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DASH is a microtubule- and kinetochore-associated complex required for proper chromosome segregation
and bipolar attachment of sister chromatids on the mitotic spindle. We have undertaken a genetic and
biochemical analysis of the DASH complex and uncovered a strong genetic interaction of DASH with the
Ras/protein kinase A (PKA) pathway. Overexpression of PDE2 or deletion of R4S2 rescued the temperature
sensitivity of askl1-3 mutants. Ras2 negatively regulates DASH through the PKA pathway. Constitutive PKA
activity caused by mutation of the negative regulator BCY1 is toxic to DASH mutants such as askl and daml.
In addition, we have discovered two novel subunits of DASH, Hsk2 and Hsk3 (helper of Askl), which are
microproteins of fewer than 75 amino acids, as dosage suppressors of askl mutants. These are essential genes
that colocalize with DASH components on spindles and kinetochores and are present in the DASH complex.
Mutants in hsk3 arrest cells in mitosis with short spindles and broken spindle structures characteristic of other
DASH mutants. Hsk3 is critical for the integrity of the DASH complex because in /4sk3 mutants the association
of Dam1, Duol, Spc34, and Spcl9 with Askl is greatly diminished. We propose that Hsk3 acts to incorporate

Ask1 into the DASH complex.

Anaphase is the cell cycle period during mitosis in which
chromosomes are segregated to daughter cells. The ability to
accurately distribute replicated chromosomes is critical for the
proper transfer of genetic material from one generation to the
next. Mistakes in chromosome segregation can cause develop-
mental defects, cancer, or death. Multiple layers of control
ensure the fidelity of this process to prevent such mistakes.

The mitotic spindle is responsible for the physical movement
of chromosomes during anaphase. The mitotic spindle is a
bipolar microtubule-based structure that emanates from two
organizing centers called centrosomes or spindle pole bodies
(SPB) and connects to newly replicated chromosomes called
sister chromatids (19, 51) through a proteinaceous structure on
the centromere region of chromosomes called the kinetochore
(4, 11, 32).

Sister chromatids are held together by a cohesion mecha-
nism which must be eliminated in order for anaphase to occur.
The elimination of cohesion is a highly regulated step that is
catalyzed by a protease, separase (Espl in budding yeast),
which is activated by the destruction of its inhibitor, securin
(Pdsl in budding yeast) (10, 48).

Dissolution of cohesion and the resultant process of an-
aphase do not occur until all chromosomes form a bipolar
attachment with the spindle and tension is generated. Cells
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have evolved the ability to detect the proper bipolar attach-
ment of chromosomes. Each kinetochore generates an inhibi-
tory signal through the spindle checkpoint pathway (2, 34) that
stabilizes securin until the centromeres on sister chromatids
are bound to the spindle in a bipolar fashion (35, 50). In
budding yeast, at least six genes, MADI to -3, BUBI, BUB3,
and MPS1 (14-16, 20, 28), are required for the spindle check-
point to prevent anaphase.

How the spindle recognizes and binds to chromosomes is
currently a topic of extensive research. It is generally thought
that the kinetochore, which is composed of multiple protein
complexes, captures microtubules and forms a stable attach-
ment. How this capture is accomplished is not understood but
is likely to involve a microtubule binding protein associated
with the kinetochore or a kinetochore binding protein associ-
ated with the microtubule. In addition to forming a connection,
cells must have a second activity that is capable of dissolving
inappropriate connections such as those that form in a mo-
nopolar fashion whereby both sister kinetochores bind micro-
tubules emanating from the same SPB. This is particularly
important in budding yeast because centromere replication
and maturation occur before the maturation of the newly syn-
thesized SPB (1). Therefore, initially most of the sister kinet-
ochores first attach in a monopolar fashion to the old SPB and
need to be corrected, otherwise the two sister chromatids
would be pulled into the same cell and undergo chromosome
nondisjunction.

While the microtubule-kinetochore capture activity is un-
known, two activities have been shown to participate in a
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regulatory pathway controlling attachment reversal. The first
component is the Ipl1-Slil5 kinase complex of the Aurora-B-
INCENP kinase superfamily (5, 27). Ipll localizes to the mi-
totic spindle, and in ip// mutants, the newly duplicated sister
chromatids stay attached to the old SPB and segregate into the
daughter bud (43).

The second activity implicated in monopolar attachment
reversal is the DASH complex, also known as the Dam1-Duol
complex. DASH was named for its components Dadl, Dad3,
Daml, Duol, Askl, Spcl9, Spc34, and Hsk1l/Dad2, each of
which is coded for by an essential gene (9, 13, 18, 23, 29).
Mutants in the DASH complex have multiple phenotypes, in-
cluding monopolar attachment like ipl/1 (23), chromosome loss,
metaphase cell cycle arrest dependent upon the spindle check-
point, sensitivity to hydroxyurea, and broken spindles (9, 18,
23-25, 29). All components of the DASH complex appear to
associate with spindle microtubules, and Daml has been
shown to bind purified microtubules in vitro (9). In addition to
microtubule binding, after DNA replication, the DASH com-
plex loads onto the kinetochore in a microtubule-dependent
manner, where it presumably can act to regulate spindle-kin-
etochore interactions in response to the lack of tension (29).

Ipll has been shown to control Daml phosphorylation in
vivo and in vitro (8, 29). Phospho-mimic mutants of Dam1
containing acid residues in place of Ipll phosphorylation sites
are capable of weakly suppressing certain ip/l temperature-
sensitive alleles, suggesting the phosphorylation of Daml is a
key function of Ipll (8). The prevailing model for function of
this pathway is that Ipl1-Slil5 in some manner senses the
absence of tension created by a monopolar attachment of sister
chromatids and phosphorylates the DASH complex and other
kinetochore components such as Ndc10 and Ndc80 to attenu-
ate spindle-centromere attachment, thereby allowing bi-orien-
tation to be established (41-43). It should be noted that no
change in the activity of the Ipll kinase toward Daml in re-
sponse to tension changes has ever been demonstrated, so the
key tenet of this model remains untested. A third complex,
Mtwl, is also required for bi-orientation and DASH localiza-
tion, but its role in this pathway is unclear (36, 38).

In order to further investigate the regulation and composi-
tion of DASH, we carried out a systematic dosage suppressor
screening of several DASH mutants. In this process, we found
two new subunits of DASH as suppressors of ask! mutants.
These new subunits, Hsk2 and Hsk3, are microgenes and were
missed as open reading frames (ORFs) by the Saccharomyces
cerevisine Genome Project. We show Hsk2 and Hsk3 are es-
sential genes and associate with the DASH complex, binding to
spindles and loading onto the kinetochore in a microtubule-
dependent fashion. In addition to these subunits, we discov-
ered that the Ras/protein kinase A (PKA) pathway acts antag-
onistically to DASH function during a normal cell cycle.

MATERIALS AND METHODS

Yeast strain and plasmid construction. Yeast strains used in this study are
isogenic with the W303-derived Y300 strain. The genotypes of the strains are
given in Table 1. The BCY! disruption was made by a PCR-based method and
confirmed by the strain’s inability to grow on a nonfermentable carbon source.
The rasl::HIS3 mutation was generated by transforming the EcoRI-Nael frag-
ment of prasI::HIS3, and ras2:LEU2 was made by transforming the Ncol-
HindIII fragment of pras2:LEU2 (26). Hemagglutinin (HA)-tagged Hsk2 and
Hsk3 were also made by a PCR-based method (31).
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TABLE 1. Strains used in this study

Strain Genotype

Y300 e MATa trpl-1 ura3-1 his3-11,3 leu2-3,112 ade2-1 canl-100
As Y300 except Aaskl:LEU2 pJBN81(pRS426-ASK1)

Y1103. ..As Y300 except askI-3

Y1104. ..As Y300 except askl-2

Y1113. ..As Y300 except Aaskl:LEU2 ASKI-9MYC-HIS3

Y1173. As Y300 except ASKI-TAP-TRP1

Y1183. ..As Y300 except DAMI-MYC-TRP1

Y2293 . ..As Y300 except HSK2-3HA-TRPI

Y2294 As Y300 except Aaskl:LEU2 ASKI-9MYC-HIS3 HSK2-
3HA-TRP1

Y2309. ..As Y300 except Arasl::HIS3 askl-3

Y2310. ..As Y300 except Aras2::LEU2 askI-3

Y2311. ..As Y300 except Aras2::LEU2 asklI-2

Y2313. ..As Y300 except Abcyl::TRP1

Y2314. ..As Y300 except Abcyl::TRPI askl-3

Y2315. ..As Y300 except Abcyl::TRPI Aras2:LEU2

Y2316. ..As Y300 except Abcyl::TRPI Aras2:LEU2 askI-3

Y2317. ..As Y300 except Aras2::LEU2 damli-1

Y2318

As Y300 except Abcyl::TRPI daml-1

Y2319 As Y300 except Abcyl::TRPI Aras2:LEU2 damli-1
Y2326. ..As Y300 except daml-1

Y2327. ..As Y300 except A duol::duol-1 LEU2

Y2328 As Y300 except Arasl::HIS3

Y2329
Y2330.

As Y300 except Aras2:LEU2
..As Y300 except Arasl::HIS3 daml-1

Y2331 MATa/a trpl-1 ura3-1 his3-11 leu2-3,112 ade2-1 canl-100
Ahsk2::HIS3

Y2332 i MATa/o trpl-1 ura3-1 his3-11 leu2-3,112 ade2-1 canl-100
Ahsk3::HIS3

Y2333 As Y300 except HSK3-3HA-TRPI

Y2334.
Y2335

..As Y300 except cdc13-1 HSK3-3HA-TRPI
As Y300 except Aaskl:LEU2 ASK1-9MYC-HIS3 HSK3-
3HA-TRP1

Y2336 As Y300 except DAMI-MYC-TRP1 HSK3-3HA-TRP1
Y2337. ..As Y300 except ASKI-TAP-TRP1 HSK3-3HA-TRPI
Y2338. ..As Y300 except Ahsk3::HIS3 pHSK3F2-CEN-URA3
Y2339. ..As Y300 except Ahsk3::HIS3 phsk3-16-CEN-TRPI

...... As Y300 except Ahsk3::HIS3 phsk3-41-CEN-TRPI
As Y300 except Ahsk3::HIS3 phsk3-44-CEN-TRP1

As Y300 except Ahsk3::HIS3 pHSK3F2-CEN-URA3 ASKI-
TAP-TRPI

As Y300 except Ahsk3::HIS3 phsk3-16-CEN-TRP1 ASKI-
TAP-TRP1

As Y300 except Ahsk3::HIS3 phsk3-41-CEN-TRP1 ASKI-
TAP-TRPI

Y2345 e As Y300 except Ahsk3::HIS3 phsk3-44-CEN-TRP1 ASKI-
TAP-TRP1

Suppressor screens. For genomic library screens, a 2um URA3 yeast genomic
library (12) was used for transformation into the temperature-sensitive mutant
strains. At least 10* transformants were spread on SC-Ura plates at room tem-
perature for 8 h before shifting to the restrictive temperature. Surviving colonies
were streaked at the restrictive temperature to confirm the suppression. Plasmids
were then recovered and transformed back into the temperature-sensitive
strains. To identify the genes within the genomic fragment that are responsible
for the suppression, a randomly transposon-mutagenized collection of the plas-
mids was generated by the Genome Priming System (E7100S; BioLabs) method.
The mutagenized plasmid collection was transformed back into the temperature-
sensitive strain. The plasmids from the clones that failed to grow at restrictive
temperature were recovered and analyzed.

For ¢cDNA library screens, a CEN GAL URA3 yeast cDNA library was em-
ployed. Transformants were spread on SC-Ura-Gal plates at room temperature
for 12 h before shifting to the restrictive temperature. The colonies were streaked
at the restrictive temperature to confirm the suppression. Plasmids were then
recovered and transformed back into the temperature-sensitive strains.

Construction of temperature-sensitive mutants of HSK3. Temperature-sensi-
tive alleles of HSK3 were generated by a random PCR mutagenesis method
described previously (49). pHSK3F2-URA3 was used as the PCR template. The
primers used for PCR were Hsk3-F2 containing a BamHI site (5'-CGGGATC
CAAGGTCTTACTTATCAAGAAGCCATGGAGA-3") and Hsk3-R1 contain-
ing an Spel site (5'-GGACTAGTAACACAAACAATAAGGGTAATGGTAA
TAGT-3"). Mutagenic PCR was carried out with 1 pM each primer, 5 mM
MgCl,, and 0.5 mM MnCl,. The PCR products were purified, digested with
BamHI and Spel, and then cloned into BamHI/Spel-digested pRS414. Approx-
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TABLE 2. Dosage suppressors of mutants in DASH components”

TS mutant Genomic suppressor c¢DNA suppressor
askl-2 ASKI (9), DAD2/HSK1 (5), HSK2 (3), HSK3 (5) ASKI (5), DAD2/HSK1 (16), HSK2 (1), HSK3 (12)
askl-3 ASKI (25), PDE2 (2), HSK3 (2) ASK1 (18), PDE2 (4), RAS1 (1), HSK3 (1)

“ The number of independent clones isolated is shown in parentheses.

imately 10,000 Escherichia coli transformants were obtained and transformed
into a Ahsk3::HIS3 strain covered with pHSK3F2-URA3. The Trp™* transformants
were replica plated to plates containing 0.1% 5-fluoroorotic acid (5-FOA) at 24
and 37°C to identify temperature-sensitive mutants. From 10 temperature-sen-
sitive clones, plasmid DNA was recovered and transformed back to confirm the

phenotype.
Cytological techniques. Immunofluorescence microscopy was performed after

formaldehyde fixation for 0.5 h and staining with antitubulin Yol1/34 (1:50
dilution) or anti-HA (1:100 dilution) antibodies.

Protein purification. Protein extracts from a 3-liter yeast culture with an
optical density of 1.2 were prepared with radioimmunoprecipitation assay
(RIPA) buffer (150 mM NaCl, 50 mM Tris-Cl, 5 mM EDTA, 0.5% Triton
X-100), and TAP purification was carried out as described previously (29, 37).
Briefly, Tris-Cl (pH 8.0) was added to the extracts to a final concentration of 10
mM and NP-40 was added to a final concentration of 0.1%. Then extracts were
subjected to the two-step purification with immunoglobulin G-agarose (Sigma)
and calmodulin beads (Stratagene). Purified proteins were precipitated with
trichloroacetic acid and analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) (4 to 20% polyacrylamide), followed by Coomassie
blue staining or Western blotting.

ChIP. Chromatin immunoprecipitation (ChIP) assays were conducted essen-
tially as described previously (3, 52). Hsk2-HA and Hsk3-HA were immunopre-
cipitated with the monoclonal antibody 16B12. Primers for CEN3, CENI16, and
an AT-rich region near PGKI are the same as those described previously (33).

Nocodazole treatment of the cells was carried out as follows. Cells were
arrested with a-factor for 3 h before being spun down and resuspended in YPD
containing 15-pg/ml nocodazole and 1% dimethyl sulfoxide (DMSO). YPD
containing 1% DMSO was used as a control. After 70 min of incubation at 32°C,
cells were spun down for ChIP analysis.

RESULTS

A dosage suppressor screen of DASH mutants. The DASH
complex is one of the outer kinetochore protein complexes
which are positioned intermediately between the spindle and
the kinetohcore. It has been shown to possess spindle binding
ability in vitro, and its localization at the kinetochore is depen-
dent on an intact spindle structure and inner kinetochore pro-
teins such as Ndcl10 (13, 25, 29). In the askl, daml, or spc34
temperature-sensitive mutants, abnormal chromosome segre-
gation and broken spindle structures are observed. Why these
phenotypes occur is not at present clear. To gain further in-
sight into the function of the DASH complex, we carried out a
dosage suppressor screen for askl-2 and askl-3 mutants. We
transformed either a 2pm yeast genomic library or a Gal
cDNA library into the temperature-sensitive strain and se-
lected for clones capable of colony formation at a nonpermis-
sive temperature of 35 or 37°C. To ensure the suppression of
temperature sensitivity is dependent on the resident plasmid,
we recovered the plasmid and transformed it back into the
parental strain. Clones that recapitulated suppression were
chosen for further analysis, and 2pum clones were subject to
transposon-mediated insertion mutagenesis to identify the
gene responsible for suppression. The suppressors identified
are listed in Table 2. Based on the annotated function, the
suppressors could be divided into three different groups: reg-

ulators of the Ras/PKA pathway, DASH components, and
novel proteins.

Inactivation of the cAMP-dependent protein kinase (PKA)
pathway suppresses the temperature-sensitive phenotype of
DASH mutants. The phosphodiesterase gene PDE2 was iden-
tified as a strong suppressor of askl-3 from both the genomic
and Gal-cDNA libraries. PDE2 was also found to partially
suppress daml-1 and duol-2 (see Fig. 2A). Moreover, the
small G-protein gene RAS was isolated as a strong suppressor
of askl-3 from the Gal-cDNA library. In the cyclic AMP
(cAMP)/PKA pathway, Rasl and its paralogue Ras2 are the
upstream GTPases that activate the PKA pathway by elevating
the intracellular level of cAMP in response to glucose signaling
(Fig. 1A). However, Pde2 is a phosphodiesterase which con-
verts CAMP to AMP, thus inactivating the PKA pathway. How
both a positive regulator of PKA, Rasl, and a negative regu-
lator of PKA, Pde2, could be isolated from the same dosage
screen was unclear. One possibility was that the Ras pathway
was branched so that Rasl has a PKA-independent function
toward the DASH complex (Fig. 1A). If the PKA pathway
exhibited negative feedback on Rasl function, then down-
regulating PKA by Pde2 overexpression might result in hyper-
activation of Ras. A second possibility was that either Rasl or
Pde2 was acting in a dominant-negative manner to interfere
with its normal function when overexpressed. If the first model
was correct and Rasl acted in a positive manner toward
DASH, then deletion of Rasl or Ras2 might exacerbate DASH
temperature-sensitive mutants. To test this, we deleted either
RASI or RAS2 in aski-3 and damI-1 mutant backgrounds and
tested for growth at different temperatures. Deletion of RAS1
had no phenotype (Fig. 1B and 2B). In contrast to the possible
enhanced TS phenotype, we found that deletion of RAS2 ac-
tually suppressed both askl-3 and damlI-1 mutants (Fig. 1B
and 2B).

There are three PKA genes (TPKI, -2, and -3) in budding
yeast, and these genes are redundant because single- or dou-
ble-deletion mutants are still viable while the triple-deletion
mutant is dead. The fact that the DASH mutants are sup-
pressed by Pde2 overproduction or Ras2 deletion suggests that
the PKA pathway acts antagonistically with DASH, as hypoth-
esized in the lower portion of Fig. 1A. If this is true, then
hyperactivating PKA might exacerbate DASH mutants. To
examine this, we made double mutants between DASH com-
ponents and Abcyl, which deletes a negative regulator of PKA,
resulting in a high constitutive activity of PKA. Consistent with
our hypothesis, the Abcyl askI-3 double mutant could not
survive at 30°C, a normally permissive temperature for both
parental strains (Fig. 1C). The Aras2 Abcy! askI-3 triple mu-
tant behaved similarly to the Abcyl askl-3 double mutant.
Thus, the Abcyl phenotype was epistatic to the Aras2 pheno-
type with respect to aski-3, indicating that RAS2 and BCY1 act
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in the same pathway to regulate DASH function as predicted.
These results strongly argue that the PKA pathway acts antag-
onistically to the DASH complex, providing a link between Ras
signaling and mitotic function.

We isolated RAS1 and PDE?2 as a suppressor of askl-3 but
not askl-2 mutants. To test whether the Ras/PKA pathway
interacted specifically with askI-3, we either transformed
PDE?2 or deleted RAS2 in the askI-2 mutant background. We
found that neither Pde2 overexpression (data not shown) nor
RAS2 deletion rescued the temperature-sensitive phenotype of
askl-2 mutants (Fig. 1D), demonstrating that the suppression
effect of down-regulating the Ras/PKA pathway is allelic spe-
cific. Consistent with this allele specificity, we found that Ras2

deficiency could not rescue the lethality of the askl deletion
(Fig. 1E).

To examine whether the genetic interaction with the Ras/
PKA pathway is specific for ASKI or could also affect other
DASH components, we overexpressed PDE2 in daml-I and
duol-2 mutants. Overexpression of PDE2 can rescue daml-1
and duol-2 viability at the nonpermissive temperature (Fig.
2A). We also found that Aras2 could rescue daml-1 mutants
(Fig. 2B), while deletion of bcyl exacerbated the dami-1 mu-
tant’s temperature sensitivity as it did for the askl-3 mutant
(Fig. 2C). Consistent with our previous results, the beyl dele-
tion was epistatic to the ras2 deletion with respect to dami-1
suppression. These results suggest that inhibition of the Ras/
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Hsk2 and Hsk3 with their orthologues in Schizosaccharomyces pombe (SP) and Kluyveromyces lactis (Kl).

PKA pathway is capable of suppressing multiple defects in
DASH function, indicating it may oppose the function of the
entire complex.

Specific DASH proteins suppress the temperature-sensitive
phenotypes of DASH mutants. In addition to the known genes
in the Ras/PKA pathway, we found that the known DASH
component DAD2/HSK]I could suppress the temperature-sen-
sitive phenotype of askl-2 mutants (Table 2). Thus our screen
identified functionally relevant proteins as dosage suppressors.
In addition to these known proteins, we identified two novel
proteins encoded by YDR320C-A and YKLI138C-A and
named their respective genes HSK2 and HSK3 (helper of
Askl). These two genes were missed by the Yeast Genome
Project because of their extremely short coding sequences. The

Hsk2 gene encodes a 72-amino-acid (aa) protein, and the Hsk3
gene encodes a 69-aa protein. However, we isolated each both
as a genomic dosage suppressor and as a cDNA suppressor
under GAL control, demonstrating that both are expressed
sequences. To confirm that the observed suppression was due
to the short coding regions, we deleted the N terminus of Hsk2
and Hsk3 and transformed it into ask/ mutants. Neither the
truncated Hsk2 nor the truncated Hsk3 could suppress the
lethality of askI-2 at 37°C (Fig. 3A). We also cloned the precise
Hsk2 and Hsk3 ORFs under the Gal promoter control and
demonstrated that the coding region of Hsk2 and Hsk3 alone
could rescue askl-2 at the nonpermissive temperature (data
not shown). To examine the phenotypes of Hsk2 and Hsk3
mutants, we replaced each gene with HIS3 in a diploid yeast
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FIG. 4. Hsk2 and Hsk3 are spindle and centromere-binding proteins. (A) Hsk2 and Hsk3 localize along the mitotic spindle and SPB. Cells
carrying the integrated HSK2-HA or HSK3-HA genes were fixed for indirect immunostaining with anti-HA and antitubulin antibodies. (B) ChIP
analysis of HSK2-HA and HSK3-HA. Binding of Hsk2 and Hsk3 to CEN3, CENI16, and a noncentromeric region, PGKI, was analyzed by ChIP with
anti-Myc or anti-HA antibodies. (C) Hsk3-HA centromere binding is dependent on intact spindle structures. cdc13-1 HSK3-HA cells were a-factor
arrested for 3 h at 25°C and released into YPD prewarmed to 32°C with or without nocodazole (Noc). Seventy minutes later, cells were collected

for ChIP analysis. An untagged cdc13-1 strain was included as a control.

strain. Sporulation of the resulting heterozygous diploids re-
vealed 2:0 segregation for viability (Fig. 3B), and all viable
colonies were His™ (data not shown), indicating that both the
Hsk2 and Hsk3 genes are essential genes. Consistent with their
essentiality, both Hsk2 and Hsk3 are highly conserved among
yeast species (Fig. 3C).

Hsk2 and Hsk3 are new components of the DASH complex.
As both Ras/PKA and DASH components can suppress Askl
mutants, we reasoned that the novel genes might function in
one of those pathways. To characterize the function of Hsk2
and Hsk3 and determine in which pathway they function, we
tagged the endogenous proteins with a triple-HA peptide and
examined their localization. By indirect immunostaining, we
showed Hsk2 and Hsk3 colocalized along with the mitotic

spindle (Fig. 4A). This localization pattern is very similar to
those of other components of the DASH complex, which are
distributed along the mitotic spindle and kinetochores.

Since Hsk2 and Hsk3 have a similar localization pattern as
DASH components, we suspected that Hsk2 and Hsk3 might
also bind to kinetochores as DASH does. By ChIP, Hsk2 and
Hsk3 were shown to bind to the centromere regions of chro-
mosomes 3 and 16 (Fig. 4B). Neither Hsk2 nor Hsk3 showed
appreciable binding to the PGKI locus (Fig. 4B).

The loading of Hsk3 onto kinetochores is dependent on an
intact spindle structure. We previously showed by ChIP anal-
ysis that Askl bound to the centromere region of chromo-
somes in a microtubule-dependent manner (29). If Hsk3 is a
DASH component, it should also show microtubule depen-
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dence for association with centromeric DNA. Therefore, we
carried out a ChIP experiment in the presence or absence of
the microtubule-depolymerizing reagent nocodazole. To elim-
inate cell cycle stage difference between the experimental and
control samples, a cdcl3-1 HSK3-HA strain was used in this
experiment since cdc13-1 mutants show a pre-anaphase arrest
similar to nocodazole arrest. The cells were synchronized in G,
by a-factor at 25°C and then released into prewarmed medium
at 32°C in the absence or presence of nocodazole. Seventy
minutes after release, cells were collected and fixed for ChIP
analysis. We found the centromere binding of Hsk3 was de-
creased when cells progressed though S phase in the absence of
intact spindle structures (Fig. 4C).

Hsk2 and Hsk3 associate with DASH proteins in vivo. Based
on their localization patterns and genetic interactions, we sus-
pected that Hsk2 and Hsk3 are likely to be subunits of the
DASH complex. To examine this directly, we tested whether
Hsk2 and Hsk3 could bind DASH components by coimmuno-
precipitation. Hsk2 was found to coimmunoprecipitate with
Askl (Fig. 5A). In the reciprocal immunoprecipitation, Askl
was also shown to coimmunoprecipitate with Hsk2 (Fig. 5A).
This clearly demonstrates that Hsk2 interacts with Ask1. Hsk3
also interacts with Askl (Fig. 5B) and Daml (Fig. 5C), as
shown by reciprocal coimmunoprecipitation.

Previous studies failed to identify Hsk3 in the DASH com-
plex. This might be due to its small size, 69 aa, or the absence
of HSK3 in the annotated yeast protein database. To further
confirm that Hsk3 is in the DASH complex, we epitope tagged
HSK3 with HA in the ASKI-TAP strain. By TAP-tagged puri-
fication of Askl, we purified the whole DASH complex as
described previously (29) and found that Hsk3-HA was present
within the DASH complex by immunoblotting analysis (Fig.
5D). One interesting note is that both Hsk2 and Hsk3 immu-
noprecipitate only one of the three different migrating forms of
Askl. We had previously shown that Askl mobility shifts were
in part due to Cdk phosphorylation (30). This may indicate
that the complex is more stable during interphase when Cdk1
is active and is consistent with our previous observation that
Cdk phosphorylation positively regulates Askl1 function.

Hsk3 mutants display a metaphase-arrested phenotype. To
better understand the role of Hsk3, we generated temperature-
sensitive alleles by PCR mutagenesis. A library of PCR-mu-
tagenized HSK3 genes was cloned into pRS414 in the HSK3
deletion strain, which contains wild-type HSK3 on a URA3
CEN plasmid. Clones that allowed growth on 5-FOA at 25°C
but not at 37°C were selected. Three temperature-sensitive
alleles were identified and characterized. Since the DASH
complex is a mediator of spindle-kinetochore interaction and
also contributes to spindle integrity, we examined the integrity
of spindle and cell cycle progression phenotypes in the tem-
perature-sensitive mutants. Cells were a-factor arrested for 3 h
before release into the nonpermissive temperature. Samples
were collected after 60, 90, and 180 min at the restrictive
temperature and fixed for spindle staining. In contrast to the
wild type, all the TS mutants arrested in metaphase with short
spindles and DNA in the bud necks (Fig. 6). This was due to
arrest as opposed to delayed entry or progression through the
cell cycle as cell cycle progressions for the wild type and hsk3
mutants were identical at the 60- and 90-min time points (Fig.
6). We also observed broken spindle structures in /4sk3-16 and
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hsk3-44 mutants, as indicated by the arrowheads in the figure.
Given that certain alleles of DASH components give a meta-
phase arrest and display broken spindle structures like askl
mutants, we take this as further support that Hsk3 is a bona
fide component of the DASH complex.

Hsk3 is required for integrity of the DASH complex. HSK3
overproduction can suppress DASH mutants and is required
genetically for DASH function in vivo. We sought to investi-
gate the role of Hsk3 in DASH biochemically. To do this, we
purified DASH complexes by TAP-Askl1 affinity purification.
Purification of DASH and analysis of Coomassie staining pro-
tein can easily identify the large subunits of the complex Askl,
Daml, Duol, Spc34, and Spcl9 from wild-type cells as previ-
ously shown (29). In hsk3-44 and hsk3-41 mutants, we see a
significant reduction in the amount of Spc34, Dam1, Duol, and
Spcl9 associated with Askl (Fig. 7). hsk3-16 mutants show a
similar phenotype with a significant reduction of Spc34, Daml,
Duol, and Spc19; however, there is a significant increase in the
abundance of a protein that runs between Askl and Daml.
Western blotting revealed this band to be Askl. Thus the
slower-migrating form of Ask1 might be its nonphosphorylated
form, which has a faster mobility (29), or it could be a proteo-
lytic fragment of the TAP-Askl protein. The identity of this
Askl1 species will require further investigation; however, it is
clear that Hsk3 plays an important role in maintaining the
association of Askl with multiple components of the DASH
complex and may be directly responsible for recruitment of
Askl into the complex.

DISCUSSION

In this study, we have undertaken a genetic analysis of the
DASH complex to explore the pathways in which it functions
and to learn more about the complex itself. These genetic
suppressor screens have identified new components of DASH
essential for its function as well as a previously unappreciated
interaction with the Ras/PKA pathway in cells.

The Ras pathway in budding yeast consists of two homolo-
gous proteins, Rasl and Ras2, which share some redundancy
as the Aras! Aras2 double mutant is lethal (26). This lethality
is due to an inability to activate the PKA kinase family, Tpkl,
-2, and -3, because deletion of the inhibitor of PKA, BCY1,
suppresses this lethality (44). Ras proteins normally act to
inhibit Beyl through the stimulation of cAMP synthesis. While
there is redundancy between Rasl and Ras2, there are also
differences. Rasl and Ras2 show different patterns of tran-
scriptional regulation (7) and different genetic interactions (46,
47). Our studies have revealed additional differences. Deletion
of RAS2 but not RASI was capable of suppressing askl-3 and
daml-1 mutants. This might indicate that Ras2 is the dominant
member of the pathway as the remaining Rasl protein is in-
sufficient to provide sufficient PKA activity to antagonize
DASH function. However, this explanation does not explain
the fact that overproduction of Rasl also suppresses askl-3
and damI-1 mutants. The most likely explanation for this ap-
parently contradictory observation is that Rasl and Ras2 have
different roles in the cell and that Rasl overproduction inter-
feres with Ras2 function to mimic the ras2 deletion mutant.

A key question is how the PKA pathway antagonizes DASH
function. Since turning down the PKA pathway suppresses
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FIG. 5. Hsk2 and Hsk3 are components of the DASH complex. (A) Hsk2 associates with Ask1. (Top) Extracts from ASKI-MYC, HSK2-HA,
and ASKI-MYC HSK2-HA strains were immunoprecipitated (IP) with anti-HA or anti-Myc antibodies and probed with either anti-HA or anti-Myc
as indicated. Input represents 2% of the total. (B) Hsk3 associates with Askl. (Top) Extracts from ASKI-MYC, HSK3-HA, and ASKI-MYC
HSK3-HA strains were immunoprecipitated with anti-HA or anti-Myc antibodies and probed with either anti-HA or anti-Myc as indicated.
(C) Hsk3 associates with Dam1. (Top) Extracts from DAMI1-MYC HSK3-HA strains were immunoprecipitated and probed with either anti-Myc
or anti-HA antibodies. (Bottom) A longer exposure of the anti-HA Western blot. (D) Hsk3 is a component of the DASH complex. TAP-tagged
purification of the DASH complex from ASKI-TAP and ASKI-TAP HSK3-HA strains was resolved by 4 to 20% polyacrylamide SDS-PAGE and

stained with Coomassie blue or Western blotted with anti-HA antibodies.

multiple mutants in the DASH complex (askI, daml, and
duol) and increasing PKA activity exacerbates the tempera-
ture sensitivity of several DASH mutants, it is unlikely to be
affecting the activity or stability of a single-mutant protein in
the complex. In addition, there is some specificity in the sup-
pression in that reducing PKA activity suppresses some ask]

alleles but not others and fails to suppress the null allele. Using
this information, we can envision two models to explain these
genetic interactions. The first model is that the PKA pathway
inhibits a pathway redundant with one of the essential func-
tions for DASH. The essential functions of DASH are not
clear, but there could be as many as three different essential
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FIG. 6. HSK3 is required for mitotic progression and spindle integrity. hsk3-16, hsk3-41, and hsk3-44 mutants were a-factor arrested for 3 h at
25°C and released into YPD at 37°C. Cells were collected for DNA and spindle staining at 60, 90, and 180 min after release from the a-factor block.

The white arrows show examples of broken spindles. WT, wild type.

functions: control of microtubule stability, kinetochore capture
by microtubules, and the ability to reverse monopolar micro-
tubule-kinetochore binding in the absence of tension. If different
alleles of DASH mutants primarily affected distinct essential
functions, only those alleles affecting the function compensated
for by activation of the redundant pathway would be suppressed.
Ras has been previously implicated in mitotic control through
regulation of Cdc20 and APC (6, 22). In addition, a recent study
showed it could have a role in budding in yeast cytokinesis (39)
and stimulation of the Ras/PKA pathway was also reported to
repress the expression of G, cyclins and coregulated genes (45).
Perturbing any of these processes could affect cell cycle transitions
that indirectly have consequences for DASH function. A hypo-
thetical example of how a redundant PKA-regulated pathway
might suppress is by reducing the severity of the monopolar spin-
dle attachment problem. One of the unique cell biological prob-
lems faced by budding yeast is that newly replicated centromeres
attach primarily to the old SPB because the new SPB matures
after centromere duplication and kinetochore maturation. Thus,

there are many more monopolar attachments that must be re-
versed than would be expected if both SPB were active prior to
kinetochore maturation. If loss of Ras2 and lowering of PKA
activity delayed the timing of replication of centromeres, delayed
the maturation of kinetochores relative to SPB maturation, or
sped up the duplication and maturation of the new SPB, the
number of mono-attached sister chromatids might be decreased
and contribute to the suppression of DASH mutants defective in
the correction of monopolar attachment reversal.

A second model is that PKA directly regulates DASH func-
tion. In this model, the allele specificity could arise by suppres-
sion of an allelic series with the most severe alleles failing to be
suppressed by loss of RAS2 and down-regulation of the PKA
pathway. If direct regulation by PKA occurs, then it would be
anticipated that DASH components should be substrates for
PKA phosphorylation. We examined this in vitro by treating
purified DASH components with PKA and labeled ATP and
observed phosphorylation of several DASH components (data
not shown). While it would be necessary to prove this phos-
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FIG. 7. The integrity of the DASH complex depends upon Hsk3.
TAP tag purification of the DASH complex from ASKI-TAP and
ASKI-TAP hsk3-16, ASKI1-TAP hsk3-41, and ASKI-TAP hsk3-44 mu-
tant strains was resolved by 4 to 20% polyacrylamide SDS-PAGE, and
the strain was stained with Coomassie blue. WT, wild type.

phorylation has in vivo significance with respect to PKA reg-
ulation of DASH, the in vitro phosphorylation observation
does lend support to the second model.

Two important questions remain. (i) Why would PKA and
glucose signaling regulate DASH? (ii) How is this regulation
achieved? It is unclear why nutrient availability should directly
affect the activity of mitotic regulators such as DASH, but PKA
has been linked to other mitotic events (6, 17, 22, 40) with no
clear biological rationale. It is possible that the cell is willing to
accept higher rates of mitotic infidelity under conditions of rich
nutrient availability in order to duplicate more rapidly and
outcompete other consumers of nutrients in their ecosystem.
Further investigations will be required before we truly under-
stand the rationale for this link.

How the regulation of DASH by PKA is achieved is still not
understood. If it is by direct phosphorylation, identifying the
sites of phosphorylation and mutating those sites will be critical
for demonstrating this. It is clear that components of DASH
are phosphorylated by both Ipll (8, 29) and Cdk1 (30), and
several phosphorylation sites have been identified (8, 30). The
consensus phosphorylation site for PKA is R-R-X-S/T-B,
where B is hydrophobic. The suggested consensus site for Ipll
is R/K-X-S/T-[ILV]. Thus there is some potential overlap be-
tween these kinases. Analysis of the consensus PKA phosphor-
ylation sites in DASH members identified three potential PKA
phosphorylation sites that were also shown to be phosphory-
lated in vivo by Ipll: Askl S200 (RKRKISLLLQQ), Spc34
T199 (NQRRKTIFVED), and Dam1 S257 (KLRRKSILHTT)
(phospho-amino acids are underlined) (8). Thus PKA and Ipll
may phosphorylate the same sites. It has been hypothesized
that in the presence of monopolar attachement, Ipl1 phosphor-
ylates DASH on Daml (and possibly other DASH compo-
nents) and negatively regulates DASH to reduce its affinity for
the kinetochore, causing a reversal of binding and providing an
additional opportunity for bipolar attachment of the sister
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kinetochores. If PKA could constitutively phosphorylate the
same inhibitory sites as Ipll, PKA would negatively regulate
DASH, providing a possible mechanism for the exacerbation
of DASH mutants by the PKA pathway. The fact that they
happen to share overlapping specificities could be completely
coincidental and normally of no real biological consequence if
phosphorylation occurs at low levels in wild-type cells. Only in
a mutant with compromised DASH function might this situa-
tion become deleterious.

Our genetic analyses also identified two new components of
DASH, YDR320C-A and YKL138C-A, named HSK2 and
HSK3 (helper of Askl) with respect to their suppressor func-
tion toward ask! mutants. These two genes were not annotated
by the Saccharomyces cerevisiae Genome Project due to their
small size. Based on several lines of evidence, we have con-
cluded that they are components of the DASH complex. First,
upon overproduction they suppress askl mutants. Second, they
are essential genes, like all other DASH components. Third,
they display microtubule association as well as kinetochore
localization by ChIP analysis, like other DASH components.
Fourth, they physically associate with multiple members of the
DASH complex, as measured by reciprocal immunoprecipita-
tion. Finally, conditional mutants of Hsk3 display phenotypes
at the nonpermissive temperature, such as G, arrest and bro-
ken spindles characteristic of other DASH mutants. While this
work was in progress, Cheeseman et al. also identified Hsk2 as
a DASH component by immunoprecipitation (8). Thus, we
conclude that both Hsk2 and Hsk3 are bona fide components
of DASH.

The function of individual components within the DASH
complex is not known. An interaction map for DASH compo-
nents was reported, but no interaction between Ask1 and other
DASH components was observed (21, 41). Given the strong
suppression of askl mutants by Hsk3 overproduction, we hy-
pothesize that Hsk3 may be required to allow Askl to bind to
components of DASH. This idea is supported by the analysis of
Askl1-associated DASH components in 4sk3 mutants. In three
different temperature-sensitive alleles of HSK3, Askl1 associa-
tions of several of the large DASH proteins that can be de-
tected by Coomassie staining, Dam1, Duol, Spc34, and Spc19,
were significantly reduced. Therefore, Hsk3 is required for the
integrity of the DASH complex and may be the missing link in
the interaction map that recruits Ask1 into the DASH complex
in vivo.

In summary, this study has identified new components and
new regulatory pathways that regulate the DASH complex to
carry out its essential function in yeast. The identification of
these new subunits should aid in the reconstitution of the
DASH complex for future biochemical determination of its
function in promoting proper chromosome segregation.
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