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direction. Three different pipette solutions were used: Cs-gluconate solution (150 mM
CsOH, 5 mM CsCl, 135 mM sucrose, 10 mM HEPES, 1.5 mM EGTA and 1.5 mM EDTA
(pH 7.2 with D -gluconic acid)); Na-gluconate solution (150 mM Na-gluconate, 5 mM
NaCl, 135 mM sucrose, 10 mM HEPES, 1.5 mM EGTA and 1.5 mM EDTA (pH 7.2 with
NaOH)); Na-gluconate solution without Ca2þ buffer (150 mM Na-gluconate, 5 mM NaCl,
135 mM sucrose, 10 mM HEPES (pH 7.2 with NaOH)).
Signals were recorded using an Axopatch 200B patch-clamp amplifier, filtered at 5 kHz,
and sampled at 10 kHz. Capacitance of the whole-mitoplast membrane ranged from 0.35
to 1 pF. Access resistances, usually 30–60 MQ, were compensated by about 70%. Bath Ca2þ
concentration was varied from 20 mM to 5 mM by addition of the corresponding amount
of 1 M CaCl2 stock solution into one of two solutions: Na-gluconate solution (150 mM
Na-gluconate, 10 mM HEPES (pH 7.2 with NaOH)) or HEPES-Tris solution (205 mM
HEPES (pH 7.2 with Trisma base)). Bath solution with 105 mM [Ca2þ]c (105 mM CaCl2
solution) contained 105 mM CaCl2, 10 mM HEPES (pH 7.2 with Trisma base or NaOH).
This solution was dissolved with Na-gluconate solution or HEPES-Tris solution to obtain
26 mM [Ca2þ]c. Bath solutions with 5 mM of Sr2þ, Ba2þ, Mn2þ or Mg2þ were obtained by
addition of 1 M stock solution of the chloride salt into HEPES-Tris solution. HEPES-K
bath solution (KOH 75 mM (pH 7.2 with about 210 mM HEPES)); HEPES-Na bath
solution (NaOH 75 mM (pH 7.2 with about 210 mM HEPES)); Na-gluconate and Kgluconate low-divalent solutions (150 mM Na(K)-gluconate, 10 mM HEPES, 5 mM
EGTA, 5 mM EDTA (pH 7.2 with NaOH)). CaCl2 or MgCl2 was added to Na-gluconate
low-divalent (divalent-free) solution in the amounts calculated by the WinMAXC v2.05
program (C. Patton, Stanford University) to obtain free Ca2þ and Mg2þ concentrations.
Osmolarity was approximately 280 mmol kg21. Statistical data was calculated as the
mean ^ s.d.

Single-channel recordings
All single-channel recordings were made in the inside-out configuration of the patchclamp technique. Patches were excised from the inner mitochondrial membrane in a bath
solution containing 150 mM Na-gluconate, 10 mM HEPES, 1 mM EGTA and 1 mM EDTA
(pH 7.2 with NaOH). Pipettes were filled with 105 mM CaCl2 solution. A total of 105 mM
CaCl2 solution was also used as the bath solution for single channels and whole-mitoplast
recordings. Signals were filtered at 1 kHz and sampled at 5 kHz. In Supplementary Fig. 2,
traces were filtered at 200 Hz before amplitude analysis.
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Estimation of Ca - and Mg -binding constants
Ca2þ buffering is unreliable below 10 nM. To estimate the MiNa Ca2þ-binding constant,
we assumed that I MiNa in low-divalent solution was #I MiNa at theoretical 0 [Ca2þ]c. Given
that I MiNa at 10 nM [Ca2þ]c was about eightfold less than I MiNa in low-divalent solution,
the Ca2þ-binding equilibrium constant calculated from the Hill equation was #2 nM
assuming a Hill coefficient of 1. Similarly, the MiNa-binding constant for Mg2þ was
estimated to be #250 nM.
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During anaphase identical sister chromatids separate and move
towards opposite poles of the mitotic spindle1,2. In the spindle,
kinetochore microtubules3 have their plus ends embedded in the
kinetochore and their minus ends at the spindle pole. Two models
have been proposed to account for the movement of chromatids
during anaphase. In the ‘Pac-Man’ model, kinetochores induce
the depolymerization of kinetochore microtubules at their plus
ends, which allows chromatids to move towards the pole by
‘chewing up’ microtubule tracks4,5. In the ‘poleward flux’ model,
kinetochores anchor kinetochore microtubules and chromatids
are pulled towards the poles through the depolymerization of
kinetochore microtubules at the minus ends6. Here, we show that
two functionally distinct microtubule-destabilizing KinI kinesin
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enzymes (so named because they possess a kinesin-like ATPase
domain positioned internally within the polypeptide) are
responsible for normal chromatid-to-pole motion in Drosophila.
One of them, KLP59C, is required to depolymerize kinetochore
microtubules at their kinetochore-associated plus ends, thereby
contributing to chromatid motility through a Pac-Man-based
mechanism. The other, KLP10A, is required to depolymerize
microtubules at their pole-associated minus ends, thereby moving chromatids by means of poleward flux.
Although molecules involved in either Pac-Man- or polewardflux-based motility mechanisms (see Supplementary Fig. S1) have
not been identified previously, members of the KinI subfamily of
kinesins are logical candidates for both7. These proteins bind
directly to the ends of microtubules and promote their disassembly
in vitro8–10. Moreover, the inhibition of KinI proteins in mitotic cells
from various systems has been shown to disrupt mitosis11–13. To
identify novel KinI family members in Drosophila melanogaster, we
searched Drosophila genome databases for genes that share significant identity with the known KinI catalytic domains from other
species. This revealed three different D. melanogaster genes predicted to encode products containing internal kinesin domains
highly similar to vertebrate KinI (65% amino acid identity on
average; Supplementary Fig. S2). We refer to these as KLP10A,
KLP59C and KLP59D (kinesin-like protein at cytological regions
10A, 59C and 59D; ref. 14). Notably, we observed that purified
recombinant polypeptides corresponding to the catalytic
domains of KLP10A and KLP59C destabilize microtubules in an
ATP-dependent fashion (Supplementary Fig. S3). (Similar analysis

of KLP59D has not yet been performed but the high degree of
amino acid identity among the catalytic domains of all three
Drosophila KinI proteins (66% on average) suggests that it will
also possess microtubule-destabilizing activity.) Thus, Drosophila
probably possesses three distinct microtubule-destabilizing KinI
kinesins.
Analysis of Drosophila S2 tissue culture cells depleted of each of
the three KinI proteins (individually and in various combinations)
using double-stranded RNA interference (RNAi) suggests that both
KLP10A and KLP59C perform important but distinct mitotic
functions (Supplementary Figs S4g, S5 and Table S1). KLP10A
depletion by RNAi treatment causes a marked perturbation of
mitotic spindle architecture (Fig. 1b–e). In contrast, KLP59C
RNAi treatment has no noticeable impact on mitotic spindle
structure but does significantly elevate the frequency with which
chromosome segregation defects are observed (Fig. 1g–i). Immunolocalization of these proteins in mitotic S2 cells also reveals distinctions that may provide insights into their specific mitotic
mechanisms of action. Specifically, KLP10A, similarly to vertebrate
KinI proteins, localizes to mitotic centrosomes, spindle poles and
centromeres through metaphase (Fig. 1j; see also Supplementary
Fig. S6). However, the centromeric localization of KLP10A
diminishes markedly at the onset of anaphase, leaving the majority
of KLP10A immunostaining on the spindle poles (Fig. 1k). KLP59C,
on the other hand, appears to be primarily restricted to centromeric
regions of chromosomes during both metaphase and anaphase, and
no KLP59C immunostaining is detectable on spindle poles
throughout mitosis (Fig. 1l, m; see also Supplementary Fig. S6).

Figure 1 KLP10A and KLP59C perform distinct functions and localize to distinct sites in
mitotic cells. a–e, Mitotic spindles from control (a) and KLP10A RNAi-treated (b–e) S2
cultures. Defects observed after KLP10A RNAi treatment consistently fall into one of four
classes: monopolar spindles (b); long metaphase figures with disorganized central
spindles (c); microtubule baskets forming around chromosomes (d); spindles with

abnormally long astral microtubules (e). f–i, Anaphase spindles displaying normal (f) and
defective (g–i) chromosome segregation. KLP59C RNAi treatment elevates the frequency
of defective chromosome segregation (KLP59C RNAi, 42.9 ^ 1%; control, 23 ^ 1%;
P , 0.0002). j–m, Localization of KLP10A (j, k) and KLP59C (l, m) during metaphase
(j, l) and anaphase (k, m). Scale bar, 5 mm.
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Thus, during chromatid-to-pole motion in anaphase, KLP10A and
KLP59C are positioned appropriately to interact with the opposite
ends of kinetochore microtubules: KLP10A concentrates around the
minus ends of kinetochore microtubules focused at the poles,
whereas KLP59C is positioned to act on the plus ends of kinetochore
microtubules embedded in the kinetochore. Finally, our analyses of
KLP59D do not support a role for this protein in spindle assembly
or chromosome segregation, and its cellular functions will be
reported elsewhere.
The specific mechanisms of action of mitotic KLP10A and
KLP59C are impossible to discern from fixed samples. Therefore,
we used living Drosophila syncytial blastoderm-stage embryos to
elucidate the dynamic events leading to the mitotic phenotypes
described in KLP10A- and KLP59C-deficient S2 cultures. These
embryos are ideal for such analyses because they contain a monolayer of adjacent nuclei, within the same cytoplasm, that proceed
through mitosis synchronously and relatively rapidly15. Moreover,
these cells lack a standard mitotic spindle checkpoint, which
normally delays cells in prometaphase in response to spindle
damage, allowing mitotic proteins that might function later in the
cell cycle to be assessed16. For our studies, soluble KinI inhibitors
(Supplementary Figs S2c, S4a–f and S8a) and fluorescent tubulin
or histones were microinjected into living transgenic embryos
expressing different green fluorescent protein (GFP)-tagged
spindle proteins. This allows the dynamic behaviour of spindle
components to be visualized in the presence and absence of specific
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KinI inhibitors. (Supplementary Movies 1 and 2 show mitosis in
control-injected embryos).
The introduction of KLP10A inhibitors into embryos rapidly
alters the organization of mitotic spindle microtubules, as revealed
by time-lapse imaging of anti-KLP10A antibody-injected transgenic
embryos expressing GFP–tubulin as a microtubule marker (Fig. 2).
Within 2 min of antibody injection, the concentration of microtubules at centrosomes increases significantly compared with controls. The relative fluorescent intensities of GFP–tubulin in
both prophase and metaphase domains were on average 1.4-fold
higher in regions proximal to the injection site compared with
mitotic domains at more distal sites (Supplementary Table S2).
Thus, KLP10A normally limits the growth/density of microtubules
at centrosomes. Subsequently, severe defects in mitotic spindle
assembly become apparent (Fig. 2a; see also Supplementary
Movie 3). These can be categorized into two classes (Supplementary
Table S3). Thirty per cent formed monopolar spindles, which
assemble when centrosomes (partially separated during prophase)
collapse back together at a rate of 0.019 mm s21 after nuclear
envelope breakdown (class one). These structures may result from
general defects in the organization of centrosomal microtubules. A
total of 61% display abnormally long bipolar spindles, which often
form adjacent to monopolar spindles (class two). These bipolar
spindles elongate continuously during prometaphase through anaphase and attain metaphase lengths approximately twice that of
controls (Fig. 2c). Notably, the rate of elongation of these spindles
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Figure 2 KLP10A inhibition perturbs mitotic spindle assembly and chromosome
segregation. a, b, Time series of images showing mitosis in control (left) and antiKLP10A-injected (right) embryos. Embryos in a express GFP–tubulin, allowing spindles to
be visualized, whereas those in b contain rhodamine–tubulin and GFP–histones, allowing
simultaneous visualization of spindles (red) and chromosomes (green). Time (in seconds),
centrosomes from selected spindles (asterisk), monopolar spindles (MP), and telophase
midbody (arrow) are marked. c, Plots comparing spindle length over time in control and
366

anti-KLP10A-injected embryos. Plots begin at prometaphase. Red circles, control
injected; green triangles, monopolar spindles from anti-KLP10A-injected embryos; black
triangles, bipolar spindles from anti-KLP10A-injected embryos. d, Graph of the average
centroid positions of GFP–Cid-labelled kinetochores on spindles in control (green
triangles) and anti-KLP10A-injected (red circles) embryos. Red stars mark the average
position of spindle poles in spindles from KLP10A-inhibited embryos and green stars mark
the average position of poles from controls.
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before anaphase is nearly identical to the rate of anaphase B
spindle elongation in controls (peak rate (^s.d.) for anti-KLP10A
is 0.061 ^ 0.006 mm s21, n ¼ 10, and for controls is 0.062 ^
0.008 mm s21, n ¼ 10). The implications of this observation are
discussed below. Finally, during telophase, midbodies fail to form
on these spindles and centrosomes ‘snap-back’ together.
In addition to spindle defects, KLP10A inhibition in embryos
perturbs the movement and segregation of chromosomes (Fig. 2b;
see also Supplementary Movie 4). Specifically, the motility of
individual chromosomes during prometaphase is often incoherent
in treated embryos and subsequently, during metaphase, the
majority of chromosomes and kinetochores fail to align properly
at the metaphase plate. Instead, they are scattered around the
spindle equator (Fig. 2d). Finally, during anaphase, chromatids
translocate towards spindle poles at rates significantly slower than
controls (average rate: 0.054 mm s21 anti-KLP10A; 0.094 mm s21
controls; Supplementary Table S4). This results in a significant
increase in severe chromosome segregation defects such as stretched
or bi-lobed chromosome masses (Supplementary Fig. S7 and
Table S3). These anaphase phenotypes are observed regardless of
whether kinetochores congressed properly to the metaphase plate or
not. Indistinguishable results were obtained using monovalent
Fab fragments (Supplementary Fig. S8b) and were corroborated
using a recombinant dominant/negative construct (Supplementary
Fig. S9).
In contrast to our findings for KLP10A, the introduction of
KLP59C inhibitors into embryos has no apparent effect on the
organization of mitotic spindles (Fig. 3a, c; see also Supplementary
Movie 5 and Table S3). However, KLP59C inhibition does produce
significant defects in chromosome positioning and motility (Supplementary Fig. S7 and Table S3). Chromosomes and kinetochores
fail to align tightly at the spindle equator during metaphase under
these conditions (Fig. 3d). Moreover, KLP59C inhibition prevents
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normal chromosome segregation during anaphase (Fig. 3b). Failures in chromosome segregation do not seem to result from
decondensation of lagging chromosomes at the metaphase plate,
nor are they due to non-disjunction of sister chromatids, because
kinetochores do segregate to opposite sides of the chromosomal
mass (Fig. 3b). Instead, as with KLP10A, the rate of chromatid-topole motion is slowed significantly in KLP59C-inhibited embryos
(average rate: 0.042 mm s21 anti-KLP59C; 0.094 mm s21 controls;
Supplementary Table S4). (These effects were reproduced by Fabs
and a dominant/negative construct (Supplementary Fig. S8a, c and
S9).)
Given the possibility of nonspecific effects, we investigated the
mechanism of protein perturbation induced by antibody injections.
The antibodies used in our experiments were raised against recombinant amino-terminal targeting domains (NT) of the Drosophila
KinI kinesins11 (Supplementary Fig. S2c). Thus, we reasoned that
injection of these antibodies would specifically inhibit KinI function
by displacing endogenous KLP10A and KLP59C from spindles13.
Fluorescently labelled NT polypeptides mimic the spindle localization of endogenous KLP10A and KLP59C when injected into
embryos: the 10A-NT protein localizes to centrosomes, spindle
poles and metaphase centromeres, whereas 59C-NT localizes to
centromeres (Supplementary Fig. S10). Therefore, these fluorescent
constructs could be used to report the behaviour of the endogenous
proteins in vivo. Consistent with the hypothesis that our KinI
antibodies displace endogenous KinI proteins, the 10A-NT and
59C-NT proteins were rapidly mis-localized from spindle and/or
chromosomal sites after the injection of anti-KLP10A and antiKLP59C antibodies, respectively. In contrast, the reciprocal experiments do not produce this effect (for example, anti-KLP59C
antibodies do not mis-localize the 10A-NT construct and vice
versa). Moreover, injected fluorescently labelled antibodies often
form cytoplasmic aggregates that co-localize with aggregates of the
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Figure 3 KLP59C inhibition perturbs chromosome segregation but not spindle assembly.
a, Sequential images showing mitosis (metaphase and telophase) in an anti-KLP59C
antibody-injected embryo containing rhodamine–tubulin (red) and GFP–histones (green).
b, Sequential images illustrating improper kinetochore alignment (metaphase) and failed
chromosome segregation (telophase) observed in an embryo containing rhodamine–
histones (red) and GFP–Cid-labelled kinetochores (green). Although chromosomes do not
segregate into daughter nuclei, sister kinetochores have segregated into two distinct sets
at opposite sides of the chromosome mass. The arrow indicates a cluster of
NATURE | VOL 427 | 22 JANUARY 2004 | www.nature.com/nature

kinetochores that have failed to align properly. c, Plots of spindle length over time in
control (red circles) and anti-KLP59C antibody-injected (black circles) embryos (beginning
at prometaphase). d, Graph showing the average centroid positions of kinetochores on
spindles from control (green triangles) and anti-KLP59C antibody-injected (red circles)
embryos. Red stars mark the average position of spindle poles in spindles from
KLP10A-inhibited embryos and green stars mark the average position of poles from
controls.

©2004 Nature Publishing Group

367

letters to nature
injected NT proteins (Supplementary Fig. S10). Thus, our antibodies have the capacity to specifically precipitate endogenous
KLP10A or KLP59C from their sites of action. Finally, it does
not appear that the defects observed after KinI inhibition are due
to an inhibition of the assembly of other functionally important
proteins onto centromeres, kinetochores or centrosomes (where
KLP10A and/or KLP59C localize). Indeed, KinI antibody injections do not overtly perturb the localization of a variety of GFPtagged proteins that normally target to these spindle structures
(Figs 2d, 3b, d and 4c; see also Supplementary Fig. S11). Instead, it
is most likely that our antibodies specifically prevent targeting of
the KinI proteins.
Together, these analyses reveal that both KLP10A and KLP59C
perform functions needed to move chromatids poleward during
anaphase. Furthermore, KLP10A performs an additional function
involved in organizing spindle microtubules.
The capacity of KinI kinesins to depolymerize microtubules
in vitro10 (Supplementary Fig. S3), along with our observations
that both KLP10A and KLP59C function in chromosome segregation, is consistent with the hypothesis that anaphase chromatidto-pole motion requires the KinI-induced depolymerization of
kinetochore microtubule ends. To test this hypothesis further, we
examined the behaviour of spindle microtubules in the presence
and absence of specific KLP10A and KLP59C inhibitors. Spindle
microtubule dynamics were tracked using fluorescent speckle
microscopy (FSM)—a technique in which dilute levels of rhodamine-labelled tubulin are microinjected into cells, resulting in the

random incorporation of fluorescent tubulin ‘speckles’ into the
microtubule lattice17. Speckles serve as markers that allow the direct
observation of the dynamic behaviours of individual spindle microtubules. In controls, FSM reveals the persistent poleward movement
of tubulin subunits within microtubule polymer lattices; that is,
poleward flux (Fig. 4a; see also Supplementary Movie 6), as
previously characterized18,19.
The simultaneous imaging of GFP-tagged kinetochores and
tubulin speckles provides an in vivo method to distinguish between
the depolymerization of kinetochore microtubule plus or minus
ends; flux requires kinetochore microtubule minus-end depolymerization at spindle poles, and kinetochores that move poleward
more rapidly than speckles must depolymerize kinetochore microtubules at their plus ends. Consistent with previous reports, we
find that the average rate of poleward flux is identical during
metaphase and anaphase A (0.037 mm s21) and is consistently
slower than chromatid-to-pole movement (average rate:
0.094 mm s21, Fig. 4c; see also Supplementary Table S4)18,19. This
suggests that poleward flux can contribute approximately 40% to
the rate of anaphase chromatid-to-pole motion whereas Pac-Manbased motility can contribute roughly 60%. Moreover, these data
directly demonstrate that kinetochore microtubules simultaneously
depolymerize at both plus and minus ends during anaphase in
Drosophila embryos.
To test the role of KLP10A in spindle microtubule depolymerization, FSM was performed in embryos injected with anti-KLP10A
antibodies (Fig. 4a). In contrast to control embryos, fluorescent

Figure 4 KLP10A is required for poleward flux whereas KLP59C is required for Pac-Manbased chromosome motility. a, Sequential FSM images of tubulin-speckle-labelled
spindles from control and anti-KLP10A antibody-injected embryos. Time (in seconds) and
centrosome positions (asterisk) are indicated. In the left panel, the arrow follows a speckle
as it ‘fluxes’ poleward. The arrowhead (bottom) marks the approximate starting position of
the speckle. In the right panel, the arrows track the position of two speckles over the same

time period. These show little poleward displacement. b, Kymographs (top) and tracings
(bottom) of fluorescent tubulin-labelled speckle movement on prometaphase/metaphase
spindles from both conditions. c, Kymographs and tracings showing the movement of
kinetochores (green) and tubulin-labelled speckles (red) on spindles from control and antiKLP59C antibody-injected embryos. d, Model9,30.
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tubulin speckles either do not move poleward at detectable
velocities or move at velocities that are significantly slowed (Supplementary Movie 7). Kymograph analysis of speckle movements
confirms the point tracking of speckles and spindle edges (Fig. 4b;
see also Supplementary Table S4). Indeed, .90% of speckles in
KLP10A-inhibited spindles either do not have measurable motion
or move at a reduced rate (Supplementary Fig. S12). Thus, KLP10A
is required for normal poleward flux, making it the first molecular
component of this phenomenon identified so far. On the basis of the
proximity of this protein to microtubule minus ends at poles, our
findings suggest that KLP10A promotes flux by actively depolymerizing kinetochore microtubules at their minus ends.
These data, along with the phenotypes observed after KLP10A
inhibition described above, are notable in that they suggest roles for
poleward flux in both anaphase chromatid-to-pole motion and in
constraining the length of the mitotic spindle through metaphase20
(see above). Although our focus here is on the former finding, the
latter is also intriguing given the recent report that poleward flux
ceases during anaphase B18 (which occurs after chromatids have
moved completely poleward). Thus, inactivation of spindle-poleassociated KinI proteins may normally serve as a trigger for
anaphase spindle elongation.
In contrast to our KLP10A findings, KLP59C inhibition does not
reduce the velocity of poleward tubulin speckle movement within
spindles (Supplementary Table S4). However, kymographs comparing kinetochore movements to poleward flux reveal that, after
KLP59C inhibition, kinetochores move poleward at the rate of
flux but no faster, a decrease from control rates by roughly 60%
(Fig. 4c; see also Supplementary Table S4). Indeed, under these
conditions, kinetochores rarely bypass speckles on polewardmoving spindle microtubules, a phenomenon regularly observed
in controls. Thus, KLP59C inhibition causes kinetochores to lose
the ability to move along kinetochore microtubules and leaves them
to behave solely as kinetochore microtubule anchors. Given the
KLP59C localization to centromeres and its ability to destabilize
microtubules in vitro, we conclude that this protein actively depolymerizes kinetochore microtubule plus ends and thus, it is the
first required molecular component of Pac-Man-based chromatid
motility identified so far.
Taken together, our findings support the mechanism for anaphase chromatid-to-pole movement shown in Fig. 4d. In this
model, poleward driving forces acting on chromosomes result
from the simultaneous disassembly of kinetochore microtubules
at both minus and plus ends. At the minus ends, KinI-induced
disassembly allows chromosome-associated kinetochore microtubules to be driven back into the poles (poleward flux). This
activity probably requires additional factors that slide microtubules
poleward. At the other end of kinetochore microtubules, centromereassociated KinI proteins act to disassemble kinetochore microtubule
plus ends, causing them to shorten (Pac-Man). We propose that the
minus-end-directed motor, cytoplasmic dynein, participates in this
process by feeding kinetochore microtubules into the kinetochore21.
It is tempting to speculate that this coupled, KinI-dependent, ‘PacMan flux’ model is conserved among phyla that contain KinI
kinesins9,11–13,22–25, although further work is required to establish
this. If so, KinI motors will be promising targets for anti-tumour
therapy. Although there are probably additional complexities to
anaphase chromosome motility, the concerted action of flux and
Pac-Man-based motility mechanisms provides the cell with a surprisingly dynamic means of segregating chromosomes.
A

Methods
Drosophila KinI sequence data are described in Supplementary Fig. S2 legend.

Double-stranded RNAi
26

S2 cell culture and RNAi was performed as described . Molecular methods are described
in Supplementary Fig. S4 legend.
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Immunofluorescence microscopy
For immunostaining, S2 cells were fixed exactly as described26. Antibodies were diluted to
concentrations ranging from 1 to 20 mg ml21 (DM1a (Sigma), 1:200; GTU-88 (Sigma),
1:500; chicken anti-Cid (from G. Karpen), 1:500; rabbit anti-KLP10A 654, 655 and 656,
1:100; rabbit anti-KLP59C 696 and 698, 1:100). Secondary antibodies (Cy2-conjugated,
rhodamine red X-conjugated and Cy5-conjugated anti-rabbit, mouse or chicken (Jackson
ImmunoResearch)) were used at final dilutions of 1:100. Cells were mounted in Prolong
(Molecular Probes). Propidium iodide (Sigma) was used at a concentration of
0.2 mg ml21. Mitotic S2 chromosomes were purified as described27. Specimens were
imaged using a spinning-disk confocal microscope and displayed as maximum intensity
projections.

Antibodies
DNA constructs are described in Supplementary Fig. S2 legend. Escherichia coli-expressed
proteins were purified on either glutathione–Sepharose or amylose resin. Anti-glutathione
S transferase (GST)–10A-NT, anti-GST–59C-NT and anti-GST–59D-NT antiserum was
produced in rabbits (Covance). Antibodies were affinity-purified against their respective
MBP fusion proteins precoupled to Affigel 10/15 (Bio-Rad) and eluted with low-pH
buffer.

Microtubule depolymerization assays
Visual and sedimentation analyses of stabilized microtubule depolymerization were
performed as previously described10 with purified baculovirus-expressed (His)6-tagged
XKCM1 (50 nM), or with the purified, bacterially expressed (His)6-tagged catalytic
domain (500 nM) of either KLP10A (amino acids 204–609) or KLP59C (amino acids
158–568).

Drosophila stocks and embryo collection
The following transgenic flies were provided: GFP–histone from R. Saint and W. Sullivan;
GFP–tubulin from A. Spradling; GFP–Cid from S. Henikoff; GFP–MeiS332 from
T. Orr-Weaver; GFP–Rod from R. Karess; GFP–Polo from C. Sunkel and GFP–DTACC
from J. Raff. Fly stocks were maintained and embryos collected as described28.

Embryo microinjection
Microinjections were performed as described28. Rhodamine-labelled tubulin was
purchased from Cytoskeleton. Rhodamine-labelled histones were prepared as described29.
Control embryos were injected with nonspecific rabbit IgG, GST or buffer. GST,
GST-tagged 10A-NT and GST-tagged 59C-NT proteins (see Supplementary Fig. S2c) were
purified in PBS and microinjected at a range of concentrations (GST at 15–30 mM and
GST–10A-NT, GST–59C-NT and GST–59D-NT at 6–12 mM; final intracellular
concentrations). Rhodamine labelling of GST–KinI NT proteins was performed on
glutathione–Sepharose-bound material according to a modified protocol29, and injected
at low concentration (GST–10A-NT at 1.8 mM, GST–59C-NT at 1.4 mM; final intracellular
concentrations). Affinity-purified anti-KinI antibodies (see Supplementary Fig. S4) were
microinjected at a range of concentrations (anti-KLP10A at 0.16–0.19 mg ml21, antiKLP59C at 0.22–0.28 mg ml21; final intracellular concentrations). Anti-KLP10A Fabs
(from affinity-purified 656 IgG) and anti-KLP59C Fabs (from affinity-purified 696 IgG)
were prepared using ImmunoPure Fab Kit (Pierce) and injected at a final concentration of
0.05 and 0.08 mg ml21, respectively. Cy5 labelling of affinity-purified antibodies was
performed using the Zenon Alexa Fluor-647 Labeling Kit (Molecular Probes).

Spinning disk confocal microscopy and FSM
Images and time-lapse movies were acquired using an UltraView Spinning Disk Confocal
(PerkinElmer) mounted on a Nikon Eclipse TE 300 inverted microscope with a £60, 1.4
N.A. objective. Multiple 1-mm z-sections were obtained using a piezo-electric z-axis
controller for four-dimensional data set collection. FSM in embryos was performed as
previously described18. Briefly, embryos were injected with dilute concentrations of
rhodamine–tubulin (final intracellular concentration of 1–5 mg ml21) and sections of a
single z-plane were acquired over time.

Image processing and data analysis
Data sets were saved as stacks of TIFF files. Z-series were saved as maximum intensity
projections and time series were saved as AVI movies. Data sets were processed and
analysed with MetaMorph (Universal Imaging). Analyses of mitotic phenotypes were
restricted to a region approximately one-third of the embryo originating from the site of
injection (see Supplementary Fig. S7). Where noted, statistical analysis was performed
using a two-tailed, two-sample t-test for independent samples after first testing variance
equality using an F test. FSM images were processed as follows: background was
subtracted, regions of interest were passed through a Sharpen high filter, then a 4 £ 4 lowpass filter, and finally, pixel intensities were ‘multiplied’ 9/6. Point-tracking motion
analysis was performed by ‘hand’ using the Calipers tool. Motion analyses were also
performed using the kymograph function. Kinetochore alignment was assessed as follows:
the centroid position of all kinetochores on a spindle was averaged and plotted in relation
to the centroid of the entire spindle. Note that all data points in these analyses represent the
averaged position of all kinetochores on a spindle.
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Regulation of gene expression by mitogen-activated protein
kinases (MAPKs) is essential for proper cell adaptation to
extracellular stimuli. Exposure of yeast cells to high osmolarity
results in rapid activation of the MAPK Hog1, which coordinates
the transcriptional programme required for cell survival on
osmostress1. The mechanisms by which Hog1 and MAPKs in
general regulate gene expression are not completely understood,
although Hog1 can modify some transcription factors2. Here we
propose that Hog1 induces gene expression by a mechanism that
involves recruiting a specific histone deacetylase complex to the
promoters of genes regulated by osmostress. Cells lacking the
Rpd3–Sin3 histone deacetylase complex are sensitive to high
osmolarity and show compromised expression of osmostress
genes. Hog1 interacts physically with Rpd3 in vivo and in vitro
and, on stress, targets the deacetylase to specific osmostressresponsive genes. Binding of the Rpd3–Sin3 complex to specific
promoters leads to histone deacetylation, entry of RNA polymerase II and induction of gene expression. Together, our data
indicate that targeting of the Rpd3 histone deacetylase to osmoresponsive promoters by the MAPK Hog1 is required to induce
gene expression on stress.
In response to high osmolarity, Hog1 coordinates the transcription programme required for cell adaptation, and thus hog1D cells
are osmosensitive3. Hog1 tightly binds chromatin in response to
osmostress and elicits gene transcription by mechanisms other than
the simple modification of activators4,5. To test whether the Hog1
MAPK can affect chromatin organization, we screened for osmosensitive mutants on the basis that mutations in chromatin-modifying activities that affect osmostress gene expression should result
in cells that are osmosensitive.
Deleting genes encoding the Rpd3 histone deacetylase and its
interacting protein Sin3 rendered cells osmosensitive (Fig. 1a).
Notably, strains containing the double mutation hog1D rpd3D or
hog1D sin3D were as osmosensitive as the single hog1D strain (data
not shown). Rpd3 is a member of a family of five related histone
deacetylases in yeast that also comprises Hda1, Hos1, Hos2 and
Hos3. Deleting the genes encoding these related deacetylases did not
affect cellular osmosensitivity (Fig. 1a and data not shown).
As histone deacetylases are involved in regulating gene
expression, we tested whether the expression of Hog1-dependent
genes was affected by deleting RPD3. Time course experiments
showed that the expression of various osmostress-inducible genes,
such as HSP12, STL1, CTT1, ALD3, ARO9, ENA1 and GRE2, was
reduced in the rpd3D strain on stress (Fig. 1b and not shown). Thus,
Hog1-mediated gene expression is impaired by deleting RPD3.
To assess the relevance of Rpd3 in Hog1-mediated gene
expression, we used microarray analysis to compare gene induction
in wild type and rpd3D strains on osmostress. A high proportion of
the genes induced on stress was affected by deleting the deacetylase.
Of the 222 genes induced more than twofold in response to stress,
more than 90% showed a significant reduction in expression after a
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