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To get insight into the action of Rho GTPases on the microtubule system we
investigated the effects of Cdc42, Racl, and RhoA on the dynamics of microtu-
bules in Swiss 3T3 fibroblasts. In control cells microtubule ends were dynamic:
plus ends frequently switched between growth, shortening and pauses; the growth
phase predominated over shortening. Free minus ends of microtubules depolymer-
ized rapidly and never grew. Free microtubules were short-lived, and the microtu-
bule network was organized into a radial array. In serum-starved cells microtubule
ends became more stable: although plus ends still transited between growth and
shortening, polymerization and depolymerization excursions became shorter and
balanced each other. Microtubule minus ends were also stabilized. Consequently
lifespan of free microtubules increased and microtubule array changed its radial
pattern into a random one. Activation of Cdc42 and Racl in serum-starved cells
promoted dynamic behavior of microtubule plus and minus ends, while inhibition
of these GTPases in serum-grown cells suppressed microtubule dynamics and
mimicked all effects of serum starvation. Activation of RhoA in serum-grown
cells had effects similar to Cdc42 /Racl inactivation: it suppressed the dynamics
of plus and minus ends, reduced the length of growth and shrinking episodes, and
disrupted the radial organization of microtubules. However, in contrast to Cdc42
and Racl inactivation, active RhoA had no effect on the balance between microtu-
bule growth and shortening. We conclude that Cdc42 and Racl have similar stim-
ulating effects on microtubule dynamics while RhoA acts in an opposite way. Cell
Motil. Cytoskeleton 63:29-40, 2006.  © 2005 Wiley-Liss, Inc.
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INTRODUCTION

Microtubules (MTs) are essential for polarization
and motility of many animal cells. In fibroblast-like cells
continuous flow of different cargoes along MTs supports
extension of the leading edge [Bergmann et al., 1983;
Wacker et al., 1997; Hirschberg et al., 1998; Lippincott-
Schwartz et al., 2000; Schmoranzer et al., 2003]. Mean-
while MTs themselves are dynamic—their plus ends
undergo alternating phases of growth, shortening and
pauses, a phenomenon called dynamic instability (see
review Desai and Mitchison, 1997]. Dynamic instability
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is critical for cell motility—stabilization of MTs by dif-
ferent drugs inhibits cell migration [Liao et al., 1995;
Mikhailov and Gundersen, 1998; Grigoriev et al., 1999].
One of the underlying mechanisms is that dynamic inter-
actions of MTs with focal adhesions are important for
the regulation of cell attachment and protrusion [Kaver-
ina et al., 1998, 1999, 2000]. But relatively little is
known about the mechanism(s) by which MT dynamics
can be regulated. Keeping in mind that MTs interact in
many ways with the actin cytoskeleton it is worthwhile
to assume that regulation of MT dynamics occurs along
with the remodeling of the actin cytoskeleton.

Key regulators of actin cytoskeleton are small Rho
GTPases. They regulate actin remodeling in response to
external signals, such as growth factors, cytokines, or
neurotransmitters [Ridley et al., 1992; Ridley and Hall,
1992; Kozma et al., 1995; Nobes and Hall, 1995; 1999]
and also are supposed to be involved in the cross-talk
between actin and MTs. MT growth activates Racl pro-
tein, which in turn induces actin polymerization and
lamellipodia formation [Waterman-Storer et al., 1999].
MT depolymerization activates RhoA protein, which
induces cell contraction [Liu et al., 1998]. RhoA protein,
in turn, stabilizes MTs through its effector mDia [Cook
et al., 1998; Palazzo et al., 2001; Wen et al., 2004].
Cdc42 and Racl are supposed to destabilize MT ends by
switching MT stabilizer X-PAKS from MT to actin [Cau
et al., 2001], allowing MTs to switch between growth
and shortening. Besides this, Cdc42 and Racl activate
p65PAK kinase that inhibits catastrophe promoting fac-
tor stathmin [Daub et al., 2001] and therefore stimulate
MT growth. Racl also regulates MT stabilizer CLASP in
cell lamella [Wittmann and Waterman-Storer, 2005].
Thus Cdc42 and Racl may facilitate MTs growth into
lamella and their subsequent capture.

Multiple studies deal with the regulation of MT
dynamics near the cell cortex [Kaverina et al., 1998,
1999, 2000; Fukata et al., 2002; Komarova et al., 2002a,
2002b; Mimori-Kiyosue et al., 2005; Wittmann and
Waterman-Storer, 2005]. The studies of MT stabilization
by RhoA [Cook et al., 1998; Palazzo et al., 2001; Wen
et al., 2004], based on monitoring of the formation of
detyrosinated MTs, demonstrated that such stable MTs
contact the cell margin. The majority of these observa-
tions did not address an important issue—how are the
dynamic properties of free MT ends regulated (particu-
larly by Rho-proteins)? How do MT ends arrive at the cell
edge, where they start to be controlled by the regulators
listed earlier? Another question deals with the behavior of
the minus ends. In fibroblast-like cells free minus ends are
considered to be continuously disassembling, while in
epithelial cells they are rather stable [Vorobjev et al.,
1997]. It is still unknown whether behavior of the minus
ends (switching between pause and shortening) could be

regulated. Stabilization of the minus ends in CHO cells
by making cell-cell contacts was demonstrated [Chausov-
sky et al., 2000]; however, the dynamics of the minus
ends under these conditions was not examined.

For answering the questions about the regulation of
the dynamics of free MT ends by Rho proteins, we di-
rectly observed the behavior of MT ends in living cells
upon activation or inhibition of three Rho-family mem-
bers—Cdc42, Racl, and RhoA. Plus and minus ends of
MTs were followed in internal lamella regions and
parameters of dynamic instability were calculated. Plus
ends were also analyzed in the framework of the random
walk approach, which was already successfully applied
to quantify the behavior of the MT population [Vorobjev
et al., 1997; Vorobjev et al., 1999; Komarova et al.,
2002a]. This approach (which is explained in brief below
or can be found in more detail in Vorobjev et al.[1999])
uses two parameters, the diffusion coefficient and the
drift coefficient to characterize the behavior of the MT
end population. The diffusion coefficient is as a measure
of the space covered by the excursions of growing or
shrinking MT ends; in principle it can be considered as a
measure of the searching reaction. The drift coefficient is
a mean displacement of MT ends with time; it represents
the imbalance of growth and shortening excursions over
time. Using these two approaches, dynamic instability
model and random walk, Cdc42 and Racl were found to
promote dynamic instability of the plus and minus ends,
while RhoA partially stabilized both plus and minus ends
of MTs. Stabilization achieved by inhibition of Cdc4?2 or
Racl, and by activation of RhoA was similar to the
effects of cultivation of cells without serum or applica-
tion of nocodazole at nanomolar concentrations.

MATERIALS AND METHODS
Cell Culture

Swiss-3T3 fibroblasts (ATCC, Rockville, MD)
were grown in Dulbecco’s modified minimum essential
medium (DMEM, CellGro) supplemented with 10% fetal
calf serum (FCS), glucose (4.5 g/l), L-glutamine, sodium
pyruvate, and penicillin/streptomycin at 37°C under 5%
CO,. Cells were plated 2 days before experiments into
observation chambers made by attaching a coverslip
with Sylgard silicone elastomer (Dow Corning, Midland,
MI) over a hole drilled in a 35-mm culture dish. After 2
days, a part of the monolayer was scratched with a razor
blade, and 2 h later, cells at the edge of the experimental
wound were microinjected.

MT Visualization

Cells were microinjected by Cy3-labelled porcine
brain tubulin for visualization of MTs. Cy3-labelled



tubulin was prepared as described elsewhere [Keating
et al., 1997] and stored in 10-pl aliquots in liquid nitro-
gen. Prior to microinjection, a 10-pl aliquot of Cy3-tubu-
lin was diluted with 5 pl of PM buffer (0.1 M Pipes,
1 mM MgClI2, pH 6.9), centrifuged at 200,000g for
10 min at 4°C to remove particulate material and mini-
mize micropipette clogging, and stored on ice until the
time of injection. Cells injected with Cy3-tubulin were
treated with the oxygen-depleting enzyme oxyrase (Oxy-
rase, Inc., Ashland, OH) to reduce photodamage and
photobleaching [Mikhailov and Gundersen, 1995]. Oxy-
rase was added to the observation chamber at a final dilu-
tion of 2-3% (v/v) of the original stock, along with lactic
acid at a final concentration of 20 mM. The oxyrase-
treated dishes were then covered with a layer of mineral
oil (Squibb and Sons, Princeton, NJ).

Immunofluorescence Staining

Cells were fixed in a culture dish with glutaralde-
hyde (at a final concentration of 1.5%), permeabilized in
0.1% Triton X-100, rinsed in PBS (phosphate-buffered
saline, pH 7.3), treated with sodium borohydrid (2% in
PBS), and stained with monoclonal anti-B-tubulin anti-
bodies (ICN), and then with Alexa-488-conjugated anti-
mouse antibodies (Molecular Probes). For actin staining
Texas Red labeled phalloidin (Molecular Probes) was
used.

Imaging

Injected cells were observed on a Nikon Diaphot
300 inverted microscope equipped with a Plan X100,
1.25 NA objective using a thodamine filter set. Images
of 16-bit depth were collected with a CH350 cooled
CCD camera (Photometrics Ltd., Tucson, AZ) driven by
Metamorph imaging software (Universal Imaging Corp.,
Westchester, PA). The image was projected onto the
CCD chip at a magnification of 0.09 pm/pixel (11.1 pix-
els/um). Exposure time was 0.5 s, and images were col-
lected at 3-s intervals. Cells were kept at 37°C during
observation. A typical series comprised 100 frames, cov-
ering a period of 5 min.

Sixteen-bit images were deconvolved in Meta-
morph software by self-written algorithm. A copy of 16-
bit image (or a stack) was blurred by low pass filter.
Then blurred image was subtracted from the original
one. The resultant 2D-deconvolved image had uniform
background where individual MTs were equally visible
in all parts of the cell.

Rho-Activator and Inhibitor Treatments
and Reagents

Selective activation or inhibition of Rho proteins
was performed as described by Nobes and Hall [1999].
Briefly, for activation of Cdc42, Racl, and RhoA pro-
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teins we microinjected cells with constitutively active
recombinant proteins L61Cdc42-GST, L61Racl-GST,
and L63RhoA-GST, respectively (Cytoskeleton, USA) at
a final needle concentration of 0.5 pg/ml. For inactiva-
tion of Cdc42, Racl, and RhoA proteins we micro-
injected dominant negative recombinant proteins N17
Cdc42-GST, N17Rac1-GST, and C3 transferase, respec-
tively (Cytoskeleton, USA) at a final needle concentra-
tion of 0.5 pg/ml.

The constitutively active form of human Cdc42
protein has a glutamine to leucine substitution at amino
acid 61. The leucine substitution prevents GAP-stimu-
lated GTPase activity of Cdc42, and hence the protein is
always in the active, GTP-bound state. The constitu-
tively active Racl and RhoA recombinant proteins had
single amino acid substitution with the same effect on
protein function.

The dominant negative form of human Cdc42 pro-
tein has a threonine to asparagine substitution at amino
acid 17. The asparagine substitution stabilizes the GDP
bound form of the protein, and hence the protein is
always in the inactive state. In case of Racl recombinant
protein there is also an amino acid substitution with the
same effect on protein function. For RhoA inactivation
we used C3 transferase, which is ADP-ribosyl transfer-
ase, selectively ribosylating RhoA at asparagine 41 resi-
due. This ribosylation does not affect GTPase activity of
RhoA protein, but blocks RhoA interaction with down-
stream effectors [Sekine et al., 1989].

For MT stabilization we used nocodazole (Sigma)
at a final concentration of 100 nM.

Quantitative Data Analysis

Analysis of MT dynamics in terms of dynamic
instability was done as described by Shelden and Wads-
worth [1993]. Briefly, to quantify the behavior of individ-
ual MTs, the positions of the MT ends were followed
using a mouse-driven cursor under Metamorph software
(Universal Imaging Corp., Downington, PA). Both X and
Y coordinates of the position of a given MT end in each
frame were measured and logged into Excel software
using dynamic data exchange protocol, and then copied
and further analyzed in SigmaPlot 2001 for Windows
(SPSS Inc., Chicago, IL). The phases of growth, shorten-
ing, and pause were selected; only changes > 0.5 pum
were considered growth or shortening events. The rates of
growth and shortening events were determined. The fre-
quencies of transition from one phase to another were cal-
culated by dividing the total number of given transitions
by the total time spent in this phase. The frequencies of
six transitions were determined (transition from growth to
pause, from growth to shortening, from shortening to
growth, from shortening to pauses, from pauses to growth,
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from pauses to shortening). All values given in the text
are mean * SD unless stated differently.

Analysis of MT dynamics in terms of the random
walk model was done as described by Vorobjev et al.
[1999]. In brief, under the random walk approach the
behavior of a MT end is considered an analogue of that
for a diffusing particle. The drift value is determined as a
mean displacement of MT ends with time. The diffusion
coefficient is determined as mean rate of growth of the
variance of displacement of MT ends with time. The
mean square displacement of a MT end from its initial
position was determined in 30-s time interval and linear
regression plot of mean square displacement versus time
was created x* = st. For a 1D random walk, the diffusion
coefficient D = s/2 [Berg, 1993]. All values given for
drift and diffusion are mean = SEM.

RESULTS

Inhibition of Either Cdc42 or Rac1 and Activation
of RhoA Induce Changes in the Spatial
Organization of MTs

In agreement with previous studies microinjection
of dominant negative Cdc4?2 protein induced filopodia dis-
assembly, microinjection of dominant negative Racl pro-
tein caused lamellipodia disappearance and microinjection
of C3 transferase (RhoA inhibitor) lead to disassembly of
stress fibers (data not shown). MTs were still present after
these changes in actin cytoskeleton took place. Although
there was no gross effect on the spatial density of the
MTs, some changes in their organization were evident
under high magnification (Fig. 1). In control cells MTs
were organized in a typical fibroblast-type radial array,
running from the centrosome straight toward the cell mar-
gin (Fig. 1A). After microinjection of either dominant
negative Cdc42 or Racl, MTs acquired a random distribu-
tion throughout the lamella (Figs. 1B and 1C) i.e. more
MTs were directed perpendicular to the cell radius or the
long axis of the lamella. Inactivation of RhoA induced no
visible effects on the MT pattern (Fig. 1D).

Activation of Rho GTPases was carried out in
serum-starved cells. In line with previous studies, cells
incubated for 2 days without serum lost filopodia and
lamellipodia completely and the number of stress fibers
was significantly diminished (data not shown). In serum-
depleted cells MT pattern was similar to that observed in
cells with inactivated Cdc4?2 or Racl (Fig. 1F). Microin-
jection of constitutively active Cdc42 into serum-starved
cells restored filopodia activity (data not shown) and
radial MT organization (Fig. 1G). Microinjection of con-
stitutively active Racl into serum-starved cells restored
lamellipodial activity (data not shown) as well as the
radial organization of MTs (Fig. 1H). Microinjection of
constitutively active RhoA lead to an increased forma-

tion of stress fibers (data not shown), and similar to inac-
tivation of Cdc42/Racl in serum-grown cells, caused a
somewhat increased randomization of the MT system
(Fig. 1I). However, in this case many MTs became
curled, while upon inactivation of Cdc42 or Racl they
remained straight. Activation of RhoA in the presence of
serum showed a more prominent effect on MT bending
(Fig. 1J). MT curvature was induced by the increased
centripetal flux that was visible in observations of live
cells when many MTs running parallel to the cell margin
were dragged toward the cell center (data not shown).

The loss of radial orientation of MTs in the lamel-
lae could also be induced by nocodazole applied at nano-
molar concentration (Fig. 1E). Thus we hypothesized
that the inhibition of Cdc42 and Rac1 as well as the acti-
vation of RhoA stabilized MTs by slowing down their
exchange with soluble tubulin. To test this hypothesis
we measured parameters of dynamic instability of MT
plus and minus ends.

Inhibition of Cdc42 or Rac1 Alters the Parameters
of Dynamic Instability of the MT Plus Ends

Swiss 3T3 fibroblasts polarized at the edge of an
experimental wound were observed within 30-90 min
after injection of a particular Rho protein and 5 min long
time-lapse movies were recorded. To analyze dynamic
instability parameters we selected MTs whose plus ends
did not come closer than 3 pm to the cell margin during
the observation period. Such limitation was introduced
to avoid boundary effect described earlier [Komarova
et al., 2002a]. In 2D-deconvolved images (Suppl. Video
Fig. 1) it was possible to follow individual MTs up to the
distance of 30 um from the cell margin. This distance
was equal to 1/2—1/3rd of the whole lamellae.

Plus ends elongated and shortened and occasion-
ally paused. The full description of three-state dynamic
instability requires calculation of two rates and six tran-
sition frequencies (growth to pause, growth to shorten-
ing, shortening to growth, shortening to pause, pause to
shortening, and pause to growth). The growth rate in
control cells was 6.8 = 3.8 pum/min and the shortening
rate was 17.9 = 12.4 um/min. Transition frequencies are
presented in Table I.

Stabilization of the plus ends after nocodazole
treatment resulted from the slight decrease of growth and
shortening rates (to 4.5 = 2.3 um/min and 15.2 * 8.1
pm/min, respectively) and a change in transition fre-
quencies. Growth to pause and shortening to pause fre-
quencies increased, while growth to shortening and
shortening to growth frequencies decreased (Table I).

After inhibition of either Cdc42 or Racl, growth
and shortening rates did not change (Table I). Inhibition
of either GTPase decreased the frequency of transition



Fig. 1. Effects of Rho-GTPases inactivation and acti-
vation on the MT network. Live images of MTs in
lamellae of Swiss 3T3 fibroblasts in a control cell(A),
30 min after microinjection of dominant negative Cdc42
protein into cells cultivated in full medium (B), 30 min
after microinjection of dominant negative Racl protein
into cells cultivated in full medium (C), 30 min after
microinjection of C3-transferase into cells cultivated in
full medium (D), 1 h after addition of 100 nM nocoda-
zole (E), in lamellae of cells serum starved for 2 days
(F), 30 min after microinjection of constitutively active
Cdc42 protein into serum-starved cells (G), 30 min after
microinjection of constitutively active Racl protein into
serum-starved cells (H), 30 min after microinjection of
constitutively active RhoA protein into serum-starved
cells (I), 30 min after microinjection of constitutively
active RhoA protein into cells cultivated in full medium
(J). Free MTs are indicated by arrows. In (A) square
box outlines the region of lamella where we analyzed
the MT dynamics. We defined lamellae in accordance to
Cramer et al. (1997) as flat anterior regions of polarized
cells in front of the nucleus. Bar, 10 pm.
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TABLE 1. Parameters of the Dynamic Instability of the Plus Ends in the Interior Region of the Lamella

Parameter Control Nocodazole (100 nM) Dominant negative Cdc42 Dominant negative Racl
Growth rate (Lm/min) 6.8 =38 45+23 6.5+ 38 57*x24
Shortening rate (um/min) 179 = 124 152 = 8.1 17.8 £ 134 16.8 = 11.8
Time spent in pause (%) 27 53 26 33

F growth to shortening (min~") 1.4 0.5 1.3 1.2

F growth to pause (min~") 1.2 2.2 1.1 1.3

F shortening to growth (min ") 5.7 3.7 5.5 4.6

F shortening to pause (min~") 0.6 39 0.7 1.5

F pause to shortening (min~") 0.9 1.3 1.6 1.1

F pause to growth (min~") 2.1 0.9 1.4 1.6
Total number of analyzed MTs/ 50/12 20/7 20/7 20/7

number of cells

Parameters of the dynamic instability of the plus ends are presented as mean = SD for rates. Transitions frequencies are presented as a single

value. F is frequency of transition between phases.

TABLE II. Drift and Diffusion of the Plus Ends in the Interior Region of the Lamella

Drift (um/min; Total number of MTs/ Diffusion (umz/min; No. of MTs/
Treatment Serum mean = SEM) number of cells mean = SEM) no. of cells
Control + 2.9 = 0.05 1264/14 19.6 = 1.2 109/17
—FBS — 0.4 = 0.04* 1709/20 7.7 = 0.8%* 95/11
dn Cdc42 + 0.8 = 0.04* 1085/12 6.3 £ 0.6%* 156/7
dn Racl + —0.1 = 0.06* 1236/17 2.6 = 0.3%* 123/7
ca Cdc42 - 2.5 +0.03 963/9 16.8 £ 0.8 113/7
ca Racl — 2.2 +0.04 1264/14 172 0.9 120/13
C3 transf. + 2.9 = 0.04 1302/17 173+ 1.6 93/11
ca RhoA — 0.2 £0.03* 1063/13 6.9 = 0.6%* 81/7
ca RhoA + 24 *=0.04 902/11 9.2 &= 0.7%* 107/13
Nocodazole (100 nM) + 0.2 £ 0.05* 1063/13 24 + 0.3%* 97/11

Drift and diffusion coefficients for the plus ends are presented as a mean * SD. Abbreviations: —FBS, serum starvation; dn Cdc42, dominant
negative Cdc42; dn Racl, dominant negative Racl; ca Cdc42, constitutively active Cdc42; ca Racl, constitutively active Racl; C3 transf., C3-

transferase; caRhoA, constitutively active RhoA.

*:lndicates values of drift significantly smaller than those in the control cell (P < 0.01).
“Indicates values of diffusion significantly smaller than those in the control cells (P < 0.01).

from pause to growth and increased the frequency of
transition from pause to shortening (Table I). Thus exit
from pauses, which was predominantly into growth in
control cells (what could be considered as a rescue)
turned to be redistributed randomly (into shortening and
into growth) after Cdc42/Racl inactivation. Inhibition of
Racl also altered the frequencies of exits from shorten-
ing (Table I). If in control cells shortening changed into
growth more frequently than into pauses (what could
also be considered as a prevalence of rescue), then after
Racl inactivation exits from shortening were distributed
more randomly (Table I).

The major changes in the parameters of dynamic
instability observed after inactivation of Cdc42 or
Racl or after incubation with nocodazole were in tran-
sition frequencies rather than in growth and shortening
rates. However, to evaluate quantitatively the differ-
ence between MTs plus end behavior in the control
cells and after inhibition of Cdc42 or Racl dynamic
instability approach appeared to be inadequate. Thus,
to quantify this effect we further used random walk
approach [Vorobjev et al, 1997, 1999], which describes

dynamic instability in the steady state conditions
[Maly, 2002].

Inactivation of Cdc42 and Rac1 Stabilizes
MT Plus Ends

In 3T3 fibroblasts polarized at the edge of an experi-
mental wound the diffusion coefficient of MT plus ends
was 19.6 = 1.2 umz/min and the drift coefficient was 2.9
* 0.05 pm/min. In serum depleted cells MT end diffusion
coefficient was reduced to 7.7 £ 0.8 umz/min, and drift
became negligible (0.4 % 0.04 um/min). Microinjection of
either dominant negative Cdc42 or Racl had the same
effect as serum depletion (Table II). The effect of dominant
negative Racl was more profound than serum depletion (in
agreement with the more profound effect of Rac1 on transi-
tion frequencies). In terms of diffusion with drift stabiliza-
tion of MTs upon inactivation of Racl was almost the same
as upon incubation of cells with nocodazole (Table II). In
all cases random oscillations of the plus ends (i.e. traveled
space) were decreased, and balance between growth and
shortening in the internal cytoplasm was achieved.



Activation of Cdc42 and Rac1 in Serum-Starved
Cells Restores the Dynamics of MT Plus Ends

When cells incubated without serum for 2 days were
microinjected with constitutively active Cdc42 or consti-
tutively active Racl the diffusion coefficients for the plus
ends of MTs increased and became close to that in control
cells (Table II). The positive drift was also restored and
its value became close to the control one. Within 30 min
upon microinjection of either constitutively active protein,
MTs in the lamellae became straight and ran perpendicu-
larly to the cell edge (data not shown). Remarkably the
difference between the effects of the two proteins was
minor and statistically insignificant. Thus activation of
either Cdc42 or Racl is sufficient to bring dynamics of
the plus ends to the control state.

RhoA Affects MT Dynamics Oppositely
to Cdc42 and Rac1

Inhibition of RhoA with C3-transferase in normal
cells had no effect on the dynamics of the plus ends
(Table II). Microinjection of the constitutively active
RhoA into serum-starved cells had no effect on diffusion
and drift coefficients of the plus ends (compared with
serum-starved cells) (Table II). Activation of RhoA in
the cells grown in the full culture medium lead to unique
effect—diffusion coefficient was reduced, yet drift coef-
ficient hardly changed (Table II). Thus RhoA protein
reduced random oscillations of the plus ends, but did not
change the growth/shortening balance of them, allowing
MTs to expand into new cytoplasmic protrusions.

The effects of the Rho proteins on the plus end
dynamics might be summarized as follows: inhibition of
Cdc42 or Racl as well as stimulation of RhoA reduces
the dynamicity of the MT plus ends. Besides, inhibition
of Cdc42 or Racl abrogates tendency for persistent
growth of the plus ends. The next question we addressed
was what happens to the MT minus ends under the same
treatments?

Regulation of the Minus End Dynamics
by Rho Proteins

In a normal cell polarized at the edge of an experi-
mental wound it was possible to observe 2—10 free MTs
within 5 min (Fig. 1A). Free MTs were usually oriented
along the cell axis, with their plus end distal and the
minus end proximal. In all cases the difference between
the opposite ends of a free MT was evident: minus end
was shortening or paused, while the plus end showed
alterations between growth and shortening similar to that
of a centrosomally attached MT. The minus ends became
visible mostly because their shortening brought them out
of the dense MT meshwork and free MTs depolymerized
completely within 1-2 min (Fig. 2A, Suppl. Video Fig. 2).
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Since we did not observe any de novo formation of free
MTs at the cell periphery, these MT fragments probably
appeared because of MT breakage or release in the cen-
tral cell regions.

In the control cells we followed 43 free minus
ends, which shortened with the instantaneous rate of
8.4 * 6.4 um/min. Periods of depolymerization were
interrupted by pauses (Fig. 2D). Pauses were not very
long and majority of them (92.5%) did not exceed 1 min
(Table IIT). However, some pauses reached 200-300 s
and the histogram of duration of pauses was asymmetric
(Fig. 2E). The mean rate of minus end shortening (calcu-
lated as the whole traveled distance divided to the whole
time of observation, including pauses) was 7.4 = 0.7
pm/min (=SEM).

After microinjection of either dominant-negative
Cdc42 or Racl the number of free MTs increased and
many of them did not show radial orientation (Figs. 1B
and 1C). Since de novo formation of free MTs had not
been observed, we assumed that inactivation of Cdc4?2 or
Racl induced stabilization of the minus ends, which in
turn resulted in longer lifespan of free MTs. Longer life-
span of free MTs is sufficient to increase their number.
Indeed minus ends of free MTs after inactivation of
either Cdc42 or Racl were found to continue to shorten
with pauses but duration of pauses increased (Table III).
Therefore the mean rate of shortening decreased, although
the instantaneous rate of shortening was almost un-
changed (Table III). Some free MTs became stable and
survived through the whole time-lapse series (Figs. 2B
and 2C, Suppl. Video Fig. 3). Typical life histories are
shown in Fig. 2D. Stability of minus ends correlated with
the increase of the average duration of pauses and the per-
centage of time spent in pauses (Figs. 2E and 2G). Aver-
age duration of pauses increased because pauses exceed-
ing 1-2 min became much more frequent (Fig. 2E). It
should be noted that in contrast to change in pause dura-
tion of the minus ends we observed no alterations in distri-
bution of pause durations of the plus ends after Cdc42/
Racl inactivation (Fig. 2F).

The behavior of the minus ends in serum-starved
cells was similar to that after inactivation of either
Cdc42 or Racl (Figs. 2D and 2G, Table III). Activation
of either Cdc4?2 or Racl restored minus ends behavior to
the control state (Figs. 2D and 2G, Table III).

Inactivation of RhoA in contrast to inactivation of
Cdc42 and Racl did not stabilize the minus ends (Figs.
2D and 2G, Table III). Moreover, there was a tendency
for a decrease in pause duration and an increase in the
mean shortening rate (Table III). Activation of RhoA in
serum-starved cells stabilized the minus ends (Figs. 2D
and 2G, Table III). Activation of RhoA in the cells
grown in complete medium not only increased the num-
ber of free MTs (Fig. 1J) but had an unique effect on the
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TABLE III. Dynamics of the MT Minus Ends
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Total number of MTs/

Drift (um/min;

Shortening

Instantaneous rate

Serum number of cells mean = SEM) (Um/min) Duration (s) Pauses (duration; s)

Control + 43/8 7.4 *=0.7 8464 37.4 =332 29.8 £ 58.0
—FBS — 50/13 3.8 = 0.9% 11.9 £ 6.5 19.3 = 16.8 43.4 =594

dn Cdc42 + 40/11 4.1 =0.8* 11.3x£6.5 25.1 = 16.8 87.7 = 92.9%*
dn Racl + 36/12 3.2 +0.8% 10.0 = 8.1 18.9 = 12.9 55.6 £ 41.9%%*
ca Cdc42 - 39/7 82 *+0.8 11.0 £ 5.7 21.7 £ 15.7 17.7 £ 16.5

ca Racl — 38/8 7.8 09 11.1 =53 19.0 = 124 22.5 £20.3

C3 transf + 19/9 109 =19 148 £9.0 15.1 = 15.1 18.2 = 16.2

ca RhoA — 19/7 3.1 =0.9* 10.0 £ 6.3 12.5 = 10.7 35.9 £ 32.1

ca RhoA 30/9 2.5 £ 0.7* 9.0 49 28.7 £ 335 113.0 = 100.7%%*
Nocodazole + 40/10 3.7 = 0.8% 6.1 £34 20.2 £ 16.7 50.9 £ 66.7

Abbreviations: —FBS, serum starvation; dn Cdc42, dominant negative Cdc42; dn Racl, dominant negative Racl; ca Cdc42, constitutively active
Cdc42; ca Racl, constitutively active Racl; C3 transf., C3-transferase; caRhoA, constitutively active RhoA.

*Indicates values of drift significantly smaller than those in control cells (P < 0.01).

**Indicates pauses significantly longer than those in control cells (P < 0.05).

behavior of such free MTs: their minus ends were stabi-
lized and the mean rate of their shortening became close
to the rate of the drift of the plus ends. This resulted in
the elevation of the percentage of free MTs and in effec-
tive treadmilling of some of them (Suppl. Video Fig. 4).

DISCUSSION

Effects of Serum and Active RhoA
on MT Stabilization

MT stabilization (an increase of MT lifespan),
which can be easily detected because stable MTs accu-
mulate posttranslational modifications (such as acety-
lated or detyrosinated tubulin), is the result of a lack of
net depolymerization from both ends (we exclude the
case of treadmilling because such ‘‘stable’” MT will
not accumulate posttranslational modification and will
always travel through the lamella up to the cell border
where they will depolymerize). Generation of stable
MTs requires either capturing of their plus ends, accom-
panied by their paused state (which usually occurs at the
cell cortex) or suppression of MT dynamics, resulting in
short balanced polymerization and depolymerization epi-
sodes. In our analysis we focused on MTs that make no
contact with the cell margin. Therefore, we did not con-
sider the cell boundary effect [Komarova et al., 2002a],
capturing of MT tips by the cell cortex [Mimori-Kiyosue
et al., 2005] or by focal adhesions [Kaverina et al., 1998,
1999, 2000]. The internal (central) half of the lamella,
where only processive growth is happening [Komarova
et al., 2002a], was not analyzed either. In the peripheral
half of the 3T3 fibroblast lamella, MT ends always dis-
played the alternation of growth, shortening and pauses
and only at the cell cortex MTs could be observed to
pause during the whole period of observation (5 min)

(data not shown). Free plus ends could (1) alternate
between long growth and shrinking phases (as observed
in control serum-grown cells) or (2) alternate between
short growth and shrinking phases (as observed after
serum depletion). The latter situation, which can be
described as suppression of MT dynamics, would be
expected to result in more stable MTs. Our data are in
agreement with previously published study, which dem-
onstrated that serum starvation inhibited dynamic insta-
bility, and after serum stimulation, MT dynamics was
restored to control levels [Danowski, 1998]. This analy-
sis is, however, at odds with another series of papers,
which showed that the addition of LPA (one of the major
active components of serum) to serum-depleted cells
suppresses plus end dynamics [Nagasaki and Gundersen,
1996; Cook et al., 1998]. Formally, this contradiction
could be explained by different cells used for that stud-
ies, NIH-3T3 [Cook et al., 1998] and Swiss 3T3
[Danowski, 1998; our study]. Also, in the previously
published papers MT dynamics was analyzed at the
periphery of the cell, but cortically captured and internal
MTs were analyzed as one pool. Our recent observations
[Mimori-Kiyosue et al., 2005] demonstrated that corti-
cally located MT ends can have different dynamic prop-
erties from the ones located in the cell interior, and there-
fore, need to be analyzed as a different population.

It was previously shown that serum addition in-
duced generation of stabilized, detyrosinated MT arrays
[Gundersen at al., 1994]. It was further demonstrated that
a certain component of serum, namely LPA, activates
RhoA, which is responsible for MT stabilization [Naga-
saki and Gundersen, 1996; Cook et al., 1998]. However,
on our hands activation of RhoA in serum-starved cells
as well as inactivation of RhoA in serum-grown cells
had no strong effects on the dynamics of MT plus ends
in internal cell regions in terms of diffusion with drift
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Fig. 3. The scheme of regulation of MT plus ends by Cdc42 and Racl. Here we summarize the data on
the known molecular interactions of Cdc42 and Racl downstream effectors with MTs and their possible
implications for MT dynamics. The RhoA pathway had been extensively discussed elsewhere [Wen et al.,
2004] and thus is not reviewed here.

comparing with serum-starved and serum-grown cells, Activation of RhoA in the presence of serum
respectively. This apparent contradiction can be best resulted in suppression of minus end shortening and in
explained by proposing that the main activity of RhoA reduced oscillations of the plus ends. Both effects
on MTs is through capturing and stabilization of their enhance MT stability and may explain the generation of
plus ends at the cell cortex and not on regulation of their long-lived MTs, which can accumulate posttranslational
dynamics in internal cell regions. modifications [Cook et al., 1998; Palazzo et al., 2001;



Wen et al., 2004]. Enhanced stability of MT also could
be the reason for accumulation of curled MT, ‘‘wave-
compressed’” under the tension increased by RhoA acti-
vation. In control cells curled MT that could be gener-
ated by constriction of the part of the cell lamella would
be quickly eliminated because of a higher rate of MT
turnover. It should be noted that although both RhoA
activation and Cdc42/Racl inactivation (or serum deple-
tion) suppressed MT dynamics, in the first case growth
still predominated over shortening, while in the second
case polymerization/depolymerisation excursions in the
internal cytoplasm were balanced. Predomination of
growth is likely to be important for migrating cells for
filling up the protruding lamella with new MTs (see
below).

Active Cdc42 and Rac1 Stimulate Plus End Rescue
and Promote Minus End Depolymerization

Our study contributes quantitative data to the
knowledge of action of Cdc42 and Racl on the MT
dynamics in the internal cytoplasm. We found that both
Cdc42 and Racl promote plus end rescue, stimulating
transitions into growth and thereby shifting the imbal-
ance of growth and shortening into growth. This obser-
vation is definitely in line with previous studies, such as
the investigation of the behavior of pioneering MTs at
the leading edge of PtK1 cells [Wittmann et al., 2003].
Several Cdc42 and Racl effectors could potentially
achieve this effect. Cdc42 effector CIP4 binds laterally
to MTs and can mediate the association of WASP with
MTs [Tian et al., 2000]. This could stabilize MTs
against shortening like MAP proteins do. Cdc42 and
Racl mediate specific phosphorylation of stathmin via
serine/threonine kinase p65PAK [Daub et al., 2001].
Stathmin is known as a MT destabilizing agent and its
phosphorylation induced by Cdc42 and Racl inhibits its
MT destabilizing activity. Cdc42/Rac effector X-PAKS
binds to MTs [Cau et al., 2001] and promotes the asso-
ciation of MTs into bundles similar to taxol. X-PAKS
also suppresses MT dynamics, slowing down both
growth and shortening rates and inducing long pauses
[Cau et al., 2001]. However, activation of Cdc42 or
Racl displaces X-PAKS from MTs to actin and pro-
motes MT dynamics. Another effector of Racl and
Cdc42, IQGAPI1, was found to interact with CLIP-170
[Fukata et al., 2002], forming a tripartite complex. This
complex localizes at cell cortex and was proposed to be
a regulator of MT dynamics because it was shown that
CLIP-170 is a MT rescue factor [Komarova et al.,
2002b]. At the cell cortex, another +TIP, CLASP,
which is regulated by Racl, may be involved in MT
capturing [Wittmann and Waterman-Storer, 2005]. The
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data discussed above are summarized in a scheme pre-
sented in Fig. 3.

Besides the plus ends we have also analyzed the
minus end dynamics when Cdc42 and Racl were either
activated or inactivated. This analysis is novel because
only a few studies addressed the minus end dynamics
and none of them investigated the effect of Rho-
GTPases. Analysis of minus end dynamics showed that
again Cdc42 and Racl acted similarly, promoting minus
end shortening. Taken together, our data show that
Cdc42 and Racl stimulate plus end rescue that could be
important for filling up freshly formed cell protrusions
(which are also induced by Cdc42 and Racl). In addi-
tion, they increase the MT turnover, promoting minus
end depolymerization, which could contribute to the
rapid MT network remodeling during cell locomotion.
Both Cdc42 and Racl act on MT dynamics in a similar
way, but the effects of Racl are somewhat stronger
(Table II).

CONCLUSIONS

In this study, we show that Cdc42 and Racl pro-
mote growth of free MT plus ends and stimulate MT
minus end turnover. RhoA protein acts oppositely by
suppressing the dynamics of both ends. We suggest that
the regulation of MT dynamics by Rho proteins might be
assumed as a basis of local MT regulation during cell
locomotion and polarization. The exact pathways of this
regulation remain to be investigated.
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