Article

Implication of a novel multiprotein Dam1p complex
in outer kinetochore function

Iain M. Cheeseman,' Christine Brew,” Michael Wolyniak,” Arshad Desai,* Scott Anderson,?> Nemone Muster,’
John R. Yates,? Tim C. Huffaker,” David G. Drubin,' and Georjana Barnes'

'Department of Molecular and Cell Biology, University of California, Berkeley, CA 94720
*Department of Molecular Biology and Genetics, Cornell University, Ithaca, NY 14853
Department of Cell Biology, The Scripps Research Institute, La Jolla, CA 92037

“Max Planck Institute of Cell Biology and Genetics, 01307 Dresden, Germany

other physically and are required for both spin-

dle integrity and kinetochore function in budding
yeast. Here, we present our purification from yeast extracts
of an ~245 kD complex containing Dam1p, Duolp, and
Dad1p and Spc19p, Spc34p, and the previously uncharac-
terized proteins Dad2p and Ask1p. This Dam1p complex
appears to be regulated through the phosphorylation of
multiple subunits with at least one phosphorylation event
changing during the cell cycle. We also find that purified
Dam1p complex binds directly to microtubules in vitro

Dam1 p, Duolp, and Dad1p can associate with each

with an affinity of ~0.5 wM. To demonstrate that subunits
of the Dam1p complex are functionally important for mitosis
in vivo, we localized Spc19-green fluorescent protein
(GFP), Spc34-GFP, Dad2-GFP, and Ask1-GFP to the mitotic
spindle and to kinetochores and generated temperature-
sensitive mutants of DAD2 and ASK1. These and other
analyses implicate the four newly identified subunits and
the Dam1p complex as a whole in outer kinetochore function
where they are well positioned to facilitate the association
of chromosomes with spindle microtubules.

Introduction

The mitotic spindle facilitates chromosome segregation
by capturing sister chromatids and segregating them to
opposite poles during anaphase. This process requires
that spindle microtubules form a physical connection
with the chromosomes at kinetochores, proteinaceous
structures assembled upon centromeric DNA. Analysis
of the 125 bp budding yeast centromere has revealed
three conserved sequence elements: CDEI, CDEII, and
CDEIII (Fitzgerald-Hayes et al., 1982). Kinetochore func-
tion both in vivo and in vitro requires the CBF3 complex
(Ndc10p, Cep3p, Ctf13p, and Skplp [Goh and Kilmartin,
1993; Sorger et al., 1994]). This complex binds to CDEIII
and provides a scaffold that allows the association of other
kinetochore proteins including the CenpC-like protein
Mif2p (Meluh and Koshland, 1995), the Ctf19 complex
(Ctf19p, Mcm21p, and Okplp [Ortiz et al., 1999]), and the
Ndc80 complex (Ndc80p, Spc24p, Spc25p, and Nuf2p
[Janke et al., 2001; Wigge and Kilmartin, 2001]). Current
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models of the kinetochore suggest that CDEII wraps around
a core histone containing the H3-related protein, Cse4p
(Espelin et al., 1997; Meluh and Koshland, 1997), allowing
proteins bound to CDEI (Cbflp) to interact with those
bound to CDEIII (CBF3).

Despite the large number of kinetochore proteins identified
in budding yeast, some of the most important questions about
the kinetochore remain unanswered. Although the organization
of the inner kinetochore proteins, which associate directly
with DNA, is well established (Espelin et al., 1997; Meluh
and Koshland, 1997), the organization and identity of the
outer kinetochore proteins, which associate with spindle
microtubules, remains to be determined. In addition, the
precise nature of the connection between the kinetochore
and microtubules and how this attachment is formed and
regulated are still unclear. Although the proteins mentioned
above are required for correct kinetochore function in vivo,
none of these proteins has been shown to bind to microtu-
bules directly.

One protein that might function to generate kinetochore—
microtubule connections is Dam1p. Dam1p binds to micro-
tubules directly in vitro (Hofmann et al., 1998) and plays an
important role in multiple aspects of spindle structure
(Hofmann et al., 1998; Jones et al., 1999; Cheeseman et al.,
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2001). Analysis of dam1 mutants has also demonstrated that
Damlp plays an essential role in chromosome segregation
with phenotypes that are similar to mutants defective for ki-
netochore function (Cheeseman et al., 2001). In addition,
Damlp associates with kinetochores (Cheeseman et al.,
2001; Enquist-Newman et al., 2001), indicating that it is
well positioned to facilitate microtubule—kinetochore inter-
actions.

Our previous work demonstrated that Dam1p associates
with at least two other proteins, Duolp and Dadlp
(Cheeseman et al., 2001; Enquist-Newman et al., 2001). To
better understand how Duolp, Damlp, and Dadlp func-
tion together to contribute to spindle and kinetochore func-
tion, we purified a native complex containing these proteins
and at least four others. The identification of these addi-
tional subunits and the purification of this complex as a
functional unit allows for a more complete understanding of
the organization, activities, and regulation of the outer ki-
netochore in budding yeast.

Results
Duo1p, Dam1p, and Dad1p are components of a
discrete multiprotein complex containing at least
seven subunits
Using coimmunoprecipitation, we have demonstrated previ-
ously that Duolp, Damlp, and Dadlp are able to associate
with each other in budding yeast (Cheeseman et al., 2001;
Enquist-Newman et al., 2001). To purify these proteins
from yeast extracts, we used a modified version of the tan-
dem affinity purification tag (Rigaut et al., 1999) integrated
at the DADI locus (Dad1-S tag-TEV-ZZ; see Materials
and methods). A total of nine polypeptides ranging in size
from 4 to 50 kD were observed to specifically copurify with
Dadlp (Fig. 1 A). Mass spectrometric analysis of this puri-
fied complex confirmed the presence of Duolp, Damlp,
and Dadlp and additionally identified Spc19p, Spc34p,
Asklp (YKLO052c), and Dad2p (for Duol and Daml inter-
acting; YKRO083c). Spcl9p and Spc34p were identified pre-
viously by mass spectrometry of purified spindle poles
(Wigge et al., 1998). Despite repeated attempts, we were not
able to establish the identity of the bands marked with an as-
terisk in Fig. 1 A. Although these polypeptides were repro-
ducibly isolated in our purification, it is possible that they
are cleavage products of a larger subunit. We conclude that
Duolp, Damlp, and Dadlp are components of a larger
multiprotein complex present in yeast protein extracts. Be-
cause Damlp is the most well characterized of these pro-
teins, we refer to this set of proteins as the Dam1p complex.
We next wanted to test whether the components of the
Damlp complex exist solely in this large multiprotein com-
plex or if subcomplexes and monomeric forms were also
present. Sucrose gradient sedimentation and gel filtration
chromatography revealed that Duolp and Dam1p comigrate
as a single peak in yeast protein extracts (Fig. 1 B). By com-
parison to standards, we estimated that the Duolp/Dam]lp-
containing complex has an S value of 6.5 and a Stoke’s ra-
dius of 90 A, corresponding to a native molecular weight of
~245 kD. Assuming equal dye binding, densitometry of
Coomassie-stained gels further indicated an approximately
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Figure 1. Purification of a 245 kD Dam1p complex. (A) Purification
of the Dam1p complex using a tagged Dad1p reveals 10 polypeptides.
Purified Dam1p complex (as described in Materials and methods)
and protein from an identical purification using an untagged control
strain were separated on a 13.5% SDS-PAGE gel and silver stained.
Polypeptides identified by mass spectrometric analysis of the
complex are indicated. Those not yet identified are denoted by an
asterisk. Bands labeled “background” are the highly homologous
heat shock proteins Ssb1 and Ssb2 (66 kD) and Ssa1, Ssa2, Ssa3,
and Ssa4 (70 kD). (B) Determination of S value and Stoke’s radius of
the Dam1p complex in yeast extracts. Sucrose gradient and Super-
ose 6 gel filtration fractions (as described in Materials and methods)
were probed with antibodies against DuoTp and Dam1p. The S
value for Duol1p/Dam1p-containing complex was estimated as 6.5
from a linear fit of the S values versus peak fraction number of stan-
dards, and the Stoke’s radius was estimated as 90.1 A from a Porath
correlation, relating to the elution volumes of the standard proteins
to their known Stoke’s radii (Siegel and Monty, 1966). (C) Multiple
subunits of the Dam1p complex are phosphorylated in vivo. Dam1p
complex was purified in the presence of phosphatase inhibitors and
then split into two aliquots, one of which was treated with lambda
protein phosphatase. (D) Ask1p phosphorylation changes over the
cell cycle. Ask1-GFP-tagged strains were grown to log phase and
arrested in either a-factor (G;), 0.2 M hydroxyurea (S phase), or by
using temperature-sensitive cdc16-1 (metaphase) and cdc15-1
(telophase) mutants. Protein samples were run on an 8% SDS-PAGE
gel and immunoblotted with antibodies against GFP.

equimolar stoichiometry of Asklp, Dam1p, Spc34p, Duolp,
Spcl9p, Dad2p, and Dadlp within this complex (Table I).
We were not able to estimate the stoichiometry of the two
smallest proteins due to insufficient sensitivity, and the uni-
dentified 22-kD band is present at a stoichiometry of 0.6:1,
possibly reflecting degradation or partial disassociation of this



Table I. Subunit stoichiometry for the Dam1p complex

Predicted molecular Intensity/predicted

Protein weight (SGD)* molecular weightb
kD

Ask1p 32 1.0

Dam1p 38.4 0.9

Spc34p 34 1.2

Duolp 27.4 1.2

Spc19p 19 1.3

22-kD band 22 0.6

Dad2p 15 0.8

Dad1-Stag 12 1.0

8-kD band 8

4-kD band 4

Total mass 212

*SGD, Saccharomyces Genome Database.

PThe intensity of each Coomassie-stained protein was quantified, divided
by the predicted molecular weight of that protein, and then adjusted by the
average value obtained.

protein from the complex. Together, these results indicate
that Duolp and Damlp are present exclusively in an ~245
kD complex, which based on the stoichiometries determined
above contains a single copy of each known subunit.

The Dam1p complex undergoes cell

cycle-specific phosphorylation

Although multiple bands at ~50 kD were observed on SDS-
PAGE gels (Fig. 1 A), Ask1p was the only protein identified by
mass spectrometry in that size range. A possible explanation for
this discrepancy is that some subunits of the Dam1p complex
are modified by phosphorylation. In fact, when we compared
the electrophoretic mobilities of these proteins isolated in the
presence of phosphatase inhibitors with those for the same pro-
teins treated with lambda protein phosphatase, we saw a
change in mobility for Asklp, Damlp, and Spc19p on SDS-
PAGE gels (Fig. 1 C), indicating that these proteins are phos-
phorylated in vivo. Although Dam1p appears to be phosphory-
lated on multiple sites, the degree of phosphorylation did not
appear to change during the cell cycle (unpublished data). In
contrast, Ask1—green fluorescent protein (GFP)* (Fig. 1 D) did
show evidence of cell cycle—specific phosphorylation. During
G (a-factor arrest), Asklp appeared as a fast migrating (de-
phosphorylated) form. However, during arrest in S phase or
mitosis (using hydroxyurea and temperature-sensitive cdcl6-1
and cdcl5-1 mutants, respectively) Ask1p appeared as a slowly
migrating (phosphorylated) form. Similar results were also ob-
served when cells were released from a-factor arrest and al-
lowed to progress synchronously through the cell cycle with the
phosphorylated form appearing coincident with the initiation

of budding (unpublished data).

The Dam1p complex binds to microtubules in vitro

Since a Dam1p in vitro translation product was shown pre-
viously to bind to microtubules directly (Hofmann et al,,
1998), this suggested that the entire Damlp complex may
also bind to microtubules. To test this possibility, we in-
cubated limiting amounts of purified Damlp complex

*Abbreviation used in this paper: GFP, green fluorescent protein.
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(~5-10 nM) in the presence of varying concentrations of
taxol-stabilized bovine brain microtubules (0-5 pM). We
then subjected these reactions to ultracentrifugation to deter-
mine the percentage of Damlp complex bound to each
concentration of microtubules (determined by examining
Duolp and Dam1p). We determined that the Dam1p com-
plex binds directly to microtubules in vitro with an affinity of
~0.5 pM (Fig. 2). This value is consistent with the affinity
that we determined previously for the binding of in vitro—
translated Dam1p (1 pM [Hofmann et al., 1998]) or Esche-
richia coli—purified Dam1p (~0.5 wM; unpublished data) to
microtubules. Interestingly, we found that both phosphory-
lated and unphosphorylated forms of Dam1p complex bind
to microtubules with similar affinities (unpublished data),
suggesting that protein phosphorylation of the Dam1p com-
plex regulates an activity other than microtubule binding.

Spc34p, Spc19p, Dad2p, and Ask1p localize to
spindles and kinetochores

The purification described above isolated a tight complex of
proteins that behaved as a functional unit in vitro with re-
spect to binding to microtubules. We next wanted to estab-
lish whether these proteins formed a functionally relevant
complex in vivo. Based on our previous analyses of Duolp,
Damlp, and Dadlp (Hofmann et al., 1998; Cheeseman et
al., 2001; Enquist-Newman et al., 2001), we predicted that
the newly identified subunits would localize to the mitotic
spindle. In fact, COOH-terminal fusions between Spc34p,
Spcl9p, Dad2p, or Asklp, and GFP all localized to spindle
poles and along the length of both short and long mitotic
spindles (Fig. 3 A). Interestingly, Dad2-GFP showed strong
punctate localization along longer spindles in addition to a
weaker uniform straining. Colocalization with tubulin con-
firmed the localization of these proteins to the spindle but
not to cytoplasmic microtubules (unpublished data). GFP
fusions of Spc19p and Spc34p have also been localized along
the mitotic spindle by immunofluorescence and immuno-
electron microscopy (Wigge et al., 1998).

In addition to localizing to the mitotic spindle, immu-
nofluorescence microscopy of chromosome spreads (Cheese-
man et al,, 2001) and chromatin immunoprecipitation
analysis (Enquist-Newman et al., 2001) demonstrated pre-
viously the association of Duolp, Damlp, and Dadlp
with kinetochores. To determine whether the newly identi-
fied subunits of this complex also localize to kinetochores,
we performed chromosome spreads on strains expressing
Spcl9-GFP, Spc34-GFP, Dad2-GFP, and Ask1-GFP. All
of these proteins colocalized precisely with Damlp to
punctate foci (Fig. 3 B) but not to bulk DNA, consistent
with localization to kinetochores, which are known to be
clustered in these preparations (Jin et al., 1998). Since we
showed previously that Dam1p colocalizes with the kineto-
chore components Ndc10p and Mtwlp in these spreads
(Cheeseman et al., 2001), these results indicate that the ad-
ditional subunits localize with Dam1p to kinetochores. Re-
cently, Spc19p and Spc34p were shown by chromatin im-
munoprecipitation to localize to centromeric DNA (He et
al., 2001). In total, the above results provide strong in vivo
support for the inclusion of these additional subunits in
the Dam1p complex.
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ask1 and dad2 mutants show spindle defects

Previous analyses of temperature-sensitive duol, daml, and
dadl mutants revealed a range of defects in spindle integrity
(Hofmann et al., 1998; Cheeseman et al., 2001; Enquist-
Newman et al., 2001). If the newly identified subunits are
functionally relevant, we predicted that they would show
similar mutant phenotypes. SPC19, SPC34, DAD2, and
ASKT are all essential genes (Wigge et al., 1998; Winzeler et
al., 1999). To determine the loss of function phenotypes of
some of these additional subunits, we generated degron-
tagged alleles of askI and dad2 (termed td, for temperature-
degron [Dohmen et al., 1994]). When ask! “ and dad2"” mu-
tants were shifted to the restrictive temperature, the Asklp
and Dad2p fusion proteins were targeted for degradation
(Fig. 4 A), and the mutants arrested with a high proportion
of large-budded cells. When the mutant spindles were exam-
ined, we found that the majority of askI™ and dad?” cells ar-
rested with a short mitotic spindle and a single mass of DNA
(Fig. 4 B) similar to what we have described previously for
duol-2, daml-9, and dadl-1 mutants. A smaller percentage
of askl” and dad2 mutant cells showed spindles that had
broken down partially or completely in the middle and elon-
gated beyond the short spindle stage (Fig. 4 B, insets). In to-
tal, these results provide strong phenotypic evidence that
Asklp and Dad2p function as components of the Damlp
complex to maintain spindle integrity.

A genetic context for the Dam1p complex at

the outer kinetochore

The identification of the additional subunits of the Damlp
complex in combination with data from large scale two-hybrid
experiments (Ito et al., 2000, 2001; Uetz et al., 2000) sug-
gested that the Dam1p complex might interact physically with
multiple components of the kinetochore (see Discussion). Ex-
amining genetic interactions in budding yeast provides a func-
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Figure 3. Spc19p, Spc34p, Dad2p, and Ask1p localize to spindles
and kinetochores. (A) GFP fluorescence and corresponding DIC
images showing the localization of the indicated fusion protein
to the mitotic spindle. (B) Cells expressing the indicated GFP
fusion proteins were prepared for chromosome spreads as
described (Loidl et al., 1998). They were then processed for
immunofluorescence and stained with anti-GFP and anti-Dam1p
antibodies. Bar, 5 pm.
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Figure 4. dad2 and ask1 mutants show spindle defects. (A) Immu-
noblots of ask1'® and dad2" strains showing degradation of the
fusion protein. Degron-tagged alleles of ask7 and dad2 were
grown at 25°C and shifted to 37°C at t = 0 h Protein samples were
immunoblotted with anti-HA antibodies to detect the DHFR*-HA
fusion protein. (B) ask7" and dad2'® mutant phenotypes. Degron-
tagged alleles of askT and dad2 were grown at 25°C and shifted to
37°C for 3 h. They were then processed for tubulin immunofluores-
cence and DNA staining (DAPI). At this time point, 90% of large
budded ask1* and 82% of large budded dad2" cells showed short
spindle structures and a single mass of DNA, whereas 10% of ask1"
and 15% of dad2 cells showed broken down spindles (n = 100
cells/sample). Bar, 5 um.

tional context for such physical interactions. We showed pre-
viously that dam1-1 interacts genetically with the kinetochore
components cff19A, birlA, ipll1-2, and s/i15-3 but not with
mutants in the CBF3 complex or mif2-3 (Cheeseman et al.,
2001; Kang et al., 2001). To extend this genetic analysis, we
crossed damI-1 to a wide range of mutants that affect kineto-
chore function. damI-1 showed synthetic lethality in combi-
nation with memI16A (Sanyal et al., 1998), chl4A (also known
as ctifl7A or mem17A [Roy et al., 1997]), mem2IA, and
mem22A (Poddar et al., 1999) but not with cbf1A, cse4-1
(Stoler et al. 1995), mem19A (also known as m/3A [Ghosh et
al., 2001]), or m#wl-1 (Goshima and Yanagida, 2000). Strik-
ingly, although several genetic interactions were observed with
established kinetochore components (see indicated references,
and for Mcm16 and Mcm?22 [V. Measday and P. Hieter, per-
sonal communication]) no interactions were detected with
mutants of the inner kinetochore proteins that bind directly to
centromeric DNA (such as CBF3 mutants, cbf1A, cse4-1, or
mif2-3). Therefore, these genetic results considered in combi-
nation with our biochemical demonstration of microtubule
binding described above strongly implicate the Dam1p com-
plex in outer kinetochore function.
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Figure 5. Analysis of stu2 dam1 and dam1 bik1 double mutants
reveals shared roles in spindle structure. dam1i-11, stu2-10, and
bik1-1 single mutants and dam1-11 stu2-10, dam1-1 stu2-10,
dami-11 bik1-1, and dam1-1 bik1-1 double mutants were grown at
25°C and shifted to 37°C for 3 h. They were then processed for
tubulin immunofluorescence and DNA staining (DAPI). Bar, 5 pm.

Our previous work indicated that Dam1p is a microtu-
bule-associated protein involved in attaching the kineto-
chore to spindle microtubules (Cheeseman et al., 2001).
Recent work has suggested a similar role for the microtu-
bule-associated proteins Stu2p and Biklp (He et al., 2001).
Therefore, we also conducted crosses between dami-1 and
stu2-10 (Kosco et al., 2001; Severin et al., 2001) or bikl-1
(Pellman et al., 1995). damli-1 was synthetically sick in
combination with both szu2-10 and bik1-1; however, bikl-
1 daml-1 double mutants were much sicker, growing
poorly even at 25°C. To determine whether these genetic
interactions indicated a shared function in kinetochore—
microtubule attachments or in spindle structure, we per-
formed tubulin immunofluorescence on bikl-1 daml-I,
bikl-1 daml-11, stu2-10 daml-I1, and stu2-10 daml-11
double mutants grown at 37°C (Fig. 5). In contrast to
daml-1 and damI-11 mutants that arrest in metaphase and
show premature spindle elongation (Cheeseman et al.,
2001; Fig. 5), dam1-1 stu2-10 and damI-11 stu2-10 double
mutants showed shorter broken down spindles. This lack of
elongated spindles is consistent with the role that has been
ascribed to Stu2p in mediating microtubule dynamics and
spindle elongation (Kosco et al., 2001; Severin et al.,
2001). dami-11 bik1-1 and daml-1 bik1-1 double mutants
arrested primarily with short highly abnormal spindles, al-
though some DNA segregation was observed. This severe
spindle phenotype is not observed in either damlI or bikl
single mutants, suggesting an overlapping role for Biklp
and Damlp in spindle structure. Therefore, although
Stu2p and Biklp may have roles in kinetochore function
the results described here indicate that both proteins play
important roles in spindle structure.



1142 The Journal of Cell Biology | Volume 155, Number 7, 2001

Figure 6. Protein interactions establishing the Bik1
connectivity between spindle microtubules and
centromeric DNA. Physical interactions are indicated
by lines between proteins. Shapes indicate distinct
complexes within the kinetochore. Proteins that interact
directly with centromeric DNA are shown in blue.
Proteins whose loss of function results in genetic
interactions with dam7-1 are shown in red. Protein
interaction data are from Chen et al. (1998), Ghosh et
al. (2001), Ito et al. (2001), Ito et al. (2000), Newman
et al. (2000), Ortiz et al. (1999), Uetz et al. (2000),
Yoon and Carbon (1999), and Kang et al. (2001).
Physical interactions between Mcm16-Ctf19, Mcm22-
Ctf19, Mcm16-Ctf3, Mcm22-Ctf3, and Spc34-Mcm22
represent coimmunoprecipitation and two-hybrid data
from V. Measday and P. Hieter (personal communica-
tion).
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Discussion

Purification of the Dam1p complex

Here, we presented evidence that Duolp, Damlp, and
Dadlp exist as components of an ~245 kD complex that
additionally contains Spc19p, Spc34p, Dad2p, and Asklp.
Spcl9p and Spc34p were identified previously (Wigge et al.,
1998), but their specific functions during yeast mitosis were
not determined. We have also isolated two novel and previ-
ously uncharacterized proteins, Dad2p and Ask1p. Based on
the localization of these additional subunits to the spindle
and kinetochores and on the phenotypic analysis of skl
and dad2", we believe that this set of proteins forms a func-
tionally important mitotic spindle complex in vivo. Signifi-
cantly, the identification of homologs for all subunits of the
Damlp complex in diverse fungal species, including Can-
dida albicans, Aspergillus nidulans, and Schizosaccharomyces
pombe (Cheeseman et al., 2001; Enquist-Newman et al.,
2001; unpublished data), suggests that this complex has
conserved spindle and kinetochore functions.

Kinetochore functions of the Dam1p complex

We showed previously that the Dam1p complex contributes
to both spindle and kinetochore function in vivo (Cheese-
man et al., 2001). Here, we demonstrated that intact Dam1p
complex is able to bind to microtubules directly in vitro.
Since the Dam1p complex associates with both kinetochores
and microtubules, it may play a direct role in mediating ki-
netochore—microtubule attachments. In fact, some duol and
daml mutants show a premature spindle elongation/chro-
mosome segregation phenotype during a metaphase arrest
(Cheeseman et al., 2001) and altered chromosome dynamics
(He et al., 2001), both of which appear to reflect a monopo-
lar spindle attachment of paired sister chromatids. Our previ-
ous analyses suggested that these monopolar attachments re-
sult from a failure to form new kinetochore—microtubule

attachments after DNA replication (Cheeseman et al., 2001),
supporting a role for the Damlp complex in facilitating the
establishment but not necessarily the maintenance of micro-
tubule—kinetochore interactions. Once such an attachment is
formed through the activity of the Damlp complex, other
microtubule-associated proteins (such as those described by
He et al., 2001) may play roles in maintaining this attach-
ment. This hypothesis is supported by the genetic inter-
actions that we observed between damlI-I and stu2-10 or
bik1-1. However, based on the spindle phenotypes presented
here for these double mutants it is also likely that these ge-
netic interactions reflect a shared role in spindle structure.

Regulation of the Dam1p complex

The activities of the Dam1p complex are specifically required
for a period of the cell cycle between S phase and the end of
mitosis (Cheeseman et al., 2001). Given the key roles that this
complex plays in spindle and kinetochore function, it is likely
that the cell would need to regulate these activities. We found
previously that Dam1p associates with Ipllp, an aurora pro-
tein kinase, and that Damlp is a target of Ipl1p both in vivo
and in vitro (Kang et al., 2001). dam -1 also shows genetic in-
teractions with Mpslp (Jones et al., 1999), a protein kinase
involved in spindle pole body duplication and the spindle as-
sembly checkpoint, suggesting that this complex may be regu-
lated by Mps1p. Here, we presented evidence that Asklp and
Spcl9p are also phosphorylated in vivo. Importantly, the
phosphorylation of Asklp changes in a cell cycle stage—spe-
cific manner with the highest levels of phosphorylation ob-
served during S phase and mitosis.

A physical and genetic context for the Dam1p complex
at the outer kinetochore

The identification of four additional subunits of the Dam1p
complex allows for a more complete understanding of the



roles that this complex plays in kinetochore function. Ge-
nome-wide two-hybrid screens identified multiple physical
interactions between subunits of the Damlp complex and
other components of the kinetochore (Ito et al., 2000, 2001;
Uetz et al., 2000). For example, this complex shows multi-
ple interactions with components of the Ndc80 complex
(Dam1p-Ndc80p, Spc19p—Ndc80p, and Spcl9p-Nuf2p),
suggesting that the functions of these two complexes may
be closely associated. In addition, Damlp interacts with
Mcm16p (Ito et al., 2001), and Spc34p interacts by two-
hybrid with Mcm22p (V. Measday and P. Hieter, personal
communication). The interactions revealed by our genetic
studies lend support to the biological relevance to the two-
hybrid interactions with Mcm16p and Mcm22p and also
point to an interaction with the Ctf19 complex. These data
combined with recent work on other complexes within the
kinetochore and the extensive protein—protein interactions
identified by genome-wide two-hybrid studies, have helped
to generate an appreciation of the large network of physical
interactions that exist within the kinetochore. Fig. 6 repre-
sents the first attempt to model the physical interactions that
may serve to connect microtubules and centromeric DNA in
budding yeast. Although much work remains to be done,
the elucidation of this network of interactions is an impor-
tant first step toward understanding the organization and
function of the outer kinetochore.

Materials and methods

Strains and growth conditions

Yeast strains used in this study are listed in Table Il. COOH-terminal GFP
tags were generated at the endogenous SPC19, SPC34, DAD2, and ASK1
loci using a method similar to that described by Longtine et al. (1998). De-
gron-tagged alleles (Dohmen et al., 1994) of ASK7 and DAD2 were con-
structed by cloning the ASK7 and DAD2 ORFs into the Hindlll sites of
pPW66R. The resulting plasmids were cut with Ncol and integrated at the
URA3 locus of a corresponding heterozygous deletion strain (Table ).
These strains were sporulated, and haploid integrants in a null background

Table Il. Yeast strains used in this study
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were recovered. Yeast were grown on either yeast extract/peptone or syn-
thetic medium supplemented with the appropriate nutrients and 2% glu-
cose using standard procedures. All growth experiments were conducted
in yeast extract/peptone plus dextrose. Geneticin (GIBCO BRL) was used at
an effective concentration of 0.4 mg/ml.

Purification of the Dam1p complex

A modified version of a tandem affinity purification tag (Rigaut et al., 1999)
composed of an S tag (Kim and Raines, 1993) in place of the calmodulin
binding peptide, a TEV protease cleavage site, and a ZZ tag (minimal pro-
tein A binding domain) was amplified from pKW804 (a gift from K. Weis,
University of California) and integrated at the COOH terminus of DADT in
DDY1810 to generate DDY2369. DDY2369 was grown to ODgy = 1.2,
washed with H,O, resuspended in 0.2 vol H,O, and drop frozen in liquid
N,. Cells were lysed five times in a Waring blender with liquid N,. An
equal volume of 2 lysis buffer (1X lysis buffer: 50 mM bis-Tris propane,
pH 7.0, 0.1 M KCl, 5 mM EDTA, 5 mM EGTA, 10% glycerol) plus 2 mM
PMSF and 2 X protease inhibitors was added to the cell powder. Triton
X-100 was added to the thawed extract to a final concentration of 1%. All
remaining steps were conducted at 4°C. The extract was centrifuged at 10 k
rpm in a SS-34 rotor for 20 min and at 45 k rpm in a Ti70 rotor for 30 min.
The supernatant was passed over Q sepharose resin (Amersham Pharmacia
Biotech), and the salt concentration of the flow through was adjusted to
0.4 M KClI by the addition of 2.5 M KCI. The flow through was then added
to 1gG sepharose (Amersham Pharmacia Biotech) and washed with lysis
buffer with 0.4 M KCl, 0.6 M KCl, and finally 0.4 M KCI plus 1 mM DTT
and 0.1% Tween-20. The IgG sepharose was incubated overnight in a
small volume of the final wash buffer plus TEV protease. The supernatant
was then removed from the IgG sepharose and added to S protein agarose
(Novagen) for 3 h. The S protein agarose was washed with lysis buffer with
0.4 M KCl, and SDS protein sample buffer was added to elute the complex.
For biochemical studies, eluate from the IgG sepharose was concentrated
in a Cen30 concentration device and separated on a Superdex 200 gel fil-
tration column equilibrated with 1X lysis buffer plus T mM DTT. Typi-
cally, 100 g of yeast extract (from 16 liter of culture) yielded ~1 pg of pu-
rified Dam1p (or ~5-6 ug of purified complex).

For studies on the phosphorylated complex, the initial 2X lysis buffer
was supplemented with 20 mM Na pyrophosphate, 10 mM NaNs, 20 mM
NaF, 0.8 mM Na orthovanadate, and 0.1 M B-glycerophosphate. For stud-
ies on the dephosphorylated complex, protein bound to either the IgG
sepharose or S protein agarose was washed into lambda phosphatase
buffer (50 mM Tris-HCI, pH 7.5, 0.1 mM EDTA, 5 mM DTT, 0.01% Brij
35, 2 mM MnCl,) and incubated with 4 pl of lambda protein phosphatase
(New England Biolabs, Inc.) for T h at 30°C. It was then washed into 1X ly-
sis buffer, and the purification was completed as described above.

Name Genotype Source
DDY1810 MATa, leu2, ura3-52, trp1, prb1-1122, pep4-3, pre1-451 Drubin/Barnes lab
DDY2369 MATa, leu2, ura3-52, tip1, prb1-1122, pep4-3, pre1-451, DAD1-STag-TEV-ZZ::KanMX This study
CUY1266 MATa, his3A200, leu2-3,112, ura3-52, SPC34-GFP::HIS3 This study
CUY1268 MATa, his3A200, leu2-3,112, ura3-52, DAD2-GFP::HIS3 This study
CUY1291 MATa, his3A200, leu2-3,112, ura3-52, SPC19-GFP::HIS3 This study
DDY2370 MATa, his3A200, leu2-3,112, ura3-52, ade2-1, ASK1-GFP::HIS3 This study
DDY2371 MATa/MATa, his3A4200/his3A200, leu2-3,112/leu2-3,112, ura3-52/ura3-52, ade2-1/ADE2, lys2-801/ This study
LYS2, ask1A::HIS3/+
DDY2372 MATa/MATa, his3A200/his3A200, leu2-3,112/leu2-3,112, ura3-52/ura3-52, ade2-1/ADE2, lys2-801/ This study
LYS2, dad2A::HIS3/+

DDY2373 MATa, his3A200, leu2-3,112, ade2-1, ask1A::HIS3, ura3-52::ask1td::URA3 This study
DDY2374 MATa, his3A200, leu2-3,112, ade2-1, dad2A::HIS3, ura3-52::dad2td::URA3 This study
DDY1909 MATa, his3A200, leu2-3,112, ura3-52, ade2-1, dam1-11::KanMX Drubin/Barnes lab
DDY1913 MATa, his3A200, leu2-3,112, ura3-52, ade2-1, dam1-1::KanMX Drubin/Barnes lab
PY434 MATa, leu2, ura3, trp1, ade2, ade3, bik1-1::TRP1 D. Pellman?®
CUY1088 MATa, his3A200, leu2-3,112, ura3-52, stu2-10::URA3 Huffaker lab
DDY2375 MATa, his3A200, leu2-3,112, ura3-52, lys2-801, stu2-10::URA3, dam1-11::KanMX This study
DDY2376 MATa, his3A200, leu2-3,112, ura3-52, lys2-801, stu2-10::URA3, dam1-1::KanMX This study
DDY2377 MATa, his3A200, leu2-3,112, ura3-52, ade2-1, bik1-1::TRP1, dam1-11::KanMX This study

The Dana-Farber Cancer Institute, Boston, MA.
All Drubin and Huffaker lab strains are derived from strain S288C.
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Mass spectrometry analysis

A 50-pl sample of purified Dam1p complex eluted from the S protein aga-
rose in 8 M urea, 50 mM Tris-HCI, pH 8.5, was reduced and alkylated us-
ing Tris 2-carboxyethyl phosphine HCL and iodoacetamide. The sample
was then sequentially digested with endoproteinase Lys-C (Roche Diag-
nostics) and Porozyme™ immobilized trypsin (PerSeptive Biosystems) (Mc-
Cormack et al., 1997). The resulting peptide mixture was then analyzed by
MudPIT as described in Link et al. (1999) and Washburn et al. (2001). Tan-
dem mass spectra were searched against a database of predicted ORFs
(Saccharomyces Genome Database) to which common contaminants such
as keratin and trypsin were added. Search results were filtered and
grouped using the DTASelect program (Tabb et al., 2002), and identifica-
tions were confirmed through manual evaluation of spectra.

Immunofluorescence microscopy

Chromosome spreads were prepared as described (Loidl et al., 1998). Indi-
rect immunofluorescence microscopy on intact yeast cells was performed
as described (Ayscough and Drubin, 1998). The YOL134 antitubulin anti-
body (Accurate Chemical and Scientific Corporation) was used at a dilu-
tion of 1:200, rabbit anti-GFP antibody (a gift from Pam Silver, Dana-Far-
ber Cancer Institute, Boston, MA) at 1:4000, and affinity purified guinea
pig anti-Dam1p antibody (Cheeseman et al., 2001) at 1:1,000. Fluorescein
or rhodamine-conjugated anti-IgG heavy chain secondary antibodies
(Jackson ImmunoResearch Laboratories) were used at 1:500. Light micros-
copy was performed using a Nikon TE300 microscope equipped with a
100%/1.4 Plan-Apo objective and an Orca-100 cooled CCD camera
(Hamamatsu) controlled by Phase-3 Imaging Systems software.

Protein and immunological techniques
For sucrose gradients, 50 wl of yeast extract was loaded onto a 2.1 ml
5-20% sucrose gradient, pelleted at 50,000 rpm for 18 h at 4°C in a TLS55
rotor, and fractions were collected from the top and TCA precipitated. In a
parallel gradient, proteins of known S value (ribonuclease A, 1.8S, chy-
motrypsinogen A, 2.58S, BSA, 4.3S, and aldolase, 7.35S) were fractionated
and analyzed by Coomassie staining of SDS-PAGE gels. For the Superose 6
gel filtration column, 0.5 ml of yeast protein extract was fractionated on a
24 ml Superose 6 column, and 1.5-ml fractions were collected. Standards
for the gel filtration column include thyroglobulin (85 A), catalase (52.2 A),
aldolase (48.1 A), ovalbumin (30.5 A), and chymotrypsinogen A (20.9 A).
Immunoblots were performed as described (Cheeseman et al., 2001).
Anti-DuoTp antibody (Hofmann et al., 1998) was used at a dilution of
1:2,000, guinea pig or rabbit anti-Dam1p antibody at 1:1,000, mouse anti-
HA.11 antibody (Covance) at 1:1,000, and mouse anti-GFP antibody
(Roche) at 1:500. HRP-conjugated secondary antibodies against rabbit,
mouse (Amersham Life Sciences), and guinea pig (Alpha Diagnostic, Inc.)
were used at 1:10,000.

Microtubule binding assays

Purified bovine brain tubulin (60 uM) in BRB80 buffer (80 mM K-Pipes,
pH 6.8, T mM EGTA, 1T mM MgCl,) was assembled as described previously
(Hofmann et al., 1998). For cosedimentation assays on the entire Dam1p
complex, peak gel filtration fractions were supplemented with 1 mg/ml
BSA and centrifuged at 23°C for 20 min at 60,000 rpm in a TLA100 rotor.
20 pl of soluble complex was added to an equal volume of taxol-stabilized
microtubules that had been diluted into 1X lysis buffer with 1 mM DTT.
These reactions were incubated for 20 min at 23°C to allow binding to oc-
cur and then were centrifuged as described above to pellet the microtu-
bules. Pellets and supernatants were fractionated on SDS-PAGE gels and
immunoblotted. At least two independent samples were examined for
each concentration of microtubules.
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