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he role of plus end–tracking proteins in regulating
microtubule (MT) dynamics was investigated by ex-
pressing a dominant negative mutant that removed

endogenous cytoplasmic linker proteins (CLIPs) from MT
plus ends. In control CHO cells, MTs exhibited asymmetric
behavior: MTs persistently grew toward the plasma mem-
brane and displayed frequent fluctuations of length near
the cell periphery. In the absence of CLIPs, the microtubule
rescue frequency was reduced by sevenfold. MT behavior
became symmetrical, consisting of persistent growth and
persistent shortening. Removal of CLIPs also caused loss of

 

p150

 

Glued

 

 but not CLIP-associating protein (CLASP2) or

T

 

EB1. This result raised the possibility that the change in

 

dynamics was a result of the loss of either CLIPs or p150

 

Glued

 

.
To distinguish between these possibilities, we performed
rescue experiments. Normal MT dynamics were restored
by expression of the CLIP-170 head domain, but p150

 

Glued

 

was not recruited back to MT plus ends. Expression of

 

p150

 

Glued

 

 head domain only partially restored MT dynamics.
We conclude that the CLIP head domain is sufficient to alter
MT dynamics either by itself serving as a rescue factor or
indirectly by recruiting a rescue factor. By promoting a high
rescue frequency, CLIPs provide a mechanism by which MT
plus ends may be concentrated near the cell margin.

 

Introduction 

 

The dynamic behavior of microtubules (MTs)* is essential
for the cytoskeletal remodeling underlying the fundamental
processes of cell morphogenesis, cell motility, and cell division.
Consequently, MT dynamics are likely to be highly regulated,
and numerous proteins including MT-associated proteins
(MAPs) and molecular motors have been proposed as possible
regulatory factors (Heald, 2000; Hunter and Wordeman,
2000; Tournebize et al., 2000; Spittle et al., 2000; Kinoshita
et al., 2001; Vorobjev et al., 2001). MTs have an intrinsic
structural polarity and are generally oriented in cells with their
minus ends at the centrosome and their plus ends pointing
toward the cell periphery. Their dynamics consist of alternating
phases of growth and shortening, a pattern of behavior known
as dynamic instability (Mitchison and Kirschner, 1984).
Recently, a group of proteins that specifically bind to the
MT plus end has been identified (Perez et al., 1999;

Vaughan et al., 1999; Hoogenraad et al., 2000; Mimori-
Kiyosue et al., 2000a,b; Akhmanova et al., 2001; Coquelle et
al., 2002). These proteins are particularly attractive candidates
as regulatory factors. 

Cytoplasmic linker protein (CLIP)-170 is the founding
member of the MT plus end family and was originally iden-
tified as a protein essential for binding of endocytic vesicles
to MTs (Rickard and Kreis, 1990; Pierre et al., 1992). Sub-
sequently, it was shown that CLIP-170 has the unusual
property of binding specifically to the ends of growing, not
stable or shortening MTs (Perez et al., 1999). Its strategic
location at the ends of growing MTs is consistent with a role
in regulation of MT dynamics in addition to possible roles
in organelle or cortical targeting. 

Recently, we reinvestigated MT dynamics in animal cells
containing a centrosomally based pattern of MTs (Komarova et
al., 2002). We found that MT behavior deep in the cell interior
differed from that at the cell periphery (Sammak et al.,
1987; Cassimeris et al., 1988; Shelden and Wadsworth,
1993; Waterman-Storer and Salmon, 1997; Yvon and
Wadsworth, 1997), where for technical reasons most previous
observations had been made. We found that nascent MTs
grew persistently from the centrosome to the cell margin.
Only near the cell margin did MTs alternate between the
phases of shortening and growth characteristic of dynamic
instability. In contrast to growth, shortening of MTs back
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from the cell margin was not persistent. A question posed by
these results was whether the persistent growth was the result
of a plus end factor or was the constitutive behavior of MTs. 

Genetic analysis in the fission yeast, 

 

Schizosaccharomyces
pombe

 

, identified Tip1, an ortholog of CLIP-170, which was
shown to be involved in guidance of MTs to the cell ends
(Brunner and Nurse, 2000). Tip1p was proposed to be a
suppressor of MT catastrophe that distinguished between
the general cell cortex and the cell ends. The persistent
growth of MTs we observed in mammalian cells suggested
that CLIP-170 might serve a role similar to that of tip1p in
fission yeast. 

To evaluate this possibility, it was necessary to remove en-
dogenous CLIPs from the plus ends of MTs in vivo and to
determine quantitatively the consequences on MT dynam-
ics. In its simplest form, MT dynamics are characterized by
four parameters, the velocities of growth and shortening and
the transition frequencies, catastrophe and rescue, between
the growth and shortening phases. We determined these pa-
rameters and found that persistent MT growth did not de-
pend on the presence of CLIPs, indicating that in mamma-
lian cells it did not function as an anticatastrophe factor. In
contrast, removal of CLIPs reduced the rescue frequency re-
sulting in long excursions of shortening. We conclude that
in addition to possible roles in organelle or membrane tar-
geting CLIPs function either directly or indirectly as rescue
factors in MT dynamics.

 

Results

 

CLIP-170 

 

�

 

head expression removes endogenous 
CLIPs from MT plus ends

 

We sought to devise a dominant negative mutant that could
be used to investigate the function of CLIPs in regulating
MT dynamics in vivo. CLIP-170 and CLIP-115 are two
paralogs of the CLIP family in mammals (Hoogenraad et al.,
2000). Both proteins contain two conserved MT-binding
CAP-Gly motifs (MTB) at the NH

 

2

 

 terminus (termed the
head) followed by a long stretch of heptad 

 

�

 

-helical repeats
responsible for homodimer formation, presumably by a
coiled-coil mechanism (Perez et al., 1999; Scheel et al.,
1999; Hoogenraad et al., 2000). The COOH terminus of
CLIP-170 has two metal-binding motifs which are absent in
CLIP-115. Based on this structure, we surmised that a con-
struct lacking the head (MT-binding domain) might serve as
a dominant negative mutant for both CLIP species. 

As shown previously, GFP fusions of CLIP-170 or CLIP-
170 head domain bind to MT plus ends in vivo (Diaman-
topoulos et al., 1999; Perez et al., 1999), whereas deletion of
the head domain abolished the capacity of the polypeptide
to bind to MTs (Pierre et al., 1994). Therefore, we made an
EGFP fusion of a CLIP-170 

 

�

 

head construct and an EGFP
fusion of the head alone that served as a control (Fig. 1 A).
The effects of the constructs were analyzed by transient ex-
pression in CHO-K1 and COS-7 cells. Confirming previous
results (Diamantopoulos et al., 1999; Perez et al., 1999),
full-length EGFP–CLIP-170 tracked MT plus ends (un-
published data). Although COS-7 cells contain only CLIP-
170, CHO-K1 cells contain both CLIP-170 and CLIP-115.
Therefore, to determine the distribution of endogenous

CLIPs we used an antibody (#2221; see Materials and meth-
ods) that recognized both species (Hoogenraad et al., 2000).
Overexpression of the EGFP–CLIP-170 

 

�

 

head mutant
caused a reduction in the level of endogenous CLIP staining
at MT plus ends and an elevation of CLIP staining distrib-
uted through the cytoplasm, whereas neighboring untrans-
fected cells showed normal plus end staining (Fig. 1 B). Sim-
ilar results were obtained in COS-7 cells (unpublished data).
The level of CLIPs remaining at MT plus ends was quanti-
fied by measuring the fluorescent signal in the CLIP channel
relative to the signal in the tubulin channel within a square
box 5 pixels (0.45 

 

�

 

m) on a side (see Materials and meth-
ods). Expression of the CLIP-170 

 

�

 

head mutant reduced
the CLIP signal to 7.2 

 

�

 

 1.4% (SEM) compared with con-
trol cells (

 

n

 

 

 

�

 

 76 MT plus ends for experimental cells; 86
plus ends for control cells). Therefore, we conclude that
overexpression of the CLIP-170 

 

�

 

head mutant removed al-
most all of both CLIP paralogs from MT plus ends. 

Immunoprecipitation (IP) analysis was performed to iden-
tify whether the CLIP-170 

 

�

 

head mutant removed endoge-
nous CLIPs by interacting with them. Fig. 1 C (left) shows
that EGFP fusions were expressed as single protein species of
appropriate molecular weight in cell extracts, which could be
immunoprecipitated with an antibody to GFP and that no
degradation products were evident. Fig. 1 C (right) shows a
similar experiment probed with antibody to the CLIP head
(no. 2221). The antibody gave the expected strong reaction
in cell extracts with expressed full-length EGFP–CLIP-170
and expressed CLIP-170 head and with endogenous CLIP-
170 and CLIP-115, whereas expressed CLIP-170 

 

�

 

head
gave a weak cross-reaction (Fig. 1 C, asterisk). In addition,
the antibody reacted with an unknown species of 90 kD.
The IP lanes revealed no interaction between endogenous
CLIPs and overexpressed full-length EGFP–CLIP-170 or
EGFP–CLIP-170 head but did reveal an interaction of
CLIP-115 with the EGFP–CLIP-170 

 

�

 

head mutant (

 

�

 

H).
Note that in Fig. 1 C, the top band in the 

 

�

 

H IP lane corre-
sponds to a cross-reaction with the EGFP–CLIP-170 

 

�

 

head
protein and not to endogenous CLIP-170. To evaluate
whether the EGFP tag interfered with an interaction be-
tween the 

 

�

 

head mutant and CLIP-170 (but not CLIP-
115), the IP experiments were repeated, substituting an HA
tag for EGFP. HA-tagged CLIP-170

 

�

 

 head protein was ex-
pressed and pulled down with antibody to the HA epitope,
and the blots were probed antibody to the CLIP head as be-
fore. The HA–CLIP-170 

 

�

 

head mutant migrated differ-
ently from its EGFP chimera, allowing it to be more clearly
distinguished from endogenous CLIP-170. Again, the IP
pulled down endogenous CLIP-115 but not CLIP-170 (un-
published data). The direct interaction of the CLIP-170

 

�

 

head mutant with CLIP-115 suggests a simple binding
and sequestering mechanism for loss of endogenous CLIP-
115 from MT plus ends. However, the lack of a direct inter-
action of the CLIP-170 

 

�

 

head mutant with endogenous
CLIP-170 suggests that a different mechanism is necessary
to explain removal of CLIP-170. Possibly, the difference in
response is related to the COOH-terminal metal-binding
motif present in CLIP-170 but absent in CLIP-115 (see
Discussion). Nevertheless, the significant point for this
study is that the CLIP-170 

 

�

 

head mutant removed both
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CLIP species from MT plus ends and served as a dominant
negative mutant.

 

Absence of CLIPs at MT plus ends abolishes MT rescue

 

MT dynamics in nontransfected CHO-K1 cells (Komarova
et al., 2002) or in control CHO-K1 cells expressing the
EGFP vector (Table I) were indistinguishable as assayed by
determining the four basic parameters of dynamic instabil-
ity: the rates of MT growth and shortening and the transi-
tion frequencies from shortening phase to growth phase (res-
cue) and growth phase to shortening phase (catastrophe). A
principal feature of the MT life cycle was the asymmetric
character of the growth and shortening phases. Growth in
the cell interior was persistent with arrival of plus ends at
the cell margin frequently occurring without a catastrophe

(

 

k

 

cat

 

 

 

�

 

 0.003 s

 

�

 

1

 

). In contrast, near the cell margin episodes
of shortening alternated with episodes of growth (

 

k

 

res

 

 

 

�

 

 0.17
s

 

�

 

1

 

), leading to a fluctuation type behavior (Fig. 2, A and B).
The length of shortening episodes was distributed exponen-
tially (mean 

 

�

 

 3.7 

 

�

 

 2.8 

 

�

 

m) (Fig. 2 C) reflective of a
stochastic process. The high rescue frequency resulted in
concentration of the plus ends at the cell periphery as dem-
onstrating by an ascending distribution of MT length from
the centrosome toward the cell edge (Fig. 2 D).

Absence of CLIPs at the growing plus ends, induced by
overexpression of the CLIP-170 

 

�

 

head mutant, caused a pro-
found change in the pattern of MT dynamics; namely, MT
behavior became symmetric. Growth and shortening veloci-
ties were not affected (Table I). The catastrophe frequency
was also not affected. MTs grew persistently from the cen-

Figure 1. CLIP-170 �head serves as a 
dominant negative mutant. (A) Schematic 
representation of EGFP fusion constructs 
of CLIP-170 and p150Glued. Black bars 
represent MT-binding domains, 
hatched bar represents coiled-coil 
region, COOH-terminal antenna-like 
structure represents metal-binding 
motifs. FL denotes full-length EGFP–
CLIP-170, �head EGFP–CLIP-170 
deletion of head domain (CLIP-170 �H), 
and H denotes EGFP–CLIP-170 head. 
(B) Distribution of endogenous CLIPs in 
CHO-K1 control cells and cell expressing 
EGFP–CLIP-170 �head mutant. 
Polyclonal antibody (no. 2221; as 
described in Materials and methods) 
recognizing the head domain of both 
CLIP-170 and CLIP-115 was used to 
visualize CLIP distribution. Immuno-
staining showed no CLIPs at MT plus 
ends in the EGFP-positive cell, whereas 
a strong signal was evident in control 
cells. (Merged image) Green is tubulin 
and red is CLIP. Bar, 10 �m. (C) Western 
blotting and IP analysis. CHO-K1 cells 
were mock transfected or transfected 
with EGFP fusion constructs of CLIP-170 
(FL), CLIP-170 �head (�H), or CLIP-170 
head (H), and analyzed directly or 
immunoprecipitated with anti-GFP 
antibody. (Left) Samples were probed 
with GFP antibody. Cell extract lanes 
(mock, FL, �H, and H) showed that 
mock transfection gave a clean 
background; single bands in the other 
lanes showed that expressed constructs 
produced soluble proteins of predicted 
size of �190, 150, and 65 kD for 
full-length EGFP–CLIP-170, EGFP–
CLIP-170 �H, and EGFP–CLIP-170 
head, respectively. IP lanes (FL, �H, 
and H) showed that proteins were 
efficiently immunoprecipitated by GFP 
antibody. (Right) Samples were probed 
with anti-CLIP head antibody. Cell 
extract lanes (mock, FL, �H, and H) 
show reaction of head antibody with 
endogenous and expressed CLIP-170 

proteins. IP lanes (FL, �H, and H) show that CLIP-115 is immunoprecipitated along with the EGFP–CLIP-170 �head but not with EGFP–
CLIP-170 full-length or EGFP–CLIP-170 head mutant. Endogenous CLIP-170 showed no interaction with any construct.
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trosome toward the cell margin as in control cells. The strik-
ing difference was that shortening MTs were not rescued at
high frequency. Most MTs (65%) that arrived at the cell
margin shortened persistently all the way back to the cen-
trosome (Fig. 2, E and F). Analysis of life history plots indi-
cated that the rescue frequency was reduced sevenfold with
the consequence that the average length of shortening excur-
sions became greatly increased (10.9 

 

�

 

 4.0 

 

�

 

m) and in many
instances was limited only by the distance to the centrosome
(Fig. 2 G). The low rescue frequency of MT dynamics led to
an equal distribution of MT plus ends throughout the cyto-
plasm (Fig. 2 H). The failure of MTs to be rescued decreased
dramatically the average lifetime of a MT. MT lifetimes, esti-
mated for control cells as 

 

�

 

20 min, became less then 1 min
in the absence of CLIPs (46 

 

�

 

 32 s, 

 

n 

 

� 

 

25). Comparable re-
sults were obtained for MT dynamics in COS-7, NRK, and
BHK-21 cells expressing the EGFP–CLIP-170 

 

�

 

head mu-
tant (unpublished data). Thus, the effect of removing CLIPs
from the plus ends of MTs seems to be general. The results
suggest that CLIPs serve as rescue factors in regulation of MT
behavior and that they are responsible for the accumulation
of dynamic plus ends at the cell periphery.

 

Dependence of other plus end–tracking proteins on 
removal of CLIPs

 

The alteration of MT dynamics upon removing CLIPs from
MT plus ends suggested that CLIPs are necessary for asym-
metric MT behavior. However, since other proteins are also
known to track MT plus ends it was possible that regulation
of MT dynamics might involve an interaction between
CLIP and one or more of these other factors. Evidence has
been presented that dynein/dynactin is targeted to MT plus
ends by CLIP-170 (Valetti et al., 1999) with a CLIP-170–
LIS1 interaction playing a key role in dynactin recruitment
(Coquelle et al., 2002; Tai et al., 2002). CLIP-115 and -170–
associating proteins (CLASPs) are proteins that associate
with both CLIPs and have been suggested to be involved in
regulation of MT dynamics (Akhmanova et al., 2001). EB1
is a plus end–tracking protein thought to be targeted to MT
plus ends independently of CLIPs (K. Vaughan, personal
communication). 

We tested whether the localization at MT plus ends of
p150

 

Glued

 

 (a component of dynactin), CLASP2, and EB-1

 

depended upon the presence of CLIPs. The EGFP–CLIP-
170 

 

�

 

head mutant was expressed in CHO-K1 or COS-7
cells that were then processed by immunostaining for tubu-
lin and the plus end proteins. Endogenous p150

 

Glued

 

 was de-
pleted from MT plus ends in transfected but not control
cells (Fig. 3 A). Fluorescence quantification showed a reduc-
tion in the p150

 

Glued

 

 signal to 13.4 

 

�

 

 1.2% of untransfected
cells (101 MT plus ends experimental; 113 control). In con-
trast, both endogenous CLASP2 and EB1 were still present
on MT plus ends at levels similar to that of untransfected
cells (Fig. 3, B and C). Quantification of the CLASP2 and
EB1 signals gave 94.4 

 

�

 

 5.1% and 94.3 

 

�

 

 7.1%, respec-
tively compared with control level (

 

n

 

 

 

�

 

 134 and 132 MT
plus ends for experimental and control cells for CLASP;
97 and 88, respectively, for EB1). IP experiments showed
interaction of the EGFP–CLIP-170 

 

�

 

head mutant with
p150

 

Glued

 

 and CLASP2 but not with EB1 (Fig. 3 D).
The EGFP–CLIP-170 head showed no interaction with
p150

 

Glued

 

 or CLASP2, confirming that the interaction was
mediated solely through the CLIP-170 tail domain. These
IP results agree with published data reflecting the interaction
of CLIP-170 with p150

 

Glued

 

 and CLASP2 (Akhmanova et
al., 2001; Coquelle et al., 2002). The presence of CLASP2
on MT plus ends in cells expressing the CLIP-170 

 

�

 

head
mutant suggests that CLASP2, in addition to interacting
with the CLIP coil-coil domain, is independently targeted to
MTs. This result is consistent with the localization at MT
plus ends of CLASP mutants defective in their CLIP bind-
ing domain (Akhmanova et al., 2001). Since CLASP2 and
EB1 remained on MT plus ends after removal of endoge-
nous CLIPs, it seems unlikely that either of these proteins is
directly involved in the observed changes in MT dynamics.
On the other hand, the removal of p150

 

Glued

 

 raises the possi-
bility that the dynein–dynactin complex contributes to
CLIP function.

 

CLIP-170 head domain is sufficient to promote MT rescue

 

Previous experiments showed that the head domain of
CLIP-170 (aa 1–350; termed H1) was monomeric, localized
to MT plus ends, and bound to tubulin oligomers with high
affinity (Diamantopoulos et al., 1999; Scheel et al., 1999).
Based on these results, we thought that the CLIP head
might be sufficient to restore normal MT dynamics. To

 

Table I. 

 

MT dynamics parameters quantified upon expression of different constructs

Growth rate, v

 

g
a

 

Shortening rate, v

 

s
a

 

Catastrophe frequency, k

 

cat
b

 

Rescue frequency, k

 

res
b

 

�

 

m min

 

�

 

1

 

�

 

m min

 

�

 

1

 

s

 

�

 

1

 

s

 

�

 

1

 

Control:
EGFP

21.5 

 

�

 

 8.2
65 MTs

35.6 

 

�

 

 12.8
403 MTs

0.003 

 

�

 

 0.002
65 MTs

0.17 

 

�

 

 0.03
403 MTs

Dominant negative:
EGFP–CLIP-170 

 

�

 

head
21.8 

 

�

 

 13.0
76 MTs

33.7 

 

�

 

 19.0
76 MTs

0.005 

 

�

 

 0.006
76 MTs

0.024 

 

�

 

 0.005
400 MTs

Rescue experiment I:
EBFP–CLIP-170 

 

�

 

head + EGFP–CLIP-170 head
19.6 

 

�

 

 11.7
91 MTs

33.6 

 

�

 

 13.6
400 MTs

0.003 

 

�

 

 0.002
91 MTs

0.16 

 

�

 

 0.03
400 MTs

Rescue experiment II:
EBFP–CLIP-170 �head + EGFP-p150Glued head

19.0 � 6.9
71 MTs

30.0 � 9.4
350 MTs

0.004 � 0.003
71 MTs

0.05 � 0.016
350 MTs

aGrowth and shortening rates and SDs were calculated from frequency histograms of instantaneous rates.
bCatastrophe and rescue frequencies were calculated from MT life histories for each cell as the number of transition events over integrated time of observa-
tion of individual phases; numbers given are average and SD for the population of cells. Number of transition events and integrated times were as follows:
control, 12 catastrophes for 2,337 s and 385 rescues for 2,248 s; dominant negative, 9 catastrophes for 1,328 s and 141 rescues for 6,096 s; rescue experi-
ment I, 8 catastrophes for 2,604 s and 397 rescues for 2,556 s; rescue experiment II, 11 catastrophes for 3,156 s and 254 rescues for 5,558 s.
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evaluate this possibility, we first confirmed the behavior of
our EGFP–CLIP-170 head construct (aa 4–309). Direct im-
aging of living cells showed that the EGFP–CLIP-170 head

tracked MT plus ends (Fig. 4 A) similar to that of full-length
CLIP-170. Also, MT dynamics were not detectably altered
(unpublished data). The CLIP-170 head might be expected

Figure 2. Asymmetry of MT dynamics is determined by the presence of CLIPs at MT plus ends. MTs show asymmetric behavior in control 
cells expressing EGFP (A, B, and C) and symmetric behavior in cells expressing EGFP–CLIP-170 �head mutant (D–F). (A) Time-lapse images 
of control cell show MT fluctuations at the cell margin. One MT is marked (arrowhead). The last image of the panel represents sequential 
subtraction analysis for identification of the active plus ends. Black and white segments represent MT growth and shortening, respectively, 
during the time interval. The active plus ends concentrate predominantly at the cell periphery. Numbers in the top right corners indicate time 
in s. Bar, 5 �m. (B) Life history plot of two MTs demonstrates asymmetric character of MT dynamics caused by persistent growth from 
centrosome and nonpersistent shortening from the cell margin. (C) The length distribution of shortening episodes is plotted in the histogram. 
Shortening of 400 MTs in eight cells (50 MTs per cell) were scored. MTs very rarely shortened back to the centrosome, and short episodes 
were frequent. (D) The distribution of the active plus ends along the cell radius is steeply ascending in control cells. Exponential curve fitting 
y � a�ebx gives values of a � 2.8 � 0.7 and b � 3.15 � 0.3, which mean that the number of active plus ends is doubled every 5 �m if the cell 
radius is �25 �m. 2,290 black and white segments were scored in four cells expressing GFP. (E) Absence of CLIPs at MT plus ends abolishes 
the fluctuating type behavior of MTs at the cell margin. Five MTs indicated by arrowheads demonstrate long phases of growth and shortening. 
Sequential subtraction analysis (last image of panel) demonstrates a uniform distribution of the active plus ends along the cell radius. Numbers in 
the top right corners indicate time in s. Bar, 5 �m. (F) Life histories of indicated MTs confirm their symmetric behavior where persistent 
growth from the centrosome to the cell margin is followed by persistent shortening from the cell margin back to the centrosome. The 
centrosome position is 0,0, and cell edge position is the point of transition from growth to shortening (catastrophes) on the life history plots. 
(G) Frequency histogram of the length shortened scored for 400 MT (n � 8 cells) demonstrates that long shortening was frequent. (H) Active 
plus ends are uniformly distributed in cells expressing GFP–CLIP-170 �head mutant. Exponential curve fitting gives values of a � 19.7 � 0.8 
and b � 0.00000 � 0.07, which is equivalent to a straight line of essentially zero slope. The result means that the number of the active ends 
does not change along the cell radius. 1,787 black and white segments were scored in six cells expressing GFP–CLIP-170 �head mutant.
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to compete with endogenous CLIPs for binding sites on MT
plus ends. However, expression of the EGFP–CLIP-170
head did not noticeably displace endogenous CLIP-170 (as
evaluated by immunostaining with an antibody specific for
CLIP-170) (Fig. 4 B). The result indicated that expression
of the CLIP-170 head on the background of endogenous
CLIPs was not adequate to test whether it was sufficient to
support asymmetric MT dynamics.

Consequently, a rescue strategy was designed in which en-
dogenous CLIPs were removed by overexpression of the
CLIP-170 �head mutant, and rescue was attempted by si-
multaneous low level expression of the CLIP-170 head. The
CLIP-170 �head mutant was fused to EBFP to visualize ex-
pression of the dominant negative mutant as distinct from
that of the EGFP–CLIP-170 head. Expressed EBFP–CLIP-
170 �head alone caused removal of endogenous CLIPs and
alteration of MT dynamics in the same way as the EGFP–
CLIP-170 �head construct (unpublished data). For the res-
cue experiment, we transfected cells by microinjecting into
the nucleus a mixture of EBFP–CLIP-170 �head DNA and
EGFP–CLIP-170 head DNA in a 10:1 molar ratio. Fig. 5 A
shows a blue fluorescing cell, indicating overexpression of the
CLIP-170 �head mutant and therefore removal of endoge-
nous CLIPs from MT plus ends. In such cells, the EGFP–

CLIP-170 head localized to and tracked growing MT plus
ends. Life history plots (Fig. 5 B) showed that asymmetric
MT dynamics were restored. MTs underwent fluctuations
near the cell margin and shortened only a small distance on
average (3.6 � 3.4 �m) before being rescued (Fig. 5, C and
D), essentially the same as that in control cells. Analysis of
MT dynamics showed that the CLIP-170 head restored the
rescue frequency to control levels (Table I). This result estab-
lishes that the change in MT dynamics caused by removal of
endogenous CLIPs through expression of the dominant neg-
ative mutant was mediated specifically by interaction of the
CLIP head domain with the MT plus end.

Since expression of the CLIP-170 �head mutant caused
p150Glued to be removed along with endogenous CLIP-170,
it was not clear whether the changes in MT dynamics result-
ing from removal of CLIP-170 were due to loss of the CLIP-
170 head itself or to loss of p150Glued. Similarly, restoration
of dynamics due to rescue with the CLIP-170 head could be
attributed, a priori, to either the CLIP head or recruitment
of p150Glued. To distinguish between these possibilities, we
tested whether p150Glued was recruited back to MT plus ends
after expression of EGFP–CLIP-170 head in the rescue ex-
periments. In contrast to the strong signal given by the ex-
pressed EGFP–CLIP-170 head, immunostaining failed to

Figure 3. Distribution and interaction of p150Glued, CLASP2, and EB1 in cells expressing GFP–CLIP-170 �head mutant. Cells were transiently 
transfected with GFP–CLIP-170 �head construct and processed for immunostaining with �-tubulin and �-p150Glued (A), �-CLASP2 (B), or 
�-EB1 (C). (A) Presence of p150Glued at MT plus ends seen in the control cells was completely abolished in the EGFP–CLIP-170 �H–positive 
cells. (B and C) Presence of CLASP2 and EB1 at the plus ends of MTs was not noticeably affected in the EGFP-positive cells. (Merged image) 
Green is tubulin, and red is p150Glued, CLASP2, or EB1. The boxes show enlarged regions. Bar, 10 �m. (D) IP data show the interactions of 
p150Glued and CLASP2 with EGFP–CLIP-170 �head mutant but not with the EGFP–CLIP-170 head mutant. No interaction was detected for 
EB1 with either CLIP construct.
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show significant accumulation of p150Glued at MT plus ends
(Fig. 5 E). Thus, p150Glued was not recruited back along
with the CLIP-170 head. This result indicates that restora-
tion of normal MT dynamics did not require p150Glued, sug-
gesting that the CLIP-170 head domain was sufficient to
function as a rescue factor.

The p150Glued molecule contains the evolutionarily con-
served CAP-Gly MT-binding sequence at its NH2 termi-
nus, similar to that in CLIPs (22 amino acids are identi-
cal over 43 residues) (Holzbaur et al., 1991). Although
p150Glued contains only one of two motifs present in the
mammalian CLIP family, it nevertheless seemed possible
that its head domain might provide function like the CLIP-
170 head. Supporting this idea is the result that head of the
p150Glued is sufficient for MT plus end binding (Vaughan et
al., 2002). Therefore, although p150Glued was not necessary
for normal MT dynamics, we tested whether it could sup-
port some level of normal dynamics in the absence of
CLIPs. We used the same conditions as for the CLIP-170
head rescue experiment with one difference: we expressed
an EGFP fusion of the first 311 amino acids of p150Glued.
As before, MT dynamics were analyzed by injecting Cy3 tu-
bulin into cells expressing the EBFP–CLIP-170 �head and
EGFP-p150Glued head constructs. As before for CLIP-170,
cells were selected for analysis in which the expressed
p150Glued head was specifically localized at the growing MT
plus ends. By this criterion, we judged that expression levels
of the CLIP-170 head and the p150Glued head were approxi-
mately the same. Expression of the p150Glued head domain
increased the rescue frequency to 0.05 s�1 compared with
0.025 s�1 in cells expressing the CLIP-170 �head mutant
and 0.17 s�1 in control cells or cells expressing the CLIP-
170 head domain (Table I). Thus, unlike the CLIP-170
head domain the p150 Glued head was not sufficient to fully

restore MT dynamics. Nevertheless, the p150 Glued head did
display some weak activity.

Discussion
CLIPs regulate MT dynamics by increasing 
rescue frequency
Normal MT dynamics in CHO-K1 and NRK cells (Komar-
ova et al., 2002) and COS-7 cells (this study) are character-
ized by rapid growth, rapid shortening, and asymmetric tran-
sition frequencies, with the catastrophe frequency being low
and the rescue frequency being high. A consequence of the
combination of rapid growth and low catastrophe frequency
is that MT growth is persistent. This means that nascent
MTs frequently grow from the centrosome all the way to the
cell margin without having undergone a transition to short-
ening phase. In contrast, a high rescue frequency means that
MT shortening is nonpersistent. MTs typically shorten only
a small distance back from the margin before their shorten-
ing is stopped and they resume growth. The result is a fluc-
tuation type behavior in which MT plus ends tend to con-
centrate in the cell periphery and spend most of the their
lifetime there. Long MTs dominate over shorter ones, and
MT turnover depends strongly on distance from the cen-
trosome with turnover being rapid at the periphery and slow
near the centrosome. The dynamic instability of MTs is
thought to provide a mechanism by which MTs explore cy-
toplasmic space through alternating periods of growth and
shortening (Kirschner and Mitchison, 1986). The property
of asymmetric transition frequencies has the consequence
that most of the exploration will take place in the vicinity of
the cell margin.

Removal of CLIPs from MT plus ends decreased the res-
cue frequency, resulting in long shortening excursions.

Figure 4. CLIP-170 head tracks MT plus ends but does not displace endogenous CLIPs. (A) Behavior of EGFP–CLIP-170 head. Time-lapse 
images show CLIP labels moving centrifugally from centrosome outward (arrowheads mark two comet tails). Time is in s. Long linear tracks of 
CLIP-170 head movements are demonstrated by projection analysis (generated by merging of successive frames within a stack) and are 
confirmed by trajectories of individual CLIP labels. Bar, 5 �m. (B) Endogenous CLIP-170 is not replaced by expressed EGFP–CLIP-170 head. 
CHO-K1 cells expressing a low level of EGFP–CLIP-170 head were processed for immunostaining using antibody against CLIP-170 (no. 2360; 
as described in Materials and methods) to visualize endogenous CLIP-170, anti-GFP to visualize the expressed EGFP–CLIP-170 head, and 
antitubulin to visualize MTs. The images show the same distribution for endogenous CLIP-170 and the GFP signal. (Merged image) Green is 
tubulin, red is EGFP-CLIP-170 head, and blue is endogenous CLIP-170. Colocalization at MT plus ends of endogenous CLIP-170 and expressed 
CLIP-170 head gives a magenta color. The boxed region is enlarged. Bar, 10 �m.
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Other parameters of MT dynamics did not change. Neither
growth nor shortening velocities were affected, nor the catas-
trophe frequency. Consequently, MT growth remained per-
sistent, and now MT shortening also became persistent. The
result was an abrogation of asymmetric MT behavior. MT
dynamics now consisted of repeated excursions of growth
from the centrosome to the cell margin and shortening back
to the centrosome. As a consequence, the distribution of
MT plus ends through the cytoplasm became more uniform
and turnover of MTs became more rapid even near their
roots at the centrosome. The dynamic instability behavior of
CLIP deficient MTs was to explore all of cytoplasmic space.

The normal function of CLIPs, by ensuring a high rescue
frequency, may be to provide a mechanism by which MTs
rapidly accommodate to the changing shape and advancing
edge of motile cells. Concentration of the active plus ends of
MTs at the cell periphery might also be an important feature
of the MT cytoskeleton to achieve a fast response to changes
in environmental conditions. For example, the Rho/mDia
pathway selectively stabilizes a subset of MTs near the lead-
ing edge of migrating mammalian cells (Palazzo et al.,
2001). Regional regulation of the MT turnover was also
shown for HGF-treated PtK2 cells (Yvon and Wadsworth,
2000). CLIPs at growing MT plus ends interact with other

plus end–tracking proteins (Akhmanova et al., 2001; Co-
quelle et al., 2002; Tai et al., 2002) and might be involved
in regulatory activities in addition to serving as a rescue fac-
tor. A recent report demonstrated that CLIPs interact with
IQGAP1, possibly functioning as linkers between the plus
ends of MTs and the cortical actin meshwork downstream
of Rac1 and Cdc42 (Fukata et al., 2002). Thus, CLIPs are
likely to be multifunctional proteins in which one domain
modulates MT dynamics, whereas another domain serves a
cross-talk function with the cell cortex.

The rescue activity of CLIPs localizes primarily to the 
head domain
Removal of endogenous CLIPs led to abnormally long MT-
shortening excursions and also caused loss of p150Glued but
not CLASP2 or EB1. Normal MT dynamics were restored
by expression of the CLIP-170 head domain. However,
p150Glued was not recruited back to MT plus ends. We con-
clude that the rescue activity of the CLIP-170 head domain
does not require any part of CLIP’s tail or associated proteins.
However, it should be noted that this conclusion neither ex-
cludes the possibility that the head domain recruits a factor
involved in rescue nor does it exclude important interactions
for the CLIP tail domain in modulating the rescue activity of

Figure 5. CLIP-170 head is sufficient to restore MT dynamics. (A) Cells were cotransfected with EBFP–CLIP-170 �head to remove endogenous 
CLIPs and EGFP–CLIP-170 head to test whether the CLIP-170 head could rescue MT dynamics. Blue fluorescence identifies cells expressing 
the EBFP–CLIP-170 �head mutant (small irregular dots near the nucleus are autofluorescence of mitochondria, which can also be seen in 
nontransfected cells). MT plus end localization of the CLIP-170 head was detected using an EGFP filter set. Individual CLIP-170 head labeling 
shows long tracks characteristic of normal MT dynamics. Cy-3–tubulin channel shows the MT pattern. Bar, 5 �m. (B) Life history plot demonstrates 
restoration of asymmetric MT behavior. Nascent MTs showed persistent growth with characteristic fluctuations near the cell margin. The 
centrosome position is 0,0. (C) Time-lapse images of MTs within enlarged region of A illustrates fluctuation near cell periphery (one MT is 
indicated by the arrowhead). Time shown in the top right corner is in s. Bar, 5 �m. (D) Frequency histogram of the shortening length. Pattern 
was characteristic of normal MT dynamics, namely, long shortening excursions were rare. (E) P150Glued is not recruited back to MT tips in the 
rescue experiment. CHO-K1 cells expressing both constructs, EBFP–CLIP-170 �head (not depicted) and EGFP–CLIP-170 head (depicted), 
were used for p150Glued immunostaining. P150Glued was not detected at MT tips in transfected cells, although it was present on MT plus ends 
in surrounding untransfected cells. (Merged image) Green is tubulin, red is p150Glued, and blue is EGFP–CLIP-head. Bar, 10 �m.
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the head, possibly by means of interaction with CLASP,
p150Glued, or Lis1 (Akhmanova et al., 2001; Coquelle et al.,
2002; Tai et al., 2002). Since CLIP-115 contains essentially
the same head domain as CLIP-170 (Hoogenraad et al.,
2000), we infer that it too can function as a rescue factor.
Thus, it seems that these two members of the CLIP family
have redundant MT-related function. Consistent with this
interpretation, enhanced recruitment of CLIP-170 to the plus
ends of MTs was observed in primary fibroblasts isolated
from CLIP-115 knockout mice, suggesting a compensatory
role for CLIP-170 in regulation of MT dynamics under the
condition of CLIP-115 deficiency (Hoogenraad et al., 2002).
However, the lack of a metal-binding domain at the COOH
terminus of CLIP-115 suggests that its tail domain may have
interaction properties different from those of CLIP-170.

Unlike CLIP, p150Glued did not increase the rescue fre-
quency of MT dynamics to control levels, although it did re-
store MT dynamics to a limited extent. Since expression lev-
els in vivo could not be controlled precisely, our comparative
evaluation of p150Glued and CLIP rescue activity must be re-
garded as preliminary. Although the results suggest that
p150Glued is not a primary regulator of MT dynamics, the
partial restoration of MT behavior suggests that p150Glued

could function to enhance CLIP activity or partially substi-
tute for it in the absence of CLIPs. Similar to CLIPs, the
MT-related activity of p150Glued is localized to its head do-
main and is not dependent on interaction with other dynac-
tin components (Vaughan et al., 2002). The difference in the
MT-related activities of CLIPs and p150Glued may be related
to the different number of CAP-Gly motifs in the head do-
main, CLIPs having two of them, whereas p150Glued has only
one. Together, the studies point to the importance of the
CAP-Gly motif in regulation of MT dynamics.

Mechanism of CLIP displacement from MT plus ends 
by the �head mutant
Expression of the CLIP-170 �head mutant caused the re-
moval of both CLIP species from MT plus ends with result-
ant changes in MT dynamics. These results indicate that the
�head mutant acted in a dominant negative fashion. What

can be said about its mode of action? The simplest possibil-
ity, namely, competitive binding to the MT plus end is ruled
out because the �head protein was not detected at MT plus
ends. A second possibility is that the �head protein het-
erodimerized with endogenous CLIPs through its coiled-coil
domain, thus making one headed dimers that were defective
in binding to MT plus ends. This explanation is unlikely be-
cause CLIPs are known to homodimerize (Scheel et al.,
1999; Hoogenraad et al., 2000). Homodimerization was
substantiated by our coimmunoprecipitation experiments,
which showed that EGFP-tagged full-length CLIP-170 did
not pull down endogenous CLIP-170 or CLIP-115 and that
neither EGFP nor HA-tagged �head protein pulled down
CLIP-170. A third possibility for the mechanism of action
of the �head protein is that it sequesters CLIPs by binding
to them at a site critical for MT plus end interaction. Coim-
munoprecipitation of the �head protein with CLIP-115 is
consistent such an interpretation but failure to pull down
CLIP-170 is not. A fourth possibility is that the �head pro-
tein titrates a factor necessary in the activation pathway for
binding of CLIPs to MT plus ends. This explanation is con-
sistent with all of the data, although it does not explain the
difference in pull-down behavior of CLIP-170 and CLIP-
115. The two CLIP paralogs differ in that CLIP-170 con-
tains a COOH-terminal metal-binding motif that is absent
in CLIP-115. Perhaps this difference is responsible for the
difference in interaction with the �head protein. Clarifica-
tion of the dominant negative mechanism will require a bet-
ter understanding of the regulatory pathways governing
CLIP association with MT plus ends. However, the fact that
MT dynamics were completely restored by expression of the
CLIP-170 head domain in the presence of the �head pro-
tein signifies that whatever binding partner might exist for
the dominant negative, it is not essential for the MT binding
or rescue activity of the CLIP head.

Model for CLIP regulation of MT dynamics
The principal result of this study is that CLIP-170 regulates
MT dynamics either by serving as a rescue factor itself or by
recruiting a factor that promotes MT rescue (Fig. 6). In this

Figure 6. Model for CLIP regulation of MT dynamics. MTs with active CLIPs or head domain (	CLIP) show highly asymmetric MT behavior. 
Rescue frequency, kres is �50 fold higher than catastrophe frequency, kcat, and MTs show persistent growth but nonpersistent shortening. 
When CLIPs are not available to bind MTs (�CLIP), the rescue frequency is greatly reduced. Now both MT growth and shortening are persistent. 
Thus, CLIPs play a role as rescue factors in MT dynamics.
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respect, our conclusion differs from the proposal that the
CLIP-170 ortholog, tip1p, in fission yeast functions as an
anticatastrophe factor (Brunner and Nurse, 2000). Never-
theless, the two studies show substantial areas of agreement.
In both studies, MT dynamics were modulated by removal
of CLIPs or tip1p without changing the velocities of MT
growth or shortening. In both studies, the biological func-
tion addressed was the mechanism by which MTs reach and
explore the periphery of the cell. This biological result can
be promoted either by decreasing the catastrophe frequency
(anticatastrophe factor) or increasing the rescue frequency
(rescue factor).

How might CLIPs function as rescue factors? CLIPs asso-
ciate with growing plus ends, dissociate rapidly when MTs
pause or shorten, and reassociate rapidly when MTs convert
back to growth phase (Perez et al., 1999; Komarova et al.,
2002). In addition, biochemical experiments showed that
the CLIP-170 head domain interacts with nonpolymerized
tubulin and promotes oligomerization (Diamantopoulos et
al., 1999). The copolymerization of tubulin with CLIPs was
proposed as a plausible mechanism for CLIP targeting spe-
cifically to growing plus ends (Diamantopoulos et al., 1999;
Perez et al., 1999). Such targeting could be interpreted in
terms of CLIPs serving either as anticatastrophe or rescue
factors. Our results suggest a rescue factor model in which
CLIPs bind tubulin dimers to form a CLIP–tubulin com-
plex which then binds to a shortening MT and converts it to
the growth phase.

Methods and methods
DNA constructs
All constructs used in the study are represented in Fig. 1 A. GFP constructs
were generated in pEGFP-C1 vector (CLONTECH Laboratories, Inc.). The
GFP–CLIP-170 construct contained rat brain CLIP-170 cDNA encoding aa
4–1,320 (Akhmanova et al., 2001); GFP–CLIP-170 head, aa 4–309; and GFP-
CLIP-170 �H, aa 310–1,320. A separate GFP–CLIP-170 �head construct was
made encoding aa 348–1,390 of human CLIP-170 cDNA (Pierre et al., 1992).
The GFP-encoding part of this construct was substituted for by the BFP-
encoding fragment of pEBFP-C1 to produce EBFP–CLIP-170 �H. The cDNA
fragment encoding the NH2-terminal 311 aa of the rat p150Glued sequence
was obtained by RT-PCR from rat brain RNA. It was verified by sequencing
and subcloned into pEGFP-C1 expression vector to generate a GFP fusion. To
generate HA-tagged fusions, the GFP-encoding part of the corresponding
constructs was substituted for a sequence encoding a triple HA tag.

IPs
COS-1 cells were transfected by the DEAE-dextran method as described by
Hoogenraad et al. (2000). CHO cells were transfected with Lipofectamine
2000 (Invitrogen Corporation) according to the protocol of the manufac-
turer. 24 or 48 h after transfection, cells were lysed in a buffer containing
20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 0.5% NP-40, protease inhibitor
cocktail (CH-4070; F. Hoffmann-La Roche Ltd.), phosphatase inhibitor
cocktails 1 (1:200) and 2 (1:200) (Sigma-Aldrich). IPs were performed as de-
scribed by Hoogenraad et al. (2000) using anti-GFP monoclonal antibodies
(clones 7.1 and 13.1, CH-4070; F. Hoffmann-La Roche Ltd.) or anti-HA
monoclonal antibody (clone 16B12; Covance Inc.). Western blots were
prepared as described by Hoogenraad et al. (2000) using the following rab-
bit polyclonal antibodies: no. 2221, recognizing both CLIP-115 and CLIP-
170 (Hoogenraad et al., 2000); no. 2360, specific for CLIP-170 (Coquelle et
al., 2002); and no. 2358, recognizing CLASP2 (Akhmanova et al., 2001).
mAbs against p150Glued and EB1 were from BD Transduction Laboratories.

Immunostaining
CHO-K1 and COS-7 cells were transiently transfected by microinjection of
DNA into the nucleus or by DEAE-dextran or Lipofectamine method (as
described above). The constructs represented by Fig. 1 A were used for the

transfection. Cells were fixed as described elsewhere (Hoogenraad et al.,
2000). Briefly, cells were fixed in cold methanol (�20
C) and postfixed by
3% formaldehyde. Incubation with 0.15% Triton X-100 was used for cell
permeabilization after fixation. For immunostaining, we used the rabbit
polyclonal antibodies: no. 2221 (used 1:200), recognizing both CLIP-115
and CLIP-170; no. 2360 (1:200), specific for CLIP-170 (Coquelle et al.,
2002); and no. 2358 (1:200), recognizing CLASP2 (Akhmanova et al.,
2001). Mouse monoclonal antibodies against p150Glued and EB1 (1:100)
were from BD Transduction Laboratories. Mouse monoclonal and rabbit
polyclonal anti-GFP antibodies (1:100) (Molecular Probes) were used for
triple immunostaining with other primary antibodies. Rat monoclonal anti-
body against �-tubulin (1:30) was a gift from J.V. Kilmartin (Laboratory of
Molecular Biology, Cambridge, UK). Secondary antibodies were TRITC-
and FITC-conjugated donkey anti–mouse and anti–rabbit and Cy5-cou-
pled anti–rat (Jackson ImmunoResearch Laboratories). Stained cells were
washed and mounted in Aqua-PolyMount medium (Polyscience, Inc.).
Fixed samples were documented by fluorescence deconvolution micros-
copy using a Deltavision microscope system.

Quantification of proteins at MT plus ends
Quantification of the amount of plus end–tracking protein at MT tips was
accomplished using double immunofluorescence staining for tubulin and
one of the four following proteins: CLIPs, p150Glued, EB1, and CLASP. The
tip of an MT was defined as a square box, 5 pixels on a side (0.45 �m).
Fluorescence intensities in each channel were measured with a CCD,
background subtracted, and their ratio was computed. The ratio of signals
plus end–tracking protein to tubulin in experimental cells was expressed as
a percentage of the ratio in control cells which was taken as 100%. 80–130
MTs were analyzed in six to eight images for each control and experiment.

Cell culture, microinjection, and digital fluorescence imaging
CHO-K1 and NRK cells were grown in F-10 medium, COS-7, and BHK21
in DME-F12 medium supplemented with 10% FBS and antibiotics. For in
vivo observation of MT dynamics, they were seeded onto coverslips with
photoetched locator grids (Bellco Glass, Inc.). EGFP transfection was used
as a control and EGFP–CLIP-170 �head or EBFP–CLIP-170 �head con-
structs were used for removal of endogenous CLIPs from MT plus ends.
Cells were transiently transfected by glass capillary microinjection of DNA
into the nucleus after the procedure of (Perez et al., 1999). EGFP, EGFP–
CLIP-170 �H, and EBFP–CLIP-170�head were used at a needle concentra-
tion of 50 �g ml�1. For rescue experiments, DNA of EBFP–CLIP-170 �head
and EGFP–CLIP-170 head or with EGFP-p150Glued head were mixed and
comicroinjected. The final needle concentration of DNA for EBFP–CLIP-
170�head vector was 100 �g ml�1, whereas for EGFP–CLIP-170 head or
EGFP-p150Glued head vectors it was 10 �g ml�1. The low needle concentra-
tion of EGFP–CLIP-170 head and EGFP-p150Glued head gave sufficiently
low expression levels of recombinant protein. Transfected cells were mi-
croinjected into the cytoplasm with Cy3-tagged tubulin at a needle con-
centration of 10 mg/ml. MT dynamics were observed 4–10 h after microin-
jection. Cells were kept on the microscope stage at 36–37
C during
observation, and temperature was measured before and after each experi-
ment. Cells were treated with the oxygen-depleting preparation, Oxyrase
(Oxyrase, Inc.), during observation to reduce photodamage and pho-
tobleaching (Mikhailov and Gundersen, 1995). Injected cells were ob-
served on a Nikon Diaphot 300 inverted microscope equipped with a Plan
100�, 1.25 NA objective using a Cy3 filter set for observations of Cy3-
labeled MTs, a GFP filter set for observation of GFP fusion proteins, and a
UV filter set for EBFP fusion protein. Images of 16-bit depth were collected
with a CH350 slow scan, cooled CCD camera (Photometrics Ltd.) driven
by Metamorph imaging software (Universal Imaging Corp.). The image
was projected onto the CCD chip at a magnification of 250�, which cor-
responded to a resolution of 1 pixel � 0.09 �m (11.1 pixels per �m).
Time-lapse series of 100–300 images were collected at 3-s intervals. 16-bit
images were processed and rescaled with Metamorph software, and 8-bit
images were prepared for presentation with Adobe Photoshop®.

Analysis of MT dynamics
The following parameters of MT dynamics were determined: instantaneous
rates of growth and shortening, frequency of rescue and catastrophe transi-
tions, and length of MT shortening from the cell edge. Data measurements
were performed using 16-bit images in Metamorph software. SigmaPlot
software (Jandel Scientific Corp.) was used for statistical analysis and plot-
ting of graphs as described elsewhere (Komarova et al., 2002). Briefly, the
lengths of individual MTs were measured from the centrosome (0,0 posi-
tion of a centrosome), and life histories of MTs were plotted as length (�m)
versus time (s). Instantaneous velocities were calculated as displacement of
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the plus end between successive images (3 s) in a time-lapse series. The
threshold of measurement was 2 pixels in the digital image, corresponding
to 0.18 �m in the cell. Histograms of instantaneous velocities were gener-
ated for the MT population, and the mean values and SDs were computed.
Cell margin was defined as a 3-�m zone from the cell boundary. The rate
of the shortening was calculated from the histogram of instantaneous dis-
placements of shortening MTs. For estimation of rescue and catastrophe
frequencies, analyses of direct or subtracted images of MTs were used
(Vorobjev et al., 1999). The transition probabilities were estimated as the
ratio of number of transition events divided by the time of growth or short-
ening phase before a transition occurred. If an MT growing from the cen-
trosome reached the cell edge without any transition to shortening, the
time of the growth phase was included into overall data but not transition
(catastrophe) was scored. The same method of estimation was used for de-
termining rescue frequency of MTs shortening back from the cell margin
(Komarova et al., 2002). The extent of MT shortening was expressed as the
absolute distance shortened from the cell edge until the MT was rescued,
and the data was presented as a frequency histogram.

Quantification of the MT length distribution along the cell radius was
performed as described elsewhere (Komarova et al., 2002). Briefly, the cell
radius was divided into five zones (each zone was a 0.2 fraction of the
length of cell radius), and number of active ends, growing (black segments)
and shortening (white segments) were scored for each zone. The result is
represented as percent of the MTs within each zone where 100% is a total
number of scored active plus ends of MTs in experiment or control. The
data were fitted by least squares regression to a single exponential.
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