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Spatial regulation of CLASP affinity

ARTICLE

for microtubules

by Rac1 and GSK3 in migrating epithelial cells

Torsten Wittmann and Clare M. Waterman-Storer

Department of Cell Biology, The Scripps Research Institute, La Jolla, CA 92037

roteins that in cells specifically bind to growing mi-

crotubule plus ends (+TIPs) are thought to play im-

portant roles in polarization of the cytoskeleton.
However, most +TIPs do not show a bias of their microtu-
bule-binding behavior toward different subcellular re-
gions. Here, we examine the dynamics of the +TIP CLASP
in migrating PtK1 epithelial cells. We find that, although
CLASPs track microtubule plus ends in the cell body, they
dynamically decorate the entire microtubule lattice in the
leading edge lamella and lamellipodium. Microtubule lat-

Introduction

The polarization of the microtubule (MT) cytoskeleton is es-
sential for the directed migration of many cell types (Witt-
mann and Waterman-Storer, 2001; Andersen, 2005). This is
reflected in the orientation of the MT-organizing center to-
ward the direction of migration, as well as the bias of MT dy-
namic instability toward net growth in the leading edge
lamella and lamellipodium. MT organization and assembly/
disassembly dynamics in migrating cells are regulated down-
stream of Rho GTPases (Wittmann et al., 2003; Palazzo et al.,
2004), which are central regulators of cell polarization and the
actin cytoskeleton (Etienne-Manneville and Hall, 2002).
Recently, a diverse group of proteins called +TIPs,
which in cells specifically bind near growing MT plus ends,
have received much attention as potential regulators of MTs in
cell polarization during migration. Different +TIPs have been
shown to bind to each other in biochemical assays and are thus
thought to form a complex at the end of growing MTs in cells
(Galjart and Perez, 2003; Mimori-Kiyosue and Tsukita, 2003).
+TIPs may regulate MT dynamic instability and possibly con-
nect MTs to Rho GTPase signaling pathways (Fukata et al.,
2002; Komarova et al., 2002a; Rogers et al., 2002). However,
the molecular mechanisms by which +TIPs participate in po-
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tice binding is mediated by the COOH-terminal region of
the CLASP microtubule-binding domain and is regulated
downstream of Rac1. Phosphorylation of sites in the NH,-
terminal part of the microtubule-binding domain by glyco-
gen synthase kinase 3B likely regulates the affinity of
CLASPs for microtubule lattices. These results demonstrate
the striking difference of the microtubule cytoskeleton in
the lamella as compared with the cell body and pro-
vide the first direct observation of subcellular regulation of
a microtubule-associated protein in migrating cells.

larizing the MT cytoskeleton are still poorly understood be-
cause most +TIPs, such as EB1 and CLIP-170, do not prefer-
entially track specific subpopulations of MT plus ends in
specialized cell regions.

Exceptions are the adenomatous polyposis coli protein
(APC), which accumulates in clusters on a small subset of MT
ends in protruding cell edges (Bienz, 2002) and CLASPs, ho-
mologues of Drosophila melanogaster orbit/mast, that were
originally identified in mammalian cells through their interac-
tion with CLIP-170 (Akhmanova et al., 2001). Recently,
CLASPs have been shown to also bind EB1 and stabilize MTs
in HeLa cells (Rogers et al., 2004; Mimori-Kiyosue et al.,
2005). CLASPs have been reported to bind specifically to MT
plus ends in fibroblast protrusions at monolayer wound edges
and in the periphery of neuronal growth cones, suggesting that
they may be important for regulating cytoskeletal polarization
(Akhmanova et al., 2001; Lee et al., 2004). Here, we studied
the in vivo dynamics of CLASP2 by time-lapse fluorescence
microscopy in migrating PtK1 epithelial cells. At noncontacted
edges of epithelial cell islands, PtK1 cells undergo a wound
healing response and become highly polarized with larger and
more persistent lamella/lamellipodia protrusions than fibro-
blasts (Wittmann et al., 2003; Gupton et al., 2005). We find
that the affinity of CLASPs for MTs is spatially regulated, re-
sulting in plus end tracking in the cell body and MT lattice
binding in the lamella. This regulation occurs downstream of
Racl and glycogen synthase kinase 33 (GSK3p) and is likely
due to direct regulation of CLASP affinity for the MT lattice.

Supplemental Material can be found at:
http://iwww.jcb.org/cgi/content/full/jch.200412114/DC1
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Figure 1. CLASPs are localized along MT lattices in the
lamella and to MT plus ends in the cell body. (A) Immunofluo-
rescence of CLASPs and MTs in PiK1 epithelial cells. Cells
were stained with antibodies against the Xenopus CLASP ho-
mologue and MTs. (B) Immunofluorescence of CLASPs and
EB1. (C) Higher magnification of CLASP- and EB1-MT plus
end association in the cell body. EB1 is most concentrated at
the very tip of the MT, whereas CLASPs are localized slightly
behind EB1. (D) Immunofluorescence of CLASPs and ex-
pressed myctagged CLIP-170. (E) Immunofluorescence of
CLASPs and expressed EGFPtagged APC. None of the other
+TIPs show specific accumulation on the lattice of lamella
MTs. (F) Distribution of detyrosinated tubulin in a cell express-
ing EGFPtagged CLASP1. Insets show lamella cell regions
at higher magnification and the dashed line indicates the
protruding cell edge. Bars, 10 pm.

EGFP-CLASP1

Our results provide the first direct evidence of polarized regu-
lation of a MT-associated protein (MAP) in migrating cells and
show that a regulatory cascade can promote switching between
+TIP and MAP behavior.

To investigate the in vivo dynamics of CLASPs on MTs in
migrating cells, we used PtK1 cells, a marsupial kidney epi-
thelial cell line, that we used previously to characterize lead-
ing edge MT dynamic instability regulation (Wittmann et al.,
2003). First, we examined the localization of endogenous
CLASPs in PtK1 cells by immunofluorescence using an affin-
ity-purified antibody raised against the CLASP homologue
from Xenopus laevis (Fig. 1). This antibody specifically rec-
ognized a single protein band of ~170 kD on immunoblots

/

of crude PtK1 cell lysate (Fig. S1 A, available at http://
www.jcb.org/content/full/jcb.200412114/DC1). Although cy-
toplasmic background in the cell body was relatively high
and we observed the brightest staining on a perinuclear or-
ganelle likely to be the Golgi complex, it was often possible
to discern labeling of individual MT plus ends in the cell
body (Fig. 1 C). However, near the leading cell edge, MTs
extending into the lamella and lamellipodium were labeled
prominently along their lattices for 10 wm or more, which is
inconsistent with classical +TIP behavior. The CLASP
staining pattern in PtK1 cells at the edge of epithelial cell is-
lands was similar to serum-stimulated fibroblasts at wound
edges, where increased CLASP localization to leading edge
MT plus ends has been observed (Akhmanova et al., 2001;
Mimori-Kiyosue et al., 2005). However, extensive CLASP
labeling along lamella MT lattices was specific to PtKl1
cells, probably because these cells have much larger and
more persistent lamellae than fibroblasts.
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We compared CLASP staining to the distribution of
EB1, a “bona fide” +TIP that binds equally to all growing
MT plus ends (Piehl and Cassimeris, 2003). EB1 staining
mainly highlighted MT plus ends in the cell body, and, unlike
CLASPs, very little EB1 was present on lamella MTs (Fig. 1 B).
When we compared the localization of CLASPs and EB1 on
MT plus ends in the cell body, we found that these two pro-
teins did not colocalize (Fig. 1 C). EB1 staining was always
brightest at the very tip of the MT, whereas CLASP staining
occurred in a ~1-2-pm stretch behind EB1 and was often
excluded from the region of highest EB1 intensity. This im-
plies that these two proteins may track MT plus ends by dif-
ferent mechanisms.

We also wanted to compare CLASP localization to that
of CLIP-170 and APC. Because antibodies against these pro-
teins are not functional in PtK1 cells, we expressed tagged
constructs. At low expression levels, myc-tagged CLIP-170
localized with endogenous CLASP near MT plus ends in the
cell body, but unlike CLASP, CLIP-170 was never specifically
enriched on the lattice of lamella MTs (Fig. 1 D). EGFP-tagged
APC associated with MTs only in a subset of cells, in which it
formed clusters along MT plus ends in cell corners, similar to
what has been reported in other cell types (Mimori-Kiyosue et
al., 2000; Bienz, 2002). Only a subset of the CLASP-decorated
lamella MTs also exhibited APC clusters (Fig. 1 E). Together,
these results suggest that CLASP binding to MTs is very differ-
ent from other +TIPs and is regionally regulated in cells.
CLASP binding along MT lattices is favored in the lamella
and lamellipodium, whereas CLASP binding near plus ends is
favored in the cell body.

2

Distance from +end (um)

Figure 2. The dynamic association of CLASPs with MTs is
spatially regulated in living cells. (A) PtK1 cell expressing
3xEGFP-CLASP2 showing plus end association in the cell
body (a) and MT lattice binding in the lamella (b; see Video
1). Bar, 10 pm. (B) Quantification of 3xEGFP-CLASP2 fluo-
rescence intensity along MT plus ends in the cell body or in
the lamella. n = 42 MTs each. Mean (circles) and SD (error
bars) are shown for individual data points. (C) Coinjection of
fluorescent tubulin reveals that all lamella MTs are decorated
with 3xEGFP-CLASP2 (Video 2). Bar, 10 um. (D) The dynam-
ics of other +TIPs in PtK1 cells are entirely different from
CLASPs (Video 3). EGFP-EB1 and GFP-CLIP-170 are not spe-
cifically enriched on lamella MTs. EGFP-APC forms tight clus-
ters on a small subset of MTs in cell corners. Insets show the
indicated peripheral cell regions at higher magnification.
Bar, 10 um.

Cell body

Lamella

3 4 5

In fibroblasts, MTs oriented in the direction of migration
often are posttranslationally modified such that they can be
stained by antibodies against detyrosinated tubulin. These MTs
have been shown to be stabilized against depolymerization by
cold or nocodazole (Gundersen and Bulinski, 1988). Because
CLASP localization on MT lattices clearly identified MTs in
cell protrusions, we compared EGFP-CLASP1 distribution to
the distribution of detyrosinated MTs (Fig. 1 F). In PtK1 cells,
detyrosinated MTs were not particularly oriented and rarely en-
tered the lamella, and CLASP-decorated MTs were almost
never detyrosinated.

CLASPs track MT plus ends in the cell
body and dynamically bind MT Ilattices in
the lamella

Next, we examined the in vivo dynamics of CLASPs. In cells
expressing low levels of either EGFP-tagged CLASP1 or
CLASP2, the distribution of EGFP-tagged protein was very
similar to what we observed by immunofluorescence (Fig. 1 F).
Because, at higher expression levels, EGFP-tagged CLASPs
bundled and decorated MTs in the cell body (unpublished
data), we used a CLASP2 construct tagged with three EGFP
moieties to achieve a better signal to noise ratio at low expres-
sion levels (Bulinski et al., 2001). In PtK1 cells, 3xEGFP-
CLASP2 tracked growing MT plus ends in the cell body, but
decorated the entire MT lattice in the lamella (Fig. 2, A and
C; and Video 1, available at http://www.jcb.org/content/full/
jcb.200412114/DC1). CLASP plus end comets tended to be-
come longer as they approached the border between the cell
body and the lamella. Remarkably, when individual CLASP
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Table |. FRAP of EGFP-CLASP2 on lamella MT lattices

k Recovery /2 n
% s

EGFP-CLASP2 1.21 +0.37 927 £ 5.1 0.63 + 0.21 20
towards —end of bleach zone 1.25 £0.47 93.9 = 4.0 0.62 = 0.21 10
center of bleach zone 1.42 = 0.45 91.5 + 4.0 0.55 +0.23 10
towards +end of bleach zone 1.31 =0.38 927 +5.6 0.57 +0.17 10
3xEGFP-CLASP2 0.82 + 0.30° 86.5+56 0.94 + 0.29 20
EGFP-CLASP2(340-1084) 1.14 = 0.31 957 +3.3 0.65 +0.18 20
lithium chloride—treated 0.74 +0.11° 90.3 +2.5 0.96 +0.15 20

Values are mean = SD. A subset of the EGFP-CLASP2 data was also analyzed at different positions along the MT in the bleached region to test for lateral transport.

k, recovery rate constant; n, number of bleach events analyzed.

“The recovery rate constants of 3xEGFP-CLASP2 compared to EGFP-CLASP2 and control compared to lithium chloride—treated EGFP-CLASP2(340-1084) were signif-

icantly different (P < 0.0001; ttest).

comets crossed from the cell body into the lamella, the MT lat-
tice became fully decorated immediately (Video 1). In cells
coinjected with fluorescently labeled tubulin, it was evident
that lattice binding occurred on all lamella MTs (Fig. 2 C) and
3xEGFP-CLASP2 remained associated with lamella MTs dur-
ing all phases of dynamic instability (Video 1 and 2, available
at http://www jcb.org/content/full/jcb.200412114/DC1).

To confirm that the dynamic behavior of CLASPs in cells
is unique, we observed GFP-tagged constructs of other +TIPs
in live PtK1 cells (Fig. 2 D and Video 3, available at http://
www.jcb.org/content/full/jcb.200412114/DC1). Both EGFP-
EB1 and GFP-CLIP-170 tracked MT plus ends throughout the
cell and were not specifically enriched on lamella MT lattices.
In contrast, EGFP-APC formed dynamic clusters at the ends of
few MTs in very small subcellular regions, and its overall
dynamics were very different from EGFP-CLASP.

The binding behavior of CLASPs to MTs also corre-
lated with distinct MT dynamic instability in these subcellular
regions. MT plus end tracking by EGFP-tagged CLASP2 in
the cell body identified a population of MTs that we previ-
ously did not observe in PtK1 cells due to the high MT den-
sity in the cell body (Wittmann et al., 2003). As described for
other cells (Komarova et al., 2002b), these MTs grew very
fast and persistently (16.9 = 4.4 wm/min; see Fig. 4 H; Fig.
S1 B). MT plus ends at the junction between the cell body

Figure 3. Photobleaching of EGFP-CLASP2 on MT lattices and
growing plus ends. (A) FRAP of EGFP-CLASP2 on the MT lat-
tice in the lamella (Video 4). Fluorescence recovers evenly in
the entire bleached region. Bar, 2 um. (B) FRAP of EGFP-
CLASP2 on a growing plus end in the cell body. The arrow in-
dicates the position of the terminus of CLASP fluorescence near
the MT plus end at the time of bleaching. Note that recovery
occurs transiently proximal to this site before the plus end
comet treadmills away from its initial position. Bar, 2 pm.
(C) Graphs of relative fluorescence recovery on MT lattices
showing all data points, the average of exponential fits from
individual experiments (n = 20; solid line) and the direct expo-
nential fit of all data (dashed line). (D) Comparison of the recov-
ery rate constant of EGFP-CLASP2 on MT laftices defermined
either in the center or toward either side of the bleached re-
gion. No significant difference could be defected by ANOVA.
Data are presented as box-and-whisker plots indicating the
25th percentile (bottom boundary), median (middle line), 75th

Fraction recovered

o

and lamella, which we previously called “central MTs,”
switched frequently between growing and shortening (Witt-
mann et al., 2003). When MTs entered the lamella and be-
came “pioneer MTs,” they grew more persistently, but at a
slower average rate than in the cell body (7.8 = 3.8 pm/min;
see Fig. 4 H; Fig. S1 B; Waterman-Storer and Salmon, 1997,
Wittmann et al., 2003). Thus, CLASPs appeared to bind pref-
erentially to the lattice of pioneer MTs and may contribute to
the differential assembly/disassembly dynamics of this dis-
tinct MT population.

To distinguish whether plus end tracking and MT lattice
binding occurred through different mechanisms, we compared
the CLASP distribution on these two populations of MTs. We
measured the 3XxEGFP-CLASP?2 fluorescence intensity as a
function of the distance from the MT plus end (Fig. 2 B).
Consistent with our immunofluorescence results, in the cell
body, the maximal association of 3XEGFP-CLASP2 with MT
plus ends occurred proximal to the very tip and, on average,
decayed exponentially with increasing distance and a half-
length of ~1 wm. This result is consistent with a first order

dissociation reaction, and is qualitatively similar to EB1 dis-
sociation Kkinetics (Tirnauer et al., 2002). In contrast, on
lamella MTs, 3xEGFP-CLASP2 fluorescence intensity did
not on average decrease significantly over several microme-
ters. Due to the low expression level, 3XEGFP-CLASP2 along

EGFP-CLASP2 ] 3xEGFP-CLASP2
0

percentile (top boundary), nearest observations within 1.5
times the interquartile range (whiskers), and outliers (+).
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lamella MTs appeared speckled, and the speckle pattern fluc-
tuated continuously over time, indicating steady-state dissoci-
ation and association of CLASP2 on the MT lattice (Bulinski
et al., 2001; Video 1).

Rac1(Q61L)

R
1

Rac1(Q61L) / GSK3B(S9A)
TAT-Rac1(17-32)

20 mM LiCI{F

H 30
0 Fluorescence intensity —_

Control 20
L] (L] «©e * o0
Rac1(Q61L)

ele@@® 0O

Growthrate (um/min;
>
T

TAT-Rac1(17-32)

e e O . 0
> &g 3 =
GSK3fl(S9A) S8 TS 8 k]
@ O @ o S5 E £ 2 £
T 854 3 8
20 mM LiCl o ©
ocw® . Control  Rac1(Q61L)

Figure 4. Regulation of CLASP-MT binding by Racl and GSK3p. (A)
3XEGFP-CLASP2 in a control PKK1 cell; (B) in a cell expressing constitutively
active mRFPRac1(Q41L) (Video 5); (C) in a cell expressing constitutively
active mRFP-GSK3B(S9A) (Video 7); and (D) in a cell expressing both
mRFPRac1(Q41L) and mRFP-GSK3B(SPA). Racl activation induces
CLASP binding to MT lattices in the cell body, whereas GSK3p inhibits
lamella lattice binding but still allows some plus end tracking. (E) 3xEGFP-
CLASP2 in a cell treated with 20 mM lithium chloride, which inhibits
GSK3B and induces lattice binding in the cell body (Video 8). (F) 3xEGFP-
CLASP2 in a cell freated with a Rac1 inhibitory peptide, TAT-Rac1(17-32),
which largely inhibits lattice binding but still allows plus end tracking
(Video 6). Insets show the indicated cell regions at higher magnification.
Bar, 10 um. (G) Quantification of the total EGFP fluorescence intensity of
individual PK1 cells. This demonstrates that the 3xEGFP-CLASP2 expres-
sion level was comparable under all conditions. Open circles identify the
cells shown in A-F. (H) Distribution of growth rates in the cell body of con-
trol PtK1 cells, where CLASPs track MT plus ends, compared with the
lamella, where CLASPs dynamically bind to the MT lattice, compared with
MTs in similar cell regions in Rac1{Q61L)-expressing cells. Rac1 activation
does not homogenize growth rates. n = 300 growth events for each con-
dition. Data are presented as box-and-whisker plots indicating the 25th
percentile (bottom boundary), median (middle line), 75th percentile (top
boundary), nearest observations within 1.5 times the interquartile range
(whiskers), 95% confidence inferval of the median (notches), and outliers
(+). Closed circles indicate the means.

FRAP reveals rapid CLASP binding
kinetics on lamella MT lattices

MT lattice decoration could be explained by a higher affinity of
CLASPs for MT lattices in the lamella, but might also be due to
a failure of CLASP dissociation from the MT in the wake of
tight binding at the MT plus end or to minus-end—directed lat-
eral transport away from the plus end. To distinguish between
these possibilities, we performed FRAP experiments (Fig. 3
and Video 4, available at http://www.jcb.org/content/full/
jcb.200412114/DC1). The fluorescence recovery of EGFP-
CLASP2 on lamella MTs was nearly complete and surprisingly
fast with half-times on the order of 600 ms (Table I). 3XEGFP-
CLASP2 recovered slightly more slowly, likely due to de-
creased cytoplasmic diffusion. Recovery rate constants were
not significantly different in the plus end— or minus end—facing
side of the bleach zone, indicating that neither directed trans-
port nor lateral diffusion contribute to CLASP-MT lattice bind-
ing (Fig. 3 D). Thus, the difference in plus end tracking in the
cell body versus lattice binding in the lamella is determined ei-
ther by local differences in the MT lattice or by local regulation
of the affinity of CLASPs for MT lattices.

Due to fast MT growth, it was technically difficult to
photobleach EGFP-CLASP2 plus end comets in the cell body.
However, we did achieve this a few times and in such cases ob-
served recovery not only via new plus end growth, as we would
have expected, but also at a short distance behind the MT end
(Fig. 3 B and Video 4). This suggests that the underlying mech-
anism of CLASP plus end tracking involves binding to the MT
lattice close to the plus end, which is thought to be structurally
different from the rest of the MT lattice (Arnal et al., 2000), as
opposed to copolymerization with tubulin dimer that was pro-
posed for CLIP-170 (Diamantopoulos et al., 1999).

Regulation of CLASP2 through Rac1

and GSK3p

Next, we wanted to investigate how CLASP-MT binding is re-
gionally regulated. The small GTPase Racl induces actin poly-
merization to drive leading edge protrusion. Because we previ-
ously found that Racl promotes MT net growth in the lamella
(Wittmann et al., 2003), we sought to determine if Racl activ-
ity played a role in spatial regulation of CLASP-MT binding.
In PtK1 cells expressing constitutively active Racl(Q61L),
3xEGFP-CLASP2 binding to MTs became homogeneous
throughout the cell (Fig. 4 B). In addition to plus end tracking,
lattice binding now also occurred in the cell body, whereas
growing MTs in the lamella displayed both lattice binding and
more substantial plus end tracking than in control cells (Video
5, available at http://www.jcb.org/content/full/jcb.200412114/
DC1). To inhibit endogenous Racl, we used a cell permeable
inhibitory peptide, TAT-Rac1(17-32) (van Hennik et al., 2003),
which, as expected, induced the collapse of the lamella and
lamellipodium. In these cells, MT lattice binding was greatly in-
hibited, but plus end tracking still occurred (Fig. 4 F and Video
6, available at http://www.jcb.org/content/full/jcb.200412114/
DC1). These experiments demonstrate that the affinity of
CLASPs for MT lattices is correlated with lamella formation
and is promoted by Racl activation.
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Figure 5. The COOH-terminal part of the A Microtubule-plus-end- Lattice- CLIP-binding Control cells 20 mM LiCl
MT_kind: . N . — S E— Plus-end- Lattice- Lattice-

Eining inthe lamello 4] Destm of e cone :  xezsrs  (Colba) Qamale) | (ol body
structs used in this study and summary of their : : : CLgS;ZSS—B&) : o o
MT-binding behavior. Amino acid positions re- . . 234;}13)62) N +—+ n-d
fer to the predicted human CLASP2 full-length | (848-1362) o - B
sequence (GenBank/EMBL/DDBJ accession . ! (340-1084) N " "
no. XP_291057.5; the asterisk indicates an . . (340-1043) i 5 nd
8-aa deletion in this sequence). (B) Localiza- . . (340.992) + - .
tion of EGFPtagged CLASP2 constructs to MTs . . (340-956) + +- i

in living PtK1 cells. Amino acids 340-875 are —_— (340-875) + B R
sufficient for plus end association, but residues — (512-650) + ; nd.
340-1084 are requwed for both p|US end [l ] . B potential GSK3p phosphorylation motifs

tracking and robust lattice binding to occur.
Bar, 10 pm. Insets are higher magnifications
of peripheral cell regions.

Because it has been reported that CLASP-MT binding is
affected by GSK3@, which is specifically inactivated in cell
protrusions (Akhmanova et al., 2001; Etienne-Manneville and
Hall, 2003), we next examined whether GSK3 is involved in
the regional regulation of CLASP-MT association. CLASPs
contain several potential (S/T)XXX(S/T) GSK33 phosphor-
ylation motifs (Cohen and Frame, 2001; Fig. 5 A) that
are highly conserved in different vertebrate sequences. In-
deed, GSK3p phosphorylated CLASP2 protein in vitro, and
GSK3p inhibition in PtK1 cells resulted in a noticeable
downshift of CLASPs on immunoblots of cell extracts
(Fig. S1, C and D). In cells expressing constitutively active
GSK3B(S9A), MT lattice binding was completely abolished
(Fig. 4 C and Video 7, available at http://www.jcb.org/content/
full/jcb.200412114/DC1). Plus end tracking, although re-
duced, still occurred in many cells. In contrast, lithium chlo-
ride, which inhibits GSK3{, induced ectopic MT lattice bind-
ing in the cell body (Fig. 4 E and Video 8, available at http://
www.jcb.org/content/full/jcb.200412114/DC1). We also ob-
served such ectopic lattice binding in EGFP-CLASP1—express-
ing PtK1 cells with a different GSK3{ inhibitor, SB216763
(Fig. S1 E). In addition, the inhibition of protein phosphatases
by 1 uM okadaic acid abolished MT lattice binding in the
lamella but did not affect plus end tracking in the cell body
(unpublished data). The total 3XxEGFP-CLASP2 fluorescence
intensity was comparable under different conditions, indicat-
ing that the observed differences in MT-binding behavior
were not due to variations of the 3XEGFP-CLASP2 expres-
sion level (Fig. 4 G).

JCB « VOLUME 1689 « NUMBER B « 2005

To determine the relationship of Racl and GSK3 in a ten-
tative signaling pathway regulating CLASP-MT association, we
expressed constitutively active Racl1(Q61L) together with consti-
tutively active GSK3B(S9A). In this case, 3XEGFP-CLASP2 only
tracked MT plus ends as in cells expressing GSK3B(S9A) alone
(Fig. 4 D), indicating that GSK33 acts downstream of Racl.

Because in control PtK1 cells the distribution of MT
growth rates correlated strongly with the different MT-binding
behavior of CLASPs in the cell body versus the lamella, we de-
termined growth rates in the cell body and peripheral regions in
Rac(Q61L)-expressing cells in which CLASP-MT binding was
homogenous. In Rac(Q61L)-expressing cells, MTs still grew
faster in the cell body (15.3 = 3.9 wm/min) as compared with
peripheral regions (9.5 £ 4.0 wm/min), very similar to what we
observed for cell body versus lamella MTs in control cells (Fig.
4 H and Fig. S1 B). This finding indicates that MT growth rates
are not regulated downstream of Racl and are not affected by
CLASP binding to MT lattices, consistent with our previous re-
sults that Racl modulates lamella MT net growth primarily
through regulation of the catastrophe frequency (Wittmann et
al., 2003). Together, these results suggest a pathway in which
inactivation of GSK3B downstream of Racl activation pro-
motes the association of CLASPs with MT lattices.

The COOH-terminal region of the
CLASP-MT-binding domain is required
for high affinity MT lattice association
To determine whether MT lattice binding and plus end tracking
resided in different parts of the CLASP2 molecule, we ana-
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Figure 6. The COOH-terminal part of the CLASP-MT-binding domain is
required for high affinity MT binding in vitro. (A) Inmunoblot of a MT sed-
imentation assay of bacterially expressed His6-CLASP2(340-1084) at
constant concentration incubated with increasing concentrations of MTs.
Note the slightly smaller degradation product (~70 kD), which does not
bind to MTs. (B) Comparison of MT binding of His6-CLASP2(340-1084)
and His6-CLASP2(340-875). 2.5 pM MTs were incubated with increas-
ing amounts of expressed CLASP2 proteins. 1X corresponds to the con-
centration used in A. Gels were loaded with equivalent amounts of protein
in each lane. Even at concentrations at which His6-CLASP2(340-1084)
began to saturate MTs (8), binding of His6-CLASP2(340-875) to MTs
could not be detected. S, supernatant; P, pellet. Molecular masses are
indicated in kilodaltons on the right.

lyzed the localization of EGFP-tagged CLASP2 deletion mu-
tants (Fig. 5). The shortest fragment that behaved indistin-
guishably from the full-length protein and displayed robust
lamella MT lattice binding was EGFP-CLASP2(340-1084),
which is roughly equivalent to the previously defined MT-
binding region of CLASP1 (Maiato et al., 2003). This demon-
strates that the COOH-terminal CLIP-170-binding domain is
not required for either plus end tracking or lattice binding.
Shorter constructs truncated at amino acid 875 lost all lattice-
binding activity and only tracked growing plus ends throughout
the cell (Fig. 5 and Video 9, available at http://www.jcb.org/
content/full/jcb.200412114/DC1), and constructs terminating
between residue 875 and 1084 showed gradually less lamella
MT lattice association (Fig. 5). This demonstrates that the
region between amino acid 875 and 1084 is required for
CLASP-MT lattice binding, but not for plus end tracking. The
recently reported minimal plus end tracking domain, EGFP-
CLASP2(512-650) (Mimori-Kiyosue et al., 2005), was suffi-
cient to track MT plus ends in PtK1 cells, and a construct lack-
ing this domain, EGFP-CLASP2(648-1362), showed severely
reduced plus end tracking and MT lattice binding, demonstrat-
ing that this domain is critical for all CLASP-MT association in
cells (Fig. 5 B).

In FRAP experiments, the recovery rate of EGFP-
CLASP2(340-1084) on lamella MT lattices was indistinguish-
able from EGFP-CLASP2 (Table I). Fluorescence of ectopic,
lithium chloride—induced EGFP-CLASP2(340-1084) on MT lat-

A EGFP-CLASP2(648-1362)

EGFP-CLASP2(340-1084)

EGFRIQLASP2(340-956) EGEP-CLASP2(340-875) |

)

B H.sapiens CLASP1 SRHTSSRTSPLTSPTNCSHGGLSPS |

D.rerio CLASP PRSPASWSSPLTSPTNTSONTPSPS
H.sapiens CLASP2 PRSPANWSSPLTSPTNTSQNTLSPS
975 979 983 987 991

S975/979A
T983/987A
S991A

S975/979A

Figure 7. The regulation of CLASP affinity for MTs does not require the
COOH-ferminal GSK3p mofif. (A) Localization of selected EGFPtagged
CLASP2 constructs in the presence of 20 mM lithium chloride to inhibit
GSK3B. Lithium chloride still induces ectopic lattice binding of EGFP-
CLASP2(340-956), which lacks the COOH-terminal GSK3p motif. (B)
Protein sequence of the COOH-terminal GSK3p motif. (C) EGFP-
CLASP2(340-1084) constructs, which have either the two most con-
served or all five potentially GSK3B-phosphorylated residues mutated to
alanine, still track MT plus ends in the cell body and bind MT lattices in
the lamella. Bar, 10 pwm.

tices in the cell body still recovered rapidly, but significantly
more slowly than on lamella MT lattices in control cells. To-
gether with the observation that constitutively active GSK3(
(S9A) also reduced plus end tracking in the cell body (Fig. 4),
this suggests that GSK3p is gradually regulated in cells, result-
ing in a graded affinity of CLASPs for the MT lattice.

To establish whether the region between amino acids 875
and 1084 was directly involved in MT binding, we performed
in vitro MT sedimentation assays with bacterially expressed,
partially purified, histidine-tagged CLASP2 proteins. His6-
CLASP2(340-1084) bound to MTs with high affinity (appar-
ent Kp = 0.1-0.25 pM; Fig. 6 A), which is similar to classic
MAPs (Butner and Kirschner, 1991; Roger et al., 2004). Be-
cause we cannot exclude saturation at low MT concentrations,
this value reflects an upper estimate of the true Kp. In contrast,
we could not detect any in vitro MT binding of His6-
CLASP2(340-875) even at concentrations at which His6-
CLASP2(340-1084) began to saturate available MTs (Fig. 6 B).
This demonstrates that amino acids 875-1084 are required for
high affinity CLASP2 binding to MT lattices.
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Finally, we wanted to determine whether the most
COOH-terminal GSK3 phosphorylation motif between amino
acids 975 and 991 was critical to regulate CLASP-MT associa-
tion. Because in cells EGFP-CLASP2(340-875) only tracked
MT plus ends even in the presence of lithium chloride (Fig. 7 A),
we anticipated this to be an important regulatory site (Fig. 7 B).
However, lithium chloride still induced ectopic lattice binding
of EGFP-CLASP2(340-956), which lacked the COOH-terminal
GSK3p site (Fig. 7 A). In addition, a construct that lacked the
NH,-terminal GSK3p motifs, EGFP-CLASP2(648-1362), but
retained some residual MT-binding activity, did not respond to
lithium chloride treatment (Fig. 7 A). To definitively test
whether the regulation of lattice binding required the COOH-
terminal GSK3{ motif, we mutated the residues that consti-
tuted this site and were either conserved in all vertebrate
CLASP sequences (S975 and S979) or only in CLASP2 homo-
logues and zebrafish (S975, S979, T983, T987, and S991; Fig.
7 B). Both constructs tracked MT plus ends in the cell body and
retained lamella MT lattice binding, demonstrating that another
element between amino acids 875 and 1084 of the CLASP2
molecule is critical for the regulation of its affinity for MT
lattices (Fig. 7 C). Together, these results show that the NH,-
terminal part of the CLASP2 MT-binding domain (aa 512—
650) is necessary for both plus end tracking in the cell body
and MT lattice binding in the lamella and likely contains regula-
tory GSK3p phosphorylation sites, whereas the COOH-terminal
part (aa 875-1084) is specifically required for high affinity
binding to MT lattices in the lamella.

Discussion

Subcellular regulation of CLASPs
In this study, we analyze the association of CLASPs with MTs
in migrating PtK1 epithelial cells. At the edge of cell islands,
these cells become highly polarized and migratory, extending
a persistently protruding lamella and lamellipodium into their
surroundings (Wittmann et al., 2003; Gupton et al., 2005). We
find that in PtK1 cells the affinity of CLASPs for the MT lat-
tice is locally regulated: in the cell body, CLASPs behave like
other +TIPs and only bind near the plus ends of growing
MTs. In the lamella, however, CLASPs behave like classic
MAPs. They bind and dissociate along the MT lattice regard-
less of the polymerization state of the MT end. Other +TIPs
characterized so far track growing plus ends throughout the
cell. Polarized CLASP distribution has also been observed in
wound edge fibroblasts (Akhmanova et al., 2001) and neu-
ronal growth cones (Lee et al., 2004). In these cells, however,
this was interpreted as increased plus end tracking of leading
edge MTs. Extensive binding to the MT lattice has not been
reported. Thus, stable CLASP-MT lattice binding may be spe-
cific for persistently polarized cells with stable cell-cell junc-
tions such as our migrating epithelial cell model, and we have
also observed this in human keratinocytes at the edge of cell
islands (unpublished data).

To understand the mechanism of this polarization, we an-
alyzed the regulation of CLASP-MT association downstream
of Racl because we previously showed that Racl regulates
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lamella MT dynamic instability through p21-activated kinase
and Op18/stathmin (Daub et al., 2001; Wittmann et al., 2003,
2004a). Here, we find that CLASP binding to the MT lattice is
regulated through Racl as well. Inhibition of endogenous Racl
reduced CLASP-MT lattice association, whereas expression of
constitutively active Rac1(Q61L) enhanced binding to MT lat-
tices throughout the cell. Thus, Racl is a regulator of multiple
aspects of the MT cytoskeleton. Abelson tyrosine kinase might
be an upstream regulator of these pathways, as it interacts ge-
netically with the Drosophila CLASP homologue and can acti-
vate Racl (Lee et al., 2004; Sini et al., 2004).

We found that GSK3, an emerging major regulator of
cell polarity, also regulated CLASP-MT association. CLASPs
are likely GSK3B substrates in vivo, and modulation of
GSK3p activity affects CLASP plus end tracking in fibroblasts
(Akhmanova et al., 2001). In the present study, we show that
GSK3p inhibition induced CLASP-MT lattice association,
which is consistent with low GSK3p activity in the lamella. In
contrast, constitutively active GSK3B(S9A) completely abol-
ished lattice binding, which is consistent with high GSK3p ac-
tivity in the cell body. In the leading edge of astrocytes,
GSK3pB is phosphorylated and inactivated downstream of
Cdc42 and Par6-PKC{ (Etienne-Manneville and Hall, 2003),
and inactive, phospho-GSK3 is enriched in neuronal growth
cones (Shi et al., 2004; Zhou et al., 2004). Unfortunately, we
did not succeed in staining phosphorylated GSK3p in PtK1
cells and, thus, could not test this hypothesis directly. Our
FRAP experiments indicate that GSK3[ inhibition increased
the association of CLASP with MT lattices compared with
lamella MT lattice-bound CLASP in control cells, and constitu-
tively active GSK3B(S9A) reduced CLASP plus end tracking
below the control cell level. In addition, CLASP comets on cell
body MT plus ends often grew longer as they approached the
border between cell body and lamella. Together, this suggests a
finely tuned regulatory gradient of GSK3@ activity between
these cell regions that results in a graded affinity of CLASPs
for plus ends versus lattices. Although CLASPs contain multi-
ple potential GSK33 phosphorylation sites, it is possible that
CLASP regulation is not direct and instead requires an interme-
diate protein that is phosphorylated by GSK3p.

We do not know the molecular link between Racl and
GSK3p, but our data suggest that CLASP-MT lattice binding
through GSK3 inactivation occurs downstream of Racl acti-
vation. Although Cdc42-mediated GSK3( phosphorylation
through direct interactions of GSK3B with Par6-PKC{ inde-
pendent of Racl has been observed (Etienne-Manneville and
Hall, 2003), the molecular mechanism of GSK3 inactivation
is not completely understood. In PtK1 cells, PKC inhibition by
GF109203X, which would lead to increased GSK3[ activity
by such a pathway, resulted in increased CLASP-MT lattice as-
sociation (unpublished data), in opposition to what one would
expect. In addition, a recent study shows that Racl activation
downstream of Cdc42 is mediated by direct interaction of the
Rac1-GEF Tiam with Par3 (Nishimura et al., 2005). Thus, both
Racl and GSK3p are regulated downstream of the Par3-Par6-
PKC{ polarity complex, and Racl and PKC( likely act in par-
allel to control GSK3p activity and CLASP localization.
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GSK3p also phosphorylates neuronal MAPs (Trivedi et
al., 2005) and APC (Zumbrunn et al., 2001; Etienne-Manne-
ville and Hall, 2003; Zhou et al., 2004), and there are interest-
ing parallels between APC and CLASPs. Similar to CLASPs,
GSK3p activation decreases and GSK3f inhibition increases
APC-MT association. In cells, however, the localization and
dynamics of APC and CLASPs are quite different. CLASPs as-
sociate with the lattice of all lamella MTs, whereas APC accu-
mulates in dynamic clusters at the ends of only a small subset
of MTs. This implies differences in the regulation of APC and
CLASPs through GSK383. APC and GSK3f3 are components of
the WNT-signaling complex (Bienz, 2002) and APC is trans-
ported along MTs by a kinesin motor (Mimori-Kiyosue et al.,
2000; Jimbo et al., 2002), which could explain these differ-
ences. It is not known whether CLASPs are part of a larger sig-
naling complex, and we did not observe CLASP transport
along MTs.

A molecular switch to regulate
CLASP-MT affinity

To elucidate whether plus end tracking and MT lattice binding
were distinct activities, we analyzed truncated CLASP con-
structs in PtK1 cells. Neither of these activities required the
COOH-terminal CLIP-170-binding domain (Akhmanova et
al., 2001). The NH,-terminal part of the CLASP-MT-binding
domain (aa 512-650) was sufficient for plus end tracking in
PtK1 cells, similar to what has been observed in HeLa cells
(Mimori-Kiyosue et al., 2005). In addition, we identified a
region at the COOH terminus of the MT-binding domain (aa
875-1084) that was indispensable for MT lattice binding in the
lamella. Thus, the CLASP-MT-binding domain consists of
subdomains with distinct activities. However, the functional re-
lationship of these subdomains is complicated, as the NH,-ter-
minal plus end tracking domain was also necessary for lamella
MT lattice binding in cells, indicating that it is involved in di-
rect CLASP-MT interactions. Indeed, some MT binding has
been observed with the minimal plus end tracking construct in
vitro (aa 512-650; Mimori-Kiyosue et al., 2005). In our experi-
ments, however, the presence of the COOH-terminal subdo-
main (aa 875-1084) was necessary to bind taxol-stabilized
MTs with high affinity in vitro. We did not observe any in vitro
MT binding of a construct terminating at residue 875. Conse-
quently, the NH,-terminal plus end tracking domain alone has a
very low affinity for MT lattices. Because taxol-stabilized MTs
do not have dynamic ends, the affinity of this domain for struc-
turally distinct growing plus ends may be considerably higher.
Together, these data indicate that the subcellular regulation of
CLASP-MT association is likely a consequence of direct regu-
lation of the affinity of CLASPs for MT lattices.

To switch between plus end tracking and MT lattice
binding the COOH-terminal subdomain may contain a second
MT-binding site that is required for high affinity lattice bind-
ing. Alternatively, it may instead be involved in regulating MT
affinity of the NH,-terminal plus end tracking domain. In-
tramolecular interactions may regulate CLASP-MT binding,
as it has been observed that the yeast CLASP homologue Stul
can dimerize (Yin et al., 2002). We also find that the most

COOH-terminal GSK33 phosphorylation motif was not in-
volved in the regulation of CLASP-MT association in cells.
Therefore, regulatory phosphorylation through GSK3p likely
occurs on NH,-terminal phosphorylation sites, which overlap
with the plus end tracking and EB1-binding domain (Mimori-
Kiyosue et al., 2005). Thus, interactions with other +TIPs
may also regulate CLASP association with MTs. However,
because CLASP and EB1-staining showed little overlap on
the plus ends of cell body MTs, such a +TIP complex has to
be spatiotemporally regulated.

Role of CLASP-MT association in
migrating cells

What is the functional significance of CLASP association with
lamella MT lattices? In mitotic cells, CLASPs regulate the dy-
namics of kinetochore MTs (Maiato et al., 2003, 2005). Thus,
CLASPs likely regulate MT dynamic instability also in polar-
ized, migrating interphase cells. In HeLa cells, knockdown of
CLASP1 and CLASP2 showed that CLASPs are important to
promote rescues and to keep dynamic MT ends in close prox-
imity to the cell edge (Mimori-Kiyosue et al., 2005). CLASP
knockdown does not affect MT growth rates, consistent with
our findings that growth rates were not regulated through
CLASP-MT lattice association or Racl activation (Wittmann
et al., 2003). However, in PtK1 cells, the persistent growth of
pioneer MTs into the lamella is mainly regulated through a de-
creased catastrophe frequency downstream of Racl activation
(Wittmann et al., 2003). Unlike PtK1 cells, HeLa cells do not
possess an extensive lamella and effects of the cell boundary
on MT dynamics may be more pronounced, possibly explain-
ing these differences. In any case, it is easy to envisage how
CLASP association with the MT lattice could affect transition
frequencies and CLASP-MT lattice binding could stabilize
MTs by increasing their growth persistence time in the lamella.
Although CLASPs may mainly regulate the rescue frequency,
regulation of the catastrophe frequency involves inactivation of
Op18/stathmin through p21-activated kinases. Ultimately, the
regulation of lamella MT dynamics downstream of Racl likely
involves multiple pathways.

Materials and methods

Constructs and antibodies

pEGFP-CLASP1 and -CLASP2 were obtained from N. Galjart (Erasmus
University, Rotterdam, Netherlands; Akhmanova et al., 2001). The
CLASP2 sequence in this plasmid corresponds to aa 78-1362 of the pre-
dicted full-length human CLASP2 sequence (GenBank/EMBL/DDBJ acces-
sion no. XP_291057.5). CLASP2 tagged with multiple EGFPs was made
by cloning an Agel-Mlul fragment of pEGFP-CLASP2 into Xmal-Mlul-cut
pEGFP-C1 (CLONTECH Laboratories, Inc.). CLASP2 deletion constructs
were made by either subcloning fragments from internal EcoRl, Sall, Xhol,
or BamHl sites or by PCR with Vent polymerase (New England Biolabs,
Inc.). For bacterial expression, PCR products were cloned into pHAT2
(Peréinen et al., 1996), expressed, and purified on TALON resin (CLON-
TECH Laboratories, Inc.) using standard protocols. Point mutations were
generated with Quickchange Il (Stratagene). Rac1(Qé1L) and GSK3p
(S9A) were subcloned into a pTriEx-4-mRFP-fusion vector (obtained from
O. Pertz, The Scripps Research Institute, La Jolla, CA; mRFP was obtained
from R. Tsien, University of California, San Diego, San Diego, CA; Camp-
bell et al., 2002) to be able to monitor expression in living cells.
pCB6GFP-CLIP-170 was obtained from H. Goodson (University of Notre
Dame, Notre Dame, IN; Perez et al., 1999), pEGFP-APC from M. Bienz
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(University of Cambridge, Cambridge, UK; Rosin-Arbesfeld et al., 2001),
and pEGFPEB1 from L. Cassimeris (Lehigh University, Bethlehem, PA;
Piehl and Cassimeris, 2003). The TAT-Rac1(17-32) peptide was obtained
from P. Hordijk (University of Amsterdam, Amsterdam, Netherlands; van
Hennik et al., 2003).

Affinity-purified rabbit polyclonal antibody against the Xenopus
CLASP homologue Xorbit was obtained from E. Hannak and R. Heald
(University of California, Berkeley, Berkeley, CA). Monoclonal EB1 anti-
body was purchased from BD Biosciences. For immunofluorescence with
these antibodies, cells were fixed with —20°C methanol. Rabbit antiserum
against detyrosinated tubulin was obtained from C. Bulinski (Columbia
University, New York, NY).

Microtubule sedimentation assay

Taxol-stabilized microtubules were assembled as described previously (Witt-
mann et al., 1998), mixed with purified CLASP2 proteins in 80 mM K-Pipes,
1 mM EGTA, and 1 mM MgCl,. After 15-min incubation at RT, the microtu-
bule-bound fraction was separated by centrifugation at 60,000 g. Equiva-
lent amounts of supernatant and pellet were analyzed by immunoblot.

Microscopy and image analysis

PtK1 cells were cultured for microscopy and microinjected as described
previously (Wittmann et al., 2003, 2004b). Time-lapse image series were
acquired with a 100x/1.4 NA Plan Apo objective lens on a microscope
(model TE-300; Nikon) equipped with a spinning disk confocal scan head
(Ultra View; Yokogawa) and a cooled charged coupled device camera
(model Orca Il; Hamamatsu) as described previously (Adams et al.,
2003). FRAP experiments were performed on a microscope (model
DeltaVision RT; Applied Precision) equipped with a 488-nm laser module
for photobleaching. Fluorescence recovery rate constants were obtained
by least square fitting of the data to an exponential recovery model (Bulin-
ski et al., 2001). All image processing was done with MetaMorph (Uni-
versal Imaging Corp.). For figures and supplemental videos, images were
convolved with a 3 x 3 Gaussian low pass kernel to reduce camera noise
and an unsharp mask (7 X 7 kernel size, scaling factor 0.5) to enhance
the contrast of dim image features.

Online supplemental material

Fig. S1 shows the specificity of the CLASP antibody, analysis of MT
growth rates in control and Rac1(Q61L)-expressing cells, in vitro CLASP
phosphorylation by GSK3@, that GSK3B inhibition reduces the CLASP
phosphorylation state in cells, and that GSK3p inhibition induces ectopic
MT lattice binding in EGFP-CLASP1-expressing cells. Video 1 shows that
3xEGFP-CLASP2 in a PiK1 cell reveals MT plus end tracking in the cell
body and dynamic lattice binding in the lamella. Video 2 shows 3xEGFP-
CLASP2 and X-rhodamine-labeled tubulin. Video 3 shows a comparison of
CLASP2, EB1, CLIP-170, and APC dynamics in PK1 cells. Video 4 shows
FRAP of EGFP-CLASP2 on lamella MT lattices and growing plus ends in
the cell body. Video 5 shows 3xEGFP-CLASP2 in a PtK1 cell expressing
constitutively active mRFP-Rac1(Q61L). Video 6 shows 3xEGFP-CLASP2 in
a PiK1 cell treated with the Racl inhibitory peptide TAT-Rac1(17-32).
Video 7 shows 3xEGFP-CLASP2 in a PtK1 cell expressing constitutively ac-
tive mRFP-GSK3B(SPA). Video 8 shows 3xEGFP-CLASP2 in the presence
of 20 mM lithium chloride. Video 9 shows that 3xEGFP-CLASP2(78-875)
only tracks growing plus ends. Online supplemental material is available

at http://www.jcb.org/cgi/content/full /jcb.200412114/DCT1.
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