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ABSTRACT

The centrosome is acytoplasmic organelle that contains two components, a
mature centriole and acloud of pericentriolar material (PCM). This organelle duplicates
itself once each cell cycle, ensuring the formation of abipolar spindle and its continuity
through successive cell divisions. The centrosome plays afundamental role in organizing
the interphase cytoskeleton and the mitotic spindle, and its protein complexity must be
modulated to support these functions. At present, information concerning how
centrosome proteins are organized and how they integrate into afunctional centrosome is
lacking. My thesis work is designed to address these issues.
First, Istudied the protein organization within the centrosome using
immunofluorescence microscopy and abattery of antibodies including ahuman
autoimmune serum M449 1. Idemonstrated that at least asubset of centrosomal proteins
are arranged together to form atubular structure that has an open and closed end.

This

tubular structure is duplicated in concert with centrosome duplication. The centriole
proteins CEP25O/C-Napl and Nek2 are located at the closed end of the tube, while PCM
proteins such as Cdc2 and pericentrin are located in the wall. 7-tubulin is found both in
the wail and in the lumen of the tube. A model of the morphogenesis of the centrosome
during the duplication process is proposed.
Second, Istudied the relationship between centrosome protein placement and
function. Idemonstrated that apopulation of CEP1 10 and ninein is located in aspecific
domain within the tubular structure of centrosome, which corresponds to the open end of

'U

the centrosome tube and is the site of protein addition associated with maturation of a
daughter centrosome into amother centrosome. Microinjection of antibodies to these
two proteins into live cells indicates that the addition of CEP 110 and ninein are essential
for the reformation of specific aspects of the interphase centrosome architecture
following mitosis, and are required for the centrosome to function as amicrotubule
organizing center.
Finally, Istudied the relationship between the tubular structure, the centriole, and
the centrosome. Idemonstrated that the tubular structure represents the PCM proteins
encompassing the polar centriole. The closed end of the PCM tube is associated with the
proximal end of the centriole, the site of procentriole formation, while the open end of the
tube is associated with the distal end of the centriole and accommodates primary cilium
formation. This relationship is established in aspecific manner during centrosome
duplication. Microtubule formation occurs in association with the PCM tube, but is
excluded from its open end. All these results indicate that the centrosome is not, as
commonly considered, an amorphous and symmetrical mass, but rather it is apolar
structure. The polar structure may allow ciliogenesis and microtubule organization to
occur together at the centrosome without disrupting PCM architecture.
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CHAPTER ONE

INTRODUCTION

2
The centrosome is asmall central focus of phase-dense material in animal cells
when viewed under light microscopy. When viewed by electron microscopy, this
organelle consists of apair of centrioles and acloud of pericentriolar material (PCM) that
encircles the centrioles (see review by Vorobjev and Nadezhdina, 1987). In most cells, the
centrioles and the PCM together occupy atiny volume of approximately 1-2 ji.m3that is
usually in close proximity to the nucleus.
The centrosome is the primary microtubule organizing center (MTOC) in animal
cells (for review see Brinkley, 1985; Mazia 1987). Microtubules nucleated from the
centrosome are polarized with their fast growing ends (the plus ends) in the cytoplasm and
slow growing ends (the minus ends) associated with the centrosome. During interphase,
microtubules extend from the centrosome and participate in the formation of the
cytoskeleton. During mitosis, centrosome-nucleated microtubules are major contributors
to the formation of the mitotic spindles. The centrosome is not isolated from the
cytoplasm. Rather, through microtubules and microfilaments that extend out from it, this
organelle integrates with the surrounding cytoplasm, and thus participates in various
microtubule- and microfilament-based activities, such as intracellular placement of proteins
and organelles, cytokinesis, cell shape and motility, as well as cell polarity (Mack et al.,
2000).
The centrosome duplicates itself once every cell cycle. This duplication process
ensures that two daughter centrosomes are produced and that the centrosomes participate
in the formation of bipolar spindles. Aberrant duplication may lead to mono- or multipolar spindles, which are seen in many different types of tumor cells (for recent reviews
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see Brinkley and Goepfert, 1998; Salisbury et al., 1999; Lingle and Salisbury, 2000;
Brinkley, 2001) and in cells derived from other disorders such as Huntington's disease
(Sathasivam et al., 2001).
Although the centrosome was discovered more than 100 years ago, our
understanding of its structure, function, protein composition, and protein organization is
still far from complete. In this part of my thesis, Ishall review some of the recent
advances leading towards an understanding of this organelle.

I. 'IJiE STRUCTURE AND PROTEIN COMJOSJ31ON OF THE CENTRIOLE

1. Structure
To understand the structure (and also the molecular composition) of the
centrosome, one has to keep in mind that this organelle is complex, often having a
different structure in different organisms, and dynamic, exhibiting size and composition
variations at different stages of the cell cycle. Typically, the centrosome has its smallest
size during early interphase and its largest dimensions, accompanied with an increased
capacity for microtubule nucleation, during cell division (Rieder and Borisy, 1982;
Khodjakov and Rieder, 1999). In many kinds of cancer cells, however, the enlarged
centrosome may be seen at any cell cycle stage, which occurs through recruitment of a
large number of proteins to the PCM (Lingle et al., 1998; Pihan et al., 1998). Unlike other
organelles, the centrosome has no membranes to separate its components from cytosolic
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proteins. In this regard, it is possible that some noncentrosomal cytoplasmic proteins be
found at or around the centrosome.
Yet, as far as the stable structure is concerned, in most animal cells the centrosome
consists of two components: the centrioles and the PCM. Typically, the two centrioles
have an orthogonal arrangement to one another. The mother centriole has asize of
approximately 0.5 gm in length and 0.2 pm in diameter, and has acylindrical form that
consists of nine groups of triplet blades made of either complete 13 protofllament
microtubules (the innermost A-tubule) or incomplete 10 or 11 protofilament microtubules
(the B- and C-tubules). The centriole cylinder exhibits aproximal-distal orientation. At the
distal end is the plus end of the centriole microtubule, which templates the assembly of the
primary cilium, anon-motile structure seen in many Gi or quiescent cells in culture and
most mammalian cell types in vivo (Tucker et al., 1983). When the centriole turns into the
basal body, the plus end becomes the template for the formation of achum or flagellum.
The basal body is hence closely related to the centriole, both in structure and composition
(reviewed by Preble et al., 2000; see also below). The other end (the proximal end) of the
centriole is the site of new centriole (called procentriole) formation. Inside the cylinder,
the centriole displays avariety of structures, including acartwheel-like disc structure (a set
of nine spokes connected to acentral axis) at its proximal end. At the outer surface, the
cylinder is associated with aseries of appendages at the distal end, and matrix material and
electron dense satellite structures along its length. The daughter centriole is variable in
size at different stage of the cell cycle, does not have appendages at its outside surface,
and also does not have the ability to nucleate aprimary chum (for reviews, see Andersen,
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1999; Rieder et al., 2001).

2. Composition
2.1. The microtubule blades.
A microtubule blade is comprised mostly of a— and J3-tubulins which, like basal
bodies and axonemes, undergo extensive post-translational modifications, such as
acetylation (Piperno and Fuller, 1985), detyrosination (Gundersen and Bulinski, 1986) and
glutamylation (Edde et at., 1990; Bobinnec et at., 1998). The post-translational
modifications may help to stabilize the centriole microtubules, which are crucial for the
centrosome integrity. For instance, if HeLa cells are loaded with antibodies that
specifically react with polyglutamylated tubulin, the centriole microtubules disassemble
and consequently PCM proteins like y-tubulin and pericentrin are scattered within the
cytosol. When the antibodies are degraded, centriole microtubules reassemble and the
PCM proteins once again become concentrated around the centrioles, reforming the
centrosomes (Bobinnec et at., 1998).
Other components of the microtubule blades may include tektins, Sp77, Sp83,
Rib43, and 6-tubulin (for review see Marshall, 2001). Tektins are agroup of three
proteins, with molecular weights between 47-5 5kDa, which form filamentous polymers in
the walls of ciliary and flagellar microtubules (Linck et at., 1985).

These proteins were

originally identified in sea urchin sperm flagellar microtubules (Linck and Langevin, 1982).
Homologues of these proteins are also found at the centrioles of different species,
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including mammals, during different cell cycle stages (Steffen and Linck, 1988; 1992;
Stephens and Lemieux, 1998). Tektins may be involved in linking the A, B, and Ctubules
together.
Like tektins, Sp77 and Sp83 are components of sea urchin sperm flagellar
microtubules and are also found at the centriole microtubules of mammalian cells
(Hinchciffe and Linck, 1998). These two proteins may perform astructural function,
possibly by mediating the interaction between tubulins and tektins. Rib43 is a43 kDa
coiled-coil protein found at the microtubules of cilia, flagella, and basal bodies (the base of
the cilia and flagella) (Norrander et al., 2000). It is not clear whether this protein is also
present at the centriole. Rib43 may have arole in forming and stabilizing doublet and
triplet microtubules and in organizing their three-dimensional structure (Norrander et al.,
2000).

3-Tubulin was first identified in the unicellular alga Chiamydomonas with a
mutation in the TJN13 gene (Dutcher and Trabuco, 1998). The mutant displays doublet
rather than triplet microtubules at the proximal end of the basal bodies and has malformed
and dysfunctional flagella. A human orthologue was subsequently found in the human
genome database, which has roughly 40% sequence similarity to the Chiamydomonas
protein (Chang and Stearns, 2000). Immunofluorescence studies show that human Stubulin localizes to the centrosome, partially overlapping with centrin and y-tubulin. As in
Chiamydomonas, human ö-tubulin may seed the formation of the Ctubules in the
centriole.
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2.2. The proximal end of the centriole.
The human autoantigen CEP25O/C-Napl (Mack et al., 1998) has been localized to
the proximal ends of the centrioles (Fry et al., 1998a). This protein displays acell cycle
dependent centriole association and is only weakly detected at the centrosome during
mitosis (Fry et al., 1998a; Mack et al., 1998). The reactivity of CEP25O/C-Napl returns
to the centrosome after the metaphase-anaphase transition. Microinjection of CEP25O/CNapi antibodies and overexpression of dominant-negative constructs have been found to
cause premature centrosome splitting (Mayor et al., 2000). This observation, together
with the finding that Nek2 kinase overexpression results in asimilar phenotype (Fry et al.,
1998b), has led to the suggestion that CEP25O/C-Napl may function as acomponent of
the "molecular glue" holding centrioles/centrosomes together at their proximal ends until
separation at the G2LM boundary (Fry et al., 1998a).
CEP2SO/C-Napl is asubstrate of Nek2, amember of the NiMAserine/threonine
kinase family originally identified inAspergillus nidulans (Fry et al., 1998b). Like
CEP25O/C-Napl, Nek2 is located at the proximal end of the centriole, exhibits acell
cycle-dependent expression pattern, with its peak level at Sand G2 stages, and has been
implicated in centriole premature splitting (Fry et al., 1998b; see below). Recently, an
additional function has been found for the Xenopus homologue in the assembly and/or
maintenance of the Xenopus centrosome structure ([ito and Sagata, 2000; Fry et al.,
2000).
y-Tubulin is distributed both within the cytoplasm and at the centrosome
throughout the cell cycle. At the centrosome, afraction of this protein is located at the
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PCM and another within the lumen of the centriole cylinder, near the proximal end
(Stearns et al., 1991; Fuller et al., 1995; Moudjou et al., 1996). While the PCM 7-tubulin
has arole in the nucleation of astral microtubules, the centriolarportion may function as a
template for assembly and growth of the centriolar microtubules (Ruiz et al., 1999).

2.3. The distal end of the centriole.
The protein centrin has been localized at the distal end lumen of the centriole
(Paoletti et al., 1996). Centrin, also named caltractin, is acalcium-binding phosphoprotein
that was first identified as acomponent of the basal body of green algae (Salisbury et al.,
1986; Salisbury, 1995). Like the Ca2 -binding protein calmodulin, centrin has four
potential Ca2 -binding sites, called EF-hands, and it is the fourth EF-hand domain that
targets the centrin molecules to the centriole (Middendorp et al., 2000). In humans, there
exist three centrin isoforms, named HsCenlp, HsCen2p and HsCen3p (Middendorp et al.,
1997). Sequence comparison reveals that the HsCen3p isoform shares extensive similarity
with the budding yeast protein Cdc3 ip, aprotein implicated in an early duplication step of
spindle pole body (SPB), the centrosome equivalent in yeast (Baum et al. 1986; Spang et
al. 1995; Wiech et al., 1996). Recently, HsCen3p has been found to play arole in the
process of centrosome duplication (see below).
Another protein, called Vfllp, is found inside the distal end lumen of
Chiamydomonas basal bodies (Sifflow et al., 2001). The Vfl1 mutation in
Chiamydomonas results in variations in the number and position of both flagella and basal
bodies (Adams et al., 1985). At present, it is not clear whether Yflip is acentriolar

9
component.

2.4. The outer surface of the centriole
On the surface of the centriolar cylinder he many structures, such as the distal
appendages, subdistal appendages (also called satellites) and fibers (for review, see
Marshall, 2001). Mapping the proteins that associate with these structures and other
surface area of the centriole cylinder is difficult, since there is no boundary that defines the
centriole and the surrounding PCM. Thus, it is often ajudgment call to determine whether
aprotein belongs to the centriole or the PCM. Proteins, like the structural protein 4.1
(Krauss et al., 1997), ninein (Mogensen et al., 2000), and some uncharacterized
phosphorylated proteins (Rattner and Bazett-Jones, 1988), are most likely located on this
surface part of the centriole cylinder.

IL TILE STRUCTURE, PROTEIN COMPOSITION, AND ORGANIZATION OF
II
HE

PCM

1. Structure.
When viewed by conventional electron microscopy, the centriole appears to be
surrounded by acloud of electron dense material, known as the PCM. Microtubules can
be seen to arise at points throughout the PCM in acell cycle specific manner. Recent work
on salt-treated centrosomes from the lower organism Spisula suggests that the PCM is an
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interconnected meshwork of 12-15 nm fibers and protein aggregates that form amatrix
(Schnackenberg et al., 1998). This matrix, termed the centromatrix, contains ahigh
proportion of coiled-coil proteins, lacks many proteins including 7-tubulin, and cannot
nucleate microtubules. When cytoplasmic proteins are added back, microtubule
nucleation capacity is restored (Schnackenberg et al., 1998). Thus, it appears that the
elements of the matrix may provide ascaffold for docking proteins involved in
microtubule nucleation and other activities.
At the light microscope level, the centrosome is aphase-dense dot and the margins
of the pericentriolar domain can be seen using antibodies to PCM components in
conjunction with indirect inimunofluorescence. Using an improved immunofluorescence
microscopy, Dictenberg et al. (1998) has indicated that pericentrin, astructural protein of
the centrosome, forms aunique lattice within the centrosome in some cell types. It has
been suggested that this lattice represents ahigher-order organization of microtubule
nucleating sites at the centrosome (Dictenberg et al., 1998). At present, the relationship
between this lattice and the aforementioned centromatrix is not clear.

2. The protein composition and organization
Thus far, more than 50 proteins have been shown to be associated with the
centrosome (Andersen, 1999). Considering the complexity and dynamic nature of the
PCM, the majority of these proteins should be PCM proteins. Here, Ishall present some
of the PCM proteins that may provide direct docking sites for anchoring other proteins,
play ascaffolding role in organizing PCM proteins, or have atendency to form complexes
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with other proteins at the centrosome. These proteins include, to name afew, pericentrin,
kendrin/pericentrin B, AKAP45O (also termed AKAP35O and CG-NAP), AKAP22O, the
14-3-3 proteins, and the heat shock proteins (see below). It is likely that, through proteinprotein interactions, these proteins recruit other proteins, which in turn bring additional
components, to the centrosome. Altogether, these proteins interconnect to form the
functional PCM.

21. Pericentrin
Pericentrin was identified through the screening of amouse cDNA expression
library using ahuman autoimmune patient serum (Doxsey et al., 1994). Pericentrin is an
integral component of the centrosome and amajor constituent of the lattice-like filaments
of the PCM domain (Doxsey et al., 1994; Dictenberg et al., 1998). Anti-pericentrin
antibodies disrupt mitotic and meiotic divisions in vivo and block microtubule aster
formation in Xenopus extracts, but do not block y-tubulin assembly or microtubule
nucleation from mature centrosomes, suggesting that pericentrin is involved in the initial
establishment of organized microtubule arrays (Doxsey et al., 1994).
Proteins that interact with pericentrin include the cAMP-dependent protein kinase
A (PKA) (Diviani et al., 2000), cytoplasmic dynein (Purohit et al., 1999; Tynan et al.,
2000), and y-tubulin (Dictenberg et al., 1998; Young et al., 2000).

2.la. Pericentrin and PKA. PKA, aprimary target for cAMP, is atetramer
consisting of two catalytic (C) subunits and two regulatory (R) subunits (for arecent
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review, see Feliciello et al., 2001). When an extracellular ligand binds to its G-proteincoupled receptor at the cell membrane, adenylate cyclase is activated, generating cAMP at
discrete points along the membrane. cAMP binds to the R subunit, thereby releasing
catalytically active monomeric C subunits. The C subunits phosphorylate specific
substrates both in the cytosol and the nucleus, which in turn regulate multiple cellular
processes, such as ion channel activities, gene expression, metabolism, cell growth, and
cell division.
In eukaryotic cells, there are multiple forms of PKA R and C subunits, which
assemble into different holoenzyme isofornis. The isozymes differ mainly in their R
subunit composition and are divided into type I(RIa and RIB) and type II (Rllct and
RUB). The regulatory subunits RIc and RIta are present in almost all cell types, whereas
expression of RIB and Rllf3 is cell- and tissue-specific. During interphase, both RUa and
R.fl13 are found at the PCM of the centrosome (Keryer et al., 1999). During mitosis,
however, only RuB associates with the centrosome, while RIta detaches from the
centrosome at the onset of mitosis, when the mitotic kinase Cdkl associates with the
centrosome (Bailly et al., 1989; Bailly et al., 1992). Cdkl phosphorylates the T54 residue
of Rita, and it is this phosphoiylation that disassociates Rfla from the centrosome
(Carlson et al., 2001).
PKA RU may be targeted to the centrosome through pericentrin, as the PKA
subunit has been found to interact with a100-residue, hydrophobic domain of pericentrin
(Diviani et al., 2000). This domain does not exhibit any structural characteristics of Ru-
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binding sites found in conventional A-kinase anchoring proteins (AKAP). In addition to
RE, the catalytic subunit of PKA has also been found to coimmunoprecipitate with
pericentrin isolated from HEK-293 cell extracts. PKA may modify microtubule dynamics
and organization at the centrosome, and this function may be accomplished by affecting
the function of cytoplasmic dynein, asubstrate for PKA (Inaba et al., 1998), or the
function of stathmin, acentrosome- and microtubule-associated phosphoprotein (Gradin et
al., 1998).
2.lb. Pericentrin and cytoplasmic dynein. Cytoplasmic dynein is amicrotubule
minus-end-directed motor protein that has been implicated in avariety of cellular
processes, during both interphase and mitosis, such as membranous vesicle transport,
endoplasmic reticulum-to-Golgi transport, and axonal retrograde transport. This motor
protein is alarge multisubunit complex composed of two heavy chains and several
associated subunits that have been named light, light intermediate, and intermediate chains.
The dynein heavy chains are large (532 kDa) polypeptides that contain four ATPase
domains and are responsible for microtubule binding and catalytic activity. The
intermediate chains are responsible for the interaction of the dynein complex with asecond
complex, the dynactin complex (see below), by directly binding to the p150G1

dynactin

subunit, thereby linking cytoplasmic dynein to various organelles within the cell. Dynein
light chains and light intermediate chains may contribute to the diversity in dynein function
by mediating the attachment of specific cargoes to the dynein complex.
Microinjection of antibodies against the dynein heavy chains into mitotic
mammalian cells blocks centrosome separation, leading to formation of monopolar
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spindles (Vaisberg et al., 1993). In addition, molecular genetic studies in Drosophila have
demonstrated that the dynein heavy chain is required for the attachment and migration of
centrosomes along the nuclear envelope during interphase/prophase, and for maintaining
the attachment of centrosomes to mitotic spindle poles (Robinson et al., 1999). The
disruption of the nuclear envelope attachments in mutant embryos causes defective
centrosome behavior and karyokinesis. Similar phenotypes can also be found in mitotic
Xenopus egg extracts when dynein motor function is depleted.
Cytoplasmic dynein binds to pericentrin through its light intermediate chain
(Purohit et al., 1999; Tynan et al., 2000). Microinjection of dynein antibodies or
overexpression of dynamitin, asubunit of the dynactin complex, affect the assembly of
pericentrin (and also y-tubulin) to the centrosome (Young et al., 2000). In addition,
pericentrin has been shown to cosediment with taxol-stabilized microtubules in adyneinand dynactin-dependent manner (Young et al., 2000). These observations suggest that
pericentrin is anovel cargo of the dynein complex and this protein, together with its
associated particles, is targeted to the centrosome along microtubules by the motor protein
dynein (see review by Zimmerman and Doxsey, 2000).
Dynactin acts in the dynein functional pathway and is thought to link the
cytoplasmic dynein motor to specific organelles, including the mitotic spindle. Like
cytoplasmic dynein, dynactin is also amultisubunit complex, which consists of at least
seven polypeptides ranging in size from 22 to 150 kDa. Its subunits
Arpl/centractin, p22, and p50 have been shown to associate with the centrosome.
150GIucd

the largest subunit of the dynactin complex, contains amicrotubule binding
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domain, abinding site for the actin-related protein Arpi, and abinding domain for
cytoplasmic dynein intermediate chain. The dynactin complex has been shown to be
involved in microtubule anchoring at centrosomes (Quintyne et al., 1999).
2.lc. Pericentrin and y-tubulin. y-Tubulin was originally discovered as a
suppressor of af3-tubulin mutation in A. nidulans and has now been found in all
eukaryotes analyzed to date (reviewed by Jeng and Steams, 1999). y-Tubulin is very
similar to a- and 3-tubulins but does not incorporate into microtubules. y-Tubulin has
been found to form acomplex with pericentrin both in Xenopus extracts and at the
centrosome (Dictenberg et al., 1998). In the extracts, the pericentrin-y-tubulin complex
does not contain any other components of the microtubule nucleation complex called
yTuRC (y-tubulin ring complex; see below), although it appears to contact the minus ends
of microtubules. When assembled at the centrosome, pericentrin and ?-tubulin remain in
close proximity as shown by fluorescence resonance energy transfer, and form areticular
lattice as determined using an improved immunofluorescence microscopy. The lattice is
conserved from mammals to amphibians, and is organized independent of centrioles. The
size of the lattice changes dramatically during the cell cycle, enlarging from Gi until
mitosis and disassembling rapidly as cells exit mitosis (Dictenberg et al., 1998).
Pericentrin and y-tubulin are recruited onto the centrosome by amicrotubule and
cytoplasmic dynein-based mechanism (Young et al., 2000).
In animal cells, the majority of y-tubulin is in the cytoplasm, while the remainder is
found to be associated with some specific structures, including the centrosome (Steams et
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al., 1991; Zheng et al., 1991; Steams and Kirschner, 1994). Other than pericentrin,
cytoplasmic 7-tubulln has been found to complex with several different proteins, including
yTuRC, the 'y-tubulin small complex (yTuSC) (Zheng et al., 1995; Oegema et al., 1999),
RanBPM (Nakamura et al., 1998), and BRCA1 (Hsu and White, 1998).
2.lc-1. y-tubulin/RanBPM. RanBPM is aRan-binding protein and is localized
within the centrosome throughout the cell cycle (Nakamura et al., 1998). RanBPM colocalizes with y-tubulin at cytoplasmic spots that are produced when RanBPM is
overexpressed. These cytoplasmic spots can act as ectopic microtubule nucleation sites,
resulting in areorganization of the microtubule network (Nakamura et al., 1998).
2.lc-2. y-tubulin/BRCA1. The breast and ovarian cancer associated protein,
BRCA1, is acomponent of the RNA polymerase 11 complex and can activate p53mediated transcription. Truncated forms of this protein are found to be associated with
many different types of cancer, especially breast cancer. BRCA1 undergoes
hyperphosphorylation during late GI and Sphases of the cell cycle and is transiently
dephosphorylated early after M phase. It is the hypophosphorylated form of BRCA1 that
becomes associated with mitotic centrosomes and binds to 7-tubulin (Hsu and White,
1998; Hsu et al., 2001). BRCA1 also forms acomplex with Rad5 1on mitotic and meiotic
chromosomes, and may thus be involved in DNA repair and the maintenance of genomic
integrity.
2.lc-3. yTuSC and yTuRC.

yTuSC and yTuRC are two cytoplasmic

complexes. yTuSC contains 7-tubulin and two other proteins homologous to the yeast
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proteins Spc97/98p, and is astructural subunit of yTuRC, alarger complex containing
about six additional polypeptides. Both ?TuSC and yTuRC can bind to microtubules and
nucleate microtubule polymerization in vitro, although yTuSC does so with much less
efficiency (Steams and Kirschner, 1994; Zheng et al., 1995; Oegema et al., 1999; Murphy
et al., 2001).

When viewed under the electron microscope, the cytoplasmic 'yTuRC has a

characteristic ring-shaped structure with adiameter of -25 nm (Zheng et al., 1995;
Oegema et al., 1999), which is roughly the size of amicrotubule. Importantly, this
cytoplasmic ring-shaped structure, along with individual ?TuRC components, has been
observed in the PCM of Xenopus and Spisula centrosomes (Moritz et al., 1995b; Vogel et
al., 1997). These findings provide direct evidence for the basis of microtubule nucleation
function found at the centrosorne.

2.2. Kendrin/pericentrin B
Kendrin, also named pericentrin B, was initially identified from ahuman cDNA
expression library using an EST probe derived from the calmodulin-binding site sequence
of the yeast protein Spcl lop (Flory et al., 2000). Kendrin contains two long coiled-coil
central regions, and its noncoiled N-terminus and first coiled-coil regions share striking
homology with pericentrin, apreviously defined murine protein (see above, Doxsey et al.,
1994). For this reason, kendrin used to be considered ahuman orthologue of murine
pericentrin (Chen et al., 1996; Lapenta et al., 1998). The C-terminal 1071 amino acids of
kendrin, containing the calmodulin-binding site, however, show no significant homology
to pericentrin. Recent studies have revealed that kendrin and pericentrin are two different
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proteins that are derived from two different genes located at different chromosomal loci
(Flory et al., 2000) and may have different functions (Jurczyk et al., 2001). Kendrin is
now considered ahuman orthologue of budding yeast' Spcl lop (Flory et al., 2000).
Kendrin locali7es to centrosomes throughout the cell cycle. At present, two proteins have
been identified to interact with kendrin: calmodulin and PCM-1 (Flory et al., 2000; Li et
al., 2001).
2.2a. Kendrin/Calmodulin. Calmodulin is asmall acidic protein comprised of 4
helix-loop-helix protein folding motifs, called EF hands, each of which binds one Ce ion
(for arecent review, see Hook and Means, 2001). This Ca2 -binding protein interacts
with numerous proteins associated with cellular second messenger systems (e.g., cAMP,
nitric oxide), functioning as amajor cellular sensor of calcium signaling to modulate the
activities of these enzymes and participating in their relevant cellular functions (reviewed
in Haeseleer et al., 2002). Calmodulin is widely distributed within cells, but asubset of
this protein can be found in the yeast spindle pole body (Stirling et al., 1994; Moser et al.,
1997), and at the centrosomes and the spindle pole area of mammalian cells (Deery et al.,
1984; Erent et al., 1999). One of calmodulin's effectors, the Ca2 /ca1modulin-dependent
protein kinase (CaKM), has also been found at the centrosomes of hemopoietic cells
(Pietromonaco et al., 1995). Calmodulin binds to kendrin via its calmodulin-binding site
present at kendrin's C-terminus (Flory et al., 2000).
2.2b. Kendrin/PCM-1. PCM-1 was identified by screening acDNA expression
library with ahuman autoimmune serum (Balczon et al., 1994). This protein exhibits a
distinct cell cycle-dependent association with the centrosome. During GI, S, and aportion
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of G2. PCM-1 is tightly associated with the centrosome, while starting from late G2, as
cells prepare for mitosis, PCM-1 dissociates from the centrosome, remaining dispersed
throughout the cell during mitosis. PCM-1 reassociates with the centrosome after mitosis.
PCM- 1comigrates with kendrin during density gradient fractionation of CHO cell extracts
and these two proteins can also be coprecipitated by immunoprecipitation, suggesting that
PCM-1 and kendrin form afunctional complex in cells (Li et al., 2001). PCM-1 is
targeted to the centrosome via microtubules by motor complexes that include
dynein/dynactin (Balczon et al., 1999).

2.3. AKAP4SO and AKAP22O
AKAPs are afamily of proteins with more than 20 members identified on the basis
of their interaction with PKA (for recent reviews, see Colledge and Scott, 1999; Feliciello
et al., 2001). The proteins in this family are characterized by two conserved structural
modules: (i) atargeting domain that serves as ascaffold and membrane anchor; and (ii) a
tethering domain that interacts with PKA regulatory subunits. AKAP proteins are located
at discrete subcellular locations inside cells and are implicated in directing and amplifying
the biological effects of cAMP signaling via bringing PKA close to its substrate/effector
proteins.
AKAP family members pericentrin (see above), AKAP45O, and AKAP22O are
found at the centrosome. AKAP45O, also named AKAP35O, CG-NAP, or hyperion,
10ca117es to centrosomes throughout the cell cycle (Schmidt et al., 1999; Takahashi et al.,
1999; Witczak et al., 1999). A recent study has showed that AKAP45O and pericentrin
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share a90 amino acid domain, called PACT (pericentrin-AKAP45O centrosomal
targeting), near their C-termini, which is located outside of the coiled-coil region and
PKA-binding site of the two proteins (Gillingham and Munro, 2000). This domain is also
present in two coiled-coil proteins of unknown function from Drosophila and fission yeast
(Gillingham and Munro, 2000). The PACT domain itself is sufficient to confer areporter
protein to the centrosome. Moreover, overexpression of the AKAP45O PACT domain
displaces the endogenous 10ca1i7ati0n of pericentrin, suggesting that AKAP45O and
pericentrin have the same recruitment or anchorage site at the centrosome. In addition to
the centrosome, AKAP45O is also found at the Golgi apparatus during interphase and the
nildbody of the intercellular bridge during telophase (Munro and Nichols, 1999; Takahashi
et al., 1999). AKAP45O contains two sets of aputative PK.A RU-binding motif and has
been shown in HeLa cells to bind PK.A RIta tightly (Takahashi et al., 1999). As well,
AKAP45O has been shown to interact with the regulatory region of the protein kinase
PKN, protein phosphatase 2A, and possibly protein phosphatase 1(Takahashi et al.,
1999). More recently, AKAP45O has been implicated in anchoring hypophosphorylated
protein kinase PKCc at the Golgi/centrosome area during PKCc maturation and serving as
ascaffold for the phosphorylation reaction. Maturation of PKCs is required for the
protein kinase to become competent for responding to second messengers.
Human AKAP22O is found in male germ cells and mature sperm (Reinton et al.,
2000). Immunofluorescent labeling with specific antibodies indicated that AKAP22O is
localized in the cytoplasm of premeiotic pachytene spermatocytes and in the centrosome
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of developing postmeiotic germ cells. In elongating spermatocytes and mature sperm, this
protein is found at the midpiece/centrosome area. AKAP22O can bind the Rlct, Rila, and
R11f3 subunits of PKA, but only Rllct has been shown to colocali7e with AKAP22O at the
centrosome.

2.4. The 14-3-3 protein family
The 14-3-3 proteins are afamily of abundant, widely expressed 28-33 kDa acidic
polypeptides that spontaneously self-assemble as dimers (for arecent review, see van
Hemert et at., 2001). Originally, the 14-3-3 proteins were described as activators of
neurotransmitter synthesis, but at present more than 100 cellular proteins have been
identified to bind to the 14-3-3 proteins. The function of the 14-3-3 proteins is not
completely understood, but it has been suggested that this family of proteins may regulate
the activity of enzymes, act as localization anchors to control the subcellular localization
of proteins, and function as molecular adaptors or scaffolds to aid in protein-protein
interactions (van Hemert et al., 2001).
Studies by immunofluorescence microscopy of isolated centrosomes indicated that
the 14-3-3 epsilon and gamma isoforms are locali7ed at the centrosomes and spindle
apparatus of hemopoietic cells (Pietromonaco et al., 1996). Interestingly, the 14-3-3
proteins are not present at the centrosome of serum-starved (quiescent) mouse 3T3 cells.
But upon serum-stimulation of these quiescent cells, the centrosomal 14-3-3 proteins
reappear (Pietromonaco et al., 1996). These results suggest that asubset of intracellular
14-3-3 proteins may link the mitogenic signaling pathway and cell cycle regulators to the
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centrosome duplication cycle. Recent studies have indeed shown that the 14-3-3 proteins
associate in vivo with several cell cycle regulators, such as Cdkl (Chan et at., 1999), Cdk2
(Laronga et at., 2000), and p53 (Waterman et al., 1998). All these cell cycle regulators
are found at the centrosome and are implicated in centrosome duplication (see below).

2.5. Heat shock proteins (Hsp)
One interesting group of proteins whose members are found within the PCM is the
heat shock or stress proteins (reviewed in Liang and MacRae, 1997). These proteins
include five families: Hsp l10, 90, 70, 60, and the small Hsp (sHsp)/alpba-crystallins. They
play arole in providing tolerance to stress or insult as well as functioning in unstressed
cells as molecular chaperones. Upon heat shock, the centrosome appears to be one of the
first organelles to be affected, exhibiting the alteration in both the size and distribution of
the PCM (Debec and Marcaillou, 1997). One Hsp protein, TCP-1, forms acomplex that
directs the folding of cytoskeletal proteins such as a-, 1
3-, and y-tubulin, actin, and
centractin and thus is involved in the nucleation of microtubules (reviewed in Liang and
MacRae, 1997). Another protein, Hsp90, is essential for centrosome function, integrity,
and mitotic cell cycle progression (Lange et al., 2000). Disruption of Hsp90 function, by
mutations in the Drosophila gene or treatment of mammalian cells with the Hsp90
inhibitor geldanamycin, results in abnormal centrosome separation and maturation,
aberrant spindles, and impaired chromosome segregation. Hsp90 has also been shown to
form acomplex with the Polo kinase (de Carcer et al., 2001), aprotein kinase known to
regulate several aspects of cell division including centrosome separation. Inhibition of
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Hsp9O results in the inactivation of Polo kinase activity. Hsp9O may contribute to the
maintenance of functional centrosomes by stabilizing the kinase. Outside the centrosome,
Hsp90 has been shown to bind to alarge number of proteins, such as steroid hormone
receptors and signal transduction kinases, and is required for their maturation and
conformational maintenance (for review see Young et al., 2001).

2.6. Other proteins
Drosophila abnormal spindle protein, Asp, is ahighly basic protein of 220 kDa,
with putative actin and calmodulin binding domains (Saunders et al., 1997). The Cterminus has short stretches of amino acids that have the potential to form acoiled-coil.
During interphase, Asp appears to be distributed throughout the cytoplasm, but during
mitosis, it is asymmetrically locali7ed to the centrosome (do Carmo Avides and Glover,
1999). Removing Asp function from Drosophila embryo extracts, either by mutation or
immunodepletion, results in loss of their ability to restore microtubule-organizing center
activity to salt-stripped centrosome preparations. Adding the purified Asp back, together
with isolated yTuRCs, to the extracts restores microtubule nucleation ability (do Canno
Avides and Glover, 1999). Thus, in one aspect, Asp appears to function as an anchoring
molecule to bind and hold the microtubule-nucleating yTuRCs at the mitotic centrosome.
In another aspect, Asp is also amicrotubule-associated protein that accumulates at the
minus ends of the microtubules (Saunders et al., 1997). In Asp mutants, microtubule
focusing and organization at the spindle poles are severely affected, suggesting that Asp is
required for the aggregation of microtubules into focused spindle poles (Wakefield et al.,
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2001).
The centrosome-anchoring and microtubule-binding activities of Asp appear to be
regulated by the Polo kinase. The polo kinase forms acomplex with Asp and
phosphoiylates this protein in vitro (do Carmo Avides et al., 2001). Extracts derived from
Polo mutant embryos are unable to restore the ability of salt-stripped centrosomes to
nucleate microtubule asters, but this ability can be rescued by addition of phosphorylated
Asp or active Polo kinase.
The Polo kinase, together with related enzymes, the Polo-like kinases, have been
shown to play an important role in the regulation of the entire process of mitosis from
mitotic entry to cytokinesis (for recent reviews, see Nigg, 1998; Donaldson et al., 2001).
The Polo and the Polo-like kinases are present at the centrosome throughout the cell cycle
(Arnaud et al., 1998; Jang et al., 2002), and are found to interact with alarge number of
proteins, including several centrosome proteins: cc-,

13- and y-tubulins, CHO1LMKLP-1,

and proteasomes (Lee et al., 1995; Feng et al., 1999; 2001). These enzymes are also
implicated in centrosome separation and maturation (see below).
Another Drosophila protein, centrosomin, is found at mitotic centrosomes, meiotic
centrosomes, as well as the basal body (Joswig et al., 1991; Heuer et al., 1995; Li et al.,
1998). In its absence, Drosophila mutants display abnormal spindle poles during the
syncytial cleavage divisions, which contain little or no detectable amounts of the
centrosomal proteins CP6O, CP19O, and y-tubulin (Megraw et al., 1999). At present, the
precise mechanism by which this protein recruits other centrosome proteins to the
centrosome remains to be determined.
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ifi. CENTROSOMIE DUPLICATION
The centrosome is tightly associated with the nuclear periphery during interphase
in anumber of cell types (Rattner and Phillips, 1973; Bornens, 1977; Fais et al., 1984; for
recent review, see Mack et al., 2000). In some cell types, the position of the centrosome
changes with respect to both the stage of the cell cycle and the timing of centrosome
duplication and separation. For example, in mouse L929 cells, the post-mitotic centrosome
migrates from alocation near the intercellular bridge to aposition within anuclear
depression. The centrosome duplicates in this depression and remain there until the
completion of S-phase, at which time they migrate out into the cytoplasm, signaling the
onset of centrosome separation (Rattner and Phillips, 1973).

1. The duplication cycle
The centrosome is the only cellular structure, besides chromosomes, that
undergoes ahighly precise duplication process (Fig. 1. 1, A). After mitosis, atypical cell
usually contains one single centrosome with two barrel-shaped centrioles that are arranged
at aright angle to one another (Fig. 1. 1, A, orthogonal). Ultrastructural studies of
centriole morphology at different stages of the cell cycle have clearly indicated that
centrosome duplication occurs in aseries of discrete steps (Rattner and Phillips, 1973;
Kuriyama and Borisy, 1981; Vorobjev and Chentsov, 1982; for recent reviews, see
Andersen, 1999; Hinchcliffe and Sluder, 2001). First, the two centrioles lose their
orthogonal arrangement and move apart (Fig. 1. 1, A, disengagement/splitting).
Depending on species and cell type, centriole splitting may occur as early as telophase or
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as late as early Sphase. In some extreme cases, like in early Drosophila embryos, this
event may occur at the metaphase-anaphase transition (Callaini and Riparbelli 1990;
Vidwans et al., 1999). Second, aprocentriole is assembled at aright angle to the proximal
end of each of the parental centrioles (Fig. 1. 1, A, procentriole formation). The
procentriole formation event occurs at the G1-S boundary. Third, the procentrioles
continue elongating throughout Sand G2 phases, producing two pairs of centrioles at the
end of interphase (Fig. 1. 1, A, procentriole elongation). The newly formed daughter
centrioles may not attain the full length of their parental centrioles until mitosis. During
this period, many centriolar and pericentriolar components accumulate around the two
centriole pairs, forming two centrosomes. Finally, at the onset of mitosis, the duplicated
centrosomes separate, migrate apart, and contribute in establishing the two poles of the
bipolar mitotic spindles (Fig. 1. 1, A, severing/splitting, and separation).
A major point that should be noted is that, after centrosome duplication, the two
centrosomes are held together as asingle functional unit by alinker filament (Fig. 1. 1, A,
severing/splitting, arrowhead) until the G2-M transition. Centrosome separation can
occur only after abalance of kinase and phosphatase activities severs the linker structure
(Fry et al., 1998b; Mayor et al., 2000; Meraldi and Nigg, 2001). While this view may be
true in some cell types, one could argue its universality. For instance, it has been found
that in some cycling cells the mother and daughter centrioles can move more than 10 PM
apart, resulting in two centrosomes, during late telophase/early GI stage (Piel et al.,
2000).
Centriole splitting can be seen in many types of differentiated cells (see, for
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example, Schliwa et al., 1982; Hellio Le Graverand et al., 2001). It can also be induced
experimentally at any stage of the cell cycle by treating cells with chemotactic stimuli,
mitogenic growth factors, tumor promoting agents such as TPA, and overexpression of
some protein kinases, as well as microinjection of anti-centriole antibodies (Schliwa et al.,
1982; Sherline and Mascardo, 1982; Schliwa et al., 1983; Fry et al., 1998b; Mayor et al.,
2000; Meraldi and Nigg, 2001). In these cases, each of the centrioles assembles into a
centrosome. In this regard, in some cell types, or under certain circumstances, there exist
two centrosomes (each containing one centriole) even before centriole duplication begins.
These two centrosomes may separate widely, or be held together at the cell center by
interphase microtubule arrays.
Evidence for the presence of two centrosomes before centriole duplication can be
supported from the following findings: (1) simple depolymerization of microtubules with
anti-microtubule drugs, such as nocodazole, leads to separation of the centrosomes from
each other (Jean et al., 1999); (2) two centrioles move apart at the post-karyokinesis stage
and they may come close to each other, but never join again, during the following
interphase stages (Piel et al., 2000; 2001). Each of these two centrioles has PCM
proteins, producing two centrosomes (Ou and Rattner, 2002). Thus, it is possible that
there are two centrosome duplication pathways: (1) the centrioles split and separate,
forming two independent centrosomes by recruiting PCM proteins. The procentriole
forms thereafter within each structure (Fig. 1. 1, B); (2) the two centrioles move apart
only slightly to allow the procentriole generation, but they are still connected by the linker
structure until the G2/M boundary. In this case, there is only one centrosome mass inside
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the cell before G2/M boundary, which contains two centrioles (mother and daughter),
each producing aprocentriole (Fig. 1. 1, A). It is probable that the first centrosome
duplication pathway is more commonly seen in many types of tissue culture cell lines,
while the second pathway is seen in tissue cells in vivo.
The findings that the centrosome duplicates once during each cell cycle and that
the discrete changes in centriole structure takes place in lockstep with cell cycle transitions
suggest that the centrosome duplication process is highly regulated. In fact, aprogress
has been made in recent years in understanding the mechanisms underlying the process.
Although information is still fragmented, many protein factors that govern discrete steps
of the centrosome duplication cycle have been identified (see below).
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Fig. 1.1 Two pathways of centrosome duplication. A, Pathway one. Two
centrosomes are formed at G21M boundary. Arrowhead denotes the linker structure. B,
Pathway two. Two centrosomes are formed before the procentriole formation at GuS
boundary.
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2. Centriole disengagement/splitting
In early Drosophila embryos, each metaphase centrosome contains two centrioles
arranged at aright angle to each other. During mitotic exit, the centriole pair invariably
changes its orthogonal arrangement and splits, with each centriole organizing a
centrosome. Drosophila protein, Cdc2O, has been shown to be involved in this early
step of centrosome duplication (Vidwans et al., 1999). When the gene encoding this
protein is deleted in Drosophila embryos, the centriole disengagement/splitting is delayed.
Cdc2O' is an activator of amultisubunit ubiquitin ligase known as the anaphase
promoting complex or cyclosome (APC/C) (see recent reviews by Morgan, 1999;
Zachariae and Nasmyth, 1999). APC/C catalyzes the covalent attachment of ubiquitin
molecules to asubstrate and targets it for degradation by the multiple peptidase activities
of the ATPase-dependent 26S proteasome (Hershko and Ciechanover, 1998). The
function of Cdc2O' in timely centriole disengagement may reflect acorresponding
requirement for degradation of APC substrates that would otherwise inhibit centriole
disengagement.
In mammalian cells, centriole splitting occurs from late telophase to the GuS
boundary, depending on cell types. Another multisubunit ubiquitin ligase, SCF, appears to
be involved in this splitting process. SCF is amulticomponent complex involved in
ubiquitin-mediated proteolysis (for recent reviews, see Peters, 1998; Laney and
Hochstrasser, 1999). This complex is so named for three of its core components, Skpl,
Cdc53/cullin, and an F-box—containing protein, such as Cdc4p. In this complex, the Fbox proteins appear to function as an adaptor protein through their F-box motif to interact
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with both Skpl and Cdc53/cullin. Cdc53/cullin functions as abridging molecule to bind
the Skp 1/F-box protein complex to other proteins including Cdc34p. The function of the
SCF complex, like APC/C, is to attach ubiquitin molecules specifically to certain proteins,
including several proteins involved in cell cycle control. The ubiquitinated molecules are
subsequently degraded by an active 26S proteasome. Recently, Wigley et at. (1999) and
Fabunmi et al. (2000) have shown that centrosomes contain active proteasomes that are
capable of degrading ubiquitinated substrates.
Using immunofluorescence microscopy, Freed et al. (1999) have shown that, in
mammalian cells, Skpl and the cullin protein Cull are localized to interphase and mitotic
centrosomes in addition to other structures in the cytoplasm and nucleus. Immunoelectron
microscopy indicates that Skpl is present at centriolar appendages and in alarge
pericentriolar region. Antibodies to Skpl or Cull block centriole separation in vitro in
Xenopus extracts. Proteasome inhibitors block centriole separation in vitro and also
centro some duplication in Xenopus embryos. In addition, mutations in slimb, aDrosophila
SCF complex component, result in aberrant centrosome duplication (Wojcik et al., 2000).
The centriole proteins, CEP25O/C-Napl (Mack et al., 1998; Fry et al., 1998a) and ninein
(Bouckson-Castaing et al. 1996), may be two candidate targets of the centrosomal SCF
complex, because both of these proteins contain the F-box motif.

3. Procentriole formation
The procentrioles appear at the Gl/S boundary, which happens to correlate with
the initiation of DNA replication. In somatic animal cells, governing the transition from
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Gi to Sis controlled by cyclin-dependent kinases Cdk2, Cdk4, and Cdk6. Recent studies
have shown that overexpression of Cdk2 kinase results in overduplication of the
centrosome, while the use of inhibitors to this enzyme prevents centrosome duplication
(Hinchcliffe et al., 1999; Lacey et al., 1999; Matsumoto et al., 1999; Meraldi et al., 1999;
Balczon, 2001).
Cdk2 belongs to afamily of serine/threonine kinases, which is regulated in part
through association with different cyclins temporally expressed at specific cell cycle
stages. At GI, Cdk2 associates with cyclin E. With the Sphase progression, Cdk2
associates with cyclin A. Cdk2 is also regulated by avariety of Cdk inhibitors, including
p21

T11"and

its related protein p27w'. Activation of Cdk2 requires disassociation of

the inhibitory proteins from the cydlins/Cdk complex, and is aprerequisite for initiation of
DNA replication. In Xenopus embryos, cyclin E is distributed diffusely throughout the
cytoplasm but has maximal concentration at the centrosome region (Hinchdiffe et al.,
1999). The specific inhibition of cyclin E/Cdk2 activity by p27' and p2 1WAF/CIP1 blocks
centrosome duplication (Hinchcliffe et al., 1999; Lacey et al., 1999). Depletion of Cdk2
and cyclin E has asimilar effect (Lacey et al., 1999). In addition to its possible role in
procentriole formation, the cyclin E/Cdk2 complex may also affect centriole
disengagement/splitting (Lacey et al., 1999).
In mammalian somatic cells, centrosome duplication appears to be controlled by
the cyclin A/Cdk2 complex (Meraldi et al., 1999; Balczon, 2001), although cyclin E/Cdk2
is also found to be required (Matsumoto et al., 1999). Since cycins E and A appear at
different stages of the cell cycle, this raises the question as to how these two complexes
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(cyclin EICdk2 and cyclin AJCdk2) integrate to avoid centrosome overduplication. It is
possible that cyclin E/Cdk2 activity predominates in Xenopus systems, whereas the activity
of cyclin A/Cdk2 predominates in mammalian cells (Balczon, 2001; Doxsey, 2001).
Alternatively, the two complexes could mediate their activities at different stages of the
centrosome duplication process, thus having acooperative role.
The tumor suppressor protein p53 is atranscriptional activator that mediates
cellular response to genotoxic stress (for arecent review, see Bargonetti and Manfredi,
2002). This protein is present in low amounts in normal cells, but accumulates in cells in
response to various cellular stresses, including DNA damage. The accumulation of p53
after DNA damage can cause cell cycle arrest in Gi by its transcriptional activation of the
p2lV/l

gene, which encodes aprotein that forms complexes with Cdks/cydlins to

inhibit their kinase activity.
In line with the role of Cdk2 in centrosome duplication it is not surprising that
aberration of p53

21WAr/C1P1

and other Cdk2 regulators can lead to defects in

centrosome duplication. In fact, several lines of evidence have demonstrated the existence
of such arelationship: (1) in human cancer cells, p53 is deficient at high frequency, which
correlates with the occurrence of centrosome hyperamplification (Weber et al., 1998;
Caroll et al., 1999); (2) in cells derived from p53-null mice, the centrosome is
overduplicated (Fukasawa et al., 1996; 1997); (3) in cells transfected with dominantnegative mutant p53, asimilar phenotype is observed (Wang et al., 1998); (4) when p53
is re-introduced back to physiological levels in p53-I- cells, anormal centrosome
duplication cycle is completely restored (Tarapore et al., 2001 a); (5) similarly, cyclin E
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overexpression exacerbates abnormal centrosome amplification associated with the loss of
p53 (Mussman et al., 2000). Recent studies have indicated that p53 regulates centrosome
duplication through both

—dependent and independent pathways (Tarapore et

al., 2001a; 2001b).
When Cdk2 is activated, this enzyme can phosphorylate anumber of substrates,
including the tumor suppressor protein Rb, nucleophosmin/B23, and Mpsl. Rb is thought
to control Sphase entry from Gi stage by regulating the activities of multiple proteins. At
GI stage, Rb is unphosphoiylated and complexed with transcription factors of the E2F
family. After Cdk2 phosphorylation,, Rb releases its associated transcription factors, which
move into the nucleus and switch on abatch of genes required for DNA and centrosome
replication. Using both dominant-negative mutants and Cdk kinase inhibitors, Meraldi et
al. (1999) have indicated that the Rb pathway is important for regulating centrosome
duplication, and that E2F family members are the critical targets of Rb in this process.
Nucleophosmin/B23, also called NPM!B23, is amultifunctional nucleolar
phosphoprotein involved in assembly and/or intranuclear transport of preribosomal
particles, and in cytoplasmic/nuclear trafficking. More recently, this protein has been
shown to possess molecular chaperoning activities (Szebeni and Olson, 1999). Recent
work by Okuda et al. (2000) demonstrated that, in isolated centrosomes, NPMTB23

is

phosphorylated by Cdk2/cyclin E. The cyclin E/Cdk2 complex phosphorylates Thr199 of
this protein (Tokuyama et al., 2001).

The cyclin A/Cdk2 complex also phosphorylates

this site as efficiently as cycinE/Cdk2, supporting the possibility of cooperation in
regulating centrosome duplication between the cyclin E/Cdk2 and the cyclin A/Cdk2
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complexes. NPM/B23 is associated with unduplicated, but not with duplicated
centrosomes, and dissociates from centrosomes upon phosphorylation by cyclin E/Cdk2
(Okuda et al., 2000). Microinjection of anti-NPMJB23 antibody, which blocks
phosphorylation of NPMIB23, suppresses centrosome duplication. Moreover, expression
of the NPM/B23 deletion mutant, which is unable to be phosphorylated by cyclin E/Cdk2,
also blocks centrosome duplication. These findings suggest that dissociation of NPMJB23
from centrosomes, by phosphorylation, is acritical step required for the initiation of
centriole/centrosome duplication (Okuda et al., 2000).
mMpslp/esk is amouse orthologue of the yeast protein Mpslp (Douville et al.,
1992), which was originally identified in budding yeast as an essential protein kinase
involved in the duplication of the SPB, the yeast equivalent of the centrosome, and the
spindle assembly checkpoint, amechanism that determines whether or not all kinetochores
are attached to the spindle microtubules. Like yeast Mpslp, this mouse protein has also
been shown to have arole in centrosome duplication (Fisk and Winey, 200 1) and in the
spindle assembly checkpoint (Abrieu et al., 2001; Stucke et al., 2002).
mMpslp/esk is an in vitro substrate of Cdk2. Inhibition of Cdk2 activity by small
chemical inhibitors, or overexpression of the cyclin-dependent kinase inhibitors, prevents
centrosome reduplication and destabilizes mMpslp/esk, causing its subsequent loss from
centrosomes. mMpslp/esk localizes to the centrosome throughout the cell cycle and to
kinetochores during mitosis (Fisk and Wmey, 2001). Overexpression of GFP-mMpslp
causes reduplication of centrosomes, whereas overexpression of the kinase-deficient
mMpslp/esk mutant blocks centrosome duplication in NIH 3T3 cells at Sphase arrest,
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suggesting that mMpslp/esk's kinase activity is required for centrosome duplication.
Cdk2 appears to promote mMpslp/esk's centrosome duplication function by regulating its
stability during Sphase (Fisk and Winey, 2001).
Concomitant with Cdk2 activity at the GuS boundary is awave of calcium
oscillation. A recent experiment, using the calcium chelator, BAPTA, and also aspecific
peptide inhibitor to CaMKll, has demonstrated that Ca2 ,calmodulin, and CaMKfl are
required for the entire centrosome duplication process in Xenopus egg extracts
(Matsumoto and Mailer, 2002). Duplication can be restored when CaMKII and
calmodulin are added back to the extracts. CaMKII has been localized to the centrosome
and has been shown to phosphoiylate several centrosomal proteins in vitro (Pietromonaco
et al., 1995), which may possibly act as the downstream effectors of CaMKlT.
ZYG- 1is anovel protein kinase identified recently in Caenorhabditis elegans that
has arole in the centrosome duplication process. This protein transiently associates with
spindle poles late in mitosis, apparently beginning in late anaphase and extending through
telophase (O'Connell et al., 2001). Staining at spindle poles during this stage appears as
one or two discrete dots at the very center of the centrosome, with two dots generally
being present during late telophase, adistribution suggestive of centriolar association. In
the C. elegans embryo, ZYG-1 participates in aunique regulatory scheme whereby
paternal ZYG-1 regulates duplication and bipolar spindle assembly during the first cell
cycle, and maternal ZYG-1 regulates these processes thereafter. When the gene encoding
ZYG-1 is mutated, mutant embryos halt their development plan at one-cell or two-cell
stages and form monopolar spindles, with only asingle centrosome containing asingle
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centriole. These genetic analysis results suggest that ZYG-1 is specifically required for
daughter centriole formation, most probably at the procentriole formation step.

4. Procentriole elongation
Cdc25"""I is aphosphatase that removes inhibitory phosphates from tyrosine and
threonine residues of cyclin-dependent kinases and thereby promotes cell's entry into
mitosis. When this protein is mutated in Drosophila embryos, cells are arrested at G2. A
recent electron microscopy study of the centriole structure in the arrested embryos
showed that the daughter centrioles are significantly shorter than those found in the wildtype embryos (Vidwans et al., 1999). This observation suggests that Cde25"

is required

for the completion of daughter centriole assembly in Drosophila embryos.

5. Centriole linker structure severing and daughter centrosome separation
The centrosome undergoes drastic changes at the G2/M transition, which includes,
for instance, increases in protein phosphorylation and microtubule nucleation capability.
The centriole protein, centrin, is phosphorylated at serine residue 170 during this period
(Lutz et al., 2001). Indirect immunofluorescence staining of HeLa cells using a
phosphocentrin-specific antibody reveals intense labeling of mitotic spindle poles during
prophase and metaphase of the cell division cycle, with diminished staining of anaphase
and no staining of telophase or interphase centrosomes. Cultured cells undergo adramatic
increase in centrinphosphorylation following the experimental elevation of PKA activity,
which correlates with the movement of individual centrioles apart from one another (Lutz
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et al., 2001). At present, however, it is not clear how centrin mediates the linkage
structure severing/centrosome separation.
CEP2SO/C-Napl appears to be apart of the filament structure that links two
parental centrioles/centrosomes in acell cycle-regulated manner (Mayor et al., 2000).
Interference with CEP250/C-Napl function by antibody injection causes centrosome
splitting regardless of the cell cycle phase. Overexpression of truncated CEP25O/C-Napl
mutants, but not full-length protein, also induces centrosome separation. Similarly,
overexpression of the active Nek2 kinase also induces splitting of centrosomes, whereas
prolonged expression of either active or inactive Nek2 leads to dispersal of centrosomal
material and loss of afocused microtubule-nucleating activity.
Protein phosphatase 1c (PP1c) is aphysiological antagonist of Nek2 (Meraldi and
Nigg, 2001). PP1cx is able to form acomplex with both Nek2 and CEP2SO/C-Napl and
may downregulate Nek2 activity (Helps et al., 2000). When phosphatase inhibitors, such
as calyculin A and okadaic acid, are used in culture cells, centrosome separation is greatly
inhibited (Meraldi and Nigg, 2001). Thus, centrosome cohesion appears to be regulated
by abalance of kinase and phosphatase activities.
After the linker structure is severed, the duplicated centrosomes separate to
opposite poles of the cell. A number of proteins have been implicated in this separation
process, such as the Polo-like protein kinases (Llamazares et al., 1991; Lane and Nigg,
1996; Qian et al., 1998), Aurora-like kinases (Glover et al., 1995; Roghi et al., 1998; (3iet
et al., 1999; Goepfert and Brinkley, 2000), and the motor protein HsEg5 (Whitehead et
al., 1996; Whitehead and Rattner, 1998). Disruption of the functions of these proteins
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leads to failure in centrosome separation, and cells produce monopolar spindles.

6. Centrosome maturation
Centrosome duplication is asemiconservative process, with each of the daughter
centrosomes having an old (parental) and anew (daughter) centriole. In one centrosome
(the mother), the parental centriole is generated two cell cycles ago, while in another
centrosome (the daughter), the parental centriole is formed during the previous cell cycle.
The mother and daughter centrosomes are structurally and compositionally different. The
daughter centrosome becomes mature around the G2IM transition by developing
appendage structures at its parental centriole, acquiring additional proteins at its PCM.,
and having the capacity to nucleate more aster microtubules (Palazzo et al., 2000). The
Polo-like kinases and Aurora-like kinases have been directly implicated in this PCM
recruitment event (Glover et al., 1998; Donaldson et al., 2001; Hannak et al., 2001).
Cenexin and s-tubulin have also been found to be associated with the daughter centrosome
during its maturation (Lange and Gull, 1995; Chang and Stearns, 2000). Before the G2/M
transition, these two proteins are confined only to the mature centriole/centrosome.
The significance of centrosome maturation remains to be determined. It is
tempting to speculate that the maturation process is involved in cell cycle-specific or other
essential functions, such as centrosome separation, spindle microtubule nucleation, spindle
positioning, cell cycle checkpoint, and the formations of primary cilium, cilium, and
flagellum.
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IV. CENTROSOME FUNCTIONS
1. The centrosome and the primary microtubule organizing center
For more than acentury, the centrosome has been defined as the primary
inicrotubule organizing center. This is due to the fact that, in animal cells, microtubules
can be seen to radiate from the centrosome during the majority, if not all, of the cell cycle.
This function of the centrosome, however, has become asubject of debate due to three
major findings. First, interphase microtubule arrays, similar to those organized by the
centrosome, can be organized in the absence of the centrosome in fish melanophore cells
(Rodionov and Borisy, 1997). Second, higher plants and many vertebrate developmental
systems lack canonical centrosomes, but can still organize normal spindles and undergo
cell division (Megraw et al., 2001; for reviews see Compton, 2000). Finally, functional
bipolar mitotic spindles can be formed without centrosomes in parthenogenetic Sciara
embryos (de Saint Phalle and Sullivan, 1998), in Xenopus egg extracts (Heald et al., 1997;
Walczak et al., 1998), and in mammalian cells (Khodjakov et al., 2000; Hincheliffe et al.,
2001; Khodjakov and Rieder, 2001; Megraw et al., 2001).
Now, the consensus appears to be that (1) the centrosomes act dominantly to
organize spindle poles (Heald et al., 1997), and (2) the centrosome-mediated spindle
assembly, although redundant, could provide apathway to ensure high fidelity of
chromosome segregation (Doxsey, 2001). Another possibility is that the centrosomemediated spindle assembly ensures the equal partitioning of the centrioles/centrosomes at
cell division, which is required for cilium and flagellum formations (Mack et al., 2000), or
for other aspects of essential cellular functions (for recent reviews, see Doxsey, 2001;
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Rieder et al., 2001; see also below).

2. Centrosome and cytokinesis
Through evolution, cells have developed mechanisms that delay certain steps until
others are completed in acell cycle. One example is seen in budding yeast, in which a
GTPase-regulated protein kinase cascade named the mitotic exit network (MIEN) renders
late mitotic events dependent upon migration of the nucleus into the daughter cell body
(for recent reviews, see Hoyt, 2000; Robinson and Spudich, 2000; McCollum and Gould,
2001). In this cascade, the Rab family GTPase, Temip, is activated by the GDP-GTP
exchange factor, Ltelp, and is inactivated by aGTPase activating protein, Bub2p. Both
Temip and Bub2p are preferentially associated with the SPB, whereas Ltelp is confined
to the daughter cell bud (Bardin et al., 2000; Pereira et al., 2000). This spatial segregation
of Temip and Ltelp ensures that activation of Temip only occurs when the daughter SPB
is properly positioned so that it comes in contact with Ltelp within the daughter cell bud
(Bardin et al., 2000). When activated, Temip binds to the protein kinase Cdc15p, which
phosphorylates Dbf2p and Mobip and consequently mediates the release of the protein
phosphatase Cdc14p from the nucleolus. cdcl4p then dephosphorylates Hctlp/Cdhlp,
Swi5p, and Scilp, which in turn promote Cdk inactivation and mitotic exit.
Interestingly, Piel et al. (2001) demonstrated that asimilar mechanism is present in
mammalian cells. While studying living mammalian cells (HeLa) with GIFP-centrin labeled
centrioles, they noticed that the narrowing of the intercellular bridge always takes place
within afew minutes after the mother centriole arrives at the bridge, and that abscission
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always occurs right after the mother centriole moves away from the bridge. In the case
that mother centriole movement to the bridge is confined to only one daughter cell, it is
that daughter cell that experiences abscission. Many MEN components are associated with
yeast SPB. Similarly, homologues to some of the MEN components, such as Bub2p,
Mobip, and Cdcl4p, have been identified in mammalian cells, and all of these proteins
locali7e to the centrosomes (Richardson and Zon, 1995; Wang et al., 2000; Mailand et al.,
2002). These findings support the possibility that the position of the centrosome in
mammalian cells at the post-karyokinesis stage may influence the function of specific
mammalian MEN proteins, which in turn may impact cytokinesis and cell exit from mitosis
(Ou and Rattner, 2002).

3. The centrosome and cell cycle control
In the absence of the centrosomes, mammalian cells can form functional bipolar
spindles, undergo anormal anaphase, and usually produce two acentrosomal daughter cells
(Hinchcliffe et al., 2001; Khodjakov and Rieder, 2001). However, these acentrosomal cells
are arrested before Sphase (Hinchcliffe et al., 2001; Khodjakov and Rieder, 2001), or
some time before the G2/M transition (Maniotis and Schliwa, 1991). These data suggest
that one of the primary roles of the centrosomes in somatic cells is to control cell cycle
progression.
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V. FINAL REMARKS
Despite over 100 years of research, our understanding of the centrosome is still far
from complete. Many basic questions pertaining to the structure and function of the
centrosome still remain unanswered. We do not know how centrosomal proteins are
organized within the centrosome. We do not know what the relationship is between the
PCM and the centriole. We do not know how the PCM and the centriole integrate to
produce afunctional centrosome. We do not even know if interphase and mitotic
centrosomes are structurally the same. My thesis work was designed to address these
deficiencies.
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CHAPTER TWO

MATERIALS AND METHODS
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Cell culture
HeLa cells were cultured in J-MEM medium (GibcofBRL) at 37°C in 5% Co2.
HS68, NIH 3T3 and W135 cells were grown in D-MEM (GibcofBRL). CHO cells were
maintained in F-12 Nutrient Mixture medium (GibcoLBRL). All media were supplemented
with 10% fetal calf serum (GibcotBRL), 100 .tg/ml penicillin/streptomycin (GIBCO/BRL)
and 2mM glutamine (GIBCOIBRL). PtK2 cells were grown in D-MEM (Gibco/BRL)
supplemented with 10% fetal calf serum, 100 p.g/ml penicillin/streptomycin, and 0.1 mM
non-essential amino acids (GIBCO/BRL).

Cell synchronization
Cells were incubated with 0.04 .tg/ml Nocoda.zole (Sigma) in the culture medium
for 5hours as described by Zieve et al. (1980). The drug-treated cells were harvested by
mechanical release from the substrate, rinsed twice with fresh medium and then incubated
in fresh medium for various times as indicated in the text.

Antibodies
The centrosome-reactive autoinimune serum M4491 was obtained from the serum
bank of the Advanced Diagnostic Laboratory at the University of Calgary. Anti-ninein,
anti-CEP25 O/C-Nap 1, anti-CEP 110, and anti-CENP-F antibodies were generated by
immunizing rabbits with corresponding recombinant proteins expressed and isolated from
E. coli bacteria (Mack et al., 1998; Guaschet al., 2000; Rattner et al., 1993; Liao et al.,
1995). All the antibodies were affinity-purified (see below) and their specificities were
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confirmed by western blot analysis using whole cell extracts of HeLa cells. Anti-Nek2,
anti-Cdc2 and anti-7-tubulin antibodies were purchased from Transduction Laboratories,
Santa Cruz Biotechnology, and Accurate Chemical & Scientific Corp., respectively. Antipericentrin antibodies were purchased from Babco (Richmond, CA). Anti-Y-tubulin
antibodies were purchased from Accurate Chemical & Scientific Corp. (Westbury, NY).
Anti-centrin antibody is akind gift from Dr. Jeffr
ey L. Salisbury. Cy'-, Cy'- and Alex488 labelled secondary antibodies were purchased from Jackson ImmunoResearch (West
Grove, PA), Sigma (St Louis, MO) and Molecular Probes (Eugene, OR), respectively.

DNA manipulation
Plasmid vectors (pEGFP, pGMT-T, pBluscript, and pGEX) were purchased from
Clontech, Promega, Strategene, and Amersham Phannacia, respectively. Plasmid DNA
was isolated using Qiagen DNA preparation kits (Qiagen). DNA digestion was carried
out using restriction enzymes purchased from Boehringer-Mannheim, GibcotBRL, and
Promega. DNA fragments were resolved by electrophoresis on 0.7-1.5% agarose gels
containing 10 ng/ml ethidium bromide in TAE buffer (40 mM Tris-Acetate, 2mM EDTA
pH8.5), and isolated using Qiagen gel extraction kit (Qiagen). DNA ligation was
performed using T4 DNA ligase purchased from Boehringer-Mannheim under the
condition recommended by the manufacturer. Recombinant DNA was transformed into E.
coil strains DH5ct and identified either by polymerase chain reactions (PCR), restriction
digestion analysis or DNA sequencing. DNA sequence was determined using the dye
terminator cycle sequencing ready reaction kit (Applied Bio systems) according the
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manufacturer's instruction. Reactions were analyzed at the University of Calgary DNA
sequencing facility. PCR was carried out in astandard 50 p1 reaction mix containing PCR
buffer (20 mM Tris-HC1 pH 8.4, 50 mM KC1), 2mM MgCl2, 1pM of each primer, 10 ng
of DNA template, 0.25 mM of each dATP, dCTP, dGTP and dTTP, and 5units Taq DNA
polymerase (Gibco/BRL or Boehringer-Mannheim). A typical reaction is 30 cycles each
with 92°C for 30 sec, 60°C for 45 sec, and 72°C for 2mm. The reactions were carried out
in aPerkin Elmer Geneamp 2400 PCR machine.

Production of recombinant proteins
DNA fragments to be expressed were cloned into the appropriate pGEX
expression vector that encodes aglutathione Stransferase (GST) protein upstream of its
multiple cloning sites (Pharmacia), and transformed into E. coil strain JM1O9. GSTcontaining fusion proteins were induced by adding isopropylthio-f3-D-galactoside (]PTG)
to afinal concentration of 0.1 mM, solublized by treating the bacteria with 1% Triton
X100 and sonication, and purified using aprocedure recommended by the plasmid vector
pGEX manufacturer (Pharmacia).

The protein samples were dialyzed against 100 mM

MOPS (pH 7.0) for 24 hrs at 4°C with three buffer changes, concentrated by
centrifugation with Amicon Centriprep columns, and stored at —70°C.

Antibody affinity purification
Appropriate recombinant protein was covalently coupled to the Affigel-10 beads
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according to the manufacturer's recommendation (Bio Rad Labs, Richmond, CA). Sera
from immunized animals were precleared using the beads coupled with control bacterial
GST proteins, and then incubated with the beads coupled with the fusion proteins in a10
ml econo column. Antibodies were eluted with 100 mM glycine, p112.5, neutralized,
concentrated, and stored in Dulbecco's phosphate buffered saline (D-PBS). ControllgG
from non-immune animals was purified using protein A sepharose CL-4B (Amersham
Pharmacia Biotech).

Microinjection protocol
Cells to be injected were collected bytiypsinfEDTA (GibcofBRL) treatment and
re-grown overnight on coverslips in fresh medium. Microinjections were performed under
phase contrast using aLeitz microirjector. All antibodies and normal control sera were
diluted in sterile D-PBS. Antibodies were affinity-purified and diluted with D-PBS to a
final concentration of 1.5 .tg4xl. For control experiments, nonspecific rabbit or mouse IgG
were protein A sepharose CL-4B-purified and diluted to afinal concentration of 1.5 p.g4il.
The normal pre-immune rabbit or mouse sera were diluted at 1:5 in D-PBS. In some
experiments, the injected cells were incubated with 0.1 jig/ml of Colcemid (GibcoBRL)
and then reversed from the Colcemid block by washing three times and incubating with
Colcemid-free medium until fixation.

Transfection
Control or recombinant pEGFP plasmids (Clontech) were transfected into tissue
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culture cells using Lipofectin (GibcoIBRL) under the conditions recommended by the
manufacturer. Cells expressing green fluorescence protein (GFP) were fixed at 12-72 firs
after the transfection and processed for immunofluorescence microscopy as described
below.

Isolation of the centrosomes
Confluent monolayer HeLa cells were incubated at 37°C for 2hrs with 2j.tg/ml
final concentration of Nacodazole (Sigma) and successively washed with ice-cold lx I)PBS, 8% sucrose in 0. 1X D-PBS and 8% sucrose in H20. Cells were then incubated with
5ml (each T75 flask) of Buffer A (50 mM Tris, pH 7.4, 80 mM NaCl, 25 mM EDTA, pH
8.0, 1% Triton X-100, 100 peg/ml PMSP) for 10 min on ice with vigorous rotation. The
suspension was treated with tetra-sodium pyrophosphate (Sigma) to afinal concentration
of 40 mM for 15 min on ice, incubated with 0.1 mg/ml (final concentration) of heparin
overnight at 4°C and sonicated for 10 strokes at low output with amicrotip. The
suspension was then subject to two passages through a23-gauge needle and one filtration
through a40 pM Nylon mesh. The filtrate was layered onto asucrose gradient in a
Beckman SW28 tube. The gradient is made up of; from the top to the bottom, 4ml, 5ml,
and 5ml of 40%, 50% and 70% (w/v) sucrose in Buffer A, respectively. The filtrate was
allowed to fractionate by centrifugation for 1firs at 23,500 rpm at 4°C using aBeckman
SW28 rotor. After centrifugation, the centrosomes were mostly found at the 70%/50%
sucrose interface. Fractions (0.5 ml) were collected manually from the bottom of the tube
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with the aid of aglass capillary and aperistaltic pump at aflow rate of 0.5 ml/min.The
centrosomes were identified by sedimenting the fraction samples onto coverslips (10,000
rpm for 30 mm, Sorvall SS34 rotor) in Sorvall centrifuge tubes with plastic cushion,
followed by immunofluorescent microscopy.
For some experiments, the centrosomes from the sucrose gradient fractionation
were further purified using aprotein affinity purification procedure. Basically, the
fractions were diluted at 1:5 in Buffer A containing 1X protease inhibitor cocktail
(Sigma), incubated with anti-Cdc2 antibodies for 1hrs at room temperature, and then
incubated with protein A sepharose CL-4B beads for 30 min. The mixture was further
diluted at 1:10 in Buffer A and the beads were sedimented by centrifugation at 3,000 rpm
for 10 mm. After three successive washes, the beads were treated with 1X SDS sample
buffer (see below) for 10 min at boiling temperature. Finally, the supernatant, after abrief
spin, was collected for Western blot analysis.

In vitro transcription and translation
The recombinant plasmids used for the in vitro transcription and translation (TnT)
assay were prepared using the following strategy: (1) generation of PCR fragments that
encode entire or aportion of protein of interest; (2) ligation of the PCR fragments with
pGEM-T vector (Promega); and (3) verification of the inserts in the vector using the
restriction digestion enzymes and DNA sequencing. In vitro transcription and translation
reactions (TnT) were performed using aTnT kit purchased from Promega (Madison,
Wisconsin) under the conditions recommended by the manufacturer. [
35 S]methionine was
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purchased from ICN Biomedicals, Inc (Irvine, California).

Immunoprecipitation
Immunoprecipitation of the in vitro translated protein was carried out as described
by Whitehead et al. (1997) with slight modifications. Briefly, after the TnT reactions, 5gl
of the products were added to 100 p.! of NET+F buffer (0.5% NP-40, 159 nM NaCl, 5
mM EDTA, 50 mM Tris-HCl pH 7.4, 0.1% SDS, 0.5% deoxycholic acid, 0.02% NaN3).
0.2 pg of the appropriate antibody was added and allowed to incubate with gentle rotation
at 4°C overnight. Protein-A agarose (Sigma) was added and incubated with gentle
rotation for 1hour at 4°C. The immune complexes bound to the agarose beads were
collected by centrifugation at 12,000 gfor 2minutes and were washed 5times with
NBT+F buffer. The complexes were then boiled in 1X SDS sample buffer (50 mM Tris,
PH 6.8, 100 mM dithiothreitol, 2% SDS, 0.1% bromophenol blue, 10% glycerol) and
separated on a10% SDS-polyacrylaniide gel. The gels were first fixed in asolution
containing 45% methanol and 10% acetic acid for 30 minutes and then soaked in 10%
acetic acid for 10 minutes. The gels were dried under vacuum and subjected to
autoradiography using aStorm digital analyzing system (Molecular Dynamics).

SDS-PAGE and Western blotting
Protein samples, including the isolated centrosomes, were denatured in 1X SDS
sample buffer by boiling for 5mm. The proteins were separated on a7.5-12% SDS-
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polyacrylamide gel, transferred to nitrocellulose membrane (Bio-Rad), and incubated with
antibodies at various concentrations as indicated in the text. Secondary antibodies were
HRP-conjugated goat anti-human TgG, IgA, and 1gM (Zymed, San Francisco, CA).
Immunoreactive bands were vlsuali7ed using the enhanced chemiluminescence (ECL)
system (Amersham Pharmacia Biotech).

Immunofluorescence, digital confocal microscopy, and deconvolution
To prepare cells for immunofluorescence, cells were seeded on coverslips, cultured
overnight, and fixed in either 2% paraformaldehyde in D-PBS for 5min followed by
permeablization for 10 min in 0.5% Triton X-100 in fl-PBS, or in 100% methanol at

-

20°Cfor 10 min and air-dried. In some experiments, cells were not fixed, but just
permeabilized prior to use. Coverslips were blocked with 1% BSA in D-PBS for 30 mm,
incubated with dilutions of primary antibodies for 1-2 hrs at 37 °C or overnight at 4°C,
washed briefly with fl-PBS, and then incubated afurther 60 min at 37°C in the presence of
dilutions of secondary antibodies conjugated with either Cy3,Cy5,or Alexa fluor' 88
fluorescent dyes. All incubations were done in ahumid chamber. After staining, the
specimens were washed in D-PBS, counterstained with 1'gg/ml DAPI in D-PBS, and
mounted in 90% glycerol containing 1mg/ml paraphenylenediamine as an anti-fade agent.
Cells were observed and photographed under appropriate illumination using aLeica
fluorescent microscope attached to aCCD camera.
Digital confocal microscopy (immunofluorescence microscopy in conjunction with
digital optical sectioning) was performed using amicroscope and software at the Imaging

54
facility of the University of Calgary. Images were obtained by using aLeica microscope
and a1.995x magnification tube attached to aCCD camera. Deconvolved images were
obtained using Vaytek (Fairfield, IA) Digital Confocal Microscope 4.0 for DOS software.
The deconvolved images were resealed to cover the entire 25 5-value gray range (Hendzel
et al., 1998). The images were further processed and aligned using Adobe PhotoShop 5.0.
In some cases, DIC images were taken to illustrate the whole cells.

Immunogold labeling and electron microscopy
The isolated centrosomes were spun onto coverslips, fixed for 10 min in 3%
paraformaldehyde in D-PBS, reacted with the autoimmune serum M4491 for 1hr and a
secondary antibody (protein A) conjugated with 10 nm gold particles. After three washes,
the specimens were processed sequentially by the following steps: (1) fixation with 2%
glutaraldehyde and 0.2% tannic acid in 200 mM sodium cacodylate buffer for 1hr at room
temperature; (2) washing with the sodium cacodylate buffer three times; (3) postflxation in
2% 0SO4,for 20 mm; (4) washing with the sodium cacodylate buffer for three times; (5)
washing with water for three times; (6) treatment with 2% uranyl acetate in 1120 for 20
min; (7) washing three times with water; (8) dehydration in 70%, 95%, 100%, and 100%
ethanol each for 10 mm; (9) pre-embedding with polybed 812 resin (Polysciences Inc.,
PA) and 2-hydroxypropyl methacrylate (Polysciences Inc., PA) at the ratio of 1:3 for 30
mm; 1:1 for 1hr, 3:1 overnight, and 4:0 for 3hrs, respectively. After these steps,
coverslips were transferred onto corks, and embedded with Polybed 812 resin confined in
gelatin capsules. Polymerization was carried out at 60° for 24 hrs. Coverslips were
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separated from the gelatin capsules that contain polymerized resin by repetitive heat
(5 0'C) and cold (liquid nitrogen) treatments. The polymerized resins (containing
fluorescent-labeled centrosomes on their surface after coverslips were removed) were then
sectioned using aLeica ultramicrotome equipped with adiamond knife. The sections (50
nm thick) were examined in aHitachi 7000 transmission electron microscope.

Electron spectroscopic imaging and correlative fluorescence microscopy
HeLa cells were grown on a50 ml Falcon tube cap overnight. Cells were fixed in
cold methanol, and stained sequentially with primary antibodies and aCy3-conjugated
secondary antibody. After immunofluorescent staining, cells were processed for electron
spectroscopic imaging (ESI) as described (Hendzel et al. 1999; Bazett-Jones and Hendzel,
1999; Boisvert et al. 2000). Basically, cells were fixed in 2% glutaraldehyde and
dehydrated in agraded ethanol series. The ethanol was then replaced by Quetal 651
(Polysciences Inc., PA) for at least 4hrs, followed by infiltration with Quetal 651-NSA
(Polysciences Inc., PA) for 12 hrs. Polymerization was carried out at 60°C for 48 hrs.
Sections were cut to

30-nm thickness using an ultramicrotome with adiamond knife

(Drukker), and were picked up onto finder grids. Sections were first visuRlized by
fluorescence microscopy in order to identify and image the centrosomes. The same
specimen was then visualized by ESI (Hendzel and Ba.zett-Jones 1996; Hendzel et al.
1998; Bazett-Jones and Hendzel 1999). Electron micrographs were obtained with aGatan
14-bit slow-scan cooled CCD detector on aZeiss EM902 transmission electron
microscope equipped with an imaging spectrometer. Net nitrogen maps of the
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centrosomes were formed by subtraction of the reference image collected at 385 eV and
the nitrogen-enhanced imaged recorded at 415 eV energy loss using Digital Micrograph
V.2.5 software. Finally, fluorescence and ESI images were processed and aligned using
the Adobe Photoshop software.
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CHAPTER THREE

A SUBSET OF CENTROSOMAL PROTEINS ARE ARRANGED IN A TUBULAR
CONFORMATION THAT IS REPRODUCED DURING CENTROSOMIE
DUPLICATION*

*

This work has been published in Cell Motility and the Cytoskeleton (Ou and Rattner,
2000, Cell Motil Cytoskeleton. 47(l):13-24).
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INTRODUCTION

The centrosome is the primary microtubule organizing center of most eukaryotic
cells (for reviews see Brinkley, 1985; Mazia, 1987; Tassin and Bornens, 1999). This
organelle functions as the site for the nucleation and*
organization of microtubules that
form the interphase cytoskeleton and the mitotic spindle. In cycling cells, the centrosome
duplicates once to ensure the formation of abipolar spindle and the inheritance of one
centrosome to each of the daughter cells. The tight association between centrosome and
chromosome duplications, however, can be perturbed in some specific types of defects,
most often associated with cancer, leading to supernumerary centrosomes (Balczon et al.
1995; Brinkley and Goepfert, 1998; Doxsey, 1998).
The structure of the centrosome is understood only in general terms (for review
see Mack et aL, 2000). When viewed by phase microscopy, the centrosome can be seen
as aphase dense dot with no clear structure. When the centrosome is viewed by electron
microscopy, it appears to consist of two components in most cells: the centriole and the
PCM (Rattner and Bazett-Jones, 1988; reviews in Vorobjev and Nadezhdina, 1987;
Rattner, 1992). The centriole is abarrel-shaped structure made up of nine triplet
microtubule arrays. Its number in the centrosome varies from asingle one to apair,
depending on the stage of the cell cycle. The PCM is now known to contain alarge
number of proteins (Kellogg et al., 1994), to change in dimension during the cell cycle
(Rieder and Borisy, 1982), and to function as the site for microtubule polymerization
(Moritz et al., 1995a, 1995b).
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Several recent studies using both confocal and electron microscopy indicate that
the PCM structure contains at least two identifiable elements: aring-like structure and a
lattice-like scaffold. The ring-like structure has been found in the PCM of centrosomes
isolated from Drosophila embryos (Moritz et al., 1995a) and the surf clam Spisula (Vogel
et al., 1997). Analysis of its cytoplasmic counterpart, originally termed 7TuRC, has shown
that this helical open ring structure (Zheng et al., 1995; Moritz et al., 1995a, 1995b) is
composed of'y-tubulin and anumber of other proteins (Murphy et al., 1998; Tassin et al.,
1998; Oegema et al., 1999), yTuRC appears to contact the minus end of the microtubule
(Moritz et al., 1995b) and is capable of nucleating microtubules in vitro (Zbeng et al.,
1995).
A lattice-like scaffold, containing pericentrin, has been detected in the PCM of
CHO cells and cells of several other organisms (Dictenberg et al. 1998). The lattice may
interconnect with the ring-like structure, and its size and complexity increase with the cell
cycle. Another lattice-like structure, termed the "centromatrix", was identified in the
PCM of Spisula centrosomes extracted with 1.0 M KI (Schnackenberg et al. 1998). The
centromatrix is built from 12-15 nm fibers, which represents about 10% of total
centrosome proteins, lacks yTuRC and cannot nucleate microtubules. However, when the
centromatrix is incubated with Spisula extracts, some proteins (such as y-tubulin) reappear
at the centrosomes, and the microtubule nucleation potential is restored. It has been
proposed that the centromatrix serves as ascaffold to which proteins associated with
microtubule nucleation bind (Schnackenberg and Pala77o, 1999). Currently, however,

60
there is no information concerning the composition of the centromatrix or the relationship
between the centromatrix and the aforementioned pericentrin-containing lattice.
In this study, we investigated the macro-architecture of the centrosome by staining
centrosomes of intact tissue culture cells and centrosomes isolated from these cells with a
human autoimmune serum M4491 and aselection of antibodies that were raised against
specific components of the centrosome. M4491 has been shown to be reactive with a
subset of centrosomal components (Mack et al., 1998). Using hF microscopy as well as
optical sectioning and digital deconvolution, we demonstrate that the centrosome proteins
recognized by M4491 are arranged in atubular configuration. Further, we show that
individual centrosomal proteins occupy specific domains within this configuration and the
centriole proteins CEP25O/C-Napl and Nek2 occupy aspecific position within the tubular
structure. Our study has also identified the intermediates in the centrosome duplication
process, documenting that one aspect of centrosome duplication is the replication of the
centrosomal tube. Based on these observations, amodel of the morphogenesis of the
centrosome during the duplication process is proposed.
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MATERIALS AND METHODS

Tissue culture and synchronization
HeLa, HS68, CHO and W135 cells were grown in T75 tissue culture flasks in
appropriate media (Gibco/BRL) supplemented with 10% fetal calf serum (GibcofBRL)
and antibiotics. For hF experiment, cells were harvested by mechanical release from the
substrate and re-grown on acoverslip in fresh medium for various times. For the
centrosome isolation experiment, HeLa cells were incubated with 0.04 .tg/m1 Nocodazole
(Sigma) in the culture medium for 5hrs as described by Zieve et al. (1980). The drugtreated cells were harvested by mechanical release from the substrate, rinsed once with
fresh medium and then incubated in fresh medium for various times.

Antibodies
Centrosome-reactive serum M4491 (patient 11) was obtained from the serum bank
of the Advanced Diagnostic Laboratory at the University of Calgary. This serum has been
collected at regular intervals over a10-year period from apatient (patient #11).
Immunofluorescence microscopy demonstrates that it maintains consistent reactivity with
the centrosome although its titer (to centrosomal antigens) increases with time. A
complete characterization of the serum has been previously reported (Mack et al., 1998).
Anti-ninein, anti-CEP2SO, anti-CEP1 10 and anti-CENP-F antibodies were generated by
immunizing rabbits with corresponding recombinant proteins expressed and isolated from
E. coil bacteria (Mack et al., 1998; Guasch et al., 2000; Liao et al., 1995). All these
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antibodies have been confirmed to be monospecific as determined by Western blot analysis
of whole cell extracts of HeLa cells (Mack et al., 1998; Guasch et al., 2000; Rattner et al.,
1993; Ou and Rattner, unpublished results). Anti-Nek2, anti-Cdc2 and anti-y-tubulin
antibodies were purchased from Transduction laboratories, Santa Cruz Biotechnology,
and Accurate Chemical & Scientific Corp., respectively. An antibody to pericentrin was a
gift form Dr. Duane Compton, Dartmouth Medical School, Hanover New Hampshire.

Isolation of centrosomes
Centrosomes were isolated using the methods described by Graf et al. (1998),
Blomberg-Wirschell and Doxsey (1998), and PalRz7o and Vogel (1999) with
modifications. Confluent monolayer HeLa cells were incubated at 37°C for 2hrs with 2
jig/ml final concentration of Nocodazole (Sigma) and successively washed with ice-cold
1X D-PBS, 8% sucrose in 0. 1X D-PBS, and 8% sucrose in H20. Cells were then
incubated with 5ml (each T75 flask) of Buffer A for 10 min on ice with vigorous rotation.
The suspension was treated with tetra-sodium pyrophosphate (Sigma) to afinal
concentration of 40 mM for 15 min on ice, incubated with 0.1 mg/ml (final concentration)
of heparin overnight at 4°C and sonicated for 10 strokes at low output with amicrotip.
The suspension was then subjected to two passages through a23 gauge needle and one
filtration through a40 jiM Nylon mesh. The filtrate was fractionated by sucrose density
centrifugation, and the centrosomes were collected as described by Bornens et al. (1987).

63

Western blotting
The isolated centrosomes were denatured in 1X SDS sample buffer by boiling for
5min as previously described (Mack et al., 1998). The proteins were separated on a10%
SDS-polyacrylaniide gel, transferred to nitrocellulose membrane (Bio-Rad), and incubated
with a1:1000 dilution of the serum M4491. Secondary antibodies were peroxidaseconjugated goat anti-human IgG, IgA, and 1gM (Zymed, San Francisco, CA).
Inimunoreactive bands were visualized using the ECL system (Amersham Pharmacia
Biotech).

Immunofluorescence microscopy, optical sectioning and deconvolution
Immunofluoresence was carried out as described previously (Ou et al., 1999). The
serum M4491 was used at dilutions of 1: 1000-5000. The isolated centrosomes were
sedimented onto acover slip as described by Blomberg-Wirschell and Doxsey (1998).
The specific stage of the cell cycle was assessed by staining cells with DAN and antiCENP-F antibodies as described previously (Rattner et al., 1993; Liao et al., 1995).
Digital optical sectioning (digital "confocal" microscopy) was performed as described by
Rattner et al. (1996) with the exception that (1) z-axis optical offsets between
fluorescence channels was calculated and compensation was made at the data collection
stage (Hendzel et al., 1998); (2) the images were collected at 0. 1-p.M intervals; (3) aLeica
PL APO 100 X/1.40-0.7 oil objective len was used; and (4) amagnification tube (2.47 X)
was attached to the camera. Deconvoluted images were obtained using Vaytek (Fairfield,
IA) Ditigital Confocal Microscope version 2.5 for DOS software. The deconvoluted
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images were rescaled to cover the entire 255-value gray range (Hendzel et al., 1998). The
images were further processed and aligned using Adobe Photoshop Version 5.0.
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RESULTS

The autoimmune serum M4491 delineates acell cycle dependent centrosomal
architecture.
Human serum M4491 was initially selected because it showed reactivity to the
centrosome but not other cellular structures when it was used in [[F studies with avariety
of tissue culture cell lines. When this serum was used to screen ahuman cDNA expression
library, it was found to contain auotantibodies to several known centrosomal proteins
including pericentrin/kendrin, PCM-1, ninein, CEP2SO/C-Napl and CEP 10 (Mack et al.
1998). Western blotting analysis using recombinant proteins confirmed that each of these
known proteins is recognized by M4491 (Mack et al. 1998). This serum, however, does
not contain antibodies against the mitotic spindle protein NuMa (Wliitehead and Rattner,
unpublished observation). The centrosome reactivity of the serum has been further
confirmed using isolated centrosomes (Fig. 3. 1, A). Western blot analysis of proteins
obtained from the purified centrosomes revealed that the serum reacts with aseries of
proteins ranging from 48 kDa to over 188 kDa (Fig. 3. 1, B).
When [IF microscopy was used to examine the centrosomes in intact interphase
tissue culture cells (HeLa, W135, 11S68, and CHO) that had been stained with M4491, we
were surprised to find that the centrosomes did not appear as amorphous foci. Rather they
displayed adefined morphology, appearing as either an "0" or "U" (Fig. 3.2 aand b). In
cells containing duplicated centrosomes, combinations of these two profiles (i.e.
'O0","OU't or "UU") could be seen (Fig. 3.2 c-e). Similar profiles and patterns were also
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observed in isolated centrosomes and the centrosomes of cells in frozen sections derived
from avariety of tissues including testis, cartilage, and brain (data not shown).
To confirm and further define the pattern detected by lIE microscopy as well as the
relationship between the "0" and "U" images, we examined, by digital deconvolution,
optical sections of individual centrosomes from both intact cells at late G1-G2 phase and
centrosomes isolated from cells at these stages. To maximize our ability to accurately
stage individual cells within the cell cycle, we co-stained cells with an antibody to CENPF. Previous studies have demonstrated that CENP-F is aprotein of the nuclear matrix.
This protein is not detected in the nuclei of early GI phase cells. However, it can be seen
to gradually accumulate in the nucleus of cells beginning at early S-phase, reaching apeak
in G2—prophase cells (Rattner et al., 1993; Liao et al., 1995; Landberg et al., 1996). Thus,
by comparing the intensity of nuclear staining by anti-CENP-F antibodies, it is possible to
order cells with respect to their position within the cell cycle. As observed using
conventional IN, digital deconvoluted images displayed M4491 -stained centrosomes with
either an "0" or "U"-shaped profile in G1-G2 cells. Figure 3.3 (A) illustrates aset of
optical sections collected from two adjacent unrelated isolated centrosomes displaying the
"0" and "U"-shaped morphologies. Similar images were obtained from intact cells. A set
of optical sections illustrating the "0" profile from an intact GI cell is shown in Fig. 3.3
(B).
To establish the relationship between the "0" and "U" images, we determined the
dimensions of the two structures. Analysis of the dimensions of late G1-S phase
centrosomes from the deconvoluted fluorescence images revealed that the "O"-like profile
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has an average diameter of 0.7 !.tm (standard deviation 0. 16, N=50). The "0" profiles
were detectable in optical sections that spanned an average distance of 1.5 pm along the
Z-axis, terminating in asolid mass at one end of the sections (Fig. 3.3, A, first 3images of
the upper panel; Fig. 3.3, B, last 3images of the bottom panel). Analysis of the "U".
profile revealed an average dimension of 1.1 p.m (standard deviation 0.19) X 0.68 p.m
(standard deviation 0. 14, n=30) spanning 1.35 p.m along the Z axis. The "U" profile
loses its "U" morphology at either end of the optical sections, terminating in asolid rodshaped profile (Fig. 3.3, A, first 3images of the upper panel and last 2images of the lower
panel, respectively). The dimensions and morphologies of these two profiles (and also the
centiiole locations within each of the profiles, see below) are consistent with the
interpretation that the "0" profile represents across-sectional view of the "U" profile and
that both profiles represents atubular configuration of proteins within the centrosome.
For descriptive purposes, we refer to the stained region of the tube as the "wall" and the
central unstained area as the "lumen".
As illustrated in Fig. 3.4, the tubular pattern is found in cells throughout the GiG2 periods (Fig. 3.4, G1, late Sand G2). However, the tubular staining pattern begins to
change and modify at prophase (data not shown), and, by metaphase, the material stained
by M4491 expands to cover alarge area (Fig. 3.4, M). At late telophase/early GI (T/G1),
the tubular pattern reappears, but the wall of the tube displays avariable thickness (Fig.
3.4, T/G1). The overall dimensions of the stained region are reduced to 0.5 p.m (standard
deviation 0. 11, n= 20) in diameter and 1.2 p.m in the Z-axis (compared with 0.7 p.m x1.5
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pm in G1-G2 stages).

We conclude that the tubular configuration identified by M4491

changes temporally and this change is related to the stage of the cell cycle.

The centriolar components have adefined position within the centrosome at Gi.
We investigated the position of the centriole component in the centrosome tube of
intact GI cells (and also centrosomes isolated from these cells) by staining the centrosome
with M4491 and an antibody to the centriolar protein CEP25O/C-Napl (Mack et al., 1998;
Fry et al., 1998a). As shown in Fig. 3.5 (A-a), the centriolar protein (CEP25O/C-Naplstaining) in GI cells appears at the closed end of the "U" profile in association with the
wall (M4491, red; CEP2SO/C-Napl, green). This protein also appears at the same position
in centrosomes that are both duplicated and separated (Fig. 3.5, A-b).

When optical

sections were collected from the "0" profiles, the major staining for the centriolar protein
was found at the closed end (the solid end) of the tube (Fig. 3.5, B-a) and no staining was
observed in sections through the middle part or the open end of the tube (Fig. 3.5, B-b).
We were able to confirm this position of the centriole(s) (Fig. 3.5, A-c and d) using
another centriole marker, Nek2 kinase (Fry et al., 1998b). Taken together, the images
obtained using antibodies to both centriolar proteins CEP25O/C-Napl and Nek2 suggest
that these two centriolar components have aspecific and defined position with respect to
the protein tube identified by M491 1. Further, the placement of the centriole components
at the closed end of the "0" conformation and the closed end of the "U" profile confirms
our supposition that the "0" and "U" images represent two views of the same tubular
protein conformation within the centrosome.
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Fig. 3.1. Reactivity of the autoimmune serum M4491 with centrosomes. A, Isolated
human HeLa cell centrosomes stained with M4491 by HE B, Proteins from isolated HeLa
centrosomes analyzed by Western blotting, a, M4491, showing reactivity of this serum
with anumber of centrosomal components. b, acontrol human serum from an individual
with no autoimmune disease, showing no staining pattern by UF. The sizes of standard
proteins (Bio-Rad) are shown in kDa.
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Fig. 3.2. Centrosome morphologies in intact IleLa cells viewed under 1W
microscope using M4491. a, "0" shape; b, "U" shape; c, "00" shape; d, "UO" shape
and e, "1313" shape. Bar =3 tm.
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Fig. 3.3. Optical sectioning and digital deconvolution of HeLa centrosomes. The
centrosomes were stained with M449 1. Each optical section represents 0.1 pm in
thickness (the Z-axis). The images are arranged from left to right. A, Optical sections
obtained from two adjacent unrelated isolated centrosomes. B, A series of optical
sections of acentrosome from an intact GI HeLa cell presented sequentially from left to
right. Bar =3 p.m.
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• Fig. 34. EleLa centrosomes at different stages of cell cycle. A gallery of images of
centrosomes taken from cells at GI, late S, G2, M, and late telophase and early Gi phase
(T/GI). The cells were staged as shown in Figure 7. Bar = 5j.Lm.

76

GI

M

G2

late S

-S

U

0
0

IOS

T/Gl

77

Fig. 3.5. The location of the centriolar proteins within the tubular centrosome
structure. A. HeLa centrosomes stained with M4491 (red) and antibodies directed
against CEP25O/C-Napl (a and b, green) and Nek2 (c and d, green). a, an optical section
from an isolated centrosome, showing the centriole component CEP25O/C-Napl at the
closed end of the tube; bthrough d, optical sections from intact cells, again showing that
the centriole components CEP25O/C-Napl and Nek2 are located at the closed end of the
separated centrosomes. B. Two sections taken from different points within astack of
optical sections of aGI isolated centrosome stained with M4491 (red) and antibodies
directed against CEP25O/C-Napl (green). The centriole component is detected in sections
through the solid end (the closed end) of the "0" conformation (a) but not in sections
through the middle part of the tube (b). Bar =3 pm.
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Proteins can be mapped in relation to the wall and lumen.
As indicated earlier, the wall of the interphase centrosome tube defined by M4491
appeared fairly uniform when viewed in optical sections (Fig. 3.3). To determine the
placement of individual components that are recognized by M4491 within the tubular
organization, we double-stained the centrosomes with M4491 and monospecific antibodies
to the centrosomal components pericentrin and ninein. Antibodies to pericentrin revealed
that the protein had an uneven patchwork distribution within the walls (Fig. 3.6, a, b, c;
M4491, red; pericentrin, green). Similarly, ninein was also found to produce amosaic
pattern within the wall (Fig. 3.6, d, e, f; M4491, red; ninein, green). To investigate the
placement of proteins that are not recognized by M4491, we chose antibodies directed
against Cdc2 and 7-tubulin. As shown in Fig. 3.6 (g, h, i), Cdc2 displayed amosaic
distribution in the tubular walls in G2 cells (M4491, red; Cdc2, green). Consistent with the
finding that there is an association between pericentrin and y-tubulin (Dictenberg et al.,
1998), we found that 7-tubulin maps to the wall of the centrosomal tube, the same position
that we find pericentrin (Fig 3.6, j-o). However, we also found that asubset of y-tubulin
was also present in the lumen of the tube (Fig. 3.6, m-r, arrows; M4491, red; y-tubulin,
green) aregion not stained by pericentrin. Thus, using the complete M4491 pattern as a
reference, it is possible to detect and map the regional distribution of individual proteins
within the tubular architecture and to verify protein associations that have been previously
identified.
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Centrosome duplication.
In the course of studying the morphology of the centrosome in Sphase cells using
M4491, we found that it was possible not only to recognize centrosomes undergoing
duplication but also to identify intermediates in this process. Fig. 3.7 is agallery of images
of different types of duplication intermediates collected from different cells. Once again,
the cells were staged and ordered temporally by assessing the intensity of CENP-F staining
in the nucleus of each cell (Fig. 3.7, middle panel). This order was also confirmed using
cells that had been synchronized using either drugs or mechanical-release techniques (data
not shown). In its simplest form, the S-phase centrosome appears as asingle tube, as it
does through the latter part of Gi, but an intensely staining focus can be seen in one
defined region of the wall (Fig.3.7, a). Centrosomes displaying the next level of
complexity have apronounced bud or projection that extends outward from the wall of
the original (parent) centrosome (Fig. 3.7, b-c). In the next more complex form, two
inter-connected tubes (parent and daughter centrosomes) are clearly visible (Fig. 3.7, d).
Finally, some cells display two independent tubes that are separated by different distances
(Fig. 3.7, eand ).
To define the precise relationship between the parent and the daughter
centrosomes during duplication, we collected aset of optical sections from centrosomes
from acell midway through S-phase (Fig. 3.8). Starting at one end of the optical sections,
asmall projection can be seen extending from the wall of the parent centrosome (Fig. 3.8,
a-d). In successive sections, the projection can be seen to extend both longitudinally and
circumstantially along the margin of the mother centrosome, gradually forming the tubular
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structure (Fig. 3.8, eand f, arrow). Further sections reveal that the daughter centrosome
displays atubular configuration similar to that seen for mature centrosomes, but is still
associated with the parent structure (Fig. 3.8, g-i). However, this association is lost in the
final optical sections (Fig. 3.8, j-o). From these images, we conclude that it is possible to
visualize centrosome duplication and maturation and that the daughter centrosome
displays an increase in structural maturity as it extends distally from the mother
centrosome.
To determine if the newly formed centrosome structure detected in our study had a
protein composition characteristic of an immature centrosome, we double-stained cells
with M4491 and an antibody directed to CEP1 10.

CEP1 10 has recently been shown to

be acomponent of mature centrosomes and is acquired by immature centrosomes only
prior to cell division (Guasch et al., 2000). Fig. 3.9 (a) demonstrates that anti-CEP 110
antibodies stain the original fully formed centrosome tube (the large tube) but not the
structure that appears to be in the process of formation (the small tube). This differential
staining pattern is also detected in cells containing two fully formed centrosomal tubes
with different degrees of centrosome separation (Fig. 3.9, band c). These results confirm
the parent-daughter relationship of the centrosome structures observed with M4911.
We previously showed that it was possible to visualize the single centriole duplex
(the parent and daughter centrioles) at the closed end of the centrosomal tube of GI cells
(Fig. 3.5). Earlier studies have established that, at the end of Gi, the parent and daughter
centrioles separate from one another by ashort distance. Subsequently, each centriole
(parent) produces aprocentriole (Vorobjev and Nadezhdina, 1987). The original daughter
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centriole and its procentriole have been found to maintain an immature status until the
onset of prophase-prometaphase. Maturation of this duplex is associated with the
acquisition of aspecific subset of proteins prior to cell division (Lange and Gull, 1995).
To study the relationship between the changes occurring to the G1-S phase
centriole duplex and centrosome duplication, we double-stained centrosome duplication
intermediates with M4491 and CEP25O/C-Napl (Mack et al., 1998; Fry et al., 1998a). In
cells displaying early centrosome duplication, CEP25O/C-Napl produces two foci of
staining, one at the closed end of the centrosomal tube and the other at the margin of the
tube (Fig. 3. 10, a, arrow) where the daughter centrosome projection is seen. During the
development of the daughter centrosome, this second focus occupies aposition at the
closed end of the newly formed daughter centrosomal tube (Fig. 3. 10, b-d, arrows).
Thus, the simplest interpretation of these findings is that the second focus represents the
centriole duplex that forms from the original daughter centriole.
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Fig. 3.6. Distribution of different centrosomal proteins with respect to the tubular
structure. HeLa centrosomes were stained with M4491 (red) and antibodies against
individual proteins (green). a-c: M4491/pericentrin; d-f: M4491/ninein; g-i:
M4491/Cdc2;

jthrough r: M4491/'y-tubulin.

The lower panel images (c, f, i, 1, o, and r)

are overlay images between M4491 and individual antibody staining. The arrows in oand
rdenote aportion of'y-tubulin that is located in the center of the centrosome tube. Bar =
3pm.
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Fig. 3.7. Centrosome duplication. The images were collected from different HeLa cells
at different stages of the cell cycle and ordered based on intensity of CENP-F staining.
Upper panel, M4491 staining; middle panel, anti-CENP-F antibody staining; lower panel,
DAPI staining. Note that the images of CBNP-F and DAPI staining are in lower
magnification compared to those of M4491 staining. Bar = 3pm (for M4491 staining
only).
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Fig. 3.8. Optical sections obtained from aduplicating centrosome from an intact
JieLa cell. The duplicating centrosomes were stained with M449 1. The daughter
centrosomes are indicated by arrows. Bar = 3gm.
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Fig. 3.9. The relationship between parent and daughter centrosomes. The
centrosomes were stained with M4491 (red) and anti-CEP1 10 antibody (green), an
antibody that only stains the parent centrosome prior to cell division. Bar = 3p.m.
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Fig. 3.10. Centriolar protein placement within the duplicating centrosomes. The
centrosomes stained with M4491 (red) and the antibody against CEP25O/C-Napl (green).
The images (a through e) were collected from different cells and are arranged based on
the complexity of the centrosome tube and also CENP-F staining of the cell nucleus as in
Figure 7. Bar =3gm.
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DISCUSSION

In this study, we have been able to show: (1) that some proteins within the
centrosome are arranged in atubular fashion and that the tube is closed at one end and
open at another; (2) that individual proteins within the tube have aprecise distribution; (3)
that it is possible to visualize centrosome duplication which includes the replication of the
tubular structure; and (4) that daughter centrosome tube formation occurs in relation to a
centriole duplex.
Several lines of evidences indicate that the tubular pattern observed in our study is
neither astaining nor an optical artifact. First, 'this morphology can be detected in the
centrosomes of intact cells (including cells from frozen tissues) using conventional BF
microscopy in the absence of any optical enhancements. Second, this morphology can be
detected using several mono-specific antibodies that recognize proteins that are not
recognized by the autoimmune serum M4491. Third, proteins can be detected both in the
lumen of the tube and along the walls (Fig. 3.6) using anti-'y-tubulin antibody, indicating
that the tubular morphology is not produced by an artifact related to antibody accessibility.
Fourth, the same tubular morphology can be seen using different fixation reagents
including methanol and parafonnaldehyde (data not shown). Finally, the same tubular
morphology can be seen in the isolated centrosomes. The detection of the tubular
morphology in the isolated centrosome preparations suggests that the tubular pattern is
inherent to the centrosome and is not the result of protein staining outside the centrosome
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as aresult of the pleiotrophic nature ofM4491. We conclude that the tubular
conformation is astable and consistent feature of the centrosome.
Importantly, our findings do show correlations with several recently identified
structural components. For example, Dictenberg et al. (1998) have demonstrated alatticelike structure containing pericentrin. Similarly, we have found that pericentrin has a
patchwork pattern in single optical sections, which in athree-dimensional view would
appear as alattice-like distribution within the wall of the protein cylinder. Further, the
study of Dictenberg and coworkers (1998) places y-tubulin in close proximity to
pericentrin within the centrosome, as detected by fluorescence resonance energy transfer.
We showed that pericentrin and aportion of y-tubulin map together (both are the
components of the wall), which is in agreement with the findings of Dictenberg et al.
(1998). However, it should be noted that we also detected aportion of y-tubulin within
the lumen of the tube where pericentrin is not detected. This subset of'y-tubulin may have
been overlooked in previous studies because astructural reference such as that provided
by M4491 was not available. It would be interesting, in the future, to find out whether
there are other centrosomal components that reside within the lumen of the tube.
It has been suggested that the centromatrix observed in Spisula oocytes
(Schnackenberg et al., 1998) may serve as afocal point for the assembly of the
pericentrinly-tubulin lattice (Schnackenberg and Palaz7o, 1999). In this case, the
centromatrix may also reside within the tubular wall. Therefore, the wall may represent an
important architectural feature within the centrosome. This supposition is supported by

95
several observations. First, the tubular structure is stable during centrosome isolation.
Second, in the course of our studies, we isolated centrosomes in the presence of several
drugs including nocodazole and cytochalasin B and D. After these drug treatments, the
tubular configuration was still clearly observed (data not shown), suggesting that neither
an intact actin, nor microtubule, cytoskeleton is required for the formation or integrity of
this conformation. Third, the identification of autoimmune sera that react specifically to
this structure suggests that the tubular pericentriolar material may be presented to the
immune system as adistinct structural entity.
Our study indicates that the tubular protein pattern detected by M4491 undergoes
amorphogenesis that is related to the cell cycle (Fig. 3.4). The tube has its smallest
dimension at late telophase/early interphase and is reconfigured at metaphase. The
measurements of the tubular configuration reported here should be taken only as
approximate since it is not possible to obtain precise measurements by lIP due to
fluorescent glow. However, since we are comparing centrosomes from preparations that
are stained and observed in the same manner, the detection of the size changes should
reflect real structural changes. The changes in dimension are consistent with earlier
electron microscopy data demonstrating that the dimension of the pericentiolar material
changes with the cell cycle, gradually increasing following the G-1 period and reaching a
maximum at metaphase (Rieder and Borisy, 1982; Rattner 1992).
To our knowledge, this is the first report of the visualization of successive stages
in the formation of adaughter centrosome. Daughter centrosome formation at the parent
includes protein aggregation, formation of acentrosome bud, bud growth, tube formation,
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and tube separation. Our study also shows that this morphogensis occurs in association
with acentriole duplex (as denoted by CBP2SO/C-Napl and Nek2 staining) following its
repositioning to the edge of the parental centrosomal tube. Based on this information, we
propose amodel of centrosome duplication, which includes the following stages. At the
beginning of centrosome duplication, centriole separation in concert with the onset of
centriole duplication results in the positioning of one centriole at the closed end of the
parental centrosome tube and asecond centriole at other area of the tube. Subsequently,
proteins start to collect at the site of the second centriole component, forming a
centrosomal bud. The bud grows longitudinally and circumferentially along the lateral
margin of the parental tube, resulting in the formation of anew tubular structure lateral to
the parental structure. Thereafter, as the daughter centrosome completes its tube
formation, it separates from the parental structure. In the end, both mother (parental) and
daughter centrosomes have acentriole duplex positioned at the closed end of its structure.
It should be possible in the future to test the validity of this model by studying, for
example, centrosome duplication in vitro.
It should be noted that in this study we only mapped two centriolar proteins
(CEP25O/C-Napl and Nek2). These two proteins happen to localize to the same region
(the proximal end) of the centriole as illustrated by electron microscopy (Fry et al., 1998a;
1998b). It is possible that the centriole is preferentially placed toward this end of the tube.
The ability to understand centrosome organization and to establish structuralfunctional correlates has been hampered by the inability to recognize specific structural
references within the centrosome. The ability to detect the tubular conformation within the
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centrosome will, in the future, not only facilitate the mapping of proteins to this structure,
both spatially and temporally, but also allow the identification and characterization of
proteins that underlie the morphogenesis of centrosome duplication. Further, it is also
possible to map the location of both identified and novel centrosomal components within
the structure, predict possible protein-protein interactions, and verify protein-protein
interactions implicated by such methods as the yeast two-hybrid assay.
Finally, this study has left several unanswered questions: (1) What is the exact
relationship between the tubular structure detected by M4491 and the centrosome? (2)
What is the precise relationship between the tubular structure and the centriole? (3) How
is the placement of protein within the tubular structure related to its function? These
questions will be addressed in Chapter 4and 5.

98

CHAPTER FOUR

CEP11O AND NINEIN ARE LOCATED IN A SPECIFIC DOMAIN OF THE
CENTROSOME ASSOCIATED WJIEI CENTROSOME MATURAtLON*

*This work has been published in Journal of Cell Sciences (Ou et al., 2002, JCell Sci.
115Pt 9):1825-35).
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INTRODUCTION

The centrosome has been implicated in events as diverse as the organization of the
interphase cytoskeleton and mitotic spindle, cytokinesis, intracellular placement of proteins
and organelles, and the formation of cilia and flagella (for reviews, see Brinkley, 1985;
Mazia, 1987; Tassin and Bornens, 1999; Mack et al., 2000; Compton, 2000). In addition,
the centrosome must duplicate itself once during acell cycle. To accommodate these
diverse functions, there must be aprecise organization of proteins with functional
correlates within the centrosome. At present, however, information concerning protein
arrangement within the centrosome is limited.
The centrosome in mammalian cells has been thought to consist of an amorphous
spherical mass of centrosomal proteins, known as the PCM, organized around apair of
centrioles or centriole duplex (see review by Mack et al., 2000). Recently (see Chapter 3),
we have shown that aspecific subset of proteins is organized in ahighly specific and
reproducible configuration within the centrosome. This configuration appears as either an
"0" or a"U" profile when the centrosome is stained with specific antibodies and viewed
by conventional immunofluorescence microscopy (0u and Rattner, 2000). The "0" and
"U" profiles can actually be seen in images present in many studies in the literature using a
variety of antibodies to stain the centrosomes (see, for example, Young et al., 2000, Fig.
1A; Mogensen et al., 2000, Fig. 1and 2, ninein), although the significance of those images
was not apparent. Using digital confocal microscopy, we found that these profiles reflect
an underlying tubular protein configuration that is closed at one end and open at the other
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(Ou and Rattner, 2000). The centriole proteins CEP25O/C-Napl and Nek2, which have
been shown to associate specifically with the proximal ends of both mother and daughter
centrioles (Fry, et al., 1998a; 1998b), have been mapped to the closed end of the tube,
suggesting that the centriole be preferentially placed toward this end of the tube. This
tubular configuration is duplicated in concert with centrosome duplication.
The ability to visuaii7e the tubular configuration can be used as alight microscope
landmark from which individual centrosomal proteins can be mapped both spatially and
temporally during centrosome duplication and the cell cycle. Such data may provide
insights into the protein dynamics, protein-protein interactions, and protein functions
within the centrosome. Furthermore, it may also allow for the determination of the precise
effects on centrosome structure and duplication of experimental alterations in the
abundance of specific proteins. In this study, we carried out fine-mapping and functional
studies of two centrosomal proteins CEP 110 and ninein.
CEP 10 is anovel centrosomal protein that was identified in our laboratory by
screening ahuman cDNA expression library using acentrosome-reactive human
autoimmune serum (Guasch et al., 2000). A portion of the gene encoding CEP1 10 was
found to be fused in-frame with aportion of the gene that encodes the protein kinase
domain of areceptor tyrosine kinase for the fibroblast growth factors, FGFR1, in acase of
amyeloproliferative disorder associated with the chromosomal translocation
t(8;9)(p12:q33) (Guasch et al., 2000). The finding that the chimeric CEP1 10-FGFR1
protein has aconstitutive kinase activity led to the proposal that the malignancy that arises
from the CEP 110-FGFR1 translocation may involve acombination of constitutive activity
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of the FGFR1 kinase domain and the disruption of normal centrosomal function due to the
alteration of the CEP 10 protein.
Conventional hF microscopy using antibodies raised against CEP1 10 suggests that
CEP 10 has aunique cell cycle-dependent distribution when compared with most other
centrosomal proteins (Guasch et al., 2000). CEP 10 is detected in the Gi centrosome.
However, following centrosome duplication and separation, CEP 10 is observed in
association with only one of the two centrosomes, presumably the mature one. This
pattern persists until the onset of prophase at which time CEP 110 is also detected at the
second centrosome.

While many centrosomal proteins such as pericentrin and y-tubulin

rapidly accumulate at the centrosome as the cell approaches mitosis Dictenberg et al.,
1998; Khodjakov and Rieder, 1999), CEP 110 declines at this time and reappears during
the transition from telophase to Gi. The distinctive distribution pattern of CEP 110 led us
to speculate that this protein may have afunction in early centrosome organization and in
centrosome maturation.
To obtain more information about the role of CEP 110 within the centrosome, we
have now fine-mapped its location within the centrosome during the cell cycle. We show
that CEP 110 was associated with both the open and the closed ends of the tubular
conformation of the mother centrosome at GI. Subsequently, CEP 110 was also present at
the region where the onset of centrosomal duplication occurs. In daughter centrosomes
with acomplete tubular configuration of proteins, CEP 110 was present only at the closed
end. We compared the distribution of CEP 110 to that of other centrosomal proteins and
found that ninein mapped to regions similar to those of CEP 110.
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Ninein is acoiled-coil protein with molecular weight of 220-240 kDa (IBoucksonCastaing et al., 1996; Hong et al., 2000) that has previously been localized to the
centrioles and shown to function as amicrotubule minus-end capping and anchoring
protein (IPiel et al., 2000; Mogensen et al., 2000). The cDNA encoding the human
orthologue of mouse ninein was initially identified in our laboratory while screening a
cDNA expression library with the autoimmune serum M4491 (Mack et al, 1998). The
present study indicates that both CEP 110 and ninein appeared at the open end of the
daughter centrosome tube only after cell division, when the daughter centrosome started
to function as amother centrosome. The change in distribution of these two proteins
following cell division suggests that protein additionatthe open end of the centrosome
tube is ahallmark of centrosome maturation. In addition, both proteins co-localized with
the centriolar protein CEP25O/C-Napl (Mack et al., 1998; Fry et al., 1998a; Ou and
Rattner, 2000) at the closed end of the centrosomal tube, suggesting that both CEP 110
and ninein are associated with the centrioles in both mother and daughter centrosomes.
Finally, microinjection of antibodies against CEP1 10 into HeLa cells at metaphase
disrupted the reassembly of the tubular configuration of proteins within the centrosome
seen throughout interphase, prevented the centrosomal localization of many centrosome
proteins, and interfered with the centrosome's ability to function as aMTOC.
Centrosomal architecture was not disrupted if antibodies were microinjected into cells
with fully formed centrosomes but the MTOC function of the centrosomes was disrupted.
Taken together, our findings suggest that protein addition at the open end of the tubular
configuration of the daughter centrosome is required for the completion of centrosome
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maturation. Furthermore, both CEP 110 and ninein are required for the reformation of the
tubular configuration of proteins within the centrosome following cell division, as well as
being required for the centrosome to function as aMTOC.
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MATERIALS AND METHODS

Cell culture
HeLa cells were cultured in J-MEM medium (Gibco/BRL) supplemented with
10% fetal calf serum (Gibco/BRL) and 1X antibiotics at 37°C in 5% CO 2.PtK2 cells were
grown in D-MEM (GibcoIBRL) supplemented with 10% fetal calf serum, 0.1 mM nonessential amino acids, and lx antibiotics. Cells were either grown on coverslips or
harvested by mechanical release from the tissue culture substrate and re-grown on
coverslips in fresh medium for 4hrs prior to use. For microinjection experiments, cells
were collected by tiypsinfEDTA (GibcoLBRL) treatment and re-grown overnight on
coverslips in fresh medium.

Antibodies
The centrosome-reactive autoimmune serum M4491 was obtained from the serum
bank of the Advanced Diagnostic Laboratory at the University of Calgary.
Characterization of this serum has been reported previously (Mack et al., 1998; Ou and
Rattner, 2000). Anti-CEP 110 antibodies were generated by immunizing rabbits with the
recombinant protein as described in Guasch et al., 2000. Anti-ninein and anti-CEP2SO/cNapi antibodies have been described previously (Ou and Rattner, 2000). All the
antibodies were affinity-purified as described previously by Guasch et al. (2000) and their
specificities were confirmed by Western blot analysis using whole cell extracts of HeLa
cells (Mack et al., 1998; Guasch et al., 2000; Ou and Rattner, 2000). Anti-pericentrin
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antibodies were purchased from Babco Richmond, California). Anti-7-tubulin antibodies
were purchased from Accurate Chemical & Scientific Corp. (Westbury, New York). Cy'-,
Cy5-. and Alexa488 -labelled secondary antibodies were purchased from Jackson
lmmunoResearch (West Grove, Pennsylvania), Sigma (Saint Louis, Missouri), and
Molecular Probes (Eugene, Oregon), respectively.

Microinjection protocol
Microinjections were performed under phase contrast using aLeitz microinjector.
All antibodies and normal control sera were diluted in sterile D-PBS. For control
experiments, non-specific rabbit or mouse IgG (protein A sepharose-purified) were
diluted to 1.5 tg/.d and the normal pre-immune rabbit or mouse sera were diluted at 1:5 in
D-PBS. Antibodies specific to both CEP1 10 and ninein were diluted with D-PBS and
used at afinal concentration of 1.5 pg/tl. In some experiments, the injected cells were
incubated with 0.1 tg/m1 of Colcemid (GibcoBRL) and then reversed from the Colcemid
block by washing 3times and incubating with Colcemid-free medium until fixation.

Digital confocal microscopy and deconvolution
Digital confocal microscopy (immunofluorescence microscopy in conjunction with
digital optical sectioning) was performed as described previously (Ou and Rattner, 2000).
Briefly, images were obtained by using the Leica PL APO 100X /1.40-0.7 oil objective
lens and a1.995X magnification tube attached to aCCD camera. Deconvolved images
were obtained using Vaytek (Fairfield, TA) Digital Confocal Microscope version 4.0 for
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DOS software. The deconvolved images were rescaled to cover the entire 255-value gray
range (Hendzel et al., 1998). The images were further processed and aligned using Adobe
Photoshop version 5.0. In some cases, whole cell images were taken using DIC
microscopy to illustrate the position of the centro some(s) within the cells.
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RESULTS

CEP11O maps to two regions of the centrosome
Staining the centrosomes with ahuman autoimmune serum that is reactive to a
family of centrosomal proteins (M4491) or monospecific antibodies against particular
centrosomal components allows the visuali7ation of the tubular configuration of proteins
within the centrosome (Ou and Rattner, 2000). Figure 4.1 (A-C) summarizes the types of
images typically seen for unduplicated centrosomes (Fig. 4. 1, A), centrosomes in the
process of duplication (Fig. 4. 1, B), and centrosomes that have duplicated and separated
(Fig. 4. 1, C) (Ou and Rattner, 2000). These representations are based on the findings that
centrosomes display either an "0" or a"U" profile, which represents the cross-sectional
and longitudinal views of aclosed tube, respectively (Ou and Rattner, 2000). To provide
acontext for these images, Figure 4.1 (D-F) shows low magnification overlays of whole
cell DIC images and the fluorescent images (red) of the centrosomes in HeLa cells at the
cell cycle stages Gi (Fig. 4. 1, D), S(Fig. 4. 1, E), and G2 (Fig, 4. 1, F). Inserts show high
magnification views of the centrosomes from these cells. Such images provide the basis
for the three types of centrosome profiles illustrated in Fig. 4.1 (A-C).
To fine map the distribution of CEP 110 prior to the onset of centrosome
duplication, mitotic cells were collected by selective detachment, replated onto coverslips,
and incubated for 4hours prior to use. The Gi status of the cells was confirmed by costaining the cells with an antibody against CENP-F as described previously (Ou and
Rattner, 2000). In unduplicated mother centrosomes, CEP1 10 was observed at two
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regions with respect to the centrosome tube, one at the closed end and the other at the
open end (Fig. 4.2, panel a).

Stainingat the open end of the tube appeared as two foci in

optical sections passing longitudinally through the centrosome tube (Fig. 4.2, panel a), and
as an "0" profile in cross-sectional views of this region. These images indicate that, in
addition to the closed end, CEP 110 is also distributed within anarrow ring at the open end
of the tube (Fig. 4.2, panel b).
In random cultures, centrosomes initiating duplication can be identified by the
appearance of astructure at the margin of the centrosome (see Ou and Rattner, 2000).
When cells displaying this stage of duplication were stained for CEP 10, this protein was
found at the site of duplication (Fig. 4.2, panel cand d), as well as at the open and closed
ends of the mother centrosome tube as described above (Fig. 4.2, panels cand d).
CEP1 10 was localized to.a single site within the daughter centrosome throughout the
centrosome duplication process. Thus, in late Sphase cells that had two separated
centrosomes, the mother centrosome had two regions of CEP 110 staining, whereas the
daughter centrosome had only one site (Fig. 4.2, panel e). These observations indicate that
CEP 10 is acomponent of the closed end of the centrosome tube in both the mother and
daughter centrosomes, but it populates the open end only of the mother centrosome tube.

A population of CEP11O co-localizes with the centriolar components CEP25O/CNapi and Nek2 within the centrosome
In our previous study (see Chapter 3), we demonstrated that the centriole
components CEP25O/c-Napl and Nek2 are located at the closed end of the mother
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centrosome tube, at the site of centrosome duplication, and at the closed end of the
daughter centrosome tube with acomplete tubular configuration (Ou and Rattner, 2000).
Since asubset of CEP 110 reactivity was also found at these locations, we next determined
if CEP 110 co-localizes with the centrioles by triple-staining cells with the autoimmune
serum M4491, an antibody to CEP 110, and an antibody to CEP25O/C-Napl (a protein
confined to the centrioles; Mack et al., 1998; Fry et al., 1998a; Ou and Rattner, 2000).
Figure 4.3 illustrates that CEP 110 co-localized with CEP25O/C-Napl at the site of the
centriole component in the mother centrosome (Fig. 4.3, panel aand b, arrowhead). This
relationship is also seen at the site of the centrioles in the forming daughter centrosome
(Fig. 4.3, panel a, arrow) and in daughter centrosomes with afully formed tube (Fig. 4.3,
panel b, arrow). These observations indicate that CEP 110 is acentriole-associated protein.

Ninein and CEP11O co-localize to similar centrosomal domains
The distribution of the centrosomal protein ninein during the cell cycle (Piel et al.,
2000; Mogensen et al., 2000), as well as our preliminary mapping data using antibodies to
centrosomal proteins (Ou and Rattner, 2000), suggested that ninein might have asimilar
localization within the centrosome as CEP 110. Recently, ninein has been found, by
inimunofluorescence, to associate primarily with the mother centriole and has been
localized, by immunoelectron microscopy, to both the appendage structures associated
with the mother centriole and to the minus ends of microtubules (Piel at al., 2000;
Mogensen at al., 2000).
We examined the distribution of ninein within the tubular configuration of the
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centrosome during the cell cycle, and found that it localized to similar sites as CEP 110 (Fig.
4.4 and 4.5). Thus, both CEP 110 and ninein mapped to the site of CEP25O/C-Napl in the
centriole of mother, daughter, and duplicating centrosomes, as well as being located within a
ring at the open end of the tube in mother centrosomes. Interestingly, when the open end of
the tube was visualized in cross-section, CEP1 10 was positioned closer to the central lumen
of the centrosome, while ninein was more abundant at the periphery of the tube (Fig. 4.5).
These observations indicate that, although CEP 110 and ninein display similar staining patterns
at the open end of the centrosome, these two proteins localize to distinct subdomains.

Microinjection of anti-CEP11O or anti-ninein antibodies into metaphase ileLa cells
disrupts the reassembly of the centrosome
The tubular configuration of the centrosome is re-established at the end of mitosis,
and concurrently CEP1 10 appears at its open end. If CEP 110 is required during the postmitotic reassembly of the centrosome, we would expect to see abnormal organization of
proteins within the centrosome in cells where the CEP 110 distribution is perturbed. To
test this hypothesis, we microinjected anti-CEP1 10 antibodies into metaphase HeLa cells
and examined the centrosome morphology in cells fixed at 6, 12, and 24 hrs following
microinjection and stained with M4491. Control cells were injected with pre-immune
serum or protein A-affinity purified rabbit IgG. At each time point, aberrant centrosome
tube morphology could be observed in cells injected with the anti-CEP 110 antibodies (see
for example Fig. 4.6, a-c). At 24 hrs after microinjection, 17% (N=42) of cells had
multiple foci of centrosomal proteins scattered in the cytoplasm (Fig. 4.6, a), 26% had
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incompletely formed or irregularly shaped centrosome tubes (Fig. 4.6, b), and the
remainder, 57%, anormal or nearly normal tubular conformation (Fig. 4.6, c).
Interestingly, in amajority of the injected cells, the staining intensity with M4491 appeared
weaker than that in sham-injected control cells (compare Fig. 4.6, cand d). In cells
microinjected with control antibodies (N=60), greater than 95% of the cells had
centrosomes with anormal tubular morphology (see for example Fig. 4.6, d).
Microinjection of metaphase HeLa cells (N=28) with anti-ninein antibodies resulted in
defects in centrosome tube assembly that were comparable to those obtained in the antiCEP 110 injected cells (data not shown).
We also injected anti-CEP1 10 antibodies into early interphase cells that were
connected by an intercellular bridge but had areformed nucleus. In this case, greater than
95% (N40) of the injected cells had centrosomes with anormal tubular morphology
when examined at 6and 12 hrs after injection (see for example Fig. 4.9, eand f). These
results were comparable to those obtained from sham-injected cells (data not shown). We
conclude that both CEP 10 and ninein are required for the reassembly of the centrosome
following mitosis. Furthermore, although antibody injection can disrupt centrosome tube
reassembly following mitosis, it is ineffective in disrupting mature centrosomes or
inhibiting centrosome duplication.
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Fig. 4.1. Typical views of the centrosomes as seen at different time points during
the cell cycle following staining by an autoimmune serum. A-C: diagrammatic
representation of the centrosome before duplication (A), the centrosome in the process of
duplication (B), and the centrosomes after duplication and separation (C). Arrowheads
denote the site from which anew tubular centrosome (daughter centrosome) is formed.
The upper panel shows the three-dimensional view of the centrosome. The lower panel
illustrates both longitudinal and cross-sectional views of the centrosome tube shown at the
upper panel. LV, longitudinal view; CV, cross-sectional view. Note the longitudinal view
represents the middle sections while the cross-sectional view represents the top end of the
centrosome tube.

D-F: overlay of whole cell NC images and the fluorescent

centrosomes (red spots) in HeLa cells at the cell cycle stages Gi (D), S(E), and G2 (F).
The inserts show high magnification views of centrosomes from the corresponding cells.
Note the centrosomes seen in D-F provide the basis for the diagrammatic views of the
centrosomes shown in A-C. Bar = 10 gm (for DIC images only).

113

A

LV

D

B

CV

LV

E

C

LV

CV

F

114

Fig. 4.2. Localization of CEP11O within the centrosome tube. HeLa centrosomes
were stained with the autoimmune serum M4491 (red) and an anti-CEP 110 antibody
(green). The diagram on the left shows the views of the centrosomes seen in the images
on the right. Panels aand b, the centrosomes before duplication; panels cand d, the
centrosomes in the process of duplication; panel e, the centrosomes after duplication and
separation. Arrow denotes the mother centrosomes when the centrosome is still in the
process of duplication (panels cand d) or when duplication and separation are completed
(panel e). Arrowhead denotes the daughter centrosomal bud (panels cand d) or the fully
formed daughter centrosome (panel e). Bar = 5j.tm.
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Fig. 4.3. The relationship between CEP11O and CEP25O/C-Napl. HeLa centrosomes
were triple-stained with the autoimmune serum M4491 (red), the anti-CEP1 10 antibody
(purple) and an antibody against the centriolar protein CEP25O/C-Napl (green). Panel a,
centrosome in the process of duplication; panel b, centrosomes after duplication and
separation. The diagrams on the left illustrate the views of the centrosomes seen in the
images. Arrow denotes the co-localization of CEP1 10 and CEP25O/C-Napl at the
daughter centrosomal bud (panel a) or the well-formed daughter centrosome tube (panel
b). Arrowhead points to the co-localization of the two proteins at the mother
centrosomes when centrosome duplication is still going on (panel a) or after duplication
and separation (panel b). Bar =5 p.m.
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Fig. 4.4. The distribution of ninein within the centrosome tube. The centrosomes
were stained with the autoimmune serum M4491 (red) and an anti-ninein antibody (green).
The diagrams on the left illustrate the views of the centrosomes seen in the images.
Panels aand b, centrosomes before duplication; panels cand d, the centrosomes in the
process of duplication; panel e, the centrosomes after duplication and separation. Arrow
points to the mother centrosome when the centrosome is in the process of duplication
(panels cand d) or duplication is completed (panel e). Arrowhead denotes the daughter
centrosomal bud (panel cand d) or the well-formed daughter centrosome (panel e). Bar =
5p.m.
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Fig. 4.5. Co-localization of CEP11O and ninein. The centrosomes were co-stained
with anti-CEP1 10 (green) and anti-ninein (red) antibodies. The diagrams on the left
illustrate the views of the centrosomes seen in the images. Panel a, the centrosome before
duplication; panels band c, the centrosomes in the process of duplication; panel d, the
centrosomes after duplication and separation. Arrow points to the mother centrosome
when the centrosome is in the process of duplication (panels band c) or duplication is
completed (panel d). Arrowhead denotes the daughter centrosomal bud (panels band c)
or the well-formed daughter centrosome (panel d). Bar = 5gm.
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Fig. 4.6. Microinjection of anti-CEP11O antibodies into mitotic ileLa cells disrupts
the centrosome reassembly following mitosis. The cells were fixed at 24 hrs after the
injection and stained with the autoimmune serum M4491. The injected cells were revealed
by directly staining with Alexa488-conjugated secondary antibody. a-c, centrosome
morphology in cells injected with the anti-CEP 110 antibody; d, centrosome morphology
in cells injected with the non-specific IgG. Bar = 5p.m.
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Disruption of centrosome organization following the injection of anti-CEP11O
antibodies affects the localization of anumber of centrosomal proteins
The finding that the tubular configuration within the centrosome is disrupted
following the injection of anti-CEP 110 antibodies raises questions as to the fate of specific
centrosomal components under these conditions. To address this question, HeLa cells
injected with anti-CEP1 10 antibodies at mitosis were fixed 24 hrs post injection and triplestained with the autoimmune serum M4491, asecondary antibody (against anti-CEP 110
antibody to reveal the injected cells) and each of the following antibodies: anti-CEP25O/CNapi, anti-pericentrin, anti-y-tubulin and anti-ninein antibodies. The results demonstrated
that all of these centrosomal components (CEP25O/C-Napl, pericentrin, T-tubulin, and
ninein) were dispersed in the cytosol of those cells in which the assembly of the tubular
configuration of asubset of proteins within the centrosome was disturbed (see, for
example, Fig. 4.7).

Injection of anti-CEP11O or anti-ninein antibodies into PtK2 cells affects the
microtubule organizing ability of the centrosome
Our results indicated that the presence of both CEP 110 and ninein are required for
the proper reassembly of the tubular configuration of the centrosomes and consequently
the localization of specific centrosomal proteins to the Gi centrosome. To determine if
the absence of CEP 10 and ninein also impacts the Gi centrosome's ability to function as
adiscrete MTOC, we assayed for microtubules in PtK2 cells following antibody injection
using two protocols. In the first, mitotic or post-mitotic cells were injected with either
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anti-CEP 110 or anti-ninein antibodies, fixed 6hrs post injection and stained with an antif3-tubulin antibody. In the second protocol, the cells were injected in the same manner,
but 0.1 p.g/ml of Colcemid was added to the culture 6hrs after the injection. The cells
were incubated for 60 minutes at 37°C in the presence of the drug. Subsequently, the
drug was removed from the culture by washing with fresh medium and incubating for an
additional 20 minutes before fixation. The cells were then stained with the anti43-tubulin
antibody. The drug treatment protocol was used to ensure that any microtubules detected
upon fixation were formed subsequent to antibody injection. The results were comparable
using both protocols and either anti-CEP 110 or anti-ninein antibodies (Fig. 4.8 and Fig.
4.9). When mitotic cells were used, microtubule formation at the centrosomes was
observed in cells injected with normal serum and IgG (Fig. 4.8, a-b). However, no
locali7ed microtubule formation was detected in cells injected with anti-CEP 110
antibodies (Fig. 4.8, c-d). Similarly, post-mitotic cells injected with anti-ninein antibodies
also showed altered MTOC function (Fig. 4.9). We conclude that the presence of CEP 110
and ninein are essential for not only the organization of the daughter centrosomes
following mitosis but also for the ceñtrosome's ability to function as aMTOC.
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Fig. 4.7.

Comparison of control and CEIPilO injected cells stained with M4491 for the

centrosome and an antibody to ninein. The cells injected with anti-CEP 110 antibodies
show adisrupted centrosome tube organization as well as adispersed ninein distribution. Bar
=3 pm.
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Fig. 4.8. Loss of centrosome MTOC function in PtK2 cells injected with antiCEP11O antibodies at mitosis. Control cells injected with normal serum (a and b);
CEP1 10, cells injected with anti-CEP11O antibodies (c and d). aand c, the injected cells
revealed by staining with secondary antibodies; band d, the injected cells were stained
with anti-f3-tubulin antibodies to illustrate microtubules. Arrows denote microtubule
nucleation from the centrosomes in the control cells. Insert, higher magnification of the
centrosome from the upper cell. Arrowhead points to microtubules. bhas been printed
with high contrast to better illustrate the microtubules growing from the centrosome.
Abundant microtubules are present in the cytoplasm of control cells and increase over time
following drug reversal. Bar = 10 .Lm.
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Fig. 4.9. Loss of centrosome MTOC function in post-mitotic PtK2 cells injected
with anti-ninein antibodies. Control cells injected with normal serum (a and b); ninein,
cells injected with anti-ninein antibodies (c-I). a, c, and e, the injected cells revealed by
staining with secondary antibodies; band d, the injected cells were stained with anti-13tubulin antibodies to illustrate microtubules. Arrowhead points to microtubules nucleated
from the centrosome in the control cell. f, the injected cell was stained with M4491 for
the centrosome. Arrow points to the centrosome. Insert, enlarged view of the
centrosome. Bar

=

10 p.m.
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DISCUSSION

Understanding the structural-functional correlates that exist within the centrosome
requires adetailed knowledge of the placement, interactions, and dynamics of centrosomal
components. Such information has historically been obtained using conventional
immunoelectron microscopy techniques. However, such studies have been limited by the
inability to visuali7e the full extent of the centrosome in conventional thin sections. Our
approach has been to exploit our ability to visua117e atubular conformation of asubset of
proteins within the centrosome by using this conformation as areference for the
10ca117at10n of other proteins. This approach allows the identification of protein-protein
relationships in amanner that heretofore has not been possible. A diagrammatic summary
of our CEP 110 and ninein locali7ation results is presented in Fig. 4.10.

CEP11.O and ninein distribution denotes centriole association and aregion
associated with centrosome maturation
In this study, we have expanded our previous 10ca117ati0n data (see Chapter 3) by
mapping CEP 110 in relation to the tubular configuration of asubset of proteins within the
centrosome. We demonstrated that: (1) CEP 10 is locali7ed to two regions throughout
the life of the mother centrosome, one at the position of the centriole components
CEP25O/C-Napl and Nek2 and another at the open end of the centrosomal tube. Since
CEP25O/C-Napl has been shown to localize to one end of the centriole (Fry et al.,
1998a), CEP 11O must have asimilar 10ca1i7ati0n within the centriole. (2) CEP 110
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appeared at only one site (the site of CEP25O/C-Napl) within the daughter centrosome
from the time of its initial formation until prophase (Fig. 4.10). The presence of CEP 110
at the site ofCEP250/C-Napl in both mother and daughter centrosomes throughout the
cell cycle suggests that CEP 10 is aconstitutive component of this centriole region. Our
ability to refine and expand the protein localization data obtained by conventional IN
using the techniques described in this study highlights the usefulness of employing an
architectural reference and confocal microscopy to map centrosomal components.
We also investigated the position of ninein with respect to the centrosomal tube.
Ninein has previously been shown by immunofiuorescence microscopy to be associated
primarily with the mother centriole during GI and both centrioles during S-G2 (Piel et al.,
2000). Further, it has been localized to the appendages surrounding the mother centriole
and also to the minus-ends of niicrotubules by immunoelectron microscopy (Mogensen et
al., 2000). Ninein, like CEP 110, is found at the site of the centriole component
CEP25O/C-Napl in both mother and daughter centrosomes and at the open end of the
mother centrosomal tube. It should be noted that the distribution of ninein to two regions
of the centrosomes could be seen in previous locali7ation studies as athree-dot pattern
(Mogensen et al., 2000), the significance of which was not obvious before our
experiments. As shown in our study, one dot maps to the region containing CEP25OICNapi, while the other two dots map to the open end of the centrosomal tube. It is
possible that the dots at the open end of the tube denote the distal end area of the centriole
where the appendage structure is located. If this is the case, our immunofluorescence data
showing that aportion of ninein is located at the open end of the mother centrosome tube
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is consistent with the electron microscopic data that ninein is located to the appendages
surrounding the mother centriole (Mogensen et al., 2000). Finding the answer to this
possibility requires future study of the relationship between the centriole and the
centrosome tube (see Chapter 5).
The identification and locali7ation of two populations of both CEP 110 and ninein
within the centrosome has some functional implications. First, the function of CEP 110 and
ninein is, at least in part, centriole-based. Second, previous studies have suggested that
ninein plays arole in microtubule anchoring at the centriole and acts as acap for
microtubule ends (Mogensen et al., 2000). If so, the presence of ninein at the open end of
the centrosomal tube suggests that microtubule anchoring or capping functions may occur
within this region as well, at least at some point during the cell cycle. The absence of
ninein from the daughter centrosomes would therefore limit their ability to anchor or cap
microtubules at the open end of the tube. Such arelationship may explain in part why
previous studies (see for example, Piel et al., 2000) failed to identify microtubules in
association with immature centrosomes. The observations described here raise the
possibility that ninein plays alarger, and perhaps more diverse, role within the centrosome
than previously thought and that this role, in part, is ahallmark of mature centrosomes.

CEP11O and ninein are essential for centrosome assembly following mitosis
Assembly of the tubular architecture within the centrosome occurs at two times
during the cell cycle, once during centrosome duplication and the other following cell
division. Our fluorescence data indicate that apopulation of CEP 110 and ninein are added
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at the open end of the centrosome tube following mitosis. Importantly, the addition of
these proteins to the open end of the daughter centrosome tube coincides with the
transition of the daughter centriole to amature mother centriole, which is characterized by
the acquiring of the appendage structures at its distal end. Thus, our study, for the first
time, identifies aspecific region of the centrosome that is modified in its protein
composition during the process of centrosome maturation.
Our microinjection studies clearly indicate that both CEP 110 and ninein are
required for the reassembly of the tubular architecture of the centrosome following cell
division. One interpretation is that that the tubular structure of the daughter centrosome
must be opened during mitosis in order that CEP1 10 and ninein can be added and
maturation of the centrosome completed (Fig. 4.10). Injection of antibodies, therefore,
interferes with the protein addition, protein re-organization, or other cellular events, such
as the formation of the appendage structure at the distal end of the centriole, consequently
leading to aberrant formation of the centrosome tube. Besides, the findings that CEP 10
and ninein are associated with the CEP2SO/C-Napl site within the centrioles raise the
possibility that this centriole-associated population of CEP 110 and ninein may be
especially critical for the re-assembly of the tubular conformation of proteins following
mitosis. In this regard, the microinjected antibodies prevent the centriolar CEP 10 and
ninein from participating in the normal formation of the tubular architecture of the
centrosome. This interpretation is consistent with the observations that the centriole
duplex functions to organize acentrosome in some cell types (Bobinnec et al., 1998; see
recent reviews by Marshall, 1999; Karsenti, 1999), and that centrosome duplication is
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initiated at the site of the daughter centriole (Ou and Rattner, 2000). Furthermore, by
acting as amicrotubule anchoring protein, CEP 10 or ninein may act as afocus for the
collection of centrosomal proteins transiting along microtubules during the centrosome reassembly process following mitosis. This is supported by our results that show that, in
cells injected with an anti-CEP 110 antibody, centrosomal material is scattered throughout
the cytosol and microtubule assembly at the centrosome is disrupted.
Our inability to disrupt the centrosome structure by antibody microinjection at the
GI stage may indicate that both CEP 110 and ninein are required for the assembly of the
tubular conformation of proteins, but not for its stability once it has formed. Further,
factors such as epitope accessibility, the abundance of existing protein, the rate of turnover
of CEP 110 and ninein in the centrosome, and the presence of amature mother centrosome
structure may contribute to our inability to disrupt daughter centrosome formation
following antibody microinjection into interphase cells. It should be noted, however, that
our microinjection experiments indicate that both proteins are required for the GI
centrosome to function as aMTOC.
In summary, our study shows that proteins are arranged in aspecific manner within
the centrosome and this arrangement can be modified in both aspatial and temporal manner to
accommodate centrosome function. Specifically, our data establishes that the open end ofthe
centrosome tube is the site of protein addition associated with the final stages of centrosome
maturation, and CEP 10 and ninein are two of the proteins added to that region.
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Fig. 4.10. Summary of the distribution of CEP11O and ninein during the cell cycle
and the relationship of these proteins to centrosome duplication. Red, the
centrosome tube; green, CEP 10 and ninein. Note that CEP 10 and ninein are added to
the open end of the centrosome after mitosis.
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CHAPTER FIVE

ME CENTROSOME HAS A POLAR STRUCTURE DURING INTERPIIASE
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INTRODUCTION

The centrosome is acytoplasmic organelle that is the site for avariety of cellular
functions, including microtubule organization and primary chum formation (Rieder et al.,
2001). It is capable of duplicating itself during each cell cycle. In most animal cells, the
centrosome consists of at least two major components, amature centriole and amass of
pericentriolar material (PCM). The mature centriole is abarrel-shaped structure made up
of an array of nine-triplet microtubules and has polarity in terms of its structure,
biochemistry, and function (Mack et al., 2000; Hinchcliffe and Sluder, 2001; Bornens,
2002). For example, cilium formation occurs only at the distal end of amature centriole
while centriole duplication is confined to the proximal end (Vorobjev and Nadezhdina,
1987).
Earlier studies of the centrosome by electron microscopy showed that the PCM
appears as acomplicated tangle of fibers and granular material (for review, see Kellogg et
al., 1994). Hence, the PCM has been viewed as aloosely defined cloud of material with
no specific symmetry. However, recent emerging data has begun to demonstrate that the
PCM may have an intrinsic structure. First, y-tubulin-containing ring-like structures have
been detected in centrosomes of Drosophila (Moritz et al., 1995a) and Spisula (Vogel et
al., 1997). The ring-like structures have adiameter similar to microtubules (25-28 nn).
Similar structures found in the cytosol have been shown to nucleate microtubules in vitro
(Zheng et al., 1995). Second, when Spisula oocyte centrosomes are extracted with 1.0 M
KI, they lose their ring structures and microtubule nucleation potential (Schnackenberg et
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al., 1998). However, when the centrosomes extracted by KI are incubated in extracts
prepared from Spisula oocytes, they recover their ring structures and niicrotubule
nucleation potential. Three-dimensional electron microscopy has identified the PCM of
the Spisula centrosomes as acomplex lattice, termed 'centromatrix', that is built from 12to 15-nm thick elementary fiber(s). It has been suggested that it is this filament-based
centromatrix that docks the ring-like structures (Schnackenberg et al., 1998).
Furthermore, arecent study using immunofluorescence microscopy technique has shown
that the PCM structural protein pericentrin associates with 'y-tubulin and forms alattice
within the centrosome in some cell types (Dictenberg et al., 1998). At present, it is not
clear what the relationship is between the lattice detected by hF and the centromatrix
detected by electron microscopy.
Aside from the structures of the centriole and the PCM, it is not clear how the two
components of the centrosome are arranged, and specifically how PCM proteins are
organized with respect to the polar structure of the centriole. It has been assumed that the
PCM is amass that is formed through PCM protein aggregation around the surface of the
centriole and an immature centrosome acquires its PCM through an enlargement and
partitioning of PCM from amature centrosome. Our recent high-resolution
immunofluorescent microscopy studies (see Chapter 3), however, have challenged this
view. Using either ahuman autoimmune serum M4491 that recognizes asubset of
centrosome proteins or monospecific antibodies to pericentrin and Cdc2, we revealed that
at least aportion of PCM proteins are not organized in adiffuse manner, but rather are
confined to atubular configuration (referred to as the PCM tube in this report) that is

142
duplicated with centrosome duplication (Ou and Rattner, 2000). This configuration has a
defined protein composition and spatial distribution pattern, and is present in all centriolecontaining cell types and tissues examined to date. The existence of such aPCM protein
configuration raises the possibilities that the PCM tube has adefined orientation with
respect to the polar structure of the centriole and that this orientation is required for
proper functions of the PCM and the centriole as well as the centrosome as awhole. The
study in this chapter explores this hypothesis.
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MATERIALS AND METHODS

Antibodies
Centrosome-reactive serum M4491 was obtained from the serum bank of the
Advanced Diagnostics Laboratory at the University of Calgary. A complete
characterization of the serum has been previously reported (Mack et al., 1998; Ou and
Rattner, 2000). Anti-detyrosinated tubulin antibody (11)5) was akind gift from Juergen
Wehiand (Wehland and Weber, 1987). Anti-CEP25O/C-Napl antibody was generated by
immunizing rabbit with the recombinant protein and has been characterized previously
(Mack et al., 1998; Ou and Rattner, 2000). Anti-(xubulin and anti-y-tubulin antibodies
were purchased from Sigma and Accurate Chemical & Scientific Corp., respectively.
Secondary antibodies conjugated with

C?,

Alexa fluor 488 or 10 nm gold particles were

purchased from Jackson InimuoResearch Laboratories, Molecular Probes and Dr. J. Slot
at University of Utrecht.

Cell culture
HeLa cells and NIH 3T3 cells were cultured in D-MEM medium (GibcofBRL)
supplemented with 10% fetal calf serum and 1X antibiotics at 37°C in 5% CO2.For
indirect immunofluorescence microscopy, cells were harvested by mechanical release from
the substrates and re-grown on coverslips in fresh medium overnight. For microtubule
nucleation assay, HeLa cells grown on coverslips were treated with 0.5 tg/ml Nocodazole
(Sigma) in the culture medium for 5hours. The drug-treated cells were then rinsed 3
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times and cultivated for 1minute with fresh medium without the drug. Alternatively, cells
in tissue culture dishes were placed on ice for 5min and reversed for 2mm.

Tissue preparation
Tissue samples were prepared as described by Hellio Le (3raverand et al. (2001).
Basically, connective tissues were frozen in Tissue-TEK OCT compound (Sakura Finetek,
CA) immediately following removal from animals and stored at —20°C until use. Sections
cut at 6 tm using avibratome were fixed in cold methanol and permeabiized by air-drying
for 20 mm. The sections were re-hydrated in PBS, stained with antibodies and examined
under an immunofluorescence microscope (see below).

Immunofluorescent digital confocal microscopy and deconvolution
Cells were fixed with 3% paraformaldehyde in PBS and permeablized in 1%
Triton-X100. Immunofluorescent digital confocal microscopy (immunofluorescence
microscopy in conjunction with digital optical sectioning) and deconvolution were
performed as described previously (Ou and Rattner, 2000; Ou et al., 2002). The
deconvolved images were further processed and aligned using Adobe Photoshop 5.0.

Immunogold labeling and electron microscopy
HeLa centrosomes were isolated according to the procedure as described
previously (Ou and Rattner, 2000). The isolated centrosomes were deposited on
coverslips by centrifugation and reacted with M4491 and asecondary antibody conjugated
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to 10 nm gold. The samples were then processed, embedded, and sectioned for electron
microscopy as described by Sauna et al. (2002). Sections were examined in aHitachi H600 electron microscope.

Electron microscopy imaging and correlative fluorescence microscopy
HeLa cells were fixed in cold methanol and reacted with M4491 and aCy'-labeled
secondary antibody. Cells were then fixed by glutaradehyde, dehydrated, embedded, and
sectioned for electron microscopy as described by Hendzel et al. (1999). Electron
microscopy imaging and correlative fluorescence microscopy was performed as described
by Hendzel et al., (1999). Fluorescent images and net nitrogen images of electron
microscopy were processed and aligned using the Adobe Photoshop software version 5.0.
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RESULTS AND DISCUSSION

In Chapter 3, we established that at least asubset of centrosome proteins are
organized into atubular configuration and that the centriolar proteins CEP25O/C-Napl
and Nek2 are located at the closed end of the tube. Since both of these proteins are found
at the proximal end of the centriole (Fry et al., 1998a; 1998b), the placement of these two
proteins at the closed end of the tube suggests that the centriole must be positioned
somewhere within the lumen of the PCM tube. To determine the relationship between the
tube detected by M4491 and the centriole, we isolated HeLa centrosomes, reacted them
with M4491 followed by an immunogold-label, and examined them in thin section using
electron microscopy. Figure 5.1 (a-c) illustrates that the isolated centrosomes consist of a
centriole or acentriole duplex surrounded by PCM. The gold labeling and thus the
M4491 -reactive proteins can be seen to be asymmetrically distributed around the centriole
when viewed in longitudinal profile, extending along both sides of the centriole and along
one end (Fig. 5. 1, aand b). One end of the centrosome is always free of gold particles.
These V-shaped images are comparable to the 'U'-shaped profiles representing aview of
the centrosome tube produced by M4491 staining in optical sections of centrosomes from
either intact cells or isolated centrosomes using immunofluorescent confocal microscopy
(Fig. 5. 1, aand binsets). Similarly, cross-sections through isolated and labeled
centrosomes are surrounded by gold label when viewed by electron microscopy. This view
of the centrosome displays an 'O'-shaped profile when viewed by immunofluorescent
confocal microscopy (Fig. 5. 1, cinset). These results indicate that the tubular protein
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distribution detected by M4491 represents PCM proteins encompassing the centriole and
that the centriole occupies the entire lumen of the PCM tube.
To confirm the relationship between the PCM tube and the centriole, and
specifically to determine the orientation of the centriole relative to the PCM tube, we first
carried out correlated light and electron microscopy on centrosomes present in intact
interphase HeLa cells. Figure 5.1 (d-g) illustrates one such cell, showing that M4491-.
reactive material co-localizes with the centriole (Fig. 5. 1, d), but is asymmetrically placed
around it (Fig. 5. 1, e-g). The closed end of the tube is positioned at the proximal end of
the centriole as indicated by the position of the procentriole (Fig. 5. 1, f, arrow). These
data are consistent with previous studies that show that C-Nap l/CEP2SO and Nek2 map
to the proximal end of the centriole (Fry et al., 1998a; Mayor et al., 2000) and validate our
immunofluorescence data presented in Chapter 3that the two centriolar proteins are
located at the closed end of the PCM tube (see also Pig. 5.2 HeLa, a-c).
If the closed end of the PCM tube correlates with the proximal end of the
centriole, the open end should correlate with the distal end of the centriole. Since the distal
end of the centriole is the site of primary chum formation (Vorobjev and Nadezhdina,
1987), we next investigated the relationship between the PCM tube and cilium placement
in both connective tissue cells in vivo and NIH 3T3 cells exhibiting aprimary cilium. The
tubular conformation of PCM proteins was detected in these cells (Fig. 5.2, d, g, j). When
these centrosomes were co-stained with an antibody to detyrosinated tubulin (Fig. 5.2, e,
h, k) to visuali7e the primary cilium (Wehiand and Weber, 1987; Wheatley et al., 1994;
Rudiger et al., 1999), the primary cilium was always found extending from the open end of
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the PCM tube (Fig. 5.2, f, i, 1). These observations confirm that the PCM tube has a
constant relationship to the centriole and is positioned so that its closed end corresponds
to the proximal end of the centriole and its open end to the distal end of the centriole.
We have shown in Chapter 3that M4491 staining in conjunction with
immunofluorescent microscopy allows the detection of centrosome duplication as well as
duplication intermediates that had previously not been possible (Ou and Rattner, 2000).
Duplication can typically be seen at the parental centrosome in cycling cells, although the
exact placement of the daughter centrosome shows some variability that likely reflects the
various orientations of daughter centrioles seen in living cells (Piel et al., 2000). Presented
in Fig. 5.3 (A, a-e, M4491) is apanel showing the sequence of duplication intermediates
detected during the formation of the daughter centrosome tube in HeLa cells during
different stages of the cell cycle. The cells, from which the images of the centrosomes
were obtained, were ordered within the cell cycle by co-staining the cells with antibodies
to the cell cycle marker CENP-F as shown previously (Ou and Rattner, 2000). The ability
to detect PCM/centrosome duplication intermediates allows us to address the question:
does PCM assembly during centrosome duplication occur in apolar fashion?
To determine whether the positional relationship between the PCM tube and the
centriole observed in mature centrosomes is established during centrosome duplication, we
co-stained duplicating centrosomes with antibodies specific to the centriole (y-tubulin)
(Fuller et al., 1995; Moudjou et al., 1996), to the proximal end of the centriole
(CEP25O/C-Napl), and to the PCM (M4491). As shown in Fig. 5.3 (A, panels aand b),
at the initial stage, PCM proteins preferentially associate with the mother centriole, and
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the daughter centriole has no PCM tube. The positon of the daughter centriole is denoted
only by y-tubulin antibody staining. When the centrosome duplication intermediates at
later stages were co-stained with antibodies to CEP25 0/C-Nap 1, it became clear that the
formation of the PCM tube starts at the site of the proximal end (see, for example, Fig.
5.3, C) and proceeds towards the distal end of the daughter centriole (Fig. 5.3, B and D).
This implies that the closed end of the PCM tube is formed first and the tube is assembled
towards the distal end of the centriole (Fig. 5.3, A-D).
The spatial relationship between the PCM and centriole may impart apolarity to
the centrosome as awhole. If this is the case, the overall polarity should be detected
independent of M4491 serum staining and should be correlated with centrosome function.
This supposition was validated when we studied the regrowth of microtubules in HeLa
cells following reversal from nocodazole or brief cold treatment. Figure 5.4 illustrates that,
at early time points following reversal, short microtubule profiles are seen extending from
the PCM tube either radially when the tube is viewed in cross section (Fig. 5.4, a), or first
along the long axis of the tube (Fig. 5.4, b) followed by the appearance of microtubules at
its closed end (Fig. 5.4, c) when viewed longitudinally. Importantly, throughout this
period, microtubules are absent from the open end of the PCM tube (Fig. 5.4, a-b,
arrowheads). At later time points, the relationship between the PCM tube and the
microtubules becomes obscured, perhaps due to severing and anchoring of microtubules
to regions outside the PCM tube (see recent review by Doxsey, 2001). It is likely that
some PCM proteins reside in the region peripheral to the PCM tube. If these proteins
interact with proteins located within the PCM tube, then the polar nature of the PCM tube
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would be translated to that region. Taken together, our results indicate that the interphase
centrosome in centriole-containing cells has an overall polar structure.
The discovery of the polar centrosome structure suggests that the historical model
of the centrosome as aloosely defined mass of PCM material aggregated around a
centriole (Fig. 5.5, A, a), as well as the partitioning of PCM material during duplication
(Fig. 5.5, A, b), is incorrect. We therefore propose apolar model in which much of the
PCM is organized into atubular conformation, with an open and closed end, that is
oriented in aspecific manner around the centriole, imparting apolar structure to the
centrosome as awhole (Fig. 5.5, B, c). This model has added new information to the one
proposed in Chapter 3. In this model, we show that the closed end of the PCM tube
corresponds to the proximal end of the centriole and the open end of the PCM tube to the
distal end of the centriole. The open end of the PCM tube is associated with primary
chum formation and the walls of the tube are associated with microtubule organization.
The polar architecture is established in concert with centrosome duplication (Fig. 5.5, B,
d).
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Fig. 5.1. The demonstration of the asymmetric distribution of M4491iPCM proteins
around the centriole. a-c, Immunogold labeling and electron microscopy. Gold label
was detected along three sides of longitudinal profiles (a and b) and around the surface of
cross-sectional profiles (c). Comparable fluorescent images are shown in a-c insets, a, c,
60,000x; b, 40,000x. d-g, Electron spectroscopic imaging and correlative fluorescence
microscopy.

d, A merged image obtained by electron and immunofluorescent

microscopy. e-g, Same image at higher magnification. d, 4,000x; e-g, 20,000x. Arrows in
b, cand fdenote procentrioles.
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Fig. 5.2. Demonstration of the PCM tube, centriole orientation and primary chum.
a-c, An example of HeLa centrosomes stained with M4491 (red), showing the centriole
proximal end component C-Napl/CEP2SO (b; green) is placed at the closed end of the
PCM tube (a and c). d-1, Centrosomes from various sources reacted with M4491 (d, g,

j;

red) and an antibody against detyrosinated tubulin (e, b, k; green). 3T3, mouse 3T3 cells;
MCL, frozen sections of the medial collateral ligament of adult sheep; FC, frozen sections
of cartilage obtained from the femoral condyle of an one-year-old adult rabbit. Note that
the primary chum extends from the distal end of the centriole (the open end of the PCM
tube). Bar3 pm.
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Fig. 5.3. Demonsatrtaion of PCM tube assembly. A, Fluorescent images showing
centrosome duplication intermediates taken from different HeLa cells co-stained with
M4491 (M4491, red) and anti-7-tubulin antibodies (yTub, green). Bar =2 J.Lm. B, A
diagrammatic representation of daughter centrosome PCM tube assembly is shown in A.
C, The same duplicating centrosomes shown in A were co-stained with anti-CNap 1/CEP25O antibodies (CEP25O, yellow). D, A. diagrammatic illustration of the
relationship between the centriole (green), the proximal end of the centriole (black), and
the PCM assembly (red). Note that daughter centrosome tube formation initiates at the
proximal end of the centriole and proceeds from the proximal end to the distal end.
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Fig. 5.4. Microtubule regrowth following nocodozole and cold treatments. HeLa
cells were grown in the presence of nocodozole for 5hrs and reversed for 1minute prior
to the fixation (b) or treated on ice for 5min and reversed for 2mm (a and c). Specimens
were co-stained with M4491 and a-tubulin antibodies (cTub). No microtubules are seen
at the open end of the PCM tube (arrowheads). Bar =5 jim.
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Fig. 5.5. Model of the centrosome. Panel A, Historical model, a, The centrosome
before duplication; b, the centrosome in duplication. Panel B, Polar model. c, The
centrosome before duplication; d, the centrosome in the process of duplication. OEP and
CEP, the open and the closed end of the PCM tube; DEC and PEC, the distal and the
proximal end of the centriole, respectively. The parent centrosome in cis associated with
microtubules (green) and aprimary cilium. Arrows denote PCM assembly in the daughter
centrosome (DC) directed from the proximal end to the distal end of the centriole.
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A polar model of the centrosome is instructive in several ways. First, it explains
how functions originating in both the PCM and the centriole are spatially coordinated. For
example, the alignment of the open end of the PCM tube with the distal end of the
centriole would allow ciliogenesis and microtubule organization to occur together, such as
is the case seen in NIH 3T3 cells (Ho and Tucker, 1989), without disrupting PCM
architecture. Second, the asymmetric distribution of microtubules relative to the centriole
could impact the orientation of the centriole, particularly during aperiod of centriole
movement. This could facilitate, for example, the placement of the distal end of the
centriole towards the plasma membrane prior to ciliogenesis. Since the primary cilium is
crucial for proper development and tissue functions (Rieder et al., 2001; and references
therein), the cell has to develop amechanism that facilitates the generation of this
structure. Third, it can help to explain the relationship between the structure of the PCM
found in cells with or without centrioles and during mitosis. In centrosomes without
centrioles, the structure of the PCM may be dictated solely by structural elements of the
PCM, and the PCM and the centrosome might be free to adopt anonpolar structure.
However, when centrioles are present, they impose ahigher order (polar) organization on
the PCM so that functions such as centriole duplication and ciliogenesis can be
accommodated. This relationship is consistent with the notion that the centriole can act as
atemplate for PCM assembly (see recent review by Marshall, 1999) and could explain the
findings that the presence of the centriole(s) is essential for centrosome organization in
some cells (Bobinnec et al., 1998). The polar organization of the PCM may be modified
during mitosis (Ou and Rattner, 2000). This change in organization may occur to
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accommodate the requirement for increased microtubule nucleation and other mitotic
functions.

Finally, the recognition that the interphase centrosome has apolar structure
represents an important advance, for it provides adefined structural context that allows
the precise placement of specific proteins and functions within the three-dimensional
architecture of the centrosome (see, for example, Fig. 5.6). It also provides the basis for
the detection of specific architectural alterations that may be associated with abnormal
centrosome function such as those found in association with cancer (Lingle and Salisbury,
2000; Brinkley, 2001).

163

Fig. 5.6. Placement of several centrosomal proteins within the polar structure of the
centrosome. Individual proteins (green) are grouped based on their immunofluorecence
patterns with respect to the PCM tube obtained by M4491 staining. For those proteins
found at more than one area of the centrosome, such as y-TuRC components, CEP 110
and ninein, they are denoted at each of the sites. Note that the distribution patterns
obtained from immunofluorescent confocal microscopy are consistent with the data by
electron microscopy reported in the literature.
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CHAPTER SIX

FUTURE DIRECTIONS
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In this thesis, Ihave addressed three basic questions concerning the structure,
protein placement, and functions of the centrosome: (1) How are individual PCM proteins
arranged within the centrosome? (2) How does this arrangement correlate with
centrosome function? (3) How do the PCM and centriole integrate with one another to
form the centrosome. The significant findings of my work include: (1) The PCM is not a
mass encompassing the centriole, but rather has adefined polar structure; (2) The polar
PCM structure has aspecific relationship to the polar structure of the centriole, which
together impart apolarity to the centrosome as awhole; (3) The polar PCM structure is
assembled around the centriole by asequential assembly process; (4) The establishment of
apolar centrosome structure is required for its proper functions; (5) Protein placement
within the polar structure of the centrosome has functional correlates.
Some questions that interest me but have not been addressed are: (1) How PCM
tube assembly is related to centriole splitting and centriole duplication; (2) What regulates
the PCM assembly; (3) How proteins are targeted to the polar centrosome; and (4) How
proteins interact to form the centrosome. Ihave collected some preliminary information
that begins to address some of these questions. This information is summarized in the
following sections.

Centriole splitting, PCM tube assembly and centriole duplication
Data presented in Chapter 3(Fig. 3.7) indicates that PCM duplication begins at or
just prior to centriole duplication. However, two recent observations suggest that this
relationship between centriole and PCM duplication may not be conserved in all cell types.
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For example, Piel et al. (2000) have shown that, in some cell types expressing GFPcentrin, the centriole pair inherited after mitosis splits, forming two independent units,
during telophase or just after telophase. Although it is not clear whether both centrioles
are associated with PCM proteins, the fact that both centriole units can nucleate
microtubules at similar efficiency suggests that this should be true. Thus, PCM
duplication occurs well before centriole duplication at the G1-S boundary. Similarly,
Hefflo Le Graverand et al. (2001) have found that connective tissue cells in intact tissue
contain two centrioles that have also split from one another. In these GO cells, there is no
progression through the cell cycle and centriole duplication does not need to occur. Both
centioles, however, are found to be associated with aPCM tube. These observations
suggest that PCM duplication process occurs before centriole duplication. Future study is
required to determine why the timing of PCM duplication is different in different cell types
and what determines the coordination between centriole splitting, PCM duplication and
centriole duplication.

Regulation of PCM tube assembly
How PCM tube assembly is regulated is an intriguing question. In apreliminary
study, Icharacterized the function of acentrosomal protein called Mob in cooperation
with Dr. Lohka's laboratory here at the University of Calgary. This protein, originally
identified in the budding yeast from atwo-hybrid screen, is aphosphoprotein in vivo and a
substrate for Mpslp, aprotein kinase essential for spindle pole body duplication and
mitotic checkpoint regulation (Luca and Winey, 1998; Winey et al., 1991; Weiss and

168
Winey, 1996). Recently, the mouse ortholog of the yeast Mpslp has been demonstrated
to regulate centrosome duplication in mammalian cells (Fisk and Winey, 2001).
The Xenopus and human orthologs of yeast Mob ip were identified in Dr. Lohka's
and our laboratory, respectively, and were found to share extensive homology in amino
acid sequence with one another and with the yeast counterpart (Wang et al., 2000).
Western blotting and IN analyses have confirmed the homology of both the Xenopus and
human proteins using antibodies raised against the Xenopus protein. Mob 1is
predominantly associated with mitotic spindle poles, but is also found at the interphase
centrosome (Wang et al., 2000).
Using high-resolution immunofluorescence microscopy, Ifound that Mob is
distributed throughout the PCM tube of the interphase centrosomes (Fig. 6.1). To
investigate the function of this protein, Iinjected anti-Mob 1antibodies into HeLa cells at
metaphase, astage right before daughter centrosome PCM tube formation. The cells were
fixed at 18 hrs after the injection and stained with M4491. The results shown in (Fig. 6.2,
B) indicate that, in the majority of cells injected with anti-Mobi antibodies, daughter
centrosome PCM tube is either not formed or aberrant (Fig. 6.2, B, arrowheads). In cells
with sham injection, however, over 95% of centrosomes have undergone anormal
duplication and separation procedure (Fig. 6.2, A). Thus, my preliminary data suggest that
Mob is aregulator of the PCM tube assembly. Further study is required to confirm this
relationship.
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Fig. 6.1. Distribution of Mobi within the interphase centrosome. HeLa cells were
stained with M4491 and an antibody against the Xenopus Mob 1. Red, M449 1; green,
Mob 1. Note that Mobi is located throughout the PCM tube.
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Fig. 6.2. Interruption of PCM tube formation by anti-Mobi antibody injection.
Metaphase HeLa cells were injected with control IgG (A) or anti-Mob iantibodies (B),
fixed at 18 hrs after the injection, and stained with M4491. Arrowheads denote aberrant
centrosome morphology.
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Centrosome association signal and protein assembly at the centrosome
Another intriguing question that remains unanswered is: do centrosome proteins
require aspecific sequence to localize to the centrosome? If yes, what is the sequence?
In the search for acentrosomal association sequence, Gillingham and Munro
(2000) identified a90-residue-long PACT domain among the centrosomal proteins
pericentrin and AKAP4SO, as well as two other proteins of unknown function from
Drosophila and fission yeast. This domain was capable of targeting areporter protein, the
green fluorescence protein, to the centrosome. Pericentrin and AKAP45O are both very
large proteins predicted to form acoiled-coil over most of their length (Doxsey et al.,
1994; Dictenberg et al., 1998; Witczak et al., 1999), and the PACT domain is outside of
both their coiled-coil regions and their protein kinase A-binding site.
In our laboratory, Dr. Gary Mack has shown that the region required for CEP 110
association with the centrosome is located at the carboxyl-terminus of the molecule,
comprising 170 amino acids (an 617-787) (Guasch et al., 2000). Like pericentrin and
AXAP45O, CEP 10 is predicated to have extensive stretches of coiled-coil structure
throughout much of its sequence. However, unlike pericentrin, CEP1 10 does not have a
PACT domain and its centrosome association sequence is located within one of four
coiled-coil domains containing aleucine zipper motif Leucine zippers, initially identified
in transcription factors, have been shown to mediate homo- or heterodimerization of
proteins and to play arole in protein-DNA binding (Landschulz et al., 1988). This motif
has also been found to mediate protein-protein interactions in awide array of proteins and
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play pivotal roles in regulating the activities of these proteins (see, for example, Dubay et
al., 1992; Vrana et al., 1994; Park and Seo, 1995; Leung and Lassam, 1998).
To determine Wall or aportion of the 170 aa region, and in particular if the leucine
zipper, is required for centrosomal association, Iconstructed anumber of deletion mutants
within this 170 amino acid region and transfected these mutants into HeLa cells. Fig. 6.3
summarizes my findings and illustrates that CEP 10 association with the centrosome
requires the entire 170 aa region. The leucine zipper motif is not sufficient, on its own, to
support the association of green fluorescent protein with the centrosome.
The difference between the centrosome association sequences of pericentrin and
CEP1 10 raises the possibility that different centrosomal proteins contain different
centrosome-association motifs. This variation could, for example, explain why some
proteins are positioned throughout the entire centrosome (eg. pericentrin) while others are
more domain-specific (eg. CEP1 10). Support for this supposition relies on future
characterization of centrosome association sequences present in different centrosome
proteins, especially Cdc2, centrin, and ninein, which are located at distinct domains of the
centrosome.

Cytoplasmic centrosome protein complex and protein assembly at the centrosome
Earlier studies in the literature have shown that proteins are recruited onto the
centrosome through either amicrotubule-dependent (Balczon et al., 1999; Young et al.,
2000) or independent mechanism (Felix et al., 1994; Steams and Kirschner, 1994; Moritz
et al., 1998; Schnackenberg et al., 1998; Khodjakov and Rieder, 1999). These findings are,
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in large part, based on whether aparticular protein is found at the centrosome after
applying amicrotubule depolymerizing drug to live cells. It has been suggested that one
pathway may predominate over the other in certain biological systems or at different stages
of the cell cycle (Young et al., 2000). In somatic cells, for example, dynein-mediated
transport (via microtubules) may be amajor contributor of protein transport to the
centrosome, while in embryonic systems, the presence of astockpile of centrosome
proteins may facilitate apassive diffusion mechanism for centrosome proteins to locili7e
to the centrosome.
During my studies of centrosome structure, Inoticed that the centrosome is often
surrounded by alarge number of M4491-reactive particles of various sizes (Fig. 6.4, A).
When viewed under high resolution, some of these particles can be seen to associate with
microtubules (Fig. 6.4, B), suggesting that they may be transported to the centrosome via
amotor protein-mediated mechanism.

Centrosome proteins such as peuicentrin, CEP1 10,

ninein, y-tubulin, dynein, dynactin, and mob can be identified individually or together in
some of those M4491 -staining particles (data not shown). At present, however, evidence
is lacking to support aconclusion that these particles participate in assembly of the
centrosome.
To further address how the particles are formed, Itested if there is an interaction
between CEP1 10 and pericentrin/kendrin by immunoprecipitation. My preliminary data
showed that CEP 110 protein could be co-precipitated with pericentrin/kendrin when an
anti-pericentrin antibody was used (Fig. 6.5, lane 4). Interestingly, aCEP 110 mutant that
does not contain the centrosome targeting signal could not be precipitated under the same
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conditions (Fig. 6.5, lane 5). The specificities of the interaction between CEP 110 and
pericentrin/kindrin were confirmed in acontrol experiment that demonstrated that the wild
type CEP1 10 protein was not precipitated by anti-pericentrin antibody in the absence of
pericentrin/kendrin (Fig. 6.5, lane 6). These findings indicate that not only is there an
interaction between CEP 110 and kendrin, but also the centrosome targeting domain of
CEP1 10 is required for this interaction. It should be noted that the centrosome targeting
domain of CEP 10 is the first motif identified among anumber of pericentrin/kendrinbinding proteins to directly interact with kendrin/pericentrin (see Chapter 1for details). It
should also be noted that, although CEP 110 has been shown to interact with
peiicentiinflcendiin in vitro, it remains to be determined whether this is also the case in
vivo. It is possible that these proteins interact after CEP 110, via amicrotubule-based
mechanism or by diffusion, reaches the centrosome.
In summary, we are still developing the basic concepts that underlie centrosome
biology. A complete understanding of the centrosome organelle, the major MTOC in
animal cells, requires the integration of structure, protein placement, and functional data.
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Fig. 6.3. Characterization of centrosome association sequence. The gene encoding the
centrosomal protein CEP 10 or its deletion mutants was fused with GFP and expressed in
live HeLa cells. The cells were then fixed and processed for immuofluorescence
microscopy. Information about wt (wild type), and B and G (two deletion mutants), can
be seen in Guash et al. (2000). The mutant G contains the 170 amino acid fragment of the
CEP 110 molecule initially characterized by Dr. Gary Mack. +, fusion proteins were seen
at the centrosome; -, not found at the centrosome. The structural domains (coiled-coil
and leucine zipper) of the CEP 110 protein are indicated.
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Fig.

6.4.

The centrosome, the centrosome proteins-containing particles and

microtubules. HeLa cells were stained with M4491 (red) and anti-f3-tubulin antibodies
(green). A, Particles around the centrosome. The centrosome (arrow) is saturated to reveal
the particles (arrowhead). B, Particles associated with microtubules (see arrowhead).
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Fig. 6.5. In vitro association of CEP11O and pencentrin/kendrin.

Various in vitro

transcription and translation products were immunoprecipitated using different antibodies as
indicated. The precipitates were then fractionated through SDS-PAGE. Lane 1, the CEP 110
wild type protein was precipitated with anti-CEP 110 antibody; lane 2, the CEP 10 mutant
that lacks the centrosome targeting signal was precipitated with anti-CEP 110 antibody; lane
3, kendrin/pericentrin was precipitated with anti-pericentrin antibody. Lane 4, the CEP 110
wild type protein and kendrin/pericentrin were co-incubated and both proteins were
precipitated

with

anti-pericentrin

antibody.

Lane

5,

the

CEP 10

mutant

and

kendrin/pericentrin were co-incubated, but only kendrin/pericentrin was precipitated with antipericentrin antibody. Lane 6, the CEP1 10 wild type and mutant were not precipitated with
anti-pericentrin antibody. The arrow denotes the location of the CEP1 10 wild type protein,
while the arrowhead points to that of the CEP 110 mutant. The sizes of standard proteins are
shown in kOa.
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