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Abstract

Background: Kinetochores attach sister chromatids to microtubules of the mitotic spindle and orchestrate chromosome
disjunction at anaphase. Although S. cerevisiae has the simplest known kinetochores, they nonetheless contain ~70
subunits that assemble on centromeric DNA in a hierarchical manner. Developing an accurate picture of the DNA-binding,
linker and microtubule-binding layers of kinetochores, including the functions of individual proteins in these layers, is a key
challenge in the field of yeast chromosome segregation. Moreover, comparison of orthologous proteins in yeast and
humans promises to extend insight obtained from the study of simple fungal kinetochores to complex animal cell
kinetochores.

Principal Findings: We show that S. cerevisiae Spc105p forms a heterotrimeric complex with Kre28p, the likely orthologue of
the metazoan kinetochore protein Zwint-1. Through systematic analysis of interdependencies among kinetochore
complexes, focused on Spc105p/Kre28p, we develop a comprehensive picture of the assembly hierarchy of budding yeast
kinetochores. We find Spc105p/Kre28p to comprise the third linker complex that, along with the Ndc80 and MIND linker
complexes, is responsible for bridging between centromeric heterochromatin and kinetochore MAPs and motors. Like the
Ndc80 complex, Spc105p/Kre28p is also essential for kinetochore binding by components of the spindle assembly
checkpoint. Moreover, these functions are conserved in human cells.

Conclusions/Significance: Spc105p/Kre28p is the last of the core linker complexes to be analyzed in yeast and we show it
to be required for kinetochore binding by a discrete subset of kMAPs (Bim1p, Bik1p, Slk19p) and motors (Cin8p, Kar3p), all of
which are nonessential. Strikingly, dissociation of these proteins from kinetochores prevents bipolar attachment, even
though the Ndc80 and DASH complexes, the two best-studied kMAPs, are still present. The failure of Spc105 deficient
kinetochores to bind correctly to spindle microtubules and to recruit checkpoint proteins in yeast and human cells explains
the observed severity of missegregation phenotypes.
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Introduction

Bipolar attachment of sister chromatids to spindle microtubules
(MTs) depends on the correct assembly of kinetochores.
Kinetochores contain ~70 protein subunits in S. cerevistae and
>120 in humans. In S. cerevisiae, association of all known
kinetochore proteins with centromeric (CZ£V) DNA requires prior
binding of the four-protein CBF3 complex to a highly conserved
CEN sequence, CDEIII. Additional DNA-binding, linker and MT-
binding proteins are then recruited to CEMN-bound CBF3.
Assembly is hierarchical in that DNA-binding proteins require
CBF3 for CEN association but not other kinetochore components;
linker proteins require DNA-binding but not MT-binding
subunits, and MT-binding subunits require both DNA-binding
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and linker proteins [1-3]. The composition and architecture of the
MT-binding interface on kinetochores remains poorly defined but
is known to comprise more than a dozen kMAPs and kinesins,
most of which are present in multiple copies per kinetochore [4].
Moreover, several linker complexes (most notably the Ndc80
complex) also bind directly to MTs [5,6]. Determining how the
activities of this multiplicity of kKMAPs and motors are coordinated
to promote stable MT attachment, power poleward and anti-
poleward movement, and spindle assembly checkpoint activity
remains a major challenge.

Budding yeast Spcl05p was identified as a protein that co-
purifies with COMA complex subunit Mcm2lp [7], and with
Mtw1/MIND complex subunits Mtwlp, Nsllp, and Dsnlp [7,8].
Subsequent mass spectrometry of affinity purified Spcl05p-PrA
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showed YDR532Cp (Kre28p) to be an associated protein [8].
Electron microscopy (EM), fluorescence imaging, and chromatin
immunoprecipitation (ChIP) demonstrated that SpclO5p and
Kre28p are kinetochore components that localize to CEN DNA
throughout the yeast cell cycle [7,8]. Neither protein is present
along MTs, at spindle pole bodies, or at the spindle midzone,
locations at which other kinetochore components are found [9,10].

In C. elegans, RNAi1 mediated depletion of SpclO5p ortholog
KNL-1 prevents kinetochore assembly and generates a kineto-
chore-null phenotype [11,12]. In human cells, RNAi of hSPC105
(also known as AF15q14/CASC5 [13], D40 [14], Blinkin [15],
and hKLNT1 [16]) causes detachment of sister chromatids from the
spindle despite continued presence on kinetochores of the
hNDC80 complex; the primary factor in kinetochore-MT
attachment [15]. In addition, the cells are spindle checkpoint
defective [15]. In Drosophila, loss of Spcl05 activity results in
aberrant kinetochore formation and inability of the sister
chromatids to align to the spindle. Importantly, the spindle
checkpoint is proficient in Drosophila lacking Spcl05 activity [17].
In fission yeast, the Spcl105p ortholog named Spc7 is essential for
kinetochore attachment and spindle integrity [18,19]. In budding
yeast, Spcl105p is essential for viability [8]. However, whether this
protein is part of a kinetochore subcomplex or acts as a monomer,
how it is recruited to centromeres, whether it binds to MTs,
contributes to spindle integrity or is required for the spindle
checkpoint response in budding yeast is unknown. We show here
that S. cerevisiae Spcl05p and Kre28p form a 1:2 heterotrimeric
complex, which is recruited to centromeres only by the CBF3
complex. Its localization to kinetochores does not depend on any
other DNA-binding component, nor on linker or MT-binding
proteins/complexes. The Spcl05 complex is highly elongated and
binds to MTs, albeit with low affinity, establishing it as a novel
budding yeast kinetochore linker unit that bridges centromeres
and MTs. Spcl05p is not required for MT binding per se but
ensures bi-orientation of sister chromatids on the mitotic spindle
by recruiting a discrete set of conserved kMAPs and kinesins. A
second role of the SpclO5p/Kre28p complex consists of
maintaining the spindle assembly checkpoint -recruited by the
conserved Ndc80 complex- to misaligned kinetochores allowing
cells sufficient time to correctly orient their sister chromatids on
the spindle structure. In human cells, we show that hSPC105
contributes similarly to the recruitment of certain kMAPS to the
outer kinetochore, but that it is essential for kinetochore-MT
binding. hSPC105 is required for correct mitotic timing and
spindle checkpoint activity. We show that in human cells its
contribution to the spindle checkpoint response is more important
that that of the hNDCB80 complex. The latter recruits a subset of
checkpoint proteins (not including hBUB1 or hBUBR1), while all
checkpoint proteins tested require hSPC105 for their localization
to misaligned sister chromatids. A combination of incorrect M'T
attachment and spindle checkpoint defects explains the massive
chromosome mis-segregation observed in budding yeast and
human cells lacking Spcl05 activity.

Results

Spc105p and Kre28p form an essential, conserved
kinetochore complex

We have used simple hydrodynamic analysis to determine the
assembly state of budding yeast Spc105p, following procedures we
have applied previously to other kinetochore substructures [7].
Chromosomal copies of SPC105 and KRE28 were fused at their 3’
ends to Protein A (PrA) and cell extracts expressing the fusion
proteins were analyzed by sedimentation velocity ultracentrifuga-
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tion on 10-40% glycerol gradients and by size exclusion
chromatography on Sephacryl HR-500 columns. Fractions
containing Spcl05p-PrA or Kre28p-PrA were identified by
western blotting and elution volumes compared to those of
standards with known diffusion and sedimentation coefficients
(Fig. 1A). Spc105p-PrA and Kre28p-PrA were found to co-migrate
on columns and gradients and to have hydrodynamic properties
consistent with an elongated ~218 kDa complex (diffusion
coefficient of 2.4x107 cm®~!, sedimentation coefficient of
6.5x10" "% s, frictional coefficient >2.0; Fig. 1A). Other yeast
kinetochore proteins or complexes, including Stu2p, Kar3p, and
the Ndc80 complex have similarly high frictional coefficients
[7,20-22] and have been shown by EM to be rod-like [20—22].

Tight binding of Spcl05p to Kre28p in native complexes was
confirmed by reciprocal immunoprecipitation (IP) from extracts of
diploid strains ectopically expressing Kre28p-3HA and Spcl05p-
13Myc. Anti-HA antibodies pulled down Spcl05p-13Myc, while
anti-Myc antibodies pulled down Kre28p-3HA from KRE28:5HA
SPC105::13Mpyc cell extracts (Fig. 1B). Given subunit masses of
105 kDa for Spc105p and 45 kDa for Kre28p, the apparent native
molecular weight of the Spcl05p-PrA complex is larger than
expected for a 1:1 assembly (even accounting for a 15 kDa PrA
tag), suggesting that more than one Kre28p subunit is present. In
support of this hypothesis, we found Kre28p-3HA and Kre28p-
13Myc to co-IP from extracts made from KRE28::5HA KRE28::13-
Mpyc cells (Fig. 1B). In extracts from ARE28:PrA spcl105-4 or
KRE28::PrA spcl05-15 mutant cells, shifted for 3.5 h to non-
permissive conditions (37°C), the measured mass of Kre28p-PrA
was that of a PrA-tagged monomer: ~68 kDa (Fig. 1A). Together,
these results show that the Spc105p/Kre28p complex contains two
Kre28p subunits that bind independently to Spc105p (rather than
to each other), perhaps via the coiled-coils present in both
proteins.

Four pieces of data suggest that Kre28p is likely to be the
orthologue of metazoan kinetochore protein Zwint-1: (i) Zwint-1
and Kre28p exhibit fair sequence conservation (Fig. 2A), (ii)
Zwint-1 and SPC105 co-purify from extracts of chicken DT40
cells (Fukagawa T, personal communication), (iii) human Zwint-1
and hSPC105 interact in two-hybrid assays [15], and (iv)
localization of Zwint-1 to human kinetochores depends on
hSPC105 [15,16]. Future biochemical analysis will be required
to show that human Zwint-1 and hSPC105 form a heterotrimer.

Although listed as non-essential in the S. cerevisiae genome
database (http://www.yeastgenome.org/cgi-bin/locus.fpl?’locus =
kre28) we found ARE28 to be essential in a W303 background.
When a diploid strain heterozygous for a kre28:KanMX4
disruption was sporulated, a kan~ phenotype segregated 2:0
(Fig. 2B). Introduction of a URA3 CEN plasmid expressing KRE28
from its own promoter generated tetrads in which the kan" kre284
spores were S-fluoroorotic acid (5-FOA) sensitive, while the kan
KRE28 spores were 5-FOA resistant. These results demonstrate
that KRE28, like SPC105, is essential for vegetative growth of
W303 strains. We have not yet determined whether ARE2S8 is
dispensable in the S288C background used by the genome
database or whether the annotation as “non-essential” is incorrect.
However, we have observed papillac when W303 kan"™ URA3 CEN
strains are transferred to 5-FOA, implying relatively frequent
emergence of suppressors.

Binding of the Spc105p/Kre28p complex to kinetochores
requires only CBF3
To determine which kinetochore proteins are required for CEN-

binding by Spc105p/Kre28p, we used chromatin immunoprecipta-
tion (ChIP) to follow crosslinking of Spcl105p-GFP and Kre28p-

October 2009 | Volume 4 | Issue 10 | 7640



Glycerol-gradient . .
A ultracentrifugation o Size exclusion chromatography
o0 4 | -Spc105p 35 % . %?%
,;., 40 4 2 "::’ — 30 -
= g \ =
— 307 RcnO| Ca < 254 -Spe105p | 2
£ 01 VUV v £ 20 - =
[7] 1 | o
B 101 ‘I 2 lg
o ] ), o 7
0 ﬁ;—',).ﬂ;«ﬂ..r 5 4
‘—Nmﬂ'mw#wmg:gg'ﬂ‘_e 0.;1...yr|vv:|-v|||
Gradient fraction BeRR3RBERRR55RI885S
Elution volume (ml)
Ultracentrifugation Peak 2 Peak 1
WT (37°C) | ————- | Spc105p-PrA
WT (37°C) | Y |
spc105-4 (37°C) | —_— - — ]| Kre28p-PrA
spc105-15 (37°C) | ) = == |

— NS W O M~ OD O~ NS W
il o

Size exclusion

Gradient fraction

chromatography Peak 1 Peak 2
WT (37°C) | == ] Spc105p-PrA
WT (37°C) [ - —— |
spc105-1537°C) Kre28p-PrA
PN B I DDOBDHDDD DD H > O
Elution volume (ml)
Analyzed protsin lef#s!on Svefdrbgrg Measured Stok_es Frlftlzrtu_)n
(strain, temperature) coefficient | coefficient mass radius | coefficient
(107em2s71y| (1013s) | (kDa) (A) (fifo)
SpellopPra (W1, £4°C) 240+001 | 65+02 | 218+8 [90+05|2.26+0.02
Kre28p-PrA (WT, 24°C)
- (]
Kre28p-PrA (spc105-4,37°C) | 3704001 | 32401 | 686 |58+1.5(2.15+001
Kre28p-PrA (spc105-15, 37°C)
B o o
o > o >
:?'q' < r% ﬁ'q' < o‘?
o5 L o il gL I 7T
Te P& Te P&
g Q Q Q
§§ §5 §5 &5
L0 245 20 24
XX Xo XX X0
a-Myc IP Input (1%) «-HA Western
E_—_—==1 [=§1] Kre28p-3HA
o-HA IP Input (1%) o-Myc Western
[ —1 @] Spc105p-13Myc
= ] = ] Kre28p-13Myc

Roles for Spc105 in Mitosis

Figure 1. Biochemical characterization of the budding yeast Spc105p/Kre28p complex. (A) Hydrodynamic analysis of whole cell extracts
prepared from wild-type (WT), spc105-4, and spc105-15 strains expressing ectopic Spc105p-PrA or Kre28p-PrA. Each strain was grown at 24°C and
then shifted to 37°C (3 h) prior to preparation of cell extracts. Proteins were detected by western blotting with anti-PrA antibodies. Triangles indicate
the positions of standard proteins (R: ribonuclease A, Ch: chymotrypsinogen, O: ovalbumin, B: bovine serum albumin, A: aldolase, Ca: Catalase, T:
thyroglobulin, F: ferritin). (B) Co-immunoprecipitation of Kre28p and Spc105p from whole cell extracts prepared from diploid KRE28::13Myc
KRE28::3HA and KRE28:3HA SPC105::13Myc strains.

doi:10.1371/journal.pone.0007640.g0
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Figure 2. Kre28p, the candidate orthologue of metazoan Zwint-1, is essential for the viability of budding yeast. (A) Protein sequence
alignment (T-Coffee) of human Zwint-1 and Saccharomyces cerevisiae Kre28p. Residues labeled red are identical, residues labeled blue are similar. (B)
KRE28 is essential for the viability of S. cerevisiae W303 as determined by gene complementation and tetrad analysis (see text for details).

doi:10.1371/journal.pone.0007640.g002

GFP to CEN4 in a series of congenic strains carry carrying
temperature-sensitive mutations in kinetochore subunits. To
monitor the efficiency of temperature-dependent protein inactions,
we performed in parallel positive and negative control experiments
involving known interdependencies (Table 1, Fig. S1). CEN4
binding by Spcl05p/Kre28p was eliminated by ndcl0-1, which
mactivates CBF3, but not by mutations in two other DNA-binding

@ PLoS ONE | www.plosone.org

kinetochore subunits: mif2-3 and ¢se4-1. Binding by several proteins
to kinetochores is disrupted in mgf2-3 and cse4-1 cells (e.g., the
COMA and MIND complexes [23-25]). Because cse4-1 is a
hypomorphic mutation [26], CEN4 binding by Spcl05p/Kre28p
in ¢se4-1 cells does not demonstrate that centromeric chromatin is
truly dispensable, but it does distinguish the Spcl05p/Kre28p
complex from COMA and MIND. We observed kinetochore
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recruitment of Spcl05p/Kre28p to be retained in cells carrying
mutations in the MIND, COMA or Ndc80 linker complexes and in
these cases, control experiments demonstrated effective inactivation
of the mutant proteins (Table 1, Fig. S1). We therefore conclude
that assembly of Spcl05p/Kre28p on kinetochores depends on
CBI3 but not on other DNA-binding or linker complexes.

Next we examined the role played by Spcl05p/Kre28p in
CEN4 binding by other kinetochore DNA-binding and linker
proteins. We showed by ChIP that Cse4p, Mif2p and proteins in
the COMA, MIND, and Ndc80 complexes crosslink to CEN4 at
37°C with equal efficiency in spcl05-4, spcl05-15 and wild-type
cells. However, the spcl05-4 or spc105-15 gene products were
clearly temperature-sensitive for function: when either allele was
linked to a 3" PrA tag, CEN4 crosslinking was lost at 37°C (Table 1,
Fig. S1). Moreover, CFEN4 crosslinking by Kre28p-GFP was lost in

@ PLoS ONE | www.plosone.org

Table 1. CEN-recruitment of kineotochore proteins in yeast kinetochore mutants.

Spc105p-GFP Cep3p Negative control
Complex Mutant 24°C 37°C 24°C 37°C 24°C 37°C
CBF3 ndc10-1 1 - + =
Cse4 nucleosome  cse4-1 + + + + Mif2p + *
Mif2p mif2-3 + + + + Bim1p-GFP + =
COMA okp1-5 + + + + Ame1p-TAP + -
MIND mtwi-1 + + + + Bim1p-GFP + -
Ndc80 ndc80-1 + + + + Slk19p-GFP + -

spc25-7 + + + + Ndc80p-GFP + =
Cep3p

Complex Mutant Analyzed protein 24°C 37°C 24°C 37°C
Spc105 spcl105® Kre28p-GFP + - + +

Spc105-4p-PrA + = + +

Spc105-15p-PrA + - + +
CBF3 spc105® Cep3p + + + +
Mif2p spc105® Mif2p + + + +
COMA spc105® Okp1p-GFP + + + +
MIND spc105® Mtw1p-GFP + + + +
Ndc80 spc105° Ndc80p-GFP + + + +

Spc25p-GFP + + + +

spcl105® ndc80-1 mtwi-1
Complex Protein 24°C 37°C 24°C 37°C 24°C 37°C
CBF3 Cep3p + + + + + +
Bim1p Bim1p-GFP + - + - + -
Bik1p Bik1p-GFP + - + - + -
Kar3p Kar3p-GFP + - + - + -
Slk19p SIk19p-GFP + = + + =
Cin8p Cin8p-GFP + - +© +° + -
Kip1p Kip1p-GFP + + + = 4 -
Kip3p Kip3p-GFP + + * + -
DASH Spc19p-GFP + +7 —# + -

Spc34p-PrA N.D. N.D. N.D. N.D. + -

Stu2p Stu2p-GFP + + +# —# + -
spc105™: spc105-4 and spc105-15. ©[71, #[34]. N.D.: not determined. The ChIP data are shown in Fig. S1 and are sketched in Fig. 7A,B.
doi:10.1371/journal.pone.0007640.t001

spcl05-4 or spcl105-15 cells at 37°C. Thus, the DNA-binding
Csedp and Mif2p, and the linker COMA, MIND, and Ndc80
complexes can associate with CEN DNA in the absence of
Spcl05p/Kre28p function.

The Spc105p/Kre28p complex recruits a subset of kMAPs
and kinesins to kinetochores

Yeast kinetochores contain multiple motors and kMAPs; the
relationships among these proteins and their interactions with
linker proteins have not yet been explored systematically. We
therefore examined the ability of nine known kMAPs and kinesins
to crosslink to CEN4 DNA in the presence of mutations in the
Spcl05 complex (spcl05-4 and spel05-15), the Ndc80 complex
(ndc80-1) or the MIND complex (mtwi-1; Table 1, Fig. S1). In
spel05-4 and spel05-15 mutants, the kMAPs Bimlp, Biklp, and
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SIk19p, and kinesins Cin8p and Kar3p were lost from kineto-
chores whereas proteins such as Stu2p, Kiplp, Kip3p, and the
Dam1/DDD/DASH complex were still bound (Table 1, Fig. S1).
CEN4 crosslinking by most kMAPs and kinesins was eliminated in
nde80-1 cells but crosslinking to CEN4 by Cin8p, Kiplp, and
Kip3p was detectable at approximately 50% of wild-type levels.
Finally, MIND was required for CEN4 binding by all kinetochore
kMAPs and motors assayed. These data demonstrate a require-
ment for the Spcl05p/Kre28p, MIND and Ndc80 complexes in
recruitment of kMAPs and motors to the outer kinetochore but
show that no simple correspondence exists between linkers and
kMAPs/motors; most if not all MT-binding kinetochore proteins
appear to require more than one linker for CEN association.

Spc105p binds to microtubules in vitro
In addition to recruiting kMAPs and motors to MTs, the
budding yeast Ndc80 kinetochore linker complex binds directly to

Roles for Spc105 in Mitosis

MTs in vitro [6]. The C. elegans Spcl05 ortholog KNL-1 has also
been shown to bind to MTs m witro [27]. To determine whether
this is true of S. cerevisiae Spc105p, we N-terminally fused SPC105
to GST under control of the GALI promoter and isolated the
fusion protein from whole yeast cell extracts using glutathione
beads (Fig. 3A). The beads were washed extensively and bound
protein then incubated with Precision protease, releasing species of
~70 kDa and ~150 kDa (by SDS PAGE). Mass spectrometry
confirmed the proteins to be chaperone Ssalp and SpclO5p,
respectively. Kre28p was not present at detectable levels in column
eluates, presumably because it was lost when the glutathione beads
were washed. When purified Spcl05p was added to taxol-
stabilized bovine brain MTs, we observed MT binding with an
apparent dissociation constant (Kd) of ~1.2 uM=*0.6 (Fig. 3A).
The affinity of yeast Spc105p to MTs is relatively low compared to
that of the DASH complex (Kd: 0.2 uM [28]), Stu2p (0.5 uM
[29]), the Ndc80 complex (0.2-0.8 uM [6]) or Kar3p (0.7 uM
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Figure 3. Budding yeast Spc105p binds to microtubules and is required for sister chromatid bi-orientation. (A) Affinity-purified
Spc105p (Ssalp is a co-purifying chaperon) binds to taxol-stabilized bovine MTs with a Kd of ~1.2 uM as measured in MT-spindown experiments. (B)
Loss of Spc105p/Kre28p activity increases the frequency of mono-oriented sister chromatids. In the microscopic image, the left spc105 cell shows a
mono-oriented sister chromatid 3 pair (green dots), while in the right cell, the sister chromatid 3 pair is bi-oriented on the spindle. Position of the

spindle is indicated by the two spindle pole bodies colored red.
doi:10.1371/journal.pone.0007640.g003
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[30]) but is similar to that observed for C. elegans KNL-1 (1-2 pM;
Cheeseman IM, personal communication). To determine the
functional significance of Spcl05p binding to MTs it will be
necessary introduce specific disrupting mutations into the putative
MT-binding interface, a task that should be aided by ongoing
crystallographic studies. Overall we conclude that the Spcl05p/
Kre28p complex plays an essential role in recruiting multiple
kMAPs and motors to the outer kinetochore and may have an
additional function in direct M'T binding.

Increased mono-orientation of sister chromatids in cells
lacking Spc105p activity

To study the contributions of Spc105p/Kre28p to kinetochore-
MT attachment we filmed spcl05 cells carrying a CEN3 proximal
chromosome tag. Binding of TetR-GFP to tandem TetO operator
sites in the tag creates a bright fluorescent dot that can be tracked
in 3D using machine vision software [31,32]. We observed that
sister chromatids in spc/05 cells did not bi-orient correctly on the
mitotic spindle; ~25% remained mono-oriented after 3h at 37° as
compared to 0% at permissive temperature (Fig. 3B). In addition,
among the subset of spcl05 sisters that managed to bi-orient,
motion on the spindle was different from that observed in wild-
type cells: a particularly dramatic reduction in away-from-the-pole
velocity was observed (4.50%0.12 mm/min in wild-type at 37°C
versus 3.90%0.15 mm/min in spcl05-4 at 37°C)). Whereas strains
mutant in the fission yeast SPCI05 ortholog SPC7 have been
reported to contain broken spindles [19] we did not observe any
structural abnormalities in spcl 05 spindles. Kinetochore mutations
can cause spindle defects in budding yeast, as illustrated by
mutations in the DASH complex [33], or in complexes required
for the localization of DASH to kinetochores (COMA, MIND or
the Ndc80 complexes [34,35]; Table 1, Fig. S1), or in proteins
involved in DASH regulation (e.g., the Ipll kinase [35-37]). One
explanation for the absence of spindle defects in spc/05 budding
yeast as compared to spc/ fission yeast mutants is that kinetochore
binding by MIND, DASH and other proteins are lost in the latter
case, but not in the former [3].

The Spc105p/Kre28p complex maintains the spindle
assembly checkpoint at budding yeast kinetochores

The spindle assembly checkpoint inhibits activation of the
anaphase-promoting complex when unattached or mal-oriented
chromosomes are present. As a result, cells do not exit from
mitosis, providing additional time for sister chromatids to achieve
bi-orientation on the mitotic spindle [38]. Many kinetochore
mutants provoke a strong checkpoint arrest (e.g., cse4-1, sem3-1,
myf2-3, amel-4, okpl-5, nnf1-17, mwl-1, stu2-277, daml-I) but a
subset does not (e.g., ndcl0-1, cep3-1, spc25-7, nde80-1) despite
severe defects in chromosome-MT binding. This arises because
binding of the Mad and Bub spindle checkpoint proteins to
unattached kinetochores, an essential step in checkpoint signaling,
requires functional CBF3 and Ndc80 complexes [39-42]. It has
been reported that COMA plays a similar role [43] but this seems
unlikely to us since mutations in essential COMA subunits such as
amel-4 and okpl-5 provoke a strong mitotic arrest under non-
permissive conditions [7,43]. When spcl05-4 or spcl05-15 cells
were shifted to 37°C they failed to arrest efficiently and exited
from mitosis despite the presence of mono-oriented sister
chromatids. The cells also failed to complete cytokinesis and
gradually lost viability, phenotypes shared with ndc/0 and ndec80
mutants (Fig. S2, [39-41]).

To assay spindle checkpoint function in spcl05-4 and spel05-15
cells, they were synchronized in G1 with a-factor and released at
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37°C into media containing MT poison nocodazole. Cell cycle
progression was monitored by DNA content (FACS) and the levels
of Pdslp-13Myc, a securin whose degradation at the metaphase-
anaphase transition is required for sister chromatid separation
(Fig. 4A, Fig. S3). Nocodazole-treated wild-type cells arrested with
2N DNA content and high Pds1p-13Myc levels, while mad24 cells,
included as a control, proceeded through the metaphase-anaphase
transition without delay, as evidenced by rapid Pdslp-13Myc
destruction and the appearance of 4N cells. The timing of Pds1p-
13Myc degradation in spcl05-4 and spcl05-15 was similar to that
of mad24 cells, demonstrating a failure to arrest. When cell
morphology was examined, transient accumulation of large-
budded cells, which is diagnostic of G2/M cells, was observed in
spel05-4 and spcl05-15 but not in mad24 cells (Fig. 4A). These
data suggest that spcl05-4 and spcl05-15 respond transiently to
nocodazole. This conclusion is consistent with evidence of
transient binding by Mad2p-GFP and Bublp-GFP to kineto-
chores: at peak levels, only 5-10% of spc105-4 and spcl05-15 cells
contained kinetochore-bound Mad2p-GFP and Bublp-GFP in
contrast to >80% of wild-type cells (Fig. 4B). Mad2p-GFP and
Bub1p-GFP binding to kinetochores was nonetheless 3-fold higher
in spel05-4 and spel05-15 cells under non-permissive conditions,
than in spc25-7 cells, in which the Ndc80 complex is disrupted and
the checkpoint completely inactive [42] (Fig. 4B). In some cases,
partial loss of kinetochore binding by Mad2 and Bubl reflects the
presence of a hypomorphic allele in a kinetochore linker (e.g.,
nuf2-61 [42]), but we think this is unlikely to be the case with
spel05-4 and spcl05-15 alleles because both mutations abolish
Spcl05p-CEN  crosslinking (Table 1, Fig. S1). Instead, we
hypothesize that the Ndc80 complex is required to recruit
checkpoint proteins to kinetochores and that Spc105p/Kre28p is
needed to stabilize this association when mal-oriented or
unattached chromosomes are present.

Comparing the functions of Spc105 in yeast and human
cells

Are the SpclO5p functions that we observed in yeast also
conserved to humans? To address this question we first raised a
polyclonal antibody against residues 1618-1634 of hSPC105. The
antibody recognized a single protein on western blots with a mass
of ~300 kDa, as expected for hSPC105 (Fig. S4A), and also
stained HeLa cell kinetochores throughout mitosis (Fig. 5A, Fig.
S4B). RNA1 against hSPC105 eliminated immune-reactivity by
blotting and immunofluorescence imaging, demonstrating the
specificity of the antibody (Fig. 5A,B; Fig. S4C).

Human cells lacking hSPC105 activity are spindle checkpoint
defective [15]. Following RNAi1 of hSPC105 in mitotic HeLa cells,
we observed lagging sister chromatids in metaphase and
widespread chromosome missegregation at anaphase (Fig. 5C,
yellow arrow; Fig. 5D). The failure of hSPC105-depleted cells to
arrest in the presence of mal-oriented chromosomes indeed
suggests a defect in the checkpoint r