A putative protein complex consisting
of Ctt19, Mcm21, and Okpl represents
a missing link in the budding

yeast kinetochore
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We have established a one-hybrid screen that allows the in vivo localization of proteins at a functional
Saccharomyces cerevisiae centromere. Applying this screen we have identified three proteins—Ctf19, Mcm21,
and the product of an unspecified open reading frame that we named Okpl—as components of the budding
yeast centromere. Ctf19, Mcm21, and Okpl most likely form a protein complex that links CBF3, a protein
complex directly associated with the CDE III element of the centromere DNA, with further components of
the budding yeast centromere, Cbfl, Mif2, and Cse4. We demonstrate that the CDE III element is essential
and sufficient to localize the established protein network to the centromere and propose that the interaction

of the CDE II element with the CDE III localized protein complex facilitates a protein~-DNA conformation

that evokes the active centromere.
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The centromere and kinetochore are specialized chromo-
somal structures that fulfill several distinct functions to
mediate high-fidelity chromosome segregation in mito-
sis and meiosis (Choo 1997a). Electron microscopy has
revealed a differentiated structure of metaphase centro-
meres and kinetochores from higher eukaryotes (Choo
1997a). In contrast to higher eukaryotes, the centromere
and kinetochore of Saccharomyces cerevisiae cannot be
distinguished by electron microscopy. For this reason
the terms kinetochore and centromere will be used syn-
onymously for this organism.

Because the centromere of S. cerevisiae is less complex
than the centromere of higher eukaryotes, it is ideal for
molecular dissection and reconstitution. Most notably,
the centromere DNA (CEN DNA), the chromosomal
DNA that guides centromere formation, is only 125 bp
in 8. cerevisiae, whereas the CEN DNA of most other
eukaryotes is very extensive (up to megabases) and
highly repetitive (Choo 1997b). The S. cerevisiae CEN
DNA consists of two partial palindromic consensus se-
quences, CDE I (8 bp) and CDE III (25 bp), which are
separated by CDE II, a 78- to 86-bp-long stretch of A/T-
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rich DNA (Hegemann and Fleig 1993). CDE I is the bind-
ing site of a homodimer of Cbfl (Hegemann and Fleig
1993), and CDE II binds CBF3, a protein complex, in
vitro (Lechner and Carbon 1991). CDE I/Cbfl are not
essential for centromere function in vivo but increase
chromosome segregation fidelity 010-fold (Hegemann
and Fleig 1993). CDE III/CBF3 are indispensable for cen-
tromere function in vivo (Lechner and Ortiz 1996). Mu-
tations in the central CCG triplet of CDE III inactivate
the centromere in vivo and inhibit binding of CBF3 in
vitro (Lechner and Ortiz 1996). Besides CDE I1I/CBF3, at
least parts of CDE II are required to form a functional
centromere in vivo (Schulman and Bloom 1993). The
CBF3 complex originally was shown to contain the three
components—Cbf3a, Cbf3b, and Cbf3c (Lechner and
Carbon 1991)—that interact with the CEN DNA directly
(Espelin et al. 1997). Corresponding genes identified later
were named NDC10, CBF2, or CTF14 for Cbf3a (Doheny
et al. 1993; Goh and Kilmartin 1993; Jang et al. 1993),
CBE3B or CEP3 for Cbf3b (Lechner 1994; Strunnikov et
al. 1995), and CTF13 for Cbf3c (Doheny et al. 1993).
More recently a fourth component of CBF3, Cbf3d/Skpl,
was identified (Connelly and Hieter 1996; Stemmann
and Lechner 1996). Interaction of Cbf3d/Skpl with
Cbf3c is required to reconstitute the CBF3—-CEN DNA
complex from isolated CBF3 components in vitro and is
part of the reconstituted CBF3—-CEN DNA complex
(Stemmann and Lechner 1996). Furthermore, Cbf3d/
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Skpl was identified as a suppressor of a Cbf3c mutation
(Connelly and Hieter 1996). Therefore, Cbf3d/Skpl is
essential for the formation of the CBF3—-CEN DNA com-
plex. According to Kaplan et al. (1997), the coexpression
of Cbf3d/Skpl with Cbf3c in insect cells promotes Cbf3c
phosphorylation and results in an activated Cbf3c that
can form CBF3-CEN DNA complexes in the absence of
Cbf3d in vitro. In addition to its major role for centro-
mere function in budding yeast, Cbf3d/Skpl also func-
tions as part of a protein ubiquitin-ligase, SCF (Skpl, a
Cullin, and an F-box protein)(Bai et al. 1996; Skowyra et
al. 1997) that promotes the degradation of cyclin-depen-
dent kinase inhibitors or G, cyclins (Krek 1998). SCF
composition and function is conserved from yeast to
higher eukaryotes (Krek 1998), as is reflected by the high
conservation of Cbf3dd/Skpl among all eukaryotes exam-
ined (Connely and Hieter 1996). Currently, it is unclear
whether the centromere function and the SCF function
of Cbf3d/Skpl overlap at any point.

The CBF3-CEN DNA complex most likely does not
resemble an active kinetochore. In vitro this can be de-
duced from the observation that the CBF3-CEN complex
is absolutely required but not sufficient to facilitate in-
teraction between microtubules and CEN DNA (Sorger
et al. 1994). Several proteins have been addressed as pu-
tative centromere proteins on the basis of genetic inter-
actions with the CEN DNA or the CEN DNA-binding
components Cbfl and CBF3 (Hyman and Sorger 1995;
Lechner and Ortiz 1996). Two of them, Mif2 and Cse4,
recently have been localized to the centromere in vivo
(Meluh and Koshland 1997; Meluh et al. 1998). Mif2, a
protein that exhibits genetic interactions to CDE I, Cbfl,
and Cbf3a (Meluh and Koshland 1995) exhibits homol-
ogy with CENP-C, a protein of the mammalian kineto-
chore (Brown 1995). Cse4 exhibits genetic interaction
with CDE II and shares considerable homologies with
histone H3 and the mammalian centromere protein
CENP-A (Stoler et al. 1995). Like CENP-A, Cse4 may
therefore represent a specialized histone. Thus, the cen-
tromere of budding yeast and higher eukaryotes, al-
though very different in size and complexity, may have
common structural features that reflect their similar
functional performance.

How do CEN-DNA-bound CBF3 and Cbfl link up
with Mif2 and Cse4 to assemble a centromere? To this
date no physical interactions of Mif2 or Cse4 with CBF3
and Cbfl have been revealed. Most likely unidentified
centromere proteins provide the missing link. Here we
describe such a missing link of the budding yeast cen-
tromere. Applying a one-hybrid approach, we have iden-
tified a protein complex consisting of Ctf19, Mcm21, and
the product of the yeast ORF YGR179c¢, which clearly is
a constituent of the S. cerevisiae centromere. This com-
plex provides a physical link between the CBF3 complex,
Mif2, Cse4, and Cbfl. We demonstrate further that the
protein network established, with the exception of Cbfl,
is localized to the CEN DNA exclusively via the CDE III
element and provide evidence that the CDE II element is
facilitating a distinct conformation of the centromere
complex.

A missing link in the budding yeast kinetochore

Results

Establishment of a one-hybrid system to identify
kinetochore proteins

The one-hybrid system is a powerful tool to identify pro-
teins that localize to specific DNA sequences in vivo (Li
and Herskowitz 1993; Bourns et al. 1998). In general, the
DNA sequence of interest is cloned upstream of a re-
porter gene and the resulting cassette is integrated into
the yeast genome. The interaction of a protein fused to a
transcriptional activation domain (AD) with the DNA
sequence of interest will stimulate the expression of the
reporter gene. Conversely, elevated expression of the re-
porter gene reveals the in vivo binding of an AD fusion
protein to the DNA sequence of interest.

To assess whether a one-hybrid system could provide a
method to identify undiscovered kinetochore proteins,
we first investigated whether known kinetochore pro-
teins like the CBF3 proteins, Mif2 or Cse4, could be lo-
calized at the CEN DNA by this method. A one-hybrid
test strain was produced by replacing the endogenous
CEN3 DNA of strain SFY526 with a DNA cassette that
contained the CEN3 sequence upstream of a HIS3 re-
porter gene (Fig. 1). In the resulting strain, YJL128
(cen3::CEN3-HIS3), the reporter gene construct repre-
sents the only functional centromere on chromosome III.
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Figure 1. Cbf3a, Cbf3c, Csed, Ctf19, Mcm21, and Okpl fused
to the transcriptional activation domain of Gal4 (AD) stimulate
the expression of HIS3 only when the reporter construct con-
tains a functional CEN DNA. The reporter construct of strain
YJL128 (cen3::CEN3-HIS3) containing wild-type CEN3 DNA
and strain YJL148 (LYS2::cen3*““~HIS3) containing a nonfunc-
tional CEN3 DNA with a CCG to AGC mutation are presented.
Growth of YJL128 (cen3::CEN3-HIS3) and YJL148
(LYS2::cen34“C-HIS3) that express isolated AD (from pACT2)
or the indicated AD fusion proteins (see Materials and Methods)
on SD/His™ medium containing 5 mm 3-AT is shown. AD-
Ctf19, AD-Mcm21, and AD-Okpl were identified by express-
ing AD fusion libraries in YJL128 (cen3::CEN3-HIS3) as de-
scribed in the text.
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Thus, this approach avoids the formation of a dicentric
chromosome. To address the specificity of a protein—
CEN DNA interaction observed in YJL128 (cen3::CEN3-
HIS3), we constructed a control strain, YJL148
(LYS2::cen3*“C-HIS3), as follows: CEN3 DNA, with the
central CCG triplet of CDE III replaced by AGC, was
cloned upstream of the HIS3 reporter gene. The CCG-
AGC mutation in CDE III results in a nonfunctional
CEN DNA (Hegemann and Fleig 1993). To maintain a
functional copy of centromere DNA on the chromo-
some, the resulting reporter construct was integrated at
a non-CEN locus (at the LYS2 locus) of SFY526. Muta-
tions in the CCG triplet of CDE III strongly affect bind-
ing of the CBF3 complex in vitro (Ng and Carbon 1987;
Lechner and Carbon 1991) and have been shown to in-
terfere with the localization of Cbf3a and Mif2 to CEN
DNA in vivo (Meluh and Koshland 1997). Therefore, if
an AD fusion protein activated HIS3 expression in
YJL128 (cen3::CEN3-HIS3) because of its specific inter-
action with the CDE III element of the reporter con-
struct, the same fusion protein should not stimulate
HIS3 expression in YJL148 (LYS2::cen34““~HIS3). Inte-
gration of the reporter constructs into the His™ strain
SFY526 led to His™ cells because of the basal HIS3 tran-
scription from the HIS3 minimal promoter present in
the reporter constructs. To identify events of activated
HIS3 transcription, 3-aminotriazole (3-AT), an inhibitor
of His3 activity, was added to agar plates in amounts that
repressed growth due to basal HIS3 expression. These
plates are referred to as 3-AT plates.

Fusion constructs consisted of the Gal4 transcrip-
tional AD fused to the amino termini of the proteins
tested. AD-Cbf3a, AD-Cbf3c, and AD-Cse4 supported
strong growth of YJL128 (cen3::CEN3-HIS3) on 3-AT
plates, whereas AD-Mif2 supported growth weakly (Fig.
1). The activation domain alone did not support growth
on 3-AT plates, and none of the constructs supported
growth of YJL148 (LYS2::cen3*““~HIS3) cells on 3-AT
plates. YJL128 (cen3::CEN3-HIS3) and YJL148
(LYS2::CEN3“““-HIS3) contain the reporter construct
in different chromosomal loci. To exclude that the ob-
served results are due to a difference in the chromatin
context at the two loci, we constructed a third strain,
YJL162 (cen2::TRP1, LYS2::CEN3-HIS3), that harbors a
CEN3-HIS3 construct at the LYS2 locus (on chromo-
some II) in addition to a CEN2 knockout. Similar to the
results obtained with YJL128 (cen3::CEN3-HIS3), AD-
Cbf3a and AD-Cbf3c support growth of YJL162
(cen2:: TRP1, LYS2::CEN3-HIS3) on 3-AT plates (Fig. 7A,
below; data not shown). Thus, the established one-hy-
brid system unambiguously detected the specific local-
ization of known kinetochore proteins at a functional
centromere in vivo. Furthermore, it revealed that Cse4
localizes to the centromere in a CDE III-dependent way.
Therefore, these one-hybrid strains appear suitable for
the identification of as yet unknown kinetochore pro-
teins as well as for the confirmation of candidate kineto-
chore proteins.

AD-CDbf3b and AD-Cbf3d did not support growth on
3-AT plates, although the transformants grew well on

1142 GENES & DEVELOPMENT

media that select for the plasmids. AD-Cbf3d may not
be detected because it is not functional (as it cannot
complement a c¢bf3d null mutation; data not shown).
AD-Cbf3b, which is functional (it complements a cbf3b
null mutation; data not shown) may not be detectable
because the AD might be inaccessible.

Ctf19, Mcm?21, and Okp1, the product
of an uncharacterized ORF, are components
of the budding yeast kinetochore

We applied the one-hybrid method to identify unknown
proteins of the S. cerevisiae kinetochore. YJL128
(cen3::CEN3-HIS3) was transformed with two different
S. cerevisiae plasmid libraries that overexpress AD fu-
sion proteins. The first library contained genomic DNA,
and the second, cDNA. Transformants were selected for
growth on 3-AT plates, and plasmids of positive clones
were sequenced. Several isolated plasmids contained the
CBF3A gene. Besides Cbf3a, three proteins, Ctfl19,
Mcm21, and an unspecified ORF, YGR179¢, named
OKP1 for outer kinetochore protein, were identified.
When expressed as AD fusions, these proteins supported
growth of YJL128 (cen3::CEN3-HIS3) but not YJL148
(LYS2::CEN3ASC_HIS3) on 3-AT plates (Fig. 1). Ctfl9,
Mcm21, and Okpl therefore localize to the CEN DNA in
a CDE III-dependent way.

Ctf19 had been identified previously in a screen that
detected compromised chromosome transmission fidel-
ity (Ctf) (Spencer et al. 1990). A possible kinetochore
function of Ctf19 had been proposed because of the high-
dosage lethality of Cbf3c in a c¢tf19 mutant background
(Kroll et al. 1996). Concurrently with our work, further
genetic interactions between Ctf19 and the CBF3 com-
ponents, as well as CEN chromatin immunoprecipita-
tion (Chip) experiments, have established Ctfl9 as a
novel kinetochore protein (Hyland et al. 1999). Mcm2.1
had been identified in a mutant screen that detected de-
fects in minichromosome maintenance (Mcm; Maine et
al. 1984), but no connection to kinetochore functions
had been established yet. Sequencing data of the plasmid
that contained the MCM21 cDNA revealed that MCM21
translation starts at an ATG codon 434 bp upstream of
the designated start ATG (SacchDB, Stanford, CA) and
that MCM21 contains an 83-bp intron with S. cerevisiae
characteristic 5'- and 3'-splice sites (Rymond and Ros-
bash 1992) that flank a putative branch sequence (Fig.
2A). Neither Ctf19 nor Mcm21 exhibits homologies to
known proteins. However, Okpl exhibits moderate ho-
mologies to CENP-F, a protein that localizes to the
mammalian kinetochore in a cell cycle-dependent man-
ner (Liao et al. 1995). Four regions of homology and a
putative nuclear localization signal of Okpl (amino acids
202-218) are presented in Figure 2, B and C.

ctf19, mem21, and okpl mutants exhibit a high rate
of chromosome loss

We have analyzed ctf19, mcm?21, and okpl mutants with
a colony-sectoring assay (Koshland and Hieter 1987) to
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support or establish the role of ctf19, mecm?21, and okpl
in chromosome segregation. The mutant strains ana-
lyzed harbored an artificial chromosome carrying SUP11
that suppresses the ade2-101 mutation present in these
cells. Loss of the artificial chromosome will result in
cells that accumulate a red intermediate of the adenylate
biosynthetic pathway. Consequently, frequent chromo-
some loss will lead to highly red-sectored colonies. Gene
knockouts of CTF19, MCM21, and OKPI were per-
formed as described in Materials and Methods. As indi-
cated elsewhere (SacchDB, Stanford), ctf19 null mutants
are viable. Also, mcm21 null mutants are viable (see Ma-
terials and Methods). However, ctf19 and mcm?21 null
mutants exhibit a high sectoring phenotype (Fig. 3A).
okpl null mutants are not viable (see Materials and
Methods) but okpl-5, a temperature-sensitive mutant
generated as described in Materials and Methods, pro-
duced highly sectored colonies when grown at 34°C (Fig.
3A). Therefore, Ctf19, Mcm21, and Okpl are involved in
maintaining genetic stability, which is consistent with
the kinetochore localization of these proteins. At 37°C
okp1-5 arrests predominantly as large budded cells that
contain one nucleus with replicated DNA (Table 1; Fig.
3B). This is indicative of an arrest at the G, /M transition
of the cell cycle. Such an arrest could be mediated by a
feedback control system that recognizes unsuccessful ki-
netochore spindle interaction (Gorbsky 1995), as has
been proposed before for other kinetochore defects (Lech-
ner and Ortiz 1996). However, this has to be determined.

3210

ogy, as shown in B. Arabic numerals refer to
amino acid positions.

A putative protein complex consisting of Ctf19,
Mcm?21, and Okp1 interacts with the CBF3 complex
as well as with Cse4, Mif2, and Cbf1

Potential protein-protein interactions between Ctfl9,
Mcm?21, and Okpl and with other components of the
kinetochore were first investigated by the two-hybrid
system (Fields and Song 1989). Two proteins, one as a
fusion with the DNA-binding domain of Gal4 (BD), and
the other as a fusion with the transcriptional AD of Gal4,
were coexpressed in strain HF7c as indicated in Figure
4A. Interaction of the coexpressed fusion proteins results
in the activation of HIS3 and lacZ transcription from
reporter constructs present in HF7c. Consequently, a
positive protein-protein interaction is revealed by the
ability of the transformed strain to grow on 3-AT plates
or by an increase in B-galactosidase activity. All possible
combinations of Ctf19, Mcm21, and Okpl with each
other, with each of the CBF3 proteins, and with Cse4,
Mif2, and Cbfl were tested. All transformed strains grew
well in media that selected for the plasmids. Protein
combinations that resulted in strong growth on 3-AT
plates when coexpressed in HF7¢ are presented in Figure
4A. As a negative control, positively identified fusion
constructs were coexpressed with the appropriate two-
hybrid vector that contained no insert. When B-galacto-
sidase activity was assayed instead of HIS3 expression,
identical results were obtained (data not shown). Accord-
ing to the two-hybrid results obtained, Ctf19, Mcm21,
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Figure 3. (A) ctf19, mcm21, and okp1 mutants exhibit elevated
chromosome loss. Colony sectoring of wild-type or mutant
strains harboring an artificial test chromosome on SD medium
containing reduced amounts of adenine (Koshland and Hieter
1987) is shown. The temperature-sensitive okp1-5 mutant and a
corresponding control strain were grown for 2 days at 34°C and
then shifted to 28°C. (B) okpI-5 terminal phenotype. Strains as
indicated were grown at 25°C to early logarithmic stage and
than shifted to 37°C or kept at 25°C for 4 hr. Cellular morphol-
ogy (phase contrast), nuclear staining (DAPI), and DNA content
(FACS) are shown. okp1-5 arrests at the nonpermissive tempera-
ture predominantly as large budded cells with one nucleus and
replicated DNA.

and Okpl interact with each other. Furthermore, Ctf19
interacts with Cbf3a, Cbf3b, and Cse4; Mcm21 interacts
with Cbf3d, Mif2, Cbfl, and itself.

Protein-protein interactions were analyzed further by
coimmunoprecipitation (Fig. 4B,C). First, immunopre-
cipitates of Flag-tagged Okpl and Mcm21 obtained from
crude lysates were investigated (Fig. 4B). This revealed
that Okpl, Ctf19, and Mcm21 are associated with each
other. Quantitating the Western signals (data not shown)
of load and precipitate fractions indicated that the degree
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of association is very high ((B0%-50%). We therefore
speculate that Ctf19, Okpl, and Mcm21 form a protein
complex. This complex interacts with CBF3 compo-
nents: Okpl is associated with Cbf3a and Cbf3b (Fig. 4B).
These interactions were not detected by the two-hybrid
system, presumably because the corresponding fusion
constructs were not compatible with the assay. Con-
versely, the interactions between Ctfl9 and Cbf3a or
CDbf3D, as revealed by the two-hybrid assay, could not be
detected unambiguously in crude lysates, probably be-
cause of the low amounts of Flag-tagged Ctf19 present in
our extracts (data not shown). To examine Ctf19-Cbf3a
interaction, we therefore synthesized Ctf19 in vitro. Im-
munoprecipitation with anti-Cbf3a antibodies revealed
that Ctf19 coprecipitated with Cbf3a that had been
added to the sample (Fig. 4C). Thus, the protein-protein
interactions Okpl1-Ctf19, Okpl-Mcm21, Ctf19-Mcm21,
and Ctf19-Cbf3a that were revealed by the two-hybrid
assay could be verified by coimmunoprecipitation (Fig.
7B, below). An interaction between Mcm21 and Cbf3d,
as indicated by the two-hybrid assay, could not be veri-
fied unambiguously (data not shown). Other interactions
revealed by the two-hybrid assay have yet to be analyzed
by coimmunoprecipitation.

Neither technique allows a firm conclusion as to
whether the observed interactions are direct. Neverthe-
less, the presented data clearly suggest that a putative
complex consisting of Ctf19, Mcm21, and Okpl links
the CBF3 complex to Mif2, Cse4, and Cbfl, as summa-
rized in Figure 7B.

An intact CDE III element is required and sufficient
to localize Csed, Ctf19, Mcm?21, and Okpl
to the centromere in vivo

We used Chip to investigate the in vivo interaction of
Cbf3b, Cbf3c, Cbfdd, Csed, Ctf19, Mcm21, and Okpl
with CEN DNA in more detail. As a positive control,
Cbf3a was assayed, as the in vivo localization of this
protein to CEN DNA had been shown before (Meluh and
Koshland 1997). Cells were treated with formaldehyde
to cross-link cellular structures and then lysed and
sonicated to shear the chromatin. Subsequently,
the CBF3 proteins were immunoprecipitated with
anti-CBF3 antibodies and protein A-Sepharose. Cse4,
Ctf19, Mcm21, and Okpl were expressed as Flag-tagged
proteins and immunoprecipitated with anti-Flag agarose.
After reversing the cross-links, coimmunoprecipitation
of wild-type or mutant CEN3 DNA was probed by PCR.

Table 1. okpl-5 phenotype

Large budded cells (%) Small/ Total
nonbudded cells
Strain 1 nucleus 2 nuclei cells (%)  counted
OKP1/25°C 12 11 77 341
OKP1/37°C 9 12 78 306
0kp1-5/25°C 7 11 82 360
okp1-5/37°C 54 4 42 364
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Figure 4. Protein—protein interactions involving Ctf19, Mcm21,
Okpl, and other components of the S. cerevisiae centromere. (A)
Two-hybrid analysis. The indicated fusion constructs containing
the DNA-binding domain of GAL4 (BD) or the transcriptional
activation domain of Gal4 (AD) were coexpressed in HF7c (for
plasmid construction see Materials and Methods); growth on SD/
His™ medium containing 15 mm 3-AT is shown. As controls, co-
expressions of corresponding fusion proteins with the appropriate two-hybrid vector containing no insert are shown. (B) For coim-
munoprecipitation of Cbf3a, Cbf3b, and Ctf19 with Flag-tagged Okpl (FL-Okpl), extracts from strain YJL132 (okp1::TRP1) harboring
pJL471 (Flag-OKP1) were prepared. As a control, extracts from YJL19 were used that did not contain Flag-tagged Okpl. For coimmu-
noprecipitation of Mcm21 fused to the DNA-binding domain of Gal4 (BD-Mcm21) with Flag-tagged Okpl, extracts from YPH499
(Sikorski and Hieter 1992) harboring pJL471 (Flag-OKP1) and pJO508 (BD-MCMZ21) were prepared and as a control, extracts from
YPH499 harboring only pJO508 (BD-MCMZ21) was used. For coimmunoprecipitation of Ctf19 with Flag-tagged Mcm21 (FL-Mcm21)
extracts from YJL146 (mcm21::TRP1) harboring pJL505 (Flag-MCM21) were prepared and as a control, extracts from YJL19 were used.
The extracts were immunoprecipitated with anti-Flag M2 agarose. Aliquots (0.5%-1.5% of the total load) of the extracts (Load) and
aliquots (5% or 25% of the total load for the analysis of Flag-tagged proteins or coprecipitated proteins, respectively) of the immu-
noprecipitations (IPs) were subjected to Western analysis. Anti-Cbf3a, anti-Cbf3b, and anti-Ctf19 antibodies were used to detect
corresponding proteins. Anti-HA antibody was used to detect BD-Mcm21, which contains an HA tag. The FL-Okpl shown for Load
and IP fractions corresponds to an experiment where the coprecipitation of Ctf19 and Cbf3a was revealed. For BD-Mcm21 or Cbf3b
coimmunoprecipitation, the amount of FL-Okp1 detected in the Load and IP fractions was similar. Note that Cbf3b was undetectable
in the loads. However, the same amount of total protein from the extract containing FL-Okp1 and of the control extract was subjected
to immunoprecipitation. (C) 3°S-Labeled Ctf19, synthesized in vitro, was incubated with or without 1 ug of purified Cbf3a—Hisg
expressed in Pichia pastoris (Stemmann and Lechner 1996). Subsequently, the samples were immunoprecipitated with anti Cbf3a
antibody. Aliquots of the load (5% of the total) and IP fraction (30% of the total load) were subjected to SDS-PAGE and autoradiog-
raphy.

The analyzed wild-type CEN3 DNA included (1) CEN3-
HIS3 at the CEN3 locus in strain YJL128 (cen3::CEN3-
HIS3) (Fig. 5A); (2) CEN3 DNA of a wild-type unmarked
CENS3 locus in the Cbf3a mutant strain ndc10-1 (Fig. 6);
and (3) CEN16 in strain YPH499 (data not shown). Mu-
tant CEN DNA consisted of the nonfunctional cen34“¢
DNA integrated as part of the HIS3 reporter construct at
the LYS2 locus in strain YJL148 (LYS2::CEN3*““~HIS3)
(Fig. 5B). In addition, a further construct was used in
these experiments that contained CDE III plus pUCI18
DNA replacing CDE II and CDE I upstream of HIS3 in-

tegrated at the LYS2 locus in strain YJL138 (LYS2::CDE
III-HIS3) (Fig. 5B). To assess the specificity of the CEN
DNA coprecipitation, the PCR mixture contained addi-
tional primers that resulted in the amplification of two
noncentromeric control fragments. Furthermore, to ex-
clude the possibility that CEN chromatin is preferen-
tially precipitated with protein A-Sepharose or anti-Flag
agarose, the following controls were performed: (1) Chip
with protein A-Sepharose and extracts containing un-
specific IgG (Fig. 5A,B, unspecific IgG) instead of CBF3
antibodies; and (2) Chip with anti-Flag agarose and ex-
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Figure 5. CDE III is essential and suffi-
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Flag-tagged versions of Okpl, Ctf19,

Mcm21, and Cse4, were immunoprecipi tated as described in A. To test for specific copurification of cen34““ DNA (inactive CDE III
element) or the isolated CDE IIl DNA, aliquots (0.016 pl of chromatin solution) of the extracts before immunoprecipitation (Load) and
aliquots (5 pl chromatin solution) of the immunoprecipitates were analyzed by PCR. In the load dilution series, 0.1, 0.04, 0.016, and
0.0064 nl of chromatin solution (for cen34““~HIS3) or 0.1, 0.03, and 0.008 ul of chromatin solution (for CDE III-HIS3) were used. PCR
mixtures were designed (see Table 2 for primers) to amplify the cen34€ or CDE III fragment in addition to two noncentromeric control

fragments as indicated.

tracts that contained no Flag-tagged proteins (Fig. 5A,
anti FL-mock). To demonstrate that the set of primers
resulted in equal amplification of the three template
DNAs analyzed, preimmunoprecipitation samples
(loads) were subjected to identical PCR analysis as the
immunoprecipitates.

Wild-type CEN DNA (CEN3-HIS3, unmarked CENS,
and CEN16) specifically coimmunoprecipitated with all
proteins tested regardless of whether asynchronous cul-
tures (Figs. 5A and 6; data not shown) or cells treated
with «a factor (G, arrest) or nocodazole (G, /M arrest; data
not shown) were used. Okpl, Ctf19, and Mcm21 were
therefore confirmed as kinetochore proteins by a second
method independent of the one-hybrid approach. Fur-
thermore, it was shown that like Cbf3a and CDbf3D,
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Cbf3c and Cbf3d also bind to the centromere in vivo, as
would be expected from the in vitro data. Also, Cse4, as
reported by Meluh et al. (1998), could be localized to the
CEN DNA in vivo.

Interestingly, for all kinetochore proteins tested a
wild-type CDE III element was sufficient for association
with the CEN locus; CDE I and II were not required (Fig.
5B). cen34““ DNA failed to coimmunoprecipitate with
any of the kinetochore proteins tested (Fig. 5B). Thus, the
CDE III element is not only sufficient but also essential
for the kinetochore localization in all cases with the pos-
sible exception of Cbfl. It had been reported before (Me-
luh and Koshland 1997) that the kinetochore localization
of Cbf3a and Mif2 requires CDE III exclusively, whereas
CDbf1 can be only localized to a complete CEN DNA.
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Okp1, Ctf19, Mcm?21, and Cse4 require an intact
CBF3-CEN DNA complex for centromere localization

Does the centromere localization of Ctfl9, Mcm2l,
Okpl, and Cse4 depend on a CBF3-CEN complex? Flag-
tagged versions of Okpl, Ctf19, Mcm21, and Cse4 were
expressed in the background of ndc10-1, a temperature-
sensitive Cbf3a mutation that disrupts the CBF3-CEN
DNA complex formation in vitro (Sorger et al. 1995), and
Chip assays with the anti-Flag antibody were performed.
Wild-type CEN DNA and noncentromeric control DNA
were analyzed by PCR as indicated (Fig. 6). After growing
the ndc10-1 strain at the nonpermissive temperature, co-
immunoprecipitation of CEN3 DNA with Cbf3a, Cbf3c,
Okpl, Ctf19, Mcm21, and Cse4 was barely above the
background. In contrast to this, coprecipitation of CEN3
DNA with theses proteins from ndc10-1 cells grown at
the permissive temperature was very efficient (Fig. 6).
Furthermore, coprecipitation of CEN3 DNA with Cbf3a
and Okpl was high in wild-type cells grown at 37°C.
Therefore, as seen in vitro, the formation of the CBF3—
CEN DNA complex is also compromised in vivo by the
ndc10-1 mutation, and the CDE III localization of Okpl,
Ctf19, Mcm21, and Cse4 depends on the existence of a
CBF3-CEN DNA complex.

CDE I and CDE II may contribute to conformational
changes necessary for a functional centromere/
kinetochore

Given the data presented above and elsewhere (Meluh
and Koshland 1997), none of the known kinetochore pro-
teins (possibly with the exception of Cbfl) requires CDE

aliquots of the extracts (Load; 0.016 ul of chromatin
solution, with the exception of FI-Cse4 load that
contained 0.4 pl) and the immunoprecipitates [5 ul
of chromatin solution; for A(x4), 20 pl] were ana-
lyzed by PCR. PCR mixtures were designed (see
Table 2 for primers) to amplify the CEN DNA frag-
ment in addition to two noncentromeric control
fragments from chromosome III as indicated.

II for centromere localization. So why is CDE II essential
for centromere function? Because CDE II does not repre-
sent a consensus sequence, CDE II is believed to play a
structural role (Cumberledge and Carbon 1987). To test
this hypothesis, we took advantage of the fact that tran-
scriptional activation depends on a particular DNA to-
pology that positions transcription factors in the vicinity
of the basal transcription apparatus (Grosschedl 1995).
Interactions between nonadjacent DNA-bound proteins
require a deformation of the DNA helix that is energeti-
cally unfavorable if the sites are >30 but <140 bp apart
(Grosschedl 1995). For these proteins to interact, the de-
formation of the DNA helix has to be supported by an
intrinsic DNA bend and/or chromatin factors that facili-
tate the helix deformation. The distance between the
HIS3 promoter and CDE III in our one-hybrid constructs
(see above) is only (100 bp. Nevertheless, proteins that
localize to CEN3-HIS3 DNA, like AD-Cbf3a or AD-
Cbf3c, were able to interact with the transcriptional ma-
chinery and activate HIS3 transcription in YJL128
(cen3:CEN3-HIS3; Fig. 1) and YJL162 (cen2:TRPI,
LYS2::CEN3-HIS3; Fig. 7A; data not shown). In contrast
to this, expression of AD-Cbf3a or AD-Cbf3c in YJL138
(LYS2::CDE III-HIS3), which harbors CEN3 DNA with
the CDE II+I element replaced by spacer DNA of equal
length, did not support growth on 3-AT plates (Fig. 7A;
data not shown). This indicates that the transcriptional
activation of HIS3 by these fusion proteins requires CDE
I and CDE 1I to be the linker between the CDE III ele-
ment and the HIS3 promoter. Therefore, CDE I and CDE
II may facilitate a deformation of the DNA helix that is
conducive with an interaction between AD-Cbf3a or
AD-Cbf3c and the basal transcription complex. The re-
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Figure 7. (A)Substitution of CDE I+II in a CEN3-HIS3 reporter
construct interferes with AD-Cbf3a-promoted activation of
HIS3 transcription. The reporter constructs of strain YJL162
(cen2::TRP1, LYS2::CEN3-HIS3) containing wild-type CEN3
DNA and strain YJL138 (LYS2::CDE IlI-HIS3) are presented.
Growth of strains YJL162 (cen2::TRP1, LYS2::CEN3-HIS3) and
YJL138 (LYS2::CDE III-HIS3) expressing AD-Cbf3a (pJO196) on
SD/His™ medium containing 5 mm 3-AT is shown. (B) S. cer-
evisiae kinetochore model. Solid lines, broken lines, and arrows
represent protein—protein interactions revealed by experimental
methods as indicated. For further explanation of the model, see
text.

sults described above therefore support a kinetochore
model with nonlinear CEN DNA as shown in Figure 7B.
A multisubunit protein structure, including Cse4 and
possibly other components of a putative core nucleo-
some, are anchored via the CBF3—-CDE III complex. CDE
II, but not control DNA, facilitates a DNA conformation
that represents an active kinetochore, possibly in re-
sponse to interactions with the CDE III localized protein
complex.

YJL162 (cen2:TRP1, LYS2:CEN3-HIS3) exhibits a
normal morphological phenotype, but the doubling time
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is extended by 30% in comparison to the corresponding
wild-type strain. This could be due to a defect in the
segregation of chromosome II, although it has not been
verified. Nevertheless, the CEN3-HIS3 reporter con-
struct provides a functional centromere, as the original
centromere of chromosome II has been destroyed in
this strain. YJL138 (LYS2::CDE III-HIS3) exhibits a wild-
type morphology, reported likewise for a similar strain
(Meluh and Koshland 1997). This indicates that the iso-
lated CDE III bound protein complex does not elicit a
spindle checkpoint signal that results in a preanaphase
arrest.

Discussion

Identification of three new yeast kinetochore proteins:
Ctf19, Mcm21, and Okp1

We have established a one-hybrid assay that allows the
identification and in vivo localization of S. cerevisiae
kinetochore proteins at active centromeres. Applying
this assay we have identified three new kinetochore pro-
teins, Ctf19, Mcm21, and Okpl. Subsequently we have
confirmed the kinetochore localization and function of
these proteins by three further lines of evidence. First,
mutants of the three proteins exhibit severe chromo-
some loss; a temperature-sensitive mutant of Okpl,
okp1-5, furthermore arrests at the G, /M transition of the
cell cycle when shifted to the nonpermissive tempera-
ture, a phenotype that is consistent with a kinetochore
defect. Second, several physical interactions between es-
tablished kinetochore proteins and the newly identified
proteins have been demonstrated. Third, in vivo cross-
linking and subsequent chromatin immunoprecipitation
revealed that Ctf19, Mcm21, and Okpl localize to the
CEN DNA in vivo. Moreover, a CDE III-CBF3 complex
is required and sufficient for the centromere localization
of the three new proteins.

Concurrently, Ctf19 has been independently identified
as a kinetochore protein by Hyland et al. {1999). Comple-
mentary to our work, several genetic interactions be-
tween Ctfl9 and components of CBF3 were revealed.
Furthermore, these investigators describe that Ctf19 is
important for kinetochore/microtubule interaction and
that Ctf19 might have a second cellular role as a com-
ponent of the spindle pole body.

Okpl exhibits homology to CENP-F, a protein that
associates with the mammalian centromere and might
be involved in kinetochore maturation (Choo 1997c¢).
The homology observed between Okpl and CENP-F is
not of low complexity (according to the BLASTP 2.0.6
program), and the extent of homology is similar to the
one observed between Mif2 and CENP-C (Brown 1995).
However, CENP-F localizes to the centromere only from
prometaphase to early anaphase (Choo 1997c), whereas
Okpl (as well as Ctf19 and Mcm21) localize at the cen-
tromere during G, and during G,/M. Furthermore, the
region of CENP-F homologous to Okpl lies within one of
the two extensive coiled-coil domains predicted for
CENP-F (Choo 1997¢) and homologies between Okpl



and coiled—coil domains of other proteins (like myoglo-
bin) exist (data not shown). Therefore one cannot ex-
clude that the observed homologies could predominantly
represent an inclination of Okpl to form coiled—coil
structures. However, a computer-based secondary struc-
ture analysis does not strongly predict an extensive
coiled coil domains for Okpl. In conclusion, it is there-
fore unclear how comparable CENP-F and Okpl are on a
functional level.

The in vitro formation of the CBF3—-CEN DNA com-
plex can be detected by electrophoretic mobility shift
assays and DNA footprinting (Lechner and Carbon 1991).
In contrast to this, no evidence for a CEN DNA-bound
protein complex that contains Okpl, Ctfl19, or Mcm21
could be detected by supershift experiments with ex-
tracts containing Flag-tagged versions of Ctf19, Mcm21,
or Okpl (J. Ortiz et al., unpubl.). The conditions applied
to make the extracts might have been incompatible with
maintaining the activity of some of the complex compo-
nents. Alternatively, the complex might not be stable
enough to be detected by the shift assay or might require
a chromatin environment for stability.

A network of kinetochore proteins

Based on two-hybrid assays, protein—protein and pro-
tein-DNA immunoprecipitations, we describe a net-
work of physical interactions that link the CBF3 com-
plex to Cbfl, Mif2, and Cse4, via Okpl, Mcm21, and
Ctf19 (Fig. 7B). It goes without saying that the presented
network is in no way complete. First, we are not presum-
ing that the described proteins represent the complete
set of centromere proteins. Second, the network consist
only of the minimal amount of interactions that could be
detected. Protein—protein interactions identified by the
two-hybrid assay were omitted when one of the fusion
constructs in combination with the appropriate two-hy-
brid vector with no insert supported growth on 3-AT
plates or B-galactosidase expression, even when the
background detected was considerably below the actual
signal. Moreover, some interactions might be missed by
either of the methods applied. Third, some of the inter-
actions presented may not be direct. None of our meth-
ods stringently excludes that the protein—protein inter-
action detected is mediated by a third protein.

The protein network is anchored to the CEN DNA via
the CDE IlI-bound CBE3 complex. As a result of the ex-
tensive in vitro and in vivo evidence that CBF3 is an
essential CDE IIl-bound kinetochore complex (Lechner
and Ortiz 1996) and the in vivo localization of Cbf3a to
CDE III (Meluh and Koshland 1997), it came as no sur-
prise that Cbf3b and Cbf3c also can be localized to CDE
III in vivo. However, as it was reported that a CBE3-CEN
DNA complex can be formed in vitro in the absence of
Cbf3d (Kaplan et al. 1997), the in vivo localization of
Cbf3d was less predictable. Our data revealed that Cbf3d
is part of the kinetochore in vivo. Whether Cbf3d has a
transient role at the centromere has yet to be investi-
gated.

A missing link in the budding yeast kinetochore

A putative protein complex consisting of Ctf19,
Mcm21, and Okpl associates with CBF3 via Ctfl9,
Mcm?21, and Okpl and interacts with Cse4, Mif2, and
CDbf1 via Ctf19 and Mcm21. Because Ctf19 and Mcm21
are not essential proteins, whereas Cse4 (Stoler et al.
1995) and Mif2 (Meeks-Wagner et al. 1986) are, Cse4 and
Mif2 are predicted to be positioned in the kinetochore by
additional interactions.

A kinetochore model

The original proposal that a specialized nucleosome is
part of the S. cerevisiae kinetochore (Saunders et al.
1990) was supported further by the demonstration that
the histone H3 homolog Cse4 is a component of the S.
cerevisiae kinetochore (Stoler et al. 1995; Meluh et al.
1998). It is speculated that this nucleosome would have
at least one histone H3 replaced by Cse4. In the most
recent model (Meluh et al. 1998) the inner surface of the
complete centromere DNA contacts the histone inter-
face. This would leave the outer surface for the interac-
tion with CBF3. Ctfl9, Mcm21, and Okpl have to as-
semble onto the centromere nucleosome via interactions
with CBE3, Cbfl, Mif2, and Cse4. We have shown that
Cse4 (and possibly a putative Cse4-histone complex) is
localized to the CEN DNA via CDE IlI-bound CBE3,
whereas CDE Il and CDE I are not required. Furthermore
removing 92 of the 131 amino acids that represent the
unique amino terminus of Cse4 has no effect on the cen-
tromere localization of Cse4 (J. Ortiz et al., unpubl.).
Thus, analogous to CENP-A (Sullivan et al. 1994), cen-
tromere localization of Cse4 via the CBF3-CDE III com-
plexes may be dependent on Cse4 domains that are ho-
mologous to histone H3, such as the histone fold, and
not on the unique amino terminus. Because these con-
served domains confer most of the protein-DNA inter-
actions observed in a nucleosome (Luger et al. 1997),
anchoring Cse4 via these domains to the CDE III local-
ized protein network might interfere with Cse4-DNA
interactions. As a consequence, the specialized nucleo-
some may only wrap half the length of DNA a standard
nucleosome does (Fig. 7B). Consequently, CDE III would
not contact the histone interface and would be accessible
for protein-DNA interaction on both sides of the helix,
as observed in vitro (Espelin et al. 1997). Interactions
between CBF3, Cbfl, Mif2, and Cse4 mediated by a pu-
tative protein complex containing Ctf19, Mcm21, and
Okpl would stabilize the structure and evoke a func-
tional kinetochore.

Irrespective of the model, why do we need CDE II for
an active centromere? CDE II is not required for the cen-
tromere localization of the known kinetochore proteins,
with the possible exception of Cbfl. Instead, CDE II is
thought to have a structural function, as it does not rep-
resent a consensus sequence but nevertheless is essential
for centromere function (Cumberledge and Carbon
1987). As a consequence of this and the postulated cen-
tromere nucleosome, many kinetochore models pre-
sented to date include nonlinear CEN DNA. Nonethe-
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less, the physical and genetic interactions observed be-
tween the kinetochore proteins may also be interpreted
as a protein complex on a linear DNA. Furthermore, a
standard nucleosome would not be dependent on CDE II.
Our work provides in vivo evidence that CDE I+II allows
a distinct CEN DNA conformation that control DNA
cannot facilitate. As shown in the transcription activa-
tion assays, CDE III-localized AD-Cbf3a and AD-Cbf3c
can only activate the downstream HIS3 reporter gene
when the DNA that links CDE III and the reporter is
CDE I+II; recent work showed that CDE II but not CDE
I is sufficient (J. Ortiz et al., unpubl.). The effect of CDE
II on transcriptional activation is not due to a specific
helix phase established by the AT-rich DNA of CDE II.
This was revealed by the observation that the transcrip-
tional activation induced by AD-Cbf3a or AD-Cbf3c
was not affected when an oligonucleotide consisting of
1.5 helix turns was integrated between the CEN DNA
and the reporter gene (J. Ortiz et al., unpubl.). Assuming
that AD-Cbf3a and AD-Cbf3c (both are functional fu-
sion proteins, as they can complement null mutants; J.
Ortiz et al., unpubl.) bind to isolated CDE III DNA as
wild-type Cbf3a and Cbf3c do, we conclude that CDE II
most likely facilitates DNA bending into a loop or a
nucleosome-like structure that positions the basal tran-
scription complex in the vicinity of CDE III-bound CBF3.
Moreover, it was observed that transcription activation
by CDE IlI-bound AD-Cbf3a and AD-Cbf3c, utilizing a
CEN3-HIS3 reporter cassette [YJL128 (cen3::CEN3-
HIS3)] was affected when the CDE III-localized protein
complex was compromised (removal of Ctf19) (J. Ortiz et
al., unpubl.). Therefore it is speculated that CDE II can-
not form the postulated DNA conformation per se. In-
stead, the CEN DNA conformation is possibly the result
of the interaction of CDE II with a protein interface that
requires the CDE Ill-localized protein complex. This in-
terface may be provided by Mif2, which contains a bind-
ing motif for AT-rich sequences (Brown et al. 1993), and
by the putative Cse4-histone complex. As mentioned
above, a standard nucleosome would not depend on CDE
II, but a structure that assembles with half the length of
DNA that a standard nucleosome contains (Fig. 7B)
might only be stable in combination with AT-rich DNA.

CDE 1I is absolutely necessary for centromere func-
tion. This implies that the centromere conformation im-
posed by the presence of CDE II is essential. Possible
explanations for the importance of the CDE II effect in-
clude the following. First, only CDE II might assemble a
nucleosome-like structure at the S. cerevisiae kineto-
chore. This could make the kinetochore an integral part
of higher order chromatin structures and provide stabil-
ity. Second, CDE II-induced DNA conformation might
allow protein—protein interactions that would not be
possible otherwise. Third, a CDE Il-protein interaction
results in a conformational change and/or leads to the
acquisition of further proteins.

As shown in the proposed model (Fig. 7B), there are 10
established kinetochore proteins to date. Furthermore, it
is conceivable that the budding yeast kinetochore is con-
structed via a specialized centromere nucleosome and
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that the CDE II element may have a structural effect on
chromatin conformation that evokes an active kineto-
chore. For these reasons, the S. cerevisiae kinetochore
appears to be more complex than originally expected. On
the other hand, we have more reasons to believe that the
S. cerevisiae kinetochore may have a closer resemblance
to the kinetochores of higher eukaryotes.

Materials and methods

Yeast strains with integrated reporter constructs

Strains with reporter gene constructs used for the one-hybrid
screen and chromatin immunoprecipitation were produced as
follows: YJL128 (cen3::CEN3-HIS3): A 1506-bp Drdl fragment
of pRS413 (Sikorski and Hieter 1992) that contained the HIS3
OREF, including promoter and terminator sequences, was blunt-
end cloned into Smal of pUCIS8 resulting in pJL246. The
BamHI-Mval2691 fragment of pJL246 was replaced by a PCR-
generated fragment that contained the 5° HIS3 ORF to the
Mval2691 site plus 39 bp (minimal promoter) upstream of the
start codon resulting in pJL400. The Smal-Xbal fragment of
PRN505 (Ng and Carbon 1987) containing CEN3 DNA was
cloned into the Hincll-Xbal sites of pJL400 resulting in pJL405.
A PCR-generated DNA fragment that maps to the left of CEN3
on chromosome III (position 113261-113919) was blunt-end
cloned into the Sphl site of pJL405 resulting in pJL434 and a
PCR-generated DNA fragment that maps to the right of CEN3
on chromosome III (position 114821-115487) was blunt-end
cloned into the Sacl site of pJL434 resulting in pJL437. The
integration cassette was released from pJL437 by Clal digestion
and transformed into SFY526 (Harper et al. 1993) selecting for
growth on histidine-free medium. Integration of the reporter
construct at the CEN3 locus was verified by PCR.

YJL148 (LYS2:CEN34““-HIS3): The Sacl-Sphl fragment
from pJL400 containing the HIS3 ORF plus minimal promoter
and termination sequences was blunt-end cloned into the Smal
site of YDp-K (Berben et al. 1991) resulting in pJL469a. CEN3
DNA with the CCG triplet of the CDE III element replaced by
AGC was produced by recombinant PCR (Innis et al. 1990) us-
ing pRN506 (Ng and Carbon 1987) as the template. The PCR
product that included the polylinker sites of pRN506 was di-
gested with Xbal and EcoRI and cloned into the Xbal-EcoRI
sites of pJL469a resulting in pJL530. pJL530 was linearized
within the LYS2 gene by Stul digestion and transformed into
SFY526 selecting for growth on histidine- and lysine-free me-
dium. Integration of the reporter construct was verified by PCR.

YJL138 (LYS2::CDE III-HIS3) The Sspl-BamHI fragment of
pRN505 containing the CDE III element of CEN3 DNA was
blunt-end cloned into the Smal site of pUC18. In the resulting
plasmid, pJL4, the remaining half of the SsplI recognition se-
quence is adjacent to the BamHI site of the polylinker. Using
pJL4 as a template, PCR was performed with the T7/T3 se-
quencing primer (AACAGCTATGACCATG) and the pUC18-2
primer (ATCAATCTAGAAGGCGATTAAGTTGGGTA) that
introduces an Xbal site into the PCR product. After digestion
with EcoRI and partial digestion with Xbal (there is an internal
Xbal site in the PCR product) the DNA fragment containing
CDE I plus pUC18 DNA was cloned into the EcoRI-Xbal sites
of pJL469a. In the resulting plasmid, pJL476, the CDE III ele-
ment is positioned at an identical distance from the HIS3 pro-
moter as in the CEN3-HIS3 reporter construct (see above).
pJL476 was linearized within the LYS2 gene by Stul digestion



and transformed into SFY526 selecting for growth on histidine-
and lysine-free medium. Integration into the LYS2 locus was
verified by PCR.

YJL162 (cen2::TRP1, LYS2::CEN3-HIS3) The EcoRI-Xbal frag-
ment of pJL530 was replaced by the EcoRI-Xbal fragment
(CEN3YT) from pRN505 (Ng and Carbon 1987) resulting in
pJL562. A DNA fragment of chromosome II (position 24244—
26382) including CEN2 was amplified by PCR and blunt-end
cloned into the EcoRI site of pBluescript SK- resulting in
pJL569. The Stul-EcoRI fragment of pJL569 was replaced with
the TRP1 gene resulting in pJL571. The integration cassette was
released from pJL571 by Styl-Spel digestion and cotransformed
into SFY526, together with pJL562 that had been linearized by
Stul digestion. Selecting for growth on lysine- and tryptophane-
free medium resulted in strain YJL162. This strain has CEN2
replaced by TRP1 and harbors a CEN3-HIS3 reporter construct
at the LYS2 locus, as was verified by PCR.

One-hybrid screen

YJL128 (cen3::CEN3-HIS3) was transformed with a S. cerevi-
siae genomic library in pGAD-C (James et al. 1996) or a S.
cerevisiae cDNA library (gift from Steve Elledge, Department of
Biochemistry, Baylor College of Medicine, Houston, Texas) in
PACT?2 (Li et al. 1994) selecting for growth on SD/His™ medium
(Guthrie and Fink 1991) plus 5 mm 3-AT. From 80 million trans-
formants, spread out on 45 large (145/20-mm) plates, 120 clones
were positively identified. Twenty-eight of these clones did not
depend on the transformed plasmid for growth and were there-
fore discarded. Plasmids from 30 of the remaining clones were
shuttled into Escherichia coli and the inserts were partly se-
quenced. Several clones derived from both libraries contained
the OKP1 gene. The MCMZ21 gene was only obtained from the
c¢DNA library, whereas CTF19 was only obtained from the ge-
nomic library. Furthermore, CBF3A and ATR1, which confers
3-AT resistance (Kanazawa et al. 1988), were only obtained from
the genomic library. Southern analysis of plasmid inserts am-
plified by PCR showed that the remaining 62 clones harbored
plasmids with one of the genes described above.

Gene disruptions

CTF19 disruption A PCR product containing the CTF19 ORF
with an Ndel site at the start codon and an Xhol site immedi-
ately after the stop codon was cloned into the EcoRV site of
pBluescript II SK- resulting in pJL494. The EcoRV fragment of
pJL494 was replaced by the TRPI gene. After digestion with
EcoRI and BgIII the resulting plasmid, pJL507, was transformed
into YJL19 [MATa ade2-101°°"* trp1-A63 leu2-Al ura3-52 his3-
A200 Iys2-8019mPer cyh2R (CF CEN6 URA3 SUP11 CYH25)),
which was derived by sporulation of YTF3, a gift from Johannes
Hegemann, Institut fiir Mikrobiologie, Heinrich-Heine-Univer-
sitit, Duesseldorf, Germany. Replacement of the wild-type
CTF19 by the disruption cassette was verified by PCR. In the
resulting strain, YJL142, the CTF19 ORF is disrupted after the
first 282 bp.

MCM21 disruption A PCR product containing the MCM21
OREF, including intron plus 380 bp upstream and 437 bp down-
stream sequences, was cloned into the EcoRV site of pBluescript
II SK- resulting in pJL496. The Ndel fragment of pJL496 was
replaced by the TRP1 gene, the resulting plasmid, pJL511, was
digested with Clal and EcoRI and transformed into YJL19 re-
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sulting in YJL146. As verified by PCR, gene replacement re-
moved the complete MCM21 ORF.

OKP1 disruption A PCR product containing the OKP1 ORF
(YGR179c) plus 368 bp upstream and 452 bp downstream se-
quences was cloned into the Smal site of pUCI18 resulting in
pJL465. Subsequently the Sall-Sacl fragment containing the
above PCR product was cloned into the Sall and Sacl sites of
pRS416 and pRS415 (Sikorski and Hieter 1992) resulting in
pJL467 and pJL473, respectively. The SnaBI fragment of pJL465
was replaced by the TRP1 gene; the resulting plasmid, pJL466,
was digested with HindIl and Sacl and transformed into the
diploid strain YPH501 (Sikorski and Hieter 1992). As verified by
PCR, gene replacement in the resulting strain YJL131 elimi-
nated one complete copy of OKPI1. To demonstrate that Okpl is
essential, YJL131 was transformed with pJL467 and subse-
quently sporulated. The resulting haploid strain, YJL132 (MATa
OKP1::TRP1), contained pJL467, which provided a functional
copy of OKP1. When streaked onto plates containing 5-fluoro-
orotic acid (FOA), conditions that selected against the Ura* phe-
notype established by pJL467, no growth could be detected. This
demonstrates that OKP1 is essential because loss of pJL467 that
contains the only functional copy of OKP1 cannot be tolerated.

Temperature-sensitive okpl-5 mutant

The complete OKP1 ORF was released from pJL473 (see above)
by digestion with SnaBI. The remaining vector was mixed with
a DNA fragment generated by error-prone PCR (Muhlrad et al.
1992) that contained the OKP1 ORF plus 368 bp upstream and
452 bp downstream sequences. DNA was denatured by incuba-
tion at 94°C for 4 min and reannealed by decreasing the tem-
perature from 94°C to 45°C at a rate of 2°/min. After transfor-
mation into YJL132 harboring pJL467, single-stranded regions of
mixed hybrids from vector DNA and PCR-generated DNA were
healed in vivo. Transformants were regrown on SD medium
containing FOA to select against pJL467. Subsequently, single
colonies were streaked onto YPD plates (Guthrie and Fink 1991)
and grown at 24°C or 37°C. Of 1050 clones that grew on FOA
medium, 1 was temperature sensitive for growth at 37°C. The
plasmid pJL499 harbored by this clone was isolated. For chro-
mosomal integration, 376 bp of DNA starting 450 bp down-
stream of the OKP1 ORF with Kpnl and EcoRI sites at the ends
was generated by PCR. Utilizing the KpnI and EcoRI sites, this
PCR product was cloned into the Kpnl and EcoRI sites of
pJL287, which contained the TRP1 gene as a Drdl fragment from
pRS414 (Sikorski and Hieter 1992) blunt-end cloned into the
Smal site of pUCI18. This resulted in pJL517. The KpnI-Sall
fragment of pJL499 containing the OKP1 ORF plus flanking
sequences was cloned into the BamHI-Sall site of pJL517 after
filling in the BamHI and Kpnl sites. The resulting plasmid
pJL529 contains the OKP1 promoter and ORF with the tem-
perature-sensitive mutation plus downstream sequences inter-
rupted by the TRPI gene. pJL529 was digested with Spel and
Clal and transformed into YJL19 and transformants were tested
for a temperature sensitive growth phenotype. Also the correct
integration of the OKPI-TRP1 construct was verified by PCR.
This resulted in the temperature-sensitive strain YJL158, which
carries the okpl-5 mutation.

Plasmids that express fusion constructs

Plasmids that express proteins fused to the DNA-binding do-
main of Gal4 (BD) were constructed as follows: BD-Ctf19: A
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PCR product containing the CTF19 ORF with an Ndel site at
the start codon and an Xhol site after the stop codon was cloned
into the Ndel-Sall site of pAS1 (Harper et al. 1993) resulting in
pJO501. BD-Mcm21: A PCR product containing the MCM21
OREF with an Ndel site at the start codon and an Xhol site after
the stop codon was cloned into pAS1 resulting in pJO508.

Plasmids that expressed proteins fused to the Gal4 transcrip-
tional activation domain (AD) were produced as follows: AD-
Cbf3a: A DNA fragment that contained the complete CBF3A
OREF plus downstream sequences derived from pWJ110-P (Jiang
et al. 1993) by BamHI digestion and partial Ndel digestion was
blunt-end cloned into the Smal site of pACT2 (Li et al. 1994)
resulting in pJO196. AD-Cbf3b: The Ndel-BamHI fragment
containing the CBF3B ORF from pJL32 (Lechner 1994) was
cloned into the Smal site of pACT2 resulting in pJO197. AD-
Cbf3c: The Ndel-BamHI fragment containing the CBF3C ORF
from pJL36 (Stemmann and Lechner 1996) was cloned into the
Smal site of pACT2 resulting in pJO198. A PCR product con-
taining the CBF3D ORF plus downstream sequences and a
filled-in Ndel site at the start codon was blunt end cloned into
the Smal site of pACT2 resulting in pJO250. AD-Cse4: A PCR
product that contained the CSE4 ORF as described by Stoler et
al. (1995) with an Ncol site at the start codon and an Xhol site
after the stop codon was cloned into the Ncol-Sall sites of
pACT?2 resulting in pJL484. AD-Mif2: A PCR product contain-
ing the MIF2 ORF with an Ncol site at the start codon and an
Xhol site after the stop codon was cloned into the Ncol-Sall
sites of pACT?2 resulting in pJL486. AD-Cbfl: A PCR product
containing the CBF1 ORF with an Ndel site at the start codon
and an Xhol site after the stop codon was blunt-end cloned into
the Smal site of pACT?2 resulting in pJO509a. AD-Ctf19, AD-
Okpl, and AD-Mcm21 were isolated in the one-hybrid screen
as the pGAD-C-based vectors pPGAD-C/CTF19 and pGAD-C/
OKP1, or the pACT2 based vector pACT2/MCM21.

Vectors that expressed Flag-tagged proteins were as follows:
Flag-Ctf19: A PCR product that contained the ORF of Flag-
Ctf19 (MDYKDDDDKH linked to the amino terminus of the
CTF19 ORF) was blunt-end cloned into a NotI site of pNEV-N-
Leu (Sauer and Stolz 1994). The resulting vector pJL497 contains
an Ncol site at the start codon, an Ndel site at the first methi-
onine codon of the CTF19 ORF, and an Xhol codon after the stop
codon. For in vitro transcription, the Ncol-Xhol fragment of
pJL497 was cloned into the Ncol-Sall sites of pSPUTK (Strata-
gene) resulting in pUW541. Flag-Mcm21: The Ndel-Xhol frag-
ment from pJL497 was replaced by the Ndel-Xhol fragment
from pJO508 resulting in pJL505. Flag-Okpl: A PCR product
that contained an ORF coding for MDYKDDDDKRPQ fused to

Table 2. PCR primers used in the Chip assay

the amino terminus of Okpl was blunt-end cloned into the NotI
site of pNEV-N-Leu. The resulting vector pJL471 contains a
Notl site 10 bp upstream of the first methionine codon of the
OKP1 ORF and an Xhol site after the stop codon. Flag-Cse4:
The Ndel-Xhol fragment from pJL497 was replaced by the
Nhel-Xhol fragment from pJL484 after filling in the Ndel and
Nhel sites resulting in pOS540.

To express His-tagged Ctfl9 in E. coli the Ndel-Xhol frag-
ment from pJL494 was cloned into the Ndel-Xhol sites of
pET16b (Novagen), resulting in pJL515. To express His-tagged
Cbf3d in E. coli, a PCR product containing the CBF3D OREF plus
downstream sequences with an Ndel site at the start codon and
an BamHI site after the downstream sequences was cloned into
the Ndel-BamHI site of pET16b resulting in pOS233. Con-
structs that utilized PCR products were verified by sequencing.

Antibody preparation

For anti-Cbf3d and anti-Ctf19 antibody preparation, pOS233 or
pJL515 was transformed into E. coli BL21(DE3). After induction
with isopropylthiogalactoside, His,,-tagged Cbf3d was purified
under native conditions and His,,-tagged Ctf19 was purified
under denaturing conditions using NTA agarose (Qiagen) ac-
cording to the manufacturer’s recommendations. Polyclonal
rabbit anti sera production was performed by Dr. J. Pineda (An-
tikorper-Service, Berlin). Subsequently, antibodies were affinity
purified as described (Lechner 1994).

Cytological procedures

The colony-sectoring assay was performed with strains YJL142
(MATa ctf19:TRP1 CF), YJL146 (MATa mem21::TRP1 CF), and
YJL158 (MATa okp1-5 CF) as described (Koshland and Hieter
1987).

For phase contrast, DAPI fluorescence microscopy, and FACS
analysis, cells were grown to early logarithmic stage at room
temperature and then shifted to 37°C for 4 hr. DAPI staining
was performed as described (Sherman et al. 1986). For FACS
analysis, 12 x 107 cells were washed in 1 ml of 0.2 m Tris (pH
7.5) and resuspended in 1 ml of 70% ethanol/0.2 m Tris (pH 7.5).
After intensive vortexing, the samples were incubated at 4°C for
14 hr. Subsequently the cells were pelleted, washed, and resus-
pended in 1 ml of Tris (pH 7.5). Samples of 0.25 ml were incu-
bated with RNase A at a final concentration of 4 mg/ml for 2 hr
at 37°C. After addition of 5 ml of 0.2 m Tris (pH 7.5) the cells
were collected by centrifugation, resuspended in 5 ml of a 5

Fragment amplified® Fragment size (bp)

Primers used Primer origin

CEN3""-HIS3 275
CEN3*“°-HIS3 275
CDEIII-HIS3 275
CEN3WT 243
I-L 213
II-R1 321
II-R2 278

AACTTCCACCAGTAAACGTTTC
CTTCGTTTATCTTGCCTGCTC
as above

as above
AACTTCCACCAGTAAACGTTTC
GATCAGCGCCAAACAATATGG
ACTTTGGCTTTCCGCTCGTG
GAAAGTCTTCTAGAGTTACAGG
GACCAGCATGTAGGAAGGTG
ACATTGATAAATTGCTCTCACCA
ATCGCATTTCTTTTCGTCCACA
TTGGACGGGGATCGTTCGTA

flanking CEN3
HIS3

flanking CEN3

flanking CEN3

Chromosome III
Chromosome III
Chromosome III
Chromosome III
Chromosome III
Chromosome III

2See also Figs. 5 and 6.
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pg/ml propidium iodide solution in 0.2 m Tris (pH 7.5), and
subjected to FACS analysis.

Two-hybrid analysis

Plasmids that expressed AD and BD fusion proteins, as de-
scribed above and indicated in Figure 4A were cotransformed
into HF7c (Feilotter et al. 1994) selecting for growth on SD/
Leu /Trp” medium. Transformants were streaked onto SD/His™
plates containing 15 mm 3-AT (Fields and Song 1989) and grown
for 3 days at 30°C.

Immunoprecipitation

Extracts from YJL131 harboring pJL471 grown in YPD medium
were used to analyze coimmunoprecipitation of Cbf3a, Cbf3b,
and Ctf19 with Flag-tagged Okpl. Extracts from YPH499 har-
boring pJL471 and pJO508 grown in SD/Leu /Trp~ were used to
analyze coimmunoprecipitation of BD-Mcm21 with Flag-
tagged Okpl. Extracts from YJL146 harboring pJL505 grown on
SD/Leu were used to analyze coimmunoprecipitation of Ctf19
with Flag-tagged Mcm21. Extracts were prepared from cells
grown to late logarithmic phase as described (Schultz et al.
1997). Triton X-100 was added to 1%, and 250 ul of extracts
with a protein concentration of [BO mg/ml was incubated with
20 ul of anti-Flag Sepharose (M2, Eastman-Kodak) for 3-14 hr at
4°C. Subsequently, the beads were washed four times in lysis
buffer (Schultz et al. 1997) and proteins were eluted by boiling in
40 pl of SDS sample buffer. Western analysis was performed
using anti-Flag M2 antibody (Eastman-Kodak), anti-HA anti-
body (BabCo), anti-Cbf3a antibody (Stemmann and Lechner
1996), anti-Cbf3b antibody (Lechner 1994), and anti-Ctf19 anti-
body (see above).

To analyze Ctfl9 coimmunoprecipitation with Cbf3a, 3°S-
labeled Ctf19 was synthesized by in vitro transcription of
pUWS541 with SP6-RNA polymerase followed by translation in
reticulocyte lysate (Promega) according to the manufacturer’s
recommendation. Subsequently 1 ng of purified Cbf3a-His,
(Stemmann and Lechner 1996) was added to 50 pl of the trans-
lation mix. After incubation for 30 min at room temperature,
200 pl of lysis buffer (Schultz et al. 1997) plus 1% Triton X-100,
5 ng of purified anti-Cbf3a antibody, and 10 ul of protein
A-Sepharose was added. The samples were incubated, washed,
and eluted as above and subjected to SDS-PAGE following au-
toradiography.

Chromatin immunoprecipitation

In vivo cross-linking and chromatin immunoprecipitation was
performed with 10° cells as described (Hecht et al. 1998). To
assay the in vivo interaction of Cbf3a, Cbf3b, Cbf3c, and Cbf3d
in YJL128 (cen3::CEN3-HIS3), YJL138 (LYS2::CDE III-HIS3),
YJL148 (LYS2::cen34““-HIS3), YPH499 (Sikorski and Hieter
1992) or ndc10-1 (Goh and Kilmartin 1993), and Flag-tagged
Okpl in YJL132 (0okpl:: TRP1) harboring pJL471, cells were
grown to 2 x 107 cells/ml in YPD medium (Figs. 5 and 6). To
assay Flag-tagged Ctf19, -Mcm21, -Okpl, and -Cse4 in YJL128
(cen3:CEN3-HIS3), YJL138 (LYS2:CDE II-HIS3), YJL148
(LYS2::cen34““~HIS3), YJO157, and ndc10-1 harboring corre-
sponding plasmids (pJL497, pJL505, pJL471, pOS540), cells were
grown to 1 x 107 cells/ml under selective conditions in SD me-
dium. For arrest at the nonpermissive temperature, ndc10-1 was
grown at 25°C to 0.5 x 107 cells/ml and then shifted to 37°C for
3 hr. Immunoprecipitations were performed with polyclonal
rabbit antibodies anti-Cbf3a, anti-Cbf3b, anti-Cbf3c (Stemmann
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and Lechner 1996) and anti-Cbf3d or with anti-Flag M2 agarose
(Eastman-Kodak). Oligonucleotides used to amplify CEN DNA
fragments and control fragments are summarized in Table 2.
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