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Structural intermediates in the Assembly of Taxoid-Induced Microtubules
and GDP-Tubulin Double Rings: Time-Resolved X-Ray Scattering

J. Fernando Diaz,* Jose M. Andreu,* Greg Diakun,* Elizabeth Towns-Andrews,* and Joan Bordas*

*Centro de Investigaciones Biolégicas C.S.1.C., Velazquez 144, 28006 Madrid, Spain, and *Daresbury Laboratory, Warrington WA4 4AD
England

ABSTRACT We have studied the self-association reactions of purified GDP-liganded tubulin into double rings and taxoid-
induced microtubules, employing synchrotron time-resolved x-ray solution scattering. The experimental scattering profiles
have been interpreted by reference to the known scattering profiles to 3 nm resolution and to the low-resolution structures
of the tubulin dimer, tubulin double rings, and microtubules, and by comparison with oligomer models and model mixtures.
The time courses of the scattering bands corresponding to the different structural features were monitored during the
assembly reactions under varying biochemical conditions. GDP-tubulin essentially stays as a dimer at low Mg?* ion activity,
in either the absence or presence of taxoid. Upon addition of the divalent cations, it associates into either double-ring
aggregates or taxoid-induced microtubules by different pathways. Both processes have the formation of small linear (short
protofilament-like) tubulin oligomers in common. Tubulin double-ring aggregate formation, which is shown by x-ray scattering
to be favored in the GDP- versus the GTP-liganded protein, can actually biock microtubule assembly. The tubulin self-
association leading to double rings, as determined by sedimentation velocity, is endothermic. The formation of the double-
ring aggregates from oligomers, which involves additional intermolecular contacts, is exothermic, as shown by x-ray and light
scattering. Microtubule assembly can be initiated from GDP-tubulin dimers or oligomers. Under fast polymerization condi-
tions, after a short lag time, open taxoid-induced microtubular sheets have been clearly detected (monitored by the central
scattering and the maximum corresponding to the J,, Bessel function), which slowly close into microtubules (monitored by the
appearance of their characteristic J,, J;, and J,, _ ; Bessel function maxima). This provides direct evidence for the
bidimensional assembly of taxoid-induced microtubule polymers in solution and argues against helical growth. The rate of
microtubule formation was increased by the same factors known to enhance taxoid-induced microtubule stability. The results
suggest that taxoids induce the accretion of the existing Mg?* -induced GDP-tubulin oligomers, thus forming small bidimen-
sional polymers that are necessary to nucleate the microtubular sheets, possibly by binding to or modifying the lateral
interaction sites between tubulin dimers.

INTRODUCTION

Mg?* ions induce an isodesmic self-association of purified
tubulin leading to the formation of characteristic double
rings. The association equilibrium of the protein has been
thoroughly analyzed by sedimentation velocity, and it has
been shown that ring closure is favored in the GDP-liganded
form rather than in the GTP-liganded form of tubulin
(Frigon and Timasheff, 1975a,b; Howard and Timasheff,
1986; Shearwin and Timasheff, 1992). Under appropriate
and very similar solution conditions, purified tubulin self-
assembles into microtubules, which are the biologically
relevant polymers of this protein (Lee and Timasheff, 1975;
Hyams and Lloyd, 1994). The connection between the
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Mg?*-induced formation of tubulin rings or microtubules is
illustrated by the scheme shown in Fig. 1. The active form
of the protein, GTP-tubulin, is converted in the wall of
microtubules into GDP-tubulin, which is the inactive form
of the protein. GTP hydrolysis does not occur upon ring
formation. Microtubules are held together by interaction
with fluctuating terminal caps of nonhydrolyzed GTP-tubu-
lin and undergo dynamic instability (Erickson and O’Brien,
1992; Martin et al., 1993; Drechsel and Kirschner, 1994). It
should be noted here that both rings and microtubules are
stabilized by multivalent interactions with the microtubule-
associated proteins (Melki et al., 1989; Butner and
Kirschner, 1991; Novella et al., 1992; Mandelkow and
Mandelkow, 1995) and that tubulin oligomers participate in
the various tubulin association processes indicated (not
shown in Fig. 1; Bordas et al., 1983; Spann et al., 1987;
Melki et al., 1988, 1989; Mandelkow et al., 1988).
Taxoid antitumor drugs (Horwitz, 1994; Kingston, 1994;
Rowinsky and Donehower, 1995) are often employed to
stabilize microtubules in various experimental applications,
for example, in the study of microtubule motor proteins
(Gilbert et al., 1995; Hoenger et al., 1995; Kikkawa et al.,
1995; Hirose at al., 1995). Ligands that bind to the taxoid
site of microtubules constitute the only currently known
agents capable of inducing the assembly of even the inactive
GDP-tubulin into microtubules (see Fig. 1; Diaz and An-
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FIGURE 1 Scheme of the Mg“-induced assembly processes of tubulin.
Note that taxol also enhances the assembly of GTP-tubulin and binds to
assembled microtubules (not shown).

dreu, 1993; Bollag et al., 1995). Taxoids probably block cell
division by suppressing microtubule dynamic instability
(Derry et al., 1995). The thermodynamics of the polymer-
ization of taxoid-induced microtubules indicate that elonga-
tion is coupled to the binding of exactly one ligand molecule
per assembled tubulin heterodimer, which stabilizes the
microtubules (Howard and Timasheff, 1986; Diaz et al.,
1993).

We have previously used synchrotron x-ray scattering
methods to characterize the solution structure of microtu-
bules induced by taxol and docetaxel to 3 nm resolution
(Andreu et al., 1992, 1994), as well as the structure of GDP-
tubulin double rings (D4z et al., 1994). Both types of polymers
constitute well-defined and simplified model systems of tubu-
lin assembly. As indicated by the scheme shown in Fig. 2, both
polymers can be considered to arise from global equilibrium
reactions that have the GDP-tubulin dimer as a common ref-
erence state in the thermodynamic and structural sense. Here,
we focus on the determination of the structural intermediates
and the pathways of self-association of purified GDP-tubulin
into double rings and taxoid-induced microtubules. The kinet-
ics of these assembly reactions has been analyzed within the
framework of the scheme in Fig. 2 by time-resolved x-ray
scattering. Shifts in equilibrium have been induced by an
increase in temperature, and the system has been examined as
a function of the concentration of Mg2+, of the degree of GDP
substitution into the exchangeable nucleotide-binding site of
tubulin, and of taxol or docetaxel ligand.

MATERIALS AND METHODS

GTP, dilithium salt, was from Boehringer; GDP, disodium salt, was
from Pharmacia (ultrapure) or Boehringer. Taxol (paclitaxel; 4,10
acetoxy-2a-(benzoyloxy)-58, 20-epoxy-1,78-dihydroxy-9-oxotax-11-en13a-
yl-2R, 3S)-3-{(phenylcarbonyl)amino]-2-hydroxy-3-phenylpropionate; Bristol-
Myers Squibb) and docetaxel (Taxotere; a side-chain analog of 10-deacetyl-
taxol,4-acetoxy-2a-(benzoyloxy)-5f3, 20-epoxy - 1,713,108 - trihydroxy -9-oxotax-

FIGURE 2 Scheme of the simplified model reactions of ring and micro-
tubule assembly employed in this work.

11-en-13¢-y1-(2R,  35)-3-[(tert-butoxycarbonyl)amino]-2-hydroxy-3-
phenyl-propionate; Rhone-Poulenc Rorer) were kindly provided by Dr. M.
Suffness (NCI, National Institutes of Health, Bethesda, MD) and by Dr.
J.-L. Fabre (Rhdne Poulenc Rorer, Antony, France), respectively. For
taxoid structure-activity relationships see Kingston (1994).

Purified calf brain tubulin was prepared with 95% GTP (GTP-tubulin),
85% GTP-15% GDP, 40% GDP-60% GTP, 85% GDP-15% GTP, or over
99% GDP at its E-site (GDP-tubulin). This was measured by high-perfor-
mance liquid chromatography as described previously (Dfaz and Andreu,
1993; 85% GTP-tubulin was obtained by the addition of 1 mM GTP to
GDP-tubulin).

Time-resolved x-ray scattering measurements to 3 nm resolution were
made at station 2.1 of the Daresbury Laboratory Synchrotron Radiation
Source, and data were processed as described before (Andreu et al., 1989,
1992, 1994; Diaz et al., 1994). The temperature of the sample solution was
measured with a thermocouple and recorded simultaneously with the
scattering data. The half-rise of the temperature increase from 2°C to 37°C
took approximately 20 s. The x-ray scattering data were acquired in 5-s
time frames. Data were smoothed by averaging each frame with the two
preceding ones and the two ensuing ones. For kinetic purposes, the inten-
sity of the scattering maxima was determined as follows: a) regions
containing a scattering band were selected from the initial or final (micro-
tubule samples) x-ray scattering records; b) a background under the scat-
tering bands was constructed by passing a straight line through the minima,
defined by the average of five detector pixels, at each side of the band; c)
this background was subtracted and the intensity of the remaining x-ray
scattering band was calculated by integration.

The x-ray scattering profile models of tubulin assemblies were calcu-
lated by employing a solution scattering simulation program (DALAI;
Pantos and Bordas, 1994) as previously described (Andreu et al., 1992;
Diaz et al., 1994).

RESULTS

Fig. 3 shows x-ray scattering traces calculated from models
that are relevant and necessary for the analysis of the data to
be presented below. It will be shown how changes in
solution conditions permit the dissection of different assem-
bly reactions of tubulin and the detection of structural
intermediates. Furthermore, by merging the various exper-
imental observations, the assembly pathways of the GDP-
tubulin dimer into double rings and microtubules will be
formulated in the Discussion.
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FIGURE 3 Computed x-ray solution scattering profiles of model tubulin assemblies. a- and B-tubulin have been represented by the same monomer
previously employed in the modeling of the scattering profile of microtubules (Andreu et al., 1992, 1994), which consists of a set of closely packed spheres
of 1.2 nm diameter within an approximately triaxial ellipsoidal envelope of 4 X 7 X 8 nm. (A) Dashed line 1, aB-tubulin dimer; solid line 1, tubulin double
ring made of 32 and 24 monomers (Dfaz et al., 1994); curve 2, solid line, half double ring; curve 2, dashed line, half single ring (14 monomers); curve
3, solid line, tubulin double ring opened to a 30° circumference arc; curve 3, dashed line, the same but single ring (28 monomers). (B) Curves 4, tubulin
oligomers consisting of 8-monomer-long fragments of the respective models in curves 3; curve 5, model of microtubule population (Andreu at al., 1994)
consisting of 30% 13 protofilament microtubules, 40% 12 protofilament microtubules, 30% 11 protofilament microtubules, each of them cylindrically
closed; curve 6, dashed line, 12 protofilament three start opened flat microtubular lattice, modeled as described (Andreu et al., 1992); curve 6, continuous

line, same, but partially rolled onto a 30° cylindrical sector.

Assembly and disassembly of GDP-tubulin
double-ring aggregates

Fig. 4 shows the x-ray scattering profiles of GDP-tubulin at
varying Mg?* concentrations. These results are readily inter-
preted by reference to the x-ray scattering profiles yielded by
tubulin double-ring pseudolattices at the same resolution (Diaz
et al., 1994) and by comparison to the models (Fig. 3). The
x-ray scattering traces of tubulin preparations without added
Mg?* (Fig. 4, trace 1) corresponds to those expected from
tubulin dimers. The pattern at 4 mM MgCl, (Fig. 4, trace 2) is
featureless, but relative to that without Mg?* it displays a
significant increase in intensity at low angles. This indicates
the presence of a significant proportion of tubulin oligomers.
The x-ray scattering traces obtained at higher Mg>* concen-
trations show a noticeable increase in the proportion of tubulin
double rings in the solutions. This is clearly shown by the
enhancement in the scattered intensities at very low angles,
which is proportional to the overall degree of polymerization,
and by the development of the x-ray scattering features char-
acteristic of double rings. These consist of scattering bands
following the sequence of a Jy-like Bessel function and are
prominent in traces 3 and 4 of Fig. 4 and in the band at 0.28
nm™ . The latter is due to the disposition of tubulin subunits
along the ring perimeter and corresponds to a J,, Bessel func-
tion, where n is the number of subunits. The prominence of
these features reaches a maximum at about 7 to 11 mM total

Mg?* (see inset in Fig. 4). In addition, a diffraction band at
0.026 nm™! also develops with increasing Mg>* concentra-
tion. This feature is due to the formation of a pseudolattice of
rings (Dfaz et al., 1994) and always coexists with those due to
the presence of double rings. At higher (17 mM) Mg** con-
centrations, GDP-tubulin solutions precipitated as previously
reported (Diaz and Andreu, 1993), and the x-ray scattering
profiles showed far fewer regular features.

Fig. 5 shows the x-ray scattering profiles of solutions of
GTP-tubulin and GDP-tubulin with different degrees of nucle-
otide substitution, at a constant 7 mM MgCl, concentration.
The x-ray scattering traces of GTP-tubulin samples (curves 1
and 5) are of the type expected from solutions that contain a
majority of linear tubulin oligomers as shown by comparison
with the model calculations 2, 3, and 4 (dashed lines) in Fig. 5.
At the tubulin concentrations attained in this experiment, the
characteristic double-ring features and the peak at 0.28 nm™'
were apparent with 85% to 99% exchange of GDP (Fig. 5,
curves 3 and 4, respectively). Examination of GTP-tubulin and
partially exchanged GDP-tubulin samples (Fig. 5, traces I and
2) by sedimentation velocity showed an asymmetrical sedi-
mentation boundary, with a characteristic strong bimodality in
GDP-tubulin (Fig. 5, inset B). Addition of GTP to GDP-
tubulin, which gives back-exchanged GTP-tubulin, decreased
the x-ray scattering features characteristic of rings to their
initial level (compare curves 5 and I in Fig. 5). Furthermore,
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FIGURE 4 X-ray scattering profiles of GDP-tubulin in PEDTA (10 mM
phosphate, 1 mM (ethylenediamine)tetraacetic acid), 1 mM GDP (pH 6.7)
at 2°C and different MgCl, concentrations. Curve 1, 125 uM tubulin, 0.5
mM MgCl,; curve 2, 95 puM tubulin, 4 mM MgCl,; curve 3, 85 uM
tubulin, 7 mM MgCl,; curve 4, 75 uM tubulin, 11 mM MgCl,; curve 5, 60
uM tubulin, 17 mM MgCl,. The inset shows the intensities of the inter-
ference peak (labeled I) (O), and the 5th subsidiary maxima of the J,-like
ring Bessel function (labeled J,5) (CJ) of the profiles as a function of the
MgCl, concentration and expressed relative to the maximum value.

under these conditions, the turbidity characteristic of the dou-
ble-ring aggregates disappeared in less than 1 min after GTP
addition in the cold (Diaz and Andreu, 1993).

Fig. 6 A illustrates the effects of a temperature increase
from 2°C (curve 1) to 37°C (curves 2 to 5) on the x-ray
scattering by GDP-tubulin ring aggregates in 7 mM MgCl,.
Increasing the temperature results in a marked decrease of
the interference peak and the J;-like Bessel function bands,
but only in a modest change in the shape of the J, maxi-
mum. These results clearly indicate a destabilization of the
double-ring structure, but the persistence of the ], scattering
band implies that the contacts between tubulin monomers
along the ring perimeter are still present. In fact, comparison
with the model scattering profiles (Fig. 3) shows that the
scattering profile at 37°C (Fig. 6, curve 5) can be explained
as being due to either a majority of halved rings (Fig. 3,
curve 2) or open rings (curve 3) or to small fragments of
them (curve 4). Note that these three types of structures
yield essentially indistinguishable x-ray scattering profiles
within the current precision of our measurements. As shown
by the dashed line 5 in Fig. 6, the experimental profile can
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FIGURE 5 X-ray scattering profiles of the Mg”*-induced association
products of GTP- and GDP-tubulin at 2°C, at different degrees of nucle-
otide exchange. Profile 1, 135 uM tubulin equilibrated in 10 mM phos-
phate 6 mM MgCl, (pH 6.7), 1 mM GTP added (95% GTP-tubulin, 5%
GDP-tubulin); profile 2, 135 uM tubulin equilibrated in 10 mM phosphate,
6 mM MgCl, (pH 6.7), 1 mM GDP added (40% GDP-tubulin); profile 3,
75 uM tubulin equilibrated in PEDTA 1 mM GDP (Boehringer), 7 mM
MgCl, added (pH 6.7) (85% GDP); profile 4, 85 uM tubulin equilibrated
in PEDTA 1 mM GDP (Pharmacia), 7 mM MgCl, added (pH 6.7) (99%
GDP); profile 5, as sample 4, but after addition of 1 mM GTP (85%
GTP-tubulin, 15% GDP-tubulin). (/nset A) Relative intensities of the
interference peak (O) and the Sth subsidiary maxima of the J, Bessel
function () of the curves as a function of the percentage of GDP. (Inset
B) Sedimentation velocity Schlieren profiles of 80 M tubulin equilibrated
in 10 mM sodium phosphate, 6 mM MgCl,, to which either 1 mM GTP
(upper profile, GTP-tubulin as in curve 1) or | mM GDP (lower profile,
40% GDP-tubulin as in curve 2) was added. Both samples were loaded into
a double-sector cell and centrifuged at 48,000 rpm and 20°C in an AnD
rotor in a Beckman model E analytical ultracentrifuge (picture taken at
minute 19 and bar angle 65°). The uncorrected sedimentation coefficients
determined were 6.6 S for GTP-tubulin, and 8.1 S and 31 S for the slow and
fast peaks of GDP-tubulin, respectively.

be approximately reproduced by a mixture of small ring
fragments with residual double rings. It is clear from the
complete absence of any of their characteristic x-ray scat-
tering features that microtubules are not formed in these
conditions. Fig. 6 B shows the time courses of the interfer-
ence peak and the Jjs-like maximum resulting from the
warming of the sample. These may be compared with the
turbidity time course shown by the inset of Fig. 6 A. The
intensities of these scattering features exhibit an initial rapid
decrease that is simultaneous with that of the turbidity
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FIGURE 6 Effect of temperature on 4
the self-association of 85 uM GDP- 7H
tubulin in PEDTA, 1 mM GDP, 7 mM ;
MgCl, (pH 6.7). (4) Curve 1, solid line,
x-ray scattering profile at 2°C (the
dashed line 1 is the ring scattering
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erage profiles after a temperature shift
to 37°C; curve 2, second 0 to 250; 5t
curve 3, second 500 to 750; curve 4,
second 750 to 1000; curve 5, second
1400 to 2000; the dashed line 5 corre-
sponds to 80% model single linear oli-
gomers and 20% model double rings
(from models 4 and 1, respectively, in
Fig. 1). (Inset) Time course of turbidity 3+
(60 uM GDP-tubulin). (B) Solid line 1,
time course of the intensity of the ring
interference peak I during the experi- 2
ment in A; dashed line 1, time course of
the ring Jys-like Bessel function peak;
lines 2, time course of intensity of the
central scattering and of the scattering !
vector intervals that would correspond
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(see Fig. 7). S(nm-)

signal. These changes, which occur in about 1 min, are
readily interpreted as being due to a substantial reduction in
the amount of double-ring arrays in the solution. Subse-
quently the x-ray features show a much slower rate of
decrease while the turbidity remains constant (as shown by
inspection of profiles 2 to 5 in Fig. 6 A). When the total
Mg** concentration was increased to 11 mM the ring sheets
only partially disassembled upon warming. It should be
noted that some tubulin preparations required 10 to 12 mM
Mg?* for optimal reversible double-ring formation.

Once the GDP-tubulin double ring pseudolattices were dis-
sociated at 37°C, and their temperature were subsequently
reduced back to 2°C, the reassembly of the ring arrays was a
slow process. This reassembly was markedly sped up by the
addition of equimolar taxol or docetaxel (not shown). The final
positions and intensities of the x-ray scattering maxima from
these samples were identical to the initial GDP-tubulin samples
without taxoid (Fig. 6). This suggested a possible taxoid effect
on the formation of the double-ring aggregates. However, the
self-association behavior of 40% exchanged GDP-tubulin
leading to double-ring formation, as monitored by their char-
acteristic bimodal sedimentation velocity profile, was not sig-
nificantly modified by taxol addition to one of two identical
aliquots run in parallel in a double-sector cell at 2°C. It was
observed that the area under the fast peak at 2°C was smaller
than at 20°C, which is consistent with an endothermic associ-
ation process (data not shown).

Time courses of microtubule assembly from
tubulin rings, oligomers, or dimers

The warming of GDP-tubulin in 7 mM MgCl, with equimo-
lar taxoid (either taxol or docetaxel) first induced the dis-

03 04

Time (s)

sociation of the double-ring sheets, which was followed by
the assembly of microtubules. The time-averaged x-ray
scattering profiles shown in Fig. 7 A illustrate these effects.
Fig. 7 B shows the time courses of the various x-ray scat-
tering signals. The initial scattering trace at 2°C and the fast
dissociation phase of the ring aggregates are indistinguish-
able from those observed without taxoid (Fig. 6). However,
as the ring signals approach their maximum decrease, the
bands following a J, and J, Bessel function, which are
characteristic of the presence of microtubules in the solution
(Andreu et al., 1992; compare to models in Fig. 3), began to
grow (Fig. 7 B, dash-point and dashed lines, respectively).
The final scattering profile is that expected from a solution
containing a majority of microtubules. Nevertheless, some
residual double-ring arrays are still present, as indicated by
their characteristic interference peak at very low angles
(Fig. 7 A, curve 5). Identical measurements performed on an
aliquot of the same solution but after the addition of 1 mM
GTP showed much less developed ring features at 2°C, a
faster growth of the microtubule signals immediately after
warming, and full microtubule assembly in the final state
(data not shown; the results are similar to those shown in
Fig. 9). In the presence of 11 mM MgCl,, where the ring
aggregates of GDP-tubulin resist dissociation at 37°C, the
taxoid-induced microtubule assembly occurred very slowly
and only to a limited extent (not shown). On the other hand,
lowering the cation concentration to 4 mM MgCl, mini-
mized the formation of ring aggregates while it permitted
microtubule assembly (Fig. 11). The most straightforward
interpretation of these results is that the formation of ring
aggregates competes with the microtubule assembly. As-
sembly of GDP-tubulin into microtubules without any sig-
nificant interference due to the formation of ring aggregates
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FIGURE 7 (A) X-ray scattering
profiles during assembly of 75 uM
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GDP-tubulin-taxol in PEDTA, 1 mM
GDP, 7 mM MgCl, (pH 6.7). Sample
1 is at 2°C (the dashed line is the
double ring model 1 from Fig. 1);
curves 2 to 5 are the average scatter-
ing profiles after a temperature shift
to 37°C; curve 2, second 1-250; curve
3, second 250-500; curve 4, second
500-750; curve 5, second 1400-2000
(the dashed line is a combination of
5% double ring, 15% linear oligomer,
and 80% microtubule scattering mod-
els from Fig. 1). (B) Time course of
the ring and microtubule scattering
signals during the experiment of A.
The solid and dashed line 1 are the
intensities of the interference peak I
and the ring Jos-like peak, respec-
tively. The solid, dashed, and dash-
point line 2 are the intensities of the
central scattering, and the microtubule
J,, and J,, peaks, respectively. The
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could be obtained by the addition of 7 mM MgCl, to a warm
tubulin-taxoid solution. Taxol does not bind appreciably to
tubulin dimers (Diaz et al., 1993), and hence it does not
modify their scattering. As shown by Fig. 8 (trace 1), the
initial scattering profile essentially corresponds to tubulin
dimers, whereas Mg?* addition to the solution rapidly in-
duces microtubule polymerization (Fig. 8, trace 2 and
inset).

Assembly and closure of microtubule lattices
from tubulin oligomers

Fig. 9 shows the time-averaged x-ray scattering profiles
(Fig. 9 A) and the time course of the different scattering
bands (Fig. 9 B) of a GTP-tubulin taxol solution undergoing
assembly initiated by a temperature increase from 2°C to
37°C. The initial scattering profile is that expected from a
solution with a majority of tubulin oligomers and incipient
microtubule formation. Immediately after the temperature
rise the central scattering and the J,, signals rise rapidly and
simultaneously, whereas the J, peaks increase more slowly.
A similar result was obtained with docetaxel. The consec-
utive scattering profiles can be approximately simulated by
mixtures of oligomers and microtubules (Fig. 9, inser),
whereas the final state corresponds to the presence of a
majority of microtubules in the solution. Slowing the as-
sembly process helped to resolve the rates of growth of the
various structural features due to microtubules, while avoid-
ing interference with the bands due to ring aggregates. This
was accomplished by the preparation of 40% exchanged
GDP-tubulin, rather than tubulin with 99% GDP at the
E-site (Materials and Methods and Fig. 5, profile 2), and by
immediate examination of its taxoid-induced assembly. The

L .
250 500 750
Time (s)

intensity of each peak has been di-
vided by its maximum value.

initial state at 2°C has fewer features, consisting of a broad
maximum centered around 0.28 nm ™! and incipient double-
ring J,-like maxima (Fig. 10 A; the interference peak due to
ring association is absent). As shown by Fig. 10 B, the J,
signal grows simultaneously with the central scattering
shortly after (~20 s) the temperature increase. Approxi-
mately 30 s later the J, peaks start to develop, but they do
so much more slowly than the central scattering. Although
the noise at these angles prevented the accurate determina-
tion of the intensity time courses, the J; and J, helical peaks
seemed to develop more slowly than the J,,, and paralleled
the time course of the J, (Fig. 10 A). [Note that the solution
scattering maximum at 0.250 nm ™ has been assigned to the
J; fiber diffraction maximum of the first layer line, arising
from electron density features in the direction of the three-
start helix of the microtubule surface lattice (Andreu et al.,
1992, 1994). It might also contain an overlapping contribu-
tion of a second subsidiary maximum of the equatorial J,
Bessel function (see, for example, figure 1 in Beese et al.,
1987), whose relative contribution is not well defined. How-
ever, the maximum at 0.250 nm ™! evolves independently of
the J, maximum at 0.190 nm ™", which suggests that most of
its intensity has a nonequatorial origin. Furthermore, the
practical identity in this region of the scattering profiles of
microtubules induced by docetaxel and taxol, which have
clearly different lower-angle J, maxima (Andreu et al.,
1994), indicates a nonsignificant contribution of the fourth,
etc., subsidiary maxima of the J, Bessel function.] Equiva-
lent results were obtained by substituting docetaxel for
taxol. These results can be readily interpreted by reference
to the x-ray solution scattering of microtubules at this res-
olution (Andreu et al., 1992, 1994) and by comparison to the
models in Fig. 3; the scattering profile at 4°C corresponds to
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FIGURE 8 X-ray scattering traces of 80 uM GDP-tubulin-taxol in
PEDTA, 1 mM GDP at 37°C before (curve 1) and 120 to 370 s after (curve
2; final pH 6.7) the addition of 7 mM MgCl,. The dashed line 1 is the dimer
scattering model 1 (Fig. 3). The dashed line 2 corresponds to 35% single
linear oligomer and 65% microtubule models (Fig. 3). (Inset) Turbidity
time course (47.5 uM GDP-tubulin-taxol)

tubulin oligomers and a few double rings. During the first
20 s after warming no large structures were detected, but
small oligomers were observed in the solution (nucleation
phase). Approximately between second 20 and second 50
open-sheet polymers with the characteristic organization of
the microtubule wall were detected (Fig. 10 B; see also
profile 2 in Fig. 10 A), and these closed in a subsequent slow
process (Fig. 10 B and profiles 3 and 4 in Fig. 10 A) to give
a majority of pseudohelical microtubules at equilibrium
(profile 5). Approximate simulation of the different time
averages in terms of mixtures of oligomers and microtu-
bules requires the inclusion of open microtubule models as
intermediate structures, the amount of which must first grow
and later decrease (Fig. 10, inset). When the temperature is
increased slowly, as shown by Fig. 10 C, the growth of the
different microtubule peaks occurs simultaneously, indicat-
ing that under these conditions the bidimensional polymer-
ization is slow enough to allow the cylinder closure to occur
at a comparable speed, making it impossible to separate the
two phenomena.

When we examined the effects of solution variables on
taxoid-induced microtubule assembly kinetics, we found
that the same modifications that enhance the taxoid-induced
microtubule elongation equilibrium (Diaz et al., 1993) af-
fect the kinetics of microtubule formation in a qualitatively
similar manner. Fig. 11 A shows how increasing Mgt
concentration reduces the lag time of polymerization and
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FIGURE 9 (A) X-ray scattering profiles during assembly of 200 uM
GTP-tubulin-taxol in 10 mM phosphate, 1 mM GTP, 6 mM MgCl, (pH
6.7). Curve 1, at 2°C; curves 2 to 5, average scattering profiles between
second 0-200, 200-400, 400—600, 1400-2000 after warming to 37°C.
The dashed lines are model mixtures of single linear oligomers and
microtubules (models 4 and 6, respectively, in Fig. 3). All possible mix-
tures of the two species in 5% steps were calculated, and those giving the
least-squares deviation were selected. (Inser) Percentage of linear oli-
gomers ((J) and microtubules (O) employed to approximately model the
scattering curves. (B) Solid, dash, point, and dash-point lines, respectively:
time course of the intensities of the central scattering, J,,, Jo,, and J,, peaks
in the experiment of A.

increases the rate of assembly. Fig. 11 B indicates that the
substitution of docetaxel for taxol also reduces the lag time
and increases the rate of microtubule assembly. Finally, Fig.
11 C compares GDP- and GTP-tubulin at 4 mM total Mg>*
concentration, in conditions where no noticeable ring for-
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FIGURE 10 (A) X-ray scattering profiles during assembly of 200 uM (40% GDP)-tubulin-taxol in 10 mM phosphate, 1 mM GDP, 6 mM MgCl, (pH
6.7). Curve 1, at 2°C; curves 2 to 5, averages at second 0-200, 200-400, 400-600, and 1400-2000 after warming to 37°C. The dashed lines correspond
to model mixtures of linear oligomers, microtubular sheets, and microtubules (models 4, 5, and 6, respectively, Fig. 3). All possible mixtures of the three
species in 20% steps were calculated, and refined in 5% steps to give minimum least-squares deviation. (Inser) Percentage of linear oligomers ({J),
microtubules (O), and sheets (A) employed to model each curve. (B) Solid, dash, point, and dash-point lines, respectively: time course of the intensities
of the central scattering, J,,, Jo,, and J,, peaks in the experiment of A. (C) Time course of the corresponding intensities during assembly induced by a slow

temperature crawl. Temperature is indicated by the lower solid line.

mation is induced. The presence of the nucleotide y-phos-
phate slightly reduces the lag time of microtubule polymer-
ization. It can also be observed in Fig. 11 C that, similarly
to Fig. 10, the peak corresponding to the microtubule Jg,
Bessel function grows much more slowly than the central
scattering.

DISCUSSION

The results described above show that the Mg®*-induced
processes of GDP-tubulin self-association either into double
rings or taxoid-induced microtubules fit into a global
scheme (Fig. 12), which is elaborated on below.

Tubulin double-ring assembly and disassembly

Solutions of purified calf brain GTP- or GDP-tubulin in our
concentration range and without added cation exclusively con-
tain the 5.8 S aff dimer (Figs. 3 and 4; Andreu et al., 1989;
Garcia de la Torre and Andreu, 1994, and unpublished results).
Addition of low concentrations of Mg?* results in the forma-
tion of tubulin oligomers, but with little ring formation. In-
creasing Mg?* concentrations in the absence of guanosine
nucleotide y-phosphate induces extensive formation of char-
acteristic double-ring pseudocrystalline arrays (Figs. 1, 2, and

3; Diaz et al., 1994). These events correspond to processes 1
and 2 of the global scheme shown by Fig. 12. Process 1
consists of successive tubulin dimer self-association equilibria,
forming linear oligomers of indefinite length (note that the
degree of curvature of these oligomers has not been deter-
mined). In process 2 the oligomers close circularly and asso-
ciate to form the well-defined double rings (note that the ring
closure reaction is a unimolecular association), and the rings
aggregate. The effects of the divalent cation and nucleotide on
the ring formation observed by x-ray scattering are qualita-
tively fully consistent with the effects they have on the tubulin
isodesmic self-association leading to the formation of the 42 §
ring polymer, which have been measured in hydrodynamic
studies (Frigon and Timasheff, 1975b; Howard and Timasheff,
1986; Shearwin and Timasheff, 1992). Our results are also
consistent with the notion that GDP-tubulin forms the rings
more easily than GTP-tubulin because it coils better (Howard
and Timasheff, 1986; Melki et al., 1989; Diaz et al., 1994).
Indeed, the reverse of process 2 (disassembly of ring arrays
into oligomers) is achieved by back-exchange of GTP into its
binding site (Fig. 5 A, trace 5).

The double rings assembled from GDP-tubulin aggregate
into pseudolattices in the cold. For intermediate Mg>* con-
centrations (~7-10 mM) these arrays and the double rings
dissociate upon warming. X-ray scattering does not distin-
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FIGURE 11 Time course of the intensities of central scattering and J,,

peak during microtubule assembly with different Mg®* concentrations,
nucleotide and taxoid. (4) 95 uM GTP-tubulin in PEDTA, 1 mM GDP plus
1 mM GTP (pH 6.7); solid line, central scattering at 7 mM MgCl,; dashed
line, central scattering at 4 mM MgCl,; dotted line, J, at 7 mM MgCl,;
dash-dot line, Jo, 4 mM MgCl,. (B) 95 uM GTP-tubulin in PEDTA, 1 mM
GDP plus 1 mM GTP, 4 mM MgCl, (pH 6.7); solid line, central scattering
with taxol; dashed line, central scattering with docetaxel; dotted line, J,,
with taxol; dash-dot line, J,, with docetaxel. (C) 85 uM tubulin in PEDTA,
1 mM GDP (GDP-tubulin), or 1| mM GDP plus 1 mM GTP (GTP-tubulin),
4 mM MgCl, (pH 6.7); solid line, central scattering of GTP-tubulin; dashed
line, central scattering of GDP-tubulin; dotted line, J,, of GTP-tubulin;
dash-dot line, J,, of GDP-tubulin.

guish well between the various ring dissociation products
(they could be anything from small fragments to uncoiled
rings; Figs. 3 and 6). However, once the cyclic polymers
break up, the system is under a simple isodesmic polymer-
ization regime, whose thermodynamic properties (Oosawa
and Asakura, 1975; Frigon and Timasheff, 1975a,b) dictate
that the species populated at equilibrium are the unassoci-
ated protein and small oligomers, with a negligible propor-
tion of higher order oligomers. Therefore we favor the
interpretation that the main species formed at 37°C are
small ring fragments. Actually, it may be assumed that the
species formed upon thermal ring disassembly are oli-
gomers similar to those formed by the association of the
tubulin dimer.
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The above leads to an apparent thermodynamic paradox,
which arises from the following experimental observations.
The Mg**-induced self-association of GTP-tubulin leading to
double-ring formation is clearly an endothermic process
(Frigon and Timasheff, 1975b; results not shown). Further-
more, the bimodal sedimentation pattern and the cooperativity
of the process, which are characteristic of the formation of a
cyclic end-polymer, remain at a high temperature (Frigon and
Timasheff, 1975b; Frigon, 1974) or with GDP (Howard and
Timasheff, 1986; results). Then why should the Mg?*-induced
GDP-tubulin double rings dissociate upon warming? There
could be several explanations—for instance, the difference in
nucleotide exchange, or small differences in the solution con-
ditions between the x-ray and the hydrodynamic studies— but
we favor the following reasoning. Our results show that the
formation of double rings made up of fully exchanged GDP-
tubulin at increasing Mg>* concentrations is accompanied by
their aggregation into a pseudolattice, and that GTP back-
exchange results in dissociation of both the pseudolattice and
the double rings. Furthermore, upon warming a cold suspen-
sion of ring sheets, the x-ray scattering signals due to the
double rings and their pseudolattice decay concomitantly.
Therefore it is likely that the double rings are stabilized by their
aggregation into a pseudolattice, that is, that ring formation and
ring aggregation are linked equilibria (Wyman and Gill, 1990).
In fact, we have not found conditions in which GDP-tubulin
forms double rings without associating into ring arrays. Be-
cause the overall process is exothermic, whereas the tubulin
association leading to ring formation is endothermic, the ring
aggregation must be markedly exothermic. This resolves the
apparent contradiction between the x-ray scattering and the
sedimentation velocity studies. It is compatible with the fact
that the protein surface regions involved in both associations
are clearly different. Thus, whereas the linear association of
tubulin molecules to form rings or microtubule protofilaments
involves the ends of the tubulin o heterodimer, the superpo-
sition of the outer rings of the pseudolattice involves contacts
between lateral tubulin zones, which possibly correspond to
the zones exposed in the outside and/or inside of the microtu-
bule surface (Diaz et al., 1994). The situation is analogous to
that of the tubulin rings formed together with microtubule-
associated proteins (MAPs), which are less stable at 37°C than
in the cold; even the formation of pure tubulin rings is endo-
thermic (discussed by Melki et al., 1989). The dissociation of
tubulin-MAP rings at warm temperatures was evidenced by
x-ray solution scattering by Bordas et al. (1983), even though
in that study the characteristically modulated J, maxima of
double rings could not observed because of the limited reso-
lution of the data.

Taxoid-induced microtubule assembly starting
from double rings, tubulin oligomers, or
tubulin dimers

Upon warming a suspension of GDP-tubulin double-ring
aggregates in the presence of taxoid, the dissociation of the
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rings is followed by the assembly of microtubules (compare
Fig. 7 B to Fig. 6 B). However, residual double rings remain,
and at high Mg?* concentrations the formation of the dou-
ble-ring aggregates actually blocks microtubule assembly.
In these conditions ring and microtubule scattering maxima
overlap, and the species from which microtubules are as-
sembled cannot be easily characterized. This situation is
analogous to that previously encountered with solutions of
tubulin plus microtubule-associated proteins, in which the
ring disassembly overlaps with microtubule assembly (Bor-
das et al., 1983; Spann et al., 1987). Thus, the formation of
double-ring aggregates is a process that competes with
microtubule assembly. As previously pointed out (Ti-
masheff, 1991), ring assembly is favored in the GDP-bound
form of tubulin. With our approach the masking of the
assembly pathways due to the presence of rings is easily
avoided, because the back-exchange of GTP into its binding
site reduces the formation of double rings and delivers
solutions of GTP-tubulin with a majority of linear oligomers
(Fig. 5). Assembly of GTP-tubulin oligomers into microtu-
bules is then induced by taxol (Fig. 9). The simplest as-
sumption is that the oligomeric products of ring disassembly
(reverse process 2 in Fig. 12) are essentially the same as the
initial oligomers that lead to microtubule assembly (pro-
cesses 3 and beyond in Fig. 12). Assembly of microtubules
can also be accomplished from pure (GDP or GTP bound)
tubulin dimers by isothermal addition of MgCl, in the
presence of taxol (Fig. 8), that is, via processes from 1 and
3, to 6 in the scheme of Fig. 12.

Two-dimensional intermediate species in
microtubule assembly

Microtubular sheets have frequently been observed in elec-
tron micrographs of negatively stained microtubule prepa-

TAXOL by x-ray scattering in this work. The

size and degree of curvature of oli-
gomers are not known from the data,
and the microtubule polymerization
nuclei (in dashed brackets) have been
inferred but have passed undetected.

MICROTUBULES

rations (Erickson, 1974; figure 5 in Andreu et al., 1994), and
their kinetic accumulation in solution appears to be the
cause of a characteristic turbidity overshoot observed under
certain conditions (Detrich et al., 1985). Microtubular
sheets have also been observed by cryoelectron microscopy
in unstained samples (see Fig. 8 in Andreu et al., 1992).
Nevertheless, it could be argued that the presence of the
microtubular sheets is due to preparative sample artifacts.
However, our data here show that the assembly in solutions
containing 40% GDP tubulin showed a short lag (nucleation
phase), followed by the formation of open microtubule
walls and their subsequent closure into microtubules (Fig.
10). This pathway is represented by processes 4 and 5 in the
scheme shown in Fig. 12. The fact that open microtubules
constitute a fraction of the structures present in the solution
(inset in Fig. 10 A) provides direct structural evidence for
the existence of these intermediate species in a unperturbed
solution undergoing microtubule polymerization and gives
proof of the bidimensional nature of microtubule growth.
Although microtubules were first described as helical struc-
tures (Amos and Klug, 1974), the helical growth of micro-
tubules is very unlikely. In fact, because they have lattice
discontinuities at a seam, most of the microtubule cylindri-
cal polymers are pseudohelical (Andreu et al., 1992;
Kikkawa et al., 1994; Song and Mandelkow, 1995; Nojima
et al., 1995). As in the observed formation and closure of
microtubule sheets, it is conceivable that the end growth of
microtubules is not helical but proceeds by one- or two-
dimensional elongation followed by accretion into the
pseudohelical lattice. Indeed, very recent cryoelectron mi-
croscopy studies of growing microtubule ends have reported
the presence of two-dimensional sheets that close into tubes
(Chrétien et al., 1995). It should be noted that the above
does not contradict the fact that microtubules may also
elongate by endwise addition, as indicated by process 6 in
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the scheme of Fig. 12, and that microtubules may also
associate end to end (Williams and Rone, 1989). In fact,
these processes probably occur after short microtubules
have been formed. This type of elongation cannot be fol-
lowed by x-ray solution scattering because microtubules
grow to lengths greater than the dimensions given by the
lower-resolution cutoff of the data (Bordas et al., 1983).

Microtubule nucleation and the mechanisms of
taxoid-tubulin interactions

The above prompts the question of how microtubule sheets
form from tubulin oligomers. The simplest hypothesis is
that the necessary bidimensional polymerization nuclei
should form by accretion of linear tubulin oligomers in-
duced by taxol, as indicated by process 3 in the scheme of
Fig. 12. Such species are possibly transient and not neces-
sarily homogeneous, and they should be present in small
concentrations. Their structures are likely to range between
those of open double-ring fragments (solid line 4 in Fig. 3)
and those of microtubule sheets (lines 6 in Fig. 3). These
characteristics diminish the possibility that they could be
detected by time-resolved x-ray scattering, unless their
growth into microtubule sheets could be slowed down.
Nevertheless, we argue that microtubule nuclei are probably
small two-dimensional fragments of the microtubule wall.
This is because their growth produces open microtubules
and because such structures are in agreement with theoret-
ical principles of cooperative protein association (Erickson
and Pantaloni, 1981). We believe that it is unlikely that the
nuclei would be helical, because that would imply the
previous formation of laterally bound oligomers and very
short (one- or two-turn) microtubules. These would yield
very characteristic scattering profiles, which have not been
observed. The microtubule nucleation species could be bio-
chemically detected if the binding of labeled taxol or do-
cetaxel to tubulin oligomers (process 3 in Fig. 12) was
proved.

The effects of binding of taxoid and nucleoside triphos-
phate have interesting similarities and differences. The
binding of both taxoid and nucleotide y-phosphate stabilize
microtubules. The nucleotide is exchangeable in the tubulin
dimer but is nonexchangeable in assembled microtubules
(Erickson and O’Brien, 1992). In contrast, the taxoid-bind-
ing site is undetectable in the free dimer, but readily acces-
sible in microtubules (Parness and Horwitz, 1981; Dye et
al., 1993; Dfaz et al., 1993, and unpublished results). Both
taxoid and the exchangeable nucleotide bind to B-tubulin,
predominantly at its amino-terminal zone (Shivanna et al.,
1993; Rao et al., 1994). Taxoid binding causes a small
reproducible shift to lower angles in the position of the
x-ray solution scattering maxima J, and J_; in the first layer
line, indicating longer spacings (Andreu et al., 1994, and
unpublished results). This is consistent with an increase in
the monomer axial repeat of approximately 0.13 nm (Vale et
al., 1994). It is known that taxoid binding changes the
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superstructure and flexural rigidity of microtubules (Dye et
al., 1993; Venier et al., 1994; Mickey and Howard, 1995;
Kurz and Williams, 1995). It is also known that binding of
structural analogs of the y-phosphate to GDP-microtubules
increases their rigidity (Venier at al., 1994) and that micro-
tubules assembled with the slowly hydrolyzable nucleotide
analog GMPCPP are more rigid and have a 0.15 nm longer
axial spacing between monomers than GDP-microtubules
(Vale et al., 1994; Hyman et al., 1995). [It should be noted
that microtubule thermodynamic stability, microtubule flex-
ural rigidity, and microtubule axial spacing are being inde-
pendently considered in this discussion.]

Rings are equivalent to adjacent microtubule protofila-
ments that are coiled tangent to the microtubule wall, with
the tubulin dimers in a curved inactive conformation (Man-
delkow et al., 1988; Melki et al., 1989; Diaz et al., 1994).
The observation that taxol appears not to modify the ring
formation equilibrium (Results) suggests, by application of
the linked equilibria concepts (Wyman and Gill, 1990), that
the rings as such bind the ligand no more or less than the
tubulin dimer, which in fact binds taxoids nonsignificantly
(Diaz et al., 1993). Therefore it appears that both the bind-
ing of taxoid to GDP-tubulin and that of the nucleotide
y-phosphate, even though they give nonidentical effects, are
linked to the straight tubulin dimer conformation, which is
active in microtubule assembly, as previously proposed
(Diaz et al., 1993). The binding of the side chain of taxol
leads to a reduction in the lateral bonding angle between
tubulin molecules, which gives microtubules with one less
protofilament than docetaxel-induced microtubules, and an
excess taxoid induces microtubule opening (Andreu et al.,
1994). This suggests that taxol binds between neighboring
protofilaments. It has been shown by subtraction of electron
micrographs of zinc-induced tubulin sheets with and with-
out taxol that one taxol binding site per tubulin dimer is
placed between protofilaments (Nogales et al., 1995). How-
ever, zinc-induced tubulin sheets have an inverted protofila-
ment topology with respect to microtubules. If part of the
taxoid-tubulin contacts in these zinc sheets were similar to
those in microtubules, taxol would bind between microtu-
bule protofilaments. An important open question is how
taxol binding favors the active tubulin conformation. This
may be either because an allosteric mechanism takes place
in which taxoid binding to a distant site may change the
lateral interactions and the shape of tubulin (Dye et al.,
1993; Derry et al., 1995) or because the taxoid-binding site
may be constituted by a lateral bonding interface between
adjacent tubulin molecules in the microtubule, for example,
in the grooves between protofilaments, and straight confor-
mation could be a simple result of the protofilament accre-
tion (Howard and Timasheff, 1986; Andreu et al., 1992;
Diaz et al., 1993; Andreu et al., 1994).
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