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Fission yeast has two kinesin-8s, Klp5 and Klp6, which associate to form a heterocomplex. Here, we show that Klp5 and
Klp6 are mutually dependent on each other for nuclear mitotic localization. During interphase, they are exported to the
cytoplasm. In sharp contrast, during mitosis, Klp5 and Klp6 remain in the nucleus, which requires the existence of each
counterpart. Canonical nuclear localization signal (NLS) is identified in the nonkinesin C-terminal regions. Intriguingly
individual NLS mutants (NLSmut) exhibit loss-of-function phenotypes, suggesting that Klp5 and Klp6 enter the nucleus
separately. Indeed, although neither Klp5-NLSmut nor Klp6-NLSmut enters the nucleus, wild-type Klp6 or Klp5,
respectively, does so with different kinetics. In the absence of Klp5/6, microtubule catastrophe/rescue frequency and
dynamicity are suppressed, whereas growth and shrinkage rates are least affected. Remarkably, chimera strains containing
only the N-terminal Klp5 kinesin domains cannot disassemble interphase microtubules during mitosis, leading to the
coexistence of cytoplasmic microtubules and nuclear spindles with massive chromosome missegregation. In this strain, a
marked reduction of microtubule dynamism, even higher than in klp5/6 deletions, is evident. We propose that Klp5 and
Klpé6 play a vital role in promoting microtubule dynamics, which is essential for the spatiotemporal control of microtu-

bule morphogenesis.

INTRODUCTION

During mitotic cell division, it is vital that chromosomes are
segregated equally so that each resulting daughter cell re-
ceives a complete copy of all the genetic information
(Mitchison and Salmon, 2001). Failure to achieve this can
result in aneuploidy, a hallmark of cancer cells. Chromo-
some segregation is mediated by the mitotic spindle, a struc-
ture consisting of microtubule fibers. Microtubules are in-
herently dynamic, that is, constantly growing and shrinking,
and this property is used in the cell to create pushing and
pulling forces required for segregating chromosomes (Desai
and Mitchison, 1997). Cells contain an array of stabilizing
and destabilizing factors to achieve precise spatiotemporal
control of microtubule dynamics. During mitosis, this facil-
itates the capture of kinetochores by spindle microtubules
and subsequently enables spindle elongation and shortening
to be coordinated with chromosome segregation.

Kinesins were originally identified as motor proteins that
use energy gained from ATP hydrolysis to power processive
movement along microtubules (Vale et al., 1985). Kinesins
consist of a large protein family (Lawrence et al., 2004; Miki
et al., 2005); and recently, it has been found that several
kinesin subfamilies (namely, kinesin-8, -13, and -14) possess
microtubule-depolymerizing activity and are therefore im-
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portant regulators of microtubule dynamics (Kline-Smith
and Walczak, 2004; Wordeman, 2005; Howard and Hyman,
2007; Gardner et al., 2008). Most members characterized so
far play pivotal roles in mitotic cell division. Klp5 and Klp6
in fission yeast belong to the kinesin-8 family. Klp5 and Klp6
localize to interphase cytoplasmic microtubule, mitotic ki-
netochores, the spindle, and the spindle midzone (West et
al., 2001, 2002; Garcia et al., 2002a,b; Li and Chang, 2003;
Rajagopalan et al., 2006; West and McIntosh, 2008). Deletion
mutants are viable but have hyper-stable microtubules and
show defects in chromosome congression (Garcia et al.,
2002b; West et al., 2002; Sanchez-Perez et al., 2005; Griffiths ef
al., 2008). Members of this family in Saccharomyces cerevisiae
and human cells, Kip3 and Kif18A, respectively, have been
shown to function both as plus-end-directed motors and as
microtubule depolymerizers (Gupta et al., 2006; Varga et al.,
2006; Mayr et al., 2007). Interestingly, it was demonstrated
that Kip3 depolymerizes microtubules in a length-depen-
dent manner.

Most kinesins function as homodimers. This structure
enables them to step along the microtubule by using a
“hand-overhand” mechanism (Asbury, 2005; Carter and
Cross, 2005; Yildiz and Selvin, 2005). Klp5 and Klp6 are
unusual members of the kinesin-8 family, because they are
the only members reported thus far that form a heterocom-
plex (Garcia et al., 2002b; Li and Chang, 2003), colocalizing
during the entire cell cycle. This heterodimerization is es-
sential for KIp5/6 function, because deletion mutants of
either Klp5 or Klp6 exhibit identical phenotypes. Further-
more, no additive phenotypes are observed in double dele-
tion mutants; and finally, overexpression of Klp5 or Klpé6 is
unable to suppress deletion phenotypes of kip6 or klp5, re-
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spectively (Garcia et al., 2002a,b; West et al., 2002; Li and
Chang, 2003).

In metazoans, the nuclear envelope breaks down at the
beginning of mitosis (open mitosis). However, yeast un-
dergo a closed mitosis in which the nuclear envelope is
maintained, meaning that components required for mitotic
progression need to be imported into the nucleus during
mitosis. Many proteins contain nuclear localization signals
(NLSs) and/or nuclear export signals (NESs) that are recog-
nized and bound by importin or exportin molecules, respec-
tively (Yoneda, 2000). Classical, canonical NLSs consist of a
short sequence rich in three to five basic amino acids,
whereas NESs are not as easily defined as NLSs (Dingwall
and Laskey, 1991; Kutay and Giittinger, 2005). The first and
best characterized exportin is Crm1/exportin-1, which ex-
ports proteins containing a leucine-rich NES (Mattaj and
Englmeier, 1998; Gorlich and Kutay, 1999). Proteins contain-
ing both NLS and NES constantly shuttle between the cyto-
plasm and the nucleus, and rate of import or export may be
modified as necessary to change the subcellular location of
the protein during the cell cycle or upon extra- or intracel-
lular cues. Several mechanisms that regulate nuclear trans-
port of cargo proteins are known. For example, the phos-
phorylation and dephosphorylation of protein substrates
that modulate nuclear transport is one of the best-under-
stood mechanisms (Poon and Jans, 2005). In addition, in-
tramolecular masking or chemical modification, such as ox-
idization, of NLSs/NESs to reduce their accessibility to
importins/exportins play important roles in nucleocytoplas-
mic protein transport (Veal et al., 2007). Alternatively, the
intrinsic NLS/NES activity of a protein may also be over-
come if it is anchored in the nucleus or cytoplasm by phys-
ically associating with specific subcellular structures such as
organelles and the actin or microtubule cytoskeleton (Dong
et al., 2000; Haller et al., 2004).

Although fission yeast Klp5 and Klp6 belong to the kine-
sin 8 family and their deletions lead to longer, hyperstabi-
lized microtubules, the contribution of these two molecules
to in vivo microtubule dynamics has never been addressed
before. Furthermore a physical interaction between Klp5
and Klp6 gives us a unique opportunity to explore the
importance of kinesin-8 dimerization, because it is possible
to examine the behavior of one “half” of the dimer in the
absence of the partner. It is also of interest to distinguish
whether Klp5 and Klp6 have different biochemical and cell
biological properties; and if so, what the physiological sig-
nificance of these is for the function of the Klp5/6 complex.
In this study, we have pursued these issues and uncover
novel regulatory mechanisms.

MATERIALS AND METHODS

Schizosaccharomyces pombe Strains, Media, and Genetic
Methods

The strains used in this study are listed in Table 1 and Supplemental Table S1.
The growth and the maintenance of the strains and strain constructions were
carried out according to standard procedures (Moreno et al., 1991; Bahler et al.,
1998; Sato et al., 2005). Most of the experiments were performed at 30°C
otherwise stated. For live analysis, the room temperature (26°C) was used.

Nucleic Acid Preparation and Manipulation

Enzymes were used as recommended by the suppliers (New England Biolabs,
Beverly, MA; Takara Shuzo, Kyoto, Japan; and Stratagene, La Jolla, CA.).
Site-directed mutants of kIp5 and klp6 were generated using QuikChange IT kit
(Stratagene) according to the manufacturer’s protocol. The plasmids pREP41-
EGFP-klp5 or pREP41-EGFP-klp6 (kind gift from Dr. Eric Chang, Baylor
College of Medicine, Houston, TX) were used as templates. Mutated plasmids
were verified by nucleotide sequencing. pREP41-EGFP-klp5-NLSmut con-
tains two substitutions from arginines to alanines in the NLS sequence
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(R693A and R695A), whereas pREP41-EGFP-klp6-NLSmut contains R673A
and R675A.

Strain Constructions

Chimeric molecules were generated by a two-step process as follows. First,
the region corresponding to the N terminus of Klp5 (1-404 amino acids) or
Klp6 (1-403 or 410 amino acids) was replaced with ura4* (kIp5 AN or kip6 AN,
respectively). Next, the gene sequence coding for the N terminus of the other
klp5/6 molecule (Klp6 or Klp5, respectively) was integrated into the ura4*
marker, and transformants were selected on plates containing 5-fluoroorotic
acid (5-FOA). This second step was carried out in a strain deleted for the other
klp5/6 (Klp5 or Klp6, respectively) to prevent unwanted homologous recom-
bination between the N terminus PCR product and the endogenous kip™
locus. Correct replacement was verified by colony PCR and furthermore by
sequencing across the Klp5/Klp6 boundaries. Once chimera strains had been
generated, they were crossed back to a wild-type strain to create strains
containing the N-terminal kinesin domains derived from only Klp5 or Klp6
(KIp5N+KIp5N or Klp6N+KIpéN), respectively. Klp5- and Klp6-NLS mu-
tants (NLSmut) were constructed by integrating polymerase chain reaction
(PCR)-amplified fragments containing klp5-NLSmut or klp6-NLSmut into a
klp5::ura4™ or klp6::ura4* strain, followed by selection on plates containing
5-FOA. Correct replacement was confirmed by PCR.

For the construction of a strain containing mCherry-atb2* (encoding a2-
tubulin), the following procedures were undertaken. The nda3p-mCherry-
atb2* fragment consisting of the promoter from the nda3* gene (encoding
B-tubulin), mCherry, and the atb2* open reading frame (ORF) was created by
replacing green fluorescent protein (GFP) with mCherry (Shaner et al., 2004) in
the nda3p-GFP-atb2* DNA fragment (Masuda et al., 2006), and this fusion
gene was inserted into pYC19 that contains the aurl” gene as a selectable
marker (aureobasidin A-resistance; Takara Shuzo). The pYC19 harboring
nda3p-mCherry-atb2* was linearized by cutting a single site in aurl” and
subsequently integrated into the aurl™ locus, by which mCherry-Atb2 could
be marked by aureobasidin A-resistance phenotypes. This construct seems to
be least detrimental to microtubule function, because no adverse effect is
observed when combined with an alp14 deletion (defective in a member of the
Dis1/TOG microtubule-associated protein family), which is known to be
sensitive to compromised tubulin function (Garcia et al., 2001; H. M. and T. T.,
unpublished data).

Live Cell Analysis

For live cell analysis, 200 ul of a log-phase culture in minimal media-NH,Cl,
supplemented with glutamate and appropriate amino acids was mounted on
a glass-bottomed culture dish (MatTek, Ashland, MA) coated with lectin and
incubated for 30 min or more for cell adhesion. In some experiments, 2 ml of
media was added to the dish after cell adhesion. Cells were observed with an
Olympus IX-70 inverted fluorescence microscope equipped with a Roper
CooISNAP HQ (Photometrix, Tucson, AZ) charge-coupled device camera and
a UPlanApo X60/1.40 numerical aperture (NA) oil or UPlanSApo X100/1.40
NA oil objective lens (Olympus, Tokyo, Japan). Images were collected using
DeltaVision software (Applied Precision, Issaquah, WA). Ten to 14 Z-sections
(0.3 wm apart) were acquired and subsequently deconvolved and projected to
two-dimensional images by using SoftWoRx software (Applied Precision).

Drug Treatment

Leptomycin B (LMB; provided by M. Yoshida, RIKEN, Saitama, Japan) was
used to inhibit Crm1-dependent nuclear export. Fifty to 140 ul of 250 ng/ml
LMB diluted in media from 100 pg/ml stock solution (in ethanol) was added
to 200 ul of cells mounted on a glass-bottomed dish (final concentration,
50-140 ng/ml). Carbendazim (MBC/CBZ; Sigma-Aldrich, St. Louis, MO) was
used to depolymerize microtubules in liquid culture. Thirty microliters of 5
mg/ml stock (dissolved in dimethyl sulfoxide) was added to 970 ul of media,
mixed well, and centrifuged at 13,000 rpm for 5 min to precipitate crystals.
The supernatant was then added in a culture dish already containing cells and
2 ml of media. This gave a final concentration of MBC/CBZ of 50 ug/ml.

Fluorescence Intensity Profiling

To quantify nuclear accumulation of GFP-tagged Klp5 or Klp6, projection
images of summed fluorescence intensity were reconstituted, and the inten-
sity of the nuclear region was measured using SoftWoRx software. As a
control, fluorescence intensity of the nuclear region in wild-type cells express-
ing no GFP was measured, and the average intensity was subtracted as a
background from the data obtained from GFP-tagged Klp5/6. For line-scan
analysis, the projections of maximum intensity were imported into Image]J
software, version 1.37 (National Institutes of Health, Bethesda, MD). Lines
were drawn from one end of a cell to the other, along the longitudinal axis,
and fluorescence intensity across each line was measured using the plot
profile function. Fluorescence data were exported in numerical format and
graphs drawn using Excel (Microsoft, Redmond, WA).
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Table 1. Strain list

Strain Genotype Derivation
513 h~ Lab stock

ARO017 h~ klp5::ura4™ This study
AR065 h~ klp5*-GFP-kan pREP1(mRFP-atb2*) This study
AR066 h~ klp5*-GFP-kan klp6::ura4™ pREP1(mRFP-athb2™) This study
AR067 h* ade6-216 klp5::ura4™ kip6*-GFP-kanR pREP1(mRFP-atb2™*) This study
AR085 h~ klp6™*-GFP-kan pREP1(mRFP-atb2*) This study
AR214 h~ klp5::ura4™ klp6::hph pREP41(GFP-klp5™") This study
AR216 h™~ klp5::ura4™ klp6::hph pREP41(GFP-klp5-NLSmut) This study
AR217 h™~ klp5::ura4™ klp6::hph pREP41(GFP-klp6-NLSmut) This study
AR218 h™~ klp5::ura4™ klp6::hph pREP41(GFP-kIp6™) This study
AR231 h™* klp5::nat klp6::ura4™ This study
AR245 h™~ his7 klp5-NLSmut This study
AR247 h~ his2/7 klp6-NLSmut This study
AR285 h~ kan-nmtP3-GFP-atb2* klp5::ura4*klp6::hph This study
AR287 h~ kan-nmtP3-GFP-atb2* klp5::ura4* This study
AR289 h~ kan-nmtP3-GFP-atb2* klp6::ura4* This study
AR374 h* his2 kip6N(1-410)::ura4 ™" ::klp5N(1-404) This study
AR399 h™~ klp6N(1-410)::ura4* ::klp5N(1-404)-GFP-nat This study
AR402 h~ kip5N(1-404)::ura4 ™" ::klp6N( 1-410) This study
AR445 h™ his2 klp5N(1-404)::ura4 ™" ::klp6(1-403)-GFP-nat This study
AR449 W kan-nmtP3-GFP-atb2* klp6N(1-410)::ura4* ::klp5N(1-404) This study
AR450 h~ kan-nmtP3-GFP-atb2* klp5N(1-404)::ura4™ ::klp6N(1-403) This study
AR614 h~ kip5+-GFP-kan aurl-mCherry-atb2™* This study
AR615 h~ klp5+-GFP-kan klp6::ura4™ aurl-mCherry-athb2™ This study
AR616 h~ ade6-216 klp6*-GFP-kan aurl-mCherry-atb2* This study
AR617 h™ his7 klp5::ura4™ klp6™*-GFP-kan aurl-mCherry-atb2™ This study
AR640 h™* his2 kip5::ura4* klp6N(1-410)::ura4™* ::klp5N(1-404)-GF P-nat aurl-mCherry-atb2* pREP41(GFP-kip5*) This study
AR644 h~ his7 klp5::ura4™ aurl-mCherry-atb2* pREP41(GFP-klp5™) This study
AR645 h~ his7 klp5::ura4* aurl-mCherry-atb2* pREP41(GFP-klp5-NLSmut) This study
AR646 h™ his2 klp6::ura4™ aurl-mCherry-atb2* pREP41(GFP-klp6™) This study
AR647 h™* his2 klp6::ura4* aurl-mCherry-atb2" pREP41(GFP-klp6-NLSmut) This study
AR648 h™ his2 klp5::ura4™ klp6-NLSmut aurl-mCherry-atb2* pREP41(GFP-klp5*) This study
AR650 h~ his7 klp5-NLSmut klp6-hph aurl-mCherry-atb2™ pREP41(GFP-klp6™) This study
NK28-5A h™ his2/7 klp6::ura4™ Lab stock

MA201 h~ kan-nmtP3-GFP-atb2™* Lab stock

All strains listed in this table contain leu1-32 ura4-D18.

Measurement of Microtubule Dynamics

Time-lapse images of 10 Z-sections (0.3 um apart) were taken every 10 s for
10 min, deconvolved, and projected as described above. Parameters of mi-
crotubule dynamics (growth and shrinkage rates, catastrophe frequency,
rescue frequency, dynamicity, and dwell time) were then quantified for
individual microtubules. Dynamicity, the mean rate of total tubulin exchange,
was calculated using a conversion factor of 1 um of microtubule length =
1690 tubulin dimers (Toso ef al., 1993). For the calculation of this parameter,
we considered the time spent in microtubule growth and shortening and
pause states, as reported previously (Gupta et al., 2006).

RESULTS

Klp5 and Klp6 Are Mutually Dependent for Their Mitotic
Localization

As an initial step in addressing the role of Klp5/6 associa-
tion, the localization of Klp5-GFP was examined in a Aklp6
background and vice versa, i.e., the localization of Klp6-GFP
in a Aklp5 background. Figure 1 compares the localization of
Klp5-GFP between wild-type (Figure 1A) and Aklp6 cells
(Figure 1B). To assign precisely cell cycle stages of individ-
ual cells, microtubules are visualized by mCherry-Atb2 (a2-
tubulin fused to monomeric Cherry). Although Klp5-GFP in
the absence of Klp6 localizes correctly to cytoplasmic micro-
tubules during interphase, as in wild-type cells (second pan-
els), during mitosis its localization to the nuclear spindle
was abolished (arrow, far left in B). It is of note that under
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this condition, Klp5-GFP can be seen localizing to cytoplas-
mic astral microtubules (arrowheads), indicating that Klp5
alone is capable of localizing to microtubules independently
of Klp6. This result suggested that Klp5-GFP might well be
excluded from the nucleus in the absence of Klpé.

The reciprocal experiment using Klp6-GFP showed a sim-
ilar result (wild type in Figure 1C and Aklp5 in Figure 1D).
Klp6-GFP could localize to cytoplasmic microtubules during
interphase in the absence of Klp5 (second panels). However,
no localization of Klp6-GFP to the nuclear mitotic spindle
was observed in the Aklp5 strain (arrow, far left in D). Klp5
and Klp6 are therefore interdependent for localization to the
nuclear spindle during mitosis.

Klp5 and Klp6 Shuttle between the Cytoplasm and the
Nucleus

The interdependency of Klp5 and Klp6 for localization to the
nucleus during mitosis could be for one of the following
reasons: 1) for activation of nuclear import or 2) for inhibi-
tion of nuclear export. To distinguish between these two
possibilities, nuclear export was inhibited in each strain
observed in the previous experiment. This was achieved
with LMB, which specifically inhibits leucine rich NES-de-
pendent nuclear export by directly binding Crm1/expor-
tin-1 (Fornerod et al., 1997, Fukuda et al., 1997; Ossareh-
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A Kip5-GFP

Klp5-GFP
mCh-Atb2
Merge

B Kip5-GFP

mCh-Atb2

Merge

C Klp6-GFP

Klp6-GFP
mCh-Atb2
Merge

D Kip6-GFP

Klp6-GFP
Figure 1. Klp5 and Klp6 are interdependent for
nuclear mitotic localization. Wild-type (A and C),
Aklp6  (B), or Aklp5 (D) strains containing
mCherry-Atb2 and either Klp5-GFP (A and B) or
Klp6-GFP (C and D) were used to visualize mi-
crotubules and Klp5/6 localization. (A-D) Rep-
resentative images before (first and second pan-
els) or after LMB addition (45 min; third and
fourth panels) are shown during mitosis (first
and third panels) or interphase cells (second and
fourth panels). Cytoplasmic astral microtubules
and dim nuclei are marked with arrowheads and
arrows, respectively. After LMB addition, both
Klp5 and Klp6 accumulate in the nucleoplasm (B
and D; diamonds) or localize to nuclear spindles
(asterisks) in the absence of each counterpart. In
merged images, GFP-KIp5/6 and mCherry-Atb2
are shown in green and red, respectively. Bar, 10
pm. (E) Kinetics of nuclear accumulation during
interphase after addition of LMB (0-75 min) are
plotted in individual strains shown in A-D.n =5
for each strain.

mCh-Atb2

Merge

Nuclear fluorescence intensity

Nazari ef al., 1997). If a Klp5/6-GFP protein cannot enter the
nucleus, incubation with LMB will not cause any GFP accu-
mulation in the nucleus; however, if a Klp5/6-GFP protein is
able to enter the nucleus, then nuclear accumulation of the
GEFP signal should be observed. LMB addition resulted in
mitotic spindle localization of either Klp5-GFP or Klp6-GFP
in Aklp6 or Aklp5 cells, respectively (asterisks in third panels,
Figure 1, B and D). Furthermore, even during interphase,
Klp5-GFP and Klp6-GFP accumulated in the nucleoplasm in
either wild-type or kIp5/6-deleted cells (diamonds, far right
in Figure 1, A-D). LMB-sensitive nuclear localization, at
least for Klp6, has been shown recently in an independent
genome-wide analysis (Matsuyama et al., 2006). This result
indicates that it is the Crm1-dependent nuclear export that is
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inhibited during mitosis by coexistence of Klp5 and Klp6,
presumably via the heterodimerization or oligomerization.

During the course of experiments with LMB, we realized
that intensities of nuclear Klp5-GFP and Klp6-GFP might
not be identical; instead, those of Klp6-GFP are stronger than
those of Klp5-GFP. To inspect this notion and quantify the
kinetics of nuclear import of these two proteins, nuclear GFP
signals were quantified every 15 min upon addition of LMB.
As posited, Klp6-GFP nuclear signals indeed accumulated
faster and more intensely than those of Klp5-GFP (red dia-
monds and blue triangles in Figure 1E; see Supplemental
Figure S1). This result indicates that NLS activities of Klp6
are more efficient than those of Klp5 during interphase.
Furthermore it might imply that Klp5 and Klp6 are imported
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into the nucleus separately, rather than together as a hetero-
complex (see below).

To test the idea concerning independent nuclear transport
of Klp5 and Klpé, the kinetics of nuclear import was exam-
ined in the absence of each partner (Klp5-GFP Aklp6 and
Aklp5 Klp6-GFP). Consistent with the notion of separate
transport, import profiles of Klp6-GFP were mostly indistin-
guishable, if not identical, in either presence or absence of
Klp5 (green squares and blue triangles in Figure 1E). How-
ever in KIp5-GFP, in the absence of Klp6, we did reproduc-
ibly observe the reduction of nuclear import by 30-40%
(compare red diamonds and orange circles). The decrease in
nuclear import of Klp5-GFP suggests that there are two
populations for Klp5 nuclear import, one population on its
own and the other population concomitant with Klpé. It is
possible that the cellular levels of Klp6 are higher than those
of Klp5, by which more Klp6 might exist independently of
Klp5. We have examined the native size of Klp5 and Klp6 by
gel filtration to distinguish physical forms between a Klp5/6
heterodimer and each monomer. However irrespective of
the presence or absence of each counterpart, Klp5 and Klp6
were fractionated in a large size (~2000 kDa; see Supple-
mental Figure S2); therefore, we could not deduce a physical
state of Klp5 and Klp6 with this method.

Identification of NLSs

Having established that Klp5 and Klp6 are both able to enter
the nucleus independently of each other, the mechanism of
their nuclear transport was explored. A search for possible
NLSs within Klp5 and Klp6 was performed by submitting
the protein sequences to PSORT (http://psort.nibb.ac.jp/).
This revealed that both Klp5 and Klp6 contain a classical
canonical NLS, rich in basic amino acid residues, within
their C-terminal tails (highlighted in yellow in Figure 2A).
To test whether these were genuine localization signals,
arginine residues (doubly underlined in red) within each
putative NLS were mutated to alanines to create the Klp5-
R693A R695A (Klp5-NLSmut) and Klp6-R673A R675A
(KIp6-NLSmut). Aklp5 Aklp6 double mutant cells were then
transformed with plasmids containing either wild-type
GFP-Klp5, GFP-KIp5-NLSmut, wild type GFP-Klp6 or GFP-
Klp6-NLSmut. This host strain was chosen so that the nu-
clear import competency of the Klp5 and Klp5-NLSmut
proteins could be assessed independently of their interaction
with Klp6, and vice versa. As shown in Figure 2, B and C,
live observation of GFP-Klp5/6 signals before and after
LMB addition (the same field of cells) unequivocally showed
that NLSmut constructs fail to enter the nucleus (right). In
contrast both wild-type proteins accumulated in the nucle-
oplasm in interphase cells upon drug addition (bottom left).
We noticed that Klp6 showed diffuse cytoplasmic staining in
addition to microtubule localization, whereas both wild-
type and Klp5-NLSmut constructs show much stronger co-
localization with cytoplasmic microtubules (compare top
two panels in Figure 2, B and C). This raises the interesting
possibility that Klp5 and Klp6 may have different microtu-
bule binding affinities, which is consistent with a recent
report on microtubule localization of klp5 and Klp6 (West
and McIntosh, 2008). Together, we have identified the NLSs
of Klp5 and Klp6 in analogous positions within the nonki-
nesin C-terminal tails, and these NLSs are critical to nuclear
import at least in the absence of individual counterparts.

Klp5 Is Not Anchored in the Cytoplasm by Microtubule
Binding during Interphase

Our previous results showed that lower levels of Klp5 enter
the nucleus during interphase compared with Klp6 and they
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Figure 2. Identification and characterization of Klp5 and Klp6
NLSs. (A) Cartoon depicting Klp5 and Klp6 domains. Dark blue,
kinesin domain (note that for simplicity, the N-terminal nonkinesin
extensions consisting of —100 amino acid residues are not shown);
light blue, coiled-coil; and red, NLS. Amino acid sequences sur-
rounding consensus NLS sequences in Klp5 and Klp6 are high-
lighted in yellow, and arginine residues mutated to alanines are
doubly underlined in red. Underlined sequences in black denote
CDK consensus phosphorylation sites. (B and C) Cellular localiza-
tion of NLS mutants. Aklp5 Aklp6 cells were transformed with plas-
mids containing GFP-kIp5* (B; left), GFP-klp5-NLSmut (B; right),
GFP-klp6*(C; left), GFP-klp6-NLSmut (C; right) and observed by
fluorescence microscopy. The same field of cells is shown before and
after (60 min) LMB addition. Bar, 10 um.
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hinted that Klp5 might possess robust affinities for microtu-
bules. We hypothesized that Klp5 might be sequestered
away from the nucleus and/or retained in the cytoplasm
during interphase by binding the cytoplasmic interphase
microtubules. If this were the case, we reasoned that in-
duced depolymerization of cytoplasmic microtubules would
release KIp5-GFP to enter the nuclei of interphase cells. To
test this possibility, cytoplasmic microtubules were depoly-
merized using the drug methyl 2-benzimidazolecarbamate
(MBC). The extent of microtubule depolymerization was
monitored by visualizing microtubules with monomeric red
fluorescent protein (mRFP)-Atb2. After MBC treatment (15
min), the efficiency of Klp5-GFP nuclear import was as-
sessed by inhibiting nuclear export by using LMB (see ex-
perimental plan, Figure 3A). The nuclear accumulation of
Klp5-GFP after both MBC and LMB treatment was com-
pared with the accumulation after LMB treatment alone. The
line profiles of fluorescence intensity in Figure 3B show that
nuclear accumulation of Klp5-GFP in interphase cells is not
increased when microtubules are depolymerized by MBC
treatment. This result shows that the cell cycle-dependent
localization of KlIp5, at least interphase microtubule localiza-
tion, is not achieved by microtubule anchoring in the cyto-
plasm.

Each NLS Is Essential for Klp5 and Klp6 Function

If Klp5 and Klp6 are imported into the nucleus indepen-
dently of each other, one prediction derived from this notion
is that each NLS mutant of Klp5 and Klp6 would exhibit
phenotypes identical to deletion mutants, because either
Klp5-NLSmut or Klp6-NLSmut should be unable to enter
the nucleus on its own. To test this hypothesis, we replaced
the wild-type genomic kIp5* or kip6™ gene with kip5-NLSmut
or klp6-NLSmut, respectively, and examined sensitivity/re-
sistance of these strains to a microtubule-depolymerizing
drug thiabendazole (TBZ; a derivative of MBC). Previous
work showed that TBZ resistance is a reliable assay for
Klp5/6 functionality, because loss-of-function mutants dis-
play drug resistance due to microtubule hyperstabilization
(West et al., 2001; Garcia et al., 2002b). As shown in Figure
4A, either Klp5/6-NLSmut strain displayed hyperresistance
to this drug, which is indistinguishable from each deletion
mutant. Thus, mutations in individual NLSs are sufficient to
impair Klp5/6 functions, consistent with the idea that KIp5
and Klp6 are imported into the nucleus separately.

Next, to examine the cellular localization of NLS mutants
in the presence of the wild-type counterpart (note that ear-
lier experiments shown in Figure 2 were performed in the
absence of each counterpart), plasmids containing GFP-
tagged Klp5-NLSmut or Klp6-NLSmut were introduced into
Aklp5 klp6™ or klp5* Aklp6 cells, respectively, and GFP sig-
nals were observed upon LMB addition. As predicted, un-
like wild-type Klp5 or Klp6 (Figure 4, B and E), neither
Klp5-NLSmut nor Klp6-NLSmut was capable of accumulat-
ing in the nucleus upon drug treatment (Figure 4, D and G).
In sharp contrast, reciprocal experiments, namely, localiza-
tion of wild-type Klp5 or Klp6 in a genetic background of
Aklp5  klp6-NLSmut or Kklp5-NLSmut Aklp6, respectively,
showed that Klp5 or Klp6 molecules accumulated normally
upon LMB addition irrespective of NLS malfunction in its
counterpart (Figure 4, C and F). Collectively, both genetic
and localization data are fully consistent with the idea that
Klp5 and Klp6 enter the nucleus separately, although some
population might be imported together.
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Figure 3. Depolymerization of cytoplasmic microtubules does not
result in Klp5 nuclear entry during interphase. (A) Experimental
plan. At time 0, cultures were split into two parts and MBC (50
png/ml) was added in one of them. After 15 min, LMB (50 ng/ml)
was further added in both cultures. Time points (T) refer to minutes.
(B) Line profiles of fluorescence intensity showing nuclear accumu-
lation of Klp5-GFP during interphase 60 min after LMB addition
(T75 of experiment plan). Top graph, LMB; bottom graph, MBC +
LMB. n = 5.

Individual Kinesin Domains of Klp5 and Klp6 Are
Required for Proper Function

We next addressed the roles of the N-terminal kinesin do-
mains. To do this, we created two chimera strains, one
containing only N-terminal Klp5 domains and the other
containing only Klp6 kinesin domains. These are designated
Klp5N+KIp5N and Klp6N+KIp6N accordingly (see sche-
matic diagrams in Figure 5A). The Klp5N+KIp5N strain
contains a wild-type Klp5 molecule and a chimeric
Klp5N/6C molecule, consisting of the N-terminal Klp5 ki-
nesin domain and the C-terminal Klp6 tail region. Con-
versely, the Klp6N+KIp6N strain contains wild-type Klp6
and a chimeric Klp6N/5C molecule consisting of the N-

5109



A. Unsworth et al.

TBZ 20ug/ml

A

TBZ 10ug/ml

wild type [&]
Akips [ ]
Kip5-NLSmut [ ]
Aklp6 [ ]
Kip6-NLSmut [ J
Aklp5akips [

B GFP-KIp5 kip6+

+LMB

GFP-Kip5  mCh-Atb2 mCh-Atb2

C GFP-KIp5 kip6-NLSmut +LMB

Merge

GFP-KIpS mCh-Atb2 Merge GFP-KIp& mCh-Atb2

Merge

Figure 4. Each NLS mutant is nonfunctional and fails
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applied in the first spot). Plates incubated for 2 d at
30°C. (B-G) Localization of Klp5/6 wild-type and NLS
mutants in the presence of each counterpart. Plasmids
containing GFP-klp5* (B and C), GFP-klp5-NLSmut (D),
GFP-klp6* (E and F), or GFP-klp6-NLSmut (G) were
transformed into Aklp5 cells (B and D), Aklp5 klp6-NLSmut
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(C), Aklp6 (E and G), or kip5-NLSmut Aklp6 (F) strains
each containing mCherry-Atb2. Representative images
of interphase cells before (left three panels) or after LMB
addition (75-90 min; right three panels) are shown. In
merged images, GFP-KIp5/6 and mCherry-Atb2 are
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terminal Klp6 kinesin domain and the C-terminal Klp5 tail
region.

We first examined the growth and resistance to TBZ of
these chimera strains. Neither the Klp5N+KIp5N nor the
Klp6N+KIp6N strains behaved like wild-type cells; and in-
triguingly, they exhibited very different phenotypes (Figure
5B). The Klp5N+KIp5N strain showed substantial growth
retardation and was hyperresistant to TBZ (fourth row, com-
pare this with wild type, top row). It is important to note
that the appearance of this phenotype requires wild-type
Klp5, because a strain containing Klp5N/6C in a kIp5A back-
ground behaves like a kIp5A strain (the second panel; data
not shown). In addition, the phenotype is not due to loss of
the N-terminal Klp6 kinesin domain either, because the kip6
AN strain (deleted for only the N-terminal Klp6 domain in
the presence of wild-type Klp5) exhibited apparently normal
growth (bottom row), like a complete deletion of kIp6 (Aklp6,
third row), although all these deletion stains displayed TBZ-
resistance phenotypes. It therefore seemed that the existence
of the Klp5 kinesin domains in a trans configuration leads to
dominant negative effects on mitotic cell division. In con-
trast, the phenotype of a KIpeN+KIp6N strain was similar,
if not identical, to the deletion phenotype, N-terminal (kIp5
AN, sixth row) or complete (Aklp5, second row), i.e., it ex-
hibited normal growth and resistance to TBZ. This result
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shown in green and red, respectively. After LMB addi-
tion, both Klp5 and Klp6 wild-type molecules accumu-
late in the nucleoplasm (B, C, E, and F), whereas no
nuclear signals of NLS mutants are observed (D and G).
Bar, 10 pum.

raised the possibility that the N-terminal kinesin domains of
Klp5 and Klp6 might play distinct roles in microtubule
dynamics and morphogenesis.

Coexistence of Cytoplasmic Microtubules and Mitotic
Nuclear Spindles in Cells Containing Two Klp5-Kinesin
Domains

We determined whether chimera molecules (KIp5N/6C or
Klp6N/5C) were capable of localizing correctly during the
cell cycle. In each case, its C terminus was tagged with GFP,
and colocalization with microtubules was determined by
simultaneous observation of mRFP-Atb2. Figure 5C shows
time-lapse microscopy of two representative mitotic
KIp5N+KIp5N cells (time in minutes is shown in the top left
corner of left panels). What is remarkable in these images is
that cytoplasmic microtubules persist long into mitosis; and
as a result, cytoplasmic and spindle microtubules coexist in
a single mitotic cell. It is worth noting that chimeric KIp5SN/
6C-GFP does not localize noticeably to the spindle during
early mitosis (top row, 0 min in the upper part, spindle
microtubules shown with mRFP-Atb2 [arrowheads in mid-
dle panels]), instead showing predominant localization to
two long, straight cytoplasmic microtubules that are still
present in this “mitotic” cells (arrows in right panels). As
mitosis progresses, these cytoplasmic microtubules break

Molecular Biology of the Cell
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(pREP1-mRFP-atb2*; Yamashita ef al., 2005). Im-
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top cell started from early mitosis, whereas the
bottom cell was filmed from mid-mitosis. Time in
minutes is shown in the top left corner in the first
panels. (D) Chromosome segregation defects of
a Klp5N+KIp5N strain. Mitotic KIp5N+KIpSN
cells that contain mCherry-Atb2 and Klp5N/6C-
GFP were fixed and stained with DAPI. (E) Still
images of Klp6N+KIp6N interphase (top) and
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Klp6N/5C-GFP and RFP-tubulin. In merged im-
ages, GFP-KIp5/6, RFP-Atb2 (for C and E) or
mCherry-Atb2 (for D) and DAPI (for D) are
shown in green, red, and blue respectively. Bars,
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down very slowly, and KIp5N/6C-GFP gradually accumu-
lates on the mitotic spindle (13.5 and 19.5 min; see merged
images in left panels). The bottom part of Figure 5C displays
progression from mid-mitosis (top row, 0 min) to telophase
(bottom row, 19.5 min). Notably, Klp5N/6C-localizing cyto-
plasmic microtubules were still visible even in the later stage
(13.5 min), during which breakdown of the mitotic spindle
was initiated.

Cytoplasmic microtubules usually disappear at the tran-
sition from interphase to mitosis, growth of new microtu-
bules is effectively inhibited because the rate of microtubule
shrinkage and/or the frequency of catastrophe exceeds that
of microtubule assembly (Sagolla et al., 2003). The time-lapse
images in Figure 5C do not show de novo microtubule
nucleation but instead show that existing cytoplasmic mi-
crotubules are extremely slow to depolymerize. This sug-
gests that microtubule dynamics are perturbed in the
KIp5N+KIp5N strain, such that disassembly of cytoplasmic
microtubules is substantially suppressed even during mito-
sis. Consistent with low viability phenotypes (Figure 5B),
4,6-diamidino-2-phenylindole (DAPI) staining of these
Klp5N+KIp5N cells showed massive chromosome segrega-
tion defects, in which both cytoplasmic and nuclear spindle
microtubules coexisted (Figure 5D), which were not ob-
served in kIp5/6 deletion strains (West et al., 2001; Garcia
et al., 2002b).

We next observed the localization of Klp6N/5C-GFP
(Klp6N+KIlp6N). In sharp contrast to KIp5SN/6C-GFP, no
visible localization of Klp6N/5C-GFP along the microtu-
bules was detected (Figure 5E). During interphase Klp6N/
5C-GFP concentrated in one or two bright foci that seemed
to be located on cytoplasmic microtubules (arrows in top
panels). During mitosis, in contrast, KIp6N/5C-GFP was
excluded from the nucleus and neither spindle nor nucleo-
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plasm localization was observed (arrowheads in bottom
panels). The lack of nuclear mitotic localization mimics the
phenotype seen in a single kIp5/6 deletion strain (Figure 1, B
and D) and is consistent with the TBZ resistance observed
for this KIp6N+KIp6N strain (fifth panel in Figure 5B). This
result implies that both microtubule binding and NLS activ-
ity may be perturbed in this chimera configuration (see
Supplemental Figure S3). However, because we could not
rule out the possibility that Klp6N+KIp6N is defective in
folding into the proper three-dimensional structure as a
result of chimera construction, we have not pursued the
physiology of this strain any further.

Dynamics of Cytoplasmic Microtubules in Various klp5/6
Mutants: Growth and Shrinkage Rates

Deletion mutants of Klp5 or Klp6 display longer, stabilized
microtubules (West et al., 2001; Garcia et al., 2002b), and the
live images of the KIpSN+KIp5N strain indicated that cyto-
plasmic microtubules disassemble very slowly, suggesting
that microtubule dynamics is impaired. To investigate this
quantitatively, the rate of microtubule growth and shrink-
age, frequency of catastrophe/rescue, and microtubule
dynamicity (length change of microtubules in any direc-
tion over time) were measured during interphase in wild-
type, Aklp5, Aklp6, Aklp5 Aklp6, KlpSN+KIp5N, and
Klp6N+KIp6N strains (integrated nmtP3-GFP-atb2" under
repressed conditions; Garcia et al., 2001). The average rate of
microtubule growth in wild-type cells was 2.93 um/min (wt
in Figure 6A and Table 2), similar to previously reported
values, including our own published data (Drummond and
Cross, 2000; Sagolla et al., 2003; Busch and Brunner, 2004;
Zimmerman and Chang, 2005; Asakawa et al., 2006; Masuda
et al., 2006). Although several groups have reported different
rates of microtubule growth and shrinkage under different
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experimental conditions (e.g.,, media, temperatures, and
Atb2 constructs), a comparison of these parameters in our
study between wild type and klp5/6 mutants under identical
conditions is still valid. The measurement of growth rates in
various klp5/6 mutant strains showed that values were sim-
ilar (2.37-2.92 um/min; Figure 6A and Table 2; see Supple-
mental Figure S4A for more quantitative data set), indicating
that Klp5 and Klp6 do not influence microtubule growth rate
significantly during interphase. Thus fission yeast kinesin 8
molecules play no major roles in microtubule growth rate
per se, consistent with a report on budding yeast Kip3
(Gupta et al., 2006).

The average rate of microtubule shrinkage in wild-type
cells was 7.86 um/min (Figure 6B and Table 2). Unlike
growth rate, we observed modest differences in this param-
eter between Aklp5 and Aklp6. In the absence of Klp5, the
value was increased by 12% (8.76 um/min). In contrast

Aklps  klpSN+  kIp&N+
AklpE  KIpSN  kIpBN

Figure 6. Microtubule dynamics in various
Klp5/Klp6 mutants. Various parameters repre-
senting microtubule dynamics (A, growth rate;
B, shrinkage rate; C, catastrophe frequency; D,
rescue frequency; and E, dynamicity) were
quantified in indicated strains: wild type,
Aklp5, Aklp6, Aklp5 Aklp6, KlpSN+KIp5N, and
Klp6N+KIp6N (see Table 2 for detailed exper-
imental values). Rates of microtubule growth
(A) and shrinkage (B) are shown with box-and-
whisker plots.

Aklp6 and Aklp5 Aklp6 cells displayed small reductions in-
stead by 3-6% (7.43 and 7.6 wm/min, respectively; see Sup-
plemental Figure S4B for more quantitative data set). It is
thus formally possible that Klp5 and Klp6 contribute to the
rate of microtubule shrinkage in an opposing manner, neg-
ative and positive, respectively, and when both genes are
deleted, kIp6 deletion phenotypes become epistatic. The
measurement of dwell time in various mutants showed a
marginal reduction in Aklp5 deletions (5%), whereas it was
increased in the Aklp6 or Aklp5 Aklp6 mutant (56 or 34%
respectively; Table 2). However, because the standard devi-
ations were relatively high in all these measurements, it
would be, at the moment, fair to say that we could not make
solid conclusions as to whether Klp5 and Klp6 regulate
shrinkage rate or dwell time (see Discussion). It should be
noted however that consistent with the persistent existence of
cytoplasmic microtubules upon mitotic entry, Klp5N+KIp5SN

Table 2. Dynamisms of cytoplasmic microtubules in various klp5/6 mutants

Catastrophe Rescue Total
Growth rate Shrinkage rate frequency frequency Dwell time® Dynamicity® observation

Strain (wm/min) (um/min) (events/min) (events/min) (min) (dimers/s) time (s)
Wt 293 £0.64(n = 18) 7.86 +2.27 (n = 33) 0.44 0.40 1.26 = 0.76 (n = 14) 921 4620
Aklp5 255+ 0.58 (n = 25) 8.79 +3.18 (n = 38) 0.39 0.36 1.15 = 1.00 (n = 19) 85.9 5810
Aklp6 292 *0.63(n = 14) 743 +257 (n = 32) 0.41 0.34 191 +1.27 (n = 11) 80.9 4740
Aklp5 Aklp6 237 050 (n = 11) 7.60 = 2.77 (n = 30) 0.38 0.35 1.64 = 1.60 (n = 22) 80.3 4800
KIp5N + KIpSN  2.64 = 0.53 (n = 17) 5.84 = 1.91 (n = 30) 0.30 0.27 2.14 =138 (n = 14) 71.1 6000
Klp6N + kIp6N  2.68 + 0.74 (n = 20) 8.18 = 2.31 (n = 36) 0.36 0.35 1.65 = 1.29 (n = 19) 80.9 6000

2 Duration of contact time (minutes) between microtubule end and the cell tip before catastrophe. In our measurements, microtubules in all

the strains examined continue to grow at the cell end.

b Mean rate of total tubulin exchange calculated using a conversion factor of 1 um of microtubule length = 1690 tubulin dimers.
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cells exhibited a significant decrease in shrinkage rate (35%)
and increase in dwell time (70%; Table 2).

All the klp5/6 Mutants Display Suppression of
Catastrophe/Rescue Frequency and Dynamicity

In clear contrast to growth and shrinkage rates, we did
observe consistent reductions in other three parameters, i.e.,
catastrophe and rescue frequency and microtubule dynam-
icity. In these cases, the quantified values were very similar,
if not identical, between each single and double deletion
mutants (7-15% reduction; Figure 6, C-E, and Table 2; see
Supplemental Figure S5 for more quantitative data set). It
would be important to point out that these values were
further dropped in Klp5SN+KIp5N cells (30-47% reduction),
again consistent with the notion that cytoplasmic microtu-
bules in cells containing two identical Klp5-kinesin domains
acquire more static properties, thereby being hyperstabi-
lized. Together, the measurement of microtubule dynamics
in various klp5/6 mutants has highlighted the following
three points on the roles for fission yeast kinesin 8 in micro-
tubule dynamics. First, Klp5 and Klp6 promote catastrophe/
rescue frequency and microtubule dynamicity without af-
fecting significantly rates of growth and shrinkage. Second,
consistent with previous genetic data (Garcia et al., 2002a;
b), these two molecules mostly play noncomplementary
roles, single and double mutants show similar, if not iden-
tical, defects in microtubule dynamics. Finally, when two
kinesin domains derived from Klp5 exist in trans in a single
cell, microtubules become extremely stabilized and tend to
lose dynamic natures, leading to deleterious chromosome
missegregation. We, therefore, propose that Klp5 and Klp6
act as crucial regulatory molecules that confer microtubule
dynamisms during both interphase and mitosis.

DISCUSSION

Fission yeast kinesin-8 Klp5 and Klp6 are required for length
control of both cytoplasmic and nuclear spindle microtu-
bules, proper chromosome oscillation/alignment, and kin-
etochore-microtubule attachments (West et al., 2001, 2002;
Garcia et al., 2002a,b; Sanchez-Perez et al., 2005; Griffiths et
al., 2008). Recently, it has become clear that these features are
conserved in human kinesin-8 Kif18A (Zhu et al., 2005; Mayr
et al., 2007; Stumpff ef al., 2008). Previous work shows that
Klp5 and Klp6 form a complex; colocalize to interphase
microtubules, mitotic kinetochores, and nuclear spindles;
and play noncomplementary roles in structural integrity of
microtubules during both interphase and mitosis (West et
al., 2001, 2002; Garcia et al., 2002a,b). In this study we unveil
the physiological significance of mutual requirements of
Klp5 and Klp6 using various types of mutant constructs.
Our analysis shows that the existence of the N-terminal KIp5
and Klp6 kinesin domains in a trans configuration is neces-
sary for at least three reasons. One is to prevent premature
nuclear export of Klp5/6 molecules during mitosis. The
second is for concerted control of microtubule dynamics, in
particular frequency of catastrophe/rescue and dynamicity.
The third is for spatiotemporal regulation of microtubule
morphogenesis, especially at the interphase-to-mitosis tran-
sition.

Nuclear Entry and Retention of Klp5 and Klp6 during
Mitosis

Our analysis indicates that Klp5 and Klp6 undergo constant
shuttling between the cytoplasm and the nucleus. During
interphase, their nuclear export exceeds import, whereas
during mitosis this is reversed, leading to nuclear retention.
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Critically, this nuclear retention requires both Klp5 and
Klp6. How is this regulation achieved? Although we show
that KIp5 is not anchored in the cytoplasm during interphase
via binding to cytoplasmic microtubules, Klp5 and Klpé6,
perhaps as a heterocomplex, might bind nuclear spindle
microtubules or other nuclear substructures more tightly
during mitosis. In line with this notion, we showed previ-
ously that nuclear localization of Klp5 is substantially di-
minished in alp14 mutants that are defective in mitotic spin-
dle formation (Garcia et al., 2001, 2002a). Another possibility,
not mutually exclusive, is that the association between Klp5
and Klp6 masks individual NESs, as described for oligomer-
ized p53 or a heterocomplex of NF-AT and calcineurin
(Stommel et al., 1999; Zhu and McKeon, 1999). Several at-
tempts to identify the NES within Klp5 and Klp6 have not
been successful. It is possible that Klp5 and Klp6 are ex-
ported to the cytoplasm by binding other factors that contain
an NES. Determination of NESs within Klp5 and Klp6 or
Klp5/6-interacting proteins would be the next step to un-
derstand the spatiotemporal control of Klp5/6 localization
in detail.

Given that NLS activity of KIp5 is less efficient than that of
Klp6 during interphase, another possibility, again not mu-
tually exclusive, is that Klp5 nuclear import is coordinated
with the cell cycle, i.e., its NLS is potentiated during mitosis.
Consistently, the Klp5 NLS contains a consensus CDK site,
SPKK (689-692), whereas the Klp6 NLS does not (Figure
2A). One feasible scenario is that CDK phosphorylation of
this site augments NLS activity. If more Klp5 were imported
into the nucleus during mitosis, this would result in en-
hanced formation of mitotic Klp5/6 complexes, which are
retained in the nucleus.

Biochemical Activities of Klp5 and Klp6

Although the heterodimerization of kinesin-8 molecules has
not been described in other organisms, the kinesin-2 mole-
cules Kif3A and Kif3B are known to heterodimerize in hu-
man cells (Yamazaki et al., 1995; Zhang and Hancock, 2004).
In this case, the two heads (kinesin domains) have distinct
properties, a Kif3A/3A homodimer moves more slowly
than the wild-type heterodimer, whereas a Kif3B/3B ho-
modimer moves quickly but shows reduced processivity
(Zhang and Hancock, 2004). It is therefore suggested that the
Kif3B head accelerates detachment of the Kif3A head from
the microtubule, thereby ensuring a balance between motil-
ity speed and processivity in the Kif3A /3B heterodimer. In
addition, budding yeast Kar3 (kinesin-14) forms a het-
erodimer with a kinesin-like but nonmotor protein Vikl
(Allingham et al., 2007). Intriguingly Vik1 alone binds mi-
crotubules more tightly than Kar3 does and seems to play a
cooperative role in microtubule decoration and motility of
the Kar3/Vik1l heterodimer.

Unlike Klp5, Vikl lacks an ATP binding site, but the
differing microtubule binding properties of Vikl and Kar3
seem to be parallel with those of Klp5 and Klp6 reported in
this study. We reproducibly observe more intense residual
colocalization of Klp5 to microtubules upon LMB treatment
than that of Klp6 (Figures 1, 2, and 4). This suggests that a
major role of Klp5 lies in its ability to bind microtubules,
whereas Klp6 may play other roles. The existence of Klp5
kinesin domains in a trans configuration (Klp5N+KIp5N) is
deleterious to the cell, because cytoplasmic microtubules fail
to disassemble due to remarkable reductions in microtubule
dynamisms. Perhaps the Klp5 kinesin domains, especially in
trans, bind/paint microtubules too tightly, stabilizing the
straight, stable conformation of the tubulin protofilaments
so that dissociation of tubulin subunits only occurs very
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slowly. Given that other kinesin-8 members have both mi-
crotubule depolymerizing and motor activities (Gupta ef al.,
2006; Varga et al., 2006; Mayr et al., 2007), one intriguing
model is that Klp6 confers depolymerizing and/or motor
activity and yet allows detachment of Klp5/6 molecules
from the microtubule. Obviously, biochemical work, includ-
ing in vitro microtubule binding assay and measurement of
enzymatic activities, will be of critical importance for the
future study of Klp5 and Klp6 kinesin-8.

Comparison of Fission Yeast Klp5/6 with Kinesin 8
Molecules from Other Organisms

Careful measurements of several parameters representing
microtubule dynamics show that Klp5 and Klpé6 play a key
role in promoting catastrophe/rescue frequency and micro-
tubule dynamicity. We do see reductions of these parame-
ters in both single and double mutants; and importantly, the
values are mostly similar, if not identical, between Akip5,
Aklp6 and Aklp5 Aklp6 strains. This result substantiates, al-
though does not prove, the notion that the formation of the
Klp5-Klp6 heterocomplex is vital to Klp5/6 function in vivo
(Garcia et al., 2002b). Furthermore, it might imply that Klp5
and Klp6 are involved in promoting microtubule dynamics
in general, in addition to putative microtubule depolymer-
izing activities. Like Klp5 and Klp6, budding yeast kinesin 8
Kip3 reportedly promotes catastrophe/rescue frequency
(Gupta et al., 2006). Interestingly, however, Kip3 suppresses
microtubule dynamicity and shrinkage rate, which we do
not see in fission yeast kinesin 8. Human Kif18A suppresses
shrinkage rate during mitosis (Stumpff et al., 2008), although
it is also reported human kinesin 8 promotes this parameter
instead (Mayr et al., 2007). Drosophila Klp67A inhibits spin-
dle flux at the minus end (Buster ef al., 2007). It seems that
consensus properties of kinesin 8 molecules are that these
molecules play no major roles in microtubule growth rate
but promote frequencies of microtubule catastrophe and
rescue. Whether these apparent divergent features of kinesin
8 could be explained by its intrinsic enzymatic activities,
plus-end—directed motor and depolymerizing functions, or
they might reflect species-specific biophysical properties of
tubulin/microtubules per se is open for the future study.

Toward Understanding the Spatiotemporal Regulation of
Microtubule Dynamics and Morphogenesis

We recently showed that fission yeast Alp7/TACC in com-
plex with Alp14/TOG is a critical target of the Ran-GTPase
machinery in bipolar spindle formation (Sato et al., 2004;
Sato and Toda, 2007). But there is ample evidence suggesting
that the Alp7-Alp14 complex is not the sole factor for Ran/
importin-dependent spindle formation (Clarke and Sazer,
2007; Sato and Toda, 2007). Classical, canonical NLSs were
identified in the C termini of Klp5 and Klp6, so both mole-
cules are probably under the direct control of Ran and
importins. In addition, other kinesins such as kinesin-5 (e.g.,
Eg5), kinesin-10 (e.g., kid), and kinesin-14 (e.g., XCTK2) are
effectors for Ran-dependent spindle formation (Zheng,
2004), although it is not known whether kinesin-8 members
in higher eukaryotes are regulated by the Ran system.
Intriguingly, Alp7 and Alp14 shuttle between the cyto-
plasm and the nucleus in an NLS-dependent and LMB-
sensitive manner (Sato and Toda, 2007), reminiscent of
Klp5/6 localization patterns. Furthermore, Alp7/14 and
Klp5/6 regulate microtubule dynamics and morphologies
during both interphase and mitosis in an antagonistic but
coordinated manner (Garcia et al., 2001, 2002a,b). Whereas
Alp7/Alp14 acts mainly as a microtubule stabilizing /assem-
bly factor, Klp5/6 plays a destabilizing role. We therefore
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envisage that common regulatory mechanisms, involving
Ran-importin/exportin, exist to ensure proper spatiotempo-
ral control of microtubule morphogenesis and possibly other
processes. Elucidation of such mechanisms would lead to a
better understanding of microtubule-dependent cell mor-
phogenesis, mitotic spindle assembly, and coordinated chro-
mosome segregation.
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