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Summary

CLIPs are microtubule plus end-associated proteins
that mediate interactions required for cell polarity and
cell division. Here we demonstrate that budding yeast
Bik1, unlike its human ortholog CLIP-170, is targeted
to the microtubule plus end by a kinesin-dependent
transport mechanism. Bik1 forms a complex with the
kinesin Kip2. Fluorescently labeled Bik1 and Kip2 co-
migrate along individual microtubules. Bik1 exists in
distinct intracellular pools: a stable pool at the spindle
pole body that is depleted during cell cycle progres-
sion, a soluble pool from which Bik1 can be recruited
during microtubule initiation, and a dynamic plus end
pool maintained by Kip2. Kip2 stabilizes microtubules
by targeting Bik1 to the plus end and Kip2 levels are
controlled during the cell cycle. As with Bik1, the tar-
geting of dynein to the microtubule plus end requires
Kip2. These findings reveal a central role for Kip2-
dependent transport in the cell cycle control of micro-
tubule dynamics and dynein-dependent motility.

Introduction

The dynamic behavior of microtubules (MTs) underlies
many aspects of cellular and organismal morphogene-
sis. MTs are intrinsically polar polymers with a fast-
growing plus end and a slow-growing minus end (Desai
and Mitchison, 1997). In fungi and animals, the minus
ends of MTs are usually at or adjacent to the microtubule
organizing center and the plus ends are oriented periph-
erally. The plus ends of MTs form structural links to
polarized membrane sites and kinetochores (Carvalho
et al., 2003; Howard and Hyman, 2003).

A group of proteins called plus end tracking proteins
or +TIPs specifically associate with the plus ends of
MTs (Carvalho et al., 2003; Howard and Hyman, 2003).
In live cell experiments, GFP-labeled +TIPs appear as
comet- or dot-like structures that remain on the MT plus
ends as they rocket through the cytoplasm (Perez et
al., 1999). Plus end tracking was first described for the
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cytoplasmic linker protein CLIP-170 (Perez et al., 1999)
and then observed for some other microtubule-associ-
ated proteins (MAPs) (Carvalho et al., 2003; Howard and
Hyman, 2003). Many of the +TIPs that directly bind MTs
also have important roles in controlling plus end dynam-
ics (Han et al., 2001; Maiato et al., 2003; Rogers et al.,
2002; Tirnauer et al., 1999, 2002). In addition to their
role in promoting MT stability, CLIP-170-related proteins
(CLIPs) may also guide the plus ends of MTs to polarized
membrane sites (Brunner and Nurse, 2000; Komarova
et al., 2002a, 2002b). CLIPs are also implicated in linking
the MT plus ends to endocytic vesicles, to the leading
edge of migrating cells and to kinetochores (Akhmanova
et al., 2001; Dujardin et al., 1998; Fukata et al., 2002; Lin
et al., 2001; Pierre et al., 1992; Coquelle et al., 2002;
Tai et al., 2002; Gundersen, 2002).

Initial characterization of CLIP-170 suggested a sim-
ple treadmilling mechanism for plus end tracking. Using
fluorescent speckle microscopy (FSM), Perez et al. dem-
onstrated that CLIP-170 molecules bind to the ends of
growing MTs, remain immobile after binding, and then
rapidly dissociate behind the region of polymerization
(Perez et al., 1999). Treadmilling behavior was subse-
quently observed for other MAPs such as EB1 (Tirnauer
et al., 2002; Carvalho et al., 2003). This proposed tread-
milling mechanism provided an elegant explanation for
how the static MT binding of individual CLIP-170 mole-
cules could be organized to produce a dynamic interac-
tion between the population of CLIP-170 molecules and
the growing plus end. Moreover, it was appealing to
consider the possibility that treadmilling was a general
mechanism for +TIPs because treadmilling could reflect
an intrinsic link between plus end targeting and the
mechanisms by which +TIPs control MT dynamics (Car-
valho et al., 2003).

Recent studies suggest that treadmilling is not the
only mechanism for plus end targeting. MT motors have
also been implicated in the plus end localization of a
number of +TIPs. Live cell imaging suggested that the
adenomatous polyposis coli tumor suppressor protein
(APC) undergoes ATP-dependent transport on MTs, and
it was shown that APC binds to KIF3A-KIF3B kinesin
motors (Jimbo et al., 2002; Mimori-Kiyosue et al., 2000).
There is also indirect evidence for a motor-dependent
mechanism for targeting budding yeast Kar9 to the plus
end (Maekawa et al., 2003). Kar9 shares a small amount
of homology with APC, and there are functional parallels
between Kar9 and APC (Gundersen, 2002). In the fungus
Aspergillus, the conventional kinesin KINA is required
for the localization of dynein to the MT plus end (Zhang et
al., 2003). Finally, in fission yeast, the CLIP-170 ortholog
Tip1 requires the kinesin Tea2 for its normal pattern of
localization (Browning et al., 2003). Live cell imaging
demonstrates that Tea2 itself is a +TIP. In addition to
motor-dependent mechanisms, there is a complex web
of physical interactions among +TIPs and some +TIPs
may hitchhike on other MAPs or motors more directly
connected to the plus end (Carvalho et al., 2003; Howard
and Hyman, 2003). The extent of these interactions high-
lights the importance of the MT plus end as a nodal point
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for cytoskeletal integration, but it complicates studies of
the mechanisms of plus end targeting.

Here we provide both a comprehensive characteriza-
tion of the mechanism of plus end tracking by the bud-
ding yeast CLIP Bik1 and a dissection of the functional
roles of Bik1 at the MT plus end. Our results demonstrate
that Bik1 is transported to the plus and by the kinesin
Kip2 (a homolog of Tea2). Kip2 was known to promote
MT stability, but the mechanism was unknown (Cot-
tingham and Hoyt, 1997; Huyett et al., 1998). We demon-
strate that Kip2 regulates MTs by delivering Bik1 to the
plus end, revealing a new mechanism by which kinesins
may control MT dynamics. Kip2 protein levels vary dur-
ing the cell cycle in a manner that correlates with the
amount of plus end-bound Bik1 and with cell cycle-
specific changes in MT dynamics. There are two major
pathways for positioning the mitotic spindle in budding
yeast, the preanaphase “Bim1/Kar9” pathway and the
anaphase “dynein” pathway (Segal and Bloom, 2001).
Explaining genetic data suggesting cooperation be-
tween Bik1, Kip2, and dynein (Miller et al., 1998; Shee-
man et al., 2003; Tong et al., 2004), we found that Kip2
is necessary for the targeting of dynein to the plus end.
This links the cell cycle control of Kip2 to the activation
of dynein-dependent motility during anaphase.

Results

Bik1 Associates with the Plus Ends of Growing,
Shrinking, and Pausing MTs

By single-color live cell microscopy we previously found
that Bik1, like human CLIP-170, bound polymerizing
MTs (Lin et al., 2001). To further characterize the mecha-
nism of association of Bik1 with the MT plus end, we
imaged a functional fusion between Bik1 and a 3YFP
cassette (Bik1-3YFP) in cells in which MTs were also
labeled with CFP-Tub1 («-tubulin). As observed for Bik1-
GFP constructs, Bik1-3YFP appeared as bright spots
at the plus ends of the CFP-labeled MTs. However, two-
color imaging revealed that Bik1 was at the plus end not
only during MT growth, but also during depolymerization,
a behavior that we term “backtracking” (Figure 1A and
Supplemental Movie S1 [http://www.developmentalcell.
com/cgi/content/full/6/6/815/DC1]). Fluorescence in-
tensity measurements revealed that, although some
fluctuations of the Bik1-3YFP signal were detected,
there was no correlation between the intensity of the
signal and periods of MT growth or shrinkage (Figure
1A). Consistent with the live cell imaging, in fixed cells
Bik1-3YFP was detected at the plus ends of 97% of
CFP-Tub1-labeled MTs (n > 600).

Bik1-3YFP bound the plus ends of both growing and
shrinking MTs during all cell cycle stages. Bik1 also
associated with both growing and shrinking MTs origi-
nating from both the mother- and the daughter-oriented
SPBs (10-20 MTs were imaged for each class). Although
observed during all cell cycle stages, the backtracking
of Bik1 was less robust in unbudded G1 cells. In these
cells, we frequently observed that during periods of MT
depolymerization, the Bik1-3YFP signal intensity de-
creased (11/27 depolymerization events); however, it
never completely disappeared (Figure 1B). Although the
signal was less bright, Bik1 tagged with a single GFP

(or YFP) behaved indistinguishably from Bik1-3GFP (or
Bik1-3YFP [Supplemental Movies S2 and S3]).

The targeting of human CLIP-170 to the MT plus ends
requires dynamic MTs (Diamantopoulos et al., 1999;
Perez et al., 1999). We therefore characterized Bik1 lo-
calization in strains bearing a mutation in the p-tubulin
gene (TUB2) that strikingly dampens MT dynamicity
(Gupta et al., 2002). In tub2-C354S strains, MT polymer-
ization and depolymerization rates are greatly reduced
and the MTs spend most of their time in a paused state.
However, in tub2-C354S cells, Bik1-3YFP was still tar-
geted to the plus ends (in 99% of the cells; n = 209
[Figure 1C]). Thus, the plus end targeting of Bik1 does
not require dynamic MTs.

The differences in behavior exhibited by Bik1 and
CLIP-170 are not due to species-specific characteristics
of their CAP-Gly MT binding domains. A chimera in
which the Bik1 CAP-Gly domain was replaced by the
corresponding domain from human CLIP-170 behaved
like the native yeast protein (Supplemental Figure S1
and Movie S4). Thus, although Bik1, like CLIP-170, re-
quires its CAP-Gly domain to bind MTs (Lin et al., 2001),
the backtracking of Bik1 and its effective targeting to
undynamic MTs contrasts with the reported properties
of CLIP-170. These findings suggest mechanistic differ-
ences in how Bik1 and CLIP-170 are targeted to the MT
plus end.

Three Cytoplasmic Pools of Bik1

Using fluorescence recovery after photobleaching
(FRAP), we determined if the Bik1 at the plus end is
dynamic. The bright spot of Bik1-3YFP at the plus end
of the MTs was bleached with a laser that could be
rapidly targeted by a galvanometer-driven mechanism
(Figure 2A). The recovery of the Bik1-3YFP signal was
imaged by rapid single focal plane time-lapse micros-
copy. Only MTs that remained in focus (monitored by
CFP-Tub1 fluorescence) during the course of the experi-
ment were analyzed (n = 12). We observed that Bik1-
3YFP at the plus ends of MTs was dynamic with an
average half-time of recovery of 19.2 s =12.9 (range 6.4
to 47.5 s) and an average maximal recovery of 59.6% =+
18.8 (range 27 to 86.8%). The turnover of the plus end-
bound pool of Bik1 was confirmed by fluorescence loss
in photobleaching (FLIP, data not shown). Of note, in
6/12 of the cells the recovery of the plus end occurred
without any change in the length of the bleached MT
(Figure 2B). Thus, our FRAP data support the idea that
Bik1 is targeted to the plus end by a dynamic mechanism
that is independent of MT dynamicity.

A significant pool of Bik1 is also present at or adjacent
to the SPB. This signal includes Bik1 bound to the kinet-
ochore (He et al., 2001; Lin et al., 2001), Bik1 bound to
SPB proteins (Chen et al., 1998; Lin et al., 2001), and
Bik1 bound to the plus ends of very short MTs. Because
these pools of Bik1 cannot be resolved by light micros-
copy, they will hereafter be described as the “SPB-
associated pool of Bik1.” We again used FRAP to deter-
mine the turnover of Bik1 associated with the SPB. In
most cells, there was no significant recovery of SPB-
associated Bik1-3GFP after photobleaching, even when
cells were imaged for up to several minutes (n = 18
observed, on average, for 521 s; range 285 to 864 s



Kinesin-Mediated Transport of Bik1 (CLIP-170)
817

>

== Bik1-3YFP fluorescence intensity

-
.g —= MT length 1
fm
ﬂl_ 3 . B
= £ 83
= 6cd
- 2 [ el
= o
o H 2
> 2 g
0 £t ZE
- 2
=
m 0 0
0 15 30 45 60 75 90 105 120 135 150
Time (Sec)
== Bik1-3YFP fluorescence intensity

= == MT length
= 1
o
[ T B _
g :
= 6Ed
& 2 iz
> 3 452
™ E =2

v = TE
e = 2
ot 0 0

15 30 45 60 75 90
Time (Sec)
TUB2 tub2-C354S

Bik1-3YFP/CFP-Tub1

Figure 1. Bik1 Associates with the Plus Ends of Growing, Shrinking, and Paused MTs

Time-lapse images of preanaphase ([A], left) or G1 ([B], left) cells showing the association of a functional Bik1-3YFP fusion (red) with the plus
ends of CFP-labeled MTs (green). Bik1-3YFP tracks the plus ends of both growing and shrinking MTs (arrows indicate MT plus ends prior to
shrinkage). During preanaphase (A), the intensity of Bik1-3YFP signal at the MT plus ends does not correlate with periods of MT polymerization
or depolymerization ([A], right). In G1 cells (B), Bik1-3YFP signal decreased (without totally disappearing) during MT shrinkage in 11/27 events,
as shown for the outlined cell. Time is in seconds. (C) Plus end localization of Bik1-3YFP in merged stacks of fixed tub2-C354S cells. Scale

bars equal 2 pm.

[Figure 2C]). Thus, the SPB-associated pool of Bik1 is
clearly distinct from the pool that is visible at the plus
ends of MTs.

The pool of Bik1 at the SPB might be the source of
Bik1 loaded onto the MT plus end during the initiation
of MTs. A SPB loading model was recently proposed
for the +TIP Kar9 (Liakopoulos et al., 2003; Maekawa
et al., 2003). Alternatively, the plus end-bound pool of

Bik1 might be maintained by exchange with a third,
soluble pool of Bik1. Although in most FRAP experi-
ments Bik1 exhibited little turnover at the SPB, in a
few cells, robust recovery of Bik1 was detected after
bleaching of Bik1-3GFP at the SPB. In these cells, the
fluorescence recovery was not correlated with the
length of time after bleaching but rather with the abrupt
movement of the recovered Bik1-3GFP signal away from
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Figure 2. Distinct Cytoplasmic Pools of Bik1

(A) Bik1-3YFP at the plus ends of MTs is dynamic. 2D time-lapse image series showing a MT in which the plus end Bik1-3YFP signal was
bleached (the zero time point is the first post-bleach image, red circle indicates bleached plus end signal).

(B) The recovery of Bik1-3YFP signal at the plus end (red line) occurs with no change in the MT length (green line).

(C) A population of Bik1-3GFP molecules is stably associated with the SPB/kinetochore. 2D projections of a 4D time-lapse image series from
a cell in which Bik1-3GFP at the SPB was photobleached (circle indicates the bleached SPB).

(D) Bik1-3YFP can be recruited from the cytoplasm to the MT plus end during initiation of MT growth. In the indicated cell, the Bik1-3YFP
(red) and CFP-Tub1 (green) signals were bleached. Note the rapid recovery of Bik1 signal. All of the Bik1-3YFP signal moves away from the
SPB on the plus end of a growing MT. Because the photobleaching is not 100% complete, the SPB could be unambiguously tracked by
contrast enhanced CFP-Tub1 signal. Time is in seconds.

(E) Bik1-3YFP is targeted to MT plus ends when the SPB-bound pool of Bik1 (SPBs encircled in blue) is eliminated by inactivation of STU2
(note: loss of Bik1-3YFP is most obvious by comparison of black and white images). stu2-270 and control cells were shifted to 37°C for 2 hr. Upon
temperature shift, the Stu2-270 mutant protein is not associated with SPBs or MTs (data not shown). Insets show an enlarged representative cell.

Scale bars equal 2 um.
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the SPB. This suggested that these recovery events
corresponded to the initiation of a new MT (or elongation
of a very short MT), with recruitment of Bik1 onto the
plus end from a soluble pool. This was confirmed by
two-color imaging experiments, which demonstrated
that the recovery of Bik1 signal near the SPB was always
preceded by the appearance of a MT (n = 9 [Figure 2D]).
By monitoring the position of the recovered Bik1 signal
over time, it was evident that this signal was invariably
associated with the MT plus end. Thus, this experiment
demonstrates the existence of a soluble pool of Bik1
that can exchange with the plus end.

Additional support for the idea that the SPB pool is
not necessary for targeting Bik1 to the MT plus end came
from studying strains where the MT binding protein Stu2
could be conditionally inactivated. Stu2 is the budding
yeast homolog of the Dis1/TOG/XMAP215 family of
MAPs (Kinoshita et al., 2002). At least a fraction of Bik1
and Stu2 molecules physically interact (Chen et al., 1998;
Lin et al., 2001). Unlike Bik1, Stu2 is primarily concen-
trated at the SPB, with only a small amount of Stu2
detectable at the MT plus end (Kosco et al., 2001; Wang
and Huffaker, 1997; data not shown). Strikingly, when a
conditional allele of stu2 is inactivated by a temperature
shift (He et al., 2001), Bik1 signal is completely lost from
the SPB but is still observed at the plus end (Figure 2E).
Under the restrictive conditions, a fluorescent derivative
of this mutant Stu2 protein (Stu2-270-3YFP) is also lost
from the SPB (data not shown). This provides further
support for the conclusion that Bik1 can be recruited
onto the plus end from a soluble pool and that a SPB
Bik1 pool is not essential for Bik1 plus end targeting.

Kip2 Is Required for the Efficient Targeting
of Bik1 to the Plus End
In addition to the bright Bik1-3YFP signal at the plus
ends of MTs and SPB/kinetochores, we also detected
lower-intensity Bik1-3YFP speckles along the length of
individual MTs (Figure 3). The ability to detect Bik1-
3YFP speckles enabled us to use fluorescent speckle
microscopy (FSM) to study the mechanism of Bik1-3YFP
plus end targeting (Waterman-Storer and Salmon, 1997).
By contrast with the reported behavior of CLIP-170
(Perez et al., 1999), Bik1-3YFP speckles along single
MTs were highly dynamic (Figure 3A and Supplemental
Movie S5). Kymographs demonstrated that Bik1-3YFP
speckles move along the MT toward the plus end at a
rate that exceeded that of MT polymerization (on aver-
age 6.6 pum/min; range 3.2 to 15.2 um/min; 68 speckles
from 32 MTs [Figure 3B]) (Carminati and Stearns, 1997;
Shaw et al., 1997; Tirnauer et al., 1999). Measurements
of the fluorescence intensity of the CFP-labeled MTs
demonstrated that these speckles were along the body
of the MT and did not represent Bik1-3YFP signal from
the plus end of a short MT bundled together with a
longer MT (Figure 3C). Although the bulk of the Bik1-
3YFP speckles moved toward the plus end, we cannot
exclude the possibility that a small percentage of speck-
les move toward the minus end. Thus, inconsistent with
the treadmilling mechanism, Bik1-3YFP speckles are
not stationary, but rather slide along the MT in a manner
suggesting motor-dependent transport.

To determine the mechanism of Bik1 transport, we

tested whether mutations in the MT motors that have
been implicated in regulating cytoplasmic MT function
affected Bik1 localization. A decrease of Bik1-3YFP on
the population of MT plus ends was only observed for
cells lacking the kinesin Kip2 (Average Fluorescence
Intensity [Avg FI] = 88.5 arbitrary units [au] in kip2A
versus Avg Fl = 174.8 au in control cells; n > 400; p <
0.001 [Figure 4A])). Interestingly, this population of cells
also had an increase of Bik1-3YFP at or near the SPB
(Avg Fl = 262.8 au in kip2A versus Avg FI = 107.8 au
in control cells; n > 100; p < 0.001 [Figures 4A and 4B]).
In a separate experiment, in which the minus and plus
ends of individual MTs were directly compared, we ob-
served that kip2A cells had on average an 8.5-fold de-
crease in the ratio of the fluorescence intensity at the
plus end versus the SPB (0.35 in kip2A, n = 58; 3.03 in
wt, n = 62; p < 0.001). The data were analyzed as
box plots on a logarithmic scale, which normalizes the
distribution of the ratios that are less than one to those
greater than one (Figure 4C).

Although this result suggested that Kip2 might have
a role in Bik1 plus end targeting, the very short MTs in
kip2A cells limited the number of MTs in which we could
reliably distinguish the plus end from the SPB. To cir-
cumvent this difficulty, we combined kip2A with kar3-
64, a conditional allele of KAR3, which encodes a kinesin
with MT depolymerase activity. Inactivation of Kar3 in-
creases MT length while inactivation of Kar3 in combina-
tion with loss of Kip2 results in cells that have a normal
average MT length (Cottingham et al., 1999; Huyett et
al., 1998). By contrast with control kar3-64 cells, Bik1-
3YFP was markedly reduced from the plus ends of MTs
in kar3-64 kip2A cells (Avg Fl = 29.4 au in kar3-64 kip2A
versus Avg Fl =100.1 au in control cells; n > 150; p <
0.001 [Figure 4D]). Interestingly, this effect was depen-
dent upon MT length: MTs 1-2 um long exhibited some
reduction in plus end-associated Bik1 whereas MTs
longer than 2 um exhibited a striking reduction in the
amount of plus end associated Bik1 (Figure 4E). As ob-
served in kip2A cells, the fluorescence intensity of Bik1-
3YFP at the spindle pole body or very short MTs was
also modestly increased in kar3-64 kip2A cells when
compared to kar3-64 controls (Avg Fl = 109.8 au in kar3-
64 kip2, n = 60; Avg Fl = 97.7 au in kar3-64, n = 54).
These data suggest that Kip2 might have a role in trans-
porting Bik1 to or maintaining Bik1 at the MT plus end.
Notably, this hypothesis could explain previous genetic
data indicating overlapping function between Bik1 and
Kip2 during dynein-dependent anaphase spindle move-
ment (Miller et al., 1998; Sheeman et al., 2003; Tong et
al., 2004).

Kip2 Localizes to MT Plus Ends

Previous studies have reported Kip2 localization either
at the SPB or along the length of cytoplasmic MTs (Huy-
ettetal., 1998; Miller et al., 1998). These previous studies
either examined overexpressed Kip2 or did not colocal-
ize Kip2 with MTs. We therefore reexamined Kip2 local-
ization at endogenous levels in cells where tubulin could
also be imaged (Figure 5A). A functional Kip2-3YFP fu-
sion exhibited strong labeling of the MT plus end and,
similar to Bik1, produced low-intensity speckles along
MTs. By live cell imaging, the Kip2-3YFP speckles were
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Figure 3. Bik1 Speckles Are Dynamic and Move toward the Plus Ends of MTs

(A) Time-lapse images showing that Bik1-3GFP speckles (white arrowheads) are dynamic. Time is in seconds. (B) Kymograph showing that
Bik1-3YFP speckles (flanked by arrows) seem to move in a plus end-directed manner. (C) Kymographs of Bik1-3YFP- and CFP-Tub1-labeled
MT. The CFP-Tub1 signal demonstrates that the diagonal streaks of Bik1-3YFP signal (flanked by arrows) do not represent the plus ends of
short-growing MTs annealed to a longer MT. Vertical bar equals 40 s. Horizontal bar equals 2 pm.

highly dynamic and exhibited movement toward the MT
plus ends (Figure 5B). However, unlike Bik1, Kip2-3YFP
was not detected at the SPBs.

The fission yeast Kip2 homolog Tea2 also localizes
to the plus ends of MTs (Browning et al., 2000). Interest-
ingly, the localization of Tea2 to MTs was shown to
require the EB1 homolog Mal3 (Browning et al., 2003).
Based on this finding, it was proposed that Mal3 is
required to load Tea2 when MTs are initiated (Browning
et al., 2003). We therefore tested whether Bim1, the
S. cerevisiae Mal3 homolog, is required for normal Kip2
localization. By contrast with fission yeast, Kip2-3YFP
still labeled the plus ends in bim1A cells (Figure 5C).
In fact, the amount of plus end-bound Kip2-3YFP was
increased in bim1A cells (Avg Fl = 144.2 au in bim1A
versus Avg FI = 93.3 au in control cells; n > 200 for
each strain; p < 0.001 [Figure 5D]). This finding demon-
strates that EB1 orthologs do not have a general role in
assembling Kip2-related kinesins onto MTs.

Bik1 and Kip2 Form a Complex and Comigrate
along MTs

In addition to the localization pattern and the genetic
data, other lines of evidence previously suggested that

Bik1 and Kip2 might have common functions. First, the
MT defects observed in bik1A and kip2A cells are similar
(Berlin et al., 1990; Cottingham and Hoyt, 1997; Huyett
et al., 1998; Miller et al., 1998; Sheeman et al., 2003).
Second, a physical interaction between Bik1 and Kip2
was suggested by data from a large-scale two-hybrid
screen for interactions between coiled-coil sequences
(Newman et al., 2000). Indeed, we determined by coim-
munoprecipitation of endogenously expressed proteins
that Bik1 and Kip2 physically interact (Figure 5E).
Finally, we used dual-color FSM in a strain coexpress-
ing Bik1-3CFP and Kip2-3YFP to determine if these pro-
teins comigrated along individual MTs. First, single focal
plane imaging demonstrated that Bik1-3CFP and Kip2-
3YFP speckles colocalize along the length of individual
MTs. Second, by time-lapse imaging we observed strik-
ing correspondence of the patterns of speckles formed
by Bik1-3CFP and Kip2-3YFP (Figure 5F). In 6/7 kymo-
graphs, we observed that the diagonal streaks formed
by Bik1-3CFP speckles had a very similar pattern to the
streaks formed by Kip2-3YFP speckles (Figure 5G). Of
note, the two patterns did not exactly overlap but were
slightly offset in the time dimension, explainable by the
expected delay introduced by the exposure times and
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Figure 4. The Kinesin Kip2 Is Required for Efficient Targeting of Bik1 to MT Plus Ends

(A) Deletion of Kip2 results in a decrease of Bik1-3YFP (red) at the plus ends (arrowheads) of CFP-labeled MTs (green) with a concomitant
increase of Bik1-3YFP labeling at or close to the SPBs (arrows).

(B) The fluorescence intensity of Bik1-3YFP along a representative MT (white line in the inset) showing the relative distribution of Bik1 between
the plus and the minus MT end.

(C) Box plot showing the ratio between the Bik1-3YFP fluorescence intensity at the plus end and at the SPB for individual MTs in fixed kip2A
and control cells. Note that the ratios are displayed on a logarithmic scale (see text).

(D) Although Bik1-3YFP is detected at the plus ends of MTs in kar3-64 cells, Bik1-3YFP is virtually absent from the plus ends of the long MTs
(arrowheads) in the kar3-64 kip2A cells. As observed in kip2A cells, in the kar3-64 kip2A cells Bik1-3YFP still concentrates at the SPB (arrows).
(E) Distribution of Bik1-3YFP fluorescence intensity at the plus ends of as function of the MT length. Scale bars equal 2 pm.
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Figure 5. Kip2-3YFP Accumulates at the MT Plus End, Is in a Complex with Bik1, and Appears to Comigrate with Bik1 to the MT Plus Ends

(A) Kip2-3YFP (red) localizes to the plus ends of astral MTs, labeled with CFP-Tub1 (green). By contrast with Bik1, Kip2-3YFP is not detected at
the SPBs. Images are 2D projections of 3D image stacks from cells expressing a functional Kip2-3YFP fusion expressed from the native promoter.
(B) Kymograph showing that Kip2-3YFP speckles (flanked by red arrows) move toward the plus ends of MTs.

(C) In cells lacking the +TIP Bim1, Kip2-3YFP still localizes to astral MTs.

(D) Fluorescence intensity measurements in populations of fixed cells reveal an increase of Kip2 on the astral MTs in bim1A cells (shown are
measurements from MT plus ends).

(E) Endogenously expressed HA-tagged Bik1 coprecipitates with endogenously expressed myc-tagged Kip2. Lysates from cells expressing
the indicated epitope-tagged proteins were immunoprecipitated with anti-myc mAb to precipitate Kip2 and blotted with anti-HA mAb to
detect Bik1.

(F) Bik1-3CFP and Kip2-3YFP colocalize to the MT plus end (arrows) and partially overlap in discrete speckles along the MTs (arrowheads).
Shown are single focal plane images of live cells coexpressing Kip2-3YFP (red in the merge) and Bik1-3CFP (green in the merge).

(G) Kymograph from a two-color time-lapse experiment illustrating the correspondence between Bik1-3CFP and Kip2-3YFP speckle movement
(bottom panel). Bik1-3CFP or Kip2-3YFP speckles are flanked by arrows. Vertical bar equals 40 s. Horizontal bar equals 2 pm.
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the time required to switch filter cubes. Thus, Kip2 binds
Bik1 and likely transports it toward the MT plus end.

Kip2 Stabilizes MTs by Controlling the Amount

of Bik1 at the Plus End

It has long been known that kinesins such as Kip2 are
required for normal MT dynamics (Hildebrandt and Hoyt,
2000; Hunter and Wordeman, 2000; Sharp et al., 2000).
However, except for the kinesins that have MT depoly-
merase activity, the mechanisms by which kinesin mo-
tors affect MT dynamics are not understood. Our find-
ings raised the possibility that Kip2 affects MT dynamics
by controlling the amount of plus end-associated Bik1.
To test this hypothesis, we constructed a strain express-
ing GFP-Tub1 and bearing a plasmid that expresses
Kip2 under the control of the inducible GAL7 promoter.
In wild-type cells, we observed that within 30-45 min
after the induction of Kip2 expression, the MTs became
remarkably elongated and stable, frequently curling
around the cell cortex (Figure 6A). Strikingly, Kip2 over-
expression failed to stabilize MTs in cells lacking Bik1,
demonstrating that the MT stabilizing activity of Kip2
requires Bik1. This effect was not due to a decrease in
the steady-state levels of Kip2 in bik71A cells (Supple-
mental Figure S2). Moreover, the Bik1 requirement was
specific. Kip2 overexpression in cells lacking Bim1, an-
other +TIP important for MT stability (Tirnauer et al.,
1999), resulted in long and stable MTs similar to those
produced by Kip2 overexpression in wild-type cells (Fig-
ure 6A). Finally, we observed that Kip2 overexpression
had a dramatic effect on the intracellular distribution of
Bik1-3YFP. Rapidly after induction of high levels of Kip2,
all of the Bik1-3YFP signal associated with the MT plus
ends (Figure 6B and Supplemental Figure S3). These
results therefore suggest that Kip2 controls MT dynam-
ics by a novel mechanism: the delivery of the +TIP Bik1
to the MT plus end.

Cell Cycle Regulation of Kip2 Levels Controls

MT Stability and Dynein-Dependent

Nuclear Movement

Microtubule dynamicity is regulated by the cell cycle
machinery. In yeast, in contrast to higher eukaryotes,
MTs are more dynamic during interphase compared to
mitosis (Carminati and Stearns, 1997; Tirnauer et al.,
1999; Adames and Cooper, 2000). Consistent with ge-
nome-wide expression analysis demonstrating that Kip2
mRNA is cell cycle regulated (Spellman et al., 1998), we
found that Kip2 protein levels are cell cycle regulated,
peaking during mitosis when MTs are more stable (Fig-
ure 7A and Supplemental Figure S4). The variation in
the abundance of Kip2 is less dramatic than Clb2, in
agreement with our fluorescence imaging in which lower
levels of Kip2-3YFP were detected on cytoplasmic MTs
in G1 cells. By fluorescence intensity measurements,
the Bik1-3YFP signal at the plus ends of MTs increased
approximately 2-fold during mitosis coincident with the
increase in Kip2 protein levels (Avg Fl = 64.94 au in G1
versus Avg Fl = 122.20 au in mitotic cells; n > 500 for
each cell cycle stage; p < 0.001). The increase in the
plus end fluorescence of Bik1-3YFP was accompanied
by a decrease of Bik1 at the SPBs (Figure 7B). This result
further supports the conclusion that Kip2 stabilizes MTs

by targeting Bik1 to the plus ends. Moreover, if back-
tracking requires constant replenishment of plus end-
bound Bik1, the relatively low levels of Kip2 during G1
may explain our observation that backtracking of Bik1
is less robust during G1.

We recently found that Bik1 (Sheeman et al., 2003),
in concert with Pac1/Lis1 (Sheeman et al., 2003; Lee et
al., 2003), is required for the association of the dynein
heavy chain with SPBs and MTs. Like Bik1, dynein is
concentrated at the MT plus ends and may be delivered
to the cell cortex by the plus ends of polymerizing MTs
(Lee et al., 2003; Sheeman et al., 2003). Previous genetic
crosses (Miller et al., 1998) and a recent genome-wide
analysis (Tong et al., 2004) indicated that Kip2 is also
required for dynein function. We therefore determined
if Kip2 was required for the targeting of dynein to MT
plus ends, as we observed for Bik1. By comparison with
kar3-64 cells, the association of Dyn1-3YFP with plus
ends of longer MTs was lost in kar3-64 kip2A cells (Fig-
ures 7C and 7D). Thus, in addition to Bik1, Kip2 may
target other dynein components to the MT plus end.

Discussion

CLIPs are a highly conserved family of MT regulators
and were the first proteins shown to associate with the
plus ends of MTs in vivo (Rickard and Kreis, 1990; Pierre
et al., 1992). Defining how CLIPs are targeted to the plus
end is important for understanding the control of MT
dynamics and how other CLIP-dependent functions are
regulated. In this study, we have comprehensively char-
acterized the dynamic intracellular distribution of the
budding yeast CLIP family member Bik1. Our results
revealed a novel kinesin-dependent mechanism for tar-
geting Bik1 to the MT plus end that suggest a new way
by which kinesins can control MT dynamics. We defined
different intracellular pools of Bik1 and elucidated how
these pools contribute to plus end targeting. Finally, our
findings have implications for both the cell cycle control
of MT dynamics and the cell cycle control of dynein ac-
tivity.

The Mechanisms for Targeting CLIPs

to the Plus End of MTs

Studies on CLIP-170 suggested that it was targeted
to the plus end by a mechanism that was intrinsically
coupled to the dynamic behavior of MTs: treadmilling on
polymerizing MTs (Diamantopoulos et al., 1999; Perez et
al., 1999). Our characterization of the in vivo dynamics
of Bik1 revealed striking contrasts with CLIP-170, sug-
gesting that treadmilling is not the dominant plus end
targeting mechanism for all CLIPs. Unlike CLIP-170,
Bik1 can bind the plus ends of MTs independently of
MT dynamics. This was evident from the fact that Bik1
binds both polymerizing as well as depolymerizing MTs,
from the localization of Bik1 in tub2-C354S cells in which
MT dynamics are strongly suppressed, and from our
FRAP studies which showed rapid turnover of Bik1 on
MT plus ends, irrespective of whether they were grow-
ing, shrinking, or paused. Moreover, FSM revealed the
processive movement of YFP-labeled Bik1 speckles to-
ward the plus end. Our imaging and biochemical data
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strongly support the idea that the kinesin Kip2 mediates
the plus end-directed transport of Bik1.

Although Kip2 is clearly required for Bik1 to accumu-
late at MT plus ends, Bik1 appears to retain a diminished
capacity to bind the plus ends of short MTs in kip2A
mutant cells. Because the CAP-Gly domain of Bik1 is
absolutely required for the plus end targeting of Bik1
(Lin etal., 2001), we favor the idea that the Kip2-indepen-
dent MT binding represents an intrinsic affinity of the

KIP2 Induced

Figure 6. Kip2 Stabilizes MTs by Controlling
the Delivery of Bik1 to the Plus End

(A) KIP2 was overexpressed for 45 min from
the GAL1 promoter resulting in long and sta-
ble astral MTs in wild-type and bim71A cells
but not in bik1A cells. Note that after long
periods of Kip2 induction (2-3 hr) BIK1-inde-
pendent aberrations in MTs were observed
and bik1A does not abolish the lethality of
GAL-KIP2. (B) Upon induction of KIP2 overex-
pression, Bik1-3YFP (red) is highly concen-
trated at the plus ends of CFP-labeled MTs
(green) and is depleted from the SPBs (see also
Supplemental Figure S3). Bars equal 2 pm.

KIP2 Induced

Bik1 CAP-Gly domain for the plus end. However, we
cannot exclude the possibility that the residual plus end
binding is mediated by other Bik1-interacting proteins
such as Stu2 or Bim1 (Chen et al., 1998; Lin et al., 2001).
For the control of astral MTs in mitotic cells, this residual
binding of Bik1 to MTs in kip2A cells is unlikely to have
great functional significance. bik1A and kip2A strains
have similarly short astral MTs, a similar defect in dyn-
ein-dependent spindle movement, and, relative to the



Kinesin-Mediated Transport of Bik1 (CLIP-170)
825

A

cdc15-2 release

0" 10" 20" 30" 40' 50" 60" 70' 80' 90' 100' 110" 120

-—— S e S R R e s s —— Kip2-13myc

—— —= pstair

3 4 5 10 15 38 66 83 87 91 9 90 87 —=% Re-bud

[X) (=] &~
G1
Pre-Anaphase
Anaphase

-

50%1 90%

=

Ln (Ratio of MT +end/SPB FI)
o

@
w

kar3-64 kar3-64 kip2A

% of MT plus ends

=
o
3
3
o
L
Q
o
18
>_
G
Al
c
>
[}

W kar3-64
[ kar3-64 kip2A

1 1-2 >2
MT Length (um)

Figure 7. Cell Cycle Regulation of Kip2 Levels Controls MT Stability and Plus End Localization of Dynein

(A) cdc15-2 cells were synchronized in telophase by incubation at 37°C for 2.5 hr. After release at 24°C, Kip2-13myc levels increase as cells
progress through mitosis. Synchrony was confirmed scoring the percentage of cells that re-bud, and anti-PSTAIR was used for loading control.
(B) Box plot showing the ratio between the Bik1-3YFP fluorescence intensity at the plus end and at the SPB for individual MTs in fixed cells
during different cell cycle stages. Note that the ratios are displayed on a logarithmic scale.

(C) At endogenous levels, Dyn-3YFP (red) is detected at the plus ends (arrowheads) of CFP-labeled MTs (green) in kar3-64 cells but fails to
localize in kar3-64 kip2A cells.

(D) Quantification of MT plus ends labeled with Dyn1-3YFP as a function of MT length. Bar equals 2 pm.

single mutants, bik1A kip2A strains do not exhibit addi- Although Bik1 and Kip2 appear to function in concert
tive defects in growth or nuclear migration (Berlin et al., to control astral MTs during mitosis, Bik1 has clearly
1990; Huyett et al., 1998; Miller et al., 1998; Sheeman distinct functions (Lin et al., 2001). Unlike Kip2, Bik1
et al., 2003; and our unpublished data). localizes to kinetochores and spindle MTs (He et al.,
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2001; Lin et al., 2001). Interestingly, the localization of
Bik1 to the plus ends of interpolar MTs during anaphase
does not require Kip2 (P.C. and D.P. unpublished data).
Furthermore, Bik1 but not Kip2 is required for nuclear
fusion after mating (Berlin et al., 1990; Miller et al., 1998).
Thus, Bik1 may be a global MT stabilizer that is regionally
regulated by other proteins, an emerging theme in the
control of MT dynamics.

There are interesting similarities and contrasts be-
tween our studies of Bik1 and Kip2 and recent studies
of their respective homologs in fission yeast, Tip1 and
Tea2. Consistent with our results, cells lacking Tea2
(Kip2) have diminished Tip1 at the cell ends, presumably
due to reduced delivery by MT plus ends (Browning
et al., 2003). A similar defect in Tip1 localization was
observed in cells expressing P loop (rigor) mutants of
Tea2, demonstrating a requirement for ATP hydrolysis
for normal Tea2 function (Browning et al., 2003). By live
cell imaging, Tea2-GFP was exclusively observed at MT
plus ends and not along the length of MTs. Because of
this finding, it was suggested that Tea2 might have a
novel ATP-dependent plus end binding activity rather
than functioning as a conventional plus end-directed
motor (Browning et al., 2003). By contrast, our FSM
strongly suggests that Kip2 is a plus end-directed motor
and that Kip2 transports Bik1 along MTs. Another differ-
ence between budding and fission yeast is the role of
the EB1-related proteins in the targeting of the Bik1 and
Kip2 homologs. The fission yeast EB1 homolog (Mal3)
appears to be required for loading of both Tip1 and Tea2
onto MTs (Browning et al., 2003). However, we found
that the amount of Kip2 bound to MTs was in fact in-
creased in bim1A cells. Cells lacking BIM1 were also
observed to have enhanced plus end labeling of Bik1-
3YFP and Dyn1-3YFP (P.C. and D.P., unpublished data).
This increased MT-association of dynein components
is likely to be functionally significant because premature
dynein-dependent nuclear movements are observed in
“Bim1/Kar9” pathway mutant cells (Lee et al., 1999; Yeh
etal., 2000; Segal and Bloom, 2001). Thus, the previously
suggested competition between the “Bim1/Kar9” and
dynein pathways (Segal and Bloom, 2001) may occur
by competitive binding of +TIPs to the MT plus end.

What is the significance of the apparent differences
in how fungi and animal cells target CLIPs to the plus
end? We consider the following possibilities. First, the
systems may have evolved differently as an adaptation
to differences in the dynamicity of their MTs. Yeast MTs
are less dynamic than mammalian MTs, potentially con-
straining polymerization-coupled plus end-targeting
mechanisms. However, we note that Bim1, like mamma-
lian EB1, dissociates from depolymerizing MTs (Maddox
et al., 2003; our unpublished data). Thus, although the
Bim1 plus end-targeting mechanism needs to be better
characterized, it is possible that yeast MTs might sup-
port a treadmilling-like direct binding mechanism. Sec-
ond, it is possible that direct plus end binding and motor-
dependent transport mechanisms are operative in both
systems. The dynamics of CLIP-170 have only been
studied on free cytoplasmic MTs and only in a limited
number of cell types. It is possible that motor-dependent
transport of CLIP-170 occurs but has not been detected
because the appropriate classes of MTs, stimuli, or cell
types have not yet been investigated.

Irrespective of the differences in plus end-targeting
mechanisms between fungi and animal cells, CLIPs have
remarkably similar functions at the MT plus ends. Animal
and fungal CLIPs stabilize MTs as they extend from the
centrosome to the cell cortex (Brunner and Nurse, 2000;
Akhmanova et al., 2001; Komarova et al., 2002a). Animal
and fungal CLIPs are also required to recruit dynein or
dynein regulators to MTs (Coquelle et al., 2002; Tai et
al., 2002; Sheeman et al., 2003; Dujardin et al., 2003).
As observed in yeast (Han et al., 2001; Sheeman et al.,
2003; Lee et al., 2003), a pool of dynein has recently been
detected at the MT plus end in animal cells (Dujardin et
al., 2003).

Kinesins, MAPs, and the Control of MT Behavior
Loss-of-function studies have implicated kinesins in the
control of MT dynamics in many cell types (Hildebrandt
and Hoyt, 2000; Hunter and Wordeman, 2000; Sharp et
al., 2000). Although the underlying mechanism is appar-
ent for the Kinl-related kinesins that directly depolymer-
ize MTs, the mechanism has been obscure for other
kinesins (Desai et al., 1999; Hunter et al., 2003). Our
results illustrate what may be an example of a general
phenomenon: Kip2 controls the delivery of Bik1 to the
plus end and thereby regulates plus end stability. This
idea is supported by the fact that deletion of BIK1 (but
not BIM1) blocks MT stabilization induced by overex-
pression of Kip2. The adenomatous polyposis coli tumor
suppressor (APC) appears to be transported to the plus
end, potentially by the KIF3 kinesins (Dikovskaya et al.,
2001; Jimbo et al., 2002; Mimori-Kiyosue et al., 2000).
Although it is not known how this transport contributes
to the known role of APC in regulating MT dynamics, it
is appealing to speculate that this transport of APC
shares common MT regulatory roles with the transport
of Bik1 by Kip2.

The Cellular Pools of Bik1 and a Dynamic
Initiation-Coupled Mechanism

for Plus End Targeting

The development of a FRAP system that allowed rapid
laser targeting on an epifluorescence microscope en-
abled us to characterize the intracellular pools of Bik1.
We found that the SPB-associated Bik1 turned over
very slowly while the plus end-bound pool of Bik1 was
dynamic. Although we always saw Bik1 on the plus ends
of cytoplasmic MTs that newly emerged from the SPB,
the following evidence suggests that the SPB-bound
pool of Bik1 is not required to load Bik1 onto the plus
end: (1) When the SPB-associated Bik1 signal was elimi-
nated by photobleaching, Bik1 could still be recruited
onto the plus end from a soluble pool during MT initia-
tion. (2) Bik1 was efficiently targeted to the plus end in
stu2-270 cells, where there is no detectable SPB-bound
pool. Thus, although we cannot exclude the possibility
that some of the SPB-associated Bik1 contributes to
the plus end pool, these results demonstrate that a SPB-
associated pool is not required for Bik1 plus end tar-
geting. Moreover, these findings contrast with recent
studies on the +TIP Kar9, where the SPB was suggested
to function as a loading device for all of the plus end-
associated Kar9 (Liakopoulos et al., 2003; Maekawa et
al., 2003). During cell cycle progression, Bik1 diminishes
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at the SPB but increases at the plus end. We speculate
that for Bik1, the SPB may function like a “slow-release
capsule,” gradually increasing the amount of Bik1 in the
soluble pool that is available for transport to the plus
ends as cells progress through the cell cycle. Such a
mechanism, in which the SPB titrates the availability
of +TIPs, is in agreement with changes in the MT plus
end dynamic observed in mutants for SPB components
(Paluh et al., 2000; Usui et al., 2003; Vogel et al., 2001).

Kip2-Dependent Transport of Bik1 and the Cell
Cycle Control of MT Dynamics

and the Dynein Motor

Based on the findings presented in this paper, we pro-
pose the following provisional model for Bik1-depen-
dent control of MT stability and spindle movement dur-
ing cell division. In G1, Bik1 is enriched in a slowly
exchangeable pool at the SPB, with a corresponding
decrease in the amount of Bik1 available for transport to
the plus end. A diminished level of soluble Bik1, together
with lower levels of Kip2, results in less Bik1 at the MT
plus end. The reduced amounts of plus end-bound Bik1
during G1 may prevent competition with Bim1 and Kar9,
facilitating the initial Kar9-dependent step in spindle
orientation and preventing premature activation of dyn-
ein (Segal and Bloom, 2001). Increased Kip2 levels dur-
ing mitosis results in increased binding of Bik1-Kip2
complex along the length of cytoplasmic MTs, with a
concomitant accumulation of dynein bound to the plus
end. During mitosis, there is also loss of Bik1 from the
SPB which might be due to cell cycle-specific regulation
of proteins such as Stu2, or to competitive binding be-
tween Kip2 and Stu2 for Bik1. This mitosis-specific re-
distribution of Bik1 is likely to have important functional
consequences. First, the enhanced delivery of Bik1 to
the plus end during mitosis results in increased recruit-
ment of dynein (Sheeman et al., 2003). Second, the in-
crease in plus end-bound Bik1 promotes MT stability
and facilitates the delivery of dynein to cortical sites,
where it is then activated (Sheeman et al., 2003; Lee et
al., 2003). The mitosis-specific increase in plus end-
bound Bik1 may therefore make a significant contribu-
tion to the cell cycle-specific changes in cytoplasmic
MT dynamics that are observed in budding yeast. We
can envision a variety of other levels of control within
this system, such as posttranslational regulation of Kip2.
However, the results presented here provide a frame-
work for understanding how +TIPs, MT motors, and cell
cycle controls are integrated to distribute nuclei during
cell division in budding yeast. The conserved functions
of CLIPs and dynein suggest that our findings will also
be relevant for the control of MT dynamics, spindle posi-
tioning, and asymmetric cell division in other eu-
karyotes.

Experimental Procedures

Yeast Genetics and Molecular Biology Techniques

Media and genetic techniques were as previously described (Rose
et al.,, 1990). For a description of the strains and plasmids and
characterization of the functionality of the epitope-tagged alleles,
see Supplemental Experimental Procedures and Supplemental
Table S1 (http://www.developmentalcell.com/cgi/content/full/6/6/
815/DC1).

Fluorescence Imaging and Fluorescence

Recovery after Photobleaching

Cells were observed in a fully automated Zeiss 200M inverted micro-
scope (Carl Zeiss, Thornwood, NY) equipped with a MS-2000 stage
(Applied Scientific Instrumentation, Eugene, OR), a Lambda LS 175
watt xenon light source (Sutter, Novato, CA), 63x and 100x 1.4NA
Plan-Apochromat and 100x 1.45 Plan-Fluar objectives, and a 5 posi-
tion filter turret. Images were acquired using a CoolSnap HQ camera
(Roper Scientific, Tucson, AZ). The microscope, camera, and shut-
ters (Uniblitz, Rochester, NY) were controlled by SlideBook software
(Intelligent Imaging Innovations, Inc., Denver, CO).

All imaging was performed in log phase cells cultured in SC media
supplemented with adenine. Strains bearing temperature-sensitive
alleles were grown overnight at 26°C and shifted to 37°C prior to
fixation and microscopic examination. All other strains were grown
at 30°C. Cells were fixed in formaldehyde for 10 min and washed
twice in phosphate-buffered saline solution before microscopic ob-
servation. For time-lapse live cell microscopy, 2-2.5 .l of the culture
was spotted onto a glass slide and immediately imaged at room
temperature (approximately 24°C).

Fluorescence recovery after photobleaching (FRAP) was per-
formed using the Micropoint wavelength-tunable laser system (Pho-
tonics Instruments, St. Charles, IL) attached to the epi-illuminator
port of the microscope. This system utilizes a nitrogen pulse laser
(VSL-337ND-S; Laser Science, Franklin, MA) coupled to the micro-
scope by a fiber optic cable. Incoherent light was synchronized and
amplified using a coumarin blue chemical chamber, which emits at
a wavelength of 440 nanometers. Simultaneous photobleaching and
fluorescence illumination was achieved using a beamsplitter (95%
lllumination/5% Laser) to direct both the fluorescence light and the
laser beam into the fluorescence light train of the microscope. The
XY targeting of the laser is controlled by two computer driven galva-
nometer-based steering lenses.

Analysis of Microscopy Data

All image manipulations and fluorescence intensity measurements
were performed using SlideBook software and exported to and ana-
lyzed in Microsoft Excel. Measurements of FRAP were made as
previously described (Salmon and Wadsworth, 1986; Schuyler et
al., 2003). The fluorescence intensity of a 3 X 3 pixel square (0.36
wm?) was measured at each time point for the bleached area. The
intensity measurements were corrected for both background fluo-
rescence (using background values of the bleached cell) and loss
of fluorescence that occurred during imaging (using average back-
ground fluorescence of 5-10 unbleached neighbor cells).

Biochemical Methods
Immunoprecipitation and Western blotting were performed as de-
scribed (Lee et al., 2000).
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