Microtubule self-organization is gravity-dependent
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Although weightlessness is known to affect living cells, the manner by which this occurs is unknown. Some reaction-diffusion
processes have been theoretically predicted as being gravitydependent. Microtubules, a major constituent of the cellular cytoskeleton, self-organize in vitro by way of reaction-diffusion
processes. To investigate how self-organization depends on gravity, microtubules were assembled under low gravity conditions
produced during space flight. Contrary to the samples formed on
an in-flight 1 ⴛ g centrifuge, the samples prepared in microgravity
showed almost no self-organization and were locally disordered.

E

xperiments in space furnish evidence that various cellular
processes, such as growth rates, signaling pathways, and gene
expression are modified when cells are placed under conditions
of weightlessness (1–3). At the moment there is no coherent
explanation for these observations and neither is it known which
biomolecules are involved. No cellular component has been
identified as having a sufficiently large density difference with
the surrounding medium that the force exerted on it by gravity
is larger than the forces involved with random thermal motions,
and biochemical reactions are mostly thought of as being independent of gravity. One possible mechanism by which gravity
may intervene in biochemical mechanisms is by way of the
bifurcation properties of certain types of reaction-diffusion
processes (4–7). Reaction-diffusion mechanisms can lead to the
progressive appearance of a macroscopically self-organized state
from an initially homogenous solution, and it has been calculated
that gravity can play a significant role in this process (8, 9).
Theoreticians (4, 5) have predicted that reaction-diffusion
processes in specific types of chemical reactions that are farfrom-equilibrium and contain an autocatalytic step might lead to
the formation of a macroscopically self-organized chemical
pattern from an initially homogeneous solution. Chemical energy is dissipated, and a stationary macroscopic pattern, made up
of variations in the concentration of some of the reactants,
progressively develops from an initially homogenous solution.
In addition to self-organization, such systems may also show
bifurcation properties (5). As a system is progressively moved
away from equilibrium, a point is reached at which the equilibrium thermodynamic state becomes unstable and multiple stable
nonlinear states can develop. In some cases, these may be
self-organized states showing macroscopic patterns of different
morphology. When the equilibrium state becomes unstable, a
small effect such as that produced by gravity in a reactiondiffusion process can select from the different dynamic pathways
open to the system, the pathway that it takes, thus determining
the morphology of the self-organized state that subsequently
develops. Gravity need only be present at this critical bifurcation
time, when the equilibrium state is unstable. Once the bifurcation has occurred, the system progressively evolves along the
selected dynamic pathway and behaves as though it retained a
memory of the conditions prevailing at the instability.
In reaction-diffusion systems, self-organization arises by way
of nonlinear dynamic processes involving the coupling and
modification of the rates of chemical reaction by molecular
diffusion. Such processes result in the appearance, at a moment
of chemical instability, of concentration (density) fluctuations
that subsequently grow until they form a stationary macroscopic
pattern. Fluctuations are subject to a buoyancy force under
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gravity: heavier fluctuations drifting down and lighter fluctuations drifting up. According to Prigigone and Kundipudi (8, 9),
this small, directional, gravity-driven molecular transport process will in turn couple to the reaction兾diffusion process and
modify self-organization. They calculated that a 1 ⫻ g field could
destabilize the equilibrium state at the bifurcation point and thus
favor the formation of a macroscopic pattern.
Under appropriate conditions, in vitro preparations of microtubules, a major component of the cytoskeleton, spontaneously
self-organize by reaction-diffusion mechanisms (10–15). Microtubules (16) are formed by warming a solution containing
purified tubulin and GTP from about 7°C to 36°C. A series of
chemical reactions occur, tubulin assembles into microtubules,
and GTP is hydrolyzed to GDP. This reaction continues by
processes involving microtubule disassembly and reassembly,
such as treadmilling and dynamic instability, in which tubulin is
added preferentially to one extremity of a microtubule and is lost
from the other (16). When assembled in appropriate buffer
conditions in spectrophotometer cells measuring 40 mm by 10
mm by 1 mm, the preparation progressively self-organizes over
about 5 h to form stationary macroscopic patterns. Either striped
or circular morphologies arise, depending on the orientation of
the sample container with respect to gravity at a critical moment
6 min after instigating microtubule assembly. Once this critical
period has passed, the self-organized morphology that subsequently develops is independent of sample orientation. The
kinetics of formation of the self-organized microtubule preparations show an ‘‘over-shoot’’ (12) corresponding to a chemical
instability in the relative proportions of free tubulin and microtubules. This chemical instability occurs at the same moment that
the system bifurcates.
The patterns are readily observed with polarization optics, and
the blue and yellow interference colors shown in Figs. 1 and 2
arise from microtubule orientations that alternate from acute to
obtuse. Thus, within each 0.5-mm stripe, the microtubules are
highly oriented at approximately 45° or 135°, respectively. This
orientational pattern coincides with an identical pattern in
microtubule concentration in which the microtubule concentration drops by about 25% and then rises again every time the
microtubule orientation flips from acute to obtuse (14, 15).
To find out how the self-organizing process depends on
gravity, microtubules were assembled under conditions of
weightlessness produced during space flight. One possibility is
that, under low gravity conditions, the samples might traverse
the period of instability unaffected and thus remain in the
homogenous equilibrium state. Another possibility is that in, the
absence of gravity, a different self-organized morphology forms.
A third possibility is that self-organization is unaffected by
weightlessness and that both striped and circular morphologies
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Materials and Methods
Tubulin was purified from cow brains by using standard procedures (17) on a phosphocellulose column. SDS gel electrophoresis showed that preparations did not contain microtubuleassociated proteins. The purified tubulin at a concentration of 10
mg兾ml was contained in a buffer comprised of 100 mM Mes (2-N
morpholino ethanesulphonic acid),1 mM EGTA (ethylene glycol-bis-(B-aminoethyl) N,N,N1,N1 tetra-acetic acid), and 1 mM
MgCl2, in H22O at pH 6.75. In this H22O-based buffer, the
microtubules are stable for several days.
Neutron small angle scattering is related to the shape and
dimensions of the scattering object. The preparations studied
here give rise to neutron scattering profiles corresponding to
tubular objects of inner and outer radii equal to the known
dimensions of microtubules (10–15). Small angle neutron scattering profiles obtained from the same region of a sample at
different times establish that the preparations contain the same
concentration of microtubules for up to several days after
self-organization (14, 15). Electron microscopy also shows that
the self-organized preparations are comprised of microtubules.
Bonne et al. (18) have observed that the fluorescence intensity
of 4⬘,6-diamidino-2-phenylindole (DAPI) is much higher in the
presence of microtubules than in the presence of free tubulin.
When DAPI, at a concentration of 5 M, is contained in the
tubulin preparation, studied at 7°C, and microtubule formation
is instigated by raising the temperature, then the DAPI fluorescence intensity increases six-fold because of the formation of
microtubules (15). Likewise, when the microtubule preparation
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arise with equal probability. Understanding the role of gravity in
this system may provide an explanation regarding how gravity
effects living cells and may provide new insights into the
self-organizing properties of the cytoskeleton.

is cooled to 7°C, the microtubules disassemble, and the DAPI
fluorescence decreases to its original low value. Microtubule
preparations at the concentration used (10 mg兾ml) are highly
viscous, 5 ⫻ 105 cP (1 P ⫽ 0.1 Pa䡠s) (19), compared with the
solution of free tubulin, 1 cP. The solution viscosity thus
increases when the microtubules form from tubulin. Likewise, it
decreases substantially when the microtubules disassemble in the
cold. The same remark applies to the optical density at 350 nm.
When microtubule formation occurs, the optical density in the
1-mm-thick sample rises to about 0.2 and drops to a value close
to zero when the microtubules are disassembled in the cold.
These experiments clearly establish that, in the self-organized
preparations, the tubulin has assembled into microtubules and
that these microtubules can be characterized by their optical
density at 350 nm, their high viscosity, the intensity of DAPI
fluorescence, and the effect that disassembling the microtubules,
by cooling the sample, has on these properties.
Before carrying out the space experiment, we were aware that
it might be necessary to keep the tubulin preparations for up to
24 h at 7°C before initiating assembly. Hence, on several
different occasions, we carried out a series of laboratory tests in
which the tubulin was assembled into microtubules after storing
the samples at 10°C for 4, 12, 28, 54, and 76 h after preparation,
and their behavior was compared with the behavior of the fresh
preparation. The sample behavior was monitored by measuring
the absorbance curve at 350 nm during both assembly and
self-organization, and then for a further 12 h. We also compared
the optical birefringence and morphology of the self-organized
state with those of the fresh preparation. We found no significant
difference between the fresh and stored preparations until the
samples had been stored for more than 54 h at 10°C.
The experiment was carried out during the space flight of a
MAXUS sounding rocket of the European Space Agency. The
flight provides approximately 13 min of low gravity (2 ⫻ 10⫺4 g)
before the payload falls back to earth and is recovered. During
reentry, samples are subjected to accelerations from 10 ⫻ g to
50 ⫻ g for about 3 min. Because, on the ground, the sample
morphology is determined by the orientation with respect to
gravity 6 min after instigating microtubule assembly, a 13-min
flight should suffice to investigate the effect of weightlessness on
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Fig. 1. Ground experiment using the space flight module and hardware.
Samples contained 10 mg䡠ml⫺1 of phosphocellullose purified tubulin and 2
mM GTP in buffer (10). Cells of 1-mm optical pathlength, at 7°C, were placed
in the low gravity compartment. (Left) Upright. (Center). Flat. (Right) The cell
was flat in the 1 ⫻ g centrifuge compartment. Microtubules were formed by
rapidly warming the solution to 36°C. The centrifuge was on for the first 13
min only, this being the low gravity period of the subsequent space flight.
Different macroscopic morphologies form depending on whether the sample
container is horizontal, vertical, or spinning, at a critical moment 6 min after
instigating microtubule assembly. Once formed after about 6 h, the structures
are stationary and independent of the gravity direction. Samples were photographed through linear cross polarizers with a wavelength retardation
plate. The blue interference color arises from microtubules oriented at about
45° and the yellow color from those at 135° (10 –15).

Fig. 2. Microtubule structures as formed during space flight. Microtubules
were assembled once microgravity conditions were obtained. (Left and Center) Shown are the self-organized morphologies that arise for samples placed
on the on-board 1 ⫻ g centrifuge, with the centrifugal field along and
perpendicular to the long axis of the sample cuvette. The centrifuge was
stopped after 13 min, immediately before re-entry, and the samples were left
under 1 ⫻ g conditions for a further 5 h while the structures developed. (Right)
Almost no self-organization occurs for samples subject to weightlessness
during the first 13 min.

Fig. 4. Kinetics of the formation of microtubules. After warming to 35°C, the
tubulin solution assembles into microtubules whose concentration is proportional to the optical density at 350 nm. The optical pathlength of the sample
is 1 mm; the optical density would be 10 times greater for a 1-cm-thick sample.
The kinetics show an over-shoot; microtubule assembly is at a maximum
between 6 and 10 min after instigating microtubule formation. This demonstrates a chemical instability between the relative proportions of free tubulin
and microtubules that coincide approximately with the bifurcation time at
which the system is gravity-dependent. Microtubule disassembly produces
macroscopic concentration fluctuations that interact with gravity and trigger
self-organization.

Fig. 3. On the ground, self-organization also occurs over smaller distance
scales. This photograph is taken from a sample prepared in the laboratory and
placed between crossed circular polarizers. In addition to the periodicity of
about 400 m (A), it also shows periodicities of about 100 m (B), 20 m (C),
and 5 m (D). These levels of self-organization did not arise for samples
assembled under low g conditions.

the self-organizing process. The possible effect of payload
reentry was simulated on the ground by assembling microtubules
in cells either vertical or horizontal for 13 min, centrifuging them
at 50 ⫻ g for approximately 3 min, and then leaving them until
the structures formed about 5 h later. The stationary morphologies that arose were the same as for samples left all of the time
in the initial sample orientation.
Flight samples were contained in an experimental module
(constructed by the Swedish Space Corporation, Solna, Sweden,
and Ferrari, Modena, Italy) divided into two almost identical
compartments. One, the ‘‘low gravity’’ compartment, contained
8 rectangular cells upright and 11 rectangular cells flat. In the
other compartment, identically disposed samples were placed on
a rotating circular plate producing a 1 ⫻ g centrifugal field either
along or perpendicular to the long axis of the sample cells.
Hence, the samples formed under low gravity conditions could
be compared with those formed at 1 ⫻ g under otherwise
identical conditions. Some samples in both the ‘‘centrifuge’’ and
low gravity containers contained 5 M DAPI.
Results
A ground experiment, the same as the flight experiment, and
using the same tubulin preparation, was carried out several days
before the launch. Microtubules assembled in the low gravity
part of the module, with the sample cells either vertical or
8366 兩 www.pnas.org

horizontal, formed the striped and circular morphologies that
normally form in the laboratory (Fig. 1). Preparations lying flat
on the centrifuge, and spun with the centrifugal field (1 ⫻ g)
along the long axis of the cell for the first 13 min only, formed
stripes.
For the flight experiment, sample preparations were installed
in the payload 14 h before lift-off and were maintained at 7°C.
Once low gravity conditions were obtained (2 ⫻ 10⫺4 ⫻ g), the
sample temperature was raised to 36°C, thus instigating microtubule formation, and the 1 ⫻ g centrifuge was switched on. Just
before re-entry, the centrifuge was stopped. Hence, the only
difference between the two sets of samples is that one set was
subject to weightlessness during the first 13 min. The payload was
recovered, and the experimental module was reinstalled in the
laboratory at the launch site within 2 h from lift-off. The samples
were then left for another 4 h before the module was opened and
the samples were examined. The sample temperature was maintained at 36 ⫾ 0.5°C. Fig. 2 shows the results of the flight
experiment. The samples formed in the centrifuge part of the
module formed stripes when the centrifugal field was parallel to
the long axis of the cell, and the circular morphology when the
centrifugal field was perpendicular. For the latter samples, the
circular pattern is at the bottom of the sample container rather
than in the middle. This arises on the ground when microtubules
are prepared in samples tilted by 1–2° from the horizontal.
Self organization occurred in both the centrifuge and low
gravity compartments of the experimental module during the
ground control experiment carried out using the same microtubule preparation as used during the flight experiment. Self
organization also occurred during the flight experiment in the
‘‘1 ⫻ g’’ compartment. Because previous laboratory studies
(10–15) establish that self-organized preparations contain microtubules, then the self-organized preparations formed in the
experimental flight module must also be comprised of microtubules. The flight samples were examined in the laboratory 6 h
after the launch. All of the samples, including those formed in
the low gravity compartment, had almost identical values of
optical density at 35O nm, they were all of high viscosity, and the
samples containing DAPI all showed a high fluorescence. The
Papaseit et al.
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ing that the microtubules do not have any preferred orientation.
Observations down to a distance of 10 m taken under a
polarizing microscope showed similarly weak birefringence.
Hence, individual microtubules are relatively disordered with
respect to one another. This contrasts with the 1 ⫻ g preparations
that show strong optical birefringence and in which many
microtubules are highly oriented along the same direction. The
self-organized structures that form on ground contain within the
0.5-mm stripes another series of stripes of about 100-m separation. These, in their turn, contain another set of stripes of
about 20-m separation. At distances below this, there is another
level of organization of about 5-m periodicity, and with care it
is possible to observe aligned microtubule arrays of about 1-m
separation. Some of these periodicities, whose dimensions are
comparable with the distance scales frequently encountered in
vivo, can be seen in Fig. 3. In the samples assembled under low
gravity, there was no evidence for any of these lower levels of
organization.
Discussion
Static interactions, such as may occur in liquid crystals, are
equally present under conditions of weightlessness, as at 1 ⫻ g.
The absence of microtubule self-organization under low g conditions is a clear demonstration that self-organization does not
arise from such static interactions. Neither does thermal convection play a role in the self-organizing process (11–14). On the
contrary, the behavior is in agreement with that of a reactiondiffusion system undergoing a gravity-triggered bifurcation.
PNAS 兩 July 18, 2000 兩 vol. 97 兩 no. 15 兩 8367
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values were, to within experimental error, the same as for
samples prepared under normal laboratory conditions and
known to contain microtubules. The observations are hence
consistent with microtubule formation, for both the 1 ⫻ g and
low gravity samples. In addition, for both the 1 ⫻ g and low
gravity samples, after cooling to 7°C, the optical density dropped
to a value close to zero; the viscosity fell to a few centipoise; and
the DAPI fluorescence intensity dropped by a factor of 6. The
low gravity preparations hence had the same characteristic
properties, and behaved in the same way on cooling, as the
self-organized preparations, in which we know from extensive
ground studies that microtubule formation occurs. These observations demonstrate that microtubules formed in both the
centrifuge and low gravity compartments during the flight
experiment.
The comparison of the 1 ⫻ g flight morphologies with those
that arise under ground conditions shows that the self-organizing
process is unaffected by payload reentry and recovery. In
contrast, the samples formed in the low gravity part of the
module show practically no self-organization. In samples containing DAPI, the spatial distribution of the fluorescence intensity is proportional to the microtubule concentration distribution
in the sample (14, 15). The DAPI fluorescence images for the
low gravity samples show an homogenous microtubule distribution, whereas the 1 ⫻ g samples show periodic variations in
microtubule concentration identical to the orientational pattern
(14, 15). Contrary to the 1 ⫻ g samples, the low gravity
preparations possess only very weak birefringence, demonstrat-
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Fig. 5. A possible mechanism for the formation of the self-organized structure. Microtubules are chemically anisotropic, growing and shrinking along the
direction of their long axis. This leads to the formation of chemical trails, comprised of regions of high and low local tubulin concentration from their shrinking
and growing ends respectively. These concentration trails (density fluctuations) are oriented along the direction of the microtubule. Neighboring microtubules
will preferentially grow into regions in which the local concentration of tubulin is highest. When molecular transport is isotropic, microtubules grow and shrink
equally in all directions, and the tubulin trails retain an isotropic distribution. For self-organization to occur, this symmetry must be broken. Gravity can do this
by introducing a molecular transport term that is faster in the up-down direction. This gives rise to a slight directional bias in the formation of chemical trails.
Microtubules will subsequently grow and form preferentially along the direction of these tubulin trails. These processes progressively reinforce themselves,
resulting in the development of the periodic changes in microtubule orientation and concentration observed. In A, microtubules have just formed from the
tubulin solution. They are still in a growing phase and have an isotropic arrangement. In B, microtubule disassembly has started to occur at the bifurcation time.
This produces trails of high tubulin concentration from the shrinking ends of the microtubules. These macroscopic concentration fluctuations interact with
gravity, denser fluctuations drifting downward and lighter ones upwards, leading to an anisotropy in molecular transport. In C, microtubules are growing and
forming preferentially where the concentration of active tubulin is highest. Anisotropic molecular transport at the bifurcation time privileges microtubule
growth along specific directions. Once started, this process subsequently mutually reinforces itself with time and leads to self-organization. When gravity is
absent, molecular transport remains isotropic, and self-organization is not triggered.

According to Kondepudi and Prigogine (8, 9), in a reactiondiffusion system, the interaction of concentration fluctuations
with gravity results in a small directional transport term that
destabilizes the equilibrium state at the bifurcation point and
thus favors the formation of a macroscopic pattern.
The kinetics of formation of the self-organized microtubule
preparations show an over-shoot after about 6 min (Fig. 4). This
over-shoot is central to understanding self-organization in these
solutions and the way that gravity triggers it. The bifurcation
point in any out-of equilibrium system, and at which point the
system is sensitive to weak external fields, must coincide with a
condition of instability in the homogenous state. In the microtubule system, the maximum at the over-shoot describes a
chemical instability in the relative proportions of free tubulin
and microtubules in the preparation. It occurs at around the
bifurcation time, when the system depends on gravity. At a
molecular level, the over-shoot corresponds to the beginning of
a period of overall partial microtubule disassembly. The microtubules assemble and then partially disassemble by about 20%
before approaching a stationary value after about 30 min. This
occurs by processes similar to those that give rise to periodic
oscillations in microtubule assembly (20, 21). Our results show
that self-organization does not occur when gravity is absent
during the first 13 min.
When the microtubules first form from the tubulin solution,
they initially grow with almost no disassembly from shrinking
ends. When disassembly does occur, it produces strong macroscopic concentration and density fluctuations between regions of
high local tubulin concentration arising from tubulin liberated at
the shrinking end of the microtubule, and the region at the
growing end of the microtubule that is depleted in tubulin. These
fluctuations will have a characteristic size of about the length of
a microtubule, 5 m in the present case. They cannot appear
until significant microtubule disassembly occurs. The over-shoot
observed in the microtubule assembly kinetics, when overall
partial microtubule disassembly starts to occur, is hence the first
occasion at which the system can interact with gravity. A
hypothetical molecular basis for the way that gravity triggers
self-organization is illustrated in Fig. 5.
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The results show how a very simple biological system, initially
comprised of only tubulin and GTP, is capable of behaving as a
gravi-receptor. In the present case, gravity triggers the selforganizing process. The gravity direction breaks the symmetry of
the initially homogenous state and leads to the emergence of
form and pattern. Such processes may have played a role in the
development of life on earth. Other external factors, such as
magnetic and electric fields, or shearing, could have the same
effect. Processes of this type could form a general class of
mechanism by which weak environmental factors are transduced
by biological systems. The results presented demonstrate that
gravity substantially modifies microtubule self-organization by
way of its participation in a reaction-diffusion process. Gravity
can thus intervene in a fundamental cellular process and will
indirectly affect other cellular processes that in their turn depend
on microtubule self-organization.
In humans, weightlessness depresses the immune system,
reduces bone mass, and leads to various changes associated with
aging (22, 23). These, and other effects, are thought to arise at
a cellular level, and many experiments point to an involvement
of the cytoskeleton (1–3). Workers have observed modifications
in cytoskeletal organization (24–26), and recent results on
human lymphocyte cells cultured in space show a disorganized
microtubule network compared with ground control experiments (26). This observation, which is consistent with our results,
raises the possibility that reaction-diffusion processes form an
underlying mechanism for the dependence of cellular function
on gravity. If this is the case, then it would also mean that
microtubule reaction-diffusion processes occur in living cells and
may lead to new insights into the physical chemical processes
controlling the organization of the cytoskeleton.
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