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Summary

The budding yeast shmoo tip is a model system for
analyzing mechanisms coupling force production to
microtubule plus-end polymerization/depolymeriza-
tion. Dynamic plus ends of astral microtubules interact
with the shmoo tip in mating yeast cells, positioning
nuclei for karyogamy [1]. We have used live-cell im-
aging of GFP fusions to identify proteins that couple
dynamic microtubule plus ends to the shmoo tip. We
find that Kar3p, a minus end-directed kinesin motor
protein, is required, whereas the other cytoplasmic
motors, dynein and the kinesins Kip2p and Kip3p, are
not. In the absence of Kar3p, attached microtubule
plus ends released from the shmoo tip when they
switched to depolymerization. Furthermore, microtu-
bules in cells expressing kar3-1, a mutant that results
in rigor binding to microtubules [2], were stabilized
specifically at shmoo tips. Imaging of Kar3p-GFP dur-
ing mating revealed that fluorescence at the shmoo
tip increased during periods of microtubule depoly-
merization. These data are the first to localize the ac-
tivity of a minus end-directed kinesin at the plus ends
of microtubules. We propose a model in which Kar3p
couples depolymerizing microtubule plus ends to the
cell cortex and the Bimip-Kar9p protein complex
maintains attachment during microtubule polymeriza-
tion. In support of this model, analysis of Bim1p-GFP
at the shmoo tip results in a localization pattern com-
plementary to that of Kar3p-GFP.

Results and Discussion

Astral microtubule plus ends are coupled to the cell
cortex at the shmoo tip of S. cerevisiae during both
polymerization and depolymerization [1]. Previous stud-
ies identified the cortical protein Kar9p together with
the microtubule binding protein Bim1p [3, 4, 5, 6, 7]
as being important for microtubule attachment to the
shmoo tip. Bim1p (like its mammalian homolog, EB1)
preferentially binds polymerizing and not depolymeriz-
ing microtubule plus ends [8, 9]. Therefore, other pro-
teins probably couple depolymerizing microtubule plus
ends to the cell cortex. To test if microtubule motor
proteins couple dynamic microtubule plus ends to the
shmoo tip, we assayed shmoo tip microtubule dynamic
attachment in cells lacking each of the cytoplasmic mi-
crotubule motor proteins. Wild-type or mutant cells ex-
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pressing GFP-Tubulin (GFP-Tub1p, Experimental Pro-
cedures) were either treated with «-factor or mixed with
wild-type « cells to induce shmoo formation. Astral mi-
crotubule dynamics relative to the shmoo tip were re-
corded by time-lapse digital microscopy (Experimental
Procedures). Because astral microtubules polymerize
and depolymerize from their plus ends only, movement
of the spindle pole body (SPB) relative to the shmoo tip
was indicative of the polymerization state of shmoo tip
microtubule plus ends [1, 10]. When the SPB moved
away from the shmoo tip, the microtubule plus ends
were polymerizing, and upon microtubule shortening the
SPB moved toward the shmoo tip [1].

The plus end-directed kinesins Kip2p and Kip3p as
well as dynein contribute to astral microtubule-depen-
dent nuclear orientation during the vegetative cell cycle
[11]. However, neither kip3A, kip2A, nor dyneinA af-
fected microtubule attachment to the shmoo tip (Table
1). Furthermore, shmoo tip microtubules displayed nor-
mal dynamics (Table 1) in cells lacking Kip2p, Kip3p, or
Dhc1p. Therefore, these cytoplasmic microtubule motor
proteins important for nuclear orientation in mitosis are
not required for microtubule dynamics at the shmoo tip.

In contrast, deletion of the minus end directed-kinesin
Kar3p resulted in defective astral microtubule attach-
ment to the shmoo tip. Kar3p was identified in a genetic
screen for karyogamy mutants, and it was proposed
that it physically pulls two haploid nuclei together on
anti-parallel cytoplasmic microtubules [2]. kar3 null cells
responded to « factor by exhibiting G1 arrest and polar-
ized cell wall growth that formed a shmoo. The dynamic
properties of cytoplasmic microtubules located in the
cell body were indistinguishable from those of wild-type
cells (Table 1). However, time-lapse analysis of microtu-
bule dynamic attachment to the shmoo tip revealed a
clear defect (Figure 1A; supplemental Movie 1, available
with this article online). Specifically, microtubules de-
tached from the shmoo tip cortex when they switched
to depolymerization (catastrophe; Figure 1A, closed
arrows). After catastrophe, 66% of the microtubules lost
attachment to the shmoo tip (as opposed to 2% in wild-
type; more than 300 min of data for each, 15 cells).
Because microtubule depolymerization occurs only at
plus ends [1, 10], these results indicate that Kar3p is
required for coupling depolymerizing microtubule plus
ends to the shmoo tip cortex.

To investigate the mechanistic role of Kar3p, we used
the dominant mutant kar3-1, which contains a single
amino acid substitution (Gly 479 to Glu) located in the
conserved ATP binding/hydrolysis site [2]. Similar muta-
tions in other motor proteins cause rigor binding to mi-
crotubules [12]. Microtubule plus ends localize to shmoo
tips in kar3-1 cells (Figure 1B, arrowhead; supplemental
Movie 2); however, these shmoo tip microtubules were
not dynamic. In kar3-1 cells, shmoo tip microtubules
were paused (less than 0.1 pm/min growth or shortening
rate) 80% of the time, whereas shmoo tip microtubules
in wild-type cells rarely paused (5% of the time, Figure
1C). The average length of shmoo tip microtubules was
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Table 1. Quantification of Microtubule Plus End Dynamic Attachment to the Shmoo Tip

Shmoo Tip

Shmoo Tip

Cell Body

Cell Body

MT Attach to

MT Polymerization
Rate (Average

MT Depolymerization
Rate (Average

Shmoo Tip Duration in Minutes) Duration in Minutes)
WT 99% 0.5 * 0.3 pm/min (2.4) 0.5 = 0.4 pm/min (2.3)
kar9 10% NA NA
bim1 35% NA NA
kar3 60% NA NA
kar3-1 96% NA NA
kip2 95% 0.6 = 0.5 pm/min (2.5) 0.9 = 0.6 pm/min (2.1)
kip3 89% 0.5 = 0.5 um/min (2.5) 0.8 = 0.5 um/min (2.0)
dhct 96% 0.5 = 0.4 pm/min (2.6) 0.9 = 0.5 pm/min (2.0)

MT Polymerization
Rate (Average
Duration in Minutes)
1.0 = 0.6 pm/min (1.8)
1.2 = 0.4 pm/min (1.9)
1.0 = 0.4 pm/min (1.9)
0.7 = 0.5 pm/min (2.1)
0.8 = 0.4 pm/min (2.0)
0.7 = 0.5 pm/min (2.2)
1.2 = 0.5 pm/min (1.8)
0.9 + 0.5 pm/min (2.0)

MT Depolymerization Rate
(Average Duration in
Minutes)

0.9 = 0.6 pm/min (1.6)
1.5 = 0.6 pm/min (1.5)
1.4 = 0.7 pm/min (1.7)
1.0 = 0.3 pm/min (1.9)
0.9 * 0.4 pm/min (1.9)
1.3 = 0.6 pm/min (1.7)
1.6 = 0.8 pm/min (1.6)
0.7 = 0.6 pm/min (2.2)

Comparison of dynamic properties of microtubules attached to the shmoo or free ends in wild-type and mutant strains. Percentages were
calculated from observation of cell populations (three experiments, n = 100 each) and notation of the presence or absence of at least one
microtubule plus end interacting directly with the shmoo tip cell cortex. Rate values are averages * standard deviation of at least 25

measurements for each condition.

similar in kar3-1 (1.75 pm) and wild-type cells (1.96 um).
Free astral microtubules in the cell body exhibited poly-
merization and depolymerization rates similar to those
of the wild-type (0.79 = 0.4 pm/min, n = 30 and 0.9 =
0.4 pm/min, n = 27 in kar3-1; and 1.0 = 0.6 pm/min,
n = 40 and 0.8 £ 0.4 pm/min, n = 33 in the wild-type,
respectively). Therefore, kar3-1 specifically stabilized
microtubules at the shmoo tip, suggesting that the
ATPase activity of Kar3p is critical for microtubule plus
end dynamics at the shmoo tip.

To determine the site of Kar3p function, we coimaged
Kar3p-GFP with a SPB fluorescent marker (Spc29p-RFP
[13]; Figure 2A; supplemental Movie 3). Kar3p-GFP was
seen to bind the shmoo tip as well as the SPB and was
seen to bind diffusely along shmoo tip microtubules.
Interestingly, Kar3p-GFP intensity at the shmoo tip in-
creased as the SPB moved toward the shmoo tip (micro-
tubule plus end depolymerization, Figure 2B). During
microtubule plus end polymerization, Kar3p-GFP de-
creased at the shmoo tip, where it diminished to unde-
tectable levels in 70% of the cases. These results indi-
cate that Kar3p localizes to the shmoo tip preferentially
during microtubule depolymerization.

Kar3p is upregulated approximately 20-fold after ex-
posure to a factor [2]. Exposure of cells to « factor
resulted in localization of Kar3p-GFP to shmoo tip and
non-shmoo tip microtubules. Figure 2C shows a cell
expressing Kar3p-GFP treated with «-factor for approxi-
mately 3 hr. Note that a microtubule growing away from
the shmoo tip has Kar3p-GFP signal. This localization
is enhanced at microtubule plus ends (Figure 2C, arrow;
supplemental Movie 4), indicating that Kar3p can act as
a plus end binding protein. Kar3p’s presence at microtu-
bule plus ends at the shmoo tip is central to the persis-
tence of a dynamic plus-end attachment. Furthermore,
the finding that microtubules persist at shmoo tips in
kar3-1 mutants indicates that Kar3p’s function to main-
tain dynamic attachment of plus ends depends on nucle-
otide hydrolysis.

The above results do not account for coupling micro-
tubule plus ends to the shmoo tip during polymerization.
Given that the vertebrate homolog of Bim1p (EB1) binds
only to polymerizing microtubule plus ends both in vitro
and in vivo [9, 14], we further investigated the role of
Bim1p in coupling microtubule plus ends to the shmoo

tip. Quantification of microtubule attachment to the
shmoo tip in bim1A cells revealed that about 65% (157
out of 241) of the cells lacked shmoo tip attachment,
whereas 35% of cells had microtubules at the shmoo
tip (84 out of 241 total cells). In wild-type cells, nearly
100% had microtubules attached to the shmoo tip (247
out of 250 cells, Table 1). Thus, microtubule attachment
to the shmoo tip was defective in bim1A mutants (Table
1 [3]). An enticing possibility is that Bim1p acts at the
shmoo tip to maintain attachment to polymerizing micro-
tubule plus ends when Kar3p is depleted and vice versa.

To investigate the interactions of Bim1p and microtu-
bule attachment to the shmoo tip, we treated cells ex-
pressing Bim1p-GFP (C-terminal fusion to endogenous
gene) with a-factor. Time-lapse sequences showed that
Bim1p-GFP localized to several discrete spots in the
cytoplasm (Figure 3; supplemental Movie 5). Punctate
spots (0-3 at any given time point were observed) origi-
nating at the SPB moved linearly away from the SPB at
rates of approximately 0.5 pum/min, similar to the rate
of astral microtubule growth ([15]; see supplemental
Movie 5). These spots probably mark the growing plus
ends of microtubules and grew in all directions from the
SPB, not only into the shmoo tip. Bim1p-GFP intensity
was highly variable, and overall signal was lost rapidly as
a result of photobleaching. However, analysis of Bim1p-
GFP at the shmoo tip (Figure 3C) showed that the inten-
sity of Bim1p-GFP increased (more than 2-fold in the
example in 3C) while the SPB moved away from the
shmoo tip. The Bim1p-GFP signal changed gradually; it
increased continually during SPB movement away from
the shmoo tip and then decreased during SPB move-
ment toward the shmoo tip. This localization pattern
is opposite to that observed for Kar3p. These results
indicate that Bim1p-GFP localizes to the shmoo tip dur-
ing times of microtubule polymerization and disperses
upon depolymerization. Unlike Kar3p, Bim1p-GFP ex-
pressed at endogenous levels decorates all microtubule
plus ends, including those that contact the cell cortex
outside the shmoo region. However, the shmoo tip is the
only site of microtubule plus-end attachment, indicating
that some other component is required for recruiting or
stabilizing Kar3p at the shmoo tip. This component is
dependent upon microtubules because Kar3p’s local-
ization to the shmoo tip is lost upon treatment of cells
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Figure 1. The Minus End-Directed Motor Protein Kar3p Is Required for Microtubule Attachment to the Shmoo Tip during Plus-End Depolymeri-
zation

(A) A cell expressing GFP-Tub1 and lacking Kar3p was treated with o factor for approximately 1.5 hr to induce shmooing (arrowhead). Time-
lapse analysis of microtubules in this representative cell showed that microtubules interact with the shmoo tip in a limited fashion. Specifically,
when a microtubule attached to the shmoo tip begins to depolymerize, attachment is lost and the microtubule (closed arrows) shortens toward
the SPB (open arrows).

(B) Cells expressing the rigor binding mutant kar3-1 are shown in a mating assay. The cell on the left is mutant, whereas the partner cell on
the right is wild-type. Microtubules in the mutant cell attach to the cortex but fail to exhibit dynamics as seen by the lack of movement of
the SPB (open arrows) relative to the shmoo tip (arrowheads).

(C) Analysis of this phenotype compared to wild-type is shown. Notice the attenuated dynamics of the mutant cell (open circles) compared

to the wild-type (closed squares).

with nocodazole (data not shown). Interestingly, Kar9p
is also localized to the shmoo tip in mating cells [11,
16]. Kar9p’s localization during the vegetative cell cycle
is regulated by phosphorylation (Cdc28-Clb5) and mi-
crotubule-based transport (Kip2) [17, 18]. It is likely that
Kar3p transport and posttranslational modification con-
tribute to its recruitment to the set of microtubules exclu-
sively at the shmoo tip. The above results lead us to
propose a model in which Bim1p and Kar3p are key
regulators of microtubule plus-end dynamic attachment

to the shmoo tip. In Figure 4 we envisage Bim1p, an-
chored to the cortex by Kar9p, maintaining attachment
to growing microtubule plus ends at the shmoo tip.
Kar3p (anchored to the cortex by an unknown factor)
maintains the molecular interaction during microtubule
plus-end shortening. In fact, the increased fluorescence
of Kar3p on shortening microtubules leads to the hy-
pothesis that Kar3p may promote persistent depolymer-
ization and thereby prevents switching back to growth.
This hypothesis is supported by the demonstration that
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Figure 2. Kar3p-GFP Localizes to the Shmoo Tip Dynamically

(A) To observe Kar3p-GFP in a native situation, we used mating assays or brief treatments (approximately 1 hr) of o-factor. Also, to more
accurately measure Kar3p-GFP relative to the spindle pole body, we coexpressed a red marker (Spc29p-dsRed) to label the SBP. Notice that
when the spindle pole body (arrow) moves toward the shmoo tip (microtubule depolymerization) (arrowhead), Kar3p-GFP accumulates at the
shmoo tip. The scale bar represents 2 pm.

(B) Quantification of Kar3p-GFP as a function of shmoo tip microtubule polymerization state shows that Kar3p-GFP (circles) accumulates
approximately 2-fold during microtubule depolymerization when compared to periods of microtubule polymerization (squares; spindle pole
body moving away from the shmoo tip).

(C) Five frames from a time lapse sequence showing a wild-type Kar3p-GFP-expressing cell treated with «-factor for approximately 2.5 hr to
induce shmooing (arrowheads). Expression of Kar3p-GFP increases approximately 20-fold upon treatment with a-factor as described (Meluh
and Rose, 1990) and localizes to microtubules outside of the shmoo tip (closed arrows) as well as to shmoo tip microtubules and the SPB
(arrows). The scale bar represents 2 pm.

Figure 3. Bimp1-GFP Is More Intensely Lo-
calized to the Shmoo Tip during Microtubule
Plus-End Growth
(A) A wild-type cell expressing Bim1p-GFP
was treated with a-factor for approximately
1.5 hr to induce shmooing (arrowhead). The
pattern of localization of Bim1p-GFP was a
central SPB spot (open arrow) with smaller
spots radiating outward. Analysis of GFP
signal at the shmoo tip showed that Bim1p-
GFP appeared and disappeared from the
shmoo tip.
(B) Kymograph analysis shows that when the
SPB (arrow) moved toward the shmoo tip (ar-
rowhead), the GFP signal diminished.
c (C) Graphical representation of Bim1p-GFP
f at the shmoo tip as a function of spindle pole

25 | & 2 body position. Further analysis of the inten-
w51 = J:02 § sity changes in Bim1p-GFP signal at the
g 2 | o g shmoo tip showed that when the spindle pole
1.75 - body moved away from the shmoo tip (micro-
15 0258 tubule polymerization at the shmoo tip),
1.25 " e Bim1p-GFP increased on average 2-fold
1+ } } t Pl ; 4o compared to times of microtubule polymer-

0 75 150 225 300 375 ization. See text for details.

seconds



Microtubule Plus-End Dynamic Attachment
1427

Polymerization

= Tubulin dimer

B@ Kar3p
o Kar9p

= Bimip

Depolymerization

© Kar3p anchoring factor X

Figure 4. Model of the Mechanism of Microtubule Dynamic Attachment to the Shmoo Tip

Bim1p, anchored to the cortex by Kar9p, is present only during microtubule growth. Attachment to growing microtubule plus ends at the
shmoo tip is mediated by Bim1p. Kar3p (anchored to the cortex by an unknown factor) is only present at shmoo tips during microtubule plus-
end shortening. Kar3p acts to maintain the molecular interaction between shortening microtubule plus ends and the shmoo tip cell cortex.

plus end-directed kinesin-coated microspheres persis-
tently bind shortening microtubule plus ends [19] and
that microtubule depolymerization is enhanced under
activating conditions for the kinesin motor [20]. The find-
ing that disruption of the motor domain of Kar3p pre-
vents microtubule dynamics but not attachment at the
shmoo tip is consistent with the notion that Kar3p motor
activity is required for tethering the shortening plus end
to the shmoo tip. We propose that the key difference
in microtubule plus-end attachment to the shmoo tip
(mating) or the bud (vegetative) is the presence of Kar3p
and, therefore, the ability to maintain attachment during
microtubule depolymerization. This model should be rel-
evant to studies of other microtubule dynamic attach-
ment sites, such as kinetochores and the cortex of cells
that undergo mitotic spindle rotation or asymmetric po-
sitioning.

Experimental Procedures

Cell Culture and Strain Construction

Cells were cultured with standard budding-yeast protocols. Knock-
out mutations were constructed by homologous recombination as
described. Amino-terminal GFP labeling of TUB1 was a generous
gift from Dr. Aaron Straight (Harvard Medical School) and has been
described elsewhere. GFP fusion to BIM1 was constructed by car-
boxy-terminal genomic insertion, resulting in a single tagged copy
of BIM1 under native promoter. We constructed GFP fusion to KAR3
by first knocking out endogenous KAR3 and then integrating the
KARS3 promoter along with KAR3 fused to GFP at its carboxy termi-
nus at the URA3 locus. The resulting KAR3-GFP fusion protein was
expressed at endogenous levels.

Microscopy

Yeast were prepared for time-lapse imaging as described pre-
viously. Images were acquired either by spinning-disk confocal mi-
croscopy [21] or by wide-field multi-mode imaging [22]. Modifica-

tions to the wide-field imaging system in this study were limited. A
full description of the imaging system is described elsewhere [23].
For all experiments here, the following conditions apply. Data were
collected at room temperature (approximately 23°C) with a 100X
1.4 N.A. Plan Apo brightfield objective lens with camera binning set
at 2 by 2. Through-focal series were collected at each time point
during time-lapse acquisition, with a total of five focal positions
spaced by 0.5 or 0.75 um taken in fluorescence (GFP or GFP and
RFP) and a single DIC or brightfield image taken at the mid-point
of the focal series. Time-lapse intervals varied from 5 to 30 s de-
pending on the experiment.

Analysis and Quantification

Analysis of microtubule growth and shortening rates was done by
single-point tracking in MetaMorph software (UIC, Downingtown,
PA). Through-focal series for each time point were projected by
Maximum Projection for measurements in most cases. In some
cases microtubules grow in the direction of the focus, and therefore
three-deminsional analysis of microtubule growth was employed
[24]. Microtubule lengths were recorded over the course of a time-
lapse sequence and imported into Excel for quantification. Contrast
enhancement was conducted in MetaMorph, and final figures were
constructed in CorelDraw 10.

Supplemental Data
Five supplemental movies are available with this article online at
http://www.current-biology.com/cgi/content/full/13/16/1423/DC1.
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