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Kinetochore proteins contribute to the fidelity of chromosome transmission by mediating the
attachment of a specialized chromosomal region, the centromere, to the mitotic spindle during
mitosis. In budding yeast, a subset of kinetochore proteins, referred to as the outer kinetochore,
provides a link between centromere DNA-binding proteins of the inner kinetochore and micro-
tubule-binding proteins. Using a combination of chromatin immunoprecipitation, in vivo local-
ization, and protein coimmunoprecipitation, we have established that yeast Chl4p and ImlI3p are
outer kinetochore proteins that localize to the kinetochore in a Ctf19p-dependent manner. Chl4p
interacts with the outer kinetochore proteins Ctf19p and Ctf3p, and Iml3p interacts with Chl4p
and Ctf19p. In addition, Chldp is required for the Ctf19p-Ctf3p and Ctf19p-Iml3p interactions,
indicating that Chl4p is an important structural component of the outer kinetochore. These
physical interaction dependencies provide insights into the molecular architecture and centromere

DNA loading requirements of the outer kinetochore complex.

INTRODUCTION

To maintain a high fidelity of chromosome transmission
during mitosis, the genetic material must be segregated
accurately to daughter cells. Failures in this process lead to
aneuploidy and may contribute to the development of can-
cer (Lengauer et al., 1998). To ensure proper chromosome
segregation, duplicated chromosomes must attach to micro-
tubules that will guide them toward opposite poles of the
mitotic spindle. This attachment occurs at a specific region of
the chromosome called the centromere (reviewed in Sullivan
et al., 2001). The budding yeast Saccharomyces cerevisiae cen-
tromere is 125 base pairs (bp) in length and contains three
conserved DNA elements (CDEs). CDEI and III are con-
served sequences, whereas CDEIl is an intervening A /T-rich

Article published online ahead of print. Mol. Biol. Cell 10.1091/
mbc.E02-08-0517. Article and publication date are at www.molbi-
olcell.org/cgi/doi/10.1091/mbc.E02-08-0517.

I'Present address: Banting and Best Institute of Medical Research,

University of Toronto, Toronto, Ontario M5G 1L6, Canada.

T Corresponding author. E-mail address: hieter@emmt.ubc.ca.
Abbreviations used: CBF3, centromere-binding factor 3; CDE,
conserved DNA element; CEN DNA, centromere DNA; CFP,
cyan fluorescent protein; ChIP, chromatin immunoprecipitation;
GFP, green fluorescent protein; SPB, spindle pole body; YFP,
yellow fluorescent protein.

460

region (Hyman and Sorger, 1995). A large multiprotein com-
plex, the kinetochore, assembles on centromere DNA (CEN
DNA) and provides a link to spindle microtubules (Dobie et
al., 1999; Pidoux and Allshire, 2000).

The CBF3 complex (or inner kinetochore), which contains
Ndc10p, has been shown to bind CDEIII directly (Lechner
and Carbon, 1991). The outer kinetochore is comprised of
several protein complexes that associate with CEN DNA
chromatin via the CBF3 complex (reviewed in Ortiz and
Lechner, 2000) and serve as probable links to microtubules,
motor proteins, or regulatory proteins. To date, there are
four known outer kinetochore protein complexes: the Ctf19
complex (Ortiz et al., 1999), the Ctf3 complex (Measday et al.,
2002), the Ndc80 complex (Janke et al., 2001; Wigge and
Kilmartin, 2001), and the Dam1 complex (Cheeseman et al.,
2001; Janke et al., 2002; Li et al., 2002). Several other proteins
have been proposed to function at the kinetochore (reviewed
in Kitagawa and Hieter, 2001), including Cse4p, a modified
histone H3 that is part of a specialized centromeric nucleo-
some (Meluh et al., 1998), and Mif2p, a homologue of human
CENP-C that may bind centromeric A/T-rich regions (Me-
luh and Koshland, 1997). All outer kinetochore complexes
contain proteins that localize to the kinetochore, interact
specifically with CEN DNA, and contribute to the fidelity of
chromosome transmission. Some components of the Dam1
complex bind microtubules (Hofmann et al., 1998), placing
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Table 1. Strains used in this study

Strain Genotype Reference

YCTE30 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 CFIII (CEN3.L. YPH278) URA3 (Spencer et al., 1990)
SUP11 ctf13-30

YCTF42 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 CFIII (CEN3.L. YPH278) URA3 (Spencer et al., 1990)
SUP11 ctf14-42

YPH499 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 trpl1A63 P. Hieter

YPH500 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 trp1A63 P. Hieter

YPH1027 MATa ura3-52 leu2-3, 112 ndc10-2 T. Huffaker

YPH1124 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 trp1A63 CFIII (CEN3.L. YPH982) P. Hieter
URA3 SUP11

YPH1315 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 trp1A63 ctf19A:HIS3 (Hyland et al., 1999)

YPH1316 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 trp1A63 ctfl9A:TRP1 (Hyland et al., 1999)

YPH1534 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 trp1A63 chl4A::His3MX6 CFIII This study
(CEN3.L. YPH982) URA3 SUP11

YPH1535 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 chl4-20 CFIII (CEN3.L. YPH982) This study
URA3 SUP11

YPH1536 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 chl4-61 CFIII (CEN3.L. YPH982) This study
URA3 SUP11

YPH1537 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 trp1A63 chl4A::His3MX6 This study

YPH1538 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 trpl1A63 chl4A::kanMX6 This study

YPH1539 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 trp1A63 chl4A::kanMX6 This study

YPH1540 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 trpl1A63 chi4-20 This study

YPH1541 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 trp1A63 chi4-61 This study

YPH1542 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 trpl1A63 CHL4-13Myc-TRP1 This study

YPH1543 MATa ura3-52 lys2-801 ade2-101 leu2 trp1A63 ndc10-2 CHL4-13Myc-TRP1 This study

YPH1544 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 trp1A63 ctf19A::HIS3 CHL4- This study
13Myc-TRP1

YPH1545 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 trp1A63 ctf3A:HIS3 CHL4- This study
13Myc-TRP1

YPH1546 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 trpl1A63 CHL4-13Myc-TRP1 This study
CTF3-3HA-His3MX6

YPH1547 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 trpl1A63 CHL4-13Myc-TRP1 This study
CTF3-3HA-kanMX6

YPH1548 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 trp1A63 ctf19A::HIS3 CHL4- This study
13Myc-TRP1 CTF3-3HA-kanMX6

YPH1549 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 trp1A63 iml3A::kanMX6 CHL4- This study
13Myc-TRP1

YPH1550 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 trp1A63 CTF19-13Myc-TRP1 This study

YPH1551 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 trp1A63 chl4A::His3MX6 CTF19- This study
13Myc-TRP1

YPH1552 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 trp1A63 chl4A::His3MX6 CTF3- This study
13Myc-TRP1

YPH1553 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 trp1A63 CTF3-3HA-His3MX6 This study

YPH1554 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 trp1A63 ctfl9A::HIS3 CTF3-3HA- This study
kanMX6

YPH1555 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 trpl1A63 NCD10-13Myc-kanMX6 This study

YPH1556 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 trp1A63 chl4A::His3MX6 NCD10- This study
13Myc-kanMX6

YPH1557 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 trp1A63 IML3-3HA-kanMX6 This study

YPH1558 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 trp1A63 chl4A::His3M X6 IML3- This study
3HA-kanMX6

YPH1559 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 trp1A63 ctfl19A::HIS3 IML3-3HA- This study
kanMX6

YPH1560 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 trpl1A63 CHL4-13Myc-TRP1 This study
IML3-3HA-kanMX6

YPH1561 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 trp1A63 ctf19A::HIS3 CHL4- This study
13Myc-TRP1 IML3-3HA-kanMX6

YPH1562 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 trp1A63 IML3-13Myc-His3MX6 This study

YPH1563 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 trp1A63 chl4A::His3MX6 IML3- This study
13Myc-kanMX6

YPH1564 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 trp1A63 ctf19A:HIS3 IML3- This study
13Myc-kanMX6

(continues)
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Table 1. (Continued)

Strain Genotype Reference

YPH1565 MATa/a ura3-52/ura3-52 his3A200/his3A200 leu2-3,112/leu2-3,112 trp1-901/trp1-901 This study
gal4A/gal4A gal80A/qal80A GAL2-ADE2/GAL2-ADE2
LYS2:GAL1-HIS3/LYS2::GAL1-HIS3 met2::GAL7-LacZ/met2::GAL7-LacZ pOBD2-
CHL4 pOAD-MIF2

YPH1566 MATa/a ura3-52/ura3-52 his3A200/his3A200 leu2-3,112/leu2-3,112 trp1-901/trp1-901 This study
gal4A/gal4A gal80A/qal80A GAL2-ADE2/GAL2-ADE2
LYS2:GAL1-HIS3/LYS2::GAL1-HIS3 met2::GAL7-LacZ/met2::GAL7-LacZ pOBD2-
CHL4 pOAD

YPH1567 MATa/a ura3-52/ura3-52 his3A200/his3A200 leu2-3,112/leu2-3,112 trp1-901/trp1-901 This study
gal4A/gal4A gal80A/qal80A GAL2-ADE2/GAL2-ADE2
LYS2:GAL1-HIS3/LYS2::GAL1-HIS3 met2::GAL7-LacZ/met2::GAL7-LacZ pOBD?2
pOAD-MIF2

YPH1568 MATa/a ura3-52/ura3-52 his3A200/his3A200 leu2-3,112/leu2-3,112 trp1-901/trp1-901 This study
gal4A/gal4A gal80A/qal80A GAL2-ADE2/GAL2-ADE2
LYS2:GAL1-HIS3/LYS2::GAL1-HIS3 met2::GAL7-LacZ/met2::GAL7-LacZ pOBD?2

pOAD

YPH1569* MATa/« ura3-1/ura3-1 ade2-loc/ade2-loc his3-11,15/his3-11,15 leu2-3,112/leu2-3,112 This study
CHL4-YFP-His3MX6/CHL4-YFP-His3MX6 SPC29-CFP-kanMX6/SPC29-CFP-
kanMX6

YPH1570* MATa/« ura3-1/ura3-1 ade2-loc/ade2-loc his3-11,15/his3-11,15 leu2-3,112/leu2-3,112 This study

trp1-1/TRP1 ctf19A::kanMX6/ctf19A::kanMX6 CHL4-YFP-His3MX6/CHL4-YFP-
His3MX6 SPC29-CFP-kanMX6/SPC29-CFP-kanMX6

YPH1571* MATa/« ura3-1/ura3-1 ade2-loc/ade2-loc his3-11,15/his3-11,15 leu2-3,112/leu2-3,112 This study
trp1-1/trp1-1 chl4A::His3MX6/chl4A::kanMX6 CTF19-YFP-His3MX6/CTF19-YFP-
His3MX6 SPC29-CFP-kanMX6/SPC29-CFP-kanMX6

YPH1572* MATa/« ura3-1/ura3-1 ade2-loc/ade2-loc his3-11,15/his3-11,15 leu2-3,112/leu2-3,112 This study
trpl-1/trp1-1 ctfl9A:kanMX6/ctf19A::kanM X6 NDC10-YFP-His3MX6/NDC10-
YFP-His3MX6 SPC29-CFP-kanMX6/SPC29-CFP-kanMX6

YPH1573* MATa/« ura3-1/ura3-1 ade2-loc/ade2-loc his3-11,15/his3-11,15 leu2-3,112/leu2-3,112 This study
trp1-1/TRP1 chl4A:kanMX6/chl4A::kanMX6 NDC10-YFP-His3MX6/NDC10-YFP-
His3MX6 SPC29-CFP-kanMX6/SPC29-CFP-kanMX6

YPH1574* MATa/« ura3-1/ura3-1 ade2-loc/ade2-loc his3-11,15/his3-11,15 leu2-3,112/leu2-3,112 This study
trp1-1/TRP1 ctf19A::kanMX6/ctf19A::kanMX6 CTF3-YFP-His3MX6/CTF3-YFP-
His3MX6 SPC29-CFP-kanMX6/SPC29-CFP-kanMX6

YPH1575* MATa/« ura3-1/ura3-1 ade2-loc/ade2-loc his3-11,15/his3-11,15 leu2-3,112/leu2-3,112 This study
trp1-1/trp1-1 chl4A::His3MX6/chl4A::kanMX6 CTF3-YFP-His3MX6/CTF3-YFP-
His3MX6 SPC29-CFP-kanMX6/SPC29-CFP-kanMX6

YPH1576* MATa/« ura3-1/ura3-1 ade2-loc/ade2-loc his3-11,15/his3-11,15 leu2-3,112/leu2-3,112 This study
trp1-1/TRP1 IML3-YFP-His3MX6/IML3-YFP-His3MX6 SPC29-CFP-kanMX6/
SPC29-CFP-kanMX6

YPH1577* MATa/« ura3-1/ura3-1 ade2-loc/ade2-loc his3-11,15/his3-11,15 leu2-3,112/leu2-3,112 This study
trp1-1/TRP1 chl4A::His3MX6/chl4A::His3MX6 IML3-YFP-His3MX6/IML3-YFP-
His3MX6 SPC29-CFP-kanMX6/SPC29-CFP-kanMX6

YPH1578* MATa/« ura3-1/ura3-1 ade2-loc/ade2-loc his3-11,15/his3-11,15 leu2-3,112/leu2-3,112 This study
trp1-1/trp1-1 ctf19A:kanMX6/ctf19A::kanM X6 IML3-YFP-His3MX6/IML3-YFP-
His3MX6 SPC29-CFP-kanMX6/SPC29-CFP-kanMX6

YPH1579* MATa/«a ura3-1/ura3-1 ade2-loc/ade2-loc his3-11,15/his3-11,15 leu2-3,112/leu2-3,112 This study
trp1-1/trpl-1 MIF2-YFP-His3MX6/MIF2-YFP-His3MX6 SPC29-CFP-kanMX6/
SPC29-CFP-kanMX6

YPH1580* MATa/« ura3-1/ura3-1 ade2-loc/ade2-loc his3-11,15/his3-11,15 leu2-3,112/leu2-3,112 This study
trp1-1/trp1-1 CHL4-YFP-His3MX6/CHL4-YFP-His3M X6 MIF2-CFP-kanMX6/
MIF2-CFP-kanMX6

YPH1582 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 trp1A63 iml3A::kanMX6 CTF19- This study
13Myc-TRP1
YPH1583* MATa/«a ura3-1/ura3-1 ade2-loc/ade2-loc his3-11,15/his3-11,15 leu2-3,112/leu2-3,112 This study

trp1-1/trp1-1 iml3A:kanMX6/iml3A::kanMX6 CTF19-YFP-His3MX6/CTF19-YFP-
His3MX6 SPC29-CFP-kanMX6/SPC29-CFP-kanMX6

YPH1602 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 trp1A63 imI3A::kanMX6 This study
YPH1603 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 trp1A63 imI3A:kanMX6 CHL4- This study
13Myc-TRP1
YVMI111 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 trp1A63 ctf3A::HIS3 V. Measday
YVM112 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 trp1A63 ctf3A:HIS3 V. Measday
(continues)
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Table 1. (Continued)

Strain Genotype Reference
YVM218 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 trpl1A63 CTF3-13Myc-TRP1 (Measday et al.,
2002)
YVM1176* MATa/« ura3-1/ura3-1 ade2-loc/ade2-loc his3-11,15/his3-11,15 leu2-3,112/leu2-3,112 (Measday et al.,
trp1-1/TRP1 NDC10-YFP-His3MX6/NDC10-YFP-His3MX6 SPC29-CFP-kanMX6/ 2002)
SPC29-CFP-kanMX6
DHY?201* MATa/« ura3-1/ura3-1 ade2-loc/ade2-loc his3-11,15/his3-11,15 leu2-3,112/leu2-3,112 (Measday et al.,
CTF19-YFP-His3MX6/CTF19-YFP-His3MX6 SPC29-CFP-kanMX6/SPC29-CFP- 2002)
kanMX6
DHY202* MATa/« ura3-1/ura3-1 ade2-loc/ade2-loc his3-11,15/his3-11,15 leu2-3,112/leu2-3,112 (Measday et al.,
CTF3-YFP-His3MX6/CTF3-YFP-His3MX6 SPC29-CFP-kanMX6/SPC29-CFP- 2002)
kanMX6
1cAS281 MATa ura3 lys2 ade2 his3 leu2 trpl cep3-1 (Strunnikov et al.,
1995)
2bAS282 MATa ura3 lys2 ade2 his3 leu2 trpl cep3-2 (Strunnikov et al.,
1995)
PMY1002-3A MATa ura3 leu2 trpl mif2-3 P. Meluh

* His3MX6 in these strains is the his5 gene of Schizosaccharomyces pombe. In all other strains His3MXG6 is the HIS3 gene from Saccharomyces

kluveri. Both complement the S. cerevisiae his3 mutation.

this complex at the periphery of the outer kinetochore. How-
ever, the exact physical interactions and molecular architec-
ture of complexes within the kinetochore and the pattern of
assembly of individual proteins in this supramolecular com-
plex still remain to be elucidated.

Hallmarks for the identification of kinetochore proteins
include their ability to cross-link to CEN DNA, as assayed by
chromatin immunoprecipitation (ChIP), and to localize next
to the nuclear side of the spindle pole body (SPB). These
criteria have been used to assess candidate genes that po-
tentially encode kinetochore proteins (He et al., 2001), in-
cluding genes required for faithful chromosome transmis-
sion identified by genetic screens. Several independent
screens have led to the isolation of mutants that lose chro-
mosomes at a higher rate than a wild-type strain (the chl,
mcm, ctf, and cin mutants) (Maine ef al., 1984; Kouprina et al.,
1988; Hoyt et al., 1990; Spencer et al., 1990). CHL4/CTF17/
MCM17 was identified in three of these mutant collections
(Kouprina et al., 1988; Spencer et al., 1990; Kouprina et al.,
1993b; Roy et al., 1997). A strain deleted for CHL4 is viable
(Roy et al., 1997), and several secondary phenotypes suggest
that chl4 mutants have a compromised kinetochore: chl4 is
able to maintain a dicentric plasmid with the same fidelity as
a monocentric plasmid (Doheny ef al., 1993; Kouprina et al.,
1993a); chl4 weakens the transcription block that occurs
when a CEN sequence is placed between a promoter and a
reporter construct (Doheny et al., 1993); and two mutant
alleles of chl4 become inviable upon increased dosage of
CTF13 or NDC10 (Kroll ef al., 1996; Measday et al., 2002).
Recently, Chl4p was shown to have a two-hybrid interaction
with Iml3p/Mcm19p (Ghosh et al., 2001). iml3 mutants ex-
hibit an increased rate of centromere plasmid loss (Roy et al.,
1997; Entian et al., 1999) as well as a number of phenotypes
suggesting that IML3 encodes a previously uncharacterized
kinetochore protein.

Herein, we establish Chl4p and ImI3p as bona fide kinet-
ochore proteins, and we examine their physical juxtaposi-
tion and CEN DNA loading requirements within the kinet-
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ochore complex. Chl4p cross-links to CEN DNA chromatin,
localizes to the kinetochore, and interacts with two known
outer kinetochore proteins, Ctf19p and Ctf3p. In addition,
Chl4p interacts with a new kinetochore component, Iml3p,
that displays a Chl4p-dependent CEN DNA interaction and
a kinetochore localization pattern. Using a combination of
biochemical and in vivo localization techniques, we deter-
mine specific requirements and dependencies for Chl4p,
Iml3p, Ctf19p, and Ctf3p interactions and kinetochore local-
ization, providing insights into the molecular architecture of
the kinetochore complex.

MATERIALS AND METHODS

Yeast Strains and Media

Strains used in this study are listed in Table 1. Media for growth and
sporulation were described previously (Rose et al., 1990). To visu-
alize chromosome fragment loss, strains were first grown on SC
medium lacking uracil (selecting for the chromosome fragment) and
then streaked onto YPD medium. In strains with a high rate of
chromosome loss, a colony will consist of cells containing the chro-
mosome fragment (white), and cells that have lost it (red), resulting
in a white and red sectored phenotype. For the microtubule-depo-
lymerizing drug sensitivity assay, benomyl from DuPont (Wilming-
ton, DE) was added at the indicated concentration to YPD media;
dimethyl sulfoxide was used in the control plate (0 ug/ml beno-
myl). Epitope tagging and gene deletions were made directly at
their endogenous loci according to Longtine et al. (1998). Yeast
transformations were done according to Gietz and Schiestl (1995).

ChIP Assay and Coimmunoprecipitations

ChIP assays and coimmunoprecipitation from yeast lysates were
performed as in Measday et al. (2002) with the following changes.
For ChIP analysis, multiplex polymerase chain reaction (PCR) was
performed, with three sets of primers added to a single PCR reac-
tion. The primer pairs used to amplify specific regions of DNA are
described in Meluh and Koshland (1997). The expected sizes of PCR
products are 302 bp (CEN1), 288 bp (PGK1), and 243 bp (CEN3). To
equilibrate the amount of PCR products obtained, 0.6 mM primer
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A.
wild type

chl4-61

chl4-20

chl4-61
chl4A
wild type

chl4-20

chl4-61
chl4A

wild type

chl4-20
chl4-61
chl4A
wild type

Figure 1. Phenotypes of chl4 mutants. (A) Chromosome loss phe-
notype visualized using the SUP11 system. A nonessential chromo-
some fragment carrying SUP11 can suppress the ade2-101 mutation
that leads to accumulation of a red pigment in the cells (Koshland
and Hieter, 1987). Thus, cells containing the chromosome fragment
are white, whereas those that have lost it are red. Wild-type
(YPH1124), chi4A (YPH1534), chl4-20 (YPH1535), and chl4-61
(YPH1536) strains containing a nonessential chromosome fragment
marked with URA3 were grown in SC-uracil medium and then
plated on YPD plates. (B) Benomyl sensitivity. Wild-type (YPH500),
chl4A (YPH1539), chl4-20 (YPH1540), and chl4-61 (YPH1541) strains
were spotted in fivefold dilutions on YPD plates containing the
amount of benomyl indicated on the left.
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Table 2. Genetic interactions between chl4A and kinetochore mu-
tants

Strain® Genetic Interaction®
chl4A ndc10-42 SLe
chl4A ndc10-2 Viable
chl4A cep3-1 CSL4
chl4A cep3-2 CSLd
chl4A ctf13-30 CSLd
chl4A mif2-3 SLe
chl4A ctf19A Viable
chl4A ctf3A Viable
chl4A ctfI19A ctf3A Viable
imlI3A chl4A Viable
imlI3A ctf19A Viable
imlI3A ctf3A Viable
iml3A chl4A ctf3A Viable
imlI3A ctf19A ctf3A Viable

@ The strains used in the crosses were chl4A (YPH1538 or YPH1539),
ndc10-42 (YCTF42), ndc10-2 (YPH1027), cep3-1 (1cAS281), cep3-2
(2bAS282), «ctf13-30 (YCTE30), mif2-3 (PMY1002-3A), ctf19A
(YPH1316), ctf3A (YVMI111), and imI3A (YPH1602).

b Strains were incubated at 25°C.

¢ SL, synthetic lethality. Individual mutations do not cause inviabil-
ity on their own, but a strain containing both mutations is inviable.

4 CSL, conditional synthetic lethality. Spores are viable at 25°C but
die at a lower temperature than the restrictive temperature of the
single temperature-sensitive mutant. chl4A ctf13-30 double mutants
died at 32°C, whereas the nonpermissive temperature of the ctf13-30
single mutant is 35°C; chl4A cep3-1 and chl4A cep3-2 double mutants
were inviable at 31°C and 30°C, respectively, whereas the nonper-
missive temperature of the cep3-1 and cep3-2 single mutants is 34°C.

was added for each of the CEN3 and PGK1 pairs, whereas 0.8 mM
primer was used for the CEN1 pair. The amount of total chromatin
added varied from 1/1500 to 1/600 of the available template,
whereas that of immunoprecipitated chromatin template varied
from 1/10 to 1/30 of the available template, depending on the linear
range for PCR.

Fluorescence Microscopy

Proteins were tagged at their C terminus with yellow fluorescent
protein (YFP) and cyan fluorescent protein (CFP) as described in
Hailey et al. (2002). In all cases, the tag was integrated into the
genome to maintain gene expression from the endogenous pro-
moter. To ensure that wild-type and mutant strains expressed sim-
ilar amounts of YFP or CFP fusion proteins, 50 ug of yeast lysate
was run on an SDS-PAGE gel and Western blotted with anti-green
fluorescent protein (GFP) antibody from Roche Diagnostics (India-
napolis, IN) for all strains used in fluorescence imaging. Cells were
imaged using a DeltaVision microscopy system from Applied Pre-
cision (Issaquah, WA). The system incorporates an IL-70 microscope
(Olympus, Tokyo, Japan), a u-plan-apo 100X oil objective (1.35
numerical aperature), a CoolSnap HQ digital camera from Roper
Scientific (Tucson, AZ) and optical filter sets from Omega Optical
(Battleboro, VT). Live cells were imaged on a thin pad of media
containing 1% agarose (Hailey et al., 2002). Images were analyzed
using SoftWoRx software. To quantify the image intensities at the
kinetochore and in the nucleus, the image intensity values in a 5 X
5 pixel square centered either on the kinetochore or within the
nucleus, respectively, were summed. A background value from a
5 X 5 pixel square either adjacent to the kinetochore (within the
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nucleus), or a 5 X 5 pixel square within the cytoplasm was sub-
tracted from the summed values for the kinetochore or nucleus,
respectively. For the conversion of the image files to the TIFF
format, the output was 8-bit grayscale, and all images of a particular
protein in different mutant backgrounds were scaled with the same
set minimum and maximum values.

Genome-Wide Two-Hybrid Assay

CHL4 was cloned into pOBD2 as described in Cagney et al. (2000).
The Chl4p-DNA binding domain fusion was functional as judged
by rescue of the chl4A sectoring phenotype described in Figure 1.
Two-hybrid screens were performed as described in Uetz et al.
(2000). To confirm positive two-hybrid interactions, strains contain-
ing the DNA binding domain fusion plasmid (or pOBD2 vector
alone) and the activation domain fusion plasmid (or pOAD vector
alone) were mated. Diploid strains containing both plasmids were
grown to log phase in media selecting for the plasmids, and fivefold
dilutions of 5 X 10°¢ cells were plated on media selecting for the
two-hybrid interaction as indicated in Figure 7.

RESULTS

chl4A Displays Phenotypes Commonly Observed in
Kinetochore Mutants

To confirm the chromosome loss phenotype observed in chi4
point mutants, we deleted CHL4 from a strain containing a
nonessential marked chromosome fragment, and scored
chromosome missegregation in the deletion mutant by a
colony sectoring assay (Koshland and Hieter, 1987). chl4A
sectored heavily, similar to two chl4 alleles isolated in the ctf
mutant collection (chl4-20 and chl4-61), indicating a high rate
of chromosome fragment loss (Figure 1A) (Spencer et al.,
1990).

Many chromosome segregation and spindle integrity mu-
tants have heightened sensitivity to microtubule-destabiliz-

Figure 2. Chl4p interacts with CEN DNA in an NdclOp- and
Ctf19-dependent, but Ctf3p-independent manner. (A) Chl4p inter-
acts with CEN DNA. ChIP assay performed by immunoprecipita-
tion of Myc-tagged Chl4p, Ctf19p, or Ndc10p followed by multiplex
PCR analysis. Lanes 9-12, dilutions (2.5-fold) of one of the total
templates, showing that PCR is in the linear range. Strains are
untagged  (YPH499), Chl4p-Myc (YPH1542), Ctfl9p-Myc
(YPH1550), and Ndc10p-Myc (YPH1555). (B) The interaction of
Chl4p with CEN DNA depends on Ndc10p. ChIP assay performed
by immunoprecipitation of Myc-tagged Chldp or NdclOp from
wild-type, ndc10-2, or chl4A strains, followed by multiplex PCR
analysis. For the temperature-sensitive assay, wild-type and ndc10-2
strains were grown to log phase at 25°C, and half of the culture was
then shifted to 37°C for 3 h. Strains are untagged (YPH499), Chl4p-
Myc (YPH1542), Chl4p-Myc ndc10-2 (YPH1543), NdclOp-Myc
(YPH1555), and Ndc10p-Myc chl4A (YPH1556). (C) The interaction
of Chl4p with CEN DNA depends on Ctf19p. ChIP assay performed
by immunoprecipitation of Myc-tagged Chl4p or Ctf19p from wild-
type, ctf19A, or chl4A strains, followed by multiplex PCR analysis.
Strain are untagged (YPH499), Chl4p-Myc (YPH1542), Chl4p-Myc
ctf19A (YPH1544), Ctf19p-Myc (YPH1550), and Ctf19p-Myc chl4A
(YPH1551). (D) The interaction of Chl4p with CEN DNA is inde-
pendent of Ctf3p. ChIP assay performed by immunoprecipitation of
Myc-tagged Chldp or Ctf3p from wild-type, ctf3A, or chl4A strains,
followed by multiplex PCR analysis. Strains are untagged
(YPH499), Chl4p-Myc (YPH1542), Chl4p-Myc ctf3A (YPH1545),
Ctf3p-Myc (YVM218), and Ctf3p-Myc chl4A (YPH1552). In A-D, T,
total lysate; IP, immunoprecipitated fraction.
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ing drugs, perhaps due to the synergistic effect of a mutation
affecting a microtubule-dependent process together with
compromised microtubule networks (Poddar et al., 1999).
Several outer kinetochore mutants have been shown to be
sensitive to sublethal doses of the microtubule-depolymer-
izing drug benomyl (Roy et al., 1997; Hyland ef al., 1999;
Poddar et al., 1999). We tested the ability of chl4A, chl4-20,
and chl4-61 to grow on benomyl-containing media at 25°C
(Figure 1B). All mutant alleles exhibited increased sensitivity
to 15 ug/ml benomyl and were inviable at 20 pug/ml beno-
myl. The chromosome loss and benomyl sensitivity pheno-
types are consistent with chl4A having a defect in kineto-
chore function.

chl4A Genetically Interacts with Kinetochore
Mutants

To test for genetic interactions with kinetochore mutants, we
mated chl4A to strains carrying individual mutations in
three of the CBF3 subunits (ndc10, cep3, and ctf13) (Spencer
et al., 1990; Strunnikov et al., 1995; Kopski and Huffaker,
1997) or to a mif2 mutant strain (Meluh and Koshland, 1995).
Dissection of the heterozygous diploids showed that chl4A
was synthetically lethal with mif2-3 and ndc10-42 and that
chl4A lowered the permissive temperature of ctf13-30, cep3-1,
and cep3-2 mutants (Table 2). The synthetic interaction ob-
served with ndc10-42 was allele dependent, because ndc10-2
was not synthetically lethal with chl4A (Table 2). We also
tested for genetic interaction between chl4A and two outer
kinetochore deletion mutations, c{f19A (Hyland et al., 1999)
and ctf3A (Measday et al., 2002), and observed no synthetic
effect on growth, even when the three deletion mutations
were present in a single strain (Table 2). Thus, a chl4 deletion
mutation genetically interacts with mutations in genes of the
inner kinetochore, but not with mutations in two outer
kinetochore genes.

Chl4p Associates with CEN DNA and Localizes to
the Kinetochore

Genetic and phenotypic evidence strongly suggested that
the CHL4 gene product was a candidate kinetochore protein.
To obtain biochemical evidence that Chl4p is located at the
centromere, we used ChIP to assay whether Chl4p could
interact with CEN DNA. Myc-tagged Chl4p was immuno-
precipitated from formaldehyde cross-linked extracts with
anti-Myc-conjugated beads. The coprecipitated DNA was
analyzed by PCR with primer pairs specific to centromeric
regions of chromosomes I and III (CEN1 and CEN3) and to
a noncentromeric region (PGK1) as a control for binding spec-
ificity. Chl4p interacted specifically with CEN DNA but not
with a non-CEN locus, similar to Ctf19p and NdclOp, two
known kinetochore proteins (Figure 2A, lanes 4, 6, and 8).
The localization of several kinetochore proteins tagged
with GFP or its variants YFP and CFP has recently been
determined in yeast cells by fluorescence microscopy. The
resulting images have shown that kinetochore proteins re-
side next to the nuclear side of the SPB in cells with short
spindles and colocalize with the SPB in late anaphase cells
(He et al., 2001; Pearson et al., 2001; Measday et al., 2002). To
visualize the localization of Chl4p, we tagged it with YFP
and imaged Chl4p-YFP in a strain containing a tagged SPB

468

A. Chl4p-YFP B. Ctf19p-YFP
1.5 1.5
5 &
% 1.0 % :
&%’0.5- t%" .
3 oo § ool [ |
wt chldd  imi34
Genotype
D. Ctf3p-YFP
25
E :
@ 1.
% .
: L.

wt ctf194  chl44 ctf194  chi4a

Genotype Genotype

E. Imi3p-YFP

15
ﬁ, . Kinetochore: Combined
] " . .
& 1.0 . Kinetochore: Short Spindle
% Kinetochore: Long Spindie
0.5
é | D Nucleus
m
& 0.0 =T

wt  ctf194  chl4a
Genotype

Figure 4. Quantification of kinetochore localization signals. (A-E)
Kinetochore protein signal strengths of the strains imaged in Figure
3, A-E, were determined as described under MATERIALS AND
METHODS. For each graph, the values were normalized to the
mean value of the wild-type strain. In B-D, the mean value of the
kinetochore signal from cells with a short spindle was used for
normalization. Bars represent the standard deviation. The mean
value of the signal intensity in wild-type strains and the number of
kinetochores or nuclei examined for each panel are as follows,
where nl is the sample size for kinetochore signals in cells with
either short or long spindles, n2 is the sample size for kinetochore
signals in cells with short spindles, and n3 is the sample size for
kinetochore signals in cells with long spindles (sample sizes for
determining the nuclear signal strength are equal to either n1 or n2):
(A) Mean value (wt) = 2297; for wt, nl = 78; for ctf19A, n1 = 45. (B)
Mean value (wt) = 12368; for wt, n2 = 33 and n3 = 26; for chl4A,
n2 = 36 and n3 = 30; for iml3A, n2 = 22 and n3 = 14. (C) Mean value
(wt) = 12587; for wt, n2 = 86 and n3 = 62; for ctfI19A, n2 = 64 and
n3 = 38; for chl4A, n2 = 82 and n3 = 33. (D) Mean value (wt) = 4035;
for wt, n2 = 24 and n3 = 16; for ctf19A, n2 = 45 and n3 = 24; for
chl4A, n2 = 38 and n3 = 19. (E) Mean value (wt) = 5740; for wt, nl =
74; for ctf19A, n1 = 33; for chl4A, nl = 63. wt, wild-type.
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Figure 5. Chl4p coimmunoprecipitates with outer kinetochore proteins.
(A) Chl4p coimmunoprecipitates with Ctf19p and Ctf3p. Anti-Myc im-
munoprecipitations were performed in a strain containing Myc-tagged
Chlp and HA-tagged Ctf3p and control strains containing one or no
tagged proteins. Total lysate (40 ug) and 15% of the immunoprecipitated
fraction were loaded on SDS-PAGE gels, and Western blots were used to
detect Myc- and HA-tagged proteins, and Ctf19p, with the antibodies
indicated on the left. Strains are untagged (YPH499), Chl4p-Myc
(YPH1542), Ctf3p-HA (YPH1553), and Chl4p-Myc Ctf3p-HA (YPH1546).
(B) Ctf19p is required for the coimmunoprecipitation between Chl4p and
Ctf3p. Anti-Myc immunoprecipitations and Western blots were per-
formed as in A in strains lacking Ctf19p. Lanes 7-12 are controls. Strains
are untagged (YPH499), Chl4p-Myc Ctf3p-HA (YPH1547), Chl4p-Myc
Ctf3p-HA ctf19A (YPH1548), Chldp-Myc ctfI9A (YPH1544), Ctf3p-HA
ctf19A (YPH1554), and untagged ctf19A (YPH1315). (C) Ctf3p is dispens-
able for the coimmunoprecipitation between Chl4p and Ctf19p. Anti-Myc
immunoprecipitations and Western blots were performed as in A in
strains lacking Ctf3p. Lanes 7 and 8 are controls. Strains are untagged
(YPH499), Chld4p-Myc (YPH1542), Chld4p-Myc ctf3A (YPH1545), and un-
tagged cff3A (YVM112). (D) Chl4p is required for the interaction of Ctf3p
with Ctf19p. Anti-Myc immunoprecipitations and Western blots were
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protein, Spc29p-CFP (Figure 3A, wild-type panel). We found
that Chl4p-YFP had a pattern of localization similar to
Ctf19p-YFP and Ctf3p-YFP (Figure 3, B and D, wild-type
panels) and other kinetochore proteins in cells with short
and long spindles. The specific interaction of Chl4p with
CEN DNA chromatin and its cellular localization suggest
that Chl4p is part of the budding yeast kinetochore complex.

Chl4p Requires Ndc10p and Ctf19p, but Not Ctf3p,
to Interact with CEN DNA

Whereas components of the CBF3 complex bind directly to
CEN DNA (Lechner and Carbon, 1991), outer kinetochore
complexes, such as the Ctf19 complex, interact with CEN
DNA via CBF3 (Ortiz et al., 1999). In addition, the Ctf3
complex was shown to require both Ctf19p and Csedp to
interact efficiently with CEN DNA (Measday et al., 2002). The
CEN DNA loading requirements of kinetochore proteins can
thus be used to probe their molecular organization within
the kinetochore complex. To determine whether the interac-
tion of Chl4p with CEN DNA requires the CBF3 complex,
we performed ChIP analysis with Chl4p-Myc in a strain
containing a temperature-sensitive mutation in NDC10. In
the ndc10-2 background, Chl4p interacted with CEN DNA at
permissive temperature (25°C) (Figure 2B, lane 10), but not
at restrictive temperature (37°C) (Figure 2B, lane 12). Be-
cause Chl4p is able to coimmunoprecipitate CEN DNA in
the wild-type strain at 37°C (Figure 2B, lane 8), the lack of
interaction in ndc10-2 is not simply due to a failure of Chl4p
to associate with CEN DNA at high temperature. Western
blots also demonstrated that Chl4p-Myc was immunopre-
cipitated efficiently in wild-type and mutant backgrounds at
both temperatures (data not shown). Conversely, deletion of
CHL4 did not affect the ability of NdclOp to interact with
CEN DNA (Figure 2B, lanes 14 and 16). Thus, functional
Ndc10p is required for the Chl4p-CEN DNA interaction. In
accordance with these data, Chl4p-GFP localization becomes
diffuse in an ndc10-2 strain incubated at the restrictive tem-
perature (K. Mythreye and K. Bloom, personal communica-
tion). Therefore, Chl4p requires an intact CBF3 complex to
properly localize to and interact with the centromere.

To investigate whether Chl4p requires other kinetochore
components, such as Ctf19p or Ctf3p, for its interaction with
CEN DNA, we performed ChIP with Chl4p-Myc in strains
lacking CTF19 or CTF3. We found that although Chl4p re-
quired Ctf19p to interact with the centromere (Figure 2C,
lane 6), it did not require Ctf3p (Figure 2D, lane 6). Con-
versely, immunoprecipitation of Ctf19p-Myc in strains lack-
ing CHL4 revealed that Ctf19p coimmunoprecipitated CEN
DNA in the absence of Chl4p (Figure 2C, lane 10). Similarly,
Ctf3p was able to interact with CEN DNA in the absence of
Chl4p (Figure 2D, lane 10), although in some instances the
CEN DNA coimmunoprecipitation seemed to be less effi-
cient (data not shown). Western blots demonstrated that in
all cases, efficient immunoprecipitation of the Myc-tagged

Figure 5 (cont). performed as in A in strains containing Myc-tagged
Ctf3p in the presence or absence of Chl4p. Lanes 7 and 8 are controls.
Strains are untagged (YPH499), Ctf3p-Myc (YVM218), Ctf3p-Myc chl4A
(YPH1552), and untagged chl4A (YPH1537). In A-D, T, total lysate; IP,
immunoprecipitated fraction.
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protein was not affected in the deletion strain compared
with the wild-type strain (data not shown; see Western blots
in Figure 5 showing immunoprecipitations in wild-type and
mutant strains). Thus, Chl4p, like the Ctf3 complex, requires
Ctf19p to interact with CEN DNA, whereas neither Chl4p
nor the Ctf3 complex are required for the Ctf19p-CEN DNA
interaction (Figure 2, C and D; Measday et al., 2002). More-
over, Chl4p and Ctf3p are able to interact with the centro-
mere independently of each other.

Chl4p Requires Ctf19p for Proper Kinetochore
Localization, and Lack of Chl4p or Cif19p Affects
the Localization of Ctf3p in Early Anaphase

Because Ctf19p is required for Chl4p to interact with CEN
DNA, we asked whether lack of CTF19 disturbed the local-
ization of Chl4p-YFP. We found that in a ctfI9A strain,
Chl4p-YFP did not localize to the kinetochore. Instead, the
YFP signal was diffuse throughout the nucleus (Figures 3A
and 4A). The intensity of the diffuse nuclear signal was
fourfold greater in the ctf19A mutant than in the wild-type
strain (Figure 4A). Conversely, the localization of Ctf19p-
YFP was only modestly impaired by the absence of Chl4p
(Figures 3B and 4B). In agreement with our ChIP data (Fig-
ure 2B; Measday et al., 2002), deletions of either CTF19 or
CHL4 do not significantly disturb the inner kinetochore
structure, because Ndc10p-YFP still localizes to the kineto-
chore in ctfI19A and chl4A strains (Figures 3C and 4C). A
slight increase in a diffuse nuclear signal in these strains is
currently under further investigation (data not shown). In all
cases, the wild-type and mutant strains expressed similar
levels of fusion proteins (data not shown; see MATERIALS
AND METHODS). In summary, our ChIP and in vivo local-
ization data indicate that Ctf19p, which interacts with CEN
DNA via CBF3 (Ortiz et al., 1999), is essential not only for the
Chl4p-CEN DNA interaction but also for the proper local-
ization of Chl4p to the kinetochore.

Because Ctf3p, like Chl4p, requires Ctf19p to interact with
CEN DNA (Measday et al., 2002), we examined the localiza-
tion of Ctf3p in the absence of Ctf19p. Interestingly, in the
ctf19A strain, Ctf3p-YFP showed a threefold decrease in
kinetochore localization signal in cells with short spindles,
whereas in cells with long spindles, Ctf3p-YFP showed nor-
mal colocalization with the SPB (Figures 3D and 4D). To
investigate whether this behavior was specific to the lack of
Ctf19p, we imaged Ctf3p-YFP in a chl4A strain. We observed
a 40% decrease in the intensity of the Ctf3p-YFP kinetochore
signal in chl4A cells with short spindles, whereas there was
no decrease in Ctf3p-YFP signal intensity in chl4A cells with
long spindles, similar to ctf19A (Figures 3D and 4D). These
data suggest that Ctf19p, and possibly Chl4p, are important
for Ctf3p localization to the kinetochore during early stages
of mitosis, but not in later stages.

Chldp Interacts with Known Outer Kinetochore
Proteins

Given the interaction of Chl4p with CEN DNA and its
localization to the kinetochore, we asked whether Chl4p
would also interact with known outer kinetochore proteins.
In a strain containing Myc-tagged Chl4p, we performed
immunoprecipitation with anti-Myc-conjugated beads and
were able to detect both Chl4p and Ctf19p in the immuno-
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precipitate (Figure 5A, lane 4). We also tested for interaction
of Chl4p with Ctf3p by using a strain that contained hem-
agglutinin (HA)-tagged Ctf3p. Ctf3p-HA was detected in
anti-Myc immunoprecipitates only when Chl4p-Myc was
present (Figure 5A, lane 8). Similar results were obtained
when the same strain was used in an anti-HA immunopre-
cipitation (data not shown). To determine whether the in-
teraction of Chl4p with Ctf3p depended on Ctf19p, we per-
formed immunoprecipitations in a ctfI9A strain with both
anti-Myc- (Figure 5B) and anti-HA- (data not shown) con-
jugated beads. We found that Chl4p no longer interacted
with Ctf3p in the absence of Ctf19p (Figure 5B, lane 6).
Immunoprecipitation of Chl4p-Myc was also performed in a
ctf3A strain and revealed that Ctf19p was still present in the
immunoprecipitate, indicating that the Chl4p—-Ctf19p inter-
action is independent of Ctf3p (Figure 5C, lane 6). Con-
versely, immunoprecipitating Ctf3p-Myc in the absence of
Chl4p disrupted the interaction between Ctf3p and Ctf19p
(Figure 5D, lane 6). Thus, our immunoprecipitation data
suggest that Chl4p is connected to the centromere and to the
Ctf3 complex via Ctf19p. Moreover, because the Ctf3p—CEN
DNA interaction depends on Ctf19p (Measday et al., 2002),
and Chl4p is essential for the Ctf3p-Ctf19p interaction,
Chl4p may contribute to the efficient association of the Ctf3
complex with the centromere.

The Chl4p Two-Hybrid Interactor Imi3p Is a New
Outer Kinetochore Protein

Phenotypic analyses of iml3/mcm19 mutants indicated that
Iml3p was a putative kinetochore protein (Entian ef al., 1999;
Ghosh et al., 2001). We tested for genetic interactions be-
tween an iml3 deletion mutation and mutations in other
outer kinetochore genes. We found that similar to chl4A,
iml3A did not compromise growth when combined with
chl4A, ctfI9A or ctf3A, or various multiple combinations of
these mutations (Table 2). ImI3p was shown to interact with
Chl4p by two-hybrid assay (Ghosh et al., 2001). We con-
firmed this interaction biochemically by performing an an-
ti-HA immunoprecipitation in a strain containing ImI3p-HA
and Chl4p-Myc. Anti-Myc and anti-Ctf19p Western blots
showed that Iml3p was able to coimmunoprecipitate both
Chl4p and Ctf19p (Figure 6A, lanes 4 and 8). The ImlI3p-
Chl4p interaction was also observed when we used anti-Myc
beads for immunoprecipitation (data not shown). Because
Ctf19p is required for Chl4p to interact with Ctf3p, we tested
whether Ctf19p was also required for the Iml3p—Chl4p in-
teraction. We found that in contrast to Ctf3p, Iml3p still
coimmunoprecipitated with Chl4p in a ctf19A strain (Figure
6A, lane 10). Thus, ImI3p and Chl4p can form a complex
independently of Ctf19p. We next asked whether lack of
Chl4p would disrupt the Iml3p-Ctf19p interaction. When
Iml3p-HA was immunoprecipitated from a chl4A strain,
Ctf19p was no longer present in the immunoprecipitate
(Figure 6A, lane 14), indicating that Chl4p is required for the
Iml3p—Ctf19p interaction. Finally, to determine whether
Iml3p was required for the Chl4p—Ctfl19p interaction, we
immunoprecipitated Chl4p-Myc from an imI3A strain and
found that the amount of Ctf19p in the immunoprecipitate
was reduced, albeit not completely absent (Figure 6B). Thus,
we conclude that ImI3p is part of the outer kinetochore
complex and interacts with the Ctf19 complex in a Chl4p-

Molecular Biology of the Cell



Chl4p and Iml3p at the Yeast Kinetochore

%) O
> =
A. = =
s £
e =3
o o O
o < = < <L = < <
S T = I T° I3 T3
o % o a o O a3
8 ® = o ™ m% oS
[ e re - =
s E o § E B~ £
T P T PT IPT P T IP T

Figure 6. Iml3p is a new outer ki-

netochore protein. (A) ImI3p inter- a-HA | M ﬂ‘ .. “ “” Q — ‘*"— ImI3p-HA

acts with Chl4p and with Ctf19p in a M
Chl4p-dependent manner. Anti-HA a-Myc

o wese W <—Chldp-Myc

umnunopreaplta‘ﬂons and Western
blots were performed as in Figure 5 a-Ctf1 Qp .' ““ ‘ ﬁ - F‘g W _ - Ctf1 9p

in wild-type, ctfI9A, or chl4A 2 3 4
strains  containing Myc-tagged

Chl4p and HA-tagged Iml3p or

control strains containing one or

no tagged proteins. Strains are un-

tagged  (YPH499), Iml3p-HA

(YPH1557), Chl4p-Myc (YPH1542), B.
ImlI3p-HA Chl4p-Myc (YPH1560),

Iml3p-HA Chl4p-Myc ctf19A

(YPH1561), ImlI3p-HA ctf19A

(YPH1559), and ImI3p-HA chl4A

(YPH1558). (B) The interaction of

5 6 7 8 91011121314

Untagged
Chl4p-Myc
Chl4p-Myc imi3A

Ctf19p with Chl4p is reduced in

the absence of Iml3p. Anti-Myc T IP T L [F.,
immunoprecipitations and West- a-M yC m -—Chl4p-M ycC
ern blots were performed as in

Figure 5 in wild-type or imlI3A O-—th']gp - .u- - -‘—th1gp

strains containing either Myc-

tagged Chl4p or no tagged protein.

Strains are untagged (YPH499),

Chl4p-Myc (YPH1542), and Chl4p-

Myc imi3A (YPH1549). (C) Iml3p

interacts with CEN DNA in a

Chl4p- and Ctf19p-dependent

manner. ChIP assay performed by C.
immunoprecipitation of Myc-

tagged Iml3p from wild-type, o
chl4A or ctfI9A strains, or by im- 8 >
munoprecipitation of Myc-tagged o =
Chl4p or Ctf19p from wild-type or o é_
iml3A strains, followed by multi- m (2]
plex PCR analysis. Strains are un- 'E e
tagged (YPH499), Iml3p-Myc = &

ImI3p-Myc chl4A
ImI3p-Myc ctf19A
Chl4p-Myc
Chl4p-Myc imiI3A
Ctf19p-Myc
Ctf19p-Myc im/3A

(YPH1562), Iml3p-Myc chl4A

(YPH1563), Iml3p-Myc ctf19A T P T IPT IP T IP T IPTIP T IP T IP

(YPH1564), Chl4p-Myc (YPH1542),
Chl4p-Myc imI3A (YPH1603),
Ctf19p-Myc (YPH1550), and
Ctf19p-Myc imI3A (YPH1582). In
A-C, T, total lysate; IP, immuno-

PGK1

NP -\ 3

precjpitated fraction. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

dependent manner and that ImI3p contributes to the efficient
interaction of Chl4p with Ctf19p.

Next, we asked whether Iml3p met the criteria we used to
define a kinetochore protein: association with CEN DNA
and a kinetochore localization pattern. We were able to
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specifically isolate CEN DNA from an Iml3p-Myc immuno-
precipitate, similar to Chl4p (Figure 6C, lane 4). We also
found that the ImI3p—CEN DNA interaction depended on
Chl4p and Ctf19p, because CEN DNA no longer coprecipi-
tated with ImI3p-Myc in chl4A and ctf19A strains (Figure 6C,

471



1. Pot et al.

SC-TRP-LEU
2 days

pOBD2-CHL4 + pOAD-MIF2 [ B
POBD2-CHL4 + pOAD[ I S J™
pOBD2 + pOAD-M/F2 LV B B

pOBD2 + pOAD (N T T N 2

(5 s

SC-TRP-LEU-HIS
+ 1mM 3AT
5 days

SC-TRP-LEU-HIS
3 days

Figure 7. Chl4p interacts with the kinetochore protein Mif2p. Growth of PJ694a/« strains containing the Chl4p-DNA-binding domain
fusion in plasmid pOBD2 (or vector alone as control) and the Mif2p-activation domain fusion in plasmid pOAD (or vector alone as control)
on selective media. SC medium lacking tryptophan and leucine only selects for the vectors, whereas medium lacking tryptophan, leucine,
and histidine selects for the vectors and the two-hybrid interaction. 3-Aminotriazole (3AT) is added to prevent growth due to leaky
expression from the HIS3 promoter. Strains are pOBD2-CHL4 pOAD-MIF2 (YPH1565), pOBD2-CHL4 pOAD (YPH1566), pOBD2 pOAD-

MIF2 (YPH1567), and pOBD2 pOAD (YPH1568).

lanes 6 and 8). In contrast, ImI3p was not required for the
Chl4p-CEN DNA or Ctf19p—CEN DNA interactions (Figure
6C, lanes 12 and 16), although in some instances the effi-
ciency of CEN DNA coimmunoprecipitation appeared to be
slightly reduced for Chl4p (data not shown), perhaps due to
the reduced interaction of Chl4p with Ctf19p in the absence
of Iml3p. These data suggest that Iml3p lies more distal to
the centromere than Ctf19p and Chl4p. We then imaged
ImI3p-YFP in a strain containing Spc29p-CFP and observed
localization of Iml3p to the kinetochore (Figure 3E). In ac-
cordance with the ChIP data described above, ImI3p-YFP
failed to localize to the kinetochore in a ctfI9A or a chl4A
strain (Figures 3E and 4E). Interestingly, a diffuse nuclear
ImlI3p-YFP signal was visible in cff19A, as was observed for
the Chl4p-YFP signal in ctfI9A; no ImlI3p-YFP signal was
detected in chl4A (Figure 4E). In contrast, lack of ImI3p did
not disturb Ctf19p-YFP localization to the kinetochore (Fig-
ures 3B and 4B). Thus, our results strongly suggest that
Iml3p is a new outer kinetochore protein that is connected to
the centromere via Chl4p and Ctf19p.

A Genome-Wide Two-Hybrid Screen Reveals that
Chl4p Interacts with the Kinetochore Protein Mif2p

To uncover other potential protein partners of Chldp, we
constructed a Chl4p-DNA binding domain fusion and tested
for two-hybrid interactions with a genome-wide array of
activation domain fusions (Cagney et al., 2000; Uetz et al.,
2000). Two independent screens showed that Mif2p inter-
acted with Chl4p (Figure 7). However, we have so far been
unsuccessful in our attempts to coimmunoprecipitate the
two proteins from yeast lysates by using various combina-
tions of epitope tags. Mif2p has been shown to localize to the
kinetochore by ChIP assay (Meluh and Koshland, 1997).
Here, we determined by fluorescence microscopy that the
localization of YFP-tagged Mif2p in relation to Spc29p-CFP
was similar to that of other kinetochore proteins (Figure 3F).
We also observed that YFP-tagged Chl4p colocalized with
Mif2p-CFP in both short and long spindle stage cells (Figure
3F). Thus, Chl4p shows not only a genetic interaction (Table
2) but also a two-hybrid interaction and colocalization with
Mif2p, an established kinetochore protein.
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DISCUSSION

Our coimmunoprecipitation, ChIP, and fluorescence imag-
ing data contribute to the mapping of protein complexes
within the kinetochore, by determining requirements for
protein—protein interactions, CEN DNA loading, and proper
kinetochore localization of four outer kinetochore proteins
(Table 3). We first demonstrate that Chl4p is a protein of the
outer kinetochore, confirming previous suggestions from
genetic data (Kouprina et al., 1993a), and then probe for the
location of Chl4p within the kinetochore complex. Chl4p
specifically coimmunoprecipitates with CEN DNA and lo-
calizes to the kinetochore in an Ndc10p- and Ctf19p-depen-
dent manner, suggesting that Chl4p is located more distal to
the DNA than the CBF3 and Ctf19 complexes. Moreover,
because the Ctf19 complex itself requires CBF3 for interact-
ing with CEN DNA (Ortiz et al., 1999), a plausible hypothesis
is that Chl4p interacts with CBF3 and CEN DNA via the
Ctf19 complex. Other kinetochore proteins, such as Mtw1p,
have also been shown to depend on Ndc10p for interaction
with the centromere (Goshima and Yanagida, 2000), sug-
gesting that disruption of this inner kinetochore component
will affect the localization and CEN DNA interaction of
many kinetochore proteins. However, our data demonstrate
further specificity in dependency relationships by showing
that association of Chl4p with CEN DNA requires one outer
kinetochore protein (Ctf19p) but not another (Ctf3p).

Our studies with Chl4p have led to the identification of
another component of the kinetochore complex, ImI3p. Pre-
vious genetic data suggested that the IML3 gene product
might function at the kinetochore (Ghosh et al., 2001). The
mutant phenotypes of iml3, which include a high rate of
chromosome and plasmid loss, benomyl sensitivity, relax-
ation of a transcription block, and stable maintenance of a
dicentric plasmid (Entian et al., 1999; Ghosh et al., 2001), are
very similar to those of chl4. Iml3p also interacts with Chl4p
by two-hybrid assay (Ghosh et al., 2001). We have confirmed
the ImI3p—Chl4p two-hybrid interaction by coimmunopre-
cipitation from yeast lysates (Figure 6A). Interestingly, it
was recently shown that Chl4p is present in a tandem-
affinity purification of ImI3p (Gavin et al., 2002). Herein, we
show that Iml3p both interacts with CEN DNA and localizes
to the kinetochore in a Ctf19p- and Chl4p-dependent man-
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Table 3. Summary of dependency relationships among kinetochore proteins

Kinetochore

Strain CEN ChIP Localization Immunoprecipitation

Background (Myc-tagged protein) (YFP-tagged protein) (— observed, - n/d? X disrupted)

Wild-type Ndc10p +b Ndc10p b RCUED)
Ctf19p +b Ctf19p +b -~
Ctf3p +b Ctf3p +b l =
Chldp + Chldp + T
Iml3p + Iml3p +

ndc10-2 (non- Ctf19p - n/d? n/ da

permissive Chl4p - Chl4p —d
temperature)

ctf19A Ndc10p +be Ndc10p +
Ctf3p —be Ctf3p — (ssf), + (Is) ><
Chl4p - Chl4p - i
Iml3p - Iml3p - o>

134 Ctf19 +bes -,

C p /€] a
Chldp + n/d |

chl4A Ndc10p + Ndc10p + <>
Ctf19p + Ctf19p + X X
Ctf3p +h Ctf3p — (ssf), + (Is")
Iml3p - Iml3p -

imi3A Ctf19p + Ctf19p + X e
Chl4p +h n/d> T ~CThitp >

an/d, not determined.

> From Measday et al. (2002).

¢ From Ortiz et al. (1999).

4 K. Mythreye and K. Bloom, personal communication.

¢ ChIP assay was done in nocodazole-arrested cells.

fss, in cells with short spindles; Is, in cells with long spindles.

& Ctf19p was tagged with HA instead of Myc for this particular assay.

" CEN ChIP may be less efficient in the mutant strain than in the wild-type strain.

ner, which establishes Iml3p as a component of the outer
kinetochore. Unlike the Ctf3p-Chl4p interaction, the ImI3p-
Chl4p interaction does occur in the absence of Ctf19p, indi-
cating that Chl4p and ImlI3p could form a separate complex
from the Ctf19 and Ctf3 complexes. It should be noted that
the interactions of Chl4p and ImI3p with each other and
with other kinetochore proteins may not be direct and that it
is not known whether they require the presence of centro-
mere DNA or an intact inner kinetochore.

The coimmunoprecipitation data suggest that Chl4p con-
nects the Ctf3 complex to the Ctf19 complex. Whereas Chl4p
interacts with Ctf19p and CEN DNA in the absence of Ctf3p
(Figures 2D and 5C), Ctf3p does not interact with Ctf19p in
the absence of Chl4p (Figure 5D). Because the interaction of
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Ctf3p with CEN DNA requires Ctf19p (Measday et al., 2002),
a simple interpretation of this result is that Chl4p is more
proximal to CEN DNA than the Ctf3 complex. However,
deletion of CHL4 does not abolish the Ctf3p-CEN DNA
interaction and only reduces the localization signal of Ctf3p
to the kinetochore by 40% (Figures 3C and 4C). Therefore, it
is likely that a more complex network of protein interactions
occurs. For example, other members of the Ctf3p complex
may allow for interaction with the Ctfl19 complex in the
absence of Chl4p, as is schematically depicted in Figure 8B.
Alternatively, the lack of Ctf3p-Ctf19p coimmunoprecipita-
tion in the absence of Chl4p could reflect a change in the
overall conformation of the outer kinetochore that may re-
sult in reduced CEN DNA binding efficiency by the Ctf3
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al. (2002).
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complex. Moreover, we have observed that proper in vivo
localization of Ctf3p requires Ctf19p, and to some extent
Chl4p, only in cells with short spindles; in cells with long
spindles, Ctf3p localizes to the kinetochore even in the ab-
sence of Ctf19p and Chl4p. Because kinetochores overlap
with the SPB near the end of anaphase, the SPB may provide
an additional anchor for outer kinetochore proteins at this
stage of the cell cycle.

In addition to the interactions of Chl4p with proteins of
the outer kinetochore, we have found that Chl4p interacts
with the kinetochore protein Mif2p by two-hybrid assay.
The fact that we were unable to detect the Chl4p-Mif2p
interaction by coimmunoprecipitation suggests that the con-
ditions in which the experiment was performed may not
have been ideal to preserve the interaction. For instance,
because Mif2p has been proposed to interact with DNA at
CDEII or CDEIIl, owing to the presence of potential AT
hooks in its structure, it is possible that a certain DNA
conformation is required to position Mif2p so that it can
interact with other kinetochore proteins. This particular con-
formation may be lost during the immunoprecipitation pro-
cedure. In fact, we have seen no report of proteins interact-
ing with Mif2p by standard immunoprecipitation from yeast
lysates, and thus the exact positioning of Mif2p within the
kinetochore complex has not been determined yet. Interest-
ingly, Mif2p was also found to interact with the CBF3 com-
ponent Cep3p in our two-hybrid array (data not shown),
suggesting that Mif2p lies close to the inner kinetochore.
Our studies show that Mif2p has a kinetochore localization
pattern and that it colocalizes with Chl4p by fluorescence
microscopy (Figure 3F).

One major difficulty in understanding the function of
outer kinetochore proteins is their genetic and phenotypic
redundancy. Several outer kinetochore proteins, including
Ctf19p, Mcm21p, Ctf3p, Mcml6p, Mcm22p, Chldp, and
Iml3p, are not essential for cell viability. Simultaneous de-
letion of several of these components does not seem to
compromise cell viability or have a synergistic effect on the
chromosome loss phenotype (Table 2; Ghosh et al., 2001;
Measday et al., 2002), which may be indicative of the pres-
ence of a “mega-complex” within the outer kinetochore,
encompassing the Ctf19 and Ctf3 complexes, Chl4p, Iml3p,
and additional players found in affinity purifications (Gavin
et al., 2002; Cheeseman et al., 2002b). Whole genome syn-
thetic lethal screens of chl4A and iml3A are currently under-
way with the aim of uncovering genetic interactions and
possibly other proteins performing a similar function, and
may provide some insights into Chl4p and ImlI3p function.

Chl4p is a 453 amino acid protein that has no recognizable
domains as assessed by standard conserved domain homol-
ogy searches. It has been suggested that part of Chl4p is
similar to a small region of Escherichia coli recA, and some
Chl4p residues have been predicted to fold into a helix-turn-
helix motif that could be part of a putative DNA-binding
domain (Kouprina et al., 1993a). A BLASTP analysis (Alts-
chul et al., 1997) of the Chl4p sequence against the nr data-
base revealed that two predicted proteins have significant
similarity to Chl4p, the Neurospora crassa protein B2A19.050
“related to trfA protein” (GenBank accession no. CAB98235)
and the Schizosaccharomyces pombe pi022/SPBP22H7.09¢
gene product (GenBank accession no. CAC37377). Addition-
ally, a Candida albicans protein, orf6.7000 (CandidaDB
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CA4453), shows 27% identity to Chl4p. Although these pu-
tative homologues of Chl4p have yet to be functionally
characterized, conservation of this protein in distant fungal
species indicates that it probably plays an important role in
the maintenance of genomic integrity.

We demonstrate herein that Chl4p is required for interac-
tions between known outer kinetochore complexes and that
it may affect their CEN DNA loading efficiency. Thus, Chl4p
could be an important structural component of the outer
kinetochore. It has been proposed that Chl4p is involved in
the initial step of kinetochore formation rather than mainte-
nance of preexisting ones, because de novo kinetochores are
more affected by deletion of CHL4 than established ones (K.
Mythreye and K. Bloom, personal communication). Thus,
Chl4p could be instrumental in establishing the structure of
nascent kinetochores by holding together the building
blocks in the proper conformation. Additionally, our data
show that chl4 strains are sensitive to a drug that disrupts
microtubule networks. Thus, a kinetochore lacking CHL4
may not attain the optimal structural conformation required
for efficient interaction with spindle microtubules. Whether
dynamic rearrangements of the kinetochore occur during
the progression of the cell cycle is unknown. Our data with
Ctf3p localization in chl4 and ctf19 mutants suggest that
changes do occur, because the localization of Ctf3p is dis-
turbed only in early anaphase in the absence of Ctf19p and
Chl4p. Future studies will determine whether Chl4p and
other proteins of the outer kinetochore actively participate in
kinetochore dynamics during mitosis.

By combining our fluorescence imaging, ChIP, and immu-
noprecipitation data, we are proposing an extension of our
previous model (Measday et al., 2002) of the kinetochore
structure, which includes Chl4p and Iml3p as central com-
ponents of the outer kinetochore (Figure 8A). Although the
budding yeast centromere is much simpler than the centro-
mere of other eukaryotes, the number of proteins compris-
ing the budding yeast kinetochore is large and still growing
(Cheeseman et al., 2002b). Our studies not only establish two
new protein components in the kinetochore complex but
also give a deeper understanding of the spatial relationships
existing among several of its components.
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