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Microtubules are biopolymers with a large number of functions in
all eukaryotic cells. The study of their physical behaviour is
complex due to their dynamic self-assembly and disassembly.
Attempts to orient the hydrated, and therefore biological viable
form, by conventional methods like shearing are hampered by their
fragility and their extreme length which allows them only to be
oriented in small domains inside a larger disoriented surrounding.
For experiments like X-ray libre diffraction this is not satisfactory.
We have developed a method to:align these long molecules by
assembling them in a controlled way inside a strong magnetic field
(7-10 Tesla). This method can possibly be applied to other
molecules which resist other methods of alignment but which have
sulficient sources of diamagnetism built into their structure.
Sources of diamagnetism are for instance regular arrays of peptide
bonds (like o-helices and B-sheets), aromatic rings or double and
triple' C-bonds. Successful fibre diffraction experiments 1o 18 A
resolution have been obtained with this method. The rather gentle
forces applied to the magnetic field and the slow disorientation
makes this method extremely suitable for experiments where one
wanls to study the interaction between molecules and redice the
number of degrees of orientational freedom. This method can also
be applied to other bio- or synthetic polymers in solution.
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Introduction

Microtubules play several jmportant roles in the cell. They are involved in intra-
_cellular transport, motility, mitosis and form an important part of the cytoskeleton
[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 micrometers. The
number Om. protofilaments can vary between 11 and 17 but the pre-dominant number in
a normal functioning cell is 13. The persistence length of these polymers is reported
to ?,“ between 2000 - 5200 pm [2,3] so that for most experiments they can be
considered to be a rigid rod system. The length distribution is influenced by the
c_on:nmsmnm_ conditions and fluctuates due to dynamic assembly/disassembly
properties. With the biochemical conditions in these experiments the average length is
mumaoxwamaq 5 pm [4] giving an average molecular weight of 10% Dalton. Amino
mo.a sequencing shows that the homology in the tubulin protein between organisms as
S_E_w <.mJ:=m as yeast to pigs and humans is at least 75% [5]. The structure of the
basic building block, the tubulin dimer, has recently been solved [6] but the structure
Q. the assembled molecule is still not known in detail. Structural properties are
important parameters for the study of the (seif)assembly mechanism and the
interactions with other ligands like for instance anti-cancer drugs.

$.\m have reported previously on Small Angle X-ray Scattering experiments
Am>x.mv aimed at the elucidation of the structure. The preparation of hydrated, and
5.083_,.@ En_ommcm:v\ interesting, samples suitable for small angle X-ray fibre
n__m?m..m:oq is not trivial. The only reasonable successful method has been
nm::.:cmm:c.: over extended lengths of time (>24 hours) and subsequent rehydration
[7]. With this method one is not guaranteed that the brute force approach has not
changed the structure nor that the rehydration is complete. With other methods like
Oo:n:..w and flow shearing it is possible to create small oriented domains in an
otherwise isotropic sample. These domains, however, do not retain their orientation
very long Ea. even small temperature gradients are sufficient to distort the system
E..E. An additional problem is that the molecules only scatter weakly so that, even
using a synchrotron radiation source, many hours of data collection are needed in order
to obtain u.mm:mm_ﬁoQ statistical data quality.

. Diamagnetism can be found in many molecules. The principle sources are
aromatic groups, double and triple C-bonds and peptide bonds. In a-helices and B-
m:aa..m all the amino acids are in a single plane and can be added vectorially thus
creating a possible source of relatively strong diamagnetism. We have investigated the
n.o&.c___c\. to orient microtubules making use of the interaction between their small
as.ém.m:c:n moments and high magnetic field. For some polymers this interaction is
sufficient to create fully aligned samples, notably for rigid polymers with a low
molecular weight containing aromatic groups which are rigidly bound to the
cuaraOan. However, this is exception and in general this method is not usable due to
a combination of too low a diamagnetic moment and steric hindering which prevents
the alignment. For self assembling (bio)polymers like actin and fibrinogen it has been
shown that the assembly inside the magnetic field will result in the production of
nearly _c:.w m__m.sma samples (10, 11]. This method can also be applied to synthetic
polymers in which case it becomes possible to study the aligned samples in solution
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but which can also be thought of as a possible method to create highly aligned solid
samples by first assembling the molecules and subsequently evaporating the solvent.
With the relatively low prices for modern strong superconducting magnets this
method, pioneered several decades ago, might nowadays be a feasible method for
creating highly aligned speciality polymers, like for instance electroluminescent ones,
which are difficult to align in solution, on an industrial scale.

On theoretical grounds and using the average molecular weight value and
assuming that the main contribution to the diamagnetic moment is due to a-helices
with an orientation parallel to the tubulin dimer axis, which make up roughly 25% of
the total amount of amount of amino acids [6], and thus to the microtubule axis, the
diamagnetic moment of the microtubule can be calculated to be approximately to be
Ay = 1.0I% 70-%¢ m? for which it can be calculated that a minimum magnetic

ficld strength of =6 T is required to obtain some degree of alignment [12].
Experimentally it has been found that in fields of approximately 11 T the wamacac.
degree of alignment is obtained [12].

From real time magnetic birefringence experiments it was found that the
reaction rate is an important parameter for the achievement of ful! alignment {121, In
these experiments the sample is placed in a strong magnetic field and the
birefringence, An, is measured either as function of the variable magnetic field
strength or as function of other sample parameters, like for instance temperature,
whilst the magnetic field is kept constant. For low concentration samples, in a
limited orientation range, the measured birefringence has a linear relation with the
degree of orientation of the molecuies. Contrary to intuition, which predicts that the
bes! alignment will be obtained when the reaction rates are slow so that the molecules
have time to align in the field we have found that fast reactions are the best method,
see figure 1. This can be understood when one looks at the number of nucleation sites
for elongation in the solution. When this number is high, which is generally the case
for fast reactions, the oveérall polymer length will be relatively short. However, these
polymers can be sufficiently large to overcome the potential barrier for alignment and
be the aligned ‘seeds’ from which further polymerisation can take place. With less
nucleation sites and thus longer molecules the elongated polymers will be locked in
their orientation due to steric hindering effects. For polymers with a long persistence
length it is even possible that the field can be switched off and that they still retain
this orientation even in solutions or in some cases that the orientation even increases
with time. This has been previously observed with other self assembling
macromolecules [10, 13]. This property has enabled us to perform fibre diffraction
studics on these molecules by aligning them off-line and then transporting them to a
ron Radiation beamline, see figure 2.

For rigid rod molecules with an axial ration of 50 - 200 without any
constraint applied to them, Flory predicted that the angular distribution of the long
axis would be at most 10.2° - 11° [14, 15]. In the case of microtubules this prediction
has been confirmed by experiments in which it was shown that the maximum
obtainable degree of alignment of microtubules aligned in a high magnetic field but
then taken out of the field so that the constraint was removed, was roughly 10° [12].
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. For
the low resolution data this proved to be not too much of a problem. In figure 3 the

Sync



LI I IGH 00 B o I B O B N ML LR R ML RERLNE A

An (x10°%)
1.5

0.5

T T YT rT YT T YT T
saaa b aealsaaalesan

0.5 Tomunt s b baa s daa i baa s a s
100 200 300 400 500 600 700
Time (seconds)

[=}

Figure ]

Magnetic birefringence experiments on microtubules assembled inside a 12 T
“magnetic field. The birefringence, An, is a measure of the degree of alignment.
*Iitially the polymers are unassembled and give no birefringence. Once the dssembly
'staris the signal increases. Fast assembly rates give the highest birefringence and
orientation. Figure taken from [13].
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Figure 2

Three dimensional representation of a low angle X-ray fibre diffraction pattern of
magnetically oriented microtubules in which the X-ray beam was at right angles with
the polymer long axis. The pattern can be analysed in helical diffraction terms. The
orders of the Bessel functions assigned to each peak are indicated. The peaks indicated
with Jo n are due to the cylindrical structure, the peak indicated by Ji3 is
predominantly due the modulations of the outside cylinder wall. Total data collection
time was longer than 2 hours. :
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Figure 3

Equatorial and first layer line intensities of the microtubule fibre diffraction pattern
shown in figure 2. The vertical intensity axis is in arbitrary intensity units. The layer
line intensity .is very 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 is use as
described in the text,



J40

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 [12, 16, 17]. Due to the
longitudinal staggering of the different protofilaments the surface of microtubules
have shallow helical grooves running over them so that the diffraction pattern has to
be explained in terms of helical diffraction theory [18, 19].

Algorithms, used for the mathematical correction of the disorientation effects
on the diffraction peaks in general requires a high signal to noise ratio in order to
render reliable results. In order to increase the accuracy of the determination of the real
diffraction intensities and to avoid software induced systematic errors for the higher
order diffraction peaks, where the signal to noise ratio is low, 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 avoid the overlap between the different reflections. 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 increasing the
statistics considerably. This allows one to study the low angle range where the
interparticle scattering contributes considerably to the scattering intensity.
Biologically this is interesting since the interdistance between microtubules in part
determines their function in the cell.

Materials and Methods

The protein tubulin was purified from pig brains and prepared for experiments
as described elsewhere [20]. The protein concentration was determined
spectrophotometrically. For assembly the tubulin was equilibrated with 10 mM
sodium phosphate, 3.4 M glycerol, | mM EDTA, 0.1 mM GTP buffer (pH 7.0) after
which 1 mM GTP and the desired concentration of MgCly were added. The sample
were centrifuged for 10 minutes at 50,000 rpm at 4° C to eliminate aggregates.
Assembly could be initiated by raising the temperature from 4° C to 37° C. The
samples were assembled and aligned in a 9 T magnetic field before being transported
to the SAXS beamline.

For these experiments the Small Angle X-ray Scattering beamline 2.1 of the
SRS at the CLRC Daresbury laboratory was used. This beamline has been described
in detail {20] and only a short description is given. For these experiments a gas filled
proportional counter with an active area of 200 x 200 mm?2 was used. This photon
counting device has been shown to be the most useful detector for this type of work
since the low intrinsic background and the absence of read-out noise allow the proper
subtraction of the scattering background due to the buffer solution, air scatter and
contributions from the cell windows. The electron density difference of the
microtubules with respect to the buffer solution is rather small and therefore the
proper subtraction is of crucial importance especially in the high g-range. The sample
1o detector distance was chosen to be 2 and 9 meters covering a scattering vector range
from 2x102<q<1.8x 101 A<l and 4x103<q<5x10-2A-!
respectively, where the former experiment was performed to see what the effect of
interparticle scattering was.
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Radiation damage was prevented by using elongated cells which were slowly
translated through the beam. Optical inspection showed that the damaged areas remain
localised and that no transport of material through the cell took place on the time
scales of the experiments,

Results

As mentioned in the introduction the accurate determination of the scattered
intensity in a sample with a low degree of alignment is a non-trivial exercise
especially when this intensity is small with respect to the intrinsic background, due to
the buffer solution and unassembled material. For equatorial data there is the
possibility to determine these intensities from samples aligned with their long axis
parallel to the X-ray beam so that we only probe the equatorial plane which is a
projection of the molecule on its basal plane. This will now be a circular symmetric
pattern. See Figure 4. .

Figure 5 shows the low angle scattering pattern from three differdnt
concentrations of microtubules in glycerol assembly buffer. The long microtubule
axis was coincident with the X-ray beam so that we are only observing the intensity
from the equatorial plane of the molecule. The insert shows the very low angle data,
where the effects of interparticle scattering are visible. For this concentration range the
(theoretical) interdistance has been calculated to be varying from 1800 - 2600 A. It
was calculated that the system is in the dilute regime.

In the very low g-region, where effects due to interparticle scatter will be
most pronounced, we indeed find a concentration dependent effect in as such that the
scatiered intensity, corrected for the different protein concentration, is stronger for the
lower concentrations. To gain a better insight some simulations were performed.

The interference effects arising from the packing of the microtubules in a
sample were estimated by considering the sample to be a two-dimensional disordered
fluid. The microtubules were represented as hard, hollow discs with an inner radius of
86 A outer radius of 146 A. These discs were placed at random in a square box of side
10 000 A. The average distance between the centres of the discs was varied by
changing the number of discs in the box. The packing of N discs into the box was
carried out under the constraint that the distance ryp, between the centres of any two
discs n and m in the box was ryy 2 286A, in order to avoid unphysical overlap. The
initial configuration of the discs in the box was changed by allowing each disc to
undergo a random displacement with maximum amplitude of 16 A. The disc to be
moved was chosen at random and its displacement was accepted provided it did not
overlap any other discs in the box. A new configuration was produced after attempting
a displacement of every disc in the box. The simulation proceeded by generating up to
16 000 configurations and evaluating the diffracted intensity I using the positions of
the centres of the discs for every fifth configuration. I was calculated using the

oxnammmo: 1,(3) = 1,(3) T exp[~i. 7] isnz:Um:rmmom:maa;ﬁ:m:«?o_:

Hm
single hollow discs and q is the wave vector. In practice, only I (qx) was calculated,
as the scattered intensity was found to be symmetric in the (gx.qy) plane as expected.
The average distance between the centres of the discs in the box was calculated
simultaneously. We evaluated the scattered intensities from configurations containing



Figure 4
Small ungle scattering patterns from microtubules aligned with the long axis at right
angles to the X-ray beam (panel a) and with the long axis parallel with the X-ray

beam (panel b). The scale is in g=21/d (A1)
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Fieure 5

The low angle scattering pattern from microtubules aligned with their long axis
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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between 50 and 700 discs, covering an average nearest centre-to-centre distances
between 1000 A and 330 A. The computational time ranged from 30 minutes at the
dilute end to 24 hours for a system of 700 discs. The number of configurations used
was chosen judiciously so as to yield statistical fluctuations of less than 3% in the
a:?w. ed intensity. The differences in the simulated intensities between different
centration are approximately a factor of 5 less than the experimental values shown
tof figure 5, although the tendency for higher central scatter with lower
¢entration remains. This can indicate that the average distance distribution
- from that of a complete random distribution and that actually bundles of
“polymers are formed. In such a scenario the interparticle scatter will be
o by the distance distribution inside such a bundle apparently giving a much
_stronger concentration effect.
g The radius of gyration of the cross section, R, can be calculated from the
jer approximation (21].
N%N

B

o 3’ q
/ AQV = \A &m ?
For cylindrical scattering objects the R is related to the dimensions of the cylinder
according to:

%m - }w\w\\\\ + }N\.MS\\ + R

‘ 2 /2
Experimentally it was determined that this value ranged between 167 - 160 A. Since
the length, A, is not in the observed scattering range so 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 x::&.,w = Router - 65 A, we can calculate that the
external radius is between 170 - 180 A. This is larger than expected on the basis of
electron microscopy and earlier scattering results. These results can be influenced by
the _.Ema degree of length polydispersity. However, these values have been used as the
starting parameters in the fitting procedure described below.

Helical diffraction theory. [18] tells us that the scattering pattern on the
equator of the fibre diffraction patiern can be explained as a combination of a Fourier
transform of the basic hollow cylinder modulated by cylindrical Bessel functions of
the order corresponding with the symmetry in the basal plane. This can be approached
in two equivalent ways. The first one uses a Jo Bessel function to describe the
cylinder and the convolutes this with an unknown function H(q) which represents the
shape of the cylinder wall. Another approach is to use the Fourier transform (FT) of a
basic hollow cylinder and then add the Bessel function describing these modulations
on the bases of intelligent guesses. This has clear analytical advantages. The FT of a
smooth walled hollow cylinder is given by [22]:

.\\ A Q@:E.xv R /, / AQ\Q\,\S\\ v

nner

g q
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 this can be expressed as Jj3 Bessel functions with arguments
J13(dRinner+Ainner) and J13(qRouter-Aouter). The magnitude of the Ajpper and
Aouter reflects the depth of the grooves on the cylinder wall. From a preliminary
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analysis it can be seen that the contribution due to the modulation of the inner wall
falls outside the 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-l, An initial fit to the experimental data with an expression based on
equation (1) was therefore limited to the range q < 0.1 A-! where is certain that no
other contributions will be present. As a starting parameter for the fitting procedure
the values obtained via the calculations based on the R¢ were used. This resuited in a
best fit to the data of a cylinder with an Royter = 146£5 A and an
Rinner = 8615 A, see figure 6. The subsequent addition and fit of a contribution of a
J13 Bessel function relating to the outside wall over a data range that covers.the

region > 0.1 A-l shows that the grooves between the protofilaments are roughly
21 A deep. The subsequent addition of contributions of the grooves on the inside wall
has not been performed yet since at this moment no reliable data obtained from
samples aligned with their axis parallel to the X-ray beam is available yet for that data
range. Once this data is available the next step will be to reconstruct the equatorial
intensity trace and compare this with solution scattering and fibre diffraction patigens
in order to be able to deconvolute the overlap between the higher g-range of the
equator and the layer lines.

The first layer line can be found on a line with a meridional g-value of
=0.157 A-l, As mentioned in the introduction the degree of alignment is not
extremely high and this means that in the equatorial g-range above 0.157 Alitis
possible that reflections will start to overlap. However, by using the method of first
determining the accurate intensities at lower g 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. ‘

Conclusions

Although not extensively discussed in this work magnetic birefringence has shown
that magnetic fields only have to be applied for a limited time during the onset of
polymerisation in order to create aligned samples in solution. On the basis of these
results it can be predicted that this method of sample preparation might be applied to
suitable synthetic polymers as well. This.can provide a way to study the molecular
transform without interference due to inter-molecular interactions. With a fast reaction
the sample only has to remain in the field for several seconds and thus provides the
possibility 1o develop this method into a polymer processing technique.

The application of 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. The next step is to compare these data with solution scattering
patterns in order to be able to deconvolute the equatorial and layer line intensities.
Once this model is completed the positions of the dimers in the microtubule wall will
be known and the scattering parameters obtained from the known dimer structure can
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Scattered intensity from microtubules aligned with their long axis parablel 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 (x? = 0.05) to the data using the fitting procedure described in the text. The dotted
line indicates the maximum extend 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.
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be used to refine the model with respect to fibre diffraction data. The last step to
describe the system is to calculate the interaction between microtubules in solution.
Modelling studies describing the interparticle interference effects are being carried out
at the moment and indeed 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 bundies. :
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Eric v.d. Zee has assisted in some of the diffraction experiments.
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