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The plus-end microtubule binding proteins (+TIPs) play an important role in the regulation of microtubule stability and cell
polarity during interphase. In S. pombe, the CLIP-170 like protein Tip1, together with the kinesin Tea2, moves along the
microtubules towards their plus ends. Tip1 also requires the EB1 homolog Mal3 to localize to the microtubule tips. Given the
requirement for Tip1 for microtubule stability, we have investigated its role during spindle morphogenesis and
chromosome movement. Loss of Tip1 affects metaphase plate formation and leads to the activation of the spindle assembly
checkpoint. In the absence of Tip1 we also observed the appearance of lagging chromosomes, which do not influence the
normal rate of spindle elongation. Our results suggest that S. pombe Tip1/CLIP170 is directly or indirectly required for
correct chromosome poleward movement independently of Mal3/EB1.
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Introduction

Over the last decade the convergent efforts of molecular
genetics and live microscopy have revealed a number of proteins
that localize to the more dynamic “plus” ends of the microtubules.
In living cells, observation of these proteins as GFP fusions has
revealed that they are often associated with the control of
microtubule dynamics (growing, shrinking or pausing). This well-
conserved family of proteins, called the plus-end microtubule
tracking proteins (+T1IPs), includes CLIP-170, an endosome-
microtubule linker [1] known as Tipl in S.pombe [2] or Bikl in
S.cerevisiae [3] [4], as well as the EB1 protein (Mal3 in S.pombe,
Bim1 in S.cerevisae) [5] [6]. In fission yeast, growing microtubules
emerging from the cell centre are regulated at their plus-end by a
+T1IP complex including Tipl, Mal3 and the kinesin Tea2 [2,7,8].

To ensure faithful transmission of chromosomes during mitosis,
sister chromatids must be correctly segregated between the
daughter cells. For this to occur each kinetochore must form
bivalent attachments with the spindle microtubules and the mitotic
apparatus must orient correctly with respect to the division plane
of the cell [9,10]. Failure of either kinetochore attachment or
spindle positioning may result in chromosome loss and thus
aneuploidy [11,12]. In order to achieve correct bivalent
attachment of the sister chromatids to the spindle, the plus-ends
of the microtubules emanating from each pole must interact with,
and become embedded in, the kinetochores of each sister pair.
Once bivalent attachment is achieved, cohesin and cyclin B are
degraded, allowing the segregation of the sister chromatids to the
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two SPBs. The spindle assembly checkpoint (SAC) monitors the
interactions between the kinetochores and the microtubules and
delays the onset of anaphase until correct bipolar attachment is
established [11]. The molecular actors of this checkpoint pathway
include the Madl, Mad2, Mad3, and Bubl, Bub3, and Mpsl/
Mphl proteins [9,13,14,15,16]. During mitosis, these proteins are
recruited to unattached kinetochores, where they inhibit the
activation of the anaphase promoting complex, thus blocking the
activation of separase, the destruction of cohesion and cyclin B,
and thereby the onset of anaphase, until correct attachment is
achieved. The exact nature of the defect in the kinetochore-
microtubule interactions sensed by the SAC remains unclear but is
known to involve problems in kinetochore/microtubule attach-
ment, or lack of tension between attached sister kinetochores
[11,17,18].

How the plus-ends of the microtubules recognize and interact
with the kinetochores remains to be established but the +T1Ps are
obvious candidates for this role. In S. pombe, Mal3 is implicated in a
Bubl-dependent checkpoint that prevents monopolar kinetochore
attachment and this action is independent of Mad2 [17]. S. pombe
cells lacking the +T1IP proteins are viable, and thus these cells are
able to form a spindle and segregate their chromosomes [2]. This
1s also true for the asymmetrically dividing budding yeast, which
unlike S. pombe requires functional astral microtubules for cell
viability. However, the authors report a clear defect in spindle
positioning in these mutants, due to an inability of astral
microtubules to capture cortical cues at the cell cortex, which
eventually leads to a synthetic lethal phenotype in a Bikl/Biml
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double mutant [3,6,19]. In higher ecukaryotes, deletion or
inhibition of CLIP-170 function by siRNA treatment produces a
mitotic delay, suggesting a mitotic function for this protein [20].
Since it is well established that CLIP-170/Tipl localizes to the
kinetochore in mammalian HeLa cells [21], we decided to
investigate the role of +TIPs proteins during mitotic progression.
In this report, we provide evidence that the +TIP protein Tipl
affects directly or indirectly the poleward movement of the
chromosomes at anaphase onset independently of Mal3.

Results

Deletion of Tip1 or Tea2 causes a delay in metaphase
that is dependent on the spindle assembly checkpoint

While deletion of the #p1, tea2 or mal3 genes either individually
or in combination is not lethal, these mutants all show major
defects in interphase microtubule dynamics. It has been previously
established that deletion of Mal3 result in mitotic defects [15]. We
therefore investigated whether deletion of the Mal3 partners Tea2
or Tipl also had functional consequences for mitosis. We created
strains deleted for tipl, tea2 or mal3 (as a control), with each strain
also carrying a GFP-tagged version of the non-essential o-tubulin
gene (Ath2-GFP) in order to follow their progression through
mitosis (Figure 1A, B, C, D). We determined the length of time
that each of these strains spent in mitosis by live video microscopy,
from the time the spindle reached a length of approximately 2 pm
up to full spindle elongation. Single focal plane images were
collected at 30 sec intervals, and the spindle length was then
calculated for each image and plotted as a function of time. The
time of entry into anaphase was determined from the plots of
spindle length against time and taken to be the time at which rapid
spindle elongation began, as has been previously described
[22,23]. We found that wild-type cells spent an average of 8.5+/—
0.89 min (n = 26) in metaphase, while #p/A cells spent an average
of 11.7+/—2.1 min (n=21) in metaphase, with a2A cells
spending an average of 13.5+/—1.9 min (n=32) in metaphase
(Figure 1E). In the same experimental conditions, we confirmed
that mal3A cells also spent more time in metaphase (12.2+/—
1.66 min, n = 36). Statistical analysis (Student’s test) revealed that
the distribution of the time spent in metaphase in wild-type cells
and in cells deleted for mal3, tea2, and #pl was significantly
different. It is interesting to note that a metaphase delay was also
seen in these strains expressing the kinetochore marker Ndc80-
GIP instead of a-tubulin, suggesting that this delay is not due to
an increased expression of Ath2-GFP (data not shown).

To determine whether this metaphase delay was dependent on
the spindle assembly checkpoint (SAC), we analyzed the time spent
in metaphase in strains carrying a deletion of the +TIP gene as
well as either of the SAC component genes mad?2 or bubl. In each
case the deletion of either mad?2 or bubl, together with that of mal3,
tea2, or tipl abrogated the delay, with the mean time of entry into
anaphase returning to that of the wild-type strain (Figure IF).
Thus, the metaphase delay that we observe in the #p/A and tea2A
strains 13 primarily dependent on the activation of the SAC,
suggesting that these mutants have problems with the establish-
ment of correct bipolar attachment of their kinetochores to the
spindle.

Localization of Tip1 and Tea2 during mitosis

Given the mitotic defects present in the deletion mutants, we
examined whether Tipl, Tea2 or Mal3 were present on the
mitotic apparatus. It has been previously reported that Mal3
localizes on the spindle from the time of SPB separation onwards
and is also present on astral microtubules during mitosis (Figure
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S1) [17]. Previous analysis by Brunner and Nurse using
immunofluorescence revealed that Tipl was absent from the
mitotic apparatus although it was occasionally seen at the tips of
astral microtubules [2]. However, this analysis failed to reveal
whether Tipl also decorated the SPBs and precisely when Tipl
arrived during mitosis. Using live cell analysis of a Tipl-GFP
Cdcl1-CFP strain (Cdcll is an SPB protein), we found that Tipl
localized at the tips of the cell (Figure 2A, frames 5 to 9) and as
well as on, or close to, the SPBs (Figure 2A). We hypothesized that
the presence of Tipl in the vicinity of the SPBs could be due to its
localization on astral microtubules. We constructed a strain
carrying both Tipl-GFP and mRFP-tubulin to visualize both
Tipl and the mitotic apparatus. Z-stacks of simultaneously imaged
Tipl-GFP and mRIFP-tubulin were acquired every 30 seconds. In
early mitosis (2 um spindle), Tipl did not appear to be present on
any clement of the mitotic apparatus (Figure 2C, left panel),
although we observed Tipl speckles at the tips of the cell and
along the cortex (Figure 2B). However, at later mitotic stages,
during spindle elongation, while Tipl was never seen on the
spindle itself; a transient Tip1 signal was seen to accumulate at the
SPBs (Figure 2A-D), and decorating the astral microtubules,
including their plus ends (Figure 2B). We analysed the timing of
appearance of Tipl-GFP at the SPBs during mitosis in four
representative cells by plotting the length of the spindle versus time
(Figure 2D). The filled circles represent the times at which Tip1l-
GFP is associated with either of the two SPBs. We found that Tipl
transiently associated with the SPBs, mainly at anaphase onset.
The signal transiently present at the SPBs disappeared when cells
were treated with high doses of microtubule depolymerizing drugs,
confirming that Tipl associates mainly with astral microtubules
rather than the spindle apparatus (data not shown).

We repeated this experimental approach for the localization of
Tea2, the kinesin partner of Tipl. Like Tipl, Tea2 associated
transiently with the SPBs from mid-mitosis on, and also with the
plus ends of the astral microtubules (Figure S2).

Previous studies have shown that the localization of both Tipl and
Tea2 to microtubules is dependent on Mal3 and is largely reduced in
tea2A cells [24]. To understand the mechanism of Tipl and Tea2
localization on astral microtubules we analyzed their localization in
cells deleted for Mal3. Indeed, in mal5A cells we found virtually no
Tipl signal associated with the SPB and on few astral microtubules
(Figure 3A). This was also the case for Tea2 (Figure 3A). In contrast,
in both the tpIA and tea2A strains, Mal3 localized to the spindle, the
residual astral microtubules and the SPBs (Figure 3B, C). However, in
upIA cells, Tea2 was no longer associated with the microtubules
(Figure 3B), nor any component of the mitotic apparatus, despite the
presence of Mal3. This was also the case for the localization of Tip1 in
tea2A cells (Figure 3C). These observations suggest that, as is the case
during interphase [8,24], Mal3 is the key component of the mitotic
+TIP complex that localizes Tea2 and Tipl transiently to the SPBs
and the astral microtubules.

Tea2 or Tip1 deleted cells are not sensitive to
microtubule destabilizing agents and lose chromosome
at a low rate as compared to Mal3

Deletion of the SAC component genes bubl or mad?2 leads to
inappropriate mitosis in presence of microtubule destabilizing
drugs such as thiabendazole (TBZ) or carbendazime (MBC). This
phenomenon has also been observed in cells deleted for Mal3. We
tested the sensitivity of #p/A and ta2A cells to TBZ and compared
it to that of wild type or mal3A cells. The wild type, tipIA and tea2A
strains grew equally well at a dose of TBZ of 8 nug/ml, while the
mal3Acells were found to be at least 100-fold more sensitive to
TBZ than the wild-type cells (Figure 4A).
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Figure 1. Progression through mitosis in wild-type or in +TIPA strains. A: Mitotic progression in a representative wild-type cell expressing Atb2-
GFP. B: Mitotic progression in a representative tip1A cell. Hoechst staining of the DNA is shown at 10, 12, and 16 minutes. C: Mitotic progression in a
representative tea2A cell. D: Left panel; Mitotic progression in a representative mal3A cell. E: Statistical analysis of the length of time spent in metaphase in
wild-type, mal3A, tea2A, and tip1A cells. The time spent in metaphase was calculated for each cell as the time interval required for the spindle to progress
from 2 um in length to the onset of anaphase B. The means are represented by the red bars. F: Statistical analysis of the length of time spent in metaphase
in the mad2A and bub1A strains, as well as the various double deletions of the +TIP genes and either the mad2 or bub1 genes. The red lines represent the
mean length of time spent in metaphase in the parental lines (wild-type, mal3A, tea2A and tip1A), while the blue bars represent the mean length of time
spent in metaphase in the double delete. The grey circles represent the interval of confidence for each analysis with p<<0.05.

doi:10.1371/journal.pone.0010634.g001

We were interested to see whether Tipl or Tea2 deleted cells lose
chromosomes at high rate or not. To address this question, we first
created #pIA and tea2A strains containing a linear minichromosome
16 linked to the adelocus [25]. As controls, we also tested the wild-type
strain, the mal34 strain as well as the checkpoint deficient strains
mad2A and bubIA as controls. A loss frequency of 3.8 x10™* was seen
in wild-type cells (n=15 000), whilst in the malSA strain the loss
frequency was 52x10™* =13 200), a 13.6 fold increase. In the
GpIA and tea2A strains, the loss frequencies were 19.5x10™* (n=
16 000) and 14x10™* (m=13 400) respectively, representing
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increases of 5.1-fold and 3.8-fold over the rate of chromosome loss
seen in the wild-type cells (Figure 4B).

As previously reported, deletion of Mal3 adversely affects
genome stability and mal3 delete cells are hypersensitive to
microtubule destabilizing agents. In contrast, mitotic progression
in &ip!1 or tea? delete cells results in SAC: activation, with a relatively
low chromosome loss rate and TBZ sensitivity. This paradox
suggests that the microtubule attachment defects present in #p] or
tea? delete cells are somehow different from those in the mals
deleted cells.
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Figure 2. Localization of Tip1 on the mitotic apparatus. A: Sequential images of a wild-type cell, expressing Tip1-GFP and Cdc11-CFP (SPB), during
mitosis. B: Sequential images of mitosis in a wild-type cell co-expressing Tubulin-RFP and Tip1-GFP. C: Upper panels; Images of two metaphase wild-type
cells co-expressing Tubulin-RFP and Tip1-GFP. Lower panels; Line-scans of the plane through the length of the spindle in early mitosis (left panel) or later in
mitosis (right panel). The red lines represent the length of the spindle, while the green traces represent the intensity of the Tip1-GFP signal. D: Graphical
representation of the timing of appearance of Tip1-GFP at the SPBs during mitosis in four representative cells (Time 0 is anaphase onset). Each trace plots
the length of the spindle versus time. Filled circles; Times at which Tip1-GFP is associated with either of the two SPBs.
doi:10.1371/journal.pone.0010634.g002

Deletions of Mal3, Tea2 or Tip1 give rise to different movements in the +TIP deletion strains. To this end, we created
mitotic phenotypes mal3A, tiplA and tea2A strains carrying a GFP-tagged version of

Because loss of Mal3, Tea2 or Tipl resulted in the activation of the nde80 gene (a kinetochore component; Figure 5A). These
the SAC, we investigated the dynamics of sister chromatid strains allowed us to visualize the movements of the kinetochores
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Figure 3. Analysis of the localization co-dependencies of the +TIPs. A: Upper panel; Representative field of mal3A Tip1-GFP cells stained
with Hoechst (green, Tip1-GFP; red, Hoechst). Lower panel; Representative field of mal3A Tea2-GFP cells stained with Hoechst (green, Tea2-GFP; red,
Hoechst). B: Upper panel; Representative field of tipTA Mal3-GFP cells stained with Hoechst (green, Mal3-GFP; red, Hoechst). Lower panel;
Representative field of tip1A Tea2-GFP cells stained with Hoechst (green, Tea2-GFP; red, Hoechst). C: Upper panel; Representative field of tea2A Tip1-
GFP cells stained with Hoechst (green, Tip1-GFP; red, Hoechst). Lower panel; Representative field of tea2A Mal3-GFP cells stained with Hoechst

(green, Mal3-GFP; red, Hoechst).
doi:10.1371/journal.pone.0010634.g003

and SPBs during progression through mitosis. We collected images
of mitotic cells as Z-stacks of 3 planes at 0.45 pum intervals every 15
seconds from metaphase until the onset of anaphase for at least 50
mitotic cells. Figures 5 and 6 show representative movies of the
phenotypes observed.

In wild-type cells, during metaphase the kinetochores oscillated
between the two SPBs, eventually forming a metaphase plate
(Figure 5B, frame 5), after which they segregated rapidly to each of
the poles as previously described [23,26]. Interestingly, in tpIA
cells, the kinetochores did not align on a metaphase plate before
anaphase onset (Figure 5C; see frames 1 to 4). Additionally, while
wild-type cells segregated their chromosomes in a coordinated
manner, cells deleted for Tipl frequently showed lagging
chromosomes at anaphase onset. Kymographic representation
and automated analysis (see Material and Methods) showed that
these lagging chromosomes were visible throughout anaphase B
and regained their SPBs with an obviously reduced rate of
poleward movement (P-movement) (Figure 5C, lower panels). The
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same analysis was performed in cells deleted for mal3 and tea2
(Figure 6A and 6B). Although we noticed the presence of
uncoordinated chromosome segregation in these cells (Figure 6A
and B) and the absence of a metaphase plate prior to anaphase
onset, we found that the lagging chromosomes in the absence of
Mal3 and Tea2 regained their SPBs relatively rapidly as compared
to those seen in fpIA cells (Figure 6A). Interestingly, although
chromosome congression is sometimes observed during metaphase
in tea24 cells (Figure 6B, frame 2), we find that it is not always
associated with anaphase initiation.

We next quantified the percentage of lagging chromosomes
(defined as a delay of at least 30 s after the first kinetochore
permanently reaches the pole). In wild type this phenomenon is
observed in only 2.15% (n = 74) of cases but reaches 40% (n = 60),
30% (n=113) and 29% (mn=76) in tpd, tea24d and mal34 cells,
respectively (Figure 7A). However, as seen in Figure 6, we found
that the length of time that the chromosomes lagged was greatly
increased in #plA cells as nearly 10% of mitotic cells (n=67)
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showed a lagging chromosome duration time of over 2 minutes
during anaphase B (Figure 7B). In these cells, the lagging
chromosomes were clearly affected in their poleward movement
as we found that they regained the pole at a reduced speed of
0.4 um/min +/—0.2 (n = 8) as opposed to 1.2 pm+/—0.4 (n = 22).
To address whether the specific lagging kinetochore phenotype
observed in cells deleted for Tipl was a consequence of the lack of
chromosome congression, we quantified the defects in chromo-
some congression in these different strains.

In wild-type cells only 8% (n=74) of the cells fail to show
kinetochore congression just prior to initiation of anaphase A. In
contrast, over 50% of cells initiated anaphase A in the absence of
chromosome congression in the +TIP deleted strains (64% n=71;
50% n=49; and 55% n=67 for mal3A, tea2A and upIA,
respectively) (Figure S3). It is possible that when Tipl is deleted,
Mal3, its main partner, associates with a different protein complex,
conferring a new mitotic phenotype (ie. a defect in poleward
movement). To address whether the specific lagging kinetochore
phenotype observed in cells deleted for Tipl was dependent on the
presence of Mal3, (e.g. in the absence of Tipl, Mal3 could
associate with and titrate a protein required for poleward
movement), we created a double mutant plA4 mal54 and
quantified the number of lagging chromosomes present in this
strain. We found no significant differences in the rate of poleward
movement of the kinetochores in the single #p/4 mutant as
compared to the double tpIA mal34 mutant (data not shown).
Therefore, we conclude that Tipl directly or indirectly partici-
pates in normal chromosome dynamics at anaphase onset,
independently of Mal3.

In S. pombe, spindle elongation is determined by the speed of
tubulin incorporation at the spindle midzone [27] rather than by
the pushing forces of astral microtubules in anaphase B [28].
Furthermore, a recent report has shown that Biml (S. cerevisiae
homologue of Mal3/EB1) provides structural support for spindle
elongation [29]. Finally, it has been suggested that lagging
chromosomes may affect spindle elongation in S. pombe [30].
Indeed, we recently demonstrated that merotelic attachment can
mechanically prevent full spindle elongation [12]. However, we
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did not observed stretched merotelic kinetochores in cell deleted
for Tipl (data not shown), suggesting that the lagging chromo-
somes seen in this mutant are single sister chromatids, mono-
telically attached rather than merotelically attached. Additionally,
we found no statistically significant differences in the rate of
spindle elongation in +TIP mutants whether lagging chromosomes
were present (Figure 7D, white circles) or not (Figure 7D, black
circles). Therefore our results provide evidence that spindle
elongation is specifically reduced in the presence of merotelic
kinetochores [12] but not with single sister chromatids mono-
telically attached. Statistical analysis (Student’s test) revealed that
the rate of spindle elongation in #p/4 mutants was indistinguish-
able from that of wild-type cells, suggesting that Tip1 does not play
a role in the control of the dynamics of the interdigitated
microtubules at the spindle midzone, and that it is not required for
normal spindle elongation. Taken together, our observations
suggest that Tipl is required for correct chromosome poleward
movement in fission yeast.

The Mad2 and Bub1 proteins are recruited to the
kinetochores in tip1A cells

Given the SAC-dependent metaphase delay observed in &pA
cells and the presence of lagging chromosomes, we decided to
investigate the recruitment of Mad2 and Bub1 to the kinetochores.
To do this, we created two new pIA strains: tipIA Ndc80-GFP
Mad2-mCherry, and ip/A Ndc80-CFP Bub1-GFP, to allow us to
follow the dynamics of the kinetochores and the checkpoint
proteins during progression through mitosis. As expected, both
Mad2 and Bubl were recruited to the kinetochores during
prometaphase/early metaphase, with Mad2 leaving the kineto-
chores in early metaphase and moving to one SPB well before the
kinetochores attained their respective poles during anaphase A
(n=50) (Figure 8A), after which the Mad2 signal rapidly
disappeared. A kymographic representation of this process is
shown in Figure 8B. Interestingly, when lagging chromosomes
persisted into anaphase, Mad2 was never seen on the lagging
kinetochore but persistently observed at the SPB (n=70)
(Figure 8C). This recruitment pattern mirrored that seen in
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tip1Acell expressing Ndc80-GFP and Cdc11-CFP during mitosis. Middle panel; Kymograph representation of the same cell. Lower panel; Graphical
analysis of the movements of the SPBs (red) and the kinetochores (green).

doi:10.1371/journal.pone.0010634.g005

wild-type cells, although in the #pIA cells the Mad?2 signal tended
to persist slightly longer on the kinetochores during early
metaphase, reflecting the SAC-dependent delay in this strain. In
contrast, in the #ip/A cells, Bubl was present on the kinetochores
throughout metaphase, albeit at a lower level than during
prometaphase (n=>50) (Figure 8E and G). At the transition to
anaphase A, this residual Bub1 signal moved to the SPBs together
with the kinetochores, after which it decayed. Significantly, when
lagging chromosomes were present during anaphase, a clear Bubl
signal was associated with certain, but not all, of the lagging
kinetochores, persisting at least until the lagging kinetochore
reached its pole (n=60) (Figure 8F and H). These experiments
show that the lagging kinetochores showing a defective P-
movement are not detected by Mad2 although they can recruit
the spindle assembly checkpoint protein Bubl. This result suggests
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that the lagging chromosomes present in the tplA cells are
attached (not detected by Mad2) but can still be detected by Bubl,
and thus may not be under correct tension.

Discussion

Our results show that Tipl has a function in the poleward
movement of the chromosomes during mitosis. This function is
independent of the presence of its partner Mal3, and does not
involve an association between Mal3 and any other protein
complex since the tiplA4 mal34 double mutant still exhibits this
poleward movement defect. Deletions of the mal3, tea2 and tip]
genes, individually or in combination, compromises mitotic
progression although as previously observed, the defects are more
severe in the case of Mal3 [17]. We show that deletion of the #p/
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or tea? genes causes a Mad2 and Bubl-dependent metaphase
delay in each case. Interestingly, in higher eukaryotes inhibition of
CLIP-170 imposes a Mad2-dependent mitotic delay, in agreement
with our observations [31].

In eukaryotic cells, including yeast, the chromosomes align at
the spindle midzone during metaphase to form the “metaphase
plate” [26,32,33,34]. This process is thought to be mainly
dependent on microtubule dynamics although several reports
suggest that actin participates in this mechanism in starfish
oocytes, Xenopus and in S. pombe [35,36,37]. In fission yeast,
formation of the metaphase plate occurs on average 1 minute
before the onset of anaphase A. Our analysis of kinetochore
dynamics in cells deleted for the +TIPs reveals that anaphase A is
initiated while the kinetochores are still randomly positioned on
the spindle. Our observations are in agreement with those from
studies in higher eukaryotes where RNA interference was used to
block the expression of CLIP-170 (HeLa cells) or EB1 (Drosophila
S2 cells), which in each case prevents normal metaphase plate
formation [31,38]. Given that anaphase onset is initiated
randomly, we hypothesize that the distal chromosomes will arrive
at the poles later than the proximal chromosomes in the absence of
correct congression to the metaphase plate. If this is true,
uncoordinated chromosome segregation should be observed,
resulting in the presence of lagging chromosomes that regain
their SPBs at a normal speed. Indeed, our analysis of kinetochore
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dynamics in mal3A and tea2A cells confirms this hypothesis, i.e. the
absence of normal chromosome congression followed by uncoor-
dinated segregation, though with a normal rate of P-movement.
However, our study uncovers a specific role for the Tip1 protein in
the control of chromosome P-movement that is independent of
Mal3 since the lagging chromosomes observed in #p/4 cells are
still present in the double mutant tplA4 mal34.

The presence of lagging chromosomes is usually associated with
an increased rate of chromosome loss, as has been previously
reported for mal3A cells [15,17]. Furthermore, mal3A cells are
highly sensitive to low doses of TBZ [15]. The deletion of the
budding yeast homolog of Mal3, Bim1, also leads to hypersensi-
tivity to microtubule destabilizing drugs associated with an
aberrant spindle morphology [6,39]. However, we find that
deletion of either Tea2 or Tipl only induces a moderate increase
in the rate of chromosome loss and that these cells are not
particularly sensitive to TBZ. Therefore it is unlikely that lack of
chromosome congression before anaphase onset or a decrease in
the rate of chromosome P-movement at anaphase onset is
detrimental for the maintenance of genomic stability. We believe
that the critical event that is necessary for the prevention of
chromosome loss is likely to be correct chromosome bi-orientation.
In agreement with this hypothesis, we find that mal3A cells display
an increased rate of chromosome 1 mis-segregation as has been

previously described [17] while #a2A and #pIA cells do not (data
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not shown). An alternative explanation for the relatively low rate
of chromosome loss in the absence of Tipl is that late mitotic
events such as telophase or cytokinesis may be delayed in these
cells, thereby leaving enough time for the eventual retrieval of any
lagging kinetochores to the SPBs. Further work will undoubtedly
clarify this point.

Given that in higher eukaryotic cells, including Drosophila S2 and
Hela cells, as well as in S. cerevisiae, the Tipl homologues CLIP-170
and Bik]l are clearly present at the kinetochores [21,40,41,42], a
direct role for Tipl at the kinetochore/microtubule interface
would provide the most logical explanation of the mitotic
phenotypes observed. Indeed, one possible explanation of the
tpIA and tea2?A mitotic phenotypes could be that these proteins
interact directly with the plus ends of the spindle microtubules and
regulate catastrophe, as a high frequency of microtubule
catastrophe may result in kinetochore/microtubule attachment
defects. However, while we were able to confirm the localization of
Mal3 on the spindle, we have consistently been unable to detect
Tipl and Tea2 at the kinetochores or on the spindle. This does not
exclude the possibility that Tipl is indeed present at the
kinetochores at a level below the detection threshold of our system.

Since Tipl and Tea2 appear to be absent from the spindle
microtubules, this raises the intriguing possibility that Tipl and
Tea2 could influence microtubule dynamics by virtue of their
transient interaction with the SPBs or alternatively, their
cytoplasmic localization. One possibility is that Tipl may associate
with other proteins within the cytoplasm independently of Mal3
and that loss of this cytoplasmic complex somehow perturbs
mitotic progression. A specific role for Tipl at the SPB is
challenged by the fact that Mal3 seems to be required for its
localization to spindle. However, Busch et al reported that residual
localization of Tipl on the SPBs is seen in the absence of Mal3
suggesting that Tipl may have a function at the SPB indepen-
dently of its main partner, Mal3 [24]. In agreement with our
observations, previous studies in budding yeast illustrate the
redundant functions of Tip1/Bikl/CLIP-170 and Tea2/Kip2 in
spindle morphogenesis [42,43].

Genetic analysis first suggested that Biklp was likely to play a
role in the dynein pathway [44]. The molecular basis for these
genetic observations was elucidated in an elegant series of cell
biological studies that showed that Bik1p helps to recruit dynein to
the plus ends of the microtubules [45]. We therefore hypothesized
that Tipl could serve as a platform on the SPB for the loading of
motor proteins such as Klp2, Klpb or dynein onto the spindle.
Indeed, some of these motor proteins are involved in normal
chromosome-to-pole movement in S. pombe [23,46,47,48,49].
However we found that the levels of Klp2 and Klp5 seen on the
spindle in cells deleted for Tipl were comparable to those in wild-
type cells (data not shown). Because dynein plays a role in
chromosome segregation and bi-orientation in yeast [23,46], it is
possible that some of the phenotypes observed in Tipl delete cells
result from the absence of an interaction with dynein. Further
work will be necessary to address this point.

In conclusion, Tipl appears to play a role during anaphase A
that is independent of those of its partners Mal3 and Tea2. The
role played by Tipl on kinetochore P-movement may be either

direct or indirect but it represents a new function for a member of
the CLIP-170 protein family.

Materials and Methods

Yeast strains, growth and maintenance
The strains used in this study are listed in Table 1. Media,
growth, maintenance of strains and genetic methods were as
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doi:10.1371/journal.pone.0010634.g008

described in Moreno et al, (1991). All strains were grown in YES at
25°C until mid-log phase, when aliquots were taken for
preparation for processing for live cell imaging, thiabendazole
(TBZ) sensitivity assays, or the determination of the rate of
chromosome loss.

Cell imaging

Time-lapse video microscopy was performed in imaging
chambers (CoverWell PCI-2.5, Grace Bio-Labs) filled with 1 ml
of 2% agarose (Sigma) in minimal medium and sealed with a
22x22 mm glass coverslip. An aliquot of cell suspension was
applied to the imaging chamber and the cells were allowed to
equilibrate for 1 hr at 25°C before beginning the experiments,
which were carried out at this temperature. Where visualization of
the chromosomes was necessary, either 0.1 mg/ml DAPI or
0.1 mg/ml Hoechst (Molecular Probes) was added to the cell
suspensions for 20 min. Time-lapse images were taken at 15 to
30 sec intervals, with exposure times of 0.1-0.3 sec (for GFP) or
0.05 sec for (DAPI). In all cases, a single focal plane image was
recorded at each time point. Time zero in the movies was taken to
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be either the point at which the spindle attained 2 um or became
stable in length. Images were collected with a Princeton CoolSnap
HQ? CCD camera (Roper Scientific) fitted to a Leica DM6000
microscope equipped with a 100x1.4 NA objective, Semrock
filters (GFP band pass width 562-730 nm, CFP band pass width
467-600 nm, DAPI band pass width; 90% transmission and Texas
Red 595-664 nm) and a HIGHIite illumination source (Roper
Scientific) reduced to 30% intensity to minimise photobleaching
and phototoxicity. All images were recorded using Metamorph
software, then either downloaded into Adobe Photoshop for
assembly into montages, or processed by automated analysis as
discussed below. The length of the mitotic spindle was determined
using Metamorph software. For the analysis of spindle and
kinetochore dynamics, images were acquired as Z-stacks of 3
planes with a step size of 0.45 um, at 15 sec intervals, starting from
a spindle size of approximately 2 um and continuing to a length of
approximately 10 pm. Maximum projections of the images from
each time point were downloaded into Adobe Photoshop for
assembly into montages, or into NIH Image] for preparation of
automated data analysis as described below.
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Table 1. Strains used in this study.
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wild-type Ch16

Ch16 ade6-216 leu1-32 ura4-D18 ade6-M210 his1-102

Strain Genotype Reference
wild-type lys1:nmt1-atb2GFP leu1-32 ura4-D18 ST7
mal3-GFP mal3-pk-GFP:ura4+ leu1-32 ura4-D18 ade6-M210 his3-D1 ST123
tip1-GFP tip1-GFP: kan® leu1-32 ura4-D18 ade6-M216 ST251
tip1-GFP tubulin-RFP tip1-GFP:kan® leu1-32 ura4-D18 ade6-M216 pREP2-mRFP-atb2 ST567
tea2-GFP tea2-GFP: kan® ST232
tea2-GFP tubulin-RFP tea2-GFP: kan® pREP2-mRFP-atb2 ST622
mal3-GFP ndc80-CFP mal3-pk-GFP:ura4+ ndc80-CFP ST161
mal3A tip1-YFP mal3:ade tip1-YFP:kan® ST330
mal3A tea2-GFP mal3:his3+ tea2-GFP:kan® ura4-D18 ST254
tip1A mal3-GFP tipT:kan® mal3-pk-GFP:urad+ ST133
tip1A tea2-GFP tipl:kan® tea2-GFP:kan® leu1-32 ade6-M216 ST252
tea2A mal3-GFP tea2:his3+ mal3-pk-GFP:ura4 ST162
tea2A tip1-GFP tea2:his3+ tip1-YFP:kan® ade6-M210 ST257
mal3A atb2-GFP mal3:urad+ lys1:nmt1-atb2GFP leu1-32 ura4-D18 ade6 ST25
tipTA atb2-GFP tip1:kan® lys1:nmt1-atb2GFP ura4-D18 leu1-32 ST109
tea2A atb2-GFP tea2:his3+ lys1:nmt1-atb2GFP ST172

J.P Javerzat

mal3A Ch16 mal3:urad4+ Ch16 ade6-216 leu1-32 ura4-D18 ST188
tip1A Ch16 tip1:kan® Ch16 ade6-216 leu1-32 ura4-D18 ST576
tea2A Ch16 tea2:his3+ Ch16 ade6-216 leu1-32 ura4-D18 ST537
mad2A Ch16 mad2::ura4+ Ch16 ade6-216 bub1:ura4+ leu1-32 ura4-D18 ade6-M210 his1-102 ST75

ndc80-GFP cdc11-CFP ndc80-GFP:kan® cdc11-CFP:kan® ura4-D18 leu1-32 ST102
mal3A ndc80-GFP cdc11-CFP mal3::ura4+ ndc80-GFP:kan® cdc11-CFP:kan® leu1-32 ura4-D18 ST731

tip1A ndc80-GFP cdc11-CFP tip1:kan® ndc80-GFP:kan® cdc11-CFP:kan® ura4-D18 ST655
tea2A ndc80-GFP cdc11-CFP tea2:his3+ ndc80-GFP:kan® cdc11-CFP:kan® ST 528
mad2Aatb2-GFP mad2::ura4+ ST653
bublA atb2-GFP bub1:urad+ lys1:nmt atb2-GFP ST412
mal3A mad2A atb2-GFP mal3:his3+ mad2::urad+ lys1:nmt-atb2-GFP ST546
mal3A bub1A atb2-GFP mal3:ura4+ bubi:leu lys1:nmt-atb2-GFP ST587

doi:10.1371/journal.pone.0010634.t001

Automated data analysis of kinetochore dynamics

The position of the SPBs and kinetochores were determined by
the visualization of the Cdcl1-CFP and Ndc80-GFP signals and
captured using Metamorph. Maximum intensity projections were
prepared for each time point, with the images from each channel
being combined into a single RGB image. These images were
cropped around the cell of interest, and where necessary optional
contrast enhancement was performed in Image]. The cropped
images were exported to IGOR Pro6 (www.wavemetrics.com) as
8-bit RGB-stacked TIFF files, each frame corresponding to one
image of the time-lapse series. The first step of the automated
analysis consisted of the detection of the two SPBs by the
localization of the two local maxima of the red signal for each
frame of the stacked TIFYF file. The positions of these maxima were
assumed to correspond to the positions of each SPB. The pointing
precision was thus limited to one pixel in each direction. To avoid
time-consuming procedures, Gaussian fit and centre-of-mass
evaluation were not implemented. Manual correction of the
detected trajectories was performed if necessary and the spindle
length was then calculated from the SPB positions. The second
step of the analysis involved the detection of the positions of the
kinetochores, by searching for the green signal intensity maxima
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along the spindle, defined as a straight line between the SPBs. No
assumptions were made on the number of such maxima, to
account for the possible super-positioning of the kinetochores. The
kinetochores and SPB positions were then displayed graphically
with respect to the spindle centre. Certain parameters (smoothing
coefficient, signal-to-noise ratio and signal threshold) were varied
as necessary to obtain the best result in comparison to the original
movie. The data generated were used to calculate the average
speed at which the kinetochores reached the SPBs (the rate of P-
movement).

Thiabendazole sensitivity assays

All strains to be tested were grown in YES medium (25°C, with
agitation at 200 rpm) to mid-log phase, then harvested and re-
suspended in YES to a final concentration of 1x10° cells/ml.
Serial 1/5 dilutions were prepared from this suspension, giving a
range from 1x10° to 8x10” cells/ml. Aliquots of 4 pl of each
dilution were then spotted on YES agar plates containing either 0,
2, 4,6, 8 or 10 ug/ml TBZ (prepared from a 10 mg/ml stock
dissolved in DMSO) and allowed to absorb before incubation of
the plates at 25°C for a minimum of 3 days, or until the resulting
colonies were well grown.
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Minichromosome loss assays

The wild-type, mal3A, tipIA, and tea?A strains, all carrying
minichromosome 16, were plated for single colonies on YES
containing 12.0 mg/1 adenine. Single white colonies were selected
for each strain for plating assays. Each colony was re-suspended in
5 ml of YES containing 12.5 mg/l adenine, and the cells were
counted. For each strain, a minimum of 5x10° colonies were
plated at a density of 500 colonies per 10 cm diameter plate. After
3-5 days growth at 25°C, the plates were transferred to a cold-
room at 4°C for a further 2 days. The total number of colonies per
strain was counted, and then the colonies were further scored as
white, red, half-red, quarter-red or less than one quarter-red. The
frequency of minichromosome loss was calculated as follows: A/
A+B, where A represented the number of colonies that contained a
red sector of at least half the size of the colony, and where B
represented the number of colonies that where either white, or
contained a red sector less than half the size of the colony.

Supporting Information

Figure S1 Localization of Mal3 on the mitotic apparatus. Upper
panel; image series showing the localization of Mal3 on the spindle
as cells progress through mitosis. Lower panel; graphic represen-
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tation of progression through mitosis in this cell, as shown by
plotting the length of the mitotic spindle versus time. The dotted
red lines represent the slope of the curves. The intersection of the
two dotted lines indicates the transition to anaphase B (A) in this
cell, since it is at this point that rapid spindle elongation
commences.

Found at: doi:10.1371/journal.pone.0010634.s001 (0.48 MB EPS)

Figure 82 Localization of Tea2 on the mitotic apparatus. A:
Sequential images of a wild-type cell, expressing Tea2-GFP and
Cdcl1-CFP (SPB), during mitosis. B: Sequential images of mitosis
in a wild-type cell co-expressing Tubulin-RFP and Tea2-GFP.

Found at: doi:10.1371/journal.pone.0010634.s002 (4.93 MB EPS)

Figure 83 Analysis of the defects in chromosome congression in
the +TIPA strains.
Found at: doi:10.1371/journal.pone.0010634.s003 (0.14 MB EPS)
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