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GDP liganded tubulin, which is inactive in microtubule assembly, polymerizes into rings
more readily than the active GTP liganded protein. The structure of double rings made of
highly purified GDP-tubulin has been characterized to 3 nm resolution with synchrotron
X-ray solution scattering. The scattering profile has characteristic maxima due to closely
packed double rings of 38 nm mean diameter, with a 55 nm mean spacing between the rings,
and a 4-2 nm centre-to-centre spacing between non-globular tubulin monomers within both
rings. There are probably 24 and 32 monomers in the inner and outer ring, respectively, and
the double ring population is more than 759, homogeneous in size. Comparison of this
double ring structure to the lattice of tubulin molecules in microtubules indicates that the
tubulin rings are equivalent to pairs of protofilament segments curved tangentially to the
microtubule surface, with bending angles of 30° and 22-5° per tubulin «f dimer. When the
rings are modelled employing the same non-globular tubulin monomer as in microtubules,
the best computer fitted scattering profiles correspond to monomer orientations equivalent
to two microtubule protofilaments coiled sideways, with same or opposite polarity. Rings
constitute the equilibrium assembly state of GDP-tubulin, which is tensioned inside
microtubules after GTP hydrolysis, causing their functional instability. In analogy with
other nucleotide binding proteins, the inactive/active structural switch of tubulin is induced
by the binding of the gamma phosphate and a coordinated Mg ion. It should involve domain
rearrangements which cancel the bending of the tubulin dimer in the ring structure.
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1. Introduction
(a) Why study GDP-tubulin rings?

The of-tubulin dimer contains two GTP-Mg?*
binding sites. The GTP bound to the a subunit is
non-exchangeable, while one exchangeable GTP
bound to the B subunit (E site) is hydrolysed to
GDP and P; following the polar assembly of the
tubulin dimer into microtubules. Microtubules and
their associated proteins and motors are essential to
cellular architecture, organelle transport and cell
division. Tubulin in microtubules will not exchange
the nucleotide until microtubule disassembly, or at
the microtubule plus end (Erickson & O’Brien,
1992; Mitchison, 1993). While GTP-tubulin is the
active form of the protein, GDP-tubulin is inactive
and will not normally assemble into microtubules.
Thus, the body of microtubules, which normally
consists of inactive GDP liganded protein, is intrin-
sically unstable and is prevented from disassembly
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by interaction with the active GTP-tubulin terminal
cap (Carlier, 1991). The stochastic loss and recovery
of the stabilizing cap generate the length fluc-
tuations characteristic of microtubule dynamic
instability (Kirschner & Mitchison, 1986; Chen &
Hill, 1985; Erickson & O’Brien, 1992; Martin et al.,
1993). Non-hydrolysable GTP analogues with
y-phosphate groups capable of proper coordination
with Mg?* support microtubule assembly (Shearwin
& Timasheff, 1992; Hyman et al., 1992), and nucleo-
tide hydrolysis is believed to be required to destabil-
ize microtubules (Carlier et al., 1988). Microtubule
instability, also observed ¢n vivo (Cassimeris et al.,
1988), is currently thought to be employed by the
cell to regulate in space and time the assembly of
these structures (Kirschner & Mitchison, 1986;
Verde et al., 1992). Clearly, the interactions of the
exchangeable nucleotide y-phosphate and a coordi-
nated magnesium ion with the protein control the
molecular switch of tubulin functionality and micro-
tubule dynamic instability.

Tubulin  undergoes a  magnesium-induced
isodesmic self-association leading to formation of
characteristic 42+28 double rings (Frigon &
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Timasheff, 1975a,b). Slight modification of the ring-
forming solution conditions led to the discovery of
the self-assembly of purified tubulin into micro-
tubules (Lee & Timasheff, 1975). It has been shown
that the apparent affinity of the ring closure reac-
tion of GDP-tubulin is more favourable than that of
GTP-tubulin by —50 to —75 kJ/mol, that is, GDP-
tubulin appears to coil better (Howard & Timasheft,
1986; Shearwin & Timasheff, 1992). This and the
observation that cold depolymerization of microtu-
bules to double rings proceeds via formation of
curved oligomers, have led to the proposal that
while GTP-tubulin is in a ‘“straight” active micro-
tubule forming conformation, GDP-tubulin is in an
inactive ‘“‘curved” ring-favouring conformation
(Melki et al., 1990; Timasheff, 1991). Therefore,
tubulin rings can be regarded as the relaxed
assembly state of tubulin, corresponding to tubulin
in the body of microtubules if their stabilization was
relieved. Since the GDP-tubulin and the GTP-
tubulin dimers are essentially indistinguishable by
most solution techniques (J.F.D., E.P., J.B. &
J.M.A., unpublished results), and the high resolu-
tion three-dimensional structure of tubulin is
currently unavailable, the only way to study their
structural differences is by their propagated proper-
ties, that is, by comparison of the structures of rings
and microtubules. The low resolution structure of
microtubules is known from electron microscopy
image reconstruction (Amos & Klug, 1974), X-ray
fibre diffraction (Mandelkow et al., 1977; Beese et al.,
1987), and X-ray solution scattering methods
(Bordas et al., 1983; Andreu et al., 1992). Tubulin
rings, observed since the early days of microtubule
assembly studies, have attracted considerable
interest, though their substructure could hardly be
discerned. The centre-to-centre distance between
tubulin subunits in double rings, scarcely appreci-
able by electron microscopy (Frigon & Timasheff,
1975a; Scheele & Borisy, 1978; Voter & Erickson,
1979) and by X-ray scattering (Mandelkow ef al.,
1983), is approximately 4 nm, consistent with the
proposal that rings correspond to coiled proto-
filaments of microtubules (Kirschner et al., 1974).
The exact ring dimensions and spacings between the
tubulin molecules, and their orientation within each
ring relative to that in microtubules were unknown.
This is important in order to eventually understand
the molecular switch associated to GTP hydrolysis.
In this study we have unequivocally determined the
arrangement of protein subunits in purified GDP-
tubulin double rings employing accurate synchro-
tron X-ray solution scattering methods and
computer modelling, as well as a possible monomer
shape, and compare the assembly topology of rings
and microtubules.

2. Materials and Methods

(a) Protein, X-ray scattering measurements and
data reduction

Highly purified tubulin was prepared from calf brain
and its E-site nucleotide exchanged to give over 99%,

GDP-tubulin, in 10 mM sodium phosphate buffer, 1 mM
ethylenediaminetetraacetic acid, 7mM MgCl,, 1 mM
GDP, pH 67 (Diaz & Andreu, 1993). Time-resolved X-ray
measurements of tubulin assemblies were performed to
2nm spatial resolution at station 2.1 of the Daresbury
Laboratory Synchrotron Radiation Source as described
(Andreu et al., 1989, 1992), employing a thermostatted
scanning sample cell body made of beryllid instead of
metal. The spacing between the mica windows was 1 mm
and the volume of the sample was 0-7 ml. The distances
between sample and detector were 6 m, 3m and 1-5m.
Data were processed with a modified version of the
program OTOKO (Koch & Bendall, 1981; Mant & J.B.,
unpublished results) in Unix workstations.

(b) Theory

The zero angle X-ray scattering of a solution. of iden-
tical particles is proportional to their number concentra-
tion and the square of their scattering mass (volume times
excess electron density: Guinier & Fournet, 1955). For a
solution of polymerizing subunits, the forward scattering
is proportional to the weight average degree of polymer-
ization and, in practice, the scattering at very low angle
(central scatter) constitutes a measure of the degree of
polymerization in the sample, which will be sensitive to a
given size interval depending on the geometry of the
X-ray camera and detector (Bordas ef al., 1983). The
X-ray scattering profiles of microtubules can be analysed
by reference to their fibre diffraction diagrams, inter-
preted by helical diffraction theory as described elsewhere
(Andreu et al., 1992). The X-ray scattering pattern of
rings can be qualitatively understood by considering them
as one turn of a helix of nil pitch. For rings of diameter
significantly larger than the distance between neigh-
bouring monomers constituting them, and at the level of
resolution we are concerned with, it is convenient to
consider their X-ray scattering as consisting of 2
regions. At relatively low values of the scattering vector S
(defined as a reciprocal Bragg spacing, i.e. S =2 (sin 0)/4,
where 20 is the scattering angle and A is the X-ray
wavelength employed, the pattern will be dominated by
the X-ray scattering due to the excess electron density of
the ring as a whole relative to its surroundings, while the
diffraction effects due to the monomer arrangement
within the ring will only show at higher angles. Thus, at
low resolution the ring can be regarded as a section of a
hollow cylinder, and its scattering pattern will show a
series of bands corresponding to a J,-like Bessel function
with argument nDS, where D is the diameter of the ring,
though the position of these subsidiary maxima will not
equal those of a true J,, unless the height of the ring is
greater than its radius. Two concentric rings will have an
X-ray scattering pattern in which the position of these
bands also follows the behaviour of a Jy-like Bessel func-
tion dictated by the mean diameter of the double ring.
However, it is possible to distinguish between single and
double concentric rings because, in the former, the inten-
sity of the subsidiary maxima will decay monotonically
with increasing angles, while in the latter, the intensities
are modulated by the interference between the inner and
the outer ring leading to the almost complete dis-
appearance of some of the low-angle subsidiary maxima
(roughly at a spacing equal to the thickness of the double
ring) and to an enhancement in their prominence at
higher angles. Stacks of rings, whether single or double,
will not alter much the positions of these subsidiary
maxima; however, the higher the stack the more promi-
nent the subsidiary bands will be. At higher angles the
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n-fold symmetry of the rings (where = is the number of
subunits per ring) gives rise to a band corresponding to a
J, Bessel function, which is sensitive to the subunit
spacing and shape, and which will have its first maximum
roughly where the argument equals the order, ie. at
S~ (n+1)/aD. For rings made of slightly different
numbers of equally spaced subunits, these S values will be
close, because the different indexing is compensated by
the change in diameter. Formation of ring stacks will also
contribute to the scattering intensity in this region, due to
the contacting subunits in different rings. On the other
hand, tubulin rings may aggregate into 2-dimensional
arrays. If this aggregation formed a bidimensional crystal,
the X-ray solution diffraction pattern would be the rota-
tionally averaged product of the scattering pattern of the
ring by the transform of the lattice. The latter consists of
diffraction rods in which the only values different from
zero occur at the reciprocal vector positions of the
2-dimensional array. In solution, these diffraction rods
would show up as diffraction bands gradually decaying at
increasing angles. For a hexagonal array of objects, the
centre-to-centre distance can be simply determined from
the 1,0 lattice spacing (i.e. the reciprocal of the S value of
the first diffraction maximum) divided by cos 30°. The
absence of crystallographic sampling at high, but not low,
angles (see Figure 2, band at 0:0258 nm~!, which is not
followed by more diffraction bands) is indicative of
substantial disorder of the so-called second kind, in which
the short-range order is retained (Vainshtein, 1966). This
is characteristic of paracrystalline assemblies and includes
rotations and shifts of the repeating motifs from the
crystallographic positions, bending and distortion of the
packing array. An approximate value of these distortion
parameters can be deduced by inspecting at what resolu-
tion the transform of the repeating motif is no longer
sampled by the lattice net points (Vainshtein, 1966).

(c) Model calculations

The X-ray scattering profiles of protein assemblies can
be readily analysed by direct comparison with computer
model calculations based on Debye’s formula (Guinier &
Fournet, 1955; Vainshtein, 1966; Bordas ef al., 1983;
Mandelkow et al., 1983; Wakabayashi et al., 1992;
Garrigos et al., 1992). The tubulin assemblies were simu-
lated employing the program LEGO (Pantos et al., 1988).
The tubulin monomer was represented by either a single
sphere of 3 nm diameter (Mandelkow et al., 1983), or the
group of closely packed spheres of 12nm radius
previously employed to model the monomer within miero-
tubules (Andreu ef al., 1992). The X-ray scattering profile
of each assembly was calculated employing a solution
scattering simulation program (DALAI, Pantos &
Bordas, 1994) implemented on Unix computers. This
program employs an optimized implementation of the
Debye formula for models built of identical spheres. The
speed of computation of the scattering profiles permits
systematic scans of model parameters. The program can
be executed in parallel on networked workstations (E.P.,
unpublished), permitting the simulation of X-ray scat-
tering for larger systems. Accurate values of the rings’
diameter were obtained by calculating the positions of the
.subsidiary maxima of the Jy-like Bessel function in ring
models made up of a large number of spherical subunits.
The positions of the first 10 maxima appeared at 0, 1-29,
231, 332, 433, 533, 6:33, 734, 834 and 9-34 times D!,
These values are different from the corresponding coeffi-
cients derived from the J, Bessel function argument (0,
122, 223, 324, 424, 524, 624, 7-24, 825 and 9-25;

Abramowitz & Stegun, 1965). They became equal to the
Bessel coefficients for stacks of rings of height roughly
larger than their radius. For rings made of 3 nm spherical
subunits spaced between 4 and 8 nm, the computed
positions of the maxima corresponding to the J, Bessel
function were comprised within the interval
S =n/(27740-11)D. This allows direct measurement of
the centre-to-centre distance between the subunits,
d=nD/n=(1-13+0-05)/S, for 12 <n < 36.

X-ray scattering models necessary for the analysis of
the tubulin ring data are shown in Figure 1. Curve 1 in
panel (a) (continuous line) is the computed scattering
profile of a single ring of 38 nm diameter, containing 28
solid spheres which represent 14 tubulin dimers. The
calculated profile of a double ring of the same mean
diameter is shown by curve 2. Curves 3 show the effects of
modifying the spacing between the inner and outer ring
while keeping the mean diameter constant. Curves 4
correspond to mixtures of double rings made of different
numbers of monomers, maintaining the average diameter
of the population constant. Curve 5, in panel (b), is the
scattering profile of a double ring made of 28 spheres in
each ring (different inter-monomer distances) and the
same mean diameter as model 2. Curve 6 is the scattering
profile of a triple ring, curve 7 that of an array of 4 double
rings, and curve 8 of a stack of 4 rings.

3. Results

(a) Low resolution structure of GDP-tubulin double
rings in solution: dimensions and subunit spacing

Figure 2 shows the solution X-ray scattering
profile of suspensions of ring sheets assembled from
purified GDP-tubulin with 7 mM MgCl, at 2°C, and
the inset is an electron micrograph of the specimen,
which is similar to those described previously (Diaz
& Andreu, 1993). The scattering profile is character-
ized by a steep central scattering, and a very low
angle, sharp, diffraction peak of 00258 nm~"' super-
imposed onto a scattering band, the position of
which is uncertain (~0-03 nm~!). Another band at
0-058 nm~! follows, and a third subsidiary band is
visible at 0086 nm~!. At higher angles there are
four prominent bands centred at 0-116, 0-143, 0-116
and 0192 nm !, a broad band at 0:23 nm~1, and an
asymmetric band at 0282 nm~!. These features
were induced by Mg?*, were optimally observed at 7
to 11 mM MgCl,, and strongly decreased upon back-
exchange of GTP into the E site of tubulin (not
shown).

The low resolution structure of the tubulin rings
can be characterized from the positions and the
relative intensities of these peaks, as follows. The
diffraction peak arises from the interference effects
of a pseudolattice of rings, and from its position an
average centre-to-centre distance between the rings

- can be roughly estimated as 45 nm (Materials and

Methods and Figure 1, curve 7). This peak was less
noticeable in incompletely exchanged GDP-tubulin
preparations, in which it increased with time in
GDP containing buffer, in agreement with the
observed partial polymerization of these prepara-
tions into ring sheets (Diaz & Andreu, 1993). The
band at a position around 0-03nm~! and the
following seven peaks correspond to the second,
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Figure 1. Computed X-ray solution scattering profiles
of tubulin ring models of 38 nm mean diameter, made of
solid spherical monomers of 3 nm diameter. (a) Curve 1:
continuous line, single ring made of 28 monomers spaced
4-26 nm (i.e. 14 tubulin dimers); broken line, 14 monomers
filling only one half of the ring (note the loss of the J,
subsidiary maxima); dotted line, scattering profile of the
spherical monomer. Curve 2: double ring of 32 and 24
monomers in the outer and inner ring, respectively, with
the same spacing and mean diameter as above. The

spacing between the inner and outer ring is 5-5 nm, note"

the modulation of the J, maxima by comparison to curve

third, fourth, etc. maxima of a J,-like Bessel func-
tion, and arise from rings with a mean diameter of
38+ 1 nm (Materials and Methods). The intensity of
such maxima in the calculated scattering profile of a
single ring decays monotonically (Figure 1, curve 1),
which does not correspond to the experiment, in
which the intensity decays very fast in the second to
fourth maxima, increasing again in the fifth, sixth,
seventh and eighth maxima. This indicates that the
structure is that of a double ring, in which the
intensities of the different subsidiary maxima are
modulated by the interference between the inner
and the outer ring (Figure 1, curve 2). Comparison
with models in which the distance between the inner
and outer ring was modified (Figure 1, curves 3)
indicated that in order to fit the interference (that
is, the relative intensities of the different bands of
the Jy-like Bessel function in that region), the
spacing between the mean perimeters of both rings
must be 55+ 0-5 nm. Therefore, the mean diameters
of the inner and outer rings are 32-5+1 nm and
43-5+1 nm, respectively. The peak at 0-282 nm~!
corresponds to the J, Bessel function for each ring of
monomers, and its position indicates a centre-to-
centre spacing of 40+02nm for globular
monomers (Materials and Methods). Models with
larger intersubunit spacings, such as 55, 6, 7, 8 and
11 nm (not shown), were not compatible with the
position of the J, maxima. The number of spherical
monomers in the outer-inner ring compatible with
the data are 32 and 24, 34 and 26 or 36 and 28 (28,
30 or 32 tubulin dimers). Mixtures of one of these
double ring types with more than 259, of next
larger and next smaller possible sizes in equal pro-
portions (Figure 1, curve 4) clearly fail to reproduce
either the relative intensities of the J,-like maxima
or their positions, which indicates more than 759,

1. Curve 3: continuous line, double fing as above, but the
24 monomer inner and the 32 monomer outer ring are
spaced by 4:5 nm by slight modification (+0-13 nm) of the
intermonomer spacings; broken line, inner and outer rings
spaced 6:5nm, note the marked displacement of the
region of reinforcement of the J, subsidiary maxima by
the changes in the inner-outer ring spacing. Curve 4:
continuous line, a mixture of 759, double rings of 32 and
24 monomers (identical to curve 2) with 12-59, double
rings of 30 and 22 monomers and 12:59%, double rings of
34 and 26 monomers, note the displacement and change in -
intensity of the J, maxima with respect to curve 2;
broken and dotted lines, same as the continuous line
model mixture, but proportions modified to
09,:509,:509% and 509 :259%:25%,, respectively.
(b) Curve 5: double ring made of an equal number of 28
monomers unevenly spaced in the outer ring and inner
ring, while keeping the mean diameter of the double ring
constant; note the displacement of the J, maxima with
respect to curve 2. Curve 6: triple ring made of 34, 28 and
22 monomers in the outer, middle and inner ring, respec-
tively. Curve 7: array of 4 double rings identical to model
2 in a hexagonal lattice, obtained by superposition of
outer ring monomers. Curve 8: stack of 4 double rings,
spaced 8 nm along the cylinder axis.
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Figure 2. Continuous line, experimental X-ray solution
scattering profile of GDP-tubulin in 7mM MgCl,
containing buffer (pH 6-7; see Materials and Methods) at
2°C. The data are the averages of 2, 4 and 2 data sets,
respectively, measured with 6 m, 3m and 1'5 m camera
lengths, employing 9+2 mg/ml tubulin samples, and

merged at superimposable zones near 0-075nm~! and

025 nm™'. Broken line, computer fitted scattering profile
of a hexagonal array of 4 double rings, each identical to
the best ring model, which is shown in Figure 3(a). The
ring centre-to-centre spacing is 43-5 nm. The scattering
profile of the ring is modified due to diffraction-
interference effects between rings, which is noticeable at
low angle. There is also interference between monomers in
the contact zones, which affects the profile at high angle,
particularly in the 0-22nm~' and 0-28nm~! regions.
Inset: representative negative stain electron micrograph
of the sample; the bar corresponds to 50 nm.

homogeneity in size of the GDP-tubulin rings.
Double rings with the same number of subunits (28,
30 or 32) unevenly spaced in the outer and inner
ring could be built (Figure 1, curve 5), but they give
J, maxima incompatible with the data. In conclu-
sion, the simple model described (Figure 1, curve 2)
accounts for the general features of the scattering
profile of the GDP-double rings, though it does not
reproduce well the shape of the peaks and the
steepness of the curve.

(b) Tubulin monomer shape and orientation in
double rings :

In order to better fit the double ring X-ray scat-
tering data it becomes necessary to depart from
spherical monomers. The tubulin monomers are
known to be non-globular in microtubules (Amos &
Klug, 1974; Beese et al., 1987; Andreu ¢t al., 1992) as
well as in dimers (Andreu ef al., 1989, and unpub-

]
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Figure 3. Computer models of tubulin double rings. The
measured mean diameter, the centre-to-centre spacing
between monomers within each ring, and the spacing
between both rings are indicated in nm units. The outer
and inner ring contain 32 and 24 monomers, respectively.
Each tubulin monomer has been represented by a set of
21 solid spheres of 12 nm radius, previously employed to
model the monomer in microtubules, and has been
oriented to fit the data (see Materials and Methods) in
(a) parallel or (b) antiparallel fashion.

lished results). The spherical monomers were substi-
tuted by the tubulin monomer previously employed
to model the scattering profile of microtubules
(Andreu et al., 1992), which is made of a set of small
spheres within - a roughly triaxial ellipsoidal
envelope of axes approximately 4 nm x 7nm X
8 nm. The monomer orientation was systematically
varied in 10° steps, searching for the angles which

“fit the data. The best model found is shown by

Figure 3(a). In this model the major axis of the
monomer is perpendicular to the plane of the ring,
and the middle axis deviates —60° from a radial
position. The dimensions of the monomer in the
X,Y,Z axes of the Figure are approximately
56nm x 4nm x 8nm. Given the double ring
dimensions and spacings, rotation of this monomer
on the X and Z axes is hindered by the packing of
subunits within each ring, and rotation on the Y
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Figure 4. Fitting the X-ray solution scattering profile
of GDP-tubulin by double rings made of non-spherical
monomers. Curve 1, scattering profile of the tubulin
monomer model employed; curve 2, computed scattering
profile (continuous line) of best double ring model (Figure
3(a)) in comparison to the data (points). Note that in this
modelling procedure, individual rings are not intended to
reproduce the scattering features due to the formation of
a ring pseudolattice in the sample, particularly the peak
at 000258 nm~!; curves 3, effects of rotating the tubulin
monomer on the Y axis of Figure 3 by 30° (continuous
line), 60° (broken line) and 90° (dotted line) with respect
to the best fitting position (curve 2); curve 4, computed
scattering profile (continuous line) of the antiparallel
double ring model (Figure 3(b)) in comparison to the data
(points).

axis is restricted by contact between subunits of
both rings. Representative comparisons of model
scattering profiles and the data are shown by Figure
4, continuous and dotted lines, respectively.
Unrestricted rotation of the monomers on the Y
axis can lead to fusion of the outer and inner rings,
with a decrease in the intensities of the fifth, sixth,
seventh and eighth J, maxima, among other effects.
The best fits were obtained for angles of approxi-
mately 0° and 180° of the major axis of the
monomer to the YZ plane, which are similar models
at the model resolution (Figure 4, curve 2). Models
deviating from these positions more than 20° were
incompatible with the data (Figure 4, curves 3).

Rotating the monomers on the X axis lead to -

monomer interpenetration in each ring, and loss of
intensity and change in position of the J, peak,

because the rings became more uniform and the

contrast due to the n-fold symmetry decreased.

These models fitted reasonably the data at angles of
0° and 180°( +20°) of the major monomer axis to the
XZ plane (not shown), which are identical struc-
tures (i.e. the double ring viewed from one or the
other side). Rotation on the Z axis allowed fitting of
the data at angles of the middle (7 nm) axis of the
monomer to the XZ plane of 60° and 240° (which
are identical models due to monomer symmetry)
and less well at 120° and 300°. Positions deviating
more than 15° from these values did not fit the data
(not shown). It is also possible to position the
monomers independently in each ring at the optimal
angles described, generating several structures
which are compatible with the data. Of these, the
only structures clearly different from the best model
(Figure 3(a) and Figure 4, curve 2) are those in
which the outer and inner rings have opposite
polarity, such as the antiparallel double ring model
exemplified by Figure 3(b) and Figure 4 (curve 4).
The diameter of the double ring, the number of
monomers and the intermonomer spacings were
refined to optimally fit the J; and J, maxima. The
mean diameter is 37-8 nm, the number of subunits
in the outer and inner rings is 32 and 24, respec-
tively, their spacing 424 nm, - and the spacing
between the inner and outer ring is 55 nm. All these
values are within the experimental error of the first
measurements.

Finally, if a small array of these double rings is
constructed, a model scattering pattern can be
generated (Figure 2, broken line) in which charac-
teristics similar to the experimental double ring
sheet appear (Figure 2, continuous line), though the
interference maximum (00258 nm~') and the
0-22 nm~! zone are not exactly reproduced due to
the inherent difficulty in simulating a disordered
large ring array. An explanation for the absence of
more diffraction peaks is probably that only short
range order is retained, and can be taken as an
indication that the various possible distortions of
the second kind lead to departures from the correct
crystallographic positions for neighbouring rings at
least of the size of the tubulin monomer (Materials
and Methods). The values of the centre-to-centre
distance between rings (best model fit 43-5 nm) and
of the outer ring diameter (43-5 nm) imply super-
position of outer rings in the pseudolattice. This is
observed by electron microscopy (Figure 2, inset).

4. Discussion
(a) Tubulin double ring structure

Tubulin rings frequently form arrays which are
only apparently ordered, and some of the ring pre-
parations are heterogeneous, making image recon-
struction studies difficult (JM.A., J.B. & J. L.
Carrascosa, unpublished results). However, objects
with cylindrical symmetry can be very favourable
for X-ray scattering study. Ring forming solutions
of tubulin and associated proteins gave an X-ray
scattering peak at 0-27 nm~! (recorded on film after
long exposure times), which was consistent with
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ring models corresponding to coiled protofilaments
(Mandelkow et al., 1983). Employing a bio-
chemically well-defined GDP-tubulin preparation
which extensively forms Mg?*-induced ring aggre-
gates (Diaz & Andreu, 1993), sensitive synchrotron
X-ray scattering instrumentation (Towns-Andrews
et al., 1989), and new X-ray scattering computer
simulation procedures (Pantos & Bordas, 1994), it
has now been possible to obtain measurements
which we believe define unambiguously the solution
structure of tubulin double rings to approximately
3nm resolution, since hardly any other structure
can be conceived which would give the same charac-
teristic scattering profile (note that the measure-
ments reach 2 nm resolution, though the absence of
any detectable features between 3 and 2 nm resolu-
tion precludes any reliable assignment in this
region). The determination of the ring dimensions
and subunit spacings required no special assump-
tions about the shape of the monomers and was
derived employing spherical monomers. Using
spherical monomers, the number of subunits in the
“inner and outer ring could be 32 and 24, 34 and 26
or 36 and 28 from the X-ray scattering results. Since
the number of tubulin molecules which associate to
form the double rings, determined by sedimentation
velocity with the same tubulin preparation under

very similar conditions, is 26+2 dimers (Frigon &

Timasheff, 1975a; Howard & Timasheff, 1986), the
GDP-tubulin rings are more probably made of 32
and 24 monomers in the outer and inner ring,
respectively. Given the expected flexibility of linear
tubulin oligomers, the detected homogeneity of the
end product population of GDP-tubulin rings is
remarkable. : .

The double ring scattering profile was modelled
best employing tubulin monomers with a shape
which fits the X-ray solution scattering of micro-
tubules (Andreu et al., 1992). The best fit was
obtained with 32 and 24 monomers in the outer and
inner ring, respectively. The simplest interpretation
is that the monomer structure is not necessarily
different in rings and microtubules at the resolution
of these studies, though the intermonomer bonding
interactions are not identical in both assemblies.
The centre-to-centre spacing between monomers in
rings appears to be approximately 0-2 nm larger
than in protofilaments, which may result from the
curvature of the structure. On the other hand, the
formation of a ring pseudolattice perturbs the ring
scattering ' profile, which makes difficult a more
accurate modelling of the monomer shape.

(b) Assembly topology of tubulin rings and
microtubules and the molecular switch between
tnactive and active tubulin

The low resolution structure of GDP-tubulin
double rings and microtubules define unam-
biguously the relationship between both forms of
protein self-assembly, assuming that the monomer
dimensions are not drastically different in the two
polymers. Since the spacing between' monomers

[/
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Figure 5. Assembly topology of GDP-tubulin rings and
microtubules. The Figure represents 1 double ring (upper
scheme) and 1 3-start microtubule lattice (lower scheme),
in which the tubulin monomers are simply indicated by
ellipsoids. Given the 4 nm longitudinal spacing and 55 nm
lateral spacing between tubulin monomers in miecro-
tubules and double rings, the double ring geometrically
corresponds to 2 fragments of neighbour protofilaments in
the microtubule, coiled tangent to the microtubule
surface, and circularly closed to contain 24 and 32
monomers, respectively, in the inner and outer ring. It
should be noted that tubulin in the body of microtubules
is in the GDP liganded form as in these rings.

along the rings is clearly 4 nm, the proposal that
rings correspond to coiled protofilaments (Kirschner
et al., 1974; Voter & Erickson, 1979; Mandelkow et
al., 1983) is confirmed. The 55 nm spacing between
the inner and outer ring is the same as the lateral
spacing between protofilaments in microtubules
(Andreu et al., 1992). Therefore, the double rings
correspond to two neighbour protofilaments curved.
This is exemplified by Figure 5. The direction of
coiling is most likely tangent to the microtubule
surface (i.e. sideways), since coiling of one proto-
filament perpendicular to the microtubule surface
(i.e. inside out) generates a ring of the same thick-
ness as the microtubule wall (7 to 8 nm, Andreu et
al., 1992). Such a ring can either associate along its
perimeter with another larger or smaller ring, giving
a separation of 7 to 8 nm between both, or associate
with an identical ring to form a stack of two, both of
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which possibilities are incompatible with the data.
Also, the best ring model was obtained with a
monomer orientation which corresponds to proto-
filaments coiled tangent to the microtubule wall.
This is not to mean that double rings form directly
by lateral coiling of two protofilaments, since the
ring formation from microtubules involves associa-
tion of curved tubulin oligomers (Melki et al., 1990).
Tt has been reported that the ends of microtubules
in the shrinking phase have coiled protofilaments
with curvature similar to rings, while ends of grow-
ing microtubules have not, which could, in prin-
ciple, be used to perform work in chromosome
movement (Mandelkow ef al., 1991). In other cases,
blunt depolymerizing ends were observed (Simon &
Salmon, 1990) or their morphology was not specified
(Wade et al., 1989). The cryoelectron microscopy
images of single coiling protofilaments at micro-
tubule ends (Mandelkow et al., 1991) suggest flex-
ibility in the direction of coiling of single rings,
which may become double rings by further protein
association. Since having the same number of sub-
units in the inner and outer ring with different
spacings between monomers in each of them is
clearly incompatible with the data, the lateral
contacts between monomers in the microtubule
become necessarily out of register in the outer and
inner rings with different numbers of subunits.
Having 32 and 24 monomers in the outer and inner
ring permits eight correct lateral interactions (Voter
& Erickson, 1979). Lateral interactions are appar-
ently conserved in microtubules with different
protofilament numbers (Wade et al., 1990; Andreu et
al., 1992; Ray et al., 1993), which suggests that
sliding lateral interactions in double rings should
either be somehow different from microtubules, or
play a minor role in the stability of the ring’s
structure.

The inactive GDP-tubulin forming the double
rings can be readily made active in microtubule
assembly by back-exchange of GTP (Diaz &
Andreu, 1993). Since the affinity of Mg?* for GDP-
tubulin is much lower than for GTP-tubulin
(Correia et al., 1988), it is likely that the activation
by GTP is linked to the binding to the E-site of
B-tubulin of the nucleotide with its y-phosphate and
a coordinated divalent cation, forming a bidentate
complex in the A pseudoaxial configuration (Carlier
et al., 1991). This binding is possibly transduced into
a tertiary structure change, presently unknown,
~ which hampers the sideways bending of the tubulin
B dimer by 22-5° and 30° (i.e. the required angles to
form the GDP-tubulin outer and inner rings),
and/or facilitates the correct lateral interaction
between protofilaments. Analogy with other GTP
binding proteins is immediate, even though tubulin
is not closely related to the GTPase superfamily
(Bourne et al., 1991). X-ray crystallography has
shown that in the small guanosine nucleotide
binding protein, ras-p2l, the molecular switching
between the inactive and active forms involves
significant modifications in the structure of two
loops which participate in the binding of the cation-

y-phosphate and form a continuous patch on the
surface of the molecule (Wittinghofer & Pai, 1991).
Very recently, it has been demonstrated that similar
changes in the effector region of the structurally
homologous nucleotide binding domain 1 of elonga-
tion factor Tu lead to major domain rearrange-
ments, in which domains 2 and 3 of this protein
come into tight contact with domain 1 in the GTP
conformation, closing a cleft of the GDP liganded
form (Berchtold et al., 1993; Kjeldgaard ef al., 1993).
It has been proposed that the equilibrium between
the inactive and active states of tubulin (Howard &
Timasheff, 1986) is actually displaced from the ring
forming state to the microtubule forming state by
the binding of one magnesium ion to GTP-tubulin in
its active conformation (Shearwin & Timahseff,
1994). It was suggested that GDP-tubulin in the
“curved”’ conformation does not polymerize into
microtubules because the distortion free energy
required to maintain a “straight” conformation is
larger than the free energy of subunit addition
(Shearwin & Timasheff, 1992). Inactive GDP-
tubulin can be driven to assemble into microtubules
by the linked binding of taxol (Diaz et al., 1993a).
Time-resolved X-ray scattering analysis of this
system allows observation of intermediate steps of
microtubule assembly (Diaz et al., 1993b).
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colleagues Liz Towns-Andrews, Greg Diakun, Eva
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drawings, and Ricardo Ufia & Jose Blanco for photo-
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PB920007 and GR890021, and access to the Daresbury
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Hydrodynamic Analysis of Tubulin Dimer and Double Rings
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This Appendix describes rigorous calculations of the
sedimentation coefficients of the bead models of
tubulin monomer, dimer and double rings employed
in the X-ray scattering analysis of GDP-tubulin
rings (Diaz et al., 1994). In their elegant study of
magnesium-induced tubulin self-association, Frigon
& Timasheff (1975) carried out an early hydro-

dynamic analysis of the tubulin dimer, analyzed in

terms of a hydrated anisometric ellipsoid, and of the
42 8 double-ring end product. The tubulin double
ring structure was simplified to a single plane
polygon, of dimensions estimated by electron micro-
scopy, having a frictional unit at each vertex with
the experimental frictional coefficient and molecular
weight of a tubulin dimer. The hydrodynamic calcu-
lation was based on the Kirkwood (1954) formula,
well known to be a simple approximation. Zwanzig
(1966) showed that for rings with many units this
formula underestimates the frictional coefficient (or
overestimates the sedimentation coefficient) up to
89%. The conclusion that tubulin rings are made of
26 + 2 tubulin dimers (Frigon & Timasheff, 1975) is
compatible with the X-ray scattering analysis,
however, accurate discrimination between models

with different number of monomers per ring was not
possible. In the present analysis the hydrodynamics
of the tubulin dimer is characterized based on the
X-ray scattering model and its experimental sedi-
mentation coefficient, and the approximate fric-
tional coefficient of the tubulin monomer is
extracted. Then the sedimentation coefficients of
the pertinent X-ray double ring models are calcu-
lated with rigorous hydrodynamic theory,
employing the molecular weight and frictional
coefficient of the monomer and the double ring
dimensions determined by X-ray scattering. The
results strongly support the X-ray scattering analy-
sis and allow selection of the number of tubulin
subunits in each ring.

(a) Hydrodynamic computer modelling and
experimental parameters :

The calculation of sedimentation coefficients and
other solution properties has been carried out
employing the most advanced versions of the hydro-
dynamic theory and computer programs for multi-
subunit structures (Garcia de la Torre & Bloomfield,
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Table Al
Hydrodynamic properties of tubulin dimer, monomer and double ring bead models

Dimer Monomer Double ring
SZO,W
(8)

Bead - Number of monomers per ring

radius S30,w 830,w f1x10% (nq+n;)

(nm) ) ) (cgs units) 30+22 32+24 34+26  36+28
12 6-49 416 580 399 429 459 489
14 617 391 616 39-4 424 453 483
16 589 370 652 389 419 44-8 47-8
17 575 360 6-69 387 416 446 47-5
1-8 563 351 6-87 385 414 44-3 47-3
19 551 342 7-05 383 41-2 44-1 470

1 Sedimentation coefficient.
i Frictional coefficient.
1980; Garcia de la Torre, 1989, 1992). For the  touching their neighbours, while keeping the

detailed structure of the non-globular tubulin units,
the Cartesian coordinates of the small spherical
" beads, as obtained from the X-ray scattering simu-
lation software, were used directly in the hydro-
dynamics programs.

The tubulin dlmer has a sedimentation coefficient
850,w =088, partial  specific volume of
0-736 ml g‘l, and molecular mass M, = 2 x 50,000
(Lee et al., 1973; Frigon & Timasheff, 1975 Howard
& Timasheff, :1986; Shearwin & Timasheff, 1992;
Rivas & Andreu, unpublished results), experi-
mentally determined employing the same purified
protein under conditions similar to the X-ray scat-
-.tering study This gives a frictional coefficient f=

83 x.107® cgs units. Similarly, the sedimentation
coefficient, of tubulin rings is s39 , =42+2 8 (Frigon
& Timasheff, 1975), a value shown to be indepen-
dent of having GDP or GTP at the exchangeable
nucleotide site of the protein and refined to 42+1 S
with  colchicine-liganded tubulin (Howard &
Timasheff, 1986; Shearwin & Timasheff, 1992).

(b) Tubulin dimer and monomer

The hydrodynamic dimer model was obtained
from the X-ray scattering model of tubulin rings
(Diaz et al., 1994), by taking a set of 42 spheres
corresponding to two adjacent monomeric units,
each made of 21 spheres of radius r =1-2 nm, with
the above molecular mass. The calculated sedimen-
tation coefficient for the dimer is s, , =658,
which is 129 larger than the experimental value of
58 8. A slight overestimation such as this can be
well explained in terms of hydration. Estimating
hydration as about 0:36g water per g -tubulin
(Frlgon & Timasheff, 1975) amounts roughly to an
increase in the main dimensions of the hydrated
particle with respect to the anhydrous one of about
129,. In models of arbitrary shape made up of
beads, a possible way to account for hydration
effects is through the radius of the beads. This
parameter can be increased beyond the values that
the beads in the model would have if they were just

molecular mass constant. Actually, the theory

and computer programs employed embody the

hydrodynamic interaction tensor that accounts for
this possibility (Rotne & Prager, 1970; Yamakawa,
1970). This way, in a series of calculations, the bead
radius was increased beyond the 12 nm value used
in scattering modelling. For an appreciably larger
value such as, for instance, r =16 nm, the increase
in the main dimensions of the particle would be
2x(16—12) nm =08 nm. From the X-ray scat-
tering model structure (the size of the monomer is
roughly 4nm x 7nm x 8nm), the relative size
increase averaged over the three inertial axes would
be 139, which is compatible with the above esti-
mate from hydration.

The resylts of the series of calculations for the
dimer are shown in Table Al. We note that the
experimental sedimentation coefficient value can be
accurately reproduced by the calculations for
16 < r < 1-7 nm, which is a quite reasonable choice
as discussed above. Allowing for an admissible error
in the sedimentation coefficient, for example, taking
as experimental value 568 (Andreu & Mufioz,
1986), would yield a larger but not unreasonable
value, 1'-8 <7 <19nm, for the bead radius of the
model. Therefore, it is possible to simulate the
experimental sedimentation coefficient of the dimer
using the very same X-ray scattering model in the
hydrodynamic analysis.

The hydrodynamic properties of the monomer
can be estimated by a similar calculation, for a
model of 21 beads for the subunit taken from the
X-ray model of the whole double ring. The values
obtained for the friction and sedimentation coeffi-
cient (M,=55,000) are listed in Table Al. The
experimental sedimentation coefficient of the
tubulin monomers is not presently available.
Though it has been assumed for the purpose of the
hydrodynamic analysis that the tubulin dimer has
similar shape in its unassembled and assembled
states, it may also be considered that the structure
of tubulin should differ in the different aggregation
states. Employing a tubulin dimer taken from
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microtubule models, instead of ring models, gave a
very small change in the calculated sedimentation
coefficient. Therefore, these differences have been
ignored in the first approximation. A more exact
analysis would require more detailed X-ray
modelling of the tubulin monomer in its different
association states.

(¢) Tubulin double rings

The tubulin double rings have been modelled for
hydrodynamic purposes by regular concentric poly-
gons of n, and n, vertices, which are occupied
by monomeric units having molecular mass
55,000 Da and friction coefficient f;. For the latter
parameter any of the plausible values estimated
(listed in Table Al) can be taken. The radii of the
outer and inner rings are constrained to the respec-
tive values 21'-8 nm and 162 nm, determined by
X-ray scattering (Diaz et al., 1994), and calculation
of the Cartesian coordinates of the vertices of the
polygons is trivial. This has been done with several
choices for the numbers of monomers in each ring,
74 +n,, namely 30+22, 32424, 34426 and 36+ 28
(corresponding to 26, 28, 30 and 32 tubulin dimers).

The calculated sedimentation coefficients of the -

double rings are shown in Table Al. The values
obtained for the case with 32424 subunits are in
excellent agreement with the experimental data,
820,w =42 11 8. The calculated coefficient of rings is
rather insensitive to the choice of f;, in contrast to

the case of the dimer. Particularly, for the same -

values of f, =(652-669)x 1078 cgs ‘units that
reproduce the experimental s, ,-of the dimer, we
calculate for the double ring s34 ,, =419 to 41-6 8,
which is coincident with the experimental result.
For the other choices of n; +n,, it can be observed
that, regardless of the tabulated value of f;, the
calculated values differ from the experimental result
beyond the error of the latter.
In conclusion, X-ray scattering analysis of GDP-
. tubulin double rings plus. rigorous hydrodynamic
treatment gives a fully accurate description of the
experimental sedimentation values, and strongly
favours the 32 +24 monomer double ring model.

This work was supported by DGICyT grants PB900303
and PB920007.
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