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Introduction

Microtubules play several important roles in the cell
[1]. They consist of long chains of tubulin protein
dimers, called protofilaments, which connect
laterally to form a hollow cylindrical structure with
an external diameter of approximately 30 nm and a
length which can extend to microns. The number of
protofilaments can vary, but the predominant number
in a normal functioning cell is 13. The persistence
length of these polymers is reported to be between
2000 and 5200 um [2,3], so that for most
experiments they can be considered to be a
monodisperse rigid rod system with a large
polydispersity in the length. In the experiments
described here the average length is approximately 5
um [4] giving an average molecular weight of 10°
Dalton.

The preparation of hydrated microtubule samples
suitable for small angle X-ray fibre diffraction is not
trivial. A reasonably successful method has been
centrifugation over extended lengths of time (>24
hours) and subsequent rehydration [5]. We have
developed a less invasive method using the
cooperative effect of the diamagnetic moment of the
tubulin dimers in combination with strong magnetic
fields to induce orientation on microtubules in
diluted solutions. For rigid rod molecules with an
axial ratio of 50 - 200 without any constraint applied
to them, Flory has predicted that the angular
distribution of the long axis would be at most 10.2 -




11° [6,7]. This prediction has been confirmed by our
carlier experiments [8]. The analysis of the fibre
diffraction pattern is therefore rather difficult since
the degree of alignment is such that at higher
g-values the reflections belonging to the layer lines
can start to overlap with the diffraction arcs from the
equator or other layer lines. In Figure 1 the diffracted
intensity on the equator and the first layer line is
shown. To obtain these curves it was necessary to
correct for the disorientation and several geometrical
parameters. For this the CCP13 suite of software was
used [8, 9, 10]. Due to the longitudinal staggering of
the different protofilaments, the surfaces of
microtubules have shallow helical grooves running
over them so that the diffraction pattern has to be
explained in terms of helical diffraction theory
[11.12].

In order to increase the accuracy and to avoid
software induced systematic errors for the
intermediate order diffraction peaks, a different
method has been tried. In this case the microtubules

were aligned with their axis parallel to the X-ray
beam. This means that one only observes the
scattering pattern from the equatorial plane and thus
avoids the overlap between the different reflections
at least until the resolution where higher order layer
lines start to overlap as a consequence of the
curvature of the Ewald sphere. An additional
advantage is that it is also possible in this case to
perform a radial integration over the full area of the
two dimensional detector, thus considerably
increasing the statistics. This allows one to study the
low angle range where (concentration dependent)
interparticle scattering weakly contributes to the
scattering intensity.

Results

The protein tubulin was purified from pig brains and
prepared for experiments as described elsewhere
[13]. The samples were assembled and aligned in a 9
T magnetic field before being transported to the
SAXS beamline. For these experiments, station 2.1
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Figure 1: Equatorial and first layer line intensities of the microtubule fibre diffraction pattern. The vertical intensity axis is in
arbitrary intensity units. The layer line intensity is weak compared to the equatorial intensity which makes the mathematical
correction for the spread in the angular orientation very difficult. For this reason an alternative method of data collection and
interpretation was used as described in the text.




of the Daresbury SRS was used. The sample to
detector distance was chosen to cover a scattering
vector range from 2 x 102 <q < 1.8 x 107" A! and
4x 103 <q<5x 102 Al respectively.

In Figure 2 the low angle diffraction pattern is shown
for a sample aligned with its axis either parallel to or
at right angles to the X-ray beam. The radius of
gyration of cross section, R,, can be calculated from
the Guinier approximation [14].

For cylindrical scattering objects, R, is related to the
dimensions of the cylinder according to

, RS+ R
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Experimentally it was determined that this value
ranged between 167 - 160 A. Since the length, /, s,
on the scattering range that we’re looking at, much
too large, it can be assumed that this length will not
contribute to the scattering and only the first term
remains. If we now take the dimer dimension in the
radial direction, i.e. the cylinder wall thickness, to be
65 A [1] and thus substituting R,,.., = Roper - 65 A,
we can calculate that the external radius is between
170 - 180 A. These values have been used as the
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starting parameters in the fitting procedure described
below.

Helical diffraction theory [11] tells us that the
scattering pattern on the equator of the fibre
diffraction pattern can be explained as a combination
of a Fourier Transform (FT) of the basic hollow
cylinder modulated by cylindrical Bessel functions
of the order corresponding with the symmetry in the
equatorial plane. This can be approached in two
equivalent ways. Either one can use a J;, Bessel
function to describe the cylinder and then convolute
this with an unknown function H(q) which represents
the shape of the cylinder wall or one can use the FT
of a basic hollow cylinder and then add the Bessel
function describing these modulations on the basis of
intelligent guesses. This has clear analytical
advantages. The FT of a smooth walled hollow
cylinder is given by [15]:

7,(47

ouler )

r (é’) =Ry ———— R, M”L’)

q 747[1]

The walls of this cylinder will be modulated by
electron density grooves between neighbouring
protofilaments, both on the inner and outer wall. Due
to the 13 fold symmetry these can be expressed as J 5
Bessel functions with arguments J3(qRipner+Aipner)
and J5(qR ouer-Aouer)- The magnitudes of the A, and
A,y reflect the depth of the grooves on the cylinder
wall. It can be calculated that the contribution due to
the modulation of the inner wall falls outside the
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Figure 2: Small angle scattering patterns from microtubules aligned with the long axis at richt aneles to the X-ray beam (panel
g gp g g g g y p

a) and with the long axis parallel with the X-ray beam (panel b). The scale is in q=2r/d (A1).




scattering range observed in this study, but that the
modulation due to the outer wall can add scattered
intensity in the observed scattering range at
q > 0.1 A", An initial fit to the experimental data
with an expression based on equation (1) was limited
to the range q < 0.1 A and gave Ry = 146+5 A and
Rine= 865 A. The subsequent addition of the
contribution of a J;; Bessel function relating to the
outside wall over a data range that covers the region
q > 0.1 A shows that the grooves between the
protofilaments are 213 A deep. The results of this
fitting procedure are shown in figure 3.

The first layer line can be found on a line with a
meridional g-value of = 0.157 A-!. As mentioned in
the introduction, the degree of alignment is not
extremely high and this means that in the equatorial
q-range above 0.157 A-! it is possible that reflections
will start to overlap. However, by using the method
of first determining the accurate intensities at lower
q on the equator and then fitting these with the
appropriate analytical functions, it is possible to
deconvolute the intensities coming from layer lines.
In fact it might be better, once the equatorial
diffraction pattern is accurately determined, to revert
back to scattering from randomly oriented samples
for the deconvolution procedure. This method is
being investigated at the moment.
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Figure 4 shows the low angle scattering pattern
from three different tubulin concentrations
obtained from samples in which the long
microtubule axis was coincident with the X-ray
beam. The insert shows the very low angle data,
where the effects of interparticle scattering are
visible. For this concentration range the
(theoretical) interparticle distance has been
calculated to be varying from 1800 - 2600 A which
means that it is in the dilute regime according to
the definitions of [16]. To gain a better insight into
these interparticle effects, simulations were
performed by considering the sample to be a two-
dimensional disordered fluid, which in this case is
allowed due to the molecular axis being aligned.
The microtubules were represented as hard,
hollow discs with an inner radius of 86 A and outer
radius of 146 A. These discs were randomly placed
in a square box of side 10,000 A. The packing of
N discs into the box was carried out under the
constraint that the distance between the centres of
any two discs n and m in the box was r,,, = 286 A,
in order to avoid unphysical overlap. The initial
configuration of the discs in the box was changed
by forcing each disc to undergo random
displacements with maximum amplitude of 16 A.
The displacement was accepted when no overlap
with other discs occurred and a new configuration
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Figure 3: Scattered intensity from microtubules aligned with their long axes parallel to the X-ray beam (panel a). This is
equivalent to the equatorial data obtained from a fibre diffraction pattern, but one is certain that neither systematic errors due to
mathematical procedures used for correction of the angular spread of the molecules are seen nor intensity due to overlap from
diffraction arcs of the layer lines. Panel b shows the best fits (%2 = 0.05) to the data using the fitting procedure described in the
text. The dotted line indicates the maximum extent of the experimental data at present. The line indicated with ‘cylinder’ is the
contribution of two J; functions describing the basic cylinder. The ‘modulated’ curve is the real fit taking into account the

modulations on the cylinder surface.




was produced. Up to 16 000 configurations were
used and the diffracted intensity I, was determined
using the positions of the centres of the discs for
every fifth configuration. I; was calculated using the
expression

IL(é_): Ia(é)ﬁexp[—iiﬂ

n,m

where I, is the scattered intensity from single hollow
discs and q is the wave vector. We evaluated the
scattered intensities from configurations containing
between 50 and 700 discs, covering an average
nearest centre-to-centre distance between 1000 A
and 330 A. The number of configurations used was
chosen judiciously so as to yield statistical
fluctuations of less than 3% in the diffracted
intensity. The differences in the simulated intensities
between different concentrations are approximately a
factor of 5 less than the experimental values shown
in the insert of Figure 4. This can indicate that the
average distance distribution is deviating from that
of a completely random distribution and that actually
bundles of microtubule polymers are formed. In such
a scenario the interparticle scatter will be dominated
by the distance distribution inside such a bundle,

apparently giving a much stronger concentration
gtiect,

Conclusions

Helical diffraction theory in combination with
experiments on suitably oriented molecules allows
us to introduce a step wise fitting procedure with
which we first can use knowledge of the basic
cylindrical structure of the molecule, then add the
Bessel function terms relating to the modulations on
the cylindrical surface. Thus we can overcome some
problems due to the relatively poor orientation of the
molecules [16].

Modelling studies describing the interparticle
interference effects are being carried out at the
moment. They show qualitative agreement with the
experimental data, but give a strong indication that
the microtubules are not randomly positioned in the
samples but are forming larger bundles.

Liz Towns-Andrews and Sue Slawson of CCLRC
Daresbury Laboratory have been very helpful with
the fibre diffraction experiments. Joan Bordas is
thanked for a useful discussion on the cylindrical
nature of the microtubules.
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Figure 4: The low angle scattering pattern from microtubules aligned with their long axes parallel to the incident beam for 3

different concentrations. The insert is a magnification of the lowest g-range (with a linear abscissa) showing the effects of

interparticle scattering. This effect is much stronger than found in simulated data. This possibly can be due to a non-random
distribution of polymers in the samples through clustering in bundles. This will give rise to a locally higher concentration.
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* A part of the problem due to the poor orientation
might be overcome by keeping the samples during
the experiments in a magnetic field. Preparations, in
collaboration with the High Magnetic Field
Laboratory (Grenoble), to use a 10 T split coil
magnet are in an advanced state. Interested people
can contact W. Bras.
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Cellulose was one of the first materials to be studied
by X-ray fibre diffraction. Although structural studies
have continued over the last 60 vyears, ambiguities
have persisted with regard to chain packing and
multiple phases of native cellulose, and only recently
have these been resolved. X-ray fibre diffraction has
played a dominant role, although other techniques
have also provided essential information.

Cellulose is the major constituent of most land
plants, is the most abundant natural compound, and
1s an important commercial raw material. It is a
linear polymer of 1—4-linked B-D-glucose with a
degree of polymerisation >3000. In native cellulose,
the molecules are aligned to form fibres, some
regions of which have an ordered crystalline
structure. The crystalline regions vary in size, are
mechanically strong, and are resistant to chemical
and enzymatic attack. Cellulose is a structural
component in plant and other systems and is used
widely in industry. Artificial cellulose derivatives are
also used extensively in a variety of industries.
Although plant sources are the most familiar,
cellulose is also present in bacteria, fungi and algae.
Due to its ubiquity and importance, and its
polycrystalline nature, cellulose was one of the first
materials to be studied by X-ray fibre diffraction
analysis. The first such studies were reported by
Meyer and Misch [1] in 1937, on plant cellulose
from ramie. They determined that the unit cell is
monoclinic, that two molecules pass through the unit
cell, and suggested that the chains have two-fold
screw symmetry. Further studies, including data
from electron diffraction and infrared spectroscopy,
and also from algal celluloses, supported the results
of Meyer and Misch, but with some differences [2-
4]. Most notably, diffraction patterns from the algal
celluloses contained a few, extra, weak reflections.
These were attributed to the @ and b unit cell
dimensions being twice those of the plant celluloses.
This “large” unit cell therefore contains eight
molecules, and there were presumably small
differences between the packing and/or molecular



