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Chromosome transmission fidelity during mitosis is of critical importance for the fitness of an organism, as mistakes will lead to
aneuploidy, which has a causative role in numerous severe diseases. Proper segregation of chromosomes depends on interdepen-
dent processes at the microtubule-kinetochore interface and the spindle assembly checkpoint. Here we report the discovery of a
new element essential for chromosome transmission fidelity that implicates inositol pyrophosphates (IPPs) as playing a key role
in this process. The protein is Asp1, the Schizosaccharomyces pombe member of the highly conserved Vip1 family. Vip1 enzymes
are bifunctional: they consist of an IPP-generating kinase domain and a pyrophosphatase domain that uses such IPPs as sub-
strates. We show that Asp1 kinase function is required for bipolar spindle formation. The absence of Asp1-generated IPPs re-
sulted in errors in sister chromatid biorientation, a prolonged checkpoint-controlled delay of anaphase onset, and chromosome
missegregation. Remarkably, expression of Asp1 variants that generated higher-than-wild-type levels of IPPs led to a faster-
than-wild-type entry into anaphase A without an increase in chromosome missegregation. In fact, the chromosome transmission
fidelity of a nonessential chromosome was enhanced with increased cellular IPPs. Thus, we identified an element that optimized
the wild-type chromosome transmission process.

In eukaryotes, the faithful transmission of genetic information
from one generation to the next is tightly controlled. Genome

instability generally has a strong negative impact on the fitness of
an organism. Decreased chromosome segregation fidelity during
cell division will give rise to cell progeny which have lost or gained
chromosomes. Aneuploidy is a distinguishing feature of many
types of cancer and neurological diseases and has been implicated
as an important factor in the aging process (1, 2). It is a poorly
understood paradox that genome plasticity can also be advanta-
geous for the propagation of cells or an organism. Aneuploid tu-
mor cells have a proliferative advantage, and large-scale chromo-
some changes are a common feature of human-pathogenic fungi
such as Candida. In the latter case, these alterations facilitate an
adaption to the environment resulting in increased survival (3).

Chromosome segregation is a precise process: in model yeasts
such as the fission yeast Schizosaccharomyces pombe where in vivo
chromosome loss rates can be determined easily, it is approxi-
mately 0.01% (reviewed in reference 4). Chromosome transmis-
sion fidelity depends on the formation and function of the bipolar
spindle, the multicomponent kinetochore complex assembled on
centromeric chromatin, and the correct connections between
these two structures. Biorientation of sister chromatids requires
the binding of plus ends of spindle microtubules (MTs) to attach-
ment sites on the kinetochore in such a way that sisters are bound
to MTs polymerized from opposing spindle poles. Incorrect at-
tachments are common and are corrected by the Aurora B kinase
family, whose phosphorylation of specific kinetochore proteins
weakens incorrect MT-kinetochore binding (reviewed in refer-
ence 5). The process of MT-kinetochore attachment is monitored
by the spindle assembly checkpoint (SAC) (reviewed in reference
6), which also seems to play an active role in achieving chromo-
some biorientation (7).

Spindle assembly in S. pombe is similar to that in other eu-
karyotes and can be divided into three phases corresponding to

prometaphase (I), metaphase/anaphase A (II), and anaphase B
(III). Phase I spindles rapidly elongate to approximately 1.5 �m,
while phase II spindles are much less dynamic, with a length of up
to 3 �m. Phase III spindles rapidly elongate to 10 to 12 �m (8, 9).
In phase II, sister chromosomes need to become bioriented, and
the cell will stay in this phase until biorientation has been
achieved.

In this work, we describe a new modulator of all 3 spindle
phases: inositol pyrophosphates (IPPs) generated by the Asp1 ki-
nase. Asp1 is a member of the highly conserved Vip1 protein fam-
ily. Vip1 proteins have a dual-domain structure that consists of an
N-terminal “RimK”/ATP-grasp superfamily kinase domain and a
C-terminal domain with homology to histidine-acid phosphata-
ses (10–13). Both domains are enzymatically active. The function
of the N-terminal kinase domain has been studied extensively, and
it has been demonstrated that the enzymatic activity is highly spe-
cific: generation of diphospho-myo-inositol polyphosphates (here
called inositol pyrophosphates [IPPs]) by adding a phosphate at
position 1 on the fully phosphorylated inositol ring (11, 12, 14,
15). We showed recently that in vitro the C-terminal Asp1 domain
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reduces the IPP output of the kinase domain, indicating that it has
phosphatase activity (16). Again, this enzymatic activity is highly
substrate specific, as in vitro analysis showed that the C-terminal
Asp1 domain hydrolyzes the diphosphate exclusively at position 1
of the inositol ring (17). Vip1 members regulate a wide variety of
eukaryotic processes ranging from the human antiviral response
to plant defense mechanisms against insects (10, 11, 18–20). In
fission yeast, the Vip1 member Asp1 regulates the dimorphic
switch, which is a dramatic morphological alteration in response
to changing environmental conditions (21). How the Asp1 kinase
controlled dimorphic switch functions at the molecular level is
not fully understood. However, we have recently shown that fun-
gal Vip1 family members regulate morphogenesis by modulating
the interphase MT cytoskeleton (16).

Our present analysis now extends the number of cellular pro-
cesses controlled by Vip1 kinases, as we find that mitotic fidelity is
dependent on Asp1 kinase function.

MATERIALS AND METHODS
Strains and media. All S. pombe strains used are listed in Table 1. New
strains were obtained by crossing the initial strains, followed by random
spore analysis and phenotype determination. Strains were grown in full
medium (YE5S) or minimal medium (MM) with supplements (22). For
nmt81::gfp-atb2� expression, cells were grown in MM without thiamine
for 24 h at 30°C before analysis.

For live-cell imaging, cells were preincubated overnight at 30°C or
25°C, diluted to 105 cells/ml, and grown for additional 24 h in MM. Mi-
croscopy slides were prepared by patching cells on agarose pads as de-
scribed previously (23).

Microscopy. For live-cell imaging, a Zeiss spinning-disk confocal mi-
croscope equipped with an AxioCam MRm camera (photomicrographs
in Fig. 2 and in Fig. S3 in the supplemental material) or a Rolera EM-C2

(QImaging) camera (all other photomicrographs) and AxioVision and
Zen2011/2012 software was used. Image processing was done with Adobe
Photoshop CS2 (Adobe Systems Software Ireland Limited, Dublin, Ire-
land). A z-stack of 15 z slices with a distance of 0.5 �m was recorded and
a maximum-intensity projection (MIP) created. The time interval be-
tween images was 10 to 30 s. For technical reasons, microscopic analysis
was done at 20°C. For spindle midzone measurements, images were taken
every 10 s. The MIP image of the spindle with the thinnest midzone was
used for measurement. The signal intensity of green fluorescent protein
(GFP) fluorescence in live-cell images was determined with ImageJ 1.44
(NIH).

Western blot analysis. To determine expression of the plasmid-borne
variant encoding positions 1 to 364 of Asp1 fused to GFP (asp11–364-gfp)
via the nmt1� promoter, transformants were grown in MM with or with-
out thiamine for 24 h at 30°C before protein extraction. Preparation of
protein extracts, determination of protein concentrations, and Western
blot analysis were carried out as described previously (16) using anti-GFP
antibody (monoclonal mouse; Roche) and anti-�-tubulin antibody
(monoclonal mouse; Sigma).

Ch16 chromosome loss assay. The Ch16-containing strain was pre-
grown on MM without adenine to select for the presence of the Ch16
chromosome in cells. Such cells were transformed with a control vector or
a plasmid expressing asp11–364 via the thiamine-repressible nmt1� pro-
moter. Transformants were grown under plasmid and Ch16 selective con-
ditions in the absence or presence of 5 �g/ml thiamine for 20 h at 25°C. Up
to 30,000 cells per transformant were plated on plasmid-selective plates
with a limiting amount of adenine and with or without thiamine for 10

TABLE 1 S. pombe strains used in this study

Strain Genotype Source (alternative strain name)

UFY2156 h� SV40::GFP-Atb2�::LEU2 his3-D1 Yeast Genetic Resource Center, Osaka, Japan
UFY1511 h� asp1D333A::Kanr his3-D1 ade6-M210 leu1-32 ura4-D18 U. Fleig
UFY1579 h� asp1H397A::Kanr his3-D1 ade6-M210 leu1-32 ura4-D18 U. Fleig
UFY2279 h� asp1H397A::Kanr SV40::GFP-Atb2�::LEU2 This study
UFY2280 h� asp1D333A::Kanr SV40::GFP-Atb2�::LEU2 his3-D1 This study
UFY605 h� his3-D1 ade6-M210 leu1-32 ura4-D18 K. Gould (425)
UFY857 h� Kanr::nmt81::GFP-Atb2� leu1-32 T. Toda
UFY1763 h� asp1H397A::Kanr Kanr::nmt81::GFP-Atb2� leu1-32 ura4-D18 U. Fleig
UFY1529 h� asp1D333A::Kanr Kanr::nmt81::GFP-Atb2� leu1-32 ura4-D18 U. Fleig
UFY2249 h� Sad1-mCherry::Kanr LacI-GFP::his7� LacO-repeat::lys1� ura4-D18 leu1-32 This study
UFY2242 h� asp1D333A::Kanr Sad1-mCherry::Kanr LacI-GFP::his7� LacO-repeat::lys1� This study
UFY2357 h� ark1�-GFP::Kanr sid4�-mCherry::Natr Silke Hauf (SK402)
UFY2363 h� ark1�-GFP::Kanr Sid4�-mCherry::Natr asp1D333A::Kanr This study
UFY1543 h� asp1D333A::Kanr mph1�::ura4� his3-D1 ade6-M216 leu1-32 ura4-D18 This study
UFY2337 h� asp1D333A::Kanr mph1�::ura4� SV40::GFP-Atb2�::LEU2 ura4-D18 This study
UFY2367 h� asp1H397A::Kanr Sad1-mCherry::Kanr LacI-GFP::his7�, LacO-repeat::lys1� ura4-D18 leu1-32 This study
UFY2646 h� asp1D333A::Kanr mph1�::ura4� LacI-GFP::his7� LacO-repeat::lys1� Sad1-mCherry::Kanr

his� lys1-131 ura4-D18 leu1-32
This study

UFY2627 h� mph1�::ura4� LacI-GFP::his7� LacO-repeat::lys1� Sad1-mCherry::Kanr leu1-32 ura4-D18
his� lys1-131

This study

UFY138 h� mph1�::ura4� leu1-32 ura4-D18 ade6-M216 Shalley Sazer
UFY103 h� ade6-M210 leu1-32 ura4-D6 Ch16[ade6-M216] Mitsuhiro Yanagida (10.2.2)
UFY2336 leu1-32::SV40::Atb2�-GFP[LEU2] mad2�::ura4� ura4-D18 This study
UFY2335 leu1-32::SV40::Atb2�-GFP[LEU2] asp1D333A::Kanr mad2�::ura4� ura4-D18 This study
UFY1790 h� asp1D333A::Kanr ade6-M210 leu1-32 This study
UFY139 h� mad2�::ura4� leu1-32 ura4-D18 ade6-M210 Shelley Sazer
UFY2215 h� asp1D333A::Kanr mad2�::ura4� ura4-D18 leu1-32 This study
UFY229 h� cut7-466 leu1-32 Iain Hagan (138)
UFY2422 h� klp6�::Kanr leu1 ura4 his2/7 Takashi Toda (AR018)
UFY302 h� pkl1�::his3� leu1-32 ura4-D18 ade6-210 his3-D1 Robin Allshire and Alison Pidoux (ALP192)
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days at 25°C. Ch16 chromosome loss results in adenine prototrophy and
red cells. Thus, chromosome loss in a growing colony was identified as red
sectors within the white colony.

RESULTS
Asp1-generated IPPs are required for spindle assembly. To de-
termine whether Asp1-generated IPPs had a role in spindle assem-
bly, we looked at spindle structures using GFP–�-tubulin strains
that expressed endogenously one of the three Asp1 variants Asp1,
Asp1D333A, or Asp1H397A (21). Asp1 is encoded by the wild-type
asp1� gene, while asp1D333A generates an Asp1 variant that has a
single amino acid change at position 333, which is the key catalytic
residue for IPP kinase activity (10). Thus, Asp1D333A cannot gen-
erate IPPs (10, 16). The Asp1H397A variant has a mutation in a
highly conserved histidine residue, which abolishes the C-termi-
nal pyrophosphatase activity (16). Thus, the IPP output of
Asp1H397A is higher than that of the wild-type Asp1 protein (up to
twice as much in an in vitro assay [16]). Therefore, the asp1D333A

strain cannot generate Asp1-made IPPs, the asp1� strain generates
wild-type IPP amounts, and the asp1H397A strain generates
amounts of IPP that are increased compared to those of the wild-
type strain.

The presence of GFP–�-tubulin (SV40::GFP-Atb2) (24) in the
different asp1 strains did not affect their growth on rich YE5S
medium but slightly increased their sensitivity to the MT-destabi-
lizing drug thiabendazole (TBZ) (see Fig. S1A in the supplemental
material). Live-cell imaging of the spindles in the various mutant
strains revealed that in contrast to asp1� spindles, asp1D333A spin-
dles were often aberrant, as they displayed an abnormally thin
spindle midzone (Fig. 1A; Movies S1 and S2 in the supplemental

material show an asp1� spindle and an asp1D333A spindle, respec-
tively). The spindle midzone consists of interpolar MTs coming
from the two separated spindle pole bodies (SPBs). The plus ends
of such MTs interdigitate via specific MT-associated proteins,
thus giving stability to the spindle midzone (reviewed in reference
25). The asp1D333A mutant spindles were between 3 and 5 �m in
length, and the relative fluorescence signal intensity of the spindle
midzone was significantly reduced compared to that of the mid-
zones of asp1� spindles (84.7 � 9.5 and 55.1 � 17.5 for asp1� and
asp1D333A, respectively) (Fig. 1B). The thin spindle midzone phe-
notype was not observed in the asp1� and asp1H397A strains
(Fig. 1A and B). Interestingly, 18% of asp1D333A mitotic cells
showed spindle breakage (Fig. 1C). A typical example of such a
phenotype in which the spindle collapsed and then reformed is
shown in Fig. 1D.

Although expression of a GFP-tubulin construct is necessary
for live-cell imaging of the MT cytoskeleton, it has been noted that
expression of such constructs can affect MT behavior and dynam-
ics (26). For example, it has been reported that strains expressing
nmt81::GFP-Atb2 at the atb2� locus have altered MT properties
(24, 27–29). The reason for this is unclear. However, it has been
shown that the ratio of tagged GFP–�-tubulin to untagged �-tu-
bulin is higher in the nmt81::GFP-Atb2 strain than in the SV40::
GFP-Atb2 strain (26). We found that under our assay conditions,
the presence of nmt81::GFP-Atb2 in the asp1� strain gave rise to
short spindles that broke in 16% of cases (Fig. 2A and B, left
panel). We therefore asked whether in the nmt81::GFP-Atb2
background the frequency of the asp1D333A spindle phenotype was
increased relative to that in wild-type cells. We found that short

FIG 1 Asp1-generated IPPs control spindle midzone stability. (A) Photomicrographs of asp1�, asp1D333A, and asp1H397A cells with a short (3- to 5-�m) spindle
expressing SV40::GFP-Atb2�. Bar, 2 �m. (B) Quantification of the fluorescence signal of the spindle midzone. The thinnest part of a spindle midzone was
measured (square 1), and the fluorescent background was subtracted (square 2). For relative signal intensity this value was set in relation to the fluorescence signal
of a spindle end (square 3) minus fluorescent background (square 4). Relative signal intensities of spindle midzones: asp1�, 84.7 � 9.5; asp1D333A, 55.1 � 17.5;
and asp1H397A, 83.6 � 14.1 (n 	 9/strain; ***, P 
 0.0005 as determined by two-sample t test). (C) Quantification of spindle phenotypes (gray and black bars show
broken and nonbroken spindles, respectively) determined for the indicated strains expressing SV40::GFP-Atb2� (asp1� strain, n 	 24; asp1H397A strain, n 	 22;
asp1D333A strain, n 	 17; *, P 
 0.05 as determined using �2 test). (D) Representative example of an asp1D333A SV40::GFP-Atb2� cell. Time between images, 60
s. Bar, 2 �m. **, collapsing spindle; �, broken spindle.
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spindles collapsed in 86% of nmt81::GFP-Atb2 asp1D333A cells
(Fig. 2A and B, right panel). Movie S3 in the supplemental mate-
rial shows an example of a cell in which the thin spindle midzone
collapsed, generating two spindle halves which reformed into a
bipolar spindle. In some instances, these spindles collapsed again
(see Movie S3). In general, broken spindles reformed and were
able to undergo spindle elongation in spindle phase III (an exam-
ple is shown in Movie S3). The asp1D333A strain fitness was not
reduced severely by the presence of nmt81::GFP-Atb2 (see Fig.
S1B in the supplemental material).

Intriguingly, the collapsed spindle phenotype of the nmt81::
GFP-Atb2 strain was not observed for the asp1H397A nmt81::GFP-
Atb2 strain (Fig. 2A). We thus compared the relative fluorescence
signal intensities of the spindle midzones of asp1� and asp1H397A

spindles in the nmt81::GFP-Atb2 background. The relative fluo-
rescence signal intensity of the spindle midzone was significantly
increased for asp1H397A spindles compared to asp1� spindles (Fig.
2C) (signal intensities of 81.6 � 11.4 and 57.5 � 14.3 for asp1H397A

and asp1�, respectively). We conclude that Asp1-generated IPPs
regulate spindle midzone stability: asp1D333A cells, which have no
Asp1 kinase activity, often show abnormally thin spindle mid-
zones and a high number of collapsing spindles, while asp1H397A

cells have more stable spindle midzones than wild-type cells ex-
pressing nmt81::GFP-Atb2.

Spindle collapse occurs prior to chromosome segregation. In
order to determine at which mitotic stage spindle collapse oc-
curred, we used a strain where the segregation behavior of chro-
mosome I sisters and the SPBs could be monitored. The collapsing
spindles observed in asp1D333A strains expressing either SV40::
GFP-Atb2 or nmt81::GFP-Atb2 were spindles of maximally 5 �m
in length. Metaphase spindles are usually shorter, but abnormally

long metaphase spindles can occur due to altered force-generating
mechanisms (reviewed in references 30 and 31). To analyze the
segregation behavior of the SPBs and chromosome I sisters in
asp1D333A mitotic cells, we used the SPB component Sad1-
mCherry and cen1-GFP (centromere I-linked GFP) (8, 32, 33).
The presence of Sad1-mCherry cen1-GFP did not negatively affect
growth of the asp1D333A strain (see Fig. S2A in the supplemental
material). However, live-cell imaging of cells undergoing mitosis
revealed that in 9% of mitotic cells, the distance between the SPBs
first increased and then drastically decreased, indicating spindle
collapse (Fig. 3A and B). In the asp1D333A cell shown in Fig. 3B and
C, the distance between the SPBs increased to 4.8 �m, followed by
spindle collapse and a reduced distance between the SPBs of just
1.7 �m. In all cases analyzed, the cen1-GFP signals had not been
segregated to the SPBs prior to spindle collapse.

The subcellular localization of the highly conserved Aurora
kinase Ark1 is an indicator of the mitotic stage (34). Ark1 localizes
in close proximity to centromeres/kinetochores in early mitosis
and relocalizes to the spindle at the onset of anaphase B (34, 35).
We thus analyzed Ark1-GFP localization in strains expressing
SPB-localized Sid4-mCherry (36) and either asp1� or asp1D333A

(growth of such strains is shown in Fig. S2B in the supplemental
material). As has been described previously for wild-type (asp1�)
cells, upon entry into mitosis, a strong Ark1-GFP signal between
the two separated SPBs is observed, demonstrating proximal cen-
tromere/kinetochore localization (Fig. 3D, left panel). Entry in
anaphase B results in loss of Ark1-GFP at the centromere/kineto-
chore and relocalization to the spindle (Fig. 3D, left panel). A
similar Ark1-GFP localization was seen for asp1D333A cells in early
mitosis (Fig. 3D, right panels). However, the Ark1-GFP centrom-
ere/kinetochore signal persisted approximately twice as long as

FIG 2 Aberrant spindle phenotype of an nmt81::gfp-atb2� strain rescued by expression of Asp1H397A. (A) Quantification of spindle phenotypes (gray and black
bars show broken and nonbroken spindles, respectively) for the indicated strains expressing nmt81::gfp-atb2� (asp1� strain, n 	 37; asp1H397A strain, n 	 31;
asp1D333A strain, n 	 21; *, P 
 0.05; ***, P 
 0.001 [as determined by �2 test]). (B) Example of collapsing (*) asp1� and asp1D333A spindles in the nmt81::gfp-
atb2�strain background. Time between images, 30 s. Bar, 2 �m. (C) Top, photomicrographs of asp1� and asp1H397A short spindles. Bar, 2 �m. Bottom, relative
signal intensity of spindle midzone in asp1� (57.5 � 14.3) and asp1H397A (81.6 � 11.4) cells expressing nmt81::gfp-atb2�. Quantification of the fluorescence signal
was as described for Fig. 1B (n 	 9/strain; ***, P 
 0.0005 using two-sample t test).
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that of wild-type cells and separated into several distinct spots that
moved between the SPBs (Fig. 3D, right panels). These spots rep-
resent kinetochores not aligned in a bipolar manner. Upon spin-
dle collapse (time point 28 min; the distance between SPBs
changed from 4.5 to 1.1 �m), faint spot-like Ark1-GFP signals
were observed, suggesting that spindle breakage occurs prior to
anaphase B. Following spindle collapse, the spindle regenerated
and the cell was able to finish mitosis, as indicated by the spindle
localization of Ark1-GFP (Fig. 3D, right panels). Six of 33 ana-
lyzed asp1D333A cells expressing Ark1-GFP Sid4-mCherry showed
spindle collapse, and in these cases Ark1-GFP localization was
comparable to that in the example shown. Interestingly in five of
six cases with breaking spindles, the Ark1-GFP signal was greatly
reduced just before spindle breakage. In addition, the Ark1-GFP
signal intensity of asp1D333A mitotic cells was reduced compared to
that of asp1� cells. Measurement of the Ark1-GFP signal in pro-
metaphase cells revealed a significant reduction in relative fluores-
cence signal intensity (asp1�, 16.3 � 3.4; asp1D333A, 10.8 � 3.3)
(see Fig. S3A to C in the supplemental material).

Thus, our analysis of the cen1-GFP or Ark1-GFP subcellular
localization in asp1D333A cells shows that spindle collapse occurs
prior to anaphase A completion.

Spindle phase I and III dynamics are regulated by Asp1 ki-
nase activity. To determine if spindle formation (spindle phase I)
and spindle elongation in anaphase B (phase III) were modulated by
Asp1 kinase function, we determined the speed of SPB separation in
the various asp1 variant strains using Sad1-mCherry and cen1-GFP.
For this analysis, we chose spindles that did not collapse. For spindle
phase I, the measurements were done as follows: the first appearance
of two Sad1-mCherry signals was defined as the starting point for the
measurements, followed by determining the distance between the
two separated SPB Sad1-mCherry signals for the successive 4 min
(examples for asp1� and asp1D333A cells are shown in Fig. 4A). At the
end of the measurement, the average distance between SPBs of asp1�

cells was 1.76 �m, while that between SPBs of asp1D333A cells was 2.35
�m. SPBs in asp1� cells separated on average with a speed of 0.40 �
0.06 �m/min, in accordance with previous measurements of spindle
elongation at 20°C (8) (Fig. 4B). However, SPB separation in
asp1D333A cells was significantly faster; the average speed of separation
was 0.50 � 0.06 �m/min (Fig. 4B). Spindle phase I was not changed
significantly in asp1H397A cells compared to wild-type asp1� cells (Fig.
4B) (average speed of SPB separation in asp1H397A cells, 0.43 � 0.06
�m/min).

Similarly, spindle phase III, which encompasses spindle elon-

FIG 3 Spindle breakage occurs prior to sister chromatid segregation. (A) Quantification of SPB segregation phenotype determined for the indicated strains
expressing cen1-gfp Sad1-mCherry (asp1� strain, n 	 31; asp1D333A strain, n 	 45) (gray and black bars show collapsing and noncollapsing spindles, respec-
tively). (B) Time-lapse images of mitotic asp1� and asp1D333A cells expressing cen1-GFP Sad1-mCherry. Time between images, 6 min. Bar, 2 �m. *, time of
spindle collapse. (C) Diagrammatic representation of the Sad1-mCherry images shown in panel B. (D) Localization of Ark1-GFP and Sid4-mCherry (	 SPB
position) in mitotic asp1� (left) und asp1D333A (right) cells. Spindle collapse (*) was observed in the asp1D333A cell. Time between images, 2 min. Bar, 2 �m.

Topolski et al.

3132 mcb.asm.org December 2016 Volume 36 Number 24Molecular and Cellular Biology

http://mcb.asm.org


gation by sliding apart of the polymerizing MT plus ends (9), was
also modulated by IPPs. The speed of SPB separation in the vari-
ous asp1 strains was determined by analyzing mitotic cells with
separated, SPB-proximal cen1-GFP signals. In the examples
shown in Fig. 4C and D, the asp1� cell elongated the anaphase B
spindle at a rate of 0.43 �m/min, while the asp1D333A cell had a rate
of 0.62 �m/min. In general we found that in asp1D333A cells, spin-
dle phase III elongation was significantly faster than in asp1� cells
(Fig. 4E). In the majority of cases, the altered phase III dynamics
observed for asp1D333A phase III spindles did not result in spindle
collapse. However, in some cells, phase III spindle collapse oc-
curred (see Movie S4 in the supplemental material).

Analysis of SPB separation speed in asp1H397A cells revealed
that spindle phase III was comparable to that of wild-type cells
(Fig. 4E).

Entry into anaphase A is prolonged significantly in asp1D333A

cells. To avoid aneuploidy, sister chromosomes need to establish
bioriented attachments to spindle MTs before entry into anaphase
A can proceed. Live-cell imaging of Sad1-mCherry cen1-GFP-
expressing asp1� and asp1D333A cells revealed that the mutant cell

type took significantly longer to enter anaphase A (examples are
shown in Fig. 5A and B). In the cases shown, the asp1� cell needed
18 min from the time of SPB separation to segregation of cen1-
GFP signals to the SPBs, while the asp1D333A cell needed 34 min for
this process. Analysis of further asp1� and asp1D333A mitotic cells
revealed that the time needed for asp1D333A cells to proceed to
anaphase A was on average 54% longer than that for asp1� cells
(Fig. 5C).

Prolonged delay before entry into anaphase leads to elongation
of the S. pombe metaphase-like spindle. Indeed, we found that
asp1D333A anaphase A spindles were significantly longer than those
of wild-type cells: asp1� cells segregated their cen1-GFP signals at
an average spindle length of 3.5 �m, while asp1D333A spindles were
4.7 �m at the onset of anaphase (Fig. 5D). Therefore, we tested
whether the SAC was activated in the mutant cells, causing the
observed delay.

SAC components Mph1 and Mad2 are required for the mi-
totic delay of asp1D333A cells. Chromosome biorientation is a pre-
requisite for entry into anaphase A and is monitored by the SAC
(reviewed in references 6 and 37). To determine if the mitotic

FIG 4 Spindle phases I and III are modulated by Asp1 kinase activity. (A) Left, live-cell imaging of Sad1-mCherry cen1-GFP-expressing wild-type (asp1�) and
asp1D333A cells during prometaphase (t 	 0 is first separation of SPBs). Time between images, 30 s. Bar, 2 �m. Right, distance between SPBs shown diagram-
matically. (B) Diagrammatic representation of SPB separation speed during spindle phase I (n 	 20/strain; ***, P 
 0.0005 for the asp1D333A strain compared to
the asp1� strain [two-sample t test]). (C) Merged images of a wild-type (asp1�) and an asp1D333A anaphase B cell expressing Sad1-mCherry cen1-GFP. Time
between images, 60 s. Bar, 2 �m. Cells with centromere signals with 5-�m distance (t 	 0) were monitored by time-lapse microscopy to determine the speed of
SPB separation. The time between images was 1 min, and cells were photographed for 6 min. At this time the average SPB distances were 7.5 and 8.5 �m for asp1�

and asp1D333A cells, respectively. (D) Diagrammatic representation of SPB separation of the cells shown in panel C. (E) Quantification of SPB separation during
spindle phase III of the indicated strains: asp1� strain, 0.46 � 0.08 �m/min; asp1D333A strain, 0.67 � 0.09 �m/min; asp1H397A strain, 0.51 � 0.03 �m/min (n 	
13/strain; ***, P 
 0.0005 for the asp1D333A strain compared to the asp1� strain [two-sample t test]). Start of measurement, separated cen1-GFP signal and a
spindle length of 5 �m. Endpoint of measurement, 6 min after start of measurement.
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delay of asp1D333A cells was caused by the SAC, we analyzed mito-
sis in SV40::GFP-Atb2� asp1D333A mph1� (deletion of the mph1�

open reading frame [ORF]) cells (growth of strains is shown in
Fig. S2C in the supplemental material). The S. pombe Mph1 pro-
tein is part of the SAC Mps1 kinase family and is at the top of the
SAC signaling cascade (36, 38–42). asp1D333A mph1� cells had a
reduced fitness when grown on medium containing TBZ, imply-
ing that a functional Mph1 protein was necessary for the fitness of
the asp1D333A strain (Fig. 6A). Importantly, we found that the pro-
longed mitotic delay seen for asp1D333A cells was abolished in
asp1D333A mph1� mitotic cells (examples are shown in Fig. 6B and
C). Entry into spindle phase III (rapid spindle elongation) was on
average twice as fast in asp1D333A mph1� cells than in asp1D333A

cells (Fig. 6D).
Our analysis of the segregation behavior of cen1-GFP signals

revealed that asp1D333A cells showed chromosome missegregation.
Eighteen percent of the asp1D333A mitotic cells either displayed a

lagging chromosome phenotype which was resolved during our
measurements (Fig. 6E, light gray bars) or showed chromosome
nondisjunction or chromosomes that were not moved to either
SPB (Fig. 6E; these two phenotypes were scored together and are
shown as dark gray box). Loss of Mph1 led to a further increase of
the aberrant phenotype as determined for asp1D333A mph1� cells
(Fig. 6E).

Next we analyzed whether the prolonged mitotic delay of
asp1D333A cells was also dependent on a functional Mad2 protein
(43, 44). asp1D333A mad2� cells showed reduced growth on me-
dium containing the MT-destabilizing drug TBZ (Fig. 7A). Im-
portantly, the prolonged delay seen for asp1D333A cells was abol-
ished in asp1D333A mad2� mitotic cells (representative examples
are shown in Fig. 7B). Entry into spindle phase III (rapid spindle
elongation) was significantly faster in asp1D333A mad2� cells than
in asp1D333A cells (Fig. 7C).

We conclude that asp1D333A cells, which cannot produce Asp1-

FIG 5 Asp1 kinase activity modulates entry into anaphase A. (A) Merged images of a mitotic cen1-GFP Sad1-mCherry wild-type (asp1�) or asp1D333A cell. Time
between images, 2 min. Bars, 2 �m. (B) Diagrammatic representation of SPB distance versus time for the cells shown in panel A. (C) Diagrammatic represen-
tation of the time needed from prometaphase (separation of the SPBs) to anaphase A (segregation of cen1-GFP signals to SPB) in asp1� and asp1D333A cells.
(asp1� cells, 19.2 � 2.1 min; asp1D333A cells, 29.6 � 5.9 min; n 	 19/strain; ***, P 
 0.0005 for asp1D333A cells compared to asp1� cells [Welch test]). (D)
Quantification of SPB distance at the time of cen1-GFP segregation in cen1-GFP Sad1-mCherry-expressing strains (asp1� strain, 3.5 � 0.4 �m; asp1D333A strain,
4.7 � 0.5 �m; n 	 19/strain; ***, P 
 0.0005 for the asp1D333A strain compared to the asp1� strain [two-sample t test]).
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generated IPPs, have defects in kinetochore-MT association and
chromosome biorientation leading to chromosome missegrega-
tion. The SAC is active in such cells and can partially “rescue” the
aberrant phenotype.

asp1H397A-expressing cells proceed to anaphase A faster than
wild-type cells. Our finding that the absence of Asp1-generated
IPPs led to a prolonged SAC-controlled delay of the entry into
anaphase A raised the question of whether excess cellular IPPs
might have the opposite effect. Therefore, we determined the
length of spindle phases I and II in an asp1H397A strain expressing
SV40::GFP-Atb2. asp1� wild-type cells took an average of 24.3
min before entry into phase III, while this time was reduced sig-
nificantly to an average of 16.4 min in asp1H397A-expressing cells
(Fig. 8A). An example for each strain is shown in Fig. 8B to D. In
this example, the times to spindle phase III were 28 and 20 min for
asp1� and asp1H397A cells, respectively. Measurement of the time
required to enter anaphase A was also assessed in asp1� and

asp1H397A cells expressing Sad1-mCherry cen1-GFP. In general,
we found that cells of these strains needed less time for entry into
anaphase A than the SV40::GFP-Atb2-expressing strains, possibly
because the presence of SV40::GFP-Atb2 influenced spindle for-
mation and chromosome biorientation. Nevertheless, on average
asp1H397A cells showed a significantly earlier segregation of the
cen1-GFP signals than asp1� cells (see Fig. S4 in the supplemental
material).

We next determined whether the faster entry into anaphase A led
to increased chromosome missegregation. This was not the case. Mis-
segregation of cen1-GFP signals in asp1� Sad1-mCherry cen1-GFP
or asp1H397A Sad1-mCherry cen1-GFP cells was not observed (asp1�,
n 	 62; asp1H397A, n 	 58). Furthermore, the absence of mph1� in
these strains resulted in missegregation in 3 of 46 cells in the asp1�

background and 1 of 44 cells in the asp1H397A background. Thus, the
observed reduction of the time required for anaphase A entry did not
affect the fidelity of chromosome segregation.

FIG 6 asp1D333A cells require Mph1 for the prolonged delay into anaphase. (A) Serial dilution patch tests (104 to 101 cells) of the viability of the indicated strains
on YE5S plates with (�TBZ) or without (�TBZ) 4 �g/ml TBZ. The plates were incubated for 4 days at 25°C. (B) Confocal live-cell images of the indicated strains
expressing SV40::GFP-Atb2�. Time between images, 5 min. Bars, 2 �m. (C) Diagrammatic illustration of mitotic spindle length over time for the cells shown in
panel B. (D) Quantification of time required for transition from prometaphase to anaphase B due to spindle elongation of the indicated strains (asp1� strain, n 	
16; asp1D333A strain, n 	 16; asp1D333A mph1� strain, n 	 13; ***, P 
 0.0005 for the asp1D333A mph1� [two-sample t test] and asp1D333A [Welch test] strains
compared to the asp1� strain and for the asp1D333A mph1� [Welch test] strain compared to the asp1D333A strain). (E) Phenotypes of aberrant cen1-GFP
segregation behavior, i.e., lagging cen1-GFP signal that moved to the correct SPB during the time of measurement (light gray) or cen1-GFP signals both present
at one SPB or a cen1-GFP signal that did not move to either SPB (dark gray) (asp1�, n 	 62; mph1�, n 	 46; asp1D333A, n 	 34; asp1D333A mph1�, n 	 36).
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We next determined the chromosome transmission fidelity of
the nonessential Ch16 minichromosome (45) in cells that gener-
ated more IPPs than wild-type cells. The 550-kb Ch16 minichro-
mosome can be maintained stably in a haploid S. pombe strain but
is transmitted less faithfully than an endogenous chromosome,
thus representing a sensitized system for the analysis of chromo-
some transmission fidelity (46). Loss of the minichromosome can
be scored by the appearance of red sectors in a white colony (46).
A Ch16-containing strain was transformed with a plasmid ex-
pressing the asp1 variant asp11–364 via the thiamine-repressible
promoter nmt1� (47). Asp11–364 (the Asp1 kinase domain) gen-
erates up to twice as much IPPs as full-length Asp1 in vitro (16). In
addition, the plasmid-borne expression via the nmt1� promoter
further ensured excess intracellular IPP production.

We found that approximately 1% of the colonies of the Ch16-
containing strain transformed with a control vector were sectored,
demonstrating loss of the minichromosome (Fig. 8E). This num-
ber was reduced 2-fold in transformants that expressed low levels
of asp11–364 (i.e., basal expression of the nmt1� promoter in the
presence of thiamine in the medium [�thia in Fig. 8E and F]).
Furthermore, Ch16 minichromosome loss was further reduced
when asp11–364 was expressed at a high level (i.e., derepression of
the nmt1� promoter in the absence of thiamine in the medium
[�thia in Fig. 8E and F]). In this case, loss of the minichromosome
was reduced from 0.93% for the vector control transformants to
0.053% for cells expressing asp11–364 (Fig. 8E). This is a 17-fold
reduction in Ch16 loss for asp11–364-expressing cells compared to
cells transformed with the control vector.

Whether transmission fidelity of endogenous chromosomes
was also increased in asp1H397A cells compared to wild-type cells

could not be determined conclusively due to the low number of
segregation errors occurring for endogenous chromosomes.
However, we found that in the presence of a small amount of TBZ
(5 �g/ml), 76% of mph1� cells segregated the cen1-GFP signal
correctly, while this number was increased to 83% in the mph1�
asp1H397A strain (n 	 51 and 59, respectively).

Expression of Asp1365–920 influences growth of strains with
mutant motor proteins. To determine which process in spindle
formation might be affected by Asp1 kinase function, we ex-
pressed the truncated Asp1 versions Asp11–364 and Asp1365–920

(Asp1 kinase and phosphatase domains, respectively) via the
nmt1� promoter on a plasmid in various strains with defective
components of the mitotic spindle. We have shown previously
that in vitro and presumably also in vivo, the presence of the Asp1
pyrophosphatase domain results in lower IPP output, while ex-
pression of the Asp1 kinase domain has the opposite effect (16).
Interestingly, we found that the growth of pkl1�, klp6�, and cut7-
466ts mutant strains was affected in opposite manners by expres-
sion of Asp1365–920. Klp6 is part of the heterodimer kinesin-8
Klp5/Klp6 which acts as an MT plus-end depolymerase, kine-
sin-14 Pkl1 is needed for anchoring of microtubule ends to the
SPB, and the essential, spindle midzone-localized kinesin-5 Cut7
organizes bipolar MT interdigitation at the midzone (48–54).
Klp5/6- and Pkl1-generated forces at the spindle act antagonisti-
cally to those of Cut7. Under the conditions tested, expression of
Asp11–364 had little effect on the growth of the strains (Fig. 9), but
expression of Asp1365–920 rescued the temperature-sensitive non-
growth phenotype of the cut7-466ts strain at 28°C (Fig. 9A) by
increasing the number of surviving cells (Fig. 9B). In contrast,
expression of Asp1365–920 led to reduced growth of the klp6� strain
and in particular of the pkl1� strain (Fig. 9C and D).

DISCUSSION

In this work we have discovered a mitotic function of the S. pombe
member of the highly conserved Vip1 family. Asp1 kinase func-
tion is needed for the execution of all three stages of mitosis and
controls bipolar spindle stability, chromosome biorientation, and
the fidelity of chromosome transmission. This is the first report of
a role for the high-energy IPP molecules in the regulation of fis-
sion yeast mitosis. Our previous analysis of Vip1 kinase interphase
function in S. pombe and two distantly related filamentous fungi
revealed that this enzyme family controls conserved biological
processes (16). Thus, it is likely that our present findings will also
be relevant for other mitotic systems. Indeed, a Saccharomyces
cerevisiae synthetic genetic array analysis identified several nega-
tive interactions between vip1� (deletion of the Vip1-encoding
ORF) and genes encoding mitotic components (55).

Spindle elongation dynamics are controlled by Asp1 kinase
function. The bipolar spindle consists of kinetochore-MTs and
interpolar MTs polymerized from both SPBs. Interpolar MTs
from one SPB interdigitate with interpolar MTs from the other
SPB at the spindle midzone to form a stable bipolar spindle cyto-
skeleton (reviewed in reference 25). Asp1 kinase function was re-
quired for all three spindle phases. Formation of the metaphase
spindle (spindle phase I) requires the concerted action of MT-
associated proteins and MT motor proteins such as the kinesin-5
class, which are responsible for sliding the antiparallel MTs apart.
asp1D333A cells showed a 46% faster separation of the duplicated
SPBs than wild-type cells during the prometaphase stage. Further-
more, such cells often showed aberrant thin spindle midzones and

FIG 7 asp1D333A cells require Mad2 for the prolonged delay into anaphase. (A)
Serial dilution patch tests (104 to 101 cells) of the indicated strains grown on
YE5S plates without and with 8 �g/ml TBZ. The plates were incubated for 5
days at 25°C. (B) Diagrammatic illustration of the spindle length over time. A
representative example was chosen for each of the indicated strains expressing
SV40::GFP-Atb2�. (C) Quantification of the time required for the transition
from prometaphase to anaphase B for the indicated strains (asp1D333A mad2�
strain, 19.3 � 4.3 min; asp1D333A strain, 36.2 � 13.3 min; mad2� strain, 13.9 �
2.0 min; n for all strains 	 20. ***, P 
 0.005 (two-sample t test).
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frequent spindle collapse. Remarkably, we made the observation
that in asp1D333A cells, spindle collapse was often followed by im-
mediate chromosome segregation. A similar behavior has been
described for the cut7.24 klp6� double mutant (56). Cut7 and
Klp6 belong to the kinesin-5 and kinesin-8 families, respectively
(48, 57), and are antagonistic spindle motors. The authors sug-
gested that the “transient spindle shrinkage” might bring MT plus

ends closer to kinetochores, thus facilitating attachment (56). This
might also be the case in asp1D333A cells, as such cells also have
defects in chromosome-MT attachment.

How might Asp1-generated IPPs regulate spindle formation?
IPPs are known to modulate cellular processes by two means: they
regulate the function of a protein/protein complex either via re-
versible binding or by pyrophosphorylation (58, 59). Thus, direct

FIG 8 asp1H397A cells reach spindle phase III faster than wild-type cells and show increased transmission fidelity of the Ch16 chromosome. (A) Diagrammatic
representation of the times needed for spindle phases I and II as determined for asp1� and asp1H397A cells expressing SV40::GFP-Atb2� n 	 16/strain; asp1� cells,
24.3 � 3.4 min; asp1H397A cells, 16.4 � 2.3 min; ***, P 
 0.0005 for asp1H397A compared to asp1� cells [two-sample t test]). (B) Diagrammatic illustration of
mitotic spindle length over time for the cells shown in panels C and D. (C and D) Confocal live-cell images of cells of the indicated strains expressing
SV40::GFP-Atb2�. Time between images, 2 min. Bars, 2 �m. (E) Diagrammatic representation of Ch16 loss (percent sectored colonies) in cells transformed with
a control vector (control) or a plasmid expressing asp11–364 via the nmt1� promoter. �thia and �thia, presence or absence of thiamine, respectively, resulting
in low or high Asp11–364 expression. For �thia: control, n 	 19,411; Asp11–364, n 	 10,075. For �thia: control, n 	 21,582; Asp11–364, n 	 21,488. (F) Western
blot analysis of Asp11–364-GFP expressed in the presence or absence of thiamine. The blot on the right was overloaded (3 or 6 times the amount of protein used
for the left blot) to visualize the Asp11–364 signal when thiamine was in the growth medium. �-Tubulin protein was used as an internal control.
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binding of Asp1 to the IPP target protein might not be necessary.
As Asp1 is a nuclear and cytoplasmic protein (reference 60 and our
unpublished observations), it is feasible that IPPs generated in the
nucleus modulate a component(s) of the mitotic spindle. Our
previous analysis of the interphase microtubule cytoskeleton in
asp1D333A cells revealed that most microtubule parameters ana-
lyzed were altered, resulting in more dynamic microtubules (16).
The EB1 family member Mal3, associated with spindle midzones,
is not required for Asp1-mediated microtubule modulation (16,
61). Furthermore, localization of the midzone bundler Ase1/Prc1
was seemingly normal in asp1D333A cells (references 62 and 63 and
our unpublished observation). However, lowering intracellular
IPP levels by plasmid-borne expression of Asp1365–920 rescued the
temperature-sensitive nongrowth phenotype of the cut7-466 mu-
tant strain, while negatively affecting growth of kinesin-14 pkl1�
and kinesin-8 klp6� deletion strains. As Klp5/6 and Pkl1 act an-
tagonistically to Cut7 and vice versa (53, 56), our results propose a
function for IPPs in controlling the processes that balance the
Cut7-generated outward force at the spindle.

Asp1-generated IPPs modulate chromosome transmission
fidelity and control chromosome biorientation. Chromosome
segregation errors in cells unable to produce Asp1-made IPPs
were of the following two types: (i) chromosome nondisjunction,
or the inability of chromosomes to be moved to either SPB, or (ii)
chromosomes that lagged behind during anaphase. The first phe-
notype is a consequence of defective binding of spindle MTs to the
kinetochore and can be detected by the SAC. Indeed, we found
that chromosome biorientation was significantly delayed in
asp1D333A cells compared to wild-type cells. This delay was SAC
dependent. Thus, Asp1-generated IPPs are required for biorien-
tation of chromosomes.

Lagging chromosomes are not detected by the SAC. This be-
havior is caused by merotelic attachments where a single kineto-
chore is bound by MTs from either SPB. In mammalian cells the

majority of aneuploidy events appear to arise by merotelic kine-
tochore-MT attachments (64). One of the consequences of mero-
telic attachments is the induction of the DNA damage response in
human cell lines, leading to chromosomal aberrations in the prog-
eny. This observation links aberrant mitosis with chromosome
rearrangements (65).

Merotelic attachments are caused by hyperstabilized kineto-
chore-MT associations that need to be resolved by the Aurora B
kinase-containing chromosome passenger complex present at the
centromere/kinetochore (reviewed in references 66 and 67). In-
terestingly we found that the fluorescence intensity of the S. pombe
Aurora kinetochore Ark1-GFP signal was reduced significantly in
prometaphase asp1D333A cells compared to wild-type cells. Abnor-
mally low Ark1 concentrations might explain why erroneous kin-
etochore-MT attachments cannot be converted into correctly
bioriented attachments, leading to an increased number of lag-
ging chromosomes in asp1D333A cells. Thus, Asp1-generated IPPs
might be required for Ark1 kinetochore recruitment. How this
might be achieved is at present unclear. However, it has been
shown recently that spindle MTs via the conserved EB1 family
play a role in the centromere targeting of human Aurora B (68).
Thus, as IPPs modulate the MT cytoskeleton, the possibility exists
that they affect Ark1 kinetochore targeting via this route.

Intriguingly, we found that cells that express the Asp1H397A

variant are able to enter anaphase A faster than wild-type cells,
possibly because they were able to establish the correct chromo-
some biorientation faster. Furthermore, the transmission fidelity
of the nonessential 550-kb Ch16 chromosome was increased in
Asp11–364-expressing cells. Thus, higher-than-wild-type IPP levels
increased the fidelity of Ch16 chromosome transmission beyond
the frequency seen for the wild-type situation. Our data propose a
direct correlation between intracellular IPP levels and genome
integrity. How IPP levels modulate kinetochore-MT attachments
is not clear. However, we previously found a direct correlation
between IPP levels and the residence time of interphase MT plus
ends at the cell cortex (16). Thus, IPPs might also control the
residence time of spindle MT plus ends at the kinetochore inter-
face, thus facilitating correct bipolar connections.
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