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The contraction of the actomyosin cytoskeleton, which is produced by the sliding of myosin II along actin 

fi laments, drives important cellular activities such as cytokinesis and cell migration. To explain the 

contraction velocities observed in such physiological processes, w e have studied the contraction of 

intact cytoskeletons of Dictyostelium discoideum cells after removing the plasma membrane using Triton 

X-100. The technique developed in this wo rk allows for the quanti tat ive measurement of contraction 

rates of individual cytoskeletons. The relationship of the contraction rates w i th forces was analyzed 

using three dif ferent myosins w i th di f ferent in vitro sliding velocities. The cytoskeletons containing these 

myosins were always contractile and the contraction rate was correlated w i th the sliding velocity of the 

myosins. However, the values of the contraction rate were t w o to three orders of magni tude slower 

than expected f rom the in vitro sliding velocities of the myosins, presumably due to internal and 

external resistive forces. The contraction process also depended on actin cross-linking proteins. The lack 

of a-actinin increased the contraction rate 2-fold and reduced the capacity of the cytoskeleton to retain 

internal materials, whi le the lack of f i lamin resulted in the ATP-dependent disruption of the 

cytoskeleton. Interestingly, the myosin-dependent contraction rate of intact contractile rings is also 

reportedly much slower than the in vitro sliding velocity of myosin, and is similar t o the contraction rates 

of cytoskeletons (different by only 2-3 fold), suggesting tha t the contraction of intact cells and 

cytoskeletons is l imited by common mechanisms. 

Introduction 

In eukaryotic cells, the cytoskeleton provides scaffolds for 
intracellular organization, internal cargo transportation, 
mechano-sensitivity, rigidity and strength, and directs dynamic 
changes during crucial processes such as cell migration and 
division.1'2 The actin-myosin system makes the cytoskeleton 
contractile, and it drives dynamic cytoskeletal reorganizations. 
Understanding its dynamic behavior and architecture is 
important to elucidate aspects such as the interaction with 
other cellular components and the response to external stimuli. 
In fact, the contractile behavior of the cytoskeleton is affected 
not only by biochemical signaling but also by internal and 
external forces and by osmotic pressure. The purpose of this 

study was to explain the physiological contraction speeds by 
studying the contraction of the cytoskeleton in the absence of 
the cell membrane, so that the cytoplasmic liquid can flow 
through the cell cortex and the physiological difference of 
pressure - osmotic pressure - is removed. 

The cytoskeleton constitutes an example of a hierarchically 
organized system in which the rich behavior emerges from 
elementary interactions among components.1 A chief constit-
uent of the cytoskeleton is the network composed of actin fila-
ments (F-actin) and filaments of myosin II (also called 
conventional myosin and referred to as simply myosin in the 
text). It is typically most dense in the cortical region of the cell, 
so that it is sometimes called actomyosin cortex. This system 
also contains regulatory proteins, which direct the nucleation, 
polymerization or depolymerization of actin filaments and, in 
the case of cross-linking proteins, connect neighboring actin 
filaments. Therefore, the whole arrangement of actin filaments 
and cross-linkers constitutes a continuous actin network, which 
in turn is directly or indirectly tethered to integral membrane 
proteins.3-5 Myosin molecules are assembled into large bipolar 
filaments of tens to hundreds of myosin molecules with N-
terminal heads in both extremes;6'7 in Dictyostelium discoideum, 
each filament contains 10-20 myosin molecules.8 The heads are 
molecular motors that hydrolyze ATP as fuel to actively generate 
forces and slide along actin filaments.9'10 As a result, the 



actomyosin cytoskeleton is a contractile network11'12 which is an 
essential component in processes such as cell migration13'14 or 
constriction of the contractile ring during cell division.15-19 

In a contracting actomyosin cytoskeleton, there are two 
processes taking place simultaneously: sliding of myosin heads 
along actin filaments and remodeling of the actin filament 
network such as polymerization, depolymerization, rearrange-
ment of cross-linking and bundling, and branching of actin 
filaments. Both processes are interrelated: on the one hand, 
sliding of myosin heads induces deformation in the actin 
network, causing different degrees of stretching and bending in 
the actin filaments,20 and presumably detaches cross-linking 
proteins physically; on the other hand, stretching filaments 
alters their affinities for actin binding proteins, including 
enhanced affinity for the myosin II motor domain2 1 and reduced 
affinity for cofilin.22 Besides, the curvature of the filaments 
influences the formation of new branches.23 During the 
contraction process, the forces introduced by myosin heads 
work on the cell cortex to deform it against resistive stresses.24 

The detailed molecular architecture of the cytoskeleton and 
the characteristics of the changes in the actin network during 
the contraction process, on the length scale of tens of nano-
meters, remain an intriguing mystery. However, the dynamics 
of the whole system, on a length scale of micrometers or tens of 
micrometers, have been investigated in previous experimental 
works. These investigations followed two alternative strategies: 
a first group of works used living cells to study phenomena such 
as the formation of protrusions or blebs,25-27 the contractile ring 
during cytokinesis24'28'29 or the relationship between cell shape, 
actomyosin cortex and osmotic pressure.1'30 These studies 
showed that the actomyosin cortex is an actively contracting 
network, which is tethered to the plasma membrane, and 
equilibrates osmotic pressure in the cytoplasm.31 The cortex is a 
robust system, and myosin and actin can rapidly diffuse in the 
cytoplasm so that when a protrusion is produced in the 
membrane, new underlying cortex is rapidly assembled beneath 
the protruded membrane to recover equilibrium.25 Besides, the 
system may be redistributed: actin and myosin molecules are 
recruited to take part in the contractile ring function during 
cytokinesis, in which myosin motors generate internal 
forces,24'28'32 or to the sites of mechanical deformation by 
external forces.33-35 A second group of studies examined the 
contraction of cytoplasmic extracts11'12'36'37 or simplified model 
gels containing actin filaments, myosin motors and cross-
linkers.36 '38-40 In these simpler reconstituted systems, contrac-
tion is achieved when the concentrations of actin, myosin and 
cross-linkers are within the appropriate range, the contraction 
speed being dependent on the concentrations.36 Both in the 
case of the contractile ring during cytokinesis and in simplified 
reconstituted gels, the size of the system was observed to decay 
exponentially during the main part of the process.24'36 

We studied the dynamics of contracting cytoskeletons from 
the cellular slime mold Dictyostelium discoideum cells obtained 
by removing the plasma membrane using Triton X-100 (ref. 11 
and 12) and observed the process by microscopic imaging. This 
procedure allowed us to describe the process and measure the 
contraction rate of individual complete cytoskeletons, and 

compare the results with events such as blebbing or furrowing 
of the contractile ring during cytokinesis. Five cell lines were 
studied, each of them expressing myosins with different 
mechanical properties or lacking one of the two major actin 
cross-linking proteins. We found that myosin heads with a 
longer lever arm produce higher contraction rates, and that 
actin cross-linking proteins play a major role in the contraction 
process and maintain the integrity of the cytoskeleton. The 
results for substrates with different adhesiveness also show that 
the external resistive forces influence the contraction rate. 

Results 
The progression of contraction is described by the strain rate 

In the actomyosin cortex, myosin is the molecular motor driving 
active contraction. It is required for the ATP-dependent 
contraction of Dictyostelium Triton cytoskeletons.11'12 We veri-
fied that the cytoskeletons obtained from HS1 cells, not 
expressing myosin, did not contract upon the addition of ATP. 
The actomyosin cortex is linked to the plasma membrane and 
produces the cortical tension required to equilibrate osmotic 
pressure.31 Therefore, removal or disruption of the membrane is 
necessary to allow contraction of the cytoskeleton. We solubi-
lized the plasma membrane of Dictyostelium cells with 0 .2% 
Triton X-100. 'Triton ghosts' produced in this way contain the 
actomyosin cytoskeleton, the nucleus and also debris of other 
organelles.12'41 We used time-lapse fluorescence imaging to 
directly observe the cytoskeletons containing GFP-myosin. 
Apart from cells expressing GFP-wild type (wt) myosin, two 
additional strains of cells expressing GFP-fused mutant 
myosins were studied: a mutant myosin with an internal dele-
tion that removes the regulatory light chain binding site, 
ARLCBS,42 and a mutant lacking both light chain binding sites, 
ABLCBS.43 During the movement of myosin heads along actin 
filaments, the light chain-binding domain within the motor 
domain rotates around an axis at the base of the neck region, 
like a lever. The length of the lever arm for the three myosins is 
8.8, 5.8 and 1.8 n m for wt, ARLCBS and ABLCBS, respectively.43 

The observation of the contraction process was made possible 
by using substrates of either low adhesiveness (prepared using a 
poly-L-lysine aqueous solution of 0 .0001% w/v) or high adhe-
siveness (0 .0010% solution). 

In the experiments, a first contraction was observed after the 
addition of the Triton solution, presumably due to the presence 
of endogenous ATP, and further contraction was made possible 
by the addition of ATP in the medium (the presence of NaN3 in 
the buffer inhibits the endogenous production of ATP and, in 
specific experiments, we found that the initial contraction was 
negligible if the Triton solution was added after at least 10 
minutes of incubation with NaN3). Fig. 1 shows the progressive 
contraction of three cytoskeletons, which had not been treated 
with NaN3 prior to the Triton treatment. After the addition of 
Triton X-100, the cytoskeletons underwent, at first, a small 
contraction, followed by a second larger contraction after the 
addition of ATP, until the maximum contraction was achieved. 
We verified that further addition of ATP did not produce 
additional contraction. Fig. l b shows true strain,44 calculated as 
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Fig. 1 C o n t r a c t i o n process f o r t h r e e cy toske le tons w i t h w t myos in o n t h e l o w 

adhesiveness subs t ra te (p repa red us ing a s o l u t i o n o f 0 .0001 % poly-L-lysine). The 

t h r e e cy toske le tons w e r e i m a g e d s i m u l t a n e o u s l y (a) Series o f images s h o w i n g t h e 

in i t ia l live cell (phase con t ras t microscopy) , t h e cy toske le ton a t d i f f e r e n t t imes 

d u r i n g t h e c o n t r a c t i o n process (GFP-myos in observed by f luorescence m i c r o s c o p y 

in g reen) , a n d t h e f ina l c o n t r a c t e d T r i t on g h o s t (phase con t ras t microscopy) , (b) 

True st ra in vs. t i m e f o r t h e t h r e e cy toske le tons d u r i n g t h e p rogress ion o f cont rac-

t i on . The a r rows s h o w w h e n Tr i ton X - 1 0 0 (0 s) a n d ATP w e r e a d d e d (320 s). 

f = In(L/L0), with L the instant size and L0 the initial size of the 
cell, vs. time. The contraction rate is defined as rc — —de/dt. 
Estimation of the maximum contraction strain rate is obtained 
from the curve. 

The time course of changes in the size of the actomyosin 
cortex has been previously studied by measuring the diameter 
of the contractile ring during cytokinesis of Dictyostelium 
cells.24'45 Other works studied the contraction of reconstituted 
gels of actin, myosin II and a-actinin cross-linkers.36 In both 

cases, the size of the system was found to follow an exponential 
decay during the main stage of the contraction process. Such an 
exponential decay takes place when the contraction strain rate 
rQ is constant: from its definition, the contraction rate can be 
written as rc — —(dL/dt)/L and, integrating this equation, the 
time course of changes in size L along time is given by the 
exponential function L — L0exp(—rct). As shown in the following 
sections, most of the contraction produced in the cytoskeletons 
takes place during a short time interval, and we calculated the 
contraction strain rate achieved during that interval. We 
observed that the cytoskeletons remained contracted for over 
24 h, after a reduction in GFP-content by diffusion, indicating 
that they had undergone plastic deformation. 

In the initial conditions of the experiments (in the lysis 
buffer), the shape of the cytoskeletons was sensibly circular, 
with a mean circularity of 0.940 ± 0.008 [mean ± 95% confi-
dence interval (CI), see Fig. Slf] . On average, the final circu-
larity, 0.935 ± 0.007, was equal to the initial circularity 
(Fig. S l j ) . 

Fig. 2a shows initial size vs. minimum (contracted) size for 
the cytoskeletons expressing one of the three GFP-myosins on 
one of the two substrates. The range of the initial size was 
broad, from 6.5 to 20 (.im. The largest sizes were measured in 
cells with the mutant myosins, which suggests that these cells 
fail to divide more frequently than those expressing wt myosin, 
leading to multinucleation. The minimum size was always 
smaller than 8 (.im, and up to ~12.5 (.im of the initial size there 
was a positive correlation between minimum size and initial 
size. The maximum contraction, defined as the reduction in size 
divided by the initial size, is represented in Fig. 2b: since the 
minimum size was always in the range of 3 to 8 (.im, the 
maximum percentage of contraction grew with the initial size. 
Cytoskeletons with wt myosin contracted by 44 ± 4 % (mean ± 
95% CI). Interestingly, ABLCBS and ARLCBS myosin cytoskel-
etons reached a similar maximum contraction to wt myosin 
(Fig. 2a), although at different strain rates. 

Contraction rates: the contraction is faster for myosin with a 
longer neck domain 

The contraction rates of the cells expressing three different 
myosins were computed from the strain vs. time curve. In the 
three cytoskeletons with wt myosin shown in Fig. lb , the 
maximum contraction strain rates were reached between 335 
and 345 s. 

Fig. 2c shows the maximum contraction rate, as a function of 
the myosin type, for the two substrates with different adhe-
siveness (see ESI, Table S2j). The longer the lever arm was, i.e. 
the faster the sliding speed of unloaded myosin heads was 
(measured for actin filaments over myosin-coated surfaces 
in vitro), the higher the contraction strain rate was.43 ABLCBS 
myosin showed similar rates on both substrates. However, the 
cytoskeletons with the other two types of myosin slowed down 
on the more adhesive substrate, suggesting that the adhesive-
ness of the substrate may introduce friction-like forces during 
the contraction process. Nonetheless, cytoskeletons on the 
weakly adhesive substrates appeared to experience little 
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Fig. 2 Relat ionship b e t w e e n t h e sizes a n d strain rates of t h e cytoskeletons for 

t h e t h ree d i f fe ren t myosins and t h e t w o d i f f e ren t substrates, (a) Size a f te r 

con t rac t i on (i.e. m i n i m u m size) vs. in i t ia l size; it can be seen t h a t t he re are no 

cytoskeletons w i t h w t myos in w i t h an in i t ia l size above 12.5 urn. (b) M a x i m u m 

con t rac t i on vs. in i t ia l size; t h e con t rac t i on is de f i ned f r o m t h e m i n i m u m size i m i n 

a n d t h e ini t ia l size L0 as (L0 — Lnljn)/L0. (c) M a x i m u m con t rac t i on rates; t h e m e a n 

values are calculated fo r cytoskeletons w i t h ini t ia l size less t h a n 12.5 urn so t h a t 

t h e range of t h e in i t ia l size is t h e same in all g roups ( the results are simi lar if all 

data are inc luded; see ESI, Table S2t ) . Error bars ind icate 9 5 % CI. 

friction, if at all, since most of the cytoskeletons drifted away 
during the experiments when we used substrates prepared by 
pretreatment with poly-L-lysine solutions below 0.0001%. As 
discussed below, the longer lever arm explains the higher 
sensitivity of wt myosin to the adhesiveness of the substrate. 

For wt myosin, the maximum contraction rates were 0.044 ± 
0.008 s _ 1 and 0.007 ± 0.001 s _ 1 (mean ± 9 5 % CI) on the weakly 
and strongly adhesive substrates, respectively. The measured 

maximum contraction rate for cytoskeletons with wt myosin on 
the weakly adhesive substrate, ~0 .04 s - 1 , is similar to the rate 
measured in wt AX2 cells, as shown below. With this rate, a 
cytoskeleton needs around 15 s to contract to one half of its 
initial size (see ESI, Table S3j) . This time is comparable to that 
obtained by Kuczmarski et al. (1991) using suspensions of Triton 
cytoskeletons, consistent with the idea that our weakly adhesive 
substrates did not impose appreciable load to the contraction. 

The difference in myosin content is not a determinant of the 
contraction rate 

The influence of the myosin content on the behavior of the 
cytoskeletons was analyzed, quantifying the content by mean 
fluorescence intensity. We found that the myosin content, 
within the range examined here, is neither related to the 
maximum contraction nor to the contraction rate. Fig. 3 illus-
trates this observation displaying the contraction rate vs. mean 
intensity for three groups of cytoskeletons imaged simulta-
neously, showing that the correlation is statistically insignifi-
cant (P-values of 0.11, 0.77, and 0.78 in these three examples). 

The contractile behavior is substantially affected by cross-
linking proteins 

Several actin binding proteins are known to cross-link the actin 
filaments, with important roles in the actomyosin cortex. At 
least 11 genes for actin cross-linking proteins have been iden-
tified in the Dictyostelium genome.4 6 We selected a-actinin and 
filamin, two of the most abundant cross-linking proteins in 
Dictyostelium, to analyze their influence on the contraction rate 
of the cytoskeletons. The functions of both proteins have been 
intensively studied in reconstituted actin networks47'48 and in 
the Dictyostelium phenotype.46'49-51 Therefore, the experiments 
were carried out with mutant Dictyostelium strains lacking a-
actinin or the filamin gene, labeled respectively as a-actinin-
null and filamin-null. These two null mutations in single highly 
conserved proteins have been reported to result in relatively 
minor phenotypes:49'50 in the vegetative state, reduced growth 
rate under osmotic stress was observed in the a-actinin-null 
strain but no significant differences were found for the filamin-
null strain. Instead, the filamin-null strain showed defective 
phototaxis of slugs during the development of fruiting bodies. 
In the experiments with these two mutant strains, we utilized 
weakly adhesive substrates. 

Interestingly, a-actinin-null cytoskeletons on the weakly 
adhesive substrates presented the highest contraction rate 
measured in this work: 0.096 ± 0.033 s _ 1 (mean ± 9 5 % CI), 
double the contraction rate of wt (AX2 cells) cytoskeletons: 
0.042 ± 0.016 s - 1 . In addition, a-actinin-null cytoskeletons 
reached the minimum contracted size, 3.5 ± 0.7 (xm (contraction 
63 ± 4%), significantly smaller (P — 0.029) than the wt cytoskel-
etons, 4.8 ± 0.9 (xm (52 ± 5%). Accordingly, a-actinin-null cyto-
skeletons reached in some cases very small sizes, expelling most 
of the organelles and the nuclear DNA, as shown in Fig. 4b and c. 

Filamin-null cytoskeletons showed a very different behav-
iour. In this case, most of the cytoskeletons quickly lost their 
integrity after the addition of ATP: GFP-myosin was dispersed 
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Fig. 3 Relat ionship b e t w e e n con t rac t i on strain rate and myos in con ten t . The c o n t e n t o f myos in is q u a n t i f i e d by t h e m e a n f luorescence in tensi ty in t h e cytoskeleton. 

The f i gu re shows t h ree g roups of cells i m a g e d s imu l taneous ly d u r i n g t h e progress ion of con t rac t i on on t h e l o w adhesiveness subst rate for (a) w t , (b) ARLCBS and (c) 

ABLCBS myosins. Each g r a p h shows t h e l ine o b t a i n e d by l inear regression a n d t h e P-value t h a t indicates t h e stat ist ical s igni f icance (f-test) fo r t h e nul l hypothesis o f s lope 

equals zero. Panel (a) also shows t h e l ine o b t a i n e d a f ter r emov ing t h e ou t l ie r p o i n t (b roken line). 

in the medium, although part of the actin cortex remained after 
myosin was lost. An example is shown in Fig. 4d, in which the 
GFP-myosin molecules dispersed in about 15 s. 

Discussion 
The contraction rates of the Triton cytoskeletons are 
comparable to those in physiological processes 

The typical time scales for the changes in the intact cells are 
expected to be longer than those measured on cytoskeletons on 
the weakly adhesive substrates, because resistive forces acting in 
intact cells are larger, in part due to the effect of osmotic pres-
sure. One example studied in a previous work52 is the apical 
constriction of cells during the development of Caenorhabditis 
elegans and Drosophila. That change is driven by local contrac-
tion of the actomyosin cortex, and the time required is of the 
order of 10 min. Another example is the dynamics of the 
contractile ring during cytokinesis: a previous study of this 
process in Dictyostelium cells24 showed that the main part of the 
process requires a time of the order of minutes, and that the 
contraction rate (estimated from Fig. 3 in that article using 
the equation de/dt — d(ln D)/dt, D being the diameter of the 
equatorial ring) is roughly 0.015 s _ 1 for wt cells. The rate is 0.09 
s _ 1 for mutant cells lacking racE or dynacortin since these 
proteins were found to slow down the contraction process. A 
comparison with the contraction rate of ~0.04 s _ 1 of wt cyto-
skeletons suggests that the contractile rings behave nearly like 
the Triton cytoskeletons, as if the resistive forces exerted by the 
plasma membrane, resulting from the higher internal pressure 
(osmotic pressure in physiological conditions), were of relatively 
low magnitude. This indicates that an important fraction of the 
total force exerted by the actomyosin cortex is compensated by 
other factors, presumably the viscoelasticity of the cortex. Thus, 
the relatively low contribution of the internal (osmotic) pressure 
could be explained by a sufficiently thick acto-myosin contractile 
ring, and in fact it is known that the amount of myosin in the 
contractile ring increases if the dividing cell is challenged by 
physical compression.53 A third example is the blebbing of cells: 
in this case, the protrusion of the cell membrane (bleb) detached 
from the cytoskeleton expands, being propelled by the 

contraction of the cortex, which acts as a pump by contraction. It 
is reasonable to accept that the formation of a bleb, due to the 
easy expansion of that part of the membrane, reduces consid-
erably the internal (osmotic) pressure, removing thus the 
impediment for the contraction of other parts of the cell, where 
the cortex is attached to the membrane. Accordingly, below a 
critical cortical tension, blebs cannot expand,26 and in fact 
myosin-null Dictyostelium cells do not bleb.54 Besides, the dura-
tion of the blebbing process induced in Dictyostelium cells by 
quinine is of the order of tens of seconds.25 

In the last two examples, the contraction of the cytoskeleton 
takes place at rates comparable to those in our experiments with 
wt myosin. As argued above, in both cases, it is reasonable to 
assume that the effect of internal pressure is low because of the 
thicker cortex in the contractile ring and the drop in pressure 
during blebbing. Hence, the cytoskeleton would contract in 
conditions similar to our experiments, in which the effect of 
internal pressure was negated by removing the cell membrane. 
Therefore the comparison supports the idea that in the two 
examples the contraction rates are determined by a balance 
between the driving force generated by the acto-myosin system 
and the viscoelasticity of the cortex. In the case of apical 
constriction during the development of flies and nematodes,52 

some other factors, including osmotic pressure, probably play 
major roles in slowing the contraction process. In quiescent 
cells, contractility is balanced by the internal pressure, yielding 
no apparent deformation. 

The density of myosin molecules actively driving the 
contraction may be alike in all cytoskeletons 

The independence of the contraction rate from the myosin 
content suggests that the density of myosin molecules actively 
contributing to contraction of the actomyosin network is, at a 
given time, alike in all cytoskeletons. Bendix et al.36 found that 
the speed of contraction of gels containing actin, myosin and 
cross-linker a-actinin grows with the concentration of myosin 
below a certain concentration threshold, above which the 
speed saturates, and Yumura observed that only 6% of total 
cellular myosin was sufficient to induce contraction of Triton 
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cytoskeletons at the 5 0 % maximum rate.12 Similarly, in in vitro 
motility assays, the speed of actin filaments saturates over a 
certain myosin head density on the surface.55 Therefore, a 
plausible hypothesis is that the myosin concentration in the 
Triton cytoskeletons is above an equivalent threshold, and that 
a large fraction of myosin molecules are not effectively 
contributing to the contraction process, so that under the 
present conditions the myosin content is not a limitation for the 
contraction of the cytoskeletons. It is known that the activity of 
Dictyostelium myosin is inhibited when the regulatory light 
chain is not phosphorylated,56 but this mechanism is not 
involved in inhibiting the activity in the cytoskeletons, since 
both ARLCBS and ABLCBS myosins did not bind regulatory 
light chains and were fully active in vitro.*2 

The different contraction rates may be explained by different 
effects of forces on myosin heads 

Previous measurements of the sliding velocity of actin filaments 
over myosin-coated surfaces in vitro without external forces 

yielded values between 0.6 (.im s _ 1 (ABLCBS myosin) and 3.0 (.im 
s _ 1 (wt myosin) at 30 °C.43 At the temperature of the experi-
ments, 22 °C, these values were reduced by 4 2 % for an esti-
mated Arrhenius activation energy of 50 k j m o P 1 . 5 7 Considering 
a typical length of myosin filaments of 0.5 (.im,41 the corre-
sponding strain rate in the actin network between the extremes 
of a myosin filament (with sliding heads in both extremes) is 1.4 
(ABLCBS), 3.7 (ARLCBS) and 7.0 s _ 1 (wt) at 22 °C. Any two 
points of the actin network linked by both extremes of a bipolar 
myosin filament would approach this rate if the myosin heads 
as a whole could reach the mentioned sliding velocities. 
Consequently, this is an estimation of the order of magnitude of 
the upper limit of the maximum contraction strain rate in a 
cytoskeleton. The actual strain rate is expected to be lower than 
this upper limit, but the difference is striking. The contraction 
strain rates measured in this study were in the range of 0.001 
(ABLCBS) to 0.04 s _ 1 (wt), thus two to three orders of magnitude 
smaller than the estimation. 

There are two possible and complementary factors 
obstructing the sliding of myosin heads along actin filaments: 



(i) the effect of the resistive forces exerted by the internal 
materials during the contraction of the network and (ii) the 
slowing down due to the continuous remodeling of the acto-
myosin network, the myosin movement being mostly used in 
rearrangements of the cytoskeleton and possible local contrac-
tions.58 The term remodeling is used in a general sense, 
including bending and buckling of the actin filaments (due to 
their low flexural rigidity59-61), the possible redistribution of the 
cross-links and depolymerization of filaments along which the 
myosin heads slide. In our experiments, the actin filaments 
were stabilized by 0 .5% polyethylene glycol in the medium6 2 and 
the time required for the contraction of the wt cytoskeletons on 
a low adhesiveness substrate was of the order of 15 s, i.e. it is 
smaller than the typical turnover period for actin filaments,63'64 

although shorter turnover periods, of the order of seconds, can 
occur at specific sites within the cell.65 Therefore, even in 
physiological conditions, although depolymerization could 
contribute, it is likely that for such a contraction period the 
remodeling - at least for a large part of the cytoskeleton -
includes essentially redistribution of cross-links and large 
deformations of actin filaments. 

As explained previously, the contraction rate in the cyto-
skeletons grows with the length of the lever arm of the myosin 

heads. The adhesiveness of the substrate, due to an interaction 
between the adsorbed poly-L-lysine molecules and cytoskeletal 
components, is expected to produce an external resistive load 
impeding the contraction of the cytoskeletons. In the case of wt 
myosin and ARLCBS myosin in which the length of the lever 
arm is 8.8 n m and 5.8 nm, respectively, the mean contraction 
rates were clearly affected by the adhesiveness of the substrate, 
while the contraction strain rates for ABLCBS myosin (with the 
1.8 n m lever arm) were similar on the two substrates. The ratio 
between the contraction rates on the two substrates as a func-
tion of the length of the lever arm is presented in Fig. 5a, 
showing that the effect of the adhesive force is higher for longer 
lever arms. The influence of lever arm length is in agreement 
with previous studies on the binding of smooth muscle myosin 
II to actin filaments by Veigel et al.,66 which showed that the 
time during which myosin heads are attached to actin in each 
mechanical cycle grows with the pulling force, i.e. the force in 
the opposite direction to the movement of myosin. The torque 
applied to the myosin motor domain is given by the pulling 
force multiplied by the length of the lever arm. Rotation of the 
lever arm would take place at a rate that decreases exponentially 
with the torque and such a kinetic effect is explained by the 
Arrhenius transition state theory.66 This idea is illustrated in 

A c t i n ( r hod phal l ) 

DNA (H 33258) 

contraction 

Fig. 5 (a) Ratio be tween the contract ion rate on the low adhesiveness substrates and t h a t on the high adhesiveness substrates, (b) Diagram i l lustrat ing t h e rela-

t ionsh ip be tween the t o rque (product of pu l l ing force F a n d lever arm distance) in a myosin head and the inverse of the a t t achmen t t ime t o act in f i laments, based on 

the w o r k of Veigel ef al66 The dura t ion of t h e a t tached state g rows exponent ia l ly w i t h the pul l ing to rque , (c) Sketch of the proposed change of the internal stress, equal 

t o t h e mean force per un i t area of t h e internal surface of the cortex, (d) Contracted cytoskeleton w i t h w t myosin observed using a confocal microscope; the f luorescence 

images show the d is t r ibut ion of GFP-myosin, act in f i laments (Rh-Ph staining) and DNA (Hoechst 33258 staining), (e) Representative confocal images show ing nuclear 

sizes before and af ter contract ion of the cytoskeleton. The nuclear size is also indicated in (d). 



Fig. 5b. Thus, for the same pulling force, the longer the lever 
arm is, the higher the torque is and, as a consequence, mutants 
with a shorter lever arm are less sensitive to changes in the 
pulling force (as illustrated by the exponential decay in Fig. 5b). 
The cytoskeletons with wt myosin are therefore the most 
susceptible to the applied forces. 

The abrupt end of the contraction provides insights into the 
effects of the process 

All the cytoskeletons contract to a quite similar minimum size 
(Fig. 2a), regardless of the myosin type, although one would 
expect that the stronger myosin (ABLCBS) could produce a 
higher contraction of the internal materials. Moreover, as 
shown for the three examples in Fig. lb , even the cytoskeletons 
with the weakest myosin (wt) maintain a high contraction rate 
until the abrupt end of the contraction process. These facts 
indicate that there must be a sudden increase in the resistive 
forces exerted by the internal materials when the cytoskeletons 
reach a certain size. These forces are strong enough to stop the 
contraction process for the three myosins. This change in the 
mechanical behavior of the material is reasonably identified as 
the transition from the contracting stage while the cytoplasmic 
fluid is expelled through the actomyosin cortex to the final 
contracted state when the forces are resisted by the internal 
materials (nucleus, debris of other organelles and the cyto-
skeleton). We confirmed that both the nucleus and the actin 
filaments are present in the contracted cytoskeletons by fluo-
rescence microscopy, as in the example shown in Fig. 5d. 
Besides, the final sizes of the compacted nuclei were much 
smaller than the initial sizes in the confocal images, as illus-
trated in Fig. 5e. 

The proposed scheme for the contraction process is sketched 
in Fig. 5c. The figure represents schematically the changes in 
the stress, i.e. the mean force per unit area of the internal 
surface of the cortex. During the progression of contraction, the 
main effect is to compact the contents and the actomyosin 
network, expelling the internal fluid. In the final contracted 
state, most of the free fluid has been expelled. 

The cross-linking proteins are key components during the 
contraction process 

The results indicate that the lack of a-actinin yields (i) a higher 
contraction rate, which could be due to a higher speed of 
remodeling of the actin network, assuming that remodeling is 
one key process during the contraction of the cytoskeleton; and 
(ii) also a lower capacity to retain the internal materials inside 
the cytoskeleton. The reduced growth rate under osmotic stress, 
previously described for these mutant cells,49'50 could be related 
to the impairment of nutrient uptake, which is dependent on 
the actomyosin cytoskeleton. 

The behavior is very different for filamin-null cytoskeletons. 
Since ATP allows the myosin filaments to slide along actin 
filaments, an obvious explanation for the disruption of filamin-
null cytoskeletons is that the internal forces produced by the 
sliding of myosin molecules are high enough to separate the 
actin filaments if they are not cross-linked by filamin, leading to 

the destruction of the cytoskeleton in the absence of the plasma 
membrane. Additionally, myosin filaments may act as cross-
linkers themselves and this activity would be weakened when 
ATP dissociates the actin-myosin crossbridges. 

In physiological conditions, the cytoskeleton of filamin-null 
cells is confined by the membrane, and thus it may be stable 
and contractile even if the actin filaments may detach from one 
another at some points by the action of myosin filaments. 
Indeed, the proteins anchoring actin filaments to the 
membrane would contribute to provide additional indirect 
cross-linking points. However, the striking behaviour of the 
filamin-null Triton cytoskeletons should be reflected in the 
phenotype of filamin-null cells in some way. As mentioned 
above, they are viable and the most noticeable difference from 
wt cells is the defective phototaxis of slugs at the multicellular 
stage of Dictyostelium development. In this sense, it has been 
suggested that filamin is involved in signaling, which controls 
the migration process, although the role of this molecule is 
most likely complex.50 Our results suggest that the defective 
performance of filamin-null cells could have originated from 
the imperfect contraction of the actomyosin cytoskeleton, 
presumably resulting in a lower cortical tension. 

The critical effect of filamin is in agreement with previous 
studies of reconstituted actin networks,47 which showed that the 
filamin cross-linked networks are considerably more resistant to 
deformation than the a-actinin cross-linked ones in the same 
conditions. This difference has been attributed to the preferen-
tial binding of a-actinin to parallel actin filaments,47 yielding a 
low proportion of cross-links between non-parallel filaments. 
Unlike smooth muscle a-actinin, however, Dictyostelium a-acti-
nin cross-links filaments to form networks, rather than bundles, 
in vitro.48 This activity is similar to that of filamin and, therefore, 
we are not certain whether the apparent differences in the 
behaviours of a-actinin-null and filamin-null cytoskeletons 
represent qualitative differences in their activities or simply a 
quantitative difference such that filamin is the major cross-
linker in Dictyostelium and loss of a-actinin produces less severe 
defects, i.e. faster contraction without disintegration. 

Experimental 
Strains 

We used the mutant Dictyostelium discoideum cell line HS1 
(ref. 67) that lacks the endogenous myosin heavy chain gene. 
The cells were maintained on plastic Petri dishes in HL5 
medium68 containing additional 60 (xg each of penicillin and 
streptomycin per ml (thus named HL5PS) at 22 °C. The cells 
were transfected with pTIKL (extrachromosomal vector with a 
G418-resistance gene) carrying either one of the mutant or wt 
myosin heavy chain genes that were fused N-terminally with the 
S65T mutant GFP gene. Transfected cells were selected and 
maintained in HL5PS medium in the presence of 12 (xg m l - 1 

G418 (Invitrogen, Tokyo, Japan). The three different types of 
myosin heavy chain are (a) wt, (b) mutant myosin with an 
internal deletion that removes the regulatory light chain 
binding site, ARLCBS,42 and (c) a mutant lacking both light 
chain binding sites, ABLCBS.43 



To study the influence of actin binding proteins, we used 
mutant D. discoideum strains lacking a-actinin or filamin 
generated and described in previous studies.49'69 These strains 
were obtained from the Dicty Stock Center, and their IDs were 
DBS0235459 and DBS0236077, respectively. AX2 is an axenically 
growing parent strain of these two mutants, and was tested as 
the wt reference. The cells were maintained in HL5PS medium. 
To allow observation of the myosin molecules by fluorescence 
microscopy, the cells were transfected with pDdBsr (extrachro-
mosomal vector with a blasticidin-resistance gene21) carrying 
the GFP-fused wt myosin heavy chain gene described above. 
Transfected cells were selected and maintained in HL5PS 
medium with 6 (xg m l - 1 blasticidin S (Funakoshi, Tokyo, Japan). 

Experiments of contraction of Triton cytoskeletons 

The contraction experiments were carried out on plastic glass-
bottomed Petri dishes with a diameter of 35 m m (Iwaki Glass, 
Tokyo, Japan). Before use, the dishes were incubated for 1 h 
with 0 .0001% or 0 .0010% (w/v) poly-L-lysine (Mw = 150-300 kDa, 
Sigma, St. Louis, MO, USA) solutions. These dishes are called 
weak and high adhesiveness substrates, respectively. The plates 
were thoroughly rinsed with water and cells in HL5 medium 
were allowed to settle on them. After 30 min, the medium was 
replaced by a low-fluorescent medium (H. MacWilliams, http:// 
dictybase.org) and the cells were maintained there for at least 30 
min. This second medium was replaced by 1 ml of lysis buffer 
with composition based on a previous study by Yumura:12 15 
mM KC1, 2 mM MgCl2, 5 mM EGTA, 1 mM DTT, 0.2 mM PMSF, 
0 .5% polyethylene glycol (Mr = 4000; Wako Pure Chemicals, 
Osaka, Japan), 0 .1% NaN3, 10 mM benzamidine, and 10 mM 
HEPES (pH 7.5). The plate was immediately placed on a phase 
contrast/fluorescent microscope (IX-71, Olympus, Tokyo, Japan) 
equipped with a 100 x UPlanApo objective (NA = 1.35), and 1 ml 
of lysis buffer containing 0 .4% Triton X-100 was added. After 
approximately 6 min, 1 ml of lysis buffer with 2 mM ATP was 
added. The nominal temperature was 22 °C. 

Time lapse GFP fluorescence images of contracting Triton-
ghosts were acquired by using the IP LAB software package 
(Scanalytics, Billerica, MA, USA). Phase contrast images were 
obtained before the addition of each component and at the end 
of the experiment. In some experiments, after the contraction 
was complete, the nucleus and the actin filaments were 
respectively visualized by incubation with 0.6 (xg m P 1 Hoechst 
33258 and 20 nM rhodamine phalloidin for 10 min. 

Digital analysis 

The micrographs were analyzed with Image J software (http:// 
rsb.info.nih.gov/ij). For each studied cell, the total cross-
section area, A, and the mean intensity were measured in each 
fluorescence micrograph (Fig. la) . The nominal size of the cell, 
L, was calculated as the diameter of an equivalent circular 
section, L — (4A/7r)1/2. True strain was obtained as e — In(L/L0), L0 

being the initial nominal size. The mean fluorescence intensity 
was corrected by subtracting the mean intensity of the 
background. 

In total, 180 cytoskeletons were studied by digital analysis, 
measuring their initial and final characteristics; 100 were 
completely analyzed, obtaining the relationship between true 
strain e and time t. The maximum contraction strain rate was 
calculated as the maximum value of —de/dt, computing de/dt by 
linear fitting of the curve e vs. t for a period of at least 10 s. For 
this magnitude, the number of measurements was 2 8 , 1 4 and 14 
at low adhesiveness and 1 1 , 1 0 and 23 at high adhesiveness for 
wt, ARLCBS and ABLCBS myosins, respectively. 

Conclusion 

The procedure described in this work, based on the use of 
adhesive substrates and fluorescence imaging, allows the 
contraction of actomyosin cytoskeletons to be studied. During 
contraction, the internal materials are compacted by expelling 
the cytoplasmic fluid. The actin network undergoes large defor-
mations, presumably involving remodeling by redistribution of 
the cross-linking molecules. The importance of the cross-links is 
substantiated by the results of mutants lacking a-actinin, since 
the contraction rate is higher in the absence of the cross-linker. 
The cytoskeletons remained contracted after a reduction in GFP-
content by diffusion, indicating that they had suffered plastic 
deformation. The rate depends on the sliding velocity of the 
myosin heads, but it is two orders of magnitude slower than that 
predicted by the sliding velocity of purified actin-myosin 
movements in vitro, presumably due to the resistive force exerted 
by viscoelastic properties of the cortex, internal materials and the 
substrate. Robinson and Zhang24 calculated that the contraction 
speed of intact contractile rings is also two orders of magnitude 
slower than that predicted from the in vitro velocity of actin-
myosin movements; moreover, the contraction rate of cytoskel-
etons on less adhesive substrates is between the contraction 
rates of wt and the faster mutant contractile rings. This 
comparison suggests that osmotic pressure, which is impeding 
the contraction of intact contractile rings but not isolated cyto-
skeletons, plays a relatively minor role in determining the 
contraction rates of contractile rings, showing the usefulness of 
the experimental system reported here to elucidate how 
contraction rates of intact cells are determined. 

The two cross-linking proteins studied affect dramatically the 
behavior of contractile cytoskeletons. The presence of a-actinin 
reduces the contraction rate while filamin is required to maintain 
the integrity of the cytoskeleton during contraction. These results 
allow us to envisage this technique as a promising method to 
study the role of the whole ensemble of cytoskeleton components. 
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