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Abstract

Kinetochores bind to microtubules and are responsible for chromosome segregation and the
accurate transmission of genetic information during cell division. Kinetochores are DNA-
protein complexes that assemble on centromeric DNA sequences. In budding yeast, the
kinetochores consist of approximately fifty proteins that are organized into a large multi-
subunit complex. Multiple kinetochore proteins are thought to work together in establishing,
sensing and maintaining the microtubule attachment. Following attachment, kinetochores act
to couple microtubule force generation to chromosome movements. Microtubule associated
proteins are also thought to play a key role in this process by regulating plus-end microtubule
dynamics and tensile force generation. However, the actual molecular mechanism of force
generation is unclear.

We have used a combination of live-cell imaging, biochemical and genetic techniques in the
budding yeast, S. cerevisiae, to identify ten kinetochore subunits and elucidate their roles in
microtubule attachment. Among these proteins are microtubule binding proteins and a
molecular motor with homologues in animal cells. By analyzing the changes in chromosome
positioning and dynamics in various kinetochore mutants, we show that different kinetochore
proteins are required for the imposition of tension on paired sister kinetochores and for
correct chromosome motion throughout the cell cycle. Utilizing 3D comparative motion
analysis of the chromosomes has revealed that kinetochore proteins essential for microtubule
attachment in early S-phase are not required at other points in the cell cycle. Our results
suggest that different subsets of kinetochore proteins regulate the dynamic nature of
microtubule growth and shrinkage for the generation of mechanical force and proper
chromosome segregation.
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Title: Associate Professor of Bioclogy
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Chapter 1

1.1 Introduction

The accurate transmission of genetic information during cell division depends on the
attachment of sister chromatids to microtubules (MTs) of the mitotic spindle. This
attachment is mediated by kinetochores, specialized DNA binding complexes that assemble
onto centromeric DNA. For chromosomes to be correctly segregated into two equal sets, it is
essential that all the kinetochores establish and maintain bipolar attachment prior to the loss
of cohesion between sister chromatids at the onset of anaphase (reviewed in Cheeseman et
al., 2002b; Chubb et al., 2002; Rieder and Salmon, 1998; Salmon et al., 1989). Bipolar
attachment occurs when one kinetochore binds to MTs emanating from one spindle pole and
the sister kinetochore binds to MTs emanating from the opposite pole. In the event of
incomplete attachment, the kinetochore signals to a surveillance mechanism, known as the
mitotic spindle assembly checkpoint, to delay cell division until all kinetochores are correctly

attached (reviewed in Amon, 1999; Gillett and Sorger, 2001).

In §. cerevisiae, centromeres arc well-defined DNA sequences (Baker and Masison,
1990; Cat and Davis, 1990; Espelin et al., 1997; Lechner and Carbon, 1991). This small
region consists of three DNA elements called CDEI, CDEII and CDEIII (Clarke and Carbon,
1980; Hegemann and Fleig, 1993), all of which are highly conserved among the 16
chromosomes (Fitzgerald-Hayes et al., 1982). In wild-type budding yeast, errors in
chromosome transmission occur on the order of ~107 per cell division. Deletion of CDEI
causes about a 10-fold increase in transmission errors (Baker and Masison, 1990; Cai and
Davis, 1990); deletion of CDEII or CDEIII abolish centromere function altogether (Gaudet
and Fitzgerald-Hayes, 1987; Lechner and Carbon, 1991). In most other eukaryotes, however,

specific DNA sequences are not known and centromeres consist of broad DNA domains
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covering many kilobases (Bloom, 1993; Marschall and Clarke, 1995; Pluta et al., 1995). In
fact, the mammalian core centromere is formed by hundreds of kilobases of repetitive,
heterochromatic, a-satellite DNA found at the major constriction of mitotic chromosomes

(reviewed in Van Hooser et al., 1999).

Kinetochores are large complexes that consist of multi-protein subunits that link
centromeric DNA directly to microtubules. In budding yeast, kinetochores consist of
approximately fifty proteins organized into a multi-layer structure where the very core
kinetochore proteins are directly recruited to centromere sequences (reviewed in Shimoda
and Solomon, 2002; McAinsh A, Tytell J and Sorger PK, 2003 in press). Individual
kinetochore proteins function as part of subcomplexes that are thought to play collaborative
roles in establishing, sensing, and maintaining the kinetochore-MT attachment. Failures in
kinetochore function during mitosis can often lead to unequal partitioning of the genetic

material and increased rates of chromosome missegregation.

MTs function as important mechanical and structural components. As highly dynamic
polymers, MTs make frequent changes between stages of growth and shrinkage (Inoue and
Salmon, 1995; Mitchison and Kirschner, 1984a). MTs assemble via the GTP-dependent
polymerization of aB-tubulin heterodimers into linear protofilaments arranged to form
hollow fibers (Amos and Klug, 1974; Weisenberg and Deery, 1976). The asymmetry of
tubulin heterodimers creates an intrinsic MT polarity, with a relatively stable end (called the
minus-end) and a more dynamic end (called the plus-end) often exhibiting transitions
between growth and shrinkage, termed “dynamic instability” (Allen and Borisy, 1974; Fan et
al., 1996; Mitchison and Kirschner, 1984b). This instability not only provides them with the

unique ability to ‘search-for-and-capture’ kinetochores (Inoue, 1997; Kirschner and

9
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Mitchison, 1986), but also supplies the energy necessary for force generation via

depolymerization (Desai and Mitchison, 1997).

During mitosis duplicated chromatids are physically pulled into daughter cells by the
MTs of the mitotic spindle. The spindle consists of a bipolar array of MTs with each minus-
end anchored to a microtubule organizing center (MTOC or centrosome), also called a
spindle pole body (SPB) in yeast. Budding yeast maintains a simple bipolar spindle and
undergoes a closed mitosis in which the SPBs remain embedded in the nuclear envelope
throughout the cell cycle. Budding yeast contain two classes of intranuclear MTs: those that
bind to kinetochores (k-MTs) and those that project into the spindle midzone to overlap with
MTs from the other pole (p-MTs). Each of the 16 centromeres in S. cerevisiae binds to a
single MT so that the mature yeast spindle contains 32 k-MTs and 5-8 p-MTs (O'Toole et al.,

1999).

Chromosome segregation involves a complex series of movements back and forth
along the MTs of the mitotic spindle. In mammalian prometaphase and metaphase, pairs of
sister chromatids move first in one direction and then in the opposite direction, a behavior
known as “directional instability” (Rieder and Salmon, 1998). Studies suggest that when
bipolar attachment is eventually established, the extreme plus-ends of MTs become
embedded in kinetochores, but chromosome motion remains highly dynamic. Bipolar MT
fibers will eventually shorten in opposite directions. These depolymerizing fibers generate
opposing forces on paired sisters and centromeric DNA is physically stretched apart (Shelby
et al., 1996). In yeast and humans, the glue-like proteins (cohesins) located between sister
chromatids partially resist this pulling force and centromeric DNA regions experience

periods of transient separations prior to the onset of anaphase while opposing forces fluctuate

10
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(Goshima and Yanagida, 2000; He et al., 2000; Shelby et al., 1996). Some microtubule
associated proteins (MAPs) are found to interact with the kinetochore and play a role in
regulating plus-end MT dynamics and tensile force generation (Desai and Mitchison, 1995;
Desai and Mitchison, 1997; Walczak et al., 2002). This suggests that not only is chromosome
motion powered largely by the interaction of kinetochores with MTs but may be directly

coupled to MT polymerization and depolymerization at the plus-end.

The genetically tractable budding yeast, S. cerevisiae, has proven an exceptional
model system and an attractive organism for studying kinetochore function. The role of the
kinetochore in yeast and mammals exhibits a high degree of conservation (reviewed in
Kitagawa and Hieter, 2001). Unlike higher organisms, however, each budding yeast
kinetochore binds to only a single MT, making it a relatively simple system for studying
kinetochore-MT attachment (O'Toole et al., 1999). Previously, the small size of yeast made it
difficult to use for in vivo microscopy and thus direct observation of chromosome motion
was more accessible in higher eukaryotes (Li and Nicklas, 1995; Nicklas, 1997; Skibbens et
al., 1993; Waters et al., 1996). A critical advance in yeast biology was the development of
fluorescent chromosome tagging in which an array of operator binding sites is integrated at a
unique location in the genome of cells expressing repressor-GFP fusion proteins (Ciosk et al.,
1998; Straight et al., 1996). Combining sophisticated computer vision algorithms and three-
dimensional (3D) imaging techniques with genetics has overcome the size limitation in yeast
and permitted single chromosome motion studies (He et al., 2000; He et al., 2001; Pearson et
al., 2001; Rines et al., 2002; Thomann et al., 2002). This powerful combination of yeast
genetics and microscopy now allow us to examine the degree to which evolutionarily distinct

organisms share dynamics of chromosome motion.

11
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In this chapter I begin by first focusing on the gross structure of the yeast kinetochore,
working from the innermost complexes out toward the MT interacting components; second
on microscopy-based assays for in vivo chromosome dynamics with special emphasis on the
establishment and maintenance of attachment; third on the mitotic surveillance system’s
responsibilities in monitoring complete attachment and signaling for mitotic progression; and
finally, I conclude with a brief discussion on how technological developments in imaging and
computational biology will continue to extend our understanding of kinetochore function in

the future.

1.2 Building the Kinetochore: A Centromere-Microtubule
Attachment Apparatus

The yeast kinetochore appears to assemble in multiple layers such that inner DNA
binding proteins support and recruit successive outer layers of proteins. The main
components of the kinetochore can be subdivided into DNA sequence elements (cis acting
determinants) and protein-DNA or protein-protein interacting components (trans acting
determinants). The structure of the yeast kinetochore is thought to be organized into a three-
layer system. The innermost, or core-layer, consists of protein-DNA binding complexes that
form directly at centromeric regions. The middle, or linker-layer, consists of subcomplexes
that glue the DNA binding components to the MT interacting proteins and to cell cycle
regulatory proteins. The outer layer consists of microtubule associated proteins (MAPs) that
bind directly to the MT protofilaments to regulate polymer dynamics at the plus-end of k-

MTs. Together the complexes work in harmony to create a strong kinetochore-MT linkage.

12



Chapter 1

The individual subcomplexes are reviewed in the following sections based on
kinetochore architecture and physical characterization (organization adapted from McAinsh
A, Tytell J and Sorger PK, 2003 in press). Table 1-1 provides a listing of all subcomplexes

and the protein components based on multi-layer organization for convenience.

Table 1-1. Kinetochore components.

Core Kinetochore Complexes

CBF3: Ndc10p, Cep3p, Ctfl3p, Skplp
CBF1: Cbflp
CSE4: Csedp

Linker Kinetochore Complexes

NDC80: Ndc80p, Spc24p, Spc25p, Nuf2p
MTWI1: Mtwlp, Dsnlp, Nnflp, Nsllp
CTF19: Ctf19p, Mcm21p, Okplp, Amelp
CTF3: Ctf3p, Mecm22p, Mcm16p

Outer Kinetochore Complexes

DAMLI: Damlp, Asklp, Duolp, Dadlp, Dad2p, Dad3p, Dad4p, Spcl9p, Spc3dp
STU2: Stu2p
BIK1: Biklp
MOTORS: Kiplp, Kip3p, Cin8p

1.2.1 Kinetochores first assemble onto centromeric DNA

The assembly of S. cerevisiae kinetochores appears to begin with the binding of a
four-protein complex, CBF3 (Centromere Binding Factor), to the essential CDEIII-region (25
bp) of centromeric DNA (Espelin et al., 1997; Russell et al., 1999). All four subunits of
CBF3 are encoded by essential genes (NDC10, CEP3, CTF13 and SKP1). Temperature

sensitive mutations in any one of these subunits abolish CDEIII binding activity of the
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e

complex and give rise to greatly elevated rates of chromosome loss under restrictive
conditions. CDEII is a 75-80 bp sequence lying between CDEI and III composed of A/T rich
DNA (90%). Recent evidence suggests that mutations in CDEII sequences cause
chromosome loss rates to increase to ~107 per cell division (C. Espelin, unpublished data).
Ndc10p is the only known protein shown to directly interact with CDEII in vitro, and other
proteins have been suggested to be CDEIl-interactors in vivo (K. Simons, C. Espelin and

P K. Sorger, 2003 submiited). The last cis-acting element, CDEI, contains an 8 bp imperfect
palindromic sequence which recruits a helix-loop-helix protein, centromere-binding factor |
(Cbflp—also known as Cp1, Cpfl or Cepl). Deletion of the CDEI element increases
chromosome loss rate approximately 10-fold, suggesting that it is not essential for viability
but still important for optimal chromosome segregation frequency (Baker and Masison, 1990;

Cai and Davis, 1990).

In addition to CBF3, a DNA binding protein, Csedp, is encoded by an essential gene
with more than 60% identity to yeast histone H3 and to the mammalian centromere protein
CENP-A (Stoler et al., 1995). The temperature sensitive mutant cse4-7 demonstrates elevated
rates of chromosome nondisjunction when combined with point mutants in CDEII and causes
a mitotic cell cycle arrest at restrictive temperatures. The N-terminus of Cse4p contains a
specialized domain that appears to interact with outer kinetochore components (Chen et al.,
2000; Keith et al., 1999; Ortiz et al., 1999). Recent evidence has further characterized
kinetochore assembly order and demonstrated that Csedp requires Ndc10p (Measday et al.,
2002). Less is known about the order of assembly of human core-kinetochore components.
CENP-A, like Csedp, is a histone H3 variant, and experiments suggest that it is also a

centromeric nucleosome component (Vafa and Sullivan, 1997, Warburton et al., 1997). To

14
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date, no homologues of Ndc10p have been found in higher organisms (Cep3 and Ctf13
homologues are also unknown); however, other DNA binding proteins such as CENP-B have
demonstrated binding to a-satellite DNA as a homo-dimer (Masumoto et al., 1989; Yoda et

al., 1992),

1.2.2 Linking the MT-interacting proteins to the DNA-binding proteins

The second layer in the kinetochore-MT attachment site involves multiple
subcomplexes that appear to function as the glue between the DNA- and MT-binding
components. As mentioned earlier, the number of proteins known to assemble on or around
CBF?3 has grown rapidly over the last five years and now exceeds 50 proteins in yeast
including both essential and non-essential genes (reviewed in Shimoda and Solomon, 2002;
McAinsh A, Tytell J and Sorger PK, 2003 in press). Many of these proteins interact as
discrete substructures to form an intricate network of connections between the core-
kinetochore components, the MT binding proteins and the spindle assembly checkpoint.
Biophysical studies are just now beginning to characterize the physical intra- and inter-
subcomplex interactions (Wigges and Kilmartin, 2001; Cheeseman et al., 2002a; Hanke et

al., 2002; Li et al., 2002; DeWulf P, McAinsh A & Sorger PK, submitted 2003).

1.2.2.1 Ndc80 complex
The Ndc80 complex consists of Spc24p, Spe25p, Nuf2p and Ndc80p, all of which are

essential proteins and have been localized to kinetochores by fluorescent microscopy (He et
al., 2001; Wigge and Kilmartin, 2001; Janke et al., 2002). Biochemical purifications from
budding yeast extracts have shown that the four members form a tight complex (Wigge and
Kilmartin, 2001). Chemical cross-linking and Chromatin-ImmunoPrecipitation (ChIP) of

epitope-tagged versions of the Ndc80 complex demonstrated that centromere specific DNA
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sequences were pulled-down in a CBF3 dependent manner (He et al., Wigge and Kilmarting,
2001; Janke et al., 2002). From a functional standpoint, the Ndc80 complex appears to be
required for linking several MT interacting proteins, including Dam1p, Stu2p, Cin8p and
Kiplp, to centromeric DNA sequences as assayed using the same chemical cross-linking
methods (He et al., 2001; Janke et al., 2002; Tytell & Sorger, in preparation). Temperature
sensitive mutations in components of the Ndc80 complex result in the complete detachment
of chromosomes from the spindle during mitosis (He et al., 2001; Wigge and Kilmartin,
2001; Janke et al., 2002). Additional support for the significance of this complex is the
evolutionary conservation of AsHEC!, a human homologue of Ndc80p, a protein found to be
over-expressed in certain forms of cancer (Chen et al., 1997). Besides being found in S.
pombe and Xenopus, a Nuf2p homologue was identified in humans based on sequence

comparison from the expressed sequence tagged (EST) database.

1.2.2.2 Mtw1 complex

The Mtw1 complex contains at least four proteins including Mtw1p, a protein initially
identified as a homologue of the S. pombe Mis12" kinetochore protein (Goshima and
Yanagida, 2000). Three independent groups, including our own lab have shown that Mtw1p
interacts with a number of other kinetochore proteins (Cheeseman et al., 2002a; Euskirchen,
2002; DeWulf P, McAinsh A & Sorger PK, in preparation); however, results differ on the
exact size and composition of the complex. Based on the more stringent affinity purification
and on two-hybrid analysis, Dsnlp, Nnflp and Nsl1p form a stable complex with Mtw1p
(Euskirchen, 2002; DeWulf P, McAinsh A & Sorger PK, in preparation). All four
components in this complex are essential for viability. Mtw1p is also required for proper

chromosome segregation and has been localize to the kinetochore using ChIP and
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microscopy in a CBF3 dependent manner (Goshima and Yanagida, 2000). The temperature
sensitive mutation mtwi-/ demonstrates partial loss of chromosome attachment at the
restrictive temperature in vivo when assayed using a single fluorescent chromosome tag
(Rines, unpublished results). Nnflp has recently been shown to be a nuclear protein involved
in mitotic spindle stability and the temperature sensitive mutant nnf7-17 is synthetically
lethal with msw-1 (Euskirchen, 2002). Further characterization of this complex, including

the other two essential members, has yet to be reported.

1.2.2.3 Cif19 complex

The Ctf19 complex is in close association with the Mtw1 complex and contains
Ctf19p, Mcm21p, Okplp and Amelp (Cheeseman et al., 2002a; Ortiz et al., 1999;DeWulf P,
McAinsh A & Sorger PK, submitted 2003). Deletions of the CTF19 or MCM2] genes
increase the rates of chromosome loss yet are non-essential (Ortiz et al., 1999; Spencer et al.,
1990); however, Okplp and Amelp are required for viability. CTF19 was originally
identified in a synthetic dosage lethality (SDL) screen using overexpression of the CTF13
gene product. Mutations in the c#f19 gene caused severe chromosome missegregation based
on colony sectoring assays (Hyland et al., 1999). In addition to Ctf19p, all the members of
this complex have also been shown to interact with centromeric DNA sequences in a CBF3
dependent manner using epitope-tagged proteins and ChIP (Hyland et al., 1999; Ortiz et al.,
1999). Okplp exhibits homology to CENP-F, a human protein that associates with the
centromere (Choo, 1997). All the members of the Ctf19 complex have been localized to the
kinetochore throughout the cell cycle and have been proposed to play a structural role in
linking Csedp, Mif2p, Cbflp to the CBF3 complex (Ortiz et al., 1999). Based on recent

evidence from our lab, several members of the Ctf19 complex also depend on Ndc80p for
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their interaction with centromeric DNA in ChIP assays (DeWulf P, McAinsh A & Sorger PK,
submitted 2003); thus the Ctf19p/Mcm21p/Okplp/Amelp linkage between Cbflp, Csedp and
CBF3 may not be direct. Amelp is an uncharacterized member of the complex and may
interact directly with MTs based on information submitted to the Saccharomyces Genome
Database (SGD: genome-www.stanford.edu/Saccharomyces). Unfortunately, no published
report is currently available. The Ctf19 complex has previously been labeled an ‘outer-
kinetochore complex’ (Ortiz et al., 1999); I am reserving this designation, however, for those
complexes or proteins that have been shown to possess domains that interact directly with

MTs.

1.2.2.4 Ctf3 complex

The Ctf3 complex is currently not well defined, but immunoprecipitation experiments
suggest that it contains at least three subunits, Ctf3p, Mcm22p and Mcm16p, all of which are
non-essential and localize to kinetochores exclusively and in a Ctf19p dependent manner
(Measday et al., 2002). Ctf3p has been conserved through evolution and the S. pombe
homologue of Ctf3p, Mis6" is required for the recruitment of the fission yeast Csedp histone
(Cnp1™) to centromeric DNA (Takahashi et al., 2000). However, the opposite is found in
budding yeast and humans where Ctf3p/hMis6 requires Cse4p/CENP-A for CEN association
(Measday et al., 2002). The current thinking is that the Ctf3 complex may be involved in

some aspect of centromeric chromatin assembly.

1.2.3 Microtubule-binding and polymer regulatory components

The last group of components to be reviewed as kinetochore-MT attachment
assembly members are the ‘outer-kinetochore factors’ (¢.g., subcomplexes possessing MAPs

and molecular motors). Kinetochores are thought to be directly bound to MTs via MAPs.
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Motor proteins such as kinesin and dynein are well characterized mechano-chemical
molecules that bind to MTs and use the energy from ATP hydrolysis for force generation and
directed motility; both kinesin and dynein function in a *hand over hand’ mechanism pulling
their cargo as they move along the length of the polymer (reviewed in Vale and Milligan,
2000). In addition to the motors, other proteins interact with the MT protofilaments to
regulate polymer dynamics, to cross-link multiple MTs or to act as anchors tethering cellular
organelles to the cytoskeleton. The key elements necessary for forming the kinetochore-MT
attachment remain largely unknown despite that fact that several MAPs interact with the

kinetochore.

1.2.3.1 Dam1 complex

The Dam1 complex binds to MTs in vitro and contains nine subunits including
DamIp (Duolp and Mps1p interacting factor) an essential protein required for spindle
function (Hofmann et al., 1998; Jones et al., 1999). The DAM! gene was originally identified
in a screen for mutants that enhanced the defects of mutations in MPSI (Jones et al., 1999), a
kinase involved in SPB duplication and the spindle checkpoint (Weiss and Winey, 1996;
Winey et al., 1991). Immunofluorescence experiments using an epitope-tagged version of
Dam1p demonstrate localization to kinetochores and MTs and suggest that Dam1p may play
arole in linking chromosomes directly to the spindle. In support of this, electron micrographs
show that dam/ mutations result in bent, broken and hyper-elongated spindles (Cheesemnan et
al., 2001; Hofmann et al., 1998), and in vitro studies suggest that Dam1p can bind directly to
MTs. The temperature sensitive mutant dam/-{ causes a checkpoint dependent metaphase

arrest with 2C DNA content at the restrictive temperature of 37°C (Jones et al., 1999).
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Two-hybrid analysis and co-immunoprecipitation studies indicate that Dam1p
interacts physically with at least eight other proteins: Asklp, Duolp, Dadlp, Dad2p, Dad3p,
Dad4p, Spc19p and Spc34p (Cheeseman et al., 2002a; Cheeseman et al., 2001 ; Hofmann et
al., 1998; Ito et al., 2001; Janke et al., 2002; Li et al., 2002). Duolp (Death Upon Over-
production) was previously isolated because its over-expression caused defects in mitosis and
a mitotic arrest. Duolp was localized by immunofluorescence, immunoelectron microscopy,
and tagging with green fluorescent protein (GFP), to the intranuclear spindle MTs. Under
restrictive conditions, temperature sensitive duol mutants arrest with a short spindle which is
dependent on the mitotic checkpoint (Hofinann et al., 1998). The DAD genes (Duolp and
Damlp interacting) were isolated from several two-hybrid studies and from co-
immunoprecipitation experiments (Cheeseman et al., 2002a; Ito et al., 2001). However, little
18 currently known about their role at the kinetochore. Asklp is an essential protein and
appears to play a role in spindle stability and possibly in MT binding. The temperature
sensitive mutant, ask!-/, demonstrates a high degree of nondisjunction and a mitotic arrest
that is dependent on the spindle assembly checkpoint gene MAD2 (Li et al., 2002). In
addition, the stable association of Asklp to the kinetochore appears to depend on the
presence of MTs (Li et al., 2002). Spc34p and Spc19p were originally identified as
components of the SPB (Wigge et al., 1998). Recent evidence based on GFP-tagged
localization and co-immunoprecipitation results suggest that they are instead components of
the outer-kinetochore (Cheeseman et al., 2002a; He et al., 2001; Janke et al., 2002; Li et al.,
2002; DeWulf P, McAinsh A & Sorger PK, submitted 2003). Currently, little is known about
the role of Spc19p. However, Spc34p is thought to play a role in the maturation and

strengthening of kinetochore-MT attachment. Under restrictive conditions chromosomes in,
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spc34 cells exhibit single mitotic pole (monopolar) interactions. However, in a recent set of
experniments, spc34-3 cells lacking cohesin segregated individual sister chromatids more or
less equally between the two spindle poles (Janke et al., 2002). This data implies that both
sets of sister kinetochores in spc34 cells can separately capture MTs but cannot form MT

links strong enough to counteract the pulling forces generated by bipolar attachment.

1.2.3.2 Stu2p
Stu2p is a conserved MAP with homologues identified in Xenopus (XMAP215),

Drosophilia (Msps), S. pombe (Dis1"), C. elegans (ZYG-9) and humans (ch-TOGI). Stu2p
was originally identified as an essential MT binding protein in yeast that localizes to the
mitotic spindle, kinetochores, SPBs and cell cortex (He et al., 2001; Wang and Huffaker,
1997). The TOG/XMAP215 family of proteins has a direct effect on MT dynamics (Gard and
Kirschner, 1987; Tournebize et al., 2000). XMAP215 promotes the polymerization of pure
tubulin in vitro by increasing the growth rate and stimulating an increase in the rescue rate
(Vasquez et al., 1994). Conversely, Stu2p acts to induce catastrophes by destabilizing rather
than stabilizing MTs in vitro by sterically blocking tubulin addition to the MT plus-end (Van
Breugel, Dreschel & Hyman, personal communication). These findings are consistent with
data showing MTs are less dynamic in s#2 mutants compared to wild-type cells (Kosco et
al., 2001) and suggest that kinetochores in sfu2 cells have a reduced ability to polymerize

MTs.

1.2.3.3 Bik1p
Biklp is a plus-end MT binding protein and is thought to be an orthologue of the

human protein CLIP170 (Berlin et al., 1990). The Bik1p protein colocalizes with tubulin,

kinetochores and cortical attachment sites (Berlin et al., 1990; He et al., 2001). BIKI1A cells
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are synthetically lethal with mutations in a- and B-tubulin suggesting a direct interaction with
the MT polymer lattice (Berlin et al., 1990). Recent experiments have also shown that Bik1p
is required for the viability of polyploid cells and may contribute to the maintenance of

tension on sister chromatids prior to the onset of anaphase (Lin et al., 2001).

1.2.3.4 Motor proteins
The kinesin related proteins (KRPs) Kip1p, Kip3p and Cin8p are motor proteins that

have recently been shown to interact with the budding yeast kinetochore using GFP-tagged
localization and ChIP against centromeric DNA (He et al., 2001; Tytell, JD and Sorger, PK,
submitted 2003). Cin8p and Kiplp function in spindle stability (Goldstein and Philp, 1999).
Kip3p is a member of the MCAK/XKCM 1/Kinl family of kinesins that play a role in mitotic-
spindle assembly in vitro and acts to decrease catastrophe rate (Walczak et al., 2002). Recent
experiments suggest that Cin8p and Kip1p may be required to cluster kinetochores during
metaphase and thereby increasing the fidelity of chromosome segregation. Still, mutations in
Cin8p, Kiplp or Kip3p motors alone or in various combinations, do not appear to have a
significant effect on chromosome movement in live-cell assays (Tytell, JD and Sorger, PK,
submitted 2003). Mammalian cells injected with antibodies against CENP-E, a plus-end

directed kinesin, failed to congress chromosomes during prometaphase (Schaar et al., 1997).

1.2.4 Regulation of kinetochore assembly
Currently, 1t is thought that there are two regulated stages of kinetochore-MT

assembly. The binding of core CBF3 components onto centromeric DNA sequences, which

in turn recruit the remaining proteins in the kinetochore, and the kinetochore-MT attachment.

CBF3 loading onto CDEIII is regulated in a Skplp and Sgt1p dependent manner

(Kaplan et al., 1997; Kitagawa et al., 1999). Skp1p, regulates the DNA binding activity of the
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other CBF3 components by controlling the phosphorylation of Ctf13p. The activity of Skplp
depends on the presence of an additional protein, Sgtlp (Kitagawa et al., 1999). Two mutant
alleles of Skplp, skpi-3 or skpl-4, cause cells to arrest prior to G2 or prior to DNA
replication, respectively (Connelly and Hieter, 1996). These independent events suggest that
the Skplp/Sgtlp activity is important not only for mitotic progression but also for initiating
DNA replication. Both Skplp and Sgtlp are highly conserved and homologues have been
identified in humans, unlike the other members of the CBF3 complex (Bai et al., 1996). In
fact, the human SGT1 gene can rescue the yeast sg#/ null mutant, demonstrating that its
function is highly conserved as well (Kitagawa et al., 1999). Nonetheless, the lack of other
CBF3 homologues in higher organisms suggests that throughout evolution the core-
kinetochore components have not all been conserved even though the overall function of the

kinetochore has remained constant.

The Ipl1p and Slil5p complex are required for symmetric chromosome segregation
and may regulate proper bipolar attachment by promoting turnover of kinetochore-MT
attachments (Tanaka et al., 2002). Ipl1p is the founding member of the Aurora kinase family
(Chan and Botstein, 1993) and Slil5p is thought to be the S. cerevisiae orthologue of the
human INCENP proteins (Kim et al., 1999). The Ipl1p/Slil5p compiex relocalizes from the
kinetochore to the spindle midzone at the metaphase to anaphase transition (Buvelot et al.,
2003). Many of the Iplip targets also colocalize to the spindle mid-zone during the
metaphase-anaphase transition and may regulate both kinetochore- and interpolar-MTs plus
ends. In addition, Ipl1p and Slil5p have been suggested to play a role in regulating proper
kinetochore-MT attachment by destabilizing attachments in the absence of tension

(Cheeseman et al., 2002a; Tanaka et al., 2002). Thus it could also be argued that Ipllp
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dependent binding is not a part of kinetochore assembly per se and instead only a post-

assembly correction mechanism.

Our understanding of how the linker complexes and MT-binding components interact
is still incomplete and needs to be elucidated further. We can imagine at least two possible
scenarios: the linker-components such as the Ndc80 complex first recruit the MAPs and then
form an interaction with the MT. Alternatively, the MAPs first bind to the MT and wait until
the pre-assembled linker-kinetochore components interact with the pre-bound kinetochore
MAPs. Since several kinetochore protein targets of Ipl1p have been identified, including
Ndc10p (Biggins et al., 1999), Csedp (Hsu et al., 2000), and Dam1p (Cheeseman et al.,
2002a), it is possible that Ipl1p activity may play a role in regulating both assembly and

attachment but this remains to be characterized better.

1.3 Chromosome Motion in a Dynamic Mechanical System

The spindle is a dynamic mechanical system that generates forces on paired
chromatids to position and separate them into daughter cells during cell division.
Determining how the force-generating mechanisms function in a coordinated manner to
achieve chromosome segregation depends on evaluating the effects of the spindle and
kinetochore components on directional instability. Moreover, many of the kinetic properties
are influenced by the strength or type of kinetochore-MT attachment. For instance, velocity
and acceleration are different when paired chromatids are only connected to MTs from a
single pole (monopolar) as opposed to when they are attached to MTs from both poles
(bipolar). To accurately record kinetic information, changes in position must be measured
quantitatively so that velocity and acceleration can be derived. Ultimately, calculating
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mechanical forces will also require complex force-balance equations that depend on
chromosome mass and external forces such as viscosity. As a first step to understanding the
spindle mechanics, however, chromosome motion tracking studies in wild-type and mutant
backgrounds can be compared. Data gained from genetic disruptions will point to the roles
individual components play in establishing, maintaining and regulating the kinetochore-MT

attachment.

In higher organisms, cells transitioning from interphase to mitosis demonstrate an
increase in the MT catastrophe frequency that results in an approximately ten-fold increase in
MT turnover (Belmont et al., 1990; Mitchison et al., 1986; Verde et al., 1992). Two MAPs
have been shown to promote catastrophe in mitosis: Xenopus XKCM1 and human MCAK
(both Kip3p homologues) disrupt the interaction of tubulin subunits with the plus-ends of
MTs (Desai et al., 1999; Walczak et al., 1996). However, XKCM1 exhibits similar activity
levels in both interphase and mitosis; it has thus been proposed that the mitotic change in MT
dynamics instead occurs by down-regulation of other MAPs that promote MT stability by
increasing polymerization rates, suppressing catastrophe, and promoting rescue (Pryer et al.,
1992; Tournebize et al., 2000). The resulting shift towards increased catastrophe and MT
turnover creates dense arrays of shorter, more dynamic MTs that are highly effective in the

capture of kinetochores (Hayden et al., 1990; Holy and Leibler, 1994).

In the following sections I discuss how the spindle is thought to be organized
throughout the cell cycle, the status of the kinetochore-MT attachment as determined by
motion studies with in vivo single chromosome tagging, and the cell cycle dependent changes

on chromosome dynamics.
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1.3.1 Spindle organization

Unlike vertebrate cells, yeast undergo a closed mitosis, in which the nuclear envelope
never breaks down (reviewed in Winey and O'Toole, 2001). The SPBs nucleate all MTs and
remain embedded in the nuclear membrane throughout the cell cycle. In G1, a short linear
array of MTs emanates from the unduplicated SPB. In late G1/early S-phase, the spindle pole
body is duplicated; the duplicated SPBs, each with a complete set of MTs, remain side-by-
side, connected by a bridge structure (Adams and Kilmartin, 2000). Then, at mid/late S-
phase, while the DNA is being duplicated and the replicated sister chromatids are linked via
cohesins (Guacci et al., 1997), the SPBs rapidly separate to give rise to the mitotic spindle

(Figure 1-1).

The process of chromosome segregation occurs in a series of ordered steps that are
cell cycle dependent. In metaphase, sister chromatids must achieve a state of bipolar
attachment, with each sister attached to a k-MT emanating from the opposing pole (Amon,
1999; Hoyt, 2001). Once all pairs of sisters have achieved bipolar attachment, anaphase is
triggered and sister chromatid cohesion is then dissolved (Uhlmann et al., 1999). During
anaphase, the kinetochores are pulled towards the poles (anaphase A) and the spindle
elongates (anaphase B), bringing one SPB and set of chromatids into the daughter cell while
the other remains in the mother. During telophase, spindle disassembly and cytokinesis
occur, returning the cells to a G1-state in which each cell has one SPB and one set of

chromosomes (Bardin et al., 2000).

Unlike mammalian cells, budding yeast kinetochores do not dissolve the kinetochore-
MT attachment they had during the previous cell cycle once they pass into G1 (Gasser, 2002;

Jin et al., 1998; Jin et al., 2000). Based on localization studies, centromeres in budding yeast

26




Chapter 1

are known to cluster to a region near the SPB throughout interphase. Recently, Jin et al. used
fluorescence in situ hybridization (FISH) and indirect immunofluorescence to show that
centromeric clustering is reduced in the presence of the MT poison nocodazole and in a
mutant which disrupts kinetochore structure (Jin et al., 2000). This interesting phenomenon
allows us to study regulation of MTs dynamics by kinetochore-MAPs using temperature
sensitive mutations. Combining mutant kinetochore-MAPs with fluorescently labeled
chromosomes (see below) and 3D time-lapse microscopy to record in vive chromosome
dynamics during G1 cells, we have recently determined that strains lacking Stu2p function
exhibit shortened MT structures and that dam/ deficient cells exhibit lengthened MTs
structures as compared to wild-type cells (Rines, et. al., unpublished results — see Chapter 5)
This data suggests that Stu2p may promote MT growth in vive. While, Dam1p may function
to upregulate MT catastrophe rates in vivo and increase force generation via
depolymerization. Without a bipolar spindle, the role of MAPs can be elucidated more easily

in the absence of opposing forces on chromatids.
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S-Phase
G2?

Figure 1-1. Changes in spindle orientation throughout the cell cycle.

The state of kinetochore-MT attachment is represented with respect to the budding yeast cell
cycle. At ‘start’ G1 chromosomes are still attached to the short array of MTs coming the
single SPB. During SPB duplication and DNA replication, the kinetochore-MT attachment is
disrupted briefly. During late S-phase, SPBs separate and kinetochores establish bipolar
attachment. Tension increases as the microtubules pull on the kinetochores and paired sister
chromatids are stretched in metaphase. Once all kinetochores are bipolarly attached, the
cohesion between sisters is dissolved and the chromatids are pulled into the daughter cell.
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1.3.2 Monitoring chromosome motion with 3D fluorescence microscopy

Detailed analysis of chromosome dynamics in budding yeast has become possible
only through the development of methods to tag chromosomes with GFP (Straight et al.,
1996). To study chromosome segregation in living cells several labs including our own have
fluorescently tagged a single chromosome at specific positions along the length of the arms
(Ciosk et al., 1998; He et al., 2000; Lin et al., 2001; Pearson et al., 2001; Straight et al.,
1996). The tag consists of an array of tetracycline operators (TetO) sequences integrated
along the length of any chromosome arm. For studies involving kinetochore motion, the
array is usually integrated 2 kb from the centromere. In addition to the array of operators,
cells express GFP-tagged tetracycline repressor (TetR-GFP) protein integrated elsewhere in
the genome (Ciosk et al., 1998; Straight et al., 1996). The combination of the operators and
operator-binding protein results in a single fluorescent spot closely colocalized with the
kinetochore prior to chromosome segregation or two spots once sister centromeric regions
are pulled apart. As a spindle reference marker, cells also contain a protein known to localize
to the central SPB plaque, Spc42p (Wigge et al., 1998), tagged either with GFP or CFP. The
combination of these fluorescence tags makes it possible to monitor the position of a single
chromosome relative to the spindle axis. In fact, when imaged on a 3D fluorescent system,
quantitative in vivo chromosome motion studies can be used to determine the position of
kinetochores within ~50 nm in the X/Y-plane and ~250 nm in the Z-direction (Rines et al.,

2002; Thomann et al., 2002; Rines, D.R. and Sorger, P.K., 2003 submitted).

1.3.3 Three types of defects in chromosome-microtubule interactions

By mapping the time-dependent kinetic data into a cylindrical coordinate system

centered on the axis of the spindle, defects in chromosome-MT attachment can be
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categorized into distinct functional classes (He et al., 2001). Although different alleles of
mutant proteins may exhibit varying degrees of any functional class, the disruptions in
attachment tend to fall into the following three subclasses: (1) complete loss of chromosome-
MT attachment, (2) monopolar chromosome-MT attachment, or (3) non-functional bipolar

attachment having decreased MT force generation.

1.3.4 Chromosome dynamics

Live-cell time-lapse imaging of individual GFP-tagged chromosomes has provided
some of the first evidence that different kinetochore proteins play different roles in MT
attachment and force generation (He et al., 2001; Lin et al., 2001). Analysis of metaphase
cells shows that chromosomes oscillate back and forth across the spindle, and, once bipolar
attachment is achieved, sufficient force is generated at the kinetochore to transiently separate
sister chromatids (Goshima and Yanagida, 2000; Tanaka et al., 2000; He et al., 2000). When
these wild-type chromosome dynamics were compared to the dynamics observed in various
mutant kinetochore proteins, several defects in chromosome movement were observed.
Mutations that disrupt kinetochore assembly (such as ndc/0-1 and ndc80-1) cause a complete
loss of attachment. Mutations in other kinetochore proteins, however, leave some aspects of
MT attachment intact. For example, in stu2-277 cells, chromosomes appear to achieve
bipolar attachment but peak velocities are three to four times lower than in wild-type cells. In
dami-11 and ipl1-321 ceils, chromosomes remain closely associated with one SPB,

suggesting that bipolar attachment is never established (He et al., 2001).

While these initial studies have provided important insight, they have limitations.
First, their descriptions of chromosome motion are largely qualitative. This qualitative

understanding allows detection of only gross defects in chromosome movement. Still, the
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complexity and redundancy of the kinetochore and spindle apparatus suggest that molecular
dissection of chromosome-MT attachment and force generation will require the ability to
recognize and quantify much subtler defects in chromosome movement. Second, our recent
chromosome motion studies (see Chapter 5) suggest that chromosome velocities can reach up
to 0.20 um/sec and point out that our initial studies using 30 second time points were too
slow for accurate kinetic determination (He et al., 2001). Pearson and colleagues
subsequently monitored metaphase and anaphase chromosome dynamics with sampling rates
of less than 1 second (Pearson et al., 2001). However, they achieved these high rates by
imaging only one plane and, therefore, did not accurately measure three-dimensional
distances. Much of their work was also done using Nuf2p as a SPB marker. Nuf2p has since
been identified as a kinetochore not SPB component (He et al., 2001). Finally, previous work
on kinetochore mediated chromosome dynamics has focused primarily on metaphase and
anaphase chromosome dynamics. Although there have been studies of interphase
chromosome dynamics, these investigations have generally focused on the MT-independent
motion of the chromosome arms (Gasser, 2002; Heun et al., 2001; Marshall et al., 1997); but
centromeres cluster around SPBs even in G1 cells (Jin et al., 1998; Jin et al., 2000) and may
maintain close association with the SPBs throughout the cell cycle. Understanding
kinetochore-MT attachment and chromosome dynamics at the early stages of the cell cycle
will be essential to gain a complete understanding of how attachment and force generation

are achieved and how kinetochore architecture is regulated.

1.3.5 Powering chromosome dynamics via regulation at microtubule plus-
ends

Eukaryotic cells use two primary mechanisms to generate the force required to move

chromosomes: the ATP-dependent sliding of motor proteins along MTs; and the GTP-
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dependent growth and shrinkage of MTs, regulated by microtubule associated proteins
(MAPs) and kinesin related motor proteins (KRPs) (MclIntosh et al., 2002). These forces can
be generated at the plus ends of k-MTs embedded in the kinetochore, at the minus-ends of
MTs at the SPBs (microtubule flux), or through the interaction of p-MTs with chromosome
arms (polar ejection force) (Rieder and Salmon, 1994; Waters et al., 1996). The relative
importance of these different mechanisms appears to vary considerably in different cell
types. In budding yeast, neither MT flux nor polar ejection force has been observed (Maddox
et al., 2000; O'Toole et al., 1999); thus the interface between the kinetochore and the plus-
end of MTs is likely to be the primary locus of force generation. However, we still know
very little about how kinetochores bind to MTs or how the forces required for chromosome

movement are generated.

1.3.6 Cell cycle dependent kinetochore functions

In prometaphase, chromosomes bind to the sides of MTs and move rapidly towards a
pole (Alexander and Rieder, 1991; Rieder and Alexander, 1990). When bipolarity is
established, the extreme plus ends of MTs become embedded in kinetochores. Bipolarly
attached chromosomes undergo oscillatory movements throughout metaphase (Skibbens et
al., 1993), and kinetochores are thought to regulate MT dynamics (Hyman and Mitchison,
1990). However, the proteins that mediate the attachment of kinetochores to MTs and the

process that regulates MT dynamics are not well understood.

In G1 cells, we have observed that the average distance between the SPB and
chromosome tag is 0.7 pm. However, in early S-phase, the SPB-to-centromere distance
shortens considerably, suggesting that there is a cell cycle dependent change in MT dynamics

and force generation (unpublished data). To investigate the molecular basis of this change in
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chromosome positioning and dynamics, we have analyzed the effects of various conditional
mutants in kinetochore proteins. 3D computer modeling and comparative motion analysis of
the chromosomes have revealed that kinetochore proteins essential for attachment in early S-
phase are not required at other points in the cell cycle. In particular, we have found that
mutations in the known MT binding kinetochore proteins do not have an effect on attachment
in G1. Our results suggest that different subsets of kinetochore proteins mediate attachment
and regulate chromosome dynamics during the different stages of the cell cycle (see Chapter

5).

1.4 Microtubule Attachment Surveillance System

A surveillance mechanism known as the spindle assembly checkpoint monitors errors
in formation of the mitotic spindle apparatus and arrests cells in metaphase (Amon, 1999,
Burke, 2000). Sister separation occurs at the metaphase to anaphase transition, an irreversible
step during cell division that is closely regulated. In the event of incomplete attachment by
any of the sisters, separation of all sister chromatids is delayed by the spindle checkpoint to
provide time for bipolar attachment to be established; once complete, sister chromatid
cohesion is then dissolved and chromatids begin their anaphase movement toward the spindle

poles.

After DNA replication, sister chromatids are tightly linked to one another via the
DNA “cohesin” protein Scclp (Mcdlp) (Michaelis et al., 1997). The tight association
between both sisters is thought to play an important role in establishing chromosome “bi-
orientation’ (bipolar attachment) during metaphase (Tanaka et al., 2000). Once all sisters
have established bipolar attachment, the Esplp cleaves Scclp and thereby facilitates
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chromosome segregation and anaphase movements via loss of arm cohesion (Ciosk et al.,
1998). However, this acitivity is normally blocked prior to the onset of anaphase by a
member of the checkpoint, Map2p (Li et al., 1997), and is thought to occur via Mad2p

binding directly to Cdc20p.

MAD and BUB genes were originally identified through genetic screens in budding
yeast and are important components of the surveillance mechanism (Hoyt et al., 1991; Li and
Murray, 1991). Wild-type cells normally arrest in the presence of MT destabilizing drugs,
such as benomyl and nocodazole, which induce spindle damage and inhibit the formation of
stable kinetochore-MT attachments. Loss of any single checkpoint gene disables a cell’s

ability to block the metaphase to anaphase transition in response to spindle damage.

1.4.1 Centromere-microtubule attachment sensor

Functional kinetochores are required to transduce ‘wait’ signals to the surveillance
mechanism. In the absence of a functional kinetochore, as seen in ndc10-1 cells placed under
restrictive conditions, centromere-MT establishment is unsuccessful and cells fail to arrest at
the metaphase-anaphase transition (Goh and Kilmartin, 1993), suggesting that components
involved in signaling to the checkpoint interact with kinetochores in a CBF3 dependent
manner. Furthermore, it has also been demonstrated that components of the Ndc80 complex
play an important role in error checking. The loss of SPC24 or SPC25 function inactivates
the spindle assembly checkpoint (He et al., 2001; Janke et al., 2002), and points to the Ndc80

complex in the recruitment of spindle checkpoint proteins to the kinetochore.

Studies in higher eukaryotes have also shown that even a single unattached
chromosome is sufficient to engage the spindle checkpoint. Our lab has recently determined

that the yeast Bublp and Bub3p proteins associate with all kinetochores until the onset of
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metaphase, when they are eventually displaced. Mad2p in contrast, is recruited only to
unattached kinetochores following MT depolymerization by destabilizing drugs or following
kinetochore disruption (Gillett E.S, Espelin C.W and Sorger P.K, submitted). Collectively,
these data suggest that the surveillance signals emanate from kinetochores; and that

kinetochores may function as attachment sensors.

1.5 Computational Approaches to Study Kinetochore Function

The development of machine vision techniques for data analysis began over 30 years
ago and has been exploited in many fields including robotics, biomedicine, meterological and
environmental survey, surveillance, and manufacturing. Computational models have also
been an important part of chemistry, physics and mechanical engineering for just as long.
However, applications to in vivo biological studies have been long in coming. It is difficult to
speculate on the reasons for their delay but may be due to the low signal to noise ratios of

most in vivo imaging or the lack of data available for developing in silico models.

1.5.1 Machine vision technology

In cell biology the analysis of microscopy data is traditionally performed manually
and on a qualitative level, the advent of new imaging and visualization techniques as well as
clectronic imaging devices has changed this dramatically. For example, with the introduction
of GFP it became possible to label specific proteins in live cells with fluorescent markers and
to observe their dynamics over extended periods. The development of sensitive, high-
resolution digital cameras connected to computer systems rendered the recording of the
celtular dynamics possible which is essential for a quantitative analysis and data

interpretation. Frequently though, large amounts of data are acquired with very high
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information content and consequently the bottleneck in these cases is not the experiment, but
the extraction and analysis of useful information. An accurate and complete manual analysis
1s cumbersome or in many cases infeasible. With the help of highly automated machine

vision techniques and image analysis it will soon be possible to tackle these challenges.

As part of the studies presented in this thesis, I have used improved microscopy
techniques to gain a more detailed and quantitative understanding of chromosome dynamics,
not only in metaphase and anaphase, but throughout the cell cycle. Initial techniques were
based on relatively slow and required a manual data entry (spot localization). Through
advancements in imaging technology (c.g., faster cameras) and our own efforts (e.g.,
automated spot detection) methods now allow us to sample chromosome motion at 2-5
second intervals while imaging the entire yeast nucleus to ensure that true 3D distances are
measured (see Chapter 4). When combined with molecular genetics in yeast (see Chapter 3),
automated spot detection makes it possible to rapidly acquire and analyze the chromosome
dynamics at resolutions better than diffraction limited resolution of a normal epifluorescent
light microscope (refer to Chapter 4 for more information on Super-Resolution). In fact, we
are currently using this approach to understand the role of kinetochore-MAPs on MT

dynamic instability and chromosome motion throughout the cell cycle (see Chapter 5).

1.5.2 Computational modeling

The kinetochore is an integral part of a multi-component mechanical system. To
uncover the tensile capabilities of this dynamic system will require the development of
mathematical and computational models that successfully factor in redundant MT regulatory
machinery and cell cycle dependencies. In fact, we are currently continuing to characterize

yeast chromosome movement throughout the cell cycle in sufficient detail that accurate rates
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of acceleration can be measured, forces deduced, and a mechanical model of the process
developed. We believe that development of such quantitative, mechanistic models of spindle
and chromosome dynamics will be instrumental in uncovering the molecular details of

attachment and force generation at the kinetochore.

Several groups have employed computational models to explain complex
phenomenon involving structural rearrangements of cellular components. Some of the initial
mathematical modeling in cell biology attempted to explain dynamic instability based on the
GTP-cap model using monte carlo simulations (Chen and Hill, 1985). Using approximations
for association constants and rates of GTP-hydrolysis, Bayley and Martin were able to
reproduce patterns of MT length changes similar to those observed in vivo and in vitro
(Bayley et al., 1989a; Bayley et al., 1989b). Using a combination of time-lapse 3D imaging
and stochastic modeling they have also demonstrated that global chromosome positions are
heritable through the cell cycle in mammalian cells (Gerlich et al., 2003). Force-balance
modeling has recently been used to understand the role of multiple MT motors in mitotic
spindle elongation and force production in Drosophilia (Cytrynbaum et al., 2003). These new

areas of research are just now beginning to mature and suggest at many exciting possibilities.

1.6 Concluding Remarks

Ultimately, the success of genetic transmission depends in part on the proper
assembly of kinetochore components onto centromeric DNA regions, maturation of MT
attachment, management of the mitotic checkpoint, and regulation of opposing tensile forces
before anaphase onset. Original studies of yeast kinetochore biology suggested that the
kinetochore was a simple organelle consisting of not much more than a centromeric DNA

37



Chapter 1

sequence, a basic centromere binding complex (e.g., CBF3) and a kinesin-like motor (Hyman
et al., 1992). Upon further biochemical and genetic studies, the picture of the yeast
kinetochore evolved considerably (Sorger ¢t al., 1994). Recent evidence suggests that the
kinetochore is a highly intricate organelle with many subcomplexes (Cheeseman et al.,
2002a; Cheeseman et al., 2001; He et al., 2001; Janke et al., 2002; Wigge and Kilmartin,
2001). To this day, however, the minimal number of components needed to maintain
kinetochore-MT attachment remains elusive. Future breakthroughs will depend on fin vivo
studies, biochemical purifications and biophysical characterization of the individual
subcomplexes, better imaging technologies and the development of mechanical models to

explain the sophisticated nature of the mitotic spindle.

Currently, the anti-microtubule drug, taxol, is used in the treatment of several forms
of cancer. Taxol functions by stabilizing polymerized MTs. By combining information
already gained about kinetochore function with machine vision techniques, computational
models, genetic and biochemical studies, future research can focus on discovering other
therapeutic agents for the treatment of human disease. Using automated chromosome
tracking tools with large scale recombinant chemical libraries, it may be possible té identify

compounds from automated screens that may modulate aspects of chromosome segregation.
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2.1 Abstract

The complex series of movements that mediates chromosome segregation during
mitosis is dependent on the attachment of microtubules to kinetochores, DNA-protein
complexes that assemble on centromeric DNA. We describe the use of live-cell imaging and
chromatin immunoprecipitation in S. cerevisiae to identify ten kinetochore subunits, among
which are yeast homologs of microtubule binding proteins in animal cells. By analyzing
conditional mutations in several of these proteins, we show that they are required for the
imposition of tension on paired sister kinetochores and for correct chromosome movement.
The proteins include both molecular motors and microtubule associated proteins (MAPS),
implying that motors and MAPs function together in binding chromosomes to spindle

microtubules.

2.2 Introduction

The segregation of replicated sister chromatids into two equal sets at mitosis involves a
complex series of movements mediated by kinetochores, DNA-protein complexes that
assemble on centromeric DNA. Following microtubule attachment early in mitosis, paired
sister chromatids exhibit directional instability and undergo oscillatory movements back and
forth along spindle microtubules (Skibbens et al., 1993). Sister separation is delayed by a
mitotic checkpoint comprising MAD and BUB genes that is silenced only when all pairs of
chromatids have achieved bivalent attachment. Sister cohesion is then dissolved and

chomatids begin their anaphase movement toward the spindle poles.

As structures that link centromeres to spindle fibers, kinetochores have both DNA
and microtubule binding activities. The unusual compactness of S. cerevisiae centromeres
(approximately 175 bp) has facilitated biochemical and genetic analysis of kinetochore-
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associated DNA binding proteins. These include CBF3 and the specialized H3 histone Csedp
(Stoler et al., 1995). The assembly of kinetochores in S. cerevisiae appears to begin with the
binding of CBF3, a four-protein complex, to the essential CDEIII region of centromeric
DNA. Cells carrying temperature sensitive mutations in CBF3 subunits (Ndc10p, Cep3p,
Ctf13p, or Skplp) experience greatly elevated chromosome loss under semipermissive
conditions (Hyman and Sorger, 1995). Several additional proteins have been identified that
bind to yeast centromeres in a CBF3-dependent fashion (Hyland et al., 1999; Meluh et al.,
1998; Ortiz et al., 1999; Stoler et al., 1995; Zheng et al., 1999). However, none of these
proteins have been implicated directly in the attachment of chromosomes to microtubules or

in the generation of force.

Historically, an important question about chromosome-microtubule attachment has
been the identity of the kinetochore-associated motors. In animal cells, the kinesin-related
motor proteins (KRPs) CENPE and MCAK have been shown to function in kinetochore-
dependent chromosome movement, as has dynein (for review, see Rieder and Salmon, 1998);
in yeast, it is not known which among the six KRP and dynein motors are kinetochore bound.
Moreover, experiments in several organisms have shown that both the ATP-dependent
sliding of motor proteins along microtubules and the GTP-dependent depolymerization of
microtubule fibers are capable of generating sufficient force to move chromosomes (Hunter
and Wordeman, 2000). Thus, nonmotor microtubule associated proteins (MAPs) may
function to link kinetochores and microtubule plus ends during periods of polymer growth
and shrinkage. The goal of a molecular analysis of yeast kinetochores is therefore to provide
answers to the following general questions (1) how many different proteins are involved in

chromosome-microtubule attachment and what are the relative roles of motors and MAPs,
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(2) do these proteins function only at kinetochores or also in other cellular structures, and (3)
do different proteins mediate different aspects of the complex pattern of metaphase and

anaphase chromosome movement?

The identification of microtubule binding proteins in yeast kinetochores has been
hindered by the absence of an assay to monitor chromosome-microtubule attachment.
However, we and others have recently shown that force-generating processes at S. cerevisiae
kinetochores impose sufficient tension on paired chromatids during metaphase to transiently
separate centromeric chromatin toward opposite ends of the spindle (Goshima and Yanagida,
2000 He et al., 2000, Tanaka et al., 2000). Transient separations can pull sisters up to 1 um
apart for several minutes (a large movement relative to the 1.5 to 2 pm yeast spindle) and
involve toward-the-pole separating forces and opposing cohesive forces. We reasoned that,
by exploiting the phenomenon of transient sister separation to measure and analyze forces
exerted on centromeres in wild-type and mutant yeast strains, a molecular analysis of
microtubule attachment would be possible. In this paper, we identify as kinetochore
components ten S. cerevisiae proteins previously thought to be involved in other mitotic
processes. Some of these proteins, or their mammalian orthologs, are motors or microtubule
binding proteins and mutations in several of these newly-identified kinetochore subunits
impair force generation and chromosome movement in vivo. These data lead us to conclude
that we have identified some of the proteins involved directly in the formation of microtubule

attachment sites.
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2.3 Results

We have previously reported that kinetochore proteins in S. cerevisiae localize during
metaphase to two lobes that lie on either side of the spindle midzone (He et al., 2000). The
separation between these lobes is typically about half the separation between spindle pole
bodies (SPBs). The distribution of kinetochore proteins changes subtly on a time scale of
seconds concomitant with fluctuations in the extent of overlap among the 32 centromeres in a
mitotic haploid cell. Because the bilobed distribution of kinetochores was unexpected, we
reasoned that it should be possible to identify additional kinetochore proteins based on this
distinctive pattern and that some of these proteins might have been misidentified previously
as spindle components. Of twenty or so spindle proteins whose functions were not well
understood but for which some localization data were available, we found a total of ten
(Table 1-1) that probably constitute structural kinetochore components and one kinase that

appears to regulate kinetochore function.
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Table 1-1. Summary of the kinetochore proteins analyzed in this study

Localization® ChIP
ca | B o Allele.s Used Inter- Reported
Protein 2| E= 2 - in Homologues . acd Functions®
% Z._ l: & < This Study actions unctions
g| 3 gl 2| 3
gl 8|l §| 213 =
2| z| 3| S| S| =] =
Ndc80p 2H: SPC24, Chromosome
® Tt ndc80-1 HECL  ¢pcio segregation
2H: CINS,
Nullp | oo oL |- | mwsr as7 Nuf2R | NDCS80, Chromosome
(E) SPCIO segregation
Spc24p S.pombe ) Chromosome
® Tt nione c336.08 | 2 SPCS segregation
SN IR I I R P none N/A oM sPC24 | Chromosome
(E) segregation
g 2H: Ndc80, Microtubule
D"‘EE‘IP TR I }11’ ch N/A SPC34 binding;
) SL: cin8A Spindle integrity
Spcl9p 2H: SPC34,
(E) + |+ |-~ |=-|+|- none N/A NDC80 Unknown
Sp(‘g‘h’ TR none NA | 2H: SPCI9 Unknown
Stu2p stu2-276; -27; Microtubule
® |7 T | T e | XMAP2IS | NJA binding
Biklp N 2H: STU2 Spindle
(NE) RSl A bikiAHis3 CLIP-170 SL: cin8A elongation
Spindle
. . . assembly and
] -aami- Chromosome
segregation
Histone
phosphorylation;
Iplip . Aurora-like | - Regulation of
(E) + |+ = [~ = |- |- ipll-2,-321 kinases SL: cin84 kinetochore-
microtubule
binding

°Abbreviations: E, Essential; NE, Non-essential; 2H, Two Hybrid; SL, Synthetic Lethality; SP, Suppression.
®Cellular localization shown by this study.
“Only interactions among proteins listed in this table are shown. Extensive genetic and biochemical
interactions among Ndc80p, Nuf2p, Spc24p, Spc25p have also been demonstrated
(Janke et al., 2001; Wigge and Kilmartin, 2001) and are not shown.
9References for interactions and reported functions are listed at the YPD database {Costanzo et al., 2000) and
for 2-hybrid analysis in (Ito et al., 2001; Newman et al., 2000).
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To determine the localization of candidate kinetochore proteins, they were tagged
with GFP at their extreme C termini and introduced into cells in the place of the wild-type
gene using homologous recombination. The positions of the SPBs were determined by
replacing the integral SPB protein Spc42p with a fusion to cyan fluorescent protein (Spc42p-
CFP; Donaldson and Kilmartin, 1996; He et al., 2000). Time lapse and fixed-cell
fluorescence microscopy were performed in two colors to visualize both GFP fusion proteins
and spindle poles using optical sectioning microscopy followed by iterative deconvolution
(on an Applied Precision DeltaVision Microscope). Cell cycle state in asynchronous cultures
and synchrony-release experiments were determined by examining nuclear morphology and
spindle length. All GFP (or CFP) fusions tested, including those involving essential genes
(Table 1-1), supported wild-type rates of growth. To demonstrate that various proteins were
indeed localized to kinetochores, we examined the CBF3-dependence of their localization.
GFP fusion proteins and Spc42p-CFP were introduced into rdcl0-1 cells and analyzed at
37°C, conditions that inactivate CBF3 and therefore disrupt kinetochore structure (Goh and

Kilmartin, 1993).

As an independent assay for centromere association, we asked whether GFP-tagged
proteins were bound to centromeric DNA in vivo as judged by formaldehyde crosslinking
and chromatin immunoprecipitation (ChIP). Wild-type and ndcl0-1 cells carrying different
GFP-tagged proteins were treated with formaldehyde, cells were lysed, and DNA sheared by
sonication to an average of 200500 bp. Immune complexes were isolated using anti-GFP
antibodies and the fraction of coprecipitating DNA determined by PCR using primers

specific for CENIV and a negative control URA3 sequence.
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2.3.1 Proteins Localized Primarily to Kinetochores
The first proteins we examined were Ndc80p, Spc24p, Spc25p, and Nuf2p. Ndc80p,

Spc24p, and Spc25p were originally identified by MALDI-based microsequencing as
proteins that cofractionate with yeast spindle pole bodies (SPBs) and localize, by immuno-
EM, to the nuclear face of the SPB central plaque and to microtubules (Wigge et al., 1998).
Nuf2p has been reported to be an SPB component based on its bilobed localization, but the
small separation between the lobes seemed to us typical of a kinetochore protein (Osbome et
al., 1994). When fixed and live cells were examined by 3D deconvolution microscopy,
Ndc80p-GFP, Spc24p-GFP, Spc25p-GFP, and Nuf2p-GFP were seen during metaphase to
localize to two lobes on either side of the spindle midzone to move toward the poles during
anaphase (Figures 2-1A through 2-1F and data not shown). In cells that lack functional CBF3
{(ndc10-1 cells at 37°C) the bilobed pattern was abolished and replaced by dim, uniform
nuclear fluorescence (Figures 2-1C and 2-1F). The fluctuating bilobed distribution of
Ndc80p-GFP, Spc24p-GFP, Spc25p-GFP, and Nuf2p-GFP was indistinguishable from that of
Slk19p-GFP and Mtw1p-GFP, two bona fide kinetochore proteins that we and others have

analyzed in some detail (Goshima and Yanagida, 2000; He et al., 2000; Zeng et al., 1999).

When assayed by ChIP, Ndc80p-GFP, Spc24p-GFP, Spe25p-GFP, and Nuf2p-GFP
exhibited strong NDC10-dependent association to CENI¥ DNA but only background
association with a negative control URA3 fragment (Figures 2-1P and 2-1Q). ChIP has
previously been used to localize Csedp, Mif2p, Slk19p, and other proteins to kinetochores
(Meluh and Koshland, 1997; Meluh et al., 1998; Zeng et al., 1999), but we were concerned
about possible nonspecific binding of spindle proteins to CEN DNA. As negative controls,

we therefore performed ChIP with three nonkinetochore spindle proteins fused to GFP:
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Tublp, which encodes a-tubulin, Tub4p, which encodes the SPB-localized y-tubulin, and
Spc42p, a component of the SPB central plaque. None of these proteins associated to any
significant extent with centromeric DNA, confirming the specificity of the ChIP reaction

(Figure 2-1R).

These findings confirm very recent reports that Ndc80p, Spc24p, Spe23p, and Nuf2p
are components of an evolutionarily conserved multiprotein complex that associates with
kinetochores in several eukaryotic organisms (Janke et al., 2001; Wigge et al., 1998). Careful
examination of images of Ndc80p-GFP, Spc24p-GFP, Spc25p-GFP, and Nuf2p-GFP at
different stages of the cell cycle with and without Spc42p-CFP to control for fluorescence
bleedthrough showed only the bilobed localization typical of kinetochores and no association
with spindle poles, spindle microtubules, or other nuclear structures (Figures 2-1A and 2-1F;
data not shown). We have found that Dam1p, a microtubule binding protein previously
shown to be involved in spindle (Hofmann et al., 1998; Jones et al., 1999) and kinetochore
function (Cheeseman et al., 2001) is a fifth protein that associates with CEN-DNA in a
NDC10-dependent fashion and that exhibits a localization in metaphase essentially identical
to that of Ndc80p (data not shown). Overall, we conclude that Ndc80p, Nuf2p, Spc24p,
Spc25p, and Damlp associate with centromeres during mitosis in a CBF3-dependent manner
and that kinetochores may be the only cellular structures with a significant level of these

proteins as judged by GFP-tagging.
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Figure 2-1. Analysis of Proteins Localized to Kinetochores, or to Kinetochores
and Spindle Microtubules

Yellow arrows mark SPBs and white arrows spindle microtubules. (A, D, G, J, and M)
Typical images from metaphase wild type cells carrying Spc42p-CFP (in red) and Ndc80p-
GFP, Nuf2p-GFP, Spc19p-GFP, Spc34p-GFP, or Cin8p-GFP (in green). Images represent
projections of 3D image stacks containing ten to twenty 0.2 pm sections. The graph shows
the distributions of CFP and GFP signal intensities along the spindle axis (in arbitrary units)
in several cells. The bold line is denived from the image shown after correction for bleed-
through from the CFP to the GFP channel (see Experimental Procedures). (B, E, H, K, and
N) Typical images from anaphase wild-type cells or (C, F, I, L, and O) metaphase ndci0-1
cells. (P and Q) Crosslinking of proteins tagged with GFP to CENIV DNA in wild-type or
ndc10-1 cells at 37°C as assayed by chromatin immunoprecipitation (ChIP). DNA in immune
complexes (IP) was amplified with primers specific for CENIV (CEN lanes) or, as a negative
control, URA3 (URA lanes) and compared to the amount of DNA in whole-cell lysates
(TOTAL). (R) ChIP assays with control proteins not found at kinetochores. TUB1 encodes
o-tubulin, TUB4, y-tubulin, and SPC42, an integral component of the SPB.
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2.3.2 Proteins Bound to Kinetochores and to the Mitotic Spindle

Next, we examined three proteins that appeared, from careful examination of
published images, to be at least partially localized to two nuclear lobes: Spc19p and Spc34p,
proteins that copurify biochemically with SPBs (Wigge et al., 1998) and Cin8p, one of the
six kinesin-like proteins in budding yeast (Hoyt et al., 1992; Roof et al., 1992). GFP fusions
of all three proteins showed some NDC!0-dependent kinetochore localization (Figure 2-1)
and specific binding to centromeric DNA by ChIP (Figures 2-1P and 2-1Q) However, in
contrast to Ndc80p, Nuf2p, Spc24p, Spc2S5p, and Damlp discussed above, Spcl9p, Spc34dp,

and Cin8p also localized to other microtubule-based structures in the cell.

In wild-type cells, Spcl19p, Spc34p, and Cin8p were broadly similar in being
localized to two kinetochore-like lobes as well as along the microtubules of the mitotic
spindle (Figures 2-1G through 2-10). In anaphase, all three proteins retained their spindle
localization while also concentrating at spindle poles, where centromeres are clustered. As
described previously, Cin8p also has the interesting property of localizing to the spindle
midbody late in anaphase (Figure 2-1N; Hoyt et al., 1992). In ndci0-1 cells, the bilobed
components of Spcl19p and Spc34p localization were abolished, whereas localization to
spindle microtubules remained. Cin8p-GFP largely shifted to one pole or the other. The
NDC10-dependence of localization is seen most clearly in intensity-distance plots that
integrate the GFP and CFP signals along the spindle axis (see Figures 2-1J and 2-1L in
particular). In interpreting the plots and images, it should be noted that spindles in ndcl0-1
cells are about 25% longer than in wild-type cells, reflecting the loss of kinetochore-
dependent pulling forces that shorten the spindle. In conclusion, although the localization

patterns of Spc19p, Spe34p, and Cin8p are more complex than those of the five proteins
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discussed in the previous section, imaging and ChIP are consistent with the idea that a
fraction of Spc19p, Spc34p, and Cin8p is associated with kinetochores in metaphase yeast
cells. Kinetochore association appears to be CBF3-dependent, whereas binding to spindle

microtubules is CBF3-independent.

2.3.3 Proteins Bound to Kinetochores and a Variety of Microtubule-Based
Structures

Next, we examined two microtubule binding proteins that are found in both the
cytoplasm and the nucleus: Bik1p and Stu2p. Biklp is homologous to the plus-end
microtubule binding protein mammalian CLIP170 (Berlin et al., 1990) and Stu2p is a
microtubule binding protein similar in sequence to Xenopus XMAP215 (Wang and Huffaker,
1997) and human TOGp (Spittle et al., 2000). Bik1p-GFP exhibited a complex localization to
kinetochore-like lobes, to spindle microtubules, and to distinct spots in the cytoplasm that
correspond to cortical attachment sites (Berlin et al., 1990), and only part of the localization
appeared to be disrupted in ndc/0-1 cells at 37°C (Figures 2-2A and 2-2C). Cortical capture
sites are structures in the plasma membrane that bind the plus ends of microtubules that
emanate from SPBs and function to orient the nucleus in the mother-bud neck late in
metaphase (for review see Bloom, 2000). The localization of Bik1p to both kinetochores and
cortical attachment sites 1s consistent with data that CLIP-170 binds selectively to the plus
ends of microtubules. Stu2p-GFP was found in a pattern broadly similar to that of Bik1p and
again, only a subset of the nuclear Stu2p-GFP appeared sensitive to ndcl0-1 inactivation
(Figures 2-2D through 2-2F). To determine whether the bright spots of Stu2p-GFP along the
periphery of the cell might be cortical capture sites, we generated cells carrying o-tubulin-
GFP (Tublp-GFP) and Stu2p-CFP. In both metaphase and anaphase cells, cytoplasmic foci
of Stu2p-CFP clearly lay at the extreme ends of cytoplasmic microtubule bundles, strongly
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suggesting that the foci were indeed cortical capture sites. Consistent with this localization,
Stu2p and the well-characterized cortical site protein Kar9p have recently been shown to
interact by two-hybrid analysis (Miller et al., 2000). By ChIP, both Bik1p and Stu2p
exhibited NDC10-dependent binding to centromeric DNA (Figure 2-2J). From these data, we
conclude that Bik1p and Stu2p are proteins that associate with a variety of microtubule-based
structures including kinetochores and cortical capture sites, both of which bind to

microtubule plus ends.

The final protein we examined was Ipllp, an Aurora kinase that has been proposed to
function in yeast kinetochore assembly (Biggins et al., 1999; Sassoon et al., 1999). It has
previously been observed that Nuf2p is mislocalized in ip/I-2 cells, a finding interpreted to
reflect a role for Ipllp in SPB formation (Kim et al., 1999). However, since Nuf2p is actually
localized to kinetochores and not SPBs as previously assumed, we wondered whether Ipllp
might be a regulator of kinetochores. With Ipl1p-GFP, we observed a pattern consistent with
kinetochore localization as well as with spindle binding, and a subset of the localization was
NDCI0-dependent but CEN-association was not detected by ChIP. The ChIP assay is a
stringent criterion for kinetochore association and some kinetochore proteins may simply be
too distant from DNA to be successfully crosslinked by formaldehyde. Our inclusion of Ipilp

in this analysis is justified by its clear role in chromosome movement (see below).
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Figure 2-2. Analysis of Proteins Localized to Kinetochores and to Other
Microtubule-Based Structures

(A-T) Imaging of Bik1p, Stu2p, and Ipllp as described in Figure 2-1. Yellow arrows mark
SPBs, white arrows mark spindle microtubules, and pink arrows mark cortical capture sites.
Note that in (E), the fluorophores have been changed so that Stu2p is fused to CFP (in red)
and c-tubulin to Tublp to GFP (in green). (J) Crosslinking of Bik1p, Stu2p, and Ipllp to
CENIV DNA as assayed by ChIP as described in Figure 2-1.




Chapter 2

2.3.4 Mapping Chromosome Association toa Centromeric DNA

We have previously proposed that centromeric chromatin in budding yeast spans
nearly 20 kb of DNA centered on the centromere. This centromeric chromatin appears to be
involved in the large-scale stretching that occurs during transient sister separation. It seemed
possible that proteins we had localized to centromeres might be associated not with
kinetochores themselves, but rather with an extended chromatin domain. This seemed
particularly likely for Ndc80p, whose human homolog, Hec1, has been shown to complement
an NDC80 disruption in single copy and to interact biochemically and genetically with the
Smclp and Smc2p subunits of yeast cohesin and condensin (Zheng et al., 1999). In mitotic S.
cerevisiae cells, cohesin is found both at centromeres and at discrete sites along chromosome
arms, whereas condensin is ubiquitously distributed along chromatin (Freeman et al., 2000;
Megee et al., 1999; Tanaka et al., 1999). To map the sequences to which Ndc80p binds, we
used ChIP to quantitate its association to five successive 200 bp fragments of chromosomal
DNA that span CENIII. We also examined Ndc80p binding to an 18 kb region on the arm of
chromosome V that has previously been shown to contain a cohesin binding site (Tanaka et
al., 1999). We observed that Ndc80p was present at high levels on the 200 bp fragment
centered on CENIII, at much lower levels on sequences to the left and right of the
centromere, and at only background levels at sites along chromosome V arms (Figures 2-3A
and 2-3B). The concentration of Ndc80p at centromeres was, if anything, tighter than that of
Mif2p (Meluh and Koshland, 1997), the centromere-bound homolog of mammalian CENP-
C, and clearly distinct from the broad distribution of Scclp, a cohesin subunit (Megee et al.,
1999; Tanaka et al., 1999). We therefore conclude that Ndc80p is tightly concentrated at

centromeres and does not have the broader distribution along chromosomes characteristic of
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cohesin and condensin. Similar CEN-specific crosslinking was observed for Spc19p, Spe34dp,
Cin8p, Bik1p, and Stu2p (Figure 2-3C), confirming our conclusion that all of these proteins

are specifically associated with kinetochores.
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Figure 2-3. Quantitative Crosslinking Analysis by ChIP

(A) Quantitative ChIP analysis of the binding of Ndc80p, Mif2p, and Scclp to CENIII and
flanking DNA. The horizontal axis denotes the position of 200 bp fragments, relative to the
center of CENIII, and the vertical axis the fraction of total DNA present in immune
complexes as determined by PCR from serial dilution. Ndc¢80p was immunoprecipitated with
anti-GFP polyclonal antiserum, Mif2p with rabbit polyctonal antiserum, and Sccl-Myc;;
with anti-Myc polyclonal antibodies.

(B) Quantitative ChlP analysis of Ndc80p and Scclp crosslinking to sites along the arm of
chromosome V (Tanaka et al., 1999). Numbers on the horizontal axis refer to the position, in
kilobases, from the left telomere as indicated at the Stanford Genome Database.

(C) Quantitative ChIP analysis of Spcl9p, Spc34p, Cin8p, Biklp, and Stu2p binding to
CENIIT and flanking DNA as described in (A).
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2.3.5 Mutations in Kinetochore Proteins Reduce Transient Sisters Separation

To establish a function for proteins localized to kinetochores, we examined the extent
of transient sister chromatid separation. We reasoned that mutations in proteins required for
chromosome-microtubule attachment should interfere with the imposition of tension on sister
centromeres and thereby decrease the frequency or extent to which sisters separate in
metaphase. Nine of the eleven proteins we had localized to kinetochores are essential for
vegetative growth but temperature sensitive mutants were available for only four (Table 1-1).
Among the five genes without conditional mutations, it seemed most important to examine
Stu2p, because it has a higher cell homolog (XMAP215) whose function is at least partially
understood (Tournebize et al., 2000). We therefore generated 19 temperature sensitive alleles
in the STU2 gene using PCR mutagenesis and plasmid shuffling (see Experimental
Procedures), and selected for further analysis alleles that arrested within one cell cycle of

temperature upshift.

Centromeric DNA was visualized by integrating a TetO array 2 kb from CEN IV
(construct —2ChIV of He et al., 2000) in cells expressing TetR-GFP and a Spc42p-GFP, This
generates cells in which both CENIV-proximal chromatin and spindle poles are marked with
small green dots, permitting rapid single-color imaging. To quantitate sister separation in
wild-type and mutant strains, they were synchronized at START using a-factor and then
released into prewarmed medium at 37°C for 75-90 min prior to fixation and imaging. When
the extent of synchrony was assessed morphologically, more than 90% of cells were
observed to have entered prometaphase and assembled bipolar spindles, and fewer than 5%
were in anaphase. As positive and negative controls, we showed that the fraction of wild-type

cells with separated sisters was 50% 60%, whereas in ndcl10-1 cells it was less than 1%
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(Figure 2-4A; He et al., 2000). In ndc80-1, dami-1, nuf2-61, and stu2-277 cells, the extent of
transient sister separation was 10- to 20-fold lower than in wild-type cells, while in ip/1-321
cells it was 4- to 5-fold lower (in about 15% of ipl1-321 cells, centromeres appeared
hyperstretched, with the TetO/TetR-GFP tag extended the full length of the spindle). Both
bikIA and cin8A cells (which were assayed at 25°C, a temperature at which wild-type cells
had fewer transient separations) exhibited a normal frequency of transient separation (Figure
2-4B). In conclusion, these data show that Ndc80p, Nuf2p, Damlp, Stu2p, and Ipllp are
required for transient sister chromatid separation, and thus, probably, for the imposition of

normal tension on sister chromatids.

The proteins in this study fall into two classes: those that are found primarily at
kinetochores (as judged by imaging GFP fusion proteins) and those that localize to both
kinetochores and other microtubule-based structures in mitotic cells. To determine whether
this distinction is also reflected in the functions of the proteins, we asked whether mutations
that reduce tension across sister kinetochores also impair the migration of the nucleus into the
mother-bud junction, an essential step in mitosis mediated by the interaction of cytoplasmic
microtubules with cortical attachment sites. We observed that whereas nuclear migration was
substantially perturbed in stu2-276 cells, it appeared normal in ndc10-1, nde80-1, daml-1,
ipl1-3211, and nuf2-61 mutants (Figure 2-4C; normal nuclear migration is observed in bikIA
cells, a consequence of functional redundancy in proteins required for cortical attachment;
Bloom, 2000). We conclude that kinetochore function is not required for nuclear migration
and that the requirement for Stu2p probably reflects its localization to cortical capture sites.

Additional nonkinetochore functions for proteins analyzed in this paper are summarized in

Table 1-1.
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Figure 2-4. Effects of Mutations in Kinetochore Proteins on Transient Sister
Separation, Nuclear Positioning Migration, and Chromosome Movement

(A) Mutations in essential kinetochore proteins reduce transient sister separation. Cells
carrying Spc42p-GFP, the centromere-proximal —2ChlIV chromosome tag (He et al., 2000),
and the indicated temperature sensitive mutations were synchronized at START with a-
factor at 25°C, and then released into prewarmed medium at the restrictive temperature of
37°C for 75 min prior to fixation and analysis. The fraction of metaphase cells (n ~ 100), as
Judged by nuclear morphology, with separated sister chromosome tags was then scored.

(B) Analysis of transient sister separation in wild-type, bik!A::HIS3, and cin8A::HIS3 cells
performed at 25°C, as described in (A).

(C) Analysis of nuclear positioning prior to anaphase. Preanaphase cells in which the nucleus
had not migrated to the bud-proximal hemisphere of the mother cell were scored as
mispositioned (Korinek et al., 2000). Note that the STU2 allele used in this analysis was
different from that in (A). We have observed partial separation of STU2 function in these
alleles, with stu2-277; 279 having the greatest defect in transient sister separation and su.2-
276 having the greatest defect in nuclear positioning (by comparison 10% of stu2-276 cells
were transiently separated in a synchrony-release experiment).

(D) Schematic of the —2ChIV GFP chromosome tag and Spc42p-GFP spindle pole tag,
showing the spindle-centered polar reference system (with r and / coordinates) and three key
parameters: d1, the distance from the reference spindle pole to the center of one chromatid
tag; d2, the distance to the sister chromatids tag; and d3, the SPB-SPB distance.

(E) Scatter plot of the positions of the ~2ChIV chromosome tag over 15 min in a time-lapse
movie of a wild-type cell. The vertical axis is the absolute radial position (r) and the
horizontal axis the relative axial position (//d3). Dots represent the position of the tag at each
time point; black and purpie denote the independent paths of the two sisters during periods of
transient sister separation.

(F, G, and H) Scatter plots of chromosome movement in ndc80-1, nuf2-457, and ndcl0-1
cells compared to the wild-type movement in (E) (black and purple dots). Negative values of
[ arisc when the CEN tag drifts so far from the SPBs that it is “behind” them. The phenotype
of ndc10-1 and ndc80-1 cells are very homogeneous, but 15%—20% of nuf2-457 cells
exhibited behavior similar to that shown in (J) and (K). Synchrony-release experiments
established that these cells are ones in which bipolar microtubule attachments had formed
prior to temperature upshift.

(I) Distribution of radial distances (r) between the chromosome tag and the spindle axis in
wild-type, nuf2-61, -457, ndc10-1, and ndc80-1 cells. The data from sections (E-H) and ()
were used to calculate values for r, which were then grouped in bins of 0.25 pum to generate a

frequency distribution. Scatter (J) and distance (K) plots for nuf2-61 cells at 37°C. Because
no transient separation occurs, d1 = d2 (red line). Spindle length (d3) is shown in black.
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2.3.6 Live Cell Analysis Reveals Three Types of Defect in Chromosome
Movement

In principle, different kinetochore defects, ranging from complete failures of
assembly to more subtle problems with force generation could reduce transient sister
separation. To investigate the defects in nde80, nuf2, stu2, damlI, and iplI mutants, cells
carrying GFP-tagged chromatids and SPBs were filmed at 37°C and the motion of
centromeres determined relative to the spindle axis by manual and automated analysis of
deconvolved 3D image stacks (Figures 2-4D and 2-4E; He et al., 2000). In wild-type cells,
metaphase chromosome movement is characterized by several superimposed motions along
the spindle axis: rapid oscillations 10%-20% of spindle length of 0.2-0.5 um, long duration
oscillations 30%-60% of spindle length of up to 1.0 um, and transient sister separations in
which the two chromatids move independently for periods of 2—-10 min (He et al., 2000). In
neither ndcl0-1, ndc80-1 (Figure 2-4F and 2-4H, green and orange lines, respectively), or
nuf2-457 cells (Figure 2-4G, blue lines; see figure legend for additional details) were any of
these behaviors observed during metaphase and chromosomes remained exclusively in the
mother cell at anaphase. Furthermore, whereas chromosomes stayed within 0.40 um of the
spindle axis in wild-type cells, in ndc10-1, ndc80-1, and nuf2-457 cells, they appeared to
detach completely from the spindle and were typically 1.0-1.5 pm from the spindle axis, the
maximum distance possible in 2.5 to 3.0 pm nucleus (Figure 2-41). We conclude that loss-of-
function mutants in NDC80 and NUF?2, like mutations in CBF3 genes, cause chromosomes to

detach from spindle microtubules and move randomly within the mother cell.

In ndc80-1, nuf2-457, and ndcl0-1 cells, spindles undergo anaphase B elongation on
approximately the same schedule as wild-type cells (data not shown), consistent with the

conclusion by Janke et al. (2001) that the Ndc80p-Nuf2p complex is required for the mitotic
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checkpoint. We were therefore surprised to observe that at 37°C, nuf2-61 cells arrested
homogeneously at the metaphase-anaphase transition in a Mad1-dependent fashion (data not
shown), implying that the nuf2-61 lesion engages the mitotic checkpoint (see also Janke et
al., 2001). When nuf2-61 cells were examined by live-cell microscopy, chromosomes were
observed to associate with one pole for 5 to 10 min and then suddenly jump to the other pole,
binding to it for 5 to 10 min before jumping again (Figures 2-4J and 2-4K, red lines). In some
cells, we observed up to four shifts between the poles in a 30 min period. During these
jumps, chromosomes remained as close to the spindle axis as in wild-type cells, supporting
the notion that they were bound to microtubules, albeit aberrantly (Figure 2-41). Our
interpretation of these findings is that whereas microtubule attachmént sites are unable to
assemble in nuf2-457 cells, the attachments that form in nuf2-61 mutants are metastable. In
the complete absence of kinetochore-microtubule attachment, no checkpoint signal is
generated whereas metastable kinetochore-microtubule attachments do signal the checkpoint

and arrest cells at metaphase (see Discussion).

Next, we analyzed chromosome segregation in stu2, daml, and ipl] cells. Because we
were interested in gene-specific differences in phenotype rather than allele-dependent
variation, multiple temperature sensitive mutants were examined for each gene. To identify
loss-of-function mutants, alleles were ranked in severity based on the extent of transient
sister separation, as judged using fixed-cell assays (as described in Figure 2-4A). With many
alleles, we observed a significant level of transient sister separation (approximately 20%—
40% of chromatids were split), presumably representing a hypomorphic phenotype, but for

each gene we were able to select two strong mutants.
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In damli-1 and dam 1-11 cells, we observed close association of tagged chromosomes
with a single spindle pole (Figures 2-5A through 2-5D). During this monopolar association,
the chromosomes were found within 0.2 spindle diameters of the pole, but continued to
oscillate rapidly (with an apparent velocity up to 1 um/min). An even more dramatic
monopolar association was observed in ipl/-321 and ipl]-2 cells, in which chromosomes
remaining within approximately 0.1 spindle diameters of the pole (Figures 2-5E through 2-
5H). This monopolar association was clearly distinct from the spindle detachment observed
in ndcl0-1, nde80-1, or nuf2-457 cells, and in none of the several dozen movies of daml and
ipl1 cells were chromosomes further from the spindle axis than in wild-type cells (0.4-0.5
um). Yet a third phenotype was observed in stu2-277 and stu2-279 cells (Figures 2-51
through 2-5L). Chromosomes in stu2 mutants moved to the middle of the spindle
(congression), where they oscillated back and forth along the spindle axis (see especially
Figure 2-51), apparently having achieved bipolar attachment and remaining at a wild-type
radius from the spindle axis, but they covered a total distance 2- to 3-fold less than in wild-
type cells and exhibited peak velocities at least 3- to 4-fold lower (0.3-0.4 pm/min). This
pattern of movement is consistent with diminished force generation at bivalently attached

chromatid pairs.

In summary, live-cell analysis of chromosome dynamics in strains carrying mutant
kinetochore proteins reveals at least three classes of defects: a complete failure of
chromosome-microtubule attachment (in ndc80, nuf2, and ndc10 cells), attachment to a
single pole with a failure to undergo congression (in dam{ and ip/1 cells), and bivalent
microtubule attachment with reduced rates of movement and reduced tension across sister

centromeres (in stu2 cells). The existence of distinct mutant phenotypes suggests that
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Ndc80p, Stu2p, Damlp, Ipllp, and Nuf2p have different functions in kinetochore-

microtubule attachment.
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s

Figure 2-5. Distinct Defects in Chromosome Movement Are Observed in Cells
Carrying Mutations in Different Kinetochore Proteins

(A, C, E, G, ], and K)) Scatter plots showing the radial (») and relative axial positions (I/d3) of
a —2ChIV chromosome tag over a 15 min period of metaphase in various strains at 37°C (see

Figure 2-4D for an explanation of the coordinates). The blue and purple dots show wild-type

positions.

(B, D, F, H, J, and L) Distance plots transforming the data to show distance between the
sister chromatids and a reference SPB (red line; because no transient separation occurs, d1 =
d2) and the SPB-SPB distance (d3; black line). Multiple movies (3—6) were examined for
cach strain and the behaviors shown here are typical. The penetrance of the ip/7-321 allele
was only about 80% however, and some cells exhibited a sustained hyperstretching of the
chromosome tag. The sampling rates used to collect this data are too low to permit the
accurate measurement of rapid movements, but we have estimated the rates of long
wavelength motions by smoothing the curves and then calculating a first derivative. On this
basis, we find that centromeres in stu2-277; 279 cells move at least 3- to 4-fold slower than
in wild type cells.
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2.3.7 A Multilayer Structure at the Yeast Kinetochore

Among the chromosome segregation defects described in this paper, those caused by
ndcl0-1, ndc80-1, and nuf2-457 are much more severe than any others. The severe
phenotype of ndci0-1, is thought to arise because no kinetochore components, not even
error-detecting checkpoint proteins, can associate with centromeric DNA in the absence of
CBF3 (Gardner et al., 2001; Goh and Kilmartin, 1993). To explore the role of Ndc80p in
kinetochore assembly, we used ChIP to determine interdependencies among various
kinetochore subunits. As described above, the association of Ndc80p with kinetochores was
dependent on functional CBF3 (Figure 2-6A), but the reciprocal was not true: both the
Ndc10p (Figure 2-6B) and Cep3p (data not shown) CBF3 proteins were centromere bound in
ndc80-1 cells at 37°C. However Nuf2p (Figure 2-6C) and Stu2p (Figure 2-6D) required both
NDC10 and NDC80 function for kinetochore association. The association of the cohesin
subunit Scclp with centromeres requires NDC/!() (Tanaka et al., 1999), but Ndc80p and
Scelp bind independently to DNA (Figures 2-6E and 2-6F). Thus, the assembly of S.
cerevisiae kinetochores appears to involve a hierarchy of dependencies: CBF3 at the first
level, Ndc80p at the second, and Stu2p at the third. We conclude that the severity of the
ndc80 phenotype probably reflects a requirement for Ndc80p in the association of several

other proteins with centromeres.
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Figure 2-6. Hierarchy of Dependencies in the Association of Kinetochore
Proteins with Centromeric DNA

Quantitative ChIP was used to determine the effects of various mutations on the extent to
which GFP-tagged protein crosslinked to CENIII DNA. Cells were grown at 25°C to mid-log
phase and shifted to 37°C for 2.5 hr prior to analysis. The amount of the CENIIT DNA in
immune complexes (IP) is shown as the percentage of the DNA in the lysate (see Figure 2-3).
Absolute differences in the amount of DNA precipitated between panels are not considered

to be meaningful.

80



Chapter 2

]

2.4 Discussion
We have used three criteria to identify kinetochore proteins: (1) CBF3-dependent

localization to the yeast “metaphase plate,” a bilobed distribution that fluctuates over time as
kinetochores move back and forth along the spindle axis, (2) CBF3-dependent association
with centromeric DNA, as judged by chromatin immunoprecipitation, and (3) functional
involvement in kinetochore-microtubule attachment, as judged by disruption of the normal
pattern of transient sister separation and chromosome movement. By these criteria, we find
that ten previously described spindle proteins of uncertain function are associated with S.
cerevisiae kinetochores and an eleventh appears to be a kinetochore regulator. Among these
kinetochore proteins are several that bind to microtubules, or have animal cell homologs that
are microtubule binding. Mutations in these proteins disrupt chromosome movement and
appear to reduce or eliminate the tension that is normally imposed on sister centromeres. We
hypothesize that the proteins are involved directly in the formation of microtubule attachment

sites,

The mitotic spindle is a large multicomponent machine with long-range physical
interactions among kinetochores, microtubules, and spindle poles. It is therefore important to
inquire into the physical basis by which proteins might become associated with CEN DNA.,
We can imagine three possibilities. First, centromere association might be highly indirect,
involving distant interactions mediated by microtubules. This seems unlikely because neither
a-tubulin, y-tubulin, nor the spindle pole component Spc42p detectably coprecipitated with
CEN DNA by ChIP, and the available evidence suggests that ChIP is a reliable and highly
selective cross-linking method (Meluh and Broach, 1999). Moreover, in cases in which CEN

binding by ChIP is backed up by colocalization and functional data, our confidence in

81



Chapter 2

kinetochore association seems justified. Second, centromere association might involve
binding directly to DNA, as in the case of CBF3, or binding to CBF3 in a multilayer
kinetochore structure (Ortiz et al., 1999). In this case, a protein should be found associated
with kinetochores independent of whether the kinetochores are linked to microtubules. Third,
a protein that binds to microtubules might show centromere association through the
attachment of microtubule plus ends to kinetochores. The human APC tumor suppresser
protein, for example, localizes to kinetochores as a consequence of its binding to microtubule
ends (Kaplan et al., 2001). Both of these latter possibilities are consistent with a protein’s
functioning in aspects of chromosome-microtubule attachment, but we have not yet

distinguished between them experimentally.

2.4.1 Kinetochore-Associated Microtubule Binding Proteins
Among the eleven proteins discussed in this paper, four—Stu2p, Biklp, Dam1p, and

Cin8p—have been shown previously to bind microtubules and mutations in two of these—
Stu2p and Dam1p—abolish the tension normally imposed on sister kinetochores. In
principle, mutations that affect transient sister separation could act by diminishing the
microtubule-mediated forces that pull centromeres apart or by increasing the cohesive forces
that hold sister kinetochores together. Although our data do not conclusively distinguish
between these possibilities, the abnormal chromosome movements we have observed seem
most consistent with a failure to establish and maintain microtubule attachment, and not with
an increase in sister cohesion. We speculate that the failure of deletions in the nonessential
CINS and BIK1 genes to impair kinetochore-microtubule attachment is a consequence of

functional redundancy. Previously reported redundancy in CIN8 and KIPI during spindie
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assembly (Hoyt et al., 1992) and BIK7 and K4R9 during nuclear positioning (Miller and

Rose, 1998) support this conclusion.

The higher cell homologs of Stu2p, XMAP215 in Xenopus and TOGp in humans,
have been shown to bind to and modulate the dynamic behavior of microtubules (Gard and
Kirschner, 1987; Tournebize et al., 2000; Vasquez et al., 1994). Kinetochore-associated
Stu2p might therefore be expected to contribute to chromosome movement by altering the
stability of microtubule plus ends. A similar function has been proposed for Disl, an S.
pombe homolog of Stu2p that is required for correct chromosome movement and transient
sister separation in fission yeast (Nabeshima ct al., 1998). The human homolog of Biklp,
CLIP-170, localizes to microtubule plus ends, including those at kinetochores (Dujardin et
al., 1998), and has also been postulated to regulate microtubule dynamics (Diamantopoulos
et al., 1999). The S. pombe CLIP-170 homolog, Tiplp, functions to prevent catastrophic
depolymerization of microtubule plus ends, thereby promoting their capture at the cell cortex
(Brunner and Nurse, 2000). We might therefore expect that Bik1p participates in plus-end
microtubule capture at S. cerevisiae kinetochores. Yeast Dam1p has been shown to bind to
microtubules, but its biochemical analysis has just begun (Hofmann et al., 1998), and,

Dam1p has no obvious homologs in higher cells.

The observation that Cin8p localizes to yeast kinetochores is surprising. Cin8p is one
of four kinesin-like proteins in yeast with a nuclear function, but it is most similar to the
BimC class of motors thought to slide microtubules relative to each other (for review, see
Hildebrandt and Hoyt, 2000). This is not an activity expected of a kinetochore protein
although a plus-end-directed motor could generate a force that separates spindle poles, a well

characterized activity of Cin8p (Gheber et al., 1999; Hoyt et al., 1992). Assuming that the

83



Chapter 2

association of Cin8p with kinetochores is not adventitious, then its function must be
redundant with that of other proteins. We have looked for kinetochore association by the
Kip1-3 motors using GFP-tagging and ChIP and have preliminary data that Kip3p, at least,
may also localize to kinetochores. We must now undertake a careful analysis of chromosome
dynamics and transient separation in cells lacking combinations of two, three, and four motor

proteins.

2.4.2 General Implications for Kinetochore-Microtubule Attachment

Four implications of general significance for kinetochore biology can be drawn from
the data in this paper. First, multiple proteins appear to be involved in the attachment of
kinetochores to microtubules, including both motor proteins and MAPs, and these proteins
play at least partially overlapping roles. Mutations in NDC10, NUF2, and NDC80 cause a
complete disruption of chromosome-microtubule attachment, apparently because they disrupt
kinetochore assembly. In contrast, mutations in STU2, IPL1, and DAM]I interfere with
chromosome movement but kinetochores retain some microtubule attachment. It therefore
seems likely that multiple microtubule binding proteins contribute simultaneously to the

formation of a fully functional attachment site.

Second, the formation of kinetochores with at least some microtubule binding
activity, however aberrant, is required for mitotic checkpoint function. The genetic
interaction between structural components of the kinetochore and the mitotic checkpoint is
complex. Some mutations in kinetochore proteins, such as ndcI0 (Goh and Kilmartin, 1993
Tavormina and Burke, 1998) and spc24 and ndc80 (Janke et al., 2001; Wigge et al., 1998),
are as effective as mad2A in disrupting checkpoint function. Other mutations however,

appear to cause a checkpoint-dependent arrest, including ctf73 (Doheny et al., 1993) and
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cep3 (Strunnikov et al., 1995). This difference cannot be explained simply by postulating
different biochemical functions for checkpoint-disrupting and checkpoint-engaging
mutations: Ndc10p, Ctf13p, and Cep3p are all required for the DNA binding activity of
CBF3. However, our data on nuf2-61 and nuf2-457 provide strong support for the hypothesis
that it is the extent of kinetochore disruption that determines whether the checkpoint will
function. When chromosome attachment is completely disrupted, as seen in nuf2-457 cells,
the checkpoint is abolished. However, when metastable attachments are generated, as in
nuf2-61 cells, the checkpoint is engaged. Similarly, the partially defective attachments
generated in dami and stu2 cells arrest cells in a checkpoint-dependent fashion. These data
fit well with the idea that kinetochores are the source of a checkpoint signal that acts to

monitor the formation of fully functional microtubule attachment sites (Gardner et al., 2001).

Third, mutations in different proteins give rise to different defects in chromosome
movement, including a complete loss of attachment (in ndci0, ndc80, and nuf?), slow
movement of chromatids that have apparently achieved bivalent attachment (in s#2), and
close association with a single pole, presumably reflecting monopolar microtubule
attachment (dam/ and ip{1). This latter phenotype could arise either from a failure to
duplicate kinetochores following DNA replication, or from a failure to develop microtubule
attachments strong enough to oppose the splitting forces exerted on sisters during metaphase.
A likely interpretation of these three phenotypic classes is that different proteins mediate

different aspects of microtubule attachment and chromosome movement.

Fourth, many proteins involved in kinetochore-microtubule attachment also localize
to other microtubule-based structures and appear to have more than one function in the cell.

For example, Stup and Bik1p appear to function at both kinetochores and at cortical capture
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sites (and probably also at SPBs; Wang and Huffaker, 1997). Membrane-associated cortical
capture sites bind cytoplasmic microtubules that emanate from the SPB and function to orient
the nucleus into the mother-bud neck, a precondition for transporting chromosomes into the
daughter during anaphase B (for review, see Bloom, 2000). The important similarity between
cortical capture sites and kinetochores is that both bind to the plus ends of dynamic

microtubules.

In conclusion, the data in this paper suggest that yeast kinetochores contain several
functional layers comprising DNA binding proteins such as CBF3, linker proteins such as
Ndc80p, and microtubule binding components such as Stu2p, Dam1p, Cin8p, and Bik1p. The
DNA binding and linker proteins seem to be highly specific to kinetochores, whereas several
of the microtubule binding proteins have other functions in the cell. Although additional
kinetochore subunits undoubtedly remain to be identified in yeast, our data have implications
for the fundamental question of whether it is motor or nonmotor proteins that play the
primary role in microtubule attachment. Our findings clearly point to a critical role for

nonmotor MAPs in chromosome-microtubule binding and force generation.
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2.5 Experimental Procedures

2.5.1 Yeast Strains and Manipulations
All yeast strains used in this study were haploid and derived from W303 or $228C.

Chromosomes and spindle poles were tagged with GFP as described (He et al., 2000).
Proteins were tagged with GFP as follows: a 400-1000 bp C-terminal gene fragment was
amplified with PCR and EGFP linked at the C terminus in the integrating vector pRS306.
The endogenous gene was replaced with the tagged form in one-step gene replacement and
correct integrants confirmed by PCR. Nineteen sfu/2 ts mutants were generated by
mutagenizing the STU2 ORF in vitro using error-prone PCR, replacing STU2 in the genomes
with the library of mutagenized clones and then complementing the ts phenotype with wild-
type STU2 on a plasmid. Sequencing revealed the presence of multiple mutations in each ts
allele. ChIP experiments were performed using standard methods (Meluh and Broach, 1999),
and quantitation of PCR products by serial dilution. Anti-GFP polyclonal antibodies were
from Clontech, anti-myc polyclonal antibodies from Santa Cruz Biotechnology, and anti-

Mif2 polyclonal antibodies produced in house.

2.5.2 Microscopy and Image Analysis

Live cell imaging was performed using a Deltavision optical sectioning microscope
on a Nikon TE200 base and Roper RTE camera essentially as described in He et al., 2000. A
custom-built heated stage and a Bioptechs lens heater with feedback control were used to
maintain the temperature at 37°C (details are available upon request). Dual-color fixed cell
images of cells carrying both CFP and GFP fusion proteins were collected using a
Photometrics CH350 camera and Chroma 86002 JP4 (CFP) and 41018 (GFP) filters. The

intensity plots in Figures 2-1 and 2-2 were corrected for 30% bleedthrough.
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The following chapter is adapted, with permission, from Rines et al., 2002. The methods
described in this chapter were developed in collaboration with Xiangwei He, Paul Goodwin
of Applied Precision, and Dominic Hoepfner of the Phillipsen Lab. Paul Goodwin performed
the microscopy for the point spread functions shown in Figure 3-1, and 3-4. Dominic
Hoepfner initially developed the agarose pad mounting technique discussed in Section 3.3.

Rines, D. R., He, X., and Sorger, P. K. (2002). Quantitative microscopy of green fluorescent
protein-labeled yeast. Methods Enzymol 351, 16-34.
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3.1 Introduction
With the development of methods to tag proteins using green fluorescent protein (GFP)

(Chalfie et al., 1994), fluorescence microscopy has become increasingly important for
characterizing of protein functions in yeast. In this chapter, we describe the use of three-
dimensional deconvolution microscopy to perform fixed and live-cell analysis of cells
carrying GFP-tagged proteins. Despite our focus on high-performance imaging, the methods
we describe are applicable to a wide range of experiments using conventional wide-field

MICroscopes.

The goal of fluorescence microscopy is to determine the position and time-dependent
distributions of one or more proteins within the cell. Such an analysis is often referred to as
five-dimensional, having three spatial, one time, and one wavelength dimension. A
microscope image is only two-dimensional, however, and three-dimensional images must be
reconstructed from a stack of 2D image planes, each acquired at different focal planes. A
major problem that arises in reconstructing 3D representations from image stacks is that each
2D image contains not only in-focus light but also from out-of-focus light from objects that
lie above and below the focal plane (Swedlow, 1997). This occurs because light becomes
smeared, particularly along the vertical axis (parallel to the path of illumination), when it
passes through microscope lenses. Two methods have been developed to address the
problem of out-of-focus light. In confocal microscopy, scanning point source illumination
(typically a laser) combined with a pin-hole at the photodetector is used to ensure the
collection of in-focus light. In contrast, deconvolution microscopy applies a computational
correction to a stack of 2D images to correct for the smearing imposed by the microscope

optics. The 2D stack is composed of wide-field images in which the entire focal plane is
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illuminated and the emitted light captured on a camera. Comparing the performances of
confocal and deconvolution microscopy is complicated by the fact that the instruments are
quite different. Confocal microscopes use lasers to scan the sample, illuminating each point
successively, and photomultiplier tubes (PMTs) to digitize the emitted light pixel by pixel.
Deconvolution microscopes use wide-field illumination from mercury or xenon burners
(lamps) and CCD (charge coupled device) cameras to record images. Iterative deconvolution
algorithms generally perform better than confocal microscopy when the sample is thin, the
magnification high (objectives over 20X and 0.85NA) and the amount of light scattering
small (Goodwin, 1996). Deconvolution microscopy has higher spatial resolution, greater
sensitivity and causes less photodamage to samples than confocal microscopy. Yeast cells
represent a near-optimal sample for deconvolution microscopy, and in this chapter focus on

wide-field methods.

3.2 Deconvolution in Fluorescence Microscopy

The extent to which microscope optics smear the light emitted by an object is described by
the point spread function (PSF). This blurring is intrinsic to optical systems, occurs in both
confocal and wide-field microscopes, and is greatest along the Z-axis (perpendicular to the
plane of the slide). The PSF can be determined by examining the distribution of blurred light
emitted from a point source object, a small bead, for example, when the objective is focused
through the object (Figure 3-1A). Almost all of the smearing in a modern microscope occurs
in the objective lens, and a PSF must be experimentally determined for each objective.
Blurring can then be computationally corrected by deconvolving the stack of 2D images with
the PSF (see Ref. 2). The result is an accurate 3D representation of the object. In applying

deconvolution methods, it is important to distinguish between constrained iterative
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deconvolution (Gold, 1964; Jansson, 1970; Swedlow, 1997), in which the quality of the data
is fundamentally improved, and nearest-neighbors deconvolution, which is little more than a
filtering method. For high quality work, constrained iterative deconvolution must be
performed, usually using commercial packages from Applied Precision (SoftWoRx;
www.api.com), Intelligent Imaging Innovations (SlideBook; www.intelligent-imaging.com),
or AutoQuant (AutoDeblur; www.autoquant.com) to name a few. It is also important to note
that careful sample preparation and acquisition are essential for good results. Deconvolution
is designed to correct computationally for a well-understood smearing effect imposed by

microscope optics, not to make poor quality data look good.

Three characteristics distinguish good and bad quality images. The first is optical
distortion. With modern apochromat objectives, the field of view is typically very flat and
the biggest concern is spherical aberration, a problem that can be controlled optimizing the
immersion oil. In multicolor imaging, one must also worry about shifts in the position of
objects from one channel to the next (Dunn and Maxfield, 1998; Kozubek and Matula, 2000).
If this chromatic aberration is large, something is probably wrong with the objective. Small
shifts are observed even with very good objectives however, and can be dealt with
computationally. A second characteristic of good images is accuracy in intensity. Modern
scientific grade CCD cameras typically have a dynamic range of 10° to 10* (12 bit depth),
low thermal noise, and the capacity for quantitative recording from biological structures
(Hiraoka et al., 1987). The key to recording intensities accurately is to correct for out-of-
focus light (by deconvolution, for example) and to select recording conditions that maximize
the signal-to-noise ratio (SNR). A third characteristic of a good image or image series (e.g,,

a movie) is high spatial and temporal resolution. The most commonly used definition of
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spatial resolution is the Rayleigh limit, the minimum separation for two point sources such
that their intensity distributions overlap approximately at their half-maximal values (Figure
3-1B). Using a DeltaVision microscope and the methods described in this chapter, we can
achieve a Rayleigh resolution of 225 nm in X-Y and 400 nm in Z. Tt should be noted,
however, that objects as close as 150 nm can easily be discriminated and changes in position
as small as 5-10 nm can be resolved when objects are tracked from one time point to the next
(Figure 3-1C) (Bobroff, 1986; Danuser et al., 2000). In time-lapse studies, temporal
resolution is also an issue, and a good rule of thumb is that periodic motion must be sampled

at a minimum of twice its highest frequency (the Nyquist limit; Figure 3-1D, E).
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Figure 3-1. Image formation and resolution in an optical microscope

(A) Point spread function. Cross-sectional view of a sub-resolution bead. A stack of
images is obtained by incrementally moving the focus through the fluorescent bead (along Z)
while collecting 2D (X-Y) images at each step. The collection of 2D images is rotated 90° so
and a single cross-sectional plane through the center of the Z-stack is shown. The conical
pattern of light above and below the bead shows the smearing effect imposed by the
objective lens and represents the point spread function (PSF) (B) The Rayleigh limit. Cross-
section along the X or Y axis of the emitted light from two point source objects (this
distribution is approximated by a bessel function). The Rayleigh criteria determines the
minimum distance between the two objects at which they can be distinguished. More
precisely, it is the point at which the first trough in the intensity distribution of one object is
coincident with the intensity peak of the second object. For two equal intensity objects, this
occurs at about 42% of their maximal intensity (Bracegirdle, 1998). (C) Minimum step size.
Even if a bead is displaced in a time series by less than the Rayleigh limit, its motion can still
be detected. Under optimal conditions the minimum step size that can be measured is on the
order of 10 nm. (D, E) Nyquist criteria in a time series. Plots representing the sinusoidal
movement of an object relative to a fixed point over time with a frequency of 0.5 Hz. In
panel (D), data is collected every second and the frequency correctly determined (even if the
waveform is not known). In contrast, when samples are taken every three seconds (panel E)
the frequency is incorrectly determined. The possibility of aliasing makes it important to
collect datapoints at a minimum of twice the highest frequency of the motion.
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3.3 Preparing the biological sample

Strain construction. A first step in obtaining good images is to use a bright label. A large
number of GFP variants have been isolated and new ones are reported all the time (reviewed
in Ref. 11). Currently, the brightest GFP molecule is enhanced GFP (EGFP) and its variants,
with an excitation peak at 488 nm and an emission peak at 508 nm (Heim and Tsien, 1996).
Cyan (CFP), yellow (YFP), and blue (BFP) derivatives can also be used in yeast. The CFP-
YFP combination has the noteworthy property of forming a FRET (fluorescence energy
resonance transfer) pair (Miyawaki et al., 1997). In FRET, the light emitted by one
fluorophore has the potential to excite a nearby second fluorophore so that the physical
proximity of the two fluorophores can be studied. Typically, we fuse GFP to the extreme C-
termint of proteins by one-step integration into the genome, thereby replacing the
endogenous gene with a tagged version. In at least 20 of the 25 essential genes we have

examined, functional C-terminal fusions could be generated (He et al., 2001).

3.3.1 Growth conditions.

Autofluorescence is a significant problem with yeast, particularly with strains that are ade”.
An itermediate in adenine biosynthesis, phosphoribosylaminoimidazole (Stotz and Linder,
1990} accumulates to high levels in ade” cells (Ishiguro, 1989) and is highly fluorescent in
GFP channels. Autofluorescence can be minimized in both ade” and ADE" strains by
growing them in SD media supplemented with essential amino acids, 20 pg/ml adenine and a
carbon source. Cultures must be maintained below 5 x 10° cells per ml for 4-10 generations

and the medium should be refreshed prior to imaging.
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3.3.2 Mounting cells for microscopy.

Two methods are available for mounting cells, depending on the length of time that they are
to be kept growing. For short duration observations of live cells (1 hour or less) and fixed
samples, cells are suspended in a small amount of medium, the medium is applied directly to
a microscope slide and a cover glass is pressed in placed and scaled with petroleum jelly.
Mounting substrates (such as poly-L-lysine) are not necessary because surface tension is
enough to exert a slight positive pressure on the sample and hold the cells in place. For long
duration observations, cells are maintained on a pad of 1.2% agarose formed in a slide with a
shallow depression. The use of an agarose pad is especially important for time-lapse
experiments that run for several generations. However, the pad-free method is simpler,

suitable for fixed cells, and also optically superior.

3.3.2.1 Preparing slides with agar pads for live-cell microscopy

1. Prepare a solution of 1.2% (w/v) agarose in SD medium supplemented with a complete
mixture of essential amino acids (Bio 101; www.bio101.com), 20 pg/ml of additional

adenine, and a carbon source. Make sure that the agarose is completely melted.

2. Add approximately 200 ul of melted agarose to a slide fabricated with a shallow
hemispherical depression (VWR: 48324-001) and prewarmed to 60°C. Quickly cover the
agarose-filled depression with a regular microscopy slide (the “top-slide™) by placing the
top-slide at one end of the depression-slide and moving the top-slide over the agarose
while pressing down with your thumbs. It is essential that no air pockets are trapped in
the agarose during this process and that the agarose forms a smooth and very flat bed
above the well. Hold the top-slide tightly over the depression slide for 2 min while the

agarose hardens. Leave the top-slide in place until the cell culture is ready for mounting.
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With a little practice this method will become routine. We have found it to be more
reliable than the competing method of cutting out small agarose blocks and transplanting

themn into slides.

3. Prepare a 22 x 22 mm, No. 1.5 (0.16 - 0.19 mm), cover glass (VWR: 48367-106) for
mounting by first cleaning any dust particles from the cover glass using a precision wipe
(Kimwipe) and hand blower (e.g. Bergeon Blower 3B-750 from
www.watchmakertools.com). Cleaning is important because dust and other particles
prevent a tight seal between the cover glass and the agarose pad. Never use Dustoff or
stmilar compressed gas products because they usually contain small, highly fluorescent

particles.

4. Apply a very fine band of pure petroleum jelly (Vaseline) to the extreme edge of the
cover glass. This should be done to all four sides by adding a small amount of jelly with
a pipette tip to one corner and running a finger lightly along the edge to distribute the
jelly evenly. The jelly prevents rapid evaporation of the media and creates a better seal
when the cover glass is applied to the depression slide. Be careful not to get any jelly on

the microscope objectives.

3.3.2.2 Mounting cells on agar pads
1. Transfer 1 - 2 ml of log-phase cell culture to an eppendorf tube and spin at highest speed

(14,000 rpm, ~20,000 x g) for 1 min to pellet the cells.

2. Remove the supernatant from the eppendorf tube and resuspend the cells in 0.05 —0.10
ml of fresh media. The volume used to suspend the cells depends on the size of the cell

pellet in the previous step. For 1 x 107 cells, use 0.75 ml. After removing the top-slide
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from the depression-slide and exposing the agarose bed (this is done by sliding the top-
slide toward one end of the depression-slide to release the seal between the two slides),
transfer 2.2 nl of cell culture to the agarose and gently place the cover glass over the cell
culture. To create a tight seal, apply a very light amount of pressure at the extreme edges
of the cover glass. Care should be taken because pressing too hard can damage or crush

the cells between the cover glass and microscope slide.

If necessary, spot a little nail polish at the four corners of the cover glass (this is only
required for extended time courses of greater than 4 - 5 hours since small bubbles are

generated by the yeast and cause the cover glass to pull away from the agarose bed).

3.3.2.3 Mounting live cells without agar pads

For short duration observations, cells are mounted directly between a slide and cover glass.

The use of a depression-slide is not required.

1.

Transfer 1 - 2 ml of log-phase cell culture to an eppendorf tube and spin at highest speed

(14,000 rpm, ~20,000 x g) for 1 min to pellet the cells.

Remove the supernatant from the eppendorf tube and resuspend the cells in 0.05 — 0.10

ml of fresh media.

Mount washed cells by spotting 2.2 pl on a dust-free slide and then pressing the cover
glass firmly in place. Surface tension holds the cover glass in place fairly well, but it
helps to seal it in place using nail polish. The sample is good for about an hour until

carbon dioxide production causes the cover slip to bow outward.
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3.3.3 Fixing cells with paraformaldehyde and mounting

Proteins tagged with GFP and its variants can also be localized in cells fixed with

paraformaldehyde. Imaging fixed cells is advantageous when performing colocalization with
dim signals and does not require the use of a depression-slide. Additionally, since GFP is less
sensitive to photobleaching than other chemical fluorophores, the use of anti-fade or glycerol

based mounting media is usually not required.

1. To 6.875 ml of fresh culture, add 0.125 ml of EM grade 16% aqueous paraformaldehyde
(Electron Microscopy Sciences No: 15710; www.emsdiasum.com/ems) for a final

concentration of 2% w/v and mix by inversion for 10 min at 25°C.
2. Pellet cells in an Eppendorf centrifuge for 2 min at highest speed (20,000 x g).

3. Remove the supernatent and resuspend the cell pellet in 1.0 ml of 0.1 M K-POy, pH 6.6,
Wash the cell pellet for 10 min at 25°C to remove excess formaldehyde before re-
pelleting cells again and resuspending in 0.05 — 0.10 ml of K-PO, buffer (volume varies

with cell density).

4. To image the cellular DNA, DAPI (4,6-diamidino-2-phenylindole) (Palmer et al., 1989)
is added to a final concentration of 3 pg/ml into the K-PO, buffer and incubated for 30
seconds. Excess DAPI is then washed out by performing three additional rounds of

centrifugation and resuspension in K-PO, buffer.

5. Mount 2.2 pl of washed cells on a dust-free slide as described above.
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3.4 Optimizing Microscope Optics

Obtaining high quality images involves optimizing the optics of the microscope, illumination
conditions and camera settings. We do not discuss the selection of objectives and cameras,
referring the reader to the chapter by Kron, 2002 found in the same text as this original

article, and instead concentrate on user-adjustable settings and conditions.

3.4.1 Selecting Filters.

In an Epiflourescence microscope, the excitation and emission wavelengths are selected by
three optical elements: an excitation filter, a beamsplitter and an emission filter (see
Davidson and Abramowitz, 2001, www.microscopy.fsu.edu, for a detailed discussion of
microscope optics and architecture). Broad spectrum light from the mercury or xenon burner
(lamp) passes through the excitation filter and is reflected by the beamsplitter into the
objective so that it illuminates the sample via the objective. Light emitted by the sample is
collected by the objective and passes through the beamsplitter and then the emission filter
before being recorded by the camera (Figure 3-2A). This optical path relies on a special
property of beamsplitters: they reflect light shorter than a characteristic wavelength but are
transparent to longer wavelengths. Dichroic beamsplitters (or dichroic mirrors) discriminate
between wavelengths at one transition whereas polychroic beamsplitters by more than one.
Longpass and shortpass filters are described by a number denoting the wavelength in
nanometers at which the filter cuts on or off (more precisely, the wavelength for 50%
transmission). Bandpass filters are described by the wavelength of peak emission (the center
wavelength) and the bandwidth (the full width at half maximum transmission) (e.g., 520/20).
These features are most easily understood with reference to a plot of filter performance

(Figure 3-2B).
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Figure 3-2. Filtering elements in an epifluorescent microscope.

(A) A typical filter cube showing the positions and spectral properties of the excitation filter,
beamsplitter and emission filter. Light from the mercury or xenon bumer (lamp) enters the
microscope from right. Only those photons between 450 — 500 nm pass through the
excitation filter before being reflected by the angled beamsplitter up through the objective
lens and to the veast cell. The excitation causes the GFP molecule in the yeast to emit
photons at 508 nm which are then collected by the objective and focused down through the
beamslitter and onto the emission filter. Only photons above 508 nm pass through the
emission filter and reach the eye piece and CCD camera, (B) Graphs representing Chroma’s
bandpass and longpass filter sets. The 4101 8 filter set 1s also illustrated in A.
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Filter manufacturers such as Omega Optical (www.omegafilters.com) and Chroma
(www.chroma.com) combine these elements into sets (sometimes called filter cubes) suitable
for various applications (Table 3-1). With each set the goal is to achieve the maximum
signal strength, particularly in the emission channel, while minimizing interference from
autoflourescence and, in multispectral images, from other fluorophores. However, a tradeoff
1s made between sensitivity and selectivity with every set. Because the optimal choice is
dictated by the application, companies such as Chroma sell many different EGFP filter sets,
each with a different combination of elements. By examining the characteristics of each
element in these sets it is possible to make a good guess about which will work best for a

particular application although some empirical experimentation is often required as well.

For single-color recording from cells carrying EGFP, we use Chroma filter set 41018
whose 500LP longpass emission filter provides good sensitivity (Figure 3-2B). When
autofluorescence is a problem, particularly with ade™ strains, the use of the 41017 set with a
bandpass emission filter is helpful (Table 3-1). With appropriate filters, dual-color recording
of CFP and EGFP can be accomplished with relatively little bleedthrough and with good -
signal strength. If you are examining proteins present in a cell at different amounts, the less
abundant one should be tagged with EGFP since it is considerably brighter (Heim et al.,
1995; Heim et al., 1994). An altemative approach to dual color imaging is to use CFP and
YFP with the Chroma 86002 filter set (which contains two emission and excitation filters).
The signal from YFP is considerably less intense than EGFP but bleedthrough into the CFP
channel is negligible. It should also be noted that CFP and YFP can be used as a FRET pair

with the Chroma 86002 set (Miyawaki et al., 1997). Chroma provides an excellent
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downloadable guide to these filter sets and additional information on fluorescent proteins can

be found in Patterson et al., 2001.

Table 3-1. Selected Filter Sets for Epifluorescence Microscopy with GFP

Molecules
Fluorophores Excitation | Beamsplitter | Emission Manufacturer/ | Notes
Catalog No.

EGFP (Bandpass) | HQ470/40x | Q495LP HQ525/50m | Chroma/41017 | Wide emission
range for highest
intensity

EGFP (Longpass) | HQ470/40x | Q495LP HQS500LP Chroma/41018 | Higher selectivity in
cases of
autofluorescence
problems

EGFP and YFP 5460/20x 86001bs’ S500/22m Chroma/86001 | For EGFP

$523/20x | 86001bs” S568/50m For EYFP

YFP and CFP $500/20x 86002bs* $535/30m Chroma/86002 | For EYFP

5436/10x 86002bs” §470/30m For ECFP

BFP and EGFP 5380/30x 86003bs S445/40m Chroma/86003 | For BFP

S485/40m | 86003bs 8535/50m For EGFP
BFP and GFP XF1048 XF2041 XF3054 Omega/XF50 | Designed for
. simultaneous
imaging of BFP and
GFP

CFP and YFP XF1078 XF2065 XF3099 Omega/XF135 | Multi-band set
allowing
simultaneous
visualization of CFP
and YFP

Notes:

* The prefix and suffix letters indicate special features of the filters. HQ denotes a high
efficiency filter, LP is long pass, S is single band, x is excitation, m is emission, bs is
beamsphtrer XF is standard fluorescence.
b JP3 — Multi-band (polychroic) Beamsplitter for EGFP and EYFP
¢ JP4 Multi-band (polychroic) Beamsplitter for ECFP and EYFP

4 Chroma provides an excellent downloadable guide to these filter sets.

* Information on fluorescent proteins can be found in Patterson et al., 2001.

As discussed below, phototoxXicity is often a problem in live-cell analysis and any

unwanted light that leaks through the excitation filter (particularly in the UV range) should
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be blocked. We typically add a HQ500LP longpass emission filter and an infra-red blocking
filter in series with the excitation filter. This can be accomplished by inserting filters in the
cube, the excitation filter wheel, or the auxiliary positions in the epiflourescence module,
depending on the arrangement of your microscope. We have also noticed that, over time,
filters develop small imperfections and pinhole defects. For critical live-cell work, filters

should be replaced after about six months of heavy use.

3.4.2 Kohlerv. critical illumination.

Normally microscopes are aligned so that the light source is focused at the condenser
aperture to produce an even and unfocused source of light in the specimen plane (Kohler
illumination; see Kron, 2002). However, with small objects, such as yeast, in which the
entire field does not need to be illuminated, it can be advantageous to focus the light source
on the image plane (critical illumination). By using critical illumination, the partial confocal
effect of the microscope is maximized and the resolution in Z increased (Swedlow, 1997).
Critical illumination produces unacceptably uneven light with standard collector lenses, but
works well if a fiber optic scrambler is used to direct the light into the microscope from the

burner, as in a DeltaVision microscope.

3.4.3 Selecting cover glass.

The cover glass is a component of a microscope’s optical train and objectives are typically
designed to work with a particular thickness of cover glass, usually number 1.5 (0.16 — 0.19
mm thick). For the most precise work, it is a good idea to measure the thickness of the cover
glass and to use only those within £0.02 mm of nominal dimension. A Mititoyo micrometer

suitable for this purpose can be purchased inexpensively from www.mscdirect.com.
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3.4.4 Temperature control.

For many live cell microscope experiments, particularly those involving temperature
sensitive alleles, it is necessary to maintain cells at elevated temperatures. In our experience,
1t is necessary to heat both the agarose depression slide with a stage heater and the objective
with an objective heater (Figure 3-3A, B). A commercial stage heater with resistive heating
and a temperature controller can be purchased from Instec (www.instec.com). Alternatively,
a simple stage heater can be fabricated by drilling channels in a brass block and then
circulating warm water from a heated bath through the block. Because the objective and
slide are coupled thermally via the immersion oil, the objective acts as a heat sink and causes
unwanted local cooling. To avoid this, a heating element (available from Bioptechs Inc.,
www.bioptechs.com) is mounted to the objective and maintains the objective at the same
temperature as the stage heater. The temperature of the sample is monitored using a
subminiature RTD probe mounted on the slide adjacent to the sample (available from

Omega; www.omega.com).
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Figure 3-3. Schematic of the temperature control apparatus.

(A) Elevated temperatures are maintained by a heat block and objective heater. Yeast cells
are first mounted on an agarose pad formed in a “depression-slide” that has a small
hemispherical depression. (B) The yeast cells are held tightly between the agarose and cover
glass without damage. Although we have depicted an inverted microscope configuration,
this system can work equally well with an upright microscope. The slide is held on the
underside of a stage heater by metal clips. A small amount of immersion oil is added to the
cover glass and objective. Both the slide and heat block are then placed above the objective
lens. Remember to check that the objective is not adjusted too high, since the weight of the
heat block on the objective can damage the yeast cells or even crack the cover glass. The
objective heater is adjusted to the same temperature as the stage heater and acts to prevent the
objective from cooling the sample.
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3.4.5 Minimizing spherical aberration through oil matching.

Spherical aberration causes light from the sample to be focused at different positions
depending on where the light passes through the objective (Figure 3-4A). Thus, spherical
aberration diminishes the quality of the image and causes a substantial loss of data. Spherical
aberration can be minimized, however, through the choice of appropriate immersion oils.
(These can be obtained in convenient kits or individual bottles with refractive values between
1.500 — 1.534 in increments of 0.002 from Applied Precision, Inc; www.api.com.) By
changing the refractive index of the immersion oil, it is possible to correct for differences in
the mounting media, the thickness of the cover glass and, most importantly, the temperature.
The choice of mounting oil is based on an analysis of the 3D PSF under different conditions.
Image a point source, such as a fluorescent bead (0.1 pm beads in the TetraSpeck Fluorescent
Sampler Kit , Molecular Probes, Inc; part number T-7284, www.molecularprobes.com and
mounted to poly-L-lysine coated slides) or small bright object in a cell (we routinely use
GFP-tagged spindle pole bodies) by acquiring a stack of forty Z-sections spaced 0.25 um
apart. To examine the PSF, rotate the image stack 90° so that the slices are viewed edge-on
and then move through the Z-X planes until the bead is in view (Figure 3-4B). Compare the
cone of light above and below the brightest point. A symmetrical pair of cones indicates
optimal conditions and asymmetric cones indicate the presence of spherical aberration
(Hiraoka et al., 1990; Swedlow, 1997). Adjust the immersion oil until the PSF is symmetric.
Once optimal conditions have been determined they should remain constant for a given
objective, mounting medium and temperature, but be prepared to make adjustments when a

new batch of cover slips is used.
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Figure 3-4. The effects of spherical aberration on the point spread function.

(A) Spherical aberration occurs when the rays of light collected from the outer edges of the
lens (dashed lines) and those collected from the central portions (solid lines) do not focus to
the same longitudinal position. The amount of aberration is affected by refraction at the
interfaces between the immersion oil and the cover glass and between the cover glass and the
mounting media. It is important to match these indices. (B) Cross sections of PSFs (from
sub-resolution beads) obtained with refractive oils having index values that are too high,
matched, and too low. The angle or cone of light above and below the fluorescent bead is
represented by 0; and 0., respectively. When the values of 8, and 0, are equal, the amount of
spherical aberration is minimized. When the refractive index of the immersion oil is
incorrectly matched to the conditions, the values of 6, and 8, are not equal, and the
fluorescent signal is greatly lengthened (images kindly provided by Paul Goodwin of Applied
Precision Inc).
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3.5 Acquiring Images

In live-cell microscopy, photobleaching and phototoxicity impose a tradeoff between the
exposure time of each image and the total number of images that can be acquired.
Photobleaching, which is also a problem with fixed cell samples, is readily apparent as a
reduction in signal strength (Cubitt et al., 1995; Patterson et al., 1997; Swaminathan et al.,
1997). Phototoxicity can be judged by mounting cells on agarose pads, exposing them to
various amounts of light and then following their growth over several generations. If the
goal of the experiment is accurate observation over a limited time period, we use longer
exposures and brighter illumination (the amount of illumination can be varied using neutral
density filters or an adjustable intensity burner). On the other hand, if the goal is long
duration observation or high temporal resolution, we reduce exposure time to the shortest

period in which an interpretable image can be acquired.

3.5.1 Camera settings.

The speed, size, and resolution of the image must also be weighed when programming the
camera. The fastest high-sensitivity CCD cameras are capable of 4-6 full frames per second
but 1-2 per second is more typical. However, the frame rate can be increased by reducing the
image size. Epiflourescence microscopes are usually equipped with a “megapixel” camera
whose CCD contains a photosensitive array of about 1024 x 1024 pixels. Even with a 100x
objective, a yeast cell fills only a small part of the image (about 128 x 128 pixels). The
camera can be programmed to record data only from a sub-region of the CCD, in some cases
as small as 64 x 64 pixels, increasing the speed several-fold (to as much as 10 — 12 frames
per second, although fixed delays in the camera hardware prevent a linear increase in speed

as the frame size is reduced) and reducing the size of the dramatically. This latter



Chapter 3

PO

consideration is important since a full-frame 3D movie can require as much as a gigabyte of

hard disk storage.

A second way to increase frame rate and decrease file size is to use on-chip binning.
During the acquisition period, each pixel in a CCD converts incident photons into
photoelectrons and stores them in a ‘potential’ well. During the subsequent readout period,
the photoelectrons are shifted through the array until they reach a digitizer (an analog to
digital converter or ADC) where they are converted into a digital signal. Binning refers to a
process whereby the CCD chip adds together the photoelectrons that have accumulated in
several adjacent pixels prior to digitizing them. A binned image can be read out more
quickly than an unbinned image because ADC speed is usually rate limiting in data
acquisition, and the binned image has a higher signal-to-noise ratio (see Roper Scientific at
www roperscientific.com for more detailed information). These advantages do, however,

come at the cost of lower resolution.

The lower limit for a useful exposure is determined by the signal-to-noise ratio (SNR)
of the image. This noise has several sources but can be summarized as arising either from
the CCD itself—read noise—or from random fluctuations in the number of photons that are
counted—shot noise (dark current is negligible in cooled CCDs). Read noise is essentially
constant with variations in signal intensity whereas shot noise varies with the square root of
the signal strength. Thus, very low intensity signals are read noise limited and stronger
signals are shot noise limited. Even with a perfect CCD, the SNR that can be obtained by
counting 100 photoelectrons is about 3-fold better than with 10 photoelectrons. If CCD noise

is 10e” (a realistic value) then the stronger signal will have an SNR at least 8-fold higher.
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The goal is usually to work at an intensity range in which shot noise rather than read noise

predominates. Image SNR is then bound by physical and not electronic limitations.

3.5.2 Viewing and printing the image.

In general, GFP-tagged yeast cells are not very bright and exposures are often in the lower
region of the camera’s dynamic range. 12-bit CCD cameras have 16-times the dynamic range
of CRT (cathode ray tube) screens, and low intensity images therefore appear to be very faint
when viewed on-screen even though they are well within the acceptable range for the CCD.
Thus, it is very important that the digital image be adjusted correctly for viewing. If the
signal on the CCD ranges from 8 to 128 digital units (DU), this will appear on the monitor as
less than 3% of maximum intensity (e.g., virtually black). The range in the digital image, 8
to 128 in this case, must be adjusted to fit the monitor’s gray scale range of 0-256. Usually,
this is accomplished via a histogram tool in the image acquisition software. The result is an
on-screen image with a broad dynamic range. We mention this point since it is our
observation that many inexperienced microscopists overexpose their images, usually on the
basis of its initial appearance on a monitor. Obviously, the noise floor limits the extent with

which low intensity images can be enhanced.

A frequently encountered difficulty with multispectral images is producing a
satisfactory printed copy for publication. In converting an image from an on-screen display
to print, one must contend with the problem of gamut conversion. CRT screens are based on
a red-green-blue (RGB) color space whereas printed images conform to a cyan-magenta-
yellow-black (CMYK) color space. The gamut conversion maps the RGB color values to
CMYK color values, but not all RGB colors can be mapped onto CMYK color space. These

colors are replaced by approximations, most of which appear very muddy. This is a
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particular problem with the bright primary colors typical of fluorescent images. Images also
look quite different on Macintosh, PC, and Unix systems. This arises because the default
brightness, or gamma, of monitors differs with platform but can be fixed by manually

adjusting the gamma.

Gamut conversion from RGB to CMYK is a complex topic with many solutions (see
“Color Management in Photoshop,” www.adobe.com, for more information), but a simple
approach is to export each wavelength in the microscope image as a separate gray-scale TIFF
file. The individual TIFF files from one image are imported into a desktop publishing or
image manipulation program, such as Adobe Photoshop (www.adobe.com), as individual
layers, allowing them to be manipulated and colorized independently. The key to this
process 1s to choose CMYK colors for colorization and not RGB colors. We find that bright
aqua, dark green, and orange-red are usually the most satisfactory choices. Done correctly,
gamut conversion generates an image that can be printed correctly. However, if the monitor
is not calibrated to the color printer, the image that appears on screen will still differ from the
image that is printed. This calibration is accomplished through a color management system

(CMS, see www.color.org.).

3.6 An Example of Imaging GFP-labeled Yeast

Our analysis of kinetochore function and chromosome dynamics provides an example of
applying the methods described above (Goshima and Yanagida, 2000; He et al., 2000; He et
al., 2001; Michaelis et al., 1997; Straight et al., 1997). Kinetochores are DNA-protein
complexes that assemble on centromeric DNA and mediate the attachment of chromosomes
to the microtubules of the mitotic spindle (Hyman and Sorger, 1995). We study the
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recruitment of proteins to kinetochores by tagging them with GFP (Figure 3-5A — C)
(Donaldson and Kilmartin, 1996). To study the effects of inactivating kinetochore proteins
on chromosome movement, mutant alleles are introduced into cells carrying the tetracycline
repressor fused to GFP (TetR-GFP) and a tetracycline operator (TetO) array integrated at one
location in the genome (Michaelis et al., 1997, Straight et al., 1997). These cells also contain
a GFP-tagged spindle pole protein so that both the chromosome and the spindle poles are

marked by bright fluorescent dots (Figure 3-5D, E).

To charactenze a kinetochore protein, we first localize it in paraformaldehyde fixed
cells. One-step integration is used to create C-terminal fusions between the kinetochore
protein and EGFP and between the spindle pole body (SPB) protein Spc42p and CFP
(Donaldson and Kilmartin, 1996). Kinetochores can then be localized relative to the spindle
axis. Imaging is performed on an Applied Precision DeltaVision microscope with a Nikon
TE300 base, a 1.4NA 100X objective, a Princeton Instrument’s MicroMAX camera (Roper
RTE/CCD-1300Y) and some of the filters described in Table 3-1. Z-slices are spaced by
0.15 pm and acquired without binning from a 256 x 256 pixel region of the camera (Figure
3-5A). Typical exposures are 1-2 sec. The raw image is then deconvolved using eight
iterations. Under these conditions, kinetochore and spindle staining can be distinguished

quite clearly (Figure 3-5B, C).

Chromosome dynamics are routinely examined in live cells in which both the
chromosomes and SPBs are labeled with GFP. We acquire twelve to eighteen 50 msec 128 x
128 unbinned Z-stices, separated by 0.20 pm. The extremely short exposures prevent
cellular damage due to photobleaching, making it possible to collect as many as one hundred

3D data-sets with as little as 3 seconds between each set. Deconvolution is then performed
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(Figure 3-5E), allowing the centroids of the spots to be determined accurately (He et al.,
2000; He et al., 2001). Unfortunately, live cell analysis at two wavelengths is problematic
with most wide field microscopes. Switching the filter wheel from the first to the second
excitation wavelength requires approximately one second. Under optimum conditions, if one
switches wavelengths at each Z slice, overall acquisition time for a 15-slice image stack
increases to 15 seconds as compared to approximately 2 — 3 seconds for one color. In our
experiments, fluorescent structures move substantially in this time frame and colocalization
of multi-color organelles is highly unreliable (He et al., 2000). One way to reduce the
acquisition time is to acquire the EGFP image stack first and the CFP stack subsequently. In
this case, however, displacement is observed from one channel to the next and colocalization
is very difficult. No easy solution to this problem exists for wide-field microscopy (in
contrast, a confocal microscope acquires all channels simultaneously using multiple PMTs).
Two recent developments are very fast solid-state wavelength switchers and methods to
record two wavelengths simultaneously (see Optical Insights at www.optical-insights.com).
At the moment, most of our live-cell analysis is performed with cells in which several
structures are labeled with EFGP and we exploit differences in their time-dependent motions

to discriminate among them.
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Figure 3-5. Live and fixed cell examples of imaging kinetochore proteins.

(A, B) Localization of the microtubule binding protein, Stu2p (in red), and alpha-tubulin,
Tublp (in green). Both proteins were fused to vanants of GFP. Panel A 1s a maximum
intensity projection of an unprocessed image stack while panel B shows the same image after
constrained iterative deconvolution (SoftWoRx; www.api.com). The original image was
collected as a stack of twenty, 0.15 pum sections with 2.0 sec exposures for GFP and 2.5 sec
for CFP. The light blue arrows indicate the position of the kinetochores and cortical
attachment site. (C) Image showing the localization of a kinetochore protein, Ndc80p (in
green), and a spindle pole body protein, Spc42p (in red). The cell was fixed using
paraformaldehyde and processed as described above. The graph shows the distributions of
Ndc80p-GFP and Spc42p-CFP signal intensities along the spindle axis. (D) Image of a cell
fixed in paraformaldehyde in which the green dots represent the position of the spindle pole
bodies (yellow arrows) and a chromosome tagged (red arrow) with the TetO/TetR-GFP
system. The DNA is shown in blue. (E) Live cell imaging of a yeast strain containing GFP
tags similar to those shown in part D. The top image series shows a maximum intensity
projection of the raw data while the bottom shows the same dataset after iterative
deconvolution. The original time series was collected as a stack of sixteen sections, 0.25 um
thick, each section was exposed for 50 msec, and time points were taken every 30 seconds.
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3.7 Future Developments in High Performance Microscopy

Over the next few years we can expect high quality imaging software to improve and
iterative deconvolution to become routine on inexpensive workstations. Cameras can
increase about 30% in sensitivity before they hit a theoretical limit but there is potential for
increasing speed up to 10-fold and for significantly reducing read noise. One exciting
development would be the commercial release of wide-field microscopes specialized for
multi-wavelength live-cell microscopy. These microscopes would be designed with digital
imaging in mind and could collect images at two or three wavelengths simultaneously.
Finally, we believe that the development of new image analysis software will be essential to
unlock the full potential of microscope images. This software will be modular and highly
configurable by the user. Using such software, it will be possible to analyze and track very
dim objects with a precision and speed far greater than is possible using current manual

methods.
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3.8 Web Resources

Chroma Filters, www.chroma.com:
An excellent resource for information on microscope filter sets and GFP imaging.
Molecular Expressions Website, www.microscopy.fsu.edu:

A must-see site with a wide range of information on optical microscopy. Includes a

large number of animations on basic microscope concepts.
Nikon Microscopy U, www.microscopyu.com:
A commercial site with several good animations.
Omega Filters, www.omegafilters.com:
One of the two major filter manufacturers. Contains information of filter spectra.
Roper Scientific, www.roperscientific.com:
Contains a good library of articles on cameras and their use.
Zeiss, www.zeiss.com:

The microscope section contains some helpful guides on microscope alignment and

use.

123




Chapter 3

]

3.9 References

Bobroff, N. (1986). Position measurement with a resolution and noise-limited instrument.
Rev Sci Instrum 57,1152-1157.

Bracegirdle, S. B. a. B. (1998). Introduction to Light Microscopy, Vol 42 (New York,
Springer-Verlag New York Inc.).

Chalfie, M., Tu, Y., Euskirchen, G., Ward, W. W_, and Prasher, D. C. (1994). Green
fluorescent protein as a marker for gene expression. Science 263, 802-805.

Cubitt, A. B., Heim, R., Adams, S. R., Boyd, A. E,, Gross, L. A, and Tsien, R. Y. (1995).
Understanding, improving and using green fluorescent proteins. Trends Biochem Sci 20, 448-
455.

Danuser, G., Tran, P., and Salmon, E. (2000). Tracking differential interference contrast
diffraction line images with nonometre sensitivity. J Microscopy 198, 34-53.

Davidson, M. W., and Abramowitz, M. (2001). Optical Microscopy (The Florida State
University & Olympus America Inc.).

Donaldson, A. D., and Kilmartin, J. V. (1996). Spc42p: a phosphorylated component of the
S. cerevisiae spindle pole body (SPD) with an essential function during SPB duplication. .
Cell Biol 132, 887-901.

Dunn, K., and Maxfield, F. R. (1998). Ratio imaging instrumentation. Methods Cell Biol 56,
217-236.

Gold, R. (1964). Report No. ANL-6984 (Chicago, Argonne National Laboratory).

Goodwin, P. C. (1996). Wide-Field Deconvolution vs. Confocal Microscopy of Living Cells.
Scanning 18, 144-145.

Goshima, G., and Yanagida, M. (2000). Establishing biorientation occurs with precocious
separation of the sister kinetochores, but not the arms, in the early spindle of budding yeast.
Cell 100, 619-633.

He, X., Asthana, S., and Sorger, P. K. (2000). Transient sister chromatid separation and
elastic deformation of chromosomes during mitosis in budding yeast. Cell 101, 763-775.

He, X., Rines, D. R, Espelin, C. W., and Sorger, P. K. (2001). Molecular analysis of
kinetochore-microtubule attachment in budding yeast. Cell 106, 195-206.

Heim, R., Cubitt, A. B., and Tsien, R. Y. (1995). Improved green fluorescence. Nature 373,
663-664.

124



Chapter 3

————— sttt

Heim, R., Prasher, D. C., and Tsien, R. Y. (1994). Wavelength mutations and
posttranslational autoxidation of green fluorescent protein. Proc Natl Acad Sci US A 91,
12501-12504.

Heim, R., and Tsien, R. Y. (1996). Engineering green fluorescent protein for improved
brightness, longer wavelengths and fluorescence resonance energy transfer. Curr Biol 6, 178-
182.

Hiraoka, Y., Sedat, J. W., and Agard, D. A. (1987). The use of a charge-coupled device for
quantitative optical microscopy of biological structures. Science 238, 36-41.

Hiraoka, Y., Sedat, J. W, and Agard, D. A. (1990). Determination of three-dimensional
imaging properties of a light microscope system. Partial confocal behavior in epifluorescence
microscopy. Biophys J 57, 325-333.

Hyman, A. A., and Sorger, P. K. (1995). Structure and function of kinetochores in budding
yeast. Annu Rev Cell Dev Biol 11, 471-495.

Ishiguro, J. (1989). An abnormal cell division cycle in an AIR carboxylase-deficient mutant
of the fission yeast Schizosaccharomyces pombe. Curr Genet 15, 71-74.

Jansson, P. A., Hunt, R.H., and Plyler, E.K. (1970). J Opt Soc Am 60, 596-599.

Kozubek, M., and Matula, P. (2000). An efficient algorithm for measurement and correction
of chromatic aberrations in fluorescence microscopy. J Microsc 200 Pt 3, 206-217.

Kron, S.J. (2002). Digital time-lapse microscopy of yeast cell growth. Methods Enzymol
351, 3-15.

Michaelis, C., Ciosk, R., and Nasmyth, K. (1997). Cohesins: chromosomal proteins that
prevent premature separation of sister chromatids. Cell 91, 35-45.

Miyawaki, A., Llopis, J., Heim, R., McCaffery, J. M., Adams, J. A., Ikura, M., and Tsien, R.
Y. (1997). Fluorescent indicators for Ca2+ based on green fluorescent proteins and
calmodulin. Nature 388, 882-887.

Palmer, R. E., Koval, M., and Koshland, D. (1989). The dynamics of chromosome movement
in the budding yeast Saccharomyces cerevisiae. J Cell Biol 109, 3355-3366.

Patterson, G., Day, R. N., and Piston, D. (2001). Fluorescent protein spectra. J Cell Sci 114,
837-838.

Patterson, G. H., Knobel, S. M., Sharif, W. D., Kain, S. R., and Piston, D. W. (1997). Use of

the green fluorescent protein and its mutants in quantitative fluorescence microscopy.
Biophys J 73, 2782-2790.

125



Chapter 3

e d

Stotz, A., and Linder, P. (1990). The ADE2 gene from Saccharomyces cerevisiae: sequence
and new vectors. Gene 95, 91-98.

Straight, A. F., Marshall, W. F., Sedat, J. W., and Murray, A. W. (1997). Mitosis in living
budding yeast: anaphase A but no metaphase plate. Science 277, 574-578.

Swaminathan, R., Hoang, C. P., and Verkman, A. S. (1997). Photobleaching recovery and
anisotropy decay of green fluorescent protein GFP-S65T in solution and cells: cytoplasmic

viscosity probed by green fluorescent protein translational and rotational diffusion. Biophys J
72, 1900-1907.

Swedlow, J. R., Sedat, JW., Agard, D.A., ed. (1997). Deconvolution in Optical Microscopy,
2nd edn (Academic Press).

126



CHAPTER 4

The following chapter is adapted, with permission, from Thomann et al., 2002. This work
was done in collaboration with Dominik Thomann and Gaundez Danuser. Dominik Thomann
developed all algorithms, theoretical modeling, software and spot detection methods as
illustrated in Figures 4-2, 4-3, 4-4, 4-5, 4-6 and 4-7.

Thomann, D., Rines, D. R., Sorger, P. K., and Danuser, G. (2002). Automatic fluorescent tag
detection in 3D with super-resolution: application to the analysis of chromosome movement.
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41 Summary

In this paper, we describe an algorithmic framework for the automatic detection of
diffraction-limited fluorescent spots in 3D optical images at a separation below the Rayleigh
limit, that is, with super-resolution. We demonstrate the potential of super-resolution
detection by tracking fluorescently tagged chromosomes during mitosis in budding yeast.
Our biological objective is to identify and analyze the proteins responsible for the generation
of tensile force during chromosome segregation. Dynamic measurements in living cells are
made possible by GFP-tagging chromosomes and spindle pole bodies to generate cells
carrying four fluorescent spots, and observe the motion of the spots over time using 3D-
fluorescence microscopy. The central problem in spot detection arises with the partial or
complete overlap of spots when tagged objects are separated by distances below the
resolution of the optics. To detect multiple spots under these conditions, a set of candidate
mixture models is built, and the best candidate is selected from the set based on xz-statistics

of the residuals in least-square fits of the models to the image data.

Even with images having an SNR as low as 5 to 10, we are able to increase the
resolution two-fold below the Rayleigh limit. In images with an SNR of 5 to 10, the accuracy
with which isolated tags can be localized is less than 5 nanometers. For two tags separated by
less than the Rayleigh limit, the localization accuracy is found to be between 10-20nm,
depending on the effective point-to-point distance. This indicates the intimate relationship

between resolution and localization accuracy.
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4.2 Introduction

One of the most powerful approaches to study cell biological processes has evolved in the
form of dynamic analysis of sub-cellular structures such as organelles, vesicles, and the
cytoskeleton by localizing and tracking labeled proteins using light microscopy. The
development of techniques in which target proteins are fused to Green Fluorescent Protein
(GFP) makes it straightforward to label specific macro-molecular structures in vivo. Optical
microscopes and digital imaging have advanced to the point where the recording of time-
lapse series of 3D images at multiple wavelengths from living cells (frequently referred to as
5D imaging) has become routine in many labs. However, the methods for analyzing these
images and for the extraction of accurate quantitative data of the localization and dynamics
of biological structures are much less developed. This is particularly true in the case of
structures that are small relative to the resolving power of optical microscopes and appear in
images as diffraction-limited spots. Manual analysis is usually inappropriate in this situation.
Several methods have been reported for automated detection and localization of spots
(Table 4-1). Most of these papers address the problem only in two dimensions and neglect
the case of partially overlapping spots. This situation occurs whenever fluorescent markers
are positioned at distances below the diffraction limit. The only paper listed in Table 4-1 that
deals with overlapping spots is the one by (Netten et al., 1997). They apply a non-linear
Laplace filter and thresholding to detect two overlapping spots, but since they are only

interested in the number of present spots they do not localize the spots individually.
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Table 4-1. Overview of the literature on spot detection and tracking.

Most of the articles deal with 2D data only and with non-overlapping spots.

Paper: Dimension | Overlap Application Type
. FISH
Netten, et al.(1997): 2 yes Counting only D
Ghosh & Webb(1994) 2 no SPM D,LT
Cheezum, et al.(2001) 2 no Theoretical T
Kubitscheck, et al.(2000) 2 no SPM D,L
Bornfleth, et al.(1999)
Bornfleth, et al.(1998) 3 no SF b.L.T
Goulian & Simon(2000) 2 no Sp DT
Thompson, et al.(2002) 2 no Theoretical D,L

Legend: D=Detection, L=Localization, T=Tracking, SPM= Single Protein Molecule, SF'=
Subchromsomal foci.

Most of the other methods listed in Table 4-1 rely on conventional linear image
filtering techniques and some type of maximum search strategy, in which the position of a
spot is associated with a peak in the filter response field. Cheezum et al., 2001 and
Thompson et al., 2002 examined the fitting of a 2D-Gaussian to the sub-resolution feature in
order to improve the localization. Although these approaches give good results in localization
accuracy and precision they are usually limited to well-separated spots. This limitation is a
significant because in many biological systems it is necessary to detect and localize
structures that are separated by less than the resolution limit of the optics. Santos and Young,
2000 were, to our knowledge, the first who suggested using multiple Gaussians to improve
the resolution. However, their study is limited to the 2D case and deals with synthetic data
only. The only references in Table 4-1 addressing 3D spot detection are those by Bornfleth
et al., 1998 and Bornfleth et al., 1999. In contrast to the approach presented in this article,

they do not apply a PSF-model in the detection and localization procedure, but perform
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sophisticated image segmentation by a region-growing algorithm that includes prior
knowledge from measured PSFs. This bears the advantage that they can handle spots
representing images of sub-resolution tags as well as spots associated with larger structures at
the same time. However, a region growing approach inherently fails in the segmentation of
two or more spots that are located at less than 1-2 times the Rayleigh distance apart,
dependent on the SNR. The position estimation is accomplished by centroid calculation,
which works fine for symmetric spots, but is significantly biased in case of asymmetry
associated with asymmetric tag distribution in non-subresolution objects, aberrations or
partial fusion of multiple spots.

For noise free images the distance of resolution for equally bright, fluorescent tags is

given by the Rayleigh distances (Inoue, 1995):

d* =061
¥ NA .
1 {Equation 4-1)
ar =222
NA

The two distances correspond to the first root of the point-spread function (PSF) in the lateral
and axial direction, respectively. Also, note that the distances are inversely proportional to
the cutoff frequency of the optical transfer function (OTF). According to Equation 4-1, the
resolution depends on the emission wavelength 4, the numerical aperture N4 of the objective
lens and the refractive index # of the sample medium. For all calculations in this paper, we
choose 4=525, NA=1.4, n=1.33 as these were the parameters of our microscope setup (see
Matenials and Methods).

For many years microscopists have attempted to overcome the limits expressed in

Equation 4-1 using one of two different but complementary sets of resolution-extending

132



Chapter 4

imm e

methods. The first category extends resolution by narrowing the main lobe of the PSF or by
increasing the bandpass of the OTF. Representative PSF engineering methods include the
confocal microscope, which uses a pinhole to narrow the PSF essentially in axial direction, or
the more recently developed multi-photon microscopy and stimulated emission and depletion
(STED) microscopy (Klar et al., 2000), which use non-linear optical effects in fluorescence
excitation and emission to narrow the PSF. Other methods, such as 4Pi microscopy or
fluorescence excitation with structured illumination can be better understood in the
framework of OTF bandpass extension. For a comprehensive review of these optical
approaches we refer to Gustafsson, 1999. The second category of methods does not change
the optical characteristics of the microscope but attempts to recover spatial frequencies
beyond the OTF cut-off using post- acquisition computational analysis. Since they do not
increase but break the optical band-pass of the microscope, we refer to such techniques as
super-resolution methods.

The key to achieving super-resolution is the incorporation of prior knowledge, which
constrains the search space in object reconstruction and permits the extrapolation of object-
space frequencies beyond the cut-off of the OTF (Pask, 1975). Prior knowledge can be
introduced at the level of the raw signal, as for example with the non-negativity constraint
frequently applied to iterative deconvolution of fluorescence image stacks (Carrington et al.,
1995), or on the higher, more symbolic level of visual information, where geometric and
dynamic models of the observed specimen are included (Danuser, 2001).

In this paper we demonstrate the potential of super-resolution for a biological
application: The tracking of chromosomes during mitosis in the budding yeast S. cerevisiae.

Mitotic chromosome segregation is the process by which replicated sister chromatids are

133



Chapter 4

divided equally into two physically separated sets around which daughter cells form. Sister
chromatids are created by DNA replication and bind to the microtubules of the mitotic
spindle, a complex contractile engine comprised of several classes of microtubules and
various motor proteins (Sharp et al., 2000). Chromatids bind to microtubules in pairs via
kinetochores, multi-protein complexes that assemble on centromeric DNA. An essential step
in mitosis is linking one set of sisters to microtubules emanating from one spindle pole and
the other set of sisters to microtubules emanating from the opposite pole to achieve a state of
bipolar attachment. The process of establishing and maintaining bipolar attachment involves
the oscillatory movement of sister chromatid pairs back and forth along the spindle
microtubules. When bipolar attachment is achieved during metaphase, sufficient tension is
imposed on sister chromatids that the chromatin stretches and the sisters separate at their
centromeres but not along their arms as shown in Figure 4-1 (Goshima and Yanagida, 2000;
He et al., 2000; Tanaka et al., 2000 in yeast and Sullivan, 2001 in humans). The metaphase
dynamics of sister centromeres in budding yeast involves transient separation by as much as
0.8 um on a spindle ca. 2 um long, whereas anaphase involves the dissolution of sister
linkage and the sustained movement of chromatids towards the poles.

Our long-term goal is to characterize the movement of yeast chromosomes in
sufficient detail in wild-type and mutant cells such that rates of acceleration can be measured,
forces deduced and a mechanical model of the process developed. Ultimately this mechanical
model will be combined with molecular genetics to determine the roles of various
kinetochore proteins in force generation. Real-time analysis of chromosome movement in

yeast is made possible by labeling individual chromosomes with GFP (see Materials and

134



Chapter 4

w—

Methods). The challenge is to track GFP tags with high precision and at different degrees of
separation in 3D movies comprising 1000 or more 2D optical slices.

As a first step in our long-term program, we report the development of a fully
automated tool for chromosome and spindle pole body (SBP) detection that incorporates
super-resolution techniques. The prior knowledge necessary to formulate the constraints for
super-resolution detection is the assumption that each spot visible in the 3D image represents
the band-limited projection of a finite number of sub-resolution GFP tags. In other words,
spots are comprised of a finite number of superimposed PSFs. We find that this weak
constraint suffices to improve the resolution between a factor of two and three relative to the
classical limit (Equation 4-1). In the future, we intend to use more sophisticated constraints
based on a mechanical model of mitotic spindle dynamics. The better our mechanical model,
the stronger the constraints and the greater the power of the super-resolution tracking, This
illustrates the close and fundamental interaction between data analysis and biological
modeling in the development of optimized analytic routines.

The rest of the paper is organized as follows: In the following section we describe the
materials and methods for 3D live cell imaging. The section “Algorithm for 3D Spot
Detection with Super-Resolution” starts with mathematical preliminaries concerning the PSF
and explains the spot detection algorithm in detail. In the “Results” section, we first present
results on biological data and then assess the theoretical limits and performance of the
algorithm using synthetic data. In the “Discussion”, we summarize and discuss the main

findings of our work and give an outlook on future extensions.
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4.3 Materials and Methods

Our analysis of chromosome dynamics in yeast is based on the construction of strains in
which chromosomes can be tracked relative to the spindle axis (He et al., 2000; He et al.,
2001). The combined tracking of chromosomes and the spindle poles is essential to
distinguish between chromosome movements driven by kinetochores and motion induced by
the rapid movement of the nucleus under the influence of astral microtubules. Additional
motion can arise from drift in the microscope stage and whole-cell relocations in the buffer
due to volume variation of the mounting gel. All of these kinetochore independent motions

are eliminated by using a spindle-centered reference frame.

Chromosomes are tagged with GFP by integrating a tandem array of 100-250
tetracycline (TET) operator sequences (p306tetO,%224) at a unique site in the genome and
then expressing a fusion between the DNA-binding TET repressor (TetR) and GFP. A
typical array spans 11 kb of DNA, or about 3.5 pm of linear B-form DNA, but in mitotic
yeast cells the DNA is compacted approximately 200-fold. When chromosomes are not
under tension, chromosome tags are estimated to span about 25 nm and appear as diffraction
limited spots as shown in Figure 4-1. When chromosomes stretch they can become deformed
into linear structures as much as 750 nm long. In this paper, we make the assumption that
chromosome tags are well represented by diffraction-limited spots, as indicated in Figure 4-1,
for both relaxed chromosomes and chromosomes under tension. We consider the issue of tag

deformation as an exceptional case and will propose a solution to this problem in the

Discussion.
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Figure 4-1. Mitosis in budding yeast

Top row: Schematic of the mitotic spindle in budding yeast.

Bottom row: Two-dimensional projection (maximum intensity projection) of 3D image data
illustrating the states above. The data of this process has been acquired using a Delta Vision
optical section microscope, equipped with 100x 1.4NA objective and Roper RTE camera.

a) Microtubules connect to the chromosomes through kinetochores. Black dots represent GFP
tags embedded in the chromatids near centromeric DNA (CEN) and in the two spindle pole
bodies (SPB). b) Once bipolar attachment is established, the spindle exerts opposing tensile
forces that pull the centromeres apart reversibly. However, for most of the time points, the
kinetochore tags cannot be separated visibly. ¢) Eventually, enough force is developed within
the spindle to cause the sister centromeres to be visibly resolved, although the signal has
become weak since the number of fluorophores are now physically cut in half and due to
some amount of photo-bleaching,
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TET operator arrays were inserted approximately 2kb (representing 5-10nm of
compacted chromatin) from the CEN-IV. Thus, the chromosome tags allow proper
visualization of the location of the kinetochores. The location of the mitotic spindle is
determined by marking the spindle pole bodies (SPBs) with a GFP-fusion to an integral pole
protein, Spc42p. Spe42p is present at ca. 1000 copies per SPB and is a component of the
crystalline central plaque. EM reveals that this central plaque has dimensions of ca. 0.2 pm
and it is therefore accurately represented as a point source in fluorescence images (Bullitt et

al., 1997).

Live cell imaging was performed using a Deltavision optical sectioning microscope
on a Nikon TE200 base with a 100X/1.4NA objective and Roper RTE camera (Applied
Precision, Inc.; Issaquah, WA). 3-D image stacks consisting of 16-20 optical slices separated
by 0.2 pm with exposures ranging from 0.10-0.05 seconds we recorded every 0.5 to 30 sec to
generate 3D movies. These short exposures were necessary to capture the high dynamics of
the spindle; to minimize photo-bleaching so that movies could be recorded over 30 to 40
minutes; and to avoid photo-damage, thereby keeping the sample viable for long periods.
Critical illumination was used, giving a spatial resolution of about 0.23 um parallel to the
image plane and 0.71 pm in Z (by Raleigh criteria). Fluorescent filters used for live cell

imaging were EGFP Chroma 41017 and Endow GFP Bandpass Set.

All S. cerevisiae strains used in this study were haploid and derived from S288C
(MATa; trpl-1; leu2-3,12; his3-11, 15, wra3-52, ADE+). Live cell mounts were created by
applying cells, suspended in a small amount of medium, directly to a microscope slide. A

cover glass was applied and sealed in place with petroleum as described in Rines et al., 2002.

138



Chapter 4

4.4 Algorithm for 3DSpot Detection with Super-Resolution

In the following, we describe an algorithm for 3D tag detection with super-resolution. This
system can detect and localize multiple overlapping spot signals. The algorithm runs frame-
by-frame, and the detection is therefore independent of the history of spot detection in
previous frames. In future work, we will employ the detector described here only for the
initialization of a time-propagating tracker that utilizes mathematical and mechanical models

of movement to determine tag displacements between consecutive frames.

4.4.1 A practical 3D model for the point spread function

Because both the kinetochore and SPB tags (in their undeformed states) are sub-resolution
features their images can be approximated by the PSF of the microscope. The theoretical PSF
in the focal plane of an aberration free microscope, normalized to unit intensity, is given by a

Bessel function of the first kind:

PSF(r) :(2J1(ar)]
¥

2xNA
a=
A

(Equation 4-2)

It has been demonstrated that the PSF is well approximated by a Gaussian distribution
(Santos and Young, 2000) for the 2D case. To validate a Gaussian approximation in 3D we
compared it to the PSF model described by Gibson and Lanni, 1991. We first fitted the
Gibson-model to the experimental intensity distribution of a single and isolated GFP spot.
Then, we fitted a 3D Gaussian to the same data. Using the fitting residuals we calculated the
i statistics for both models, yielding x°gipson= 6.01 and y’Gauss=7.0 in units of image
grayvalues. A comparison of the two residual statistics with a Fisher significance test

suggests that, given the relatively low SNR of our image data, the Gibson & Lanni model
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improves the simple 3D Gaussian model for the PSF with a probability of only 30%. Figure
4-2 displays the raw data (a); the Gibson & Lanni model (b); and the Gaussian model in XZ-
sections. The residuals for the Gibson & Lanni model are presented in (d) in central XZ-,
YZ- and XY -sections, and in (e) for the Gaussian model. As the numerical values of the x2
statistics suggest, the residuals of the two models are in the same range and they look
approximately random, which means that they largely reflect fitting errors due to noise. A
minor exception of this conclusion has to be made for the residuals of the Gaussian model in
Figure 4-2¢. They exhibit a small systematic residual near the center, indicating a weak
systematic error of the model. This can be explained by the fact that in our current fitting of
the Gaussian we introduce only the center position and the amplitude as free parameters
while keeping the parameter ¢ fixed (see below). In the presence of small spherical
aberration, which essentially affects the axial (Z) direction, this leads to a slight imperfection
in representing the image of a sub-resolution feature with a 3D Gaussian. Nevertheless, as
discussed below, all the statistical tests employed for the extraction of mixture models are
applied on a confidence level between 95% and 99%. Therefore, the difference of 30%
between the two tested models is practically irrelevant. We chose the 3D Gaussian as our
PSF model despite its minor imperfection. This choice is mainly motivated by computational
considerations. The forward calculation of the Gibson model with a given set of parameters
takes several seconds on a 1.2GHz AMD computer. Unfortunately, the procedure cannot be
parallelized. As the fitting of the model is a non-linear and thus iterative optimization
process, the computation time for localizing one sub-resolution tag increases prohibitively.

Matters get even worse when fitting mixture models of several PSFs (see below).
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Figure 4-2. Comparison of the PSF and Gaussian models

Comparison of a complex PSF model (Gibson and Lanni, 1991) and the more simple
Gaussian approximation fitted to the image of a sub-resolution GFP tag.

The top row shows the central XZ-plane of a) the raw data; b) the fit of the Gibson model; c)
the fit of the Gaussian model. The bottom row shows the central planes of the fitting residual
of d) the Gibson model; ¢) the Gaussian model. Confer text for a detailed analysis of the
residuals.
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An additional simpliftcation of the Gaussian PSF model is the absence of a zero-
crossing. We choose the parameter oxy — the lateral radius for which the intensity of the
approximated PSF drops to 1/e=0.37 times the peak intensity — as the value that provides an
optimal least squares fit of the Gaussian to an aberration-free PSF model relying on Bessel
functions. In this case the Gaussian decreases to about 1% of the maximum intensity at the
position of the first root of the Bessel function. The exact percentage depends on A and the
NA. Notice that this low intensity value sufficiently approximates the exact root of the Bessel
function, the latter also representing the Rayleigh limit. We write the parameter oxy of the
Gaussian as

A
PSF(ro=0.61-—)=0,
NA

2
i

g(ro) = exp(— 5 -)=0.0163 {Equation 4-3)

O xy

A
O 4y (A, NA) = 0.21-—
€ ) I

This parameter is then held fixed during the fitting of Gaussian PSFs to spot images. Using
Equation 4-1, a similar calculation can be made for the axial direction:

An

42

o, (A, NA,n) = 0.66 -

Consequently, for a given set of physical parameters (4, N4, n) the ratio between axy and a7
is fixed. By mapping the continuous object space into the pixelated image space an additional
ratio is introduced accounting for unequal sampling in lateral and axial directions
(representing the typically fine spacing of pixels in the CCD camera and the coarser spacing
of Z-steps between optical slices). This second ratio is determined by the lateral to axial side

length of an image voxel (Pxy/Py).

142



Chapter 4

s,

For the remainder of this paper, we define the parameter ¢ = oxy in [um] and relate to

it:

O'Zz0.3&-0'.

n

The relationships between object space (in pm) and image space (in voxels) that follow from

these equations are summarized in Table 4-2.

Table 4-2. Image space versus object space

Relationship between the image space and the object space and between the parameter oy

used for PSF approximation. A Greek letter denotes that the value is expressed in the image

space, 1.e. in pixels as units. P, P; are the lateral and the axial pixel size respectively.

A b ~2.9
Object | p O =0, =02]-— —o~29,
space P)m /lnNA a, z3.lﬁ-a XYR
[1m] z o, ~0.66-—— 4z o5
i
T
mage 7o T Py Py 1
space 1 o, =3.1 o VA. -
[Pixels) o, = Sz %, - ]
‘T p,

4.4.2 Noise reduction by matched filtering

The requirement of short exposure times for each optical slice so that the sample is not

subjected to excessive photo-damage results in data with typically an SNR = 15 or less (see

“Materials and Methods™). Consequently, the reliable detection of fluorescent spots is a

challenging task. The algorithm has to distinguish between true spots and intensity maxima

arising from background noise. To suppress early on as many noise-related local maxima as
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possible, we filter the raw intensity data 7, with a 3D Gaussian kernel G(¢ o) with the
parameter vector 6=(o¢p, o, o) defined in the image coordinates £=(&#,¢) (see Figure 4-

3a). The parameters are matched to the optics according to Table 4-2 and Equation 4-3 with
JGEoxE=1.

The convolution of the raw intensity data with this kernel results in an intensity volume I{¢&)
that exhibits high responses at the position of potential spots, but contains, compared to the
raw image, fewer noise-induced local maxima. Notice that the Gaussian filter kernel has the
characteristics of amplifying low frequency features at the expense of high frequency

information and hence of spatial resolution.

4.4.3 Spot detection

A 3D local maxima detection is performed on the noise-filtered image /s to generate a set L

of features representing the positions of potential spots:
Lefe eI, |[,E)>1,E+1),7, e {-1,0,1},t= 0} .

Because the SNR of the images is low, noise is often recognized as a feature. Thus, the set L
typically contains many more candidate features than true spots present in the image. A
partitioning of I into true spots and the many noise-induced local maxima applying a simple
threshold is not appropriate because of low SNR. Instead, structural information has to be
employed, where the distinction is made based on differential geometric considerations in R3.
For every local maximum I; € L we calculate the mean intensity I; of a 5o x50 x56 volume
surrounding the local maximum position & and the curvature «; of the intensity distribution in

this point (Figure 4-3b). Note that x; is not the curvature of a 2D surface but of a 3D intensity
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distribution. The curvature is given by the determinant of the Hessian matrix H of the
intensity I¢(E).

HE)=V-V'I,(§)

x;(8) = det(H (€))
Based on these two numbers, we define a spot classification response

s, =1 x,. (Equation 4-4)
This value tums out to be very sensitive in discriminating between features associated with
true spots and artifactual features associated with background noise. After matched filtering
noise-induced local maxima typically exhibit a random distribution of intensity changes in all
directions leading to a low local curvature x. In contrast, true spots are characterized by a
combination of convex intensity distribution in all directions plus a relatively high mean
intensity. Thus, while the mean intensity alone is not sufficient to separate noise-induced
local maxima from true spots, a combined selection based on the concurrence of high
intensity and correct curvature is very effective.

We run a statistical analysis of the data s; V] L. We generate a cumulative histogram
and select a threshold, s;, at the position where the slope of the histogram significantly
flattens. Figure 4-3c displays an example of such a histogram. In the case displayed, all
classification responses except those associated with the three significant spots cluster around
s~(, resulting in an almost infinitely steep slope. It is straightforward in such data to

automatically define s; and partition L accordingly into a set of noise-induced local maxima,

LN, and a set of tag-induced local maxima, L.
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Figure 4-3. Outline of the algorithm

a) Noise reduction with a matched Gaussian filter, where the parameter o is selected to match
the width of a single GFP spot. b) Spot candidate detection by a local maxima operator. The
significance of a local maximum is determined by the spot classification response s defined
in Equation 4-4. It is a measure for the concurrence of high local mean intensity and a convex
intensity distribution. ¢) Cumulative histogram of the spot classification response s over all
local maxima found in one frame of a typical set of biological image data. The large
separation between true spots and local maxima induced by background noise indicates that
the spot classification response is a sensitive measure for robust spot selection. d) Detection
of multiple overlapping spots. A single local maximum detected with the histogram analysis
in ¢) may arise from a superposition of several spots. To find the actual number of underlying
spots we fit a mixture model consisting of multiple kernels to each local maximum. With an
F-Test of the ¥’ statistics of the residuals the number of contributing kemnels is determined. €)
In each frame, the detected spots are classified into spindle pole body (SPB) and kinetochore
(Kin) spots. The SPB spots are simply selected by the longest point-to-point distance. f) Spot
tracking between consecutive time-points is achieved by a minimum search of a
correspondence score, where the score for one spot correspondence configuration consist of
the sum of a weighted minimal distance criterion between corresponding spots. The
computer generated results of steps €) and f) can be verified and manually adjusted, if
necessary, using a specialized graphical user interface.
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4.4.4 Separation of overlapping spots

When two tags are separated by a distance smaller than the optical resolution limit, the
superposition of their images gives rise to a single local maximum only (Figure 4-3d). As
explained in the section titled “Noise reduction by matched filtering,” suppressing noise by
filtering decreases the resolution limit further. We address the problem of unresolved tags
using a module for multiple spot detection. The idea is to build a candidate set of mixture
models, where the best candidate model is selected based on a goodness-of-fit criterion. The
mixture model consists of a superposition of » kernel functions and is formulated, in the case
of diffraction-limited spots, as a superposition of » Gaussians, each one representing a

version of the PSF shifted in space and with variable intensity

M(E,a,b,¢,n) = Z":af-exp(—%(g—cif T (&—c,.)J+b

L =diag(o,,, T > Op)

(Equation 4-5)

The free parameters of the model are the number n of Gaussians, the center positions ¢; of
each Gaussian, the amplitudes g; of the Gaussians and a common background value 4. A
number of techniques have been reported for fitting such mixture models to real data and for
simultaneously determining the number 7 of underlying kemels. The primary challenge is to
trade the goodness of fit against the degrees of freedom of the model: the larger #, the better
is the fit to real data, but the higher is the probability of introducing insignificant kernels. In
our analysis of tagged chromosomes and SPBs, insignificant kemels are prohibitive as they
define the parameters of a non-existing tag. A recent approach to this problem is motivated
by mutual information theory and starts with a large number » of kernels (Yang and

Zwolinski, 2001). Each kernel is tested for its statistical dependency on the other kernels.
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Kernels that are statistically independent are judged to make a significant contribution to the
full model and are retained. In contrast, kernels with strong mutual dependence are
eliminated from the mixture model. Our approach to finding an optimum mixture model is
quite different from that of Yang and Zwolinski, 2001 in that it involves a bottom-up scheme.
We start with a low number of already validated kemels and ask whether additional kernels
are significant. Since our images contain four or fewer objects a small number of underlying
kemnels suffices for the formulation of a mixture model. Moreover, a bottom-up approach

minimizes the inclusion of insignificant kernels. We fit a candidate model of the order # to

the raw data and calculate the residuals R, and the corresponding zfﬂ statistics:

Rn(8) =M (8)—1(8)
D Ru(E) (Equation 4-6)

2 X,¥.2

X =

n

Fn
The degree of freedom ry, is defined as r, =N-p,,, where N is the number of voxels supporting

the fit and p,=4n+7] denotes the number of parameters. We formulate a statistical test

Hyix, =1,

H,: x>z, (Equation 4-7)
2
T = Z;, o F
e

o
to decide whether it is necessary to represent the data with n+7 kernels or if n kernels suffice
(Bevingtion and Robinson, 1992). The test statistics 7" is Fisher distributed and we typically
test on a confidence level a=95%. In practice, we perform these tests as follows: from Lt we
build clusters of local maxima where each member in the cluster has a minimal distance of
90 to all non-member local maxima in Lr. The distance of 9o guarantees that intensities of

any non-member in Lt do not influence the mixed model fit of the cluster.
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The number m 2 1 of cluster members defines a starting value for n. Notice that the
fitting problem is highly non-linear. The initial set of parameters, the center coordinates of
the kernels and the amplitude are derived from the position and intensities of the associated
local maxima. For the fitting we use the MATLAB non-linear least square module Isgnonlin.
This module implements a large-scale algorithm, which is based on the interior-reflective
Newtonian method (Coleman and Li, 1994; Coleman and Li, 1996). After fitting an n-order
model, the procedure is repeated on an #+/ order model. In a random sequence, we assign to
every one of the m original cluster members a candidate partner spot that may have been lost
in the previous noise filtering and local maximum search steps. For initial coordinates, we
simply use the same values for the original and the partner spot and set the initial amplitudes
equal. Applying the test procedure (Equation 4-7), we determine if the number of cluster
members has to be incremented by one new kemel. If so, this additional kernel is included in
all the partner search tests for the remaining spots in the cluster. The procedure is repeated
for all clusters found in Ly, mapping the set It of local maxima into a new set St of
detectable tags. The size of St is equal or larger than the size of It.

The method described above stands in contrast to the mutual information theory
approach, in which a few significant kernels have to be extracted from a large number of
insignificant kernels. Without formal proof, we suggest that for data with a small number of
overlapping spots and low SNR, the bottom-up approach is more stable. In particular, our
strategy allows us to initialize n+/ order fits with almost perfect initial guesses from an #
order fit, and only one weak starting parameter set for the new kernel needs to be introduced.
In top-down approaches, initializations for many unknown and potentially non-significant

kemels have to be made. Depending on the quality of these parameter initializations, the
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mixed model fits can drift badly and the inclusion of non-significant kernels can damage a
model containing highly significant kernels. This problem of estimation drift gets more

prominent when the SNR of the data is low.

4.4.5 Classification of spots

We classify the features in St and associate them with particular objects in the data: GFP-
tagged kinetochores and SPBs (Figure 4-3¢). While the algorithmic steps described above are
generally applicable to any kind of spot detection, the procedures for classifying spots are
specific to the biological system and involve the application of prior knowledge. Because the
trajectories of kinetochores and SPBs are highly characteristic, it is our impression that
human-assisted spot finding makes considerable use of time-dependent information.
However, our current spot finding algorithm works frame by frame and it is not yet possible
to incorporate time-dependence in the analysis. We have, therefore, relied on a geometric
argument to classify SPBs and kinetochores. In general, chromosomes lie inside the spindle
poles and the longest point-to-point distance among four GFP spots is the spindle axis.
Shorter distances are the SPB-kinetochore and kinetochore-kinetochore distances. This
simple approximation appears to be quite reliable in wild-type cells, but is not as reliable
with mutant cells in which the spindle is often shorter due to an imbalance in mitotic forces.
In this case, the system requires operator support in classifying spots. In the future, we

intend to develop more sophisticated approaches to automated spot classification.

4.4.6 Motion analysis

To track spots from one frame to the next, we have implemented an algorithm which selects
a weighted minimal distance of all spots in two consecutive time points. A list of all possible

correspondences of spots in time point 7 to spots in time point 7+ is generated. The sum of
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weighted squared distances is computed for each configuration of correspondences and the
configuration with the minimal score is selected. For an unequal number of spots in
subsequent time points the software distinguishes between two cases: With three and four
spots present the correspondence mapper assumes the fusion or separation of kinetochores
and the scores are calculated including all possible fusions or separations of spots. In all other
cases only the spindle pole tags are mapped. The weight matrix favors spot correspondences
within a typical range of displacement distances and is introduced to decrease the effect of
outliers or falsely detected spots. The score weight for a spot i mapped from time-point ¢ into
a spot j in time-point ¢+/ is calculated according to the following equation:

_larajlz _‘cf < |2

w,=e e {Equation 4-8)

The parameter o is an estimate of the expected variation in spot intensity, e.g. due to
bleaching, the parameter oy the expected range of displacements. In future work, we will
replace this procedure with a proper differential tracking of spot configurations between
consecutive frames. This will allow us to directly extract trajectories and is expected to
further increase the resolution (see the “Discussion” section).

Since the spindle can move and rotate during the acquisition, we transform the
coordinates from a microscope-centered Cartesian frame into a spindle-centered Cartesian
frame in which the chromosome movements relative to the SPBs are easier to analyze.
Because this transformation relies on a correct assignment of SPB and kinetochore tags, we
have to eliminate possible errors in the above described classification scheme. Currently, we
use a specialized graphical user interface where the classification and the mapping of the

spots can be verified and interactively adjusted, if necessary.
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4.5 Results

4.5.1 Performance on biological data

We first present results from the analysis of biological data and then focus on the
performance of the algorithm using synthetic images. The algorithm is designed to work
robustly on large data sets with minimal demand for parameter adjustment between movies.
We did not tweak the parameters for the performance tests, but instead ran the software on
synthetic data under the same conditions as on real imagery.

Initially, the software reads a definition file with optical parameters and the pixel
sizes. From this, the parameter ¢ is calculated and the PSF is formulated according to

Equation 4-3. The corresponding parameters (o, ,0, ) in the image space are derived from

the relations listed in Table 4-2. In addition to the PSF definition, the operator has to set two

parameters manually:

for distinction between local maxima associated with true

1. The threshold ¢, =

and artifactual spots (see Spot detection). The quantity s; represents the spot
classification response (Equation 4-4) of the first spot in the cumulative histogram
considered significant and st+1 denotes the response of the next higher ranked spot.
This means that the algorithm determines the index t of the spot in the cumulative
histogram for which the slope falls below the operator-defined threshold £. As
mentioned before, the parameter S; represents a very sensitive characterization of
local maxima in terms of their probability of being a true spot. In the histogram true
spots do not cluster with the large majority of false spots, resulting in a characteristic
decrease of the histogram slope by a factor 100 or more (Figure 4-3c). Therefore, the
software is very tolerant to non-optimal settings of this slope threshold.
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2. The confidence parameter o used for the statistical testing of mixture models (see the
section titled “Separation of overlapping spots”).

The detection of isolated spots poses no problem for the algorithm even in the case of low
SNR. This is illustrated in Figure 4-4a. In this frame the cell is still in metaphase, the sister
chromatids are closely linked and hence the two kinetochore GFP tags are imaged into a
single spot. Figure 4-4b shows a frame where the sister chromatids are separated. Here the
power of a super-resolution scheme becomes evident. Thanks to the fitting of mixture
models, the software detects two overlapping spots with high positional accuracy.
Figure 4-4c displays the detection result in a time point where the chromatids are pulled

towards the SPBs. In this state the four fluorescent spots are all isolated.
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Figure 4-4. Results of the spot detection algorithm during yeast mitosis.

a) Cell in metaphase: The two SPB spots are isolated and give a strong signal. The sister
chromatids are attached to each other giving rise to an image of the two kinetochore tags as
in a single spot. b) Super-resolution detection of two kinetochore spots. Thanks to the fitting
of mixture models, the software detects two kinetochore tags with high positional accuracy
although the associated spots overlap. ¢) The chromatids are separated and pulled towards the
SPB. In this state, the four fluorescent tags are all separated by more than the Rayleigh
distance and well visible in the image as isolated spots.
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Typically, the image sequences we have analyzed last more than 30 minutes.
Acquiring image stacks every 30 seconds over this extended time period is accompanied by
photo- bleaching, leading to a significant decrease of SNR. Thus, towards the end of the
movies the detection of spots becomes problematic even though the spots may be well
separated. The influence of bleaching on SNR and spot detectability is illustrated in Figure 4-
5. The graphs show the number of spots detected (black line) in comparison to the mean SNR
of all spots (blue line) and the SNR of the weakest spot (red line) in each frame. Figure 4-5a
presents the result from a movie with 100 frames over 50 minutes of data acquisition. The
graph in Figure 4-5b displays the same analysis for a movie with only 60 frames, i.e. 30
minutes of data acquisition. Both movies start with four detected spots and a mean SNR of
10. In the example in Figure 4-5a bleaching is very prominent. After 40 frames the mean
SNR drops to 5 and the weakest spots are detected at an SNR level of about 3. Once this low
level is reached, the algorithm breaks down and only 1 or 2 spots are detected for which the
SNR is above 4. Presumably, they originate from the SPB tags, which contain more
fluorophores than the kinetochore tags. In the example in Figure 4-5b the SNR is much more
stable. Over the period of 60 frames, the mean value drops from 10 to 8§ allowing the
algorithm to detect either 3 or 4 spots for most of the frames. The SNR of the weakest spot
never falls below 4. Notice that in two frames, five spots are detected. The inset in the graph
displays the maximum projection of the second of these frames. With regular contrast
settings, the kinetochore tags are barely visible by eye. Yet, the software extracts one
kinetochore tag position near SPB1 and two kinetochore positions closer to SPB2. We know
that this is biologically not possible (see Figure 4-5b). There are two reasons for such

outliers: 1) The algorithm may split one spot into two spots depending on the confidence level
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of the statistical test (Equation 4-7). For biological data, we set this level to about 90%, with
an error of the first kind of 10%. Notice that for the used statistical test, the error of the
second kind, i.e. the error that artifactually split spots are classified as significant, is the same
as the error of the first kind. Thus, we can decrease the frequency with which outliers are
generated by increasing the confidence level, but this can be accomplished only at the risk of
loosing significant splits that are detected under the present settings. ii) Chromosome tags are
known to get stretched mechanically during metaphase (Goshima and Yanagida, 2000; He et
al., 2000; Sullivan, 2001). This leads to objects whose images do not match the PSF kernels
in the mixture model. Obviously, for stretched tags the mixture model tends to prefer two
kernels instead of one. This problem will be addressed in a future version of the software,
where spots will be tracked differentially with mapping models that not only account for tag
translocation and brightness variation between consecutive frames, but atso for mechanical

deformation.

Table 4-3 summarizes the results of three representative movies we have analyzed in
detail. The left column specifies the number of frames contained by the movie. These values
are divided in column 2 into percentages of frames with 0, 1, 2 or more spots detected. Only
the third movie contains 2 frames with 5 spots and thus obvious outlier data (see Figure 4-
5b). From this, we conclude that our parameter settings are sufficiently conservative that only
few outliers are generated. When all movies are considered, the majority of the frames
contain cither three or four spots. The large number of frames in which we find only three
tagged objects rather than the four present in cells suggests that despite mixture model fitting
many of the kinetochore tags still cannot be resolved. Nevertheless, the benefit of the

mixture model fits becomes evident from the results in columns 3 to 5. Column 3 specifies
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the percentage of spots extracted with mixture model fits. For most of the movies about 25%
of the detectable spots can only be found with a mixture model. And even in the second
movie, where most of the frames contain only 3 spots, 15% of all spots are only detectable
because of the mixture model approach. Colurnns 4 and 5 indicate the improvement due to
mixture model fitting in geometric terms. The mean over all frames of the minimal distance
between isolated points not requiring a mixture model fit amounts to 0.4 — 0.7 um, the
shortest distance found in a whole movie to 0.3 — 0.4 um. Mixture model fitting
systematically decreases these numbers. The mean minimal distance between mixture model
spots lies between 0.3 — 0.45 um. Notice that while these values are still larger than the
lateral Rayleigh distance, they are below the axial limit of resolution. We did not split the
statistics into axial and vertical components. The essential result is given by the absolutely
minimal distance found per movie. For the first movie this is 250 nm, right at the lateral
Rayleigh limit of our optics, while for the two other movies in the table the value drops to
130 nm, a factor 2 below the Rayleigh limit. Notice that this estimate of a super-resolution
factor represents a lower bound, as some of the measured distance vectors have a significant

axial component.
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Figure 4-5. Effects of photobleaching on SNR and detection

The influence of bleaching on SNR and spot detectability is shown for two movies. The
graphs show the number of detected spots (black line) in comparison to the average SNR of
all spots (blue line) and the SNR of the weakest spot (red line). a) The long light exposure in
this 100 frame movie leads to strong bleaching. Below an SNR of about 4 the spot detection
algorithm breaks down. The one or two spots remaining after frame 50 originate from SPB-
tags, which usually are stronger than the kinetochore tags, even when the latter are
superimposed. b) This movie is more stable in terms of SNR. The average SNR remains
around 8 and the SNR of the weakest spot never falls below 4, allowing the software to
detect 3 or 4 spots in almost all frames. Two outlier frames are observed (arrows), where 5
spots are detected. The inset displays the maximum projection of the second of these frames.
A detailed interpretation of this effect is given in the text.
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Table 4-3. Statistical analyses of three biological data sets.

The left column specifies the number of frames contained by the movie, which are divided in
column 2 into percentages of frames with 0, 1, 2 etc. spots detected. The 3rd column
indicates the percentage of spots detected by the mixture model fit. Columns 4 and 5 contain
the mean over all frames and the minimum of the shortest tag-to-tag distance per frame. The
statistics is done separately for isolated spots not requiring a mixture model fit (d,,,) and
between spots extracted in mixture models (d,,»). The numbers indicate the improvement in

resolution due to mixture model fitting.

o Mean d,,n,
# of % of ixtare Mean d,., Min dpm
spots total model Min d,,,, distance distance of
Total # of per number of of isolated spots mixture model
spots of
frames frame frames [pnm] spots (n>1)
total
[wm]
0 21
; 370 0.70 0.47
100 3 9 25
4 33 0.35 0.26
3 0
0 0
1 0 0.56 0.44
2 0
60 3 95 15
4 p 0.41 0.13
5 0
0 0
; 2 0.42 0.32
60 3 37 28
4 57 0.32 0.13
5 3

From the estimated tag positions in each frame, kinetochore and SPB trajectories can

be reconstructed (see the “Motion analysis™ section). In Figure 4-6a spot trajectories of a
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small part from a typical movie are displayed. The kinetochore trajectories split and rejoin
several times during this period (cf. arrows for an example). For one of the time-points where
kinetochores split, Figure 4-6b shows the spot configuration and the image stack projection
to emphasize the need of super-resolution to recover such data. Notice that the rejoining of
the kinetochore spots does not necessarily imply a physical rejoining of the tags. It only
means that they are separated by a distance below the limit of detectability of our algorithm.
The measured spot displacements are due to four factors: 1) drifts of the microscope stage; ii)
whole-cell relocations in the buffer due to volume variation of the mounting gel; iii) spindle
movements relative to the cell cortex driven by microtubules and cortical motors; iv)
kinetochore movements relative to the SPBs. Only type (iv) movements are driven by
kinetochores. To visualize the kinetochore-dependent motion, we transform the trajectories
from the microscope-centered Cartesian frame into a reference frame with one fixed SPB and
the SPB-SPB axis defining the x’-axis. For any time point, the y” axis spans the plane defined
by the SPB-8PB axis in the very first frame and momentary SPB-SPB axis. The z’ axis is
then chosen to form a right-handed coordinate frame. Figure 4-6¢ displays the trajectories of
a transformed movie. For this movie, the two kinetochores perform a joined dance, relatively
stable at half the distance between the two SPBs. Also, vertically, they always stay above the
axis, an arrangement that appears to be typical of metaphase. Throughout the movie the SPBs
move apart at a constant rate, another characteristic of metaphase (Figure 4-6d). The SPB-
SPB distance estimates contain one outlier, which has been eliminated from the trend
analysis of spindlc growth. As shown in the next section, the accuracy with which well-

isolated spots can be localized reaches 10 nm in movies such as this one with an SNR 8. The
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total change in the SPB-SPB distance over the course of the movie is in the range of 100 nm,

and is therefore statistically significant and clearly visible in the data.
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Figure 4-6. Kinetochore and SPB trajectories in 3D

Kinetochores (red, green) and SPB (blue) trajectories for a small part from a 60 frames
movie. a) The trajectories are displayed in the microscope reference frame, where the
movement is a superposition of 1) drifts of the microscope stage; ii) whole-cell relocations in
the buffer due to volume variation of the mounting gel, iii) spindle movements relative to the
cell cortex and iv) kinetochore movements relative to the SPBs. The arrows indicate
positions where the kinetochores separate before rejoining later again. Figure b) shows a
typical example where the two kinetochore spots overlap (displayed in the maximum
intensity projection). The algorithm can still estimate the positions of both tags. c)
Trajectories of a different movie are shown in a reference system with a fixed SPB-SPB axis.
The kinetochores remain in a small central region between the SPBs suggesting that the cell
is still in metaphase. d) The SPB-SPB distance as a function of time. The SPBs move apart
with a constant rate.
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4.5.2 Performance on synthetic data

Before initiating large-scale biological studies in which protein function is linked to
chromosome trajectories in wild-type and mutant cells, we investigated the performance of
our algorithm using synthetic data. Synthetic spots mimicking the image of sub-resolution
GFP tags were created using the Gibson-PSF-model (Gibson and Lanni, 1991). The
parameters of the model were determined with a fit of the model to experimental data (see
the “A practical 3D model for the point spread function” section). The spots were positioned
in a virtual 3D image space filled with a constant background value and additive white noise
was superimposed to obtain test data at a predefined SNR. To study the resolution
performance and the interplay between resolution and localization accuracy we prepared
model trajectories of two tags converging towards one another. For every SNR setting and
point-to-point distance, 100 Monte Carlo simulations were run to accumulate statistical data

on the detectability of spots and the accuracy with which they could be localized.

4.5.2.1 Resolution of tag separation
Figure 4-7a displays the resolution performance of the algorithm as a function of SNR and

distance. Here, we define resolution as a statistical measure: Given a certain SNR, the
resolution is determined as the tag-to-tag distance, d, at which the tag paits can be separated
with a predefined confidence. For our analysis, we chose a confidence level of 95%. For
example, the graph in Figure 4-7a indicates that an SNR = 20 permits our algorithm to
separate tags of a distance d=1.9¢ with 95% confidence. Consequently, the area above and to

the nght of the distance-SNR curve represents the ‘resolvable’ domain, while the area below
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and to the left of the curve represents the ‘unresolvable’ domain. The boundary line between
these domains is drawn for two cases:

i) Equal brightness of tags, I,=I, and

i1) A brightness ratio 1:2, hence ;=2 I,.
As expected, the algorithm performs somewhat less well in the second case. There exists a
limit below which the mixture model breaks down independent of the SNR for both cases.
We did not explore this limit further and suspended our simulations for SNR values larger
than 40, because values beyond this are irrelevant for biological fluorescence microscopy.

Figure 4-7b illustrates the result of the simulation for the Z-direction. Comparing the

curves for XY and Z direction we find similar resolution factors (i.e. the ratio between the
resolvable distance an the Gaussian parameter 6 for the respective direction), this although
the Gibson model includes aberration terms which mainly affect the axial (Z) direction and
which are neglected by our Gaussian PSF representation. This confirms again that in practice
the Gaussian PSF is sufficient to represent high-resolution and low SNR images of sub-
resolution tags. Notice that the apparent difference between the simulations in a) and b) are
not significant. The locus of the boundary line at a certain distance is found by adaptive
adjustment of the SNR until 95 to100% of the spots are correctly identified in 100 Monte
Carlo runs. Therefore, the curve does not represent an absolute boundary but the mean
position of algorithm breakdown within a certain tolerance band. The gray area underlain in

Figure 4-7a) and b) indicates the width of this 5% variation band.
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Figure 4-7. Evaluating the algorithm

Performance limits of the algorithm analyzed with synthetic data. a) Resolution as a function
of SNR and the tag-to-tag distance, calculated for equally bright tags and tags with a
brightness ratio 2:1. The distance is indicated as a factor of the parameter o that characterizes
the Gaussian PSF approximation. The curves display the boundary lines between the
resolvable and unresolvable domains. Above the curve, spots are detected with a confidence
of approx. 95%. The gray area gives an estimate for the range of confidence probability of
95-100%. b) Resolution in Z-direction for equally bright tags. The localization accuracy
depends on two factors: i) The SNR. ii) The tag-to-tag distance. The accuracy is analyzed by
calculating an error statistics (Equation 4-9) of 100 random experiments for each parameter
setting. ) The localization error of a single spot as a function of the SNR. d) The localization
error as a function of the point-to-point distance calculated for three different SNR values.
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For both cases I;=1; and /;,=2 I, we found that the algorithm can resolve tags at sub-
Rayleigh distances (domain on the left side of the dashed line in Figure 4-7a). Recall that the
inverse of the Rayleigh distance corresponds to approximately the cut-off frequency of the
OTF. Thus, the ability to resolve sub-Rayleigh distances requires the recovery of frequencies
beyond the OTF passband, indicating the super-resolution performance of the algorithm.
Super-resolution is achievable for SNRs as low as 5. Interestingly, for SNR values below 5
the algorithm fails to detect the spots independent of distance. This lower limit for SNR is
defined by the confidence limit controlling the switch from a single kernel to a two-kemnel
mixture model. Below a certain SNR, the test statistics in Equation 4-7 will never reach the
quantile associated with the predefined confidence probability. Neither a single- nor a two-
kernel model will accommodate the noisy signal and thus the improvement in the goodness
of fit for the two-kernel model is marginal. Potentially, we could push this breakdown to
lower SNR values, but only at the risk of accepting more false spots. For real data, we
usually choose 90% instead of 95% confidence. The breakdown observed with real data was
therefore a little lower than with the synthetic data, corresponding to an SNR of 4.

For super-resolution factors larger than 2, SNR values larger than 30 are required. For the
image data presented here, this is rarely achieved, yet the graph indicates the potential power

of the algorithm in applications with brighter tags.

4.5.2.2 Accuracy in point localization

Not only the separation of tags but also the accuracy with which positions can be estimated is
of practical interest. Positional accuracy is influenced by two factors, i) the SNR and ii) the

point-to-point distance.
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To address the influence of the SNR, we ran simulations on isolated spots. We define

the statistical localization error as

(Equation 4-9)

where Xis the estimated position of the tag, which is the center position of the Gaussian PSF
approximation, and Xy represents the true tag position known from the simulation settings.
Figure 4-7¢ displays the localization error as a function of the SNR. Notice that the
horizontal axis points from high to low SNR. The graph confirms the well known fact that
center positions of features with a known intensity distribution, in our case the distribution of
the PSF, can be determined with sub-20nm precision (Bobroff, 1986; Inoue, 1989). For
SNR>15 the precision even reaches the single nanometer range. Interestingly, this high
precision can only be maintained for tags separated by at least the Rayleigh distance. With
shorter separation distances the accuracy decreases, as suggested by the graph in Figure 4-7d
(the Rayleigh limit is denoted by a dashed vertical line). An explanation for this may be
found in the weaker determinability of the extent to which the two signals contribute to the
super-position. Notice that in a 1D mixture model for distances larger than the Rayleigh
distance, the rising edge of the mixture signal corresponds almost exclusively to the rising
edge of the first kernel, while the falling edge coincides with the falling edge of the second
kernel. Therefore, half of the intensity measurements in support of each kernel are uniquely
associated with this kernel. Below the Rayleigh distance this is no longer true. The fitting
algorithm needs to partition every intensity measurement into a contribution of the first and
the second kernel. In the presence of noise, this is not unambiguous, leading to decreased

accuracy in fitting.

166



Chapter 4

To conclude, the performance tests on simulated data clearly demonstrate the super-
resolution potential of mixture model fitting even in the case of low SNR. However, the
results also show that high precision single-kernel fits cannot be maintained in the sub-
Rayleigh domain. Although the spots are still separable by the algorithm, the localization
accuracy drops remarkably. However, in no relevant case is there a crossover between
resolution and accuracy: the minimal distance resolvable is always larger than the associated
measurement error. In other words, once two tags are detected as separate, the uncertainty in
the distance estimate is small enough to render the difference in the tag coordinates
statistically significant. This represents a condition imperative for any further statistical

analysis of tag positions.

4.6 Discussion

In this paper, we report a generic algorithm for automated fluorescent tag detection with
super-resolution. Both the possibility of attaining resolution beyond the diffraction limited
passband of a microscope as well as methods for efficient and unsupervised spot detection by
computer vision have been discussed. The novelty of our contribution is in the rigorous
extension of such methods to 3D, where manual measurements are especially cumbersome.
Furthermore, we demonstrate the performance not only on synthetic data but also on a
relevant set of biological data in which distance measurements below the conventional

resolution limit are required.

4.6.1 Biological Applications

In the immediate future, the primary biological application of the methods described in this

paper 1s automated motion analysis of GFP-tagged chromatids during yeast mitosis. We plan
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to exploit our algorithm to perform systematic cell-based analysis of proteins involved in
force generation by kinetochore-microtubule attachments. For every genetically modified
yeast strain tens of movies, representing several GByte of image data, will be collected and
processed automatically to generate information on chromosome trajectories. We aim then to
extract principal motion components from the trajectories and compare trajectories among
wild-type and 50 to 100 mutant yeast strains. To achieve the high-throughput necessary for
this analysis, a large degree of automation is imperative, and the chromosome tracking
software must perform reliably without the supervision of an operator. Furthermore, for
robust principal component analysis by statistical means the generation of outliers must be
reduced to an absolute minimum. Thus, the segmentation and tracking algorithms we have
built are tuned with conservative thresholds and high confidence levels. Qur philosophy is
that it is better to miss some details of a trajectory than to introduce erroneous positional
information on artifactual spots. Importantly, despite the conservative nature of our approach
we show in this paper that sister chromatid separation can be detected at distances as small as
100nm laterally and 200nm vertically. This corresponds to a super-resolution factor of better

than 2 in both directions.

4.6.2 Performance of the Algorithm

Using synthetic data, we have rigorously tested the performance of our algorithm. We can
report the following findings (see also Sec. 4.5.2):
1. Tags of approximately equal brightness can be distinguished at a distance two times
lower than the Rayleigh criterion. The actual limit of our algorithm is governed by the
SNR. For SNR > 20 the resolution can be pushed to a factor 3. With biological

samples such SNR is rarely obtained and a super-resolution factor of 2 is typical. For
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SNR <5 the algorithm breaks down completely. The breakdown level is governed by
the confidence probability applied to statistical tests. In some cases with real data we
have lowered the confidence to make it possible to process data with an SNR below
5. However, this can only be done at the risk of detecting a higher percentage of false
spots. Also, the system is susceptible to differences in tag brightness. For a brightness
ratio 2:1 one can loose up to 50% of the super-resolution performance.

2. The localization accuracy for isolated spots is in the single nanometer range for SNR
> 20 and 10 — 20 nm for the range 5 < SNR < 20. Interestingly, this accuracy cannot
be maintained for tag pairs separated by less than the Rayleigh distance. This arises
because of the intimate relationship between resolution and accuracy. The smaller the
resolvable distance is the less accurate the estimate of position. However, for relevant
SNR values there is no cross-over between resolution and accuracy, consequently the
shortest distance resolvable will always be several times larger than the uncertainty of
the distance estimate. This is a condition necessary for any further processing of
point-to-point distances.

The central component of our algorithm is a routine that fits a mixture model with multiple
PSF kemels to clusters of features potentially corresponding to overlapping spots. The exact
number of kernels to use is determined in a statistical test. We weigh the significance of an
improvement in the goodness of fit of a mixture model containing more kernels against the
lower degree of freedom, and hence greater robustness, of a mixture model with fewer
kemnels. Ideally, the statistical test will pick a mixture model with the smallest number of
kemnels necessary to represent all significant components of the data. The test we apply in

Equation 4-7 tends to loose sensitivity with an increasing number of kemels and with larger
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sets of input data, i.e. larger image volumes treated with one mixture model. This behavior is
in agreement with our paradigm of conservatism. For example, to add a fifth kemel to a four-
kernel mixture model will require much more evidence in the data than to add a third kernel
to a two-kernel model. The flipside of this behavior is the demand that the amount of input
data is kept as small as possible. In principle, one could fit a mixture model to the entire 3D
stack and simultaneously fit all significant local maxima plus potential partner spots, no
matter if all kernels in the mixture model are mutually overlapped. This would simplify the
algorithm in that there would be no need to group local maxima in clusters prior to mixture
model fitting (see Sec. 3.4.). However, the chance that the software would correctly find
multiple spots underneath one of the local maxima would be dramatically diminished. The
xz-statistics statistics for testing an n-order model against an (n+1)-order model would be
extracted from the residuals in all voxels of the stack. Consequently, the majority of tested
residuals would originate from data that is not affected at all by an increment in the order of
the model. Local improvements in the model arising from the addition of a supplemental
kernel would be considered insignificant compared to the overall fitting quality. To
circumvent this problem, we apply mixture model fitting to small clusters of spots, where
only kemels are embraced in one mixture model that do indeed overlap.

Despite the strengths of our current mixture model method, we believe that we have
not yet arrived at the ultimate limit of resolution for spot detection problems. In a completely
different application, we have recently shown in theory and in practice that dynamic
processing can increase super-resolution performance (Danuser, 2001). Using the concept of
information theory, we have proven that the simple assumption that two objects move

relative to one another is sufficient prior knowledge to improve the resolution by a factor 2.
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In the analysis of yeast chromosome dynamics we should be able to adopt this concept as
follows: Starting with a frame in which 4 tags can be localized using the static data
processing scheme described in the paper, spots will be tracked differentially forward and
backward in time into frames of the movie in which only three spots can be detected. This
differential tracking will be supplemented by the prior knowledge that the number of actual
objects — and thus the number of tags — is preserved over time. Supposing this, one can seek
the optimal parameters, including tag displacement and intensity changes, of a function that
maps two of the originally four spots into one merged spot. Such differential tracking is not
only expected to improve the resolution but carries the advantage of directly providing
chromosome trajectories rather than generating a list of unconnected tag coordinates. In
addition, differential tracking allows one to account for currently neglected, complex effects

such as the mechanical deformation of tags between frames.
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The work presented in this chapter is now being completed and prepared for publication.
These experiments have been performed in collaboration with a previous member of the
Sorger lab, Rebecca Charnas. Spot tracking algorithms and spot identification tools were
developed by Dominik Thomann and Jonas Dorn as part of an ongoing collaboration
between the Danuser and Sorger labs. Their software tools were used for the distance
analysis shown in Figure 5-1 and 5-2. Rebecca performed the initial kinetic experiments on
G1 cells and Figures 5-1E, 5-3, 5-4 and 5-5 are reproduced from her Master’s Thesis.
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5.1 Introduction

Chromosome segregation involves a complex series of movements back and forth
along the microtubules (MTs) of the mitotic spindle. The aitachment of sister chromatids to
MTs is mediated by kinetochores, specialized DNA-protein complexes that assemble on
centromeric DNA (reviewed in McAinsh A, Tytell J and Sorger PK, 2003 ir press). For
chromosomes to be correctly segregated into two equal sets, it is essential that all
kinetochores achieve bipolar attachment prior to the dissolution of sister cohesion at the
onset of anaphase. Bipolar attachment occurs when one kinetochore binds to MTs emanating
from one spindle pole and the sister kinetochore binds to MTs emanating from the opposite
pole. The attachment of all kinetochores to MTs is a stochastic process that is monitored by a
surveillance mechanism, known as the mitotic spindle assembly checkpoint (Hoyt et al.,
1991; Li and Murray, 1991). Until attachment is made by all sister kinetochores, the
checkpoint delays the onset of anaphase. Errors in kinetochore function or signaling during

metaphase can lead to missegregation of sister chromatids and aneuploidy.

The spindle experiences an ordered series of structural changes during cell division.
Budding yeast maintains a simple bipolar spindle and undergoes a closed mitosis in which
the spindle pole bodies (SPBs) remain embedded in the nuclear envelope throughout the cell
cycle. The SPBs are the yeast equivalent of the vertebrate microtubule organizing center
(MTOC} and are responsible for nucleating all MTs. In G1, a short linear array of MTs
emanates from the unduplicated SPB. In late G1/early S-phase, the spindle pole body
undergoes duplication. The two SPBs, each with a complete set of microtubules, remain side-
by-side, connected by a bridge structure (reviewed in Adams and Kilmartin, 2000). During

prometaphase and metaphase the bipolar spindle elongates steadily, achieving a length of
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approximately 2 pm prior to the onset of sister separation and the start of anaphase spindle

elongation.

Budding yeast contain two classes of intranuclear MTs: those that bind to
kinetochores (k-MTs) and those that project into the spindle midzone to overlap with MTs
from the other pole (p-MTs). Each of the 16 centromeres in S. cerevisiae binds to a single
MT so that the mature yeast spindle contains 32 k-MTs and 5-8 p-MTs (O'Toole et al.,
1999). S. cerevisiae does not establish a traditional metaphase plate in which centromeres
line up at the center of the spindle. Instead, centromeres are distributed on average in two
lobes lying on either side of the spindle midzone (Goshima and Yanagida, 2000; He et al.,
2000). The bilobed pattern arises from the overlap of 32 centromeres moving back and forth
on the spindle and therefore changes subtly on a time scale of seconds. Proteins localized

exclusively to kinetochores exhibit this fluctuating bilobed distribution (He et al., 2001).

Eukaryotic cells use two primary mechanisms to generate the force required to move
chromosomes: the ATP-dependent sliding of molecular motor proteins along MTs (reviewed
in McIntosh et al., 2002); and the GTP-dependent growth and shrinkage of microtubules
regulated by microtubule associated proteins (MAPs). Forces can be generated at the plus-
ends of k-MTs embedded in the kinetochore, at the minus ends of MTs anchored to the SPBs
(microtubule flux) (Waters et al., 1996), or through the interaction of p-MTs with
chromosome arms (polar ejection force) (Rieder and Salmon, 1994). The relative importance
of these different mechanisms appears to vary considerably in different cell types. In the
budding yeast, neither microtubule flux not polar ejection force has been observed (Maddox
et al., 2000; O'Toole et al., 1999); thus the interface between the kinetochore and the plus-

ends of microtubules is likely to be the primary locus of force generation. However, we still
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know very little about how kinetochores bind to microtubules or how the forces required for

chromosome movement are generated.

It has recently been reported that centromeres in budding yeast cluster to a region
near the SPB throughout interphase. Jin et al. used fluorescence in situ hybridization (FISH)
and indirect immunofluorescence to show that centromeric clustering is reduced in the
presence of the microtubule poison nocodazole and in a mutant that disrupts kinetochore
structure (Jin et al., 2000). This clustering during interphase suggests that, unlike animal
cells, yeast kinetochores do not normally lose attachment to the MTs after mitosis. Moreover,
the monopolar kinetochore-MT attachment creates a unique opportunity to study the role of
kinetochore proteins in coupling MT force generation to chromosome motion. The absence
of a second MT pulling in the opposite direction presents a more simplified mechanical

system and reduces the number of competing forces on chromosomes.

To investigate the potential role of kinetochore proteins on the regulation of MT
dependent force generation on chromosomes, we have used three-dimensional time-lapse
microscopy combined with yeast strains possessing single fluorescent GFP chromosome tags
(Ciosk et al., 1998; Straight et al., 1996). By comparing the kinetics of GFP-tagged
chromosome motion in both wild-type and kinetochore mutant strains in vivo, we have
examined the role of the Dam1p and Stu2p kinetochore proteins with respect to regulating
directional instability. These proteins are known MAPs that have been previously
demonstrated to interact with the kinetochore in budding yeast (Cheeseman et al., 2001; He
et al., 2001). Additionally, our analysis of a conditional mutation in the essential kinetochore
protein, ndc80-1, provides evidence that different subsets of kinetochore proteins are

required for kinetochore-MT attachment at different phases of the cell cycle.
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5.2 Methods

5.2.1 Strain preparation
All yeast strains used in this study were haploid and derived from S288C or W303.

GFP tagged chromosome and SPBs were used to study chromosome dynamics in living yeast
cells throughout the cell cycle. As described previously He et al., 2000, a tandem array of
TetO repeats was integrated 2 kb away from CENIV in cells expressing GFP-tagged TetR
and GFP-tagged Spc42p, a core SPB component. This generates cells in which CENIV
proximal chromatin and the inner plaque of the SPB are marked by diffraction-limited
fluorescent spots and allows chromosome motion to be tracked relative to the SPBs and the

spindle axis.

Yeast cultures were prepared for live-cell microscopy using the methods described in
Rines et al., 2002. In brief, cultures were grown at room temperature (RT) to mid-log phase
in selective synthetic medium (SD-Ura) supplemented with 20pg/ml adenine and 2%
glucose. The medium was refreshed prior to imaging. Synthetic media was used to minimize
autoflourescence. Temperature sensitive mutants were shifted to 37°C 1 hour prior to
imaging. The temperature shifts were done directly on the microscopy stage using a slide
mount/objective color temperature control system (Bioptechs, Inc.). In the studies on the
effects of nocodazole, cells were grown in YPD media at RT and 25pg/ml nocodazole was
added 15 min prior to imaging. To arrest cells in a-factor, cultures were grown for 2 hrs at

RT in media containing 5pg/ml a-factor.
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5.2.2 Microscopy

Live-cell mounts were prepared essentially as described Rines et al., 2002. 1 ml of
log phase cell culture was pelleted and resuspended in 0.05-0.10 ml of medium (a short spin
of 8 sec appeared to minimize crushing of the cells). 2.1 pl of the resuspended culture was
spotted on a dust free slide, and covered with a cleaned 22x22 mm No 1.5 coverglass. A fine
band of pure petroleum jelly was applied to the extreme edges of the coverglass to prevent
the rapid evaporation of the media and create a better seal. Clear nail polish was used to seal

the coverglass to the slide.

Live-cell imaging was performed using a Deltavision optical sectioning microscope
(Applied Precision, Issaquah, WA) on a Nikon TE200 base with a 100%/1.4 NA objective
and Roper RTE camera (Applied Precision, Inc. Issaquah, WA.) 3D image stacks consisting
of 20 optical slices with exposures ranging from 0.02-0.08 millseconds and separated by 0.25
pm were recorded every 2-5 seconds to generate 3D movies. A neutral density filter of 0.3
or 0.5 OD units was used to minimize photobleaching and phototoxicity. 50-60 time points
were collected for each movie. A custom build heated stage and a Bioptechs (Butler, PA)
objective cooling/heating collar were used to maintain the temperature at 30 °C or 37 °C.
The fluorescent filters used for live-cell imaging were EFP Chroma 41017 and Endow GFP

Bandpass set.

Time-lapse images of live-cells were obtained by three-dimensional optical
sectioning microscopy followed by 3D super-resolution spot detection on a Deltavision
microscope (Thomann, et al., 2002). 5-7 minute movies were collected with sampling rates
of 2-5 sec. The center of the fluorescent spots were located by automated spot detection of

live-cell movies and allows chromosome motion to be tracked relative to the SPBs to within
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75 nm in the X/Y-plane and 250 nm in the Z-direction (Rines et al., 2002; Thomann et al.,
2002; Thomann, et. al., 2003 in press); distances, velocities, and other parameters were

calculated from the positional information.

To avoid factoring into our calculations non-kinetochore mediated motion caused by
drift or rotational movement of the nucleus during interphase, we measured the distance
between the Spc42p-GEP spot and CENIV-GFP spot and performed diffusional analysis
based on the methods of Marshall et al., 1997. Metaphase and anaphase chromosome
movements were measured quantitatively relative to the spindle, transforming the XYZ
Cartesian coordinates of the microscope stage to a spindle centered coordinate system with

the spindle axis as the reference frame (He et al., 2000).

5.2.3 Data analysis
All data analysis was performed using custom tools developed in the MATLAB

programming environment. MATLAB analysis programs were written to automatically
detect and transform the position of chromosome tag to a SPB-centered spherical reference
frame (Thomann et al., 2002). The XYZ coordinates of the SPB were subtracted from the
XYZ coordinates of the chromosome tag at each time point to generate the relative position
of the chromosome tag; this relative position was converted to spherical coordinates, in
which the radial distance (R) corresponds to the CENIV-SPB distance. MATLAB and
Microsoft Excel graphing tools were used to create the CENIV-SPB distribution graphs with

Gaussian curve overlays and the three-dimensional scatter plots.
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5.3 Results

5.3.1 Comparing the kinetics of ndc10-1 mutant dependent chromosome-
microtubule attachment in G1

As a first step in our study of interphase chromosome dynamics, we wanted to
confirm in live-cells that G1 chromosomes are attached to the SPB via the kinetochore. In
vivo chromosome dynamics were evaluated during interphase in wild-type and cells
containing ndc10-1, a temperature sensitive mutation in a core-kinetochore complex (Goh
and Kilmartin, 1993). The linear distance between the fluorescent spots were compared in a
time-dependent manner from 10 to 20 live cells of each genetic background (Figure 5-1). In
normal cells, the average distance between the CEN-GFP spot and Spc42p-GFP, a core
component of the inner SPB plaque, was 0.62 pm with o = 0.35 um (Figure 5-1A). On closer
inspection, it was also noted that the CEN-SPB distance in any one cell changed relatively
little during the course of the movie. Based on 720 time-points the average velocity was
determined to be 0.01 pm/sec with a maximum velocity of 0.10 pm/sec. Wild-type cells
demonstrate similar kinetics at both 30 °C and 37 °C. In ndc10-1 cells, however, we
observed that the average CEN-SPB distance increased to 1.48 um with ¢ = 0.43 pm (Figure
5-1B). The average velocity also increased to 0.04 pm/sec. and had a maximum velocity of

0.36 pm/sec. (n = 612 time-points).

To ascertain the diffusional properties of the centromeric DNA region in the nucleus
at 37 °C, we calculated the mean squared distance between the two spots over time based on
the methods described in Marshall et al., 1997. From the relationship between the average
change in the SPB-CEN distance 4 and the length of the time interval 4t, we computed the

mean squared change in d(t) as <Ad*> = <[ d(t) — d(t + At)]*>, For two unconstrained
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particles undergoing 3D random walks, the distance between them should increase linearly
({von Smoluchowski, 1917}). However, in the case of the yeast nucleus, linear diffusion
would only be anticipated initially. If two proximal objects are diffusing unconstrained in a
large volume, on average, the two objects will continue to move away from each other in a
linear fashion proportional to their diffusion constants. However, two proximal objects in an
enclosed nucleus (e.g., CEN and SPB), can only reach a maximum distance up to the
diameter of nucleus, thus maintaining an overall constraint on diffusion proportional to the
size of the nucleus. Therefore the <Ad”> becomes independent of At and the plots will

plateau, indicating a restriction on diffusion (e.g., nuclear envelope).

In the case of wild-type interphase cells, the chromosome GFP spot is closely
constrained to the SPB-GFP spot. Conversely, the <Ad*> of the CEN-GFP spot in ndcl0-1,
shows a highly diffuse pattern and suggests that the spots are only constrained by the nuclear
envelope and not by a tethering mechanism (Figure 5-1C). This phenomenon is easier to
visualize when we compare 3D scatter plots of the time-dependent positions centered about

the SPB (Figure 5-1D). In this way, the diffusion is represented by highly distributed pattern.

To provide independent confirmation that this attachment is mediated by
microtubules, we investigated the effects of the microtubule depolymerizing drug nocodazole
on centromere proximal chromosome motion. If kinetochores are not attached to
microtubules, then nocodazole should not affect the motion of the chromosome tag.
However, if the kinetochores are attached to microtubules, we would expect to see a change
in chromosome dynamics in the presence of nocodazole. Two possible changes can be
imagined. One possibility is that when microtubules depolymerize in the presence of

nocodazole, kinetochores detach; in this case, chromosome dynamics in nocodazole-treated
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cells should phenocopy ndc10-1 cells. Alternatively, the kinetochore could remain attached
to the destabilized microtubules, in which case nocodazole treatment should shorten the

observed CEN-SPB distance.

We added nocodazole to asynchronous cultures growing in YPD and imaged G1 cells
after 15 minutes incubation. The results were striking. In nearly 100% of the G1 cells, the
chromosome tag collapsed next to the SPB. Based on 2-D projections of chromosome
movement relative to the SPB suggests the average CEN-SPB distance in nocodazole treated
cells was 0.26 +£0.15 um (Figure 5-1E). These findings further support the conclusion that
chromosomes remain attached to the SPB during G1 in an Ndc10p dependent manner as
previously suggested by Jin et al., 2000. Furthermore, these results show that nocodazole-
destabilized microtubules do not necessarily lose their attachment to kinetochores. On-going
studies in our lab on the effects of nocodazole suggest that there may only be a small window
during S-phase when nocodazole treatment causes kinetochores to detach from microtubules

(data not shown).
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Figure 5-1. Analysis of chromosome motion in interphase cells.

Comparison of chromosome movement in living yeast cells. (A) Typical data record obtained
by super-resolution spot tracking (Thomann et al., 2002), showing a plot of the distance d(?)
against ¢, between the GFP-tagged SPB and the GFP-tagged chromosome CEN. Over time
the three-dimensional distance between the two spots increases and decreases, shown are the
traces of 10 — 20 traces from wild-type cells maintained at 37 °C. The gray box represents a
20 distribution of distances between spots with respect to time. The black dashed line in the
middle of the gray box marks the average distance between spots for all timepoints in all
cells. (B) Same as described in part (A), except data is recorded from ndcl0-1 at restrictive
temperature (37 °C). Traces demonstrate large changes in displacement and higher velocities
than seen in wild-type cells. (C) Overall mean-squared change in distance between GFP spot
<Ad*> plotted against elapsed time interval Ar between distance measurements (5 seconds
between each time point). Solid circles represent the average of all data collected for each
time point from wild-type cells and ndc10-1 cells (hollow boxes). The lines represent the
best-fit curves of the data. Wild-type mean square change is small compared to ndcl0-1
suggesting that in ndcl10-1 cells chromosome diffuse in a much larger region. (D) The 3D
distribution of CEN-SPB displacement for WT and ndc10-1 Gl cells (green dots) centered
about a single SPB (blue dot). (E) The distance between the chromosome tag and the SPB tag
was calculated at every time point for multiple movies of each strain/condition. The distances
were grouped into bins of .1pm to generate the frequency distribution. The distributions
were roughly Gaussian, and overlaid on the histograms are Gaussian models of the
distributions, using the mean (p) and standard deviation () of the CEN-SPB distances as
parameters. All XYZ coordinates were determined using automated tracking with super-
resolution.
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5.3.2 Dam1p and Stu2p control kinetics of chromosome motion

Having confirmed that chromosomes are monopolarly attached to the SPB in G1, we
examined the role that known kinetochore-MAPs might play in regulating chromosome
dynamics. In our current analysis, we concentrate on changes in the radial distance between
the chromosome and the SPB (CEN-SPB distance). Under restrictive conditions for cells
possessing either dam -1 or stu2-277 temperature sensitive mutations, we see a significant

change in the CEN-SPB length as compared to wild-type cells over time (Figure 5-2).

Damlp, a MAP that localizes to kinetochores in an Ndc80 dependent manner (He et
al., 2001; Jones et al., 1999), has recently been shown to be part of a multi-protein complex
that plays a role in the establishment of bipolar attachment (Cheeseman et al., 2001; He et al.,
2001; Hofmann et al., 1998; Jones et al., 1999; Li et al., 2002). At the restrictive
temperature, daml-1 metaphase cells do not achieve proper bipolar attachment; instead, both
sister chromatids remain associated with a single SPB (He et al., 2001). Based on CEN-SPB
distance charts, cells placed under restrictive conditions for dami-1 (37 C) appeared to
exhibit similar patterns of chromosome motion as compared with wild-type (Figure 5-1A).
However, based on closer inspection we noticed that the average CEN-SPB distance
increased from 0.70 pm up to 1.10 pum. Interestingly, the average velocity for the mutant
only increased to 0.02 pm/sec, with a maximum velocity of 0.15 um/sec. The increase in
average length initially suggested that some of the kinetochores might have lost attachment
and so we once again performed diffusion analysis to calculate <A4”> (Figure 5-2C). The

change in mean-squared displacement does not support this conclusion and instead suggests

187



Chapter 5

that the average CEN-SPB distance is greater in the absence of DamIp. Thus Dam1p may

play a role in increasing the forces exerted on the sister chromatids.

Stu2p is a member of a conserved family of MT-binding proteins and an essential
protein in yeast (Wang and Huffaker, 1997). Members of this family localize to the SPB
(MTOC) and spindle during mitosis. Mutations in several of the members have demonstrated
improper spindle formation and chromosome missegregation (Cullen et al., 1999; Matthews
et al., 1998; Nabeshima et al., 1995). Under restrictive conditions for stu2-277, cells
demonstrate a dramatic change in CEN-SPB distances as chromosomes become more closely
associated with the SPB (Figure 5-2B & D). In fact, the average CEN-SPB distance
decreased to 0.60 pm with smaller velocities (average velocity 0.01 um/sec, maximum
velocity 0.10 pm/sec). We have previously observed a similar phenotype during metaphase

where mitotic spindles are much shorter and chromosomes move along the spindle at slower

rates (He et al., 2001).

In about 20% of the s7u2-277 cells examined under restrictive conditions in G1, we
also noticed that some chromosomes appeared to completely lose kinetochore-MT
attachment. When we monitored the progress of these chromosomes, we found that they
exhibited phenotypes similar to ndc/0-1 cells. By comparing the diffusional propertics and
kinetics to wild-type (Figure 5-2E), we see a much larger distribution in the <4d*>. In these
cells the average CEN-SPB distance increased to 1.70 pm with an average velocity of 0.03

um/sec and a maximum velocity of 0.11 pm/sec.

In a preliminary set of experiments, we have also combined either dam]-I with stu2-

277 or dami-1 with bik! A. Biklp is a plus-end MT binding protein that colocalizes with
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tubulin, kinetochores and cortical attachment sites (Berlin et al., 1990; He et al., 2001).

Initial results suggest that the chromosomes become much more dynamic in the damI-1/stu2-
277 double mutant rapidly transitioning between growth and shrinkage similar to wild-type
(data not currently shown). The deletion of bikl4 in a daml-1 background, however, further
accentuated the long CEN-SPB phenotype (Figure 5-2F) as no cells were found with CEN-
SPB distances less than 0.70 pm. More analysis on both strains must be completed to

confirm these observations and is currently underway.
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Figure 5-2. Analysis of chromosome motion in cells with mutant k-MAPs.

Similar analysis to that shown in Figure 5-1. (A) dam1-1 temperature sensitive (ts) mutants
were used to track distance between SPB-GFP and CEN-GFP tag over time. Time points
were acquired every 5 sec for up to 7 mins in duration. Average distance between fluorescent
tags is indicated by heavy dashed line in middle of gray box. (B) Same as part (A) except in
stu2-277 ts background. dami-1 cells have large distribution patterns and appear to possess
both populations of large distances and a population of short distances. Conversely, stu2-277
cells only exhibit short distance between spots suggesting a tight association between the
CEN and SPB, even more so than see in wild-type cells. (C) mean-squared displace analysis
as described in Figure 5-1 comparing daml-1 and stu2-277 effects on SPB-CEN behavior.
As expected from data shown in (B) su2-277 chromosomes (circles) show very little
diffusional motion. However, dam.-1 chromosomes (triangles) demonstrate greater diffusion
but to a lesser extent than seen in ndci0-1 cells suggesting that chromosomes are more
dynamic but still not detached. (D) comparing the diffusional motion of a sfu2-277 cell
(squares) with what appears to be an unattached chromosome. When compared to wild-type
cells (diamonds) the pattern is similar to that seen in ndc10-1 cells and supports the
possibility of loss-of-attachment in a certain number of stu2-277 cells. (E) Preliminary
comparison of dami-1/bikl A cells.
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5.3.3 Anaphase Chromosome Dynamics

There are several other distinct stages of the cell cycle besides G1 where chromatids
are only associated with a single SPB (monopolar) including anaphase and telophase. In
yeast, as in other organisms, anaphase is characterized by two types of movements: poleward
movement of the kinetochores (anaphase A); and an increase in pole-to-pole distance
(anaphase B). The spindle dynamics of anaphase B in yeast have been well characterized
and have been shown to be biphasic. At the onset of anaphase, the metaphase spindle of
approximately 2.0 pm increases rapidly to 4 - 6 pm. This rapid phase is followed by a
slower growth phase in which the spindle reaches a final length of up to 11um (Kahana et al.,
1995; Pellman et al., 1995). Using linear regression analysis of chromosome trajectory plots
from 5 movies of anaphase cells, we calculated an average rapid phase spindle elongation
rate 0£ 0.01 +0.01 pum/sec (0.74 +£0.12 pm/min) beginning at an average spindle length of 2.0

+0.2 pm (Figure 5-3). These figures are in agreement with previously published data

(Severin et al., 2001; Straight et al., 1998).

In contrast to anaphase B, the literature is inconsistent about the dynamics and
existence of anaphase A in yeast (Guacci et al., 1997, Pearson et al., 2001; Straight et al.,
1997). With our methods, we observe anaphase A movement beginning within 30 sec (-6 to
+25 sec) of anaphase B (Figure 5-3). Intriguingly, in all cells observed, anaphase A
movement was immediately preceded by the transient movement of the sister chromatids
towards each other. In the cells we analyzed, the sisters were an average of 0.71 £0.24 pm
apart before anaphase A, while they were only 0.40 £0.20 um apart at the initiation of
anaphase A (Table 5-1). This close association appears to be short-lived, usually lasting less

than ten seconds. After briefly moving together, the sister chromatids separate rapidly
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towards the poles. The rate we measured for anaphase A poleward movement of the
chromosomes was quite variable ranging from 0.02 -0.10 pum/sec (average 0.04 +0.03
um/sec; 2.60 £ 1.80 pm/sec). The rapid poleward motion lasted on average only 16.0 +9.0
sec (5-30 sec), during which time the chromosomes traveled an average distance of 0.6 £0.3
pm. After this short burst of motion, the chromosomes moved at the same rate as the SPBs
(0.01 £0.01 pm/sec) and no additional directed poleward movement could be observed; the
chromosome tag remained an average of 0.33 +0.07 um from its proximal SPB (Table 5-1).
In contrast, during the minutes immediately preceding anaphase A, the chromosomes were

on average 0.59 +0.16 pum from their SPB (Table 5-1).

Table 5-1. Anaphase Distances.

pre- anaphase AT at anaphase post anaphase A*
(um) A initiation® (nm)
(pm)
CENIV-SPB 59+.16 7325 33+.07
CENIV-CENIV 7124 A0:+.20 -

+The average distance between chromosome tags or chromosome and SPB tags before the initiation of
anaphase A in time-lapse movies during which cells went through anaphase. The calculations represent the
averages from five movies, which began 30 sec to 5 minutes before anaphase A initiation.

* The average distance between chromosome tags or chromosome and SPB tags at the initiation of anaphase A.
* The average distance between the chromosome and SPB tags after the conclusion of directed anaphase A
motion in time-lapse movies during which cells went through anaphase. The five movies analyzed ended 3 to 5
minutes after anaphase A.
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Figure 5-3. Kinetic analysis of chromosome separation during anaphase.

Anaphase chromosome dynamics. Chromosome trajectory plots of two representative
anaphase cells are shown. Distance on Y-axis represent the linear distance between a
reference SPB and either the other SPB (green line, spindle length) or the CEN tags on
chromosome IV when paired sisters are physically pulled apart (red and blue lines). Arrows
show the initiation of anaphase A and anaphase B.

5.3.4 Telophase Chromosome Dynamics

Next, we investigated chromosome dynamics during telophase. Large budded cells in
which one spindle pole body and sister chromatid had moved into the daughter cell were
considered to be telophase. Correctly distinguishing telophase cells from anaphase and G1
cells presented significant difficulty. To exclude late anaphase cells that had not broken
down their spindle, cells in which the two chromosomes were no longer aligned with the
spindle axis were chosen for analysis. Additionally, cells were sonicated immediately before
being imaged. Sonication separates mother and daughter cells that have completed
cytokinesis, which helped minimize classification of G1 cells as telophase. However, since
we have probably incorrectly classified some G1 cells as telophase, we may be

underestimating the differences between the chromosome dynamics in telophase and G1
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cells. The chromosome tag was always found tightly associated with the SPB (Figure 5-4),

with an average CENIV-SPB distance of 0.38 +0.14 pm.
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Figure 5-4. Kinetic analysis of chromosome motion during telophase.

Chromosome position during comparing G1 and Telophase. (A & B) Images of cells
carrying SP42p-GFP, to mark the spindle pole bodies, and a CEN tag to mark the
chromosomes at various phases of the cell cycle. Example maximum intensity projections
from one time point of a time-lapse movie are shown. Arrows point to the chromosome tags.
(A) G1 (B) Telophase. (C) The 2D distribution of CEN-SPB distances for wild-type G1
(blue line), and telophase (T) cells at 30°C (yellow line). The CEN-SPB distribution of G1
ndc10-1 cells at 37°C (red line), in which the chromosome is unattached, is included as a
control. The distance between the CEN tag and the SPB tag was calculated at every time
point for 6-26 movies at each stage in the cell cycle. Each movie consisted of 50-60 time
points, with 2-5 sec time lapses between each time point. The position of chromosome tag
(colors) was determined as in Figure 5-1. The SPB (black) is at the origin.
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5.3.5 Chromosomes maintain kinetochore-MT attachment in G1 in ndc80-1

We reasoned that the differences in chromosome behavior observed at different
phases of the cell cycle likely reflected some change in MT dynamics and force generation
during these stages. One especially interesting possibility is that different sets of Kinetochore
proteins mediate microtubule attachment at different stages of a cell cycle. Our studies of

ndc80-1 cells in G1 provide initial evidence that this is the case.

Ndc80p is a part of a conserved multi-protein complex that associates with the
kinetochore. The essential complex is believed to be involved in linking DNA binding
kinetochore components with microtubule binding components (He et al., 2001; Wigge and
Kilmartin, 2001). Recent data suggests that the Ndc80 complex may also interact with
checkpoint proteins (Gillett, E., Espelin C. and Sorger PK., personal communication).
Previously, we showed that in ndc80-1, chromosomes become detached from microtubules
during metaphase at the restrictive temperature (He et al., 2001). Initially, we planned to use
an ndc80-1 strain in our G1 studies as an additional control for unattached chromosomes.
ndc80-1 cells containing GFP tagged chromatids and SPBs were grown at a permissive
temperature (23 °-25 °C), shifted to 37 °C for 1 hour prior to imaging, and imaged at 37 °C
for an additional 1.5 hrs. To our surprise, in G1 cells the chromosome tag appeared to be
closely associated with the SPB, while in early S-phase cells the chromosome tag was no

longer preferentially associated with the SPBs.

In order to control for temperature, timing, and cell growth conditions that could
affect the ndc80-1 phenotype, G1 cells were imaged from the same slide. For every G1 cell
that was imaged a S-phase cell was imaged immediately after. The experiment was also

repeated on different days and with different isolates of the ndc80-1 chromosome tagged
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strain. Statistical analysis of CEN-SPB distances showed a striking difference between MT
attachment during the two stages of the cell cycle. During early S phase, ndc80-1 cells show
chromosome dynamics nearly identical to those observed in ndc!0-1 cells (Figure 5-5). In
contrast, ndc80-1 cells the chromosome tag was on average 0.90 um away from the SPB in
G1, only slightly greater than the average distance observed in wild-type cells at 37 °C
(Figure 5-5). In both wild-type and rndc80-1 G1 cells the distribution of CEN-SPB lengths fit
well to a Gaussian curve with a standard deviation of 0.40 um. 3D scatter plots of
chromosome position relative to the SPB confirm that, similarly to wild-type cells, the
chromosome tag in ndc80-1 cells is confined to a small region near the SPB throughout four
minute movies of G1 cells (a representative scatter plot is shown in Figure 5-5).
Additionally, the average relative velocity of the chromosome tag in ndc80-1 strains during
G1 was the same as for wild-type cells (Figure 5-1). From this data we conclude that
chromosomes remain attached during G1 in ndc80-1 cells. This data also suggest that
Ndc80p is required for kinetochore-MT attachment during early S phase but not in GI.
However, the longer CEN-SPB distance seen in ndc80-1 cells compared to NDC80 cells
suggests that although ndc80-1 is not essential for attachment in G1 it is playing some role in
regulating G1 directional instability. However, we must also investigate the ndc80-1 allele

inactivation rates during G1 to understand the role of Ndc80p in G1.
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Figure 5-5. Positional analysis of chromosome motion in ndc80-1 cells.

Three-dimensional scatter plot showing the position of CEN tag in SPB-centered reference
frame with wild-type, ndc10-1 and ndc80-1 cells. G1 (left scatter plot) shows a tight
distribution for chromosome tags in an ndc80-1 background and shows similar properties to
wild-type in contrast to ndc0-1. Conversely, the distribution pattern increases dramatically
in S-phase and is more similar to ndc/0-1 than wild-type at this phase of the cell cycle. These
data suggests that Ndc80p is not required to maintain kinetochore-MT attachment during G1
and becomes essential only after cells move into S-phase. For each strain, the range of
motion over 4 minutes of a representative time-lapse movie (50 time points/movie) is shown.
The position of chromosome tag (colors) in the SPB-centered reference frame was
determined by subtracting the XYZ coordinates of the SPB from the XYZ coordinates of the

chromosome tag at each time point. The SPB (black) is at the origin. All movies acquired at
37 °C.
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5.4 Discussion

In this study, we have used rapid time-lapse imaging of budding yeast to investigate
chromosome dynamics and kinetochore function at various stages of the cell cycle. By
comparing the movement of a GFP-tagged chromosome in wild-type cells and mutants that
lack a functional kinetochore (ndc0-1), we have confirmed that chromosomes remain
attached to SPB during the G1 phase of the cell cycle. Improved microscopy techniques and
acquisition rates ten times faster than those used in our prior studies (He et al., 2000; He et
al., 2001) have allowed us to gain a more detailed and quantitative understanding of
chromosome dynamics than was previously possible. We have found that significant
movement can be observed in movies with 2-5 sec time lapses that has been overlooked in
movies with slower sampling times. We have analyzed the chromosome dynamics of
monopolar attached chromosomes at different stages of the cell cycle and in the presence of
various mutant k-MAPs. Our observations suggest that Dam1p and Stu2p play opposite roles

in regulating chromosome dynamics at the plus-end of k-MTs.

5.4.1 The molecular basis of cell-cycle changes in kinetochore-microtubule
attachment

We found that Ndc80p is required for attachment in early S-phase but not in G1. This
provides evidence that there is a molecular basis for the cell-cycle changes in chromosome
position and dynamics. ndc80-1 cells lack the proteins required to establish kinetochore-MT
attachment during the S-phase and metaphase stages of the cell cycle. Conversely, ndc80-1
cells still possess the ability to maintain kinetochore-MT attachment in G1. ChIP and
microscopy studies of asynchronous ndc80-1 cultures show that while the DNA binding layer
remains intact, most of the known microtubule binding proteins are dissociated from the

kinetochore (He et al., 2001). As would be expected, Ndc80p was previously found to be
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essential for attachment in metaphase (He et al., 2001; Wigge and Kilmartin, 2001).
Therefore, the finding that Ndc80p is not required for attachment in G1 was very surprising.
It raises the intriguing possibility that a much simpler kinetochore can mediate monopolar
attachment in G1 than is required for bipolar attachment in metaphase. Alternatively, the
ndc80-1 allele may not be completely inactivated at 37C during G1 or the protein may only

be essential for the establishment of attachment and not the maintenance of attachment.

Identifying which proteins are required for attachment in G1 will be a high priority
for future studies. Of the known kinetochore microtubule binding proteins, Kip3p and Biklp
are possible candidates since they have not been shown to dissociate from the kinetochore in
ndc80-1 mutants. There may also be additional, not yet identified, kinetochore proteins or
G1-specific proteins that mediate MT attachment in G1. It is also possible, however, that
some of the proteins that appear to be dependent on Ndc80p in asynchronous cultures,
actually remain at the kinetochore in ndc80-1 cells during G1. Thus, it will be important to

confirm the Ndc80 dependencies by ChIP or microscopy in synchronous G1 cultures.

It also remains to be determined what happens in early S-phase to cause ndc80-1 cells
to lose attachment. Although our data suggests that the chromosomes remain attached to the
microtubules throughout the cell cycle, it is known that in wild-type cells the parent sister
chromatid does not preferentially separate with the parent SPB (Neff and Burke, 1991).
Therefore, the chromosomes must at least transiently separate from the SPBs. Most likely
this transient loss of attachment occurs during centromeric replication, which happens in
early S-phase (Winey and O'Toole, 2001). One explanation for our data is that Ndc80p
dependent kinetochore proteins are required to reattach the sister chromatids to microtubules
but not to maintain monopolar attachment. In this case, we might expect the early S-phase
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loss of attachment in ndc&0-1 cells to be dependent on replication. To test this, we are
currently looking at chromosome dynamics in cdc6 mutants. cdc6 cells are not able to
replicate their DNA but nevertheless progress through the cell cycle (Zhou et al., 1989). We
have recently determined that Bik1p depends on the presence of Mtw1p (McAinsh A.,
personal communication), an essential component of the kinetochore (Goshima and
Yanagida, 2000), and suggests at the possibility multiple k-MAPs that function redundantly
in kinetochore-MT attachment. Considering that dam/p mutant cells can’t re-establish
bipolar attachment in S-phase or metaphase and instead remain monopolarly attached, we
might reason that Biklp maintains kinetochore-MT attachment while Dam1p functions to
establish new MT attachments. This line of investigation is currently being pursued more

closely by comparing the chromosome-MT attachment status in damI-1/biki A and ndc80-

1/bik1A cell lines.

5.4.2 Kinetochore MAPs regulate changes in chromosome dynamics

Our results suggest that different subsets of kinetochore proteins regulate the dynamic
nature of directional instability differentially. Stu2p has previously been shown to localize to
the kinetochore in vivo (He et al., 2001) and to localize to the end of the microtubules in vitro
(Shirasu-Hiza et al., 2003; Van Breugel et al., 2003). Our data demonstrates that the majority
of chromosomes in stu2-277 cells demonstrate reduced chromosome dynamics where the
centromere is held in close proximity to the SPB. This is in agreement with a recent study by
Kosco et. al. showing that microtubules were fewer in number and less dynamic in G1 and
pre-anaphase based on GFP-labeled tubulin (Kosco et al., 2001). The authors argue that
Stu2p increases both the catastrophe and rescue frequency. When examined in light of the

chromosome dynamics data we’ve observed, it is reasonable to argue that the chromosome
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motion is coupled to MT dynamics. However, in our live-cell movies of chromosome
motion, we only observe a decrease in CEN-SPB distance. Since we don’t know how long it
takes to inactive stu2-277, it is possible that we are only observing the effects long after the
proteins function has been removed. Moreover, there is also the possibility that other proteins
function to destabilize the the microtubule in vivo and are independent of Stu2p, especially
since our studies are conducted in the context of other functional MAPs. Further
characterization of cells containing combinations of temperature sensitive alleles of multiple
MAPs may help to elucidate this difference. Intriguingly, the presence of Stu2p at the plus-
end of the MT suggests that it may play an important role in coupling MT dependent force
production with chromosome segregation. This model fits well with our prior observations
where during metaphase chromosomes experienced a reduction in transient separation in a

stu2-277 background under restrictive conditions.

When we examined the role of the Dam1p protein on chromosome dynamics, we
observed a large difference in the CEN-SPB distances. However, when the CEN-SPB
distances from dam1i-1 cells are statistically compared to wild-type CEN-SPB distances, we
notice that dam-1 cells have a greater number of cells with large CEN-SPB distance (1.0 —
2.0 um). Moreover when we delete the nonessential protein Bik1p from dami-1 cells, we
notice the population of large CEN-SPB distances increases even more. The possibility that
multiple k-MAPs have redundant functions in kinetochore-MT binding and polymerization
regulation is an attractive concept and suggests that the relationship between multiple MT
binding factors should be looked at more closely. It will be interesting to explore whether this
similarity is indicative of functionally similar kinetochore proteins at different phases of the

cell cycle. One possibility is that changes occur at early S-phase to make the kinetochore

202



Chapter 5

competent for bipolar attachment and then persist until telophase. Why and how the
kinetochore returns to it G1 state will be important questions for future studies examining

potential upstream regulation of chromosome dynamics.
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6.1 Introduction
When I first began working with Xiangwei He to further identify yeast kinetochore

components very little was known about the composition, structure or functional role of the
kinetochore in budding yeast. Our molecular understanding of the kinetochore-microtubule
attachment in S. cerevisige was limited to the recognition that attachment depended on a well
defined centromeric DNA sequence, a small centromere binding complex, CBF3 (Cai and
Davis, 1990; Clarke and Carbon, 1980; Espelin et al., 1997; Lechner and Carbon, 1991;
Sorger et al., 1994), and a handful of other proteins such as Csedp (Fitzgerald-Hayes et al.,
1982; Stoler et al., 1995). In fact, most of the kinetochore proteins were either not known or
suspected of having alternative functions (Wigge et al., 1998). Based on genetic screens,
many other genes had been implicated in increasing the fidelity of genetic transmission
(Hyland et al., 1999; Kitagawa et al., 1999; Ortiz et al., 1999), but the field lacked direct
assays for kinetochore involvement. Progress was hindered by the absence of an assay to

monitor kinetochore-microtubule interactions.

Three important breakthroughs lead to further identification of kinetochore
components and opened the door for rapid advancement. First, the insight that kinetochore
proteins localized into a bilobed pattern during metaphase (He et al., 2001); second, the
establishment of chromatin immunoprecipitation (ChIP) to assay for direct centromeric DNA
interactions; and lastly, the introduction of fluorescent single chromosome tagging for in vivo
microscopy (Ciosk et al., 1998; He et al., 2000; Straight et al., 1996). In the past three years
alone, more than 30 new proteins have been shown to either localize, co-precipitate, or

function in kinetochore-microtubule attachment (Cheeseman et al., 2001; Euskirchen, 2002;
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Goshima and Yanagida, 2000; He et al., 2001; Janke et al., 2002; Li et al., 2002; Tanaka et

al., 2002; Wigge and Kilmartin, 2001).

My research has contributed to understanding the role of several kinetochore
complexes in establishing proper bipolar attachment, characterizing kinetics of chromosome
dynamics, and enhancing in vive fluorescent microscopy techniques for performing
chromosome motion studies at resolutions better than the Rayleigh limit (Thomann et al.,
2002). This chapter presents the results of my research in the context of the field of
kinetochore exploration, and follows with suggestions for approaches and directions for

future investigation of the budding yeast kinetochore.

6.2 Conclusions

6.2.1 Characterizing kinetochore-microtubule attachment

Observations of transient sister separation using a single fluorescently tagged
chromosome were the first direct evidence for the formation of opposing tensile force on
sister chromatids in yeast (Goshima and Yanagida, 2000; He et al., 2000). Experiments with
budding yeast strains containing a single GFP-tagged chromosome suggested that prior to the
onset of anaphase, sister chromatids experienced sufficient tensile force to physically
separate ~10 kb of centromere proximal DNA (Goshima and Yanagida, 2000; He et al.,
2000). In addition, the development of tension depended on the presence of the DNA
cohesion molecule, Scclp (Mcd1p)( Ciosk et al., 1998; Michaelis et al., 1997), to resist early
sister separation. The formation of tension was also shown to be dynamic and transient in
nature (He et al., 2000). By combining GFP-tagged chromosomes with temperature sensitive

mutants, I was able to develop a classification system for defects in chromosome-MT
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attachment using in vivo fluorescence microscopy. By exploiting the tension assay for bipolar
attachment this approach demonstrated that mutations in kinetochore proteins can result in
distinctly different types of attachment and differences in chromosome movement. The
chromosome tracking data presented in Chapter 2, along with the localization and ChIP
experiments quickly lead us to realize that the kinetochore contained multiple layers and that
redundant attachment factors were dependent on core components for their centromere
association (He et al., 2001). Clearly, the kinetochore-MT attachment is more complex than
originally thought and these results now constitute a proof-of-principle that chromosome

dynamics can be dissected genetically as described in the following sections.

6.2.1.1 Loss of attachment
CBF3 and the Ndc80 complex are essential for the establishment of kinetochore-MT

attachment. Initial genetic studies with ndc!0-1 and ndc80-1 demonstrated severe rates of
chromosome loss (Goh and Kilmartin, 1993; Wigge and Kilmartin, 2001). Based on tubulin
staining in these mutants it was also observed that the mitotic spindle matured throughout the
cell cycle and segregated spindle pole bodies with normal kinetics. Despite the appearance of
a normal spindle, chromosomes failed to segregate normally and cell division led to high
rates of aneuploidy. By combining these mutations with the GFP labeled chromosome and
with a GFP-tagged SPB, it became possible to observe the time-dependent motion and SPB-
CEN association (He et al., 2000). After the onset of S-phase, cells shifted to the restrictive
temperature demonstrated random patterns of chromosome motion and féiled to associate

directly with either SPB.
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6.2.1.2 Monopolar attachment

Temperature sensitive mutations in dam/ lead to monopolar attachment. The DAM/
gene was originally identified in a screen for mutants that enhanced the defects of mutations
in MPSI (Jones et al., 1999), a kinase involved in SPB duplication and the spindle
checkpoint (Weiss and Winey, 1996; Winey et al., 1991). Immunofluoresence experiments
demonstrated MT localization and electron micrographs showed that dam/ mutations result
in bent, broken and hyper-clongated spindles (Hofmann et al., 1998). Based on GFP
localization and ChIP, Damip was shown to interact with kinetochores and MTs, suggesting
that Dam1p may play a role in linking chromosomes directly to the spindle (Cheeseman et
al., 2001; He et al., 2001). However, it was not known what role the protein may play in this
linkage. My chromosome dynamics studies quickly demonstrated that defects in damip
resulted in monopolar attachments, that is, sisters bound to MTs from only one SPB (He et

al., 2001).

The yeast homologue of the human Aurora-kinase, Ipl1p, also demonstrates a
monopolar phenotype in cells possessing the temperature sensitive mutation, ipl/-321. The
similarity of phenotype in both damIp and iplip cells suggested that the kinase plays an
upstream role in regulating Dam1p activity (Cheeseman et al., 2002; Tanaka et al., 2002).
However, recent chromosome motion analysis in yeast suggests that while Ipl1p may act
upstream of the Dam1p complex, defects in the two proteins do not actually phenocopy
(Rines et. al., unpublished results). Cells with mutant damIp demonstrate monotelic
attachment and appear to lack the capacity for a second attachment whereas iplip
chromosomes appear to have syntelic attachment. This difference in phenotype suggests that

the Damlp complex may only play a role in establishing the second MT attachment site and
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that a redundant MT binding complex may be needed to maintain the attachment from the
previous round of cell division. Clouding the picture further, there is conflicting evidence
from mutations in another component of the Dam1 complex, spc34-3, that do not support this
model (Janke et al., 2002). Nonetheless, the combination of these results suggests further at
the complex differences between establishing MT attachment and the maintenance of
attachment. This line of investigation has recently been extended in higher organisms where
Aurora B has been shown to be involved in correcting syntelic attachment, a state where both
sister chromatids are attached to MTs from the same pole (Hauf et al., 2003). Further

investigation will be needed.

6.2.1.3 Non-functional bipolar attachment

A third set of mutants appear to demonstrate proper bipolar attachment yet lack
normal chromosome dynamics. Stu2p is a MT binding protein that has recently been
localized to the extreme plus-ends of MTs (Van Breugel, Dreschel & Hyman, personal
communication). Based on the results presented, Stu2p acts to induce catastrophes by
destabilizing rather than stabilizing MTs iz vitro and may sterically block tubulin addition to
the MT plus-end. These findings are consistent with my in vive data showing attached
chromosomes are less dynamic in stu2 mutants compared to wild-type cells (He et al., 2001)
and suggest that kinetochores in s#u2 cells have a reduced ability to depolymerize MTs and

generate force.

The importance of nonmotor MAPs in kinetochore-MT binding and force generation
is intriguing and suggests at redundant attachment factors. Based on the relatively large
number of kinetochore components, one can speculate that there might be separate functions

in establishing the attachment and maintaining the attachment. Indeed, it has been proposed
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previously that MT depolymerization is required to mature the kinetochore attachment
(Peskin and Oster, 1995). Thus these kinetochore-MAPs may play antagonistic roles in
regulating polymerization and depolymerization, where some proteins function to stabilize
the MT during the establishment of attachment, and others function to destabilize the
polymer in an effort to mature or strengthen the attachment. Whatever the functional
importance, their role in attachment and force generation is still not well understood and will

require more investigation.

6.2.2 Computational analysis of spindle geometry

The results described above were based largely on qualitative observations. While the
human eye can observe XY-distances in micrographs easily enough, depth information is
much more difficult to interpret (Z-direction). In addition, observations relating chromosome
motion from one cell to the next were impossible to analyze in a consistent manner. To
overcome these issues, I developed a computational approach to analyzing three-dimensional
(3D) spindle geometry. Using a cylindrical coordinate system with an axis centered on the
two SPBs, centromere position could be related in a time dependent manner. In addition,
since the SPBs remain within the nuclear envelope throughout the cell cycle, positional errors
from non-kinetochore mediated motion caused by nuclear rotation or drift were automatically
subtracted away (Figure 6-1) (He et al., 2001). Once coordinate data was obtained through
manual tracking, 3D distance were calculated, stored in a relational database and graphed in

an easy to understand manner.

The development of this system (Lab Assistant) is part of an ongoing open-source
project known as the open microscopy environment (OME), and involves both academic and

industry contributors (www.openmicroscopy.com). Although Lab Assistant is not currently
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available to the general academic community, it should become available as part of the future

software releases.

Accurate geometric spindie calculation depends heavily on the precision of the
coordinate data entered and initially relied on inaccurate manual detection. By establishing a
collaboration with an applied mathematics group at the ETH in Zurich, headed by Gaundez
Danuser, our two labs have developed an automated approach to spot detection and tracking
(Thomann et al., 2002). Diffraction limited resolution of chromosome spots in light
microscopy typically resides around 230 nm in the XY-plane and 600 nm in the Z-direction
(see Chapter 4 for more detailed information on resolution limits). Using the algorithms
developed by the Danuser group has improved XY-resolution to ~50 nm and Z-resolution to

~200 nm (Thomann et al., 2003 in press).
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Figure 6-1. Parameters for assaying time-dependent chromosome motion

Chromosome position is determined based on a cylindrical coordinate system
centered about the axis of a yeast spindle as determined by the position of the two SPBs.
Front Projection: The relative measurements made with respect to chromosome position. The
two red spots (a & b) represent the SPBs, while the two green spots (o & B) represent the
position of the GFP tagged sister chromatids. Linear distance determinations are represented
by the arrows in the figure. Volume View: A fluorescent micrograph imaged from
formaldehyde fixed and DAPT stained yeast. The GFP spots represent the position of SPB
(marked in red) and the CEN tags (marked in green). Image was generated from a volume
view projection off a Deltavision deconvolution microscope. Temporal Orthographic
Projection: As the nuclear envelope rotates and shifts in position, time-dependent changes are
measured with respect to the cylindrical coordinate system. Side Projection: The radial
distance of the chromosome tag from the spindle axis is calculated.
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6.2.3 Enhanced in vivo microscopy techniques for budding yeast

Improved microscopy techniques and acquisition rates ten times faster than those
used in prior studies have also allowed us to gain a more detailed and quantitative
understanding of chromosome dynamics with greater temporal precision than was previously
possible. By comparing the movement of a GFP-tagged chromosome in wild-type cells and
mutant cells that lack a functional kinetochore (ndc/0-1), T have confirmed that
chromosomes remain attached to SPBs throughout the cell cycle in a kinetochore/MT
dependent manner. My work also demonstrated both short, rapid oscillations and longer
periods of directed movement in G1 cells. As would be expected if the movement reflects
underlying MT dynamics, we found that during periods of directed movement, centromeres
moved towards the SPBs more rapidly than they moved away (Rines et. al., see Chapter 5).
The speeds measured for directed movement away from the chromosome during G1 are very
similar to growth rates measured in vitro for MTs attached to mammalian kinetochores,
although the rates we observed for movement towards the SPB were not as fast as MT

shrinkage rates measured by Hunt and McIntosh, 1998,

Despite the confirmation of similar kinetics between yeast and mammals, recent
experimentation has demonstrated a side effect where excessive long-term imaging with GFP
specific light (480 nm) on yeast cells has negative physiological effects on growth (Figure 6-
2 and 6-3). My research on imaging in vivo chromosome dynamics throughout an entire cell

cycle has recently revealed phototoxicity and photobleaching results in yeast.

Photobleaching and phototoxicity impose a tradeoff between the exposure time of
cach image and the total number of images that can be acquired. Photobleaching directly

affects the emission capabilities of a fluorophore and is readily apparent as a reduction in
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signal strength. Phototoxicity indirectly describes a general class of harmful effects on live-
cells based on repeated or short but extreme exposures to a light source. The exposure
typically has a negative effect on a cells ability to grow in a normal manner. Phototoxicity is
much more difficult to discern than photobleaching since it is harder to measure directly and
can be a consequence of DNA damage (ultra-violet light) or protein damage (infra-red light).
To avoid unpredicted effects during live-cell acquisition with budding yeast, I have
determined that it is important to incorporate interference filters that block damaging rays
into the microscope system. Quite often multiple filters can be piggybacked on top of one
another. Providing cells with longer relaxation periods between each time-point may limit the
effects. However, in preliminary studies we have found that even providing a 3 minute

relaxation period between time-points causes cells to grow at less than half the normal rate

(Figure 6-2)
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Figure 6-2. Phototoxic effects at different wavelengths on yeast growth
Wild-type cells were imaged on a Deltavision deconvolution microscopy system using
various wavelengths of light to determine effects on growth and cell cycle progression during
a long-term imaging session (2 hours) based on cell morphology. Cells lacking any
exogenous fluorophores were grown to mid-log phase and placed on an agarose depression
slide (refer to Chapter 3 for more details). 20 optical Z-sections were acquired using 50
millisecond exposures were taken per Z-section for a total of 2 — 3 seconds of exposure.
Time points were acquired every three minutes. After the 2 hour imaging session, cells were
allowed to recover for an additional 2 hours in the absence of any fluorescent exposure.
Phase contrast images were taken before imaging (‘Before’ column), immediately after the
two hour imaging session (‘After” column), and immediately after the 2 hour recovery period
(‘Recovery’ column). Non-imaging control cells on the same slide were used as a
comparison for growth under the same condition minus direct fluorescent exposure (Figure
6-2D & H). Cells on the left were all imaged starting at some point in G1 while cells on the
right were imaged starting at some point in late S-phase or early metaphase based on cell
morphology. (A & E) demonstrates that cells repeated exposed to 480 nm light (the same
wavelengths used for GFP activation) experienced drastic reduction in growth although they
didn’t appear to arrest as compared to the non-imaging controls (D & H). The imaging did
not appear to kill the cells as they continued to grow and divide during the recovery period.
(B & F) Cells were imaged using the same experimental setup except with 360 nm light
(UV). Suprisingly, the cells were much less suceptable to the effects of the light and grew
only slightly slower than the control cells. (C & G) Again cells were image, except with light
closer to the IR spectrum or 540 nm light (TexRd) and also appear to be relatively unaffected
by the fluorescent light. This data suggests that 480 nm light is highly toxic to cell growth
although the physiological effects are not obvious.
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The exact mechanism of GFP photobleaching has not been elucidated. It is known
that the fluorescent molecule is not destroyed or degraded; rather continuous or long-term
repeated exposure to excitation wavelengths will irreversibly alter the GFP molecule so that
it can no longer fluoresce. Photobleaching can be minimized by using neutral density filters
to reduce the excitation intensity in combination with the shortest exposures possible.
Reductions in fluorescent exposure negatively affect the contrast of an image and reduce the
signal-to-noise ratio. Conversely, the tradeoff in signal strength is repaid with longer duration
time course movies. We have found that 50 milliseconds and a 1.0 neutral density filter (10%
transmission) works best for rapid acquisition movies where 14-20 optical Z-sections are
taken every 5 seconds (Figure 6-3). This combination allows us to acquire movie with 180
time-points up to 15 minutes long using EGFP labeled spindle pole bodies and single

chromosome tags.
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Figure 6-3. Photobleaching rates of EGFP in yeast

Using automated spot detection and tracking, photobleaching of GFP spots are compared to
evaluate rates of bleaching and under different imaging conditions. (A) Cells are imaged
every 5 seconds by taking 20 optical Z-sections with 75 msec/section exposures and a 0.5
neutral density filter. Rates of photobleach are graphed and appear to bleach exponentially.
(B) Cells imaged using 25 msec/section and a 1.0 ND filter. The lower intensity light and
shorter exposure times have much less effects on the change in emission intensity over time.
However, the signal to noise also decreases drastically. (C & D) Show maximum intensity
projections of the images used for (A & B). The top set of images are raw data while those on
the bottom are filtered using the autornated spot detection and tracking software (see Chapter
4 for more information). Although the signal is much weaker in the righthand set of images,
the spot tracking software is still capable of resolving the fluorescent spots under more
favorable physiological conditions.
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6.2.4 Molecular basis of cell-cycle changes in chromosome dynamics

Determining how chromosome movement is coupled to ATP-dependent sliding of
motors along MTs and GTP-coupled MT dynamics is among the most important issues in the
study of chromosome segregation. In higher eukaryotes, the force-generating processes
responsible for chromosome movement arise in at least three spindle locations: the plus-ends
of MTs embedded in kinetochores, the minus-ends of kinetochore-MTs embedded in spindle
poles (Hays and Salmon, 1990), and along chromosome arms via interactions with non-
kinetochore MTs (Rieder et al., 1986). The importance of these processes varies among
different cell types. In yeast, spindle MTs are highly dynamic in mitosis, but photobleaching
studies in live cells and EM analysis of plus-ends suggest that the poleward flux of MTs is
unlikely to make a major contribution to chromosome movement (Maddox et al., 2000). In
addition, yeast spindles appear to lack MTs that might interact with chromosome arms to
generate polar gjection forces (O'Toole et al., 1999). Thus, it is reasonable to question
whether chromosome movement in yeast is powered only by kinetochores. I began
investigating this question by examining the kinetics of chromosome motion at phases in the
cell cycle with monopolar and bipolar spindles and in cells containing mutations in specific

kinetochore MAP functionality.

The research presented in the later half of this thesis demonstrates that Ndc80p is
required for attachment in early S-phase but not in G1, which provides evidence that there is
a molecular basis for the cell-cycle changes in chromosome position and dynamics. Cells
possessing the ndc80-1 mutation lack outer kinetochore complexes (e.g., Dam1p complex).

ChIP and microscopy studies of asynchronous ndc80-7 cultures show that while the DNA
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binding components (Ndc10p) remains intact, most of the known MT binding proteins are
dissociated from the kinetochore (He et al., 2001). As would be expected, Ndc80p was
previously found to be essential for attachment in metaphase (He et al., 2001). Therefore, the
finding that Ndc80p is not required for attachment in G1 was surprising. It raises the
intriguing possibility that a different branch of the kinetochore can mediate monopolar
attachment in G1 that is distinct from proteins required for bipolar attachment in metaphase.
Moreover, it is possible that maturation of attachment may occur in two steps. Chromosomes
may first establish interactions with the MT by one set of components. The attachment is the
strengthened by an additional set of proteins. This hypothesis is further supported in higher
organisms where studies have demonstrated that in prometaphase, chromosomes bind to the
sides of MTs and move rapidly toward a pole (Alexander and Rieder, 1991; Rieder and
Alexander, 1990). Kinetochore-MT attachments capture and embed the extreme plus-ends of
MTs when bipolarity is established. As we learn more about the cell cycle dependent role of

the yeast kinetochore, a better understanding of this branching should develop.

6.3 Future Directions

While the presence of mitotic spindle fibers and their functional role in chromosome
segregation has been known since the late 1960°s (Inoue and Sato, 1967), discovery of
kinetochore genes only began in the last decade (reviewed in McAinsh A, Tytell J and Sorger
PK, 2003 in press). Identification of these genes has facilitated genetic experiments revealing
their importance in chromosome segregation. Although informative and occasionally
surprising, these analyses so far have largely only confirmed our expectations of centromere-

MT function. A complete molecular description of how cells link centromeric DNA to MTs
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has yet to be answered. We also have a preliminary understanding of the events that take
place to ensure proper chromosome segregation and a basic description of the components
necessary to mechanically separate the sisters, yet the details remain unclear. Despite
knowledge of what is now a large number of kinetochore proteins and sub-complex
interactions in yeast, we still are unsure how the kinetochore physically holds onto the MT.
While additional purifications and further identification of more components will
undoubtedly prove informative, significant progress in describing the molecular events
necessary for kinetochore-MT attachment in both yeast and higher organisms will require the
development of new techniques for studying kinetochore function in vivo and in vitro (see

below).

6.3.1 Further biochemical purification of subcomplexes

Understanding the kinetochore structure will ultimately require knowledge of how the
proteins interact in vivo. Although several interactions have been previously identified, we
know very little about their physiological relevance, when the individual protein complexes
are recruited to the kinetochore, and how these complexes are modified or regulated. Recent
identification of the ‘bilobed’ localization pattern of kinetochore proteins provided the real
first evidence for distinct differences in kinetochore proteins and SPB proteins (He et al.,
2001). Biochemical purification of the epitope tagged proteins in yeast has not only
confirmed their presence at the kinetochore but also identified additional components. But it
appears that some of the kinetochore-MT associated proteins are still missing. It will
continue to be informative as the purification of kinetochore complexes gets closer to the
kinetochore-MT interface. This approach should both reveal physiological relevant protein-

protein interactions and also be useful for identifying novel MT associated protein genes.
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6.3.2 Investigating redundant kinetochore-microtubule attachment

Despite the utility of a biochemical approach, the kinetochore-MT linkage does not
appear to be a single linear chain of proteins from the centromeric DNA to MT. The
attachment utilizes redundant factors in a cell-cycle dependent manner (Rines et. al., Chapter
5). Identifying the proteins required for attachment in G1 will be a high priority for future
studies. Of the known kinetochore MT binding proteins, Bik1p or Stu2p are possible
candidates since they have been shown to interact with the kinetochore. However, a failure to
lose attachment in dam p/bikl A or damlp/stu2p double mutants suggests that other
components are involved in the maintenance of kinetochore-MT attachment in G1 (Rines et.
al., Chapter 5). There may also be additional, not yet identified, kinetochore proteins or even
cell cycle-specific kinetochore proteins that mediate MT attachment in G1. Tt is also possible,
however, that some of the proteins that appear to be dependent on Ndc80p in asynchronous
cultures, actually remain at the kinetochore in ndc80-1 cells during G1. Thus, it will be
important to confirm the Ndc80 dependencies by ChIP or microscopy in synchronous G1

cultures.

It also remains to be determined what happens in early S-phase to cause ndc80-1 cells
to lose attachment. Although our data suggest that the chromosomes remain attached to the
MTs throughout the cell cycle, it is known that in wild-type cells the parent sister chromatid
does not preferentially separate with the parent SPB (Neff and Burke, 1991). Therefore, the
chromosomes must at least transiently separate from the SPBs. Most likely this transient loss
of attachment occurs during centromeric replication, which happens in early S-phase (Winey
and O'Toole, 2001). One explanation for our data is that Ndc80p dependent kinetochore

proteins are required to reattach the sister chromatids to MTs but not to maintain monopolar

227



Chapter 6

—————

i

attachment. In this case, we might expect the early S-phase loss of attachment in ndc80-1
cells to be dependent on replication. To examine this closer, chromosome dynamics in ¢dc6
mutants, which are not able to replicate their DNA but nevertheless progress through the cell

cycle, could be combined with #ndec80-1.

6.3.3 Mechanical modeling of chromosome segregation mechanisms

A fundamental problem in the study of chromosome segregation is developing a
spatial and temporal description in which the roles of multiple redundant components are
more important. To gain further understanding into the force production on the sister
chromatids a data driven mathematical model will be of critical importance and serve as a
source of simulated results that will help to guide future experimental work. The challenge
will be to develop models that can capture the mitotic spindle’s stochastic behavior and
mechanical force generation (Cytrynbaum et al., 2003). Force-balance equations will need to
integrate MT dynamic instability, MT-motor properties, and DNA cohesive molecules to
gain insight into the mechanical nature of the spindle. Since redundancy appears to be an
important factor in the kinetochore-MT attachment, a major goal will be to combine data
from molecular genetics to effectively dissect the complexity. Specific mutants in yeast and
RNAI in mammalian cells will be of great value in determining the role of the redundant

components in the process of kinetochore-MT attachment.

6.4 Summary

The work presented in this thesis describes a significant contribution to the
understanding of yeast biology. The reclassification of previously identified proteins as

having a role in kinetochore function represents a large step forward. Analysis of mutations
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in these proteins on chromosome dynamics has established the steps necessary to mature
bipolar attachment in yeast. Additionally, the role of kinetochore microtubule associated
proteins on chromosome dynamics demonstrates the first in vivo study at kinetochore
regulation of MT generated forces inside the nucleus. Despite the value of these results, this
work also reveals the limitations of this approach. The recognition that temperature sensitive
mutations in kinetochore proteins may be hypomorphic in nature suggests that total
disruption of proteins will be essential for proper functional determinations. Furthermore, the
redundant nature of kinetochore-MT attachment means that many different combinations of
mutants and gene disruptions will be necessary for complete understanding. 1 believe that the
next phase of kinetochore research in yeast and humans should focus on approaches for
identifying the remaining additional factors involved and investigating the complexities of
mechanical force production through data driven models. The motion studies based on
fluorescently tagged chromosomes with semi-permissive kinetochore mutants will serve as
an initial step towards a comprehensive mechanical model. As we obtain a more complete
molecular description from the biochemical studies computational models enhanced to
include finer details and will help us to arrive at a better understanding of the functional role

of kinetochore-MT attachments.
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