3. M. Kuhn, Int. Assoc. Hydrol. Sci. Publ. 131 (1981),
p. 3.

4. J. Oerlemans, Nature 320, 430 (1986).

5. W. F. Budd and D. Jenssen, Int. Assoc. Hydrol.
Sci. Publ. 131 (1975), p. 257.

6. M. Kuhn, Z Gletscherkd Glazialgeol. 21, 409
(1985).

7. International Association of Hydrological Sciences,
Fluctuations of Glaciers (Unesco, Paris, 1967, 1973,
1977, 1985, 1988), vols. 1-5. Apart from data on
glacier length and mass balance, the World Glacier
Inventory contains information on the following char-
acteristics of glaciers on which studies have been
carried out: geographical position; exposure; maxi-
mum, median, and minimum elevation; area; length.

8. H. Bjornsson, Jokull 29, 74 (1979). The data used
are the mean change for nine outlet glaciers from
the Vatnajokull. A mean slope was estimated from
maps of H. Bjérnsson [Hydrology of Ice Caps in
Volcanic Regions (University of Iceland, Reykjavik,
1988)].

9. J. Bogen, B. Wold, G. @strem, in Glacier Fluctua-
tions and Climatic Change, J. Oerlemans, Ed. (Klu-
wer, Dordrecht, Netherlands, 1989), pp. 109-128.

10. S. Hastenrath, The Glaciers of Equatorial East
Africa (Kluwer, Dordrecht, Netherlands, 1984);
chap. 6.

11. The glaciers used in the analysis are Ape, Atha-
basca, Asulkan, Clendenning, Drummond, Fleur
d. Neiges, Fyles, Griffin, Havoc, lllecillewaet, New
Moon, Noeick, Peyto, Purgatory, Saskatchewan,
Sentinel, Staircase, Surf, Terrific, Tsoloss, Victoria,
Wedgemount (Canada); Eel, White (United
States); Samarin, Hans, Paierl (Spitsbergen); Vatna-
jokull (Iceland); Engabreen, Nigardsbreen (Nor-
way); Rhone, Untere Grindelwald (Switzerland); Hin-

tereis (Austria); Argentiére (France); Bolshoy Abyl-
Oyuk, Geblera, Bolshoy Maashey, Maliy Aktru,
Rodzevicha, Sapozhnikova (Russia/Kazakhstan);
Chungpar-Tash., Chogo Lungma, Minapin (Paki-
stan); Cartensz, Meren (Irian Jaya); Lewis, Tyndal
(Kenya); Franz Josef (New Zealand).

12. D. J. Furbish and J. T. Andrews, J. Glaciol. 30,
199 (1984).

13. J. Oerlemans, in (9), pp. 363-371.

14. J. Oerlemans and J. P. F. Fortuin, Science 258,
115 (1992).

15. M. J. Muller, Handbuch ausgewahlter Klimasta-
tionen der Erde (Universitat Trier, Trier, Germa-
ny, 1987); additional data from various climate
atlases.

16. W. Greuell, J. Glaciol. 38, 233 (1992).

17. J. Oerlemans, ibid., p. 223.

18. Ph. Huybrechts, P. De Nooze, H. Decleir, in (9),
pp. 373-389.

19. A. Stroeven, R. Van De Wal, J. Oerlemaris, in (9),
pp. 391-405.

20. P. D. Kruss, Z Gletscherkd Glazialgeol. 19, 43
(1984).

21. P. D. Jones, Clim. Monit. 18, 80 (1989).

22. J. Hansen and S. Lebedeff, J. Geophys. Res. 92,
13345 (1987).

23. | thank W. Greuell for useful comments. Part of this
work was carried out at the International Institute for
Applied Systems Analysis in Laxenburg. Supported
by the Netherlands Organization for Scientific Re-
search, the Dutch National Research Programme on
Global Air Pollution and Climate Change (contract
276/91-NOP), and the Commission of the European
Communities (contract EV5V-CT91-0051).

8 November 1993; accepted 2 February 1994

Morphological Bifurcations Involving
Reaction-Diffusion Processes During
Microtubule Formation

James Tabony

Nonlinear chemically dissipative mechanisms have been proposed as providing a possible
underlying process for some aspects of biological self-organization, pattern formation, and
morphogenesis. Nonlinearities during the formation of microtubular solutions result in a
chemical instability and bifurcation between pathways leading to macroscopically self-
organized states of different morphology. The. self-organizing process, which contains
reactive and diffusive contributions, involves chemical waves and differences in microtu-
bule concentration in the sample. Patterns of similar appearance are observed at different
distance scales. This behavior is in agreement with theories of chemically dissipative

systems.

Spontaneous macroscopic self-organization
can occur when a system is moved from a
linear equilibrium state to a nonlinear out-
of-equilibrium state. After an instability in
the initial state, the system bifurcates into
one of two possible new configurations (1-
4). Fields, which are normally too weak to
effect equilibrium structures, can play a
decisive role in determining the morpholo-
gy of the final state. Turing (5), and later
Prigogine and co-workers (3, 4, 6), pro-
posed and developed the idea that chemical

Laboratoire de Résonance Magnétiqug en Biologie et
Médecine, Département de Biologie Moléculaire et
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and biochemical reactions might behave
this way via mechanisms involving reactive
and diffusive contributions (7-9). This type
of process, often-termed chemically dissipa-
tive, is distinguished from other similar
nonlinear mechanisms (of, for example,
physical origin) by.the chemical nature of
the processes involved. Turing proposed his
theory in 1952 as a physico-chemical expla-
nation for biological pattern formation and
morphogenesis. The potential existence of
dissipative mechanisms and Turing patterns
(10) in biology has been the subject of
debate and uncertainty. In view of the
possible biological importance of mecha-
nisms of this type, I report that a simple
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biochemical system of microtubule assem-
bly behaves in the manner outlined above.
Microtubules (11) play a controlling role
in organizing the cytoskeleton. These are
tubular molecular assemblies, 280 A in diam-
eter and several micrometers in length, com-
prised of the protein tubulin and that can be
formed by warming (4° to 35°C) a solution
containing purified tubulin and the nucleo-
tide, guanosine triphosphate (GTP). The tu-
bulin spontaneously assembles into microtu-
bules, chemical reactions occur, and GTP is
hydrolyzed to guanosine diphosphate (GDP).
This reaction continues after microtubule for-
mation is initially completed, by the addition
and loss of tubulin at the opposing ends of the
microtubules. Frequently, a GTP regenerat-
ing system (12) is included in which GDP, as
produced, is rephosphorylated to GTP by a
kinase enzyme in the presence of the appro-
priate organic phosphate. The concentration
of GTP remains constant, and the net reac-
tion is a consumption of the organic phos-
phate. The assembly process can show non-
linear kinetics (13), and the system is hence
capable of manifesting various complex non-
linear phenomena. Some microtubular solu-
tions show spontaneous macroscopic space
ordering (14-18), a phenomenon that has
been attributed to chemically dissipative
mechanisms (17, 18). After assembly in opti-
cal cells, stationary periodic horizontal stripes
of about 0.5 to 1 mm separation progressively
develop in the sample. In each band the
microtubules are highly oriented at either an
acute or obtuse angle, but adjacent stripes
differ in having opposing orientations (17).
Striped morphologies occur when the micro-
tubules are prepared in upright sample con-
tainers, but a different pattern arises when
they are prepared in horizontal cells” (19).
This behavior is attributed to the determining
role of the direction of the gravitational field
(19). 4
According to theories of chemically dissi-
pative systems, the presence of a weak field at
the moment of a chemical instability deter-
mines whether a system bifurcates along one
morphological pathway or another. To estab-
lish at what moment the sample morphology
depends on the orientation of the cell with
respect to gravity, I performed the following
experiment. Twenty samples of phosphocél-
lulose-purified tubulin (10 mg/ml)-(20), to-
gether with GTP and a GTP ‘regenerating
system (17), at 4°C, were placed in optical
cells 4 cm by 1 cm by 0.1 cm. Microtubule
formation was initiated by placement of the
cells upright in a thermostatted room at 35°C.
At 1-min intervals consecutive cells were
layed flat, and the samples were examined
about 12 hours later through cross polars with
a wavelength compensater (Fig. 1A). When
observed in ‘this way (21), acute and obtuse
microtubule orientations produce blue and
yellow interference colors, respectively. After
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about 6 hours, the structures that have formed
are stationary and independent of cell orien-
tation (17-19). Twenty minutes after initia-
tion of microtubule formation, there are no
obvious signs of stripes (17-19), and one
might expect all the samples to show the
horizontal pattern. This is the case for samples
inverted during the first few minutes. Howev-
er, samples that were upright for 6 min or
longer showed striped morphologies similar to
preparations that remained vertical through-
out the experiment. Conversely, preparations
assembled in horizontal cells turned upright
showed stripes for samples turned in the first
few minutes and then the horizontal pattern.
These preparations have hence retained a
primitive “memory” of their conditions during
the first few minutes after initiation of micro-
tubule formation. The final morphology of
the sample depends on whether the cells were
horizontal or vertical at a critical period before
the formation of the structure, about 6 min
after initiation of assembly. The process can
be described as a bifurcation between two
different morphological states, with time as
the bifurcation parameter.

The microtubular solutions are gels of vis-
cosity of about 5000 poise (22), and this
prevents any possible convection currents
from arising in the sample. Furthermore, sam-
ples prepared in vertical cells with a constant
temperature difference of 5°C between the
bottom and top of the cell or by mixing of the

Fig. 1. Bifurcation properties (A)
and chemical instability (B) in mi-
crotubular solutions formed from
phosphocellulose-purified tubulin
(10 mg/ml) (20) in the presence of
1 mM GTP and a GTP regenerat-
ing system [20 mM acetyl phos-
phate and acetate kinase (1.65
pg/ml)] in a D,O-based buffer
(32). (A) The photographs show
the final stationary morphologies
observed in samples rotated from
upright to horizontal at different
times, t, during the first 20 min
(33). The final morphology de-
pends on the sample configura-
tion at a critical moment (f = 6
min) before the formation of the
structure. The morphological tran-
sition does not occur abruptly at 6
min but is progressive over about B
2 min. This can be seen in the
intermediate behavior shown at ¢
= § min. (B) The kinetics of micro-
tubule assembly, as measured by
the absorbance at 350 nm
through a central vertical slit (1
mm by 10 mm), show a maximum
demonstrating the existence of an
instability at approximately the bi-
furcation time. The direction of the
gravitational field has a decisive
effect on the sample at the mo-

1cm

reactants preequilibrated at 35°C also formed
stripes. There is thus no evidence to suggest
that convective currents play an important
role in the self-organizing process.
Microtubules scatter light and their ab-
sorbance at about 350 nm is often used to
assay their formation (23). The assembly
kinetics measured by this method frequent-
ly show a monotonic increase to a steady-
state value. This is not the case here; the
absorbance increases to a maximum after a
few minutes and then slowly declines to a
lower value (Fig. 1B). This behavior,
which is a consequence of the reaction
kinetics, is not due to denaturation or a
shortage of reactants. Maxima of this type
are typical of nonlinear phenomena con-
taining feedback mechanisms (24). At the
maximum, the microtubular composition of
the sample is unstable with respect to time.
The position of the instability occurs at
about the bifurcation time, and the slow
decline that follows (Fig. 1) is approximate-
ly concurrent with the period of self-orga-
nization. To ensure that the absorbance
variation corresponds to a bulk change in
the relative concentrations of free tubulin
and microtubules, I followed the assembly
kinetics of a rectangular area 6 mm by 9 mm
using small angle neutron scattering (17,
25, 26). The variation in the intensity of
the microtubule scattering showed the same
qualitative dependence as the absorbance.

horizontal
12 hours

vertical
t min

t=5min t=6 min t=12 min

1 1

I
10 20

Time (min)

ment of the chemical instability and results in a bifurcation between two morphological pathways.
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This confirms that the instability is of a
chemical nature involving the relative con-
centrations of microtubules and tubulin.
The direction of the gravitational field has a
decisive effect on the sample at the moment
of the chemical instability and results in a
bifurcation between two morphological
pathways.

Stationary striped microtubular struc-
tures such as these have been reported
under different sample and buffer conditions
(14-16), and in all cases the assembly
kinetics show an instability. Slowing down
the assembly kinetics so that the assembly
overshoot did not arise inhibited the forma-
tion of stripes. Displacing the time at which
the absorbance maximum occurred also dis-
placed the bifurcation time. These observa-
tions suggest that the self-organizing process
and the chemical instability are related
phenomena associated with the kinetics of
assembly; this in turn suggests a reactive
contribution to the self-organizing process.

Reaction diffusion theories (3-9) of
chemically dissipative processes predict that
differences in concentration will occur with
a periodicity (L) approximately equal to the
distance over which groups of molecules
diffuse before reacting, according to terms
involving L? = D/R, where D is the diffu-
sion constant and R is the reaction rate.
Increasing the reaction rate by increasing
the concentration will hence decrease the
repeat distance. In agreement with this, the
stripe periodicity decreased with increasing
tubulin concentration. In the presence of a
GTP regenerating system, the reaction rate
can be measured with 3'P nuclear magnetic
resonance (NMR) by the rate of depletion
of the organic phosphate signal (Fig. 2A).
For samples prepared at 29°C and 35°C,
respectively, the reactivity increased by a
factor of 2.1. If the rate of diffusion remains
unchanged, the spacing should decrease by
approximately 1.45,-the square root of this
value. In agreement with this, the spacing
decreased by a factor of 1.47 (Fig. 2A).

. Molecular diffusion also affects the struc-
tures by a term involving the total diffusion
length (3-9), and periodicities will only
arise if this length is greater than 5.784
times the wavelength of the periodicity (9).
Figure 2B shows preparations at a lower
tubulin concentration (3 mg/ml), assem-
bled in vertical cells differing only in thick-
ness (0.5 to 5 mm). Stripes of 0.7-mm
separation are formed in 5-mm cells. How-
ever, their formation is progressively inhib-
ited as the sample thickness diminishes,
and in 0.5-mm cells no patterning occurs.
The pattern also depends on the vertical
height of the sample, and stripes do not
appear until the sample height is greater
than approximately 5.8 times the stripe
separation. These observations strongly
suggest that the self-organizing mechanism



contains both reactive and diffusive contri-
butions, in agreement with the mechanism
first proposed by Turing (5).

Patterns of similar appearance are ob-
served at different distance scales. Individual
stripes (=0.5 mm) are comprised of smaller
bands of about 100-wm separation (Fig. 3).
This shows that structures of dimensions
comparable to living cells can be formed.
Similar looking arrangements also appear
over distances of ~3 mm. For the prepara-
tion having the composition given in Fig.
2A, the different repeat distances were de-
termined as 90 pm, 0.53 mm, and 3.0 mm.
Each scaling factor is approximately equal,
and the average factor is 5.77. This empiri-
cal value is close to the theoretical value
(5.784) for the minimum diffusion length,
which suggests that repeat patterns of differ-
ent periodicity might be governed by this
ratio. Self-similar structures frequently ap-
pear as a result of nonlinear chaotic pro-
cesses. Mechanisms of the type observed
here may be of importance in biology be-
cause they provide a means to generate and
replicate a form over different distance
scales.

For systems containing more than two
coupled reactants, reaction diffusion theo-
ries (3-9) predict that the formation of
stationary periodic variations in concentra-
tion is preceded by chemical waves in the
sample. In the present case, spontaneous
ordering is observed not as differences in
concentration as such, but as periodic dif-
ferences in microtubule orientation. It is
hence necessary to show that the microtu-
bular self-organizing process is associated
with differences in concentration. Microtu-
bules grow by the addition of tubulin at one
end, their directional growth being fastest
where the concentrations are such that the
reaction rates are highest. Calculations
(27) show that orientational ordering and
concentration gradients are interrelated
phenomena. As a result of this coupling,
which could itself be nonlinear, spontane-
ous periodic changes in orientation may
arise concurrent with the reaction diffusion
process. That this is the case is shown by
the following observations.

Immediately after the instability, the left-
and right-hand sides of samples assembled
upright show different colors (yellow or blue)
of birefringence (Fig. 4A) and hence differ in
having either obtuse or acute microtubule
orientations. The stripes then form when
small alternating regions of the sample under-
go a reversal of orientational ordering. This is
seen as a birefringent color change; blue
stripes appear in the yellow zone and yellow
stripes appear in the blue zone. In neutron
small angle scattering (Fig. 4B) of a horizontal
band having the approximate dimension of a
stripe, the process is manifested as a change in
the direction of the microtubular scattering

on the detector from an acute to an obtuse
arc. Simultaneous with this reordering, the
intensity of the microtubular scattering de-
clines, rises, and declines again (Fig. 4B). The
microtubular reordering, which is itself the
stripe-forming process, is hence concurrent
with a chemical wave, involving different
concentrations of microtubules and free tubu-
lin, crossing the sample area under investiga-
tion. The neutron scattering results also show
higher counts for the sample area undergoing

Fig. 2. Dependence of the
sample morphology on (A)

>
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orientational reordering than for the area
that does not reorder. The sample areas
that reorder repeat themselves periodically
as the stripes, implying that periodic dif-
ferences in microtubule concentration
arise throughout the sample during the
self-organizing process.

The application of theoretical concepts
of nonlinear dissipative mechanisms to biol-
ogy has to some extent been retarded by the
absence of simple biochemical examples.

35°C

the reaction rate and (B)
the sample dimensions or
diffusion length. (A) De-
pendence of the spacing
on the square root of the
reaction rate. The photo-
graphs show the stationary
birefringent structures
formed in 2-mm optical

PEP NMR signal intensity

pathlength vertical cells at 0o 1 2

29°C and 35°C. Acute and
obtuse microtubular orien-
tations give rise to blue or
yellow interference colors,
respectively. The average
spacing decreases by a
factor of 1.47, from 0.78 to
0.53 mm. The graph at left
shows the dependence of
the 3P NMR signal (40
MH2) on the rate of organic
phosphate depletion dur-
ing the self-organizing pro-
cess. The slope, which is
proportional to the reaction
rate, increases by 2.1
when the assembly tem-
perature is increased from
29°to 35°C. The initial sam-

m

2 mm 1 mm 0.5 mm

//
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ple composition was tubulin (10 mg/ml), GTP (1 mM), phosphoenol pyruvate (PEP; 10 mM), and
pyruvate kinase (45 pg/ml). Owing to the high chemical stability of PEP, a pyruvate-based
regenerating system was preferred for these measurements. (B) Microtubules formed at 35°C in
vertical cells of the same height and width but of different optical pathlength. The preparation initially
contained tubulin (3 mg/ml), GTP (1 mM), acetyl phosphate (20 mM), and acetate kinase (1.65
ng/ml). Shown are photographs of the sample birefringence at about 12 hours after initiation of

microtubule formation.

Fig. 3. Self-similar organizations appear at differ-
ent distance scales. Each individual stripe (=0.5
mm) is comprised of pseudohelical bands of
about 100-p.m separation, but also form part of a
larger structure having a repeat distance of about
3 mm. (A) A sample prepared from a solution
containing tubulin (16 mg/ml), GTP (1 mM), acetyl
phosphate (20 mM), and acetate kinase (1.65
wng/ml) assembled in a vertical cell and observed
with elliptically polarized light. (B) A solution as-
sembled in a 10-mm tube and observed through
cross polars with a wavelength retardation plate.
Acute and obtuse microtubule orientations give
rise to blue and yellow colors, respectively. The
photograph is of a sample used for NMR mea-
surements and was assembled in a vertical mag-
netic field of 9.2 T. Similar structures arise without

a magnetic field, but they are not as well formed and so do not photograph as well.

The sample composition is the same as that given in Fig. 2A.
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Fig. 4. Chemical waves and dif- A

ferences in microtubule concen-
tration during stripe formation. (A)
Sample birefringence at (a) 20
min and (b) 5 hours after initiation
of assembly. Acute and obtuse
microtubule orientations give rise
to yellow and blue colors, respec-
tively. The extensive yellow and
blue birefringent regions seen in
(@) subsequently split into the
smaller yellow and blue stripes
seen in (b). Hence, in some re-

gions the microtubules take up B

and retain one orientation, where-
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as in regions where the color
change occurs, the microtubules
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reverse their orientation. (B) Prep-
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arations having the compagsition
described in Fig. 1 were warmed
from 4° to 35°C in upright 1-mm
optical pathlength cells and were
examined through a small arbi-
trarily positioned horizontal slit 0.5
mm by 4 mm. Neutron scattering
spectra (34, 35) showing the
known microtubular scattering
curve (17, 26) were recorded ev-
ery 12 min. The graphs (a) and (b)
show the time dependence of the
microtubular scattering intensity
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for two different samples. The
icons just above these plots show
the distribution of scattered neu-
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trons onto the two-dimensional detector and indicate the microtubular orientational ordering. In (a),
which corresponds to a region where there is no reversal of the microtubular orientation, there is a
slow decrease of about 15% in the scattered intensity concurrent with the progressive orientation of
the microtubules. The same process starts to occur in (b). However, after about 2 hours, the
scattered intensity suddenly decreases; the microtubules disorient until they are once again
isotropic and then progressively reorient in the opposing configuration. At the same time, the
microtubular scattering intensity rises and then begins to drop again. These spectra show that a
wave of microtubule partial disassembly-reassembly-disassembly crosses the sample area under
investigation. This occurs concurrently with the reversing of microtubule orientation, which is itself

the stripe-forming process. Moreover, in (a) and

(b) the scattering intensities, which are initially

similar, differ while microtubule reorientation, that is to say stripe formation, is proceeding. This
implies the existence. of periodic differences in microtubule concentration throughout the sample,

concurrent with stripe formation.

The microtubular system presented behaves
in the manner expected for a dissipative
space structure formed by a Turing type
mechanism. It may be of value as an exper-
imental model for advancing the under-
standing of biological self-organization and
for comparison with theory.

Theoreticians have proposed that bifurca-
tions and biochemical dissipative space struc-
tures, as well as alternative theories (28),
might account for various aspects of morpho-
genesis. The microtubular solution just after
bifurcation could be described as being “deter-
mined” but not yet “differentiated.” In devel-
oping eggs of the fly Drosophila, body segmen-
tation is related to the formation of regular
periodicities in the concentration of proteins
produced by specific genes (29, 30). Such
stripe formation may involve dissipative
mechanisms.

The reorganization of the cellular microtu-
bular system involves the disassembly and
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reassembly of microtubules (11). As a result,
cell biologists have invested considerable ef-
fort into understanding the process of micro-
tubule assembly, mainly in terms of linear
phenomena (31). The present results show
that complex biological phenomena occur as
a result of nonlinear mechanisms. Identifying
and understanding such processes are a pre-
requisite to investigating their possible role in
living organisms.
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