly and disassembly in vitro [cf. Kuriyama (1977)].
Figure 1 presents the elution profile obtained when the high-
speed supernatant from unfertilized eggs (HSS) was chro-
matographed on a column of DEAE-Sephacel. Most of the
protein did not bind to the ion-exchange resin under these
conditions and eluted during the wash with PMI buffer (peak
1). Upon application of a linear gradient of NaCl (0-0.5 M)
in PMI buffer at fraction 48, two additional, well-resolved
peaks of protein were released. Finally, no additional protein
was eluted when the column was washed with PMI + 1 M
NacCl at fraction 170.

The protein compositions of the peaks were analyzed by
electrophoresis in the presence of NaDodSO,4 on urea—poly-
acrylamide gradient gels (Figure 2). Figure 2A presents the
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FIGURE 2: Electrophoretic analysis of protein fractions from the
DEAE-Sephacel column of Figure 1. Aliquots of the indicated
fractions were electrophoresed on NaDodSO,—urea—polyacrylamide
gradient gels (top to bottom = 4-16% acrylamide, 1-8 M urea)
according to the method of Laemmli (1970) as modified by Kim et
al. (1979). Gels were stained with Coomassie Brilliant Blue R-250
as described under Materials and Methods. Electrophoretic migration
was from top to bottom. The molecular weights of standards are given
in thousands on the vertical axis. Abbreviations: H, high molecular
weight standards, including thyroglobulin (330000), ferritin (220000
half-unit), albumin (67 000), catalase (60000), and lactate de-
hydrogenase (36 000); L, low molecular weight standards, including
phosphorylase & (94 000), albumin (67 000), ovalbumin (43 000),
carbonic anhydrase (30000), trypsin inhibitor (20 100), and a-lac-
talbumin (14 400); S, high-speed supernatant (HSS). (A) Fractions
from the nonbound peak 1 (7-50) and from peak 2 (61-91). The
protein loads represent 1.5 uL of fractions S and 7-22 and 12.5 uL
of fractions 30-91. (B) Fractions from the trailing edge of peak 2
(94-110), from peak 3 (120-142), and from the final high-salt wash
(175-177). Protein loads represent 12.5 pL of each fraction.

protein compositions of fractions from the nonbound peak 1
(7-50) and from peak 2 (61-91), while Figure 2B shows the
protein compositions of fractions from the trailing edge of peak
2 (94-110), from peak 3 (120-142), and from the final
high-salt wash of the column (175-177). It is apparent that
proteins corresponding to the a- and B-tubulins (apparent
molecular weights of 60700 £ 1300 and 56 100 @ 1100, re-
spectively, on this gel system) were partly, if not entirely,
removed from the HSS (gel lane S) following adsorption of
the HSS to DEAE-Sephacel (compare lane S, Figure 2A, with
the nonbound fractions 7-50 of peak 1). The nonadsorbed
proteins of molecular weight 50 000-65 000 did not exactly
comigrate with the tubulin bands, and, therefore, they probably
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FIGURE 3: Electrophoretic analysis of fractions from two cycles of
assembly and disassembly of DEAE ion-exchange-purified egg tubulin.
Aliquots of the indicated fractions were electrophoresed on urea—
polyacrylamide gradient gels as described in Figure 2 and under
Materials and Methods. The molecular weights of standards are given
in thousands on the vertical axis, and the approximate positions of
the a- and S-tubulins are noted. Other details are given in the legend
to Figure 2. Abbreviations: L, low molecular weight standards; M,
bovine brain MAP 2; B, bovine brain, phosphocellulose-purified tu-
bulin; D, desalted DEAE-tubulin; H,S, H,P, C.S, C,P, purification
fractions obtained after x cycles of assembly/disassembly. “H” denotes
fractions from 35 °C centrifugations, “C” denotes fractions from 4
°C centrifugations, “S” denotes supernatant, and “P” denotes pellet.
This nomenclature is that of Borisy et al. (1975).

represent nontubulin components of the HSS. Peak 2 (frac-
tions 61-110, Figure 2A,B) consisted of a wide spectrum of
proteins released early in the salt gradient. Two major protein
bands were present in the peak 3 fractions (120-142, Figure
2B). These bands may be identified as the & and 8 chains of
the tubulin heterodimer on the basis of several criteria: (1)
they are present in equimolar quantities and have the appro-
priate molecular weights and isoelectric points (see below);
(2) they possess high affinity for DEAE-Sephacel as expected
for the acidic tubulin chains; (3) peak 3 binds approximately
1 mol of colchicine per 110000 g of protein (not shown); (4)
the more slowly migrating chain of the doublet reacts with
monoclonal antibodies to S. purpuratus flagellar a-tubulin
(Asai et al., 1982);and (5) solutions of these proteins assemble
microtubules when warmed to 37 °C in the presence of GTP
(see below).

After establishing the salt concentrations necessary to elute
tubulin from the DEAE ion exchangers, we modified the
chromatographic procedure to permit batch adsorption and
step elution of tubulin (see Materials and Methods). Elec-
trophoretic analysis revealed that the partially purified tubulin
obtained by this procedure (Figure 3, lane D) was slightly less
pure than DEAE-tubulin isolated by gradient chromatography
(cf. lanes 120-142, Figure 2B). Most of the additional con-
taminants had molecular weights less than those of the tubulin
chains. This batch adsorption, step elution paradigm permits
the rapid isolation of tubulin from large volumes of HSS,
thereby minimizing denaturation of the labile tubulin chains.

DEAE-tubulin was further purified by cycles of tempera-
ture-dependent assembly and disassembly in vitro. Fractions
from two assembly cycles were analyzed by NaDodSO,-
polyacrylamide gel electrophoresis as shown in Figure 3.
Twice-cycled tubulin (C,S) consisted of the a- and S-tubulins
and trace amounts of three proteins with molecular weights
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FIGURE 4: Two-dimensional electrophoretic analysis of bovine brain
microtubule protein (C;S) and of urchin egg tubulin (C;S). Elec-
trophoresis was performed according to the method of O’Farrell (1975)
as described under Materials and Methods. Gels are oriented with
the isoelectric focusing dimension on the horizontal axis (basic end
on the left) and the molecular weight dimension on the vertical axis.
The a- and §-tubulin regions are indicated. (A) Bovine brain C,S.
Only the tubulin region (ca. 11 ug of protein) is shown. (B) Urchin
egg C;S (15 ug).

of 41000, 34 500, and 32700. On other gradient gels and at
higher protein loads, the material migrating at the dye front
of the C,S sample in Figure 3 was resolved into four additional
proteins with molecular weights of 32000, 30 500, 19 500, and
18000. Tubulin was progressively enriched in the H,P and
C.,S fractions, while contaminants were recovered in the H.S
and C,P samples. No proteins of molecular weight greater
than the tubulin chains have been observed in C;S or C,S
preparations. Finally, when analyzed at equivalent loadings
on this gradient gel system, the a- and §-tubulins from sea
urchin eggs did not precisely comigrate with their counterparts
from bovine brain (data not shown). The a-tubulin from sea
urchin eggs migrated more slowly than brain a-tubulin, while
the converse was true for the 8-tubulins from these two sources.

The purity of six ditferent C,S preparations was determined
by quantitative densitometry of gradient slab gels stained with
Fast Green. The results indicated that the a- and S-tubulins
comprise greater than 98% of the C,S. The remainder of the
C,S protein was distributed among the seven trace, low mo-
lecular weight polypeptides detected by Coomassie Blue
staining.

We have examined the yield of tubulin obtained by these
procedures. Between 30 and 60% of the total soluble pool of
tubulin present in the unfertilized egg is recovered by DEAE
ion-exchange chromatography. Following two cycles of as-
sembly and disassembly in vitro, the C,S represents 8-23%
of the soluble tubulin pool. Proteolysis may contribute to the
variability in the recovery of tubulin from the HSS by DEAE
ion-exchange chromatography. The cortical granules of un-
fertilized sea urchin eggs contain proteases with properties
similar to those of trypsin (Carroll & Epel, 1975; Fodor et al.,
1975). Thus, disruption of cortical granules with release of
their proteases during preparation of the HSS may be re-
sponsible for the variable recovery observed. We have noted
that tubulin (monitored electrophoretically) is rapidly lost in
HSS preparations lacking synthetic tryptic protease substrates.
However, we have not systematically investigated the degree
of protection afforded by the concentration of TAME em-
ployed in our HSS preparations. Most of the tubulin lost
during subsequent purification by cycles of assembly and
disassembly was found in the H;S.

Complexity of Urchin Egg and Bovine Brain Tubulins.
Two-dimensional electrophoresis according to the method of
O’Farrell (1975) was employed to determine the chemical
complexity of urchin egg tubulin compared to that of tubulin
from bovine brain. Two a-tubulins and a single 8 species were
observed in an urchin egg C,S preparation (Figure 4B). In
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FIGURE 5: (A) Assembly of partially purified DEAE-tubulin. Three
different tubulin samples in PB + 1 mM GTP were warmed from
0 to 37 °C at zero time, and assembly was monitored as the apparent
absorbance at 350 nm. Protein concentrations: solid line, 2.4 mg/mL;
dashed line, 1.2 mg/mL; dotted line, 0.59 mg/mL. (B) Reversible
depolymerization of egg microtubules by low temperature. A sample
of DEAE-tubulin (1.2 mg/mL) was assembled as described above
(solid line). After 80 min, the sample was incubated on ice for 5 min
and then assembled a second time (dashed line). Podophyllotoxin
(PLN) was then added to a final concentration of 5 X 107 M at the
point indicated by the arrow.

contrast, two a-tubulins and four S-tubulins were detected in
a brain C;S preparation (Figure 4A). The lower complexity
of egg tubulin (two major and two minor «’s, one major and
three minor §3’s) relative to bovine brain tubulin (up to 21 total
a’s and 8’s) has been confirmed by high-resolution isoelectric
focusing studies (J. J. Correia, personal communication; H.
P. Miller, H. W. Detrich, III, K. F. Sullivan, T. A. Pfeffer,
and L. Wilson, unpublished experiments).

The isoelectric points (pfs) of the major urchin tubulin
species were nearly identical with those of the brain a- and
B-tubulins: the o’s focused at a pI of approximately 5.5,
whereas the pI of the 3’s was about 5.35. However, one of
the sea urchin a-tubulins was slightly more acidic than the
major brain «, and brain tubulin contained several minor 3
species that were more basic than the urchin -tubulin. (The
slight streaking of the tubulin bands toward the basic end of
the isoelectric dimension appears to be due to overloading of
the protein samples on the isoelectric gels.) Finally, the greater
separation in the apparent molecular weight of the urchin -
and G-tubulins compared to that of the brain tubulins is clearly
seen in these gels. In summary, these results suggest that there
are chemical differences of unknown origin in the tubulins from
unfertilized sea urchin eggs and from bovine brain.

Assembly Properties of Egg Tubulin. The assembly of
DEAE-tubulin (in PB buffer + 1 mM GTP) at three different
protein concentrations is shown in Figure SA. Little assembly
was observed at 0.59 mg/mL, whereas at 2.4 mg/mL an
“overshoot” in turbidity was observed (see below). Normal
assembly toward a steady-state plateau was observed at the
intermediate protein concentration (1.2 mg/mL). The pres-
ence of microtubules in all three samples was verified by
negative-stain electron microscopy. These microtubules were
reversibly depolymerized by low temperatures: Figure 5B
presents turbidity curves for two polymerizations of a single
sample (1.2 mg/mL) of DEAE-tubulin. Following incubation
on ice for 5 min, this sample repolymerized upon warming to
37 °C (dashed curve) to the level achieved during the first
assembly (solid curve). It is noteworthy that the turbidity of
this sample after the first assembly did not decrease to the
previous base-line value upon incubation at 0 °C; this phe-
nomenon has been observed with DEAE-tubulin with incu-
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FIGURE 6: Assembly of urchin egg C,S. Three samples of egg C,S
in PB + 1 mM GTP were warmed from 0 to 37 °C at zero time, and
assembly was monitored as the apparent absorbance at 350 nm.
Protein concentrations: solid line, 1.4 mg/mL; dashed line, 0.69
mg/mL; dotted line, 0.46 mg/mL. The sample at 1.4 mg/mL was
incubated on ice for 5 min where indicated. Podophyllotoxin (PLN)
was added to the samples to a final concentration of 5 X 10~ M at
the arrows.

bations at 0 °C for up to 30 min. The reason for this behavior
is not understood, although it may be related to tempera-
ture-dependent denaturation of contaminating proteins, or
possibly tubulin itself, in the DEAE preparation.

The assembly of one-cycled tubulin (C,S) at three protein
concentrations is presented in Figure 6. Several points can
be made about these results. First, a concentration-dependent
overshoot in turbidity was observed at concentrations above
approximately 0.5-0.6 mg/mL: the turbidity increased rapidly
to a peak upon warming and then decreased asymptotically
toward a steady-state value. Second, the pattern of turbidity
development and loss observed during a second assembly of
the sample at highest concentration (solid curves, 1.4 mg/mL)
was nearly identical with that observed during the first as-
sembly. Third, the magnitude of the overshoot observed at
a given tubulin concentration was not affected by the presence
of a GTP-regenerating system (MacNeal et al., 1977) (data
not shown). Fourth, all three samples depolymerized as ex-
pected following the addition of the antimitotic drug podo-
phyllotoxin (Farrell et al., 1979a; Karr & Purich, 1979; Ca-
plow & Zeeberg, 1981). In contrast, addition of podo-
phyllotoxin to microtubules assembled from DEAE-tubulin
led to a rapid increase in turbidity (Figure 5B). This phe-
nomenon is probably related to the presence of the contami-
nating proteins in DEAE-tubulin.

Critical Concentration for Assembly of Egg Tubulin.
Microtubule assembly systems in vitro are characterized by
a critical concentration below which polymerization of mi-
crotubules does not occur (Gaskin et al., 1974; Borisy et al,,
1975; Johnson & Borisy, 1975). Above this critical concen-
tration, the extent of assembly is a linear function of the total
protein concentration. We have employed a quantitative
sedimentation assay (Johnson & Borisy, 1975) to determine
the critical concentration for assembly of the egg C,S at 37
°C. The equilibrium distribution of egg tubulin into monomer
and polymer fractions (closed and open circles, respectively)
as a function of the total protein concentration is shown in
Figure 7. At low total C,S concentrations (<0.15 mg/mL),
no polymer formed; all of the protein was recovered in the
monomer fraction. However, above a critical concentration,
the amount of assembled polymer was proportional to, and the
concentration of monomer in equilibrium with polymer was
nearly independent of, the total protein concentration. Ex-
trapolation of the monomer line to the ordinate (neglecting
the points at concentrations below 0.15 mg/mL where polymer



SEA URCHIN EGG TUBULIN PURIFICATION

T T I

ool 1 1 ! .

|
0 0.5 1.0 1.5 2.0
TOTAL PROTEIN CONCENTRATION (mg/mL)

PROTEIN CONCENTRATION (mg/mL)

FIGURE 7: Concentration dependence of the monomer—polymer
equilibrium at 37 °C. Samples of the urchin egg C,S at various initial
concentrations in PB + 1 mM GTP were incubated for 60 min at 37
°C to assemble microtubules. The polymerized samples were then
resolved into monomer and cold-reversible polymer fractions as de-
scribed under Materials and Methods. Concentrations of the monomer
and cold-reversible polymer fractions (closed and open circles, re-
spectively) for each sample were determined by the method of Bradford
(1976) and are plotted as a function of the total C,S concentration.

did not form) gave a critical concentration for assembly of 0.12
mg/mL (dashed line). The slope of the monomer line indi-
cated that the C,S contained a small amount (1-2%) of in-
active tubulin and/or contaminating, nonmicrotubule proteins.
Thus, highly purified tubulin from sea urchin eggs is capable
of self-assembly into microtubules at concentrations substan-
tially below those required for assembly of pure brain tubulins
(>2.5 mg/mL in the absence of glycerol or Me,SO; Herzog
& Weber, 1977; Himes et al., 1977). Although the identity
of the monomer was not addressed in these experiments,
Johnson & Borisy (1975, 1977) have demonstrated that the
monomeric species present in equilibrium with brain micro-
tubule polymer corresponds to the 6S tubulin dimer.

The critical concentration for assembly of the egg C,S at
37 °C was also evaluated by turbidimetry (Gaskin et al., 1974).
This analysis was complicated by the presence of the overshoot
in turbidity at high C,S concentration. However, electron
microscopic studies revealed that microtubules were the pre-
dominant assembly product observed at steady state (i.e.,
following decay of the overshoot to apparent equilibrium; see
Figure 9). Therefore, this method should produce a reliable
estimate of the critical concentration of egg tubulin. Figure
8 presents a plot of steady-state turbidity vs. total C,S con-
centration (circles). Extrapolation of the linear regression line
to the abscissa (zero turbidity) gave an apparent critical
concentration for assembly at 37 °C of 0.15 mg/mL. This
value is similar to that obtained from the quantitative sedi-
mentation analysis (0.12 mg/mL).

MAPs from brain tissue stimulate the assembly of micro-
tubules from pure brain tubulin, thereby lowering the critical
concentration for assembly. Both the high molecular weight
MAPs (Sloboda et al., 1976) and 7 proteins (Weingarten et
al., 1975) may be separated from tubulin by chromatography
of brain microtubule protein on columns of phosphocellulose.
Prior chromatography of the egg C,S on Mg?**-saturated
phosphocellulose (Williams & Detrich, 1979) had no effect
on the critical concentration for assembly of this protein; the
value obtained was 0.13 mg/mL (Figure 8, triangles). No
change in the protein composition of the C,S (i.e., no change
in the numbers and amounts of low molecular weight proteins
present with tubulin in the C,S) was observed following
phosphocellulose chromatography (not shown). Furthermore,
no protein was recovered following application of PB buffer
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FIGURE 8: Turbidimetric determination of the critical concentration
for assembly of urchin egg C,S at 37 °C. Samples of egg C,S in PB
+ 1 mM GTP were assembled to steady state as determined by
turbidimetry (see Results). The change in absorbance at 350 nm
(AA;5) is plotted vs. the protein concentration (O, solid line). A second
aliquot of the same C,S preparation was chromatographed on a column
of Mg?*-saturated phosphocellulose (see Materials and Methods),
GTP was added to the tubulin fractions to a final concentration of
1 m)M. and the samples were then assembled as above (4, dashed
line).

FIGURE 9: Electron micrograph of negatively stained microtubules
assembled from egg tubulin (for preparation, see Materials and
Methods). A C,S preparation (2.7 mg/mL in PB + 1 mM GTP)
was assembled at 37 °C, and a grid was prepared 71 min after the
start of assembly. Bar = 0.1 um.

containing 0.1 mM GTP and 0.8 M NaCl to the column (the
ionic strength of this buffer is sufficient to release brain MAPs
from phosphocellulose). Therefore, we suggest that the low
critical concentration for assembly of the egg C,S is a property
of the tubulin itself and is not due to the presence of trace
amounts of proteins with properties similar to those of the high
molecular weight MAPs or 7 proteins. However, we cannot
exclude the possibility that the trace quantities of low mo-
lecular weight proteins present in the C,S may influence the
assembly of egg tubulin into microtubules.

Products of Assembly. We have examined the products of
the assembly reaction by negative-stain electron microscopy.
Prior to assembly, no oligomeric structures, such as rings, have
been observed in solutions of egg tubulin maintained at 0—4
°C. However, when a C;S preparation at high concentration
(2.7 mg/mL) was assembled until the turbidity signal had
decayed to near its apparent equilibrium value (71 min at 37
°C), only morphologically normal microtubules were observed
(Figure 9). The rows of subunits called protofilaments are
apparent in these microtubules. Furthermore, the microtubules
tend to be very long (average length 10-20 um), and they
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associate laterally to a significant extent.

Discussion

Spontaneous assembly of microtubules in supernatants
prepared from homogenates of sea urchin eggs is inhibited
(Burns & Starling, 1974; Bryan, 1975; Kane, 1975), perhaps
due to the presence of high concentrations of RNA (Bryan
et al,, 1975). Thus, an initial assembly-dependent purification
of microtubule protein from sea urchin eggs is not possible as
it is with brain systems (Shelanski et al,, 1973). We have
developed an alternative chromatographic procedure, based
on that of Kuriyama (1977), for the initial, large-scale pu-
rification of tubulin from unfertilized eggs of S. purpuratus.
The DEAE-tubulin may be further purified to near-homoge-
neity by cycles of temperature-dependent assembly and dis-
assembly in vitro. Large quantities of highly purified egg
tubulin can be rapidly isolated by these methods. Purified sea
urchin egg tubulin is of relatively low complexity compared
to brain tubulins, and it assembles efficiently into microtubules
with a low critical concentration (at 37 °C) in the apparent
absence of MAPs related to those of brain'microtubule protein.
Finally, the egg tubulin shows an unusual overshoot in turbidity
during assembly at moderate protein concentration (>0.5-0.6
mg/mL).

Purification and Characterization of Egg Tubulin. Chro-
matography of a high-speed extract of sea urchin eggs on
DEAE-Sephacel was employed to isolate a fraction enriched
in two proteins with the properties of the a- and S-tubulins
(see Results). The urchin egg tubulins migrate similarly to,
but not identically with, the brain tubulins on NaDodSO,-
urea—polyacrylamide gradient gels (data not shown). In ad-
dition, both the a and 8 chains migrate with anomalously high
molecular weights (60700 and 56 100, respectively) on the
urea—polyacrylamide gradient gel system employed here. This
behavior may be the result of reduced binding of NaDodSO,
by the tubulin chains in the presence of urea (Raff & Kau-
meyer, 1973; Bibring et al., 1976; Clayton et al., 1980).

When DEAE-tubulin was subjected to two cycles of as-
sembly /disassembly in vitro, the resulting C,S contained the
«- and B-tubulins (>98% of the total protein) and trace
quantities of seven proteins with molecular weights less than
55000. No associated proteins corresponding to the r proteins
(M, 5500064 000; Weingarten et al., 1975; Cleveland et al.,
1977a) or to the high molecular weight MAPs (M, 275000-
325000; Murphy & Borisy, 1975; Sloboda et al., 1975) of
microtubule protein from vertebrate brain tissue have been
observed in C;S or C,S preparations from urchin eggs.
However, these proteins would not be expected to cofractionate
with tubulin during DEAE ion-exchange chromatography
(Murphy et al., 1977). The significance of the low molecular
weight proteins is unclear. Some of them may be related to
the low molecular weight MAPs (M, 30000-35000) present
in microtubule protein isolated from bovine brain (Berkowitz
et al.,, 1977). Alternatively, they may represent microtu-
bule-binding, assembly-promoting polypeptides similar to the
fragments of MAP 2 (M, 32000~39000) produced by pro-
teolytic cleavage (Vallee, 1980). However, preliminary evi-
dence suggests that some of the low molecular weight proteins
may actually be breakdown products of tubulin produced when
tubulin samples are boiled in NaDodSO, electrophoresis
sample buffer (H. W. Detrich, 111, and L. Wilson, unpublished
experiments). [Cleavage of proteins upon boiling in the
presence of NaDodSO, and 2-mercaptoethanol has also been
reported by Kowit & Maloney (1982).] Thus, the actual
purity of our C,S preparations may be greater than that stated
here.

DETRICH AND WILSON

Tubulins from a variety of vertebrate brain tissues display
a high degree of heterogeneity (Gozes & Littauer, 1978;
Marotta et al., 1978; Nelles & Bamburg, 1979). George et
al. (1981) have demonstrated that calf brain tubulin can be
resolved by isoelectric focusing into at least 17 chemically
distinct species. With the lower isoelectric resolution provided
by two-dimensional electrophoresis, we have observed six tu-
bulin species in microtubule protein isolated from bovine brain
(Figure 4A). In contrast, two a-tubulins and a single S-tubulin
were observed in an urchin egg tubulin preparation (Figure
4B). It is possible that the lower complexity of egg tubulin
contributes to its facile assembly into microtubules in the
apparent absence of MAPs (see below).

Recently, Asai et al. (1982) have reported that monoclonal
antibodies to urchin flagellar outer doublet a-tubulin reveal
quantitative differences in immunoreactivity between bovine
brain and urchin egg a-tubulins. Taken together, the dif-
ferences in complexity and in immunoreactivity suggest that
the tubulins from bovine brain and from sea urchin eggs differ
chemically, presumably reflecting variations in the primary
sequences of the tubulin chains and/or in the nature of any
posttranslational modifications.

Assembly Properties of Egg Tubulin. Purified egg tubulin
assembled readily into microtubules when C,S or C,S prep-
arations were warmed in the presence of GTP (Figures 6-9).
Morphologically normal microtubules were formed (Figure
9), and these microtubules were depolymerized by exposure
to low temperature or to the drug podophyllotoxin (Figure 6).
The apparent critical concentration for assembly at 37 °C,
determined both by sedimentation analysis and by turbidi-
metric analysis, was 0.12-0.15 mg/mL (Figures 7 and 8).
Chromatography of an egg C,S preparation on Mg**-saturated
phosphocellulose had no effect on its ability to assemble into
microtubules (Figure 8), and the protein composition of the
chromatographed tubulin was identical with that of control,
unchromatographed material. Similar observations have been
described in two preliminary reports by Suprenant and co-
workers (Suprenant & Rebhun, 1980; Suprenant et al., 1981).
They purified tubulin from unfertilized eggs of S. purpuratus
by a different method (Kuriyama, 1977) and reported critical
concentrations for its assembly of 0.2 mg/mL at 37 °C and
0.81 mg/mL at 15 °C. In contrast, the critical concentration
for assembly of phosphocellulose-purified, MAP-free brain
tubulin, >2.5 mg/mL in the absence of glycerol or Me,SO
(Herzog & Weber, 1977; Himes et al., 1977), is at least an
order of magnitude greater than the critical concentration for
assembly of whole brain microtubule protein (Gaskin et al.,
1974). Therefore, we suggest that the capability for efficient
self-assembly into microtubules is an intrinsic property of egg
tubulin itself and is not due to the presence in these prepa-
rations of trace amounts of proteins with properties similar
to those of the r proteins or high molecular weight MAPs of
brain microtubule protein. This conclusion is consistent with
reports that tubulins purified from dogfish brain (Langford,
1978), from Ehrlich ascites tumor cells (Doenges et al., 1979),
from yeast cells (Kilmartin, 1981), and from sperm outer
doublet microtubules (Kuriyama, 1976; Binder & Rosenbaum,
1978; Farrell & Wilson, 1978), spindle microtubules (Keller
& Rebhun, 1982), and egg cytoplasm (Kuriyama, 1977) of
the sea urchin assemble into microtubules at low protein
concentration in the apparent absence of MAPs. However,
we cannot rule out the possibility that one or more of the low
molecular weight proteins present in our purified egg tubulin
preparations function as an assembly-promoting, associated
protein.
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The critical concentration for assembly of spindle tubulin
from S. purpuratus embryos, 0.15-0.2 mg/mL at 37 °C in
a buffer essentially identical with PB + 1 mM GTP (Keller
& Rebhun, 1982), is similar to that reported here for tubulin
isolated from unfertilized eggs. This suggests that spindle
tubulin does not represent a specialized, chemically distinct
subset of egg tubulin. Under similar conditions, pure tubulin
derived from sperm outer doublet microtubules of S. purpu-
ratus assembles into singlet microtubules with a critical con-
centration of 0.55-0.72 mg/mL at 35-37 °C (Binder & Ro-
senbaum, 1978; Farrell & Wilson, 1978; Farrell et al., 1979b).
This disparity may reflect differences in the chemical structures
of these functionally distinct tubulins from the same species.

We have examined the products of assembly of egg tubulin
by negative-stain electron microscopy. Although both sheetlike
structures and microtubules have been observed during the
early stages of assembly of egg tubulin, microtubules were the
predominant, if not exclusive, structure observed at turbidi-
metric steady state (Figure 9). We note that the critical
concentration derived from the turbidity data (0.13-0.15
mg/mL; Figure 8) is nearly identical with that obtained by
the quantitative sedimentation analysis (0.12 mg/mL; Figure
7). Furthermore, the turbidity generated by C;S or C,S
preparations was completely reversible by exposure to low
temperature. These results indicate that the turbidity observed
at steady state corresponds to scattering by microtubules. We
conclude that turbidimetric analysis can be employed to obtain
reliable estimates for the critical concentration for assembly
of egg tubulin.

MAPs from vertebrate brain tissue induce the formation
of ring-shaped oligomers when added to purified brain tubulin
at low temperature (Murphy & Borisy, 1975; Weingarten et
al., 1975; Sloboda et al., 1976; Cleveland et al., 1977a,b).
Several investigators have proposed that the rings of tubulin
and MAPs function as obligate nucleation centers for mi-
crotubule assembly (Erickson, 1974; Kirschner et al., 1975).
However, the direct participation of rings as nuclei has been
challenged by the observation that rings beak down to smaller
structures prior to the onset of microtubule assembly (Man-
delkow et al., 1980). We have not observed rings in solutions
of egg tubulin maintained at 0—4 °C, and formation of rings
has not been detected during the assembly reaction (M. A.
Jordan and H. W. Detrich, III, unpublished results). Fur-
thermore, the egg C,S exhibited a single, homogeneous
boundary (54, = 5.2 S at 1.1 mg/mL) corresponding to the
tubulin dimer when sedimented in PB buffer + 0.1 mM GTP
at 4 °C; no evidence of higher oligomers of tubulin was ob-
served (J. J. Correia, personal communication). Few, if any,
rings are present in other MAP-free assembly systems (Ku-
riyama, 1977; Binder & Rosenbaum, 1978; Langford, 1978,
Doenges et al., 1979). Therefore, these observations suggest
that other structures formed directly from tubulin function
as nuclei for microtubule assembly. Erickson & Pantaloni
(1981) have proposed theoretical pathways for the nucleation
of microtubule assembly through the formation of tubulin
sheets. Clearly, further experiments are warranted to deter-
mine the mechanism of microtubule assembly from solutions
of pure tubulin.

We have observed an unusual concentration-dependent
overshoot in turbidity during assembly of egg tubulin at
concentrations above 0.5-0.6 mg/mL at 37 °C (Figure 7). A
similar turbidity overshoot has been observed during assembly
at physiological temperature (18 °C) and concentration (>1.2
mg/mL) (H. W. Detrich, III, M. A. Jordan, R. C. Williams,
Jr., and L. Wilson, unpublished experiments). Thus, the ov-
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ershoot is not an artifact due solely to assembly at elevated
temperature. The turbidity generated during microtubule
assembly is thought to be proportional to the assembled mass
and to be independent of the length of the microtubules formed
for microtubules longer than approximately the wavelength
of the incident light (Gaskin et al., 1974). Thus, one possible
explanation for the overshoot is that more polymer is assembled
initially than is stable at steady state or apparent equilibrium.
The observation of turbidity overshoots in tubulin solutions
containing a GTP-regenerating system rules out polymer in-
stability due to rapid depletion of GTP during assembly.
Alternatively, some physical process such as a rapid redis-
tribution of microtubule lengths (toward very short microtu-
bules) or slow conversion of sheets of protofilaments into
microtubules may produce a decrease in the optical signal
without affecting the mass of assembled polymer. We are
currently investigating the mechanism underlying the turbidity
overshoot in greater detail.

Most studies of microtubule assembly have been performed
on microtubule protein obtained from vertebrate brain. Due
to the variable and complex composition of this material
(presence of rings of various morphologies, quantitative and
qualitative differences in MAP composition), several con-
flicting models of microtubule assembly have been advanced
[for a recent review, see Kirschner (1979)]. In contrast, the
assembly of highly purified tubulin from sea urchin eggs
proceeds efficiently in the apparent absence of both rings and
MAPs. Thus, analysis of this assembly system may lead to
new insights concerning the mechanism of microtubule as-
sembly.

Added in Proof

A paper describing the purification and characterization of
tubulin from Strongylocentrotus purpuratus eggs has recently
been published (Suprenant & Rebhun, 1983).
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