Ctt3p, the Mis6 budding yeast homolog,
interacts with Mcm22p and Mcm16p
at the yeast outer kinetochore
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The budding yeast kinetochore is composed of an inner and outer protein complex, which binds to centromere
(CEN) DNA and attaches to microtubules. We performed a genetic synthetic dosage lethality screen to identify
novel kinetochore proteins in a collection of chromosome transmission fidelity mutants. OQur screen identified

several new kinetochore-related proteins including YLR381Wp/Ctf3p, which is a member of a conserved
family of centromere-binding proteins. Ctf3p interacts with Mecm22p, Mcm16p, and the outer kinetochore
protein Ctf19p. We used chromatin immunoprecipitation to demonstrate that Ctf3p, Mcm22p, and Mcm16p
bind to CEN DNA in a Ctf19p-dependent manner. In addition, Ctf3p, Mcm22p, and Mcm16p have a
localization pattern similar to other kinetochore proteins. The fission yeast Ctf3p homolog, Mis6, is required
for loading of a CENP-A centromere specific histone, Cnpl, onto centromere DNA. We find however that
Ctf3p is not required for loading of the budding yeast CENP-A homolog, Csedp, onto CEN DNA. In contrast,
Ctf3p and Ctf19p fail to bind properly to the centromere in a cse4-1 mutant strain. We conclude that the
requirements for CENP-A loading onto centromere DNA differ in fission versus budding yeast.
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High fidelity chromosome transmission, which is neces-
sary for eukaryotic cell survival, requires coordination of
many events including DNA replication, sister chroma-
tid cohesion, and kinetochore function. The kineto-
chore, which is composed of centromere (CEN) DNA and
associated proteins, mediates attachment of chromo-
somes to the spindle. The kinetochore also provides a
site for centromeric cohesion and generates signals to
arrest cell cycle progression if metaphase has not been
achieved properly (for review, see Kitagawa and Hieter
2001). Shortly after spindle pole body (SPB) duplication,
sister centromeres separate transiently and oscillate
along the spindle axis until anaphase when permanent
sister separation occurs (Goshima and Yanagida 2000;
He et al. 2000; Tanaka et al. 2000; Pearson et al. 2001).
The mechanism by which kinetochores assemble, attach
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to microtubules, and migrate toward SPBs in anaphase is
not well understood.

In the budding yeast Saccharomyces cerevisiae, the
minimal required CEN DNA element (CDE) consists of
two palindromic sequences, CDEI and CDEIII, flanking
an A-T rich CDEII sequence. CDEIII, which is essential,
is bound by the inner kinetochore complex CBF3 (for
reviews, see Clarke 1998; Ortiz and Lechner 2000; Pid-
oux and Allshire 2000). CBF3 is composed of four essen-
tial proteins: Ndc10p/Ctf14p/Cep2p, Cep3p, Ctf13p, and
Skplp. Skplp and its interacting partner Sgtlp have roles
at the kinetochore in G, and in SCF-mediated degrada-
tion in G, (Bai et al. 1996; Connelly and Hieter 1996;
Kitagawa et al. 1999). CEN DNA is thought to be
wrapped around a specialized nucleosome containing a
conserved histone H3-like protein, Csedp (Cnpl in fis-
sion yeast and CENP-A in higher eukaryotes), in place of
a core histone H3 (for review, see Sullivan 2001). In ad-
dition to its conserved C-terminal histone fold domain,
Csedp contains a unique and essential N-terminal do-
main that interacts with members of the yeast outer ki-
netochore (Keith et al. 1999; Ortiz et al. 1999; Chen et al.
2000). The outer kinetochore protein complex, com-
posed of Mcm21p, Okplp, and Ctf19p, interacts with
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CEN DNA in a CBF3 dependent manner (Hyland et al.
1999; Ortiz et al. 1999). The process by which the outer
kinetochore proteins assemble onto the inner kineto-
chore is largely unknown. Ndc10p is required for both
Csedp and the outer kinetochore proteins to bind CEN
DNA efficiently (Ortiz et al. 1999). In the fission yeast
Schizosaccharomyces pombe, the Cse4p homolog Cnpl
requires an essential centromere protein, Mis6, to local-
ize and bind to centromere DNA (Takahashi et al. 2000).
The specific requirements for Csedp loading onto the
centromere in budding yeast are not known.

Many other proteins have been placed at the kineto-
chore via chromatin immunoprecipitation (ChIP) assays
and localization studies (He et al. 2001; Kitagawa and
Hieter 2001). A new protein complex consisting of
Spc24p, Spc25p, Nuf2p, and Ndc80p was found to local-
ize to CEN DNA (Janke et al. 2001; Wigge and Kilmartin
2001). This Ndc80p protein complex may be part of the
missing link from the kinetochore to the SPB. Other po-
tential kinetochore proteins exist based on mutant phe-
notypes suggestive of kinetochore function. At least
three mutant collections, the chromosome transmission
fidelity (ctf), minichromosome maintenance (mcm) and
chromosome loss (chl) mutants, which share a common
phenotype of chromosome loss, contain potential ki-
netochore mutants (Maine et al. 1984; Larionov et al.
1987; Spencer et al. 1990). Secondary screens applied to
the ctf mutant collection successfully identified Ctf13p,
Ndc10p/Ctf14p, and Ctf19p as kinetochore proteins
(Doheny et al. 1993; Kroll et al. 1996; Hyland et al. 1999).
In addition to a high rate of chromosome loss, a subset of
mcm, chl, and ctf mutants display phenotypes reminis-
cent of kinetochore mutants (Doheny et al. 1993; Koup-
rina et al. 1993; Roy et al. 1997; Sanyal et al. 1998; Pod-
dar et al. 1999; Ghosh et al. 2001). Thus new kinetochore
proteins remain to be identified from these chromosome
loss mutant collections.

We have taken a genetic approach, termed synthetic
dosage lethality (SDL), to identify novel kinetochore pro-
teins. A protein isolated in our screen, YLR381Wp/
Ctf3p, shares sequence similarity with the S. pombe

Table 1. Summary of synthetic dosage lethality screen

Mis6 centromere-binding protein (Saitoh et al. 1997). We
present evidence that Ctf3p and two interacting pro-
teins, Mcm22p and Mcm16p, are new outer kinetochore
proteins that interact with and localize to CEN DNA.
Unlike the role of Mis6 in fission yeast, Ctf3p is not
required for Cse4p/CENP-A to bind centromere DNA,
suggesting a different mechanism of kinetochore assem-
bly in budding yeast.

Results

Synthetic dosage lethality screen

An SDL assay is based on the premise that increasing the
level of a protein (such as a kinetochore protein) has no
detrimental effect on the growth of a wild-type strain but
may cause lethality in a target mutant strain (such as a
kinetochore mutant) that has reduced activity of an in-
teracting protein (Kroll et al. 1996; Measday and Hieter
2002). To isolate additional kinetochore mutants repre-
sented in the ctf collection, we performed an SDL screen
by overexpressing CTF13, NDC10/CTF14, and CTF19 in
all ctf mutant strains in which the mutated gene locus
was unknown. ctf mutants that did not tolerate overex-
pression of kinetochore proteins, but were able to grow
with vector alone, were identified as SDL mutants. Over-
expression of CTF13 and/or NDC10/CTF14 was lethal in
11 mutants out of 69 transformed, whereas overexpres-
sion of CTF19 was not detrimental to any ctf mutants in
the subset tested (Table 1). From the 11 mutant strains
isolated in our screen, five carried alleles of ctf3, four
carried alleles of ctf5 and two were the single member
mutants s20 and s155. In addition, five mutants grew
very poorly with increased dosage of kinetochore pro-
teins: three strains carrying alleles of ctf3 and two single
member mutants, s165 and s166 (Table 1).

Identification of ctf mutants from SDL screening

To clone the genes corresponding to each of the ctf mu-
tants isolated in the SDL screen, we rescued the chro-

ctf mutant Synthetic dosage lethality

Complementation group Total no.
or single member number alleles® CTF13 NDC10/CTF14

ctf3 11 ctf3-45 ctf3-2, -14, -34, -45, -52

ctfb 5 ctf5-70, -110, -131 ctf5-31, -70, -110, -131

s20 1 s20 s20

s155 1 s155 s155

Slow growth
CTF13 NDC10/CTF14

ctf3 11 ctf3-2, -52 ctf3-135

s165 s165

s166 1 s166

2Total number of alleles in ctf collection.
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mosome loss phenotype originally used to isolate the ctf
mutant collection (Koshland and Hieter 1987; Spencer et
al. 1990). Three known, or putative, kinetochore pro-
teins were identified as the gene loci mutated in ctf5
(mcm?21), s20 (chld/ctf17-20/mcm17) and s155 (mcm16-
155) mutants (Table 2). Mcm21p/Ctf5p is a member of
the outer kinetochore complex that interacts with
Ctf19p and Okplp (Ortiz et al. 1999). Chldp/Ctf17p/
Mcml7p is predicted to function at the kinetochore
(Kouprina et al. 1993; Roy et al. 1997). A different allele
of ctf17 (ctf17-61) was identified previously in a CTF13
overexpression SDL screen (Kroll et al. 1996). Finally,
Mcm16p has been implicated as a kinetochore protein
and mcm16A cells lose chromosome III at a rate 50-fold
higher than wild-type strains (Sanyal et al. 1998).

Two mutants isolated in the SDL screen, s165 and
s166, were rescued by genes encoding the cohesin pro-
teins, Irrlp/Sce3dp and Smclp, respectively (Table 2). A
cohesin complex composed of at least four essential co-
hesin proteins, Mcdlp/Scelp, Irrlp/Scc3p, Smclp, and
Smc3p, maintains sister chromatid arm cohesion from S
phase until the onset of anaphase (for review, see Kosh-
land and Guacci 2000; Nasmyth et al. 2000; Amon 2001).
Cohesin proteins are more densely distributed at the
centromere and coimmunoprecipitate with CEN DNA
(Blat and Kleckner 1999; Megee et al. 1999; Tanaka et al.
1999; Hartman et al. 2000; Panizza et al. 2000). Lethality
of a cohesin mutant due to overexpression of a kineto-
chore protein, however, has not been shown previously.

The gene locus mutated in ctf3 mutants was identified
as YLR381W, an open reading frame (ORF) of unknown
function (Table 2). BLAST analysis revealed that
YLR381Wp/Ctf3p shares 20% identity and 33% similar-
ity along its entire length with the S. pombe Mis6 cen-
tromere-binding protein (Fig. 1) (Saitoh et al. 1997). Mis6
was shown previously to share similarity with human
and rat LRPR1, a hormone-regulated leucine-rich protein
(Slegtenhorst-Eegdeman et al. 1995; Roberts et al. 1996;
Saitoh et al. 1997). Interestingly, human LRPR1 has re-
cently been found to localize constitutively to centro-
meres (Song-Tao Liu and Tim Yen, pers. comm.). In ad-
dition, a BLAST search with Mis6 revealed similarity to
a Neurospora crassa protein that we have called N.
crassa Mis6 (Fig. 1). Thus, Ctf3p is a member of a protein

Table 2. Identification of ctf mutants isolated in SDL screen

Complementation
group or single

member number Rescue gene Function

ctf3 YLR381W Unknown

ctfb MCM21 Kinetochore protein

s20 CHL4/CTF17/ Putative kinetochore
MCM17 protein

s155 MCM16 Putative kinetochore

protein
s165 IRR1/SCC3 Cohesin
s166 SMC1 Cohesin

Ctf3, Mcm22, and Mcm16 are new kinetochore proteins

family that contains at least two centromere-localized
proteins.

Genome-wide two-hybrid screens

To further study the function of Ctf3p, we cloned CTF3
into the Gal4 DNA binding domain vector pOBD2 and
screened by yeast two-hybrid assay for protein interac-
tions against a genomic array of ~6000 ORFs (Uetz et al.
2000). Mcm22p was identified in two independent
screens as a Ctf3p interacting protein. mcm22 mutant
strains lose chromosome III 100-fold more frequently
than wild-type strains and have other phenotypes impli-
cating a role for Mcm2.2p at the kinetochore (Maine et al.
1984; Poddar et al. 1999). Interestingly, genome-wide
two-hybrid screens identified Mcm16p and Mcm22p as
interacting partners (Uetz et al. 2000). Moreover, an al-
lele of mecm16 (s155) was isolated in our SDL screen
(Table 2). We cloned MCM22 into pOBD2 and performed
a genome-wide two-hybrid screen. Mcm22p interacted
with Spc34p in two independent screens. Spc34p is a
kinetochore protein that was first isolated in a prepara-
tion of spindle poles and associated microtubules (Wigge
et al. 1998; He et al. 2001).

Ctf3p, Mcm22p, Mcm16p, and Ctf19p interact
in yeast lysates

We performed coimmunoprecipitation assays from yeast
lysates with protein partners that interacted in the yeast
two-hybrid screens. Ctf3p, Mcm22p, and Mcm16p were
epitope-tagged with either 13 Myc or triple HA and
strains were constructed that expressed one HA-tagged
protein and one Myc-tagged protein. Log phase cells were
lysed and anti-Myc immunoprecipitations were per-
formed. Ctf3p-Myc interacted with Mcm22p-HA (Fig.
2A, lane 8) and Mcml6p-HA (Fig. 2C, lane 8) and
Mcm22p-Myc interacted with Mcml16p-HA (Fig. 2B,
lane 8) only when both tagged proteins were expressed.
All three proteins also interacted with each other when
immunoprecipitations were done with anti-HA conju-
gated Sepharose beads (data not shown). Thus, Ctf3p,
Mcm?22p, and Mcm16p interact both by two-hybrid and
coimmunoprecipitation assays.

We next tested for an interaction between Ctf3p,
Mcm22p, Mcm16p, and members of the CBF3 kineto-
chore complex. We could not detect Ndc10p/Ctf14p,
Cep3p, Skplp, or Sgtlp in Ctf3p, Mcm22p, or Mcm16p
immune complexes (data not shown). Genetic experi-
ments, however, suggested an interaction between the
Ctf3p complex and CBF3. ctf3, mcm22, mcm16, and
ctf19 deletion strains (which are viable on their own or
in combination) were synthetically lethal (SL) in combi-
nation with a ctf14-42 (ndc10) mutation (Table 3;
Hyland et al. 1999). In addition, deleting CTF3, MCMZ22,
MCM16, or CTF19 in a ctf13-30 strain lowers the non-
permissive temperature of the ctf13-30 mutant from
35°C to 32°C (Table 3).

We next explored potential interactions between
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Figure 2. Ctf3p, Mcm22p, Mcml16p, and Ctfl9p coimmuno-
precipitate from yeast lysates. The indicated strains were grown
to log phase, lysed and anti-Myc immunoprecipitations were
performed. Forty micrograms of whole-cell lysate (L) and 25% of
total immunoprecipitate (IP) were loaded on the gel. Western
blots were performed to detect Myc- or HA-tagged proteins. The
yeast strains used were: (A) untagged (No Tag, YVMI100),
Mcm22p-HA (YVM210), Ctf3p-Myc (YVM218), Mcm22p-HA
Ctf3p-Myc (YVM255); (B) untagged (No Tag, YVMI100),
Mcm22p-Myc (YVM 290), Mcm16p-HA (YVM344), Mcm16p-
HA Mcm22p-Myc (YVM346); (C) untagged (No Tag, YVM100),
Ctf3p-Myc (YVM218), Mcml6p-HA (YVM344), Ctf3p-Myc
Mcm16p-HA (YVM336); and (D) untagged (No Tag, YVM100),
Ctf3p-Myc (YVM218), Ctf3p-Myc ctf19A (YVM400), Mcm22.p-
Myc (YVM 290), Mcm22p-Myc ctf19A (YVM398), Mcm16p-
Myc (YVM325), Mcm16p-Myc ctf19A (YVM402). Asterisks are
IgG antibody light chain.

Ctf3, Mcm22, and Mcm16 are new kinetochore proteins

Table 3. Genetic interactions

Genotype Phenotype
ctfBAHIS3 mcm22AURA3 mcem16AkanMX6 viable
CtfBAHIS3 mcm22AURA3 mem16AkanMX6 viable
ctf19ATRP1
Ctf3BAHIS3 ctf13-30 CsLa
mcm22AURAS3 ctf13-30 CSL?
mcm16AkanMX6 ctf13-30 CSL?
CtfBAHIS3 mcm22AURA3 mem16AkanMX6 CSL?
ctf13-30
ctfBAHIS3 mcm22AURA3 mem16AkanMX6 CSL?
Cctf19ATRP1 ctf13-30
Ctf3AHIS3 ctf14-42 SL
mcm22AURAS3 ctf14-42 SL
mcm16AkanMX6 ctf14-42 SL
Ctf3ATRP1 csed-1 CSLP
ctfI9ATRP1 csed-1 CSLP

SL, synthetic lethality.

3CSL, conditional synthetic lethality. ctf3-30 is lethal at
35°C, nonpermissive temperature is reduced to 32°C when com-
bined with ctf3A, mcm22A, mem16A, ctf3Amem22Amem16A, or
ctf3BAmcem22Amem16Actf19A mutants.

bcsed-1 is lethal at 38°C (Stoler et al. 1995), nonpermissive
temperature is reduced to 35°C when combined with ctf3A or
ctf19A mutants.

Ctf3p, Mcm22p, Mcml6p, and the outer kinetochore.
Using a Ctf19p polyclonal antibody, we detected Ctf19p
in anti-Myc Ctf3p, Mcm22p, and Mcm16p immunopre-
cipitates from a wild-type but not a ctf19A strain (Fig.
2D, cf. lanes 4 and 6, 8 and 10, 12 and 14). Ctf19p inter-
acts with NdclOp in vitro and the Ctfl9p-interacting
proteins Mcm21p and Okplp interact with members of
the CBF3 complex from yeast lysates (Ortiz et al. 1999).
We conclude that Ctf3p, Mcm22p, and Mcm16p may be
linked to the inner kinetochore via Ctf19p.

Ctf3p, Mcm22p, and Mcm16p associate with CEN
DNA in a Ctf19p-dependent manner

Having shown that Ctf3p, Mcm22p, and Mcm16p inter-
act with each other and an established kinetochore pro-
tein, Ctf19p, we next tested their ability to bind CEN
DNA by performing ChIP assays. Myc epitope-tagged
Ctf3p, Mcml16p, Mcm22p, and NdclOp were isolated
from chromatin preparations of log phase cells, followed
by PCR analysis to determine if CEN DNA was present
in the immunoprecipitates (Fig. 3A). The templates for
both total chromatin and immunoprecipitate were ti-
trated to determine the linear range for PCR (data not
shown). As expected, a region of CEN3 and CEN8 were
amplified specifically from the Ndc10p immunoprecipi-
tate (Fig. 3A, lane 10), but not from the untagged strain
immunoprecipitate (Fig. 3A, lane 2). Similarly, Ctf3p,
Mcm16p, and Mem?22p all specifically precipitated CEN
DNA but not a non-CEN locus, PGK1 (Fig. 3A, lanes
4,6,8).

Because Ctf19p is present in immunoprecipitations of
Ctf3p, Mcm16p, and Mcm22p (Fig. 2D), we tested if the
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Figure 3. Ctf3p, Mcm22p, and Mcm16p coimmunoprecipitate
CEN DNA in a Ctf19p dependent manner. Anti-Myc or anti-HA
ChIP assays were performed either from log phase cells (A)
or Nz arrested cells (B,C) (treated with 15 pg/mL Nz for 100
min). The templates used for PCR (see Materials and Methods)
were total chromatin (T) or immunoprecipitate (IP). The
yeast strains used were: (A) untagged (No Tag, YVMI100),
Ctf3p-Myc (YVM218), Mcm22p-Myc (YVM290), Mcml6p-
Myc (YVM325), Ndc10p-Myc (YVM499); (B) untagged (No Tag,
YVM100), Ctf3p-Myc (YVM218), Ctf3p-Myc ctf19A (YVM400),
Mem22p-Mye (YVM 290), Mem22p-Myc ctfI9A (YVMB398),
Mcml6p-Mye (YVM325), Mcml6p-Myc ctf19A (YVM402),
Ndcl0p-Myc (YVM499), NdclOp-Myc ctf19A (YVM729);
and (C) untagged (No tag, YVM100), Ctf19p-HA (YPH132;
Hyland et al. 1999), Ctf19p-HA ctf3A (YVM479), Ctf19p-HA
mem22A (YVM481), Ctf19p-HA mcm16A (YVM491), Ctf19p-
HA ctf3Amcm16Amcem22A (YVM 496; noted as 3A16A22A in
the Figure).

interaction of Ctf3p, Mcm22p, and Mcm16p with CEN
DNA depends on Ctf19p. Ctf3p, Mcm22p, and Mcm16p
were immunoprecipitated from chromatin preparations
from either wild-type or ctf19A strains. Cells were ar-
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rested with nocodazole (Nz), a drug that depolymerizes
microtubules, to synchronize cells in G, phase. ctf19A
strains respond in a wild-type manner to Nz. It was im-
portant to ensure an equivalent population of cells in the
wild-type versus ctf19A strain because a log phase ctf19A
cell population has an increased number of G, cells
(Hyland et al. 1999). Ctf3p, Mcm22p, Mcml6p, and
Ndc10p were still able to bind CEN DNA after Nz treat-
ment, suggesting that intact microtubules are not re-
quired for their CEN interaction (Fig. 3B, lanes
4,8,12,16). Interestingly, Ctf3p, Mcm22p, and Mcm16p
all showed significant reductions in association with
CEN DNA in a ctf19A strain (Fig. 3B, cf. lanes 4 and 6, 8
and 10, 12 and 14). The reduced CEN binding was not
attributable to a problem with immunoprecipitation as
Western blot analysis showed that Ctf3p, Mcm16p, and
Mcm22p were immunoprecipitated efficiently from
ctf19A strains (data not shown). The inner kinetochore
protein Ndc10p was still able to bind CEN DNA in a
strain lacking Ctf19p (Fig. 3B, cf. lanes 16 and 18).

To address the reciprocal protein-CEN dependencies,
we performed ChIP to test whether Ctf19p is able to bind
CEN DNA in the absence of Ctf3p, Mcm22p, and
Mcm16p. Cells were synchronized by Nz treatment to
arrest cells in G,. ctf3A, mcm22A, and mcm16A mu-
tants, which have wild-type FACs profiles in log phase
cells, all respond in a wild-type manner to spindle dam-
age induced by Nz treatment suggesting a normal
spindle checkpoint response (data not shown). Ctf19p
has been shown previously to interact with CEN DNA in
Nz-treated cells (Hyland et al. 1999). HA epitope-tagged
Ctf19p (Hyland et al. 1999) was immunoprecipitated
from chromatin preparations and found to interact with
CEN DNA in ctf3A, mcm16A, mcm22A strains, and in
the viable triple ctf38Amcm16Amcm22A mutant (Fig. 3C,
cf. lane 4 with lanes 6,8,10,12). Thus Ctf19p, which
binds CEN DNA in an Ndc10p-dependent manner (Ortiz
et al. 1999), does not require Ctf3p, Mcm16p, or Mcm22p
to interact with CEN DNA. Taken together, these data
strongly suggest that Ctf3p, Mcm22p, and Mcm16p form
a separate complex that is located distal to the Ctf19p
and CBF3 protein complexes.

Localization of Ctf19p, Ctf3p, Mcm22p, Mcm16p,
and Spc34p

The interaction of Ctf3p, Mcm22p, and Mcm16p with
CEN DNA suggests their presence at the kinetochore.
Recent cell imaging data has shown that in budded cells,
kinetochore proteins and CEN DNA lie adjacent to the
interior side of the SPB (Goshima and Yanagida 2000; He
et al. 2000, 2001; Pearson et al. 2001). Yellow fluorescent
protein (YFP)-tagged kinetochore proteins were ex-
pressed in a strain containing a cyan fluorescent protein
(CFP)-tagged SPB protein (Spc29p-CFP). Ndc10p was im-
aged as a control for the localization of an authentic ki-
netochore protein. In cells with short spindles (preana-
phase), Ndc10p-YFP lay adjacent to the interior side of
Spc29p-CFP (Fig. 4A). In cells with long spindles (post-
anaphase), NdclOp-YFP partially colocalized with
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Figure 4. Localization of kinetochore-YFP fusions compared to Spc29p—CFP. All strains are homozygous diploids containing genomic
carboxy-terminal CFP and YFP fusions. YFP signal appears green and CFP signal appears red. Overlapping of YFP and CFP signal
appears yellow. (A) Ndc10p-YFP Spc29p-CFP (YVM1176) — YFP, CFP, and merged images are shown as an example; Spc34p-YFP
Spc29p-CFP (YVM1093)—only merged YFP/CFP image shown. (B) Ctf19p-YFP Spc29p-CFP (DHY201)—YFP, CFP, and merged images
are shown as an example, Ctf3p-YFP Spc29p-CFP (DHY202), Mcm22p-YFP Spc29p-CFP (DHY203), Mcm16p-YFP Spc29p-CFP

(DHY204)—only merged YFP/CFP images shown.

Spc29p-CFP and stained along the spindle (Fig. 4A), as
seen by others (Goh and Kilmartin 1993; Goshima and
Yanagida 2000). Indirect immunofluorescence studies
showed previously that Ctf19p localized near the SPB
(Hyland et al. 1999). Ctf19p-YFP localized adjacent to
the nuclear side of the SPB in preanaphase cells. In post-
anaphase cells, Ctfl19p-YFP and Spc29p-CFP signals
overlapped considerably (Fig. 4B). Ctf3p-YFP, Mcm22p-
YFP, and Mcm16p-YFP showed a similar localization
pattern to Ctf19p-YFP (Fig. 4B). In addition, we tested
localization of the Mecm22p two-hybrid interacting pro-
tein, Spc34p. Spc34p-YFP also localized next to the SPB
in preanaphase cells and, similar to NdclOp-YEFP,
stained along the spindle in postanaphase cells (Fig. 4A)
(Wigge et al. 1998; He et al. 2001).

Colocalization of Ctf19p, Ctf3p, Mcm16p, Mcm?22p,
and Spc34p with Ndc10p

Because Ctf3p, Mcm22p, Mcml16p, and Spc34p have a
similar cellular localization to kinetochore proteins, we

tested for colocalization with CFP-tagged NdclOp. As
expected, Ctf19p-YFP colocalized with Ndc10p—CFP in
short spindle and long spindle stage cells (Fig. 5A). Ctf3p,
Mcm?22p, Mcm16p, and Spc34p YFP fusions were also
found to colocalize with Ndc10p-CFP (Fig. 5B). Colocal-
ization of Ndcl0p-GFP with another kinetochore pro-
tein, Mtwlp-CFP, has also been shown (Goshima and
Yanagida 2000). Thus, localization to the interior side of
the SPBs plus colocalization with SPB proximal Ndc10p
(Ndc10p shows additional staining along the spindle)
may serve as a signature localization pattern for the iden-
tification of novel kinetochore proteins.

Interactions between Csedp and the outer kinetochore

The S. pombe Ctf3p homolog, Mis6, is required for the
CENP-A histone H3 variant, Cnpl, to localize to and
bind centromere DNA (Takahashi et al. 2000). Evidence
suggests that the budding yeast CENP-A homolog,
Csedp, is an essential subunit of a specialized centro-
mere specific histone (for review, see Sullivan 2001). We

GENES & DEVELOPMENT 107



Measday et al.

A Ctf19p-YFP Ctf3p-YFP Mcm22p-YFP Mcm16p-YFP Spc34p-YFP
Ndc10p-CFP Ndc10p-CFP Ndc10p-CFP Ndc10p-CFP Ndc10p-CFP
Ctf19p-YFP Ndc10p-CFP merged merged merged merged

L]
A

meied

Figure 5. Colocalization of kinetochore-YFP fusions with Ndc10p-CFP. All strains are homozygous diploids containing genomic
C-terminal CFP and YFP fusions. YFP signal appears green and CFP signal appears red. Overlapping of YFP and CFP signal appears
yellow. (A) Ctf19p-YFP Ndc10p-CFP (DHY192)—YFP, CFP, and merged images are shown as an example. (B) Ctf3p-YFP Ndc10p-CFP
(DHY196), Mcm22p-YFP Ndc10p-CFP (DHY198), Mcm16p-YFP Ndc10p-CFP (DHY197), Spc34p-YFP Ndc10p-CFP (DHY193)—only

merged YFP/CFP images shown.

tested for potential interactions between Csedp and the
Ctf3p complex, as well as Ctf19p, which interacts with
Csedp by two-hybrid (Ortiz et al. 1999; Chen et al. 2000).
Coimmunoprecipitation experiments from log phase
yeast lysates failed to detect any interaction between
Csedp and Ctf3p, Mcm22p, Mcm16p or Ctf19p (data not
shown). However, genetic studies identified an interac-
tion between CSE4 and the outer kinetochore. The non-
permissive temperature of a cse4-1 mutant (Stoler et al.
1995) is lowered when combined with a deletion of CTF3
or CTF19. ctf3A csed-1 and ctf19A csed-1 strains are le-
thal at 35°C compared to cse4-1 mutants alone which are
viable up to 38°C (Table 3). This suggests that a strain
defective for Csedp is further compromised for kineto-
chore function in the absence of Ctf3p or Ctf19p.

Assembly of Csedp, Ctf3p, and Ctf19p onto CEN DNA

To further study budding yeast Cse4p/CENP-A assembly
requirements, we tested whether Csedp can interact
with CEN DNA in the absence of Ctf3p or Ctf19p. We
expressed endogenous Cse4p-HA in a wild-type, ctf3A or
ctf19A mutant strain and performed ChIP assays in Nz-
arrested cells to synchronize cells in G, (Fig. 6A). Csedp
was still able to bind CEN DNA in ctf3A (Fig. 6A, lane 6)
and ctf19A strains (Fig. 6A, lane 8). Csedp did not bind
the noncentromeric locus MET2 (Fig. 6A, lanes 4,6,8).
We also tested whether the localization of Csedp is al-
tered in a ctf3A or ctf19A mutant strain. Previous studies
have shown that Csedp localizes to discrete foci adjacent
to the nuclear face of the SPB (Meluh et al. 1998; Chen et
al. 2000; Pearson et al. 2001). We found that the wild-
type localization pattern of Cse4p-HA was not altered in
ctf3A or ctf19A log phase cells (Fig. 6B). Thus, unlike
Mis6, Ctf3p is not required to recruit Cse4p/CENP-A
onto CEN DNA.

Having shown that Cse4p interacts with CENs in the
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absence of Ctf3p or Ctf19p, we asked whether Ctf3p or
Ctf19p require Csedp for CEN association. We con-
structed Ndc10p, Ctf3p, and Ctf19p Myc epitope-tagged
strains in the cse4-1 temperature sensitive mutant
(Stoler et al. 1995). At the permissive temperature,
Ctf3p, Ctf19p, and Ndc10p all bound CEN3 and CENS8
DNA but not a non-CEN locus, PGK1 in the cse4-1
strain (Fig. 7, lanes 6,14,22). On shifting to the nonper-
missive temperature, however, Ctf3p and Ctf19p showed
reduced binding to CEN DNA in the cse4-1 mutant, but
not in a wild-type background (Fig. 7, cf. lanes 12 and 16,
20 and 24). Western blot analysis showed that Ctf3p and
Ctf19p were still immunoprecipitated in the cse4-1 mu-
tant at nonpermissive temperature (data not shown).
Therefore, Ctf3p and Ctf19p both require functional
Csedp to interact efficiently with CEN DNA. Interest-
ingly, Ndc10p is still able to associate with CEN DNA in
the cse4-1 mutant at nonpermissive temperature (Fig. 7,
cf. lanes 6 and 8).

Discussion

SDL screening as a method to identify kinetochore
proteins

We used SDL as a method to screen for novel kineto-
chore proteins from a collection of mutants with defects
in chromosome transmission. All ctf mutants that were
identified as SDL on overexpression of a CBF3 compo-
nent contain mutations in proteins involved in kineto-
chore function (Tables 1, 2). We isolated mutants in
outer kinetochore proteins (ctf3, mcm21/ctf5, mcm16-
155), a putative kinetochore protein (chl4/ctf17-20/
mcm17) and two cohesin proteins (irrl/scc3-165 and
smc1-166). Mcm16p interacts with Ctf3p in yeast lysates
and both proteins interact with the outer kinetochore
protein Ctf19p, which lies in a complex with Mcm21p
(Figs. 2, 8; Hyland et al. 1999; Ortiz et al. 1999). Although
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Figure 6. Csedp interacts with and localizes to CEN DNA in
the absence of Ctf3p or Ctf19p. (A) Anti-HA ChIP assays were
performed from Nz-arrested cells (treated with 15 pg/mL Nz for
100 min). The templates used (see Materials and Methods) were
total chromatin (T) or immunoprecipitate (IP). (B) Anti-HA
Csedp immunofluorescence was performed as described (Mate-
rials and Methods). Total DNA was stained with DAPI. Each
panel shows Cse4p-HA localization in an undivided cell (single
DAPI mass) and a dividing cell (bilobed DAPI mass). No anti-
HA signal was seen in the untagged control cells. All strains are
homozygous diploids: untagged, (No Tag, YVM1142); Csedp-
HA wild-type (wt, YVM1141); Csedp-HA ctf3A (YVM1143);
Csedp-HA ctf19A (YVM1145).

cohesin and kinetochore proteins have not been shown
to interact physically, cohesin proteins bind to CEN
DNA (Blat and Kleckner 1999; Megee et al. 1999; Tanaka
et al. 1999). Thus SDL screens can serve as a powerful
method to identify members of a protein complex start-
ing with a mutant collection and a wild-type gene (Kroll
et al. 1996; Measday and Hieter 2002).

Ctf3, Mcm22, and Mcm16 are new kinetochore proteins

Ctf3p, Mcm22p, Mcm16p, and Ctf19p may link
the kinetochore to the spindle microtubules

Our studies add Ctf3p, Mcm22p, and Mcml16p to the
outer kinetochore complex. Genetic evidence suggests
that the Ctf3p subcomplex forms a larger complex with
Ctf19p. Firstly, a quadruple deletion of ctf3 mcm22
mcm16 and ctf19 is viable (Table 3). Secondly, the non-
permissive temperature of a ctf13-30 strain is reduced to
the same degree in a ctf13-30 ctf3A (or any single mutant
combination) strain as in a ctf13-30 ctf3A mcm22A
mcm16A ctf19A strain (Table 3). In an effort to under-
stand if Ctf3p, Mcm22p, Mcm16p, and Ctf19p are func-
tionally redundant, we assayed the rate of loss of a non-
essential chromosome fragment in strains carrying ki-
netochore mutant combinations. We found that the rate
of chromosome fragment loss was equivalent in a single
ctf3, mecm22, mecm16, or ctf19 deletion strain to the rate
of loss in the quadruple ctf3 mcm22 mcm16 ctf19 dele-
tion strain (data not shown). This result suggests that
Ctf3p, Mcm22p, Mcm16p, and Ctf19p function in the
same complex and that removal of one protein is equiva-
lent to removal of all four.

The Mcm22p-Spc3d4p two-hybrid interaction suggests
a possible role for the Ctf3p complex (Fig. 8). Based on
CEN interaction and localization studies, Spc34p may
provide a link from the kinetochore to the spindle mi-
crotubules (Fig. 4A; Wigge et al. 1998; He et al. 2001).
Indeed, Spc34p has been shown to be part of a larger
complex containing the microtubule-associated protein
Damlp (Cheeseman et al. 2001a). Using various lysis
conditions we were unable to detect coimmunoprecipi-
tation between Mcm22p and Spc34p from log phase or
Nz-arrested cells (data not shown). Perhaps these inter-
actions will only be detected in the presence of intact
microtubules. Genetic interactions between the dam1-1
mutant and the outer kinetochore ctf19A, mcmi6A,
mcm?21A, and mcm22A mutants also suggest a connec-
tion from the outer kinetochore to Daml1p (Cheeseman
et al. 2001a,b; Jones et al. 2001). Interestingly, genetic
and two-hybrid interactions have been detected between
Mcm21p and Spc24p, a member of the Ndc80p kineto-
chore complex (Janke et al. 2001). Thus, the outer ki-
netochore proteins may be linked to the microtubules
via both the Ndc80p complex and the Damlp complex
(Fig. 8).

Ctf3p and Mis6 comparison

Ctf3p is a member of a family of proteins conserved from
yeast to humans (Fig. 1). Three of the four family mem-
bers, Ctf3p, Mis6, and human LRPR1, have known or
implicated roles at the centromere (Saitoh et al. 1997;
Goshima et al. 1999; Partridge et al. 2000; Takahashi et
al. 2000; T. Liu and T. Yen, pers. comm.). The discrep-
ancy between the requirement for Mis6 in Cnp1 centro-
mere binding and the dispensability of Ctf3p in Csedp
CEN binding may reflect specific differences between
Ctf3p/Mis6 or Csedp/Cnpl, or a general difference in the
organization and size of S. pombe and S. cerevisiae cen-
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Figure 7. Ctf3p and Ctf19p interact
poorly with CEN DNA in a cse4-1 mutant.
Wild type and cse4-1 mutant strains were
grown at permissive temperature (Temp,
30°C) to early log phase. The culture was
then split in two with half remaining at
30°C and the other half grown at the non-
permissive temperature (38°C) for 3 h.

Ndc10p-Myc csed-1
Myc

Cif3p-Myc cse4-1
Ctf19p-Myc
Ctf18p-Mye csed-1

Anti-Myc ChIP assays were performed.  Temp:
PCR templates (see Materials and Meth- TIPTIP
ods) were total chromatin (T) and im- 1 3 4
munoprecipitate (IP). The strains used
were: csed-1 (No Tag, Stoler et al. 1995);
Ndc10p-Myc csed-1 (YVM1047); Ctf3p-Myc
(YVM218); Ctf3p-Myc csed-1 (YVMI1053);
Ctf19p-Myc (IPY313); Ctfl9p-Myc csed-1
(YVM1049).

tromere DNA. Moreover, Mis6 is essential, whereas
Ctf3p is not. Ctf3p may be a component of a larger com-
plex required for Csedp localization and deletion of CTF3
alone cannot detect this requirement. In addition, Csedp
contains a unique N terminus not present in its CENP-A
homologs (see below). Thus the roles of Ctf3p/Mis6 and
Csedp/Cnpl may overlap but may also differ in func-
tions specific to budding or fission yeast.

...
:0. kinetochore to pole

o:g microtubules

complex

Specialized
Nucleosome

CEN DNA

Figure 8. New interactions at the budding yeast kinetochore.
The proposed Cse4p specialized nucleosome and the CBF3 inner
kinetochore complex bind to CEN DNA (curved black line). The
outer kinetochore subcomplexes are shown within circles and
interactions between kinetochore subcomplexes are depicted by
touching circles. Some of the protein—protein interactions
shown may not be direct. We propose that the Ctf3p subcom-
plex interacts with CEN DNA via the Ctf19p subcomplex.
Links between the kinetochore and the spindle microtubules
may occur via the Damlp and Ndc80p complexes.
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Csedp and outer kinetochore assembly
at the centromere

Interactions between Cse4p and the outer kinetochore
have been detected. The unique N terminus of Csedp
interacts by two-hybrid with Ctf19p (Ortiz et al. 1999;
Chen et al. 2000). MCMZ21 is a dosage suppressor of csed-
23 and cse4-39 mutants and mcm21A and cse4-39 are
synthetically lethal (Chen et al. 2000). cse4 mutants also
display synthetic lethal interactions with okp1-5, ctf19A
and mcm22A strains (Chen et al. 2000). We found that
the nonpermissive temperature of a cse4-1 mutant was
lowered when combined with a ctf3A or a ctf19A strain
(Table 3). We have also found a requirement for Cse4p in
loading outer kinetochore proteins onto CEN DNA.
Ctf3p and Ctf19p do not bind CEN DNA efficiently in a
cse4-1 mutant strain at nonpermissive temperature (Fig.
7). Csedp may not be required for inner kinetochore as-
sembly because Ndc10p still binds CEN DNA on disrup-
tion of Csedp. However, we cannot exclude the possibil-
ity that Cse4-1p is still bound to the centromere at non-
permissive temperatures, enabling Ndc10p binding (Fig.
7). It has been shown that Csedp requires functional
Ndc10p to bind CEN DNA (Ortiz et al. 1999). From our
ChIP data, combined with the data from Ortiz et al.
(1999), we can tentatively place kinetochore assembly in
the following order: Ndc10p, Cse4p, Ctf19p, and the Ctf3
complex (Ctf3p, Mcm22p, and Mcm16p) (Fig. 8). Further
studies will demonstrate how this large network of yeast
kinetochore proteins is connected to the spindle micro-
tubules and if a similar pattern of organization occurs
with human homologs of yeast kinetochore proteins.

Materials and methods

SDL assay

The inducible plasmids used for SDL screening were: pGALI-
CTF13 (pKF88) (Kroll et al. 1996), pGALI-NDC10/CTFi4
(pKH2) (Measday and Hieter 2002), and pGAL1-CTF19 (pKH21)
(Hyland et al. 1999). Plasmids were transformed into ctf mu-
tants on glucose plates (noninducing conditions) and colony pu-
rified. Sixty-nine ctf mutants were transformed: 38 representing



alleles from six ctf complementation groups and 31 representing
single member mutants (mutants not yet assigned to ctf
complementation groups and designated “s” with a number).
Four isolates of each transformant were struck onto galactose
plates (inducing conditions) and glucose plates (as a control for
growth) at 25°C, 30°C, and 35°C. Growth was monitored from
two to four days for glucose plates and three to seven days for
galactose plates at the above temperatures.

Epitope tagging

Thirteen Myc and three HA genomic C-terminal tags were de-
signed according to Longtine et al. (1998). The Cse4p-HA geno-
mic tag was generated according to Meluh et al. (1998).

Protein sequence alignments

Sequence similarities were first identified using the NCBI (Na-
tional Center for Biotechnology Information) BLAST server.
Alignments were done using CLUSTAL W (Thompson et al.
1994) and MULTICLUSTAL (Yuan et al. 1999). Shading was
done using the Boxshade 3.21 web site http://www.ch.embnet.
org/software/BOX_form.html.

Genomic two-hybrid

CTF3 and MCM22 were cloned into pOBD2 (http://depts.
washington.edu/~yeastrc/th_2.htm) and two-hybrid screens
were performed as described previously (Uetz et al. 2000).

Coimmunoprecipitation from yeast lysates

Cells were grown to log phase, and IPs were performed as de-
scribed previously (Tyers et al. 1992). Two milligrams of yeast
lysate and 20 pL of anti-Myc (9E10) affinity matrix (Covance)
were used per IP. Antibodies used for Western blot analysis
were: anti-HA (12CA5, Boehringer Mannheim) (1:1000), anti-
Myec (9E10, Covance/BAbCO) (1:1000), and anti-Ctf19p (see be-
low) (1:5000).

Ctf19p polyclonal antibody

The N-terminal 189 amino acids of Ctf19p were cloned into
pRSETC (Invitrogen) to create a Ctfl9p-His, fusion protein.
Ctf19p-His, was expressed in Escherichia coli strain
BL21(ADE3) and purified on a nickel NTA agarose column (QIA-
GEN). Purified fusion protein was injected into rabbits for poly-
clonal antibody production (Covance Research Products).

ChIP assays

ChIP experiments were performed as described previously
(Tanaka et al. 1997; Hecht and Grunstein 1999) with the fol-
lowing alterations. For all ChIP assays, cells were cross-linked
with 1% formaldehyde for 30 min at room temperature. Cell
extracts were sonicated 6 times for 10 sec each (chromatin
sheared to an average size of 500 bp). IPs were performed with
25uL of anti-Myc (9E10) or anti-HA (HA.11) affinity matrix (Co-
vance). At least 1.5 mg of lysate was used per IP. The templates
used for PCR reactions ranged from 1/200 to 1/30 of total chro-
matin and 1/30 to 1/15 of total IP depending on the linear range
for PCR. Primers used for PCR analysis were: CEN1 (bp 151374
to 151676 of chromosome I; Meluh and Koshland 1997), CEN3
(base pairs 114,315 to 114,558 of chromosome III; Meluh and
Koshland 1997), CENS8 (base pairs 105,499 to 105,748 of chro-
mosome VIII), MET?2 (base pairs 117,972 to 118,264 of chromo-
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some XIV; Zeng et al. 1999) and PGK1 (base pairs 138,949 to
139,237 of chromosome III; Meluh and Koshland 1997).

Immunofluorescence

Cse4p-HA was localized by indirect immunofluorescence mi-
croscopy as described previously (Hyland et al. 1999) with the
following modifications. Cells were grown to log phase and
fixed with 3.7% formaldehyde for 15 min at 25°C. The primary
antibody used was anti-HA (12CA5, Boehringer Mannheim) (1:
1000) and the secondary antibody used was goat-anti-mouse IgG
coupled with fluorescein (Cappel) (1:1000).

Fluorescence microscopy

Strains were genomically tagged with YFP or CFP according to:
http://depts.washington.edu/~yeastrc/fm_home3.htm. Cells con-
taining YFP and CFP fusions were grown overnight on solid YPD
supplemented with extra adenine at 30°C and then fixed in SD
complete liquid containing 3.7% formaldehyde and incubated for
10 min at 30°C. Cells were washed once with PBS and resus-
pended in PBS containing 1.3 mg/mL concanavalin A tagged with
Alexa-633 (Molecular Probes) and incubated for 1 min. Cells were
washed, mounted, and imaged with a DeltaVision microscope as
described previously (Drees et al. 2001).
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