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Spatial Patterns &om Oscillating Microtubules 

Microtubules are fibers of the cytoskeleton involved in the generation of cell shape and 
motility. They can be highly dynamic and are capable of temporal oscillations in their 
state of assembly. Solutions of tubulin (the subunit protein of microtubules) and 
guanosine triphosphate (GTP, the cofactor required for microtubule assembly and 
oscillations) can generate various dissipative structures. They include traveling waves 
of microtubule assembly and disassembly as well as polygonal networks. The results 
imply that cytoskeletal proteins can form dynamic spatial structures by themselves, 
even in the absence of cellular 0-g centers. Thus the microtubule system could 
serve as a simple model for studying pattern formation by biomolecules in vim. 

T HE SELF-ASSEMBLY OF BIOPOLY- 

mers from their subunits is usually 
described in terms of the helical con- 

densation theory (1). The model contains 
the phases of nucleation, followed by elon- 
gation of subunits onto the polymer ends 
until a steady state of assembly is attained. 
The model also assumes a homogeneous 
distribution of all reacting species. In the 
case of microtubules, the simple condensa- 
tion model was superseded by that of dy- 
namic instability (2), where-even at steady 
state--some polymers grow while others 
shrink. Microtubules are the only biopoly- 
mers known that exhibit this unusual behav- 
ior; it depends on the hydrolysis of GTP 
that accompanies microtubule assembly. 
One can even synchronize an entire popula- 
tion of microtubules so that they grow or 
shrink simultaneously; this leads to oscilla- 
tions in the level of assembly that can be 
observed by light or x-ray scattering (3-6). 

E. Mandelkow and E.-M. Mandclkow, Max-Planck-Unit 
for Structural Molecular Biolo d o  DESY, Notke- 
straw 85, D-2000 Hambur 5 r k e s t  Germany. 
H. Hotani, ERATO, ~OBecula Dynamic Assembly 
Project, 15 Morimoto-cho, Shimogamo, Kyoto 606, 
Japan. 
B. Hess and S. C. Milller, Max-Planck-Instimt f i r  Ernih- 
rungsphysiologie, Rheinlanddamm 201, D-4600 Dort- 
mund 1, West Germany. 

The mechanism of oscillations proposed 
previously (5, 6) contains the following 
steps. Microtubules are formed from their 
subunits tubulin (Tu) with bound GTP 
(TwGTP); GTP is hydrolyzed during as- 
sembly, leading to the destabilization of 
microtubules; microtubules depolymerize 
into tubulin oligomers which contain bound 
GDP (guanosine diphosphate); oligomers 
dissociate into tubulin with bound GDP 
(TwGTP); and GDP is replaced by GTP 
from the solution so that assembly-compe- 
tent TueGTP is regenerated. Since the disso- 
lution of oligomers is slow they can be 
regarded as a "refractory" state. The transi- 
tion from microtubule growth to shrinkage 
can be modeled by cooperativity between 
tubulin subunits on microtubule ends. Com- 
puter simulations show that this model can 
explain the observed homogeneous d a -  
tions, but it does not predict spatial patterns. 

Whereas previous reports (3-6) have dealt 
with the case of spatially homogeneous os- 
cillations, we now give an example of an 
inhomogeneous oscillation generating a 
simple spatial pattern (Fig. 1). A cold tubu- 
lin solution (0°C) was filled into a cuvette 
thermostatted at 37°C. After a lag of about 
30 s, microtubules assemble and oscillate 

Fig. 1. Light scattering of oscillating microtu- 
bules. The reaction was started by filling 200 p1 of 
the cold protein solution in a cuvette thermostat- 
ted at 37°C; the images were taken (A) 532, (B) 
555, (C) 605, and (D) 655 s after the temperature 
jump. The light scattering indicates microtubule 
assembly. An assembly wave moves from top to 
bottom at about 0.015 mmls. The width of the 
cell is 4 mm. Tubulin was purified from porcine 
brain as described (6). Oscillations were obtained 
at high protein concentrations (typically 10 to 50 
mg/rnl) in various buffer conditions, for example 
O.1M Pipes (1,4-piperazinediethanesulfonic acid), 
pH 6.9, 20 mM MgS04, 60 mM NaCI, 1 mM 
EGTA, ImM dithiothreitol, and 6 mM GTP. 

with a periodicity of 210 s. However, differ- 
ent Darts of the solution oscillate with a shift 
in phase so that waves of assembly and 
disassembly appear to be rolling from the 
top to the bottom of the tube. This behavior 
is-not due to a gradient in temperature 
because this equilibrates within a few sec- 
onds, well before the onset of assembly. 

More detailed information can be ob- 
tained by a two-dimensional ultraviolet 
(UV) spectrophotometer designed to study 
the Belousov-Zhabotinskii (BZ) reaction 
(7). In Fig. 2 results are shown for an 
experiment in which the cold protein solu- 
tion was filled into a thermostatted pem 
dish so that the final temperature of about 
37°C was reached within a few seconds. The 
reaction started after a lag time of about 30 
s; it was observed by the transmitted intensi- 
ty of a parallel beam of UV light (390 nm) 
recorded on a TV detector. One observes 
concenmc rings of high scattering (green to 
light blue in the color coding of Fig. 2, A 
through C) typically a few millimeters wide, 
originating at the periphery and traveling 
toward the center where they disappear. As 
in Fig. 1, the scattering is due to microtu- 
bule assembly; the periodicity of the waves 
is of the same orde; as that of the homoge- 
neous microtubule oscillations described 
previously, that is, about 1 to 3 min, de- 
pending on buffer conditions. Similar obser- 
vations can be made in reflected light by 
time-lapse cinematography (Fig. 2, D 
through F), except that the contrast is re- 
versed. During an experiment the frequency 
of wave generation at the periphery remains 
roughly constant, but the speed of propaga- 
tion toward the center tends to decrease. As 
a result the number of visible wave crests 
increases with time (Fig. 2, A through C). 

The patterns described above are easily 
seen by eye, but there are two other types of 
patterns visible only a higher resolution in 
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the UV spectrophotometer (Fig. 3). They 
are two sets of polygons, typically 0.5 to 1 
mm in size. Shortly before the arrival of a 
microtubule-assembly wave, a network of 
polygons outlined with sharp bright edges 
appears first (Fig. 3A). This assembly is 
followed by another network, bounded by 
dark edges that are often perpendicular to 
the first set of edges. Thus the two networks 
appear to be interlaced. Both networks be- 
come invisible when the microtubule assem- 
bly wave travels through (dark, approaching 
from top in Fig. 3A), and the first network 
reappears afterwards, but with reversed con- 
trast (that is, now with dark edges). The 
polygons can be identified because they 
remain stationary. It seems that the solution 
initially develops a substructure that it "re- 
members" at later times independently of 
the assembly cycles. A pseudocolor en- 
hanced image of the network is shown in 
Fig. 3B (red and yellow, with a microtubule 
assembly wave approaching in blue). Similar 
polygonal networks have been described in 
other oscillating systems such as the glycoly- 
sis in yeast extracts (8) or the BZ reaction 
(9). The interpretation in our case is not 
dear at present. One possibility is that they 
are due to hydrodynamic instabilities. The 
correlation with the onset of microtubule 

assembly suggests that the change in viscosi- 
ty may play an important role; in other 
words, the chemical reaction itself could 
influence the pattern [see (lo)]. 

A view of the small-scale inhomogeneities 
in an oscillating solution can be obtained by 
dark-field video microscopy [Fig. 4; for 
methods, see (1 I)]. In this case the field of 
view is less than 0.1 mm, much smaller than 
the dimensions of the traveling waves or the 
polygons so that the formation and propa- 
gation of these patterns cannot be observed. 
Instead one sees the local buildup and de- 
struction of microtubules. At the onset of 
assembly one observes first many short 
bright filaments (Fig. 4A) that gradually 
grow and form a dense network (Fig. 4B). 
The denser the network, the more the 
Brownian motion of background particles 
becomes inhibited, indicating an increase in 
viscosity. During the disassembly phase 
many of the microtubules vanish (Fig. 4C); 
they regrow later during the next assembly 
wave (Fig. 4D). A notable feature is that 
microtubules have a strong tendency to co- 
alesce into bundles (recognizable by their 
higher contrast and stifiess), even at early 
stages of assembly. Although most bundles 
disappear during the disassembly phase, the 
thicker ones only shrink in diameter; they 

become more flexible but do survive, sug- 
gesting that microtubules are lost from the 
periphery of the bundle. Thus a loose net- 
work of bundles tends to persist through the 
minimum of overall assembly (depending 
on the amplitude of the oscillations, see Fig. 
4C) and reassembly appears to start prefer- 
entially at these bundles. The apparent spac- 
ing between the bundles is typically about 
10 to 30 pm. This is about 10- to 100-fbld 
smaller than the dimensions of the polygons 
described above, indicating that these do 
not correspond directly to microtubule bun- 
dles. However, the persistence of some bun- 
dles might explain why the solution "re- 
members" the positions of the polygons 
from one assembly cycle to the next. 

The oscillating spatial patterns described 
here have different aspects in different spatial 
dimensions, separated by one or more or- 
ders of magnitude: macroscopic linear or 
concentric waves (typically in the 5-mm 
range; Figs. 1 and 2), intermediate ripples 
and polygons (around 0.5 to 1 mm; Fig. 3), 
and microscopic microtubules and microtu- 
bule bundles (spaced typically 10 pm apart; 
Fig. 4). The microscopic aspect is best de- 
scribed in terms of a network that is periodi- 

Fig. 2. (A to C) Spatial patterns of oscillating microtubules in a thin layer of tubulin solution [contained 
within a sealing ring of 22-mm inner diameter (dark blue), filled with 200 p1 of protein solution, 46 
mg/ml] and observed in transmission mode by a two-dimensional UV spectrophotometer at 390 nm 
(7). The maxima of turbidity (pseudocolor green to light blue) correspond to maxima in microtubule 
assembly; they are separated by regions of assembly minima (red to yellow). The images were taken 
182,499, and 949 s after the temperature jump (from left to right). (A) The first wave crest has moved 
halfway toward the center, the second is just forming at the periphery. (B) The crests of the second, 
third, and fourth waves are seen simultaneously; the second has just reached the center (note the small- 
scale inhomogeneities), and the fourth is forming at the periphery. (C) Crests of waves 4 (center) to 7 
are visible. (D to F) Similar set of experiments observed in reflection mode by illumination from above 
and recording on 16-mm film (400 PI of protein solution, 59 mg/g/m The sealing ring and the 
microtubule assembly maxima appear bright. The first wave appears at the periphery (D), moves 
inwards (E), and disappears at the center (F). The second wave forms at the periphery (F) with roughly 
the same spatial distribution as the first. Note that the wavelength is longer than in (A through C) and 
that the waves are not circularly symmetric. 

Fig. 3. Networks of polygons observed with the 
UV spectrophotometer (A) without and (8)  with 
pseudocoloring of the scattering intensity. The 
bright and dark edges are best seen in (A). In both 
cases the ne-twork is recorded shortly before the 
arrival of the microtubule assembly wave [dark in 
the outer area of (A), and blue in (B)]. The width 
of the area is 5 mm. 
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Fig. 4. Oscillating microtubules seen by dark-field 
video microscopy (1 1). (A) Beginning of the first 
assembly phase (135 s after the temperature shift). 
Note the numerous short rods; because of their 
high contrast they probably correspond to short 
microtubule bundles. (6) Maximum of first as- 
sembly (t = 258 s). Note the dense meshwork of 
mimtubdes (mostly bundles) and the high back- 
ground (containing additional single microtu- 
bules which have a weak contrast and are not 
resolved). (C) Assembly minimum following the 
first maximum (t = 403 s). Note the decrease in 
the microtubule density and the lower back- 
ground. A fraction of microtubule bundles re- 
mains through the disassembly phase. (D) Second 
assembly maximum (t = 482 s). Note that some 
of the prominent bundles retain their relative 
positions during the cycles. 

cally built up and destroyed. Some of the 
stabler elements (for example, microtubule 
bundles) may persist through the oscilla- 
tions and change only in apparent width, 
contrast, and flexibility. These elements re- 
main nearly stationary. The intermediate- 
range polygons could correspond to hydro- 
dynamic instabilities caused, for example, by 
the Marangoni effect. In the present case the 
viscosity is strongly modulated by microtu- 
bule assembly, so that the pattern of convec- 
tion cells may in turn depend on the pattern 
of microtubules. The polygons also seem to 
be stationary in space, that is, when they are 
visible (just before or after a wave) they 
appear at the same positions. On the macro- 
scopic levels the spatial patterns are domi- 
nated by the traveling waves of microtubule 
assembly. They broadly resemble the trigger 
waves of the BZ reaction. These have been 
explained by three conditions [reviewed in 
(12)l: (i) the solution must be in an excitable 
state; (ii) the reaction is started at a nucle- 
ation site and then proceeds autocatalytically 
by diffusion coupling; and (iii) waves occur 
because the initial reaction is followed by a 
transient refractory state. Analogous argu- 
ments can be applied to the present case: (i) 
The solution is initially in an excitable state 

because tubulin is ready to polymerize at 
37°C; (ii) in the case of a circular layer of 
solution the nucleation barrier appears to be 
lowest at the periphery; and (iii) the refrac- 
tory state (following microtubule disassem- 
bly) is dominated by tubulin oligomers that 
transiently trap the protein in an assembly- 
incompetent form (5). 

What conclusions can one draw for pat- 
tern formation in living cells? Microtubules 
are known to be important for their shape 
and motility, but the mechanism and the 
interactions with other cellular elements are 
not well understood. Thus the mechanisms 
that generate the spatial patterns of living 
cells are difficult to explain in molecular 
terms. The point to be learned from the 
present results is that microtubules alone are 
capable of organizing themselves in time 
and space. The patterns we observe are 
simple, and moreover they are generated 
b m  only two types of molecules, tubulin 
and GTP. This simplicity opens the way of 
studying the mechanisms underlying micro- 
tubule self-organization that could lead to a 
better understanding of cellular pattern for- 
mation. 
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A Formalin-Inactivated Whole SIV Vaccine Confers 
Protection in Macaques 

A vaccine against human immunodeficiency virus (HIV) would be highly effective in 
stopping the aquired immunodeficiency syndrome (AIDS) epidemic. A comprehen- 
sive evaluation of potential vaccine methodologies can be made by means of the simian 
model for AIDS, which takes advantage of the similarities in viral composition and 
disease potential between simian immunodeficiency virus (SIV) infection of rhesus 
macaques and HIV infection in humans. Immunization with a formalin-inactivated 
whole SIV vaccine potentiated with either alum and the Syntex adjuvant threonyl 
muramyl dipeptide (MDP) o r  MDP alone resulted in the protection of eight of nine 
rhesus monkeys challenged with ten animal-infectious doses of pathogenic virus. These 
results demonstrate that a whole virus vaccine is highly effective in inducing immune 
responses that can protect against lentivirus infection and AIDS-like disease. 

D EVELOPMENT OF A VACCINE FOR bating this lethal disease. Since many viral 
HIV, the causative agent of AIDS, vaccines do not actually prevent initial infec- 
is the most effective means of com- tion. but act bv limiting virus dissemination 
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